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Abstract 
 

Traditionally, brain tumors were classified based on clinical attributes like anatomical 

location, patient’s age, and morphologic features. The incorporation of genomics to the World 

Health Organization (WHO) 2016 central nervous system (CNS) tumor criteria identified distinct 

molecular subtypes (Louis et al., 2016). Analysis of adult low grade gliomas (LGG) conducted by 

The Cancer Genome Atlas (TCGA) identified recurrent mutations in the genes encoding isocitrate 

dehydrogenase 1 (IDH1) and its paralogue IDH2 (Ceccarelli et al., 2016).  Patients with IDH-

mutant tumors displayed favorable prognosis with a median survival of 6.4 years for astrocytoma 

and 8 years for oligodendroglioma (Brat et al., 2015). A single amino acid substitutions affecting 

the arginine 132 in IDH1 or analogous residue arginine 172 in IDH2 alters the catalytic activity of 

these enzymes to produce an oncometabolite, 2-hydroxyglutarate (2HG). Several studies have 

shown that cells expressing IDH1/2 mutations establish a hypermethylation phenotype through the 

competitive inhibition of histone demethylases and DNA hydroxylases by 2HG. These findings 

suggested that mutant IDH1 (mIDH1) represses epigenetic plasticity by reinforcing the chromatin 

state of glioma cells restricting their ability to undergo neural differentiation.  

Changes in chromatin modifications and transcriptional pathways following the inhibition 

of mIDH1 have yet to be explored in patient-derived glioma cell cultures that endogenously 

express mIDH1.   The impact of mIDH1-R132H on gliomagenesis was examined in a genetically 

engineered mouse model, which presented an expansion of stem-like cells at the subventricular 

zone (Bardella et al., 2016). Based on these findings, we hypothesize that mIDH1 mediates the 

epigenetic regulation of oncogenic pathways that contribute to therapeutic resistance. We 
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evaluated the transcriptome and epigenome of a radioresistant mIDH1 glioma cell culture (GCC) 

treated with mIDH1-specific inhibitor AGI-5198, we observed a global loss of histone mark 

trimethylation and 1335 genes showed significantly altered expression. We identified Zinc Finger 

MYND-Type Containing 8 (ZMYND8) as a potential target of mIDH1 reprogramming to confer 

resistance to irradiation. We provide evidence that ZMYND8 is epigenetically regulated in human 

mIDH1 GCCs based on a significant decrease in ZMYND8 total protein and loss of H3K4me3 

deposition at the ZMYND8 promoter following mIDH1 inhibition. ZMYND8 has been implicated 

in driving cancer-specific programs through its role in enhancer regulation and recruitment to 

regions of laser-induced DNA damage. To elucidate the underlying mechanism for ZMYND8 

overexpression in mIDH1 glioma, we suppressed ZMYND8 using shRNA knockdown or 

lentiCRISPRCas9-mediated knockout. We observed a significant decrease in cellular viability in 

ZMYND8-deficient mIDH1 cells in response to irradiation.  

We explored the impact of ZMYND8 loss on the regulation of DNA repair machinery. 

There was delayed resolution of γH2AX signal 48 hours post-irradiation in ZMYND8 KO mIDH1 

GCCs, which could reflect a defect in double stranded break (DSB) repair and an accumulation of 

DNA damage. Additionally, we targeted newly proposed ZMYND8-interacting partners: Poly 

ADP-ribose polymerase (PARP) and histone deacetylases 1 and 2 (HDAC1/2) to discern their 

impact on cellular viability. ZMYND8 KO mIDH1 GCCs were more sensitive to either pamiparib 

(PARP inhibitor) or panobinostat (pan-HDAC inhibitor) alone or in combination with IR as 

compared to ZMYND8 wildtype mIDH1 glioma cells. These findings denote a novel role of 

ZMYND8 in DNA repair and radioresistance of IDH-mutant glioma. We anticipate these findings 

will provide support for the development of ZMYND8 specific inhibitors, which represents a 

viable target for the treatment of mIDH1 gliomas. 
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Chapter 1 Introduction 
 

Adult glioma subtypes and clinical presentation 

Diffuse gliomas are the most common malignant neoplasm of the central nervous system 

(CNS), impacting the lives of young adolescents and elderly adults. The 2022 statistical report 

from The Central Brain Tumor Registry of the United States (CBTRUS) estimates that 86,335 

individuals will be diagnosed with brain and other CNS tumors resulting in the average annual 

death of 16,606 people (Low et al., 2022). More than half of adult brain tumors are diagnosed as 

glioblastoma (52.9%) and present with a 5-year survival rate of 6.8% (D. Lin et al., 2021). The 

second most common is astrocytoma (28%), which can vary in mortality statistics based on the 

patient’s tumor histological grade, where the 5-year survival rate for diffuse astrocytoma (grade 2) 

was estimated to be 86% and anaplastic astrocytoma (grade 3 and 4) was 45% (Cho et al., 2021). 

Oligodendroglioma account for 9.3% of adult brain tumor cases and patients have a 5-year survival 

rate of 74.1%.  The highest incidence of brain cancer has been found in non-Hispanic white males 

younger than 20 years or older than 80 years (D. Lin et al., 2021). The mortality rate for men is 

1.58 times more likely than for women. This stark difference in mortality rates between men and 

women suggested to researchers that sex chromosomal differences could predispose men to 

developing brain cancer.  
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Molecular profiling of adult glioma and treatment strategies  

The improved availability of whole exome sequencing allowed researchers to identify 

genetic mutations that drive glioma pathogenesis. In 2008, Parson et al analyzed the genomes of 

22 glioblastoma samples with the intention to discover genetic alterations that occurred during 

tumor progression (Parsons et al., 2008). They uncovered a subset of secondary glioblastoma 

patients that had better overall survival and whose tumors contained a somatic heterozygous point 

mutation in a gene encoding isocitrate dehydrogenase 1 (IDH1). The most frequent genetic lesions 

occurred within the active site of the IDH1 enzyme leading to an amino acid substitution of 

arginine for histidine at residue 132 of the protein (R132H). The following year, this observation 

was validated in a larger cohort of glioma patients where 142 tumors were shown to have this 

characteristic IDH1-R132H mutation (Yan et al., 2009). DNA was extracted from a variety of 

primary tumors obtained from the tissue bank at Duke University’s Preston Robert Tisch Brain 

Center. To determine the mutational status, exon 4 for IDH1 and IDH2 genes were amplified using 

polymerase chain reaction (PCR) assay and subjected to next-generation sequencing. Pediatric low 

grade gliomas like ependymoma, medulloblastoma, and subependymal giant-cell astrocytoma 

were wildtype for both IDH1 and IDH2 (Yan et al., 2009).  Non-canonical mutations were 

observed in IDH1, which included R132C, R132L, R132S and R132G. (Yan et al., 2009). 

Meanwhile, IDH2 somatic mutations were less frequent and were revealed to express either 

R172G, R172M, or R172K (Yan et al., 2009).  

IDH-mutant gliomas account for roughly 80% of adult low grade glioma (Bai et al., 2016). 

These tumors can be diagnosed as either astrocytoma, oligodendroglioma, or secondary 

glioblastoma (newly referred to as grade 4 IDH-mutant astrocytoma) based on histological features 

(Table 1.1) (Ceccarelli et al., 2016). The integration of molecular profiling revealed recurrent 
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mutations in astrocytoma (ATRX loss and TP53 mutation) and oligodendroglioma (1p19q 

codeletion and TERT promoter mutation). The presence of a homozygous deletion in cyclin-

dependent kinase inhibitor 2A/B (CDKN2A/B) is associated with shorter overall survival and is 

now classified as a frequent mutation in WHO grade 4 IDH-mutant astrocytoma (Reinhardt et al., 

2018). The changes made to the WHO 2021 classification of CNS tumor emphasized the apparent 

need to reevaluate tumor grading. Two specific aspects were the simplicity of the tumor grading 

criteria from roman numerals to Arabic numbering and grading within tumor types instead across 

different molecular groups. In addition, the removal of “anaplastic” as a signifier for grade 3, which 

defined the presence of mitotic proliferation, necrosis and microvascular proliferation within the 

tumor biopsy.   

IDH-mutant tumors are slow growing, but highly infiltrative and arise predominantly 

within the frontal lobe.  Meanwhile IDH-wildtype tumors were shown to occupy the parietal lobe 

and to some extent the temporal lobe (Arita et al., 2018). Patients harboring mutations in either 

IDH1 or IDH2 have a favorable prognosis as compared with high-grade IDH-wildtype 

glioblastoma. The core pathways found to be deregulated in IDH-wildtype glioblastoma appear to 

occur as a result of widespread chromosomal changes (Table 1.1). This included amplification of 

tyrosine kinase receptors: EGFR, PDGFRA and MET, and inactivating mutations in cell cycle 

regulators: TP53, CDKN2A/B, RB1 and PTEN (Brennan et al., 2013; Zhang et al., 2020). 

The recent WHO CNS 2021 update identified an epilepsy-associated brain tumor subtype 

called isomorphic diffuse glioma (IDG), which was IDH-wildtype and considered a benign grade 

2 tumor (Table 1.1) (Wefers et al., 2020). Copy number analyses of IDG tumors revealed 

alterations in the myeloblastosis (MYB) transcription factor family: MYBL1 (54%) or MYB 

(23%). In most cases there appeared to be focal gains of MYBL1 or complex rearrangements 
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leading to gene fusions that disrupted the intergenic sites of the MYBL1 locus ultimately 

disrupting the negative regulatory C-myb domain (Wefers et al., 2020). The only recurring gene 

fusion was MYBL1-MMP16, but additional gene partners were identified: -RAD51B, -MAML2, -

ZFHX4, and -TOX (Wefers et al., 2020). The presence of breakpoints within the MYB resulted in 

the following gene fusions: MYB-HMG20A and MYB-PCDHGA1 that truncated the C-myb domain 

and ultimately leading to an overexpression of MYB. DNA methylation data from IDG determined 

that this group formed its own distinct cluster, but most closely resembled angiocentric glioma, 

which were shown to express MYB-QKI gene fusions (Bandopadhayay et al., 2016). 

MYBL1/MYB-altered gliomas occurred in patients ranging from 4-50 years of age with a median 

of 32 years (Wefers et al., 2020). Due to the relatively low incidence rate, clinical recognition by 

histology alone will not be sufficient and molecular testing will be required to distinguish these 

patients from other gliomas.  

The European Association of Neuro-Oncology (EANO) is a taskforce that provides 

guidelines for the diagnosis, treatment and follow-up of adult patients with diffuse glioma based 

on the latest clinical trials (Table 1.1) (M. Weller et al., 2021). WHO grade 2 IDH-mutant 

astrocytoma initially undergo maximal surgical resection followed by the watch-and-wait strategy 

for patients that are considered low-risk (patients under the age of 40yrs and whose tumors can be 

entirely resected based on their MRI scans). These patients will still need be monitored for the 

formation of additional lesions. Meanwhile, those patients considered to be high-risk (over 40 yrs 

and who have residual disease left after surgery) will receive both RT and chemotherapy.  Since 

these patients tend to be younger in age and receive treatment in the form of ionizing radiation 

(IR) in combination with the administration of the DNA-alkylating agent temozolomide (TMZ) 

upon recurrence. The standard-of-care for IDH-mutant grade 3 astrocytoma is IR followed by 
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maintenance TMZ, but limited improvement has been observed with many patients eventually 

relapsing. Results from the RTOG trial report demonstrated an improved survival upon tumor 

recurrence with the addition of polychemotherapy (procarbozine, CCNU, and vincristine: PCV) to 

IR. Patients diagnosed with IDH-mutant grade 4 astrocytoma are initially treated with IR + TMZ. 

If the tumor recurs, the patients undergo IR + PCV or bevacizumab (VEGF inhibitor). For IDH-

mutant oligodendroglioma grade 2 patients, surgery and monitoring is standard for low-risk 

oligodendrogliomas, which have the best prognosis of all adult glioma. However, if the patient has 

high-risk characteristics they will undergo IR + PCV. Meanwhile, IDH-mutant oligodendroglioma 

grade 3 patients are treated with IR + PCV initially, and both grade 2 and 3 oligodendroglioma 

patients receive TMZ upon recurrence.  For glioblastoma (GBM) patients, the expression of the 

enzyme methylguanine DNA methyltransferase (MGMT) impacts the efficacy of TMZ treatment 

(Hegi et al., 2005). GBM are typically treated with both IR + TMZ, unless molecular testing of 

surgical biopsies has been performed for the MGMT methylation status prior to treatment. It is 

believed that TMZ will be more efficacious in tumors where MGMT is methylated.  If the DNA 

methylation status of the MGMT locus is known: GBM patient with MGMT unmethylated are 

recommended to receive IR or if MGMT is methylated the patients are recommended to receive 

TMZ + IR. With tumor recurrence, GBM can be treated in a variety of manners: palliative care, 

re-irradiation, surgical resection, bevacizumab, or next-line alkylating chemotherapy.  

 

Temozolomide induces hypermutation and acceleration of glioma progression  

Since 2005, TMZ has been the first-line chemotherapeutic agent approved by the FDA for 

the treatment of recurrent glioblastoma and anaplastic astrocytoma in combination with 
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Table 1.1 World Health Organization (WHO) classification of adult diffuse glioma and EANO guidelines for treatment 

 
 

Histological 
Tumor Type 

 
 

Age at Time 
of Diagnosis 

 

WHO 
2016 

Grading 

 

WHO 
2021 

Grading 

 
 

Molecular Markers 

 

DNA 
Methylation 

Signature 
 

 
 

Current Therapies  

 
 
 
 

Astrocytoma 

 
Adult  

 
 

II 

 
 

2 
 

IDH1 or IDH2, ATRX, TP53 
 

G-CIMP high 

 

At Diagnosis: low risk ( surgical resection (SR) and 
monitoring (M)) or high risk (IR + PCV) 

After Recurrence: Radiation (IR) and Temozolomide 
(TMZ) 

 
Adult 

 
III 

 
3 

 
IDH1 or IDH2, ATRX, TP53 

 
G-CIMP high 

At Diagnosis: SR, IR + TMZ 
  After Recurrence: IR + PCV  

(Procarbozine, CCNU, and vincristine) 
 
 

Adult 
 

 
IV 

 

 
4 

 

IDH1 or IDH2, ATRX or 
TERT promoter, TP53, 

CDKN2A/B, CDK4 

G-CIMP high 
or 

G-CIMP low 

 
At Diagnosis: SR, IR + TMZ 

After Recurrence: repeat IR + PCV or bevacizumab   

 
 
 

Oligodendroglioma 

 
Adult 

 
II 

 
2 

IDH1 or IDH2, 1p19q 
codeletion, TERT promoter, 

CIC, FUBP1, NOTCH1 

 
G-CIMP high 

 

At Diagnosis: low risk (SR and M) or high risk (IR + PCV) 
  After Recurrence: TMZ 

 
 

Adult 
 

III 
 
3 

IDH1 or IDH2, 1p19q 
codeletion, TERT promoter, 

CIC, FUBP1, NOTCH1 

 
G-CIMP high 

 

At Diagnosis: SR, IR + PCV 
  After Recurrence: TMZ 

 
 
 

Glioblastoma 

 

 
 

Adult 

 
 

 
 

IV 

 

 
 

4 

 
 

PDGFRA, EGFR, MET, 
TP53, PTEN, RB1, TERT 

promoter 

 
 
 

G-CIMP low 

At Diagnosis: TMZ +IR 
 Molecular testing: MGMT unmethylated (IR) or  

MGMT is methylated (TMZ +IR) 
  After Recurrence: Palliative care, re-irradiation, surgical 

resection, bevacizumab, or next-line alkylating chemotherapy 
Isomorphic Diffuse 

Glioma 
Pediatric and 

Adult 

 
 

 

II 
 

2 MYBL1 or MYB 
gene fusions 

 

G-CIMP low 
 

At Diagnosis: SR + M 
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surgery and radiation (Stupp et al., 2005). This DNA alkylating agent has been the primary 

standard-of-care for many years due to its lipophilic properties allowing it to cross the blood brain 

barrier (BBB) and ease of administration due to its oral bioavailability (Baker et al., 1999). TMZ 

is converted to its active form methyldiazonium cation, which methylates DNA nucleotides 

specifically at guanine residues creating O6-methylguanine (O6-MG) (Denny et al., 1994). This 

indirectly leads to DNA damage by the formation of mutagenic DNA adducts, where O6-MG is 

mispaired with thymine as opposed to cytosine during the next cycle of DNA replication. 

Normally, these lesions can be fixed effectively by the base excision repair (BER) pathway, 

which is rarely inactivated in GBM (Hombach-Klonisch et al., 2018). However, the expression of 

the MGMT enzyme can directly repair these DNA lesions and neutralize TMZ-induced 

cytotoxicity (Zhang et al., 2012). Hirose et al. demonstrated that these persistent DNA mismatches 

result in a cytostatic effect, where the majority of glioma cells arrested at the G2/M phase (Hirose 

et al., 2001). Unexpectedly, few cells underwent apoptosis instead the majority entered senescence 

becoming polyploid with an eight nuclei (8n) phenotype (Hirose et al., 2001).   

In the clinical setting, the methylation status of the MGMT promoter has become a 

prognostic factor for determining if a patient’s tumor will be sensitive to TMZ therapy.  High 

expression of MGMT mRNA has been linked to TMZ resistance whereas suppression of MGMT 

transcription by the presence of DNA methylation at CpG islands upstream of the MGMT 

promoter has been associated with improved TMZ chemotherapeutic response (Kitange et al., 

2009). The median overall survival of patients whose tumors were methylated at the MGMT 

promoter was roughly 22 months compared to 13 months for patients where the MGMT promoter 

was unmethylated (Hegi et al., 2005). SongTao et al examined the relationship between MGMT 

promoter methylation and IDH-mutational status and found that secondary IDH-mutant 
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glioblastoma with MGMT methylated promoters had improved survival and decreased progression 

in response to TMZ (SongTao et al., 2012). Interestingly, 40-55% of IDH-wildtype tumors were 

MGMT methylated compared to 90-100% of IDH-mutant tumors (Molinaro et al., 2019). These 

findings support the molecular testing of the MGMT promoter methylation in clinical practice for 

elderly patients >65 years diagnosed with IDH-wildtype glioblastoma (Baumert et al., 2016). 

Nonetheless, Oldrini et al identified a discordance between promoter methylation and 

protein expression of MGMT in a subset of glioma patients that presented with tumor recurrence 

(Oldrini et al., 2020). The recurrent gliomas carried MGMT genomic rearrangements that replaced 

the regulatory promoter region of MGMT with a new gene’s promoter leading to an 

overexpression of MGMT (Oldrini et al., 2020). The genomic regions where the breakpoint in 

MGMT occurred was consistent across tumors located at the boundary of exon 2 just upstream of 

the MGMT start codon (Oldrini et al., 2020). All the gene fusions occurred in-frame preserving 

the conserved domains of MGMT. Interestingly, the authors showed that physicians could monitor 

for these genetic alterations by analyzing MGMT mRNA present in circulating tumor cells from 

peripheral blood or from tumor-derived extracellular vesicles such as exosomes.  

Despite the clinically meaningful progress made by the discovery of TMZ, this therapy 

unfortunately has been shown to contribute to malignant transformation in a subsets of adult 

glioma patients. A hypermutation phenotype has been directly linked to TMZ-induced 

mutagenesis which promotes tumor recurrence and ultimately these patients’ tumors become 

refractory to available treatments. Johnson et al. profiled the exomes of 23 paired primary IDH-

mutant gliomas and the recurrent tumors resected post-TMZ treatment (Johnson et al., 2014).  The 

authors explored the mutational differences between the initial biopsy and the recurrent tumor to 

better understand the driver mutations and intratumoral clonality that influenced the tumor’s 
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reemergence (Johnson et al., 2014). Six patients presented with hypermutated (HM) recurrent 

tumors that were distantly related to the primary tumor acquiring thousands of de novo somatic 

mutations across the genome (Johnson et al., 2014). It’s noteworthy that some patients displayed 

subclonal divergence with each subsequential recurrence possessing a different mutational profile. 

The majority of these TMZ-induced mutations occurred within the Akt-mTOR signaling pathway 

including genetic mutations like PIK3CAE542K, PTENA121T,G165R, and MTORS2215F (Johnson et al., 

2014). This notion that TMZ might be exerting selective pressure on the evolutionary trajectory of 

the relapsed tumor, which was also explored in a cohort of IDH-wildtype glioma (Korber et al., 

2019).  Körber et al. demonstrated that only 11% of mutations were shared between the primary 

to recurrent IDH-wildtype tumors and were frequently found in PTEN, CDKN2A/B, and EGFR. 

Interestingly a third of patients exhibited clonal TERT promoter mutations, which the authors 

speculated could be a prerequisite to the rapid regrowth of the tumor (Korber et al., 2019). The 

authors inferred from a phylogenetic analysis that 72% of recurrent tumors originated from more 

than one clone existing within the primary tumor.  

The progression of low grade IDH-mutant gliomas to high-grade as a result of TMZ 

monotherapy induced hypermutation was observed in 57% of recurrent LGGs treated at USCF 

(Yu et al., 2021). The authors defined the presence of hypermutation within the tumor by a 

mutational burden that exceeded 10 mutations per megabase (Mut/Mb). Upon reoperation, HM 

IDH-mutant gliomas presented with disseminated disease that spread to ependymal and 

leptomeningeal regions of the brain and spinal cord. Controversial findings by Weller et al. 

demonstrated that IDH-mutant glioma patients treated with TMZ monotherapy had shorter 

progression free survival (PFS) rates compared to those that received radiation alone (3.4 vs. 6.2 

years) (Weller et al., 2022). Likewise, the NOA-04 randomized phase 3 trial that investigated 
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radiation vs. chemotherapy alone or in combination with either PCV or TMZ had found that 

patients treated with TMZ had a shorter time to treatment failure and reduced overall survival 

(Wick et al., 2016). Nevertheless, these were observational studies of patient survival and we must 

acknowledge that patients treated with TMZ tend to be older and present with larger tumors, which 

could also contribute to the worse survival observed.  

In tumors that lack MGMT expression, the O6-MG lesions recruit proteins involved in the 

mismatch repair (MMR) pathway, which attempt to repair the DNA but instead induce mutations 

by a G:C > A:T nucleotide substitution genetic signature (Cahill et al., 2007). The MutS homolog 

2 (MSH2) and MSH6 recognize the O6-MG:T mispaired nucleotides and the endonuclease PMS1 

homolog 2 (PMS2) nicks the DNA allowing for the removal of the lesion, which is stabilized by 

MutL homolog 1 (MLH1) (Acharya et al., 1996; Li & Modrich, 1995). In GBM, MSH6 mutations 

lead to TMZ resistance (McCord et al., 2020). A newly classified subgroup of IDH-mutant gliomas 

were found to be inherently TMZ-resistant due to germline or acquired mutations in the MMR 

pathway. Suwala et al. defined this subclass as Primary Mismatch Repair Deficient IDH-mutant 

Astrocytoma (PMMRDIA), where the authors found hereditary inactivating stop-gain or 

frameshift mutations in MLH1, MSH2, and MSH6 (Suwala et al., 2021). These patients were 

diagnosed at a young age (median of 14 years) and presented with the worse median survival 

observed in IDH-mutant glioma of only 15 months (Suwala et al., 2021). The major genetic 

differences between the PMMRDIA group and high-grade supratentorial IDH-mutant astrocytoma 

was the frequency of RB1 mutations (23.5% compared to 4.6% respectively) (Suwala et al., 2021). 
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1 

Figure 1.1 Role of ATRX in normal telomere maintenance and the process of Alternative Lengthening of Telomeres 
(ALT) where ATRX expression is lost by frameshift mutations present in glioma 

During normal telomere maintenance, ATRX recognizes repressive histone mark H3K9me3 and H3K4me0 which are found near 
the end of telomeres. Then ATRX recruits the histone H3 variant (H3.3) chaperone protein DAXX, which incorporates H3.3 onto 
naked DNA. Based on co-immunoprecipitation studies, Daxx enlists the H3K9 methyltransferase Suv29H1 to deposit 
methylation marks on the newly incorporated H3.3 histones to maintain the heterochromatin state of the telomeres following 
mitosis. The degree of chromatin compaction, prevents the expression of  the long noncoding transcript of telomeric repeat-
containing RNAs (TERRA) . The T-loop is stabilized by the components of the shelterin complex (TRF1,TRF2, POT1, TPP1, 
RAP1, and TIN2), which protects the telomere ends from activating the DNA damage response pathways. Alternative 
Lengthening of Telomeres (ALT) pathway occurs independently of telomerase activity instead relies upon homology directed 
recombination to facilitate telomere extension. Predominantly IDH-mutant gliomas display mutations in ATRX but there are 
cases in IDH-wildtype glioblastoma, which lead to a loss of ATRX protein expression. DAXX cannot form a stable 
heterocomplex with ATRX in its absence, thus reduced chromatin compaction allows for transcription of TERRA. TERRA forms 
RNA-DNA hybrid (R-loop) and the opposing DNA strand forms a guanosine-quadruplex (G4). The R loop interferes with 
normal replication prompting Rad51 dependent strand invasion to the neighboring sister chromatid. The activation of HDR is 
stabilized by the NuRD-ZNF287 complex, which anchors the sister chromatids together throughout the exchange.   

 

 
1 This figure was originally published in: Haase S, Garcia-Fabiani MB, Carney S, Altshuler D, Núñez FJ, Méndez 
FM, Núñez F, Lowenstein PR, Castro MG. Mutant ATRX: uncovering a new therapeutic target for glioma. Expert 
Opin Ther Targets. 2018 Jul;22(7):599-613. doi: 10.1080/14728222.2018.1487953. 
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Alterations in Telomere Maintenance Genes  

Inactivating mutations in the chromatin remodeler Alpha-Thalassemia/Mental Retardation, X-

linked (ATRX) are prevalent in adult astrocytoma and are known to co-occur with IDH-mutations 

(Ohba et al., 2020). It is known that loss of ATRX is necessary to trigger alternative lengthening 

of the telomeres (ALT), a homologous recombination-dependent mechanism that allows tumors 

cells to extend their telomeres independently of telomerase reverse transcriptase (TERT) 

expression (Fig. 1.1) (Amorim et al., 2016). This mechanism ensures the maintenance of genomic 

stability allowing cancer cells to divide indefinitely, which contributes to cancer progression 

(Haase et al., 2018). ATRX functions in a complex with DAXX, which incorporates histone 

variant H3.3 into heterochromatin (Fan et al., 2019). In the context of brain development, the 

inactivation of ATRX in embryonic forebrain of mice lead to an increase generation of neural 

progenitors and migration of early-born neurons (Ritchie et al., 2014). In the absence of ATRX, 

NPCs displayed premature differentiation, which was attributed to the enhanced asymmetric 

division of neural progenitor along the subventricular zone (Ritchie et al., 2014). Only when p53 

was also lost, could the mitotic defects of ATRX inactivation be rescued (Seah et al., 2008). 

