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Abstract 

Central nervous system malignancies are considered highly devastating across both adult 

and pediatric populations. These cancers frequently originate in regions of the brain where 

surgery is not feasible, exhibit resistance to standard chemotherapy and radiation treatments, and 

are devoid of effective therapeutic alternatives.  Unlike their counterparts in adults, pediatric 

brain tumors are less likely to contain recurrent genetic mutations.  Therefore, finding new 

targeted treatments for these tumors remains especially challenging.  In this dissertation, I seek to 

understand how two pediatric CNS malignancies, Group A posterior fossa ependymomas and 

Group 3 medulloblastomas, exhibit ectopic expression of genes that fundamentally rewire and 

fuel their metabolic needs.  Deregulation of cellular metabolism is a well-documented hallmark 

of cancer.  Otto Warburg first described a phenomenon called aerobic glycolysis, where cells 

preferentially generate ATP through lactate fermentation even when mitochondrial function and 

oxygen levels are normal.  However, in the following chapters, I will demonstrate that 

oncogenic-driven metabolic rewiring in Group A posterior fossa ependymomas and Group 3 

medulloblastomas also results in enhanced non-glycolytic metabolism which is also essential for 

tumor pathogenesis. 

In Chapter 1, I present a comprehensive review of ependymomas and medulloblastomas 

and discuss their defining genetic and molecular features, current subgroupings, and existing 

therapeutic options.  This chapter also summarizes current knowledge regarding epigenetic 

alterations in posterior fossa malignancies, including key protein complexes that induce changes 
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in DNA and histone methylation that drive tumor growth.  I conclude this chapter by discussing 

relevant aspects of cancer metabolism that fuel the energy and macromolecule needs of posterior 

fossa malignancies.  

In Chapter 2, I show my findings regarding the role of EZH2-inhibitory protein (EZHIP) 

in the epigenetic alteration of metabolism in Group A posterior fossa ependymomas (PFA).  I 

first show that PFA exhibit enhanced glycolysis and TCA-cycle metabolism compared to non-

EZHIP-expressing Group B posterior fossa ependymoma.  Then, I show that EZHIP expression 

is significantly correlated with high H3K27ac, PFA location, and poor prognosis.  I demonstrate 

that EZHIP expression alone in a neuronal stem cell model increases H3K27ac at key metabolic 

genes and enhances glycolytic and TCA-cycle metabolism.  Finally, I show that metformin 

increases global histone hypermethylation and inhibits TCA-cycle metabolism in cell models and 

slows tumor growth in vivo, providing a new therapeutic option for PFA. 

In Chapter 3, I explore metabolic alterations unique to Group 3 medulloblastomas (MB).  

I demonstrate that MYC-amplified Group 3 MB have enhanced TCA-cycle and oxidative 

phosphorylation metabolism compared to other MB subtypes.  I show unique upregulation of 

DLAT, the E2 component of the pyruvate dehydrogenases, in these tumors and demonstrate that 

DLAT is essential for increased glutathione and mitochondrial metabolism.  Inhibition of IDH1 

decreases MYC and DLAT levels and inhibits proliferation in Group 3 MB cell lines.  Finally, I 

show that these tumors are sensitive to copper ionophore elesclomol, which induces cuproptosis 

and provides a viable therapeutic option in in vivo models.   

Chapter 4 summarizes my findings, discusses unexpected outcomes, and propose future 

experiments.  Specifically, I begin by summarizing overall findings and identifying the 

commonalities that unite the two studies presented in this dissertation.  I then discuss the 
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unexpected finding of IDH1 as a regulator of MYC.  I outline future experiments that aim to 

understand metabolism in the potential cell-of-origin of Group 3 MB.  Finally, I discuss a 

potential mechanism that underlies EZHIP decrease upon metformin treatment. 
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Chapter 1 Introduction 

Central nervous system malignancies are notably lethal, primarily because of their 

heterogeneity and the challenges associated with their treatment.  The heterogeneity of brain 

tumors reflects the myriad of distinct cell niches that compose the developing and adult brain.  

The cell-of-origin and location of each brain tumor has significant implications on its unique 

molecular, epigenetic, and genetic features.  Treatment options in brain tumors are also 

extremely limited.  Surgical resection on tumors that occur in the posterior fossa is often 

complicated by the presence of tumor masses that invade into critical brain structures including 

the cerebellum and pons.  Additionally, traditional chemotherapies are limited by their inability 

to permeate the blood-brain-barrier.  Pediatric CNS malignancies are particularly challenging to 

treat as they often have different mechanisms of pathogenesis than tumors primarily observed in 

adults.  Special care must be taken when determining therapeutic regimens for pediatric patients 

since chemotherapy and radiation are especially hazardous for the developing brain.  Therefore, 

my objective is to uncover new insights into the pathogenesis of pediatric posterior fossa 

malignancies, with the goal of informing the development of targeted therapies for these 

formidable diseases.  Aligning with the goals of the laboratory of Dr. Sriram Venneti, I 

elucidated epigenetic and metabolic alterations observed in Group A posterior fossa 

ependymoma and Group 3 medulloblastomas.  In this chapter, I introduce ependymomas and 

medulloblastomas and discuss their defining features, subgrouping, and current therapeutic 

options.  I then review the current literature regarding relevant topics within epigenetic and 
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metabolic reprogramming in brain tumors.  Upon completing this chapter, the reader should gain 

a clear understanding of the rationale behind the work I present in the following two chapters. 

1.1 Ependymomas 

Ependymomas are tumors of the neuraxis that are thought to be derived from ependymal 

cells, a ciliated form of glial epithelial cells that line the surface of brain and spinal cord 

ventricles.  The location of these malignancies (supratentorium, posterior fossa, or spinal cord) 

has significant clinical and pathological implications, contributing to the high level of 

heteorogeneity of these tumors.   Although ependymomas occur in patients of any age, 

significant differences appear when comparing ependymomas in adults and pediatric 

populations.  Pediatric ependymomas are significantly more likely to be found in the posterior 

fossa and supratentorium and have a much higher rate of recurrence after initial treatment than 

adults, while almost half of adult tumors are found in the spinal cord (De et al., 2018; Vera-

Bolanos et al., 2015).  Recurrence is almost always fatal after only 8-20 months, and overall 10-

year survival for all pediatric ependymoma patients is only 52% (Byer et al., 2019; Marinoff et 

al., 2017).  To subclassify these heterogeneous tumors, Pajtler et al. published a pivotal study in 

2015, employing DNA methylation profiling to identify nine major subgroups of ependymoma, 

comprising three each in the supratentorium, posterior fossa, and spinal cord (Pajtler et al., 

2015).  The World Health Organization subsequently refined classification of these tumors in 

2021 (Louis et al., 2021). The rest of this chapter will be devoted to understanding these 

subgroups and their current therapeutic approaches. 

1.1.1 Spinal Cord Ependymomas 
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Spinal cord ependymomas are primarily lower grade tumors that are associated with good 

prognoses.  These tumors have unique genetic, clinical, and histopathological features that 

distinguish them from intracranial ependymoma (Vera-Bolanos et al., 2015).  A comparative 

study of genes upregulated by spinal cord versus intracranial ependymomas revealed an increase 

of genes related to oxidative stress response, glial cell differentiation, DNA repair, 

anterior/posterior cell pattern specification, PPAR signaling, and cellular senescence 

(Lourdusamy et al., 2015).   However, spinal cord ependymomas are heterogenous and are 

further divided into two major subgroups: myxopapillary and anaplastic spinal ependymoma. 

  Myxopapillary ependymomas are also primarily benign Grade I lesions that bear overall 

survival rates of 85-100% and low rates of recurrence (Bagley et al., 2009).  These tumors most 

frequently occur in the posterior section of the spinal cord (Klekamp, 2015).  Intriguingly, these 

tumors have the highest amount of chromosomal instability of the three spinal cord ependymoma 

subtypes and often exhibit mutations in chr 7 (Santi et al., 2005). They exhibit increased 

expression of pro-aerobic glycolysis genes, such as hypoxia inductor HIF1α, rate-limiting 

glycolytic enzyme HK2, and pyruvate dehydrogenase complex inhibitor PDK1 (Mack et al., 

2015).  

 In contrast to myxopapillary ependymomas, classic/anaplastic spinal cord ependymomas 

are more aggressive Grade II/III tumors.  Grade II tumors exhibited no change in survival, but 

Grade III anaplastic tumors are associated with significantly worse outcome (Oh, Tarapore, et 

al., 2013). A unifying feature of spinal cord ependymomas is loss of chromosome 22q which is 

observed in over 90% of patients (Pajtler et al., 2015).  This leads to subsequent decreased 

expression of genes responsible for encoding epigenetic modifiers and tumor suppressors, such 

as BRD1, NF2, HIC2, HDAC10, HIRA, and EP300 (Lourdusamy et al., 2015).  Recurrent 
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mutations in these tumors are uncommon, but 6-16% of all classic/anaplastic spinal cord 

ependymomas contain mutations in putative tumor suppressors NF2, RP1, and ESX1 (Schroeder 

et al., 2014; Zhang et al., 2019) 

 The primary treatment goal for all spinal cord ependymomas is gross total resection 

(GTR).  The extent of removable tumor is dictated by tumor size, location, and histology (Oh, 

Tarapore, et al., 2013).  GTR is facilitated by the non-invasive tendencies of the vast majority of 

these tumors, and over 85% of patients achieve GTR (Klekamp, 2015).  There is a strong 

correlation between amount of tumor resection and progression-free survival in all spinal cord 

ependymomas (Oh, Tarapore, et al., 2013).  Patients with more aggressive Grade II classic spinal 

cord ependymomas were less likely to experience tumor recurrence if they receive GTR (Oh, 

Tarapore, et al., 2013).  However, no difference in tumor recurrence was observed between 

patients undergoing GTR and those with subtotal resection in cases of myxopapillary 

ependymoma (Oh, Kim, et al., 2013).  Furthermore, due to their occurrence in the posterior 

spinal cord, GTR of Myxopapillary ependymoma may lead to post-procedural bowel and bladder 

problems (Nagasawa et al., 2011).  Thus, while GTR offers significant survival benefit in most 

spinal cord ependymoma cases, discretion should be used to minimize complications while 

maximizing patient benefit. 

 Adjuvant therapeutic options, including radiotherapy and chemotherapy, have shown 

mixed results in spinal cord ependymomas (Celano et al., 2016).  One study showed that proton 

bream therapy, which is attractive due to its low radiation dosages, led to 100% progression-free 

survival in adult patients (Amsbaugh et al., 2012).  Chemotherapy has been proposed as a last 

resort alternative if surgical resection and radiation fail, but studies are extremely limited.  Oral 

etoposide was well-tolerated in patients with recurrent low-grade ependymoma, but disease 
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progression was slowed in only half of participants with no follow-up Phase II trial 

(Chamberlain, 2002). 

1.1.2 Supratentorial Ependymomas 

Supratentorial ependymomas, primarily occurring in the cerebral cortex, are another 

distinct category of ependymoma.  These tumors are classified as Grade II/IIII tumors per WHO 

guidelines, and are most likely to occur in young adult populations (Koeller et al., 2002; Louis et 

al., 2016).   Like other ependymomas, they are also heterogenous and divided into two subgroups 

which each exhibit their own respective driver event: ZFTA-fusion and YAP1-fusion (Celano et 

al., 2016; Kresbach et al., 2022).  

Between 60-70% of all supratentorial ependymomas are driven by a fusion protein 

composed of ZFTA, a novel protein associated with chromatin remodeling, and RELA, which 

regulates NF-κB signaling (Arabzade et al., 2021; Parker et al., 2014).  These tumors may occur 

in adult populations, but are more prevalent in children where they are classified as Grade III 

tumors (Malgulwar et al., 2018; Pajtler et al., 2015) .  ZFTA-RELA fusion is essential for 

activation of NF-κB signaling in these tumors, and also recruits epigenetic co-activators, such as 

BRD4, EP300,CBP, and POL2, to drive increased expression of cancer-promoting pathways 

such as MAPK signaling, focal adhesion, and gene imprinting (Arabzade et al., 2021; Malgulwar 

et al., 2018).  Deletion of the critical domains on the RELA component of the fusion protein 

inhibited nuclear trafficking of the protein and blocked binding to transcriptional co-activators 

(Kupp et al., 2021).  Emerging literature demonstrates that ZFTA can form fusion proteins with 

other partners such as MAML2/3, MN1, and CTNNA2, and more work is underway in this field 

(Kresbach et al., 2022; T. Zheng et al., 2021).  
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YAP-1 fusion ependymomas, constituting about 10% of all supratentorial ependymomas, 

predominantly occur in infants (Pajtler et al., 2015, 2019). YAP-1 is a cytosolic transcriptional 

cofactor which is regulated by the tumor suppressive Hippo signaling pathway (Yu & Guan, 

2013).  In YAP-1 fusion expressing tumors, YAP-1 fuses with MAMLD1 which allows the 

nascent fusion protein to translocate to the nucleus and interact with transcription factors TEAD 

and NFI to drive transcription of oncogenic pathways (Pajtler et al., 2019).  YAP-1 can also form 

fusions with other undescribed proteins (Pajtler et al., 2015).  YAP-1 fusion positive 

supratentorial tumors normally carry better prognoses than tumors expressing RELA-fusion 

(Pajtler, 2015). 

Treatment options for supratentorial ependymomas remain limited to conventional 

radiation and chemotherapy, which has limited efficacy (Nuño et al., 2016).  New drugs have 

been proposed to target upregulated signaling pathways, such as Hedgehog, but these have not 

been completely successful in in vivo models (de Almeida Magalhães et al., 2023).  Thus, 

effective therapeutic options remain lacking, especially for the more aggressive ZFTA-fusion 

supratentorial ependymomas. 

1.1.3 Posterior Fossa Ependymomas 

Posterior fossa ependymomas are malignancies that occur primarily in the cerebellum 

and pons.  Like supratentorial ependymomas, these tumors are commonly classified as Grade 

II/III per WHO classification (Kresbach et al., 2022).  A landmark paper from Witt, et al. used 

transcriptional profiling to further divide posterior fossa ependymomas in two groups, Group A 

and Group B (Witt et al., 2011).  Recent studies have emerged that have identified key clinical, 

epigenetic, and genetic differences between the two subgroups. 
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Group A posterior fossa ependymomas (PFA) are significantly more prevalent in 

pediatric populations and are associated with worse clinical outcomes, including higher rates of 

metastasis, recurrence, and lower overall survival compared to Group B posterior fossa 

ependymomas (PFB) (Witt et al., 2011).  Intriguingly, both PFA and PFB exhibit very few copy 

number alterations and single nucleotide variants (Mack et al., 2014).  Whole chromosomal 

events occur in a small portion of PFA patients, and Chr1q gain and Chr6q loss are associated 

with especially poor prognosis (Baroni et al., 2021; Mack et al., 2014). Owing to the limited 

genetic alterations, research to differentiate the biology of PFA from PFB has concentrated on 

the distinct epigenomic characteristics of PFA.  DNA methylation analyses revealed high 

prevalence of CpG island methylator phenotype (CIMP), which entails epigenetic silencing of 

cell differentiation genes in PFA.  Importantly, presence of CIMP correlated with poorer 

outcomes in posterior fossa ependymoma patients (Mack et al., 2014).    Genes silenced in 

CIMP-positive ependymomas were targets of Polycomb Repressive Complex 2 (Mack et al., 

2014).  Although PRC2 target genes were silenced, transcriptionally-repressive histone mark 

H3K27me3 and DNA methylation at non-CpG island sites were both found to be globally 

decreased in PFA (Bayliss et al., 2016).  Immunohistochemical staining of H3K27me3 was 

shown to be an accurate prognostic factor for PFA and easily distinguished these tumors from 

H3K27me3-high PFB.  EZH2-inhibitory protein (EZHIP) is a uniquely upregulated gene in PFA, 

where it is expressed at high levels (Pajtler et al., 2018).  EZHIP drives H3K27me3 loss in PFA 

via inhibition of PRC2 in a manner that reflects the role of mutated onchistone H3K27M in high 

grade pontine gliomas (S. U. Jain et al., 2019).  While recurrent mutations in PFA are rare, 

approximately 9% display EZHIP mutations, and about 4% exhibit mutant oncohistone 

H3K27M, further detailed in section 1.3.2 (Pajtler et al., 2018).  Due to lack of targeted 
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therapies, complete surgical resection is the only effective intervention for these deadly tumors 

(Boukaka et al., 2023; Ramaswamy & Taylor, 2016). 

Contrarily, PFB tumors are associated with excellent overall survival and are candidates 

for therapy de-escalation after resection (Pajtler et al., 2017; Witt et al., 2011).  However, these 

tumors are still heterogenous, and loss of chr13q precedes poor patient survival (Cavalli et al., 

2018).  Thus, both types of ependymoma would benefit from further study to inform best 

therapeutic regimens.  

1.1.4 Subependymomas 

Subependymomas are primarily benign Grade I lesions that are associated with extremely 

favorable patient outcomes (Celano et al., 2016).  Previously, subependymomas were further 

subcategorized based on location.  However, new WHO guidelines have established 

subependymomas as a distinct histological group that can occur in the cortex, posterior fossa, or 

spinal cord (Kresbach et al., 2022). These tumors primarily occur in adult population and 

frequently exhibit complete or partial loss of chromosome 6q (Pajtler et al., 2015).  They exhibit 

low rates of mitoses which may underlie their non-aggressive nature (Ramkissoon, 2014).  Both 

gross and subtotal resection are typically achievable for these patients and have long-lasting 

positive impact on survival (Jain et al., 2012).  

 

 

Table 1: Comprehensive list of investigative ependymoma therapies 

 Targeted therapies Drugs Clinical trial Identifier 

1. Receptor Tyrosine kinases Selpercatinib, Larotrectinib, 

Ensartinib, Brigatinib, 

NCT04320888 

NCT03213704 
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Erdafitinib, Trastuzumab,  

lapatinib 

NCT03213652 

NCT04374305 

NCT03210714 

NCT02774421 

NCT02101905 

2. Kinase targets Samotolisib, Everolimus,  

Dasatinib, Vemurafenib,  

Selumetinib, Abemaciclib, 

Palbociclib, Ribociclib,  

Sonidegib, Trametinib 

NCT03213678 

NCT02155920 

NCT00788125 

NCT03220035 

NCT03095248 

NCT03220646 

NCT03526250 

NCT03434262 

3. Metabolic Inhibitors Ivosidenib, Tipifarnib, 

Olaparib, Tazemetostat 

NCT04195555 

NCT04284774 

NCT03233204 

NCT03213665 

4. Iodine conjugates 131i- Omburtamab, iodine 

131 monoclonal antibody, 

CLR131 

NCT04743661 

NCT00445965 

NCT03478462 

5. Chimeric Antigen Receptor -

T cells 

Her2- specific,B7- H3- 

specific, IL13rα2- specific, 

EGFR806- specific 

NCT04903080 

NCT03500991 

NCT04185038 
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NCT04661384 

NCT03638167 

6. Immune checkpoint inhibitors Pembrolizumab, Nivolumab, 

Sotigalimab, Indoximod  

NCT02359565 

NCT03173950 

NCT03389802 

NCT04049669 

7. Cytokines Bempegaldesleukin, GM-CSF 

Imiquimod 

NCT04730349 

NCT04408092 

NCT01795313 

8. Oncolytic viruses Adv- tk, PVSRIPO, rQNestin, 

HSV G207  

NCT00634231 

NCT03043391 

NCT03152318 

NCT03911388 

NCT02457845 

^Adapted from Natarajan, “Metabolic Dependencies Dictate Therapeutic Vulnerabilities in 

Lethal Brain Malignancies,” 2023 

 

1.2 Medulloblastomas 

Medulloblastomas, the most prevalent central nervous system malignancy in children, 

constitute approximately a quarter of all pediatric brain tumors (Kumar et al., 2015).  Though 

they are most prevalent in early childhood and have a median diagnosis age of 6-8 years old, 

they can also occur in young infants and adults (Northcott et al., 2019). Standard of care begins 

with attempted gross total resection (GTR), which remains the most influential prognostic factor.  

Patients who achieve GTR and had non-metastatic medulloblastoma have a 5-year overall 
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survival rate of 70-85% (Gajjar et al., 2006; Oyharcabal-Bourden et al., 2005; Packer et al., 

2006).  Nevertheless, high-risk patients, particularly those under 3 years old, with subtotal 

resection, or presenting metastatic medulloblastoma, face considerably lower overall survival 

rates (Jakacki et al., 2012; Northcott et al., 2019).  Adjuvant chemotherapy and radiation did not 

improve survival in metastatic cases (von Bueren et al., 2016).  Thus, there is still an urgent need 

for more targeted therapeutics for these tumors. 

Similar to ependymomas, medulloblastomas are highly heterogeneous, with numerous 

efforts made over time to further subclassify these tumors.  Prior to the availability of genomic 

sequencing technology, medulloblastomas were categorized based on histology grading.  4 

distinct histological patterns have been described: classic, desmoplastic/nodular, 

medulloblastoma with extensive nodularity (MBEN), and large cell/anaplastic.  Classic 

medulloblastomas, which make up about 40-45% of all cases, present as sheets of cells with a 

high nucleus:cytoplasmic ratio and some cellular pleomorphism (Ellison, 2010).  

Desmoplastic/nodular tumors are characterized by differing levels of nodules of differentiated 

neuronal cells and fibrotic tissue.  MBEN tumors have extremely high levels of desmoplasia and 

exhibit large nodules of homogenous neuronal cells (Giangaspero et al., 1999).  

Desmoplastic/nodular and MBEN tumors make up about 40% of all medulloblastoma diagnoses 

and carry much better prognoses than classic medulloblastomas (Ellison, 2010).  Contrarily, 

large cell/anaplastic medulloblastomas are associated with poor clinical outcomes and make up 

around 15-20% of all cases (Eberhart et al., 2002; Northcott et al., 2019).  These tumors are 

highly mitotic and exhibit enlarged and pleomorphic nuclei (Eberhart et al., 2002).  

Before the age of advanced sequencing, several recurring mutation events were noted in 

medulloblastoma that indicated a genetic basis for these tumors.  Medulloblastoma occurrence, 



 12 

although rare, was documented in patients with Gorlin syndrome, a genetic condition caused by 

loss-of-function mutation in Sonic Hedgehog (SHH) pathway inhibitor PTCH1, and constitutive 

SHH activation was exhibited by these tumors (Kool et al., 2008; M. C. Thompson et al., 2006).  

Patients with Turcot syndrome or familial adenomatous polyposis syndrome have germline 

mutations in WNT pathway members CTNNB1, AXIN1/2, or APC and were shown to be prone 

to developing medulloblastoma (Dahmen et al., 2001; J. J. Huang et al., 2000; Koch et al., 2001).  

A landmark consensus paper published by MD Taylor, et al. in 2012 used transcriptional 

profiling to establish the four current molecular subgroups of medulloblastoma: WNT, SHH, 

Group 3, and Group 4 (Taylor et al., 2012).  DNA methylation profiling showed strong 

alignment with the transcriptomic properties of each subgroup (Schwalbe et al., 2013).  Each of 

these subgroups has distinct driver genetic events, proposed cell-of-origins, and clinical 

implications which will be discussed for the rest of this section.  The reader will note that the 

subgroups also exhibit a high degree of intrinsic heterogeneity, and much more work needs to be 

done to fully understand these extremely complex tumors. 

1.2.1 WNT subgroup 

WNT medulloblastomas (WNT MB) compose around 10% of all MB and are associated 

with exceptionally favorable prognoses (Choi, 2023).  A significant majority, 85-90%, of WNT 

MB demonstrate gain-of-function mutations in CTNNB1, the gene encoding β-catenin, the main 

effector protein of the WNT pathway, resulting in the heightened expression of genes promoting 

cancer cell proliferation and growth (Northcott et al., 2017; M. C. Thompson et al., 2006).  

Furthermore, CTNNB1 mutations frequently coincide with monosomy 6, which is also found in 

the majority of WNT MB (Clifford et al., 2006).  No other recurrent aneuploidy, amplification, 

or deletion events are frequently observed, and the genomes of these tumors are commonly 
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balanced (Northcott et al., 2012).  Nevertheless, WNT MB display an average of 1,800 somatic 

single nucleotide variant mutations which is relatively elevated compared to other 

medulloblastoma subgroups (D. T. W. Jones et al., 2012).  Mutations in other genes such as 

tumor-suppressive RNA helicase DDX3X (36% of all cases), SWI/SNF chromatin remodeler 

complex subunit SMARCA4 (19%), cell cycle regulator TP53 (14%), positive WNT regulator 

CSKN2B (14%), and AKT-mTOR activator PIK3CA (11%) are also commonly observed in 

WNT MB, providing promising therapeutic targets (Northcott et al., 2019; Robinson et al., 

2012).  It has been proposed that these tumors originate from the rhombic lip-derived pontine 

mossy fiber neuron lineage, aligning with findings that DDX3X mutations cause loss of 

hindbrain patterning and prompt tumor formation in the rhombic lip region (Jessa et al., 2019; 

Patmore et al., 2020). 

 Patients with WNT MB typically exhibit 5-year overall survival rates of around 90% 

(Choi, 2023).  Underlying their excellent clinical outcomes are their lack of metastases (only 5% 

are metastatic) and their responsiveness to chemotherapy due to the “leaky” blood brain barriers 

that allow for drug penetration (Kool et al., 2012; Phoenix et al., 2016).  These tumors are an 

excellent candidate for chemotherapy and/or radiation reduction, and more research is needed to 

balance therapeutic intervention with quality-of-life preservation. 

1.2.2 SHH subgroup 

SHH medulloblastomas (SHH MB) accounts for 25% of all MB cases and, like WNT 

MB, are genetically well-defined (Choi, 2023; Northcott et al., 2019).  They are thought to arise 

from granular cell progenitors of the rhombic lip and occur primarily in the cerebellar 

hemispheres.  These tumors are predominantly driven by mutations in genes encoding critical 

signaling proteins of the SHH pathway, leading to the constitutive activation of SHH signaling.  
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These mutations include loss-of-function mutations and deletions in SHH negative regulator 

PTCH1 (observed in 43% of all cases), GLI1 transcription factor inhibitor SUFU (10%), or 

activating mutations in SHH activator SMO (9%) (Kool et al., 2014).  Amplifications in GLI1 

and GLI2, the main transcription factors responsible for driving SHH-responsive genes that drive 

cancer cell proliferation and stem cell renewal, and transcription factor MYCN are also well-

documented in these tumors (Northcott et al., 2017).  Chr 9q and 10q (which respectively harbor 

PTCH1 and SUFU) loss are exhibited by these tumors and lead to loss of heterozygosity of those 

SHH negative regulators (Northcott et al., 2010).   

Although SHH pathway genes are frequently mutated in all SHH MB, these tumors also 

exhibit heterogeneity with regards to other recurrent mutations, and four distinct subgroups were 

established: SHHα, SHHβ, SHHγ, and SHHδ (Cavalli et al., 2017).  SHHα tumors primarily 

affect children and young adults, often exhibiting TP53 loss-of-function mutations (Cavalli et al., 

2017; Schwalbe et al., 2017).  These tumors also display the LCA histology phenotype, contain 

GLI2 and MYCN amplification, and are associated with especially poor clinical outcomes, 

meriting their own WHO classification (Louis et al., 2021; Northcott et al., 2019). SHHβ and 

SHHγ tumors are both prevalent in infants, but SHHβ are more metastatic and show focal 

amplifications and deletions of tumor suppressor PTEN that underlie their poor prognosis 

(Cavalli et al., 2017).  Lastly, SHHδ tumors are distinguished by mutations in the promoter 

region of the telomere maintenance gene TERT and primarily occur in adult medulloblastoma 

patients (Cavalli et al., 2017; Kool et al., 2014; Northcott et al., 2017).  SHHγ and SHHδ 

correlate with favorable outcomes, underlying the need to study the metastatic and TP53 

mutations properties of the other SHH MB subtypes that lead to rapid progress and poor 

prognosis. 
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1.2.3 Group 3 subgroup 

Group 3 medulloblastomas (Group 3 MB), representing approximately a quarter of all 

medulloblastoma cases, predominantly occur in infants and young children (Taylor et al., 2012).  

These tumors, long thought to originate from a neural stem cell lineage, have recently been 

identified as specifically arising from photoreceptor signature-expressing progenitors in the 

glutamatergic lineage of the cerebellar rhombic lip subventricular zone (G.-H. Huang et al., 

2016; Smith et al., 2022).  Group 3 MB carry the worst prognosis among the four MB subgroups, 

with less than 60% of patients achieving a 5-year overall survival rate (Taylor et al., 2012).  

These tumors exhibit high rates (40-45%) of metastasis upon diagnosis and occur in a midline 

location adjacent to the fourth ventricle of the brain, further complicating gross total resection 

and other therapies (Perreault et al., 2014; Taylor et al., 2012).  Unlike WNT and SHH MB, the 

mechanisms that drive Group 3 MB remain largely undefined due to their high levels of intrinsic 

heterogeneity, and a clear driver pathway is yet to be distinguished, if it exists at all (Juraschka & 

Taylor, 2019).  The most frequently occurring genetic event in these tumors is the amplification 

of c-MYC, observed in approximately 17% of all cases (Northcott et al., 2017).  Gene 

amplification is also observed with transcription factors such as MYCN (5%) and OTX2 (3%) 

(Northcott et al., 2017). Recurrent somatic mutations are rare and mutually exclusive within 

individual tumors, and no singular mutation is observed in more than 10% of all Group 3 MB 

patients (Northcott et al., 2017).  These include SWI/SNF component SMARCA4 (9%), 

ubiquitin ligase substrate recruiter KBTBD4 (6%), protein phosphatase CTDNEP1 (5%), and 

lysine methyltransferase KMT2D (5%) (Z. Chen et al., 2022; Northcott et al., 2017).  High rates 

of aneuploidy are also exhibited by these tumors, the most common of which is chr17q 
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duplication accompanied by chr17p loss.  Gain of chr1q and chr7 are also well-documented 

(Northcott et al., 2012). 

