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ABSTRACT 

Since the publication of Warburg’s hypothesis, identifying alterations in 

cellular metabolism has been essential in furthering our understanding of cancer 

and much emphasis has been placed on the molecular mechanisms behind the 

switch from oxidative phosphorylation to glycolysis. As such, a number of key 

metabolic enzymes have been identified to be mutated in cancers, some of which 

result in loss-of-function while others are neomorphic, with gain-of-function 

activity producing an entirely different metabolite. In addition to being key 

intermediaries in cellular energy cascades, metabolites can also act as important 

co-factors or regulators in numerous other cell processes. In particular, mutations 

in isocitrate dehydrogenase-1 and -2 (IDH1 and IDH2) are of significant interest 

as they have been identified as important elements in driving oncogenesis in 

numerous cancers. The isocitrate dehydrogenase (IDH) family of enzymes is 

central to cellular metabolism, catalyzing the oxidative decarboxylation of 

isocitrate to α-ketoglutarate (α-KG) and production of NADPH. Likewise, the 

major consequence of these heterozygous somatic point mutations is the 

biochemical production of the ‘oncometabolite’ (R)-2-hydroxyglutarate [(R)-2-HG] 

from α-KG. Contrasting clinical studies find IDH mutations to be associated either 

with increased metastatic potential, or higher survival and enhanced 

chemosensitivity. However, it has yet to be reported which of the specific IDH 

mutations that arise in tumors correlates with patient outcome. This raises 

important questions as to whether individual IDH mutations differentially influence 

tumorigenesis. In this study, three IDH2 mutations were evaluated for their 
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chemosensitivity, tumorigenic activity, and metabolic capacity- all notable 

determinants for their potential use as tumor biomarkers. These clinically relevant 

IDH2 mutations (IDH2-R172K, IDH2-R172M, and IDH2-R140Q), or IDH2-WT, 

were expressed in human glioblastoma cells. We observed distinct differences in 

proliferation, migration, invasion, anchorage-independent growth, tumorigenicity, 

and response to chemotherapeutic agents amongst the panel of IDH2 mutations. 

Disparities in base-line activation of various stress pathways and enzyme 

structure were also observed, lending a plausible explanation to the differing 

phenotypic outcomes. Interestingly, the individual mutations produced variable 

levels of endogenous (R)-2-HG which inversely correlated with their respective 

growth rates, implicating this cancer-associated metabolite as a negative 

regulator of tumor growth. Thus, these findings indicate that while IDH2 

mutations share in common neomorphic activity they are not alike and confirm 

‘oncometabolite’ (R)-2-HG as a potential biomarker capable of predicting 

chemotherapy response in glioblastoma patients. 

If indeed (R)-2-HG is the sole factor dictating the effects IDH mutations, 

exogenous treatments of (R)-2-HG should be sufficient to recapitulate the 

phenotypes seen in tumor cells bearing IDH mutations; therefore, how (R)-2-HG 

influences cellular behavior was investigated. Typically, IDH enzymes are central 

to the citric acid (TCA) cycle, driving cell metabolism by producing α-KG from 

isocitrate. When mutated, however, these enzymes seize α-KG from the wild-

type reaction and, as a substrate, produce (R)-2-HG in a separate mutant 

reaction. As an ‘oncometabolite,’ (R)-2-HG, has been shown to disrupt TET2, 
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HIF-1α, and DNMT functions, among others, but why its production in 

glioblastoma cells is a favorable marker for patient survival while in AML is 

positively correlated with a worse prognosis remains unknown. Here, quite the 

opposite from what we first hypothesized, we found that (R)-2-HG exhibits 

antitumor activity, as it does not promote resistance to chemotherapy and inhibits 

cancer cell growth. However, it does enhance the proliferation of non-

transformed cells. This duplicity of response could be ‘switched’ through 

expression of Ras oncogenes. Collectively, these findings present new questions 

regarding the effects of IDH mutations and how 2-HG metabolites influence 

cancer progression. In particular, we find that the oncometabolite (R)-2-HG alone 

does not completely reproduce the phenotype imparted by mutant IDH enzymes 

and therefore, aside from the production of (R)-2-HG, IDH mutations must have 

other influences in tumorigenesis. 
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CHAPTER 1 

INTRODUCTION 

Part I: Gliomas 

Overview 

 Gliomas are the most common primary tumors of the central nervous 

system (CNS), originating from astrocytes or precursor cells, such as neural 

cancer stem cells (NCSCs). The incidence of malignant gliomas is approximately 

5 cases per 100,000 people in the US, more than 14,000 new cases diagnosed 

annually. This incidence has increased slightly over the past two decades, 

especially in the elderly, most likely a result of improved diagnostic technologies. 

Malignant gliomas account for approximately 70% of the 22,500 new cases of 

primary brain tumors in the United States (US) every year and despite optimal 

treatment the median patient survival time is only 12-15 months (Wen and 

Kesari, 2008). Gliomas are clinically classified into four grades, with glioblastoma 

multiforme (GBM) grade-IV being the most aggressive malignant tumor of the 

class (Table 1.1), averaging survival of less than a year. The median age at the 

time of GBM diagnosis is 64 years, with 40% more men diagnosed than women, 

and is twice as common in Caucasians as in African Americans. Approximately 

5% of patients with malignant gliomas have a family history of the disease; some 

of these familial cases are associated with rare genetic syndromes, such as 

neurofibromatosis types-1 and 2, and Li−Fraumeni syndrome (germ-line p53 

mutations- associated with an increased risk of several cancers) (Wen and 

Kesari, 2008). 
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WHO Classification of CNS tumors 

 
Grade 0: Astrocytic Tumors 

 
Grade-I: Pilocytic astrocytoma, Subependymal giant cell astrocytoma,  
Oligodendroglial tumors, (well differentiated- histologically similar to astrocytes 
and oligodendrocytes) 
 
 
Grade-II: Pleomorphic Xanthoastrocytoma, Diffuse astrocytoma, 
Oligodendroglioama, (well differentiated- histologically similar to astrocytes and 
oligodendrocytes) 
 
 
Grade-III: Anaplastic astrocytoma, Anaplastic oligoastrocytoma, (more 
anaplastic- resembling immature astrocytes and/or oligodendrocytes) 
 
 
Grade-IV: Glioblastoma (primary or secondary), Giant cell glioblastoma, 
Gliosarcoma (more anaplastic- resembling immature astrocytes and/or 
oligodendrocytes) 
 

 

Table 1.1. World Health Organization (WHO) classification of tumors of the 

central nervous system (CNS). Current classification of grades from 0-IV of 

subtypes of cancers found within the CNS, as determined by the World Health 

Organization. (Adapted from Dang et al., 2010) 
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Genetic background of gliomas 

Glioma cancers are notoriously heterogenic, harboring multiple 

predominant mutations including p53, phosphatase and tensin homolog gene 

(PTEN), inhibitor of cyclin-dependent kinase 4 (p16Ink4a), p14ARF, epidermal 

growth factor receptor (EGFR), and retinoblastoma (Rb) genes (Crespo et al., 

2015; Wen and Kesari, 2008). As such, tumorigenesis is a complicated event 

requiring genetic, epigenetic, and metabolic alterations (Hanahan and Weinberg, 

2000); ultimately these changes confer early neoplastic cells with a survival and 

growth advantage. Malignant transformation originates with the loss of tumor 

suppressor genes, which are critical for cell growth, differentiation, and function. 

Such genes include p53, Rb, p16INK4a, and the PTEN phosphatase; the 

malignant progression from astrocytoma (grade-II) to anaplastic astrocytoma 

(grade-III) and glioblastoma multiforme (grade-IV) is typically driven by Rb and 

PTEN mutations and typically entails overexpression of p16INK4a (Tremont-

Lukats and Gilbert, 2003). In tumors, cyclin D1 (cycD1) is frequently 

overexpressed as a result of either chromosomal rearrangements (t13-15), or 

amplification of its locus on 11q12-13, though cycD1 overexpression without 

gene amplification has also been reported (Sherr, 1996). In gliomas, control of 

G1/S transition is likely to be important as cyclin-dependent kinase Inhibitor 2A 

(CDKN2)/p16INK4a is frequently deleted, Rb is rarely mutated, and cyclin 

dependent kinase 4 (CDK4) is sometimes amplified (Rollbrocker et al., 1996; 

Ueki et al., 1996). c-Myc is found to be expressed in 78% of glioblastomas, with 

elevated levels being found in 21.7% of samples, and in 73% of astrocytomas 
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compared to undetectable levels in normal brain tissue (Herms et al., 1999). 

These numerous alterations do not occur simultaneously, but begin with a single, 

or few, alterations commencing a cascade of succeeding alterations, conferring 

additive growth advantages upon each step. In fact, lentivirus expressing only 

oncogenic Ras or protein kinase B (AKT) injected into mouse brains induced 

development of GBM harboring many more resultant, intrinsic modifications 

(Marumoto et al., 2009). Nonetheless, due to the known heterogeneity of 

gliomas, multiple different routes can be taken during tumorigenesis, resulting in 

varying stages and subtypes of disease (Fig 1-1). Of these, two major pathways 

leading to the formation of GBM have been identified. The first pathway is 

through the alteration of p53 gene. This would support the model of progressive 

accumulation of genetic changes with increasing grades of malignancy. Whereas 

the second pathway is found in tumors that lack p53 mutations, but display 

amplification of EGFR and loss of heterozygosity (LOH) in chromosome 10, 

which supports a model for de novo GBM (Kleihues and Sobin, 2000). Hence, 

GBM has been separated into two types: the first occurs in elderly patients with 

de novo glioblastoma that is characterized by EGFR gene amplification, PTEN 

gene mutation, and CDKN2A/p16 gene deletion (Tohma et al., 1998); the second 

type is rarer and predominates in younger patients, has p53 mutations and is 

usually a secondary glioblastoma- the recurrence of a primary, less malignant 

lesion (grade-II or -III astrocytoma) (von Deimling et al., 1993).  Although the 

progression of these two GBM types is very different, they behave in a clinically 
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indistinguishable manner and are histologically indistinguishable at diagnosis 

(Ghosh et al., 2005).  

Another crucial pathway implicated in carcinogenesis is immortalization. In 

cancer cells, telomere length is dependent on the balance between the loss of 

telomeric repeats during DNA replication and the subsequent elongation of these 

repeats mediated by activated telomerase. Most cancer cells are in the immortal 

stage and there is a considerable shortening of telomeres during malignant 

conversion before reactivation of telomerase occurs. The enzyme telomerase is 

activated in over 90% of cancers and is therefore represents an important target 

for improving prognosis and treatment of glioma (Shervington et al., 2006). 

Telomerase activity has been detected in 33% of low-grade astrocytomas (grade-

II), 75% of oligodendrogliomas (grade-II),  45% of anaplastic astrocytomas 

(grade-III), 89% of GBM (grade-IV), but none of normal brain specimens (Le et 

al., 1998). As such, telomerase activity may be used as a tumor biomarker and 

the activation of telomerase may correlate with the initiation and malignant 

progression of astrocytic tumors (Harada et al., 2000).  

In recent decades, it has become more evident that metabolic adaption is 

an integral aspect of tumorigenesis. Aggresively proliferating cancer cells meet 

their elevated energetic and anabolic demands by resorting to unique metabolic 

strategies -preferentially utilizing certain carbohydrates, lipids, and amino acids. 

In fact, elevated glucose utilization has been widely exploited for diagnostic 

purposes (Yen et al., 2010). Interestingly, many of these genetic alteration events 

seem correlated to alterations in isocitrate dehydrogenase (IDH) enzyme 
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expression (Fig 1-1). Eighty percent of anaplastic astrocytomas and 

glioblastomas with IDH mutation have a p53 mutation, but only 5% have either/or 

PTEN, EGFR, or CDKN2A/CDKN2B.  Conversely, of tumors with wild-type IDH, 

only 20% have a p53 mutation, but 74% have either/or PTEN, EGFR, 

CDKN2A/CDKN2B modifications.  Similarly, chromosome arms 1p and 19q 

(1p/19q) loss was observed in 85% of oligodendrocytic tumors with mutated IDH, 

but none in patients with wild-type IDH (Yan et al., 2009a). 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1-1. Pathways in the development of malignant gliomas. Genetic and 

chromosomal alterations involved in the development of the three main types of 

malignant gliomas (primary and secondary glioblastomas and anaplastic 

oligodendroglioma) are shown. (Adapted from Aldape et al., 2015) 
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Treatment of gliomas 

Malignant gliomas present with a variety of symptoms including headache, 

seizures, confusion, memory loss, personality changes, and focal neurologic 

deficits. Diagnosis is usually performed by magnetic resonance imaging (MRI), 

displaying a heterogeneously enhancing mass, edema, central areas of necrosis, 

or vessel perfusion and permeability (Wen and Kesari, 2008). The treatment 

regimen for grade-IV GBM patients includes maximal surgical resection, followed 

by radiotherapy and concomitant or adjuvant temozolomide (TMZ) or carmustine 

wafers (Gliadel) (Table 1.2). Chronic or re-emerging tumors call for re-operation, 

Gliadel wafers, conventional chemotherapy consisting of lomustine, carmustine, 

PCV (procarbazine, lomustine [CCNU], and vincristine), carboplatin, irinotecan, 

etoposide, bevacizumab plus irinotecan, and any promising experimental 

treatment options (Wen and Kesari, 2008) (Table 1.3). Addition of radiotherapy (a 

mainstay for treatment) increases survival from 3-4 to 7-12 months and adjuvant 

chemotherapy shows only a modest increase in survival – 6-10% increase in 1-

year survival. Chemotherapy response is associated with differing expression of 

O6-alkylguanine DNA alkyltransferase (MGMT) gene which opposes TMZ 

efficacy by repairing DNA lesions induced by the drug. Decreased MGMT 

promoter methylation (increased expression) in 45% of patients decreased mean 

survival (21.7 months vs. 12.7). Other therapies have focused on inhibitors 

targeting receptor tyrosine kinases like EGFR, platelet-derived growth factor 

receptor (PDGFR), and vascular endothelial growth factor receptor (VEGFR), as 

well as signal-transduction inhibitors against mechanistic target of rapamycin 
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(mTOR), farnesyltransferase, and phosphoinositide 3-kinase (PI3K) (Wen and 

Kesari, 2008). Use of these inhibitors have shown only modest activity (0-15% 

prolongation of 6-month progression-free survival) due to co-activation of multiple 

pathways (redundancy) and poor penetration across blood-brain barrier (Wen 

and Kesari, 2008). Radiation therapy is considered the most effective non-

surgical intervention for glioblastomas, however these tumors invariably recur 

after radiation therapy resulting in patient death. Therefore, determination of the 

mechanisms of radioresistance in GBM could lead to advances in the treatment 

of cancer. One current avenue of investigation into radioresistance is cancer 

stem cells (CSCs). It was shown that glioma CSC populations were enriched 

after irradiation and that irradiated CSCs displayed survival advantages, relative 

to non-CSC populations (Denysenko et al., 2010). Because CSCs may contribute 

to treatment failure, elucidating the molecular pathways that regulate CSC 

maintenance and survival may aid in the development of novel therapies.  

