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ABSTRACT 

 

Diffuse intrinsic pontine glioma (DIPG) is a group of predominantly pediatric brain 

tumors with an average age of diagnosis of 6-7 years old, and a poor prognosis (median 

survival of ~1 year). Given the location of DIPG in the brainstem, surgical approaches are 

limited. Furthermore, the tumors have limited responsivity to traditional chemotherapy or 

radiotherapy; ergo new therapeutic options are needed. Recently, the drug ONC201 has 

emerged as a potential therapeutic option with outcomes sometimes surpassing 

progression-free and expected survival outcomes. However, the selectivity of its effect, and 

mechanism in DIPG is still unclear.  

 Here, we pursue a better understanding of ONC201, and its mechanism of action 

directly in DIPG patient-derived cell lines. First, we demonstrate that DIPG cell lines are 

among the most highly sensitive brain tumors, and significantly more sensitive than cells 

derived from normal brain tissue. Next, we directly show that activation of the 

mitochondrial protease, ClpP is the primary target of ONC201 in DIPG through ClpP 

mutagenesis, and pharmacology studies. Validating a role for ClpP as a vulnerability in 

DIPG is its high expression relative to normal brain tissue, and a significant positive 

correlation between ClpP protein levels, and ONC201 sensitivity in our cell line panel. We 

further demonstrated that ONC201 affects the spare respiratory capacity of the 

mitochondria with mitochondrial reactive oxygen species (ROS) production driving 

ONC201 toxicity in DIPG. 

Given the abnormal epigenome of DIPG, and its potential therapeutic targeting, 

we next probed how ONC201, and ClpP drive metabolic changes that may interact with 

the metabolome. A consistent hallmark of ClpP activation in DIPG was an elevated 

aKG/Succinate ratio, which indicates that ONC201 treatment affects the Krebs cycle. As 

the polycomb mark H3K27me3 was altered as a result of ONC201 treatment, we 

speculate these changes are linked to the TCA cycle disruption noted above. RNA-seq 

analysis further confirms the impact of ONC210 on DIPG by upregulating cell cycle, 

DNA replication, spliceosome, and RNA transport meanwhile downregulating 

ferroptosis, ribosome, oxidative phosphorylation, and mTOR signaling pathways. 

In conclusion, ONC201 hyperactivates ClpP resulting in impaired DIPG 

metabolism, mitochondrial damage, ROS production, and widespread epigenetic effects. 

Ultimately, we hope to elucidate whether ClpP targeting can be used to better diagnose and 

improve therapeutic options in DIPG. 
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CHAPTER 1: INTRODUCTION 

1.1 GENERAL INTRODUCTION 

Diffuse intrinsic pontine glioma (DIPG) is a class of largely pediatric brain 

tumors with dismal prognosis. Given DIPG’s location, surgical approaches are not an 

option, and these tumors are also not responsive to traditional chemotherapy or 

radiotherapy; ergo new therapeutic options are needed. Recently, ONC201 has emerged 

as an effective therapeutic option, but its mechanism of action in DIPG is still to be 

determined. Our central hypothesis states that DIPG can be targeted by ONC201, through 

its binding and activation of ClpP, inducing lethality in tumor cells. This hypothesis was 

concluded based on preliminary data, which demonstrates the potential of ONC201 as an 

antitumor agent, through binding, and activating mitochondrial protease ClpP, which 

causes increased proteolysis of mitochondrial proteins, leading to mitochondrial failure., 

and resulting cell death. There were several key questions that we had for our hypothesis; 

1) ONC201’s target in DIPG, 2) the mechanism of action by which ONC201 achieves its 

anti-tumor effect, 3) exploring the effects of ONC201 on gene regulation mechanisms. 

The objective of this dissertation is to provide insight into ClpP as a novel, and traceable 

drug target, in addition to exploring the effect of targeting ClpP on the metabolome, 

transcriptome, and epigenome.  

1.2 CANCER  

Cancer has is a significant health concern affecting people regardless of 

socioeconomic background, age, sex, and ethnicity and is responsible for one in six 

deaths worldwide (Siegel et al., 2021). According to the Global Cancer Observatory 

https://sciwheel.com/work/citation?ids=10344242&pre=&suf=&sa=0&dbf=0
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database (Globocan), the international cancer occurrence and fatality rates in 2020 were 

approximately 19.3 to 10 million cases (Sung et al., 2021). Without an effective 

likelihood for prevention, and treatment or control, the global incidence, and mortality 

rates by 2040 are expected to reach 27.5 to 16.3 million (American Cancer Society, 

2022).  

1.2.1 OCCURRENCE, and OVERVIEW 

Cancer arises from unchecked proliferation of cells, a highly diverse disease that 

can metastasize, and spread to distant parts of the body (Fares et al., 2020; Stratton et al., 

2009).  Malignant tumor transformation is a multi-stage process through which the cancer 

cell acquires characteristics allowing for unrestrained cell proliferation. This consists of 

overcoming multiple biological check points to sustain proliferative signaling, evade 

growth suppressors, avoid immune destruction, enable replicative immortality, tumor-

promoting inflammation, activating invasion & metastasis,  hijacking vasculature for 

mobility, genome instability & mutation, resisting cell death, and deregulating cellular 

metabolism. Technological advances have led to the identification of four new properties 

of cancer consisting of unlocking phenotypic plasticity, nonmutational epigenetic 

reprogramming, polymorphic microbiomes, and senescent cells (Fares et al., 2020; 

Hanahan, 2022). According to a literature review by  (Hanahan, 2022; Hanahan, and 

Weinberg, 2000, 2011) these biological properties, and enabling characteristics are 

described as “Hallmarks of cancer”. 

https://sciwheel.com/work/citation?ids=10431948&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=148216,8673110&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=148216,8673110&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=8673110,12258644&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=8673110,12258644&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=5857,64332,12258644&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=5857,64332,12258644&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
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1.3 BRAIN TUMORS, and OTHER CENTRAL NERVOUS SYSTEM 

TUMORS 

Among all forms of cancer, brain, and other central nervous system (CNS) tumors 

are among the most feared, accounting for significant fatality in the United States, and the 

world (Miller et al., 2021).  Even though brain, and CNS tumor occurrence is rare in the 

United States, these tumors are inordinately responsible for cancer burden due to their 

high mortality rates; one third of diagnosed individuals succumb after 5 years (Miller et 

al., 2021; Siegel et al., 2021).  

The World Health Organization (WHO) classification is the standard 

identification system used to identify brain tumors by most medical institutions. The 

classification of brain tumors is based on the origin, and behavior of the cells during the 

malignant transformation from benign to malignant. Tumor aggressiveness is graded 

from Grade I, being least malignant, to Grade IV, which is the most aggressive (Louis et 

al., 2021).  

1.4 GLIOMAS 

Glioma are the most frequent form of CNS tumors originating in cells of glial 

lineage (oligodendrocytes, astrocytes, and ependymal cells) that enclose, and support 

neurons in the brain (Collins, 1998; Weller et al., 2015). Gliomas grow in the interior 

substance of the brain, and usually combine with normal brain tissue; thus, they are called 

intra-axial brain tumors (Rapalino et al., 2016). They make up 80% of all brain tumors, 

and approximately 33% of all CNS tumors (Hanif et al., 2017). Every year there are six 

https://sciwheel.com/work/citation?ids=12383719&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12383719,10344242&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=12383719,10344242&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=11306997&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11306997&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=13185798,1404623&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=13064213&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=4719222&pre=&suf=&sa=0&dbf=0
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cases of gliomas diagnosed per 100,000 people in the United States (Mesfin, and 

Al‑Dhahir, 2022). 

 In the past, diffuse gliomas were classified, and graded, based on the 

histopathologies into different subtypes such as oligodendrogliomas, diffuse astrocytoma, 

or oligoastrocytomas, with astrocytoma’s being the most common (Mesfin, and 

Al‑Dhahir, 2022; Wesseling et al., 2011). Currently, molecular , and genetic markers are 

used to classify gliomas, which has expanded patient’s therapeutic, and prognostic 

options (Mesfin, and Al‑Dhahir, 2022; Wesseling et al., 2011). These new classifications 

can be further based on the levels of proliferation as determined by the presence of 

necrosis, and mitotic index (Coons, and Pearl, 1998; Mesfin, and Al‑Dhahir, 2022; Noch, 

and Khalili, 2009). When applying the tumor grading system adopted by the WHO on 

gliomas, which relies mainly on histopathology in addition to molecular markers, it 

results in two major clinical categories : “low-grade glioma” (LGG, grades I, and II), and 

“ high grade glioma” (HGG, grades III, and IV)  (Jones et al., 2012).  

1.4.1 PEDIATRIC GLIOMAS 

Pediatric CNS tumors have the highest rates of occurrence, and fatality among all 

types of childhood cancers in the United States, with a yearly rate of  3 per 100,000 

children (Ostrom et al., 2016). Pediatric CNS tumors can originate in all parts of the 

CNS. Gliomas can happen at any age, but the incidence levels vary when examined on a 

population basis as it occurs at a higher rates in adults than children with approximately 

30 per 100,00 persons (Arora et al., 2009; Greuter et al., 2021; Ostrom et al., 2013; 

Rineer et al., 2010). Regarding LGGs in adults, WHO grade I pilocytic astrocytomas 

https://sciwheel.com/work/citation?ids=7664323&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=7664323&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6528536,7664323&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=6528536,7664323&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=6528536,7664323&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=6010524,13064277,7664323&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=6010524,13064277,7664323&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=531190&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6336871&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=879756,13064343,2183867,13409321&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=879756,13064343,2183867,13409321&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
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occur at less frequency than grade II diffuse astrocytomas, with the situation reversed in 

pediatric populations. The malignant transformation rate reported for adult LGG is at 

least 50%, which is about 7X higher than the 7% estimated rate in pediatric LLG (pLGG) 

making these tumors less aggressive in children (Broniscer et al., 2007; Jones et al., 2012; 

Soffietti et al., 2010). 

Tumor location appears to be a crucial difference between adult, and pediatric 

patients with HGG (Qaddoumi et al., 2009; Rineer et al., 2010). HGG tumors that occur 

in the infratentorial (brainstem, and cerebellum) are more frequent in younger children 

than adolescents, whereas HGG tumors that occur in the supratentorial regions of the 

brain (midline structures above the tentorium, and cerebral hemispheres) are more often 

found in adults. Non-brainstem infratentorial HGGs are more frequent in pre-adolescents 

than in adolescents, and adults (Fangusaro, 2012; Jones et al., 2012, 2017; Nishikawa, 

2010). Thalamic malignant glioma makes up to 12% of pediatric HGG (pHGG), which 

occurs at higher levels in the pediatric population compared to adults(Kramm et al., 2011; 

Wolff et al., 2008). Infratentorial malignant glioma accounts for 55% of brain tumors in 

patients younger than 18 years of age, with almost all these tumors originating in the 

brainstem out of 455 cases (from 1988 to 2003; Rineer et al., 2010). Brainstem gliomas 

represent 10% of pHGG, in patients aged 6-8 years, but only make up 1% of adult HGG 

(aHHG; peak patient ages 35-40 years). Among these categories diffuse intrinsic pontine 

glioma (DIPG) is among the most challenging despite its rarity.  

 DIPG makes up 80% of brainstem tumors representing a key infratentorial HGG 

in children (Hargrave et al., 2006). Spinal malignant gliomas are rare; there is a less than 

https://sciwheel.com/work/citation?ids=3071721,4101799,531190&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=3071721,4101799,531190&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=13064343,2187502&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=58259,13384493,531190,4671473&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=58259,13384493,531190,4671473&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=9982701,13064563&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=9982701,13064563&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=13064343&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3199499&pre=&suf=&sa=0&dbf=0
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1% chance of developing these tumors in either both adult, and pediatric populations 

(Wolff et al., 2012). Despite the epidemiological evidence, the WHO classification 

system does not account for diagnosis based on the patient’s age regardless of the 

beforementioned differences between the pediatric, and adult populations (Jones et al., 

2012). 

1.4.2 PEDIATRIC GLIOMA’S MOST COMMON SUBGROUPS 

The WHO is currently in its fifth edition of CNS tumors classification. In order to 

standardize the diagnosis of brain tumors a clinical, molecular, and histological grading 

of various tumor components is utilized (Louis et al., 2021). Astrocytoma’s accounts for 

more than 50% of pediatric brain tumors, which can occur throughout different parts of 

CNS. Gliomas can be further classified into two large families of tumor types denoted as 

‘low grade’ (Grade I, and II), and ‘high grade’ (grade III, and IV). This was done in order 

to separate pediatric type gliomas from other diffuse gliomas, based on histological 

examination of mitotic activity, nuclear atypia, cellularity, and microvascular 

proliferation (Figarella‑Branger et al., 2008; Louis et al., 2021). This grading system has 

been integrated into glioma diagnosis methodologies to assess the malignant behavior, 

and anticipate clinical outcomes (Bale, and Rosenblum, 2022). 

1.4.1.1.1 LOW GRADE GLIOMA (LGG) 

Low-grade gliomas are the most commonly occurring pediatric brain tumors, and 

comprise 35%–50% of all childhood CNS tumors (Collins, and Pollack, 2020; Ryall et 

al., 2020). These tumors tend to be less aggressive, and significantly more responsive to 

therapy, compared to high grade gliomas with a 6-year survival rate of 80% (Collins, and 
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Pollack, 2020; Ryall et al., 2020). The two most prevalent pLGG are pilocytic 

astrocytoma (PA) (Grade I), and diffuse astrocytoma (Grade II) (Hasselblatt et al., 2018; 

Ichimura et al., 2015). 

Pilocytic astrocytoma (PA) (WHO grade I) is the most commonly occurring 

subgroup of pediatric LGG, comprising nearly 50% of all pLGG cases. They primarily 

occur in the cerebellum with rare cases occurring within the hypothalamus, optic tract, 

and the brainstem (Collins et al., 2015; Ostrom et al., 2015; Penman et al., 2015).  PAs 

are comparatively benign tumors, within the glioma family, due to slow growth rate, and 

positive outlooks for  therapies, and surgical resection (Hauser, 2021; Sievert, and Fisher, 

2009). 

Diffuse astrocytomas (DA) occur at a much lower rate than PA, often developing 

in the cerebral hemispheres, or deep midline structures  (Sievert, and Fisher, 2009), and 

less frequently in the brainstem, diencephalon, cerebellum, and spinal cord (Ryall et al., 

2017). The fatality rate of these tumors is relatively low; but is considerably affected by 

the location of the tumor which affects the surgical respectability (Hasselblatt et al., 

2018; Ichimura et al., 2015). Once these tumors metastasize and infiltrate normal brain 

parenchyma there is no discernible border between normal, and cancerous tissue leading 

to higher morbidity. When surgical intervention is not possible treatment options often 

rely on adjuvant therapy (Hasselblatt et al., 2018; Ichimura et al., 2015).  

1.4.1.1.2 HIGH GRADE GLIOMA (HGG)  

High grade gliomas represent 8-12% of all primary CNS tumors in the pediatric 

population in contrast to adult HGG which are the most prevalent tumors comprising 
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nearly 50% adults CNS tumors (Giglio, and Villano, 2010; Nayak, and Reardon, 2017). 

In adults, HGG usually are derived from malignant LGG, however, in 7% of children 

with HGG this type of progression is not typically seen which leads to poor prognosis 

(Fangusaro, 2012; Louis et al., 2021). Pediatric high-grade gliomas (pHGG) are largely 

fatal due to their malignancy, aggressive clinical behavior, and lack of response to 

therapy. pHGG include anaplastic astrocytoma (WHO grade III), diffuse intrinsic pontine 

glioma (DIPG) (WHO grade III, and IV), and glioblastoma multiforme (WHO grade IV) 

(Fangusaro, 2012; Louis et al., 2021; Sim et al., 2018).  

Anaplastic astrocytoma (AA) (WHO grade III) is a rare, highly aggressive 

malignant brain tumor that differentiates from LGG (Caccese et al., 2020). These tumors 

usually evolve to grade VI on the WHO scale. While AA typically develops within the 

brain’s cerebral hemispheres, it can also occur in any location in the CNS. The overall 

survival rate is less than 22%, and further decreases when these tumors are surgically 

inoperable which is location-dependent. (Bellu et al., 2016; Hutter et al., 2017; Reinhardt 

et al., 2018; Smoll, and Hamilton, 2014). 

Glioblastoma multiform (GBM) (WHO grade IV) is the most prevalent, and most 

aggressive malignant primary astrocytoma tumors in adults. In contrast, it only accounts 

for approximately 3% of all childhood brain tumors (Ansari et al., 2012; Dohrmann et al., 

1976; Suri et al., 2009). Pediatric GBM (p-GBM) can arise from LGG (WHO grade II) as 

well as from anaplastic astrocytoma (WHO grade IV). These tumors are usually detected 

in the supratentorial brain, in the cerebral hemispheres, which affects about 50% of p-

GBM cases (Hanif et al., 2017). Surgical resection, if feasible, is the most effective 
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treatment, followed by chemotherapy (Ansari et al., 2012). Sadly, these treatment options 

are not curative, only extending survival 1-4 years after diagnosis (Das, and Kumar, 

2017; Singla et al., 2021).of HGG, diffuse intrinsic pontine glioma, DIPG, is a highly 

aggressive, and untreatable pediatric tumor with a dismal prognosis.  

1.5 H3K27M DIFFUSE INTRINSIC PONTINE GLIOMA (DIPG) MUTANT 

DIPG is a group of predominantly pediatric brain tumors with a negative 

prognosis (Johung, and Monje, 2017). The average age of diagnosis is between 6-7 years, 

with an estimated survival of 9 months. The highest mortality rate occurs within two 

years of diagnosis, with less than 5% of patients surviving after five years (Hoffman et 

al., 2018; Mathew, and Rutka, 2018; Veldhuijzen van Zanten et al., 2017). Most of DIPG 

cases harbor a pathogenomic mutation in histone H-3 leading to a substitution of lysine 

27 to methionine (Nagaraja et al., 2019). The identification of this mutation led to the 

WHO reclassification of DIPG in  2016 as diffuse midline glioma (DMG), H3K27M 

mutant, a grade IV brainstem tumor (Argersinger et al., 2021; Johung, and Monje, 2017; 

Louis et al., 2016). Brain tumors are considered the leading cause of death among 

children with the H3K27M mutant being the second most common childhood brain 

tumor, with approximately 300 cases annually in the United States alone (Vanan, and 

Eisenstat, 2015). 

1.5.2 H3K27M HISTONES, and EPIGENETICS 

About 85% of DIPG harbor mutations in histone protein-encoding genes (specific 

mutations detailed below). This is significant because histones are positively charged 

small proteins that bind to the negatively charged deoxy-ribonucleic acids (DNA) and 
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form the core packaging material of the genome which informs replication, transcription, 

DNA damage, and other fundamental biological processes. There are five core histone 

major histone subgroups including H1/5 (linker histones), H5, H2A, and H2B, H3, H4 

(core histones), as well as their variants. Nucleosomes are the repetitive units that form 

chromatin; they are highly dynamic structures subjected to epigenetic modifications to 

control gene expression (Becker, and Workman, 2013). They are comprised of nearly 

~147 base pairs of DNA wrapped around an octamer complex consisting of two protein 

units each of the core histone proteins (Rudnizky et al., 2017). The N-terminal tail of core 

histones contains amino acid moieties that can go through different chemical 

modifications such as lysine ubiquitylation, lysine SUMOylation, lysine, and arginine 

methylation, arginine citrullination, and serine/threonine/tyrosine phosphorylation 

(Baccarelli, and Bollati, 2009; Zheng et al., 2008). Furthermore, various infrequent 

modifications can occur including tyrosine hydroxylation, lysine butyrylation, lysine 

propionylation, serine/threonine O-GlcNAcylation, and lysine crotonylation (Al Aboud et 

al., 2022; Sharples et al., 2018). These modifications can occur by themselves or in 

concert, which can contribute critically to the formation of chromatin domains in the 

genome; loose chromatin structure, and “transcriptionally active” (euchromatin) in 

contrast to condensed chromatin structures “transcriptionally inactive” heterochromatin 

domains leading to control of core DNA biological functions including replication, 

repair, transcription (Erdel, 2017; Kouzarides, 2007; Tagami, 2005). The effect of these 

modifications is determined by the type of change, as well as the properties, and 

quantities of amino acids (Kanwal, and Gupta, 2012; Sharma et al., 2010; Watanabe, and 

https://sciwheel.com/work/citation?ids=5206028&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6602457&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=872800,13335892&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=12091683,13335898&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=12091683,13335898&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=7713057,13335969,43768&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=764589,2292320,828876&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0


11 

 

Maekawa, 2010). For example, lysine methylation can result in repression (for example, 

H3K27me3, and H3K9me3) or activation (for example, H3K4me3) of transcription 

depending on the location (Gibney, and Nolan, 2010; Vaissière et al., 2008).  

Enzymes regulate post-translational modifications by catalyzing removal of 

certain chemical components, called ‘erasers’ (for example histone deacetylases 

(HDACs)) or the addition of ‘writers’ (for example histone acetylases (HATs)) (Wang et 

al., 2009). The ‘writers’, and ‘erasers’ modify amino acids residues and may alter the 

electrostatic charge of the histone and histone-DNA complex as see in arginine 

citrullination (Fuhrmann et al., 2015; György et al., 2006), and lysine acetylation (Xu et 

al., 2017b). However, histone post translational modifications are achieved by “writers”, 

and “erasers”, their effects to regulate DNA transcription are regulated by ‘readers’. 

‘Reader’ proteins can form multi-protein complexes that attach, and start certain 

downstream events in the chromatin based on the dynamic nature of these modifications 

(Musselman et al., 2012). These domains are found in chromatin modifying proteins, 

adapter proteins, and chromatin remodelers that react to the histone PTMs (Biswas, and 

Rao, 2018). A prototypical family of readers are the BET family of adaptor proteins 

(Brdt, Brd2, Brd3, Brd4) which bind bromodomains to target the BET to specific histone 

modifications, and govern transcription through interactions with the transcriptional 

machinery (Gillette, and Hill, 2015; Xu et al., 2017b; Yun et al., 2011). These complexes 

can initiate or silence DNA transcription, repair, and other critical cellular functions 

through domains that contains a cavity where epigenetic marks can bind, and recognize 

certain epigenetic marks (Damiani et al., 2020; Gillette, and Hill, 2015). Multiple readers 
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have been identified; for instance, more than 60 acetyl reader bromodomains are encoded 

by the human proteome (Damiani et al., 2020).  

Further posttranslational modifications are affected by non-allelic variants of 

histones (for example H3.3, and H2A.Z), and are capable of regulating gene expression 

by preventing methylation at regions of the DNA, in addition to affecting nucleosome 

stability (Biterge, and Schneider, 2014; Henikoff, and Smith, 2015; Thakar et al., 2009).  

In H3K72M DIPG, K-to-M substitutions have been observed in mutations in 

histone variants H3.1, and H3.3 encoded by HIST1H3B, HIST1H3B, HIST1H3C, and 

H3F3A genes. These mutations most frequently occur on H3F3A (predominantly H3.3).  

Consecutively  H3.3 plays a role in all phases of the cell cycle, meanwhile H3.1 primarily 

present in the synthetic phase, and expressed exclusively during DNA replication 

(Henikoff, and Smith, 2015; Thakar et al., 2009). During the malignant transformation of 

cells, disruptions in histone modification mechanisms typically gene expression, and the 

enlisting of transcription factors resulting in oncogenesis (Nagaraja et al., 2019). In 

(H3K27M) DIPG, a genome wide reduction of H3K27me3, which plays an important 

role during development, and differentiation, leads repressive histone modification, as it 

restricts genes that could negatively affect these processes (Bogliotti, and Ross, 2012).  

The abnormal binding of the polycomb repressive complex 2 (PRC2) to H3K27M 

affects the function of enhancer of zeste homolog 2 methyltransferase (EZH2) enzyme 

restricting its activity and therefore the deposition of H3K27me3/me2 (Gan et al., 2018; 

Harutyunyan et al., 2019). The loss of H3K27me3 histone mark led to the identification 

of bivalent gene promoters in H3K27M DIPG (Dunican et al., 2020; Furth et al., 2022). 
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These promoters have both activating H3K4me3, and repressive H3K27me3 histone 

modifications. This suggests that the absence of H3K27me3 affects bivalent gene 

promoters upregulating expression when in the presence of H3K4me3 (Haag et al., 2021; 

Harutyunyan et al., 2019).  Additionally, H3K27acetylayion is involved in activation, and 

has been observed to be upregulated in H3K27M at individual enhancers, and enhancer 

clusters (Harutyunyan et al., 2020; Kfoury‑Beaumont et al., 2022; Wan et al., 2018). 

 The oncogenic transformation caused by H3K27M is intricate, and multifaceted. 

Several studies have shown how the H3K27M mutation activates a dose-dependent 

hindrance of the H3K27me3/PRC2 complex, which is maintained even after the complex 

disassociates from the oncohistone (Bender et al., 2013; Harutyunyan et al., 2019, 2020; 

Lewis et al., 2013; Stafford et al., 2018). This follows the initial binding and trapping of 

PRC2 by H3K27M (Bender et al., 2013; Jain et al., 2019; Lewis et al., 2013). 