Due to the intrinsic heterogeneity of Group 3 MB, subtyping these tumors is complex, 

leading to the development of various subtyping strategies.  One landmark study from Cavalli, et 

al. used integrated analysis of copy-number alterations, DNA methylation arrays, and 

transcriptomic data to propose three subgroups of Group 3 MB: alpha, beta, and gamma (Cavalli 

et al., 2017).  Group 3α MB were characterized by higher incurrence in infants but exhibited 

better patient outcome due to relatively high frequencies of loss of C-MYC and low metastatic 

rates.  Group 3β MB exhibited enhancer-hijacking activation of transcriptional repressor GFI1 

and also exhibited good prognosis due to overall lack of metastasis.  Contrarily, Group 3γ tumors 

were associated with especially poor survival and high rates of metastasis accompanied by c-

MYC amplification.  Another study from Schwalbe, et al. performed similar analyses on their 

own independent data set to establish high-risk and low-risk Group 3 MB.  Mirroring the Cavalli, 

et al. study, MYC amplification correlated with large/cell anaplastic histology and significantly 

worse survival (Schwalbe et al., 2017).  These two studies highlight the need to understand the 

exact mechanisms by which MYC amplification drive poor prognosis in Group 3 MB. 

1.2.4 Group 4 subgroup 

Comprising approximately 35% of all medulloblastomas, Group 4 medulloblastomas 

(Group 4 MB) represent the most prevalent MB subgroup (Taylor et al., 2012).  These tumors 

have been identified as originating from unipolar brush cell-like glutamatergic progenitors in the 

cerebellar rhombic lip subventricular zone, sharing a lineage-of-origin akin to that of Group 3 

MB (Hendrikse et al., 2022; Smith et al., 2022).   Like Group 3 MB, they also occur in the 

midline vermian region of the cerebellum and contain considerable amounts of heterogeneity 
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(Northcott et al., 2017; Perreault et al., 2014).  The most common genetic driver event observed 

in these tumors is enhancer hijacking-mediated overexpression of chromatin modifier and 

transcriptional repressor PRDM6 accompanied by SNCAIP duplication which is observed in 

around 17% of all Group 4 MB cases (Northcott et al., 2017).  Recurrent somatic mutations in 

these tumors are few but mostly affect genes that encode histone modifiers, such as KDM6A 

(mutated in 9% of all Group 4 MB), ZMYM3 (6%), and KMT2C (6%).  These mutations are 

unique to Group 4 MB and are mutually exclusive within these tumors (Northcott et al., 2017).  

Amplifications in MYCN and CDK6 are also present in a small percentage (6%, each) of Group 

4 MB but do not seem to have a significant impact on survival (Cavalli et al., 2017).  Aneuploidy 

events are also commonly observed in Group 4 MB with 17q gain (>80%), 17p deletion (>75%), 

chr7 gain (40-50%), chr 8 deletion (40-50%), and chr11 loss (>30%) being among the most 

frequent (Northcott et al., 2017).  Isochromosome 17q was defined to be the most prognostic 

event in these tumors where it negatively affected survival, exhibited by a 10-year survival rate 

of just 36% (Schwalbe et al., 2017).  Contrarily, chr 11 loss defined the low-risk group of Group 

4 MB, exhibiting a 10-year survival rate of 72% (Schwalbe et al., 2017).  It is suggested that 

future studies might treat Group 3 and Group 4 MB as a single entity, given their common 

developmental origins, locations of occurrence, and molecular and genetic heterogeneity (Smith 

et al., 2022). 

 

Table 2: Ongoing/recruiting active clinical trials in medulloblastoma 

MB Subtype Drugs Clinical Trial 

Identifier 
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All Cyclophosphamide, cisplatin, vincristine, 

isotretinoin, lomustine, prexasertib, 

sonidegib, methotrexate, 

topotecan,  thalidomide, celecoxib, 

fenofibrate, etoposide 

NCT01878617, 

NCT00392327, 

NCT00085735, 

NCT04023669, 

NCT05535166, 

NCT01356290 

WNT Carboplatin NCT02066220 

SHH Vismodegib,sonidegib NCT01878617, 

NCT04402073 

Group 3 Pemetrexed, gemcitabine, prexasertib NCT01878617, 

NCT04023669 

Group 4 Pemetrexed, gemcitabine,  prexasertib NCT01878617, 

NCT04023669 

  

1.3 Epigenetic modifications in cancer 

The entire human genome is compacted into chromatin, a highly organized structure of 

DNA that wraps around protein complexes called histones.  To summarize, epigenetic 

modifications are biochemical changes to chromatin that either enable or restrict access by 

transcription factors.  Epigenetic modifications are essential to dictating spatial and temporal 

expression of genes that specify cell fate, proliferation, and differentiation (Lee & Kim, 2022).  

Altered chromatin biology is a well-documented hallmark of many different types of cancer 

(Michalak et al., 2019). In the absence of recurrent mutations in oncogenes or tumor suppressors, 

elucidating epigenetic reprogramming becomes even more essential to understanding events that 
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drive tumorigenesis.  In this section, I will discuss one of the most studied epigenetic 

phenomena, DNA and histone methylation, and its relevance to brain tumor pathogenesis and 

therapeutic targeting. 

1.3.1 DNA Methylation 

DNA methylation is facilitated by one of three DNA methyltransferases—DNMT1A, 

DNMT3A, and DNMT3B—which utilize methyl groups donated by S-adenosylmethionine 

(SAM).  DNA methyltransferases add a methyl group to the 5’ carbon on the pyrimidine ring of 

cytosine in cytosine-guanine pairs (CpG), generating 5’methylcytosine.  CpG rich regions, called 

CpG islands, show high levels of methylation, and over 70% of all CpG pairs are 

hypermethylated in mammalian genomes (Michalak et al., 2019).  Hypermethylation correlates 

with transcriptional silencing, and many tumor suppressor genes are hypermethylated in cancers 

(Schübeler, 2015) .  In malignancies of the central nervous system, the effect of CpG island 

hypermethylation (CIMP) on pathogenesis and survival is highly variable.  For example, 

mutation in IDH1 leads to CIMP-expression in low grade gliomas that induce increased 

expression of stem cell marker genes through the transcriptional silencing of differentiation 

genes (Turcan et al., 2012).  Surprisingly, these tumors bear better prognoses than CIMP-

negative tumors (Noushmehr et al., 2010).  Progression (increase in WHO grade) in IDH1 

mutant tumors correlated with an increase in differentially methylated sites, suggesting 

hypermethylation must be maintained to sustain survival benefit (Ferreyra Vega et al., 2023).   

In contrast, CIMP-positive Group A posterior fossa ependymomas (PFA) have poorer 

survival outcomes compared to their CIMP-negative Group B counterparts (PFB) (Mack et al., 

2014).  The hypermethylation of specific genes in PFA was shown to induce hypoxia, PI3K-

mTOR pathway signaling, and TNFα-NFκB signaling (Wang et al., 2021).  These results were 
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consistent with other studies that show these tumors are dependent on the upregulation of 

hypoxic gene signatures and are maintained by hypoxic conditions in vitro (Michealraj et al., 

2020; Pajtler et al., 2015). 

Demethylation of DNA is catalyzed by α-ketoglutarate-dependent ten-eleven 

translocation (TET) dioxygenases.  These enzymes add a hydroxyl group onto 5’methylcytosine 

to produce 5’hydroxymethylcytosine (5hmC) and induce DNA hypomethylation.  Although CpG 

island hypermethylation is present in Group A posterior fossa ependymomas (PFA), DNA 

hypomethylation is also observed throughout the remainder of the genome (Bayliss et al., 2016).  

High levels of DNA hypomethylation are also exhibited by other CNS tumors that bear terrible 

prognoses, such as glioblastoma and anaplastic astrocytoma (Barciszewska, 2018).   

Various strategies have been proposed to modulate DNA methylation, aiming to revert 

brain tumor cells to a more differentiated state.  Pharmacological inhibition of DNA 

methyltransferases is efficacious in CIMP-positive IDH1-mutant gliomas.  DNMT1 inhibitor 

decitabine slowed growth of these tumors both in vivo and in vitro (Turcan et al., 2012).  A 

recent clinical trial has been approved to assess the efficacy of treating patients with recurrent 

posterior fossa ependymoma with DNA-methyltransferase inhibitor 5-Azacytidine 

(NCT:03572530).  Intriguingly, downstream TCA-cycle metabolites fumarate and succinate 

inhibit TET enzymes and reduce 5hmC production in 293T cells (Xiao et al., 2012), but it 

remains unknown if this would have beneficial effects in CNS malignancies.  However, none of 

these therapies are used in patients today, and further studies of drugs that target DNA 

methylation are necessary if this epigenetic modification is to be targeted in brain tumors. 

1.3.2 Histone Methylation 
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Histones undergo methylation through histone methyltransferases, enzymes responsible 

for transferring methyl groups from S-adenosylmethionine to the side chains of lysine (K) and 

arginine (R) amino acids.  Lysine residues can be monomethylated (-me), dimethylated (-me2), 

and trimethylated (-me3), and arginine residues can be monomethylated or trimethylated.  

Histone methylation can lead to the formation of heterochromatin, a transcriptionally repressed 

state with tightly wrapped chromatin around histones limiting transcription factor binding, or 

euchromatin, which is loosely wrapped to promote transcription factor binding and increase gene 

expression (Michalak et al., 2019).  Chromatin state is dependent on both the position of the 

methylated residues as well as the quantity of deposited methyl groups on that specific residue.  

For example, one of the most studied histone modifications is trimethylation of K27 on Histone 3 

(H3K27me3), which is associated with establishing facultative heterochromatin and repressing 

genes essential for development and differentiation (Das & Taube, 2020).  Monomethylation of 

the same residue (H3K27me1), on the other hand, correlates with transcriptional activation in 

mouse embryonic stem cells (Ferrari et al., 2014).  Other histone trimethylation modifications, 

such as H3K4me3 and H3K36me3, induce transcriptional activation.  Histone methylation 

modifications are specifically found at either promoter (H3K4me3, H3K27me3), enhancer 

(H3K4me1), or intergenic regions (H3K36me3) (Michalak et al., 2019). 

Polycomb Repressive Group proteins are one of the most important and well-studied 

group of epigenetic modifiers.  These proteins are subdivided into two distinct complexes, the 

aptly named Polycomb Repressive Complex 1 (PRC1) and Polycomb Repressive Complex 2 

(PRC2).  PRC1 is an E3 ubiquitin ligase which induces transcriptional silencing through the 

deposition of ubiquitin on residues K118 and K119 on histone 2A.  On the other hand, PRC2 

contains three key catalytic subunits, EED, SUZ12, and EZH2, which are essential for 
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methylating H3K27 and inducing heterochromatin (Piunti & Shilatifard, 2021).  Embryonic 

knock-out models of each of these three subunits result in loss of viability prior to gastrulation, 

underlying an indispensable role for PRC2-induced H3K27me3 during early development (Faust 

et al., 1995; Pasini et al., 2004; Piunti & Shilatifard, 2021).  Indeed, PRC2 targets include genes 

related to stem cell plasticity, proliferation, development, and differentiation (Margueron & 

Reinberg, 2011). 

PRC2 mutations or over/underexpression can either have an oncogenic or tumor 

suppressive effect depending on the specific malignancy.  For example, aggressive subsets of B 

cell lymphoma contain activating mutations in H3K27me3-depositing PRC2 subunit enhancer of 

zeste homolog 2 (EZH2) which increase H3K27me3 deposition (Morin et al., 2010).  Moreover, 

overexpression of EZH2 has been shown to be a key factor for metastasis and progression of 

prostate cancer (Varambally et al., 2002).  Although EZH2 is overexpressed in many other types 

of cancers, it can also serve as a key tumor suppressor in malignancies of the brain. Diffuse 

intrinsic pontine gliomas (DIPG) are rare pediatric midline gliomas that contain an 

“oncohistone” mutation consisting of a lysine-to-methionine substitution (H3K27M) which leads 

to global loss of H3K27me3 (Mohammad & Helin, 2017).  Intriguingly, H3K27me3 and 

transcriptional silencing is retained at several neuronal function and differentiation genes via 

residual EZH2-mediated PRC2 activity in DIPG, underlying the importance of understanding 

specific differentially methylated sites in these tumors (Piunti, Nature Medicine, 2017).  

Mirroring the epigenetic effects of H3K27M, EZH2-inhibitory protein (EZHIP), also known as 

CATACOMB, is highly expressed in Group A posterior fossa ependymomas (PFA) (Pajtler et 

al., 2015).  Normally restricted to the testes, placenta, and ovaries, EZHIP interferes with the 

active site of EZH2, inducing global hypomethylation in tissues where it is expressed (Piunti & 
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Shilatifard, 2021).  Similarly to H3K27M-driven gliomas, H3K27me3 is specifically retained at 

CpG islands in PFA but fails to spread to other regions due to EZHIP inhibition of PRC2 

allosteric activation (S. U. Jain et al., 2019).  Interestingly, EZHIP mutations or presence of 

H3K27M are also observed in PFA, but never simultaneously (Pajtler et al., 2015).  The above 

findings highlight the complexity of EZH2-mediated PRC2 activity (or lack thereof) in cancer 

and exhibit the need to understand context-specific role for this epigenetic modifier.   

EZH2 is an attractive therapeutic target due to its high expression in many types of 

cancers.  Two highly specific compounds (EPZ005687 and GSK126) were developed that are 

capable of inhibiting both wild-type and gain-of-function mutant forms of EZH2 and show great 

efficacy in blocking H3K27me3 deposition and killing recurrent lymphoma cells (Knutson et al., 

2012; McCabe et al., 2012).  Many more EZH2-inhibitors are currently in clinical trial for other 

lymphomas, sarcomas, and solid tumors (Michalak et al., 2019).  However, EZH2 inhibition in 

H3K27M-driven DIPGs led to an increase in proliferation of cancer cells in vitro and induced 

higher clinical grades of tumors in a murine model, supporting the tumor suppressive role of 

EZH2 in these tumors (Dhar et al., 2022).  Therefore, additional research is essential to 

understand the impact of modulating EZH2 in brain tumors that exhibit H3K27M mutations or 

EZHIP expression. 

1.4 Metabolic reprogramming in cancer 

Metabolic rewiring is a key phenomenon that underlies cancer pathogenesis (Hanahan & 

Weinberg, 2011).  Quiescent and differentiated cells exhibit stark differences in metabolism 

compared to rapidly proliferating stem and cancer cells (Tarazona & Pourquié, 2020). Cancer 

cells must adapt to their local nutrient conditions and upregulate metabolic pathways that will 

allow them to obtain the macromolecules and nutrients necessary to enable their uncontrolled 
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cell growth and proliferation.  Once thought to be a passive occurrence that accompanied tumor-

promoting gene mutations, newer studies demonstrate that oncogene or tumor suppressor activity 

directly impact metabolic activity of cancer cells (Ward & Thompson, 2012).  Monosaccharide 

sugar glucose and nonessential amino acid glutamine are the two most important nutrients for 

proliferating cancer cells where they fuel critical anabolic processes such as the production of 

important macromolecules such as lipids, nucleotides (including essential energy molecule 

ATP), and proteins (Venneti & Thompson, 2017).  However, in nutrient-limited environments, 

cancer cells can break down lipids and amino acids through catabolic reactions of the TCA cycle 

or cellular processes like autophagy (Lum et al., 2005).  In this section, I will explain the well-

documented phenomena of aerobic glycolysis, or the “Warburg Effect” in cancer, and then detail 

how mitochondrial metabolism (TCA-cycle and oxidative phosphorylation) are also important 

for promoting tumor pathogenesis.  I will then explore the role of glutathione in combating 

oxidative stress generated by mitochondrial metabolism.  Finally, I will summarize how copper 

affects mitochondrial metabolism and explain a novel form of cell death called cuproptosis that 

could be leveraged for therapeutic purposes. 

1.4.1 The Warburg Effect 

One of the first and best-studied metabolic alterations observed in cancer cells was 

originally defined by Otto Warburg in the 1950’s.  In normoxic conditions, normal cells usually 

process glucose through the pyruvate dehydrogenase complex into pyruvate, which is then 

converted to acetyl-CoA in the mitochondria and used in the TCA cycle to generate reducing 

equivalents for the electron transport chain.  However, Warburg observed that cancer cells, even 

in the presence of oxygen, favor glycolysis followed by lactic acid fermentation to fulfill their 

ATP requirements (Warburg, 1956).  This process is called the Warburg effect and is also known 
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as aerobic glycolysis.  Accordingly, overexpression of cytosolic glucose transporter GLUT1 is 

observed in many cancers (DeBerardinis et al., 2008; R. G. Jones & Thompson, 2009).  

Moreover, the activation of oncogenic transcription factors like MYC and RAS, along with the 

loss of tumor suppressors such as TP53, leads to a reliance on glycolysis (DeBerardinis et al., 

2008; R. G. Jones & Thompson, 2009).  Consistent with the high oxygen demands of 

mitochondrial metabolism, glycolysis is also induced in hypoxic conditions which are exhibited 

by many solid tumors through the activation of master hypoxia response regulator HIF1α (Muz 

et al., 2015).  Although glycolysis and lactic acid fermentation are less effective at ATP 

generation than mitochondrial oxidative respiration, they also allow for the more efficient 

production of other nucleotides, such as NADPH, which are essential for the generation of 

important macromolecules.   

1.4.2 Mitochondrial Metabolism  

Mitochondrial metabolism was long undervalued in cancer pathogenesis research. Recent 

studies, however, have highlighted its significant role as a bioenergetic hub in cancer 

development and progression (Sainero-Alcolado et al., 2022).  Within the mitochondrial matrix, 

the TCA cycle functions as a central metabolic hub. It transforms glucose-derived acetyl-CoA 

into various intermediates, producing NADH and FADH2. These reducing equivalents donate 

electrons to the electron transport chain, facilitating ATP production.  Furthermore, intermediates 

of the TCA cycle serve as essential building blocks for the synthesis of lipids, nucleotides, and 

proteins (Sainero-Alcolado et al., 2022).  For instance, citrate, an intermediate of the TCA cycle, 

can be transformed back into acetyl-CoA through ACLY. This can then be utilized in histone 

acetylation reactions or in the biosynthesis of lipids and cholesterol (Pietrocola et al., 2015).  

Mutations in genes that encode TCA cycle intermediate-producing enzymes have been shown to 
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drive cancer progression.  These include gain-of-function mutations in isocitrate dehydrogenase 

1 (IDH1) which normally catalyzes the conversion of isocitrate to α-ketoglutarate, a key 

substrate of lysine demethylases.  IDH1I mutations further convert α-ketoglutarate to another 

metabolite, 2-hydroxyglutarate (2-HG), which inhibits DNA and histone demethylases, 

increasing H3K27me3 and changing cellular metabolism.  Loss-of-function mutations in 

succinate dehydrogenase and fumarate dehydrogenase lead to build up of succinate and fumarate 

and inhibits α-ketoglutarate-dependent lysine demethylases.  Thus, TCA-cycle intermediates 2-

HG, succinate, and fumarate are all designated as “oncometabolites” (Sullivan et al., 2016). 

Treatment modalities that target the TCA-cycle focus on preventing glutaminoloysis, which 

converts glutamine into an anaplerotic source for the TCA-cycle or inhibiting the pyruvate 

dehydrogenase complex to prevent glucose-derived acetyl-CoA from entering the TCA-cycle 

(Anderson et al., 2018). 

Oxidative phosphorylation (OxPhos), which utilizes reducing equivalents from the TCA-

cycle for ATP production via the electron transport chain, is another important aspect of 

mitochondrial metabolism.  Mutations in tumor suppressor PTEN and chromatin remodeler 

complex SWI/SNF correlate with strong reliance on OxPhos metabolism (Lissanu Deribe et al., 

2018; Naguib et al., 2018).  Rapidly proliferating cancer stem cells and glycolysis-limited cancer 

cells are also dependent on OxPhos (Birsoy et al., 2014; Sancho et al., 2016).  Metformin, an 

orally available biguanide which inhibits OxPhos, has been shown to be efficacious in lowering 

viability of OxPhos-reliant cancer cells and is well-tolerated in patients (Xu et al., 2020).  

1.4.3 Reactive oxygen species 

Although mitochondrial metabolism fuels cancer cell growth, it also contributes 90% of 

all intracellular reactive oxygen species (ROS) (Balaban et al., 2005; Starkov, 2008).  These are 
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a broad class of unstable and partially reduced biochemical compounds that include hydroxyl 

radicals (*OH), superoxides (O2
-), and hydrogen peroxide (H2O2) (H. Yang et al., 2018).  At low 

to moderate levels, ROS activate several tumorigenic processes, such as proliferation, migration, 

and invasion, through their role as signal transduction molecules (Nakamura & Takada, 2021).  

However, ROS can damage important macromolecules (including DNA), induce mitochondria 

permeabilization, and trigger cellular senescence or apoptosis when present at high levels (Cairns 

et al., 2011).  Rapidly dividing cancer cells frequently exhibit high levels of ROS due to their 

altered metabolism (Cairns et al., 2011).   

To counter this, cancer cells frequently upregulate the production of antioxidant 

molecules such as glutathione and thioredoxin (Nakamura & Takada, 2021).  Glutathione is a 

tripeptide thiol composed of glutamate, cysteine, and glycine (Wu et al., 2004).  In its reduced 

form, glutathione (GSH) reacts with hydrogen peroxide, generating glutathione disulfide (which 

can then be converted back to reduced glutathione) and water.  Superoxides, which are the most 

abundant type of ROS in the mitochondria, are first converted to hydrogen peroxide via 

superoxide dismutase 1 (SOD1) prior to reacting with glutathione (Zorov et al., 2014).  

Importantly, GSH depletion has been shown to induce cell death via apoptosis and ferroptosis, 

underlying glutathione metabolism as a potential therapeutic target (Franco & Cidlowski, 2009; 

Li et al., 2020).  Since cysteine availability is the main limiting factor of GSH synthesis, studies 

have used small molecule erastin to inhibit cysteine cell importer SLC7A11 and kill human 

cancer cells (Dolma et al., 2003).  In accordance with its role as a detoxifying agent, elevated 

GSH levels are associated with chemotherapeutic resistance.  Treatment of ovarian cancer cells 

with erastin led to synergism with conventional chemotherapeutic drug cisplatin, enhancing the 

ability of cisplatin to kill cancer cells and reducing chemotherapy resistance (Sato et al., 2018).  
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Thus, targeting glutathione metabolism could be a promising strategy for chemotherapy-resistant 

malignancies and for cancer cells that are especially dependent on mitochondrial metabolism. 

1.4.4 Copper metabolism 

Like ROS, copper is another micronutrient that is essential for metabolic reactions and 

cell signaling processes but can induce intracellular toxicity at high levels (Maung et al., 2021).  

Therefore, copper homeostasis in cells must be highly regulated to maintain proper function of 

copper-dependent metabolic reactions but avoid oxidative stress.  After being absorbed into the 

bloodstream, copper is then taken up into cells via copper transport protein 1 (CTR1).  CTR1 is a 

key regulator of copper influx; it is downregulated in copper-high conditions and upregulated 

when copper supply is scarce (Liang et al., 2012).  Intracellular copper is either stored for future 

use by metallothionein chelation or is chaperoned to be used as a cofactor by metabolic enzymes 

(L. Chen et al., 2022).  ATOX1, a copper-specific chaperone protein, has been shown to regulate 

proliferation and production of copper-dependent enzymes and is important for viability of 

mouse embryonic fibroblasts, demonstrating that copper chaperones can also regulate copper 

homeostasis (Hamza et al., 2003; Hatori & Lutsenko, 2013).  Copper-ATPases ATP7A and 

ATP7B are also responsible for copper influx and efflux.  Under normal conditions, these 

transport proteins pump copper in from the cytoplasm into the trans-Golgi network.  However, 

when intracellular copper reaches dangerous levels, these transporters can also translocate from 

the Golgi into vesicles that fuse with the plasma membrane and subsequently release copper (La 

Fontaine & Mercer, 2007). 

Copper is used as a cofactor for many biochemical processes, including mitochondrial 

metabolism, tyrosine and neurotransmitter metabolism, and remodeling of the extracellular 

matrix.  Strikingly, it is also a cofactor for redox homeostasis enzyme SOD1, which converts 
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superoxides to hydrogen peroxide for subsequent reaction with reduced glutathione (L. Chen et 

al., 2022).  In the context of cancer, copper has been shown to activate well-established 

oncogenic signaling pathways MAPK, BRAF, and ERK (Brady et al., 2017; Turski et al., 2012).  

Copper has also been shown to promote angiogenesis as evidenced by studies where exogenous 

addition of copper induced endothelial cell proliferation and invasion while deletion of CTR1 

reversed these phenomena (Narayanan et al., 2013; Raju et al., 1982). 

Although copper has many physiological purposes, it is toxic at high amounts, and the 

exact mechanism by which high levels of intracellular copper levels leads to cell death was 

unknown for many years.  Earlier studies proposed copper as an inducer of apoptosis or ROS-

mediated cell death (L. Chen et al., 2022).  However, a recent paper published by Tsvetkov et al 

described a novel form of copper-induced cell death called cuproptosis.  In this study, the authors 

showed that copper binds to proteins in the lipoic acid pathway and lipoylated pyruvate 

dehydrogenase complex proteins, causing aberrant oligomerization of these proteins and 

inducing proteotoxic stress that leads to cell death (Tsvetkov et al., 2022).   Cuproptosis was 

induced by copper ionophore elesclomol, a compound which enables the influx of copper into 

the mitochondria.  Notably, human sarcoma cell lines were effectively killed by nanomolar 

concentrations of elesclomol (Tsvetkov et al., 2022).  Moreover, a study performed in melanoma 

patients showed that elesclomol was most effective in tumors that lacked lactate fermentation 

activity (S. J. O’Day et al., 2013).  Therefore, elesclomol may be most effective in tumors that 

are less reliant on aerobic glycolysis and more dependent on mitochondrial metabolism.  

However, little is known about the ability of elesclomol to permeate the blood brain barrier and 

effectively treat CNS malignancies.        
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Chapter 2 Targeting Integrated Epigenetic and Metabolic Pathways in Lethal Childhood 

PFA Ependymomas 

2.1 Abstract 

Childhood posterior fossa group A ependymomas (PFAs) have limited treatment options 

and bear dismal prognoses compared to group B ependymomas (PFBs). PFAs overexpress the 

oncohistone-like protein EZHIP (enhancer of Zeste homologs inhibitory protein), causing global 

reduction of repressive histone H3 lysine 27 trimethylation (H3K27me3), similar to the 

oncohistone H3K27M. In this chapter, I start by showing that integrated metabolic analyses in 

patient-derived cells and tumors, single-cell RNA sequencing of tumors, and noninvasive 

metabolic imaging in patients demonstrated enhanced glycolysis and tricarboxylic acid (TCA) 

cycle metabolism in PFAs. Furthermore, high glycolytic gene expression in PFAs was associated 

with a poor outcome. Next, I show that PFAs demonstrated high EZHIP expression, which 

associated with poor prognosis, and elevated activating mark histone H3 lysine 27 acetylation 

(H3K27ac). Genomic H3K27ac was enriched in PFAs at key glycolytic and TCA cycle–related 

genes including hexokinase-2 and pyruvate dehydrogenase. Similarly, mouse neuronal stem cells 

(NSCs) expressing wild-type EZHIP (EZHIP-WT) versus catalytically attenuated EZHIP-

M406K demonstrated H3K27ac enrichment at hexokinase-2 and pyruvate dehydrogenase, 

accompanied by enhanced glycolysis and TCA cycle metabolism. To leverage genetic alterations 

observed in PFA, I examined AMPKα-2, a key component of the metabolic regulator AMP-

activated protein kinase (AMPK), which also showed H3K27ac enrichment in PFAs and EZHIP-

WT NSCs. Activating AMPK with anti-diabetic drug metformin lowered EZHIP protein levels, 
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increased H3K27me3, suppressed TCA cycle metabolism, and showed therapeutic efficacy in 

vitro and in vivo in patient-derived PFA xenografts in mice.  

To summarize, my data indicate that PFA and EZHIP-WT–expressing NSCs are 

characterized by enhanced glycolysis and TCA cycle metabolism. Importantly, I demonstrate 

that metformin lowered pathogenic EZHIP, increased H3K27me3 at promoter regions of 

glycolytic and TCA-cycle genes, and suppressed tumor growth, suggesting that targeting 

integrated metabolic/epigenetic pathways is a potential therapeutic strategy for treating 

childhood ependymomas. 

2.2 Results 

2.2.1 PFAs exhibit elevated glycolysis and TCA cycle metabolism compared to PFB 

ependymomas. 

PFA exhibit high expression of EZHIP which correlates with loss of H3K27me3.  