Extrinsically, CSCs are regulated by growth factors as well as cell-cell and 

cell-extracellular matrix (ECM) interactions. Extrinsic interactions occur in distinct 

anatomical locations, termed microenvironments or niches. These niches are 

responsible for CSC maintenance and may have a role in promoting therapeutic 

resistance (Lathia et al., 2011).  Neural cancer stem cells (NCSC) commonly 

reside in perivascular regions, which exhibit restricted oxygen availability and 

distinct ECM profiles. In parallel, NCSCs are enriched in perivascular niches, 

possibly also within regions of hypoxia and at the invasive edge of the tumor. 

However, in a variety of brain cancers, NCSCs are found within close proximity to 
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blood vessels, which facilitates the transfer of signals necessary for their 

maintenance. This can be expounded by the finding that GBM NCSCs secrete 

vascular endothelial growth factor (VEGF) which stimulates endothelial cell 

growth to support a local vascular environment to meet the metabolic demands 

of rapidly proliferating tumors exceeding local supply, necessitating 

neovasculature (Bao et al., 2006). Hypoxia may not only facilitate GBM NCSC 

maintenance, but also promote acquisition of stem-like characteristics within the 

tumor. Molecular responses to hypoxia are commonly governed by hypoxia-

inducible factor (HIF-1 α), which is linked to angiogenesis in rat GBM models and 

shown to be important in regulating GBM cell survival (Lathia et al., 2011). If true 

that NCSCs are promoting therapy resistance in a manner of escaping hypoxia 

via pro-angiogenic pathways involving HIF-1α and VEGF, this would provide a 

potential therapeutic axis. As we now know, many glioblastoma-related 

alterations appear dependent on early IDH mutations to drive tumorigenesis and 

knowing that such IDH-mutated tumors effect HIF-1α-regulated VEGF expression 

(Chowdhury et al., 2011; Zhao et al., 2009), further investigation may reveal IDH 

mutations as important factors in NCSC-driven therapy-response. 
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Table 1.2. Current standard of care treatment for patients with different 

stages and types of glioma. Typical treatment regimen standards for grade-III 

and grade-IV de novo and recurrent gliomas. (Adapted from Wen and Kesari, 

2008) 

Type of Tumor Therapy 

Anaplastic oligodendromas 
and oligoastrocytomas 
(Grade-III) 

Maximal surgical resection, plus radiotherapy, 
chemotherapy (lomustine, carmustine, 
carboplatin, irinotecan, etoposide, vincristine, 
bevacizumab), concamitant and adjuvant 
temozolomide 

Anaplastic astrocytomas 
(Grade-III) 

Maximal surgical resection, plus radiotherapy, 
concamitant and adjuvant temozolomide 

Glioblastomas (Grade-IV) 
Maximal surgical resection, plus radiotherapy, 
concamitant and adjuvant temozolomide or 
carmustine wafers 

 
 

Recurrent tumors 

Re-operation, carmustine wafers, chemotherapy 
(lomustine, carmustine, carboplatin, irinotecan, 
etoposide, vincristine, bevacizumab), and 
experimental therapies 
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Table 1.3. Potential treatments for patients with glioblastoma currently in 

clinical trial. Current therapies currently undergoing clinical trials, including type 

of intervention, mechanism of action, and clinical progress. (Adapted from 

Carlsson et al., 2014)

Treatment Intervention Molecular target Clinical phase 

TRC105+Bevacizumab (Avastin) Antibody + Drug Endoglin/VEGF 1 

Amgen386 Antibody Angiopoietin-1 /-2 1 

AMG595 Antibody Drug Conjugate EGFRvIII 1 

PSMA ADC MMAE Antibody Drug Conjugate PMSA/Tubulin 2 
Ketogenic diet Dietary adjustment N/A 1 
Bevacizumab (Avastin)+ TP1 287 Drug VEGF/Tubulin 2 
AR-67 Drug Topoisomerase 1 2 

PD 0332991 (Palociclib) Drug CDK4/6 2 
Pazopanib (Votrient) + Topotecan 
(Hycamtin) Drug Tyrosine kinase receptors + 

Topoisomerase 2 

G-202 Drug SERCA pump 2 
Aldoorubicin Drug DNA 2 
Dovitinib (TKI258) Drug FGFR/VEGFR/PDGFR 1 
AG-120 Drug IDH1-R132H 1 
AG-221 Drug IDH2-R140Q 1 
Axitinib (Inlyta) + Radiation 
therapy Drug + Radiation Tyrosine kinase receptor 

(multiple) 2 
NovoTTF-100A device + 
Temozolomide Electrical device + Drug N/A 3 

DC-Vax L Immunotherapy N/A 3 
HER2 chimeric antigen receptor 
expressing CMV-specific cytotoxic 
T-cells 

Immunotherapy N/A 1 

Rindopepimut Immunotherapy N/A 3 
Parovirus H-1 (ParOryx) Virus N/A 1 
Live attenuated, oral (Sabin) 
serotype 1 poliovirus vaccine Virus N/A 1 

DNX2401 +Temozolomide Virus + Drug N/A 1 
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Part II: Isocitrate dehydrogenase enzymes 

Overview  

IDH enzymes are key components of the tricarboxylic acid (TCA, citric 

acid, Krebs) cycle, comprised of NADP+-dependent IDH1 and IDH2, and NAD+-

dependent IDH3, catalyzing the oxidative decarboxylation of isocitrate (ICT) to α-

ketoglutarate (α-KG) and production of NADPH (Jo et al., 2001) (Fig 1-2). 

NADPH is an important electron donor of glutathione, thioredoxin, some 

transcription factors including NF-κB and adaptor protein 1 (AP1), and it is 

important for the regulation of intracellular redox state. IDH mutations lead to 

increased consumption of NADPH in cells and are more susceptible to reactive 

oxygen species damage, leading to cell membrane damage, changes in 

enzymatic activity, and oxidative damage to DNA and RNA, thereby activating 

key oncogenic signaling pathways and resulting in tumor development and 

progression (Kil et al., 2006; Shin et al., 2008). Catalysis proceeds by binding the 

NADP+ co-factor in an inactive open conformation. This inactive conformation is 

characterized by a regulatory loop segment that prevents isocitrate binding to the 

active site by interacting with Serine94 (S94) of the large domain. Isocitrate 

binding displaces the regulatory loop and is mediated by residues of both dimer 

subunits, including S94 and multiple conserved arginine residues in the active 

site. It is proposed that competitive binding of isocitrate to the catalytic cleft 

displaces the regulatory loop and induces a conformational change to a closed, 

catalytically active state that promotes decarboxylation of isocitrate to a-KG.  
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The IDH family is comprised of three enzymes: IDH1, IDH2, and IDH3. 

Human IDH1 and IDH2 are encoded by separate genes located on 

chromosomes 2q33.3 and 15q26.1, respectively, and IDH3 on chromosome 

15q25.1. Human IDH1 and IDH2 genes share 70% homology, each composed of 

a large domain, small domain, and a clasp domain, but only IDH2 contains an 

additional mitochondrial targeting sequence (Fig 1-3). Translated IDH1 protein is 

primarily present in the cytosol and peroxisomes whereas IDH2 and IDH3 are 

translocated to the mitochondria (Geisbrecht and Gould, 1999; Yoshihara et al., 

2001). Although IDH1 and IDH2 both utilize NADP+ as an electron acceptor, 

IDH3 uses NAD+ instead; and whereas wild-type IDH1 and IDH2 are able to 

perform the “reverse” reaction, catalyzing α-KG to isocitrate in special 

circumstances (Comte et al., 2002; Des Rosiers et al., 1994), IDH3 appears to be 

only able to achieve the “forward” reaction (Gabriel et al., 1986). Furthering the 

importance of these enzymes, numerous cancers have been discovered to 

harbor heterozygous somatic mutations in IDH1 and IDH2. Though no cancer-

associated mutations in IDH3 have been reported to date, patients with germline 

IDH3 deficiencies develop symptoms in the retina (Hartong et al., 2008). All 

discovered cancer-associated mutations to IDH1 and IDH2 are mutually 

exclusive, and in addition to wild-type homodimers (WT-WT) we now know that 

these enzymes can also form heterodimers translated from wild-type and mutant 

alleles (WT-mut) (Fig 1-4). 

Nearly a century ago, Otto Warburg first postulated that in most cancer 

cells energy is produced predominantly by aerobic glycolysis in the cytosol. This 
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provides cancer cells with a growth advantage by supplying needed metabolites 

for incorporation into the biomass necessary to produce a new cell, rather than 

by oxidation of pyruvate in the mitochondria, like most normal cells. Therefore, 

alterations to intermediaries of the metabolic pathways, such as IDH, may be 

accountable for facilitating this shift. The heterozygosity of all known IDH 

mutations paired with the understanding that these enzymes function as dimers 

suggests that the tumor cells remain dependent on a wild-type allele of IDH to 

catalyze the standard reaction (Fig 1-4). Expression of mutated IDH does not 

affect the normal reactions carried out by the wild-type α-KG–producing subunit 

(Leonardi et al., 2012), however, mutations in IDH2 do change the substrate 

affinity of this enzyme from isocitrate to α-KG resulting in the production of (R)-2-

hydroxyglutarate [(R)-2-HG] (Ward et al., 2010); though it has been proposed 

that distinct IDH mutations may result in the production of different quantities of 

(R)-2-HG (Grassian et al., 2012; Jin et al., 2011), suggesting that individual IDH2 

mutations may differentially influence tumorigenesis. Clinically, positive 

temozolomide (TMZ) chemosensitivity in GBM patients and overall survival have 

been shown to be associated with mutations present in IDH (SongTao et al., 

2012); yet, studies like this fail to elucidate the individual identities of each IDH 

mutation, perhaps falsely assuming all mutations to be equally potent. 
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Fig 1-2. Overview of the citric acid (TCA) cycle. The TCA cycle is a cascade 

of biochemical reactions mediated by metabolic enzymes whose products are 

substrates for the subsequent step, beginning with pyruvate and ultimately 

producing energy in the form of ATP and NAD(P)H (and FADH), which transports 

high energy electrons to the electron transport chain used to produce more ATP. 

Isocitrate dehydrogenase enzymes are early, important mediators of this cycle 

catalyzing the oxidative decarboxylation of isocitrate to α-ketoglutarate while 

producing NAD(P)H. (Caspi et al., 2014)
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Fig 1-3. Domain map and active site structure of IDH1 and IDH2 enzymes. 

IDH1 and IDH2 are composed of 3 distinct domains: large domain, small domain, 

and clasp domain. IDH2 contains a 39 amino acid mitochondrial targeting 

sequence at its NH2-terminus. Conserved arginine residues at Arginine 132 

(IDH1) and Arginine 172 (IDH2) are critical for wild-type catalysis. 
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Fig 1-4. IDH wild-type homodimer and wild-type/mutant heterodimer 

formation and function. Wild-type (WT) homodimers as they exist under normal 

phyisologic conditions and the simplified biochemical reaction depicted in the 

TCA cycle (A). Heterozygous, mutually exculsive, mutations to IDH1 or IDH2 

result in formation of WT-mutant heterodimers, which utilize the mutant (mut), 

neomorphic subunit to produce (R)-2-hydroxyglutarate from the product of the 

wild-type reaction, α-ketoglutarate (B). 

A 

B 
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Isocitrate dehydrogenase alterations in cancer 

In 1924 Warburg hypothesized a shift in cancer cell respiration and 

subsequently a number of cancer-associated metabolic modifications have been 

identified (Desideri et al., 2015; Vander Heiden et al., 2009), though the 

mechanisms behind this shift are not fully understood. The first of such mutations 

were found in fumarate hydratase (FH) and succinate dehydrogenase (SDH) in 

paragangliomas, renal cell carcinoma, and hereditary leiomyomatosis (Baysal et 

al., 2000; Brandon et al., 2006; Kaelin, 2009; King et al., 2006; Tomlinson et al., 

2002). Isocitrate dehydrogenase-1 (IDH1) was then discovered mutated in a 

colorectal cancer sequencing screen (Sjoblom et al., 2006) and soon after in 

GBM patients (Parsons et al., 2008). Mutually exclusive mutations in IDH2 are 

most common at arginine (R)172 or R140 (which are analogous to R132 and 

R100 residues, respectively, in IDH1) (Table 1.4). Mutation in IDH2-R172 more 

often results in conversion to lysine (K) or methionine (M), whereas IDH2-R140 is 

predominantly mutated to glutamine (Q) (Fig 1-5) (Dang et al., 2010; Yen et al., 

2010). Subsequent high throughput sequencing uncovered the presence of 

mutations in either IDH1 or IDH2 in approximately 70% of secondary 

glioblastomas and grade-II/-III gliomas (Yan et al., 2009b). Mutations in IDH 

genes have been projected to be early events, initiating the progression of glioma 

tumors (Juratli et al., 2012; Watanabe et al., 2009) and AML (Paschka et al., 

2010) (Fig 1-1). IDH mutations are uncommon in primary pediatric tumors (11%) 

and glioblastomas (7%), and yet they appear often in grade-II/-III secondary 

glioblastomas, astrocytomas, oligoastrocytomas and oligodendrogliomas (70–



 19 

90%) (Kim and Liau, 2012). IDH mutations are also found in about 15% of acute 

myeloid leukemia (Gross et al., 2010; Rakheja et al., 2012), in 5% of ‘pre-AML’ 

myelodysplastic syndromes (MDS) and myeloproliferative neoplasms (MPN) 

(Kosmider et al., 2010; Tefferi et al., 2010), in about 15% of cholangiocarcinomas 

(Wang et al., 2013b), in chondrosarcomas (Amary et al., 2011), in 

gastrointestinal stromal tumors (GIST), melanoma, bladder, breast, colorectal, 

lung, ovarian, pancreas, prostate, and thyroid carcinoma specimens (Bleeker et 

al., 2009; Losman et al., 2013; Ye et al., 2013), periosteal chondromas 

(Panagopoulos et al., 2015), and Maffucci syndrome enchondromas (Pansuriya 

et al., 2011) (Table 1.4). The principal consequence of these point mutations is 

the biochemical production of the oncometabolite (R)-2-HG from α-KG (Ward et 

al., 2010). Increased concentrations of (R)-2-HG from the presence of IDH2 

mutations have been shown to affect the regulation of chromatin structure 

(Chowdhury et al., 2011; Sturm et al., 2012), correlate with functional disruption 

of DNA-demethylase (Ten-Eleven Translocation-2) TET2 (Figueroa et al., 2010; 

Xu et al., 2011), and deregulate HIF-1α expression (Chowdhury et al., 2011; 

Koivunen et al., 2012; Zhao et al., 2009) (Fig 1-6) ultimately resulting in an 

increase in cell growth (Losman et al., 2013) and altered cell morphology 

(Grassian et al., 2012). However, some clinical studies find IDH mutations to be 

associated with longer survival probability (Leu et al., 2013; Nobusawa et al., 

2009; Sabha et al., 2014; Yan et al., 2009b) while others show increased 

metastatic potential (Grassian et al., 2012).  Here we support the claim that not 
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only do genetic alterations affect the cellular metabolome, but metabolic changes 

can also affect a cell’s genetic landscape. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 1-5. Amino acid residues most often found mutated in IDH1 and IDH2. 