 

Loss of ATRX influences astrocytic lineage and motility  

New findings have shown that ATRX also functions as an epigenetic regulator.  For this 

reason, it was hypothesized that ATRX induces oncogenic pathways through the loss of 

transcriptional repression of distinct gene regions. Danussi et al investigated the role of ATRX to 

induce tumorigenesis in neural precursor cells (NPCs) (Danussi et al., 2018). The authors 

incorporated the genetic lesions found in astrocytoma into murine neural precursor cells (NPCs). 

They compared the epigenomic landscape of ATRX+ (wildtype) and ATRX- (knock out) NPCs in 
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a p53 null mouse background. ATRX was demonstrated to bind to specific transcriptionally active 

regions in order to alter gene expression in a cell-dependent manner (Danussi et al., 2018). In 

NPCs, loss of ATRX transcriptionally alters the differentiation profile favoring an astrocytic 

lineage over neuronal and oligodendrocyte fate, which correlates with the frequency of ATRX 

inactivating mutations in astrocytoma (Danussi et al., 2018). ATRX loss in NPCs is also correlated 

with an increased expression of genes involved in cell motility and migratory phenotype in ATRX- 

NPCs (Danussi et al., 2018). The authors observed that most of the differentially expressed genes 

on ATRX- NPCs were correlated with genomic loci were ATRX was bound in ATRX+ cells. 

Altogether, these results demonstrate that ATRX loss not only enhances genomic stability through 

ALT, but also exerts epigenetic changes that impact neural fate commitment.  

 

Somatic mutations in Capicua Transcriptional Repressor (CIC) drive a bias towards 

oligodendrocyte precursor cell (OPC) lineage in oligodendroglioma 

The major biomarker of oligodendroglioma (ODG) is the partial chromosomal loss of the 

short arm of chromosome 1 (1p) and the long arm of chromosome 19 (19q), which is referred to 

as 1p/19q co-deletion (Wesseling & Capper, 2018). Recent explorations into the functional basis 

for this translocation have concentrated on the genes that reside near the breakpoint. The idea being 

that this loss of heterozygosity (LOH) would expose putative tumor suppressor genes that 

influence ODG pathogenesis. Genomic profiling of 34 anaplastic ODGs identified that 53% 

(18/34) had inactivating mutations in the transcriptional repressor Capicua Transcriptional 

Repressor (CIC). Missense mutations were predominately found within the high motility group 

(HMG) domain of CIC, which is responsible for DNA binding (Bettegowda et al., 2011). Despite 

oligodendrogliomas having a better prognosis, CIC mutated ODGs define an aggressive subset 
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with a shorter time to contrast enhancement and mean tumor growth based on MRI scans (Gleize 

et al., 2015).A patient-derived xenograft (PDX) model of an anaplastic ODG expressing CIC was 

highly invasive, infiltrating into the hippocampus and white matter tracts of the corpus callosum 

when implanted in mice (Klink et al., 2013).  

In order to analyze the role of CIC in neural lineage specification, Yang et al. generated a 

CIC knockout (Cic-/-) mouse model (Yang et al., 2017). Upon inspection of brains from Cic null 

mice, the authors observed an aberrant hyperproliferation of a GFAP-expressing population near 

the SVZ and Olig2-expressing population in the lateral septal nucleus (LSD) (Yang et al., 2017).. 

These findings indicated an abnormal expansion of an oligodendrocyte precursor cell (OPC) 

population, potentially providing a link between CIC inactivation and oligodendrocyte 

differentiation. Cic-/- NSC were able to grow in vitro independent of EGF signaling and under 

mild hypoxic conditions, while Cic+/+ NSC were not able to survive, indicating that CIC loss 

confers a proliferative advantage (Yang et al., 2017).. Transcriptome analysis of differentially 

expressed genes between Cic-/- and Cic+/+ NSCs, revealed that Cic-/- NSCs were unable to 

progress towards mature oligodendrocytes, but instead remained locked in an OPC-like stem cell 

niche (Yang et al., 2017).  This bias towards an oligodendroglial lineage has been recapitulated by 

others using conditional Cic knockout murine models (Ahmad et al., 2019). In normal brain, there 

is a weak nuclear localization of Cic in NSCs and OPCs in contrast to high expression in 

differentiated neurons and mature oligodendrocytes  (Ahmad et al., 2019). Within the postnatal 

cortex of Cic null mice, there was an expansion of GFAP+ cells and Olig2+Pdgfra+ OPCs. 

Neurospheres generated from embryonic day 13 (E13) Cic-floxed embryos and transfected with 

Cre, displayed higher self-renewal and underwent symmetrical cell division in vitro  (Ahmad et 

al., 2019). The authors sought to identify the downstream mediators involved in the glial bias 
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following Cic loss. With this in mind, the authors focused on a Ets-domain transcription factor, 

Etv5 which was a known Cic target and overexpressed in ODGs (Ahmad et al., 2019). The 

overexpression of a dominant-negative form of Etv5 (DNETV) in two primary ODG cultures 

BT54 and BT88 pushed them towards a mature oligodendrocyte state (Ahmad et al., 2019). 

Collectively, this data suggests that Cic loss derepresses Ets factors that switch neural fate towards 

a OPC lineage.  

In accordance with CIC’s function as a transcriptional repressor acting downstream of 

RTK/MAPK signaling, Weissmann et al. explored how CIC mediates changes to chromatin 

regulation (Weissmann et al., 2018). The authors demonstrated under basal conditions, CIC binds 

gene promoter regions and distal enhancers enriched for TSAATGR sequences to regulate 

proliferation. In support of findings from Yang et al, many of these genes have been implicated in 

MAPK signaling, which is frequently disrupted in many cancers. From affinity purification 

experiments, it was determined that CIC interacts with histone deacetylating complex SIN3 and 

HDAC1/2 to remove acetylation marks at gene regions involved in MAPK signaling and specific 

transcription factors (Weissmann et al., 2018). In a human fetal NSC line G144, ablation of CIC 

lead to increase histone acetylation at gene regions that encode ID1, CCND1, and SHC3, which 

have been directly implicated in neural stem cell identity and cell cycle regulation (Weissmann et 

al., 2018). The CIC feedback mechanism likely prevents the overactivity of the MAPK signaling 

in normal cells (Weissmann et al., 2018). CIC-mutated oligodendroglioma do not respond to MEK 

inhibition, thus allowing these cells to grow in growth signal depleted conditions. 
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Epigenetic reprogramming mediated by the oncometabolite 2-hydroglutarate (2HG) 

Isocitrate dehydrogenase enzymes, of which there exist three isoforms are essential in the 

metabolic process of the Kreb cycle to perform the decarboxylation of isocitrate to α-ketoglutarate. 

IDH1 is located in the cytoplasm and peroxisomes, whereas IDH2 and IDH3 are present in the 

mitochondrial matrix. The catalytic activity of IDH enzymes requires the reduction of 

nicotinamide adenine dinucleotide phosphate (NADP+) as a cofactor. Parson et al. demonstrated 

that mutant IDH1 (mIDH1) lost its normal enzymatic activity to convert isocitrate to α-

ketoglutarate (α-KG). Ensuing work by Dang et al. explored the impact of mIDH1 on cellular 

metabolism by profiling metabolites extracted from two glioblastoma cell lines U87MG and LN-

18 transfected to express mIDH1 (Dang et al., 2009). The authors demonstrated that mIDH1 results 

in a new ability of the enzyme to reduce α-KG to 2-hydroxyglutarate (2HG). This challenged the 

notion that the R132H mutation lead to a loss-of-function, conversely resulted in a neomorphic 

gain-of-function through the generation of 2HG, a cancer-associated metabolite or oncometabolite.  

There are nuclear enzymes that rely upon the availability of α-KG to facilitate their 

biological function called α-KG dependent dioxygenases. These include the JmjC domain family 

of histone demethylases (KDM), which remove methyl marks on histones and the TET family of 

5-methylcytosine (5mC) hydroxylases that facilitates the removal of methyl groups on DNA 

nucleotides specifically at CpG islands found at promoters and enhancers (Fig. 1.2) (Lu et al., 

2012; Xu et al., 2011).  

In order to address the underlying mechanism of 2HG, Xu et al. proposed that 2HG acted 
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Figure 1.2 Alterations in the metabolism of normal neural stem cells (wildtype IDH1) by acquired mutant IDH1-R132H 
expression impacts neural lineage by inducing a histone and DNA hypermethylation phenotype in mIDH1 glioma cells 
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as a competitive inhibitor to α-KG based on their similarity in chemical structure (Xu et al., 2011). 

The authors exposed a C. elegan histone demethylase (CeKDM7A) to 2HG and examined its 

ability to remove synthetic methylated H3K9 and H3K27 peptides. At a concentration of 100mM, 

2HG completely inhibited the ability of CeKDM7A to remove dimethyl marks on the synthetic 

histone peptides.  Remarkably, 2HG binds within the catalytic core of the CeKDM7A in the same 

orientation as α-KG, which provided crucial evidence to support its role as an antagonist to α-KG. 

Also, U87MG cells transiently transfected with mIDH1 displayed elevated histone methylation at 

active regions marked by H3K4me3 and H3K79me2 as well as repressed regions marked by 

H3K9me2 and H3K27me3. 

mIDH1 establishes DNA hypermethylation, a CpG island methylator phenotype (CIMP) 

Although these findings paved the way to elucidate the association between mIDH1 

expression and the hypermethylation phenotype, these approaches lacked a dynamic grasp of the 

global chromatin changes. Several researchers have focused solely on the magnitude of mIDH1  

induced hypermethylation instead of visualizing it as a coordinated reorganization targeting 

specific loci. Turcan et al. sought to address whether the distinct CpG island methylator phenotype 

(CIMP) observed in LGG can be rendered solely by the introduction of IDH1 mutation. The 

authors transfected immortalized human astrocytes (IHAs) with mIDH1 or wildtype IDH1 (Turcan 

et al., 2012). Thus producing isogenic lines, where the genomic sequence is the same except for 

the expression of mIDH1. De novo DNA methylation requires extended periods of time to 

transpire and retain the epigenomic changes in the context of an in vitro model (Ohm et al., 2007). 

Analysis of the methylome was performed over several passages to allow time for reshaping of 

the chromatin by mIDH1. The authors identified 30,988 sites differentially methylated in mIDH1 

expressing astrocytes, of which 3,141 corresponded to unique promoter regions (Turcan et al., 
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2012). These regions were confirmed to originally possess low levels of methylation in the parental 

line but had subsequently acquired hypermethylation.  Additionally, the enrichment of polycomb 

complex 2 (PRC2) at these targeted loci; which normally associates with repress chromatin regions 

to deposit H3K27me3, supported the claim that mIDH1 is sufficient to reshape the global 

methylation landscape  (Turcan et al., 2012). The upregulation of a neural stem cell marker Nestin 

after passage 12 in the mIDH1 expressing astrocytes suggested that mIDH1 reverts the 

differentiated astrocytes to a neural precursor state. 

A shared feature across IDH1/2 mutant cancers showed a high propensity of DNA 

hypermethylated regions at gene bodies and enhancers, while surprisingly the majority of gene 

promoters remained hypomethylated (Unruh et al., 2019). Although this finding might imply a 

universal effect of the IDH-mutation, another study revealed distinct methylome patterns when 

comparing IDH-mutant tumors to IDH-wildtype tissue matched counterparts. The authors found 

that 19% of CpG sites were exclusively hypermethylated in IDH-mutant glioma compared to 3% 

in IDH-mutant AML, 2% in melanoma, and 4% in cholangiocarcinoma (Bledea et al., 2019). CpG 

methylation can impact nearby genes altering their expression, thus these differentially methylated 

regions across IDH-mutant cancers may be dependent upon the cellular origin of the cancer. IDH-

mutant gliomas displayed the greatest number of biological pathway alterations compared with the 

other tumor types, specifically the downregulation of tissue development and an upregulation of a 

subset of DNA repair pathways (Bledea et al., 2019).  

The prominent role of mIDH1 in tumor initiation may be distinct from its function in tumor 

recurrence. Mazor et al. reported on six cases of copy number alterations (CNA) at the IDH1 

endogenous locus following tumor recurrence (Mazor et al., 2017). These tumors were originally 

IDH1 mutant but acquired a deletion or an amplification of IDH1 during clonal expansion. As 
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mentioned prior IDH1 mutations are exclusively heterozygous due to the fact that the production 

of α-KG by wildtype IDH1 is required for mIDH1 facilitate the conversion of the substrate to 2HG 

(Luo et al., 2021). Longitudinal assessment of the levels of 2HG by NMR from snap-frozen 

samples and exome sequencing revealed that either the abundance of mIDH1 or the selection 

against by loss of heterozygosity promotes lower 2HG levels (Mazor et al., 2017).  A related 

observation was also seen, where in a xenograft isolated from a secondary GBM had retained a 

mutation in IDH1 but overtime loss the expression during serial transplantation (Mazor et al., 

2017). Although the majority of CIMP regions remained repressed, another subset of gene regions 

had become hypomethylated in the CNA tumor samples (Mazor et al., 2017). This finding suggests 

a novel area of therapeutic implications to delve into regions that become hypomethylated during 

malignant transformation.  

This shift in DNA methylation occurring in a subset of regulatory regions was also 

investigated by de Souza et al. (de Souza et al., 2018).  The authors performed an immense 

longitudinal analysis of diffuse gliomas from 77 patients to report on the epigenomic changes 

occurring as IDH1 mutant tumors typically defined by CIMP high became an aggressive CIMP 

low subtype (de Souza et al., 2018). The heterogeneity found within CIMP high primary tumors 

could indicate which patients are at risk of developing a malignant tumor earlier  (de Souza et al., 

2018). The appearance of CIMP low tumors occurred in 9.5% of all gliomas studied and their 

methylome profile resembled that of IDH1 wildtype glioblastoma (de Souza et al., 2018). 
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Insulator dysfunction from loss of CCCTC-binding factor (CTCF) occupancy drives 

oncogene activation in IDH-mutant glioma  

Chromatin is folded into distinct loops called topologically associated domains (TADs), 

which constrain the regulatory interactions between enhancers and promoters. It has been proposed 

that these structural scaffolds are established by the binding of CCCTC-binding factor (CTCF) and 

cohesions to regions of unmethylated DNA.  Flavahan et al. demonstrated that the  

increased DNA methylation by mIDH1 disrupts the insulation of topological domains leading to 

aberrant gene activation (Flavahan et al., 2016). The authors showed that exogenous mIDH1 

resulted in the loss of CTCF at the TAD boundary allowing the interaction between a constitutive 

enhancer with the promoter of a prominent glioma associated oncogene PDGFRA. Interestingly, 

treatment with the DNA methyltransferase inhibitor 5-azacytidine temporarily reduced DNA 

methylation at CTCF binding sites, restored TAD separation and caused the downregulation of 

PDGFRA (Flavahan et al., 2016). 

Modrek et al. designed an in vitro model of low grade astrocytoma by systematically 

replicating the sequence of acquired genetic aberrations in human neural stem cells (NSCs) 

generated from inducible pluripotent stem cells (Modrek et al., 2017). The generation of NSC that 

ectopically expressed mIDH1 initially, followed by short hairpin knockdown of TP53 (shp53) and 

lastly shAtrx demonstrated an impaired ability to differentiate into neuronal progenitors by the 

lack of Tuj1 expression  (Modrek et al., 2017). Hypermethylation of CTCF binding sites around 

the SOX2 locus blocked neural differentiation by diminishing the contacts within the regulatory 

loop (Modrek et al., 2017). The loss of CTCF occupancy destabilized the chromatin structure 

altering the chromatin state and ultimately arresting the NSCs within an undifferentiated state 

(Modrek et al., 2017). These findings support new evidence that chromatin conformation is a 
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critical step resulting in the absence of neural lineage markers being observed in IDH-mutant 

glioma. 

 

Reversibility of mIDH1 induced histone hypermethylation 

To date, our understanding of the reversibility of histone hypermethylation following loss 

of mIDH1 activity has been limited to immortalized human astrocytes (IHA) that expressed 

mIDH1 under a doxycycline (dox) inducible system (Turcan et al., 2018). Notably, IHA-

expressing mIDH1 displayed upregulation of stem-like genes: CD24 and PDGFRA, which was 

accompanied by a transient gain of H3K4me3 at these gene promoter regions suggesting that 

mIDH1 poises these genes for activation (Turcan et al., 2018). Following dox-withdrawal, 

methylation at most loci eventually returned to baseline levels either transiently (13.8%) or 

gradually (62.5%) across cell passages, but 23.7% of regions persisted after loss of mIDH1 (Turcan 

et al., 2018). These findings suggest that the epigenetic reprogramming mediated by mIDH1 is 

still not well understood, especially in regard to the contribution of mIDH1 regulation on genes 

involved in therapeutic resistance.  

 

Development, specificity and early assessment of mIDH1 inhibitors 

The epigenetic reprogramming mechanism facilitated by mIDH1 is dependent upon its 

production of 2HG, which notably our group and others have demonstrated can be reversed 

through treatment with mIDH1 specific inhibitors (Golub et al., 2019; Kadiyala et al., 2021; Núñez 

Felipe et al., 2019; Urban et al., 2017) (Figure 1.3). A multitude of mIDH1 and mIDH2 specific 

inhibitors have been developed over the last decade. These drugs vary in chemical structure, 

mutational specificity, their ability to cross the blood brain barrier, and mechanism of action 
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(Table 1.2) (Tian et al., 2022). The first selective IDH1 inhibitor AGI-5198 was demonstrated to 

block the production of 2HG by binding the active site of mIDH1. AGI-5198 was also shown to 

lower 2HG levels  in vivo in NSG mice implanted with a mIDH1 patient-derived xenograft TS603 

(Rohle et al., 2013). This inhibitor preferentially impaired the growth of TS603 human mIDH1 

xenografts, potentially through the induced neural differentiation. Rohle et al. observed an 

increased expression of mature oligodendrocyte (NG2, CNP) and astrocyte (GFAP, AQP4, 

ATP1A2) lineage markers measured by qPCR analysis of the isolated from TS603 xenografts 

implanted in NSG mice treated orally with 450mg/kg of AGI-5198 (Rohle et al., 2013). Although, 

AGI-5198 could lower the expression of a neural stem cell marker Nestin in TS603 cells, mIDH1 

inhibition was not shown to induce cell death (Rohle et al., 2013). 

IDH305 was the next mIDH1 inhibitor to be developed and the first to advance to Phase I 

assessment.  It showed promise for its ability to cross the BBB and targeting mIDH1 via an 

allosteric site (Cho et al., 2017). When administered to IDH-mutant patients, IDH305 was able to 

lower 2HG levels by 70% within the tumor after the first week of treatment (Andronesi et al., 

2018). The study exposed shifts in the metabolism of the mIDH1 tumors with an observed increase 

in glutathione and lactate within the tumor in post-treatment scans, suggesting that the tumors 

might become more aggressive. Andronesi et al. observed an increase in Fast fluid-attenuated 

inversion-recovery (FLAIR) tumor volume following IDH305 treatment potentially an indication 

of increased tumor growth (Andronesi et al., 2018).  

Currently the improved derivatives of AGI-5198: AG-120 and pan-IDH mutant inhibitor 

AG-881 have been approved by the FDA for the treatment of IDH-mutant cancers. AG-120 has 

shown great success in AML treatment and has advanced to Phase III (NCT03173248) in  
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Figure 1.3 Pharmacological inhibition of mIDH1 using AGI-5198 or DS-1001b have been shown to reverse histone 
hypermethylation through the reduction of 2HG and reactivation of histone demethylase (KDM).  
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Table 1.2 Development, preclinical evaluation, and clinical trials of pharmacological inhibitors targeting mutant IDH1 and IDH2 in solid tumors and hematologic 
malignances 

 
 

Compound 

 

Industry/ 
Institutional 

Sponsor 

 

 

Chemical 
Backbone Scaffold 

 

 

In Vitro 
IC50 

 

 

Mutational 
Specificity 

 

 

BBB 
Permeable 

 
 

Mechanism of Action 

 
 

Clinical Trials  

AGI-5198 Agios phenyl-glycine 70-
160nM 

IDH1R132H 

IDH1R132C High Binds to active site of mIDH1 as a 
competitive inhibitor to α-KG 

Not pursued due to metabolic 
clearance 

ML309 Agios phenyl-glycine 62-96nM IDH1R132H 

IDH1R132C None Binds to mIDH1 after it complexes 
with NADPH 

Not pursued due to low brain 
permeability 

IDH305 Novartis 3-pyrimidin-4-yl-
oxazolidin-2-one 18nM IDH1R132H High 

Binds to mIDH1 homodimer in a 
non-competitive manner leading to an 

“inactive” conformation 

NCT02381886: 
AML/MDS/Glioma/IHCC 

AG-120 Agios phenyl-glycine 3.5nM 

IDH1R132H 

IDH1R132C 

IDH1R132G 

IDH1R132S 

IDH1R132L 

Low 
Reversible, allosteric competitive 

inhibitor via Mg2+ cofactor binding 
site  

NCT02074839: AML/MDS 
NCT03173248: AML,     
AG-120 combined with 

azacitidine 

IDH2-C100 Agios pyridine-triazine 0.1-1μM IDH2R140Q 

IDH2R172K Unknown Not studied Not pursued, IDH2-C100 
was an analog for AG-221 

AG-221 Agios pyridine-triazine 22nM IDH2R140Q 

IDH2R172K None 

Non-competitive inhibitor leading to 
an “inactive” dimer conformation, 

better agianst IDH2R140Q than 
IDH2R172K 

NCT02632708: AML/MDS 
NCT02577406: AML 

AG-6780 Agios 
 

pyridine-triazine 
 

23-
170nM IDH2R140Q Unknown 

Binds to mIDH2 dimer interface at 
the Mg2+ allosteric site in a  

non-competitive inhibitor manner 

Not pursued, limited in vivo 
testing and lower binding 

stability when compared to 
AG-221 

AG-881 Agios pyridine-triazine 6nM 

IDH1R132H 

IDH1R132C 

IDH1R132G 

IDH1R132S 

IDH1R132L 

IDH2R140Q 

IDH2R172K 

High 
Pan-IDH1/2 inhibitor, non-

competitive inhibition leading to an 
“inactive” dimer conformation 

NCT03343197: LGG 
NCT02481154: Solid 

Tumors, including Glioma 
NCT02492737: AML/MDS 
NCT04164901: Recurrent 
Glioma Grade 2 (INDIGO) 
NCT05484622: Progressed 

mIDH1 Astrocytoma,      
AG-881 combined with 

Pembrolizumab (anti-PD-1) 

BAY1436032 Bayer benzimidazole 15nM 

IDH1R132H 

IDH1R132C 

IDH1R132G 

IDH1R132S 

IDH1R132L 

High Binds to allosteric pocket  
NCT03127735: AML 

NCT02746081: Advanced 
solid tumors (IHCC, Glioma) 
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Compound 

 

Industry/ 
Institutional 

Sponsor 

 

 

Chemical 
Backbone Scaffold 

 

 

In Vitro 
IC50 

 

 

Mutational 
Specificity 

 

 

BBB 
Permeable 

 
 

Mechanism of Action 

 
 

Clinical Trials  

DS-1001b Daiichi Sankyo isoxazole 8nM IDH1R132H 

IDH1R132C High Binds to allosteric pocket, reducing 
mIDH1’s affinity for α-KG 

NCT03030066: Glioma 
NCT04458272: Grade 2 

Glioma without Chemo/IR 

FT-2102 Forma 
Therapeutics  pyridinone  21-

114nM 
IDH1R132H 

IDH1R132C High Binds mIDH1 monomer, binding 
allosteric site at dimer interface 

NCT02719574:AML/MDS, 
FT-2102 alone or combined 

with azacitidine or cytarabine 
NCT03684811:Solid tumors 

(IHCC, Glioma) 

HMS-101 Dr. Heuser 
Germany 

piperazine and 
pyrrolidine rings  4-300μM 

IDH1R132H 

IDH1R132C 

IDH2R140Q 

IDH2R172K 

Unknown 

Binds an active site in close proxmity 
to the regulatory segment of the 

enzyme for binding NADPH, high 
affinity for mIDH1over mIDH2 

Preclinical for AML 

MRK-A Merck — 5-50nM IDH1R132H 

IDH1R132C High Unknown Preclinical for Glioma 

GSK321 GlaxoSmithKline aniline  4.6nM 
IDH1R132H 

IDH1R132C 

IDH1R132G 
Unknown Binds to allosteric pocket of 

homodimer in the presence of NADP+ 
Not pursued due to poor 

pharmacokinetic properties 

LY3410738 Eli Lilly enamine acrylamide 0.1-1nM 
IDH1R132H 

IDH1R132C 

IDH1D279N 
High 

Covalently binds to allosteric pocket 
to inactiviate mIDH1 enzyme 

(irreversible binding) 

NCT04521686: Glioma 
NCT04603001: 

AML/MDS/CMML/MPN 
Experimental Arm C: 

LY3410738, Venetoclax, and 
Azacitidine 
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combination with azacytidine, a DNA methyltransferase inhibitor. Despite AG-120 displaying 

superior pharmacokinetics to AGI-5198, it is susceptible to transport by the efflux pump p-

glycoprotein restricting its brain penetrance (Gottesman et al., 2016). Interestingly, Mellinghoff et 

al. demonstrated a reduction of 93% in the levels of 2HG present within the cerebral spinal fluid 

(CSF) of grade 2 and 3 IDH-mutant gliomas treated with AG-120 during the initial clinical 

reporting (Mellinghoff et al., 2020). 

Phase I/II clinical trial results explore the therapeutic potential of mutant IDH1-specific 

inhibitors in the treatment of recurrent IDH-mutant glioma 

LGGs that express IDH-mutations occur in younger patients, who suffer from 

neurocognitive issues due to the disease. The current treatment strategies for IDH-mutant glioma 

patients of maximal tumor resection followed by radiation and chemotherapy are not curative. 

Often these patients experience disease recurrence evident by the appearance of tumor contrast 

enhancement on T1-weighted MRI brain scans. The utility of mIDH1-specific inhibitors in clinic 

has relied on the notion that targeting this oncogene at an earlier stage of the disease prior to 

progression might perhaps delay malignant transformation. The primary objective of these phase 

I/II studies are to evaluate the safety and tolerability of mIDH1-specific inhibitors and to determine 

a maximal tolerated dose (MTD) or recommended phase II dose (RP2D) (Mellinghoff et al., 2020). 