Intriguingly, EZHIP bears functional similarity to oncohistone mutation H3K27M which induces 

significant changes in metabolism in diffuse intrinsic pontine gliomas (Chung et al., 2020).  

Thus, we sought to examine if EZHIP rewires metabolism in PFA.  To define metabolic 

pathways upregulated in PFAs, I first used a multi-platform, unbiased approach to assess gene 

expression and metabolomics in tumor tissues and patient-derived cell lines.  First, alongside Dr. 

Pooja Panwalkar, I queried expression of a comprehensive set of 2,754 metabolic genes 

encoding all known human metabolic enzymes and transporters, defined by Sabatini and 

colleagues (Possemato et al., 2011), in PFA versus PFB ependymomas. I analyzed gene 

expression in three independent, non-overlapping published data sets from Bayliss et al. 2016 

(PFA n=11, PFB n=4) (Bayliss et al., 2016), Witt et. al. 2011 (PFA n=18, PFB n=19) (Witt et al., 

2011) and Pajtler et al. 2015 (PFA n=72 and PFB n=39) (Pajtler et al., 2015). I determined 
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commonly upregulated (n=53, Fig 2.6.1.A) genes in PFA versus PFB ependymomas from all 

three data sets.  Then, I performed pathway impact analysis and demonstrated that the 53 

commonly upregulated genes were mainly related to glycolysis, TCA cycle, glutamate, and 

pentose phosphate pathway (PPP) metabolism (Fig 2.6.1.B, 2.6.1.D) including hexokinase-2 

(HK2) and PDHB (pyruvate dehydrogenase-B) (Fig 2.6.1.C). Because bulk gene expression data 

are derived from both tumor and non-tumor cells in the microenvironment, I then sought to 

confirm our findings in single cell RNA-seq analyses from Gojo et al. 2020 (Gojo et al., 2020). 

From these analyses, genes illustrated in Fig. 2.6.1.C, including HK2 and PDHB (Fig 2.6.1.D), 

were upregulated in PFA versus PFB ependymomas.  Then, I assessed metabolites using mass-

spectroscopy-based analyses of patient tumor tissues including PFA (n=14), PFB (n=3), and ST-

RELA (n=3) ependymomas and non-pathologic pediatric cerebellum (n=3) and cortex (n=3) as 

controls. Metabolite data mirrored gene expression results and showed elevated concentrations of 

metabolites related to glycolysis, TCA-cycle and PPP in PFA versus PFB or ST-RELA 

ependymomas and controls (Fig 2.6.1.E).  To further validate this, I then assessed steady-state 

metabolite concentrations using three previously well-characterized PFA cell lines (PFA-

EPD210, PFA-MAF811 and PFA-MAF928).  Because no PFB cell lines are described in the 

literature, I used supratentorial (ST) cell lines (ST-EP1NS and ST-MAF1329 bearing C11orf95-

RELA fusions) and immortalized normal human astrocytic cell lines (NHA) as controls (Brabetz 

et al., 2018; Pierce et al., 2019).   To rule out the impact of culture conditions on metabolic 

pathways, I tested both serum-free (PFA-EPD210 and ST-EP1NS) and serum-containing (PFA-

MAF811, ST-MAF1329 and NHA) conditions.  In both conditions (Fig 2.6.2.A and Fig 2.6.2.B), 

PFA cells showed higher concentrations of metabolites related to glycolysis, PPP and TCA-cycle 

metabolism compared to control ST-RELA ependymoma and normal human astrocytic cells. 
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Metabolite pathway impact and enrichment analyses of upregulated metabolites confirmed 

glycolysis, TCA cycle, and PPP metabolic pathways as top upregulated pathways (Fig 2.6.2.C).  

Since PFA ependymomas are deadlier than their PFB counterparts, I then wanted to determine if 

the enhanced metabolism observed in PFA contributed to the poorer prognosis experienced by 

patients of these malignancies.  Thus, I probed these datasets for expression of glycolysis-KEGG 

(Kyoto Encyclopedia of Genes and Genome) pathway genes and established glycolytic signature 

high and low clusters in all PF cases (Fig 2.6.3A) and PFA specifically (Fig 2.6.3.B).  Indeed, 

high expression of glycolysis- pathway genes was associated with poor overall prognosis in PF-

ependymomas (Fig 2.6.3.C) and within PFA ependymomas (Fig 2.6.3.D).   

To summarize, in this section I use transcriptomic and metabolic data from three independent 

patient tumor data sets and established cell lines to show that PFA ependymomas exhibit 

enhanced glycolysis and TCA-cycle metabolism.  I also show that enhanced glycolytic 

metabolism correlates with poor prognosis observed in PFA ependymomas. 

2.2.2 Non-invasive in vivo MRS imaging shows elevated citrate and glutamate concentrations 

in PFA ependymomas 

To assess PFA ependymoma metabolism in live patients, I decided to enlist the help of 

Dr. Benita Tamrazi at Children’s Hospital Los Angeles to use non-invasive in vivo magnetic 

resonance spectroscopy (MRS).  We used MRS imaging in live patients to assay in vivo 

metabolite concentrations in 15 children with ependymomas in a blinded and retrospective 

manner. After MRS imaging, corresponding tumor sections from each patient were evaluated for 

H3K27me3 and EZHIP immunostaining and classified into PFA (n=7, H3K27me3 negative, 

EZHIP positive), PFB (n=3, H3K27me3 positive, EZHIP negative) and ST-RELA (n=5, 

H3K27me3 positive, EZHIP negative, with C11orf95-RELA fusions) ependymomas (Fig 
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2.6.4.A). Metabolites were assessed after unblinding and included citrate (Cit), glutamate (Glu), 

glutamine (Gln), alanine (Ala), creatine (Cr), myoinositol (mI), taurine (Tau) and lactate (Lac). I 

show that PFA ependymomas contained higher concentrations of citrate and glutamate compared 

to PFB ependymomas, and myoinositol, taurine and creatine compared to ST ependymomas (Fig 

2.6.4.B and Fig 2.6.4.C). These data suggest that PFA ependymomas exhibit a unique MRS 

imaging profile. Although glutamate concentrations were high in PFA ependymomas by MRS, 

this was not recapitulated in cell lines or tumor samples. However, elevated in vivo citrate 

concentrations in PFA ependymomas confirmed metabolite data from tumor samples (Fig 

2.6.1.E) and patient-derived cell lines (Fig 2.6.2.A and Fig 2.6.2.B).  Therefore, in this section I 

demonstrate that MRS imaging also confirms distinctly altered metabolism in PFA compared to 

non-PFA ependymomas. 

2.2.3 EZHIP expression is associated with high H3K27ac, location in the fourth ventricle, and 

prognosis in PF ependymomas 

H3K27M mutations enhance glycolysis and TCA-cycle metabolism by epigenetically 

activating key metabolic genes (Chung et al., 2020). Because H3K27M and EZHIP show 

epigenetic similarities, I sought to determine if EZHIP can upregulate these pathways in a similar 

manner. H3K27M-gliomas demonstrate elevation of the activating mark H3K27ac (Krug et al., 

2019; Nagaraja et al., 2017; Piunti et al., 2017). Moreover, EZHIP is associated with elevated 

H3K27ac in Daoy, 293T and U2OS cells (S. U. Jain et al., 2019; Pajtler et al., 2018; Ragazzini et 

al., 2019), and previous studies from Mack et al. have demonstrated that H3K27ac is deregulated 

in ependymomas (Mack et al., 2018). I therefore wanted to determine the relationship between 

EZHIP and H3K27ac in samples from patients with ependymomas in association with various 

clinical parameters. I performed Western blotting in tumor samples which showed an increase in 
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global H3K27ac in PFAs compared to PFBs (Fig 2.6.5.A). I then used immunohistochemistry to 

assess EZHIP, H3K27me3 and H3K27ac in PF ependymomas. EZHIP expression was elevated 

and corresponded with a reduction in global H3K27me3 and elevated H3K27ac in PFAs versus 

PFBs (Fig 2.6.5.B and Fig 2.6.5.C). Because PFAs occur more often in young children, I 

compared expression of these markers in relation to age. EZHIP and H3K27ac were higher in 

children below 10 years of age compared to those observed in children above 10 years, while 

H3K27me3 showed the opposite pattern (Fig 2.6.5.C). Next, I determined if EZHIP protein 

abundance was associated with prognosis in 93 PF ependymomas (PFA n=61, PFB n=32) with 

available clinical information. I demonstrate that high EZHIP concentrations (median cutoff) 

were associated with poor progression-free and overall survival in these tumors (Fig. 2.6.5.D). 

Moreover, within PFAs (n=61), elevated EZHIP concentrations were associated with poor 

progression free and overall survival (Fig 2.6.5.E).  PFAs are thought to arise mainly from the 

roof and lateral recess of the fourth ventricle, while PFBs are mostly associated with floor of the 

fourth ventricle (Pajtler et al., 2018; Witt et al., 2011). I assessed association of EZHIP, 

H3K27me3, and H3K27ac with tumor-associated regions of the fourth ventricle (radiologically 

determined in a blinded manner, Fig 2.6.6.A). Consistent with PFAs arising from the roof and 

lateral recess of the fourth ventricle, EZHIP and H3K27ac were higher in tumors associated with 

the roof and lateral recess compared to those associated with the floor of the fourth ventricle (Fig 

2.6.6.A – Fig 2.6.6.C). H3K27me3 showed the opposite pattern (Fig 2.6.6.A – Fig 2.6.6.C).   

In this section, I show data that suggest that high EZHIP protein abundance is associated 

with worse prognosis in PF ependymomas and within PFAs. Moreover, EZHIP-expressing PF 

ependymomas with high H3K27ac are associated with tumor locations of the roof and lateral 

recess of the fourth ventricle. 
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2.2.4 EZHIP-WT versus EZHIP-M406K NSC demonstrate higher H3K27ac enrichment at Hk2 

and Pdh and exhibit enhanced glycolysis and TCA-cycle metabolism 

EZHIP bears a methionine (M) residue at position 406 that is essential for PRC2 

inhibition similar to the M residue in the H3K27M oncohistone (Hübner et al., 2019; S. U. Jain 

et al., 2019; Piunti et al., 2019). Working with Dr. Pooja Panwalkar, I created an isogenic system 

by expressing wild-type EZHIP (EZHIP-WT) or by replacing M at position 406 with lysine K 

(EZHIP-M406K), which reduces EZHIP function (S. U. Jain et al., 2019). I used immortalized 

mouse NSCs that have been employed to model ependymomas (Parker et al., 2014). A 

functionally active EZHIP-M406I (S. U. Jain et al., 2019) was used as control.  I first tested the 

effect of EZHIP variant expression on histone modifications.  Both EZHIP-WT and EZHIP-

M406I lowered global H3K27me3 compared to EZHIP-M406K NSCs (Fig. 2.6.7.A). Global 

H3K27ac was elevated in EZHIP-WT and EZHIP-M406I compared to EZHIP-M406K NSCs 

(Fig 2.6.7.A). EZHIP-WT cells showed increased proliferation compared to EZHIP-M406K 

NSCs (Fig. 2.6.7.B) and showed downregulation of differentiation-related cytoskeletal proteins 

and upregulation of stem cell factors such as Sall3 (Fig 2.6.7.C). My isogenic system confirmed 

data from tumor samples and demonstrated that EZHIP-expressing PFA tumors and NSCs show 

a global H3K27me3 reduction accompanied by an increase in the activating mark H3K27ac.   

Then, I determined genome-wide distribution of H3K27ac using chromatin 

immunoprecipitation followed by deep sequencing (ChIP-seq) in EZHIP-WT versus EZHIP-

M406K NSCs and PFA and ST samples from patient tumors. Recent studies have suggested that 

H3K27M tumors show increased global H3K27ac and distinct genomic H3K27ac distribution 

(Krug et al., 2019; Nagaraja et al., 2017; Piunti et al., 2017) including higher intergenic 

enrichment (Piunti et al., 2017). Similarly, I found increased H3K27ac enrichment at intergenic 
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regions in EZHIP-WT versus EZHIP-M406K NSCs, and PFA versus control ST tumors (Fig 

2.6.7.D).  H3K27ac enrichment also defines super-enhancers that are specific to each 

ependymoma molecular subgroup (Mack et al., 2018). H3K27ac-marked super-enhancers in 

EZHIP-WT, but not EZHIP-M406K NSCs, overlapped with several PFA-specific super-

enhancers described by Mack et al. (Fig 2.6.7.E, Mack et al., 2018), suggesting that EZHIP-WT-

expressing NSCs model several aspects of PFA biology. 

Knowing that H3K27ac was enriched in EZHIP-WT NSCs, I then identified specific 

genes with increased H3K27ac enrichment (including promoters and enhancers) in EZHIP-WT 

versus EZHIP-M406K NSC and PFA versus ST ependymomas (Fig 2.6.8.A –D). Despite the 

mouse versus human species difference, GSEA of H3K27ac-enriched genes revealed several 

common upregulated pathways in EZHIP-WT versus EZHIP-M406K NSCs and PFA versus ST 

ependymomas, with one of the top common hits being related to glycolysis (Fig 2.6.8.E). HK2 

and PDH-related genes identified from previous gene expression analyses (Fig 2.6.1.C) showed 

H3K27ac enrichment in both PFA versus ST ependymomas, EZHIP-WT versus EZHIP-M406K 

NSCs and PFA versus PFB ependymomas from previously published H3K27ac ChIP-seq data 

(Fig 2.6.8.B, D, Mack et al., 2018). Moreover, PRKAA2/AMPKα-2, a key component of the 

central metabolic regulator AMP-activated protein kinase (AMPK) complex, also demonstrated 

H3K27ac enrichment in EZHIP-WT versus EZHIP-M406K NSCs and PFA versus ST 

ependymomas (Fig 2.6.8.B, D).  

To further confirm the relationship between H3K27ac and gene expression, I first wanted 

to establish a negative control by identifying a metabolic gene that lacks H3K27ac enrichment 

and examining its expression in PFA ependymoma.  Pyruvate kinase-M (PKM) was not enriched 

for H3K27ac in EZHIP-WT versus EZHIP-M406K NSCs, PFA versus ST, and PFA versus PFB 
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ependymomas (Fig 2.6.9.A) and PKM gene expression was not different in PFAs compared to 

PFBs (Fig 2.6.9.B).  Then, I showed that genomic H3K27ac in tumors at metabolic gene loci 

showed a positive correlation with gene expression (Fig 2.6.9.C).  HK2, PDHX, and PDHB 

expression positively correlated with EZHIP in EZHIP-WT versus EZHIP-M406K NSCs (Fig 

2.6.9.D).  Because H3K27me3 is a repressive mark and opposes H3K27ac, we compared 

H3K27ac genomic distribution with previously published H3K27me3 ChIP-seq data obtained 

from the same PFA and ST ependymomas and EZHIP-WT versus EZHIP M406K NSCs (Bayliss 

et al., 2016). H3K27me3 enrichment was associated with lowered gene expression and showed a 

weak inverse relationship with H3K27ac genomic distribution (Fig 2.6.9.E-F). EZHIP-WT 

showed variably lowered H3K27me3 at Hk2, Pdhx, and Prkaa2/ Ampkα-2 compared to EZHIP 

M406K NSCs (Fig 2.6.9.G). However, H3K27me3 enrichment was not different between PFA 

and ST tumors at HK2, PDHX, and PRKAA2/ AMPKα-2 gene loci (Fig 2.6.9.H), suggesting 

that H3K27ac enrichment could be independent of changes in genomic H3K27me3 at these gene 

loci. 

I then used an unbiased approach to determine overall changes in the proteome in 

EZHIP-WT compared to EZHIP-M406K NSCs. EZHIP-WT showed differential regulation of 

2340 (1090 upregulated, 1250 downregulated) proteins compared to EZHIP-M406K cells (Fig 

2.6.10.A). Pathway analysis of the 1090 upregulated proteins revealed glycolysis and TCA-cycle 

as the top upregulated pathways (Fig 2.6.10.B). Metabolomic experiments performed in parallel 

on these cells corroborated these findings and showed upregulation of several key metabolites 

related to glycolysis, TCA-cycle metabolism and PPP in EZHIP-WT compared to EZHIP-

M406K NSCs (Fig 2.6.10.C, D). I then used 13C uniformly-labeled isotope tracing to determine 

if glucose carbons enter the TCA-cycle to serve as an anaplerotic substrate. [U-13C]-glucose 
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labelling studies showed a greater extent of glucose-derived fumarate (m+2), malate (m+2) and 

TCA-cycle-related metabolite aspartate (m+2) in EZHIP-WT versus EZHIP-M406K NSCs and 

EPD210-PFA versus EP1NS-ST RELA cells (Fig 2.6.11). 

In conclusion, here I show data that suggest that EZHIP-WT expression in NSCs elevates 

global H3K27ac and shares similarities in H3K27ac genomic distribution with PFA 

ependymomas at intergenic regions, super-enhancers and genic regions. Importantly, H3K27ac 

was enriched at HK2 and PDH gene loci in PFA versus ST and PFA versus PFB ependymomas, 

and EZHIP-WT versus EZHIP-M406K cells, and was associated with increased glycolysis and 

TCA-cycle metabolism. 

2.2.5 Metformin suppresses TCA-cycle and PPP metabolism and downregulates EZHIP to 

increase global H3K27me3 in PFA cells in vitro 

From our ChIP-seq analysis, Dr. Panwalkar and I noted that PRKAA2/AMPKα-2, a 

critical component of the AMP-activated protein kinase (AMPK) complex, was associated with 

higher H3K27ac enrichment in EZHIP-WT versus EZHIP-M406K NSCs and PFA versus ST 

ependymomas (Fig 2.6.8.B, D). PRKAA2/AMPKα-2 was upregulated in PFA versus PFB 

tumors in the three independent non-overlapping data sets (Fig 2.6.12.A-C). I then analyzed 

single cell RNA-seq data which confirmed increased PRKAA2/AMPKα-2 expression in PFA 

compared to PFB tumor cells and demonstrated increased expression in various previously 

delineated tumor cells including NSC-like, glial progenitor-like, S-phase and tumor cells (Fig 

2.6.12.D). AMPK is a critical metabolic sensor that can be activated by the biguanide metformin. 

Metformin inhibits mitochondrial complex I to reduce ATP and causes elevation of AMP/ATP 

ratio resulting in AMPK activation (Shackelford & Shaw, 2009). Because metformin can also 

suppress the TCA-cycle (Shackelford & Shaw, 2009), we reasoned that metformin treatment 
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could lower TCA-cycle metabolites in PFA cells. Moreover, metformin is an attractive 

therapeutic candidate as high-dose metformin shows potent anticancer effects (28), is highly 

blood-brain barrier penetrable in childhood brain tumor survivors (29), and is currently being 

tested in more than 250 cancer clinical trials including patients with gliomas 

(https://clinicaltrials.gov/). 

I then assessed sensitivity to metformin in our isogenic cell lines. While all NSCs were 

sensitive to metformin, cells expressing EZHIP-WT were more sensitive to metformin treatment 

(at low doses) than EZHIP-M406K or parental NSCs (Fig 2.6.13.A). I used well-characterized 

patient-derived, low passage, PFA ependymoma cells (EPD210, MAF928 and MAF811) that 

also grow as patient-derived xenografts (PDXs) in vivo (Ayoub et al., 2020; Mazurek et al., 

2020).  High dose metformin treatment in PFA EPD210 cells increased NADH/NAD (consistent 

with mitochondrial complex I inhibition), AMP/ATP, and lactate/pyruvate ratios (Fig 2.6.13.B-

D). I then performed cell counts to assess metformin sensitivity.  Two of the PFA cell lines, 

EPD210 and MAF928 were sensitive to high-dose metformin treatment (Fig 2.6.13.E, left 

panels). The other PFA cell line, MAF811 (Fig 2.6.13.E, middle panel) and control cell lines 

ST01 (ST non-RELA) and NHA (Fig 2.6.13.E, right panels) were relatively resistant to 

metformin treatment.  Metformin is taken up by the OCT/SLC22A family of transporters (Fig 

2.6.13.F, Shackelford & Shaw, 2009). Among these, OCT3/SLC22A3 is highly expressed in the 

brain, and genetic knockdown of SLC22A3 results in attenuated metformin response (Chen et 

al., 2015).  Thus, I queried SLC22A3 expression in these cell lines.  Expression (mRNA) of 

SLC22A3, but not SLC22A1, SLC22A4 or SLC22A5, was higher in metformin-sensitive 

MAF928 compared to metformin-resistant MAF811 cells (Fig 2.6.13.G). From single cell RNA-

seq data, SLC22A3 expression was higher in PFA versus PFB (Fig 2.6.13.H). This heterogenous 

https://clinicaltrials.gov/
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expression correlated with overall outcome: high SLC22A3 expression, but not SLC22A4 or 

SLC22A5, was associated with a poor prognosis in PFAs (Fig 2.6.13.I).  

Metformin is known to suppress the TCA-cycle in breast cancer cell models (Janzer et 

al., 2014).  I then undertook an unbiased proteomic approach in EZHIP-WT NSCs treated with 

metformin versus vehicle to show downregulation of proteins related to glycolysis, TCA-cycle, 

pyruvate metabolism, and PPP (Fig 2.6.14.A-B). Moreover, metabolomic analysis of metformin-

treated versus vehicle-treated EPD210 cells exhibited downregulation of metabolic pathways 

related to TCA-cycle and PPP accompanied by a reduction in NADPH/NADP (generated in part 

by the PPP) (Fig 2.6.14.C-D).  Because the same metabolic pathways that were increased in 

EZHIP-expressing cell models were being decreased with metformin, I then wanted to assess 

EZHIP and H3K27me3 status in metformin-treated PFA cell lines.  Treatment with metformin or 

the AMPK-activating AMP analogue AICAR lowered EZHIP and increased global H3K27me3 

in EPD210 PFA cells (Fig 2.6.14.E-F). Similarly, metformin treatment lowered FLAG-tagged 

EZHIP-WT to increase global H3K27me3 in NSCs (Fig 2.6.14.G) and to a lesser extent in 

EZHIP-M406K cells (Fig 2.6.14.G). Moreover, comparison of proteins upregulated in EZHIP-

WT/ EZHIP-M406K NSCs with metformin/vehicle EZHIP-WT NSCs showed a negative 

correlation, suggesting that EZHIP-WT-driven differential protein expression is, in part, reversed 

by metformin (Fig 2.6.14.H).    

in this section, I thoroughly describe the heterogeneity in metformin sensitivity in cell 

models of PFA.  I also demonstrate that metformin treatment suppressed TCA-cycle and PPP 

metabolism, lowered EZHIP and EZHIP-driven proteins, and increased H3K27me3 in 

metformin-sensitive PFA cells. 



 42 

2.2.6 Metformin decreases tumor growth, lowers EZHIP, and increases global H3K27me3 in 

vivo. 

As proof-of-principle, we sought to determine if high-dose metformin would be effective 

in suppressing PFA tumors in vivo using several animal models. Amongst the more than 250 

clinical trials studying metformin for treatment of cancer, 86% (n=217/252) administer a 

maximal metformin dose ranging from 1000-2000 mg/day (median 1700 mg) including in 

pediatric brain tumor survivors (maximal dose 2000 mg/day) (Ayoub et al., 2020). Similarly, 

high-dose metformin (250-500mg/kg/day administration for 3-6 weeks) shows efficacy in 

glioblastoma animal models in vivo (Mazurek et al., 2020). To test metformin in vivo, we 

established 3 PFA PDX animal models by engrafting either metformin-sensitive EPD210 

(orthotopic), metformin-sensitive MAF928 (subcutaneous), or metformin-resistant MAF811 

(subcutaneous) cells in NSG mice (Brabetz et al., 2018; Pierce et al., 2019). 

H3K27M midline gliomas and PFA ependymomas share epigenetic similarities including 

global and genomic H3K27me3 reduction (Fig 2.6.15.A,B). Dr. Panwalkar and I hypothesized 

that metformin resistance in PFA MAF811 cells could be overcome by therapeutic agents that 

show efficacy in H3K27M tumors. The pan-HDAC inhibitor panobinostat is currently in clinical 

trials in H3K27M midline-gliomas (NCT02717455). Panobinostat is toxic to H3K27M cells by 

increasing global H3K27me3 (hypothesized to be due to acetylation of lysine residues proximal 

and distal to the H3K27M mutation) (Brown et al., 2014; Grasso et al., 2015; Nagaraja et al., 

2017), which I show to be also true in PFA EPD210 cells (Fig 2.6.15.C).  Moreover, 

panobinostat suppressed the PPP in H3K27M cells (Fig 2.6.15.D, Lin et al., 2019). In 

accordance with these previous observations, panobinostat treatment also suppressed the PPP 

(Fig 2.6.15.E) in PFA EPD210 cells. Panobinostat exhibited cytotoxicity in both metformin-
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sensitive EPD210 (Fig 2.6.15.F) and metformin-resistant MAF811 (Fig 2.6.15.G) cells in vitro 

but was less specific than metformin as toxicity was also noted in NHA cells (Fig 2.6.15.H). A 

recent study by Krug et. al. showed that although panobinostat toxicity may not be specific to 

H3K27M cells, maximal tumor suppression in vivo was achieved by adding panobinostat as a 

second agent (Krug et al., 2019). Because metformin also increased global H3K27me3 (Fig 

2.6.14.E-G) and suppressed the PPP in PFA cells (Fig 2.6.14.C-D), I hypothesized that 

panobinostat alone or combined treatment with metformin could overcome metformin resistance 

in PFA MAF811 cells. 

Animals implanted with all three PFA PDXs were treated (after confirming grafting of 

tumors) with either metformin [250mg/kg, daily for 4 weeks, based on doses used in glioma 

models (Mazurek et al., 2020)], panobinostat [10mg/kg, three times/week for 4 weeks, based on 

doses used in H3K27M models (Grasso et al., 2015; Nagaraja et al., 2017)] or both (Fig 

2.6.16.A). PFA-MAF928 PDXs showed slowed tumor growth upon metformin or combined 

treatment (Fig 2.6.16.B). To a lesser extent, panobinostat also lowered tumor MAF928 growth 

compared to vehicle-treated animals (Fig 2.6.16.B,C). There was no difference between animals 

treated with metformin alone or combined metformin/panobinostat (Fig 2.6.16.B,C).  Similarly, 

metformin or combined treatment, but not panobinostat by itself, reduced tumor growth and 

extended overall survival in orthotopic PFA-EPD210 animals (Fig 2.6.16.D-F). There was no 

difference between animals treated with metformin alone or combined metformin/panobinostat 

(Fig 2.6.16.D-F). PFA-MAF811 cells, which were resistant to metformin in vitro (Fig 2.6.13.E), 

did not show tumor suppression with single agent metformin treatment in vivo (Fig 2.6.16.G). 

However, both panobinostat alone or combined treatment slowed PFA-MAF811 tumor growth 
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(Fig 2.6.16.G).  There was no difference between animals treated with panobinostat alone or 

combined metformin/panobinostat (Fig 2.6.16.G). 

Metformin reduced EZHIP, which was accompanied by an increase in global H3K27me3 

in vivo in both EPD210 and MAF928 PDXs (Fig 2.6.17.A-E). In both models, panobinostat did 

not alter EZHIP, but increased H3K27me3 consistent with our in vitro data (Fig 2.6.17.A-E) and 

published reports in H3K27M cells (Grasso et al., 2015; Nagaraja et al., 2017).  Panobinostat, 

but not metformin, focally increased global H3K27me3, and EZHIP remained unchanged in 

MAF811 cells (Fig 2.6.17.F).   

To summarize this section, I demonstrate that metformin treatment successfully 

suppresses tumor growth and prolongs survival in murine models of PFA.  Metformin treatment 

alone was also sufficient to decrease EZHIP levels and increase global H3K27me3 in two in vivo 

PFA tumor models.  Finally, I show that a metformin-resistant PFA model can be effectively 

treated with Panobinostat, another therapeutic agent that increases H3K27me3. 

2.3 Discussion 

To identify pathogenic mechanisms in PFA ependymomas, I (alongside Dr. Pooja 

Panwalkar and Dr. Benita Tamrazi) undertook integrated epigenetic and metabolic analyses to 

present the following discoveries: i. PFAs show high glycolysis and TCA-cycle metabolism. The 

mechanistic experiments detailed in this section demonstrated that increased expression of 

metabolic enzymes including HK2 and PDH was associated with H3K27ac enrichment at these 

gene loci in tumors. Forced expression of EZHIP-WT, but not non-functional EZHIP-M406K 

protein, recapitulated high global H3K27ac and enrichment at metabolic genes, and increased 

metabolites related to glycolysis and TCA-cycle metabolism. (ii.) AMPK activation lowers 

EZHIP, increases global H2K27me3, and slows PFA cell proliferation in vivo and in vitro.  PFAs 



 45 

showed H3K27ac enrichment at the AMPKα-2 gene locus accompanied by increased gene 

expression. AMPK is a central metabolic regulator of both glycolysis and TCA-cycle 

metabolism (Shackelford & Shaw, 2009).  I reasoned that targeting AMPK could serve as a 

therapeutic target by suppressing key metabolic pathways. I chose the antidiabetic biguanide 

AMPK activator metformin, as it is blood-brain-barrier penetrable, shows efficacy in adult 

glioma animal models, and is currently being tested in cancer clinical trials. High-dose 

metformin treatment in vitro showed potent toxicity in two PFA cell lines (EPD210 and 

MAF928). A third PFA cell line (MAF811) was resistant to metformin treatment and showed 

low expression of the brain metformin transporter SLC22A3. Metformin lowered EZHIP protein 

concentrations to increase global H3K27me3 in PFA cells. In PFA EPD210 and MAF928, but 

not MAF811 PDX models, metformin suppressed tumor growth, decreased EZHIP 

concentrations and increased H3K27me3 in vivo. My data suggest that metformin may be toxic 

to PFA cells by both reducing EZHIP and suppressing the TCA-cycle, however, we were unable 

to distinguish independent effects of EZHIP reduction versus metabolic suppression by 

metformin. In light of evidence that AMPK can alter protein function by posttranslational 

modifications, future studies will be geared towards elucidating how metformin downregulates 

EZHIP. 