Common cancer-associated mutations found on IDH1 and IDH2, highlighting 

homology of conserved R132 (IDH1) and R172 (IDH2) residues and importance 

of catalytic domain in both wild-type and mutant enzymatic reactions. (Dang et 

al., 2010)  
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Table 1.4. Identified amino acid mutations in IDH1 and IDH2 in different 

types of cancers. Summary of known cancer patients found with mutually 

exculsive mutations in either IDH1 or IDH2, including the altered residue and 

resultant amino acid mutant. 

 IDH1 IDH2 

Brain R132>H,C, S, G, L, V, P 
R100                       G97>D 

R172>K, M, G, S, W 
R140 

AML R132>H, C, S, G, L        
V71>I                        I99>M               

R172>K, G                                                               
R140>Q, L, W  

MDS R132>C, L, G, S R172>K                                                               
R140>L, Q, W 

MPN R132>C, G R172>G                                                                           
R140>W 

Prostate R132>H, C  
B-ALL R132>C  

Melanoma R132>C, H P158>T      G171>D            
V249>M     

Paranglioma R132>C, H  

Thyroid V71>I     G70>D    H133>Q                                                 
G123>R   A134>D  I130>M  

Colorectal G97>D                                                        
R132>C  

Chondrosarcoma R132>C, H, S, G, L R172>S 

Cholangiosarcoma R132>C, L, G R172W 
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Part III: 2-hydroxyglutarate metabolites 

Overview  

Gain-of-function heterozygous somatic mutations in IDH1 and IDH2 have 

been discovered in numerous cancers, but at high frequency in GBM (Yan et al., 

2009b) and AML (Gross et al., 2010). Initially, it was alleged that IDH mutations 

led to the loss of enzymatic activity, but as it transpired the principal 

consequence of these point mutations is the biochemical production of the 

oncometabolite (R)-2-HG from α-KG (Dang et al., 2010; Sasaki et al., 2012a; 

Zhang et al., 2013) (Fig 1-6). Recently it was reported that the serum level of (R)-

2-HG was significantly elevated in knock-in IDH1-R132H mouse model, and as 

these mice aged they showed leukemia-like phenotypes, including increased 

number of early hematopoietic progenitor cells, splenomegaly, anemia, and 

extramedullary hematopoiesis (Sasaki et al., 2012b). Additionally, the 

methylation pattern of DNA CpG islands was altered in >80% of the bone marrow 

cells. Expression of IDH2-R172K and IDH2-R140Q mutations in 3T3-L1 

adipocytes showed differentiation arrest and significantly increased levels of 

histone methylation markers (Lu et al., 2012). These findings suggest that IDH 

gene mutations and their product, (R)-2-HG, may promote tumorigenesis by 

affecting cell differentiation and signaling pathways.  

Inhibition of α-KG-dependent dioxygenase activity by (R)-2-HG is 

considered to be the main mechanism of carcinogenicity caused by IDH 

mutations. (R)-2-HG and α-KG are structurally similar metabolites and differ only 

by the presence of a C2-hydroxyl group in (R)-2-HG instead of the C2-carbonyl 
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of α-KG. A class of enzymes that use Fe(II) to couple the oxidation of a substrate 

with the conversion of α-KG to succinate and carbon dioxide, α-KG-dependent 

dioxygenases, regulate cellular processes like collagen maturation, oxygen 

sensing, epigenetic regulation, and fatty acid metabolism (Loenarz and Schofield, 

2008; Rose et al., 2011). The structural similarity between (R)-2-HG and α-KG 

subsequently leads to biochemical inhibition of this enzyme family by 2-HG 

metabolites (Chowdhury et al., 2011; Xu et al., 2011) and subsequent activation 

of the hypoxia-inducible factor (HIF-1 α) pathway (Zhao et al., 2009) via α-KG- 

dependent prolyl hydroxylases. IDH mutations are mutually exclusive with 

mutations in the gene TET2 (Figueroa et al., 2010), an α-KG-dependent 

dioxygenase that converts 5-methyl cytosine (5mC) to 5-hydroxymethylcytosine 

(5hmC), and results in DNA demethylation (Ito et al., 2010; Tahiliani et al., 2009). 

IDH mutations and consequent (R)-2-HG accumulation inhibits TET enzymes 

and, at least in AML, this axis contributes to the malignancy. Epigenetic changes 

are suspected to be primary drivers of oncogenic evolution and result in a block 

in cell differentiation and a promotion of proliferation in tumor cells (Baylin and 

Ohm, 2006). Whether IDH mutations are sufficient for this effect, however, has 

been questioned (Williams et al., 2011), suggesting some other effectors may 

also be in play. 

Increased concentrations of (R)-2-HG have been shown to affect the 

regulation of chromatin structure (Chowdhury et al., 2011; Sturm et al., 2012; Xu 

et al., 2011) via histone methylation, an important epigenetic modification that is 

closely related to the formation of heterochromatin, gene expression, and DNA 
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damage repair. Jumonji (JmjC) domain-containing histone demethylases (JHDM) 

is an important histidine demethylase family that catalyzes the demethylation of 

histone H3K4, H3K9, H3K27, H3K36, and H4K20. Abnormal histone 

demethylation is associated with the occurrence and progression of CNS 

diseases and a variety of human cancers (Kooistra and Helin, 2012). Recently, it 

has been discovered that (R)-2-HG suppresses the demethylation activity of 

JHDMs by competitively inhibiting α-KG in U87MG cells with IDH1-R132H 

mutation (Lu et al., 2012). Introduction of either IDH1-R132H mutation or 

treatment with (R)-2-HG caused upregulation of a variety of histone methylation 

markers. Moreover, histone methylation preceded a rise in DNA methylation as 

cells were passaged in culture, suggesting that histone methylation may also 

induce DNA methylation (Lu et al., 2012). 

Ten-eleven translocation (TET) enzyme family contains the foremost 

enzymes regulating DNA demethylation, catalyzing the change of 5-

methylcytosine to 5-hydroxymethyl-cytosine (5-hmC) (Losman et al., 2013; 

Sasaki et al., 2012b; Xu et al., 2011). Clinical observation uncovered that IDH 

and TET2 mutations resulted in similar DNA methylation profiles in AML; these 

two types of mutations were mutually exclusive, suggesting that they may share 

common oncogenic pathways (Figueroa et al., 2010). Profiling the cancer 

genome of 207 GBM specimens revealed that IDH1 mutations were also highly 

correlated with the glioma-CpG island methylator phenotype (G-CIMP) of glioma-

specific promotors (Noushmehr et al., 2010). Furthermore, isogenic immortalized 

human astrocytes expressing IDH1-R132H showed a large number of 



 25 

hypermethylated genes; the level of 5-hmC was significantly reduced and 

methylation markers (H3K9, H3K27, and H3K36) were significantly increased, 

while no significant changes were observed in cells with wild-type IDH1 (Turcan 

et al., 2012). 

Similarly, (R)-2-HG has been proven to disturb α-KG-dependent 

dioxygenase prolyl hydroxylases (PHD) charged with regulation of HIF-1α 

transcription factor (Chowdhury et al., 2011; Zhao et al., 2009). HIF-1α is an 

important transcription regulator involved in control of key signaling pathways 

related to apoptosis, metabolism, and angiogenesis during tumorigenesis and 

tumor progression (Lu et al., 2012; Sasaki et al., 2012b; Xu et al., 2011; Zhang et 

al., 2013; Zhao et al., 2009). Furthermore, HIF-1α target genes like glucose 

transporter-1 (Glut1), vascular endothelial growth factor (VEGF), and 

phosphoglycerate kinase 1 (PGK1) were also upregulated. Data from twenty-six 

glioma patients revealed that HIF-1α and VEGF were higher in glioma samples 

with IDH mutations than those without the mutation (Zhao et al., 2009). The 

introduction of IDH1-R132H mutation into rat embryos also revealed that the 

levels of expression of HIF-1α and its target gene VEGF were upregulated in 

embryonic rat brain cells (Sasaki et al., 2012b). 

Ultimately, treatment with exogenous (R)-2-HG has been shown to 

promote cell growth (Losman et al., 2013) and alter cell morphology (Grassian et 

al., 2012). Likewise, clinical studies show increased metastatic potential 

(Grassian et al., 2012) while other studies find IDH mutations to be associated 

with longer survival probability in glioma patients (Yan et al., 2009b), but why (R)-
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2-HG production in is a favorable marker for GBM patient survival, while 

positively correlated to a worse prognosis in AML patients remains unknown 

(Nomdedeu et al., 2012; Paschka et al., 2010; Ravandi et al., 2012). Recent data 

indicates that the various mutations in IDH may not share entirely the same 

properties as they produce different concentrations of (R)-2-HG (Jin et al., 2011; 

Ward et al., 2010) suggesting that differing IDH mutations and resultant (R)-2-HG 

concentrations may be used to predict therapy response and survival. In fact, 

positive TMZ chemosensitivity in glioblastoma patients and overall survival was 

associated with the presence of (R)-2-HG (SongTao et al., 2012), providing even 

more evidence that differing IDH mutations may contribute differently to tumor 

aggression.  
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Table 1.5. Levels of (R)-2-HG in cells harboring endogenous IDH mutations.  

Intracelllular concentration of (R)-2-HG in human chondrosarcoma cells 

expressing only endogenous IDH1 and IDH2 mutations compared to (R)-2-HG 

concentrations in cancerous tissue samples with mutated IDH. Similarly, the 

intracellular concentration of exogneous (R)-2-HG after passiively diffusing 

across the cell membrane. All approximate intracellular (R)-2-HG values 

displayed against total mass (/mg) of cell or tissue sample. 

Cancer IDH status Sample ID Intracellular 
[(R)-2-HG] Ref. 

Human 
Chondrosarcoma IDH2-R172S CS-1 cells 40nM/mg Ward et al. 

2013 

Human 
Chondrosarcoma IDH1-R132G JJ012 cells 40nM/mg Ward et al. 

2013 

Mouse glioma IDH1-R132H Tissue 2-4nM/mg Navis et al. 
2013 

Human glioma IDH1-R132H Tissue 10nM/mg Dang et al. 
2009 

Human glioma Multiple Tissue 40nM/mg Pope et al. 
2012 

     

Human 
colorectal 

N/A 
(100µM exogenous 

(R)-2-HG) 

HCT116 
cells 10ug/mg Reitman et al. 

2014 

Human glioma IDH1-R132H Tissue 50ug/mg Jin et al. 2013 
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Fig 1-6. Effects of (R)-2-HG on α-KG-dependent dioxygenases. Production of 

(R)-2-HG, as a result of IDH mutations, has been shown to inhibit a number of α-

KG-dependent processes, such as histone lysine demethylases (KDM), DNA-

demethylases (TET2), and prolyl-hydroxylases (EglN1), via competitive binding 

due to their structural similarity. (Adapted from Ye et al., 2013) 
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CHAPTER 2 

STATEMENT OF GOALS 

Isocitrate dehydrogenases (IDH)-1 and IDH2 are two important enzymes 

in the citric acid cycle. They catalyze the oxidative decarboxylation of isocitrate to 

α-ketoglutarate (α-KG) and the reduction of NADP+ to NADPH (Jo et al., 2001) 

which provides protection against the damaging effects of oxidative stress (Kil et 

al., 2006; Shin et al., 2008). Interest in these enzymes wsa only recently piqued 

when gain-of-function heterozygous somatic mutations were identified in many 

types of cancer, though these single point mutations are found with a higher 

frequency in glioblastoma multiforme (Yan et al., 2009b) and acute myeloid 

leukemia (Gross et al., 2010). The principle effect of these mutations is the shift 

in biochemical production to the oncometabolite (R)-2-hydroxyglutarate [(R)-2-

HG] from α-KG. Increased concentrations of cellular (R)-2-HG by mutated IDH 

has been shown to affect principally, among other pathways, the regulation of 

chromatin structure (Xu et al., 2011) and DNA-demethylation (Figueroa et al., 

2010). Some studies indicate that while IDH mutations are associated with longer 

survival probability (Yan et al., 2009b) others show increased metastatic potential 

(Grassian et al., 2012).  