The genomic profile of DIPG has shown that H3K27M histone colocalizes 

together with heterochromatin, and active transcription sites (Creasy, 2017; Piunti et al., 

2017, 2017). Additionally, regardless of the wide loss of H3K27me3, many genome loci 

maintain this mark after H3K27M expression, as the rate of H3K27me3 loss on a specific 

locus is reliant on its genomic features, and accessiblity (Bender et al., 2013; Chan et al., 

2013; Harutyunyan et al., 2019, 2020; Kfoury‑Beaumont et al., 2022; Mohammad et al., 

2017; Piunti et al., 2017; Stafford et al., 2018).  Fixed, and live H3K27M cell imaging of 

the PRC2 components has demonstrated that this complex requires an increased binding 

site search time (Tatavosian et al., 2018; Youmans et al., 2018). In addition to the 

evidence indicating that PRC2 targets are more impervious to H3K27me3 
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loss (Harutyunyan et al., 2019, 2020; Liu, and Liu, 2022; Mohammad et al., 2017; 

Wassef et al., 2015), these results propose a disease model where H3K27M mutant 

histone develops a dose-dependent dysregulation of PRC2 function. This mutation 

reduces its ability to identify its binding sites, leading to the loss of H3K27me3 in 

genome loci while retained at its strongest targets such as certain CpG islands 

(CGIs) (Buontempo et al., 2022; Cai et al., 2021; Harutyunyan et al., 2020; Liu, and Liu, 

2022). The downstream effect of H3K27M mutation on transcription, and chromatin 

marks is still being researched. Several publications have shown the establishment of 5 

heterotypic H3K27M/H3WT nucleosomes which are enriched for H3K27Ac, pointing to 

abnormal deposition of active nucleosome marks resulting from disrupted chromatin 

repression (Jain et al., 2019; Kasper, and Baker, 2020; Liu, and Liu, 2022; Mohammad et 

al., 2017; Piunti et al., 2017; Tatavosian et al., 2018; Wassef et al., 2015). Recent 

evidence has uncovered the driving effect of H3K27M in increasing the levels of other 

activating marks, as in the case of H3K36 methylation, and H4 acetylation (Stafford et 

al., 2018). Additionally, a considerable level of H3K27M mutation is needed in 

comparison to the quantities of PRC2 available in any given cell to yield the loss of 

H3K27me3. These observations propose that a specific neural population might be more 

affected by H3K27M correlative to PRC2 levels(Loveson, and Fillmore, 2018; Nagaraja 

et al., 2017; Yadavilli et al., 2015). More evidence backs this observation that repressing 

PRC2 can hinder differentiation in embryonic stem cells resulting in a stem-like 

state(Haag et al., 2021; Kfoury‑Beaumont et al., 2022; Sun et al., 2019). These results 

suggest an association between cellular, and genetic components in tumorigenesis. In a 
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recent study (Filbin et al., 2018) where single-cell RNA seq (scRNA-seq) was utilized in 

more than 3000 cells from patient-derived H3K27M DIPG cell lines, uncovered that the 

majority of H3K27M DIPG resemble oligodendrocyte precursor cells (OPC-like). OPC-

like H3K2M cells have shown a higher proliferation, and tumor malignancy which is in 

part maintained by activation of PDGFR signaling, and inhibition of tumor suppressor 

p53(Akamandisa et al., 2019; Haag et al., 2021; Srikanthan et al., 2021; Xu et al., 

2017a).  

           The oncohistone H3K27M causes an epigenetic mutation in astrocyte 

precursor or oligodendrocyte cells of the pontine of the brainstem; the oncohistone 

mutations can occur in activin A receptor (ACVR1), transcriptional regulators (MYCN), 

intracellular kinases (mTOR, PI3K, AKT), and tumor suppressors (PTEN, TP53) which 

results in oncogenesis, and malignant transformation of the cells (Aziz‑Bose, and Monje, 

2019; Duchatel et al., 2019; Huchedé et al., 2022; Koncar et al., 2019; Lee et al., 2019b; 

Nagaraja et al., 2019; Qin et al., 2022; Szerlip et al., 2012; Taylor et al., 2014; Wu et al., 

2017; Xu et al., 2017a). In contrast with the wildtype H3 glioma, H3K27M DIPG 

mutants have lower survival rates (Hassan et al., 2021; Sumrall et al., 2019).  

1.5.3 CLINICAL PRESENTATION 

DIPG tumors cause various neurological symptoms, and signs of brainstem 

dysfunction depending on the anatomic location of the tumor, determined by magnetic 

resonance imaging (MRI) radiologic diagnosis. The most common presenting symptoms are: 

1) cranial nerve deficits (facial weakness, asymmetry, and diplopia); 2) cerebellar, and bulbar 

signs (dysmetria, dysarthria, ataxia, and drooling); 3) myelopathy, and long tract signs 
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(Hennika, and Becher, 2016; Monje, and Fisher, 2011). The most common initial signs, 

and factors of poor prognosis, are conjugate gaze palsy, and diplopia which are caused by 

the infiltration of the tumor on cranial nerves VI, and VII (El‑Khouly et al., 2019).  These 

symptoms typically appear in children one month prior to diagnosis (Donaldson et al., 

2006). During latter part of progression, hydrocephalus, and increasing intracranial 

pressure can occur (Caretti et al., 2014a; Yoshimura et al., 2003). 

1.5.4 CURRENT TREATMENT OPTIONS 

1.5.4.1 CHEMOTHERAPY 

The impaired permeability blood brain barrier, and distribution of the tumor mass 

has rendered traditional chemotherapy ineffective in DIPG. Cytotoxins are still being 

tested as a possible treatment option either alone or in combination, unfortunately no 

significant effects, been observed  (Centre for Cancer Research, Hudson Institute of 

Medical Research, Clayton, Victoria, Australia, 3168 et al., 2018; Mathew, and Rutka, 

2018). Intriguingly, DIPG patients administered with neoadjuvant chemotherapy such as 

BCNU, tamoxifen, methotrexate, and cisplatin, followed by radiotherapy, have overall 

promising median survival of ~16 months (Warren, 2012).  

The alkylating agent Temozolomide (TMZ) is a drug of choice in DIPG, and 

other glioblastoma treatment(Belter et al., 2020). However, the DNA repair enzyme -6-

methylguanine-DNA methyltransferase (MGMT) suppresses the antitumor activity of 

TMZ, and other alkylating agents(Esteller et al., 1999). MGMT is regulated on an 

epigenetic level where the methylation of its promoter inhibits its transcription resulting 

in the suppression of MGMT(Abe et al., 2018, 2019; Esteller et al., 1999). Various 
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studies have demonstrated that MGMT methylation is a predictive marker of DIPG 

response to TMZ(Hegi et al., 2005; Jacinto, and Esteller, 2007). The epigenetic changes 

caused by the H3K27M mutation, and the loss of PRC2 leads to the loss of MGMT 

promoter methylation resulting an increased levels of MGMT, and increased resistance to 

TMZ, and other alkylating agents(Abe et al., 2018, 2019; Banan et al., 2017).  

Additional chemotherapeutic strategies with demonstrated efficacy in other CNS 

malignancies have been utilized in H3K27M DIPG with little success(Damodharan et al., 

2022). These chemotherapeutic agents comprise of bevacizumab, vincristine, carboplatin, 

methotrexate. Most of these agents are correlated with poor clinical benefits in addition to 

their significant adverse toxicities(Damodharan et al., 2022; Main et al., 2015). However, 

bevacizumab is utilized in relapsed DIPG patients as a palliative treatment strategy for 

sustaining quality of life (Gomi et al., 2019).  To control symptoms corticosteroids (e.x 

Dexamethasone) are utilized even though they do not appear to have an effect on tumor 

size (Gojo et al., 2019, 2022; Wierzbicki et al., 2020).  

1.5.4.2 SURGICAL RESECTION 

Surgical resection is not recommended due to the infiltrative nature, anatomic 

location of DIPG in the central brainstem, and difficulties distinguishing between tumor, 

and normal tissue. This is the case after DIPG spreads to the medulla, cerebellar 

peduncles, and bordering midbrain along with displacement of the intrinsic nerve fiber 

tract (Tisnado et al., 2016). One of the issues with DIPG location is its proximity to 

cranial nerves that are necessary for basic motor functions. During disease progression 

cranial nerves VI, and VII are most frequently affected as well as cranial nerves V, X, 
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and XI  (Gupta et al., 2018). Unlike other tumors, DIPG is not a well-defined solid 

mass(Mathew, and Rutka, 2018), instead DIPG cells infiltrate, and spread out between 

healthy brain cells(Gilligan et al., 2020). Furthermore, if these tumors were surgically 

removed, the tumor cells will persist, and progress, leading to the tumor 

return(Lobon‑Iglesias et al., 2018). 

1.5.4.3 RADIATION THERAPY 

Currently, the only therapeutic option that reported brief effect on survival is 

radiotherapy. It provides temporary relief, and transient control of progression resulting 

decreased radiological tumor volume. While its merely effective, and not curative, it is 

the standard of treatment for pediatric population affected with DIPG. Clinical trials are 

ongoing to improve efficacy of radiotherapy, and survival rates by administrating 

radiosensitizers, and chemotherapy, so far there is no additional benefits on survival or 

symptomatic relief has been reported from these trials. A recent area of interest is re-

irradiation post disease progression as there is limited evidence showing enhanced 

survival rate as well as neurological recovery (Fontanilla et al., 2012; Janssens et al., 

2017; Lassaletta et al., 2018). DIPG tumors are not responsive to traditional 

chemotherapy or radiotherapy (Aziz‑Bose, and Monje, 2019), ergo, we need to explore 

new treatment options.  

1.5.4.4 TARGETED THERAPY  

Given H3K27M DIPG aberrant PRC2 activity, previously published data points 

that inhibit the lysine demethylase 6 (KDM6) group of demethylases can induce a rescue 

effect on H3K27me3 resulting in decreased proliferation in DIPG cell lines, and 
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increased survival rates in mouse xenografts (Hashizume et al., 2014; Romani et al., 

2019). Other groups (Bender et al., 2013; Funato et al., 2014; Gallitto et al., 2019; Lewis 

et al., 2013; Mohammad et al., 2017; Piunti et al., 2017) have explored targeting, and 

inhibiting PRC2 as a feasible therapeutic option for H3K27M DIPG; despite the 

preclinical promise (Hashizume, 2017; Mohammad et al., 2017; Piunti et al., 2017), 

results are not always significant, and inconsistent (Wiese et al., 2016) as the revival of 

cell cycle regulators may not be a direct downstream effect of PRC2 inhibition (Cordero 

et al., 2017). Presently in H3K27M DIPG clinical trials there are compounds that target 

histone acetylation; this therapeutic approach has developed due to the elevated levels of 

histone acetylation observed in various studies especially H3K27actyl (Ehteda et al., 

2021; Hashizume, 2017; Lewis et al., 2013; Nagaraja et al., 2017; Piunti et al., 2017; 

Wiese et al., 2020; Williams et al., 2017; Zhang, and Zhang, 2019). Recent emerging data 

(Aziz‑Bose, and Monje, 2019; Piunti et al., 2017, 2017; Wiese et al., 2020) uncovered 

that targeting the domains of bromodomain proteins, that are responsible for recognizing, 

and interacting with histone acetylation, has a promising antitumor effect in both cell 

lines, and xenograft mice (Nagaraja et al., 2017; Piunti et al., 2017; Taylor et al., 2015).  

Alternative approaches to target histone acetylation are via inhibition of HDAC 

(HDACi), revealing another targetable vulnerability in H3K27M DIPG (Anastas et al., 

2019; Grasso et al., 2015; Hennika et al., 2017; Meel et al., 2020; Nagaraja et al., 2017; 

Perla et al., 2020; Tosi et al., 2020). Despite the promise of this therapeutic strategy, high 

doses of HDACi are necessary for tumor reduction (Hennika et al., 2017; Johung, and 

Monje, 2017). Given certain synergistic effects have been reported between not only 
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HDACi with bromodomain inhibitors (BRDi), and Cyclin-dependent kinase 7 (CDK7) 

inhibitors (CDK7i) but also with radiation therapy, synergetic effects have fed into the 

hypothesis that there is a transcriptional dependency in H3K27M DIPG sensitive to 

epigenetic targeting compounds (Chan et al., 2013; Grasso et al., 2015; Nagaraja et al., 

2017) (Lu, and Daniels, 2021; Wiese et al., 2020). There is limited data (Lu, and Daniels, 

2021; Taylor et al., 2015) on the preclinical potency of molecular therapy combinations, 

however these molecular targeting compounds synergistic effects provide an approach to 

avoid high dosage toxicity while maintain therapeutic advantages for H3K27M DIPG. 

1.6 ONC201/TIC10 

1.6.1 OVERVIEW 

The search for effective novel therapeutic compounds with high potency in 

treating DIPG tumors resulted in the discovery of a new drug called ONC201 (7-benzyl-

4-(2-methylbenzyl)-1,2,6,7,8,9hexahydroimidazo [1,2-a]pyrido3 [3,4-e]pyrimidin-

5(1H)). ONC201 has gained interest as its effect appears specific to DIPG diagnosed 

patients, and leads to positive expected survival outcomes; occasionally progression-free 

for 67 weeks (Perrone et al.). 

ONC201 is an imipridone molecule discovered through a national cancer institute 

chemical library screen as having the ability to promote tumor necrosis factor – α -related 

apoptosis, and ligand (TRAIL) expression. ONC201 demonstrated growth inhibitory 

effects in a panel of cancer cell lines as well as showing antitumor response in animal 

models of pancreatic, non-Hodgkin’s lymphoma, glioblastoma, and colorectal (Allen et 

al., 2021). Based on promising preclinical data, its penetration of the brain-blood barrier 
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as well as a low toxicity, ONC201 expeditiously progressed, and is currently in 15 

clinical trials. (ClinicalTrials.gov, NCT02863991) (Graves et al., 2019). 

In 2018, ONC201 was granted fast (Free et al., 2021) track designation for the 

treatment of H3K27M DIPG mutant (Prabhu et al., 2020). Further studies demonstrated 

that when treating both resected glioblastoma cells, and glioblastoma xenografts in mice, 

ONC201 can penetrate the blood-brain-barrier, reducing proliferation of cancer cells 

known to be resistant to commonly used chemotherapeutic agents (Borsuk et al., 2021; 

Duchatel et al., 2021). Though there is clinical progress, ONC201 mechanism of action 

along with some of its intracellular activities have remained inconsistent, and are yet to 

be identified (Allen et al., 2016; Arrillaga‑Romany et al., 2017; Prabhu et al., 2020),  

In some cell lines, tumor necrosis factor (TNF)-related apoptosis-inducing ligand 

(TRAIL) is reported to be induced by ONC201(Allen et al., 2013, 2015; Wagner et al., 

2018); however in other cancer cell lines, TRAIL was not significantly upregulated upon 

treatment (Greer et al., 2018; Ralff et al., 2017a). ONC201 was also observed to 

upregulate the expression of death receptor 4, and 5 (DR4, DR5), however knocking 

down these receptors did not alter the cellular response to ONC201 (Greer et al., 2018; 

Prabhu et al., 2020). In addition, some studies reported that ONC201 hinders the activity 

of extracellular signal regulated kinases (ERKs), and Protein kinase B (Akt), possibly 

providing a support to explain TRAIL upregulation through the activation of FOX3a 

protein in perivascular macrophages cortical cancer cell lines, and recurrent 

glioblastomas (Prabhu et al., 2015; Zhao et al., 2014, 2019a). Yet, these findings were not 

seen in other cell lines regardless of ONC201 robust effect on cell viability (Graves et al., 
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2019). ONC201 is speculated to achieve some of its intracellular effects by directly 

interacting with dopamine receptors (DRD2, and DRD3). DRD2 was also suggested to be 

targeted by ONC201 (Arrillaga‑Romany et al., 2017; He et al., 2020; Kline et al., 2018; 

Stein et al., 2017). However, siRNA mediated knockdown, and CRISPR/CAS9 knock out 

of these receptors did not have a significant impact on affect ONC201 antitumor activity 

(Kline et al., 2018; Purow, 2022).  

Emerging evidence has shown that ONC201 achieves its putative effect through 

targeting the mitochondria, and its metabolism  (Bonner et al., 2021; Borsuk et al., 2021; 

Graves et al., 2019; Greer et al., 2018; Ishizawa et al., 2019; Kou et al., 2021; Purow, 

2022; Wong, and Houry, 2019). 

1.6.2 MITOCHONDRIA, and CANCER 

To understand the role of ONC201 in DIPG, we need to first consider its target 

the mitochondria in cancer. The mitochondria, commonly known as the powerhouse of 

the cell, regulates homeostasis to maintain normal cell function. The mitochondrial 

genome consists of 16KB DNA (mtDNA) which can produce proteins of importance to 

respiration either independently or via coordination with the nuclear genome (nu-

genome) (Reznik et al., 2017). Autophagy functions as a key quality control method by 

clearing away damaged mitochondria while in turn supplying metabolic substrates, and 

supporting malignancy in cancer cells, thus any irregularity in autophagy results in 

negative effects on cell viability, and impaired mitochondrial functions (Galluzzi et al., 

2015; Sohn et al., 2013). The mitochondria plays critical roles in energy production, and 

cell maintenance by regulating heme, and steroids synthesis, metabolic cell signaling, 
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cytosolic calcium ions (Ca2+) homeostasis, and lipid homeostasis (Brand et al., 2013; 

Osellame et al., 2012). One method for mitochondrial energy production is through the 

tricarboxylic acid (TCA) cycle which generates flavin adenine dinucleotides (FADH2), 

and nicotinamide adenine dinucleotides (NADH) providing electrons to the electron 

transport chain (ETC) (Alabduladhem, and Bordoni, 2022). A proton gradient is 

generated due to the flow of these electrons through the ETC, which is utilized by ATP 

synthase to generate ATP (Poburko, and Demaurex, 2012). The flow of electrons through 

ETC has an impact on the regulation of multiple metabolic processes, such as hypoxia-

inducible factor (HIF) transduction, and Mitogen-activated protein (MAP) kinase 

pathways by generating reactive oxygen species (ROS) which can lead to apoptosis 

(Emerling et al., 2005; Lamberti et al., 2017; Lewis et al., 1998; Murphy, 2009; Palazon 

et al., 2014; Sies, and Jones, 2020; Zorov et al., 2014). The interaction between the cell, 

and the mitochondria plays an important role in regulating various cellular processes 

including growth, survival, and metabolism (Audano et al., 2020; Montes de Oca 

Balderas, 2021; Xia et al., 2019). Damaged mitochondria can lead to cancer, and other 

complications such as neurodegenerative diseases (James, and Murphy, 2002; Patel et al., 

2020; Zong et al., 2016). While the mitochondria can play a role in various pathologies, 

they are being utilized as a promising tumor therapeutics to initiate apoptosis (Armstrong, 

2007; Cho et al., 2020; Frantz, and Wipf, 2010; Liu, and Shi, 2020). Effects of ONC201 

on the mitochondria have, potentially, significant consequence on regulating homeostasis 

to maintain normal cell function leading to increased oxidative stress. 
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1.6.2.1 OXIDATIVE STRESS, and CANCER 

Oxidative stress results from disparity between ROS generation, and the cells 

potential to repair the damage of control the free radicals (Liguori et al., 2018). The most 

frequent radicals are hydroxyl (OH), hydrogen peroxide (H2O2), peroxyl radicals (HO2), 

and superoxide anions (O2-) (Ray et al., 2012). ROS generation occurs mainly in the 

mitochondria, and is accepted as normal cellular process happening simultaneously with 

oxygen metabolism  (Milkovic et al., 2019). A distributed ETC causes ROS production 

due to electron leak from complex I, and III (Jakubczyk et al., 2020). Additional sources 

of internal ROS are xanthine oxidase, the nicotinamide adenine dinucleotide phosphate 

(NADPH) oxidase complexes, and peroxisomes (Di Meo et al., 2016). The 

aforementioned free radicals play a role in regulation of cell survival, differentiation, and 

proliferation through engaging normal cell signaling (Milkovic et al., 2019).  

Usually, ROS is produced in the mitochondria, meanwhile extrinsic ROS is 

usually induced by chemical compounds or UV radiation (Hofer et al., 2019; Subedi et 

al., 2017). Excess ROS may lead to production of “secondary” radicals, and severe cell 

damage (Valko et al., 2006). Typically ROS is regulated through multiple defense 

systems within the cell. Oxidative stress effects can be controlled by hindering the 

generation of ROS by utilizing antioxidants to eliminate ROS (Karihtala, and Soini, 

2007; Poljsak et al., 2013). The levels of ROS can lead to various outcomes depending on 

production site, tissues, cells, and concentrations. Increased ROS generation in cancer 

cells can be utilized to enhance the treatment effectiveness by administrating ROS 

activating compounds that induce cell death (Liou, and Storz, 2010; Perillo et al., 2020)  

https://sciwheel.com/work/citation?ids=6296081&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=327982&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=7636956&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=9694640&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=7962073&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=7636956&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=13360565,13360564&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=13360565,13360564&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=178515&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=7154886,6910716&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=7154886,6910716&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=9015466,1143244&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0


25 

 

1.6.2.2 METABOLISM, and CANCER 

There is an increase in the biosynthetic demands in malignant cancer cells which 

leads to a greater uptake of nutritional substrates from surrounding environment (Argilés, 

and López‑Soriano, 1990; Ghanbari Movahed et al., 2019). The two main energy 

substrates in cells are glutamine, and glucose (Lu et al., 2010). They provide carbon 

intermediates for macromolecule generation through the process of catabolism (Cluntun 

et al., 2017; Wang et al., 2018a). As mentioned, a hallmark of cancer is the metabolic 

dysregulation which allows the cancer cells to endure high energy demands, survival, and 

macromolecule synthesis (Hanahan, 2022; Hanahan, and Weinberg, 2000, 2011). Healthy 

cells obtain the majority of the ATP from oxidative phosphorylation (OXPHOS), 

meanwhile, in tumors ATP is acquired due altered mitochondrial reactions, and 

oncogenic mutations (Porporato et al., 2018). For example, these alterations in cancer 

cells may direct glycolytic intermediates, which are normally utilized for oxidative 

phosphorylation to serine biosynthesis, lipid biosynthesis, and pentose phosphate 

pathway (PPP) (Seyfried et al., 2020). NAPDH generated from PPP is utilized to 

decrease mitochondrial ROS production, oxidative stress, and support survival in variety 

of oxygen levels (Ciccarese, and Ciminale, 2017; Ghanbari Movahed et al., 2019; 

Sabharwal, and Schumacker, 2014). However, cancer cells have the ability to alter their 

metabolism to meet their energy demands, consequently targeting the mitochondria, and 

mitochondrial metabolism leads to cell death(Armstrong, 2006; Fulda et al., 2010; Goard, 

and Schimmer, 2014; Hoye et al., 2008; Phalen et al., 2006; Przystal et al., 2022; 

Sabharwal, and Schumacker, 2014). 
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1.6.2.3 METABOLISM, and EPIGENETICS IN CANCER 

Chromatin modifications are impacted either directly or indirectly by multiple 

metabolic reactions by-products, and metabolic enzymes (Sperber et al., 2015) (figure 1-

1). DNA, and histone methylation is regulated by the balance between 

methyltransferases, and demethylases activities (Wang et al., 2018b). Methylation occurs 

through utilizing a universal donor, S-adenosylmethionine (SAM), by either histone 

methyltransferases (HMT), and DNA methyltransferases (DNMT) (Castillo‑Aguilera et 

al., 2017; Selley, 2007; Zhang, and Xu, 2017). The product of this reaction is S-

adenosylhomocysteine (SAH), which is a potent methyltransferase inhibitor (Kimberlin, 

2012; Zhang, and Zheng, 2016). The ratio between SAM/SAH controls the activity of 

methyltransferases (Halsted, and Medici, 2016; Sibani et al., 2002). Histone 

demethylation by Jumonji C demethylases group (JmjC), and DNA demethylation by the 

ten-eleven translocation (TET) family of methylcytosine dioxygenases need cofactors 

such as oxygen, iron, and α-Ketoglutarate (αKG) (Cascella, and Mirica, 2012; Kohli, and 

Zhang, 2013; Matuleviciute et al., 2021; Scourzic et al., 2015; Zheng, and Huang, 2014). 