To develop strategies to overcome metformin resistance, my group reasoned that a 

similar global state of H3K27me3 reduction in PFA and H3K27M-gliomas could create an 

opportunity for testing the pan-HDAC inhibitor panobinostat that is currently in clinical trials for 

H3K27M-gliomas. Similar to previous studies in H3K27M glioma models, panobinostat 

suppressed the PPP and increased global H3K27me3 in PFA cells. In my in vivo models, 

panobinostat overcame metformin resistance in MAF811 PDXs. Metformin has been used 
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extensively in human subjects with diabetes and in cancer clinical trials, and its safety is well-

documented, including a recent study in pediatric brain tumor survivors (Ayoub et al., 2020). 

However, other small molecular activators of AMPK that show greater blood-brain barrier 

penetrability also need to be considered. 

2.4 Methods 

Gene expression analyses  

We analyzed gene expression data from three independent, non-overlapping, publicly available 

data sets. The first data set was from RNA-seq studies from PFA (n=11), PFB (n=4) and ST-

RELA (n=3) were from Bayliss et al., 2016. The second set of samples consisted of PFA (n=18) 

and PFB (n=19) ependymomas from Witt et al., 2011. The third set of samples consisted of PFA 

(n=72) and PFB (n=39) are from Pajtler et al, 2015. Differences in gene expression were 

determined using analyses previously described with ≤1% FDR with adjusted p-value < 0.05 

(Bayliss et al., 2016). To define specific metabolic pathways upregulated in PFA ependymomas, 

we overlapped differentially regulated genes in each data set with a comprehensive set of 2,754 

metabolic genes encoding all known human metabolic enzymes and transporters defined by 

Sabatini and colleagues (Possemato et al., 2011). From these analyses, upregulated and 

downregulated genes from each of the three data set were compared to define common 

differentially upregulated or downregulated metabolic genes and were subjected to pathway 

impact analysis using online tools (https://www.metaboanalyst.ca/).  

 

Cell culture 

PFA ependymoma EPD210 cells were obtained from the Brain Tumor Resource Laboratory, 

Fred Hutchinson Cancer Research Center. PFA MAF811 and MAF928 cells were obtained from 

https://www.metaboanalyst.ca/
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the University of Colorado. All three cells have been validated as PFA-subgroup ependymoma 

cell lines by DNA methylation analyses and by H3K27me3 western blotting (Brabetz et al., 

2018; Pierce et al., 2019). EP1NS (German Cancer Research Center) and MAF1329 (University 

of Colorado) cells that bear ZFTA-RELA fusions were confirmed to be fusion positive by 

Western blotting for RELA. EPD210 and EP1NS cells were cultured under neurosphere 

conditions in Neurobasal A supplemented with N2, B27, L-glutamine (2 mM), Pen/strep (1X), 

heparin (2 μg/mL), human-EGF (20 ng/mL), human-bFGF (20 ng/mL), and BSA (45 ng/ml) on 

laminin-coated tissue culture dishes. ST01 cells were obtained from a 5-year-old female patient 

with a supratentorial ependymoma (WHO Grade III) and were confirmed to be ZFTA-RELA 

fusion negative by Western blotting. ST01, MAF811, MAF928, MAF1329, and NHA cells were 

cultured in 1X DMEM:F12 with 10% FBS. Murine neuronal stem cells (NSC) isolated from 

Ink/Arf null mice have been used to model ependymomas and were kindly provided by R. 

Gilbertson (Parker et al., 2014). Mouse NSCs were cultured under neurosphere conditions and 

stably transduced with the following plasmids: EZHIP-WT, EZHIP-M406K, and EZHIP-M406I 

(kindly provided by P. Lewis) (Jain et al., 2019). All cells were mycoplasma free, validated by 

short tandem repeat (STR) testing, and cultured in 1X penicillin-streptomycin.  

 

Histone extraction  

Histones were extracted from frozen pulverized tumor tissues or cultured cells lysed in hypotonic 

lysis buffer (10mM Tris HCl pH8.0, 1mM KCl, and 1.5mM MgCl2, protease inhibitor and 

phosphatase inhibitor, Sigma-Aldrich) for 30 minutes. Sulfuric acid (0.4 N) was added, and 

samples were incubated for 3 hours with rotation. Samples were then centrifuged at 16,000g for 
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10 min, supernatants were collected, and proteins were precipitated in 33% trichloroacetic acid, 

washed with acetone, and resuspended in deionized water.  

 

Western blotting  

Frozen pulverized tissues or cultured cells were lysed with 1X RIPA buffer containing protease 

and phosphatase inhibitor cocktail (Sigma-Aldrich). Lysates were centrifuged at 14,000g for 20 

min at 4°C, and supernatants were harvested. Protein concentrations in supernatants/ extracted 

histones were detected using the BCA Protein Assay (23225, Pierce). Lysates were separated by 

SDS-PAGE on Novex 4-12% Bis-Tris gels (NP0321, Invitrogen), transferred to PVDF 

membranes, and blocked in 5% nonfat milk or 5% BSA in TBS containing 0.2% Tween-20. 

Membranes were probed with the following primary polyclonal antibodies: anti-H3K27me3 (07- 

449, Millipore Sigma); anti-H3 (ab1791, Abcam); anti-H3K27ac (07-360, Millipore Sigma); 

anti-Total H3 acetyl (Millipore Sigma); anti-AMPK (23A3, Cell Signaling Technology); anti-

phospho-AMPK (D27.5E, Cell Signaling Technology); anti-Vinculin (V9264, Sigma-Aldrich); 

anti-- ACTIN, (A544, Sigma-Aldrich); anti-GAPDH (sc-25778, Santa Cruz Biotechnology); 

anti-FLAG (2368s, Cell Signaling Technology); anti-EZHIP (HPA004003, Atlas Antibodies); 

anti-N-Myc (sc-53993, Santa Cruz Biotechnology); anti-C-Myc (sc-40, Santa Cruz 

Biotechnology); anti-Hif-1 (ab16066; Abcam); anti- mTOR (2983, Cell Signaling 

Technology); anti-phospho-mTOR (Ser2448) (5536, Cell Signaling Technology); anti-4E-BP 

(9644, Cell Signaling Technology); anti-phospho-4E-BP1 (T37/46) (2846, Cell Signaling 

Technology); and anti-phospho-S70-S6K (T389) (9234, Cell Signaling Technology). Detection 

was performed with horseradish-peroxidase-conjugated anti-rabbit/mouse secondary antibody 

(6515/6516, Bio-Rad).  
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Drug treatments and cell counting in vitro 

100,000 cells/well were plated in a 6-well plate. After 24 hours, cells were treated with vehicle, 

metformin, or panobinostat at the indicated doses. After 4-6 days (depending on the cell line), the 

number of living cells was counted using Trypan blue exclusion assays. For metabolite analyses, 

4x106 cells were treated with vehicle, 50nM Panobinostat, or 25mM Metformin, and metabolites 

were extracted after 3-4 days depending on the cell line. Media was aspirated and cells were 

washed with 2ml of ice-cold saline, quenched with ice-cold methanol, and processed for 

metabolite analyses.  

 

Animal studies  

PFA-EPD210 PDX was obtained from the Brain Tumor Resource Laboratory at the Fred 

Hutchinson Cancer Research Center. MAF811 and MAF928 PDXs were obtained from the 

University of Colorado and maintained by passaging in NOD SCID-IL2R-γ chain–deficient 

(NSG) mice (Jackson Laboratories). All PDX tumors have been previously confirmed to be PFA 

ependymomas by DNA methylation and expressed high EZHIP and low H3K27me3 levels by 

immunostaining (Brabetz et al., 2018; Pierce et al., 2019). EPD210 cells were made 

bioluminescent by lentiviral transduction with a Firefly luciferase construct. Bioluminescent 

cells (50,000 cells/µL) were injected using a stereotaxic apparatus (Stoelting) into the mouse 

cerebellum under anesthesia at the following stereotaxic co-ordinates: 2mm posterior to λ suture, 

1.5mm lateral to the sagittal suture and 2mm deep. In pilot studies, animals that showed a 1.5-

fold increase in bioluminescence compared to baseline were histologically confirmed to have 

grafted tumors. Therefore, animals that showed a 1.5-fold increase in bioluminescence from 
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baseline were randomized and assigned to vehicle, panobinostat, metformin, or combined 

treatment groups. MAF928 or MAF811 (1x106 cells) were subcutaneously implanted into each 

flank of NSG mice for the establishment of the subcutaneous models. Animals were randomized 

and drug treatments started after each mouse developed palpable tumors. Metformin (13118, 

Cayman Chemical) was administered daily via oral gavage for four weeks at a dose of 250 

mg/kg body weight as per published protocols in glioma animal models (Lin et al., 2019; 

Mazurek et al., 2020). Metformin was dissolved in 0.5% saline. Panobinostat (Selleck 

Chemicals) was administered as per published protocols with an intraperitoneal injection three 

times a week on alternate days (M,W,F) for four weeks at a dose of 10mg/kg body weight 

(Grasso et al., 2015). Panobinostat was constituted for administration as follows: 2%-50mg/ml 

Panobinostat in DMSO, 38%-PEG300, 60%- 5%Dextrose (Grasso et al., 2015). Control animals 

were treated with an identical volume of vehicle. In vivo tumor growth was monitored using an 

IVIS Spectrum machine for bioluminescence imaging or by longitudinal tumor size 

measurement of subcutaneous tumors. Mice were monitored daily and euthanized when 

moribund. Brains and subcutaneous tumors were collected and fixed in 4% paraformaldehyde 

and processed for histopathologic analyses. Neuropathologic analysis and H3K27me3, H3K27ac, 

and EZHIP immunostaining was assessed in a blinded manner by a neuropathologist. 

Additionally, an individual blinded to the experimental design captured H3K27me3, H3K27ac, 

and EZHIP JPEG images at 10X magnification on Aperio ImageScope, which were quantified as 

described above.  

 

Immunohistochemistry  
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Immunohistochemical studies were performed as previously described (Chung et al., 2020; 

Panwalkar et al., 2017). Briefly, immunohistochemistry was conducted using the Discovery XT 

processor (Ventana Medical Systems) or the Leica Bond automated staining processors (Leica 

Biosystems). Tissue sections were first blocked for 30 min with10% normal goat serum in 2% 

BSA in PBS. Following this, sections were treated for 5 h with one of the following rabbit 

polyclonal antibodies: antiH3K27me3 (07-449, Millipore-Sigma, 0.1 µg/mL), anti- H3K27ac 

(D5E4 XP, Cell Signaling Technology, 1:150), or anti-EZHIP (M0761, Dako, 1:600). Tumor 

sections were then treated for 60 min with biotinylated goat anti-rabbit IgG (PK6101, Vector 

Labs) at 1:200 dilution. We then used Blocker D, Streptavidin-HRP, and DAB detection kit 

(Ventana Medical Systems) kits as per manufacturers’ instructions. Following this, slides were 

dried at room temperature and scanned. Images were captured and quantified in a blinded 

manner using automated scoring. For this each section was scanned using an Aperio Scanscope 

Scanner (Aperio Vista) and visualized using the Aperio ImageScope software program. JPEG 

images from each section at 10X magnification were captured by an individual blinded to the 

experimental setup. We then quantified each JPEG image with an automated analysis program 

with MATLAB’s image processing toolbox (Chung et al., 2020; Panwalkar et al., 2017). We 

used algorithms based on K-means clustering, color segmentation with RGB color 

differentiation, and background-foreground separation with Otsu’s thresholding (Panwalkar et 

al., 2017). The numbers of extracted pixels were then multiplied by their average intensity for 

each image and were represented as pixel units. The final score for a given case and marker was 

calculated by averaging the score of multiple sections for a given marker per slide.  

 

Metabolite extraction and analysis  
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Metabolite extraction was performed as previously described (Chung et al., 2020). Metabolites 

were assessed from snap frozen tumors, normal tissues, and cells in culture. Snap frozen tissues 

were pulverized in liquid nitrogen. For cells, 2x106 EPD210 and EP1NS cells were plated in 1X 

Neurobasal A medium and metabolites were extracted at 24h to assess steady metabolite levels. 

For metabolite analyses, 4x106 cells were treated with vehicle or 50nM panobinostat or 25mM 

metformin and metabolites were extracted after 4 days. Media was aspirated and cells were 

washed with 2ml of ice-cold saline and quenched with ice-cold methanol and processed for 

metabolite analyses. Tissues and cells were quenched with 500 µl of -20°C HPLC-grade 

methanol followed by addition of 200 µl of HPLC-grade ice-water. Tissue extracts were further 

processed using a Precellys Evolution homogenizer (Bertin Instruments) operating a single 10s 

cycle at 10000 rpm and cells were scraped with a 1000 µl pipette tip. Samples were then 

collected in 1.5 ml Eppendorf tubes and 500 µl of -20°C chloroform was added to each tube and 

vortexed for 10 min at 4°C. Extracts were centrifuged at 14,000g for 5 min at 4°C. The upper 

aqueous phase was collected in a separate tube and evaporated under nitrogen. Dried metabolite 

extracts were resuspended in HPLC-grade water at volumes corresponding to the protein 

concentration of each sample. Two chemical derivatizations were performed. For amine 

derivatization, 20 µl of sample was added to 80 µl methanol and derivatized using 10 µl 

triethylamine and 2 µl benzylchloroformate. For carboxylic acid derivatization, 10 µl of sample 

was added to 10 µl of 250 mM 3-nitrophenylhydrazine in 50% methanol, 10 µl of 150 mM 1-

ethyl-3-(3- dimethylaminopropyl) carbodiimide HCL in methanol, and 10 µl of 7.5% pyridine in 

methanol and allowed to react at 30°C for 30min. After this, 8µl of 2 mg/ml butylated 

hydroxytoluene in methanol was added and samples were diluted with 112 µl of water. Samples 

were transferred to HPLC vials for analysis. LC-MS/MS analysis was performed with ion-paring 
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reverse phase chromatography using an Ascentis Express column (C18, 5 cm x 2.1 mm, 2.7 µm) 

for separation and a Waters Xevo TQ-S triple quadrupole mass spectrometer operated in 

negative mode as the p m mass analyzer. Metabolite levels were normalized to internal standard 

PIPES (1,4- iperazinediethanesulfonic acid). Peak processing was performed using Metabolomic 

Analysis and Visualization Engine (MAVEN, http://genomics-pubs.princeton.edu/mzroll). 

Metabolanalyst (https://www.metaboanalyst.ca/) was used to perform pathway impact analysis.  

 

13C-Isotope tracing and analysis  

Metabolic tracing experiments were conducted as previously described (Chung et al., 2020). 

Cells were incubated with glutamine-free neurobasal media (with additives) supplemented with 2 

mM [U13C]-glutamine (Cambridge Isotope Laboratories) or glucose-free neurobasal media 

(with additives) supplemented with 25 mM [U-13C]-glucose (Cambridge Isotope Laboratories). 

After 24 hours, cells were collected by centrifugation at 1200 rpm for 5 minutes, washed in PBS, 

and rapidly quenched with 800 µL of ice-cold methanol/water (1:1) solution containing 1 µg of 

norvaline. Cells were scraped while keeping the plate on ice, followed by addition of 800 µL of 

chloroform. Cell extracts were transferred to microcentrifuge tubes and vortexed for 30 minutes 

at 4 °C. Metabolite extracts were centrifuged at 14,000g for 10 mins, following which the 

water/methanol phase containing polar metabolites were transferred to fresh microcentrifuge 

tubes and dried in a SpeedVac. To derivatize the dried metabolites, 30 µL of methoxyamine 

hydrochloride (MOX, Thermo Fisher Scientific) was added and samples were incubated at 30°C 

for 2 hours with intermittent vortexing.  Then, 45µL of MBTSTFA +1% TBDMCS was added to 

the samples and incubated at 55°C for 1 hour. Samples were transferred to GC vials with glass 

inserts. Analysis was performed using an Agilent 7890 GC connected to an Agilent 5977B MS 
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using a 30-m HP-5MSUI capillary column. For analyzing amino acids, organic acids, and 

glycolytic intermediates, the following heating cycle was used: 100 °C for three minutes, 

followed by a ramp of 5 °C/min to 300 °C, and held at 300 °C for a total run time of 48 min. 

Data was acquired in scan mode. The relative abundance of metabolites was calculated from the 

integrated signal of all potentially labeled ions for each metabolite fragment.  Mass isotopologue 

distributions (MID) were corrected for natural abundance using IsoCor prior to analysis with the 

model.  Metabolite levels were normalized to internal standard (norvaline’s signal) and 

quantified using 6-point calibration with external standards for 19 polar metabolites.  

 

Magnetic resonance spectroscopy (MRS) 

MRS was conducted as previously described (Chung et al., 2020). MRS imaging was conducted 

along with routine pre/post contrast MR imaging. MRS imaging was performed on a 1.5T MR 

systems (Signa LX, GE Healthcare, Milwaukee, Wisconsin). We used single-voxel point-

resolved spectroscopy (PRESS) with a short echo time (TE) of 35 ms, a repetition time (TR) of 

1.5 seconds, and 128 signal averages (Chung et al., 2020). Regions of interest (ROIs) were 

adjusted (size and shape) to the tumor size and ranged between 5 to 10 cm3. Less than 5 mins per 

spectrum acquisition time was used per spectrum. This included scanner adjustments. Spectra 

were analyzed with fully automated LCModel (Stephen Provencher Inc., Oakville, Ontario, 

Canada, LCModel Version 6.3-1L) software (Gojo et al., 2020). T2-weighted fast spin-echo, 

FLAIR, and T1-weighted FLAIR images were acquired in all patients and the position of the 

ROI was documented on at least three MR images (Chung et al., 2020). MRS data analysis 

included identification of metabolites including glutamate (Glu), glutamine (Gln), myo-inositol 

(mI), lactate (Lac), citrate (Cit), choline (Cho), creatine (Cr), alanine (Ala) and taurine (Tau). 



 55 

Absolute concentrations (institutional units (i.u.)) were assayed by using the unsuppressed water 

signal as reference. The default water content was set by the LC Model software as 65%. For 

each patient imaged, neuropathology and H3K27me3 and EZHIP immunostaining from 

corresponding biopsied tumor tissues were assessed by two neuropathologists in a blinded 

manner. PF ependymomas were then classified into PFA (H3K27me3 negative, EZHIP positive) 

and PFB (H3K27me3 positive, EZHIP negative) groups. RELA fusions in ST ependymomas 

were assessed by RNA-seq.  

 

ChIP-seq  

ChIP-seq was performed as previously described (Bayliss et al., 2016; Chung et al., 2020). 

EZHIP-WT and EZHIP-M406K mNSC cell lines were fixed with 1% formaldehyde for 15 min. 

Samples were then quenched with 0.125M glycine. We then added lysis buffer and used 

disruption with a Dounce homogenizer to help isolate chromatin. Chromatin was then sonicated 

by optimization for DNA sheared ~300-500 bp. Input genomic DNA was prepared by treating 

samples with RNase, proteinase K and heat for decrosslinking. Ethanol was used to precipitate 

chromatin and then resuspended pellets. We then assayed DNA using a NanoDrop 

spectrophotometer to determine total chromatin yield. We then prepared 30 micro grams of 

chromatin precleared with protein A agarose beads (Invitrogen). Solubilized chromatin was then 

spiked-in with soluble Drosophila chromatin (5-10% of mouse chromatin) as internal standard as 

previously described (Bayliss et al., 2016; Chung et al., 2020; Gojo et al., 2020). Sample and 

spiked chromatin were then treated with 4 g of ChIP-grade antibody against H3K27ac (Active 

Motif) or H3K27me3 (Active Motif). Chromatin-antibody complexes were washed and eluted 

with SDS buffer. Samples were then treated with RNase and proteinase K treatment. We then 
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reversed crosslinks by incubation overnight at 60 C. We then purified ChIP DNA using 

phenolchloroform extraction and ethanol precipitation. Sequencing libraries (Illumina) were 

created from the ChIP and Input DNAs. We used standard consecutive enzymatic steps of end-

polishing, dA-addition, and adaptor ligation for library preparation on an automated system 

(Apollo 342, Wafergen Biosystems/Takara). We then performed a final PCR amplification step. 

We then quantified and sequenced DNA libraries on Illumina’s NextSeq 500 (75 nt reads, single 

end). We then aligned reads to the mouse (mm10) using the BWA algorithm with default 

settings. We removed duplicate reads and uniquely mapped reads (mapping quality >= 25) were 

used for further data analysis. The number of test tags were normalized by the same number of 

spike-in Drosophila tags for each cell line. We then extended alignments in silico at their 3’-ends 

to a length of 200 bp (average genomic fragment length in the size-selected library) and assigned 

to 32-nt bins along the genome. H3K27ac peak locations were assayed using the MACS 

algorithm (v2.1.0) with a cutoff of p-value = 1e-7. We used the SICER algorithm for H3K27me3 

enriched regions with a cutoff of FDR 1E-10 and a max gap parameter of 600 bp. We removed 

peaks that were on the ENCODE blacklist of known false ChIP-seq peaks. The data was 

visualized and analyzed using Integrative Genomics Viewer (IGV) genome browser. 

Ependymoma tumor samples were homogenized and fixed in 1% formaldehyde for 10 min 

(room temperature). We quenched crosslinking by adding 125 mM glycine for 5 min. We then 

lysed tumor samples in SDS lysis buffer composed of 1% SDS, 10 mM EDTA, 50 mM Tris-

HCl. Samples were then sonicated with Bioruptor (Diagenode) to 200-500 bp fragments and 

were diluted with dilution buffer composed of 167 mM NaCl, 0.01% SDS, 1.1% Triton X-100, 

1.2 mM EDTA, and 16.7 mM Tris-HCl. We then incubated samples with 10 µg of anti-H3K27ac 

chip-grade antibody (8173, Cell Signaling Technology). Antibody was bound to Dynal magnetic 
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beads (Invitrogen) overnight at 4°C. Beads were then washed with low salt buffer composed of 

150 mM NaCl; 0.1% SDS; 1% Triton X-100; 1 mM EDTA; and 50 mM Tris-HCl, high salt 

buffer composed of 500 mM NaCl; 0.1% SDS; 1% Triton X-100; 1 mM EDTA; 50 mM Tris- 

HCl), and LiCl buffer composed of150 mM LiCl; 0.5% Na deoxycholate; 0.1% SDS; 1% 

Nonidet P-40; 1 mM EDTA; 50 mM Tris-HCl, and TE buffer composed of 1 mM EDTA and 10 

mM Tris-HCl. We then eluted and recovered ChIP DNA using the Qiagen PCR purification kit. 

Libraries for ChIP sequencing were created according to the Illumina TruSeq protocol and were 

sequenced on the HiSeq 2000. Only sequencing reads that passed the quality filter were aligned 

to the reference human genome hg19 using bowtie (1.2). The following parameters were used: (- 

p 4 --best -k 1 -m 1 -S). Sam ouput files were converted to bam format using samtools (0.1.19) 

view with the following parameters (-b -h -S -F 4) and then sorted using samtools sort. We then 

visualized data using the genome browser visualization by converting sorted bam files into tdf 

files using igvtools (version 2.3.7). Peak were called using MACS 1.4.2. All samples exhibited 

greater than 27,000 peaks = 5-fold enrichment. GSEA pathway analysis of differentially 

H3K27ac enriched genes was performed using the Broad Institute online tools 

(http://software.broadinstitute.org/gsea/index.jsp). H3K27me3 ChIP-seq has been performed in 

the same PFA and ST ependymoma samples using anti-H3K27me3 (9733, Cell Signaling 

Technology). These data have been previously published in Bayliss et al, 2016and deposited in 

NCBI under GSE89452.  

 

Tandem mass tags (TMT) proteomics  

TMP proteomics was performed as per previously published protocols (Chung et al., 2020). We 

rinsed pelleted EZHIP-WT (with or without metformin treatment) or EZHIP-M406K cells with 
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PBS (x3) and lysed samples using RIPA buffer containing 1mM phenylmethylsulfonyl fluoride 

(PMSF). We measure protein concentrations with the BCA Protein Assay kit. Each sample (80 

g) was proteolyzed and labeled with the TMT 10-plex by following manufacturer’s protocol 

and steps (Thermo Fisher Scientific). After reduction of alkylation of cysteines, proteins were 

precipitated by adding 6 volumes of ice-cold acetone. Samples were then incubated overnight at 

-20C. After spinning the precipitate down, the pellet was air dried and then resuspended in 

0.1M TEAB. This was followed by digestion with trypsin (1:50; enzyme:protein) at 37C 

overnight with constant mixing using a thermomixer. The TMT 10-plex reagents were dissolved 

in 41 l of anhydrous acetonitrile. We then labeled samples by transferring the entire protein 

digest to a TMT reagent vial. Samples were then incubated for 1 hour at room. We then 

quenched the reaction by the addition of 8 l of 5% hydroxyl amine. Samples were then 

incubated for 15 min. We mixed labeled samples together, and samples were dried using a 

vacufuge. We then fractionated of the combined sample (~200 g) into 10 fractions using high 

pH reversed-phase peptide fractionation kit (Pierce; Cat #84868) as per instruction by the 

manufacturer. Each fraction was dried and reconstituted in 12 l of 0.1% formic acid/2% 

acetonitrile and assayed by liquid chromatography-mass spectrometry analysis (LC-multinotch 

MS3). For this, we obtained superior quantitation accuracy using multinotch-MS3, which 

reduces the reporter ion ratio distortion caused by fragmentation of co-isolated peptides during 

MS analysis. Orbitrap Fusion (Thermo Fisher Scientific) and RSLC Ultimate 3000 nano-UPLC 

(Dionex) was employed to acquire data. Samples (2 l) were resolved on a PepMap RSLC C18 

column (Thermo Fisher Scientific) at the flow rate of 300 nl/min using 0.1% formic 

acid/acetonitrile gradient system (2- 22% acetonitrile in 110 min; 22-40% acetonitrile in 25 min; 

6 min wash at 90% followed by 25 min re-equilibration). This process used direct spray onto the 
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mass spectrometer using EasySpray source (Thermo Fisher Scientific). The mass spectrometer 

was set to collect one MS1 scan (Orbitrap; 120K resolution; AGC target 2x105 ; max IT 50 ms) 

followed by data-dependent, “Top Speed” (3 seconds) MS2 scans (collision induced 

dissociation; ion trap; NCD 35; AGC 5x103 ; max IT 100 ms). For multinotch-MS3, top 10 

precursors from each MS2 were fragmented by HCD followed by Orbitrap analysis (NCE 55; 

60K resolution; AGC 5x104 ; max IT 120 ms, 100-500 m/z scan range). We then used the 

Proteome Discoverer (v2.1; Thermo Fisher Scientific) to analyze data. The MS2 spectra from 

each sample were queried against SwissProt mouse protein database (release 2016-04-13; 24861 

sequences). We used MS1 and MS2 tolerance set to 10 ppm and 0.6 Da, respectively. TMT 

labeling of lysine and N-termini of peptides (229.16293 Da) and carbamidomethylation of 

cysteines (57.02146 Da) were considered static modifications. Deamidation of asparagine and 

glutamine (0.98401 Da) and oxidation of methionine (15.9949 Da) were considered variable. We 

then filtered identified proteins and used only those that passed ≤1% FDR threshold. We 

performed quantitation using high-quality MS3 spectra using the Reporter Ion Quantifier Node 

of Proteome Discoverer. This method has an average signal-to-noise ratio of 10 and <30% 

isolation interference.  We then performed pathway analysis of differentially regulated proteins 

using GSEA using online tools provided by the Broad Institute 

(http://software.broadinstitute.org/gsea/index.jsp). 
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metformin, and imaged mice using IVIS in Fig 2.6.16.  I quantified IHC staining in Fig 2.6.17. 
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2.6 Figures and Figure Legends 

 

Figure 2.6.1 PFAs exhibit elevated glycolysis and TCA cycle metabolism compared to PFB ependymomas 

(A) To assess metabolic pathways upregulated in PFAs versus PFBs, we queried expression of a 

comprehensive set of 2,754 metabolic genes encoding all known human metabolic enzymes and 
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transporters (Possemato et al., 2011) in PF ependymomas from three independent, non-overlapping data 

sets: Bayliss et al. 2016 (PFA n=11, PFB n=4), Witt et. al. 2011 (PFA n=18, PFB n=19), and Pajtler et al. 

2015 (PFA n=72 and PFB n=39). Venn diagram illustrates intersection of upregulated genes in all three 

data sets. (B) MetaboAnalyst pathway impact analysis was performed for the 53 commonly upregulated 

(in all three data sets) metabolic genes in PFA versus PFB ependymomas. (C) Simplified illustration of 

key metabolites and enzymes related to glycolysis, TCA-cycle and PPP metabolism is illustrated. 