While the secondary objectives are to evaluate the clinical activity as measured by objective 

response rate (ORR) and progression-free survival (PFS) (Mellinghoff et al., 2020). These 

responses are designated based on RANO criteria as complete response (CR), partial response 

(PR) or minor response (mR) (Mellinghoff et al., 2020). A reduction in tumor size is measured by 

the relative sum of the products of the diameter (SPD) from the on-treatment MRI scans compared 

to screening baseline from when the patients are enrolled in the trial (Mellinghoff et al., 2020). A 
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change in SPD with treatment can be classified as CR if there is an absence of detectable tumor, 

PR for ≥50% SPD change from baseline or mR for  ≥25% but ≤50% SPD change from baseline 

(Mellinghoff et al., 2020).   

A glioma cohort of 52 mIDH1 patients (22 with non-enhancing glioma and 30 with 

enhancing glioma), in which their tumors had recurred following standard therapy were treated 

with vorasidenib (AG-881, pan-mIDH1/2 inhibitor) once daily initially at 50mg escalated to 

300mg for 28-day cycles (Mellinghoff et al., 2020). Preliminary data from this study determined 

that administration of vorasidenib 50mg/day reduced intratumoral 2HG concentrations by >90%, 

suggesting an almost complete inhibition of the mIDH1 or mIDH2 enzymes. Dose limiting 

toxicities (DLT) were observed in patients receiving >100mg of vorasidenib, which was on the 

basis of elevated alanine and aspartate transaminases (Mellinghoff et al., 2020). The majority of 

non-enhancing glioma patients (16/22, 72.7%) and enhancing glioma patients (17/30, 56.7%) 

presented with stable disease, whose tumors showed reductions in SPD <25% with vorasidenib 

treatment and thus could not be qualified for mR (Mellinghoff et al., 2020). For non-enhancing 

glioma a ORR of 18% (1 PR, 3 mR) was observed and these patients had a median PFS of 36.8 

months (Mellinghoff et al., 2020). This suggests tumor shrinkage is occurring in a subset of non-

enhancing glioma patients with treatment with vorasidenib. Meanwhile, there was no indication 

that vorasidenib has antitumor activity in patients with enhancing tumors at screening and an ORR 

was not achieved. The aim of the INDIGO trial (NCT04164901) in patients with recurrent grade 

II non-enhancing mIDH1 glioma is to provide insight into the antitumor activity of vorasidenib 

during early stages of diagnosis.  

Recently published results from the randomized perioperative phase I trials evaluating 

vorasidenib (AG-881) at 50mg or 10mg daily and ivosidenib (AG-120) at 250mg or 500mg daily 
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investigated the underlying molecular changes that occur as a result of mIDH-specific inhibition 

(Mellinghoff et al., 2023). Findings from this exploratory approach examined changes to the 

transcriptome of tumor biopsies and presence of immune signatures following the vorasidenib and 

ivosidenib treatment cycles (Mellinghoff et al., 2023). Despite, the tumor:plasma ratio being 

higher for vorasidenib than ivosidenib, the dosing amount selected for ivosidenib allowed for 

adequate plasma concentrations to inhibit mIDH1 enzymes within the brain (Mellinghoff et al., 

2023). They identified 762 genes that were either induced or repressed in response to 2HG 

suppression (Mellinghoff et al., 2023). There was a downregulation of “proneural and stemness” 

associated gene signatures specifically in cell cycle progression (G2M checkpoint, E2F targets, 

and mitotic spindle), while interferon-α and interferon-γ pathways were the most highly 

upregulated suggestive of increased immune activation (Mellinghoff et al., 2023).  This alluring 

data presents the possibility that mIDH enzymes might remain active during recurrent disease, 

considering that lowered 2HG levels were associated with reduced tumor cell proliferation. The 

ORR for vorasidenib at 50mg was 42.9% (2 PR, 4 mR) and 35.7% ORR for ivosidenib at 500mg 

(3 PR, 2mR) (Mellinghoff et al., 2023).  

 Another glioma cohort consisting of 47 patients (15 oligodendroglioma, 32 astrocytoma) 

participated in a dose-escalation evaluation of DS1001b administered orally at 125-1400mg twice 

daily for 21-day cycles (Natsume et al., 2023). Thirty patients discontinued with the trial due to 

disease progression and 8 received ongoing treatment throughout the study (Natsume et al., 2023). 

The most common adverse effects (AE) were hyperpigmentation resembling a sunburn on the face 

and forearm (53.2%), diarrhea (46.8%) and pruritus (29.8%) (Natsume et al., 2023). Interestingly, 

for non-enhancing glioma patients a 33% ORR (2 CR, 4 PR) was achieved and enhancing glioma 

patients had a 17% ORR (1PR, 3 mR) (Natsume et al., 2023). For the two patients that showed 
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CR, one was diagnosed as grade 4 IDH-mutant astrocytoma and the other was grade 3 

oligodendroglioma. In patients that presented with progressed disease, a salvage surgery was done 

to measure the intratumoral levels of DS-1001b and 2HG concentration (Natsume et al., 2023). 

The authors observed a significant reduction in 2HG levels even at 125mg dosing. Currently, DS-

1001b is the only brain-penetrable mIDH1 inhibitor to achieve CR in patients. A RP2D has been 

selected at 250mg to pursue combinatory therapy of DS-1001b with radiotherapy and 

chemotherapy in IDH-mutant grade 2 glioma.  

 Olutasidenib (FT-2102) was evaluated in 26 patients at 150mg twice daily for 28-day 

cycles (de la Fuente et al., 2023).  No DLT were observed. Twenty patients discontinued treatment 

due to disease progression, 1 for AE and 5 remained on treatment (de la Fuente et al., 2023). All 

patients received prior radiotherapy and most received some form of chemotherapy (23 received 

TMZ, 9 lomustine, 5 procarbazine, 4 bevacizumab) (de la Fuente et al., 2023). The best response 

observed was that 40% of patients had stable disease, however only 2 patients had PR (de la Fuente 

et al., 2023). Interestingly, in patients with non-canonical IDH1 mutations, the patient with R132C 

had stable disease for >23 months, but the two patients with either R132L or R132G developed 

disease progression after 1-2 months on treatment (de la Fuente et al., 2023).  

 What we can infer from these early phase I/II studies is that mIDH1 inhibition appears to 

decrease the cellular proliferation of mIDH1 gliomas if treated at early stages of disease. However, 

patients with enhancing glioma at the time of trial screening tend to undergo disease progression 

when administered mIDH1 inhibitors. It is plausible that upon recurrence, secondary tumors gain 

mutations in cell cycle regulators that drive accelerated growth, which can bypass the impact of 

mIDH1 inhibition. The idea that mIDH1 becomes a “passenger” in recurrent tumors has been 

suggested but remains to be explored?  
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Modeling mIDH1 pathogenesis in murine models of glioma that endogenously express 

IDH1-R132H mutation 

Early attempts to activate mIDH1 using a conditional knockin allele in the developing brain 

was hindered by perinatal lethality due to brain hemorrhages and high levels of apoptosis (Sasaki 

et al., 2012). To prevent adverse effects, Bardella et al. generated a tamoxifen-inducible Nestin-

Cre restricted the expression of a mIDH1 allele to the subventricular zone of the adult mouse brain 

(Bardella et al., 2016). Interestingly, the mice developed dilated lateral ventricles surrounded by a 

hyperproliferating pool of stem-cells and aberrant migration of progenitors into the olfactory bulb 

(Bardella et al., 2016)  Although, the mice formed nodules that infiltrated the brain parenchyma, 

none developed definitive solid tumors.  Nevertheless, mIDH1 expressing progenitors 

overexpressed genes involved in Wnt, cell cycle, and stem cell maintenance pathways (Bardella 

et al., 2016). One major fault with this model was the leaky expression of a short RNA Idh1 isoform 

lacking exon 1 and 2, which resulted in enlarged skulls in mice not crossed with Nestin-Cre 

(Bardella et al., 2016) 

Another model utilized an established RCAS/TVA retroviral vector system to ensure the  

expression of mIDH1 in specifically neural stem cells (Uhrbom et al., 2005). The RCAS 

(Replication-Competent Avian Sarcoma-Leukosis Virus LTR with splice acceptor) is derived from 

the Rous sarcoma virus backbone but can be engineered to express a gene of interest (Orsulic, 

2002). Only mouse cells expressing the TVA (tumor virus A receptor) will be infected by the virus 

allowing integration and expression of the desired oncogenic DNA (Orsulic, 2002) Even though, 

mIDH1 is not sufficient to induce tumor formation on its own in cooperation with known co-

expressed genetic alterations: PDGFA overexpression and loss of Cdkn2a, Atrx, and Pten triggered 

gliomagenesis in vivo (Philip et al., 2018). mIDH1 tumors derived from these mice displayed 
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reduced 5-hydroxymethylcytosine (5hmC), which is normally formed following the removal of 

methylation by TET (Philip et al., 2018). A methylation profiling of mIDH1 expressing tumors 

identified 13,570 regions that were hypermethylated and 2,609 that were hypomethylated 

compared to wildtype IDH1 expressing tumors (Philip et al., 2018).   Considering the robust 

changes to the chromatin architecture of mIDH1 expressing tumors, the question emerges whether 

it is possible to restore cellular differentiation processes by inhibiting the production of 2HG. 

Our Studies 

In an effort to better understand if mIDH1 drives resistance mechanisms to radiotherapy, we 

performed transcriptomic and epigenomic analyses in a radioresistant human mIDH1 glioma cell 

culture (GCC). Of the thousands of genes that were dysregulated by mIDH1 inhibition, we 

identified that the chromatin reader protein Zinc Finger MYND Type Containing 8 (ZMYND8) 

was significantly repressed. ZMYND8 was known to be recruited to regions of DNA damage and 

functions in regulating genomic stability at enhancers and telomeres making it an alluring 

candidate for our investigation. We show that suppression of ZMYND8 by shRNA or 

CRISPRCas9 mediated genetic knockout sensitizes mIDH1 GCCs to radiotherapy. ZMYND8-

interacting partners have recently been proposed as therapeutic targets for the treatment of mIDH1 

glioma. Together our study highlights a potential mechanism of therapeutic resistance to 

radiotherapy that is intrinsic to mIDH1 reprogramming, which converge upon a novel epigenetic 

vulnerability mechanism to respond to irradiation induced DNA damage.  
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Chapter 2 Characterization of the Alterations in the Transcriptome and Epigenome After 
MIDH1 Inhibition in Patient Derived Glioma Cell Culture SF10602 

 

Introduction 

Our understanding of the alterations to the transcriptome and epigenome as a result of 

mIDH1 reprogramming have centered on cellular models where mIDH1 was expressed 

exogenously (Turcan et al., 2018; Turcan et al., 2012). Or respectively by comparing wildtype vs. 

mutant IDH1 gliomas, which we know possess drastically different genetic mutations (Bledea et 

al., 2019). This study aimed to identify genes regulated by mIDH1 in glioma cells derived from an 

astrocytoma patient (SF10602), in which the mutation was acquired endogenously at the time of 

tumor initiation. It is thought that mIDH1 serves an initial event to “lock-in” the epigenomic state 

of neural stem cells and prevent neural differentiation (Rohle et al., 2013).  

Pharmacological inhibition of mIDH1 using AGI-5198 induces a transition in neural 

lineage towards a mature astrocyte and oligodendrocyte transcriptional state. Blocking mIDH1 

could potentially disrupting stemness associated pathways leading to the reduced cellular 

proliferation observed in vitro and in vivo with PDX models (Rohle et al., 2013). We know that 

some patients treated with mIDH1-specific inhibitors display remarkable reductions in tumor size. 

Although, the majority of patients achieve stable disease if treated at early stages of diagnosis 

(Mellinghoff et al., 2020; Mellinghoff et al., 2023). This study aims to understand if this reversal 

of histone hypermethylation reconfigures the epigenome in a way that destabilizes pathways 

involved in radioresistance.  
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To explore the contribution of mIDH1 to therapeutic resistance to radiotherapy, we utilized 

a radioresistant mIDH1 GCC SF10602, which underwent malignant transformation after the 

patient received radiation and TMZ chemotherapy. We found that the gene ZMYND8 was 

significantly downregulated in SF10602 treated with a mIDH1-specific inhibitor, AGI-5198.  

Additionally, there was significant loss of active histone mark methylation (H3K4me3) at the 

promoter locus for ZMYND8 in AGI-5198 treated SF10602. In terms of upregulated genes, we 

found that replicative stress associated proteins particularly those that occurred at nuclear forks 

had increased expression in the AGI-5198 treated condition. This suggested to us that certain genes 

are directly modulated by the hypermethylation of histones induced by mIDH1 reprogramming 

and directly impacting their mRNA expression. We also evaluated the difference in ZMYND8 

nascent RNA expression and chromatin regulation by comparing our genetically engineered mouse 

models that express NRas, shTP53, shATRX and/or mIDH1-R132H. The mIDH1-expressing 

neurospheres had enhanced nascent ZMYND8 expression as well as enhanced deposition of 

H3K4me3 at the promoter regions of the ZMYND8 locus. These findings suggested to us that 

mIDH1 could be modulating the expression of ZMYND8.  

 

Results 

Inhibition of mIDH1 by AGI-5198 leads to the upregulation of replication associated 

pathways 

In this study, we sought to determine radioresistance mechanisms in IDH-mutant gliomas 

that contribute to glioma cell survival in response to radiotherapy. We utilized a radioresistant 

patient-derived glioma cell culture SF10602, which retained the endogenous mutations in IDH1-

R132H, ATRX and TP53 after adaptation to in vitro culture (Jones et al., 2020). In order to identify 
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pathways altered by mIDH1 inhibition in SF10602, we performed a transcriptomic (RNA-seq) and 

epigenomic (ChIP-seq) screen (Fig. 2.1A) by administering 5µM AGI-5198 every 2 days for 1 

week. It has been shown that 2HG is released within the conditioned media of mIDH1 GCC 

maintained in vitro (Tateishi et al., 2015).  To confirm that our mIDH1 inhibitor treatment schedule 

inhibited 2HG production, we collected the conditioned media from untreated and AGI-5198 

treated mIDH1 GCCs to analyze the presence of 2HG by liquid chromatogram and mass-

spectrometry (LCMS) (Table 2.1). We performed a pilot evaluation to determine if the addition 

of the AGI-5198 every 2 days was sufficient to reduce 2HG production in the SF10602 as 

compared to the vehicle, Dimethyl sulfoxide (DMSO). (Fig 2.1B) We observed a significant 

reduction of 2HG levels (Fig. 2.1C) in three mIDH1 GCCs SF10602, LC1035 and MGG119 

following treatment with AGI-5198 or another mIDH1 inhibitor DS-1001b currently in phase II 

clinical trials (NCT04458272) as compared to the vehicle control DMSO. We performed RNA-

seq analysis in triplicate and achieved ~55% aligned reads per sample considering we selected 

ribo-depletion to capture mature mRNAs and non-coding RNAs (Table 2.2). Inhibition of mIDH1 

by AGI-5198 resulted in dynamic changes in transcriptional regulation (Fig. 2.2), where we 

observed 1,335 differentially expressed genes consisting of 498 upregulated and 839 

downregulated genes based on a log2 fold-change (log2FC) cut-off greater than ±0.6. We 

performed a gene set enrichment analysis (GSEA) of these differentially genes altered by mIDH1 

inhibition to uncover pathways dependent upon mIDH1 reprogramming  

(Fig. 2.3). Of the down-regulated gene ontologies (GO) associated with ZMYND8 were involved 

in transcription factor binding and cellular movement (Fig. 2.4). We observe an upregulation of 

GOs associated with replication (Fig. 2.5) specifically Replication Fork (GO:0005657), DNA 

Replication Initiation (GO:0006270) and Nuclear Replication Fork (GO:0043596). Many of the 
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genes shared across the replication associated GOs have roles in regulating replication stress 

facilitated by the stalling and restart of replication forks (Fig. 2.5). In addition, the genes that were 

upregulated following mIDH1 inhibitor treatment function as part of the core replisome or have 

been associated with responding to replicative stress. This data suggests that blocking 2HG 

production in mIDH1 GCCs using AGI-5198 induces replicative stress. 

Epigenetic Changes following mIDH1 inhibition suggests activation of replicative stress 

When cells divide, there must be a strict coordination between transcription and replication 

to ensure the maintenance of genomic stability. This tightly regulated process is disrupted in cancer 

cells as a result of oncogene activation (Petropoulos et al., 2019). The destabilization of replication 

forks or collision events between mediators of transcription and replication can generate DSB. To 

address replication stress, cells express proteins involved in cell cycle arrest, replication fork 

restart, and DNA repair to resolve damaged DNA regions (Petropoulos et al., 2019). In order to 

translate the elevated expression of replication stress genes to their regulation at the chromatin 

level, we performed chromatin immunoprecipitation and deep sequencing (ChIP-seq) for histone 

marks associated with active transcription (H3K4me3, H3K36me3), enhancers (H3K4me1, 

H3K27ac) and transcriptional repression (H3K27me3) in SF10602 in the presence of AGI-5198 

(Fig. 2.6). 

We focused on mediators of the HR pathway, we found ZMYND8 to one of the most 

significantly downregulated genes following the treatment of SF10602 with AGI-5198 (Fig. 2.3). 

The chromatin reader ZMYND8 has been shown to be recruited to DSB at actively transcribed 

regions (Gong et al., 2015). Depletion of ZMYND8 by siRNA or knockout impaired the 

recruitment of RAD51 foci at sites of DNA damage (Gong et al., 2015; Spruijt et al., 2016). We 
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observed a significant loss of the active histone mark H3K4me3 at three distinct regions (I, II, III) 

near the promoter of ZMYND8 following mIDH1 inhibition by AGI-5198 (Fig. 2.7). 

To determine if the upregulation of ZMYND8 was dependent on mIDH1 expression, we 

assessed nascent transcription by bromouridine sequencing (Bru-seq) within our genetically 

engineered mouse glioma model comparing mouse tumor NS clones expressing either wtIDH1 

(NPA) or mIDH1 (NPAI) (Fig. 2.8A). Mouse mIDH1 NS displayed an enhanced transcription rate 

for ZMYND8 (1.27-fold), along with HR proteins mediators RAD50 (1.78-fold), FANCA (1.63-

fold) and RAD51 (1.30-fold) compared to the wtIDH1 NS (Fig. 2.8B). To determine whether there 

were differences in the epigenetic regulation of ZMYND8 in the mIDH1 NS compared to wtIDH1 

NS, we analyzed H3K4me3 enrichment at the ZMYND8 locus. We found five PePr differential 

enriched peaks (i-v) that showed significantly higher H3K4me3 enrichment corresponding to 

ZMYND8 promoter regions across the mIDH1 NS (NPAI C1, C2, C3) versus wtIDH1 NS (NPA 

C54A, C54B, C2) clones (Fig. 2.9). These findings suggest that mIDH1 epigenetically regulates 

ZMYND8 by increasing H3K4me3 deposition at the promoter leading to enhanced transcription. 

Next, we investigated the epigenetic changes that occurred at genes associated with 

replication stress. We observed elevated H3K27ac deposition at the promoter regions of genes 

associated with replication following AGI-5198 treatment (Fig. 2.10A). The progression of 

replication forks is facilitated by the unwinding of DNA by the replisome, which is comprised of 

claspin (CLSPN) and Timeless (TIMELESS) and the tethering of DNA polymerase by 

proliferating cell nuclear antigen (PCNA) (Gaillard et al., 2015). Methyl methanesulfonate-

sensitivity protein 22-like (MMS22L) functions in a complex with Tonsoku Like (TONSL), where 

it has been shown to be required for replication fork stability by binding newly incorporated 

histones and aiding in RAD51 loading (Saredi et al., 2016). The flap endonuclease 1 (FEN1) 
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resolves nicks in DNA that arise during replication (Tsutakawa et al., 2011). The DEAD/H-BOX 

Helicase 11 (DDX11) facilitates the progression of replication forks by unwinding G-quadraplexes 

(Cali et al., 2016). The endonuclease V (EXO5) supports replication fork restart and EXO5 

expression is correlated with higher mutational burden in solid tumors (Hambarde et al., 2021). 

Three Prime Repair Exonuclease 1 (TREX1) degrades cytosolic DNA released from the nucleus 

as a result of chromosomally unstable cells (Mohr et al., 2021). These data suggest that mIDH1 

inhibition enhances the activation of replication stress genes marked by elevated deposition of 

regulatory histone mark H3K27ac at the promoter regions. 

When we examined the chromatin regions of genes downregulated with AGI-5198 

treatment and were associated with replication, we observed loss of H3K36me3 deposition 

throughout the promoter and gene body (Fig. 2.10B). BTB Domain and CNC Homolog 1 

(BACH1) has a role in activating ATR-dependent Chk1 phosphorylation (Gong et al., 2010). Egl-

9 Family Hypoxia Inducible Factor 3 (EGLN3) drives ATR-mediated repair under hypoxic 

conditions (Xie et al., 2012). TP63 regulates transcription at tissue-specific enhancers and 

conditional ablation of p63 lead to apoptosis of adult neural precursors cells in postnatal mice 

(Cancino et al., 2015). These data suggest transcriptional suppression of proteins involved in ATR 

activation following mIDH1 inhibition. 

Discussion 

The characteristic heterozygous IDH1-R132H mutation produces an oncometablite 2-

hydroxyglutarate (2HG) that impairs nuclear enzymes Jumonji-family of histone demethylases and 

TET2 methylcytosine dioxygenase inducing a IDH-specific hypermethylation phenotype (Turcan 

et al., 2018; Turcan et al., 2012).  By reversing the epigenetic reprogramming elicited by IDH-

mutations, we can elucidate how cellular pathways altered by mIDH1 support survival of tumor 
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cells following radiation. In this study, we sought out to uncover gene targets that displayed 

alterations in chromatin regulation and gene expression following mIDH1 inhibition, and in turn 

discern their contribution to radioresistance. We have previously demonstrated that murine tumor 

neurospheres (NS) harboring mIDH1R132H mutation display differential enrichment of H3K4me3 

methylation at genomic regions associated with master regulators of the DNA Damage Response 

(DDR) (Núñez Felipe et al., 2019).When we inhibited the DNA damage sensor ATM that initiates 

homologous recombination (HR) pathway or its downstream targets cell cycle checkpoint kinases 

1 (Chk1) or 2 (Chk2), we observed enhanced radiosensitization of mIDH1-expressing GCCs. We 

also showed that pharmacological inhibition of mIDH1-R132H mutation in murine NS reduced 

mitotic cell proliferation and enhanced the release of Damage Associated Molecular Patterns 

(Kadiyala et al., 2021). Additionally, administering a mIDH1 specific inhibitor (AGI-5198) in 

combination with ionizing radiation (IR) to mIDH1 tumor-bearing mice promoted tumor 

regression and the development of immunological memory (Kadiyala et al., 2021). 

We targeted mIDH1 using AGI-5198, which has been shown to decrease the production of 

2HG and reverse histone hypermethylation (Rohle et al., 2013). Herein, we evaluated changes in 

gene expression and epigenetic regulation in a radioresistant mIDH1 patient derived GCC 

following mIDH1 inhibition. We identified the significant downregulation of the chromatin reader 

protein, Zinc Finger MYND-Type Containing 8 (ZMYND8, also referred to as RACK7 and 

PRKCBP1).  The connection between ZMYND8 and DNA repair was proposed based on its 

recruitment to nuclear sites of laser induced DNA damage (Gong et al., 2015). The presence of a 

bromodomain (BRD)-containing motif encoded within ZMYND8, was shown to recognize 

acetylated lysine residues, specifically H3K14ac and H4K16ac that are present on post-

translational modified (PTM) histones (Savitsky et al., 2016). Recent high resolution crystal 
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structure analysis of the ZMYND8 protein, explored the putative chromatin reader function of 

adjacent domains to bind specific histone marks. The plant homeodomain (PHD) recognizes singly 

methylated lysines (H3K4me1), while the hydrophobic Pro-Trp-Trp-Pro (PWWP) domain 

recognizes H3K36me2 (Savitsky et al., 2016). These effector domains support early findings that 

ZMYND8 accumulated at actively transcribed regions where double stranded breaks (DSB) 

occurred (Gong et al., 2015). 

Given that mIDH1-R132H is endogenously expressed in SF10602 and was derived from a 

patient tumor subjected to radiotherapy, we sought to determine mIDH1-dependent mechanisms 

that contributed to radioresistance (Jones et al., 2020). We found that ZMYND8 was significantly 

downregulated following mIDH1 inhibition in the SF10602 treated with AGI-5198. Recent studies 

have reported that ZMYND8’s recruitment to regions of laser-microirradation induced DNA 

damage is important to facilitate HR DNA repair (Gong et al., 2015; Gong et al., 2017; Spruijt et 

al., 2016). In doing so, ZMYND8 functions as a beacon to direct the NuRD complex to damaged 

DNA regions and allow for repression of transcription (Gong et al., 2015; Spruijt et al., 2016). The 

acetylated histone residues H3K14ac and H4K16ac, which are recognized by ZMYND8, have 

been shown to be crucial for DNA checkpoint activation and local HR repair of DSB (Horikoshi 

et al., 2019; Shen et al., 2016). Recent studies have demonstrated preferential vulnerability of 

mIDH1-expressing glioma models to inhibitors targeting HDAC, which is a component of the 

NuRD complex (Dow et al., 2021; Sears et al., 2021). Interestingly, mIDH1 glioma cells treated 

with Panobinostat displayed increased H3K14ac, which is recognized by ZMYND8 (Sears et al., 

2021). Our current findings provide evidence that ZMYND8 is epigenetically regulated in human 

mIDH1 GCCs based on the loss of active histone mark H3K4me3 at the ZMYND8 promoter locus 

following mIDH1 inhibition. Additionally, our comparison of mouse mIDH1 NS vs. wtIDH1 NS 
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demonstrated that mouse mIDH1 NS had an enhanced enrichment of H3K4me3 at the ZMYND8 

promoter locus by ChIP-seq and increased nascent transcription by Bru-seq. In the context of brain 

cancer, ZMYND8 has been shown to preferentially bind histone 3.3 point mutant G34R 

(H3.3G34R) present in pediatric high grade glioma to suppress genes involved in MHC II 

presentation (Jiao et al., 2020).  