TCA cycle intermediate α-Ketoglutarate is generated from utilization products of 

glutamate by glutamate dehydrogenase, isocitrate by isocitrate dehydrogenase, or 

metabolites such as fumarate, 2hydroxyglutarate, and succinate (Abla et al., 2020; Xiao et 

al., 2016). On the other hand, acetyl-CoA is generated from utilization products of citrate 

by ATP citrate lyase, Pyruvate by pyruvate dehydrogenase complex (PDC) , and acetate 

by acetyl Coa synthetase (Shi, and Tu, 2015). Furthermore, α-Ketoglutarate, and acetyl-

CoA affect the activities of HDACs, and HAT enzyme respectively resulting fluctuations 
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in histone acetylation rates. HAT enzymes utilize the donated acetyl group from acetyl-

CoA, resulting in a feedback loop through produces coenzyme A (CoA) which inhibits 

HDAC, and deacetylate histones through either zinc dependent HDAC, which can be 

hindered by b-hydroxybutyrate, and/or butyrate nicotinamide adenine dinucleotide 

(NAD+) dependent subclass of HDACs sirituins (SIRT) which can be inhibited by the 

product of NAD+ utilization, niacinamide/nicotinamide (NAM) (Cantó, and Auwerx, 

2012; Imai, and Guarente, 2014; Porter, and Christianson, 2019). The inhibiting enzyme 

nicotinamide phosphoribosyltransferase (NAMPT) of the NAD+ salvage pathway, where 

NAM is converted to nicotinamide mononucleotide, is where the majority of NAD+ is 

generated (Sassone‑Corsi, 2012). Transcriptionally NAMPT is controlled by histone 

acetylation at promoter site (Chen et al., 2018; Zhang et al., 2009). There is further 

histone deacetylation due high levels of NAD+, increasing the SIRT activity, and lower 

NAMPT expression, resulting in a feedback circuit between both the epigenome, and 

metabolome (Boon, 2021; Chen et al., 2018; Zhang et al., 2009). Because all of these co-

factors are directly impacted by or produced by metabolism, the epigenetic landscape is 

highly impacted by metabolism. In addition, alteration in cell metabolism affects the 

beforementioned enzymes.  

The downstream consequences of these metabolomics-epigenomic interactions 

are ultimately impacting the expression of oncogenes as well as tumor suppressors such 

as the Warburg effect where metabolism in cells produces oxygen radicals which plays a 

major role in oncogenic alterations(Liberti, and Locasale, 2016). Citrate-dependent ATP-

citrate lyase (ACLY) is responsible for acetyl CoA synthesis from glucose-derived 
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citrate, as well as connects oncogene signals to histone acetylation(Lee et al., 2014; 

Wellen et al., 2009). With the lack of ACLY activity under stress conditions, cells 

upregulate acetate-dependent acetyl-CoA synthetase 2 (ACSS2), enabling cancer cells to 

employ acetate to sustain tumor growth by supplementing acetyl CoA for phospholipid, 

and fatty acid synthesis, and histone acetylation(Comerford et al., 2014; Gao et al., 2016; 

Mashimo et al., 2014; Schug et al., 2015; Zhao et al., 2016). Furthermore, acetate induces 

epigenetic changes under hypoxia conditions that promote cancer survival, and lipogenic 

programming (Mews et al., 2017). In recent studies, ACSS2 have recognized as a 

chromatin-bound factor that regulates, and manage gene expression program related to 

spatial memory; this is one of the first evidence of the direct role of ACSS2-derived 

acetyl CoA in epigenetic rewiring, and gene expression(Bulusu et al., 2017; 

Martín‑Martín et al., 2017; Schug et al., 2016; Yoshii et al., 2009, 2015; Armstrong, 

2006; Boon, 2021; Cluntun et al., 2017; Loras et al., 2021; Paro et al., 2021; Wang et al., 

2018b). Consequently, pharmacological targeting of mitochondrial pathways due to their 

roles in, lipid, and glucose metabolism, cell viability, and apoptosis is perceived to be a 

viable option for treatment resistant tumors. 
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Figure 1-1. Crosstalk between epigenetic modifications, metabolic rewiring, and transcriptional 

regulation. Adapted from (Sun et al., 2022). The cell epigenome, and metabolome affect each other in 

a two-way approach with genetic, and molecular drivers that regulate cancer. Created with 

BioRender.com. 
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1.6.2.3.1 METABOLISM, and EPIGENETICS IN DIPG 

The interplay between the metabolome, and epigenome in H3K27M DIPG is an 

area of great research interest. A recent study by Chung et al., 2020 demonstrated 

glutaminolysis, and glycolysis are increased in H3K2M DIPG cells in addition to 

elevated levels of α-KG due to boosted TCA cycle (figure 1-2). This study established 

the existence of an intersection between epigenetic, and metabolic pathways driven by 

H3K27M mutation in multiple cell lines harboring H3K27M mutation, such as patient-

derived cell lines (DIPG-IV, DIPG-XIII, DIPG-007, and SF7761), immortalized rodent 

neural stem cells (H3K27M NSCs) (Chung et al., 2020). In H3K27M NSCs, a 

comprehensive assessment utilizing metabolomics, transcriptomics, and proteomics 

indicated that these cells showed increased TCA, and glycolysis rates. These augmented 

processes are enhanced by activation factors such as Hexokinase 2 (HK2), Isocitrate 

dehydrogenase 1 (IDH1), Glucose transporter 1 (GLUT1), and glutamate dehydrogenase 

1 (GLUD1 or GDH) (Chung et al., 2020; Zhao, and Miao, 2020). Similar results were 

noticed from patient-derived cell lines. Increased glutaminolysis was detected, and 

correlated with data collected from patients suffering from high-grade midline gliomas. 

In order to fully understand the relationship between metabolic alteration caused by the 

H3K27M mutation, the intersection between H3K27M, and glutamine, and glycol-

metabolism was explored(Chung et al., 2020). Metabolomic analyses of H3K27M 

harboring cells demonstrated augmented α-KG, which is a critical cofactor of KDM6 

(H3K27M demethylases) (Chung et al., 2020; Mbah et al., 2022). H3K27M mutation 

harboring cells metabolomics data demonstrated high levels of α-KG, and low SUCC, 
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resulting in higher KDM6 activity, loss of H3K27me3 in H3K27M DIPG (Chung et al., 

2020; Mbah et al., 2022; Zhao, and Miao, 2020). Moreover, (Chung et al., 2020) wanted 

further to prove the modulation of H3K27M cells by α-KG; the data showed that glucose, 

and glutamine deficient culture medium had augmented the H3K27me3 mark in patient-

derived cell lines (such as DIPG-IV, and DIPG-007), this effect can be eliminated by the 

addition of cell-permeable a-KG. Thus, the study (Chung et al., 2020) concluded that α-

KG was essential for maintaining H3K27M harboring cells' epigenetic status 

distinguished by the loss of H3K27me3. 

 Additionally, (Chung et al., 2020) wanted to test whether glucose, and glutamine 

metabolism in H3K27M cells affects cell proliferation, and H3K27me3 levels. The data 

indicated that pharmacological (for example, the glutamine antagonist 6-diazo-5-oxo-L-

norleu-cine (DON)) or genetic inhibition (for example, shRNA) of IDH1, HK2, and GDH 

decreased α-KG/SUCC ratios, and elevated H3K27me3 levels as well as inhibited 

H3K27M cells growth in-vivo, and in-vitro.  

Notably, the study (Chung et al., 2020) uncovered that H3K27M cells sustain 

their growth by utilizing glucose, and glutamine metabolism for α-KG synthesis, which 

affects lysine demethylase enzymes (KDM6), influencing the levels of H3K27me3; thus 

there is a clear relationship between epigenetic, and metabolic pathways in H3K27M 

cells. 
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Figure 1-2. Diagram model of crosstalk between epigenetic, and metabolic pathways in H3K27M 

cells. Adapted from (Chung et al., 2020). Increased levels of α-KG from elevated TCA, glutaminolysis, and 

glycolysis metabolism inhibits the trimethylation of histone 3 in H3K27M DIPG cells. The decreased 

H3K27me3 levels induce gene expression such as IDH1, Glud1, and HK2, which increases TCA, 

glutaminolysis, and glycolysis metabolism. In addition, α-KG, serves as a crucial cofactor of KDM6, 

leading to demethylation of lysine 27 at histone 3. α-KG is converted to succinate while demethylating 

H3K27. Created with BioRender.com. 
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1.6.3 ONC201 MECHANISM OF ACTION 

Despite the demonstrated preclinical, and early clinical efficacy in DIPG the 

antitumor activity of ONC201 have not been fully described current literature proposes 

that it achieves its putative effect via triggering apoptosis through dual inhibition of Akt, 

and ERK to drive the expression of the tumor necrosis factor-related apoptosis-inducing 

ligand (TRAIL) pathway, an effect likely downstream of its primary target (Allen et al., 

2016). DIPG cells demonstrated variable results regarding ONC201 sensitivity with 

highly responsive cells displaying potent ERK, and Akt inhibition(Duchatel et al., 2021).   

Moreover, other studies (Arrillaga‑Romany et al., 2017; Chi et al., 2019; He et al., 

2020; Prabhu et al., 2020) suggested a link between ONC201 ability to bind the 

neurotransmitter pathways, including the dopamine receptors in the brain, especially the 

dopamine like receptors DRD2, and DRD3, and its putative effect(Chi et al., 2019). Even 

though some glioblastomas were reported to overexpress these receptors, and are critical 

to the growth, and survival of these cells (Arrillaga‑Romany et al., 2017; Duchatel et al., 

2021). ONC201 anti-cancer activity is barely affected by removal of dopamine 

receptors(Kline et al., 2018). Thus, the activation of these receptors by the compound 

does not completely elucidate the target, and mechanism of action. Nevertheless, 

ONC201 cellular targets in DIPG remain to be unambiguously established. 

Given the critical role of metabolism, and epigenetics in driving cancer, the 

recently described role impact of ONC201 on metabolism is of particular interest 

(Ishizawa et al. 2019; Graves et al. 2019; Al Madhoun et al. 2021). The clearest 
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demonstration of recent efforts to identify the mechanism of action of ONC201 have 

reported a new mitochondrial target, by activating caseinolytic protease P (ClpP), which 

can be found in both bacterial, and mammalian cells. This activities is likely responsible 

for the majority of the anti-cancer effects of ONC201 (Abuarqoub et al., 2021; Cole et 

al., 2015; Graves et al., 2019; Ishizawa et al., 2019; Kou et al., 2021; Luo et al., 2020; 

Przystal et al., 2022). To degrade misfolded proteins, ClpP forms a proteolytic complex 

with an ATPase ClpX, creating an ATP-dependent protease. ClpP is present in an 

inactive form when there is no bound ATPase. ClpP is responsible for the degradation of 

misfolded proteins from various cellular processes including oxidative phosphorylation, 

amino acid metabolism, purine metabolism, TCA cycle, lipid oxidations, and 

mitochondrial translation (Alexopoulos et al., 2012; Baker, and Sauer, 2012) . ClpP is 

one of 15 mitochondrial proteases, which have been found to be a promising target for 

cancer therapy(Alexopoulos et al., 2012; Baker, and Sauer, 2012) 

A functional ClpP tetradecamer with fourteen protease active sites is formed due 

the joining of two heptameric rings (Gribun et al., 2005). Certain ATPase amino acids 

interact with the binding pockets of ClpP subunit to stabilize the protease complex(Baker, 

and Sauer, 2012).The accessibility of  catalytic regions of ClpP are solely through the 

axial channel of each ring.  ClpP changes its conformation resulting in transient 

enlargement of its axial pores when bound to the ATPase amino acids leading to 

enhanced protease pore size to allow for the traffic, and degradation of specific 

substrates, and proteins (Felix et al., 2019; Stahl et al., 2018).   
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Hyperactivation of ClpP through rearrangement of the structure by activating 

compounds leads to permanent enlargement of its pores (Felix et al., 2019; Stahl et al., 

2018), turning it into an unrestrained protease lacking specificity and ultimately the 

extensive degradation of proteins, and peptides located inside the mitochondria. The 

dysregulated mitochondrial proteostasis results in activation of integrated stress response, 

unfolded protein response, and apoptosis(Alexopoulos et al., 2012; Graves et al., 2019; 

Gribun et al., 2005; Stahl et al., 2018). On the other hand, hyperactivated ClpP may 

possibly retain substrate specificity, however it turns into a highly effective protease with 

an accelerated rate of substrate degradation by enabling the passage of proteins through 

the protease barrel chamber(Alexopoulos et al., 2012; Gribun et al., 2005; Stahl et al., 

2018). The hyperactivated protease leads to excessive degradation of proteins such as 

subunits of electron transport chain, and other mitochondrial proteins involved in critical 

processes (for example, oxidative phosphorylation)  that contribute directly in 

mitochondrial metabolism (Felix et al., 2019; Nouri et al., 2020; Stahl et al., 2018).  

Studies have reported that ONC201 binds non-covalently directly to the 

hydrophobic pockets of ClpP. This binding results in protease subunit activation 

regardless of the presence of ATPase components to initiate protein degradation, and 

leading to apoptosis mediated by mitochondrial dysfunction (Bonner et al., 2021; Graves 

et al., 2019; Kou et al., 2021; Prabhu et al., 2020; Przystal et al., 2022; Wang, and 

Dougan, 2019).   

Recent attempts to determine ONC201 mechanism of action  have proposed a 

new target in the mitochondrial, being the mitochondrial caseinolytic protease P (ClpP) in 
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DIPG, and other cell lines(Bobo et al., 1994; Bonner et al., 2021; Duchatel et al., 2021; 

Madhukar et al., 2019; Przystal et al., 2022).  Targeting these metabolic pathways has 

shown promise as in the case of H3K27M DIPG patients (Duchatel et al., 2021; Odia et 

al., 2022). Tumor burden decrease in H3K27M mutation patients, due to ONC201 

treatment which encouraged our group to research what is ONC201 target, mechanism of 

action, and downstream effects in DIPG. 

1.7 AIMS OF THIS STUDY 

1.7.1 OVERVIEW 

Despite ONC201 preclinical and clinical promise in H3K27M gliomas, there are 

still gaps in our knowledge about its effect and molecular mechanism in DIPG model. 

Further research is required to understand whether DRD2 and/or ClpP  are the primary 

targets of ONC201 DIPG and the potency of these targets. Given the emerging evidence 

that ClpP is the primary target in leukemia, breast cancer and other cell lines (Ishizawa et 

al. 2019; Stahl et al. 2018; Greer et al. 2018), does the activation of ClpP itself is a 

vulnerability that can be further exploited in DIPG and how can we advance more 

therapies to treat DIPG.  Furthermore, what is the relationship between ClpP expression 

and ONC201 responsiveness and can we utilize this relationship to determine DIPG 

patients that are more responsive to ONC201 treatment. We utilized ClpP mutant DIPG 

cell lines to further exploit this relationship and determine the direct relationship between 

ClpP and ONC201. ROS have been proposed to be the mechanism of action by which 

ONC201 achieves its anticancer activity but the source of ROS production whether its 

cytosolic or mitochondrial is yet to be explored and our work utilizes perodoxins family 
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of proteins which can determine the source of ROS production. To further prove these 

findings that ROS is the main source of DIPG cell death we utilized antioxidants to 

combat ONC201 effect and further confirm these results in DIPG model.  

(Chung et al. 2020) have shown that DIPG and other H3K27M cell lines utilizes 

there metabolome to maintain their epigenetics landscape. Given the role the metabolome 

plays in epigenetic modifications , we wanted to explore the downstream effect of the 

dysregulated metabolites due to ONC201 targeting the mitochondria on the epigenome 

landscape by assessing the highly abundant histones and how the dysregulation of 

metabolites affect histone modification. Next we wanted to asses the effect of 

dyregulated metabolome and epigenome on gene expression profile aiming to exploit 

pathways that can be targeted to enhance ONC201 efficacy and develop therapeutics to 

target these vulnerabilities.  

The main goal of this doctoral study project is to explore the mechanism of action 

of ONC201 in H3K27M diffuse midline glioma, with regards to the key role the 

mitochondria play in the cell. First, we aimed to determine, and validate ONC201 

targeting in DIPG. Following that, we investigated the effects of mitochondrial targeting 

in DIPG cells. Based on these results we proceeded to study the effects of ONC201 

targeting on mitochondrial function. We further elucidated how ONC201 achieves its 

anti-cancer activity by cross referencing ONC201 effects on DIPG gene expression, and 

the interplay of targeting the mitochondria on epigenetic signatures. Our long-term goals 

are to provide insight into ClpP as a novel, and tractable drug target by utilizing 

ONC201. Our central hypothesis states that DIPG mediated by the mutant K27M at 
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histone 3 can be alleviated by utilizing ONC201 compounds that bind, and activate ClpP, 

leading to induced lethality in tumor cells. This hypothesis was concluded based on 

preliminary data, which demonstrates the potential of ONC201 as an antitumor agent, 

through binding, and activating mitochondrial protease ClpP, which leads to increased 

proteolysis of mitochondrial proteins, leading to mitochondrial failure resulting cell 

death. The importance of this work is represented in part by the potential to elucidate a 

novel molecular vulnerability in DIPG through drugs with clinical, and preclinical 

outcomes. 

1.7.2 STUDY APPROACH, and OBJECTIVES 

We will pursue these aims using a biochemical, and molecular interrogation techniques in 

testing challenging patient-derived cell lines in addition to determining the role of the 

mitochondrial targeting as a new potential drug target.  

1.7.2.1 ONC201 TARGETING CLPP IN DIPG 

We hypothesize that ONC201 leads to hyperactivation of ClpP will results in 

abnormally high levels of degradation of the primary substrates of the enzymes, and 

proteins that are mainly involved in energy metabolism, and mitochondrial pathways. We 

expect that the dysregulated mitochondrial activity will be selectively cytotoxic to DIPG 

cells that are heavily dependent on oxidative phosphorylation, and energy generation 

mitochondrial for their survival. To investigate this vulnerability, we use genetically 

engineered DIPG cells to express mutated forms of ClpP; constitutively active ClpP 

mutants to assess the toxic effects of ClpP activation in living cells, in-active, and wild-

type (WT) ClpP mutants to assess the effect of asses DIPG sensitivity to ONC201 as we 
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expect reduced, and increased sensitivity respectively therefore giving confirmation of 

ONC201 targeting in DIPG. To assess ClpP potential as a tractable drug target by testing 

other ClpP activators, and ONC201 analogs to determine the effectiveness of ClpP as a 

target. To further investigate the effects of ClpP hyperactivation in DIPG, we measure the 

oxygen consumption rate, and spare respiratory capacity by utilizing Agilent Seahorse 

instrument following treatment of ONC201 compounds. Finally, we determine the 

mechanism by which ClpP achieves its anti-cancer effect post ClpP activation by 

exploring the production ROS in DIPG and following with rescue studies to confirm 

these results.  

1.7.2.2 DOWNSTREAM IMPACT OF CLPP ACTIVATION EPIGENETIC 

REGULATION 

Here we hypothesized that ClpP hyperactivation in ONC201 will result in altered 

epigenetic landscape due to dysregulated mitochondrial functions, where the 

mitochondrial metabolites directly affect DIPG epigenetic status as certain metabolites 

such as α-KG/SUCC on the decreased levels of H3K27me3 which is a hallmark in 

H3K27M mutation. First, we assessed the metabolomic alterations in DIPG by running a 

full metabolome mass spectrometry post ONC201 treatment to detect metabolite change 

in DIPG. To evaluate the roles of these alterations on the epigenetic landscape we ran a 

histone mass-spectrometry to assess changes in histone profiles in DIPG after ONC201 

treatment and reference these results with the metabolome profile. To further understand 

the effect of both the histone, and metabolome alteration we determined the effect of 

ONC201 on the transcriptome profile by RNA-seq experiment to assess changes in gene 
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expression and affected pathways due to hyperactivation of ClpP. Finally, we wanted to 

investigate ONC201 effect on prominent histone mark DNA targets, and binding sites, 

and cross reference these results with the metabolome, histone profile, and transcriptome 

to elucidate to determine which oncogenic pathways, and gene regulation mechanisms 

are impacted by ONC201 treatment. 

1.7.3 SUMMARY  

In summary, diffuse intrinsic pontine glioma (DIPG) is a group of predominantly 

pediatric brain tumors with a negative outcome due to a lack of treatment options. Due to 

DIPGs location in the pons within the brainstem, and highly infiltrative nature, surgical 

resection is not an option. Furthermore, DIPG tumors are not responsive to traditional 

chemotherapy or radiotherapy, ergo, we need to explore new treatment options. A new 

drug called ONC201 has been granted fast track designation for clinical trials due to its 

apparent selective effect on DIPG diagnosed patients with outcomes occasionally 

surpassing progression-free, and expected survival outcomes(Arrillaga‑Romany et al., 

2017; Odia et al., 2022; Duchatel et al., 2021; Przystal et al., 2022). ONC201 is an 

imipridone molecule discovered through an NCI chemical library screen as having the 

ability to promote tumor necrosis factor –α -related apoptosis, and ligand (TRAIL) 

expression (Prabhu et al., 2015; Ralff et al., 2017a; Wagner et al., 2018). ONC201 

demonstrated growth inhibitory effects in a panel of cancer cell lines as well as showing 

antitumor response in animal models of pancreatic, non-Hodgkin’s lymphoma, 

glioblastoma, and colorectal. Based on these promising preclinical outcomes, its 

penetration of the brain-blood barrier, as well as a low toxicity, ONC201 expeditiously 

https://sciwheel.com/work/citation?ids=12611607,13359234&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=12611607,13359234&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=12611607,13359234&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=13359290,12645624,1698370&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
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progressed, and is currently in 15 clinical trials. In 2018, ONC201 was granted fast track 

designation for the treatment of H3K27M DIPG mutant (Bonner et al., 2021; Duchatel et 

al., 2021; Grasso et al., 2015; Przystal et al., 2022). Our preclinical data demonstrate the 

promising effect of ONC201 in DIPG. Preliminary data showed that patient DIPG cell 

lines are more responsive to ONC201 than other patient-derived brain gliomas(Bonner et 

al., 2021; Duchatel et al., 2021; Przystal et al., 2022). Data compiled from research in 

other cancers, as well as our own preliminary data, suggest a role for the mitochondria 

protease, ClpP (Bonner et al., 2021; Borsuk et al., 2021; Graves et al., 2019; Ishizawa et 

al., 2019; Kou et al., 2021; Luo et al., 2020; Nouri et al., 2020; Przystal et al., 2022; Stahl 

et al., 2018; Wang, and Dougan, 2019). This represents a novel molecular vulnerability in 

DIPG. According to a recent publication (Graves et al., 2019; Ishizawa et al., 2019), ClpP 

activation was shown to increase proteolysis of mitochondrial proteins which initiate 

mitochondrial failure leading to cell death. Therefore, the importance of this work is 

represented in uncovering a druggable vulnerability (e.g., ClpP mitochondrial protease 

activity) in DIPG, and its downstream effect on the metabolome, and epigenome. This 

method could also be exploited in targeting the mitochondrial proteases in other diseases. 

To date, no other group has explored ClpP hyperactivation by ONC201 on DIPG 

metabolome, and epigenome pathways. 

 

 

 

https://sciwheel.com/work/citation?ids=12645614,12611607,13359234,1053213&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=12645614,12611607,13359234,1053213&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=12645614,13359234,12611607&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=12645614,13359234,12611607&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
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CHAPTER 2:  COMPREHENSIVE METHODS 

2.1 CELL CULTURE: 

Patient-derived DIPG cell lines were cultured in tissue culture suspension plates 

using tumor stem cell medium (Bayin et al., 2017; Caretti et al., 2014b) consisting of 

Advanced DMEM/F12 (Dulbecco's Modified Eagle Medium/Ham's F-12) (Gibco, 

Cat#12634028), and Neurobasal base (Gibco, Cat#10888022) supplemented with 200mM 

Glutamax (Gibco, Cat# 35050061), 1x Non-Essential Amino Acids (Gibco- 

Cat#11140050), 1M HEPES (Fisher Scientific, Cat#BP310-100 ) PH 7.5, sodium 

pyruvate (Sigma Life Sciences, Cat#S8636), 1x B27-without vitamin A (Thermo Fisher, 

Cat#12587010), 400 ng/ml human EGF (Shenandoah, Cat#100-26-100ug), 400 ng/ml 

human FGF-basic 154 aa (FGF2) (Shenandoah, Cat#100-146-100ug), and 1x penicillin-

streptomycin (Gibco, Cat#15-140-122) in a conventional tissue culture incubator at 37°C 

in 5% CO2(Stafford et al., 2018). Media, including growth factors, was changed every 48 

hours. Cells were dissociated with Accutase, at least once per week, when tumor spheres 

size is around 100uM. 

Glioma cell lines were cultured in tissue culture adherent plates using Advanced 

DMEM/F12 (Dulbecco's Modified Eagle Medium/Ham's F-12) (Gibco, 12634028) +10% 

FBS (Cytiva, Cat#SH30070.03), 1x sodium pyruvate (Sigma Life Sciences, Cat#S8636), 

and 1x penicillin-streptomycin (Gibco, Cat#15-140-122) in a conventional tissue culture 

incubator at 37°C in 5% CO2(Stafford et al., 2018). 

https://sciwheel.com/work/citation?ids=4473839,1157149&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=6033023&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6033023&pre=&suf=&sa=0&dbf=0
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Astrocytes were grown in tissue culture adherent plates using ABM™ Astrocyte 

Basal Medium kit (Lonza, Cat# CC-3187) with astrocyte medium supplements included 

in a conventional tissue culture incubator at 37°C in 5% CO2 (Oushy et al., 2018). 