Enzymes indicated in blue that were upregulated in all three data sets. (D) Single cell RNA-seq 

expression of HK2 and PDHB in PFA (n=20) versus PFB (n=3) ependymomas from Gojo et al. 2020 is 

indicated. (E) Key metabolites related to glycolysis, TCA-cycle and PPP were measured using liquid 

chromatography-mass spectroscopy (LC-MS run with technical duplicates) in patient tumor samples from 

PFA (n=14, red), PFB (n=3, blue), ST (n=3, light blue) and control non-pathologic human pediatric 

frontal cortex (purple, n=3) and cerebellum (orange, n=3). 

 

 

 

 

 

 

 

 

 

 

 

 



 64 

 

Figure 2.6.2 PFA ependymoma cell lines also exhibit elevated glycolytic and TCA-cycle metabolism compared to 

non-PFA ependymoma cell lines 

(A) Steady-state key metabolites related to glycolysis, TCA  cycle, and PPP from EPD210 (PFA,  

red) and EP1NS (ST-RELA, light blue) ependymoma cell lines cultured in neurosphere serum-

free conditions (n=8 for all, except n=4 for Pyr, Lac, Cit, Isocit, Fum, Gln, and Glu). (B) Steady-

state key metabolites related to glycolysis, PPP and TCA-cycle measured using liquid 

chromatography-mass spectroscopy (LC-MS) from patient-derived, low passage, MAF811 

(PFA, red, n=4, except for PEP n=3) and MAF1329 (ST-RELA, light blue, n=4) ependymoma 

cells and immortalized normal human astrocytic cell lines (NHA, gray, n=4) cultured in serum-

containing media are depicted. (C) MetaboAnalyst pathway impact analysis  was  performed  

using  significantly  up-regulated  metabolites  from  (A). 



 65 

 

Figure 2.6.3 High expression of glycolytic-related genes correlates with poor prognosis in PFA 

(A-B) Glycolysis-KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway genes were subjected to 

K-means clustering to define high and low overall glycolytic gene expression in PF (A) and PFA 

ependymomas (B). (C-D) Expression levels of genes in the glycolysis-KEGG (Kyoto Encyclopedia of 

Genes and Genomes) pathway in 91 PF ependymomas (C) or 55 PFA ependymomas (D) were segregated 

into high versus low glycolytic gene expression categories using unbiased K-means clustering. Kaplan-

Meier analysis was then performed between high versus low glycolytic tumors to determine differences in 

overall survival. 
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Figure 2.6.4 Non-invasive in vivo MRS imaging shows elevated citrate and glutamate concentrations in PFA 

ependymomas 

(A) Representative axial MRI images from patients with PFA, PFB and ST-RELA are shown. Boxes 

indicate region of MRS quantification. Representative images from H3K27me3 and EZHIP 

immunostaining performed on the corresponding tumors are illustrated. Scale bar=200μM. (B) 

Representative in vivo MRS spectra (TE = 35 ms, TR = 2 s; g) from PFA (red), PFB (blue) and ST (light 

blue) ependymomas are shown. (C) MRS quantification of myoinositol (mI), taurine (Tau), creatine (Cr), 



 67 

citrate (Cit), glutamate (Glu), glutamine (Gln), alanine (Ala) and lactate (Lac) from PFA (n=7, red), PFB 

(n=3, blue) and ST (n=5, light blue) patients are plotted. (A.U.- Arbitrary units). Data were analyzed by 

unpaired t test with Welch's correction and are presented as box and whisker plots. 
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Figure 2.6.5 EZHIP expression correlates with high H3K27ac and prognosis in PFA ependymomas 

(A) Western blots for H3K27ac, H3K27me3 and total H3 in PFA (n=4) and PFB (n=4) were performed in 

indicated ependymoma tumor samples (B) Representative images of EZHIP, H3K27me3 and H3K27ac 
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immunostaining in PFA (two samples PFA #1 and PFA#2, illustrating range of EZHIP expression) and 

PFB ependymomas. Scale bar represents 100 μm. (C) Blinded quantification of EZHIP, H3K27ac, and 

H3K27me3 in PFA (n=90, red) and PFB (n=65, blue) tumors and association of each marker with age: 

<10 years (n=78, orange) and >10 years (n=16, purple). (D) Progression free and overall survival in 

EZHIP low (n=46) versus EZHIP high (n=47, median cutoff) PF ependymomas is shown. (E) Overall and 

progression free survival in EZHIP low (n=30) versus EZHIP high (n=31, median cutoff) PFAs are 

indicated. 
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Figure 2.6.6 EZHIP expression correlates with PF ependymoma location in the fourth ventricle 

(A) Representative MRI images from PF ependymomas associated with the lateral recess (LR, 

red arrows), roof (red arrows) and floor (red arrow) of the fourth ventricle (assessed by a 

radiologist in a blinded manner) are illustrated. (B and C) Representative images and blinded 
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quantification of EZHIP associated with the lateral recess (LR, n=10), roof (n=15) and floor 

(n=17) of the fourth ventricle; H3K27me3 (LR, n=14), roof (n=25) and floor (n=17); and 

H3K27ac (LR, n=14), roof (n=25) and floor (n=17) in PF ependymoma are shown. Scale 

bar=200μm. Data represented as violin plots (with medians and interquartile ranges and ends of 

violin plots representing the highest and lowest observations). 
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Figure 2.6.7 EZHIP-WT versus EZHIP-M406K NSCs demonstrate increased proliferation and higher H3K27ac 

enrichment at intergenic regions 

(A) Mouse NSCs were stably transfected with FLAG-tagged EZHIP-WT, EZHIP-M406I or 

EZHIP-M406K. Representative WB for FLAG, H3K27me3, H3K27ac and total H3 are shown. 

(B) Bar plot of cell counts (cell numbers, Y-axis) in parental (par, light blue), EZHIP-WT (red) 

and EZHIP-M406K (blue) NSCs (n=4 with 2-3 technical replicates, each) is shown. (C) 

Heatmap represents differential expression of proteins related to neuroglial differentiation 

(Gene Sets: GO_NEUROGENESIS, GSEA GO:0022008 and GO_GLIOGENESI, GSEA 

GO:0042063) from proteomic experiments in EZHIP-WT versus EZHIP-M406K 
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NSC. (D) H3K27ac enrichment at intergenic regions in EZHIP-WT (red) versus EZHIP-M406K 

NSC (blue) or PFA (red) versus ST RELA (light blue) ependymomas (n=3, each) is plotted (E) 

Super-enhancer (SE, enhancer rank X-axis) with increased H3K27ac enrichment (EZHIP-WT 

enhancer strength, Y-axis) in EZHIP-WT, but not EZHIP-M406K NSC is depicted. SE unique to 

EZHIP-WT that overlap with PFA-specific SE from Mack et al., 2018 are indicated. 
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Figure 2.6.8 EZHIP-WT versus EZHIP-M406K NSCs demonstrate higher H3K27ac enrichment at Hk2, Pdh, and 

Prkaa2 

(A) Representative heatmaps and H3K27ac enrichment (Y-axis) of genes (including both 

promoters/enhancers) enriched for H3K27ac in EZHIP-WT versus EZHIP-M406K NSC +/−5Kb 

from peak center (X-axis) are shown. (B) Representative H3K27ac ChIP-seq tracks at Hk2, 
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Prkaa2/Ampkα-2, and Pdhx; gene loci in EZHIP-WT and EZHIP-M406K NSCs are indicated. 

(C) Representative heatmaps of genes (including both promoters/enhancers) enriched for 

H3K27ac in PFA versus ST +/−5Kb from peak center are shown. (D) Representative H3K27ac 

ChIP-seq tracks at HK2, PDHB, and PRKAA2/AMPKα-2 gene loci in PFA and ST 

ependymoma tumors are indicated. (E) Heatmap demonstrates common pathways (determined 

by GSEA analysis) of all H3K27ac enriched genes in EZHIP-WT versus EZHIP-M406K, or 

PFA versus ST ependymomas. Scale bar represents negative Log 10 P value. 
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Figure 2.6.9 EZHIP-WT versus EZHIP-M406K NSCs and PFA versus ST or PFB ependymomas show H3K27ac 

enrichment at HK2, PDHX, and PRKAA2/ AMPKα-2 gene, but not PKM 

(A) Representative H3K27ac ChIP-seq tracks at Pkm/PKM gene locus 

in EZHIP-WT versus EZHIP-M406K NSCs and PFA versus ST RELA ependymoma tumor 
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samples are shown. (B) PKM gene expression levels in PFA (n=72) and PFB (n=39) 

ependymomas from Pajtler et al., 2015 is plotted. (C) H3K27ac-enriched metabolic genes 

from fig. S3D were correlated with gene expression in PFA versus ST ependymomas from 

Bayliss et al. 2016 (6). (D) Gene expression levels of Hk2, Pdhb and Prkaa-2 from EZHIP 

M406K and EZHIP-WT NSCs normalized to 18S and EZHIP expression levels are indicated. 

(E) H3K27ac and H3K27me3 ChIP-seq data [from Bayliss et al., 2016] from the same PFA and 

ST-RELA ependymoma samples were overlapped with gene expression data obtained from 

RNA-seq analyses [from Bayliss et al., 2016]. Overall gene expression was compared for 

corresponding H3K27me3 (left panel) and H3K27ac (right panel) enriched/high (>1.5 Log2FC 

and adjusted P value < 0.05, purple) versus low (light blue) genomic regions. H3K27me3 high 

regions were associated with low gene expression, while H3K27ac high regions were associated 

with increased gene expression. (F) H3K27ac and H3K27me3 [from Bayliss et al., 2016] 

genomic enrichment from the same PFA and ST-RELA ependymoma samples at promoter and 

enhancer regions (fold change, PFA/ST) were correlated and showed a weak anti-correlation. 

(G) Representative H3K27me3 ChIP-seq tracks at Hk2, Pdhx, and Prkaa2/Ampk -2 in EZHIP-

WT versus EZHIPM406K NSC are shown. (H) Representative H3K27me3 ChIP-seq tracks at 

HK2, PDHB, and PRKAA2/AMPKα-2 gene loci in the PFA and ST-RELA ependymoma tumor 

samples is shown. 
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Figure 2.6.10 EZHIP-WT versus EZHIP-M406K NSCs exhibit enhanced glycolysis and TCA-cycle metabolism 

(A-B) Unbiased proteomic analysis (≤1% FDR with adjusted p-value < 0.05) was performed 

between EZHIP-WT and EZHIP-M406K NSCs. Heatmap illustrates differentially expressed 

proteins and bar graph shows GSEA pathway analysis of all upregulated proteins in EZHIP-WT 
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compared to EZHIP-M406K NSC (n=3, each, I). (C) Bar graph represents steady state key 

metabolites related to glycolysis, PPP and TCA-cycle from EZHIP-WT (red) and EZHIP-

M406K (blue) NSC (n=3, each). (D) MetaboAnalyst pathway impact analysis is illustrated using 

significantly upregulated metabolites from C. 
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Figure 2.6.11 [13C5]-tracing in EZHIP-WT versus EZHIP-M406K and EPD-210 (PFA) versus EP1NS (ST RELA) 

cells show increased glucose-derived carbon metabolism in the TCA cycle. 

(A) Schema of [13C5]-glucose tracing into the TCA-cycle and bar graph demonstrates 13C5- 

labeled metabolites (m+2, X-axis) from EZHIP-WT (red) versus EZHIP-M406K (blue) NSC or 

EPD210 (PFA, brown) versus EP1NS (ST RELA, light blue) ependymoma cell lines (n=4, each). 

(B-E) Glucose-derived citrate (m+2), (B); a-KG, (C); glutamate (m+2), (D); succinate (m+2), 

(E); fumarate (m+2), (F); malate (m+2), (G); and aspartate (m+2), (H) are indicated.  Data are 

represented as mean +/- SD.  Statistical significance was determined by sided, unpaired, 

two-tailed, t-test. 

 

 



 81 

 

 

Figure 2.6.12 PRKAA2/ AMPKα-2 expression is higher in  PFA versus PFB ependymomas 

(A) Bar graph demonstrates PRKAA2/AMPKα-2 expression in PFA (n=11) and PFB (n=4) ependymoma 

tumor samples from Bayliss et al., 2016. (B) Violin plots indicate PRKAA2/ AMPKα-2 expression in 

PFA (n=72) and PFB (n=39) from Pajtler, et al., 2015 (1). (C) Violin plots of single cell RNA-seq 

expression of PRKAA2/ AMPKα-2 in PFA (n=20) and PFB (n=3) ependymomas from Gojo et al., 2020 

are indicated (18). (D) Box and whisker plots demonstrate PRKAA2/ AMPK-2 expression in PFA 

(n=18) and PFB (n=19) from Witt et al. (E) Single cell RNA-seq expression of PRKAA2/ AMPK-2 in 

various types of tumor cells in PF ependymomas from Gojo et al. are shown. 



 82 

 

Figure 2.6.13 Metformin inhibits mitochondrial metabolism and suppresses proliferation in SLC22A3-containing 

PFA cells. 

(A) Parental (light blue), EZHIP-M406K (blue), or EZHIP-WT (red) NSCs (n=4, with 2-7 

technical replicates each) were plated in a 6-well plate (200,000 cells/well) and treated with 

vehicle or metformin (indicated doses in mM, X-axis). After 4 days, cells were counted (Y-axis) 
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using Trypan blue exclusion assay.  (B) Schematic showing metformin inhibition of 

mitochondrial complex-I resulting in increased NADH/NAD, AMP/ATP and lactate/ pyruvate 

(Lac/Pyr) ratios. Increased AMP/ATP activates AMPK. (C) Unbiased metabolomics using 

LCMS was performed between EPD210 PFA cells treated with vehicle (veh+ , PBS, n=4) or 

metformin (met+ , 25 mM, n=3). Bar graph shows AMP/ATP, lactate/pyruvate (Lac/Pyr), 

NADH/NAD and NADPH/NADP ratios in PFA EPD210 cells treated with vehicle (Veh, clear 

bars) or metformin (green). (D) PPP and TCA cycle related metabolites (Log 2-fold change, 

Yaxis) in Metformin/ Veh EDP210 PFA cells (green) and EPD210 PFA/ EP1NS ST-RELA cells 

(orange) is shown. Metformin is a complex I inhibitor (coupled with succinate dehydrogenase). 

Accordingly, upstream metabolites aconitate and -ketoglutarate were upregulated, whereas 

downstream metabolites succinate, fumarate and malate were downregulated. (E) PFA cell lines 

EPD210 (left), MAF928 (middle left) and MAF811 (middle), and control ST01 (supratentorial 

non-fusion, middle right) and NHA (normal human astrocytic cells, right) were plated in a 6-well 

plate (100,000 cells/well) and treated with vehicle or metformin (indicated doses, X-axis). After 

6 days, cells were counted using Trypan blue exclusion assay (n=4, for all). Cell counts were 

normalized to untreated controls for the corresponding cell line (Y-axis). (F) Schematic 

demonstrates SLC22/OCT family of transporters that mediate uptake of metformin into cells. 

(G) Bar graph shows SLC22A1, SLC22A3, SLC22A4, and SLC22A5 mRNA expression levels 

in metformin-sensitive MAF928 (red) cells in comparison with metformin-resistant MAF811 

(gray) cells (n=4 each). (H) Violin plots show single cell RNA-seq expression of SLC22A3 in 

PFA (n=20, red) and PFB (n=3, blue) ependymomas from Gojo et al., 2020 (18). (I) Kaplan-

Meier analysis was performed in PFA ependymomas with low (n=38) versus high (n=38, defined 
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by median cutoff) expression of either SLC22A3, SLC22A4, or SLC22A5 expression from 

Pajtler, et al 2018. Statistical significance determined by Log-Rank analyses. n.s. not significant. 
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Figure 2.6.14 Metformin downregulates TCA cycle and PPP-associated proteins and decreases EZHIP to increase 

global H3K27me3 in PFA cells. 

(A-B) Unbiased proteomic analysis was performed in EZHIP-WT NSCs treated with vehicle 

(veh+, PBS, n=3) or metformin (met+, 4 mM, n=4) for 4 days. Heatmap demonstrates 

differentially expressed proteins (A) and bar graph shows GSEA pathway analysis of all down-
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regulated proteins between metformin-treated and vehicle-treated EZHIP-WT NSC (B). (C) 

Unbiased metabolomics using LC-MS was performed between EPD210 PFA cells treated with 

vehicle (veh+, PBS, n=4) or metformin (met+, 25 mM, n=3) for 4 days. Heatmap demonstrates 

differentially expressed metabolites. (D) Metabolite enrichment analysis (using Metabo Analyst) 

was performed on downregulated metabolites between metformin-treated and vehicle-treated 

EPD210 cells. (E) Representative Western blots for phospho-AMPK (pAMPK), total AMPK 

(tAMPK), VINCULIN, H3K27me3 and Total H3 in EPD210 PFA cells cultured for 5 days with 

either vehicle (PBS), or metformin (25mM and 50 mM) are shown. (F) Representative Western 

blots for EZHIP and VINCULIN in EPD210 PFA cells cultured for 4 days with either vehicle 

(PBS), or AICAR (1mM), or metformin (25 or 50 mM) are illustrated. (G) Representative 

Western blots for FLAG, Gapdh, H3K27me3, and Total H3 in EZHIP-WT or EZHIP-M406K 

NSC cultured for 3 days with vehicle (PBS) or 25 mM metformin are shown. (H) Comparison of 

differential expression of proteins (Log2 fold change) in EZHIP-WT/ EZHIP-M406K NSC 

versus Metformin/ Veh EZHIP-WT NSC is shown.  

 

 

 

 

 

 

 

 

 



 87 

 

Figure 2.6.15 Panobinostat increases global H3K27me3 and suppresses the PPP in PFA cells in vitro. 

(A) Schematic illustrates H3K27M midline glioma and PFA ependymoma. (B) Representative 

images for H3K27me3 immunostaining in PFA ependymoma, H3K27M glioma and H3WT 

glioma. (C) Representative Western blots for H3K27me3 and Total H3 in PFA EPD210 cells 

cultured for 4 days and treated with or without 50 or 100 nM panobinostat are shown. (D and E) 

We examined effects of panobinostat on metabolic pathways. Heatmap demonstrates 

differentially regulated metabolites from unbiased metabolomics using LC-MS performed 

between EPD210 PFA cells treated with vehicle (DMSO, Veh) or panobinostat (pano, 50 nM) 
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for 4 days (D, n=8, each). Metabolite enrichment analysis (using Metabo Analyst) was 

performed on downregulated metabolites between panobinostat- and vehicle-treated PFA 

EPD210 cells, and revealed suppression of the PPP (E), similar to observations in H3K27M cells 

(Lin et al., 2019). (F to H) Metformin-sensitive EPD210 (F), metformin-resistant MAF811 (G), 

and control ST01 (supratentorial non-fusion) and NHA (normal human astrocytic cells) (H) were 

treated with panobinostat. For each condition, 50,000 cells/well were plated in a 24-well plate) 

were treated with vehicle or panobinostat (indicated doses, X-axis). After 4 days, cells were 

counted using Trypan blue exclusion assay (n=4 for all). Cell counts were normalized to 

untreated controls in each case (Y-axis). Data are represented as mean +/- SD. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 89 

 

 

Figure 2.6.16 Metformin reduces tumor growth in vivo. 

(A) Schematic illustrates treatment schedule with either metformin (250mg/kg, administered 

daily by oral gavage), or panobinostat (10mg/kg, administered 3 times/week intraperitoneally.), 

or both agents for four weeks in mice grafted with PFA PDXs.  Treatments were started after 

confirming tumor engraftment in each model. (SubQ, subcutaneous; BLI, Bioluminescence 

imaging). (B) Tumor volumes normalized to the initial tumor size (Y-axis) and plotted as a 

function of time (X-axis, days) in mice grafted subcutaneously with PFA-MAF928 PDX cells 
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and treated with vehicle (DMSO, Veh, blue, n=5), metformin (Met, black, n=8), panobinostat 

(Pano, n=6, red) or both (Met+Pano, n=6, purple). (C) Kaplan-Meier analysis of percentage of 

PFA-MAF928 PDXs tumors receiving indicated treatment that grew three-fold in volume (Y-

axis) are plotted as a function of time (X-axis, days). (D) NSG Mice were orthotopically 

implanted with PFA-EPD210 PDXs. Left panel shows representative bioluminescence images in 

mice before or after treatment treated with either vehicle (Veh, n=7), or metformin (met, n=7), or 

panobinostat (Pano, n=3) are shown. Right panel shows representative bioluminescence images 

in mice treated with vehicle or combination of both (Met+Pano, n=8). (E) Bar graph of 

normalized bioluminescence values in PFA-EPD210 orthotopic mice at 6-weeks post treatment 

is shown. (F) Kaplan-Meier survival analysis of mice with EPD210 PDXs receiving either 

vehicle or indicated treatments is indicated. (G) Kaplan-Meier analysis of percentage of PFA-

MAF811 PDXs receiving indicated treatment that grew three-fold in volume (Y-axis) plotted as 

a function of time (X-axis, days) are depicted. 
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Figure 2.6.17 Metformin reduces EZHIP and increases H3K27me3 in vivo 

(A-B) Representative images (A) and blinded quantification of EZHIP (B) immunostaining in 

PFA-EPD210 PDX orthotopic mice treated with vehicle (DMSO, Veh, blue, n=7), panobinostat 

(Pano, n=3, red), metformin (Met, black, n=5), or both (Met + Pano, n=7, purple) are shown. (C-

D) Representative images (C) and blinded quantification of H3K27me3 (D) immunostaining in 

PFA-EPD210 PDX orthotopic mice treated with vehicle (DMSO, Veh, blue, n=7), panobinostat 

(Pano, n=3, red), metformin (Met, green, n=7), or both (Met + Pano, n=8, purple) are shown.  

(E-F) Representative images of EZHIP and corresponding H3K27me3 immunostaining in PFA-

MAF928 (E) and PFA-MAF811 (F) treated with either vehicle (Veh), or panobinostat (Pano), or 

metformin (Met), or both (Met + Pano) are shown.
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Chapter 3 Inhibition of IDH1 Primes Group 3 Medulloblastomas for Cuproptosis 

3.1 Abstract 

Medulloblastomas (MB) are one of the most common childhood brain malignancies 

(Juraschka & Taylor, 2019; Northcott et al., 2019). Extensive transcriptomic, genomic, and 

epigenomic analysis has stratified these tumors into four distinct subtypes: SHH, WNT, Group 3 

and Group 4 (Louis et al., 2021).  WNT and SHH MB are more prominent in adult populations, 

carry better prognoses, and are mostly characterized by mutations that activate their respective 

signaling pathways (Northcott et al., 2019).  In contrast, Group 3 and Group 4 MB occur 

primarily in infants and young children and bear the worst prognoses due to their relatively high 

rates of metastasis and their occurrence in inoperable areas of the brain (Millard & De Braganca, 

2016; Taylor et al., 2012).   

The most common driver event Group 3 MB is overamplification or overexpression of c-

MYC which is associated with poor prognosis with over half of patients failing to achieve 

progression-free survival after 5 years (Northcott et al., 2012, 2017; Taylor et al., 2012; 

Thompson et al., 2016).  More recent studies have revealed intrinsic heterogeneity within Group 

3 MB, identifying distinct subtypes (Cavalli et al., 2017; Schwalbe et al., 2017; Sharma et al., 

2019).  Notably, every subgroup associated with c-MYC overamplification or overexpression 

correlated with poor prognosis. Although these sub-classifications establish a strong framework 

for describing the defining features observed in Group 3 MB, more work needs to be done to 

understand the biology of these tumors to create new therapeutic options.   
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Cancer cells are known to increase their metabolism and actively promote the utilization 

of nutrients to build macromolecules, generate energy, and maintain redox balance and necessary 

to sustain their high rates of proliferation (Venneti & Thompson, 2017).  My premise is based on 

the observation that medulloblastomas can exhibit metabolic reprogramming (Marabitti et al., 

2022) .  I hypothesized that defining unique metabolic pathways in Group 3 medulloblastomas 

will enable defining novel therapeutic and actionable targets. To address this hypothesis, I 

performed integrated transcriptomic and metabolomic analysis to uncover a metabolic 

vulnerability driven by citric acid (TCA) cycle related gene isocitrate dehydrogenase 1 (IDH1) 

and the pyruvate dehydrogenase complex (PDC) E2 subunit dihydrolipoyl acetyltransferase 

(DLAT) in Group 3 MB.  Importantly, targeting this pathway with the copper ionophore 

elesclomol induced cuproptosis, a copper dependent form of cell toxicity, to effectively impede 

tumor growth. Together, my data provides novel mechanistic insights on how a subset of Group 

3 MB rewires metabolism to support its growth and identifies novel therapeutic avenues for these 

deadly malignancies. 

3.2 Results 

3.2.1 Group 3 MB show upregulation of DLAT that relates with poor outcome 

First, I sought to define uniquely upregulated metabolic pathways in each of the four 

molecular subgroups of MB by using an unbiased transcriptomic approach to define unique 

upregulated metabolic genes within each MB subgroup (Figure 3.6.1.A).  I used metabolic 

analyses standardized by Sabatini and colleagues (Possemato et al., 2011) by querying 

expression of a defined comprehensive set of 2,754 metabolic genes encoding all known human 

metabolic enzymes and transporters in all four subgroups.  I analyzed bulk metabolic gene 

expression in two independent, non-overlapping data sets from Cavalli, et al. [(Cavalli et al., 
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2017) Group 3 (n=144), Group 4 (n=326), SHH (n=223), WNT (n=70)] and Smith, et al. [(Smith 

et al., 2022) Group 3 (n=98), Group 4 (n=95), SHH (n=84), and WNT (n=29)] (Figure 3.6.1.A-

B).  I identified metabolic genes that were upregulated or downregulated in each subgroup from 

both data sets and overlapped the two data sets. I defined commonly upregulated (Group 3=90, 

Group 4=102, SHH=124, WNT=91, Figure 3.6.1.C, left) and downregulated genes (Group 

3=18, Group 4=26, SHH=89, and WNT=74, Figure 3.6.1.C, right) in each of the four subgroups 

and verified these findings from single-cell RNA seq derived from each MB subgroup (Figure 

3.6.1.D).  I then performed KEGG-based genes set enrichment analysis (GSEA) to identify 

unique metabolic pathways that are upregulated (Figure 3.6.1.E) or downregulated (Figure 

3.6.1.F) within each MB subgroup.  

Pathway analysis of genes upregulated in Group 3 MB identified 19 genes related to 

oxidative phosphorylation, TCA cycle metabolism, and pantothenate and Coenzyme A 

biosynthesis (Figure 3.6.1.E).  Notably, genes related to TCA cycle metabolism included DLAT, 

DLD (dihydrolipoamide dehydrogenase), IDH1, and citrate synthase (CS). DLAT (E2 subunit) 

and DLD (E3 subunit) encode enzymes in the pyruvate dehydrogenase complex (PDC), an 

important metabolic node that enables conversion of pyruvate (final glycolysis product) to 

acetyl-CoA to feed the TCA cycle (Figure 3.6.2.A, (Patel & Roche, 1990)). Accordingly, Group 

3 MB tumor samples exhibited higher acetyl-CoA/pyruvate ratios compared to Group 4 and 

SHH MB (Figure 3.6.2.B).   

I next determined if there was a correlation between levels of expression of metabolic 

genes identified in Figure 3.6.1.E and overall survival within each MB subgroup (Figure 

3.6.2.C-D). I noted that high versus low (defined as above or below median expression value for 

a given gene) levels of DLAT expression demonstrated a significant (p=0.0062) negative 
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correlation with overall survival within Group 3 MB (Figure 3.6.2.E-F). A similar negative 

association with DLAT and overall survival was not observed in Group 4, SHH, or WNT MB 

(Figure 3.6.2.D).   

Group 3 medulloblastomas can be molecularly and histologically subtyped (Cotter et al., 

2022; Louis et al., 2021). Group 3 DLAT high MB were 7 times more likely (n=35/72, 48.6%) 

than DLAT low tumors (n=5/72, 7%) to be associated with the gamma molecular subtype, which 

bears the worst prognosis out of the three Group 3 subtypes (Figure 3.6.2.G). Group 3 DLAT 

high tumors were also 2.5 times more likely to be assigned poorly prognostic large-cell 

anaplastic histology (n=18/72, 25%) than Group 3 DLAT low tumors (n=7/72, 9.2%) (Figure 

3.6.2.H).  Together, these data suggest that a subset of Group 3 medulloblastomas exhibit high 

DLAT expression that relates with poor overall outcome. 

3.2.2 DLAT is induced by cMYC and DLAT knockdown lowers glutathione levels 

We sought to understand the role of DLAT in Group 3 MB. We used well characterized 

in vitro models of isogenic Group 3 MB using immortalized human cerebellar neuronal stem 

cells (CB SV40) that were untransduced or transduced with c-MYC overexpression (CB MYC) 

or with MYC overexpression and shP53 (CB MYC+)  (Figure 3.6.3.A, Hanaford et al., 2016; 

Pei et al., 2012) .  Because c-MYC is a master metabolic regulator, we determined the 

relationship between c-MYC and DLAT expression. Overexpression of c-MYC was sufficient to 

upregulate DLAT protein levels in CB SV40 versus CB MYC or CB MYC+ cells (Figure 

3.6.3.A). Moreover, c-MYC and DLAT expression levels were positively correlated within 

Group 3 patient tumor samples (Figure 3.6.3.B).   