 Mutations in IDH2 are most common at arginines (R)172 (analogous to 

residue R132 in IDH1) or R140. Mutations in IDH1 and IDH2 are conserved but 

the resulting amino acid can vary. In the case of IDH2-R172, this amino acid is 

more often changed to lysine (K) or methionine (M), whereas IDH2-R140 is 

changed to glutamine (Q) (Dang et al., 2010; Yen et al., 2010). Recent studies 
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have shown that different IDH2 mutants do not produce the same levels of (R)-2-

HG (Jin et al., 2011; Ward et al., 2012). IDH mutation in low-grade glioma has a 

significant positive effect on overall survival (hazard ratio, 0.64), independent of 

histologic phenotype, and usually predicts the presence of MGMT promoter 

methylation (in 84% of IDH-mutant low-grade tumors). IDH mutation also 

appears to impart the benefit of progression-free survival (with a mean [SD] 3-

year Kaplan-Meier estimated progression-free survival of 73.9 [4.5] years for 

patients with an IDH-mutant tumor vs 61.4 [6.9] years for patients with wild-type 

IDH) (Sabha et al., 2014). However, absence of IDH mutation in low-grade 

glioma has been found to be associated to a faster malignant transformation and 

a shorter overall survival (Metellus et al., 2010). Their clinical relevance is also 

exemplified in a study of secondary glioblastoma patients in which mutations in 

IDH correlated with positive TMZ chemosensitivity and overall survival versus 

patients with wild-type (WT) IDH (SongTao et al., 2012). In this and other similar 

studies no information was provided on an association between optimal 

chemosensitivity to one or more specific IDH mutations. Consequently, I 

hypothesized that individual, specific mutations in IDH2 can serve as tumor 

biomarkers of chemosensitivity and survival. To test this hypothesis, I proposed 

the two following aims:  

1. Determine whether expression of specific IDH2 mutations alter the 

behavior of glioblastoma cells and their chemosensitivity in vitro and in vivo.  

Preliminary evidence from our lab has hinted that the absence of IDH2 

promoted the apoptotic effects of type-I interferons (IFN), a cytokine with 
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antitumor properties (Gamero et al., 2006). In that regard, the possibility that 

IDH2 and/or IDH1 may serve as a tumor target/diagnostic biomarker to aid in the 

identification of cancer patients whose malignancies may respond better to 

therapeutic IFN intervention deserved investigation. Although interesting, loss of 

IDH enzyme expression in tumors has not been reported in patients. In contrast, 

gain-of-function mutations are appearing more prevalent with advanced 

sequencing technologies. Therefore, I decided to investigate the influence of 

IDH2 mutations using GBM cell panels- U87MG and U343- as IDH mutations 

predominate in this type of cancer. Several GBM cell lines (U87MG, U343, 

SKMG1, T98G, SKMG1, SF126, and SF188) were sequenced with the objective 

of finding endogenous IDH1 or IDH2 mutations, but this effort was unsuccessful 

as none of these commerically available cell lines harbor mutations in these 

enzymes. Consequently, lentiviral plasmids were designed to express individually 

IDH2-WT or three clinically relevant IDH2 mutations- R172K, R172M, and 

R140Q. Production of lentivirus and transduction into well-described, and often 

utilized GBM model cell lines, U87MG and U343, provided a suitable model to 

differentiate phenotypes induced by these three distinct mutations. Initially, 

several phenotypes were obvious. Expression of IDH2-R172M caused cells to 

proliferate slower than cells expressing IDH2-WT, IDH2-R172K, or IDH2-R140Q. 

In fact, cells expressing IDH2-R140Q proliferated faster, while cells expressing 

IDH2-R172K were indistinguishable from cells expressing IDH2-WT. Soft-agar 

colony forming assays confirmed these growth kinetics in an anchorage-

independent model and similarly with cell invasion and migration assays. 
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Possibly explaining these dissimilarities were variances in base-line activation of 

stress pathways AKT, MAPK, NF-κB, and particularly STAT3 which was highly 

activated in IDH2-R172M and IDH2-R140Q expressing cells. Furthermore, 

expression of IDH2-R172M and IDH2-R140Q reduced the lethal effects of 

chemotherapeutics with differing mechanisms of action: bortezimib (a 

proteasome inhibitor), temozolomide (TMZ) (an alkylating agent), vincristine (a 

mitotic inhibitor), and cisplatin (a DNA damaging agent). I also found that the 

levels of endogenous (R)-2-HG produced by the U87MG+IDH2 panel were 

inversely related to their respective growth rates, with IDH2-R172M having the 

highest intracellular concentration (and slowest proliferation), then IDH2-R172K, 

and finally IDH2-R140Q which produced the least (but proliferated the fastest). 

This implicates (R)-2-HG as a negative regulator of tumor growth, substantiating 

the implication of (R)-2-HG as an easily accesible tumor biomarker. Interestingly, 

intracellular levels of other metabolites (ATP, NADP+, and NADPH) were not 

altered within these cell panels. Finally, I found that both subcutaneous and 

orthotopic intracranial growth of these cells mimicked previously described 

invasion potential and in vitro growth potentials. 

2.  Determine the role of 2-HG metabolites in influencing tumorigenesis 

and therapeutic response.   

 As decribed previously, I found that three different mutations of IDH2 

expressed in U87MG, glioblastoma cells, produced very different levels of 

oncometabolite (R)-2-HG. Therefore, I hypothesized that the oncogenic potential 

of mutated IDH2 was a direst result of (R)-2-HG production alone and the 
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phenotypes unveiled in the U87MG+IDH2 panel could be replicated with 

exogenous treatment of (R)-2-HG, in absence of mutated IDH2. I found that 

treatment of various tumor cell lines (GBM, colorectal, melanoma, and AML) with 

(R)-2-HG induced a significant decrease in cell proliferation in a dose- and time-

dependent manner. However, co-treatment with (R)-2-HG did not protect against 

the lethal effects of TMZ, which provided the first indication that the production of 

(R)-2-HG is not the lone consequence of IDH2 mutations. Despite U87MG+IDH2-

R172M and IDH2-R140Q cells producing very different levels of intracellular (R)-

2-HG, they were both less responsive to chemotherapy, again suggesting some 

other influence. To confirm these in vitro results, when tested in vivo, treatments 

of GBM-, melanoma-, and colorectal-tumor-bearing mice with (R)-2-HG 

significantly reduced tumor volume in a dose-dependent manner. These in vivo 

and in vitro dose-dependent responses dispel any indication that cells may 

respond favorably at lower concentrations, while inhibited when greater. 

Furthermore, these in vivo results also complement the results of soft-agar 

colony forming assays, demonstrating that (R)-2-HG inhibits tumor cell growth. 

This dynamic, however, was heightened when it was discovered that long-term 

(R)-2-HG treatment enhanced growth in untransformed, immortalized cells- 

contrary to findings with transformed, tumor cells. Further investigation into this 

dual effect of (R)-2-HG by introducing oncogenic N-Ras and H-Ras into 

immortalized, untransformed cells showed that expression of these oncogenes 

‘switched’ cellular (R)-2-HG response from growth promotion to that of inhibition. 
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 In all, I propose that mutations in IDH2 produce (R)-2-HG at different 

capacities and can be used as a biomarker to predict tumor aggressiveness and 

therapy response.  However, the effects of (R)-2-HG are not conferred to the 

tumor cell alone, but the response of non-tumorigenic stromal cells surrounding 

the tumor may also play a key role in tumorigenicity imparted by IDH mutations.  

Finally, aside from the production of (R)-2-HG, it appears that mutations of IDH2 

also affect cancer promotion in glioblastoma cells in an unidentified manner, 

compelling further investigation into the mechanisms of IDH enzymes driving 

cancer progression. 
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CHAPTER 3 

MATERIALS AND METHODS 

Part I: Reagents 

Antibodies 

Annexin-V-FITC, purchased from Biolegend (San Diego, CA), and 

propidium iodide dye (Calbiochem; San Diego, CA) were used for apoptosis 

measurement. FITC-anti-Rabbit immunoglobin (IgG) antibody and phycoerythrin 

(PE)-anti-Mouse IgG (Biolegend) were used for immunocytochemistry and flow 

cytometry analysis. Antibodies used for immunocytochemistry to label exogenous 

IDH2-FLAG with primary anti-FLAG (mouse) antibody (Sigma; F1804, St. Louis, 

MO) and detected with anti-mouse secondary antibodies, AlexaFluor conjugated-

far-red 647 (594/633nm), and -yellow 532 (532/554nm) fluorescent dyes 

(Invitrogen, Waltham, MA). Beta-actin antibody was purchased from ProteinTech 

(60008-1) (Chicago, IL) and diluted to 1:10,000 working concentration. Anti-IDH2 

antibody was purchased from Abcam (ab55271) (Cambridge, MA) and diluted to 

1:2,000 working concentration. Antibodies against ERK1/2 (MAPK) (sc-135900), 

p65 (sc-372), STAT3 (sc-482), p53 (sc-126), H-Ras (sc-520), and N-Ras (sc-31) 

were all purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX) and diluted 

to 1:2,000. Antibodies against AKT (9272), phospho-AKT-S473 (9271), phosho-

p65-S536 (3033S), phospho-STAT3-Y705 (9145S), FAK (3285-P), phospho-

FAK-Y397 (8556P), PTEN (9188S), Acetylated-Lysine (9441S), and phospho-

ERK1/2-T202/Y204 (9101S) were purchased from Cell Signaling (Danvers, MA) 

and diluted to 1:2,000. Antibody against mouse STAT2 (07-140) was acquired 
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from Upstate (Billerica, MA), cMyc from Lifetein (LT0421) (South Plainfield, NJ), 

and V5 from Rockland (600-401-378) (Pottstown, PA) and diluted to 1:2,000. 

Horseradish peroxidase (HRP)-conjugated goat anti-rabbit and anti-mouse 

antibodies were purchased from Invitrogen (Carlsbad, CA) and used as 

secondary antibodies for western blotting. All antibodies used for Western blot 

analysis were diluted in 3% bovine serum albumin (BSA) or chicken serum 

albumin (CSA) in Tris-Buffered Saline and Tween-20 (TBST) 

Buffers 

 Dulbecco’s Phosphate-Buffered Saline (DPBS) 1X was purchased from 

Cellgro (Manassas, VA) and 0.9% sodium chloride solution for animal injections 

was purchased from B. Braun Medical Inc. (Irvine, CA). 

 

Part II: Animals 

Rag1-/- and SCID mice were purchased from The Jackson Laboratory (Bar 

Harbor, Maine). C57/BL6 wild-type mice were purchased from the Animal 

Production Area of the Frederick National Laboratory for Cancer Research 

(Frederick, MD). Mice were bred in our animal facility and housed under a 

pathogen-free environment. These studies were performed in accordance to the 

National Institute of Health Guide for Care and Use of Laboratory Animals and 

approved by Temple University Animal Care and Use Committee guidelines.  
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Part III: Cell lines, treatments, and growth conditions 

Cell lines 

Human U87MG glioblastoma (ATCC; Manassas, VA) and immortalized 

mouse embryonic fibroblast (iMEF; provided by Dr. Chistian Schindler, Columbia 

University, NY) cell lines were maintained in DMEM medium (Mediatech; 

Herndon, VA) supplemented with 10% heat-inactivated fetal bovine serum (FBS) 

(Gembio; West Sacramento, CA), 2mM L-glutamine (Life Technologies; 

Carlsbad, CA), and 100U/mL-1 penicillin and 100µg/mL-1 streptomycin (Caisson; 

North Logan, UT).  Mouse NIH/3T3 cell lines were maintained in DMEM medium 

supplemented with 10% heat-inactivated bovine calf serum (Gembio), 2mM L-

glutamine, and 100U/mL-1 penicillin and 100µg/mL-1 streptomycin. Human U343 

glioblastoma cell (ATCC) were maintained in DMEM medium supplemented with 

10% FBS, 2mM L-glutamine, 100 U mL-1 penicillin and 100 µg mL-1 streptomycin, 

1mM sodium pyruvate (Caisson), and non-essential amino acid cocktail (7.5mg/L 

glycine, 8.9mg/L L-alanine, 13.2 mg/L L-asparagine, 13.3mg/L L-aspartic acid, 

14.7mg/L L-glutamic acid, 11.5mg/L L-proline, and 10.5mg/L L-serine) (Caisson). 

Human primary astrocytes generously donated by Dr. T. Dianne Langford 

(Temple University) were maintained in DMEM/F-12 50/50 media (Mediatech) 

supplemented with 15% FBS, 2mM L-glutamine, 50µg/mL insulin (Santa Cruz; 

Dallas, TX), 250µg/mL gentamicin (Lonza; Rockland, ME), and 25µg/mL 

fungizone (Sigma-Aldrich; St. Louis, MO). HUVEC endothelial cells (Fox Chase 

Cancer Center [FCCC]; Philadelphia, PA) were maintained in F-12K media 
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supplemented with 10% FBS, 2mM L-glutamine, 100U/mL-1 penicillin and 

100µg/mL-1 streptomycin, 100µg/mL heparin (Sigma-Aldrich), and EDGS cocktail 

(purified bovine serum albumin, purified bovine transferrin, hydrocortisone, 

rhIGF-1, PGE2, and rhEGF) (Life Technologies). MLEC endothelial cells 

generously donated by Dr. Jonathan Chernoff (FCCC) were cultured in EGM 

complete media kit (Lonza).  TF-1 and TF-1a acute myeloid leukemia precursor 

cell lines, generously provided by Dr. Julie Losman (Harvard Medical School; 

Boston, MA) and Dr. Steven Sykes (FCCC), respectively, were both cultured in 

RPMI supplemented with 10% FBS, 2mM L-glutamine, and 100U/mL-1 penicillin 

and 100µg/mL-1 streptomycin- only the cytokine-dependent TF-1 cells were 

cultured in 1ng/mL rhIL-3 to promote proliferation.  MLOM14 and U937 AML cell 

lines generously donated by Dr. Steven Sykes (FCCC) were maintained in RPMI 

supplemented with 10% FBS, 2mM L-glutamine, 100U/mL-1 penicillin and 

100µg/mL-1 streptomycin, and 1mM sodium pyruvate. B16 mouse melanoma 

cells were maintained in DMEM supplemented with 5% FBS, 2mM L-glutamine, 

and 100U/mL-1 penicillin and 100µg/mL-1 streptomycin, and 1mM sodium 

pyruvate. HCT116 human colorectal cells (provided by Dr. Bert Vogelstein, Johns 

Hopkins University, MD) were cultured in RPMI supplemented with 10% FBS, 

2mM L-glutamine, 100 U mL-1 penicillin and 100 µg mL-1 streptomycin, 1mM 

sodium pyruvate, non-essential amino acid cocktail, 10mM HEPES, and 550µM 

beta-mercapthanol (Life Techonologies). Human primary fibroblasts from Dr. 

Richard E. Randall’s lab (University of St. Andrew’s, UK) were maintained in 

DMEM supplemented with 10% FBS, 2mM L-glutamine, and 100U/mL-1 penicillin 
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and 100µg/mL-1 streptomycin. All cell lines were cultured at 37°C and 5% CO2. 