2.2 CELL GROWTH ASSAYS: 

Cells were seeded at 3,000-5,000 cells/well in a 96-well plate (CORNING, 3610). 

Cells were treated for 72-120 hrs, in triplicate, with an increasing dosage of 

ONC201(MCE, HY-15615A), TR-57, ONC212 (MCE, HY-111343), Raclopride (MCE, 

HY-103414), Haloperidol (MCE, HY-103414), Bortezomib (MCE, HY-135396), and 

DMSO (Fisher Scientific, D1391). Following drug treatment, viability was determined 

using Cell Titer-Glo™ (G7570, Promega), which is an assay that detect the present ATP 

of metabolically active cells. Synergy™ H4 Hybrid Multi-Mode Microplate Reader was 

used to determine luminance signal. Using non-linear regression (log (inhibitor) vs. 

response – Variable slope (four parameters)) to determine the IC50 measurement of each 

compound using GraphPad Prism 9 (LaJolla, CA) (Przystal et al., 2022).  

2.3 GENERATION OF CLPP MUTANTS 

ClpP cDNA was ordered from Dharmacon, the wild-type (WT), hyperactive 

(Y118A), and inactive (D190A) ClpP constructs were identified in a previous 

study (Ishizawa et al., 2019). Hyperactive ClpP (Y118A), and in-active ClpP (D190A) 

were generated using Q5® Site-Directed Mutagenesis Kit (New England Biolabs, 

E0554S) utilizing the primers below (Ishizawa et al., 2019), these variants were cloned 

into a lentiviral expression construct, pLVX-EF1alpha-IRES-mCherry lentiviral vector 

(Clontech) (Stafford et al., 2018) using (New England Biolabs, E5520S).  To produce 

https://sciwheel.com/work/citation?ids=5160451&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12611607&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6945740&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6945740&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6033023&pre=&suf=&sa=0&dbf=0
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viral particles, lentiviral vectors were transduced with psPAX2 (addgene, 12260), and 

pMD2.G (addgene, 12259) into HEK-293ft cells. The virus-containing medium (TSM 

media) was collected 48 hr after transfection. The viruses were mixed in a 1:1 ratio prior 

to infection of DIPG cells. Viral transductions were performed, and DIPG cell lines 

containing these variants were selected by FACS for the mCherry lentiviral reporter.  

The primers utilized were as follows: 

D190A CLPP fwd.: 5'ggccaagccacagccattgccatccagg 3' 

D190A CLPP rev: 5’ cctggatggcaatggctgtggcttggcc 3’ 

Y118A CLPP fwd.: 5' 

gagagcaacaagaagcccatccacatggccatcaacagccctggtggtgtggtgacc 3' 

Y118A CLPP rev: 5’ggtcaccacaccaccagggctgttgatggccatgtggatgggcttcttgttgctctc 

3’ 

2.4 WESTERN BLOT: 

Cells were seeded and treated in triplicates in 6-well plates (SARSTEDT, 

83.3920.500, 83.3920). After 24-72 hrs cells were washed with PBS, and resuspended in 

lysis buffer (8 M Urea, 1 % CHAPS, and 20 mM HEPES, pH 8.0). Following the 

addition of lysis buffer, the lysate was pulsed 6-7x with an ultrasonicator on ice, and 

rotated at 4 oC for 1 hr (Stafford et al., 2018). Bradford test on the supernatant ( Bio-Rad, 

5000006) was used to determine protein concertation. Western blots were executed 

mostly as in ((Stafford et al., 2018)) with bis-tris–resolving gels, and were transferred to 

0.45-µm PVDF membranes. Primary antibodies use for this study were ClpP (Cell 

https://sciwheel.com/work/citation?ids=6033023&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6033023&pre=&suf=&sa=0&dbf=0
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Signaling Technology, 14181), TFAM (Cell Signaling Technology, 7495), and GAPDH 

(Cell Signaling Technology, #2118). SuperSignal™ West Femto Maximum Sensitivity 

Substrate (Invitrogen, 34094), and Novex™ ECL Chemiluminescent Substrate Reagent 

(Thermo Scientific, 32106) were used to detect signal. 

2.5 SEAHORSE ASSAYS: 

Extracellular acidification rate (ECAR), and Oxygen consumption rate (OCR) 

were determined using Agilent seahorse XF96 Analyzer, and Cell Mito Stress Test Kit 

(Agilent Technologies, 103015-100). DIPG Cells were seeded at 100-125 x 103 cells/well 

in XF96 plate. ONC201, TR-57, or DMSO were added to the TSM growth medium for 

24-72 hrs at 37 °C in a 5% CO2 incubator (Ishizawa et al., 2019; Przystal et al., 2022). 

Cells were washed, and medium replaced with prewarmed XF DMEM medium (Agilent 

technologies, 103575-100) supplemented with 1x B27-without vitamin A (Thermo 

Fisher, 12587010), 400 ng/ml human EGF (Shenandoah, 100-26-100ug), 400 ng/ml 

human FGF-basic 154 aa (FGF2) (Shenandoah, 100-146-100ug) 1mM sodium pyruvate 

(Sigma Life Sciences, S8636), 2mM GlutaMAX™ (Gibco, 35050061), and 25 mM 

glucose (Sigma Life Sciences, G7021). The microplate was placed in a non-CO2 

incubator for 1hr. Cells were subjected to a standard mitochondrial stress test consisting 

of sequential injection of oligomycin, Carbonyl cyanide-4 (trifluoromethoxy) 

phenylhydrazone (FCCP), and antimycin A/rotenone. Mitochondrial respiration was 

analyzed, and measured using the Seahorse xf96 Instrument from Agilent according to 

the manufacturer's instructions. 

https://sciwheel.com/work/citation?ids=12611607,6945740&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
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2.6 MITOCHONDRIAL ROS PRODUCTION: 

For mitochondrial reactive oxygen species (ROS) levels, cells were plated on 

coverslip glass (Fisherbrand microscope cover glass 12545102) coated with 0.1% PDL 

(P6407, Sigma-Aldrich) in 6-well plates (83.3920.500, Sarstedt) with 2 ml TSM culture 

medium overnight (Ishizawa et al., 2019; Przystal et al., 2022). (2µM,4µM) ONC201 

(7.5Nm TR-57), and DMSO were added to cells for 72hrs at 37°C, and 5% CO2. (1µM) 

Rotenone (HY-B1756, MCE) was added to the cells for 1 hr. The cell culture medium 

was removed, and the wells were washed with PBS. Cells were stained with MitoSOX™ 

Red (5 μM in TSM culture medium; Molecular Probes/Life Technologies, Thermo 

Fisher) for 30 min at 37°C, and 5% CO2 (Ishizawa et al., 2019; Przystal et al., 2022).  

Coverslips were placed in a coverslip holder and maintained in a CO2-

independent imaging medium containing 134 mM NaCl, 5.4 mM KCl, 1.0 mM MgSO4, 

1.8 mM CaCl2, 20 mM HEPES, and 5 mM D-glucose (pH 7.4). Images were collected 

using the Eclipse TE-2000E inverted microscope (Nikon) equipped with a 40 ×/1.3 

numerical aperture (NA) Plan Fluor or 60×/1.4 NA Plan Apo oil-immersion objective, 

the appropriate fluorophore-specific filters (ChromaTechnology, Bellows Falls, VT), a 

Spectra X LED light engine (Lumencor, Beaverton, OR), and a Clara charge-coupled 

device camera (Andor, Concord, MA). A stage warmer (NevTek Airstream, 

Williamsville, VA) was used to maintain cells at 37°C. Images were analyzed with Fiji 

(Image J), and graphed using a GraphPad prism (Alshaabi et al., 2021). 

https://sciwheel.com/work/citation?ids=12611607,6945740&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=12611607,6945740&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=10127140&pre=&suf=&sa=0&dbf=0


47 

 

2.7 NON- REDUCING WESTERN BLOT: 

Cells were seeded and treated in triplicates in 6 well-plates (SARSTEDT, 

83.3920.500, 83.3920). After 24-72 hrs cells were washed twice with 1X PBS and lysed 

with 1% Triton x-100 lysis buffer supplemented with 1 mini-protease tablet (Thermo 

Scientific, A32953). To clear cellular debris, lysates were centrifuged at 21952 rcf for 5-

10 min, and protein concentrations were determined via Bradford assay. Protein lysates 

(15 μg protein/well) were resolved under reducing or non-reducing conditions (reducing 

agent was omitted from the sample buffer) on 4–12% Tris SDS-PAGE gradient gels 

(Invitrogen, NP0321BOX), and transferred to polyvinylidene fluoride (PVDF) 

membranes (Cytiva, 10600100) for immunoblotting. Membranes were blocked with 5% 

bovine serum albumin (BSA) in 1X Tris-Buffered saline (TBS) containing 0.2% tween 

(TBST) at 4°C overnight, and immunoblotted with PRX2 (1:2000, R&D Systems, 

Catalog # AF3489), PRX3 (1:1000, AbFrontier, LF-PA0255) or GAPDH (1:3000, 

Invitrogen, ma5 15788) in blocking buffer overnight at 4°C. Membranes were washed the 

following day 6–8 times for 30 min with TBST, and incubated with horseradish 

peroxidase (HRP)- conjugated goat (Invitrogen), mouse (GE Health Care), or rabbit (GE 

Health Care) secondary antibodies for 1 hr. Following secondary antibody incubation, 

membranes were washed with TBST for 1 hr, and Novex™ ECL Chemiluminescent 

Substrate Reagent (Thermo Scientific, 32106) was used to detect HRP-conjugated 

secondary antibodies. Images were collected on a GE imaging station, and analyzed using 

ImageJ, and GraphPad Prism software. (Alshaabi et al., 2021) 

https://sciwheel.com/work/citation?ids=10127140&pre=&suf=&sa=0&dbf=0
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2.8 CHIP CUT&RUN ASSAYS 

CUT&RUN was performed on frozen cells (0.5 million cells) following 

manufacturer Instructions (EpiCypher CUTANA™ pAG-MNase for ChIC/CUT&RUN, 

Cat# 15-1116) with minor alterations (Boyd et al., 2021). In summary, after washing with 

CUT&RUN wash buffer (0.5 mM spermidine, 20 mM HEPES pH 7.5, , 1× Roche 

Complete Protease Inhibitor, and 150 mM NaCl), half a million  cells were bound to 

activated ConA beads (EpiCypher, Cat#21-1401), followed by addition of 0.5 ug of 

antibody per sample with cell permeabilization with the digitonin buffer (CUT&RUN 

wash buffer + 0.01% Digitonin+ 2mM EDTA) incubated overnight. After washing the 

beads in the cell permeabilization with the digitonin buffer, samples were incubated with 

pAG-MNase, followed by further washes with cell permeabilization with the digitonin 

buffer (buffer (CUT&RUN wash buffer + 0.01% Digitonin). After the final wash, DNA 

digestion were induced by activation of pAG-MNase by suspending cell samples in the 

pAG-MNase digestion buffer (cell permeabilization with the digitonin buffer + 2 mM 

CaCl2) per sample, and incubation on a rotator at 4°C for 2 h where MNase bounded to 

chromatin is activated by calcium chloride to cleave the chromatin. Solubilized chromatin 

was released using the stop buffer (4 mM EGTA, 340 mM NaCl, 50 μg/ml RNase A, 50 

μg/ml glycogen, 20 mM EDTA,) to stop MNase activity by chelating calcium ions 

followed by 10 min incubation at 37°C in a thermal cycler to degrade RNA and release 

the chromatin to supernatant. The supernatant was collected and purified using NEB 

Monarch PCR & DNA Cleanup Kit (New England Biolabs, Cat# T1030S). The cleaned-

up samples were quantified using Qubit fluorometer per manufacturer's instructions. Ten 

https://www.epicypher.com/content/documents/protocols/cutana-cut&run-protocol_1.52.pdf
https://sciwheel.com/work/citation?ids=13438240&pre=&suf=&sa=0&dbf=0
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nanogram of the purified CUT&RUN-enriched DNA was used for construction of 

libraries utilizing CUTANA™ CUT&RUN Library Prep Kit (EpiCypher, Cat# 14-1002) 

per manfutarer instructions. To preserve fragments > 150 bp after adapter ligation, a 1× 

reaction volume of SPRIselect reagent (Beckman Coulter, Inc., Cat# 21-1403) bead 

cleanup was utilized. Libraries were PCR amplified for 14 cycles (1cycle: 45 seconds at 

98°C for hot start activation, 14 cycles: 15 sec at 98°C for DNA melting after that 10 sec 

at 60 °C for hybrid annealing/extention, followed by 1 cycle: 1 min at 72°C for final 

extension). DNA cleanups were done using SPRIselect reagent 1x reaction volume, and 

fragment size distribution was measured through Bioanalyzer (Agilent). Samples were 

pooled, and paired end sequenced on Illumina HiSeq 1500. Antibodies utilized in this 

study were: 1) Rabbit IgG Negative Control Antibody (EpiCypher, cat#13-0042k), 2) 

H3K4me3 Positive Control Antibody: SNAP-ChIP Certified, CUTANA CUT&RUN 

Compatible (EpiCypher, Cat# 13-0041), 3) Histone H3K27ac Antibody, SNAP-ChIP® 

Certified (EpiCypher, cat#13-0045), 4) H3K27me3 Monoclonal Antibody (G.299.10), 

ChIP-Verified (ThermoFisher, Cat#MA5-11198). Trichostatin A (TSA) 

(MedChemExpress, Cat# HY-15144) 1uM final volume in every buffer were utilized in 

samples that were incubated with H3K27ac antibody to inhibit histone deacetylases. The 

data were sequenced and analyzed following (Boyd et al., 2021). 

 

2.9 RNA EXTRACTION, LIBRARIES PREPARATION, and RNA-SEQ 

DIPG Cells were seeded, and treated in triplicates in a 6 well-plates(SARSTEDT, 

83.3920.500, 83.3920) for 72hrs. Cells were pelleted, and total RNA extracted, using 

https://sciwheel.com/work/citation?ids=13438240&pre=&suf=&sa=0&dbf=0
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RNeasy Plus Micro Kit  (QIAGEN, Cat# 74034) according to the manufacturer’s 

instructions. In brief, cell pellets were lysed in RNA lysis buffer followed by gDNA 

removal with a gDNA eliminator spin column. The mixture of RNA, and ethanol were 

then loaded onto RNeasy MinElute spin column. The total RNA was eluted with 20 μl 

DNase/RNase-Free Water.  The concentration was determined by both NanoDrop™ 

(ThermoFisher), and purity, and RNA Integrity Number [RIN] were determined using 

Bioanalyzer (Agilent Technologies), and samples with RIN > 8 were used for  

2.10 RNA-SEQ LIBRARY PREPARATION. 

500ng of total RNA was used as input for RNA-seq libraries which were prepared 

with SMARTer Stranded Total RNA Sample Prep Kit - HI Mammalian (Takara Bio 

USA, Cat# 634876) kit. Briefly, RNA samples were depleted of rRNA sequences (5S, 

5.8S, 18S, and 28S), along with mitochondrial rRNA sequences (12S) followed by first-

strand cDNA synthesis then the generated cDNA strand is purified using SPRI AMPure 

beads. The purified first-strand cDNA is amplified into RNA-seq libraries using SeqAmp 

DNA Polymerase, and the Forward, and the Reverse PCR Primers from the Illumina 

Indexing Primer Set HT for Illumina. 

Quality, and quantity of the libraries was assessed via Bioanalyzer (Agilent), and 

Qubit fluorometer (Life Technologies). Sequencing of the generated libraries was 

performed on the HiSeq 1500 platform. Sequencing was achieved using HiSeq 1500 

platform using a single-end sequencing length of 50 base pairs yielding, and range 8 to 15 

million reads. Data analysis was performed following (Messier et al., 2022) via the 

Galaxy platform, and RStudio. Quality control was conducted through FastQC.  

file:///C:/Users/alqas/Downloads/HB-1950-003_HB_RNeasy_Plus_Micro_1120_WW.pdf
https://sciwheel.com/work/citation?ids=13438365&pre=&suf=&sa=0&dbf=0
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Reference genome (hg38) employing STAR (Dobin et al., 2013) were utilized to align 

the reads , and HTSEQ-counts were used for quantification of these reads along with 

gencode annotation  (Anders et al., 2015; Frankish et al., 2019). DESeq2 were utilized for 

differential gene analysis (Love et al., 2014). The cutoff for differential gene expression 

analyses was  adjusted p-value <0.05, along with a significant fold change>2(Messier et 

al., 2022). 

 

2.11 HISTONE PROTEIN EXTRACTION, and PREPARATION FOR MASS 

SPECTROMETRY ANALYSIS 

Cells were seeded and treated in triplicates in 10cm culture dish (SARSTEDT, Cat# 

83.3902.500). Cells were pelleted by centrifugation, processed for histone acid extraction 

(Sidoli et al., 2016), and resulting histones process for mass spectrometry analysis as 

explained in (Bhanu et al., 2020; Sidoli et al., 2016). In summary, first we started with 

isolation of nuclei from intact cells using NIB-250 buffer (20 mM HEPES pH 7.5, 5 mM 

MgCl2, 0.25M sucrose, 15mM NaCl, 1mM CaCl2, 1mM KCL 1mM DTT, 0.2mM 

PMSF, 1ug/ml pepstatin A, 1ug/ml leupeptin, 1ug/ml Aprotinin + 4mM NaBut + 

phosphatase (2mM NaOrv, 5mM NAF, and    H2O) + 0.3% NP-40. Cells were pelleted 

via centrifuge with the supernatant discarded and  pellets resuspended in NIB-250 buffer 

without NP-40. Then the nuclei are pelleted by centrifuge, and ready for acid extraction. 

The pellets are resuspended in 0.4N H2SO4 at final ratio of 5ml buffer : 1ml pellet. The 

mixture was incubated overnight on ice or 1hr on the rotator in the cold room. The 

mixture was pelleted via centrifugation, and supernatant was transfered into a new tube, 

https://sciwheel.com/work/citation?ids=49324&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=59071,6007664&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=129353&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=13438365&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=13438365&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=4069069&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=13438388,4069069&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
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and pooled with 100%TCA till the final concentration was 20% TCA. Following a brief 

incubation on ice samples were pelleted via centrifuge, the pellets were resuspended in 1-

5ml acetone with 0.1% HCL, pelleted by centerfuge. Pellets were washed in 100% 

acetone, and air dried overnight. The dried pellet are mostly histones, and resuspended in 

100 mMammonium bicarbonate, while maintaining levels between 7-9 via addition of 

ammonium hydroxide NH4OH. Propionic anhydride (CH₃CH₂CO)₂O were added to 

samples, causing the release of propionic acid which decreases the pH to 4-6. Following 

the release of the propionic acid pH levels were adjusted to  ~8, the mixture was dried 

down and  ammonium biocarbonate (100mM, pH=8.5) was added to sample, and digestd 

using  protease (1 protease: 20 histone) or 0.1% aqueous acetic acid (HOAc), and proceed 

as described in (Bhanu et al., 2020; Sidoli et al., 2016)  

2.12 METABOLOME PROFILING, and LIQUID CHROMATOGRAPHY-MASS 

SPECTROMETRY 

DIPG Cells were seeded and treated in triplicates in a 6 -plates (SARSTEDT, 

83.3920.500, 83.3920). After 72hrs cells were washed with 0.9% (w/v) in molecular 

grade water, extraction, and preparation of metabolites samples for mass spectrometry, 

and data analysis were carried as described in (Pacold et al., 2016; Wu et al., 2020). 

Metabolites detected in the panel are indicated in the results section. 

2.13 STATISTICAL ANALYSES 

GraphPad Prism 9.0 (GraphPad Software, Inc., La Jolla, CA, USA) was used to 

generate Statistical analyses with  = .05. Comparison between groups was performed 

using one-way ANOVA followed by planned comparisons using Fisher’s LSD. Non-

https://sciwheel.com/work/citation?ids=4069069,13438388&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
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linear regression [log (inhibitor) vs. response –Variable slope (four parameters) was used 

to generate Dose-response curves. One-way ANOVA (Tukey's multiple comparisons) 

was used to generate SeaHorse, and Mitosox Red data (Ishizawa et al., 2019; Przystal et 

al., 2022). 

 

 

 

 

 

CHAPTER 3: ONC 201 TARGETING IN DIPG 

3.1 INTRODUCTION 

Diffuse intrinsic pontine glioma (DIPG) is a group of predominantly pediatric 

brain tumors with poor prognosis. Over the last decade, tremendous insight has been 

gained into the biology of DIPG from the identification of histone mutations, and 

epigenetic dysregulation to the hijacking of metabolic machinery, and signaling pathways 

that all converge to drive its highly aggressive, and infiltrative nature (Chung et al., 2020; 

Clymer, and Kieran, 2018). While a better understanding of the biology has led to many 

new clinical trials, DIPG remains among the most lethal cancers in children. One therapy 

that has emerged more serendipitously is the imipridone, ONC201. ONC201 treatment is 

linked to increased progression free survival in subsets of patients with diffuse midline 

gliomas(Chi et al., 2019; Hall et al., 2019; Odia et al., 2022). Broadly speaking, ONC201 

https://sciwheel.com/work/citation?ids=12611607,6945740&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
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has low toxicity and is currently in 15 clinical trials (ClinicalTrials.gov identifier: 

NCT02863991) (Graves et al., 2019; Poussaint et al., 2011) including Fast Track 

classification to treat DIPG gliomas (ClinicalTrials.gov identifier: NCT02525692)(Wang, 

and Dougan, 2019). 

Despite the substantial preclinical promise (Arrillaga‑Romany et al., 2017; Stein 

et al., 2017; Wagner et al., 2018), the precise mechanism of action of ONC201 in DIPG 

has remained mixed. Initially, ONC201 was thought to antagonize dopamine receptors 

DRD2 based on early pharmacodynamic screens (Arrillaga‑Romany et al., 2017; Kline et 

al., 2018). However, siRNA-mediated knockdown, and CRISPR/Cas9-mediated 

knockout of these receptors had little effect on the ability of ONC201 to kill cancer cells 

(Graves et al., 2019; Kline et al., 2018). Therefore, the discovery that ONC201 binds, and 

activates the mitochondrial caseinolytic protease P (ClpP) helped shed light on the direct 

target of ONC201 as well as how it achieves its functional effects (Bonner et al., 2021; 

Graves et al., 2019; Ishizawa et al., 2019; Przystal et al., 2022; Wang, and Dougan, 

2019).  

ClpP itself is an oligomeric serine protease in the mitochondrial matrix (Corydon 

et al., 1998) that is structurally similar to the cytoplasmic/nuclear proteasome. It has a 

double-ringed tetradecameric structure with a hollow chamber containing proteolytic 

active sites. The integrity of oxidative phosphorylation is functionality maintained by 

ClpP, as inhibition of the protease results in the buildup of misfolded or degraded 

respiratory chain complex subunits, and respiratory chain dysfunction in cancer 

cells (Cole et al., 2015; Ishizawa et al., 2019). This general effect of hyperactive ClpP on 

https://clinicaltrials.gov/ct2/show/record/NCT02863991?term=NCT02863991&draw=2&rank=1
https://clinicaltrials.gov/ct2/show/record/NCT02863991?term=NCT02863991&draw=2&rank=1
https://sciwheel.com/work/citation?ids=8003978,6923531&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://clinicaltrials.gov/ct2/show/NCT02525692
https://sciwheel.com/work/citation?ids=6966708&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6966708&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=12645624,12645786,5003068&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=12645624,12645786,5003068&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=5003068,6732710&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=5003068,6732710&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=6732710,6923531&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
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oxidative phosphorylation, and reactive oxygen species (ROS) generation has been 

associated with the ability of ONC201 to induce apoptosis in various cancers including a 

recent report in DIPG (Bonner et al., 2021; Duchatel et al., 2021; Goard, and Schimmer, 

2014; Graves et al., 2019; Greer et al., 2022; Ishizawa et al., 2019; Luo et al., 2020; 

Nguyen et al., 2022; Prabhu et al., 2020; Przystal et al., 2022; Wong, and Houry, 2019).  

A critical question is whether ONC201 primarily acts through ClpP activation in 

DIPG, and whether ClpP hyperactivation itself represents a novel vulnerability in DIPG. 

Identification of ONC201’s target may lead to identification of compounds that are 

clinically more potent. In the current study, we address this question by first 

demonstrating that ClpP expression directly corresponds to ONC201 sensitivity in a cell 

line panel, and isogenic system. Next, we show that ClpP activation is not only required 

for ONC201 response but represents a novel vulnerability with room for improvement 

above current ONC201 in DIPG. Finally, we provide a causal link between ClpP 

hyperactivation, and mitochondrial ROS generation using assays that directly dissociate 

ROS species in the different cellular compartments.  