To determine the effect of DLAT knockdown, I performed short hairpin (shRNA)-

mediated knockdown of DLAT using shRNAs in CB MYC cells and well-characterized Group 3 
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human MB D283 and D425 cell lines (Figure 3.6.4.A., Sengupta et al., 2014; E. M. Thompson 

et al., 2017; Weeraratne et al., 2012).  DLAT knockdown resulted in toxicity in all three cell 

lines (Figure 3.6.4.B).  To understand pathways impacted by DLAT knockdown, I performed 

both RNA-seq and snapshot metabolomics in D283 cells (Figure 3.6.4.C). I focused our efforts 

on D283 cells with shDLAT#1, which showed marked lowering of DLAT and toxicity.  RNA-

seq in D283 with or without shDLAT#1 revealed significant changes in the transcriptome 

(n=4109 downregulated, and n=3317 upregulated genes, Figure 3.6.4.C).  Top downregulated 

pathways included mitochondrial oxidative phosphorylation, MYC pathway targets, and cell 

cycle regulation (Figure 3.6.4.C-D).  Snapshot metabolomics showed 27 significantly (p<0.05) 

downregulated and 5 upregulated metabolites in D283 cells with shDLAT#1 as compared to 

controls (Figure 3.6.4.C). Integrated analysis of genes from RNA-seq and metabolites identified 

TCA cycle, pyruvate, glycolysis, and glutathione metabolism as top downregulated pathways 

with shDLAT#1 (Figure 3.6.4.E).  I used Seahorse Real-Time Cell Metabolic Assays to assess 

changes in glycolysis (extracellular acidification rate) and mitochondrial metabolism (oxygen 

consumption rate) in CB MYC and D283 upon DLAT knockdown. Both D283 and CB MYC 

cells showed prominent reduction in all aspects of mitochondrial function including basal and 

maximal respiration, ATP production, and respiratory capacity with shDLAT#1 compared to 

controls (Figure 3.6.5.A-C). In contrast, no consistent changes in glycolytic function were noted 

with shDLAT#1 compared to controls (Figure 3.6.5.D-F). Because glycolysis is linked to the 

TCA-cycle by PDC, and DLAT is the E2 subunit of PDC, we performed [13C6]-labeled glucose 

metabolic tracing studies in D283 cells with or without shDLAT#1 (Figure 3.6.5.G-H). 

Consistent with suppressed PDC function, glucose-derived TCA cycle metabolites including -

ketoglutarate, succinate, and malate were all lowered in D283 cells with shDLAT#1 compared to 
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controls (Figure 3.6.5.H). These data together suggest that DLAT knockdown lowers TCA cycle 

metabolism, consistent with the known function of the PDC in linking glycolysis with TCA 

cycle metabolism. 

My integrated analyses revealed an unexpected downregulation of glutathione 

metabolism upon DLAT knockdown in D283 cells (Figure 3.6.4.E). I independently validated 

this finding in D425 and CB MYC cells upon DLAT knockdown (Figure 3.6.6.A).  

Furthermore, [13C6]-labeled glucose tracing in shDLAT versus control cells demonstrated a 

significant decrease in glucose-derived glutamate and glycine, two amino acids required for 

glutathione synthesis (Figure 3.6.6.B-C, Forman et al., 2009). Glutathione is essential for 

removing reactive oxygen species (Armstrong, 1997; Murphy, 2012).  Accordingly, DLAT 

knockdown with shDLAT#1 led to increased sensitivity to hydrogen peroxide-induced oxidative 

stress (Figure 3.6.6.D). Importantly, Group 3 MB had elevated levels of glutathione compared to 

Group 4 and SHH patient-derived tumor tissues (Figure 3.6.6.E). 

Since DLAT knockdown had a profound effect on the transcriptome, metabolome, and 

viability of Group 3 MB cell lines, I then wanted to assess if it could impede tumor growth in an 

in vivo MB model.  To assess this, I established a Group 3 MB model by orthotopically 

implanting D283 cells with or without DLAT knockdown in the murine cerebellum.  Both 

shDLAT D283 models exhibited slower tumor growth and increased survival compared to 

controls (Figure 3.6.7A-B). Together, these data suggest that c-MYC can induce DLAT 

expression, which in turn drives mitochondrial metabolism and glutathione synthesis in Group 3 

MB cells. 

3.2.3 Targeting IDH1 lowers cMYC and DLAT levels  
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I also noted upregulation of IDH1 in Group 3 MB (Figure 3.6.1.E, 3.6.2.C). IDH1 

converts isocitrate to α-ketoglutarate in the cytosol. IDH1 is mutated in ~70% of intermediate 

grade adult gliomas, which leads to reduced PDC activity (Clark et al., 2016; Izquierdo-García et 

al., 2014; Yan et al., 2009).  Based on this premise and my data that Group 3 MB show 

upregulation of both DLAT and IDH1 (Figure 3.6.2.A), I hypothesized that IDH1 regulates 

DLAT in Group 3 MB. I began by transducing Group 3 MB cells with IDH1-targeting short 

interfering RNAs (siRNAs).  Notably, successful knockdown of IDH1 was accompanied by a 

decrease in DLAT protein levels in both D425 and D283 (Figure 3.6.8.A). Similarly, treatment 

with an IDH1 specific inhibitor (IDH1inh) (Chung et al., 2020) also lowered DLAT protein and 

mRNA levels in Group 3 MB cell lines (Figure 3.6.8.B-D). IDH1inh did not decrease protein 

levels of PDC E1 subunit PDHB or E3 subunit DLD to the same extent (Figure 3.6.8.E). 

Moreover, shRNA-mediated knockdown of E4F1, a transcription factor that can drive PDC 

expression in murine cells (Figure 3.6.8.E, Sun et al., 2023), or pharmacological inhibition of 

BMI1, a component of Polycomb Repressive Complex 1 that enhances TCA-cycle metabolism 

in lung epithelial cells, did not reduce DLAT protein levels (Figure 3.6.8.F, Hernández-Cuervo 

et al., 2022).   

IDH1-generated -ketoglutarate (-KG) is required for histone and DNA demethylation 

by serving as a critical co-factor for DNA and histone demethylase reactions (Tsukada et al., 

2006). Accordingly, IDH1inh treatment in D283 and D425 cells increased pan-histone H3 

methylation including both activating H3K4me3 and H3K36me3 and repressive H3K9me3 and 

H3K27me3 marks (Figure 3.6.9.A). To assess the impact of IDH1inh-induced epigenetic 

reprogramming in relation to gene expression, I performed RNA-seq in parallel with assessing 

changes in chromatin accessibility via Assay for Transposase-Accessible Chromatin with 
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sequencing (ATAC-seq). RNA-seq in IDH1inh- versus vehicle-treated D283 cells identified 

5144 differentially expressed genes (2422 upregulated and 2722 downregulated, Figure 3.6.9.B, 

left). Pathway analysis revealed E2F targets, G2-M cell cycling checkpoint genes, and MYC 

targets as top downregulated pathways upon IDH1inh treatment (Figure 3.6.9.B, right).  Genes 

associated with immune response, hypoxia, and p53 signaling were identified as top upregulated 

pathways (Figure 3.6.9.C). ATAC-seq identified genome-wide regions with both decreased 

(n=15154 sites) and increased (n=16190 sites) chromatin accessibility (Figure 3.6.9.D-E).  

Then, I overlapped changes in chromatin accessibility with RNA-seq data (Figure 3.6.9.F). 

While I did not observe changes in chromatin accessibility at the DLAT locus, I identified 

decreased chromatin accessibility at the c-MYC locus accompanied by lowered c-MYC gene 

expression (Figure 3.6.9.G). Additionally, I noted and validated upregulation of stress response 

transcription factor ATF3 and downregulation of chromatin-related developmental transcription 

factor ARX (Figure 3.6.9.F, H-I).  

Because c-MYC induced DLAT expression (Figure 3.6.3.A) and is a central driver of 

Group 3 MB, I then focused our efforts on confirming the role of IDH1 as a regulator of c-MYC. 

Targeting IDH1 by both siRNA knockdown or treatment with IDH1inh decreases c-MYC 

protein expression in multiple Group 3 MB cell lines (Figure 3.6.10.A-B). I then sought to 

determine if this mechanism could be leveraged therapeutically.  D283 and D425 cells exhibited 

significant toxicity upon IDH1inh treatment in a dose dependent manner (Figure 3.6.10.C). 

Taking advantage of the high CNS penetration of IDH1inh (Chung et al., 2020), I noted that 

D283 orthotopic mouse models showed in vivo lowering of tumor burden in IDH1inh- versus 

vehicle-treated animals (Figure 3.6.10.D).  Importantly, blinded quantification of c-MYC 

immunostaining showed significantly (p=0.0006) lower protein levels in IDH1inh- versus 
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vehicle-treated tumors (Figure 3.6.10.E-F).  Finally, overall survival was significantly increased 

(p=0.0004) in mice treated with IDH1inh compared to mice treated with vehicle (Figure 

3.6.10.G). Together, my data (Figures 3.6.3 – 3.6.10) suggest that IDH1 inhibition decreases c-

MYC and downstream DLAT levels and was toxic in vitro and in vivo in Group 3 MB models. 

3.2.4 DLAT sensitizes Group 3 medulloblastomas to cuproptosis 

Cuproptosis is a recently described form of cell death where extracellular copper binds 

and lowers lipoylated proteins including DLAT to mediate to proteotoxic stress (Cao et al., 2023; 

Tsvetkov et al., 2022). I sought to investigate whether high DLAT expression could sensitize 

Group 3 MB to cuproptosis. I assessed expression of six key genes (FDX1, LIAS, DLAT, DLD, 

PDHA1, and PDHB) that are associated with sensitivity to cuproptosis (Tsvetkov et al., 2022). 

Group 3 MB exhibited significantly (p<0.0001) higher overall expression of these genes 

compared to Group 4, SHH, and WNT MB (Figure 3.6.11.A-B). High expression of 

cuproptosis-sensitivity genes within Group 3 MB showed a trend towards decreased overall 

survival, higher frequency of poorly prognostic Group 3 gamma molecular subtype, and were 1.5 

times more likely to exhibit large cell anaplastic histology as compared to cuproptosis-low 

Group 3 MB (Figure 3.6.11.C-E).  In contrast, three key genes (GLS, MTF1, and CDKN2A) 

that are associated with resistance to cuproptosis (Tsvetkov et al., 2022) exhibited significantly 

(p=0.0004) lower overall expression compared to Group 4, SHH, and WNT MB (Figure 

3.6.11.F). 

Elesclomol is a copper ionophore that induces copper-dependent cuproptosis in cancer 

cells by lowering lipoylated TCA cycle proteins including DLAT (Figure 3.6.12.A, Soma et al., 

2018; Tsvetkov et al., 2022; P. Zheng et al., 2022). Both short pulse (Figure 3.6.12.B) and 

longer elesclomol treatment (Figure 3.6.12.C) decreased lipoylated DLAT in D425 and D283 
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cells.  I next determined whether increased DLAT expression in Group 3 MB cells sensitized 

them to elesclomol-mediated cuproptosis. I observed increased elesclomol sensitivity in isogenic 

CB MYC and CB MYC+ cells with high DLAT (Figure 3.6.12.D-E) compared to CB SV40 

with low DLAT levels (Figure 3.6.12.D). Similarly, patient-derived Group 3 MB cells with 

higher DLAT expression (Figure 3.6.12.F-G) exhibited increased elesclomol sensitivity (Figure 

3.6.12.G) and DLAT expression levels inversely correlated with elesclomol IC50 values (Figure 

Figure 3.6.12.H). Importantly, DLAT knockdown rendered D283 cells less sensitive to 

elesclomol toxicity (Figure 3.6.12.I). Our data with DLAT knockdown in Group 3 MB cells 

showed reduced glutathione levels (Figure 3.6.6.A). Glutathione can act as a copper-sink by 

binding to copper to prevent copper-induced toxicity (Freedman et al., 1989; Saporito-Magriñá et 

al., 2018).  Accordingly, DLAT knockdown increased copper levels in D283 cells (Figure 

3.6.12.J, left). Conversely, intracellular copper levels were higher in isogenic CB MYC and CB 

MYC+ compared to CB SV40 cells (Figure 3.6.12.J, right). Moreover, IDH1inh lowered both 

DLAT and lipoylated DLAT accompanied by an increase in intracellular copper levels (Figure 

3.6.12.K).  

I then performed unbiased transcriptomic analysis to characterize the effect of elesclomol 

on gene expression in D283 cells. Elesclomol-treated D283 cells exhibited differential regulation 

of 12,253 genes (5566 upregulated and 6687 downregulated) compared to vehicle-treated D283 

cells (Figure 3.6.13.A). Pathway analysis revealed downregulation of genes related to E2F 

targets, G2-M cell cycling checkpoint genes, and MYC targets (Figure 3.6.13.B) and 

upregulation of pathways related to p53 and TNF-driven NK-B signaling (Figure 3.6.13.C). I 

then tested the efficacy of elesclomol treatment in Group 3 MB models in vivo. I performed 

initial studies in flank models where elesclomol treatment suppressed tumor growth in mice 
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implanted with either D283 or D425 cells (Figure 3.6.13.D-E). Elesclomol is highly lipophilic, 

enabling it to readily cross the blood-brain barrier (Guthrie et al., 2020). This was evidenced by 

IC50 range (Figure 3.6.12.D, F) of elesclomol concentrations in the murine cerebellum when 

administered either intraperitoneally or intravenously (Figure 3.6.13.F). Elesclomol treatment in 

orthotopic D283 Group 3 MB models reduced tumor burden and increased overall survival 

(Figure 3.6.13.G-H). This was accompanied by a significant increase in intratumoral copper 

levels (Figure 3.6.13.I). Together, these data suggest that the high expression of DLAT 

sensitizes Group 3 MB cells to elesclomol-mediated cuproptosis both in vitro and in vivo (Figure 

3.6.13.J).   

3.3 Discussion 

Group 3 MB bear the worst prognosis of all MB subgroups and exhibit high resistance to 

standard treatment approaches including radiation and chemotherapy (Northcott et al., 2019).  

Although significant efforts have yielded new insights into the DNA methylation, genomic, and 

transcriptomic profiles of these tumors, there are still no efficacious treatments that specifically 

target Group 3 MB, and overall survival rates have not changed (Fang et al., 2022; Northcott et 

al., 2019) .  I sought to define metabolic pathways in Group 3 MB and use this knowledge to 

identify metabolic therapeutic targets. From transcriptomic and metabolic assays, I identified 

DLAT, the E2 subunit of PDC, as a central metabolic dependency in Group 3 MB. C-MYC 

expression was sufficient to induce DLAT, and high DLAT expression related to poor prognosis 

within Group 3 MB.  I uncovered an unexpected role for IDH1, which was also upregulated in 

Group 3 MB. Targeting IDH1 lowered both c-MYC and DLAT levels. High DLAT expression 

primed group 3 MB to copper-induced cell death using the small molecule CNS-penetrant 

copper ionophore elesclomol. Together, my data suggest that IDH1 and c-MYC-mediated DLAT 
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upregulation in Group 3 MB render these refractory and deadly cancers vulnerable to cuproptosis 

(Figure 3.6.13.J). 

Amplification and/or overexpression of c-MYC is the most common genetic alteration in 

Group 3 MB and is linked to especially poor survival.  c-MYC plays a pivotal role in the 

modulation of cancer cell metabolism and has been shown to enhance several metabolic 

pathways including aerobic glycolysis, amino acid metabolism, TCA-cycle and oxidative 

phosphorylation metabolism, and pyrimidine synthesis in Group 3 MB (Gwynne et al., 2022; 

Marabitti et al., 2022; Martell et al., 2023; Pham et al., 2022; Tao et al., 2019).  My studies 

suggest that MYC expression alone in immortalized CB neuronal stem cells was sufficient to 

increase DLAT levels. I discovered an unexpected role for DLAT in the regulation of glutathione 

metabolism.  Knockout of DLAT in multiple group 3 MB cell models decreased glutathione 

levels via reduction of glucose-derived amino acids required for of glutathione synthesis 

including glutamate and glycine, suggesting that DLAT plays a key role in oxidative stress 

regulation in these tumors. While direct regulation of glutathione synthesis by DLAT has not 

been established in the literature, a similar glutathione reduction was noted in murine thymic 

cells upon Pdha1 knockout (Jun et al., 2021). These findings together suggest an overall 

underappreciated role for the PDC in glutathione synthesis and redox regulation.  

  I also observed upregulation of IDH1 in Group 3 MB. IDH1/2 mutations are noted in 

~70% of intermediate grade adult gliomas (Dang et al., 2009; Han et al., 2020).  Rare cases of 

MB exhibit IDH1/2 mutations, and these tumors are mutually exclusive with Group 3 MB and 

are confined to the SHH subgroup (Bezerra Salomão et al., 2018; El-Ayadi et al., 2018; Liserre 

et al., 2023; Snuderl et al., 2015). Surprisingly, genetic and pharmacologic IDH1 inhibition led to 

decreased levels of c-MYC and downstream DLAT expression in Group 3 MB. IDH1 inhibition 
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decreased c-MYC protein levels, slowed tumor growth, and lengthened overall survival in vivo 

in a Group 3 MB model. IDH1/2 mutations produce D-2HG which can increase RNA 

methylation to decreases the stability of c-MYC transcripts in leukemia cells (Su et al., 2018). 

Contrarily, IDH1 inhibition in Group 3 MB lowered chromatin accessibility at the c-MYC locus 

to decrease c-MYC expression. Therefore, my findings have suggested an unanticipated role for 

cytosolic IDH1 in c-MYC epigenetic regulation and suggest the hypothesis that small molecule 

IDH1 inhibitors could be leveraged to lower c-MYC in other c-MYC-driven cancers.  

Finally, I show that high IDH1 and DLAT levels prime Group 3 MB for cuproptosis. 

Treatment with both the copper ionophore elesclomol and IDH inhibition decreased lipoylated-

DLAT and increased intracellular copper associated with toxicity in multiple Group 3 MB 

models. Elesclomol is blood brain barrier-penetrable and lowered tumor burden and increased 

overall survival in Group 3 MB models as proof-of-principle. Elesclomol has been used in a 

small number of cancer clinical trials where it is has been combined with first-line chemotherapy 

paclitaxel in patients with refractory solid tumors including melanoma with mixed results (Monk 

et al., 2018; S. O’Day et al., 2009; S. J. O’Day et al., 2013).  Elesclomol as a mediator of 

cuproptosis has been less explored in brain cancers and may warrant further examination. 

Finally, as cuproptosis is still a novel mechanism of cell death, the mechanism by which lowered 

lipoylated-DLAT leads to cell death are unclear.  Future experiments will expand upon the role 

of stress response genes induced by elesclomol treatment identified in our study. 

In conclusion, this study demonstrates that Group 3 MB show increased expression of 

DLAT and IDH1 resulting in a metabolic vulnerability that can be exploited by the cuproptosis-

inducing agent elesclomol (Figure 3.6.13.J). Although further studies concerning the mechanism 
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of action of elesclomol are warranted, my data present novel mechanisms which give new 

therapeutic insights to a particularly deadly childhood brain cancer.   

 

3.4 Methods 

Cell Culture 

D425 cells were acquired from EMD Millipore.  D425 cells were grown in Minimum Essential 

Media (Richter’s modification) (Thermo Fisher Scientific A1048801) containing 20% FBS.  

D283 and CB Myc-overexpressing cells were acquired from Johns Hopkins University School of 

Medicine.  D283 cells were grown in Gibco MEM (Thermo Fisher 11095080) with 1mM 

glutamine, 10% FBS, and 1X MEM Non-Essential Amino Acid solution (Thermo Fisher 

11140050).  CB Myc, CB Myc+, and CB SV40 cells were grown in 70% Gibco DMEM 

(Thermo Fisher 11960) and 30% Gibco Ham’s F12 Nutrient Mix (Thermo Fisher 11765054) 

with 1x Glutamine, 2% B27 without Vitamin A (Thermo Fisher 12587010), 20ng/mL EGF 

(Peprotech  AF-100-15), 20ng/mL FGF (Peprotech 100-18B), and 5ug/ML heparin (Stemcell 

Technologies 07980).  All media compositions given in final concentrations.  All cells were 

mycoplasma free and grown in 1X penicillin-streptomycin and 1X Plasmocin Prophylactic 

(Invivogen).  

 

Western blotting 

Frozen pulverized tissues or cultured cells were lysed with 1X RIPA buffer containing protease 

and phosphatase inhibitor cocktail (Sigma-Aldrich). Lysates were centrifuged at 14,000g for 20 

min at 4°C, and supernatants were harvested. Protein concentrations in supernatants/ extracted 

histones were detected using the BCA Protein Assay (23225, Pierce). Lysates were separated by 
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SDS-PAGE on Novex 4-12% Bis-Tris gels (NP0321, Invitrogen), transferred to PVDF 

membranes, and blocked in 5% nonfat milk or 5% BSA in TBS containing 0.2% Tween-20. 

Membranes were probed with the following primary polyclonal antibodies: anti-H3 Total 

(3638S, Cell Signaling), anti-H3K4me3 (9751S, Cell Signaling), anti-H3K9me3 (13969S, Cell 

Signaling), anti-H3K27ac (07-360, Millipore Sigma), anti-H3K27me3 (9733S, Cell Signaling), 

anti- H3K36me3 (61021, Active Motif), anti-pan AKT (ab8805, Abcam), anti-p-AKT (S473) 

(9271S, Cell Signaling Technology), anti-p-AKT (T308) (4056S, Cell Signaling Technology), 

anti-p-P70 S6 KINASE (T389) (9234T, Cell Signaling Technology), anti-p-P70 S6 KINASE 

(S371) (9208S, Cell Signaling Technology), anti-4EBP1 (9452S, Cell Signaling Technology), 

anti-p-4E-BP1 (9451S, Cell Signaling Technology), anti-S6RP (2217S, Cell Signaling 

Technology), anti-p-S6 Ribosomal Protein (4858S, Cell Signaling Technology), anti-p-S6RP 

(2983S, Cell Signaling Technology), anti-p-MTOR (new) (2971S, Cell Signaling Technology), 

anti-p-MTOR (old) (5536S, Cell Signaling Technology), anti-GDF15 (ab206414, Abcam), anti-

GAPDH (2118S, Cell Signaling Technology), anti-DEPTOR (11816S, Cell Signaling 

Technology), anti-IDH1 (8173S, Cell Signaling Technology), anti-IDH2 (56439S, Cell Signaling 

Technology), anti-IDH3A (15909-1-AP, Proteintech), anti-E4F1 (sc-514718, Santa Cruz 

Biotechnology), anti-BMI1 (5856S, Cell Signaling Technology), anti-C-MYC (ab32072, 

Abcam), anti-Bax (2772S, Cell Signaling Technology), anti-ATF3 (PA5-36344, Invitrogen), 

anti-EYA2 (PA5-66243, Invitrogen), anti-ARX (PA5-47896, Invitrogen), anti-Vinculin (V9264, 

Sigma-Aldrich), anti-β-ACTIN (A544, Sigma-Aldrich), anti-DLAT (Santa Cruz Biotechnology 

sc-271534), anti-lipoic acid (Abcam ab58724), anti-DLD (Santa Cruz Biotechnology sc-

376890). Detection was performed with horseradish-peroxidase-conjugated anti-rabbit/mouse 
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secondary antibody (6515/6516, Bio-Rad).  Some blots were imaged with iBright Imaging 

System (Thermo Fisher). 

 

Copper quantification via inductively coupled plasma mass spectrometry (ICP-MS) 

All cells were grown in respective growth media, then collected, counted, and resuspended in 

DMEM.  High purity nitric acid was obtained from SCP Science (Quebec, Canada), and 

ultrapure water (18.2 MΩ·cm) was obtained from a Millipore Milli-Q system (Burlington, MA, 

USA). Samples were digested in 70% nitric acid, followed by dilution in 2% Nitric acid for ICP-

MS analysis. The instrument analysis was conducted using a Nexion 300D ICP-MS (Perkin 

Elmer, Shelton, CT). All results are reported in parts per million (ppm) on a wet weight basis.   

 

Intracellular glutathione quantification 

Glutathione (GSH) levels were detected and quantified using the GSH-Glo Glutathione Assay 

Kit from Promega (catalog number: V6911). The assay procedure for mammalian cells in 

suspension was used as instructed. First, culture cells were collected using Accutase (Fisher 

Scientific #AT-104), then pelleted by centrifugation and resuspended in PBS. Next, cells were 

counted using the Countess III Cell Counter (Thermo Fisher Scientific). Depending on optimized 

cell number, either 5,000 or 10,000 cells were plated in a white bottom 96-well plate in 50 uL of 

PBS in replicates of six. 50µL of GSH-Glo Reagent 2X was then added to each well.  After 

covering with foil and briefly shaking on rocker, the plate was then incubated at room 

temperature. After 30 minutes, 100µL of Luciferin Detection Reagent was added to each well. 

After 15 minutes, luminescence was measured on plate reader and converted to GSH 

concentration (uM). Results were normalized to positive control. 
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Small interfering RNA (siRNA) transduction 

Mission siRNA Transfection Reagent (Sigma Aldrich S1452) and Mission siRNAs were used to 

knockdown IDH1 levels in the D283 and D425 cells.  The published protocol for forward siRNA 

transfection into adherent cells in 6 well plates was used for this experiment. Briefly, each of the 

siRNA reactions were run in replicates of six.  150,000 target cells were plated in 4 mL of 

antibiotic free culture media per well in a 6-well plate.  Plates were incubated at 37°C overnight 

to allow adherent cells to adhere. The next day, master mixes containing 1200 µL of Opti-Mem 

medium, 66µL Mission siRNA transfection reagent, and 18 µL siRNA (for a total of 15nM 

siRNA per reaction) were prepared for each siRNA. After mixing, the master mixes were 

incubated at room temperature for 15 minutes.  During incubation, old media was removed, and 

fresh antibiotic-free media was added to each 6 well.  Then, 200 µL of each master mix was 

added dropwise to each well from each respective plate.  After 48 hours of incubation at 37°C, 

cells were pooled from each 6 well plate and extracted for protein for subsequent Western 

Blotting (as described above) to confirm siRNA-mediated knockdown of IDH1.   

 

Cell lysate preparation and histone extraction 

Histone was collected by acid extraction. Briefly, suspension cells were washed with PBS 

(Gibco #10010-023) and, after centrifugation, the cell pellet was resuspended with hypotonic 

lysis buffer (10 mmol/L Tris HCl pH8.0, 1 mmol/L KCl, and 1.5 mmol/L MgCl2) supplemented 

with a cocktail of protease (Sigma #P8340) and phosphatase (APExBIO #K1012) inhibitors. 

After nuclei isolation under rotation at 4°C for 30 minutes followed by centrifugation, the 

supernatant was discarded, and pelleted nuclei were resuspended with sulfuric acid (0.4 N 
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H2SO4) and incubated under rotation at 4°C overnight. After centrifugation, the histone-

containing supernatant was transferred to another tube, mixed with trichloroacetic acid (Sigma 

#T0699), and incubated on ice for 30 minutes. Next, the tube was centrifuged, supernatant 

discarded, and isolated histones in the tube were washed twice with ice-cold acetone with a 5-

minute centrifugation between each wash. Histones were air-dried at room temperature and 

resuspended with double distilled water. For whole-cell protein extraction, cells were washed 

with PBS and the pellet formed after centrifugation was resuspended with RIPA lysis buffer 

(Thermo Fisher Scientific #8990) supplemented with a cocktail of protease (Sigma #P8340) and 

phosphatase (APExBIO #K1012) inhibitors. After lysis under rotation at 4°C for one hour, the 

lysate mix was centrifuged and whole-cell protein-containing supernatant was transferred to 

another tube. Histones and whole-cell protein lysates were quantified with Pierce BCA Protein 

Assay Kit (Thermo Fisher Scientific #23225) reagent. 

 

ATAC-Seq  

ATAC sequencing was performed by the epigenetic services of Active Motif company (Active 

Motif), and samples were prepared according to the company’s protocol. Briefly, following 

treatment with 1 µM AU-15330 or DMSO for 24 h, DIPG007 cells were centrifuged, 

resuspended, and incubated in growth media with DNase solution at 37 °C for 30 min. Next, 

cells were centrifuged, and the pellet was resuspended in ice-cold PBS. Following cell count, a 

volume accounting for 100,000 cells was transferred to two separate tubes (representing two 

biological replicates), which were centrifuged and supernatant discarded. The remaining cell 

pellet was resuspended in ice-cold cryopreservation solution (50% FBS, 40% growth media, and 

10% DMSO) and stored in a −80 °C freezer until shipping. ATAC-Seq data were aligned to hg38 
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human reference genome. Comparative analysis was performed by a standard normalization 

method, and peaks were determined using the MACS 3.0.0 algorithm at a cutoff of P-value 

1×107, without control file, and with the -nomodel option. False peaks were removed according 

to the ENCODE blacklist. 