 

Materials and Methods 

Cell Culture 

Human SF10602 cells (Jones et al., 2020) were grown in NeuroCult NS-A Basal Medium 

supplemented with 100units/mL antibiotic-antimycotic, 10mL B-27 without vitamin A, 5mL N-2, 

100µg/ml Normocin, 20ng/mL FGF, 20ng/mL EGF, and 20ng/mL PDGF-AA. Human MGG119 

(Wakimoto et al., 2014) and LC1035 GCCs were grown in Neurobasal media supplemented with 

100units/mL antibiotic-antimycotic,10mL B-27, N-2, 100µg/ml normocin, 20ng/mL FGF, 

20ng/mL EGF, and 20ng/mL of PDGF-AA. Mouse mIDH1 NS were grown in DMEM-F12 media 

supplemented with 100units/mL antibiotic-antimycotic, B27, N2, 100µg/mL normocin, 10ng/mL 

FGF and 10ng/mL EGF. Stable generation of ZMYND8 KO glioma cells were maintained in 

culture with 10ug/mL puromycin. Glioma cells were dissociated using StemPro Accutase solution 

and passaged every 4 days for mouse NS and weekly for human glioma cells. Human glioma cells 

were shared through the following collaborations: Dr. Daniel Cahill laboratory, Harvard Medical 

School (MGG119) and Dr. Joseph Costello laboratory, UCSF (SF10602). LC1035 were generated 

in our laboratory through our collaboration with the University of Michigan’s Department of 

Neurosurgery. 
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Detection of 2HG in conditioned media of mIDH1 GCC following mIDH1 inhibition 

The conditioned media was collected from three human mIDH1 GCCs that were untreated, treated 

with either vehicle (DMSO) or mIDH1 inhibitor (AGI-5198, DS-1001b) for 1 week. Samples were 

stored at -80°C prior to assessment by liquid chromatography-mass spectrometry (LC-MS). 

Conditioned media (50 μL) was mixed with 10 μL of internal standard spike-in solution 10 μg/mL 

of 2-HG-D3 (Sigma-Aldrich) and was homogenized in 1 mL of 80% methanol in aqueous solution. 

The homogenate was centrifuged at 12000 rpm for 10 min at 4°C, and the supernatant was 

collected and dried under a stream of nitrogen at 37°C. The extracted sample was then combined 

with 160 μL of N-(p-toluenesulfonyl)-L-phenylalanyl chloride (TSPC, 2.5 mM in acetonitrile) and 

2 μL of pyridine was added and incubated at 37°C for 20 min to derivatize D-2HG. After 

derivatization the mixture was dried with nitrogen at 37°C and reconstituted in 100 μL of 50% 

acetonitrile in aqueous solution. The samples were then centrifuged at 12000 RPM for 10 min and 

the supernatant was collected for quantification.  

The quantification of 10µl of derivatized 2-HG was carried out using ultra performance (UP) 

UPLC-MS (Waters ACQUITY system). The mobile phase consisted of deionized water containing 

0.1% formic acid (A) and acetonitrile/methanol (1:1, v/v) containing 0.1% formic acid (B). The 

gradient started from 70% A and maintained for 1 min, changed to 30% A over 3 min and 

maintained for 2 min, and finally changed back to 70% A over 0.5 min and held for 1.5 min. The 

flow rate was 0.5 mL/min, and column temperature was set at 40 °C. The analysis was performed 

on a Waters ACQUITY UPLC HSS T3 column (1.8 μm, 3.0 × 75 mm) with mass detection at 

448.17 (-) for derivatized 2-HG, and at 451.19 (-) for derivatized 2-HG-D3. The 2HG 

concentration measurements presented in Fig. 2.1B can be found in Table 2.1. 
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RNA-sequencing (RNA-seq) 

Bulk RNA-Sequencing was performed in collaboration with the University of Michigan (UM) 

Advanced Genomics Core (AGC), using the NovaSeq-6000 platform for 150-base paired-end 

reads. Total RNA was isolated from patient-derived mIDH1 GCC SF10602 untreated and AGI-

5198-treated using the RNeasy Plus Mini Kit and 100ng of RNA was submitted to the UM AGC.  

RNA quality was assessed using the TapeStation, samples with an RIN (RNA Integrity Number) 

of 8 or greater were prepared using Illumina TruSeq mRNA Sample Prep Kit v2. cDNA Library 

preparation was performed by UM DSC using a ribo-depleted RNA protocol method. Results are 

from 3 technical replicates per condition; SF10602 untreated or treated with mIDH1 inhibitor AGI-

5198 for 1 week. Information pertaining to the number of aligned reads utilized for our RNA-seq 

analysis can be found in Supplementary Table 1. RNA-Seq dataset generated in this study have 

been deposited at the NCBI’s Gene Expression Omnibus (GEO) with identifier GSE220716. 

Bromouridine tagged sequencing (Bru-seq) for nascent RNA expression 

These techniques were performed as described previously (Paulsen et al. 2014). Briefly, nascent 

RNA labelling was performed for 30 min at 37°C with 2 mM 5-bromouridine (Sigma-Aldrich, 

850187) in conditioned medium. For the BruChase-seq analysis, the bromouridine-containing 

medium was removed after labelling for 30 min, the plates were rinsed twice in PBS, and then 

conditioned medium containing 20 mM uridine (Roche, 11934554001) was added. The cells were 

then incubated for 6 hours at 37°C. At the completion of labelling with or without chase, the cells 

were lysed in TRIzol (Thermo Fisher Scientific, 15596018), and the Bru-labeled RNA was 

captured with anti-BrdU antibodies (BD Biosciences, Cat# 555627) conjugated to magnetic beads 

(Dynabeads goat anti-mouse IgG, Thermo Fisher Scientific, Cat# 11033). The isolated RNA was 

converted into cDNA libraries and prepared for sequencing using the Illumina TruSeq RNA 
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Library Preparation Kit v2 (Illumina, RS-122-2001) followed by deep sequencing to around 50 

million single-end 50 nucleotide reads. 

Bru-seq data analysis 

Bioinformatics and data analysis pipeline was implemented using the q pipeline manager 

(http://sourceforge.net/projects/qppln-mngr/). The bioinformatics programs used, read mapping, 

genome annotation, and expression scoring were previously described (Paulsen et al. 2014) in 

section 2.4. (Paulsen et al., 2014) Reads per kilobase per million mapped reads (RPKM) values 

were calculated for individual genes that were at least 300 bp long. For genes with lengths of 30 

kb and less, RPKM values were calculated using read counts from the entire gene. For genes longer 

than 30 kb, an RPKM value was calculated using read counts from the first 30 kb downstream of 

the TSS. The R package DESeq35 was used to test differential expression of genes where the mean 

RPKM between samples was greater than 0.5. Significant changes in transcription initiation were 

defined as follows: adjusted p-values < 0.05; fold change < 1.5. 

Bioinformatics analysis of RNA-seq for differential expression 

Illumina NovaSeq read files were downloaded to the Sequencing Core storage and concatenated 

into a single fastq file for each sample. In collaboration with the UM Bioinformatics Core, we 

checked the quality of the raw reads data for each sample using FastQC (version v0.11.3) to 

identify features within the data that may indicate quality issues (e.g. low quality scores, over-

represented sequences, inappropriate GC content).  We aligned reads to the reference genome 

(UCSC hg19) using Bowtie 2 (RRID:SCR_016368). Expression quantitation was performed with 

HTSeq (RRID:SCR_005514), set to count non-ambiguously mapped reads only. Data were pre-

filtered to remove genes with 0 counts in all samples. Normalization and differential expression 
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was performed with DESeq (RRID:SCR_000154) which uses a negative binomial generalized 

linear model. Resultant p-values were corrected for multiple hypotheses using the Benjamini-

Hochberg False Discovery Rate (FDR).  Genes and transcripts were identified as differentially 

expressed based on FDR ≤ 0.05, and fold change ≥ ± 1.5. The volcano plot was produced using an 

R base package and encompasses all genes identified by our RNA-seq analysis. 

GSEA Enrichment Map and Gene Ontology (GO) Analysis  

All 1335 differentially expressed genes between SF10602 treated with AGI-5198 (mIDH1 specific 

inhibitor) vs. untreated SF10602 were exported to a table with their gene names in the first column 

and log2-fold change values in the second column, sorted to produce gene ranks. The rank file was 

used as input to the GSEA (Gene Set Enrichment Analysis), downloaded from the Broad Institute 

(http://www.gsea-msigdb.org/gsea/login.jsp) (SeqGSEA, RRID:SCR_005724). The Broad 

Institute MSigDB includes the complete Gene Ontology (GO) (c5.all.v7.5.1.symbols.gmt), which 

we used as the input Knowledgebase. GSEA was run with 2000 permutations and gene set size 

range restricted to between 0 and 200 genes. An enrichment map was generated using the 

Cytoscape Platform (v3.9.1), which requires the rank and gmt file along with the positive/negative 

GSEA results. Each circle represents an individual GO term, and the size of the circle represents 

the number of genes within that set. The color of the circle signifies the directionality of expression 

in the mIDH1 inhibitor treated (AGI-5198) compared to untreated, where red is upregulated in 

AGI-5198-treated compared to untreated while blue is downregulated. We included all 

differentially enriched GO pathways that had a p-value<0.01 and FDR<0.05 as shown in 

Supplementary Figure S1. The enrichment score plots for Replication Fork, DNA Replication 

Initiation and Nuclear Replication Fork are shown in Figure 1E, which are images provides in the 

GSEA Pre-ranking report. 
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Chromatin immunoprecipitation and deep sequencing (ChIP-seq) 

SF10602 were cultured in the presence of 5µM AGI-5198 (mIDH1 inhibitor) or the vehicle 

(DMSO) for 10 days prior to isolation for chromatin immunoprecipitation (ChIP). Modifications 

to laboratory native ChIP-seq protocol as previously described previously (Mendez et al., 2018; 

Núñez Felipe et al., 2019) were as follows: 1.) increased cell number per histone mark IP from 

1x106 to 3x106, 2.) increased histone mark antibody concentration to 2µg, 3.) extended Dynabead 

A/G incubation to 6hrs, and 4.) doubled Dynabead A/G concentration. ChIP-Seq dataset generated 

in this study have been deposited at the NCBI’s Gene Expression Omnibus (GEO) with identifier 

GSE220715. 

Data Availability  

There are no limitations on data availability. The ChIP-Seq dataset generated in this study can be 

acquired through NCBI’s Gene Expression Omnibus (GEO) with identifier GSE220715. The 

RNA-Seq dataset generated in this study can be acquired through NCBI’s Gene Expression 

Omnibus (GEO) with identifier GSE220716. All other data generated within this study are 

available via the supplementary data files; cells and plasmids will be freely distributed upon 

request from the corresponding author, Maria G Castro.  
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Figures 

 

Figure 2.1 Pharmacological inhibition of mIDH1R132H-expressing human glioma cell cultures with either AGI-5198 or DS-
1001b blocks the production of 2-hydroxyglutarate (2HG) 

(A) Experimental schematic of downstream analyses comparing untreated SF10602 human glioma cell culture (GCC) that 
endogenously express the R132H mutation in isocitrate dehydrogenase 1 (mIDH1) with cells treated with 5μM AGI-5198 (a 
mIDH1 specific inhibitor). After 1 week, the supernatant was collected for liquid chromatogram and mass spectrometry (LCMS) 
and cell pellet was utilized for transcriptomic (RNA-sequencing), epigenomic (ChIP-sequencing) and protein (Western blot) 
analysis. (B) Pilot study to evaluate the levels of 2HG by LCMS over time in the condition media of SF10602 treated with 
vehicle DMSO (blue) or AGI-5198 (red). (C) Representative histogram displays the liquid chromatography and mass 
spectrometry (LC/MS) measurement in microgram per microliter (μg/mL) of 2-hydroxyglutarate (2HG), an oncometabilite 
produced by mIDH1, present within the conditioned media of three patient-derived mIDH1 GCCs [LC1035, MGG119 and 
SF10602]. Samples were collected from untreated, vehicle treated (DMSO), mIDH1 inhibitor (AGI-5198, competitive) or 
mIDH1 inhibitor in phase II (DS-1001b, allosteric). Errors bars represent standard error of mean (SEM) from independent 
biological replicates (n=3). **** P < 0.0001; unpaired t test.  
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Table 2.1 Liquid chromatography and mass spectrometry (LC-MS) measurements of 2HG in the conditioned media of 
mIDH1 glioma cell cultures (GCCs) untreated (DMSO) or treated with mIDH1 inhibitors (AGI-5198 or DS-1001b) 

Sample No. Description peak 2-HG peak IS peak ratio 2HG concentration 
in media (µg/mL) 

1 LC1035 untreated 84082 18402 4.569 10.412 
2 LC1035 untreated 98294 14207 6.919 15.681 
3 LC1035 untreated 102169 18033 5.666 12.871 
4 LC1035 DMSO  98077 16669 5.884 13.360 
5 LC1035 DMSO  93593 14914 6.276 14.239 
6 LC1035 DMSO  101767 19314 5.269 11.982 
7 LC1035 AGI-5198 5327 8415 0.633 1.586 
8 LC1035 AGI-5198 0 3190 0.000 Not detected 
9 LC1035 AGI-5198 0 4771 0.000 Not detected 
10 LC1035 DS1001b 2855 7035 0.406 1.076 
11 LC1035 DS1001b 1293 5047 0.256 0.741 
12 LC1035 DS1001b 1583 6898 0.229 0.681 
13 MGG119 untreated 74182 22734 3.263 7.483 
14 MGG119 untreated 71517 22027 3.247 7.447 
15 MGG119 untreated 76175 19877 3.832 8.760 
16 MGG119 DMSO  85330 22540 3.786 8.655 
17 MGG119 DMSO  78987 21778 3.627 8.299 
18 MGG119 DMSO  87528 23313 3.754 8.585 
19 MGG119 AGI-5198 6987 14282 0.489 1.263 
20 MGG119 AGI-5198 9609 12208 0.787 1.931 
21 MGG119 AGI-5198 11453 17832 0.642 1.607 
22 MGG119 DS1001b 4744 8727 0.544 1.385 
23 MGG119 DS1001b 26212 21626 1.212 2.884 
24 MGG119 DS1001b 20024 19133 1.047 2.513 
25 SF10602 untreated 139089 33203 4.189 9.560 
26 SF10602 untreated 154172 39452 3.908 8.929 
27 SF10602 untreated 151356 41217 3.672 8.401 
28 SF10602 DMSO  162124 41125 3.942 9.006 
29 SF10602 DMSO  151718 38309 3.960 9.047 
30 SF10602 DMSO  146837 39775 3.692 8.445 
31 SF10602 AGI-5198 8477 41397 0.205 0.626 
32 SF10602 AGI-5198 9937 45339 0.219 0.658 
33 SF10602 AGI-5198 9403 43612 0.216 0.650 
34 SF10602 DS1001b 8181 36855 0.222 0.664 
35 SF10602 DS1001b 12106 44059 0.275 0.783 
36 SF10602 DS1001b 10549 43158 0.244 0.714 
37 plain media (MGG119/LC1035) media  0 7851 0 Not detected 
38 plain media (SF10602 media) 0 7984 0 Not detected  
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Table 2.2 RNA sequencing performed on ribo-depleted total RNA samples to capture mature RNAs and non-coding 
RNAs 

Sample ID 
 

Description 
 

Number of 
fragments (2 

reads per side) 

Number of 
aligned 
reads 

Percent 
reads 

aligned 

aligned reads 
percent 

duplicates 

aligned reads not 
multi- mapped or 

discordant 

Sample_130939 Untreated 
SF10602 rep1 54,467,387 60,255,501 55 25.18 27,582,011 

Sample_130940 Untreated 
SF10602 rep2 49,159,298 48,925,554 50 23.68 22,431,351 

Sample_130941 Untreated 
SF10602 rep3 51,769,590 58,220,882 56 25.39 26,813,994 

Sample_130942 Mutant IDH1 
inhibitor rep1 49,790,214 53,857,970 54 25.23 24,706,207 

Sample_130943 Mutant IDH1 
inhibitor rep2 52,332,347 58,386,172 56 25.92 26,662,389 

Sample_130944 Mutant IDH1 
inhibitor rep3 41,863,074 48,099,917 57 24.67 21,962,991 
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Figure 2.2 Differential gene expression analysis from SF10602 treated with AGI-5198 vs. untreated SF10602 

Volcano plot of differentially expressed genes (DEG) based on RNA-seq analysis comparing AGI-5198 treated SF10602 vs. 
untreated. The x-axis represents that log2-fold change in gene expression of SF10602 treated with AGI-5198 relative to untreated 
and the y-axis represents the significance of that change based on the inverse log10 of the p-value. Each dot represents a 
individual gene. Genes found to be downregulated in AGI-5198 treated mIDH1 GCCs vs. untreated are shown in blue, up-
regulated in red, or no statistically significant (NS) difference in grey. 
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Figure 2.3 Cytoscape enrichment map of gene ontologies (GO) differential enriched in SF10602 treated with AGI-5198 vs. untreated.  

GSEA pathway analysis of DEGs in AGI-5198 treated mIDH1 GCC SF10602 vs untreated. Circles represent distinct GOs and their sizes reflect the number of 
enriched genes within a GO. The cut-off used for defining DEG was log 2-fold change (Log2C)>±0.6, p-value<0.01, false discovery rate (FDR)<0.05. Related 
GOs are linked by edges in gray for shared genes that have function within multiple pathways. The node color refers to the statistically significant DE genes in 
AGI-5198 treated vs untreated SF10602 where upregulated GOs are shown in red and downregulated GOs are shown in blue. Image was generated using 
Enrichment Map Plug-in on Cytoscape 3.9.1. 

p-value < 0.01 
FDR < 0.05 



52 
 

 

Figure 2.4 Downregulated GOs following mIDH1 inhibition in SF10602 treated with AGI-5198, highlighting ZMYND8 associated GOs 

 

Down-regulated GOs with AGI-5198 

GOs associated with ZMYND8 
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Figure 2.5 Heatmap of upregulated Gene Ontologies associated with replication found to be upregulated with AGI-5198 
treatment and the corresponding genes   

Heatmap depicting the relevant GOs related to DNA replication initiation and replication forks that were upregulated in AGI-
5198 treated GCCs compared to untreated. The corresponding GSEA enrichment plot is adjacent, where the green line represents 
the enrichment score for a given GO as the analysis proceeds along the rank list of DEG.  
 

  

 

Replication Fork 
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Figure 2.6 Workflow for native chromatin immunoprecipitation and sequencing (ChIP-seq) to profile genome wide 
changes to histone mark modification after mIDH1 inhibition 

SF10602 were cultured as untreated or treated with AGI-5198 (mIDH1 inhibitor) for 1 week, then the mIDH1 GCCs were 
dissociated with StemPro accutase for 5mins and then 7 million cells were isolated for chromatin immunopreciptation. The cell 
suspension was incubated for 20 minutes with Micrococcal nuclease (Mnase) to digest unbound DNA and generate 
mononucleosomes. Chromatin suspension was incubated overnight with histone mark specific antibodies in separated aliquots 
(H3K4me1, H3K4me3, H3K27ac, H3K27me3, and H3K36me3). The next day, samples were washed then incubated for 3-4 
hours with Dynabeads to concentrate histone marked chromatin. These samples were then digested with proteinase K at 55oC to 
degrade histone protein and release DNA into solution. DNA was purified using Qiagen kit and then submitted for DNA 
sequencing. Data analysis was performed using MACS2 and PePr to create bigwig files that could be visualized on the 
Integrative Genome Viewer (IGV).  
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Figure 2.7 Reduction in histone 3 lysine 4 trimethylation (H3K4me3) deposition at the ZMYND8 locus when mIDH1 is 
inhibited by AGI-5198 in human GCC SF10602 

Integrative Genomics Viewer (IGV) image displays overlapping tracks comparing the H3K4me3 occupancy in specific genomic 
regions near the ZMYND8 promoter in untreated SF10602 (grey, two replicates) and AGI-5198 treated (dark blue, two 
replicates). The y-axis represents the number of immunoprecipitated fragments for a given histone mark normalized to the total 
number of reads per sample and mapped to the human genome reference (hg19) along the x-axis. Regions that display significant 
changes in histone mark deposition based on peak-calling prioritization pipeline (PePr) comparison between SF10602 untreated 
vs. AGI-5198 treated SF10602 are represented by orange bars and red roman numerals signify distinct regions that are expanded 
to the right. 
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Figure 2.8 Bromouridine sequencing (Bru-seq) quantification of nascent RNA expression of ZMYND8 and other 
homologous recombination (HR) repair protein in mutant IDH1 vs. wildtype IDH1 mouse glioma model  

(A) Diagram of Bru-seq assay to quantify the rate of nascent transcription in reads per kilobase of transcript per million reads 
mapped (RPKM) based on bromouridine labelled RNAs comparing wtIDH1 (red) vs. mIDH1 mouse NS (blue). (B) Bru-seq 
traces show differential transcriptional rates (<1.2fold ; P <0.05) of DNA repair genes ZMYND8, RAD50, FANCA and RAD51 
in mIDH1 (blue, n=12) compared to wtIDH1 NS (red, n=3). 
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Figure 2.9 Enhanced H3K4me3 deposition at ZMYND8 promoters in mouse neurospheres expressing mIDH1 (NPA1) vs. 
wtIDH1 (NPA)  

Integrative Genome Viewer (IGV) image displays ChIP-seq tracks of H3K4me3 enrichment at the ZMYND8 promoter region in 
wtIDH1 NS vs. mIDH1 NS. Differential enriched peaks (i-v, black bars) in mIDH1 NS vs wtIDH1 are displayed as separated 
tracks, while overlapped tracks are shown below. (n = 3 biological replicates per group).  
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Figure 2.10 Replication stress associated genes upregulated with mIDH1 inhibition display enhanced H3K27ac at the 
promoter region, while histone mark H3K36me3 was reduced in enrichment in genes downregulated by mIDH1 
inhibition associated with ATR mediated repair 

(A) IGV screenshots of H3K27ac deposition at the promoters of specific genes associated with replication stress. (B) IGV 
screenshots of H3K36me3 deposition throughout the promoter and gene body, where select regions that lost H3K36me3 
deposition by PePr calling at TP63 locus are indicated by yellow squares.  
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Chapter 3 ZMYND8 Regulation and Targeting in MIDH1 Patient Derived GCCs and 
Mouse NS 

 

Introduction 

Radioresistance mechanisms contributing to tumor recurrence in IDH1-mutant glioma 

have focused on mutational differences between the primary vs. recurrent tumors. Our laboratory 

has demonstrated that mIDH1 inhibition sensitizes mIDH1 GCCs to radiation. We previously 

showed that the homologous recombination (HR) pathway is rewired in mIDH1 glioma cell 

cultures through the enhanced active histone mark H3K4me3 deposition at the promoters of DNA 

repair proteins, which we showed to be mediated by mIDH1 reprogramming (Núñez Felipe et al., 

2019). This supports the survival of mIDH1 glioma following radiotherapy. Pharmacological 

inhibition of either ATM (KU60019) or Chk1/2 (AZD7762) DNA repair regulators improves 

overall survival of mIDH1 tumor bearing mice. Herein we target the chromatin reader protein 

ZMYND8, whose expression was shown to be significantly suppressed by mIDH1 inhibition. 

ZMYND8 has roles in HR mediated DNA repair, where it is recruited to regions of laser 

microirradiation and facilitates transcriptional silencing at these areas of DNA damage.  Utilizing 

shRNA knockdown or lentiviral CRISPR knockout (KO) of ZMYND8, we observed a reduction 

in cellular viability of mIDH1 GCCs to IR. We observed that DDR proteins were elevated after IR 

in the ZMYND8 KO compared to ZMYND8 WT. We believe that the loss of ZMYND8 potentially 

cause the cells to acquire more DNA damage through their reduced ability to recognize regions of 

DNA damage or facilitate the repair of IR-induced damage.  
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Results 

Inhibiting mIDH1 suppresses expression of ZMYND8 

Epigenetic regulation of a gene is defined by the patterns of specific histone modifications 

at the genomic locus and correlates with chromatin accessibility and gene expression. H3K4me3 

is enriched at sites of poised and actively transcribed regions, which highlights the activity of genes 

that govern cell-specific networks. We sought to determine if the significant reduction of 

H3K4me3 at the ZMYND8 promoter following AGI-5198 treatment in the SF10602 would lead 

to a decrease in protein expression. We included two additional human mIDH1 GCCs (MGG119, 

LC1035) to evaluate if the inhibition of mIDH1 lead to a decrease in ZMYND8 gene expression 

across mIDH1 GCCs derived from separate patients. We performed western blotting (WB) for 

ZMYND8 in three human mIDH1 GCCs treated with AGI-5198 (Fig. 3.1A). We observed a 

significant reduction of ZMYND8 protein expression in the MGG119 (p<0.0001), SF10602 

(p<0.0001) and LC1035 (p<0.0001) following AGI-5198 treatment (Fig. 3.1B). To confirm that 

this modulation of ZMYND8 protein expression was consistent with mIDH1 inhibition, we treated 

the human mIDH1 GCCs with DS-1001b (Fig. 3.1C). We observed a significant reduction of 

ZMYND8 expression in the MGG119 (p < 0.05), SF10602 (p < 0.0001) and LC1035 (p < 0.01) 

after DS-1001b treatment (Fig. 3.1D). Considering that western blots are representative of the bulk 

sample, we performed immunohistochemistry for ZMYND8 on paraffin-embedded human 

mIDH1 NS pre-treated with AGI-5198. This allowed us to determine the impact of mIDH1 

inhibition on ZMYND8 expression at the individual cell level (Fig. 3.2A). We observed a 

significant reduction in the percentage of ZMYND8 positive nuclei in the SF10602 (p< 0.001) and 

LC1035 (p < 0.0001) pre-treated with AGI-5198 compared the DMSO treated (Fig. 3.2B). We 

analyzed the nuclear IHC staining of ZMYND8 using Quantitative Pathology & Bioimage 
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Analysis (QuPath) to define the number of ZMYND8 positive cells per frame (Fig. 3.3A). Pre-

treatment of LC1035 with DS-1001b prompted a similar reduction in the percentage of ZMYND8 

positive nuclei (Fig. 3.3B).  These data demonstrate that mIDH1 epigenetically regulates 

ZMYND8 protein expression, which is suppressed by mIDH1 inhibition. 

Inhibition of mIDH1 promotes the expression of replication stress proteins shown to be 

upregulated in IDH-wildtype GCCs compared to IDH-mutant GCCs 

The reproducible reduction of ZMYND8 protein expression following mIDH1 inhibition 

led us to explore whether the decrease in ZMYND8 coincided with changes in proteins involved 

in replication stress (Fig. 3.4). To address this, we collected protein from SF10602 that were 

untreated, treated with vehicle (DMSO) or 5µM AGI-5198 every 2 days for 1 week. First, we 

investigated the protein expression of TREX1, an exonuclease that sequesters ssDNA fragments 

generated from aberrant replication and has been shown to be recruited to stalled replication forks 

(Fig. 3.4A) (Yang et al., 2007). We observed a significant increase in TREX1 protein expression 

in SF10602 treated with AGI-5198 when compared to DMSO treated cells (p < 0.05) (Fig. 3.4B). 