3.2. RESULTS 

To evaluate the mechanism of ONC201 in DIPG, we first evaluated its effect on a 

cell line panel consisting of untransformed control cell lines, adult high-grade glioma, 

pediatric high-grade glioma, and DIPG patient-derived cell lines. For our cell viability 

assays, we seeded, and treated cells with a range of doses of ONC201 (10,000 nM-10 

nM) for 5 days. The data show that H3K27M DIPG cell lines are among the most 

sensitive lines in our panel (Figure 3A). Based on the cell viability assays, we 
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determined the IC50s of ONC201 across our cell line panel with average IC50s generally 

in the single digit micromolar range (Figure 3B). For the six DIPG cell lines tested, the 

IC50 ranged from 927 nM to 1745nM for an average of 1445nM which is very close to 

that observed in recent studies (Bonner et al., 2021; Duchatel et al., 2021; Przystal et al., 

2022). To look at whether the differences in ONC201 sensitivity vary between classes of 

cell lines, we divided our panel into normal (control) cell lines, adult high-grade glioma 

(aGBM), pediatric high-grade glioma (pGBM), and DIPG. This revealed that DIPG has 

significantly higher sensitivity to ONC201 than normal cell lines with some variability in 

the pediatric, and adult GBM (Figure 3-1B inset; F(3,12) = 10.6, p=.001), an effect in 

line with the low toxicity profile of ONC201 (Geiß et al., 2021; He et al., 2020) 

Given the strong evidence from the literature that the mitochondrial protease ClpP 

is the direct target of ONC201 in various cancers (Bonner et al., 2021; Fan et al., 2022; 

Graves et al., 2019; Greer et al., 2022; Ishizawa et al., 2019; Kou et al., 2021; Prabhu et 

al., 2020; Przystal et al., 2022; Wang, and Dougan, 2019; Zhao et al., 2019b), we directly 

tested whether ClpP expression associates with ONC201 sensitivity. To query this 

connection, we performed immunohistochemistry on DIPG, and normal brain sections 

staining for ClpP. Results indicate significantly higher ClpP expression in DIPG tumors 

compared to normal brain section. Next, in our cell line panel, a significant correlation 

between ClpP protein expression, and ONC201 IC50 further indicates a relationship 

between responsivity to ClpP (Figure 3-2B; F(1,14) = 4.8, p = .045, R2 = .26). The 

relationship between ClpP expression, and ONC201 sensitivity may partially explain why 
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DIPG tumors are highly responsive towards ONC201 whereas other cell lines, and 

normal tissue are less sensitive. 

We hypothesized that hyperactivation of ClpP is a vulnerability in DIPG. To test 

this, we first evaluated whether other DIPG cell lines would be sensitive to known ClpP 

activators with higher potency. Our data indicate that select ClpP activators such as the 

experimental compound, TR-57 has over 100 fold higher potency than ONC201 or the 

similar imipridone ONC212 with similar results for the chemotherapy bortezomib which 

targets ClpP as well as other non-ClpP targets (Felix et al., 2019; Moreira et al., 2015, 

2017) (Figure 3-2C).  

To test whether ClpP is the direct target for ONC201 in DIPG, we generated 

isogenic DIPG cell lines that either overexpresses wild-type ClpP (WT), the catalytically 

dead isoform of ClpP (D190A) or a constitutively active form of ClpP (Y118A). Each 

cell line was sorted by FACs to relative purity and evaluated by Western blot for 

overexpression (Figure 3-2(D-E)). It is important to note that the apparent decrease in 

ClpP expression in the Y118A cell line is due to the hyperactive protease breaking down 

itself, and wild type ClpP (Ishizawa et al., 2019; Nguyen et al., 2022; Oushy et al., 2018; 

Wang, and Dougan, 2019; Zhao et al., 2019b). First, we examined how availability of 

ClpP, and the inactive mutant would impact ONC201 sensitivity. We observed that 

overexpression of WT ClpP sensitized DIPG cells to ONC201; meanwhile, catalytically 

inactive (D190A) ClpP decreased DIPG sensitivity to ONC201 (Figure 3-2D). It is 

important to note that the D190A mutant is capable of binding ONC201 but will not 
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activate suggesting that availability of a catalytically active ClpP is required for ONC201 

response. 

Finally, confirmatory proof using genetics was required to show that ClpP 

hyperactivation is a vulnerability in DIPG as suggested by our pharmacological ClpP 

activation above. To achieve this, we used the constitutively active Y118A DIPG cell line 

which showed greatly attenuated growth over a 5-day period (Figure 3-2E). In contrast, 

the other putative target of ONC201, DRD2 is not highly expressed in DIPG at the level 

of protein nor are DIPG cell lines highly sensitive to DRD2 antagonists suggesting that 

DRD2 may not be a primary target of ONC201 in DIPG (Figure 3-3). At a basic level, 

these results implicate ClpP activation as mode of action of ONC201 in DIPG, and more 

broadly indicate that activating ClpP represents a vulnerability in DIPG that can be better 

exploited. 

To examine the downstream hallmarks of ClpP activation following ONC201 

treatment, we evaluated mitochondrial proteolysis, and cellular respiration. First, we 

tested whether ONC201 decreased levels of TFAM an ClpX, two of ClpP's direct 

proteolytic targets. A significant ONC201 dose-dependent loss of these proteins was 

observed in the parent, and ClpP WT overexpression cell line (Figure 3-4A). However, 

negligible change was seen in the inactive ClpP 190A mutant confirming that these 

effects were dependent on ClpP activity. 

Cellular respiration was also assed after 72 hours of ONC201 treatment using a 

mitochondrial respiration XF cell mito stress test (Nicholas et al., 2017). DIPG cells were 

treated with two doses of ONC201 (2 µM, and 4 µM), and were processed for oxygen 
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consumption rate (OCR) after 24 hours of treatment. Basal respiration was not affected in 

response to ONC201 treatment (Figure 3-4B). The mitochondrial respiration stress test 

showed that after the first injection of Oligomycin, a Complex V inhibitor which 

determines ATP-linked respiration, OCR was not affected by ONC201 treatment. With 

the second injection of Carbonyl cyanide-4, trifluoromethoxy phenylhydrazone (FCCP) 

(uncoupling agent) which determines maximal respiration, the OCR of treated cells 

decreased in a manner which positively correlated to dosage of ONC201. The OCR of the 

treated, and control cells were not affected by the addition of Rotenone (Complex I 

inhibitor), and Antimycin A (Complex III inhibitor) (Figure 3-4B) further suggesting a 

specific effect on maximal respiration.  

The spare respiratory capacity, a measure of the ability of cells to respond to 

increased energy demand under stress, is determined by calculating the difference 

between basal, and maximal respiration (Marchetti et al., 2020). Given that ONC201 

negatively impacts spare respiratory capacity at 24 hours, we looked to determine the 

time course of this effect. We treated DIPG cells with ONC201 (2 µM, and 4 µM) for 12 

,24, and 72 hours using the mitochondrial respiration stress test. We observed the effects 

of ONC201 on the spare respiratory capacity of the mitochondria as early as 12hrs, 

continuing to 72 hours (Figure 3-4C). Like other functional effects observed above, the 

effects of ONC201 were presented by over expression of the inactive ClpP 190A (Figure 

1-4C inset).  

Finally, we sought to directly determine how ClpP activation-induced alterations 

in cellular respiration lead to decreased viability in DIPG. Impaired spare respiratory 
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capacity is linked to impaired OXPHOS pathways leading to Reactive Oxygen Species 

(ROS) production. However, there has not yet been a direct causal link between ClpP 

activity and mitochondria-specific ROS production in decreasing DIPG cell viability. To 

address these questions, we first used MitoSOX Red superoxide indicator. Cells were 

seeded on a coverslip in a 6 well dish, and treated with DMSO (control), Rotenone 

(positive control), and two doses of ONC201 2µM, and 4 µM. 72 hours post ONC201 

treatment, cells were stained with MitoSOX then imaged 30min later. Our data suggest a 

significant increase in mitochondrial ROS production correlating positively with 

ONC201 treatment (Figure 3-5A).  

To determine if one of the ROS species generated was hydrogen peroxide and that 

these species were mitochondria-specific, we relied on the activity of peroxiredoxin 

(PRX) proteins as a cell-compartment specific readout. PRX proteins are monomers that 

can be oxidized by hydrogen peroxide to form a dimer via disulfide bonds. PRX3 is the 

mitochondrial PRX that serves as an antioxidant enzyme (Li, and Yu, 2015). PRX2, the 

cytosolic PRX, determines oxidation readout in the cytosol (Matte et al., 2010). Cells 

were treated with the same conditions as in (Figure 3-4A) with protein harvested 72 

hours post-treatment, and a non-reducing Western was performed to determine PRX2, 

and PRX3 dimerization. As seen in (Figure 3-5B), ONC201 treatment increases 

mitochondrial ROS production as evidenced by a specific increase in PRX3 dimerization 

of the mitochondria-specific PRX3 but not the cytosolic PRX2. It is worth noting that our 

positive control rotenone, decreased the dimer to monomer ratio due to hyperoxidation of 

https://sciwheel.com/work/citation?ids=12689892&pre=&suf=&sa=0&dbf=0
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a peroxidatic cysteine residue (-SO2H) which prevents the protein dimerization, and 

renders the enzyme catalytically inactive (Peskin et al., 2013; Phalen et al., 2006). 

To further assess whether ROS production due to ONC201 leads to cell death, we 

tested whether antioxidants partially rescue the viability effect of ONC201. To test this, 

we first examined the impact of Trolox, a vitamin E analog with powerful antioxidant 

effects, and a potent inhibitor of mitochondrial membrane damage (Forrest et al., 1994). 

Cells were treated with a range of ONC201 (1,2,4 µM), and a range of Trolox (0,1,5,10 

µM) in combination, and individually. 5 days later, cell growth assays were performed. 

(Figure 3-5C) shows that we observed that an increased concentration of Trolox 

correlates positively with the rescue viability effect of ONC201 in DIPG cells. To ensure 

that this was not an artifact of Trolox, we tested another mitochondrial antioxidant, Mito-

TEMPO. Similarly, we observed a rescue effect with an increased dosage of Mito-

TEMPO (Figure 3-5D). Together, these results prove that the ability of ONC201-induced 

ClpP activation to decrease DIPG viability is partly dependent on mitochondrial ROS 

production in DIPG cells.  

3.3 DISCUSSION: 

This study aimed to address whether ClpP is a primary target of ONC201 in 

DIPG, and if ClpP activation itself is a vulnerability in DIPG that can be further 

exploited. Next, we aimed to directly assess whether mitochondrial respiration, and ROS 

production is a mechanism by which ClpP activation impacts DIPG viability. 

Regarding specificity, and sensitivity of DIPG to ONC201, our research shows 

that DIPG cell lines are highly sensitive to ONC201 with significantly higher sensitivity 
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than normal, untransformed cell lines, and several CNS cell lines. This high sensitivity of 

DIPG to ONC201, and relatively low impact on normal brain tissue (e.g., low toxicity) is 

backed by existing literature showing that select DIPG patients have better response than 

other tumor types with relatively low toxicity (Allen et al., 2021; Arrillaga‑Romany et al., 

2017; Bonner et al., 2021; Borsuk et al., 2021; Chi et al., 2019; Duchatel et al., 2021; 

Odia et al., 2022; Przystal et al., 2022).  

Despite preclinical, and clinical data implicating both DRD2, and ClpP as targets 

of ONC201(Chi et al., 2019), there has not been direct clarity as to whether one or other 

or both are targets in this entity. The lack of effect of the antipsychotics haloperidol, and 

raclopride (FDA approved DRD2 antagonist) (Fan et al., 2020; Hall et al., 1988) as well 

as relatively low  DRD2 protein levels in DIPG suggest that DRD2 is not a primary 

ONC201 target in DIPG. This is in line with studies demonstrating DRD2 knockout 

mutant cells retained ONC201 sensitivity (Kline et al., 2018).  

In contrast, our studies show that ClpP expression is positively correlated with 

ONC201 response. It is important to note that that normal ClpP function facilitates 

hearing, growth, fertility (Gispert et al., 2013), and, in some cases, viability of cancer 

cells (Lee et al., 2021; Nouri et al., 2020). However, when hyperactived, ClpP causes 

cancer cell death due to its selective degrading targets such as respiratory chain complex 

proteins leading to mitochondrial dysfunction. Cancer stem, and chemo-resistant cells 

have been reported to be highly dependent on oxidative phosphorylation, all pathways 

directly affected by ClpP (Chen et al., 2021a; Dar et al., 2017; Evans et al., 2021; Ippolito 

et al., 2016; Kuntz et al., 2017; Lee et al., 2020, 2019a). The literature further suggests 
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that cell lines, and patient samples with low levels of ClpP may be less sensitive to 

ONC201 treatment (Ishizawa et al., 2019; Lim et al., 2021). This observation was further 

supported by our work where we show that there is a positive correlation between ClpP 

expression, and ONC201 sensitivity in addition to demonstrating that DIPG patient 

samples express high levels of ClpP compared to healthy brain tissue. Therefore, we 

speculate that ClpP levels could serve as a predictive biomarker to ONC201 response in 

DIPG. To utilize this, further data with larger sample size is required to determine ClpP 

thresholds that predict better response to ONC201. Future studies will also be needed to 

determine the mechanism behind upregulation of ClpP in DIPG and other transformed 

cell lines. 

Furthermore, using genetic, and pharmacological manipulations of ClpP activity, 

we demonstrate that the effects of ONC201 on DIPG are critically dependent on its 

ability to activate ClpP. Specifically, we established mutant DIPG cell lines that 

exogenously express active, and inactive forms of human ClpP (Ishizawa et al., 2019). 

We show that the constitutively active ClpP (Y118A) tend to slow DIPG growth, and 

mimics ONC201 growth effects. Meanwhile the catalytically inactive (D190A) ClpP 

decreased DIPG sensitivity to ONC201. This is in contrast the over expression of 

wildtype ClpP mutant sensitized DIPG cells to ONC201. Similar results were observed 

across other cancer cell lines implicating ClpP activation as a direct functional target 

(Feng et al., 2021; Ishizawa et al., 2019; Nguyen et al., 2022; Zhao et al., 2019b). To 

explore whether pharmacological approaches to activating ClpP could be improved in 

DIPG, we tested ClpP agonists such as ONC212, Bortezomib, TR-27, and TR57 (Bonner 
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et al., 2021; Fatima et al., 2022; Ferrarini et al., 2021; Graves et al., 2019; Moreira et al., 

2017; Moreno‑Cinos et al., 2019; Nguyen et al., 2022). Our data demonstrates that these 

compounds have higher potency than ONC201 in decreasing DIPG cell viability with 

some nearly 100-1000 fold more potent. Together, these results strongly implicate ClpP 

as the primary target of ONC201 in DIPG. Based on this we speculate that ClpP 

activation is a vulnerability in DIPG that can be exploited with improved efficacy in the 

clinic. As these findings are highly robust in our in vitro setting, additional studies are 

needed to expand upon these finding in using in-vivo, and ex-vivo systems to better 

understand how more potent activation of ClpP impacts long-term disease outcomes.  

Accumulating data reveals that mitochondrial function is crucial for cell 

maintenance, and therapy resistance in DIPG (Anderson, 2020; Grasso et al., 2020; 

Griguer; Guerra et al., 2017; Iranmanesh et al., 2021; Ju et al., 2020; Lee et al., 2022; 

Mbah et al., 2022; Mudassar et al., 2020; Patel et al., 2020; Porporato et al., 2018; Reznik 

et al., 2017; Sharma et al., 2010; Shen et al., 2020; Tsoli et al., 2018; Yoshii et al., 2015), 

and several solid tumors(Anderson, 2020; Birsoy et al., 2014; Bokil, and Sancho, 2019; 

Bosc et al., 2017, 2021; Çoku et al., 2022; Cole et al., 2015; Ghosh et al., 2015; Griguer; 

Guerra et al., 2017; Jin et al., 2022; Kotschy et al., 2016; Lee et al., 2022; Liu et al., 

2016; Li, and Li, 2021; van der Merwe et al., 2021; Viale et al., 2014; Vyas et al., 2016), 

and therapeutic strategies to effectively disrupt the integrity of mitochondria have some 

preclinical/clinical utility (Armstrong, 2006, 2007; Badrinath, and Yoo, 2018; Cao et al., 

2017; Dong, and Neuzil, 2019; Fialova et al.; Frantz, and Wipf, 2010; Guo et al., 2021; 

Hoye et al., 2008; Huang et al., 2021a, 2021b; Liu, and Shi, 2020; Missiroli et al., 2020; 
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Neuzil et al., 2014; ShiDu Yan, 2014; Vasan et al., 2020). Here, we demonstrated that 

ONC201 leads to ClpP hyperactivation which stimulates lethality in DIPG, due to 

selective proteolysis of the mitochondrial proteome leading to deficient oxidative 

phosphorylation, and mitochondrial respiration. Next, we linked these changes to ROS 

generation using a combination of fluorescence dye-based assay, and the peroxiredoxin 

family of proteins as readouts of mitochondria-specific ROS generation. These studies 

directly show that the ability of ONC201, and ClpP activation to decrease DIPG viability 

is partly dependent on ROS generation. The exact pathway by which cell death is 

achieved following ROS production likely involves initiating of the ATF4 pathway, the 

death receptor cascade, and ultimately apoptosis (Graves et al., 2019; Ishizawa et al., 

2016, 2019). These data support existing literature that targeting mitochondrial function, 

cellular respiration, and increasing ROS generation in glioblastoma are potential 

therapeutic avenues (Bonner et al., 2021; Felix et al., 2019; Graves et al., 2019; Ishizawa 

et al., 2019; Kou et al., 2021; Odia et al., 2022; Prabhu et al., 2020; Przystal et al., 2022; 

Stahl et al., 2018; Wang, and Dougan, 2019). 

Additional experiments are needed to confirm this observation and explore other 

assays for mitochondria function such as end point assays for detecting relative 

mitochondria membrane potential at a specific timepoint, mitochondrial calcium 

buffering, and mitochondrial permeability transition.  Several reports (Al Madhoun et al., 

2021; Bonner et al., 2021; Cormio et al., 2021; Fan et al., 2022; Ishizawa et al., 2019; 

Przystal et al., 2022) have determined that ClpP activation by ONC201 leads to increased 

production of ROS, in multiple cell lines, due to defective mitochondrial respiratory 
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complexes, mainly complex 1 (Cadenas, and Davies, 2000) leading to accumulation of 

oxidative defects to lipids, proteins, and mtDNA (Harman, 1972; Kowalska et al., 2020; 

Kudryavtseva et al., 2016; Sun et al., 2016) and ultimately in mitochondrial activation of 

cell death process such as apoptosis (Redza‑Dutordoir, and Averill-Bates, 2016). One 

area of needed future study is how ClpP activation specifically affects core components 

of DIPG metabolism and downstream epigenetic processes. We say this because; 1) ClpP 

activation has large scale effects on mitochondrial proteins likely leading to disruptions in 

various metabolites, and 2) DIPG are exquisitely sensitive to metabolic alterations that 

have downstream impacts on the epigenome (Chung et al., 2020; Cordero et al., 2017; 

El‑Hashash, 2021; Stafford et al., 2018; Zhang, and Zhang, 2019). Therefore, ongoing 

work will focus on this intersection of the metabolome and epigenome following ClpP 

activation in DIPG. 

In sum, at a basic level, our studies firmly demonstrate ClpP activation, 

mitochondrial respiration, and ROS generation as the primary mechanism of ONC201-

induced cell death in DIPG. From a translational perspective our studies implicate ClpP 

as a biomarker for treatment response with pharmacological ClpP activation as a 

vulnerability in DIPG that can be improved upon, and more effectively exploited. We 

anticipate that this therapeutic strategy, and those that potentially include other 

vulnerabilities such as those in the epigenome have the potential to prolong life in DIPG 

patients. 
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Figure 3-1 DIPG cell lines are highly sensitive to ONC201.  A) Cell lines (5000 cells in 100ul 

medium/well) were cultured overnight in white Opaque-walled 96 well plate then treated with 0-10uM 

ONC201 in DMSO (final concentration of 0.5% DMSO) for 5 days. Viability was determined by CellTiter-

Glo® Reagent with cell viability calculated relative to DMSO control. Data shown represent the mean +/- 

SD (n = 3 /cell line/dose).  B) IC50 values for treated cells (mean +/- 95% confidence interval). Inset – 

Mean +/- SEM IC50 within difference classes of cell lines (Normal n=4, pediatric glioma n=2, adult glioma 

n=4, DIPG n=6).  
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Figure 3-2: ClpP activation is the direct target of ONC201 in DIPG. A) Immunohistochemistry for 

ClpP in patient tissue showing higher expression levels in DIPG tissue samples compared with normal 

brain tissue. B) Correlation between ClpP expression, and ONC201 sensitivity across multiple cell lines 

(n=11; green = normal, red = DIPG, blue = non-DIPG high-grade glioma, purple = other nervous system 

malignancies). C) Dose-dependent reduction of cell viability after 5 days treatment with ClpP activators 

(n>=3 per condition) (DIPG XIII, and DIPG IV). D) Parent, and ClpP mutants dose-dependent reduction of 

cell viability after 5 days treatment with ONC201 (n>=3 per condition) (DIPG XIII, and overexpression 

DIPG XIII mutants (ClpP D190A, and ClpP WT)). E) Growth assays of parent, and mutant ClpP cell lines 

(n=3) with western blot analysis displaying ClpP expression levels inset ) (DIPG XIII, and overexpression 

DIPG XIII  mutants (ClpP D190A, ClpP Y118A, and ClpP WT).  
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Figure 3-3: Dopamine receptor D2 is not a primary target of ONC201 in DIPG.  A) 

Immunohistochemistry for DRD2 in patient samples. DIPGs does not overexpress DRD2 relative to cortex 

or EGFR GBM B) Dose-dependent reduction of DIPG viability after 5 days treatment with ONC201 

compared to same dose treatment of DRD2 antagonists (Haloperidol, and Raclopride) (n>=3 per condition).    
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Figure 3-4: ONC201 activates ClpP  in the mitochondria, and decreases spare respiratory capacity  

A) Left – Representative western blot, and analysis protein expression analysis of direct ClpP targets 

(TFAM, and ClpX) in DIPG post ONC201 treatment for 72hrs. Right – Quantification of TFAM, and ClpX 

from western blot normalized to GAPDH loading control, and converted to change vs. DMSO baseline 

(n=3). B) Effect of ONC201 on oxygen consumption rate (OCR) per 125*103 cells in DIPG cells post 

ONC201 treatment for 72hrs (measured by Seahorse Analyzer). C) Spare respiratory capacity bar graph 

showing ONC201 treatment time course in parent DIPG. Seahorse data are expressed as Mean+/-SD (n=3-

6 per condition). 
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Figure 3-5: ONC201 achieves its putative effect through ROS production in the mitochondria A) Left 

- Representative image of MitoSOX red staining of superoxide radicals in DIPG cells post ONC201 

treatment. Quantitative fluorescence intensity was analyzed by ImageJ software. The ROS level was 

increased by ONC201 indicating intracellular superoxide production relative to ONC201 treatment (Mean 

+/- SEM, n=3). B) ROS production levels, and localization determined by dimerization of mitochondrial 

PRX3, and cytoplasmic PRX2 in DIPG cell lines post ONC201 treatment for 72hrs. Results from non-

reducing blot is shown (Mean =/- SEM, n=3) C-D) Bar graphs representing rescue of ONC201 effects on 

DIPG by known antioxidants (Trolox, and Mito-TEMPO, respectively; Mean +\- SEM; n=3/condition) . 
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 Figure 3-S1 Inactive ClpP mutant does not produce ROS post ONC201 treatment. Bar graphs, and 

western blot analysis like (figure 1-5B). Inactive ClpP D190A mutant does not display PRX2 or PRX3 

dimerization following ONC201 indicating a lack of ROS production (n=3).  
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4 CHAPTER 4: THE CROSSREFERENCE BETWEEN THE EPIGENOME, 

and METABOLOME POST ONC201 TREATMENT IN DIPG 

4.1 INTRODUCTION  

Diffuse intrinsic pontine glioma (DIPG) are fatal childhood central nervous 

system tumors. More than 80% of DIPGs contain mutations in histone 3, specifically in 

H3.3, and H3.1 subvariants where the lysine at position 27 of histone 3 is replaced by 

methionine (H3K27M) (Dufour et al., 2020; Larson et al., 2019; Wu et al., 2014). Despite 

evidence of the connection between the epigenome, and the metabolome in DIPG there is 

little knowledge regarding the intersection of these key pathways. Here we address this 

gap in the field by utilizing full -omics analysis of DIPG cells post-ONC201 treatment to 

elucidate the crosstalk between the metabolome, and the epigenome. This data will close 

this gap and may give indications of other pathways that could be hijacked to treat DIPG. 