U87MG and U343 cell pool populations transduced with IDH2-expressing 

constructs, as well as iMEF/NIH-3T3 oncogenic H-RasG12V transfected and N-

RasG12V retroviral-transduced cell pool populations, were maintained under 

3µg/mL puromycin selection (Life Technologies). 

Soft-agar colony forming assay 

First a 2mL layer of molten 0.6% bacto-agar in ddH2O (1.2% bacto-agar 

[Becton-Dickinson; Franklin Lakes, NJ] 1:1 with 2X DMEM [Life Technologies]) 

cooled to 45°C was added to the bottom of a single well of a 6-well cell culture 

plate (Genesee Scientific; San Diego, CA) and allowed to congeal. A second 

layer of 2mL molten 0.6% bacto-agar cooled to 45°C and mixed with 20,000 cells 

was then plated on top of the original, bottom 2mL of agar/DMEM. Cells were 

allowed to grow as colonies suspended in agar/DMEM for 28 days under normal 

cell culture conditions, supplementing 200µL complete DMEM weekly to prevent 

agar from drying, before imaging and analyzing with the ‘colony count’ program 

within the AlphaView software (San Leandro, CA). 

Three-dimensional tumor spheroid/hanging-drop assay 

 Cells were first pre-treated with mitomycin-c, at a concentration of 3µg/mL 

for 2 hours prior collection. After collection, 2,000 cells were suspended in 50µL 

of cell medium and placed on the under side of a lid for a 24-well plate lid.  The 

‘hanging-drop’ lid was then placed back on top of the 24-well plate, with each 

well containing 100µL PBS to provide a humidified atmosphere, for 48 hours.  

During this time, without a surface for the cells to adhere to, the cells adhered to 



 40 

each other and formed a spheroid colony. After 48 hours, the spheroid was 

removed from the underside of the lid and placed into a new 24-well plate, with 

one spheroid per well. Images were taken immediately for a zero hour data point 

and allowed to grow, and spread, along the bottom of the cell culture plate in 

normal fashion for the designated time before a final timepoint image is taken.  

Analysis of these images revealed the migratory capacity of tumor cells away 

from the spheroid and furthest distance traveled by any given cell. Data analysis 

here was performed with the ‘colony count’ program within the AlphaView 

software to determine number of cells migrated from spheroid and ImageJ (NIH; 

Bethesda, MD) to measure distance traveled. 

Cell culture treatments 

Temozolomide, cisplatin, bortezomib, and vincristine were purchased from 

CalBiochem/EMD Millipore (Billerica, MA). Lyophilized (R)-2-HG and (S)-2-HG 

were generously provided by Dr. Ryan Looper (University of Utah). (R)-2-HG-

TFMB was syntesized by the Fox Chase Cancer Center Organic Synthesis Lab 

(Philadelphia, PA).  All 2-HG treatments, along with DMSO volume-equivalent 

control, were reapplied to cells every 3 days for the duration of the indicated 

experiment. Recombinant murine IFN-β was provided by Biogen (Cambridge, 

MA) and recombinant human IFN-α was purchased from Peprotech (Rocky Hill, 

NJ). 
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Part IV: Establishment of tumors, assesment of tumor growth, 

and tumor treatments 

Subcutaneous tumor transplantation 

Five million U87MG or HCT116 tumor cells in 200µL of endotoxin free 

saline solution were injected subcutaneously on the dorsal flank of 6- to 8-weeks 

old Rag1-/- or SCID mice. Similarly, one million B16 tumor cells were injected 

subcutaneously in wild-type C57/BL6 mice. Tumor measurements were started 

at day 7 using a digital caliper (Neiko Tools; Japan). Tumor volume was 

determined with the formula: V=a2b, where a is the shorter diameter and b is the 

longer diameter of the tumor.  On day 28 or upon tumor volume reaching greater 

than 1.2x104mm3, according to IACUC regulations, mice were euthanized and 

tumors excised for images to be taken or further experimentation. 

Subcutaneous tumor treatments 

 Administration of 0.9% sodium chloride solution, (R)-2-HG, and (S)-2-HG 

was performed by injecting peritumorally, around the tumor margins, at a volume 

of 100µL.  Aliquots of 2-HG metabolites were prepared in DMSO, so for the 

varying 2-HG concentration groups, the levels of DMSO were not consistent.  

Therefore, DMSO was added to the vehicle and to the lower 2-HG 

concentrations to equal the total volumes of DMSO of the higher 2-HG 

concentrations.  Therefore, total DMSO volumes in the 100µL treatment groups 

remained the same and only the levels of total concentration and type of 2-HG 

differed among the treatment groups. 
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Intracranial animal xenografts 

An orthotopic model of brain cancer was employed in which Rag1-/- female 

mice of approximately 10-weeks of age were used to implant glioblastoma tumor 

cells. Intracranial tumor xenografts were kindly performed with the assistance 

Evan Lutton and Viviana Zuluaga-Ramirez in Dr. Servio Ramirez’ and Dr. Yuri 

Persidsky’s (Temple University School of Medicine; Philadelphia, PA) 

laboratories, respectively. A ketamine and xylazine injection at 100 mg/kg and 10 

mg/kg body weight, respectively, was used as anesthetic, with ophthalmic jelly 

over the eyes to prevent from drying out. Confirmation that the mouse was 

sufficiently anesthetized was assessed by the animal's spontaneous response to 

a toe pinch. If the animal responded to the toe pinch, the procedure was delayed 

until the anesthesia could take effect or additional anesthesia was injected. 

Animal fur from the head was removed with Nair solution (Church and Dwight Co 

Inc; Ewing, NJ). The anesthetized mouse was positioned in the mouse 

stereotactic device by hooking the mouse's incisor teeth in the bite bar of the 

snout restrainer and tightening the nose clamp over the snout while ensuring that 

the mouse's head is on a level plane. The restrained mouse and sterotactic 

device was then transferred to the stereotactic platform, adjusting the positioning 

of the animal so that the tips of the ear bars are at the caudal end of the ear 

canal. Once the animal's cranial-to-caudal positioning has been adjusted, the bite 

bar was secured to the stereotactic frame. The mouse should be resting on a firm 

plastic heating plate to maintain temperature. After placing the animal in the 

sterotactic platform, using a sterile scalpel, a 0.75 cm incision was made 
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longitudinally in the mid-scalp extending from the level of the eyes caudally. Then 

a small, handheld bevel drill with a 0.45mm burr was used to expose brain matter 

under skull just 2mm in front of bregma and 2mm to the left of center on top of 

head. Betadine solution (Purdue Products L.P.; Stamford, CT) was applited to 

the top of the mouse's head to disinfect the incision site, taking care to avoid the 

eyes. A sterile cotton swab was used to gently retract the edges of the incision to 

facilitate visualization of the skull. A Nanomite injector syringe pump (Harvard 

Apparatus; Holliston, MA) was attached to the stereotactic platform and cell 

suspension was drawn up through a 30 gauge 1" long flat bevel needle attached 

to a 10µL syringe (Hamilton Syringe, Reno, NV). A 4µL divot in brain tissue was 

made with injection needle before retracting and depositing 3µL of 

5x105cells/100µl (5x106 cells/mL) (15,000 cells total/mouse) U87+IDH2 cells in 

1µL/100µL 0.4% Trypan Blue (0.004% final), for contrast. Scalp and hole in skull 

was sealed with VetBond bonding agent (3M; St. Paul, MN). Animals were 

monitored daily for 28 days before sacrificing and perfusing with 4% 

paraformaldehyde. Brains were removed and stored in 4% paraformaldehyde 

before sectioning and staining. Brain sections were cut at 5µM intervals. Brain 

volume was determined by calculating area of tumor in each section and 

multiplying by known 5µM thickness. All stained serial sections were then 

scanned and imaged using a Nikon Eclipse 80i bright field microscope (Nikon; 

Melville, NY) configured to a DS-Fi2 color camera. Images were acquired using 

NIS Elements imaging software (Nikon) and subsequently analyzed for 

glioblastoma tumor volume using ImageJ software (NIH; Bethesda, MD). 
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Part V: Protein Analysis 

Cell lysis 

Cells were lysed in in-house lysis buffer (made up of 25mL 50mM Tris pH-

7.5, 15mL 150mM NaCl, 2mL 2mM EDTA pH-8.0, 2.5mL 0.5% Triton-X 100, 

Complete Mini protease inhibitors [Roche; Indianapolis, IN], 100µM final 

phenylmethylsulfonyl flouride (PSMF), and 100µM final sodium orthovanadate) 

followed by centrifugation at 4°C. The supernatant fraction was collected and 

protein concentration was measured at 590nm using Bio-Rad Bradford Protein 

Assay (Hercules, CA). 

Histone extraction 

Cells were harvested and washed twice with ice-cold PBS. Cells were 

resuspend in Triton Extraction Buffer (TEB: PBS containing 0.5% Triton X 100 

(v/v), 2 mM phenylmethylsulfonyl fluoride (PMSF), 0.02% (w/v) NaN3) at a cell 

density of 107 cells per mL. Cells were lysed on ice for 10 minutes with gentle 

stirring.  Lysate was centrifuged at 6,500 x g for 10 min at 4°C to spin down the 

nuclei. Supernatant was removed and discarded. Nuclei were washed in half the 

volume of TEB and centrifuged as before. Pellets were re-suspend in 0.2 N HCl 

at a density of 4x107 nuclei per mL. Histones were acid extracted (0.2N HCl) 

overnight at 4°C. Samples were then centrifuged at 6,500 x g for 10 minutes at 

4°C to pellet debris. Supernatant now contains the histone protein and protein 

content was determined using the Bradford assay. Samples were analyzed by 

Western Blot, as described above. 
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Immunoprecipitation 

 Cell lysates, ~5µg/µL, was suspendend in 100µL lysis buffer per sample.  

Twenty µL of Protein-G sepharose beads (GE Healthcare; Mickleton, NJ), per 

sample, were washed in 1mL of lysis buffer, spun down at 500 x g for 5 minutes 

to remove any debris with supernatant, and added to cell lysate for 1 hour at 4°C 

on inverting rotator.  Cell lysate-sepharose beads mixture was then spun down at 

500 x g for 5 minutes, before saving supernatant, to remove any non-specific 

binding between lysate and beads.  Two µL (2µg) of antibody was then added to 

pre-cleared cell lysate and placed on inverting rotator at 4°C for at least 1 hour. 

To the pre-cleared lysate and antibody mixture was then added 20µL of Protein-

G sepharose beads, after they had been washed once with lysis buffer (20µL 

beads in 100µL lysis buffer, spun down at 500 x g for 5 minutes, and supernatant 

removed, along with any debris), and placed on inverting rotator at 4°C for at 

least 1 hour. Beads-lysate-antibody mixture was then spun down at 500 x g for 5 

minutes and washed twice with 100µL lysis buffer, spinning down in between, 

and removing supernatant each time.  Beads were then re-suspended in 50µL 

lysis buffer and boiled at 100°C for 10 minutes.  Bead-lysis buffer mixture could 

then be spun down at 500 x g for 5 minutes and supernatant with 

immunoprecipitated protein lysate could then be used for Western blot analysis. 

Western blot analysis 

Protein extracts, typically 30µg per lane, were resolved on precast 

NuPAGE (SDS) 4-12% gradient gels (Invitrogen; Carlsbad, CA) at constant 150 

volts for 90 minutes and transferred onto polyvinylidene difluoride membranes 
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(Millipore; Billerica, MA) using Bio-Rad semi-dry system for 2.5 hours at 80mA 

per 12-15 lane gel. Membranes were first blocked from nonspecific antibody 

binding using Blocker Casein (Thermo Scientific; Rockford, IL) for 1 hour at room 

temperature before being probed with the desired primary antibody at 4°C 

overnight on an orbital shaker. The following day membranes were washed 3 

times, 10 minutes each, with TBST (20mM Tris-HCl, pH7.5, 300mM NaCl, 0.05% 

Tween-20) followed by incubation with HRP-conjugated secondary antibody at 

room temperature for one hour. Both primary and secondary antibodies were 

diluted in 3% BSA or CSA (Santa Cruz Biotechnologies) in TBST. Membranes 

were washed three times, 10 minutes each, with TBST and developed using ECL 

(enhanced chemiluminescent) SuperSignal West Pico and Femto reagents (GE 

healthcare) and images captured with Alpha-Innotech HD2 image system (San 

Leandro, CA). Quantification was carried out using AlphaView software (San 

Leandro, CA).  

 

Part VI: Immunocytochemistry and immunohistochemistry 

Immunocytochemistry 

Cells were plated on poly-L-lysine coated slides (Sigma-Aldrich; St. Louis, 

MO), fixed in 4% paraformaldehyde for one hour, permeabilized with 0.1% Triton-

X100 for 5 minutes, blocked in 4% goat serum for 1 hour, incubated with desired 

primary antibodies for 1 hour, incubated with secondary antibodies for 1 hour, 

and mounted with VectaSheild DAPI-UV media (350/460nm) (VectorLabs; 

Burlingame, CA). Each step was performed at room temperature and between 
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each step slides were washed one time with PBS for 5 minutes. Images were 

acquired using Leica Sp5 Confocal Microscope (Buffalo Grove, IL). Cells used to 

label mitochondria were pre-treated with 100nM Mitotracker CMXRos 

(579/599nm) (Invitrogen) for 1 hour before washing with PBS and fixation. 

Plasmids encoding green fluorescent protein (GFP) as visual marker under a 

separate promoter were imaged at 475/509nm. 

Immunohistochemistry  

Mouse brains from each of the respective groups (sham, wildtype, and 

mutations of IDH2) were harvested for paraffin processing and embedding.  The 

harvested brains were immersed whole in Poly/LEM Fixative (Polysciences, 

Warrington, PA) for 24 hours at 4°C.  Each brain was then segmented into four 

2mm thick coronal sections spanning from the pre-frontal cortex through the 

initial margin of the cerebellum using a mouse brain matrix sectioning tool (Ted 

Pella Inc., Redding, CA).  All segments were re-immersed in Poly/LEM Fixative 

for an additional 24 hours at 4°C, and subsequently dehydrated, cleared and 

infiltrated with paraffin on a Sakura VIP-6 tissue processor.  All four segments 

from each brain were paraffin embedded and serial sectioned onto silane-coated 

slides.  Five-micron thick sections were then dried, cleared and rehydrated in 

preparation for Hematoxylin and Eosin staining (Surgipath SelecTec, Leica 

Biosystems, Richmond, IL).  All stained serial sections were then scanned and 

imaged using a Nikon Eclipse 80i bright field microscope configured to a DS-Fi2 

color camera.  Images were acquired using NIS Elements imaging software 
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(Nikon) and subsequently analyzed for glioblastoma tumor volume using ImageJ 

(NIH; Bethesda, MD). 