Next, we evaluated the expression of PCNA and TIMELESS, which are known to be co-expressed 

during S phase (Fig. 3.4C) (Yoshizawa-Sugata & Masai, 2007). We observed a significant increase 

in PCNA protein expression in SF10602 treated with AGI-5198 (p < 0.01) compared to untreated 

cells, and a modest increase (p < 0.05) in DMSO-treated cells (Fig. 3.4D). Similarly, we found 

TIMELESS to be significantly increased following AGI-5198 treatment (p < 0.001) compared to 

untreated SF10602. In order to maintain the structural stability of stalled replication forks, 

Timeless forms a complex with Tipin to prevent the disassembly of the replisome (Yoshizawa-

Sugata & Masai, 2007). These findings suggest that mIDH1 inhibition induces genomic instability 

mediated by an increase in replication stress protein expression. 
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These findings were also confirmed in mIDH1 MGG119 GCCs that were untreated, treated 

with vehicle (DMSO), or 5µM AGI-5198 every 2 days for 1 week. Protein was extracted and the 

expression of PCNA and TIMELESS was determined using western blot analysis (Fig. 3.5). We 

observed a significant increase in PCNA protein expression in MGG119 cells treated with AGI-

5198 compared to DMSO-treated cells (p < 0.0001) (Fig 3.5A-B). We observed a significant 

increase in TIMELESS protein expression in MGG119 treated with AGI-5198 compared to 

DMSO-treated cells (p < 0.01) (Fig. 3.5C-D).  

We further validated our findings using both wt-IDH1 mouse NS and mIDH1 mouse NS. 

Protein was extracted and the expression of ZMYND8, TREX1, PCNA, and TIMELESS was 

determined using western blot analysis (Fig. 3.6). We observed a significant decrease in ZMYND8 

protein expression in wt-IDH1 mouse NS (p < 0.0001) compared to mIDH1 mouse NS (Fig. 3.6A-

B). We observed a significant increase in TREX1 protein expression in wt-IDH1 mouse NS (p < 

0.0001) compared to mIDH1 mouse NS (Fig. 3.6C-D). Furthermore, we observed a significant 

increase in both PCNA (p < 0.0001) and TIMELESS (p < 0.01) protein expression in wt-IDH1 

mouse NS compared to mIDH1 mouse NS (Fig. 3.6E-H). 

Suppression of ZMYND8 by shRNA or CRISPRCas9 mediated genetic knockout (KO) 

enhances the radiosensitivity of mIDH1 GCCs 

Based on the role of ZMYND8 in transcriptional repression at sites of DSB, we 

hypothesized that it might promote resistance to IR-induced DNA damage in mIDH1 GCCs. We 

began by targeting the human and mouse isoforms of ZMYND8 using short-hairpin (shRNA) 

knockdown that we cloned into our pT2-plasmid backbone (Fig. 3.7) (Calinescu et al., 2015; 

Koschmann et al., 2016). The oligonucleotide sequences that contributed to the greatest reduction 

in total protein ZMYND8 expression have the for shRNA region marked in red (Table 3.1). To 
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confirm that the pT2-shZMYND8-GFP plasmids we designed could reduce ZMYND8 protein 

expression, we transfected HEK293 cells with pT2-shZMYND8-GFP plasmids targeting the 

human gene and NIH-3T3 cells for the mouse isoform in combination with the sleeping beauty 

transposase (SB) plasmid to improve the integration efficiency. We performed WB analysis 3 days 

post-transfection and observed a reduction in ZMYND8 expression in HEK293 transfected with 

human sh2-ZMYND8 and mouse sh4-ZMYND8 plasmids in NIH3T3 (Fig. 3.8). 

Next, we generated stable ZMYND8 shRNA knockdown clones in two mIDH1 GCCs, 

SF10602 and MGG119. (Fig 3.9A). After purifying the GFP+ population by flow cytometry, we 

assessed ZMYND8 protein expression by WB in the MGG119 and SF10602 (Fig 3.9B-C). We 

observed a significant reduction of ZMYND8 protein expression by 75% in the MGG119 and 60% 

in the SF10602 compared to non-transfected (Fig 3.9D-E). Survival of mIDH1 GCCs expressing 

the shZMYND8-GFP plasmids was assessed 3 days post-irradiation exposure. MGG119 

expressing the shZMYND8-GFP plasmids showed reduced cellular viability in response to 

escalating doses of radiation with a half maximal inhibitory concentration (IC50) of 9.5Gy (Fig 

3.9F). SF10602 expressing shZMYND8-GFP plasmids displayed a significant reduction in 

cellular viability but a IC50 was not reached at single radiation doses up to 20Gy (Fig 3.9G). These 

data suggest that suppression of ZMYND8 expression in mIDH1 GCC enhances their 

susceptibility to ionizing radiation.  

Next, we ablated the expression of ZMYND8 using lentiviral CRISPRv2 vector expressing 

Cas9 and ZMYND8 guide RNAs (sgRNA) to generate ZMYND8 KO mIDH1 GCC clones (Fig. 

3.10A) (Wang et al., 2021). After lentiviral incubation and puromycin selection, loss of ZMYND8 

was evaluated by WB in the SF10602, MGG119 and NPAI mouse mIDH1 NS (Fig. 3.10B, 3.10C, 

and 3.10D respectively). We observed a significant reduction in cellular viability 3 days post-IR 
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in the ZMYND8 KO compared to ZMYND8 WT mIDH1 GCCs. The SF10602 ZMYND8 KO had 

an IC50 of 7.5Gy compared to SF10602 ZMYND8 WT where an IC50 was not reached (Fig. 3.10E). 

The MGG119 ZMYND8 KO had an IC50 of 16.8Gy compared to MGG119 ZMYND8 WT where 

an IC50 was not reached (Fig. 3.10F). The NPAI ZMYND8 KO exhibited an IC50 of 2.8Gy versus 

the NPAI ZMYND8 WT where an IC50 was not reached. (Fig. 3.10G).  These data indicate 

ZMYND8 contributes to the survival of mIDH1 GCCs in response to radiation. 

ZMYND8 KO mIDH1 GCCs are defective in resolving IR induced DNA damage and 

undergo activation of cell cycle arrest  

To further examine the relationship between ZMYND8 and DDR signaling, we analyzed 

the activation of HR proteins at the indicated time points following 20Gy IR in SF10602 ZMYND8 

WT and SF10602 ZMYND8 KO cells by WB (Fig. 3.11A). The HR pathway maintains genomic 

integrity by first sensing DNA damage, recruiting DNA repair mediators to the region and inducing 

cell cycle arrest (Fig. 3.11B). Gamma histone H2AX (γH2AX) has been used to assess DNA 

damage following IR but can also indicate genomic instability in the form of replication stress 

(Banath et al., 2010; Mah et al., 2010). We validated the loss of ZMYND8 expression in the 

SF10602 ZMYND8 KO (Fig. 3.12A) and quantified the changes in ZMYND8 expression within 

the SF10602 ZMYND8 WT post-IR (Fig. 3.12B). We observed sustained γH2AX signal in 

SF10602 ZMYND8 KO compared with SF10602 ZMYND8 WT following IR (Fig. 3.12C). 

SF10602 ZMYND8 KO display higher basal γH2AX signal in the non-irradiated (NR) control 

when compared with SF10602 ZMYND8 WT (Fig. 3.12C). The greatest difference in γH2AX 

expression relative to loading control (tubulin) was present at 24hrs post-IR (p < 0.001) (Fig. 

3.12C). This delayed resolution of γH2AX signal may reflect a defect in the efficiency of DSB 

repair or an accumulation of DNA damage in the SF10602 ZMYND8 KO following IR. ATM is 
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a master regulator of HR repair and undergoes autophosphorylation at serine 1981 (pATM), which 

actives ATM by dissociating it from a dimer to a monomer form (So et al., 2009). We observed 

enhanced activation of pATM in the SF10602 ZMYND8 KO compared to SF10602 ZMYND8 

WT in response to IR (Fig. 3.12D). The greatest difference in pATM activation relative to β-actin 

was present at 30mins post-IR (p < 0.001) (Fig. 3.12E). DNA damage acquired during IR 

interrupts cell cycle progression through the activation of checkpoint kinases Chk1 and Chk2 to 

allow accurate DNA repair fidelity. As a safeguard, Chk1 triggers G2/M arrest in response to IR-

induced DNA damage, its phosphorylation at serine 345 (pChk1) by ATR signifies impaired 

replication control (Wilsker et al., 2008). We observed extended activation of pChk1 relative to 

Chkl in SF10602 ZMYND8 KO compared to SF10602 ZMYND8 WT in response to IR (Fig. 

3.12D). While the SF10602 ZMYND8 WT show a return of pChk1 to NR levels at 48hrs post-IR 

(p < 0.0001), the SF10602 ZMYND8 KO display prolonged activation of pChk1 (Fig. 3.12F). 

Next, we evaluated phosphorylation of Rad51 at threonine 309 (pRad51), which is 

mediated by activated Chk1.  Rad51 promotes genomic stability by binding to ssDNA to stabilize 

replication forks in order to protect under-replicated DNA regions during mitosis (Adolph et al., 

2021; Wassing et al., 2021; Wolf et al., 2016). Additionally, Rad51 is recruited to DSB regions 

where it cooperates with HR proteins to promote strand invasion (Wassing et al., 2021). We 

observed elevated relative expression of pRad/Rad51 in SF10602 ZMYND8 KO compared to 

SF10602 ZMYND8 WT beginning at 4hrs post-IR (p < 0.05) which was most significantly 

elevated after 48hrs post IR (p < 0.0001) (Fig. 3.12G). Chk2 is phosphorylated on threonine 68 

(pChk2) by ATM in order to induce G2/M arrest. We observed significant increase in the relative 

pChk2/Chk2 level in the SF10602 ZMYND8 KO compared to the SF10602 ZMYND8 WT 

beginning at 30mins post-IR (p < 0.0001) (Fig. 3.12I). While the SF10602 ZMYND8 WT show 
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a return of pChk2 to NR levels at 24hrs post-IR (p < 0.0001), the SF10602 ZMYND8 KO display 

prolonged activation of pChk2 (Fig. 3.12I). These findings suggest that ZMYND8 plays an 

important role in DDR, which is mediated by the mobilization of DDR proteins to repair IR-

induced DNA damage and regulation of cell cycle progression. 

Discussion 

We observed a significant reduction in ZMYND8 protein expression in three patient-

derived mIDH1 GCC after treatment with AGI-5198 or DS-1001b. Additionally, inhibition of 

mIDH1 in SF10602 increased expression of genes associated with replication stress and genomic 

instability. Timeless has been shown to accumulate at regions of DNA damage tracks induced by 

laser-microirradiation and its retention at damaged chromatin is dependent on the presence of 

PARP but not its activity (Xie et al., 2015; Young et al., 2015). Cancer cells undergo persistent 

DNA replication stress as a result of aberrant cell cycle progression. Timeless has been shown to 

stabilize replication forks and contribute to sister chromatid cohesion for maintenance of genomic 

integrity (Leman et al., 2010; Rageul et al., 2020). In cervical cancer models, the overexpression 

of Timeless has been proposed to function in response to replication stress driven by oncogene 

activation (Bianco et al., 2019). TREX1 is known to function as a 3’-5’ DNA exonuclease to 

degrade ssDNA or mispaired DNA duplexes that arise from the repair of DNA lesions and aberrant 

replication (Mohr et al., 2021; Wolf et al., 2016). The elevated expression of Timeless and TREX1 

following mIDH1 inhibition in SF10602 could be an indication of enhanced genomic stress. We 

observed lower total protein levels for TREX1, TIMELESS and PCNA in our mouse mIDH1 

GCCs (NPAI) compared to our IDH1-wildtype NS (NPA).  

By selectively suppressing ZMYND8 expression in human mIDH1 GCCs by the means of 

shRNA knockdown or genetic knockout using lenti-CRISPRCas9, we observed a significant 
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decrease in cellular viability in response to IR. In support of the role of ZMYND8 in genomic 

integrity, loss of ZMYND8 in triple-negative breast cancer cells lead to an increase in micronuclei 

formation along with chromosome aberrations including dicentric chromosomes and DNA breaks 

evaluated by metaphase spreads (Wang et al., 2021). A potential mechanism contributing to this 

induction of genomic instability, could be the result of overactivation of enhancers following the 

loss of ZMYND8 (Shen et al., 2016). A recent study mapping transcription-mediated DSB in 

breast cancer revealed that RAD51 localized to super-enhancers to stabilize DNA damage 

occurring due to hyper-transcription (Hazan et al., 2019). In our time-course assessment of HR 

repair protein activation following IR, total Rad51 appeared to be increased beginning at 30mins 

post IR in the SF10602 ZMYND8 KO vs. SF10602 ZMYND8 WT. We observed a robust 

activation of p-ATM beginning at 30mins after IR and remained elevated up to 24hrs after IR in 

the SF10602 ZMYND8 KO compared to SF10602 ZMYND8 WT. SF10602 ZMYND8 KO 

displayed prolonged activation of pChk2, while the SF10602 ZMYND8 WT showed a return to 

baseline 24hrs post-IR. We hypothesize that loss of ZMYND8 impairs the resolution of DSB 

induced by IR, which leads to extended cell cycle arrest mediated by pChk2. It has been proposed 

that ZMYND8 functions in transcriptional silencing of active transcription to allow for repair of 

DNA damage by HR proteins (Gong et al., 2015). We hypothesize that when exposed to irradiation 

ZMYND8 KO cells accumulate more DNA damage and thus DDR proteins are upregulated to 

response to the damage (Gong et al., 2015).  
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Materials and Methods 

Embedding mIDH1 GCC NS for Immunohistochemistry  

Following 1 week treatment with vehicle (DMSO) or 5μM mIDH1 inhibitor (AGI-5198), mIDH1 

NS were transferred to 15 mL conical and allowed to settle by gravity. The supernatant was 

removed by manual pipetting and mIDH1 NS were suspended gently in 4% PFA for overnight 

incubation to fix and retain neurosphere morphology. The next day mIDH1 NS were washed thrice 

in PBS buffer. Autoclaved 4% low-melting agarose was cooled to 43oF on bead bath. In order to 

embed mIDH1 NS in agarose, cells were transferred to 1.5mL microcentrifuge tube and 200µl of 

agarose was added over top of the NS. A wooden skewer was used to evenly distribute mIDH1 

NS before immediately transferring to ice. Agarose cone containing mIDH1 NS was removed and 

processed at Histology core for paraffin sectioning. Representative sections of mIDH1 NS were 

made at 5μm thickness and transferred to microscope slides. Immunohistochemistry (IHC) was 

performed by heating slides to 60oC for 20mins to assist in remove of paraffin. NS slides were 

deparaffinized and rehydrated. Permeabilization of NS was performed using TBS-0.025% Triton-

X (TBS-TX) for 20 min. Antigen retrieval was performed at 96oC with citrate buffer (10mM 

sodium citrate, 0.05% Tween-20, pH 6) for an additional 20 min. Once cooled to room temperature 

(RT), sections were outlined with hydrophobic barrier pen, washed thrice (3min washes) with 

TBS-TX and blocked with 10% horse serum (HS) for 1hr at RT. IHC sections were incubated in 

primary antibody ZMYND8 (1:2000) diluted in 5% HS TBS-TX overnight in 4oC cold room. The 

following day, sections were washed with TBS and incubated with biotinylated secondary 

antibody goat anti-rabbit (1:1000) for 1hr at RT. Next, slides were washed thrice in TBS and 

incubated with Vectastain ABC reagent for 30mins covered by aluminum foil. Following TBS 
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wash, slides were developed using Betazoid DAB Chromogen kit (Biocare BDB2004) for 1-2mins 

at RT.  

pT2-shZMYND8-GFP plasmid construction 

These plasmids were generated by excising the micro-30a loop from the pT2-shATRX-GFP 

(Addgene #124259) via overnight restriction enzyme digestion with XhoI and EcoRI at 37oC. The 

backbone pT2-GFP DNA was purified using the QIAquick Gel Extraction Kit (Cat No: 28706). 

Oligonucleotide sequences consisting of short hairpin (sh) that target exon 12 of the human 

ZMYND8 gene or exon 24 in the mouse ZYMND8 gene were ligated using T4 DNA ligase 

protocol (NEB M0202). The ligated pT2-shZMYND8-GFP plasmid was transformed into 

competent E Coli (NEB C2984H) and single colonies were expanded for DNA isolation using the 

QIAprep spin miniprep kit (Cat No: 27104). Cloned sites were confirmed by DNA sanger 

sequencing. 

Generation of ZMYND8 knockdown tumor cell lines 

Stable transfection of pT2-shZMYND8-GFP was performed using electroporation combined with 

sleeping-beauty transposon system integration in vitro. Human mIDH1 primary glioma cell 

cultures, SF10602 and MGG119 were dissociated to single cells and 1x106 cells were collected. 

Glioma cell pellets were resuspended in Lonza Nucleofector (V4XP-3024) P3 buffer solution and 

nucleofected on the 4D-Nucleofector system (Cat No: AAF-1002B) along with pT2-shZMYND8-

GFP (1.5ug) and Sleeping beauty transpose-luciferase (Cat No.20207 Addgene, 0.5ug) plasmids. 

Cells were transferred to laminin-coated plates and detection of green fluorescent cells was 

observed the next day by fluorescence microscopy. Isolation of GFP-positive glioma cells was 

performed 3-4 weeks after nucleofection in order to allow for higher enrichment. Expanded 
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mIDH1 GCCs expressing shZMYND8 were sorted again to isolate the top 25% of GFP-expressing 

glioma cells. Knockdown of ZMYND8 expression was confirmed by western blot.  

Lentiviral particle generation 

Second generation lentiviral particles were packaged using HEK293T cells, which were seeded at 

5 million cells and incubated with plasmid transfection mix containing 80µl of jetPRIME solution, 

2 mL of PEG, envelope (10µg), package (15µg) and lentiCRISPR-V2-ZMYND8 (20µg) plasmid 

provided by Dr. Weibo Lou at UTSW. (Wang et al. 2021 Cancer Research) Lentiviral particles 

were purified from conditioned media by centrifuging at 30,000 rpm for 2hrs. After ultra-

centrifugation, the concentrated lentiviral particles were resuspended in 1 mL of ice-cold PBS 

under gentle agitation 25rpm at 4oC for 1hr. Lentiviral particle solution was aliquoted into cryo-

safe microcentrifuge tubes and stored at -80oC for later use.  

Intracranial mIDH1 glioma model 

All animal studies were conducted according to guidelines approved by the IACUC of the 

University of Michigan (protocols PRO00009578 and PRO00009546). All animals were housed 

in an AAALAC-accredited animal facility and were monitored daily. Studies did not discriminate 

by sex; both male and females were used. The strains of mice used in the study were C57BL/6 (the 

Jackson Laboratory, strain no. 000664) and CD8-KO (the Jackson Laboratory, strain no. 

B6.129S2-Cd8atm1Mak/J, stock no. 002665). 

Our laboratory has modelled mIDH1 low grade glioma by integrating oncogenic plasmid DNA 

into the neural stem cells present within the developing brain of post-natal mice utilizing the 

sleeping beauty (SB) transposon system. The mIDH1 glioma cells endogenous express IDH1-

R132H along with genetic lesions that drive oncogenesis through NRASG12V and simulate tumor 
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suppressor loss by ATRX and TP53 short hairpin knockdown. Tumor NS were derived from 

endogenous mIDH1 tumors that were adapted to in vitro culture and could be reimplanted into 

immunocompetent C57BL6 (The Jackson Laboratory, C57BL/6J Strain# 000664) mice for 

preclinical experiments in this study. Intracranial surgeries were performed by stereotactically 

injecting 50,000 mIDH1 NS into the right striatum using a 22-gauge Hamilton syringe with the 

following coordinates: 1.0 mm anterior, 2.5mm lateral and 3.0mm deep from the bregma suture 

line. 

Generation of human and mouse ZMYND8 KO glioma cells 

Human mIDH1 primary glioma cell cultures SF10602 and MGG119 were seeded at 2x105 cells 

per well of laminin coated 6-well plate. The following day, cell culture media was removed and 

cells were incubated directly with lentiviral particles for 10mins. Media was changed after 3 days 

of lentiviral transfection and cells were expanded for another week prior to puromycin selection. 

Loss of ZMYND8 expression was confirmed by western blot.  

Quantitative Pathology & Bioimage Analysis Software Analysis 

QuPath v0.3.2(actively developed at the University of Edinburgh) is open-source software for 

bioimage analysis and digital pathology. Positive cell detection command allows to classify cells 

as either positive or negative, using DAB optical density mean and a single threshold. This 

command allows to detect 'objects'(cells) in the selected field, and the percentage of representation 

of each cluster (negative and positive, in this case). Between 13-17 fields (containing 3-4 

neurospheres sections each) were quantified per treatment group. Same parameters were employed 

for the detection of all the fields for every sample. Percentage of DAB-stained positive cells over 

total number of cells per fields was quantified. (Threshold: SF10302: 0.2; LC1035: 0.3). 
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Western blot and radiation sensitivity in vitro 

Mouse NS (NPA-C54B: wt-IDH1, NPAI: mIDH1) and human mIDH1 GCCs (SF10602 and 

MGG119) were seeded at density of 5.0 x 106 cells into 75-cm2 flasks containing NSC media. 

After 24 hours, mouse NS and human GCCs were treated with 5Gy and 20Gy radiation, 

respectively. After an additional 48 hours, cell lysates were prepared by incubating glioma cells 

with RIPA lysis buffer (MilliporeSigma, Cat# R0278) and 1X Halt™ protease and Phosphatase 

inhibitor cocktail, EDTA-free (100X) (Thermo Scientific, Cat# 78441) on ice for 15 minutes. 

Resulting cell lysates were centrifuged at 14000 RPM at 4°C for 15 minutes and supernatants were 

collected to determine protein concentration in comparison to standard bovine serum albumin 

(BSA) protein concentrations through bicinchoninic acid assay (BCA) (Pierce, 23227). For 

electrophoretic separation of proteins, 20 μg of total protein were resuspended in loading buffer 

(10% sodium dodecyl sulfate, 20% glycerol, and 0.1% bromophenol blue) and samples were 

heated at 95°C for 5mins to denature protein and later loaded onto a 4-12% Bis-Tris gel (Thermo 

Fisher Scientific, NuPAGE, NP0322BOX). Proteins from the gel were transferred to 0.2 μm 

nitrocellulose membrane (Bio-Rad, Cat# 1620112) and blocked with 5% bovine serum albumin 

(BSA) in TBS-0.1% Tween-20. After blocking, membranes were incubated with primary anti-

phospho γH2AX (1:1000) (Cell Signaling Technologies, Cat# 9718S), anti-γH2AX (1:1000) (Cell 

Signaling Technologies, Cat# 2595S), primary antibody ZMYND8 (1:2000) (Bethyl Laboratories, 

Cat# A302-089A), primary antibody TIMELESS (1:1000) (Bethyl Laboratories, Cat.# A300-

960A), primary antibody PCNA (1:1000) (Cell Signaling Technologies, Cat# 2586T), primary 

antibody TREX1 (1:1000) (Abcam, Cat# ab185228), primary antibody BRD4 (1:1000) (Cell 

Signaling Technology, Cat# 83375B), primary antibody HDAC1 (1:1000) (Cell Signaling 

Technology, Cat# 2062S), primary antibody HDAC2 (1:1000) (Cell Signaling Technology, Cat# 
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57156S), Vinculin (1:3000) (Thermo Fisher Scientific, Cat# 7000062) or β-tubulin antibodies 

(1:4000) (Sigma-Aldrich, Cat# A1978) overnight at 4°C. The next day, blots were washed with 

TBS-0.1% tween-20 and incubated with secondary (1:4000) antibodies [Dako, Agilent 

Technologies, goat anti-rabbit 1:4000 (Cat# P0448), rabbit anti-mouse 1:4000 (Cat# P0260)] for 

one hour at room temperature. Blots were washed several times again with TBS-0.1% tween-2.0 

Enhanced chemiluminescence reagents were used to detect the signals following the 

manufacturer’s instructions (SuperSignal West Femto, Thermo Fisher Scientific, Cat# 34095) and 

visualized under Bio-Rad gel imaging software. Band intensities were quantified using ImageJ 

(RRID:SCR_003070). 
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Figures 

 

Figure 3.1 Decreased ZMYND8 protein expression following mIDH1 inhibitor treatment (AGI-5198, DS-1001b) in three 
separate human mIDH1 GCCs 

(A) Representative western blot for ZMYND8 protein expression in three human mIDH1 GCCs that were non-treated (NT) or 
AGI-5198-treated (mIDH1 inhibitor) for 1 week.  (B) ImageJ densiometric quantification of ZMYND8 protein expression based 
relative to loading control (tubulin) for each of the mIDH1 GCCs either NT or AGI-5198 treated: MGG119 (black), SF10602 
(red), and LC1035 (blue). (C) Representative western blot for ZMYND8 protein expression in three human mIDH1 GCCs that 
were NT or DS1001b treated (clinical mIDH1 inhibitor) for 1 week. (D) ImageJ densiometric quantification of ZMYND8 protein 
expression following DS1001b treatment compared to NT. Errors bars represent SEM from independent biological replicates 
(n=3). * P<0.05, *** P<0.001, **** P < 0.0001; two-tailed t test. 
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Figure 3.2 Immunohistochemistry (IHC) staining of embedded mIDH1 human neurospheres treated with vehicle (DMSO) 
or mIDH1 inhibitor (AGI-5198) 

(A) Immunohistochemistry (IHC) staining of sectioned paraffin-embedded human mIDH1 GCCs treated with vehicle (DMSO) or 
mIDH1 inhibitor (AGI-5198). (B) Representative Quantitative Pathology & Bioimage Analysis (QuPath) of IHC slides to 
identify the percentage of ZMYND8 positive staining (Diaminobenzidine (DAB) optical density > 0.4) for 12 representative 
frames. Representative Quantitative Pathology & Bioimage Analysis (QuPath) of IHC slides to identify the percentage of 
ZMYND8 positive staining (Diaminobenzidine (DAB) optical density > 0.4) for 12 representative frames. Errors bars represent 
SEM from independent microscope fields (n=12). ** P<0.01, **** P < 0.0001; two-tailed t test. 
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Figure 3.3 IHC quantification of nuclear staining for ZMYND8 expression in human mIDH1 neurospheres treated with 
either DMSO or AGI-5198 prior to fixation 

(A) Immunohistochemistry (IHC) staining of sectioned paraffin-embedded human mIDH1 GCCs treated with vehicle (DMSO) or 
mIDH1 inhibitor (AGI-5198). (B) Representative Quantitative Pathology & Bioimage Analysis (QuPath) of IHC slides to 
identify the percentage of ZMYND8 positive staining (Diaminobenzidine (DAB) optical density > 0.4) for 12 representative 
frames. Errors bars represent SEM from independent microscope fields (n=12). **** P < 0.0001; two-tailed t test 
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Figure 3.4 Assessment of replication stress associated proteins (PCNA, TIMELESS) and genomic instability (TREX1) 
following treatment of SF10602 with AGI-5198 

(A) Western blot analysis shows ZMYND8 and TREX1 expression in SF10602 mIDH1 GCC either untreated, DMSO, or AGI-
5198 treatment for 1 week with tubulin as a loading control. (B) ImageJ densiometric quantification of the western blot for 
ZMYND8 and TREX1. (C) Western blot analysis shows PCNA and TIMELESS expression in SF10602 either untreated, DMSO, 
or AGI-5198 treatment for 1 week with tubulin as a loading control. (D) ImageJ densiometric quantification of the western blot 
for PCNA and TIMELESS. Errors bars represent SEM from independent biological replicates (n=3). ns: not statistically 
significant, * P<0.05, ** P<0.01, *** P<0.001; two-tailed t test. 
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Figure 3.5 Human mIDH1 GCC MGG119 treated with a mIDH1 inhibitor (AGI-5198) exhibits an increased expression of 
genes associated with genomic instability 

Western blot analysis showing (A, B) PCNA and (C, D) TIMELESS expression in MGG119 mIDH1 GCC either untreated, 
DMSO, or AGI-5198 treatment for 1 week with tubulin as a loading control. ImageJ densitometric quantification of the western 
blot for PCNA, and TIMELESS. Errors bars represent SEM from independent biological replicates (n=3). ns-not significant, 
**p<0.01, ***p<0.001, ****p<0.0001; unpaired t test. 
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Figure 3.6 mIDH1 glioma cells exhibit enhanced ZMYND8 expression and lower levels of expression of replication stress 
related proteins 

Western blot analysis showing (A, B) ZMYND8, (C, D) TREX1, (E, F) PCNA, and (G, H) TIMELESS expression in mIDH1 
cells (NPAI) and wt-IDH1 cells (NPA-C54B) with tubulin as a loading control. ImageJ densitometric quantification of the 
western blot for ZMYND8, TREX1, PCNA, and TIMELESS. Errors bars represent SEM from independent biological replicates 
(n=3). ** p<0.01, **** p<0.0001; unpaired t test. 
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Figure 3.7 Plasmid maps for the cloned short hairpin RNA (shRNA) oligonucleotides targeting ZMYND8 (shZMYND8) isoforms for human and mouse  

Diagram of the plasmids utilized to knockdown expression of ZMYND8 in human (pT2-shZMYND8-hu-GFP) or mouse (pT2-shZMYND8-mo-GFP) cells. 
 