The H3K27M mutation leads to a global reduction of trimethylation (H3K27me3), 

through direct interaction with PRC2 resulting to in loss of  H3K27me3 at select loci as 

well as failure of the mark to spread leading to its accumulation at select loci. (Bender et 

al., 2013; Buontempo et al., 2022; Chan et al., 2013; Harutyunyan et al., 2019; Lewis et 

al., 2013; Mendez et al., 2020; Mohammad et al., 2017; Stafford et al., 2018). This has 

multiple local, and downstream effects on the chromatin landscape linked to oncogenic 

transcriptional programs that give rise to the cancer stem cell-like, and proliferative 

properties of DIPG (Nagaraja et al., 2017, 2019). Molecular, and epigenetic 

methodologies such as increasing H3K27me3 in H3K27M harboring cells, are a critical 

https://sciwheel.com/work/citation?ids=13437009,1052628,6272569&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
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https://sciwheel.com/work/citation?ids=6033023,6682236,58649,46426,13060445,3391416,724565,8567970&pre=&pre=&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=6033023,6682236,58649,46426,13060445,3391416,724565,8567970&pre=&pre=&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0
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therapeutic approach resulting in H3K27M cells death in vitro, and in vivo (Anastas et 

al., 2019; Aziz‑Bose, and Monje, 2019; Grasso et al., 2015; Harutyunyan et al., 2019; 

Johung, and Monje, 2017; Mohammad et al., 2017; Nagaraja et al., 2019; Piunti et al., 

2017).  

Our preclinical data correlates with clinical observations regarding specific effects 

in DIPG. For example, our data demonstrates that patient derived cell lines are more 

sensitive to ONC201 when compared to normal and select other tumor cell lines. We then 

demonstrated that ONC201 treatment results in caseinolytic mitochondrial matrix 

peptidase proteolytic subunit (ClpP) hyperactivation which stimulates lethality in DIPG, 

due to selective proteolysis of the mitochondrial proteome, oxidative phosphorylation, 

and mitochondrial respiration. This renders the mitochondrial unable to meet the energy 

requirements of the cell. Additionally, we showed that ONC201 achieves its putative 

effect through induction of cell death via mitochondria dysregulation leading to 

overproduction of reactive oxygen species (ROS) inducing cancer cell death.  

H3K27M mutations are hypothesized to hinder neurological differentiation via 

epigenetic modifications, and deregulation, further mechanisms driving pathogenesis are 

yet to be identified, if any exist. A universal hallmark of cancer is altered metabolism 

(Hanahan, and Weinberg, 2011). Cancer cells utilize micronutrients, including glutamine, 

and glucose, which are crucial to maintaining anabolic processes. These processes are 

further regulated by oncogenes, and inactivated tumor suppressor genes in brain tumors 

as well as other forms of cancer(Faubert et al., 2020; Phan et al., 2014; Venneti, and 

Thompson, 2017). Integrated analysis of H3K27M DIPG cells, and in vivo imaging, of 

https://sciwheel.com/work/citation?ids=3391416,7640628,1053213,6682236,7590406,3280015,10850281,3254388&pre=&pre=&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=3391416,7640628,1053213,6682236,7590406,3280015,10850281,3254388&pre=&pre=&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=3391416,7640628,1053213,6682236,7590406,3280015,10850281,3254388&pre=&pre=&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=3391416,7640628,1053213,6682236,7590406,3280015,10850281,3254388&pre=&pre=&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0
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patients biopsies, demonstrated increased glutaminolysis, and glycolysis in addition to 

enhanced tricarboxylic acid cycle metabolism with elevated production of alpha-

ketoglutarate (α-KG) (Chung et al., 2020)  (Carey et al., 2015).  

α-KG is a critical cofactor for H3K27 demethylases which is metabolized to 

succinate (SUCC) concurrently with the demethylation of H3K27me3 (Loenarz, and 

Schofield, 2008). H3K27M cells demonstrated high α-KG/SUCC ratios (Chung et al., 

2020), a high ratio of α-KG/SUCC was shown to enhance demethylation of H3K27me3 

(Carey et al., 2015). Overall H3K27me3 levels were decreased upon addition of α-KG 

due to enhanced demethylation, however there was an increase in H3K27me3 levels upon 

SUCC treatment.  

The same group (Chung et al., 2020) also demonstrated that α-KG derived from 

glutamine, and/or glucose maintained low H3K27me3 in multiple cell lines harboring 

H3K27M. α-KG in these cell lines inhibited crucial enzymes such as the hexokinase 2 

(HK2), Isocitrate dehydrogenase 1 (IDH1), glutamate dehydrogenase (GDH), and 

glucose transporter SLC2A3 (GLUT3) which are involved in glutaminolysis, glycolysis, 

prolonged survival, and increased H3K27Me3 in cells. Chung et al., further demonstrated 

that in different H3K27Mcell lines, α-KG regulates glutamine, and glucose to maintain 

the global H3K27me3 with dependency on one or both metabolic pathways. Together 

this suggests that H3K27M glioma hijack crucial metabolic pathways to maintain their 

epigenetic state. Induced alteration of these metabolic/epigenetic pathways could be vital 

in therapeutic targeting as it has been previously shown that pharmacological interference 

in these pathways produced positive results in preclinical models (Chung et al., 2020; 

https://sciwheel.com/work/citation?ids=9449133&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=301316&pre=&suf=&sa=0&dbf=0
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https://sciwheel.com/work/citation?ids=9449133&pre=&suf=&sa=0&dbf=0
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Cook et al., 2021; Kluiver et al., 2020; Mbah et al., 2022; Mudassar et al., 2020; Zhao, 

and Miao, 2020). Finally, these findings reveal that there is a clear intersection between 

the metabolic, and epigenetic pathways in H3K27M cells(Chung et al., 2020; Mbah et al., 

2022). 

 To investigate the connection between the metabolome, and the epigenome after 

ONC201 treatment, we performed a metabolite mass spectrometry to establish 

metabolome profile, followed by histone modifications mass spectrometry. We then ran 

CUT&RUN analysis for genome-wide occupancy of H3K2me3 and utilized RNA-seq to 

generate a ONC201 altered H3K27M DIPG gene expression profile. The combination of 

these methods allowed us to fully explore the crosstalk between the metabolome, and 

epigenome in H3K27M DIPG following ONC201 treatment. 

Using the generated omics-data sets we aimed to interpolate the interconnection 

between the epigenome, and the metabolome post-ONC201 treatment in DIPG as well as 

downstream effects on gene expression. These results may aid in elucidating new 

pathways for DIPG treatment, other downstream effects such as altered histone marks, 

and we aim to determine the most effected cellular pathways.  

4.2 RESULTS 

4.2.1 ONC201 EFFECTS ON THE METABOLOME IN DIPG 

ONC201 targets the mitochondrial protease ClpP in the mitochondria making it 

dysfunctional through the increased proteolysis due to ClpP hyperactivation by ONC201. 

To further understand the downstream effects of ClpP hyperactivation on the metabolome 

of DIPG, we performed a full metabolome profile using mass spectrometry to measure 

https://sciwheel.com/work/citation?ids=9449133,13421208,12168644,8371359,11864862,13437080&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=9449133,13421208,12168644,8371359,11864862,13437080&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0
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the levels of metabolites across multiple timepoints using the IC50 established in Chapter 

3 of 2uM ONC201 treatment (Figure 4-1 A). After ONC201 treatment, we noted that 

two of the most consistent changes in both DIPG IV/XIII cell lines was increased α-

KG/SUCC, an unexpected result given that α-KG/SUCC ratio has been reported (Chung 

et al., 2020) to be naturally high in H3K27M bearing DIPG. Other TCA metabolites 

including fumarate, and malate decreased following ONC201 treatment in addition to 

decrease in the amino acid aspartate. We further wanted to investigate whether these 

changes emerge early after ONC201 treatment by repeating our studies at 24, 48, and 72 

hours post ONC201 addition (Figure 4-1 B). We observed an increase in α-KG/SUCC 

ratios as early as 24hrs, and which progressed up to 72 hours of ONC201 treatment. To 

further assess whether this increasing effect of α-KG/SUCC ratios is due to ClpP 

hyperactivation by ONC201, we examined our ClpP WT, and inactive ClpP (D190A) 

mutants (Figure 4-1 C). After 72hrs of treatment the D190A ClpP expressing mutant did 

not present with the same increased α-KG/SUCC ratios as compared to the parent, and 

ClpP WT overexpressing cells. These results confirmed that the increased damage to 

TCA cycle is due to ONC201 hyperactivating ClpP in DIPG. 

4.2.2 ONC201 EFFECT ON THE EPIGENETIC LANDSCAPE OF DIPG 

Given the role of the metabolites as a cofactor to regulate chromatin modifying, 

and remodeling enzymatic activity, we wanted to determine the effect of ONC201 

damage on the epigenome landscape of DIPG. We treated DIPG cells for 72 hours with 

2uM ONC201 and extracted histones from treated cells followed by mass spectrometry-

based histone analysis to identify total post-translational modifications (PTM) post 

https://sciwheel.com/work/citation?ids=9449133&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=9449133&pre=&suf=&sa=0&dbf=0
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ONC201 treatment (Figure 4-2 A).  We identified several histone marks that are affected 

by ONC201 (Figure 4-2 B & Table 4-1). Some of the most robust alterations were in 

H3K56me3, and an increase in H3K4me1. We also saw indication that H3K27me3 

increased, a notable change given the importance of H3K27me3 in the identity of 

H3K27M bearing DIPG, and its potential target as a therapeutic, suggesting that ONC201 

could be acting in synergy against DIPG with compounds that target histone methylation. 

(Anastas et al., 2019; Bender et al., 2013; Chung et al., 2020; Harutyunyan et al., 2019, 

2020; Kfoury‑Beaumont et al., 2022; Lu, and Daniels, 2021; Mohammad et al., 2017; 

Piunti et al., 2017; Shaliman et al., 2022; Young et al., 2011). Aside from more typical 

histone modification such as acetylation, and methylation, we decided to look for histone 

bulk PTM changes that relate directly to the mitochondria. In (Figure 4-2 C) we noted an 

increase in β-hydroxybutyrylation, and malonylation as well as a slight decrease in 

succinlyation which may correlate with decreased succinate in DIPG post ONC201 

treatment.   

4.2.3 NO SIGNIFICANT EFFECT BY ONC201 DETECTED ON HISTONE 

PTM CHROMATIN OCCUPANCY  

Given the noted increase in H3K27me3 (Table 4-1), and its importance in DIPG 

identity, we ran a cleavage under targets & release using nuclease (CUT&RUN), 

targeting H3K27me3 on DIPG cells treated with 2uM ONC201 for 72 hours. The results 

show that there was no significant change detected in H3K27me3 occupancy in the 

chromatin in DIPG cell lines. A caveat of our analysis was that the data were not 

normalized to e.coli spike-in DNA (Figure 4-3 A). We note that these results were not 

https://sciwheel.com/work/citation?ids=6682236,58649,670229,10094643,3391416,9449133,3254388,13350945,7640628,10969573,13412363&pre=&pre=&pre=&pre=&pre=&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0,0,0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0
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due to technical failure of the CUT&RUN procedure as quality control indicates a 

successful experiment (not shown), and visual inspection of the tracks indicate that 

H3K27me3 was not enriched over IgG (control) at in the HOX cluster, loci which is a 

strong target of polycomb proteins, and form local 3D clusters centered on the 

H3K27me3 mark. The data shows that there is no difference in H3K27me3 enrichment 

compared to DMSO control (Figure 4-3 B). 

4.2.4 ONC201 EFFECT ON GENE EXPRESSION IN DIPG 

To further understand the downstream effect of ONC201 on the metabolome, and 

epigenome, we determined gene expression profiles to verify which expression pathways 

are affected. We treated the cells with 2uM and 4uM of ONC201 for 72 hours. We notice 

a general trend of changes in gene expression profile changes were amplified in the 4uM 

ONC201 treated cells compared to the 2uM (Figure 3-4 A). We generated a volcano plot 

to demonstrates genes significantly upregulated, and downregulated (Figure 3-4 B). 

Based on this data we sorted 3245 (32.6%) overlapping genes were affected by ONC201 

in both DIPG IV, and DIPG 13 (Figure 3-4 C). Among these shared genes processes 

such as cell cycle, DNA replication, RNA transport, and spliceosome as well as 

Glycolysis / Gluconeogenesis, AMPK signaling pathway, central carbon metabolism 

(CCM), citrate cycle (TCA cycle) (Table 3-2) are part of the top upregulated pathways 

determined by KEGG analysis (Figure 3-4 D). Histone deacetylase, and ATP binding are 

among the affected molecular functions determined by GO molecular functions analysis 

(Table 3-3) in DIPG post ONC201 treatment. KEGG analysis also determined that 

ferroptosis, and mTOR signaling pathways were downregulated, which may indicate that 
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cell metabolism is affected as ferroptosis is affected when electron transport chain 

subunits are damaged (Chen et al., 2021b). mTOR signaling pathways were also 

downregulated post ONC201 treatment. This is of significance, as mTOR coordinates 

energy consumption via mRNA translation machinery, and mitochondrial energy 

production by stimulating synthesis of nucleus-encoded mitochondria-related proteins 

including TFAM which is a direct target of ClpP. According to GO molecular functions 

analysis, methylated histone binding, and interestingly histone demethylase activity (H3-

K27 specific) are all downregulated. This is of importance due to the activity of KDM6, 

in maintaining the loss of H3K27me3. KDM6 is further regulated by α-KG/SUCC 

(Chung et al., 2020).  

4.3 DISCUSSION: 

Diffuse intrinsic pontine glioma (DIPG) is one of the most severe pediatric CNS 

tumors, with no significant therapeutic progress made in the past 50 years (Chi et al., 

2019; Dufour et al., 2020; Odia et al., 2022). Recently, ONC201 emerged as a potential 

new therapy with select H3K27M DIPG patients exceeding the survival rates 

expectations (Gojo et al., 2019; Hall et al., 2019; Odia et al., 2022). Our data, and other 

emerging evidence (Bonner et al., 2021; Borsuk et al., 2021; Graves et al., 2019; 

Ishizawa et al., 2019; Kou et al., 2021; Odia et al., 2022; Przystal et al., 2022; Wang, and 

Dougan, 2019; Zhao et al., 2019b) demonstrated that ONC201 binds, and hyperactivates 

the ATP-dependent ClpP protease proteolytic subunit (ClpP) inducing which stimulates 

lethality in DIPG (Argersinger et al., 2021; Chi et al., 2019; Duchatel et al., 2021; 

Przystal et al., 2022), due to selective proteolysis of the mitochondrial proteome, 
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oxidative phosphorylation (OXPHOS), and mitochondrial respiration (Duchatel et al., 

2021; Przystal et al., 2022). To further assess the effect of targeting these crucial 

metabolomic processes by ONC201, we determined the metabolome profile in H3K27M 

DIPG cell lines. Our results demonstrate that post-ONC201treatment several 

mitochondrial related metabolites are negatively affected, of note there was a decreased 

fold changes in aspartate compared to DMSO treated cells as well as key TCA 

metabolites α-KG, succinate, malate, and fumarate which correlates with existing 

literature that when TCA cycle is affected these metabolites are usually affected (Egan et 

al., 2021; Greer et al., 2018; Ishida et al., 2018; Peng et al., 2022; Pruss et al., 2020) .  

 We consistently noted a clear decrease in succinate, malate, fumarate, and 

aspartate across multiple DIPG cell lines post-ONC201 treatment. A consequence of low 

aspartate is the inhibition of nucleotide synthesis (Sosunov et al., 2005). The existing 

literature (Birsoy et al., 2015; Broeks et al., 2021; Garcia‑Bermudez et al., 2018; Sosunov 

et al., 2005; Sullivan et al., 2015) indicates that low aspartate levels are associated with: 

1) mTOR inactivation, 2) DNA replication stress, 3) Nucleotide synthesis deficiency, 4) 

dysregulated TCA flux, and 5) oxidative stress. Our preclinical data, and the existing 

literature (Dwucet et al., 2021; Geiß et al., 2021; Greer et al., 2022) supports the 

hypothesis that ONC201 dysregulates the TCA cycle which in turn negatively affects 

these metabolites. The aspartate serves as a provider of electrons during glycolysis, in the 

mitochondria where the local concentration of aspartate or the abundance of its 

transporter, mitochondrial aspartate-glutamate transporter (AGC1), have been implicated 

as key regulatory factors for cell survival when certain nutrients, such as glutamine, are 
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deficient. Dual therapeutic strategies inhibiting glycolysis or aspartate transporters might 

synergize with ONC201, which could exploit this vulnerability to possibly combat fast 

growing cancers, including DIPG. (Alkan, and Bogner‑Strauss, 2019).  

Based on our data showing a decrease in aspartate, we hypothesized that 

supplementation with high levels of aspartate in the media (5,10, and 15 mM) may rescue 

viability in DIPG post-ONC201 treatment (Birsoy et al., 2015; Garcia‑Bermudez et al., 

2018). We noted a slight dose dependent rescue effect with the addition of aspartate in 

DIPG after ONC201 treatment. This effect further highlights the key role of aspartate 

during mitochondrial starvation, and on cell proliferation, and survival under stress 

(Birsoy et al., 2015; Borst, 2020; Garcia‑Bermudez et al., 2018; Hertz, 2011; Sullivan et 

al., 2015). The slight rescue effect provides an additional hypothesis on the downstream 

effects of ONC201, such as an increase in the markers of replication fork stalling upon 

the ClpP activator treatment. For example, the phosphorylation of checkpoint kinases 

(Chks) at S345 (Sviderskiy et al., 2020) which are involved in cell cycle control, and are 

activated upon DNA damage (Zhang, and Hunter, 2014). Cell cycle has been reported to 

be affected post ONC201 treatment in multiple cancer cell lines. If so, inhibitors of ATK 

(serine/threonine-protein kinase, ataxia telangiectasia, and Rad3 related) or Chk1 may 

strongly synergize with ONC treatment based on the reported function of promoting 

tumor growth, and anticancer therapy resistance ((Sviderskiy et al., 2020) (Birsoy et al., 

2015; Garcia‑Bermudez et al., 2018) (Zhang, and Hunter, 2014).  

The TCA cycle is affected by ONC201 in DIPG (Hayden et al., 2021), with low 

levels of fumarate dysregulation, TCA cycle flux, and respiratory chain complex thus, 
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directly affecting oxidative phosphorylation (Borsuk et al., 2021; Duchatel et al., 2021; 

Greer et al., 2022; Hayden et al., 2021; Przystal et al., 2022). Due to the interconnected 

nature of the TCA cycle when fumarate levels are low it leads to decreased levels of 

malate which influences the levels of oxaloacetate in turn affecting aspartate biosynthesis 

(Borst, 2020; Briley et al., 1977; Hertz, 2011). Low levels of oxaloacetate leads to 

reduced protection against oxidative stress (Kuang et al., 2018; Oh et al., 2002; Sawa et 

al., 2017). As oxaloacetate is also a precursor of aspartate biosynthesis further 

experiments are needed to determine a possible effect of low aspartic acid post ONC201 

treatment in DIPG. These dysregulated metabolites were noted in this study, which 

provides further evidence that ONC201 affects the TCA cycle, and OXPHOS. This may 

correlate with the proposed ONC201 mechanism from (Greer et al., 2018), where they 

provide evidence of dysregulation in OXPHOS leading to ATP depletion. The evidence 

(Greer et al., 2018) of ATP depletion in combination with our previous findings that 

ONC201 increases mitochondrial reactive oxygen species (ROS) (Duchatel et al., 2021; 

Greer et al., 2018, 2022; Przystal et al., 2022) may result in the phosphorylation of AMP-

activated protein kinase (AMPK), a known regulator of energy homeostasis, which has 

been shown to lead to cell death. AMPK, (Hardie et al., 2012), is of note due to its role in 

inhibiting the mammalian target of rapamycin (mTOR) when activated plays a role in 

protein synthesis (Greer et al., 2018, 2022). Further experiments in DIPG cell lines are 

needed to confirm downstream effects of TCA cycle dysregulation as the literature 

primarily focuses on other types of cancer (Bonner et al., 2021; Dwucet et al., 2021; Fan 

et al., 2022; Greer et al., 2018, 2022; Ishida et al., 2018; Kou et al., 2021) 
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Low levels of malate, fumarate in the ONC201 treated cells along with a 

significant increase α-KG/SUCC ratio were noted after prolonged treatment with 

ONC201, this observation was consistent among DIPG cell lines. Chung et al. (2020) 

shows that α-KG can be derived from both glutamine, and glucose metabolism (Wu et al., 

2016; Xiao et al., 2016) in DIPG. Glucose carbons are utilized by TCA cycle to produce 

citrate/isocitrate can generate α-KG via enzymatic activity of Isocitrate dehydrogenase 

(IDH1/2), whereas glutamate dehydrogenase (GDH) metabolizes glutamine to α-KG in 

DIPG (Chung et al., 2020). 

 The increase in alpha-KG/SUCC affected ratio could point to a specific 

dysfunction of the α-KG dehydrogenase complex, which performs the α-KG to succinate 

step of the TCA cycle. This could be due to α-KG dehydrogenase complex being affected 

by increased ClpP proteolysis following ONC201 treatment.  

Based on the (Chung et al., 2020) they demonstrated  H3K27M cells including 

DIPG have higher a-KG/SUCC ratio compared to H3WT we expected to see a decrease 

in this ratio. Surprisingly our findings appear to contradict our initial expectation of ClpP 

hyperactivation by ONC201 negatively affecting the TCA cycle metabolite levels. To 

further show that ONC201’s effects on ClpP is the main cause of this increased ratio of 

α-KG/SUCC we utilized overexpression DIPG mutants that express either inactive 

(D190A) or wildtype ClpP (ClpP WT O/E). D190A ClpP expressing mutant did not show 

a significant increase in α-KG/SUCC ratio when compared to the parent or ClpP WT 

O/E. 
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Given the importance of metabolites in regulating the epigenetic landscape (Loras 

et al., 2021; Sperber et al., 2015; Suhre, and Zaghlool, 2021; Wang et al., 2018b), we 

aimed to elucidate the effect of ClpP hyperactivation by ONC201 the epigenome. To 

understand the full effect of dysregulated metabolites such as α-KG which is a critical 

cofactor for H3K27 demethylases further providing evidence of the key role of a-KG in 

epigenetics landscape alterations.(Chung et al., 2020; Suhre, and Zaghlool, 2021), we ran 

histone post translational modification (PTM) mass spectrometry. We noted an increase 

fold change in single histone marks (H3K56me3, and H3K4me1). Interestingly, there was 

also a fold change increase in histone PTM abundance (H3K27me3). This is of interest as 

the literature describes the loss of H3K27me3 as a defining characteristic of DIPG due to 

PRC2 inhibition by H3K27M mutation (Bender et al., 2013; Harutyunyan et al., 2019; 

Stafford et al., 2018). The increase in H3K4me1, and H3K27me3 may indicate that 

ONC201 treatment increases the activity of PRC2 (Graham, and Mellinghoff, 2020), 

which is usually sequestered by the H3K27M mutation in DIPG. We also note a 

significant increase in H3K56me3 which is present during all cell cycle phases which 

may further indicate that ONC201 treatment affects cell cycle pathways in DIPG (Jack et 

al., 2013). Further experiments are needed to validate these observations in DIPG.  

We assessed the levels of bulk histone PTM related to metabolites specially 

affected by the mitochondria, there was an increase in malonylation, and β-

hydroxybutyrylatin, and a slight decrease in succinylation, and glutaryaltion. Malonate is 

an endogenous metabolite that effectively inhibits succinate dehydrogenase enzyme 

(SDH) affecting mitochondrial metabolism. Malonate is toxic, and is metabolized by 
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conversion to malonyl-CoA by acyl-CoA synthetase family member 3 (ACSF3) which is 

required for malonate detoxification to promote mitochondrial metabolic flux 

(Valls‑Lacalle et al., 2016; Wojtovich, and Brookes, 2008). Multiple studies (Fu et al., 

2016; Reed et al., 2016; Wojtovich, and Brookes, 2008) have shown that malonate serves 

as inhibitor of respiratory electron transport chain which further induces mitochondrial 

stress, and generated as an increased ROS presence (Reed et al., 2016; Wojtovich, and 

Brookes, 2008). Existing literature (Fernandez‑Gomez et al., 2005)  suggest that 

malonate causes a rapid mitochondrial potential collapse, and ROS production that 

overwhelms mitochondrial antioxidant capacity, and leads to mitochondrial swelling. 

Increased malonate correlates positively with increased histone malonylation (Colak et 

al., 2015; Peng et al., 2011). This provides further evidence of downstream of ONC201 

induced ROS production due to ClpP hyperactivation. Given the implications of this data 

acyl-CoA synthetase family member 3 (ACSF3) may be a direct target of ClpP protease 

in DIPG. Future studies are needed to validate these implications. 

β-hydroxybutyrate is synthesized from fatty acids, and is present when the supply 

of glucose is too low to meet cells' energetic needs (Lund et al., 2011). Furthermore, β-

hydroxybutyrate was reported to interact with signaling pathways activated by reduced 

available nutrients (Lund et al. 2011; Newman, and Verdin 2017; Woolf et al. 2016), 

such as AMPK , and inhibits (mTOR) signaling (Wang et al., 2017). Increased β-

hydroxybutyrylatin correlates with the evidence that ONC201 leads to dysregulation of 

mitochondrial respiration in DIPG. Additional studies investigating this observation 

should be considered as there might be additional effects of ONC201 in DIPG. 
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Encouraged by histone PTM profile we decided to run a cleavage under targets & 

release using nuclease (CUT&RUN) to determine select histone PTM (H3K4me3, 

H3K27ac, H3K27me3) occupancy in the genome, and how they affect gene expression. 