 

Part VII: Cell culture assays 

Proliferation assays 

Cell proliferation assays were performed by cell count with a manual 

hemacytometer and validated with CellTiter96 MTS reagent (Promega; Madison, 

WI) measured with a VictorX5 96-well plate reader (PerkinElmer; Waltham, MA) 

at 490nm absorbance after a 2-hour incubation. Manual count assays for 72 and 

96 hours were peformed in a 12-well plate, in triplicate, with an initial population 

of 2x105 cells at time zero. Long-term cell culture experiments (eg. 28 or 50 

days) were performed with cell count and serial replating of 10,000 cells in a 

60mm plate every 7 days. Final fold change was calculated by compounding all 

fold change counts from each experiment, or by figuring total hypothetical cell 

population based on original and following cell counts. 

Invasion assays 

Cell invasion was determined using the 24-well Transwell Matrigel 

Invasion kit purchased from Corning (Tewksbury, MA) using a 10% FBS growth 

as chemoattractant. 2.5x104 cells were plated in each invasion chamber and 

after 24 hours captured on the invasion membranes, which were fixed and 

stained using the 3-stain Set (Thermo-Fischer Scientific; Waltham, MA).  Images 

of processed membranes were taken at 4X magnification and cells counted to 

quantitate degree of invasive capability. 
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Migration assays 

Cells were plated in a 12-well plate, in triplicate for each cell line, at a 

density of 1x106/well, at near complete confluence, for 24 hours. Cells were then 

pre-treated with 3µg/ml mitomycin-c (Sigma-Aldrich; St. Louis, MO), to stop 

proliferation and distinguish differences migration among the cell lines not due to 

differences in proliferation, and 1µM calcein-AM (Life Technologies) to provide 

increased contrast when visualizing cells. A “scratch” or “wound” was then placed 

through the middle of each well, separating two populations of cells on either side 

with a 200µL pipet tip. Floating cells were removed with PBS wash before taking 

initial time 0 hour images under 495/515nm exciting/emitting wavelengths. Cell 

culture plates were then returned to the incubator for 18 hours before retreating 

with calcein-AM and retaking images. Analysis of the “wound area” was then 

performed with the ‘colony count’ program within the AlphaView software. 

 

Part VIII: Flow cytometry 

Apoptosis analysis 

One million cells were left untreated or treated with the respective 

compound as indicated in figure legends were collected and washed in 3mL of 

ice-cold PBS followed by incubation 1X binding buffer (diluted from 10X- 0.1 M 

HEPES, pH 7.4; 1.4 M NaCl; 25 mM CaCl2). The cells were then stained with 

FITC Annexin V (Biolegend; San Diego, CA) (5µl in 50µl) for 20 min in 1X binding 

buffer (10 mM Hepes, 140 mM NaCl, 2.5 mM CaCl2, pH 7.4) at 37°C in the dark, 

and then washed again before being analyzed by BD FACS Calibur Flow 
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Cytometer (BD; Franklin Lakes, NJ). FlowJo software (Ashland, OR) was used 

for flow cytometry data analysis.  

 

Part IX: Cell transfection, transduction, and DNA constructs 

Cell transfection 

Twenty four hours before transfection, cells were plated at ~50% 

confluency (~5x106 cells in 10cm2 plate or ~5x105 cells in single well of 6-well 

plate) to ensure optimum cell growth for plasmid integration and cell health. 

Plasmid DNA constructs and lentiviral plasmids were introduced into cells using 

the ExtremeGene-HP (Roche; Indianapolis, IN) and BioT (Bioland; Paramount, 

CA) DNA transfection systems as described in their respective manufacturer’s 

recommended protocols.  

Viral transduction 

Lentiviral IDH2 constructs were created using pCDH plasmid backbone 

and subcloning human IDH2 constructs into the lentiviral vector from System 

Biosciences Inc. (Mountain View, CA). Primers engineered to insert C-terminal 

FLAG and mutated IDH2 sequences were purchased from Bioneer (Alameda, 

CA). IDH2 pladmid constructs together with lentiviral packaging genes (pLP1, 

pLP2, and pLP/VSVG) were co-transfected into 293FT cells at a 1:1:1:1 ratio. 

After 24 hours, medium was removed and replaced with antibiotic free DMEM 

medium.  Cells remained in culture for 72 hours while viral titer increased. 

Supernatant containing lentivirus was removed and passed through a 0.45µM 

filter to remove cells and debris. Viral medium mixed with polybrene at a final 
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concentration of 1mM was then placed on cells for 24 hours before placing cells 

under selection with 5µg/mL puromycin. Equal overexpression of IDH2 and 

expression of FLAG in each of the lines was then confirmed by Western blot 

analysis. N-Ras and empty control plasmid (pBabe), and H-Ras retrovirus was 

generously supplied by Dr. Steven Sykes (Fox Chase Cancer Center; 

Philadelphia, PA). 

DNA vector constructs 

 Lentiviral plasmid backbone, pCDH-CMV-MCS-GFP-EF1-puro (System 

Biosciences; Mountain View, CA), was used as the expression plasmid to 

express four different IDH2 sequences: WT, R172K, R172M, and R140Q- all with 

C-terminal FLAG-tag expression to distinguish exogenous from endogenous 

IDH2 expression. Wild-type IDH2 cDNA (NCBI Reference Sequence: 

NM_001289910.1) was digested from the pLenti-IDH2 sequence provided by Dr. 

Hai Yan (Duke University) and placed into the pCDH vector opened at the MCS. 

The multiple cloning site (MCS) was used to insert the IDH2 sequences, which 

are driven by the preceeding CMV promoter. FLAG sequence was added to the 

end of this sequence using the site-directed primers: F-5’-

CGACTCGAGCAGATGGCCGGCTACCTG-3’ and R-3’-

GGTGGATCCTTACTACTTATCGTCGTCATCCTTGTAATCCTGCCTGCCCAGG

GC-5’ (Bioneer; Daejeon, Republic of Korea) which amplified the entire IDH2-WT 

sequence but added the DDK (FLAG) amino acid sequence to the end of IDH2 

and before the stop codon. Primers intoducing the three mutations were then 

used to introduce single-nucleotide alterations which translate into the new amino 
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acid residues found in cancer patients. These primer sets were: R172K: 5’- 

AGCCCATCACCATTGGCAAGCACGCCCAT-3’ (Agilent; Santa Clara, CA); 

R172M: F-5’- AGCCCATCACCATTGGCATGCACGCCCAT-3’ (Agilent); and 

R140Q: F-5’- CAATGGAACTATCCAGAACATCCTGGGGGGGACTGTCTTCCG-

3’ (Bioneer); paired with the reverse primers used to introduce FLAG-tag 

sequence. DNA-sequencing (Genewiz; S. Plainfield, NJ) was performed to 

confirm insert of FLAG-tag to all four sequences and presence of mutations. 

 IDH2-coding plasmids used for immunoprecipitation experiments 

contained IDH2-WT tagged with V5 (pLenti-IDH2-WT-V5) (Invitrogen) and IDH2 

variants tagged with MYC (pCMV6-IDH2-WT-MYC, pCMV6-IDH2-R172K-V5, 

pCMV6-IDH2-R172M-V5, and pCMV6-IDH2-R140Q-V5) (Origene; Rockville, 

MD). 

 

Part X: Metabolite analysis 

NADPH/NADP ratio measurement 

Cells were lysed in in-house lysis buffer (made up of 25mL 50mM Tris pH-

7.5, 15mL 150mM NaCl, 2mL 2mM EDTA pH-8.0, 2.5mL 0.5% Triton-X 100, 

Complete Mini protease inhibitors [Roche; Indianapolis, IN], 100µM final 

phenylmethylsulfonyl flouride (PSMF), and 100µM final sodium orthovanadate) 

followed by centrifugation at 4°C. The supernatant fraction was collected and 

protein concentration was measured at 590nm using Bio-Rad Bradford Protein 

Assay (Hercules, CA). Intracellular NADPH/NADP ratios were determined using 

a 540nm/590nm excitation and emission (respectively) fluorometric read-out kit 
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purchased from Abcam (Cambridge, MA) and measured with VictorX5 96-well 

plate reader (Perkin-Elmer). Experiments were performed as directed by the 

manufacturer’s recommended protocol. 

NADPH measurement 

Three million cells, per sample, were washed twice in PBS then lysed in 

300µL double distilled, osmotically filtered water for 10 minutes on ice.  Lysate 

was then transferred to a 96-well plate in triplicate with 100µL each. CellTiter 96 

AQueous MTS reagent (Promega; Madison, WI) was added to each well at 20µL 

per well. Plate, lysate, and reagent were incubated at 37°C and 5% CO2 for 2 

hours before reading color change using absorbance 490nm with a VictorX5 96-

well plate reader. This MTS reagent is converted to Formazan, as a read-out, by 

NADPH-dependent oxidoreductase enzymes providing a mechanism to measure 

relative NADPH levels. 

ATP measurement 

Three million cells, per sample, were washed twice in PBS then lysed in 

300µL double distilled, osmotically filtered water for 10 minutes on ice.  Lysate 

was then transferred to a 96-well plate in triplicate with 100µL each. CellTiter Glo 

Luminescent reagent (Promega) was added to each well at 100µL per well. 

Plate, lysate, and reagent were incubated at room temperature, in the dark for 10 

minutes before reading luminescent signal using absorbance taken at one-

second exposure with a VictorX5 96-well plate reader. In this assay beetle 

luciferin reagent is converted to oxyluciferin, as a read-out, by ATP-dependent 
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recombinant luciferase enzymes providing a mechanism to measure relative ATP 

levels. 

(R)-2-HG measurement 

Approximately 4-8 million cells per sample were pelleted and washed 

twice with PBS and snap-frozen with dry ice. Each sample was the equivalent 

of a ~90% confluent 10cm2 cell culture dish (~100ul pellet volume). Cell pellets 

were analyzed by gas chromatography followed by mass spectroscopy (GC-MS) 

at National Cancer Institute (NC; Frederick, MD). Concentrations of (R)-2-HG are 

reported as amount in weight by amount of total cell pellet protein (w/w). 

 

Part XI: IDH2 structuring 

To date, the only structural data available for human IDH2 is the X-ray 

structure of R140Q mutant in complex with NADPH and an inhibitor (AGI-6780) 

targeting the dimer interface [PDB code 4JA8 (Wang et al., 2013a), which 

corresponds to an open state and is very similar to the open conformation found 

for cytosolic IDH1 (Yang et al., 2010). However, to understand the effect of the 

R172 and R140 mutations described in this work this required structural 

knowledge of the enzymes states bound to isocitrate and α-ketoglutarate (i.e. the 

substrates of the normal and neomorphic reactions, respectively). Therefore, 

homology modeling was used in order to construct structural models of both wild-

type and mutant IDH2 in the different states of interest. Given the 69% identity 

between the mitochondrial IDH2 and cytosolic IDH1 human isoforms, it was 

reasonable to think that the different protein conformations found for IDH1 
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depending on the occupancy of the cofactor and substrate sites (Yang et al., 

2010) are also present in IDH2. Namely, these states are: “open” state (IDH1/2 in 

complex with the cofactor); “quasi-open” state (IDH1/2 in complex with the 

cofactor plus the substrate bound to a secondary site); “closed” state (IDH1/2 in 

complex with the cofactor plus the substrate bound to the catalytic site). Models 

of human IDH2 in the different states were built using as templates the solved 

crystal structures of human IDH1 [PDB codes 1T09, 1T0L, 3MAR, 3MAP, 3INM 

and 4KZ0 (Dang et al., 2009; Rendina et al., 2013; Xu et al., 2004; Yang et al., 

2010; Yen et al., 2010)] and yeast IDH2 [PDB code 2QFX (Peng et al., 2008)]. 

The multiple sequence alignment between human IDH2 and the templates; the 

human IDH2 sequence identity is 69% with human IDH1 and 66% with yeast 

IDH2, whereas the sequence identity between the two templates is 63%. 

Therefore, the quality of the resulting models was expected to be in the high 

accuracy range (Baker and Sali, 2001). The predicted Cα RMSD of the models 

with respect to the native structure [calculated using ModEval (Eramian et al., 

2008)] is ~1.6-1.8 Å for human IDH1 and yeast IDH2, respectively, which is 

comparable to the resolution of the crystal structures used as template (1.55-2.70 

Å). Modeller (version 9.10) (Fiser et al., 2000; Sali and Blundell, 1993) was 

employed for pairwise structure-sequence alignment and homology model 

building and representative models were selected using the g_cluster tool of the 

Gromacs package (Lindahl, 2008). The crystal structures of the R132H IDH1 

mutant used as templates of the open and quasi-open states of the neomorphic 

reaction [PDB codes 3MAR and 3MAP (Yang et al., 2010)] have missing 
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segments (residues 135-140 and 272-285 for 3MAR and residues 135-139 and 

273-280 for 3MAP), which were added using the loop modeling application 

(Wang et al., 2007) in Rosetta (version 3.2.1) (Das and Baker, 2008). 

 

Part XII: Statistical analysis 

Prism software (GraphPad, San Diego) was used for statistical analysis. 

Results were analyzed using the Student’s t test to assess significance and two-

tailed ANOVA. Values of * p<0.05, ** p<0.01, and *** p<0.001 were considered 

statistically significant. Error bars were shown to represent standard error of the 

mean (SEM). 
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CHAPTER 4 

RESULTS 

Part I: IDH2 expression in glioblastoma cell lines 

IDH2 mutations do not alter mitochondrial localization 

Lentiviral transduction of human U87MG and U343 glioblastoma cells with 

vectors expressing either wild-type (WT) or three prevalent mutant variants of 

IDH2 (R172M, R172K, or R140Q) provided a strong cell-based model to 

compare the effect of individual IDH2 mutations, while preserving endogenous 

expression of WT-IDH2- as is the case in human tumors which are heterozygous 

for IDH mutations (Yan et al., 2009b). Pooled cell populations transduced stably 

with IDH2-WT or IDH2-mutant lentivirus express similar IDH2 protein levles (Fig 

4-1 A and B). IDH2 is a mitochondrial protein, therefore live U87MG cells were 

pre-treated with RFP-Mitotracker before fixation to assess mitochondrial 

localization proceeded by immunostaining with anti-FLAG antibody to detect 

transdued IDH2-FLAG. Confocal microscopy confirmed expression of exogenous 

IDH2 strictly in mitochondria amongst the U87MG+IDH2 panel (Fig 4-2). 