 

 

 

 pT2-shZMYND8-hu-GFP 
7369bp pT2-shZMYND8-mo-GFP 

7369bp 
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Table 3.1 Corresponding shRNA sequences highlighted in red for sh2-ZMYND8 (human) and sh4-ZMYND8 (mouse). 

 

shRNA Oligos 
 

DNA Oligonucleotide Sequences targeting ZMYND8 

Human sh2-ZMYND8 F TCGAGAAGGTATATTGCTGTTGACAGTGAGCGCCGGATTTCCTTGTCGGATATTAGTGAAGCCACAG
ATGTAATATCCGACAAGGAAATCCGGTGCCTACTGCCTCGG 

Human sh2-ZMYND8 R AATTCCGAGGCAGTAGGCACCGGATTTCCTTGTCGGATATTACATCTGTGGCTTCACTAATATCCGA
CAAGGAAATCCGGCGCTCACTGTCAACAGCAATATACCTTC 

Mouse sh4-ZMYND8 F TCGAGAAGGTATATTGCTGTTGACAGTGAGCGGCCAAACACTTTAGGTGTAAGTAGTGAAGCCACA
GATGTACTTACACCTAAAGTGTTTGGCTGCCTACTGCCTCGG 

Mouse sh4-ZMYND8 R AATTCCGAGGCAGTAGGCAGCCAAACACTTTAGGTGTAAGTACATCTGTGGCTTCACTACTTACACC
TAAAGTGTTTGGCCGCTCACTGTCAACAGCAATATACCTTC 
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Figure 3.8 Western Blot results following transfection of human HeK293 and mouse NIH3T3 cells with shZMYND8 
knockdown plasmids 

Western blot assessing ZMYND8 expression in human HEK293 and mouse NIH3T3 cells 3 days after jet-prime transfection with 
ZMYND8 knockdown plasmid. Asterisk denotes the shZMYND8 plasmids selected.  
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Figure 3.9 Generation of shZMYND8 knockdown mIDH1 GCCs 

(A) Illustration of the nucleofection procedure to generate stable shZMYND8 knockdown clones of the human mIDH1 GCCs 
(SF10602, MGG119). i) 1x106 human mIDH1 GCCs were collected. ii) mIDH1 GCCs were suspended in nucleofection solution 
containing pT2-shZMYND8-GFP (knockdown plasmid) and sleeping beauty luciferase (SB-luciferase) plasmid to integrate 
shZMYND8 knockdown plasmid using Lonza nucleofector system. iii) Isolated green fluorescent protein expressing cells 
(GFP+) by flow cytometry. iv) expanded the stable shZMYND8 cells. (B) Western blot for ZMYND8 expression in MGG119 
non-transfected (parental) vs. shZMYND8 and (C) histogram quantification of ZMYND8 relative to Tubulin. (D) CellTiter-Glo 
assay to assess cellular viability 72hrs post-IR comparing MGG119 parental (black) vs. MGG119 shZMYND8 (red). (E) Western 
blot for ZMYND8 expression in SF10602 non-transfected (parental) vs. shZMYND8 and (F) histogram quantification of 
ZMYND8 relative to Tubulin. (G) Cellular viability 72hrs post-IR in SF10602 parental vs. shZMYND8. Errors bars represent 
standard error of mean (SEM) from independent biological replicates (n=3). ** p<0.01, *** p<0.001; unpaired t test.  
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Figure 3.10 ZMYND8 KO GCCs display reduced viability to irradiation 

(A) Experimental model in which ZMYND8 lentiviral particles were generated to knockout (KO) ZMYND8 expression in 
human and mouse GCCs mediated by CRISPR-Cas9-sgRNAs. ZMYND8 KO GCCs were selected based on resistance to 
10μg/mL puromycin for 1 week in mouse mIDH1 GCCs and 2 weeks for human mIDH1 GCCs. Representative western blot 
quantification of ZMYND8 KO for (B) SF10602, (D) MGG119 and (F) NPAI mouse NS. Cellular viability of ZMYND8 
wildtype (WT, shown by black line) vs. ZMYND8 KO, represented by the red line, was assessed 72 hours after irradiation (IR) 
exposure using CellTiter-Glo assay in the (C) SF10602, (E) MGG119 and (G) NPAI. Results are expressed in relative 
luminescence units (RLU) to control non-irradiated (0 Gy) cells. 
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Figure 3.11 Temporal evaluation of DNA Repair protein expression that are involved in HR in SF10602 ZMYND8 
Wildtype (WT) compared to SF10602 ZMYND8 KO 

(A). Diagram of the time course analysis of DNA repair proteins expressed in SF10602 ZMYND8 WT (blue) vs. SF10602 
ZMYND8 KO (red) exposed to a single dose of 20Gy IR and protein was collected from non-irradiated (NR) cells and at 0.5, 4, 
24, and 48 hours post IR exposure. (B) Model of irradiation (lighting blot) induced activation of the homologous recombination 
(HR) pathway including downstream HR mediators. 
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Figure 3.12 ZMYND8 KO mIDH1 GCCs are defective in resolving IR induced DNA damage and undergo prolonged 
activation of cell cycle arrest  

(A) Representative western blot for ZMYND8 and γH2AX expression in SF10602 ZMYND8 WT vs.SF10602 ZMYND8 KO at 
the indicated conditions described in IR time course diagram. (B) Line graph represents the quantification of ZMYND8 
expression relative to tubulin in SF10602 ZMYND8 WT (blue) vs. SF10602 KO (red) from 0 (NR) to 48hrs post IR. (C) Line 
graph represents the quantification of yH2AX relative to tubulin. (D) Representative western blot for phosphorylated ATM 
(pATM) and Chk1 (pChk1) expression and their respective nonphosphorylated (ATM and Chk1) proteins relative to β-actin. Line 
graph represents the quantification of (E) pATM expression relative to β-actin and (F) pChk1 expression relative to Chk1. (G) 
Representative western blot for phosphorylated Rad51 (pRad51) and Chk2 (pChk2) expression and their respective 
nonphosphorylated (Rad51 and Chk2) proteins relative to β-actin. Line graph represents the quantification of (H) pRad51 
expression relative to Rad51 and (I) pChk2 expression relative to Chk2.  Error bars represent SEM from independent biological 
replicates. (n=3) * P<0.05, ** P<0.01, *** P<0.001, **** P < 0.0001; two-tailed t test.  
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Chapter 4 Targeting ZMYND8-interacting Partners and the Generation of a PDGFRA-
driven Mouse Model of MIDH1 Glioma 

 

Introduction 

Despite IDH-mutant glioma patients displaying a prolonged period between initial 

diagnosis to tumor recurrence as compared to GBM, these patients will experience tumor relapse 

after radiotherapy and chemotherapy (Yu et al., 2021). Previous studies aimed at characterizing 

the role of mIDH1 in susceptibility to irradiation focused solely on introducing mIDH1 

exogenously to available glioma cell lines, which do not harbor the same genetic lesions present 

in mIDH1 gliomas (Wang et al., 2014). We generated a genetically engineered mouse model of 

mIDH1 glioma that was initiated through the introduction of the oncogenic mutation PDGFRA-

D842V, which drives the MAPKK pathway independent of growth factor ligand. The proneural 

genetic signature that is defined by expression of SOX, OLIG2, and PDGFRA has been associated 

with mIDH1 gliomas (Saito et al., 2019).  

Gain-of-function mutations in PDGFRA frequently occur in IDH-wildtype GBM, but these 

alterations are less common in IDH-mutant tumors.  Flavahan et al. performed 3-dimensional 

chromosome conformation capture (3C) to examine looping interactions at the PDGFRA locus in 

an IDH-mutant BT142 gliomasphere derived from an oligoastrocytoma (Flavahan et al., 2016). 

With the goal of identifying regulatory elements that might underlie PDGFRA upregulation in 

IDH-mutant glioma, the authors identified the FIP1LI enhancer to be strongly associated with the 

PDGFRA promoter in BT142 glioma cells (Flavahan et al., 2016). As compared to wildtype-IDH1 

EGFR-amplified glioma cell GSC6, this interaction did not occur due to a CTCF binding site 
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creating a boundary between the FIP1L1 enhancer with PDGFRA promoter (Flavahan et al., 

2016). This CTCF motif exhibited a 5-fold increase in DNA methylation in the BT142 as compared 

to GSC6, which suggested that mIDH1 could be disrupting the boundary of chromatin looping to 

drive PDGFRA oncogene activation by preventing CTCF binding to specific DNA regions 

(Flavahan et al., 2016). Another study, where mIDH1 was exogenously expressed in immortalized 

human astrocytes (IHA) found enhanced H3K4me3 deposition at the PDGFRA promoter (Turcan 

et al., 2018). Therefore, we pursued generating a mouse model where PDGFRA was constitutively 

activated to understand its contribution to gliomagenesis in our murine model and to evaluate if 

knocking out ZMYND8 enhanced the susceptibility to irradiation.  

 ZMYND8 has been shown to form a complex with chromatin reader proteins like BRD4 

and HDAC, which we targeted using pharmacological inhibitors to determine their contribution to 

the radiosensitivity observed in the ZMYND8 KO mIDH1 GCCs compared ZMYND8 WT. We 

observed an additive effect of targeting BRD4 (JQ1, I-BET-762) or HDAC (Panobinostat) on 

decreasing the survival of ZMYND8 KO mIDH1 GCCs to radiotherapy. We did not observe a 

correlated upregulation of BRD4 or HDAC1 or HDAC2 in IDH-mutant glioma compared to IDH-

wildtype glioma, suggesting that the regulation of BRD4 and HDAC1/2 does not occur in the same 

manner as ZMYND8. It is likely, that the increased susceptibility of ZMYND8 KO to BRD4 and 

HDAC inhibitors functions independently of their function at the chromatin level.   

 Treatment of human mIDH1 GCCs in vitro with TMZ results in a marked increase in PAR 

polymers and occurs within the first hour after exposure (Tateishi et al., 2017). The recruitment of 

ZMYND8 to regions of DNA damage has been shown to be dependent upon the presence of PARP 

(Spruijt et al., 2016). Several groups have shown that mIDH1 GCCs are sensitive to PARP 

inhibitors when combined with irradiation. PARP inhibitors like veliparib and pamiparib trap 
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PARP onto DNA and prevent its polymerization (Kim & Nam, 2022). This convergence of 

ZMYND8, PARP, and HDAC to occur at regions of DNA damage propose a potential epigenetic 

vulnerability that requires further investigation.  

Results 

Murine model of mIDH1 glioma driven by constitutive activation of Platelet Derived 

Growth Factor Receptor mutation D842V (PDGFRAD842V) and loss of TP53 and ATRX 

Amplified expression of PDGFRA has been found in 9.9% of LGG, and was more 

frequently observed in diffuse astrocytoma (16.3%) as compared to oligodendroglioma (2.6%) 

(Motomura et al., 2013). We developed a second mIDH1 mouse glioma model using the 

PDGFRAD842V plasmid to constitutively activate the receptor tyrosine kinase (RTK)-RAS-PI3K 

pathway (Fig. 4.1A). We induced brain tumors in two experimental groups: wtIDH1 (RPA: 

PDGFRAD842V, shP53, and shATRX) and mIDH1 (RPAI: PDGFRAD842V, shP53, shATRX, and 

mIDH1R132H). The MS of mice in the RPAI group was 172 days post-injection (DPI), which was 

significantly greater compared to RPA group with an MS of 92 DPI; p<0.0023, Mantel-Cox test 

(Fig. 4.1B). 

We generated the RPAI NS from a resected sleeping-beauty tumor 158 DPI, and 

integration of oncogenic plasmids was assessed by fluorescence microscopy (Fig. 4.2A-B). 

Additionally, we demonstrated that the RPAI NS was able to generate tumors in mice and 

confirmed expression of mIDH1 using a specific antibody for the R132H mutation and ATRX loss 

by IHC (Fig. 4.2C). WB analysis of RPAI NS treated with AGI-5198 revealed a decrease in global 

histone mark lysine trimethylation for H3K4me3, H3K27me3 and H3K36me3, but there was no 

change in global H3K27ac expression (Fig. 4.3A). After we confirmed the loss of ZMYND8 in 

RPAI ZMYND8 KO by WB analysis (Fig. 4.3B), we assessed their viability in response to IR. 
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The RPAI ZMYND8 KO exhibited an IC50 of 4.0Gy versus the RPAI ZMYND8 WT with an IC50 

of 8.1Gy (Fig. 4.3C). This finding further supports the importance of ZMYND8 in survival of 

mIDH1-expression glioma cells to IR independent of the oncogenic driver mutation. 

Murine mIDH1 glioma models display sensitivity to BRD4 and HDAC inhibitors and 

ZMYND8 KO show a greater decrease in cell viability compared to ZMYND8 WT 

To begin to examine the mechanisms by which ZMYND8 contributes to genomic stability, 

we inhibited two newly described ZMYND8-interacting partners BRD4 and HDAC. We sought 

to investigate if BRD4 and HDAC cooperate with ZMYND8 to mediate the response to irradiation. 

We evaluated the sensitivity of our two mouse mIDH1 NS, NPAI ZMYND8 WT versus NPAI 

ZMYND8 KO and RPAI ZMYND8 WT versus RPAI ZMYND8 KO to two bromodomain and 

extraterminal domain inhibitors (BETi): JQ1 and I-BET-762, which also target BRD2 and BRD3 

in addition to BRD4 (Fig. 4.4A). We also assessed the sensitivity of our mouse mIDH1 NS to the 

pan-histone deacetylase inhibitor Panobinostat, which targets Class I, II and IV HDACs (Fig. 

4.4B). We observed an enhanced vulnerability of NPAI ZMYND8 KO to JQ1 treatment (p < 

0.0001) with an IC50 of 0.18µM versus the NPAI ZMYND8 WT where an IC50 was not reached 

(Fig. 4.5A). The RPAI ZMYND8 KO had a reduced viability to JQ1 (p < 0.01) with an IC50 of 

0.51µM versus the RPAI ZMYND8 WT with an IC50 of 0.97µM (Fig. 4.5B). The NPAI ZMYND8 

KO displayed reduced cellular viability to I-BET-762 (p < 0.0001) with an IC50 of 0.335µM versus 

the NPAI ZMYND8 WT where an IC50 was not reached (Fig. 4.5C). The RPAI ZMYND8 KO 

displayed reduced viability to I-BET-762 (p < 0.0001) with an IC50 of 0.001µM versus the RPAI 

ZMYND8 WT with an IC50 of 0.19µM (Fig. 4.5D). Both mouse NPAI NS displayed sensitivity to 

Panobinostat (p < 0.0001), with NPAI ZMYND8 WT having an IC50 of 0.0340µM versus NPAI 

ZMYND8 KO with an IC50 of 0.0075µM (Fig. 4.5E). Similarly, both RPAI NS showed sensitivity 
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to Panobinostat (p < 0.0001), with RPAI ZMYND8 KO having an IC50 of 0.0082µM versus RPAI 

ZMYND8 WT with an IC50 of 0.41µM (Fig. 4.5F).  We found that the NPAI ZMYND8 KO were 

more sensitive to BRD4 and HDAC inhibition compared to the NPAI ZMYND8 WT, which was 

also confirmed in the RPAI ZMYND8 KO versus RPAI ZMYND8 WT. The ZMYND8 KO 

mIDH1 GCCs exhibited higher levels of radiosensitization when IR was delivered in combination 

with either BRD4 or HDAC inhibition (Fig. 4.4C). Collectively, this data suggests the inhibition 

of epigenetic modulators BRD4 or HDAC in combination with IR further reduced the cellular 

viability of ZMYND8 KO mIDH1 GCCs. 

Our results demonstrate that the changes in the sensitivity to BRD4 and HDAC inhibitors 

on ZMYND8-KO cells are directly related to the loss of ZMYND8 and not to changes on the 

expression of BRD4 and HDAC. Also, the expression of BRD4, HDAC1, and HDAC2 do not 

show a correlation with the expression levels of ZMYND8 (Fig. 4.6A-I). 

These findings were further confirmed through mIDH1 MGG119 GCCs which were 

untreated, treated with vehicle (DMSO), or 5 µM AGI-5198 every 2 days for 1 week. Protein was 

extracted and the expression of HDAC1, HDAC2, and BRD4 was determined using western blot 

analysis (Supplementary Figure S12). We observed no significant difference in HDAC1 and 

HDAC2 protein expression between all three experimental groups (Fig. 4.7A-D). We observed a 

slight increase in the expression of BRD4 in MGG119 treated with AGI-5198 when compared 

with DMSO-treated cells (p < 0.01), however, this difference was not considered biologically 

meaningful (Fig. 4.8A-B).   
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In vivo impact of radiation on mIDH1 ZMYND8-WT and mIDH1 ZMYND8-KO mouse 

models 

Tumor-bearing mice were irradiated with a dose of 2Gy/day for 5 days each cycle (20 Gy 

total) for both experimental groups (Fig 4.9A-B). Tumor burden was confirmed using IVIS 

bioluminescence and radiation treatment started 10 days post tumor implantation. We observed a 

minor increase in the median survival mIDH1 (MS=18 days) vs. mIDH1+IR (MS=22 days) in the 

group with mIDH1 tumors (p=0.0045) (Fig 4.9C). The efficacy of radiation was more significant 

in mIDH1/ZMYND8 KO (MS=25 days) vs. mIDH1/ZMYND8KO+IR (MS=34 days) tumors 

(p=0.0084) (Fig 4.9D).  

ZMYND8 KO mIDH1 GCCs are more susceptible to PARP inhibition 

Considering the elevated expression of DDR proteins following IR in ZMYND8 KO GCCs 

compared to ZMYND8 WT GCCs, we wondered if this resulted from an impaired resolution of 

DNA damage due to intrinsic genomic stress occurring within the ZMYND8 KO GCCs. We 

speculated that loss of ZMYND8 would increase the susceptibility of mIDH1 GCCs to chemicals 

that promote genotoxic stress. To evaluate this, we targeted PARP, an initial sensor of DNA lesions 

specifically at single-stranded DNA breaks (SSB) (Fig. 4.10). PARP1 and PARP2 catalyze a 

reaction that utilizes NAD+ to attach negatively charged poly(ADP-ribose) polymers to various 

target proteins, including itself, to signal the recruitment of DNA repair proteins to the region. We 

choose to utilize Pamiparib, a selective PARP1/2 inhibitor which prevents PARP from binding to 

DNA, thus preventing the formation of PARP-DNA complexes which allow for the persistence of 

unrepaired SSB (Fig. 4.10) (Li et al., 2020). The PARP-DNA adducts create a barrier at replication 

forks, resulting in fork collapse and the formation of DSBs (Fig. 4.10) (Li et al., 2020). We 

observed a significant reduction (p < 0.001) in cellular viability of the SF10602 ZMYND8 KO to 
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increasing doses of Pamiparib with an IC50 of 12.6µM versus the SF10602 ZMYND8 WT with an 

IC50 of 88.5 µM (Fig. 4.11A). When we combined Pamiparib with 20Gy IR, we observed enhanced 

therapeutic response in the SF10602 ZMYND8 KO compared to the SF10602 ZMYND8 WT (Fig. 

4.11B). The sensitivity of SF10602 to Pamiparib +IR was further enhanced by the loss of 

ZMYND8, where this combination was also supported in the MGG119 (Fig. 4.12A-B). Next, we 

evaluated the response of our mouse mIDH1 GCCs to PARP inhibition; we observed a significant 

reduction in cellular viability of NPAI ZMYND8 KO to Pamiparib alone with an IC50 of 4.9µM 

versus the NPAI ZMYND8 WT with an IC50 of 50.5µM (Fig. 4.11C). We also validated the 

response to Pamiparib in a second mIDH1 model (RPAI) in vitro presented in Fig. 4.12C-D, which 

determines the efficacy of PARP inhibition and irradiation comparing mIDH1 ZMYND8 WT vs. 

mIDH1 ZMYND8 KO cells. Comparably, RPAI ZMYND8 KO glioma cells displayed a 

significant reduction in cellular viability when treated with Pamiparib (IC50 = 2.0µM; p < 0.0001) 

vs. RPAI ZMYND8 WT glioma cells (IC50 = 44.7µM) (Fig. 4.12C). In the combination of 

Pamiparib and 6Gy IR, we similarly observed an enhanced therapeutic response in the NPAI 

ZMYND8 KO compared to the NPAI ZMYND8 WT (Fig. 4.11D). Additionally, the combination 

of Pamiparib with IR (6 Gy) significantly (p < 0.01) reduced cellular viability of RPAI ZMYND8 

KO glioma cells compared to RPAI ZMYND8 WT glioma cells at all concentration of Pamiparib 

used (Fig. 4.12D). The recruitment of ZMYND8 to regions of DNA damage has been proposed to 

be mediated by PARP (Spruijt et al., 2016). These data suggest that PARP could function upstream 

of ZMYND8. To translate these findings to in vivo, we implanted 50,000 NPAI ZMYND8 WT 

GCCs in immunocompetent C57BL6 mice and confirmed tumor burden based on IVIS 

bioluminescence signal at 10 days post implantation (dpi). Tumor bearing mice were administered 

saline or Pamiparib (1mg/mL) and with/out IR, as indicated in Fig. 4.13A. We observed a 1.7-fold 
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(p < 0.05) increase in the MS of mice in the Pamiparib + IR group (MS: 55dpi) when compared 

to IR alone (MS: 38 dpi) or Pamiparib alone (MS:34 dpi) (Fig. 6G). When compared to the control 

mice that received saline (MS:29 dpi), mice in the Pamiparib + IR group displayed a 1.9-fold 

(p<0.01) increase in MS (Fig. 4.13B). We did not observe a significant difference in viability in 

response to AGI-5198 treatment in NPAI ZMYND8 WT versus ZMYND8 KO, but when 

combined with IR we observed a modest reduction in viability p<0.05 (Fig. 4.13C). The enhanced 

sensitivity of mIDH1 GCCs to IR after the genetic knockout of ZMYND8, or treatment with 

HDAC or PARP inhibitors, propose a novel vulnerability of mIDH1 GCCs to respond to IR-

induced DNA damage. We speculate that the loss of transcriptional repression mediated by 

ZMYND8’s recruitment of NuRD or ZMYND8 recognition of DNA damaged regions marked by 

PARP leads to defective HR repair in mIDH1 GCCs (Fig. 4.13D). 

To address whether ZMYND8 expression varied across LGG patients based on IDH1 

mutation status, we analyzed publicly available RNA-seq data from the The Cancer Genome Atlas 

(TCGA) LGG dataset (Fig. 4.14A). We observed a significant increase (p<0.05) in log2-

normalized ZMYND8 expression in mIDH1 LGG versus wtIDH1 LGG. When we stratified the 

overall survival (OS) of LGG patient into low- or high-ZMYND8 expression groups, we found 

that high-ZMYND8 mIDH1 LGG were associated with poor clinical outcome with a median OS 

of 6.3yrs as compared with low-ZMYND8 mIDH1 LGG with a median OS of 7.9yrs (Fig. 4.14B). 

There was no significant difference found within wtIDH1 LGGs, where high-ZMYND8 wtIDH1 

LGGs had a median OS of 1.7yrs compared with 2.0yrs in low-ZMYND8 wtIDH1 LGGs.  This 

significant discrepancy in OS found amongst mIDH1 LGGs (p<0.0001), indicates that a subset of 

mIDH1 glioma overexpress ZMYND8 and of which present with poor patient outcome. 