 

Glycolysis and mitochondrial stress tests 

Cells were either unmodified, transduced with shDLAT, or pretreated with 10µM IDH1inh for 

48 hours before seeding into XF96 cell culture microplates (Agilent Technologies #101085-

004) coated with CellTak (Corning #354240) in XF DMEM (Agilent Technologies #103575-

100) for 6 to 8 replicates. For glycolysis stress tests, XF DMEM was supplemented with 2.5 

mmol/L glutamine and 0.5 sodium pyruvate (Agilent Technologies #103579-100 and #103578-

100). For mitochondrial stress tests, XF base media were supplemented with 17.5 mmol/L 

glucose, 2.5 mmol/L glutamine, and 0.5 sodium pyruvate (Agilent Technologies #103577-100, 

103579-100, and 103578-100). XFe96 sensor cartridges (Agilent Technologies #102416-100) 

were loaded with glucose, oligomycin, and 2-deoxy-D-glucose for glycolysis stress tests (Agilent 

Technologies #103020-100) or oligomycin, FCCP, and rotenone/antimycin A for mitochondrial 

stress tests (Agilent Technologies #103015-100). Glycolysis and mitochondrial stress tests were 

performed with a Seahorse XFe96 Analyzer (Agilent Technologies) using standard drug 

injection and OCR and ECAR measurement protocols defined in the Seahorse Wave Desktop 

Software (Agilent Technologies). Results were normalized to the number of cells seeded 

immediately prior to assays. 

 

Cell proliferation and viability assays 
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The proliferation and viability of cells after drug treatment was assessed by trypan blue 

exclusion assays. Cells were seeded at a density of 20,000 cells per well in a 24-well plate and 

were left overnight. For drug treatment experiments, cell were then either treated with elesclomol 

(Selleck #S1052), IDH1inhibitor 2 (Adooq #A18420), PTC-028 (MedChemExpress #HY-

103696), or normal media at indicated concentrations for the indicated time periods following 

which they were lifted from the plate using Accutase (Fisher Scientific #AT-104) and counted 

using the Countess III cell counter (Thermo Fisher Scientific). Cell number (Y-axis) for each cell 

line was calculated as a percentage of living cells normalized to the untreated controls (average 

number of cells alive in the untreated wells).  For experiments involving hydrogen peroxide 

treatment, cell viability was assessed using the CellTiter-Glo® 2.0 Cell Viability Assay 

(Promega #G9242) according to manufacturer’s instructions. Briefly, 5,000 cells were seeded (in 

triplicate/condition) in a solid bottom white-walled 96-well plate and incubated with different 

concentrations of the drug for 5 d. Luminescence signal was detected using a BioTek Synergy 

HTX Multi-Mode microplate reader (Agilent company), and relative light unit (RLU) was 

analyzed with GraphPad Prism 10.1.1 (GraphPad software). Percentage of cell viability was 

calculated by dividing the RLU of hydrogen peroxide-treated sample by the RLU of the control 

and multiplying by 100. 

 

shRNA-mediated gene knockdown 

DLAT gene was knocked down in DIPG007 cells by using shDLAT-containing lentiviral 

particles generated according to the LentiStarter 3.0 kit (SBI #LV060-1, Palo Alto, CA). Briefly, 

HEK293T cells were transfected with 700 ng of three independent human shDLAT plasmids 

purchased from Sigma-Aldrich (clone IDs: TRCN0000035920 = shDLAT#1, TRCN0000290474 
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= shDLAT#2, TRCN0000035923 = shDLAT#3). HEK293T-transfected media containing 

lentiviral particles were collected 72 hr post transfection and filtered with a 0.45 µm-syringe 

filter. Next, the filtered lentiviral particles were added into media of previously plated D283, 

D425, or CB Myc cells, and 48 hr post transduction, culture media was replaced by fresh growth 

media. After an additional 48 hr, media was supplemented with 1 μg/mL puromycin for selection 

of successfully transduced cells.  Knockdown was confirmed via Western Blotting.  

 

MetaboAnalyst Analysis 

Pathway impact analysis is a method that calculates the impact of a pathway by combining two 

types of evidence: changes in gene expression and metabolite levels upon knockdown of DLAT 

or treatment with IDH1inhibitor.  Pathway impact analysis was performed using publicly 

available software (https://www.metaboanalyst.ca/) that enables integration of metabolic gene 

expression with changes in metabolite treatments.  

 

Bioluminescence measurement and analysis 

Successful tumor formation was verified by checking for bioluminescence after injecting the 

tumor-engrafted mice with luciferin (15 mg/mL, GoldBio, LUCK 115144-35-9) using the IVIS 

Spectrum (Perkin Elmer) instrument. Once anesthetized, a sequence of bioluminescence images 

were recorded to capture the peak flux intensity value for each animal. This was normalized to 

its initial baseline measurement for fold change calculation. For immunohistochemistry of the 

brain tumors, animals were sacked and cerebella (containing tumors) were excised from each 

mouse. The endpoints of the animal trial were defined based on IACUC guidelines, and animal 
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welfare was prioritized. Swelling of the head, lack of mobility, and loss of weight/appetite were 

all considered as key criteria for euthanasia of tumor-bearing animals. 

  

In vivo pharmacological treatment 

Tumor engraftment/establishment was verified by bioluminescence measurements. The flux 

density was calculated, and treatment regimens were initiated only after it reached a pre-defined 

threshold (>105 photons/sec). Two independent baseline measurements were recorded for every 

animal in the trial to ensure tumor growth and to avoid possible technical artifacts. Subsequent 

bioluminescent readings were normalized to the baseline measurements to calculate the fold 

change in the signal which is then used as a metric to assess tumor progression.  Animals were 

randomized into control group and drug-treated group to prevent bias with initial bioluminescent 

readings at start of each trial.  Elesclomol was prepared fresh and given daily via intraperitoneal 

injection, and the formulation was as follows: 5% drug diluted in DMSO, 40% PEG300, 5% 

Tween 80, and 50% water for a final injection volume of 100uLat a concentration of 40mg/Kg 

animal body weight.  IDH1inhibitor was first diluted to 10mM in DMSO and then diluted in PBS 

and injected intraperitoneally at a concentration of 10mg/Kg animal body weight.     

 

In vivo D283 orthotopic injections 

Orthotopic models of medulloblastoma were established in NSG animals by injecting 1*105 

D283 medulloblastoma cells in the cerebellum, 2mm posterior and 1.5mm lateral (right) from the 

bregma using a stereotaxic apparatus. Prior to implantation, the mice were anesthetized by 

intraperitoneal injection of ketamine (90 mg/kg) and dexmedetomidine (0.6 mg/kg). Carprofen 

(5.5 mg/kg) was used as an analgesic to alleviate any pain post- surgery. A total volume of 2μL 
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of cells resuspended in sterile PBS was injected using a Hamilton syringe through a burr hole 

drilled at the location described. Following the surgery, the surgery site was treated with iodine 

and sealed with a wound clip to avoid infection. The animals were then revived using 

atipamezole (1.25 mg/kg). The cells were made bioluminescent prior to injection by transfecting 

them with firefly luciferase. 

 

RNA-Sequencing 

RNA was isolated using Trizol (Invitrogen 15596-026) and treated with DNase (Sigma, 9003-

98-9). RNA-sequencing was then performed by the Advanced Genomics Core at the University 

of Michigan.  RNA was assessed using the TapeStation (Agilent) and Qubit RNA broad-range 

assay (Thermofisher). Samples with RINs (RNA Integrity Numbers) of 8 or greater were 

prepared using the NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB), xGen Broad-

range RNA Library Prep (IDT), and xGen Normalase UDI Primer Plate 2 (IDT). Where 200ng 

of total RNA was converted to mRNA using polyA purification. The mRNA is then fragmented 

and copied into first strand cDNA using reverse transcriptase and random primers. The 3 prime 

ends of the cDNA are then adenylated and adapters are ligated.  The products are purified and 

enriched by PCR to create the final cDNA library. Final libraries were checked for quality and 

quantity by Qubit hsDNA (Thermofisher) and LabChip (Perkin Elmer). The samples were 

pooled and sequenced on the Illumina NovaSeq S4 Paired-end 150bp, according to 

manufacturer's recommended protocols. 

 

Metabolite extraction and analysis 
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Metabolite extraction was performed as previously described (Chung, et al. Cancer Cell, 2020). 

Metabolites were assessed from snap frozen tumors, normal tissues and cells in culture. Snap 

frozen tissues were pulverized in liquid nitrogen. For cells, 2x106 D283 and shDLAT#1 D283 

cells were plated in 1X MEM and metabolites were extracted at 24hr to assess steady metabolite 

levels. For metabolite analyses involving drug inhibition, metabolites were extracted from 4x106 

D283 cells treated with 10µM IDH1inhibitor for two days or 50nM treated with elesclomol for 

four days.  Media was aspirated and cells were washed with 2ml of ice-cold saline and quenched 

with ice-cold methanol and processed for metabolite analyses. Tissues and cells were quenched 

with 500 µl of -20°C HPLC-grade methanol followed by addition of 200 µl of HPLC-grade ice-

water. Tissue extracts were further processed using a Precellys Evolution homogenizer (Bertin 

Instruments) operating a single 10s cycle at 10000 rpm and cells were scraped with a 1000 µl 

pipette tip. Samples were then collected in 1.5 ml Eppendorf tubes and 500 µl of -20°C 

chloroform was added to each tube and vortexed for 10 min at 4°C. Extracts were centrifuged at 

14,000g for 5 min at 4°C. The upper aqueous phase was collected in a separate tube and 

evaporated under nitrogen. Dried metabolite extracts were resuspended in HPLC-grade water at 

volumes corresponding to the protein concentration of each sample. Two chemical 

derivatizations were performed. For amine derivatization, 20 µl of sample was added to 80 µl 

methanol and derivatized using 10 µl triethylamine and 2 µl benzylchloroformate. For carboxylic 

acid derivatization, 10 µl of sample was added to 10 µl of 250 mM 3-nitrophenylhydrazine in 

50% methanol, 10 µl of 150 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide HCL in 

methanol, and 10 µl of 7.5% pyridine in methanol and allowed to react at 30°C for 30min. After 

this, 8 µl of 2 mg/ml butylated hydroxytoluene in methanol was added and samples were diluted 

with 112 µl of water. Samples were transferred to HPLC vials for analysis. LC-MS/MS analysis 
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was performed with ion-paring reverse phase chromatography using an Ascentis Express column 

(C18, 5 cm x 2.1 mm, 2.7 µm) for separation and a Waters Xevo TQ-S triple quadrupole mass 

spectrometer operated in negative mode as the mass analyzer. Metabolite levels were normalized 

to internal standard PIPES (1,4-Piperazinediethanesulfonic acid). Peak processing was 

performed using Metabolomic Analysis and Visualization Engine (MAVEN, http://genomics-

pubs.princeton.edu/mzroll). Metabolanalyst (https://www.metaboanalyst.ca/) was used to 

perform pathway impact analysis. 

 

 

 

13C-Isotope tracing and analysis 

Metabolic tracing experiments were conducted as previously described (Chung, et al. Cancer 

Cell, 2020) . Untreated or shDLAT#1 D283 cells were incubated with glucose-free(with 

additives) supplemented with 25 mM [U-13C]-glucose (Cambridge Isotope Laboratories). After 

24 hours, cells were collected by centrifugation at 1200 rpm for 5 minutes, washed in PBS and 

rapidly quenched with 800 µL of ice-cold methanol/water (1:1) solution containing 1 µg of 

Norvaline. Cells were scraped while keeping the plate on ice, followed by addition of 800 µL of 

chloroform. Cell extracts were transferred to microcentrifuge tubes and vortexed for 30 minutes 

at 4 °C. Metabolite extracts were centrifuged at 14,000g for 10 mins, following which the 

water/methanol phase containing polar metabolites were transferred to fresh microcentrifuge 

tubes and dried in a SpeedVac. To derivatize the dried metabolites, 30 µL of methoxyamine 

hydrochloride (MOX, Thermo Scientific) was added and samples were incubated at 30 °C for 2 

hours with intermittent vortexing. Then, 45 µL of MBTSTFA+1% TBDMCS was added to the 
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samples and incubated at 55 °C for 1 hour. Samples were transferred to GC vials with glass 

inserts. Analysis was performed using an Agilent 7890 GC connected to an Agilent 5977B MS 

using a 30-m HP-5MSUI capillary column. For analyzing amino acids, organic acids and 

glycolytic intermediates, the following heating cycle was used: 100 °C for three minutes, 

followed by a ramp of 5 °C/min to 300 °C and held at 300 °C for a total run time of 48 min. Data 

was acquired in scan mode. The relative abundance of metabolites was calculated from the 

integrated signal of all potentially labeled ions for each metabolite fragment. Mass Isotopologue 

Distributions (MID) were corrected for natural abundance using IsoCor prior to analysis with the 

model. Metabolite levels were normalized to internal standard (Norvaline’s signal) and 

quantified using 6-point calibration with external standards for 19 polar metabolites. 
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 Here, I will detail my contribution to this project.  I performed differential gene 

expression analysis in Fig 3.6.1.  I also identified uniquely upregulated/downregulated gene 

programs using Enrichr in Fig 3.6.1.  I performed hazard ratio, Kaplan-Meier, DLAT expression, 

and contingency analysis in Fig 3.6.2.  I cultured, extracted protein, and ran Western Blots 

probing for MYC and DLAT in lysates from CB SV40, CB Myc, and CB Myc+ cells in Fig 

3.6.3.  I performed shRNA-mediated knockdown of DLAT in CB Myc, D283, and D425 cells 

and ran all Western Blots in Fig 3.6.4.  I also extracted RNA and metabolites from D283 cells 

with/without DLAT knockdown for subsequent transcriptomic/metabolomic analysis in Fig 

3.6.4., Fig 3.6.5, and Fig 3.6.6.  I assayed hydrogen peroxide sensitivity in D283 cells 

with/without DLAT knockdown in Fig 3.6.6.  I orthotopically injected D283 cells with/without 

DLAT knockdown into the murine cerebellum, and I monitored these mice weekly using IVIS 

bioluminescent imaging in Fig 3.6.7.  I performed experiments inhibiting IDH1, E4F1, and 

BMI1 and using Western Blot to probe for DLAT in Fig 3.6.8.  I cultured and prepared cells for 

ATAC-seq and transcriptional analysis in Fig 3.6.9.  I treated cells with IDH1 inhibitor and 

performed cell counts in Fig 3.6.10.  I also orthotopically injected mice with D283 cells, treated 

them with the IDH1 inhibitor, and used IVIS imaging to monitor tumor growth in Fig 3.6.10.  I 

performed transcriptional, contingency, and Kaplan-Meier analysis to query expression and 

relevance of a pro-cuproptosis signature in Group-3 MB in Fig 3.6.11.  I performed cell counts 

and Western Blots of all Group-3 MB cell lines shown in Fig 3.6.12 to show that higher DLAT 

levels correlate with increased sensitivity to cuproptosis.  I also cultured and collected cells for 

copper analysis in Fig 3.6.12.  Finally, I treated D283-injected orthotopic mouse models with 
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elesclomol, monitored their growth via IVIS imaging, and collected/prepared brains for 

intracellular copper analysis in Fig 3.6.13. 

 

3.6 Figures and Figure Legends 

 

Figure 3.6.1 Group 3 MB show upregulation of oxidative phosphorylation, TCA cycle, and pantothenate 

and CoA biosynthesis pathway genes 
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(A) Schematic of four medulloblastoma subgroups and metabolic gene enrichment analysis within each 

molecular subgroup. (B) Heatmap of differentially expressed metabolic genes determined by bulk RNA-

seq in two independent patient cohorts. Left panel is from Smith, et al. 2022 (Smith et al., 2022) showing 

analysis from Group 3 (n=98), Group 4 (n=95), SHH (n=84), and WNT (n=29) cases. Right panel is from 

Cavalli, et al., 2017 (Cavalli et al., 2017) showing analysis from Group 3 (n=144), Group 4 (n=326), SHH 

(n=223), and WNT (n=70) tumors. (C) Commonly upregulated (left) and downregulated (right) genes in 

each MB subgroup identified from Smith, et al., Nature, 2022 and Cavalli, et al. Cancer Cell, 2017.  

Group 3: 90 upregulated, 18 downregulated; Group 4: 102 upregulated, 26 downregulated; SHH: 124 

upregulated, 89 downregulated; and WNT: 91 upregulated, 74 downregulated. (D) Violin plots showing 

single cell RNA-seq expression of metabolic genes identified from B in Group 3 (n=2731), Group 4 

(n=2093), SHH (n=1123), WNT (n=1685) and non-assigned (NA, n=43) single cells from Smith et al., 

2022. (E-F) KEGG-based gene set enrichment analysis of overlapping upregulated (E) or downregulated 

(F) metabolic genes within each medulloblastoma subgroup from Smith et al. and Cavalli et al. 
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Figure 3.6.2 Group 3 MB show upregulation of DLAT that relates with poor outcome 

(A) Schematic showing the commonly upregulated genes in Group 3 medulloblastoma related to 

glycolysis and TCA-cycle metabolism. (B) Acetyl-CoA to pyruvate ratio (Y-axis, a.u.) in patient-derived 

SHH (red, n=4), Group 3 (yellow, n=4), and Group 4 (green, n=3) MB patient tumor samples. (C) 
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Kaplan-Meier survival analyses were performed for genes contained in the upregulated KEGG pathways 

indicated in Figure 3.6.1.E for each medulloblastoma subgroup. Median gene expression values were 

used to define high expression (above median) versus low expression (below median) and Log-Rank test 

was performed between the two groups.  Mantel-Haenszel hazard ratios are indicated for each gene (Y-

axis).  Higher hazard ratio indicates poorer associated survival outcome. P-value for each gene was 

determined by Log-rank test, significant p-values are indicated  in red. (D) Kaplan-Meier survival curves 

for overall survival between DLAT high and DLAT low (defined as above or below median expression 

levels) Group 4 (DLAT high n=163, DLAT low n=163), SHH (DLAT high n=112, DLAT low n=111), 

and WNT (DLAT high n=35, DLAT low n=35) MB. (E) Violin plots displaying bulk RNA-seq 

expression of DLAT from the Cavalli dataset [Group 3 (n=144), Group 4 (n=326), SHH (n=223), and 

WNT (n=70) cases]. (F) DLAT expression in Group 3 medulloblastomas was classified as DLAT high 

(red, n=72, above median) and DLAT low (blue, n=72, below median) and Kaplan-Meier survival 

analysis was performed between the two groups. (G) Frequency (% of cases, Y-axis) of Alpha, Beta, and 

Gamma Group 3 MB molecular subtypes in DLAT high (n =72) versus DLAT low (n=72) tumors. (H) 

Frequency (% of cases, Y-axis) of histologic subtypes in DLAT high (n =72) versus DLAT low (n=72) 

Group 3 MB.  LCA = large-cell anaplastic, MBEN = medulloblastoma with extensive nodularity, NA = 

classification not available. 
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Figure 3.6.3 DLAT is induced by c-MYC 

(A) Representative Western Blot for c-MYC and DLAT in SV40 immortalized human cerebellar neural 

stem cells (CB SV40) transduced with c-MYC overexpression vector (CB MYC), or c-MYC 

overexpression with p53 inactivation by shRNA (CB MYC+).  Vinculin used as loading control. Arrows 

indicate c-MYC and DLAT protein levels. (B) Pearson’s Correlational analyses of c-MYC (a.u., X-axis) 

versus DLAT (a.u., Y-axis) expression levels in Group 3 MB tumor samples. Pearson’s correlational 

coefficient R and P value are indicated. 
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Figure 3.6.4 DLAT knockdown is toxic and alters metabolism in Group 3 MB 

(A) Representative Western Blot for DLAT in two Group 3 medulloblastoma cell lines (D283 and D425) 

and CB MYC cells with or without DLAT shRNAs (#1-3).  Beta-Actin or Vinculin used as loading 

control.  Arrow indicate DLAT protein levels. (B) Bar plot of cell counts (normalized to control, y-axis) 

in D283, D425, and CB MYC cells (n=4-8) with or without shDLAT knockdown from A. (C) Left: 

Unbiased RNA-sequencing and metabolomics were performed in D283 cells with or without shDLAT #1. 

Right: Heatmaps illustrating differentially expressed genes determined by RNA-seq and differential 

metabolites determined by snapshot metabolomics in D283 cells with or without shDLAT #1. (Blue = 

downregulated, red = upregulated, n=3 for each group). (D) Bar graph depicts Hallmark GSEA analysis 

of all genes identified as significantly downregulated (left) or upregulated (right) in D283 with or without 

shDLAT #1 (n=3 each). Negative log10 adjusted p-values plotted on the X-axis. (E) Unbiased integrated 

MetaboAnalyst pathway impact analysis performed in shDLAT#1 versus control D283 cells using all 

downregulated genes and metabolites. 
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Figure 3.6.5 Complete knockdown of DLAT impairs mitochondrial metabolism in Group 3 MB cell 

models 

(A) Seahorse mitochondrial stress test showing indicated parameters (Z-score, Y-axis) plotted against 

time (minutes, X-axis) in D283 (circles) and CB MYC (squares) cells with (purple) or without (black) 

shDLAT#1 (n=6-8 for each group).  (B) Seahorse mitochondrial stress test showing oxygen consumption 

rate (OCR, mPH/min/10,000 cells, Y-axis) plotted against time (minutes, X-axis) in CB MYC cells with 

(purple) or without (black) shDLAT#1 (n=3-8 for each cell line). (C) Seahorse mitochondrial stress test 
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showing oxygen consumption rate (OCR, mPH/min/10,000 cells, Y-axis) plotted against time (minutes, 

X-axis) in D283 cells without (black) or with shDLAT#1 (purple), or with shDLAT#2 (light purple) 

(n=6-8 for each cell line).  (D) Seahorse glycolytic stress test showing indicated parameters (Z-score, Y-

axis) in D283 (circles) and CB MYC (squares) cells with (purple) or without (black) shDLAT#1 (n=6-8 

for each cell line).  (E) Seahorse of glycolysis stress test showing extracellular acidification rate (ECAR, 

mPH/min/10,000 cells, Y-axis) plotted against time (minutes, X-axis) in CB MYC cells with (purple) or 

without (black) shDLAT#1 (n=3-8 for each cell line). (F) Seahorse of glycolysis stress test showing 

extracellular acidification rate (C, ECAR, mPH/min/10,000 cells, Y-axis) plotted against time (minutes, 

X-axis) in in D283 cells without (black) or with shDLAT#1 (purple), or with shDLAT#2 (light purple) 

(n=6-8 for each cell line).  (G) Schema of [13C6]-glucose tracing into the TCA-cycle. (H) Fractional mean 

enrichment of glucose-derived -ketoglutarate (m+2), succinate (m+2), fumarate (m+2), malate (m+2), in 

D283 cells with (purple) or without (black) shDLAT#1 (n=5 for each). 
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Figure 3.6.6 DLAT regulates glutathione metabolism 

(A) Glutathione levels (normalized to control, Y-axis) in D283 (n=14 for each group), D425 (n=6 for 

each group), and CB MYC (n=11 for each group) cells with or without shDLAT (#1-3). (B) Schematic of 

glutathione synthesis from glutamate, glycine and cysteine. (C) Fractional mean enrichment of glucose-

derived glutamate (m+2), serine (m+3), and glycine (m+2) in D283 cells with (purple) or without (black) 

shDLAT#1 (n=5 for each). (D) Cell viability of D283 cells with or without shDLAT#1 (normalized to 

untreated controls, Y-axis) treated with vehicle or 25µM hydrogen peroxide (n=3-4 per group). (E) 

Glutathione (a.u., Y-axis) levels in patient-derived SHH (maroon, n=4), Group 3 (purple, n=4), and Group 

4 (green, n=3) MB. 
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Figure 3.6.7 Inhibition of DLAT slows tumor growth and increases survival in vivo 

(A) Representative bioluminescent images of NOD scid gamma (NSG) mice orthotopically 

implanted with either D283 (n=11) or shDLAT (D283 shDLAT1, n=9, and D283 shDLAT2, 

n=8) cells. (B) Kaplan-Meier survival analysis of mice from J. (Y-axis, percent survival of mice; 

X-axis, time as a function of days). 
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Figure 3.6.8 Targeting IDH1 lowers DLAT levels 

(A) Representative Western Blots for IDH1 and DLAT in Group 3 D425 (left panel) and D283 (right 

panel) cells with or without IDH1 siRNAs (3-4 independent).  GAPDH and Vinculin used as loading 

control for D425 and D283, respectively. Arrows indicate IDH1 and DLAT protein levels. (B) 

Representative Western Blots for DLAT in Group 3 MB cell lines D425 (left), D458 (middle), and D283 

(right) that were either treated with vehicle or 10µM IDH1inh for 48 hours. Arrow indicate DLAT protein 

levels. (C) Representative Western Blot for DLAT (arrow) in D425 (left panel) and D283 (right panel) 

cells that were either treated with vehicle, 3µM, or 10 µM of IDH1inh. Vinculin used as loading control. 



 130 

Arrow indicates DLAT protein levels. (D) Relative expression of DLAT measured by quantitative reverse 

transcription polymerase chain reaction (qRT-PCR) in vehicle (blue, left) versus IDH1inh (10 µM, 48h, 

purple, right) treated D283 cells. (n=3, each). (E) Representative Western Blots for IDH1, DLAT, and 

PDHB in D283 cells treated with vehicle, 3µM, or 10µM of IDH1inhibitor (48h).  Vinculin used as 

loading control. Arrow indicates DLAT protein levels. (F) Representative Western Blots for E4F1 and 

DLAT in D283 cells with or without shE4F1 (two independent shRNAs). Vinculin used as loading 

control. (G) Representative Western Blots for BMI1 and DLAT in D283 cells treated with vehicle, 

0.5µM, or 1µM BMI1 inhibitor PTC-028 (48h). Vinculin used as loading control. 
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Figure 3.6.9 IDH1inh raises global H3K27me3 and alters chromatin accessibility of transcription factors 

(A) Representative Western Blots for histone marks H3K27me3, H3K9me3, H3K4me3, H3K36me3, and 

H3K27ac in D283 (left) and D425 (right) cells that were either treated with vehicle, or 3µM, or 10µM 

IDH1inh for 48 hours.  Total Histone 3 used as loading control. Arrow indicate each histone H3 
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modification. (B) Left panel: Heatmap of significantly differentially expressed genes determined by 

RNA-sequencing in D283 cells treated with vehicle (left) or 10µM IDH1inh (right) for 48 hours. Right 

panel: Bar graph depicts MSigDB Hallmark GSEA of all significantly downregulated genes in IDH1inh 

vs vehicle treated D283 cells. (Negative Log10 adjusted p-values plotted on the X-axis). (C) Bar graph 

depicts MSigDB Hallmark GSEA of all significantly upregulated genes in IDH1inh versus vehicle-treated 

D283 cells.  Negative log10 adjusted p-values plotted on the X-axis. (D-E) Heat maps showing genes with 

significantly reduced (D) or increased (E) chromatin accessibility (ATAC-seq) in IDH1inh versus 

vehicle-treated D283 cells (n = 2, each). (F) Starburst plot showing relationship between chromatin 

accessibility (ATAC-seq, Log2 fold change, X-axis) and differentially expressed genes by RNA-seq (Log2 

fold change, Y-axis) in IDH inh versus vehicle treated D283 cells. Blue dots in top right quadrant 

represent genes that showed significantly increased chromatin accessibility and were upregulated. Purple 

dots in lower left quadrant represent genes that showed significantly decreased chromatin accessibility 

and were downregulated.  ATF3 = Activating Transcription Factor 3); ARX = Aristaless Related 

Homeobox, X-linked. (G) Representative ATAC-seq tracks in vehicle-treated (top, blue) and IDH1inh 

(bottom, purple)-treated D283 cells at the c-MYC gene locus. (H) Representative ATAC-seq tracks in 

vehicle-treated (top, blue) and IDH1inhibitor-treated (bottom, purple) D283 cells at the ATF3 gene locus. 

(I) Representative Western Blots for DLAT, ATF3, and ARX in vehicle-treated (left) and IDH1inh-

treated D283 cells.  GAPDH used as loading control. Arrow indicates DLAT, ATF3, and ARX protein 

levels. 
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Figure 3.6.10 IDH1inh lowers c-MYC levels and induces toxicity in vitro and in vivo 

(A) Representative Western Blots for c-MYC in D425 (left panel) and D283 (right panel) cells with or 

without siIDH1 transduction.  Vinculin used as loading control for both. Arrow indicate c-MYC protein 

levels. (B) Representative Western Blots for c-MYC in Group 3 cell lines D425, D458, and D283 and CB 

MYC that were treated with vehicle or IDH1inh (10µM, 48 hours).  GAPDH used as loading control. 