Lentivirus plasmids encoding non-specific whole-cell GFP labeling and with DAPI 

counter-stain, was used to identify cell nuclei. Empty vector virus, without IDH2 

sequence, served as a negative control. All four cell lines, expressing either 

IDH2-WT or individual IDH2 mutants, showed no abnormalities in cellular 

localization indicating that mutated IDH2 also resides in the mitochondrion. 
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Fig 4-1. Exogenous expression of IDH2 variants in glioblastoma cells. 

Lentiviral transduction of human U87MG and U343 glioblastoma cells with either 

wild-type (WT) or three clinically relevant IDH2 mutants (R172K, R172M, and 

R140Q) was confirmed by Western blot (A and B, respectively). (one 

representative image) 
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Fig 4-2. Mitochondrial localization of IDH2 variants in U87MG cells. U87MG 

cells were stably transduced with empty lentivirus (EV) or lentivirus encoding 

wild-type (WT) or different IDH2 mutations (R172K, R172M, or R140Q). All 

lentivirus expressed in encodes for non-specific GFP marker (green). Shown are 

confocal images of cells pre-treated with Mitotracker (Mito, mitochondria, red) 

then immunostained with anti-FLAG (IDH2, yellow) and counter-stained with 

DAPI (nucleus, blue). (20x magnification; one representative image). 
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Expression of IDH2 mutations in glioblastoma cells alters proliferation, 

migration, and invasion 

The rate of in vitro cell proliferation of pooled populations carrying 

individual IDH2 mutations or IDH2-WT determined via cell count after 96 hours, 

showed that U87MG and U343 cells expressing IDH2-R140Q divided faster 

(~140% of IDH2-WT), while IDH2-R172M cells divided slower (~80% of IDH2-

WT). No obvious difference was observed between IDH2-WT and IDH2-R172K 

expressing cells (Fig 4-3 A and B).  

Similar results were obtained when assessing tumor cell migration, with 

IDH2-R172M showing little migration as opposed to IDH2-R140Q and IDH2-

R172K cells displaying the most motility, when compared to IDH2-WT (Fig 4-4 A 

and B) in both glioblastoma cell lines, U87MG and U343, via 2-D wound-healing 

assays. To further confirm this finding, a different model was used better 

replicating 3D in vivo growth conditions. U87MG+IDH2 3D-tumor spheroids were 

generated to measure cell motility. Again, IDH2-R172M and IDH2-R140Q 

showed different migration capabilities (Fig 4-4 C and D). In an attempt to help 

explain these marked phenotypical differences in cell migration, activation of 

focal adhesion kinsase (FAK), pY397-FAK, a well-known mediator of cellular 

motility was evaluated by Western blot analysis. No distinct differences in the 

level of expression and activation of FAK were observed (Fig 4-5). 

In addition to increased cell proliferation and migration, another in vitro 

feature of tumor aggressiveness is invasion. Once more, IDH2-R172M and IDH2-

R140Q distinguished themselves from their wild-type IDH2 counterpart by 
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invading through matrigel along a growth factor gradient differently. IDH2-R172M 

showed reduced invasion (~50% of IDH2-WT) whereas IDH2-R140Q showed 

greater invasion rate (~175% of IDH2-WT) (Fig 4-6).  

 These results confirm the findings that mutant IDH1 or IDH2 is associated 

with an increase in cell growth (Losman et al., 2013) and an epithelial-

mesenchymal transition (EMT) phenotype, characterized by loss of cell-cell 

adhesion and metastasis (Grassian et al., 2012) 

 

 

 

 

 

 

 

 

 

 

Fig 4-3. Expression of IDH2-R140Q and IDH2-R172M variants differentially 

affect the rate of cell proliferation. Lentiviral transduction of human U87MG 

and U343 glioblastoma cells with either wild-type (WT) or three clinically relevant 

IDH2 mutants (R172K, R172M, and R140Q) were tested for in vitro proliferation, 

determined by cell counts, over 96h and normalized to IDH2-WT set equal to 1 

(A and B, respectively). (n=3) *p<0.05; **p<0.01  
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Figure 4-4. Expression of IDH2-R172M in glioblastoma cells decreases cell 

migration. Migration, via scratch or wound-healing assay, was measured by 

comparing differences in U87MG+IDH2 and U343+IDH2 cell density after 18h 

within ‘wound’ area, relative to IDH2-WT set equal to 1 (A and B, respectively) 

(n=3; 4x magnification; one representative image). Migration potential futher 

determined via plating of U87MG+IDH2 3D-tumor spheroids and measuring 

relative distance of cell migration from spheroid after 18 hours (C) and 

qualitatively the number of cells migrated after 24 hours (D), relative to IDH2-WT  

equal to 1. (n=3; one representative experiment) *p<0.05 

C 

D 
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Fig 4-5. Differences in cell migration of glioblastoma cells expressing IDH2 

variants is not due to differences in FAK activation. Western blot analysis of 

U87MG and U343 glioblastoma pooled population cells expressing empty 

lentivirus, IDH2-WT, or IDH2 mutants. Cell lysates were assesed for differences 

in expression of total focal adhesion kinase (FAK) and activated FAK (pY397-

FAK) to explain phenotypic differences observed in migration assays. Western 

blot analysis included examination of IDH2 expression and GAPDH, as a loading 

control. (n=3; one representative experiment) 
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Fig 4-6. IDH2-R172M and IDH2-R140Q display different invasion capacities. 

Cell invasion of the U87MG+IDH2 panel was measured over 24 hours along 10% 

fetal calf serum chemoattractant gradient. Total number of cells that invaded 

through matrigel matrix were counted in twelve fields after staining. As a negative 

control, IDH2-WT expressing cells in the absence of chemoattractant were used. 

(4x mag.; one representative field image) *p<0.05 
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Three distinct mutations to IDH2 differentially activate STAT3 signaling 

pathways 

Expression of mutant IDH1 in melanoma cells has been shown to induce 

activation of MAPK and STAT3 signaling pathways (Shibata et al., 2011). 

Therefore, to broadly examine the phenotypic differences observed among the 

glioblastoma cell panels expressing IDH2 variants, the activation of four well-

defined cell stress/survival signaling axes: AKT, MAPK (ERK), NF-kB, and 

STAT3- all known to influence cell growth- were investigated. Western blot 

analysis showed no obvious differences in the baseline activation of the AKT, 

ERK, NF-kB, and STAT3 signaling pathways among the cell panels. Yet 

differences in STAT3 activation were seen in both U87MG and U343 

glioblastoma cells expressing IDH2-R140Q (Fig 4-7 A-H). 

Increased expression of IDH2 also correlated with increased p53 protein 

levels (Fig 4-8 A) and altered baseline DNA-damage response in U87MG+IDH2 

cell variants (Fig 4-8 A), as determined by Western blot analysis. Most intriguing 

of which was to find attenuation of the DNA-damage response, assessed by p-

H2AXγ expression, but only in cells over-expressing IDH2-WT protein. Mutation 

to IDH1 and IDH2 have been shown, via (R)-2-HG production, to disrupt function 

of histone demethylases resulting in a global hypermethylation phenotype 

(Figueroa et al., 2010). Investigation into this phenomenon, and whether 

individual IDH2 mutations would differentially affect such a phenotype, was 

performed by Western blot of isolated histone lysates of the U87MG+IDH2 panel 

cells (Fig 4-8 B). Interestingly, global methylation levels were not altered. 
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Fig 4-7. IDH2 mutational status influences baseline activation of the STAT3 

signaling pathway. Cell lysates prepared from the U87MG+IDH2 cell panel (A-

D, respectively) and the U343+IDH2 cell panel (E-H, respectively) were analyzed 

by Western blot. Baseline levels of phosphorylated AKT, MAPK (ERK1/2), NF-κB 

(p65), and STAT3 were compared to determine the effect of IDH2 mutations. 

Data were quantitated and normalized to GAPDH expression and relative to 

IDH2-WT levels set equal to 1. (n=3; one representative image) *p<0.05, 

**p<0.01 
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Fig 4-8. Effect of mutated IDH2 status on p53 expression and DNA-damage 

response pathways. Cell lysates prepared from the U87MG+IDH2 cell panel 

and analyzed by Western blot for levels of total p53 and activation of the DNA-

damage responsive component, p-H2AXg (A). Isolated histone lysates from 

U87MG+IDH2 cells were probed for global levels of methylated lysine-residues, 

typical of increased or decreased gene transcription (B). (n=3; one representative 

image shown) 
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Distinct mutations of IDH2 affect tumorigenicity of U87MG cells 

To first assess the role of IDH2 mutations in tumorigenic potential, 

U87MG+IDH2 cells were subjected to anchorage-independent growth via soft-

agar colony forming assay (Fig 4-9). This in vitro assay provides a environment 

similar to in vivo tumor formation, with the absence of a basement membrane for 

the tumor cells to adhere.  Due to the very different conditions found with typical 

cell culture, compared to in vivo physiological environs, determination of 

anchorage-independent growth provides a suitable platform to evaluate whether 

tumor cells are sufficiently aggressive to form tumors before being tested in an 

animal model.  These experiments revealed that cells expressing IDH2-R172M 

showed a reduced number of tumor colonies (normalized value of ~55) whereas 

cells expressing IDH2-R140Q showed enhanced tumor colony-forming potential 

(~120), when compared against IDH2-WT (normalized equal to 100). This 

observation agrees with what was seen in the preceeding proliferation, migration, 

and invasion assays. 
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Fig 4-9. Expression of IDH2-R172M reduces in vitro tumorigenicity. Soft-

agar colony forming, anchorage-independent growth assay illustrating in vitro 

differences in tumorigenic potential of the U87MG+IDH2 cell panel after 28 days 

(n=3; one representative image). *p<0.05 
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Tumorigenicity in mouse models increased with expression of R140Q and 

decreased with expression of R172M 

As with the previous in vitro experiments, IDH2-R172M formed fewer soft-

agar colonies, and IDH2-R140Q more, while IDH2-R172K glioblastoma cells 

showed no difference when compared to cells expressing wild-type IDH2 (Fig 4-

9). To confirm these in vitro results we turned to in vivo mouse xenografts to 

determine whether the drastic differences in growth conditions, between typical 

cell culture and live tissue, altered the phenotypes observed in previous 

experiments. Subcutaneous tumor xengograft growth in immunocompromised 

Rag1-/- mice (Fig 4-10 A) and intracranial tumor growth (Fig 4-10 B) verified 

previous findings.  Though injection of glioblastoma cells subcutaneously into the 

flank of mice does not perfectly replicate the immunoprivileged environment 

found in the CNS, the results from this experiment matched the results from such 

an orthotopic, intracranial injection model. Though it appears that the strength of 

the phenotypes observed in in vitro and subcutaneous models were such that we 

again saw that U87MG cells expressing IDH2-R172M were less tumorigenic and 

IDH2-R140Q cells were far more aggressive. 



 74 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A 

B 



 75 

Fig 4-10. Expression of IDH2-R172M reduces, while IDH2-R140Q increases 

in vivo tumorigenicity. Severe combined immunodeficient (SCID) received a 

subcutaneous injection of 5x106 U87MG cells expressing individually IDH2-WT, 

IDH2-R172K, IDH2-R172M, or IDH2-R140Q. Mice were monitored over the 

course of 30 to 50 days and tumor volumes measured (A) (n=3 each; one 

representative image). U87MG+IDH2 cells were injected orthotopically into the 

striatum of Rag1-/- mouse brains. Mice were monitored for 28 days before brains 

were removed, sectioned, stained, and measured for lesion volumes (B) (n=3 

each; 4x magnification; one representative image each). *p<0.05 
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Differences in chemosensitivity is dictated by IDH2 mutational status 

The observed differences in the tumorigenicity of cells dictated by the 

nature of IDH2 mutation suggests that the specific IDH2 mutation found in the 

tumors of patients may be used as a tumor biomarker to predict degree of tumor 

aggressiveness. It has been reported that the presence of mutated IDH 

correlates with a favorable chemotherapy response (SongTao et al., 2012). To 

take this one step further, we investigated the response of these cells to four 

chemotherapeutics with differing antitumor mechanisms of action. Treatment with 

temozolomide, Velcade, cisplatin, or vincristine showed that the IDH2-R172M 

and IDH2-R140Q variants responded differently when compared against 

glioblastoma cells over-expressing IDH2-WT cells. Measurements of cellular 

antiproliferation and induction of apoptosis in U87MG+IDH2 (Fig 4-11 A) and 

U343+IDH2 (Fig 4-11 C) revealed that expression of IDH2-R172M or IDH2-

R140Q rendered glioblastoma cells less responsive to chemotherapy. To confirm 

these findings using an independent in vitro experimental model, soft-agar 

colony-forming assays were performed. Chemosensitivity differences with this 

assay were found to be more pronounced. Fewer number of tumor colonies were 

evident in U87MG cells expressing IDH2-R172M (normalized value of ~55) and 

IDH2-R140Q (~60) when treated with temozolomide, relative to their vehicle 

control-treated cells (DMSO, set equal to 100) (Fig 4-11 B).  