No significant changes in H3K27me3 enrichment compared to DMSO control were 

observed using the current analysis. Additional analyses are required to determine 

whether H3K27me3 occupancy changes at specific loci after ONC201treatment. 

Unfortunately, not enough replicates of H3K27ac, and H3K4me3 passed quality 

control which limited our ability to make further interpretation.  CUT&RUN experiments 

should be run again with an increased dosage of ONC201, and prolonged treatment time. 

We next wanted to determine the effect of altered metabolome, and epigenome by 

ONC201 treatment on gene expression profile in DIPG. Through KEGG and GO 

molecular functions pathway analysis we were able to identify the upregulated, and 

downregulated pathways in ONC201 treated DIPG cell lines. KEGG pathways analysis 

determined that cell cycle, DNA replication, TCA cycle, spliceosome, AMPK signaling 

pathways, purine metabolism, glycolysis / gluconeogenesis, and Central carbon 

metabolism in cancer pathways were upregulated. Cell cycle upregulation correlates with 

the observed increased histone PTM (H3K56me3), our findings contradict (Przystal et al., 

2022) which identified downregulation in cell cycle genes in DIPG but correlates 

positively with ONC201 effect on prostate cancer cells (Al Madhoun et al., 2021; 

Amoroso et al., 2021). AMPK signaling pathways may be upregulated due to ONC201 

affecting OXPHOS in DIPG resulting in ROS production, ATP depletion, and increased 

β-hydroxybutyrate which may induce AMPK activity in DIPG (Bae et al., 2016; Greer et 
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al., 2018; Hardie et al., 2012; Lund et al., 2011; Newman, and Verdin, 2017; 

Rojas‑Morales et al., 2020; Tsoli et al., 2018; Woolf et al., 2016). The activation of 

AMPK post ONC201 treatment has been reported in the literature (Greer et al., 2018). 

ONC201 was reported (Pruss et al., 2020) to impair the mitochondrial respiration along 

with an upregulation of glycolysis which positively correlates with our findings in 

ONC201 treated DIPG. ONC201 was reported (Al Madhoun et al., 2021) to upregulate 

spliceosome pathways which further validates our observation in DIPG. Pathways that 

were deemed to be downregulated by KEGG pathway analysis are ferroptosis, mTOR 

signaling pathways, FoxO signaling pathways, and interestingly GO molecular functions 

analysis shows that histone demethylase activity (H3K27 specific) (GO:0071558) are 

downregulated. We noted a downregulation of mTOR pathways in ONC201 treated 

DIPG cells which correlates with the existing literature (Allen et al., 2016; Fan et al., 

2022; Kline et al., 2016; Pruss et al., 2020). The downregulation of mTOR could be 

explained by low aspartate levels (Dwucet et al., 2021; Geiß et al., 2021; Greer et al., 

2022), AMPK activation (Greer et al., 2018, 2022), as well as increased levels of β-

hydroxybutyrate (Wang et al., 2017). Histone data shows increased in the levels of 

H3K27me3 which might be explained by downregulation of histone demethylase activity 

(H3K27 specific) The decrease in the expression of histone demethylase activity (H3K27 

specific) (GO:0071558) after ONC201 treatment, could provide supporting evidence as 

to why there is a slight increase in H3K27me3 in histone PTM profile. These 

upregulated, and downregulated pathways were similar to what has been reported in the 

existing literature (Al Madhoun et al., 2021). More experimentation into the connection is 

https://sciwheel.com/work/citation?ids=13451708,4166916,4594653,8100386,59164,3498407,6017735,5188867&pre=&pre=&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=13451708,4166916,4594653,8100386,59164,3498407,6017735,5188867&pre=&pre=&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=5188867&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=13451349&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=13431730&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=4099381,13421697,13451349,4099376&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=4099381,13421697,13451349,4099376&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=13450905,13431673,12676315&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=13450905,13431673,12676315&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=5188867,12676315&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=2879610&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=13431730&pre=&suf=&sa=0&dbf=0
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needed to validate the differential expression of these pathways at prolonged ONC201 

treatment duration. 

Accumulating data reveals the crosstalk between the epigenome, and metabolome 

in DIPG (Chung et al., 2020; Duchatel et al., 2019; Phasaludeen et al., 2022; Zhao, and 

Miao, 2020) which may uncover therapeutic targets to enhance ONC201 efficacy in 

DIPG. Here we demonstrate that ClpP hyperactivation by ONC201 affects the 

metabolome profile comprised of the amino acid aspartate, TCA cycle, and glycolysis 

metabolites in DIPG. These observed changes are due to ONC201 inducing ClpP 

proteolysis of the mitochondrial proteome which are involved in OXPHOS, and 

mitochondrial respiration. These metabolites were determined using metabolites mass 

spectrometry. Next, we linked these changes to the altered histone PTMs that are directly 

affected by the cell metabolites by utilizing mass spectrometry. Followed by CUT&RUN 

analysis to determine the occupancy of these histone PTMs on the chromatin, and gene 

expression regulation. Finally, we cross referenced the generated data sets with gene 

expression profile via RNA-seq analysis in ONC201 treated H3K27M DIPG.  

Combined these data sets provide an insight into how targeting the metabolome 

alters the epigenetic landscape, which is represented partially by histone PTM changes, 

and how this crosstalk affects gene expression profiles in ONC201 treated DIPG. These 

data sets elucidate how ONC201 affects multiple metabolome components encompassing 

amino acids, TCA cycle, and glycolysis metabolites. Most striking was the elevated α-

KG/SUCC ratio, which plays a major role in regulating epigenetics modifiers such as 

Jumonji-domain containing histone demethylase (JmjC-KDM).  These modifiers require 

https://sciwheel.com/work/citation?ids=7239311,9449133,12168644,13451941&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=7239311,9449133,12168644,13451941&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
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the TCA-cycle intermediate α-KG to remove methyl groups from histones. α-KG 

dehydrogenase complex is a multi-protein enzyme that when ClpP is activated, by 

ONC201, can render any of these subunits dysfunctional. α-KG dehydrogenase also 

requires thiamine, and lipoate cofactors, so the synthesis of these cofactors could also 

theoretically be the culprit. Further experiments are needed to test the activity, and levels 

of these cofactors as well as glucose/glutamine tracing, which may confirm the loss of α-

KG dehydrogenase activity.  

Together our results implicate other targetable vulnerabilities in DIPG that may 

increase ONC201 efficacy in these tumors such as combination treatment with 

compounds effecting multiple pathways including 1) cell cycle inhibitors (Itraconazole, 

and YKL 5-124), 2) AMPK inhibitors (BML-275), 3) cell penetrating peptides targeting 

select histone marks such as (H3K56me3). Additional experiments are needed to validate 

these observations, and to understand the proposed interactions between ONC201, and 

dosage of the aforementioned compounds.  

In order to further understand the downstream effects of the mitochondrial 

targeting by ONC201 in DIPG, proteomic profile analysis can provide a tool for 

identifying, and quantifying proteins with respect to RNA transcripts identified by RNA-

seq. The use of ATAC-seq to study DIPG chromatin accessibility post ONC201 

treatment would provide further insights into the altered metabolites on the epigenome. 

These experiments, including the reported experiments, need to be performed at different 

time point, and increased dosage of ONC201 in addition to performing these tests in-

vivo, and ex-vivo to better elucidate these effects. From a translational perspective our 
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studies suggest that ClpP hyperactivation by ONC201 affects the metabolome in DIPG 

which results in epigenetic alterations leading to altered gene expression. Ultimately, 

these data sets together can elucidate DIPG therapeutic vulnerabilities allowing us to 

explore further therapeutic opportunities that can be exploited. We expect that these 

potential pharmacological targets will further contribute to enhancing the survival, and 

quality of life for the children affected with DIPG. 
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Figure 4-1: ONC201 affects metabolites level in DIPG.  (A) DIPG IV, and XIII were processed for 

metabolites analysis post-2uM ONC201 or DMSO (negative control). Amino acids are shown in grey, TCA 

metabolites are in pink, and glycolysis related metabolites are in blue. Fold change +\- SD were calculated 

following normalization to standard curves (n=3 per drug treatment/cell line). (B) Metabolites analysis post 

ONC201 (pink) or DMSO (black) at 24, 48, and 72 hours to assess the α-KG/SUCC ratio in DIPG XIII 

(n=3). (C) Metabolites analysis after 72 hours of treatment with either 2uM ONC201 (pink) or DMSO 

(black) in parent, and mutant DIPG XIII (n=3). DIPG XIII overexpression mutants of either inactive ClpP 

(D190A) or wildtype ClpP (WT O/E). 
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Figure 4-2: ONC201 affects histone posttranslational modification in DIPG. (A) Volcano plot showing 

total histone PTM changes in DIPG IV, and XIII after treatment with either 2uM ON201 or DMSO for 72 

hours (n=3/condition/cell line). Downregulated histone PTMs are shown in blue, and upregulated ones are 

in red. Data plotted based on normalized values to DMSO as log2 average fold change (FC), and log2 t-test 

p.value (logp < 0.05) (B) Table highlighting relevant increased, and decreased histone single marks. (C) 

Bar graph showing bulk histone changes relevant to the metabolome. Data were plotted using mean +/- 

SEM.   
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Figure 4-3: Impact of ONC201 in H3K27me3 distribution. (A) Volcano plot showing the effect of 2uM 

ONC201 on H3K27me3 chromatin occupancy in both DIPG IV, and XIII after treatment with 2uM ON201 

or DMSO (negative control) for 72 hours. Data based on normalized values to DMSO were plotted by rep 

log2 fold change compared to -log10(false discovery rate) (FDR>=0.05) which was analyzed by t-test 

between the two sample groups after background subtraction, and quartile normalization (n=2). (B) 

Genome browser screenshot showing CUT&RUN in DIPG IV, and XIII treated with 2uM ONC201 or 

DMSO demonstrating H3K27me3, and IgG (control) enrichment at HOXA3 gene (n=2).  
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Figure 4-4: ONC201 affects gene expression in DIPG (A) Heatmap generated by DeSeq2 of 

differentially expressed gene levels determined by RNA-seq in DIPG IV, and XIII treated with either 2uM 

or 4uM ONC201 or DMSO (control); upregulated (red), and downregulated (blue) genes (n = 3). (B) 

Volcano blot demonstrating differential gene expression levels at 72hrs time point in DIPG XIII. (C) Venn 

diagram of overlapping genes in DIPG IV, and XIII. (D) KEGG pathways analysis of overlapping 

upregulated, and downregulated gene pathways in DIPG.   
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Table 4-1: Histone PTM abundance in ONC201 treated DIPG.  

Full table of upregulated, and downregulated histone PTM abundance. Data is based on histone mass 

spectrometry analysis. 

 

Increased Fold Change 

Histone PTM abundance  Log2 FC LOG2 (p-value) 

H3_117_128 K122me3 7.49 2.28 

H3_54_63 K56me3 7.22 2.13 

H3_64_69 K64gl 5.78 1.54 

H3_27_40 K27cr 5.31 2.72 

H4_20_23 K20cr 4.98 3.8 

H3_18_26 K18hi 4.09 3.03 

H3_117_128 K122su 3.62 2.41 

H3_64_69 K64ma 3.22 4.33 

H3_9_17 K14ma 2.92 1.43 

H4_79_92 K79hi 2.77 3.07 

H3_18_26 K23hi 2.74 3.28 

H4_56_67 K59me2 2.6 1.27 

H3_117_128 K122ma 2.31 1.79 

H3_27_40 K27ma 2.22 2.34 

H4_56_67 K59ac 2.13 1.62 

H4_41_45 K44cr 2.08 1.59 

H3_117_128 K122hi 1.91 3.34 

H4_24_35 K31su 1.99 1.44 

H3_3_8 K4ma 1.89 1.5 

H4_4_17 1gl 1.86 2.13 

H4_56_67 K59gl 1.81 2.29 

H3_54_63 K56ac 1.6 2.56 

H3_27_40 K36ma 1.68 3.23 

H3_27_40 K27su 1.62 2.06 

H3_117_128 K122gl 1.67 1.67 

H3_73_83 K79me3 1.69 1.01 

H3_54_63 K56ma 1.48 1.26 

H3_9_17 K9cr 1.58 1.55 

H4_24_35 K31gl -1.23 1.99 

H3_117_128 K122me1 1.45 1.98 

H3_117_128 unmod 1.27 2.26 

H4_4_17 2me1 1.04 1.06 

H3_27_40 K27me3 1.13 3.33 

Decreased Fold Change 

Histone PTM abundance Log2 FC LOG2 (p-value) 

H4_4_17 2su -3.32 3.34 

H3_117_128 K122me2 -3.2 1.28 

H3_9_17 K9gl -2.14 1.45 

H3_54_63 K56hi -1.84 2.42 

H3_54_63 K56me2 -1.65 1.89 

H3_9_17 K14su -1.7 1.89 

H3_9_17 K14cr -1.55 2.29 
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H4_68_78 K77me2 -1.56 1.89 

H4_79_92 K79gl -1.48 2.56 

H3_27_40 K27hi -1.37 1.89 

H3_27_40 K36su -1.08 1.05 

H3_73_83 K79cr -1 0.9 

H3_18_26 K18ma -1.1 1.55 

H4_79_92 K91su -1.03 1.64 

H4_79_92 K79su -1.19 1.83 

H4_24_35 K31gl -1.23 1.99 

H4_56_67 K59su -1.1 2.81 

H3_54_63 K56gl -1.12 3.67 

H4_24_35 K31me3 -0.91 1.99 

H3_9_17 K14gl -0.86 0.78 
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Table 4-2: KEGG pathways affected by ONC201 in DIPG. 

Full table of upregulated, and downregulated KEGG pathways. Data is based on RNA-SEQ analysis. 
Upregulated KEGG pathways 

Pathway Adjusted P-value 

Cell cycle 4.35E-20 

Viral carcinogenesis 9.88E-12 

Alcoholism 1.21E-11 

Systemic lupus erythematosus 1.63E-08 

DNA replication 2.08E-08 

Neutrophil extracellular trap formation 3.38E-08 

Oocyte meiosis 4.42E-08 

Spliceosome 1.71E-07 

RNA transport 5.10E-07 

Amyotrophic lateral sclerosis 1.55E-05 

Steroid biosynthesis 2.27E-05 

Terpenoid backbone biosynthesis 5.88E-05 

Progesterone-mediated oocyte maturation 5.88E-05 

mRNA surveillance pathway 4.07E-04 

Lysine degradation 4.07E-04 

Biosynthesis of unsaturated fatty acids 4.07E-04 

Tight junction 4.07E-04 

Base excision repair 4.66E-04 

Regulation of actin cytoskeleton 7.29E-04 

Human T-cell leukemia virus 1 infection 7.63E-04 

Fanconi anemia pathway 8.13E-04 

Parkinson disease 9.45E-04 

Ubiquitin mediated proteolysis 0.001269 

Protein processing in endoplasmic 

reticulum 

0.002271 

Glycolysis / Gluconeogenesis 0.002283 

Other types of O-glycan biosynthesis 0.002579 

Shigellosis 0.002655 

Mismatch repair 0.002655 

Focal adhesion 0.002655 

p53 signaling pathway 0.005106 

Fatty acid elongation 0.008224 

Human cytomegalovirus infection 0.008224 

Central carbon metabolism in cancer 0.009346 
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Rap1 signaling pathway 0.010264 

Cellular senescence 0.010738 

Epstein-Barr virus infection 0.010738 

N-Glycan biosynthesis 0.012574 

Pathways in cancer 0.01647 

Salmonella infection 0.018665 

Glycosaminoglycan biosynthesis 0.019076 

Proteasome 0.020137 

Various types of N-glycan biosynthesis 0.020586 

Thyroid hormone signaling pathway 0.021287 

Prion disease 0.021684 

Nucleotide excision repair 0.021684 

Gap junction 0.023791 

Huntington disease 0.023913 

Prostate cancer 0.023913 

Homologous recombination 0.025288 

Cushing syndrome 0.032155 

Proteoglycans in cancer 0.035723 

Purine metabolism 0.035723 

AMPK signaling pathway 0.035723 

Citrate cycle (TCA cycle) 0.04329 

Dopaminergic synapse 0.043442 

Ubiquinone, and other terpenoid-quinone 

biosynthesis 

0.044304 

Adherens junction 0.04965 

Human immunodeficiency virus 1 

infection 

0.049701 

Downregulated KEGG pathways 

Pathway Adjusted P-value 

Herpes simplex virus 1 infection 5.82E-05 

Insulin resistance 0.001957 

Ferroptosis 0.11163 

Other glycan degradation 0.137214 

Type I diabetes mellitus 0.356418 

mTOR signaling pathway 0.356418 

Viral myocarditis 0.515258 

Glycosaminoglycan degradation 0.515258 

Lysosome 0.515258 

FoxO signaling pathway 0.515258 
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Table 4-3: GO molecular functions pathways affected by ONC201 in DIPG.  

Full table of upregulated, and downregulated molecular functions. Data is based on RNA-SEQ analysis. 

 

Upregulated Molecular Functions 

Pathway Adjusted 

P-value 

RNA binding (GO:0003723) 8.11E-43 

mRNA binding (GO:0003729) 2.52E-09 

DNA binding (GO:0003677) 1.48E-08 

DNA replication origin binding (GO:0003688) 3.02E-08 

single-stranded DNA binding (GO:0003697) 3.16E-08 

purine ribonucleoside triphosphate binding (GO:0035639) 3.26E-08 

ATP binding (GO:0005524) 1.85E-07 

tubulin binding (GO:0015631) 8.17E-07 

cadherin binding (GO:0045296) 1.53E-06 

adenyl ribonucleotide binding (GO:0032559) 1.53E-06 

microtubule binding (GO:0008017) 3.32E-06 

protein kinase binding (GO:0019901) 5.81E-06 

kinase binding (GO:0019900) 5.81E-06 

double-stranded RNA binding (GO:0003725) 3.51E-05 

microtubule motor activity (GO:0003777) 4.67E-05 

actin binding (GO:0003779) 5.56E-05 

adenylate cyclase binding (GO:0008179) 8.99E-05 

DNA polymerase binding (GO:0070182) 1.37E-04 

ubiquitin-like protein ligase binding (GO:0044389) 2.07E-04 

methylation-dependent protein binding (GO:0140034) 2.13E-04 

motor activity (GO:0003774) 4.01E-04 

3'-5' DNA helicase activity (GO:0043138) 4.08E-04 

ubiquitin protein ligase binding (GO:0031625) 4.14E-04 

methylated histone binding (GO:0035064) 5.39E-04 

GDP-dissociation inhibitor activity (GO:0005092) 7.06E-04 
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nucleosomal DNA binding (GO:0031492) 8.78E-04 

single-stranded DNA helicase activity (GO:0017116) 0.001572 

mRNA 3'-UTR binding (GO:0003730) 0.002841 

single-stranded RNA binding (GO:0003727) 0.004012 

mRNA 3'-UTR AU-rich region binding (GO:0035925) 0.004826 

oxidoreductase activity, acting on a sulfur group of donors, NAD(P) as 

acceptor (GO:0016668) 

0.004857 

nuclear receptor coactivator activity (GO:0030374) 0.004879 

signal sequence binding (GO:0005048) 0.007712 

histone deacetylase binding (GO:0042826) 0.007712 

sequence-specific mRNA binding (GO:1990825) 0.013019 

nucleoside-triphosphatase activity (GO:0017111) 0.01512 

DNA secondary structure binding (GO:0000217) 0.017318 

telomeric DNA binding (GO:0042162) 0.017318 

oxidoreductase activity, acting on a sulfur group of donors, oxygen as 

acceptor (GO:0016670) 

0.023141 

UDP-xylosyltransferase activity (GO:0035252) 0.023141 

protein homodimerization activity (GO:0042803) 0.025815 

four-way junction DNA binding (GO:0000400) 0.027477 

disordered domain specific binding (GO:0097718) 0.028985 

snRNA binding (GO:0017069) 0.029812 

protein serine/threonine kinase activator activity (GO:0043539) 0.034709 

cAMP-dependent protein kinase inhibitor activity (GO:0004862) 0.034709 

histone kinase activity (GO:0035173) 0.034709 

poly(G) binding (GO:0034046) 0.034709 

procollagen-proline dioxygenase activity (GO:0019798) 0.034709 

xylosyltransferase activity (GO:0042285) 0.034709 

ATP hydrolysis activity (GO:0140603) 0.037033 

aminoacyl-tRNA ligase activity (GO:0004812) 0.037362 

mRNA 5'-UTR binding (GO:0048027) 0.039352 

poly-pyrimidine tract binding (GO:0008187) 0.039352 

metal ion binding (GO:0046872) 0.042081 

Downregulated molecular functions 

Pathway Adjusted 

P-value 

RNA polymerase II transcription regulatory region sequence-specific 

DNA binding (GO:0000977) 

8.05E-06 

cis-regulatory region sequence-specific DNA binding (GO:0000987) 8.05E-06 

RNA polymerase II cis-regulatory region sequence-specific DNA binding 

(GO:0000978) 

1.02E-05 
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DNA-binding transcription repressor activity, RNA polymerase II-specific 

(GO:0001227) 

3.36E-04 

DNA-binding transcription activator activity, RNA polymerase II-specific 

(GO:0001228) 

0.024865 

iron ion binding (GO:0005506) 0.049051 

neutral amino acid transmembrane transporter activity (GO:0015175) 0.09404 

histone demethylase activity (H3-K27 specific) (GO:0071558) 0.09404 

L-leucine transmembrane transporter activity (GO:0015190) 0.09404 

L-amino acid transmembrane transporter activity (GO:0015179) 0.106232 

ubiquitin-protein transferase activity (GO:0004842) 0.176657 

aminoacyl-tRNA ligase activity (GO:0004812) 0.176657 

transcription cis-regulatory region binding (GO:0000976) 0.185401 

branched-chain amino acid transmembrane transporter activity 

(GO:0015658) 

0.185401 

transition metal ion binding (GO:0046914) 0.185401 

kinase binding (GO:0019900) 0.185401 

glycogen binding (GO:2001069) 0.242703 

2-oxoglutarate-dependent dioxygenase activity (GO:0016706) 0.242703 

ferrous iron binding (GO:0008198) 0.246435 

phosphatidylinositol binding (GO:0035091) 0.275319 

ubiquitin conjugating enzyme activity (GO:0061631) 0.275319 

aromatic amino acid transmembrane transporter activity (GO:0015173) 0.275319 

small GTPase binding (GO:0031267) 0.313153 

cation transmembrane transporter activity (GO:0008324) 0.313153 

manganese ion binding (GO:0030145) 0.313153 

oxidoreductase activity, acting on the CH-CH group of donors, NAD or 

NADP as acceptor (GO:0016628) 

0.314267 

ubiquitin-like protein conjugating enzyme activity (GO:0061650) 0.322425 

histone demethylase activity (GO:0032452) 0.324719 

phosphatidylinositol-3-phosphate binding (GO:0032266) 0.339297 

phosphatidylinositol phosphate binding (GO:1901981) 0.383755 

microtubule plus-end binding (GO:0051010) 0.383755 

GTPase binding (GO:0051020) 0.403388 

DNA-directed DNA polymerase activity (GO:0003887) 0.414526 

lysophospholipase activity (GO:0004622) 0.414526 

TAP1 binding (GO:0046978) 0.424777 

ketosteroid monooxygenase activity (GO:0047086) 0.424777 

nuclear receptor binding (GO:0016922) 0.424777 

DNA polymerase activity (GO:0034061) 0.434792 

platelet-derived growth factor receptor binding (GO:0005161) 0.451352 
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protein kinase binding (GO:0019901) 0.456789 

ubiquitin-like protein ligase activity (GO:0061659) 0.456789 

protein phosphatase 1 binding (GO:0008157) 0.456789 
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Figure 4-S1 Rescue effect of L-aspartic acid on ONC201 cell viability. Bar graph demonstrating the 

cytotoxicity of 1,2,4uM of ONC201, and co-treatment of 5,10,15 mM aspartic acid on DIPG cells (n=3 per 

group).   
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CHAPTER 5: DISCUSSION CONTRIBUTIONS TO THE FIELD, and 

FUTURE DIRECTIONS 

5.1 SUMMARY  

Diffuse Intrinsic Pontine Glioma is an aggressive type of childhood CNS cancer 

with an ominous prognosis. The average age of diagnosis is 6-7 years, with an estimated 

survival of 9 months. The highest mortality rate occurs within two years of being 

diagnosed with less than 5% of patients surviving after five years (Xu et al. 2017; 

Veldhuijzen van Zanten et al. 2017; Vanan, and Eisenstat 2015). DIPG biology, 

epigenetics, and metabolome dysregulation, on the molecular level, has led to recent 

progress in the biological understanding of the nature, and drivers of the disease. This 

progress has led to the identification of the H3K27M mutation in approximately 80% of 

DIPGs (Kanderi, and Gupta, 2022), resulting in a reclassification of diffuse midline 

glioma (DMG) H3K27M-mutant, a grade IV brainstem cancer in the 2016 World Health 

Organization Classification of Tumors of the Central Nervous System (Jiang et al., 2017). 