Considering that upon recurrence IDH-mutated gliomas present as high-grade, we analyzed 
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Kaplan Meier survival for median ZMYND8 expression along with mIDH1 status from the 

Chinese Glioma Genome Atlas (CGGA) for primary and secondary GBM (Fig. 4.14C-F). There 

was no significant discrepancy in median OS found amongst CGGA primary (Fig. 4.14C) or 

secondary (Fig. 4.14D) wtIDH1 GBM based on ZMYND8 median expression. We observed a 

shortening in median OS within primary (Fig. 4.14E, p < 0.0014) and secondary (Fig. 4.14F, p < 

0.0027) mIDH1 GBM high-ZMYND8 compared to low-ZMYND8 patient tumors. 

We performed serum biochemistry analysis of liver and kidney metabolites in the animals 

receiving Pamiparib, or Pamiparib + IR treatment compared with animals in the saline treatment 

group. There was no significant difference observed in the serum level of kidney (creatinine, blood 

urea nitrogen) and liver (aminotransferase, aspartate aminotransferase) metabolites tested in 

animals treated with Pamiparib, or Pamiparib + IR treatment compared to saline treatment group 

(Fig. 4.15A-H).  

Histopathological analysis of liver sections to inspect the potential toxicity of the 

Pamiparib+IR treatment revealed that the liver tissue sections had no differences in the 

hepatocytes, stromal central, and portal areas between the control saline and the treatment group 

(Fig. 4.16A-B).  

Discussion 

Inhibition of epigenetic regulators BRD4 and HDAC further reduced the cellular viability 

of ZMYND8 KO mIDH1 GCCs. Recent work in AML showed that ZMYND8 recruitment to 

enhancers was mediated by BRD4 (Cao et al., 2021). The oncogenic programs regulated by BRD4 

to support cancer cell survival were downregulated in AMLs when ZMYND8 was depleted (Cao 

et al., 2021). Inhibition of BRD4 using JQ1 was shown to abolish ZMYND8 occupancy at 

enhancers (Cao et al., 2021). There is compelling evidence that BRD4 functions at replication 
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forks, where it associates with several complexes involved in chromatin remodeling (MMS22L, 

TONSL) and replication (POLA2, POLD3), which we also observed to be upregulated in our 

RNA-seq analysis (Wessel et al., 2019). Additionally, inhibition of BRD4 either by siRNA 

knockdown or JQ1 treatment has been shown to induce DNA damage marked by increased γH2AX 

foci formation (Bowry et al., 2018). Loss of BRD4 induces replicative stress via the deregulation 

of transcription and in response RAD51 is recruited to damaged DNA regions to suppress 

replication (Lam et al., 2020).  

Traditionally, BRD4 inhibitors like JQ1 compete with the acetyl lysine recognition binding 

site on BRD4 preventing its ability to facilitate oncogenic transcription at enhancers leading to a 

suppression of cancer cell growth and apoptosis (Chapuy et al., 2013). More recently, degradation 

of BRD4 has been shown to induce endogenous DNA damage in cancer cells undergoing 

replication marked by an increase in γH2AX foci (Edwards et al., 2020). It is likely that the 

differences in cellular viability of mouse mIDH1 ZMYND8 KO and ZMYND8 WT treated with 

JQ1/I-BET-762 could be the result of enhanced DNA damage facilitated by inhibition of BRD4 in 

ZMYND8 KO cells. Treatment of mIDH1 tumor cells with the HDAC inhibitor Vorinostat lead to 

a suppression of Rad51 and Brca1 expression, along with an increase in cleaved PARP (Dow et 

al., 2021). HDAC inhibitors have been shown to increase histone acetylation (H3K9, H3K18, 

H3K56, H4K8, H4K16) and induce senescence mediated by p21 and p27 (Lin et al., 2019). It has 

been proposed that the hyperacetylation of histone prevents chromatin condensation, a necessary 

step for DNA repair. While also downregulating the expression of key DNA repair proteins like 

Ku70, DNA-Pkc, and Rad51 (Carrier, 2013). HDAC inhibitors exhibit broad antineoplastic effects 

mediated by the induction of apoptosis, cell cycle arrest and inhibition of DNA repair machinery. 

Our data suggest that the susceptibility of mIDH1 glioma cells to either BRD4 or HDAC inhibitors 
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is dependent on the expression of ZMYND8. Our data also suggests that BRD4 or HDAC 

expression levels are not correlated with the levels of ZMYND8 expression.  

PARP functions as an early sensor of DNA damage and has been shown to rapidly deposit 

poly-ADP ribose chains (PARylation) at newly generated DNA DSB within milliseconds (Caron 

et al., 2019). The recruitment of ZMYND8 to laser-induced DSB was shown to be dependent upon 

the presence of PARylation (Spruijt et al., 2016). Surprisingly, we observed that ZMYND8 WT 

mIDH1 glioma cells were sensitive to Pamiparib treatment, but ZMYND8 KO mIDH1 glioma 

cells displayed a further decrease in cellular viability. Recent studies have observed enhanced 

sensitivity of IDH-mutant glioma to PARP inhibition using preclinical mouse models and human 

glioma stem cell lines (Lu et al., 2017; Wang et al., 2020). Pamiparib (BGB-290) in combination 

with TMZ is currently being evaluated clinically for the treatment of IDH1/2 mutant grade I-IV 

Gliomas (NCT03749187) and recurrent gliomas with IDH1/2 mutations (NCT03914742). 

Moreover, our data shows that ZMYND8 functions alongside PARP to signal the repair of IR 

induced DNA damage.  

PARP inhibitors and antibodies that inhibit immune checkpoints, like CTLA-4, PD-1 and 

PD-L1 are currently being evaluated in clinical trials for ovarian, breast, prostate, lung, urothelial, 

and gastrointestinal cancers (Vikas et al., 2020). In preclinical models of breast cancer, PARP 

inhibitors have been shown to upregulate the expression of PD-L1 (Jiao et al., 2017). To date, 

clinical trials in recurrent IDH-mutant glioma are recruiting patients to evaluate PARP inhibitors 

alone and in combination with chemotherapeutic agents like temozolomide and carboplatin (Sim 

et al., 2022). Also, the combination of Olaparib, a PARP inhibitor, and durvalumab, a PD-L1 

antibody, is currently being investigated in patients with recurrent IDH-mutated high-grade glioma 

(Ramos et al., 2021).  
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To our knowledge, a direct connection between ZMYND8 regulation at the chromatin level 

within mIDH1 glioma has not previously been described. However, we found that high ZMYND8 

expressing mIDH1 LGG patient tumors exhibited a shorter median OS as compared with low 

ZMYND8 expressing mIDH1 LGG.   

In summary, by examining the alterations to the epigenome and biological pathways 

following mIDH1 inhibition, we provide novel evidence that ZMYND8 is epigenetically regulated 

by mIDH1 reprogramming in patient derived mIDH1 GCCs and in our genetically engineered 

mouse mIDH1 glioma model. In addition, our data shows that ZMYND8 supports the survival of 

human mIDH1 GCCs and mouse mIDH1 NS in response to radiation through its role in 

contributing to DNA repair and genomic stability. Genetic ablation of ZMYND8 in combination 

with epigenetic inhibitors against PARP, HDAC, and BRD4 further reduces the cellular viability 

of mIDH1 GCCs to IR induced DNA damage. We anticipate these findings will provide support 

for the development of ZMYND8 specific inhibitors, which represents a viable target for the 

treatment of mIDH1 gliomas. 

 

Materials and Methods 

Platelet Derived Growth Factor Receptor Mutant D842V (PDGFRD842V)-driven mouse 

mIDH1 glioma neurospheres 

We have generated an additional mIDH1 glioma model (RPAI) driven by platelet derived growth 

factor receptor alpha mutation (PDGFRAD842V) to promote constituent activation of the MAPK 

pathway, which have been shown to induce tumors in diffuse intrinsic pontine glioma (DIPG) 

models (Patel et al., 2020). These mouse glioma cells endogenous express IDH1-R132H, along 

with ATRX and TP53 short hairpin knockdown to simulate the molecular genetic lesions that 
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define the molecular features of astrocytoma. Tumor NS were derived from endogenous mIDH1 

tumors that were adapted to in vitro culture and could be reimplanted into NSG mice to 

demonstrate the ability to form tumors.  

In vitro dose-response and evaluation of radiosensitivity using PARP inhibitor 

To assess the susceptibility of both ZMYND8 WT and ZMYND8 KO generated in mouse mIDH1 

NS and human mIDH1 GCCs to PARP inhibitor (PARPi), we used Pamiparib (BGB-290) 

(SelleckChem, Cat# S8592), a PARPi for our study. Herein, both the cells were plated at a density 

of 1500 cells per well in 96-well plates (Fisher, 12-566-00) 24h prior to treatment. We used 5 wells 

per inhibitor dose evaluated for each cell type. We evaluated 8 concentrations of inhibitor in serial 

dilutions (e.g., 1µM, 3µM, 10µM, 30µM, 50µM, 100µM) and were added to each well for each 

dilution evaluated. Cells were then incubated for 3 days and viability was assessed using CellTiter-

Glo assay (Promega, Cat# G7572) following manufacturer’s protocol. Moveover to assess the 

radiosensitization, cells were then incubated with either Pamiparib alone or in combination with 

radiation at their respective IC50 doses for 72h in triplicate wells per condition. Cells were pre-

treated with PARPi 2h prior to irradiation with 6Gy and 20Gy of radiation for mouse neurospheres 

and human glioma cells respectively. Resulting luminescence was read with the Enspire 

Multimodal Plate Reader (Perkin Elmer). Data was represented graphically using the GraphPad 

Prism 7 (RRID:SCR_002798) using sigmoidal regression model which allows the determination 

of IC50 values and statistical significance was determined by one-way ANOVA followed by 

Tukey’s test for multiple comparisons. 
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Tumor implantation and inhibition of DNA damage response in vivo 

NPAI ZMYND8-WT GCCs (50,000 cells) were implanted in immunocompetent C57BL6 (The 

Jackson Laboratory, C57BL/6J Strain# 000664) mice. Mice were anesthetized using ketamine 

(75mg/kg, I.P) and dexmedetomidine (0.5mg/kg, I.P) before stereotactic implantation with cells 

in the right striatum. The coordinates for implantation were 1.0 mm anterior and 2.0 mm lateral 

from the bregma, and 3.5 mm ventral from the dura. Neurospheres were injected at a rate of 1 

μL/min. Mice were given a combination of buprenorphine (0.1mg/kg, S.C) and carprofen (5mg/kg, 

S.C) for analgesia. Tumor burden was confirmed based on IVIS bioluminescence signal at 10 days 

post-implantation (dpi), and the mice were divided into 4 groups: i. Saline; ii. Pamiparib injected 

(1mg/mL); iii. IR treated; and iv. Pamiparib+IR. Mice were administered with 10 mg/Kg of 

Pamiparib, dissolved in 10% (2-hydroxypropyl)- β-cyclodextrin (Sigma Aldrich, Cat# H107-5G), 

and injected in a volume of 200 uL, 5 days per week for two weeks. Mice were lightly anesthetized 

with isoflurane and placed under a copper Orthovoltage source, with the irradiation beam directed 

to the brain, while the body was shielded by iron collimators. A dose of 2 Gy per irradiation session 

was given 5 days per week for two weeks, for a total of 20 Gy. Irradiation treatment was given to 

the mice at the University of Michigan Radiation Oncology Core. 

Histone Extraction 

To assess changes in histone modifications in RPAI NS treated with either vehicle (DMSO) or 

mIDH1 inhibitor (AGI-5198) (MedKoo Biosciences, Inc. Cat# 406264), we collected histone 

extracts using the Histone Purification Mini Kit (Active Motif, Cat# 40026). We performed WB 

analysis using 10µg histone protein and assessed global histone mark modifications for H3K4me3 

(Diagenode, Cat# C15410003-50), H3K27me3 (Diagenode, Cat# C15410195), H3K27ac 
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(Diagenode, Cat# C15410196) and H3K36me3 (Diagenode, Cat# C15410192) relative to total 

histone 3 (Cell Signaling, Cat# 9715S).  

The Cancer Genome Atlas (TCGA) and Chinese Glioma Genome Atlas (CGGA) Analysis 

Low Grade Glioma patient clinical annotation and RNA-seq data from the NCI Genomic Data 

Commons (GDC) repository were downloaded using the TCGAbiolinks package (Colaprico et al., 

2016). All CGGA data were downloaded from the Chinese Glioma Genome Atlas 

(http://www.cgga.org.cn/) (Chinese Glioma Genome Atlas, RRID:SCR_018802) (Zhao et al., 

2021). mRNA expression levels were normalized and ZMYND8 expression was compared 

between wtIDH1 and mIDH1 samples using a Log-rank test. The relationship between patients’ 

overall survival and the levels of ZMYND8 were identified by the R packages "survminer" and 

"survival". 

Human single cell-RNA-sequencing (scRNA-seq) 

Human glioma scRNA seq was performed and analyzed as previously described. (Alghamri et al., 

2021) The data has been deposited in NCBI’s Gene Expression Omnibus (GEO, 

RRID:SCR_005012) with identifier (GSE152277). Briefly, freshly isolated primary tumor tissue 

was kept in DMEM/F12 media (Gibco). Tissue was cut into small pieces until a homogenous 

solution was obtained. The cell suspension was passed through 70 μm strainer to remove debris 

and connective tissue, lysed with RBC’s lysis buffer (Biolegend), and passed through dead cells 

removal column (Miltenyi Biotec). 3’ single cell libraries were generated using the 10X Genomics 

Chromium Controller following the manufacturer’s protocol for 3’ V3.1 chemistry with NextGEM 

Chip G reagents (10X Genomics). Final library quality was assessed using the Tapestation 4200 

(Agilent), and libraries were quantified by Kapa qPCR (Roche). Pooled libraries were subjected 
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to 150 bp paired-end sequencing according to the manufacturer’s protocol (Illumina NovaSeq 

6000). Raw sequencing data files were converted to fastq files and aligned to the human reference 

genome using the Cell Ranger Pipeline (10X Genomics). The data were clustered and gene 

expression were analyzed using the Seurat R package. 

Efficacy of radiation in mIDH1 ZMYND8-WT vs. mIDH1 ZMYND8-KO glioma bearing 

mice 

CD8 knock-out mice (The Jackson Laboratories, B6.129S2-Cd8atm1Mak/J, Strain# 002665) were 

anesthetized using ketamine (75mg/kg, I.P) and dexmedetomidine (0.5mg/kg, LP) prior to 

stereotactic implantation with 50,000 NPAI & NPAI ZMYNDKO cells in the right striatum. We 

used CD8 KO mice for this experiment to eliminate the impact of the adaptive immune system in 

the efficacy of radiation. The coordinates for implantation were 1.0 mm anterior and 2.0 mm 

lateral from the bregma and 3.5 mm ventral from the dura. Neurospheres were injected at a rate of 

1 μL/min. Mice were given a combination of buprenorphine (0.1mg/kg, S.C) and carprofen 

(5mg/kg, S.C) for analgesia. Ten days’ post tumor cell implantation, mice were subjected to 

ionizing irradiation (IR) using a dose of 2 Gy, 5 days per week for two weeks, for a total of 20 Gy 

of IR. Mice were lightly anaesthetized with isoflurane. Mice were placed under a copper 

Orthovoltage source, with the irradiation beam directed to the brain, the body of the mouse 

was shielded by iron collimators. Irradiation treatment was given to mice at the University of 

Michigan Radiation Oncology Core. 

Serum Chemistry 

Blood was collected from the submandibular vein from mIDH1glioma bearing mice and 

transferred to serum separation tubes (Biotang). Samples were incubated at room temperature for 
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60mins to allow for blood coagulation. Tubes were then centrifuged at 2000 rpm (400 x g) for 15 

minutes and serum was collected from the tubes. Complete serum chemistry for all samples was 

assessed by the Veterinary Core Facility at the University of Michigan Medical School.   

Liver Hematoxylin & Eosin (H&E) staining in experimental mouse groups 

Livers were embedded in paraffin for histological analysis, 5μm thick sections were generated 

using the microtome system and sections were stained using H&E as described below. Sectioned 

livers were de-paraffinized by placing them for 10 min in a 60 °C oven and then transferring them 

at 5 min intervals through a series of three slide containers filled with xylene. the slides were 

Hydrated through a series of ethanol baths: 100% ethanol for 2 min, repeat once, 95% ethanol for 

2 min, repeat once, 70% ethanol for 2 min and then transferred to water. The slides were stained 

by dipping them in a slide container filled with Harris Hematoxylin for 2 min. Rinse in tap water 

until water is clear. Dip slides twice into bluing solution (0.1% Sodium Bicarbonate). Let slides 

stand in tap water for 2 min, then transfer to 80% ethanol for 2 min. After, the slides were dipped 

in a container filled with Eosin for 5 min. Dehydrate slides in a series of ethanol baths (80% ethanol 

3-4 dips, 95% ethanol 2 min, repeat once, 100% ethanol 2 min, repeat once). Clear with 3 

consecutive baths of xylene, 3 min each. Coverslip with a xylene-based mounting medium and let 

dry on a flat surface at room temperature until ready for imaging. Store at room temperature.  

Brightfield images were acquired employing an Olympus MA BX53 microscope. 
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Figures 

 
Figure 4.1 Generation of PDGFRαD842V-driven mouse glioma model using SB transposase system 

(A) Schematic representation of sleeping beauty transposase (SB) luciferase (luc) and oncogenic DNA plasmids used to develop gliomas in mice. Blue arrows indicate position of 
inverted and direct repeat sequences recognized by SB for integration, which flank oncogenic DNA sequences that encode for constitutively active PDGFRA D842V receptor, 
shP53, shATRX-GFP and mIDH1 R132H-Katuska [RPAI]. (B) Kaplan-Meier survival curves for mice bearing wtIDH1 (RPA, n=20) or mIDH1 (RPAI, n=20) gliomas (**P 
<0.01, Mantel-Cox test).  
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Figure 4.2 Fluorescent imaging and histological confirmation of genetic lesions (shATRX-GFP and mIDH1R132H-
Katsuska) in primary sleeping beauty (SB) derived tumor, neurospheres maintained in vitro and reimplanted into NSG 
mice to determine tumor burden in vivo 

(A) Representative mouse brain of SB RPAI tumor (dotted outline)158 days post injection (DPI) with fluorescence microscopic 
images of GFP corresponding to shATRX-GFP plasmid integration and Katuska (red) fluorescence corresponding to mIDH1-
R132H. Scale bar: 2mm. (B) Fluorescence microscopic images of in vitro tumor neurospheres generated from SB-tumor. Scale 
bar is 500μm. (C) Hematoxylin and eosin (H&E) histological stain of NSG mouse brain tumor which was intracranially 
implanted with RPAI NS. Brain tissue was stained by IHC for mIDH1 and ATRX. Brain section scale bar: 1mm, mIDH1 IHC 
scale bar: 20μm, ATRX IHC scale bar: 50μm with the tumor boundary defined by dotted line, NB-normal brain, T-tumor tissue.  
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Figure 4.3 Reversal of histone mark hypermethylation in murine mIDH1 NS (RPAI) treated with AGI-5198 and 
increased sensitivity to IR in RPAI ZMYND8 KO vs. RPAI ZMYND8 WT 

(A) Western blot representative of changes in histone mark (H3K4me3, H3K36me3, H3K27me3, H3K27ac) protein expression 
in RPAI NS treated with either DMSO or AGI-5198 for 1 week. (B) Western blot of ZMYND8 expression in RPAI vs. RPAI 
ZMYND8 KO and (C) Cellular viability 72hrs post-IR in RPAI vs. RPAI ZMYND8 KO. Errors bars represent standard error of 
mean (SEM) from independent biological replicates (n=3). ** p<0.01, *** p<0.001; unpaired t test. 
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Figure 4.4 Inhibiting ZMYND8-interacting partners Bromodomain-containing protein 4 (BRD4) and Histone deacetylase 
1/2 (HDAC1/2) enhances the susceptibility of NPAI ZMYND8 KO to IR relative to NPAI ZMYND8 WT 

(H) Working model of ZMYND8-interacting partner Bromodomain-containing protein 4 (BRD4), where ZMYND8 is recruited 
to enhancer regions marked by H3K4me1 and contributes to the regulation of cancer cell survival and proliferation associated 
genes. BRD4 inhibitors, JQ1and I-BET-762, can disrupt this interaction. (I) Working model of ZMYND8-interacting partner 
HDAC1/2 (histone deacetylase 1/2); a component of the Nucleosome Remodeling and Histone Deacetylase (NuRD) complex , 
where ZMYND8 binds H3K14ac residues present at damaged chromatin regions and recruits HDAC along with other NuRD 
subunits:MDB2, CHD4, and GATAD2A. Panobinostat inhibits HDAC1/2 and prevents histone deacetylation mediated by 
HDAC1/2, which is required for transcriptional repression at regions of DNA damage. (J) Representative bar graph of cellular 
viability measured in RLU, which shows the effect of BRD4 (JQ1, I-BET-762) or HDAC (Panobinostat) inhibition alone (-IR) or 
in combination with irradiation (+IR) in mouse NPAI ZMYND8 wt in blue vs. NPAI ZMYND8 KO in red. Errors bars represent 
SEM from independent biological replicates (n=3). ns-not significant, * P<0.05, ** P<0.01, *** P<0.001, **** P < 0.0001; two-
tailed t test. 
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Figure 4.5 ZMYND8 KO mouse mIDH1 NS display reduced viability in response to epigenetic inhibitors targeting BRD4 
and HDAC compared to ZMYND8 WT NS 

The impact of epigenetic inhibitors targeting BRD4 (JQ1, I-BET-762) and HDAC (Panobinostat) on in vitro cellular viability was 
assessed in two mIDH1 mouse NS comparing parental (ZMYND8 WT) vs. ZMYND8 KO isogenic clones. Cellular viability was 
determined based on CellTiter-Glo Assay measured in relative luminescence unit (RLU) compared to non-treated controls. (A) 
Mouse NS harboring NRasG12V, shP53, shATRX, mIDH1R132H mutations [NPAI] ZMYND8 WT (black) vs. ZMYND8 KO 
(red) treated with JQ1 for 72hrs. (B) Mouse NS harboring PDGFRαD842V, shP53, shATRX, mIDH1-R132H mutations [RPAI] 
NS expressing ZMYND8 WT (blue) vs. ZMYND8 KO (red) treated with JQ1 for 72hrs. (C) Cellular viability of NPAI 
ZMYND8 WT vs. ZMYND8 KO treated with I-BET-762 for 72hrs. (D) Cellular viability of RPAI ZMYND8 WT vs. ZMYND8 
KO treated with I-BET-762 for 72hrs. (E) Cellular viability of NPAI ZMYND8 WT vs. ZMYND8 KO treated with Panobinostat 
for 72hr. (F) Cellular viability of RPAI ZMYND8 WT vs. ZMYND8 KO treated with Panobinostat for 72hrs with RLU 
represented in log scale. The data are representative of three independent biological replicates and error bars denote the SEM of 
samples performed in triplicate. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; unpaired t test  
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Figure 4.6 No correlation or alterations in gene expression for BRD4 and HDAC1/2 based on mIDH status or ZMYND8 
expression in LGG tumors and scRNA-seq from glioma patients. 