Arrow indicate c-MYC protein levels. (C) Bar plot of cell counts (Y-axis, trypan-blue exclusion assay) in 

D283 (left panel) and D425 (right panel) cells treated with vehicle (blue), or 3µM (light purple), or 10 µM 

(dark purple) of IDH1inh for 48 hours. (n=6, each). (D) Representative bioluminescent images of NSG 

mice that were orthotopically implanted with D283 cells treated with vehicle or IDH1inh (10mg/kg, i.p., 

thrice weekly, 11 weeks) (E-F) Representative images (E,high and low to demonstrate range of 

expression) and blinded quantification (F) of c-MYC immunostaining in D283 orthotopic mouse models 

treated with vehicle (left, blue, n=11) or IDH1inh (right, purple, n=11). (G) Kaplan-Meier survival curves 

from mice orthotopically implanted with D283 cells treated with vehicle (left, blue, n=11) or IDHinh 

(right, purple, n=11). 
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Figure 3.6.11 Group 3 MB have high expression of genes that confer cuproptosis sensitivity which 

correlates with poor clinical outcomes 

(A) Violin plot showing expression of genes conferring cuproptosis sensitivity (DLAT, DLD, PDHA1, 

PDHB, FDX1, and LIAS) among the four MB subgroups. (B) Heatmap showing relative expression of 

genes associated with cuproptosis sensitivity (top) including DLAT, DLD, PDHA1, PDHB, FDX1, and 

LIAS, and genes associated with cuproptosis resistance (bottom) including GLS, MTF1, and CDKN2A, 

in Group 3 (n=144), Group 4 (n=326), SHH (n=223), and WNT (n=70) MB. Red indicates relative higher 

expression, and blue indicates lower expression.  (C) Kaplan-Meier survival analysis in Group 3 MB with 

high versus low expression of cuproptosis-sensitivity genes (Cuproptosis high, above average median 

n=72) or low expression (Cuproptosis Low, below average median, n=72). (D-E) Frequency of Group 3 

MB molecular subtypes (D) or Group 3 histological classification (E) of cuproptosis high (n =72) versus 

cuproptosis low (n=72) Group 3 MB. (F) Violin plot showing expression of genes conferring cuproptosis 

resistance (GLS, MTF1, and CDKN2A) among the four MB subgroups.    
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Figure 3.6.12 DLAT sensitizes Group 3 MB cell lines to cuproptosis  

(A) Schematic of elesclomol-driven cuproptosis. Elesclomol is a copper (Cu) ionophore that lowers 

lipoylation of DLAT to mediate cuproptosis. (B) Representative Western Blots for lipoylated-DLAT in 

D425 and D283 cells treated for 2 hours with indicated concentrations of elesclomol.  Beta-Actin and 
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Vinculin used as loading controls, respectively. Arrow indicates lipoylated-DLAT protein levels. (C) 

Representative Western Blots of lipoic acid-conjugated proteins in D283 cells upon indicated doses of 

elesclomol after 96-hour incubation.  Lipoylated-DLAT (top band, 70kD) and GCSH (bottom band, 18 

kD) highlighted with black boxes.  Vinculin used as loading control. (D) Cell counts (Y-axis) in CB 

SV40, CB MYC, and CB MYC + p53 cells treated with indicated concentrations of elesclomol (X-axis) 

and 1µM copper chloride.  (n=8, each).  (E) DLAT protein, relative to GAPDH expression (left, a.u., Y-

axis) in relation to elesclomol IC50 (nM, Y-axis) values in CB SV40, CB MYC+, and CB MYC cells 

quantified from Figure 3.6.12.D. (F) Cell counts (Y-axis) in D341, D458, D425, and D283 Group 3 MB 

cells treated with indicated concentrations of elesclomol (x-axis) and 1µM copper chloride.  (n=8, each). 

(G) DLAT mRNA expression (left, a.u., Y-axis) in relation to elesclomol IC50 (nM, Y-axis) 

values in D341, D458, and D283 group 3 MB cells.  DLAT mRNA expression levels obtained 

from (Hofman et al., 2023). (H) Pearson’s Correlational analyses of elesclomol IC50 values (nM, X-

axis) versus DLAT expression levels (CB SV40, CB MYC and CB MYC + cells from Fig 2A, and 

expression levels for D341, D458, D425, and D283 from (Hofman et al., 2023). Pearson’s correlational 

coefficient R and P value are indicated. (I) Cell counts (Y-axis) in D283 shDLAT #1 cells treated with 

indicated concentrations of elesclomol (x-axis) and 1µM copper chloride.  (n=8, each). (J) Quantification 

of copper via ion chromatography with mass spectroscopy (IC-MS) in D283 (gray), D283 shDLAT #1 

(purple), and D283 shDLAT #2 (pink) in left panel, and CB SV40 (gray), CB MYC (red), and CB MYC+ 

(blue) cells in right panel.  Copper was measured in ppm and normalized to the number of cells per µL in 

solution (Y-axis). (K) Left: Representative Western Blots for DLAT and Lipoylated-DLAT in D283 cells 

treated with vehicle or IDH1inh (right, 10µM for 48 hours).  GAPDH was used as loading control. Arrow 

indicates DLAT and lipoylated-DLAT protein levels. Right: Copper levels measured by IC-MS in D283 

cells treated with vehicle or IDH1inh (right, 10µM for 48 hours). 
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Figure 3.6.13 Elesclomol downregulates c-MYC targets and is efficacious in vivo 

(A) Heatmap of differentially expressed genes determined by RNA-seq in D283 cells treated with vehicle 

(left) or elesclomol (right, 50nM, for 48 hours). (B-C) Bar graph depicts Hallmark GSEA analysis genes 

identified as significantly downregulated (B) or upregulated (C) in elesclomol treated vs vehicle-treated 

D283 cells.  Negative log10 adjusted p-values plotted on the X-axis. (D) Tumor growth was measured in 

NSG mice injected with 1x 106 D283 cells and either treated with vehicle (blue, n=11) or 40mg/kg 

elesclomol (red, n=7).  Fold change of average tumor volume was measured biweekly and is plotted on y-

axis.  X-axis represents the number of days that have elapsed post injection.  (E) Tumor growth was 

measured in NSG mice injected with 1.5x106 D425 cells and either treated with vehicle (blue, n=9) or 

40mg/kg elesclomol (red, n=7).  Fold change of average tumor volume was measured biweekly and is 
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plotted on y-axis.  X-axis represents the number of days that have elapsed post injection. (F) 

Concentrations of elesclomol in the murine cerebellum and cortex after intraperitoneal (i.p.) or 

intravenous (i.v.) injection of elesclomol at 80mg/kg. (n=3, each). (G) Representative bioluminescent 

images of NSG mice that were orthotopically implanted with D283 cells and treated with vehicle or 

elesclomol (40mg/kg, daily, i.p.,6 weeks). (H) Kaplan-Meier survival analysis of mice orthotopically 

implanted with D283 cells with vehicle (blue, n=8) or elesclomol (red, n=10) treatment. (I) Quantification 

of orthotopic tumor copper levels via IC-MS (ppm/ g tumor tissue, Y-axis) in vehicle (blue, n=8), or 

elesclomol (red, n=10). (J) Proposed schema of increased IDH1, and DLAT in Group 3 MB. IDH1 

inhibition led to downregulation of c-MYC and DLAT levels. The copper ionophore elesclomol reduced 

lipoylated-DLAT levels to kill Group 3 MB cells via cuproptosis.  
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Chapter 4 Conclusions and Future Directions 

4.1 Final Conclusions  

My conclusions are summarized in Figure 4.3.1.  In Chapter 2 of this dissertation, I first 

sought to understand the role of EZHIP in the pathogenesis of Group A posterior fossa 

ependymomas (PFA).  PFA bear poor prognoses and are more metastatic and aggressive than 

their PFB counterparts (Witt et al., 2011).  These tumors were also distinguished by DNA 

methylation profiling which showed that PFA were CIMP-positive and exhibited DNA 

hypermethylation at gene loci associated with cellular differentiation (Mack et al., 2014).  In 

contrast, high expression of EZH2-inhibitory protein (EZHIP) and low levels of H3K27me3 

were observed in non-CpG island regions in these tumors (Bayliss et al., 2016; Pajtler et al., 

2018).  A previous study from our lab showed that oncohistone mutant H3K27M, which also 

inhibits EZH2 and lowers global H3K27me3 levels, induced upregulation of glycolysis and 

TCA-cycle metabolism in diffuse intrinsic pontine glioma (DIPG) (Chung et al., 2020).  Thus, I 

was motivated to understand the exact mechanism by which EZHIP-induced epigenetic 

reprogramming affected metabolism in these tumors.  I began by identifying commonly 

upregulated metabolic genes and pathways from three independent transcriptomic data sets 

which showed upregulation of glycolysis and TCA-cycle metabolism in these tumors, echoing 

the effect of H3K27M in DIPG.  With the help of Dr. Benita Tamrazi, we utilize non-invasive in 

vivo assessment of metabolites in PF ependymoma patients via magnetic resonance spectroscopy 

to identify heightened levels of citrate (directly involved in TCA-cycle) and glutamate (which 
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can be converted to TCA-cycle intermediate α-ketoglutarate).  I then established an isogenic 

model by inducing wild-type EZHIP or catalytically-dead mutant M406K EZHIP in 

immortalized mouse neuronal stem cells.  Using this model, I showed that expression of WT 

EZHIP, but not M406K EZHIP, led to H3K27ac enrichment at HK2 and PDHB, which 

respectively encode key enzymes in glycolysis and the pyruvate dehydrogenase complex.  

Strikingly, WT-EZHIP NSCs exhibited upregulation of proteins and metabolites associated with 

glycolysis and the TCA-cycle compared to cells expressing M406K-EZHIP, further 

corroborating our epigenetic findings.  We therapeutically leveraged the altered metabolism of 

our isogenic model and other PFA cell models by treating them with metformin, a Complex I 

inhibitor, which reversed the enhanced TCA-cycle metabolism.  Unexpectedly, metformin 

treatment also decreased EZHIP and raised H3K27me3, leading to tumor cell death in vitro and 

in vivo, and providing a new therapeutic option for PFA.   

Chapter 3 provides a summary of my most recent work regarding the metabolism of 

Group 3 medulloblastomas (Group 3 MB), the deadliest of all MB subgroups.  These tumors 

exhibit a high level of intrinsic heterogeneity, and Myc overexpression is the most common 

shared genetic event (Northcott et al., 2019).  Because of A) the well-established role of Myc as 

an important driver of glucose and glutamine metabolism and B) the extensive amount of 

literature that suggests metabolic reprogramming is observed throughout MB, we decided to 

identify the unique metabolic pathways that are upregulated in Group 3 MB (Dong et al., 2020; 

Marabitti et al., 2022).  Using two independent transcriptomic sets, we identified upregulated and 

downregulated pathways for all MB subgroups.  Strikingly, Group 3 MB were enriched for genes 

associated with TCA-cycle, oxidative phosphorylation, and panthothenate/CoA biosynthesis.  Of 

these, pyruvate dehydrogenase complex E2 DLAT was the only gene that showed a significant 
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correlation between expression and clinical outcome in Group 3 MB.  High expression 

(determined by median cutoff) of DLAT was associated with higher mortality, and preceded 

molecular and histological classifications that are associated with poor prognosis.  Importantly, I 

showed that c-MYC overexpression in murine cerebellar stem cells induced DLAT.  I then 

performed integrated metabolic and transcriptomic analyses to show that DLAT knockdown led 

to a decrease in TCA-cycle, oxidative phosphorylation, and glutathione metabolism.  Although 

DLAT knockdown negatively affected viability in vivo and in vitro, inhibitors of the pyruvate 

dehydrogenase complex are poorly defined.  Surprisingly, inhibition of IDH1 (which was also 

upregulated in Group 3 MB), lowered both c-MYC and DLAT protein levels, downregulated 

expression of c-MYC targets, and was therapeutic in vivo and in vitro.  I decided to examine if I 

could therapeutically leverage the high expression of DLAT and PDC E3 subunit DLD observed 

in Group 3 MB by inducing cuproptosis, a newly defined form of copper-dependent cell death.  I 

showed that Group 3 MB exhibited higher expression of genes that conferred sensitivity to 

cuproptosis and then demonstrated that Group 3 MB cell lines with high DLAT expression were 

more susceptible to elesclomol-induced cuproptosis than Group 3 MB with low DLAT or DLAT 

knockdown. Finally, I show that elesclomol is therapeutic in two in vivo murine models of Group 

3 MB. 

Although my projects span two distinct malignancies with their own unique genetic 

driver events and molecular characteristics, the findings derived from these studies underlie 

important themes in pediatric brain tumor biology.  First, the majority of pediatric brain tumors 

exhibit low tumor mutational burden (Gröbner et al., 2018).  The absence of driver mutations 

complicates finding specific genetic targets for therapeutic targeting including immunotherapy, 

which relies on mutation-specific antigen binding (Budhiraja et al., 2023).    PFA and Group 3 
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MB are no exceptions to this trend.  Less than 10% of PFA patients demonstrated mutations in 

EZHIP, which is the most common recurrent mutation in these tumors (Pajtler et al., 2018).  

Concurrently, no single mutation is observed in more than 10% of all Group 3 MB (Northcott et 

al., 2019).  Thus, in the absence of clear driver mutations, there is an urgent need to identify and 

understand other key drivers of tumor pathogenesis.  In PFA, I show that overexpression of WT 

EZHIP alone can epigenetically reprogram neuronal stem cells to induce metabolic alterations.  

This builds upon other studies that show the ability of EZHIP to restrict PRC2 activity when 

overexpressed in other cell lines (S. U. Jain et al., 2019; Ragazzini et al., 2019).  Similarly, we 

focused on the effects of the overexpression of metabolic regulator and transcription factor Myc 

in Group 3 MB and found upregulation of DLAT which was critical for inducing metabolic 

changes and increased proliferation.  Our studies show that targeting both EZHIP and DLAT was 

efficacious via multiple treatment modalities, offering promising therapeutic options that do not 

rely on rare driver mutations and instead focus on targetable overexpressed proteins. 

 Importantly, my findings demonstrate that both PFA and Group 3 MB exhibit a reliance 

on mitochondrial metabolism, representing a departure from the aerobic glycolysis dependency 

exhibited by other brain cancers such as glioblastoma (Garcia et al., 2021).  Our findings showed 

that PFA tumors exhibit elevated H3K27ac at PDC components and elevated TCA-cycle 

metabolism, and Group 3 MB upregulation of pyruvate dehydrogenase complex (PDC) E2 

subunit DLAT correlated with enhanced TCA-cycle and OxPhos metabolism.  Thus, the findings 

from both projects indicate an important role for the PDC, which links the final product of 

glycolysis, pyruvate, with the TCA-cycle and subsequent oxidative phosphorylation.  In the 

context of therapeutic targeting, modulation of the PDC in brain cancers has only focused on 

PDC activation. Treatment with PDC activator dichloroacetate kills glioblastoma cells by 
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inducing glucose oxidation in the TCA-cycle (Duan et al., 2013).  However, our findings indicate 

that PDC inhibition may be efficacious in brain tumors with enhanced mitochondrial 

metabolism. Although PDC inhibition has never been tested in the context of central nervous 

system malignancies, it was shown to be therapeutic in pancreatic cancer cells that were treated 

with CPI-613, which inhibits both the PDC and TCA-cycle enzyme α-ketoglutarate 

dehydrogenase (Gao et al., 2020).  However, CPI-613 is not known to permeate the blood brain 

barrier.  Thus, my finding that Group 3 MB cells are highly sensitive to elesclomol, which 

lowers lipoylated PDC proteins and induces cuproptosis, allows for another angle of therapeutic 

intervention that may be more advantageous. 

 Our finding that TCA-cycle metabolism is enhanced in both PFA and Group 3 MB 

reflects the growing literature that implicates the TCA-cycle as a critical metabolic hub in cancer 

(Eniafe & Jiang, 2021).  PFA exhibited elevated expression of TCA-cycle intermediates citrate 

and glutamate.  Citrate can be converted into acetyl-CoA which can then re-enter the TCA cycle 

or be used as a substrate for fatty acid synthesis or histone acetyltransferases (Ward & 

Thompson, 2012). Glutamate can be transaminated to α-ketoglutarate which is a substrate for 

lysine demethylases (Venneti & Thompson, 2017).  Modulating TCA-cycle metabolism in these 

tumors could be beneficial to prevent loss of global hypermethylation and gain of acetylation at 

metabolic promoters.  Group 3 MB also exhibit enhanced TCA-cycle metabolism, and DLAT 

knockdown lowered glucose-derived malate, succinate, and α-ketoglutarate.  I also observed an 

increase in anaplerotic substance glutamate, which could fuel elevated amounts of glutathione 

necessary to combat oxidative stress generated by the TCA-cycle.   

4.2 Future Directions  

4.2.1 IDH1 inhibition in medulloblastoma 
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Intriguingly, we show for the first time that pharmacological and genetic inhibition of 

TCA-cycle enzyme IDH1 can regulate c-MYC levels through restriction of chromatin 

accessibility, building off earlier studies from our laboratory that show that IDH1 inhibition 

raises H3K27me3 and kills H3.3K27M cells (Chung et al., 2020).  Mutations in IDH1 catalyze 

the production of oncometabolite 2-HG which are well-documented in low and intermediate 

grade gliomas.  2-HG inhibits α-ketoglurate-dependent lysine demethylases and TET DNA 

demethylases and induces DNA and histone hypermethylation (Xu et al., 2011).  Intriguingly, 

IDH1 mutant gliomas also often carry better prognoses than IDH1 WT counterparts (Han et al., 

2020).  Thus, our findings also corroborate the principle that upregulation of functional IDH1 is 

associated with low global H3K27me3 and worse survival.  This finding indicates that IDH1 

inhibition may be beneficial in other cancers with high Myc expression, including breast cancers 

with BRCA1 loss-of-function mutations (Grushko et al., 2004), and future studies will confirm if 

this is true.  Intriguingly, IDH1 mutations have been documented in SHH MB (El-Ayadi et al., 

2018; Northcott et al., 2017).  Although extremely rare, patients with IDH1-mutant SHH MB are 

CIMP-positive and appear to experience good clinical outcomes.  More work is needed to 

elucidate the effect of IDH1 mutations on the pathogenesis of these tumors and clinical 

outcomes. 

4.2.2 Comparing Group 3 MB metabolism with their potential cells of origin 

The cerebellum is a highly foliated structure and is composed of many different types of 

neurons and astrocytes.  Accordingly, the development of the human cerebellum is an extremely 

complex process that begins one month after the time of conception and extends into the second 

postnatal year (Haldipur et al., 2019; Rakic & Sidman, 1970).  Many efforts have been made to 

establish the main genetic and developmental programs that underlie cerebellar ontogenesis.  
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These have led to the identification of two primary zones of neurogenesis in the developing 

cerebellum, the ventricular zone and the rhombic lip ((Leto et al., 2016)).  The cerebellar 

ventricular zone gives rise to all GABAergic neuronal derivatives of the cerebellum, including 

Purkinje cells, GABAergic cerebellar nuclei, Bergmann glial cells, and inhibitory interneurons 

(Haldipur et al., 2018; Leto et al., 2006, 2016; Sudarov et al., 2011).  On the other hand, all 

cerebellar glutamatergic derivatives, including granule neuron progenitors, glutamatergic 

cerebellar nuclei, and unipolar brush cells (Englund et al., 2006), arise from the rhombic lip.  

Although human cerebellar development research continues to be obfuscated by the lack of 

relevant tissues and the intrinsic discordance between human and murine cerebellar development 

(Haldipur et al., 2019), there is growing evidence that supports critical roles for both epigenetics 

and metabolism in proper development of this critical hindbrain structure. 

The expression of proliferation and differentiation genes is tightly regulated by epigenetic 

modifications during mammalian cerebellar development.  This is particularly well-documented 

in granule neurons, the most common neuron in the brain (Bandeira et al., 2009).  Granule 

neuron progenitor (GNPs) cells are born in the rhombic lip and migrate along the cerebellar 

anlage, where they eventually form the cerebellar granular layer.  Bivalent chromatin plays an 

important role during the proliferative phase of nascent GNPs, and these cells maintain high 

levels of H3K4me3 at genes associated with cell cycling and suppress differentiation genes via 

increased H3K27me3 (Y. Yang et al., 2022). Accordingly, knockout of Ezh2 in the developing 

mouse cerebellum decreases GNP and Purkinje cell proliferation (Feng et al., 2016).  Histone 

modifications of genes that encode key effector proteins in signaling pathways can also affect 

GNP proliferation. The Sonic hedgehog (SHH) pathway is a key driver of granule neuron 

proliferation (Lewis et al., 2004). SHH directly induces HDAC1, which in turn deacetylates gene 
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regulatory regions of Gli2 and allows GLI2 to translocate to the nucleus and induce Gli1 

expression (Canettieri et al., 2010).  GLI1 directly promotes cell cycling and proliferation genes 

(Canettieri et al., 2010).  Both HAT (GCN5) and other HDAC (HDAC2, HDAC3) enzymes can 

also act directly on cell cycling gene programs to ensure proper GNP proliferation(Martínez-

Cerdeño et al., 2012; Montgomery et al., 2009; Norwood et al., 2014).  ATP-dependent 

chromatin remodeler complexes, including CHD7 (Feng et al., 2016; Whittaker et al., 2017), 

SNF2H (Alvarez-Saavedra et al., 2014), and npBAF (Moreno et al., 2014), increase chromatin 

accessibility of pro-proliferation genes and regulate expression of genes that induce 

differentiation, such as reelin (Whittaker et al., 2017).  Improper proliferation of GNPs caused by 

mutations in chromatin-remodeling enzymes causes cerebellar hypoplasia, underlying the 

importance of these complexes in the maintenance of adequate GNP pools (Alvarez-Saavedra et 

al., 2014; Feng et al., 2016; Moreno et al., 2014; Whittaker et al., 2017). 

As GNPs stop proliferating and begin to differentiate into mature granule neurons, they 

exhibit simultaneous increase of H3K9me3 and H3K27me3 at cell cycling and proliferation 

genes and activating marks H3K4me3, H3K9ac, H3K14ac, H3K27ac at genes essential for 

synaptogenesis, ion channels, and cell adhesion (Frank et al., 2015; Pal et al., 2011; Song et al., 

2011; Y. Yang et al., 2016, 2022).  Whereas HDAC1 activity induced GNP proliferation, the 

inhibition of HDAC1 via activation of pro-neurotrophin receptor p75NTR induces cell cycle 

arrest, and subsequent neutrophin activity then shifts the cells towards differentiation (Zanin et 

al., 2016).  DNA methylation is also dynamically regulated during granule neuron 

differentiation.  TET demethylases are highly expressed during this time and increase 5hmC at 

genes associated with axonal guidance and ion channels (Zhu et al., 2016).  5hmc is also present 

in differentiated Purkinje cells, suggesting an important role for this epigenetic mark among 
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multiple cellular niches (Kriaucionis & Heintz, 2009; Szulwach et al., 2011).  Concurrently, 5mc 

is increased at genes that promote proliferation and cell cycling (Y. Yang et al., 2022). 

Chromatin-remodeling enzymes can also induce GNP differentiation.  As GNPs mature, the 

nucleosome remodeling and deacetylase (NuRD) complex silences genes expressed in immature 

GNPs that induce ectopic early synaptogenesis, while its CHD4 subunit increases transcription 

of genes essential for dendrite pruning by inducing active chromatin (Yamada et al., 2014).  To 

summarize, histone tail modifying enzymes, DNA methylation modulators, and chromatin-

remodeler complexes work in synchrony to modulate gene expression throughout cerebellar 

development which allows for proper GNP proliferation and differentiation. 

The role of metabolism in cerebellar development is relatively understudied but is also 

best understood in the context of granule neuron proliferation and maturation.  As SHH MB and 

GNP proliferation are driven by activation of the SHH pathway, they are thought to exhibit 

similar metabolic phenotypes (Bhatia et al., 2011).  The SHH pathway is responsible for 

promoting expression of genes associated with lipid biosynthesis, such as FASN (fatty acid 

synthase) and ACC1 (acetyl-CoA carboxylase), in proliferating GNPs (Bhatia et al., 2011, 2012). 

SHH is also known to induce glycolysis, and the first and rate-limiting enzyme of glycolysis is 

upregulated in GNPs (Gershon et al., 2013).  Moreover, the presence of SHH induces the M2 

isoform of pyruvate kinase (PKM2) which promotes lactate fermentation and glucose uptake 

(Bhatia et al., 2012; Christofk et al., 2008), further solidifying the dependence of proliferating 

GNPs on glycolysis.  Intriguingly, a recent study that used single-cell RNA-seq to describe 

metabolism in different cells of the developing cerebellum implicated hypoxia inducible factor 

HIF1α, a key regulator of glycolysis, as an important driver of GNP maturation (Krycer & 

Nayler, 2022).  Specifically, HIF1a target gene ZEB1, a direct inducer of glycolysis (Jiang et al., 
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2022; Zhou et al., 2021), was most highly expressed in GNPs compared to neural stem cells and 

granule neurons.  Genes associated with oxidative phosphorylation were also enriched in 

rhombic lip derivatives and GNPs, indicating that mitochondrial metabolism could also be 

important for these cells (Krycer & Nayler, 2022).  Astrocytes such as Bergmann glia exhibited 

lower levels of oxidative phosphorylation genes.  However, Bergmann glial cells were shown to 

be reliant upon PTPMT1, a tyrosine phosphatase essential for the production of inner 

mitochondrial membrane component cardiolipin, underlying the importance of mitochondrial 

metabolism in these cells as well (H. Zheng et al., 2018).   Thus, it is still unclear if rhombic lip 

and ventricular zone derivatives rely on different metabolic sources to fuel their growth.  

Many CNS tumors have embryonic origins and occur due to developmental pathway 

aberrations (Azzarelli et al., 2018; Cavalli et al., 2017; Phoenix et al., 2012).  Because SHH also 

drives a subset of medulloblastoma thought to arise from GNPs (Northcott et al., 2017), these 

data suggest that upregulated glycolytic metabolism in cerebellar development could also be 

aberrantly conserved in cancer.  Moreover, new studies show that Group 3 and Group 4 MB 

originate from rhombic lip-derived neural precursors that fail to differentiate (Hendrikse et al., 

2022; Smith et al., 2022; Williamson et al., 2022).  As more studies continue to show the 

importance of epigenetics and metabolism in modulating proliferation and differentiation of 

cerebellar progenitor cells, these new insights may inform new insights for the pathogenesis of 

these deadly diseases. 

Recently, Group 3 and Group 4 MB were revealed to share a common developmental 

origin, both arising from a glutamatergic lineage that is derived from subventricular zone of the 

cerebellar rhombic lip (RL) (Smith et al., 2022).  Within this lineage, Group 3 MB express genes 

associated with less-differentiated photoreceptor identity, while Group 4 MB express genes 
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associated with more-differentiated unipolar brush cell identity (Smith et al., 2022).  I sought to 

understand if the metabolism of Group 3 MB reflects its proposed cell-of-origin.  To begin, we 

examined single cell transcriptomic data in the developing murine cerebellum that identified 18 

distinct cerebellar cell types (Figure 4.3.2.A).  Then, we overlapped metabolic signatures from 

bulk transcriptomic data from human MB with metabolic signatures of each of the cerebellar cell 

types (Figure 4.3.2.B).  Intriguingly, Group 3 MB shared high correlation with murine cerebellar 

progenitors and early RL derivatives.  Analyses comparing Group 3 MB with developing human 

cerebellar single cell transcriptomic data showed high correlation between the transcriptomic 

signatures of Group 3 MB and human RL derivatives (Figure 4.3.2.C).  Finally, pseudotime 

predictive analysis demonstrated that Group 3 MB also exhibited a more stem-like state 

compared to Group 4 MB (Figure 4.3.2.D).  Future studies will attempt to compare the 

metabolism observed in Group 3 MB with that of human RL derivatives to identify commonly 

upregulated genes and pathways, allowing me to determine if stemness-associated metabolism is 

maintained in Group 3 MB, or if Group 3 MB diverge from their cells-of-origin and adapt new 

metabolic changes to fuel their growth. 

4.2.3 How does metformin lower EZHIP protein levels? 

In section 2, I show that activation of AMPK via treatment with both metformin and 

AICAR induces lowering of EZHIP and increases H3K27me3.  However, the exact mechanism 

by which AMPK lowers EZHIP is not yet known.  I identified a R-X-X-S consensus AMPK 

phosphorylation site adjacent to the conserved C-terminal domain sequence that contains the 

M406 residue that enables PRC2 inhibition (Gwinn et al., 2008).  I then made two modified 

constructs of this sequence, one containing nonphosphorylatable (S410A) and the other 

containing phosphomimetic (S410D) single residue substitutions (Figure 4.3.3.A).  Strikingly, 
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S410A EZHIP did not show increase in H3K27me3 when treated with metformin (Figure 

4.3.3.B, compare lanes #1-2 with lanes #3-4).  Additionally, S410D EZHIP rescues H3K27me3, 

even in the absence of metformin.  Thus, AMPK could be phosphorylating this specific RXXS 

motif on EZHIP.  However, other RXXS sites that pertain to EZHIP will also need to be 

investigated in future experiments.   
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4.3 Figures and Figure Legends 

 

Figure 4.3.1 Summary of Conclusions 
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Figure 4.3.2 Group 3 MB have a distinct metabolic profile that resembles its cell of origin   

(A) t-distributed stochastic neighbor embedding (t-SNE) representation of cerebellar single-cell RNA 

sequencing, n=78156. Colors represent assigned cerebellar cell types. (B) Correlation of metabolic 

signature of MB subgroups with metabolic signature of different cell types in the developing cerebellum.  

Differentiation score of cerebellar cell type is shown on Y-axis. (C) Canonical correlation analysis (CCA) 

of bulk MB transcriptomes versus cerebellar lineages. P values were calculated using a permutation test; 

asterisk indicates Padj < 0.05. Adapted from KS Smith, et al. Nature, 2022. (D) Predicted pseudotime 

ordering of MB single cells by Rhombic Lip–Glutamatergic Cerebellar Nuclei/Unipolar Brush Cell cell 

state. Adapted from KS Smith, et al. Nature, 2022. 
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Figure 4.3.3 Modulation of EZHIP S410 reveals a potential AMPK phosphorylation site 

(A) Schematic of single residue substitutions used to assess potential AMPK phosphorylation site.  

S410A = non-phosphorylatable, S410D = phosphomimetic.  (B) Representative Western Blot of 

H3K27me3 and FLAG-tagged EZHIP variant in cells that were either untreated or treated with 25mM 

metformin. Total H3 and beta-actin used as loading control. 
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