Despite the importance of these findings in identification of multiple DIPG therapies, and 

clinical trials, DIPG continues to be one of the most lethal CNS tumors in children. Given 

DIPG’s location in the brainstem, and highly aggressive nature, surgical resection is not 

an option. DIPG tumors are not responsive to traditional chemotherapy or radiotherapy, 

ergo new therapeutic options are necessary. Recently, ONC201 has emerged as a new 

effective therapeutic option for DIPG patents surpassing the traditional progression free, 

and survival expectations in select DMG patients (Chi et al., 2019; Duchatel et al., 2021; 

https://sciwheel.com/work/citation?ids=7090068,4939085,4763574&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=7090068,4939085,4763574&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=12109659&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=13064184&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=7628925,7155729,13390620,13359234&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
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Hall et al., 2019; Odia et al., 2022). ONC201 has been reported to bypass the brain blood 

membrane barrier (Ralff et al., 2017b), and demonstrated low toxicity, and side effects in 

preclinical, and clinical studies (Allen et al., 2016; Arrillaga‑Romany et al., 2017; Prabhu 

et al., 2020; Stein et al., 2017). ONC201 has been highly implicated as an effective 

treatment option in several cancer models, and as result of this ONC201 entered phase I, 

and II clinical trials for numerous cancers including breast, prostate, pancreatic, multiple 

myeloma leukemia, and CNS tumors (Johung, and Monje, 2017). ONC201 is currently in 

15 clinical trials (Allen et al., 2016; Ralff et al., 2017b; Stein et al., 2017). ONC201 was 

granted Fast Track classification to treat DIPG gliomas in 2018 (ClinicalTrials.gov 

identifier: NCT02525692) (Allen et al., 2016; Prabhu et al., 2020; Wang, and Dougan, 

2019). In spite of the significant preclinical potential (Arrillaga‑Romany et al., 2017; 

Stein et al., 2017; Wagner et al., 2018), the exact mechanism of action of ONC201 in 

DIPG has remained lacking.  

This dissertation employed multifaceted techniques to investigate ONC201 

targeting in the DIPG, and the downstream effects of ONC201 to elucidate novel, and 

tractable molecular vulnerabilities. Presented here are new contributions to the field of 

neuro-oncology where I investigate and identify the effect of ONC201 targeting in the 

DIPG. In Chapter 3, I reveal ONC201 target in DIPG being in the mitochondria and 

identified the mechanism of action at which ONC201 achieves its antitumor effect. In 

Chapter 4, I bring to light downstream effects of ONC201 treatment on the mitochondrial 

functions which in turn play a major role in altering the epigenetic landscape thus 

affecting gene expression in DIPG. The combination of these methods allowed us to fully 

https://sciwheel.com/work/citation?ids=7628925,7155729,13390620,13359234&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
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explore the crosstalk between the metabolome, and epigenome in H3K27M DIPG 

following ONC201 treatment (Figure 5-1). 

5.2 ONC201 TARGET, and MECHANISM OF ACTION IN DIPG 

5.2.1 OVERALL OUTLOOK, and CONTRIBUTIONS TO THE FIELD 

The work presented in chapter 3 ultimately provide direct evidence of ONC201s’ 

target in DIPG. Additionally, I provide further evidence that H3K27M DIPG cell lines 

are more sensitive to ONC201. In addition, I identified a direct correlation between 

ONC201 sensitivity, and ClpP expression which might provide a predictive biomarker for 

ONC201 treatment outcomes. ClpP was further identified as a viable drug target in DIPG 

cells for multiple potent ClpP activators. I solidified our hypothesis regarding ClpP being 

ONC201s’ target by creating three mutant cell lines that overexpress different forms of 

ClpP. In addition, I explored DRD2, the original proposed target of ONC201, and 

determined that it is not a viable drug target in DIPG. Further, my work identified the 

effect of ONC201 targeting, and hyperactivating ClpP on increased mitochondrial 

proteolysis by in DIPG. From here I investigated the negative effects of this increased 

ClpP proteolysis on mitochondrial functions. Lastly, I have identified that ONC201 

achieves its antitumor effect in DIPG through ROS production within the mitochondria, 

and confirmed this as the cause of cell death by cotreating with antioxidants generating a 

rescue effect. In section 5.2.4, I propose future directions that can build on the studies 

presented here. 

5.2.2 CLPP IS ONC201 TARGET IN DIPG 
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The underlying goal of the first part of this dissertation seeks to characterize and 

identify direct target(s) of ONC201 in DIPG. This work provides an important basis for 

future studies exploring the downstream effects post ONC201 treatment in DIPG as well 

as providing evidence for future combination therapies. 

In chapter 3 of this dissertation, I present clear evidence for ONC201’s effects on 

DIPG though various studies including identifying ONC201 selective inhibition of DIPG 

cell lines compared to other CNS tumors, and untransformed control cell lines.  

Determining a positive correlation between ONC201 sensitivity, and ClpP expression as 

well as noting a higher expression of ClpP in DIPG patient tissue compared to normal 

brain tissue. I confirmed ClpP as ONC201s’ target in DIPG by creating mutant cell lines 

that overexpress wild type ClpP, an inactive form of ClpP (D190A), and hyperactive 

form of ClpP (Y118A). These data provide strong evidence regarding the relationship 

between ClpP, and ONC201 sensitivity this was highlighted as inactive ClpP expressing 

mutants were desensitized to ONC201 treatment. Meanwhile, the wild type 

overexpressing mutant had an increased sensitivity to ONC201 suggesting that 

availability of a catalytically active ClpP is required for ONC201 response. I 

experimentally ruled out DRD2 as the main target of ONC201, and further tested the 

efficacy of targeting these receptors on DIPG. I tested known DRD2 inhibitors on DIPG, 

and no decrease to cell viability compared to ONC201 treatment was seen. We further 

validated this by measuring the expression levels of DRD2 in DIPG brain tissue, which 

illustrated that DRD2 is not highly expressed in DIPG. Thus, further proof that targeting 

DRD2 in DIPG might not be an effective therapeutic strategy. I then examined the effects 
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of ONC201 treatment on ClpP hyperactivation. I noted increased degradation of direct 

ClpP targets such as TFAM, and ClpX in a dose dependent manner with ONC201. I 

examined the mitochondrial respiratory functions via SeaHorse to determine ONC201 

hyperactivating ClpP’ increasing its reported role in degrading multiple mitochondrial 

subunits. The results demonstrated damage to mitochondrial respiratory capacity, 

especially the spare respiratory capacity which is defined as the ability of cells to respond 

to energy demand under stress. To further assess whether this effect is caused by 

ONC201, I examined this effect on the inactive ClpP expressing mutant DIPG. However, 

no change was seen, further confirming that these effects were dependent on ClpP 

activity. To further examine the downstream effects of increased mitochondrial 

proteolysis, and impaired mitochondrial functions. I sought to directly determine how 

ClpP activation-induced alterations in cellular respiration leads to decreased viability in 

DIPG. I examined the levels of ROS production in relation to ONC201 treatment. These 

results showed that ONC201 hyperactivation of ClpP, which increased mitochondrial 

proteolysis, led to increased ROS production causing decreased DIPG viability. I further 

validated ROS production was based in the mitochondria by determining dimerization of 

PRX2, and PRX3, which are known ROS scavengers in the cytosol, and mitochondrial 

respectively. We only notice an increased dimerization in PRX3 indicating that ROS is 

produced mainly in the mitochondria providing further evidence that this ROS production 

is due mitochondrial damage caused by ONC201 treatment. The inactive mutant did not 

show any dimerization of PRX2 or PRX3 thus further solidifying our findings that ROS 

production is dependent on ClpP hyperactivity. Finally, I sought to directly determine 
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whether antioxidants rescue the viability effect of ONC201. The results demonstrated a 

that antioxidants can dose dependently rescue the effects of ONC201 on viability. 

Chapter 3 builds upon existing literature about possible targets of ONC201 

(Arrillaga‑Romany et al., 2017; Greer et al., 2022; Hall et al., 2019; Kou et al., 2021; Luo 

et al., 2020; Nguyen et al., 2022) while also expanding our knowledge in the field by 

providing evidence of   ClpP hyperactivation as a therapeutic target in DIPG. 

Hyperactivation of ClpP by ONC201, causes an increase in mitochondrial proteolysis 

leading cell death due to ROS production which correlates with ONC201s’ affect in other 

cell lines (Greer et al., 2018, 2022; Ishizawa et al., 2019; Zhao et al., 2019b). I highlight 

the potential of ClpP as a promising drug target for DIPG as these cells have increased 

sensitivity to ONC201, as well as introduce the potential for ClpP as a biomarker to 

determine treatment outcomes. In summary, our studies, for chapter 3, provide solid 

evidence of ClpP activation, mitochondrial respiration, and ROS generation as the 

primary mechanism of ONC201-induced cell death in DIPG. 

FUTURE DIRECTIONS 

Cell-lines are important tools for investigating multiple facets of cellular 

mechanisms. However, these findings need to be further validated using both in-vivo, and 

ex-vivo models. Further data with larger sample size is required to determine ClpP 

thresholds for predicating better response to ONC201. We expose ROS as a cause of 

DIPG cell death with the exact pathway likely involving initiating of the ATF4 pathway,  

a known death receptor cascade ultimately leading to apoptosis (Graves et al., 2019; 

Ishizawa et al., 2016, 2019).  Exploring other assays for mitochondrial function such as 

https://sciwheel.com/work/citation?ids=7155729,5003068,11976249,12688565,13431497,12676315&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=7155729,5003068,11976249,12688565,13431497,12676315&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0
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https://sciwheel.com/work/citation?ids=4099375,6923531,6945740&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
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end point assays for detecting relative mitochondria membrane potential at a specific 

timepoint, mitochondrial calcium buffering, and mitochondrial permeability transition are 

needed to investigate this observation.  

To further explore why select number of H3K27M DIPG patients are responsive 

to ONC201 treatment. We want to single cell sort DIPG cells via FACS, and treat these 

cells with ONC201 over few weeks till we identify resistant cell lines, and explore the 

mitochondrial functions of these cell lines, and explore ClpP expression levels, and 

activity, and multi-OMICS approach looking for SNPs (Single Nucleotide 

Polymorphism), and In/del (Insertions or deletions), and explore their metabolomics 

investigating whether these cell lines utilize another energy source that can be targeted. 

Furthermore, asses their gene expression profile determining targetable 

increased/decreased pathways, as identifying certain vulnerabilities in these resistant cell 

lines can lead to enhancing ONC201 effects by utilizing small molecules that act in 

synergy. 

Given the importance of ClpP in DIPG susceptibility to ONC201, a target-based 

screen for ClpP could be developed. By partnering with medicinal chemists, and utilizing 

recombinant ONC201, structural analogs of ONC201 could be evaluated for their ability 

to further activate ClpP, and enhance ClpP dependent proteolysis. Such information 

could provide a better therapeutic option than ONC201 itself with more on-target effects 

that results in enhanced cell death of DIPG cells. This work could further partner with 

studies to establish synergy, and lead to better combinatorial drug therapies 
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In terms of evaluating the role of demethylation in DIPG an avenue that can be 

exploited would be to test the role of demethylase inhibitors as co-treatment with 

ONC201 this could be achieved by performing checkerboard assays with ONC201 or 

known analogs and known demethylase inhibitors. Such an assay would inform us of 

small molecules that act in synergy ONC201. This data would inform leads for beneficial 

co-treatment that could enhance survival of patients with DIPG. Together this could 

ultimately provide both a better therapy and prognosis for patients with DIPG. 

 One major area of future studies is how metabolic, and epigenetic processes are 

interrupted by ONC201, and ClpP hyperactivation. The literature provides evidence for 

the aforementioned area of study because; 1) ClpP activation has major effects on 

mitochondrial proteins most likely leading to disruptions in various metabolites, and 2) 

DIPG are known to be highly sensitive to alterations on metabolites that  have 

downstream impacts on the epigenome (Chung et al., 2020; Cordero et al., 2017; 

El‑Hashash, 2021; Stafford et al., 2018; Zhang, and Zhang, 2019). The studies in Chapter 

4 focus on this crisscrossing of the metabolome, and epigenome following ClpP 

activation in DIPG. Several recent reports have shown reliance on oxidative 

phosphorylation in cancer stem, and chemo resistant cells (Fargeet al., 2017; Kuntz et al., 

2017; Lagadinou et al., 2013; Marin-Valencia et al., 2012; Viale et al., 2014). I postulate 

that this therapeutic approach may also have the potential to decrease chemo-resistant 

malignant cells, and provide aid in preventing future relapse.  
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5.3 IMPLICATIONS OF ONC201 ON DIPG METABOLOME, and 

EPIGENOME 

5.3.1 OVERALL OUTLOOK, and CONTRIBUTIONS TO THE FIELD 

The work presented in Chapter 4 of this dissertation provides a report on the 

connection between the metabolome, and the epigenome, after ONC201 treatment in 

DIPG. In this chapter we aim to determine the downstream effect of increased ClpP 

proteolysis induced by ONC201 in DIPG metabolome. Given the role the metabolites in 

modulating epigenetic regulators, and markers, targeting the mitochondria might lead to 

dysregulation in the epigenome thus disruption in gene expression. To understand these 

connections, I generated three high throughput data sets that can be further analyzed for 

future investigations. These datasets include: (1) a histone post-translational 

modifications (PTM) profile, (2) a metabolite level profile, and (3) RNA-sequencing in 

multiple DIPG cell lines following ONC201 treatment at various doses. Here, we address 

this gap in the field by utilizing full -omics analysis of DIPG cells post-ONC201 

treatment to elucidate the crosstalk between the metabolome, and the epigenome. This 

data will narrow this gap in knowledge and may give indications of other pathways that 

could be hijacked to treat DIPG. 

5.3.2 THE INTERCONNECTION BETWEEN THE EPIGENOME, and THE 

METABOLOME POST-ONC201 TREATMENT IN DIPG, and FUTURE 

DIRECTIONS. 

In Chapter 4, I investigated the effect of dysregulated metabolites levels on the 

epigenome regarding further downstream effects on gene expression pathways in 
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ONC201 treated DIPG. ONC201 targeting hyperactivates the mitochondrial protease 

ClpP rendering the mitochondria dysfunctional through increased proteolysis. To further 

understand the downstream effects of ClpP hyperactivation on the metabolome of DIPG 

we performed a full metabolome profiling using mass spectrometry to measure the levels 

of metabolites in DIPG cells treated with ONC201. 

The data presents a consistent change in select metabolites among both treated 

DIPG cell lines XIII/IV. First, we notice a decrease in aspartate, a consequence of low 

aspartate is the inhibition of nucleotide synthesis (Sosunov et al., 2005). The existing 

literature (Birsoy et al., 2015; Broeks et al., 2021; Garcia‑Bermudez et al., 2018; Sosunov 

et al., 2005; Sullivan et al., 2015) indicate that low aspartate levels are associated with; 1) 

mTOR inactivation, 2) DNA replication stress, 3) Nucleotide synthesis deficiency, 4) 

dysregulated TCA flux, and 5) oxidative stress. Aspartate also serves a provider of 

electrons during glycolysis which might further provide the evidence that damaged DIPG 

cells by ONC201 might utilize energy. Supplementation with exogenous aspartate can 

cause a cause a partial rescue effect from ONC201. The slight rescue effect provides an 

additional hypothesis on the downstream effects of ONC201, such as an increase in the 

markers of replication fork stalling upon compound treatment. Further experiments are 

needed to validate these hypotheses. We also noted a decrease in fumarate, and malate 

which both influence the levels of oxaloacetate in turn affecting aspartate biosynthesis 

which might provide an explanation regarding the low levels of aspartate. Low levels of 

oxaloacetate lead to reduced protection against oxidative stress (Kuang et al., 2018; Oh et 

https://sciwheel.com/work/citation?ids=7554432&pre=&suf=&sa=0&dbf=0
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al., 2002; Sawa et al., 2017) providing further proof that ONC201 negatively affects 

OXHPOS.  

Also we noted an increase in α-KG/SUCC ratio after ONC201 treatment in DIPG, 

KG can be derived from both glutamine, and glucose metabolism (Wu et al., 2016; Xiao 

et al., 2016) in DIPG This could be due to α-KG dehydrogenase complex being affected 

by increased ClpP proteolysis following ONC201 treatment. Further experiments are 

needed to validate this hypothesis.  

Given the importance of metabolites in regulating the epigenetic landscape (Loras 

et al., 2021; Sperber et al., 2015; Suhre, and Zaghlool, 2021; Wang et al., 2018b), we 

aimed to elucidate the effect of ClpP hyperactivation by ONC201 the epigenome, and to 

further understand the effect of α-KG/SUCC ratio increase on the epigenetic landscape as 

α-KG which is a critical cofactor for H3K27 demethylases (Chung et al., 2020; Suhre, 

and Zaghlool, 2021), we ran histone post translational modifications (PTM) mass 

spectrometry. We noted an increase fold change in single histone marks (H3K56me3, and 

H3K4me1). Interestingly, there was also a fold change increase in histone PTM 

abundance (H3K27me3). The fold change increase is of interest as the literature reports 

the loss of H3K27me3 as a defining characteristic of DIPG due to PRC2 inhibition by 

H3K27M mutation (Bender et al., 2013; Harutyunyan et al., 2019; Stafford et al., 2018). 

The increases in both H3K4me1, and H3K27me3 may be evidence that ONC201 

treatment increases the activity of PRC2 (Graham, and Mellinghoff, 2020), as this is 

typically sequestered by the H3K27M mutation in DIPG.  A significant increase in 

H3K56me3, which is present during all cell cycle phases, was noted  this may further 

https://sciwheel.com/work/citation?ids=3287011,3604523&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
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indicate that ONC201 treatment affects cell cycle pathways in DIPG (Jack et al., 2013) 

Further experiments are needed to validate these observations in DIPG. We also assessed 

select bulk histone PTM related to metabolites specially affected by mitochondria, we 

noted an increase in malonylation, and β-hydroxybutyration , and a slight decrease in 

succinylation.  

Of interest, malonylation is of importance as Malonate is an endogenous 

metabolite that effectively inhibits succinate dehydrogenase enzyme (SDH) affecting 

mitochondrial metabolism. Malonate is  toxic, and is metabolized via conversion to 

malonyl-CoA by acyl-CoA synthetase family member 3 (ACSF3) which is required for 

malonate detoxification to promote mitochondrial metabolic flux(Valls‑Lacalle et al., 

2016; Wojtovich, and Brookes, 2008). Multiple studies (Fu et al., 2016; Reed et al., 2016; 

Wojtovich, and Brookes, 2008) have shown that malonate can function as an inhibitor of 

respiratory electron transport chain thus further inducing mitochondrial stress, and 

generating  an increased amount of ROS (Reed et al., 2016; Wojtovich, and Brookes, 

2008). Existing literature (Fernandez‑Gomez et al., 2005)  indicated that malonate causes 

a rapid mitochondrial potential collapse, ROS production that overwhelms mitochondrial 

antioxidant capacity, and leads to mitochondrial swelling. An increase in malonate 

correlates positively with increased histone malonylation (Colak et al., 2015; Peng et al., 

2011). This provides further evidence that the  downstream effect of ONC201 induces 

ROS production due to ClpP hyperactivation. 

 β-hydroxybutyrate, which is synthesized from fatty acids, is present when the 

supply of glucose is lower than the energetic needs of the cell (Lund et al., 2011). 
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Furthermore, β-hydroxybutyrate has been reported to interact with signaling pathways 

activated by a reduction in available nutrients (Lund et al., 2011; Newman, and Verdin, 

2017; Woolf et al., 2016), such as AMPK , as well as inhibiting mTOR signaling (Wang 

et al., 2017). Increased β-hydroxybutyrate correlates with the evidence that ONC201 

leads to dysregulation of mitochondrial respiration in DIPG due to ClpP hyperactivation. 

Additional studies investigating this observation should be considered as there maybe 

additional downstream effects of ONC201 in DIPG.  

Next, I wanted to further test the effects of ONC201, and its downstream 

consequences on the metabolome, and epigenome on gene expression. We were able to 

identify dysregulated pathways in ONC201 treated DIPG cell lines. KEGG pathways 

analysis determined that cell cycle, DNA replication, TCA cycle, spliceosome, AMPK 

signaling pathways, purine metabolism, glycolysis / gluconeogenesis, and central carbon 

metabolism in cancer pathways were upregulated. Cell cycle upregulation correlates with 

an observed increase in histone PTM (H3K56me3), AMPK signaling pathways may be 

upregulated due to ONC201 influencing OXPHOS in DIPG leading to increased ROS 

production, ATP depletion, and greater β-hydroxybutyrate synthesis which may induce 

AMPK activity in DIPG (Bae et al., 2016; Greer et al., 2018; Hardie et al., 2012; Lund et 

al., 2011; Newman, and Verdin, 2017; Rojas‑Morales et al., 2020; Tsoli et al., 2018; 

Woolf et al., 2016). The activation of AMPK post ONC201 treatment has been 

previously reported in the literature (Greer et al., 2018), and may provide a 

pharmacological target which may synergize with the ClpP inhibitor. ONC201 has been 

reported (Pruss et al., 2020) to impair  mitochondrial respiration in conjunction with an 
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upregulation of glycolysis which positively correlates with our findings in ONC201 

treated DIPG. More experimentation into this connection is needed to validate the 

differential expression of these pathways at prolonged ONC201 treatment duration. 

Together our results implicate other targetable vulnerabilities in DIPG that may 

increase ONC201 efficacy, like a combination treatment with compounds effecting 

multiple pathways including 1) cell cycle inhibitors (Itraconazole, and YKL 5-124), 2) 

AMPK inhibitors (BML-275), 3) cell penetrating peptides targeting select histone marks 

such as (H3K56me3). Further experimentation is needed to validate these findings and to 

continue to elucidate the proposed interactions between ONC201, and compound dosage.  

To further understand the downstream effects of the mitochondrial targeting by 

ONC201 in DIPG, proteomic profile analysis may be a useful tool for the identification, 

and quantification proteins with respect to RNA transcripts identified by RNA-seq. The 

use of ATAC-seq to study DIPG chromatin accessibility post ONC201 treatment could 

provide further insights into the effect of altered metabolites on the epigenome. These 

experiments need to be performed at various time points as well as with increased dosage 

of ONC201 in addition to performing these tests in-vivo, and ex-vivo to better elucidate 

these effects. From a translational perspective our studies suggest that ClpP 

hyperactivation by ONC201 affects the metabolome in DIPG resulting in epigenetic 

alterations which leads to altered gene expression.  Together these data sets can, 

ultimately, elucidate DIPG therapeutic vulnerabilities allowing us to discover and exploit  

further therapeutic opportunities. We hypothesize that these potential pharmacological 
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targets will further contribute to enhancing the survival, and quality of life for the 

children affected with DIPG. 

Together these generated omics-data sets provide further insight into the 

interconnection between the epigenome, and the metabolome post-ONC201 treatment in 

DIPG as well as downstream effects on gene expression. These results may aid in 

elucidating new pathways for DIPG treatment, other downstream effects such as altered 

histone marks, and potential ONC201 synergistic targets. Further understanding of 

ONC201 downstream effects in DIPG, and potential to exploit molecular vulnerabilities 

which can enhance the efficacy of ONC201 and provide insight on potential therapeutic 

synergistic affects in DIPG.  

 

5.4 CONCLUDING REMARKS 

DIPG is a devastating childhood brain tumor with a grim prognosis. Due to its 

location, and infiltrative nature rendering it difficult to resect with chemotherapy, and 

radiotherapy remains largely ineffective, therefore new therapeutic strategies are 

desperately needed. ONC201 has emerged as a new effective therapy in select DIPG 

patients. Despite the clinical promise, and information gathered utilizing other cancer 

models, ONC201 target, and mechanism of action has yet to be fully understood in 

DIPG. This dissertation seeks to fill in gaps in knowledge regarding ONC201’s targets, 

and investigate its downstream effects on the metabolome, epigenome, and gene 

expression profile. We observed that ONC201 targets, and hyperactivates the 

mitochondrial protease ClpP causing an increase in mitochondrial proteolysis which 
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negatively affect the mitochondrial respiration increasing mitochondrial stress leading to 

ROS production causing cell death. Furthermore, we observe dysregulation of select 

metabolites such as alpha ketoglutarate which play an important role in maintaining 

normal cell function, and cancer cell proliferation. We also note a disruption in histone 

PTMs as well as gene expression pathways. These studies lay a foundation for future 

work providing an insight into the ONC201 mechanisms of action, and downstream 

effects on select omics datasets in DIPG. This work also provides multiple data sets that 

can be utilized for future research involving ONC201 in DIPG. 
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Figure 5-1 ONC201 hyperactivates ClpP inducing multi-omics effects. Diagram summarizing data from 

this body of work indicating how ONC201 induces DIPG cell death.  
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