(A) Analysis of RNA-seq data obtained from TCGA to quantify BRD4 mRNA in LGG with wtIDH1 or mIDH1. (B) Analysis of 
RNA-seq data obtained from TCGA to quantify HDAC1 mRNA in LGG with wtIDH1 or mIDH1. C) Analysis of RNA-seq data 
obtained from TCGA to quantify HDAC2 mRNA in LGG with wtIDH1 or mIDH1. n.s.: not significant, unpaired t-test. (D-F) 
Correlation between ZMYND8 expression and BRD4, HDAC1 and HDAC2 from TCGA-LGG database with mIDH1. (D)BRD4 
(E) HDAC1 (F) HDAC2 was illustrated in scatter plot from TCGA dataset. R value represents the statistical results of the 
Pearson correlation analysis. (G-I) Human glioma scRNA seq was analyzed for the expression of BRD4, HDAC1 and HDAC2 in 
wtIDH1 and mIDH1 glioma tumor cells. Violin plots represent the expression of (G) BRD4 (H) HDAC1 (I) HDAC2. ns.: not 
significant, unpaired t-test.  
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Figure 4.7 Protein expression of HDAC1 and HDAC2 is unaffected by mIDH1 inhibition in human mIDH1 GCC 
MGG119 

Human mIDH1 GCCs treated with a mIDH1 inhibitor (AGI-5198) shows no correlation with HDAC1 and HDAC2 expression 
Western blot analysis showing (A, B) HDAC and (C, D) HDAC2 expression in MGG119 mIDH1 GCC either untreated, DMSO, 
or AGI-5198 treatment for 1 week with tubulin as a loading control. ImageJ densitometric quantification of the western blot for 
HDAC1 and HDAC2. Errors bars represent SEM from independent biological replicates (n=3). ns-not significant; unpaired t test. 
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Figure 4.8 Protein expression of BRD4 is increased by mIDH1 inhibition in human mIDH1 GCC MGG119 

Human mIDH1 GCCs treated with a mIDH1 inhibitor (AGI-5198) shows slight increase in BRD4 expression by Western blot 
analysis. (A, B) BRD4 expression in MGG119 mIDH1 GCC either untreated, DMSO, or AGI-5198 treatment for 1 week with 
tubulin as a loading control. ImageJ densitometric quantification of the western blot for BRD4. Errors bars represent SEM from 
independent biological replicates (n=3). ** p < 0.01; unpaired t test. 
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Figure 4.9 Efficacy of radiation therapy on orthotopic mIDH1 and mIDH1 ZMYND8 KO glioma models 

Ten days after implantation of 50,000 (A) mIDH1 & (C) mIDH1/ZMYND8 KO NS, animals were randomly divided into 2 
groups: (i)Non-treated, (ii) IR received 2Gy/day for 5 days each cycle (20 Gy total). Mice were monitored for tumor burden and 
euthanized at symptomatic stages to track survival. (B) Kaplan-Meier survival curve: Increase in the median survival (4 days) is 
seen in the group treated with ionizing irradiation in mIDH1 tumor-bearing mice (p=0.0045). *p<0.05, **p<0.01; log-rank 
Mantel-Cox test. (D) Kaplan-Meier survival curve: Significant increase in the median survival (9 days) is observed in the treated 
group in mIDH1/ZMYND8 KO tumor-bearing mice (p= 0.0084). *p<0.05, **p<0.01; log-rank Mantel-Cox test.  
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Figure 4.10 Schematic of PARP inhibition on DNA repair pathways  

Proposed mechanism of PARP’s repair of single stranded breaks (SSB), which occur as a results of endogenous DNA damage in 
proliferating cells. PARP1/2 catalyze a reaction that utilizes nicotinamide adenine dinucleotide (NAD+) to add poly(ADP-ribose) 
polymers to itself and signals the recruitment of proteins involved in base excision repair (BER) like XRCC1 to resolve the SSB. 
Pamiparib (PARP inhibitor) block PARylation and trap PARP onto DNA, resulting in the formation of double stranded breaks 
(DSB) at collapsed replication forks. Cells that can successfully recruit HR proteins can repair the DSB. 
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Figure 4.11 ZMYND8 KO display enhanced sensitivity to PARP inhibitor (Pamiparib)  

(A) Pamiparib dose response curve to evaluate the impact of PARP inhibition on SF10602 ZMYND8 WT (blue) vs. SF10602 
ZMYND8 KO (red). Two-tailed t-test (B) Cell viability assay shows the effect of Pamiparib + Irradiation (IR 20Gy) on cell 
proliferation in SF10602 ZMYND8 WT vs. SF10602 ZMYND8 KO measured in RLU relative to control non-treated. Two-tailed 
t-test  (C) Pamiparib dose response curve from mouse NPAI mIDH1 GCCs ZMYND8 WT (blue) vs. NPAI ZMYND8 KO (red). 
Two-tailed t-test (D) Cell viability assay shows the effect of Pamiparib + IR 6Gy on cell proliferation in NPAI ZMYND8 WT 
(blue) vs. NPAI ZMYND8 KO (red) measured in RLU relative to control IR alone (0μM Pamiparib). Two-tailed t-test 
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Figure 4.12 Combination of ZMYND8 KO and Parp inhibition reduces cellular viability of mIDH1 human and mouse 
GCCs 

Representative histogram displays the effect of increased doses of Pamiparib (PARP inhibitor) alone or in combination with IR 
on cellular viability after 72hrs between (A) SF10602 ZMYND8 WT (dark blue) vs. SF10602 ZMYND8 WT + IR (light blue) vs 
SF10602 ZMYND8 KO (red) vs. SF10602 ZMYND8 KO +IR (pink) and (B) MGG119 ZMYND8 WT (dark blue) vs. MGG119 
ZMYND8 WT + IR (light blue) vs. MGG119 ZMYND8 KO (dark red) vs. MGG119 ZMYND8 KO +IR (light red). Errors bars 
represent SEM from independent biological replicates (n=3). Not significant (ns), *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001; Multiple t test (C) Pamiparib dose response curve in RPAI ZMYND8 WT (blue) vs. RPAI ZMYND8 KO (red) to 
assess cellular viability measured by RLU relative to non-treated control. (D) Cell viability assay shows the effect of Pamiparib + 
IR 6Gy on cell proliferation in RPAI ZMYND8 WT vs. RPAI ZMYND8 KO measured in RLU relative to control non-treated. 
Errors bars represent SEM from independent biological replicates (n=3) **p<0.01, ***p<0.001, ****p<0.0001; unpaired t test. 
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Figure 4.13 In vivo evaluation of PARP inhibition alone or in combination with IR or AGI-5198 presents a novel 
epigenetic vulnerability of mIDH1 glioma  

(A) Preclinical design for testing the impact of PARP inhibitor (Pamiparib) on the response to IR in an orthotopic glioma model. 
Ten days after implantation of 50,000 NPAI NS, animals were randomly divided into 4 groups: (i) saline, (ii) IR received 
2Gy/day for 5 days each cycle (20Gy total) starting 10 days post implantation (dpi) (iii) pamiparib delivered intraperitoneal 
(1mg/mL injection) 5 days on and 2 days off for 2 weeks, (iv) pamiparib + IR. Mice were monitored for tumor burden and 
euthanized at symptomatic stages to track survival to treatment. (B) Kaplan-Meier survival curve of NPAI ZMYND8 WT tumor 
bearing mice treated with or without 6Gy (n=8) in the presence or absence of Pamiparib (n=5). *P < 0.05, **P < 0.01; log-rank 
Mantel-Cox test. (C) Impact of mIDH1 inhibition (AGI-5198) and Pamiparib alone or in combination on the cellular viability of 
NPAI ZMYND8 WT and NPAI ZMYND8 KO in the presence (+IR) or absence (-IR) of irradiation. Errors bars represent SEM 
from independent biological replicates (n=3). ns-not significant, *P<0.05, **P<0.01, ***P<0.001; Multiple t-test was used (D) 
Working model in which targeting ZMYND8 by genetic knockout or treatment with HDAC or PARP inhibition exposes a 
epigenetic vulnerability of mIDH1 GCCs to IR induced DNA damage. 
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Figure 4.14 ZMYND8 is overexpressed in a subset of mIDHa glioma that is associated with poor clinical outcome in these 
patients  

(A) Analysis of normalized log2 ZMYND8 mRNA expression levels in human Lower Grade Glioma (LGG) patients from The 
Cancer Genome Analysis (TCGA) LGG dataset segregated based on IDH1 mutational status as either wildtype IDH1 (wtIDH1) 
or mutant IDH1 (mIDH1). *p<0.05, unpaired t test. (B) Kaplan-Meier survival analysis using the log-rank test for TCGA LGG 
patients for whom IDH1 mutational status and prognosis data were available. Patients were subdivided by median expression 
level of ZMYND8 and IDH1 status: wtIDH1 high ZMYND8 (green), wtIDH1 low ZMYND8 (purple), mIDH1 high ZMYND8 
(red) and mIDH1 low ZMYND8 (blue). ****p<0.0001; log-rank test. (C) Kaplan-Meier survival analysis of CGGA-Primary 
Glioblastoma wtIDH1 patients with high and low ZMYND8 expression. (D) Kaplan-Meier survival analysis of CGGA-
Secondary Glioblastoma wtIDH1 patients with high and low ZMYND8 expression. (E) Kaplan-Meier survival analysis of 
CGGA-Primary Glioblastoma mIDH1 patients with high and low ZMYND8 expression. (F) Kaplan-Meier survival analysis of 
CGGA-Secondary Glioblastoma mIDH1 patients with high and low ZMYND8 expression. ns: not significant, log-rank test.  
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Figure 4.15 Biochemical analysis of mouse serum following Pamiparib treatment in combination with IR 

mIDH1 tumor bearing mice treated with Pamiparib in combination with radiation (IR) exhibit normal serum biochemical 
parameters compared to saline treated control. Serum was collected from tumor bearing mice treated with saline, pamiparib, IR 
or pamiparib + IR. For each treatment group levels of (A) Creatinine, (B) blood urea nitrogen (BUN), (C) Alanine transaminase 
(ALT), (D) Aspartate transaminase (AST), (E) Alkaline phosphatase (ALKP), (F)Total Protein (TPRO), (G) Albumin, (H) Total 
Bilirubin (TBIL) were quantified. The reference range is indicated in red. The levels of different serum biochemical parameters 
between the treatment groups were compared and were found non-significant, p> 0.05 (n=3 biological replicates)  
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Figure 4.16 Histopathological assessment of livers from tumor-bearing mice treated with Pamiparib + IR 

H&E staining of 5μm paraffin-embedded liver sections from (A) Saline, (B) Pamiparib + IR treatment group. The top panel 
represents the low magnification (10X), and the bottom panel represents the high magnification (20X). High-magnification 
panels indicate areas delineated in the low-magnification panels. Histology performed on resected livers following treatment of 
mIDH1 tumor-bearing mice. Representative images from a single experiment consisting of independent biological replicates are 
displayed. Black scale bars = 100μm (10X), 50μm (20X).  
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Chapter 5 Discussion and Future Directions 
 

Summary 

Mutant isocitrate dehydrogenase 1 (mIDH1) alters the epigenetic regulation of chromatin, 

leading to a hypermethylation phenotype in adult glioma (Chapter 1; Figs. 1.2 and 1.3). This 

work focuses on identifying gene targets epigenetically dysregulated by mIDH1 to confer 

therapeutic resistance to ionizing radiation (IR). We evaluated changes in the transcriptome and 

epigenome in a radioresistant mIDH1 patient-derived glioma cell culture (GCC) following 

treatment with an mIDH1 specific inhibitor AGI-5198 (Chapter 2; Fig. 2.1A, Table 2.2 and Fig. 

2.6). We identified Zinc Finger MYND-Type Containing 8 (ZMYND8) as potential target of 

mIDH1 reprogramming (Chapter 2; Figs. 2.2, and 2.7-2.9). Inhibition of mIDH1 lead to an 

upregulation of gene networks involved in replication stress (Chapter 2; Figs. 2.5 and 2.10). We 

found that the expression of ZMYND8, a regulator of DNA damage response was decreased in 

three patient-derived mIDH1 GCCs after treatment with AGI-5198 (Chapter 3; Figs. 3.1-3.3). 

We suppressed ZMYND8 expression by shRNA knockdown and genetic knockout (KO) in 

mIDH1 glioma cells then assessed cellular viability to IR (Chapter 3; Figs. 3.7-3.8, 3.9A and 

Table 3.1). Loss of ZMYND8 expression sensitized mIDH1 GCCs to radiotherapy marked by 

decreased cellular viability(Chapter 3; Figs. 3.9B-G and 3.10). Following IR, mIDH1 glioma 

cells with ZMYND8 knockout (KO) exhibit significant phosphorylation of ATM and sustained 

γH2AX activation. (Chapter 3; Figs. 3.11A and 3.12). We assessed the sensitivity of mIDH1 

GCCS to pharmacological inhibition of ZMYND8-interacting partners: HDAC, BRD4, and PARP 

(Chapter 4; Figs. 4.4-4.5, 4.11).  ZMYND8 KO mIDH1 GCCs were further responsive to IR 
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when treated with either BRD4 or HDAC inhibitors Chapter 4; Figs. 4.12). PARP inhibition 

further enhanced the efficacy of radiotherapy in ZMYND8 KO mIDH1 glioma cells Chapter 4; 

Fig. 4.13B). These findings indicate the impact of ZMYND8 in the maintenance of genomic 

integrity and repair of IR-induced DNA damage in mIDH1 glioma. 

 

Translational Relevance 

The evaluation of mIDH1 inhibitors in phase I clinical trials for the treatment of IDH-

mutant glioma have demonstrated that these drugs are well-tolerated and safe to be given for long 

periods of time (Natsume et al., 2022; Vo et al., 2022). Nevertheless, the majority of patients 

treated with mIDH1 inhibitors achieve stable disease but only a few patients show partial responses 

in terms of reduced tumor volume with treatment. Although this response may be due to decreased 

tumor cell proliferation, mIDH1 inhibitors do not delay tumor growth for all patients (Huang et 

al., 2019; Pusch et al., 2017). This study explores potential gene targets regulated by mIDH1 

reprogramming to provide new avenues for targeting therapeutic resistance to radiotherapy 

observed in mIDH1 glioma. We demonstrate changes in epigenetic regulation of ZMYND8 by 

mIDH1 in a radioresistant mIDH1 GCC SF10602, which had the highest expression relative to the 

other mIDH1 GCCs used in this study. Xiao et al. evaluated this association of ZMYND8 in IDH-

mutant glioma by performing IHC staining in 104 glioma patient biopsies. Notably, only a subset 

of astrocytoma (27.3%) showed high ZMYND8 expression compared to 64.3% in 

oligodendroglioma and 57.9% in glioblastoma (preprint, doi:10.21203/rs.3.rs-2112846/v1). There 

was lower expression of ZMYND8 in normal brain. The authors suggest that ZMYND8 could be 

a prognostic marker to screen patients that might present with more aggressive disease, considering 
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that patients with high ZMYND8 expressing tumors had a median OS of ~23 months compared to 

~38 months in low ZMYND8 tumors.  

IDH-mutant gliomas have been shown to undergo malignant transformation and present as 

high-grade following treatment with TMZ. The best course of treatment is PCV for IDH-mutant 

oligodendroglioma providing a median PFS of 9.1 yrs compared to 3.6 yrs for patients treated with 

TMZ (J. Weller et al., 2021). However, patients treated with PCV will eventually succumb to 

disease. It is likely that we must reevaluate the use of DNA-alkylating chemotherapy in the 

treatment of IDH-mutant glioma. The original perspective was that creating more DNA damage 

will slow the tumors, but instead we have found that this causes the tumors to recur as a result of 

the gained mutations induced by TMZ treatment.  

Our compelling findings provide insight into a novel epigenetic vulnerability of mIDH1 

GCCs to respond to DNA damage that relies upon overexpression of ZMYND8 for the tumor cells 

to survive.  We anticipate that the development of ZMYND8 specific inhibitors could provide a 

different angle to target radioresistance in mIDH1 glioma.  

Limitations and Perspective 

The first whole genome sequencing of cancer was performed in 2008, which paved the 

way for the identification of genetic mutations that initiate cancer formation (Ley et al., 2008). The 

era of mutation-targeted therapies emerged, which could subdue the pathways cancer cells hijack 

to maintain their proliferation and resist current therapies. In Chapter 1, we explore the clinical 

presentation of IDH-mutant glioma and the pioneering studies that discerned the molecular 

rewiring of metabolism and epigenetic regulation by IDH1 mutation. We discuss the multitude of 

mIDH1-specific inhibitors that have been developed and their impact on patient survival in phase 

I/II trials for the treatment of recurrent mIDH1 glioma. The consensus is that the majority of 
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mIDH1 glioma patients achieving stable disease on treatment with mIDH1 inhibitors but some 

achieve partial or even complete responses measured by a significant reduction in tumor volume 

or absence of residual tumor by MRI scans respectively. The cellular processes that influences this 

difference in patient responses still need to be further investigated.  

How mIDH1 inhibitors influence therapeutic response to radiotherapy has been modelled 

in mice and patient derived mIDH1 GCCs by our laboratory (Kadiyala et al., 2021; Nunez et al., 

2019). Herein we aimed to examine how mIDH1 modulates gene expression to confer resistance 

to radiation and determine gene targets that are dependent upon mIDH1 reprogramming. In 

Chapter 2, we performed transcriptomic and epigenomic analysis of an mIDH1 GCC SF10602 

after in vitro inhibition of mIDH1 using AGI-5918. This radioresistant mIDH1 GCCs was derived 

from a secondary recurrent tumor biopsy taken after the patient was treated with TMZ + IR and 

TMZ monotherapy (Jones et al., 2020). Previous work investigating genetic drivers to malignant 

transformation have focused on acquired mutations and clonal divergence after TMZ treatment. 

Our study identified ZMYND8 as a potential epigenetic target of mIDH1 reprogramming. We 

observed a reduction of ZMYND8 transcripts after mIDH1 inhibition in the SF10602 mIDH1 

GCC, which we believed to be mediated by a decrease of active histone mark H3K4me3 deposition 

at the promoter region. The potential regulators of ZMYND8 have not been identified. We did not 

determine what transcription factors (TF) or chromatin regulators could account for the 

suppression of ZMYND8 expression independent of the reversal of histone hypermethylation by 

mIDH1 inhibition. It is likely that ZMYND8 is a stem-cell marker, which is induced to maintain 

genomic stability in highly proliferative cells. We know that mIDH1 inhibition induces neural 

differentiation and the loss of specific neural stem cell TFs should be investigated in future studies.  
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 In Chapter 3, we correlated changes in ZMYND8 protein expression with mIDH1 

inhibition and an upregulation of replication stress associated proteins: PCNA and TIMELESS. 

We hypothesized that the decrease in cellular proliferation exhibited by mIDH1 GCCs treated with 

mIDH1 specific inhibitors could be the result of decrease in ZMYND8 expression. We did observe 

a significant reduction in ZMYND8 protein across three mIDH1 GCCs treated with two mIDH1 

inhibitors, which target mIDH1 through different mechanisms (AGI-5198:competitive, 

DS1001b:allosteric). ZMYND8 KO mIDH1 GCCs have reduced viability to increased dosages of 

irradiation, which we believe to be mediated by defective resolution of DNA damage and induction 

of cell cycle arrest as a result. Several studies have shown that mild replicative stress promote 

genomic instability and arrested cells acquire high levels of genomic aberrations. One limitation 

of this work is that we evaluated cellular viability after 48hours post-IR, and later timepoints 

should be conducted after 1-2 weeks post-IR to determine if the ZMYND8 KO cells recover from 

IR-induced damage. We associated the increased DNA damage in the SF10602 ZMYND8 KO 

with the prolonged presence of γH2AX protein expression 48hrs post-IR. Alternatively, we could 

have performed a comet assay to visually quantify DNA breaks and determine if they were 

unresolved in the ZMYND8 KO. Besides the proposed role of ZMYND8 in establishing a 

repressive environment to facilitate the repair of DNA, ZMYND8 appears to have a role at 

regulating enhancer activity. ZMYND8 KO breast cancer cells display overactivation of super-

enhancers marked by elevated deposition of H3K4me3 at these regions and elevated transcription 

of the nearby genes that they regulate. ZMYND8 has been suggested to have activator function, 

where it could modulate RNA polymerase pausing at regulatory regions, potentially through its 

interaction with BRD4, TEF-b, or DOTL1.  
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 In Chapter 4, we evaluate the contribution of ZMYND8-interacting partners on the 

survival of mIDH1 GCCs: BRD4, HDAC, PARP, which have recently been shown to reduce 

proliferation of mIDH1 GCCs by our study and by several independent laboratories (Bai et al., 

2016; Sears et al., 2021; Wang et al., 2020). The convergence of these proteins through their 

association of ZMYND8, proposed to us that ZMYND8 plays a crucial role in responding to 

genomic stability and regulation of transcription. We found that ZMYND8 KO have enhanced 

sensitivity to pharmacological inhibition of BRD4 (JQ1, I-BET-762), HDAC (Panobinostat), and 

PARP (pamiparib). PARP is specifically required for the recruitment of ZMYND8 to regions of 

DNA damage (Spruijt et al., 2016). PARP inhibitors trap PARP onto DNA, which could promote 

the recruitment of ZMYND8 to these regions to still allow for the cascade of DNA repair to occur.  

Inhibition of mIDH1 and ZMYND8 loss alters the tumor-immune microenvironment 

Immune checkpoint inhibitors have been shown to be ineffective as a monotherapy in the 

treatment of IDH-mutant glioma. A comprehensive characterization of the expression of 

immunological markers in IDH-mutant compared to IDH-wildtype glioma suggests that IDH-

mutant gliomas are “immune-cold”. There is reduced infiltration of T cells into the tumor 

microenvironment along with a decreased expression of immune-checkpoint markers (PD-L1, 

PD1, CTLA-4, TIM3, LAG3) within the tumor biopsies with the lowest expression being found in 

IDH-mutant codel and moderate levels in IDH-mutant non-codel relative to IDH-wildtype glioma 

that showed high expression (W. Lin et al., 2021).  Our laboratory demonstrated that the expression 

of PD-L1 was upregulated following treatment of mIDH1-tumor bearing mice with AGI-5198 

delivered via nanoparticles in vivo and contributed to an increase infiltration of T cells when 

combined with anti-PDL1 blockade (Kadiyala et al., 2021). The combination of AG-120 
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(ivosidenib) and nivolumab (anti-PD1) are currently being evaluated in a Phase II clinical trial for 

IDH-mutant glioma (NCT04056910).  

We and other groups have shown that the oncometabolite 2HG accumulates at fairly high 

levels within the mIDH1 tumors. This secreted 2HG has been shown to suppress T cell 

proliferation by decreasing the activity of NFAT, a calcium-dependent transcription factor that 

regulates critical T cell cytokines like interleukin-2 (IL-2) (Bunse et al., 2018). T cells exposed to 

exogenous 2HG had decreased mitochondrial ATP production resulting in lower T-cell receptor 

signaling by phospholipase C, gamma 1 (PLC-γ1) which repressed T cell proliferation (Bunse et 

al., 2018). The combination of PD-1 blockade and mIDH1 inhibitor BAY1436032 provided a 20% 

survival in GL261-S/MAR-IDH1R132H mouse model potentially reversing the 

immunosuppression asserted by 2HG (Bunse et al., 2018). Recently, another group found that 

tumor derived 2HG that is taken up by T cells alters their metabolism. They found that the 

glycolytic enzyme lactate dehydrogenase (LDH) was inhibited by 2HG resulting in a decrease in 

cytotoxic CD8+ T cell signatures and impaired interferon-γ (IFN-γ) signaling (Notarangelo et al., 

2022). The compelling finding from the recent vorasidenib trials suggests that inflammatory 

immune activation occurs within IDH-mutant patient treated with mIDH1 inhibitors (Mellinghoff 

et al., 2023). There was elevated expression of interferon stimulated genes (OAS1, OAS2) within 

patient biopsies on mIDH1 inhibitor treatment (Mellinghoff et al., 2023).  Future studies should 

explore the composition of the immune microenvironment in mIDH1 patients prior to therapy and 

on-treatment across mIDH1 inhibitors. The question remains, does this early intervention with 

mIDH1 inhibitor treatment reverse the suppression of T cell activation and what are the 

mechanisms involved?  
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Work by our collaborator, Dr. Weibo Luo laboratory found that ZMYND8 contributes to 

the maintenance of genomic stability in triple-negative breast cancer and prevents the activation 

of the cGAS-STING pathway, which functions as a DNA damage sensor for the innate immune 

system (Wang et al., 2021). The authors report an upregulation of PD-L2, IFN-β, and other 

interferon-stimulated genes (ISG) in ZMYND8 KO vs. ZMYND8 WT breast cancer cells (Wang 

et al., 2021). The loss of ZMYND8 promoted the infiltration of CD4+ and CD8+ T cells into the 

tumor microenvironment in a syngeneic mouse model of breast cancer contributing to the reduced 

tumor burden in ZMYND8 KO bearing animals (Wang et al., 2021). Pertaining to this observation, 

when we implanted ZMYND8 KO glioma cells into C57BL6 mice, these tumors were rejected 

within 2-3 weeks post-implantation (data not shown). We hypothesize that this could be the result 

of immune activation to the ZMYND8 KO glioma cells specifically T cell-mediated considering 

that these tumors were able to continue growing in CD8-/- mice.  We plan to evaluate this 

phenomenon in future studies to determine changes in the immune microenvironment with 

ZMYND8 loss.  

 

Overexpression of ZMYND8 was found across multiple cancer types suggesting it could be 

essential to maintain the proliferation of cancer stem cells 

In a murine colorectal cancer (CRC) model, ZMYND8 was identified by the depletion of 

sgRNAs targeting the gene in a CRISPR-Cas9 screening of 441 epigenetic regulators (Pan et al., 

2021). Pan et al. utilized organoids-derived from intestinal stem cells (ISC) defined by the 

expression of Leucine Rich Repeat Containing G Protein-Coupled Receptor 5 (Lgr5+) regulator 

(Pan et al., 2021). ZMYND8 knockdown restricted the ability of ISCs to form enteroids in vitro, 

potential as a result of slowed growth in anchorage-independent conditions regulators (Pan et al., 
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2021). This decreased proliferation could also be the result of a reduced cancer stem cell 

potential with ZMYND8 loss (Pan et al., 2021). There was a reduction in the frequency of 

stemness markers ALDH1+ and CD44high cells in ZMYND8-depleted ISCs (Pan et al., 2021). 

The Lgr5+ ISCs present in the crypts of mouse colon were shown to express high levels of 

ZMYND8. Using a CRC transgenic model (VillinCRE; APCmin/+; ZMYND8fl/fl), ZMYND8 was 

genetically knockout during cancer initiation regulators (Pan et al., 2021). The authors observed 

that the ZMYND8 KO mice had a significant reduction in the number polyps of which there 

were far fewer and the lesions were smaller in size (Pan et al., 2021). 

A recent publication from our collaborator Dr. Weibo Luo, details their use of two 

conditional knockout (cKO) ZMYND8 mouse models, MMTV-PyMT/MMTV-

CRE/ZMYND8fl/fl  and MMTV/-PyMT/K14-CRE/ZMYND8fl/fl  to isolate breast cancer stem 

cells (BCSC) from the mammary gland and control when ZMYND8 was ablated (Luo et al., 

2022). These ZMYND8 cKO mice had lower total number of tumors, decreased tumor weight 

and absence of metastatic spread of BCSCs to the lung  (Luo et al., 2022). Expression of 

ZMYND8 increased from primary to secondary mammospheres and Lin-CD90-ALDHhigh BCSCs 

MMTV-PyMT tumors displayed higher expression of ZMYND8 compared to the ALDHlow 

population (Luo et al., 2022).  

In three hepatocellular carcinoma models (HuH7, SNU449, PLC-PRF5), ZMYND8 

shRNA knockdown lead to a decrease in cellular migration in transwell assay, colony formation 

potential, increased apoptosis, and inhibited tumor growth in vivo (Choi et al., 2021). 

I organized the transport of ZMYND8fl/fl mice, which were provided by Dr. Andrew 

Knutson at the University of Hawaii (pre-print, doi.org/10.1101/2022.10.06.510015). This 

transgenic model would allow us to knockout ZMYND8 expression during tumor initiation or ex 
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vivo in tumor neurosphere cultures. I began breeding ZMYND8 fl/fl mice with NestinCreER mice, 

which would allow us to knockout ZMYND8 expression in the neural stem cells that line the lateral 

ventricles. Mouse embryos where ZMYND8 was ubiquitously loss was found to be embryonic 

lethal. Thus, I selected to conditionally knockout ZMYND8 in vitro, which would allow us to 

generate SB-tumors that we could then abolish ZMYND8 expression using hydroxytamoxifen (4-

OHT) and have isogenic controls to compare to. This work is ongoing and will likely be taken 

over by another graduate or postdoctoral trainee.  

 

ZMYND8 has been linked to telomere maintenance through its role in stabilizing RAD51 

associated protein 1 (RAD51AP1) 

Alternative lengthening of telomeres (ALT) is facilitated by homology-directed repair 

(HDR), where RAD51 associated protein 1 (RAD51AP1) stabilizes R-loop HR intermediates 

formed by telomere repeat containing RNAs (TERRA) that prevent DNA breaks at telomere 

ends (Kaminski et al., 2022). ZMYND8 knockdown by small interference RNA (siRNA) in 

osteosarcoma U2OS cell line lead to a significant increase in the percentage of micronuclei, 

fragile telomeres and telomeric R-loops (Kaminski et al., 2022). ZMYND8-deficient cells 

showed impaired RAD51AP1 localization to telomeric DSBs.  RAD51AP1 has been known to 

restrict RNA polymerase 2 (RNAPII) progression to prevent transcription-replication collisions 

(TRC) from occurring and ultimately DNA damage (Kaminski et al., 2022). The authors 

suggests that ZMYND8 establishes a repressive chromatin state that assists in RAD51AP1-

mediated RNAPII pausing to allow for the repair of telomere ends (Kaminski et al., 2022). It 

would be interesting to explore the relationship between ATRX loss and ZMYND8 expression 

given that these proteins each contribute to the ALT mechanism. 
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