 77 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4-11. Increased chemotherapy resistance in glioblastoma cells 

expressing IDH2-R172M and IDH2-R140Q. Measurement of in vitro growth 

inhbition, determined by cell count, and induction of apoptosis, via Annexin V 

staining, by four chemotherapeutics in the U87MG+IDH2 and U343+IDH2 cell 

panels (A and C respectively) (n=3). Soft-agar growth of U87MG+IDH2 cells was 

differentially inhibited by treatment with temozolomide (TMZ) relative to vehicle 

treated control (DMSO) over 28 days (B) (n=3). *p<0.05; **p<0.01 
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Production of oncometabolite (R)-2-HG differs among IDH2-R172K, IDH2-

R172M, and IDH2-R140Q  

(R)-2-HG is the enzymatic product of IDH1 and IDH2 gain-of-function 

mutations. Consequently, to better understand the differences noted in the 

phenotype of the IDH2 cell panel, intracellular measurements of (R)-2-

hydroxyglutarate [(R)-2-HG] were performed. Interestingly, not only the levels 

varied significantly amongst the three mutations and but they inversely correlated 

with the growth potentials of each line, as discovered previously. As expected, 

IDH2-WT expressing cells produced small amounts of (R)-2-HG but contrary to 

growth potentials and our understanding of (R)-2-HG as an ‘oncometabolite,’ the 

levels of (R)-2-HG were found elevated in IDH2-R172M cells (~45ng/µg total cell 

protein) and lowest in IDH2-R140Q cells (~10ng/µg) (Fig 4-12 A). Investigation of 

wild-type and mutant enzymatic substrate, NADP+ and NADPH respectively, 

showed no differences amongst the three mutants (Fig 4-12 B and C). 

Furthermore, no differences in ATP levels were found either (Fig 4-12 D). 

Interestingly, however, was the increase in total intracellular ATP (Fig 4-12 D) 

and total intracellular levels of both NADPH and NADP+ (Fig 4-12 B) in U87MG 

cells overexpressing IDH2 protein (all excluding empty vector [EV]), though the 

ratios of NADPH/NADP+ were not affected among the full panel. 
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Fig 4-12. Production of oncometabolite (R)-2-HG in U87MG cells differs 

among IDH2 mutants, but not of NADPH/NADP+ balance or ATP. Intracellular 

measurement of (R)-2-HG levels in the U87MG+IDH2 panel determined by gas 

chromatograph-mass spectometry (GC-MS) (A) (n=3). Levels of NADP+ and 

NADPH, and NADPH/NADP+ ratio in cells expressing IDH2 variants (B) (3x106 

cells per sample) (n=5). Additional, separate NADPH measurement method (C) 

and levels of ATP (D) in individual U87MG+IDH2 glioblastoma cells, 1x106 cells 

per sample (n=5 and n=3, respectively). 
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IDH2 mutation status does not affect heterodimer formation 

Wild-type IDH2 operates as a homodimer (Wang et al., 2013a).  A recent 

study suggested that wild-type IDH2 from one allele has differential binding 

affinity to mutated IDH2 (Jin et al., 2011). These differences in affinity might help 

explain the changes in the levels of intracellular (R)-2-HG and the phenotypes 

earlier described with U87MG and U343 glioblastoma cells. Consequently, co-

immunoprecipitation assays of either V5-tagged wild-type IDH2 (Fig 4-13 A) or 

MYC-tagged IDH2-variants (Fig 4-13 B) were performed in 293TA cells and 

assessed by Western blot analysis. Despite the previous report, no differences in 

heterodimer formation between IDH2-WT and the three IDH2 mutants were 

found. 



 82 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4-13. Formation of IDH2 wild-type/mutant heterodimers is not disrupted 

by mutations in IDH2. 293TA cells were transient transfected with vectors 

expressing IDH2-WT tagged with V5-epitope or IDH2 variants (IDH2-WT, IDH2-

R172K, IDH2-R172M, or IDH2-R140Q) each tagged with MYC-epitope of 

followed by immunoprecipitation 72 hours thereafter with either MYC or V5 

antibodies (A and B, respectively). Western blot analysis of either MYC- or V5-

immunoprecipitated lysates showed that WT-mutant heterodimer formation was 

not dictated by the individual IDH2 mutation expressed. Non-specific 

immunoglobin (IgG) (lane #8) was used as a negative control to confirm lack of 

non-specific MYC- or V5-binding. (n=3; one representative image each) 
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Resultant amino acid change at R172 and R140 residues changes 

enzymatic, (R)-2-HG producing, potential 

Further investigation of how the IDH2 mutants could differentially affect 

(R)-2-HG production levels, and ultimately tumor cell growth led us to focus our 

attention on the possible molecular mechanism by which these mutations change 

the enzymatic reactivity. Mutations at IDH2-R172 and IDH2-R140 (and the 

homologous IDH1-R132 and IDH1-R100) switch-off the WT or normal reaction 

[ICT + NADP+ → α-KG + CO2 + NADPH] and switch-on the mutant or 

neomorphic reaction [α-KG + NADPH → (R)-2-HG + NADP+] (Cohen et al., 2013; 

Dang et al., 2009; Ward et al., 2012; Ward et al., 2010; Yang et al., 2010). 

However, the IDH2 mutants do not necessarily have to share the same molecular 

mechanism, considering their differing residues and chemical properties. 

Therefore, we inspected how the three IDH2 mutations could affect binding of 

substrates and the accompanying conformational changes using the crystal 

structure of the IDH2-R140Q mutant in complex with NADPH and an inhibitor 

[PDB code 4JA8  (Wang et al., 2013a)], as well as the shared homology of 

models WT-IDH2 and the IDH2-R172K, IDH2-R172M and IDH2-R140Q mutants. 

This structure-based approach has been successfully applied to rationalize 

biochemical and cell-based data for IDH1 mutants (Pietrak et al., 2011; Ward et 

al., 2012; Zhao et al., 2009) and to understand the relationship between the 

IDH1-R132H and IDH2-R172K mutations (Ward et al., 2010) (Table 4.2). 

First, the possible structural effects of the R172 and R140 mutations on 

the enzymatic states involved in the normal reaction were explored. This reaction 
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starts with IDH2 bound to the NADP+ cofactor; in this state IDH2-R172 keeps the 

enzyme in an open conformation by interacting with residues located at the dimer 

interface (N310, D314 and D318, Fig. 4-14 and 4-15 A). In other words, IDH2-

R172 acts as a “doorstop”, similar to the homologous IDH1-R132 (Pietrak et al., 

2011). When the isocitrate substrate binds it moves along IDH2-R172, allowing 

the enzyme to close and the active site to properly assemble for the normal 

reaction to take place. Therefore, IDH2-R172 mutations are expected to affect 

the closing of the enzyme, as has also been proposed for the IDH1-R132H 

mutant (Yang et al., 2010; Yen et al., 2010). In contrast, IDH2-R140 is unlikely to 

alter the conformational flexibility of the open state, being located further away 

from the dimer interface (Fig. 4-15 A). Nevertheless, binding of isocitrate (and 

thus closing of the enzyme) in IDH1 has been suggested to occur in two steps 

(Pietrak et al., 2011; Yang et al., 2010): first ICT binds to a secondary site on the 

large domain (quasi-open state (Fig. 4-15 B) and then it moves to the catalytic 

(primary) site, allowing the enzyme to fully close. On going from the secondary to 

the primary site, the substrate is guided by IDH2-R140, which acts as a 

“chaperone”, similar to IDH1-R100 (Yang et al., 2010). Therefore, the IDH2-R140 

mutation is expected to affect ICT binding. Finally, in the closed state, ICT is in 

the catalytic site, and interacts with both IDH2-R172 and IDH2-R140, forming two 

salt bridges with each residue (Fig. 4-15 C). Therefore, mutations at IDH2-R172 

and IDH2-R140 are likely to decrease the affinity of IDH2-WT for isocitrate, in line 

with the increased Km measured for the IDH1-R132H and IDH1-R100 mutants 

(Dang et al., 2009; Pietrak et al., 2011; Rendina et al., 2013; Yang et al., 2010). 
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However, the IDH2 mutations are expected to impact the affinity for ICT to a 

different extent, due to the different chemical properties of the mutated residues 

(Fig. 4-15 D-F). Based on the changes in the ICT-enzyme interactions, the 

mutants are predicted to follow the ordering (from highest to lowest ICT Km): 

IDH2-R172M (loss of two salt bridges) > IDH2-R140Q (loss of one salt bridge 

and replacement of the second by a weaker hydrogen bond interaction) > IDH2-

R172K (loss of one salt bridge). In addition, the IDH2-R172K, IDH2-R172M and 

IDH2-R140Q mutations are likely to reduce the catalytic activity of the enzyme, in 

line with the reduced Kcat of the IDH1-R132H, IDH1-R132C and IDH1-R100A 

mutants (Dang et al., 2009; Pietrak et al., 2011; Yang et al., 2010). Altogether, 

the IDH2-R172 and IDH2-R140 mutations would affect (i) the conformational 

transitions undergone by the enzyme upon substrate binding, (ii) the affinity for 

isocitrate in the active site and (iii) the catalytic efficiency of the oxidative 

decarboxylation of ICT, and all three effects are aimed at switching-off the normal 

reaction. 

Second, we investigated the possible structural consequences of the IDH2 

mutations on the enzymatic states involved in the neomorphic reaction. In the 

open state (IDH2 in complex with NADPH), mutations at IDH2-R172 may affect 

the flexibility of the dimer interface, as for IDH2 bound to NADP+, but this effect 

might be compensated by the higher affinity for NADPH of the mutant enzyme 

compared to WT-NADP+, as proposed for IDH1-R132H (Pietrak et al., 2011; 

Rendina et al., 2013). In the quasi-open state (IDH2 in complex with NADPH and 

α-KG bound in a secondary site), it is unlikely that the IDH2-R140 ‘chaperone’ 
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residue is necessary to bind α-KG, as it is for ICT in the wild-type reaction, 

because α-KG lacks the β-carboxylate group that would interact with IDH2-R140 

(Fig. 4-15 B). Finally, in the closed state (IDH2 in complex with NADPH and α-KG 

bound in the catalytic site), both IDH2-R172 and IDH2-R140 mutations are 

expected to facilitate the neomorphic reaction, though to a different extent. On 

one hand, the active site of IDH2-WT has a total charge of +3, which is optimized 

to bind ICT (–3) rather than α-KG (–2). Therefore, the IDH2-R172M and IDH2-

R140Q mutations, which remove a positive charge, may favor the replacement of 

ICT by α-KG as the preferred substrate, in line with the IDH1-R132H mutation 

reducing the competition between isocitrate and α-KG (Pietrak et al., 2011). In 

contrast, the IDH2-R172K mutant, that maintains the positive charge, would 

discriminate less efficiently between ICT and α-KG. On the other hand, the 

crystal structures of the IDH1-R132 mutant with α-KG bound show that the key 

catalytic residue Y139 (homologous to IDH2-Y179) is rotated and positioned 

closer to the substrate compared to IDH1-WT with ICT bound, and this has been 

proposed to promote direct hydride transfer and conversion to (R)-2-HG (Dang et 

al., 2009; Rendina et al., 2013; Yang et al., 2010). Among the three IDH2 

mutants, the IDH2-R172M mutation would likely be the most favorable for (R)-2-

HG production, because the smaller size and lack of positive charge of the 

methionine residue would facilitate most the Y179 conformational change (Fig. 4-

15 I). The IDH2-R172K mutant would correspond to an intermediate case, even 

though the lysine residue still has a positive charge its sidechain is smaller and 

more flexible than WT arginine and thus the Y179 rotation would be only partially 
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hindered (Fig. 4-15 H). In the IDH2-R140Q mutant, because the WT interaction 

network R172-D275-Y179 is still present (Fig. 4-15 J), Y179 would not be able to 

rotate and adopt the conformation necessary to facilitate the neomorphic 

reaction.  

Altogether, the IDH2-R172 and IDH2-R140 mutations would affect (i) the 

conformational transitions undergone by the enzyme upon substrate binding, (ii) 

the preference to bind α-KG over ICT and (iii) the catalytic efficiency of (R)-2-HG 

production, and all three effects contribute to promote the switch-on of the 

neomorphic reaction (Table 4.1). Moreover, our structural analysis predicts that 

the IDH2-R172M mutation would be most favorable for (R)-2-HG production, 

followed by IDH2-R172K and IDH2-R140Q. IDH2-R140Q would be the least 

proficient at the neomorphic reaction, provided that the IDH2-Y179 

conformational change (and thus the chemical reaction step) is the limiting factor 

for the conversion of α-KG into (R)-2-HG.  In summary, structural comparison of 

WT and mutant IDH2 in the different states relevant for the normal and 

neomorphic reactions gives insight into the molecular basis of the different 

intracellular (R)-2-HG levels found in our U87MG+IDH2 cell panels. Further 

confirmation of the hypotheses put forward here would require an integrative 

approach, combining X-ray crystallography (to solve the crystal structures of WT 

and mutant IDH2 in complex with ICT and α-KG) and kinetic experiments (to 

determine the affinity of the two substrates and the catalytic activity of WT and 

mutant IDH2 for both the normal and the neomorphic reaction). 
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Table 4.1. Summary of effects to catalytic site with four IDH2 isoforms. 

Proposed effects of the IDH2 mutations in the different enzymatic states relevant 

for the normal and neomorphic reactions. 

 

 

 

 

 

 

 

Fig 4-14. Summary of transition of IDH2-WT structure during binding of 

substrates to catalytic pocket. Scheme outlining movement of ‘doorstop’ 

residue IDH2-R172 and ‘chaperone’ residue IDH2-R140 during transition of IDH2 

enzyme from open state to closed state during NADP+ and isocitrate substrates 

binding. 
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Fig 4-15. Mutations in IDH2 differentially change the structure of the IDH2 

catalytic site. In silico examination of crystal structure of IDH2-R140Q in 

complex with NADPH and an inhibitor (PDB code 4JA8), trapped in an open 

state displaying to two different views of the dimer, with rotation of ~90 degrees 

along the vertical axis. The two subunits of the homodimer are displayed in white 

and yellow, respectively. The network of interactions between IDH2-R172 and 

the residues at the dimer interface (N310, D314 and D318) are indicated as black 

dashed lines (A). Homology model of the quasi-open state of IDH2-WT showing 

two different views of the dimer, with rotation of ~90 degrees along the horizontal 

axis (B). The two subunits of the homodimer are displayed in white and yellow, 

respectively. The salt bridges between IDH2-R140 and the isocitrate (ICT) 

substrate are indicated as black dashed lines (B). IDH2 catalytic sites harboring 

wild-type or three mutations affecting wild-type enzymatic reaction (ICT binding) 

(C-F) and neomorphic reaction (α-KG binding) (G-J). 
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Table 4.2. Templates used in the homology modeling of IDH2 in the 

different enzymatic states relevant for the normal and neomorphic 

reactions. The PDB codes 1T09 and 1T0L (Xu et al., 2004) correspond to 

human WT-IDH1, 3MAR, 3MAP (Yang et al., 2010), 3INM (Dang et al., 2009) 

and 4KZ0 (Rendina et al., 2013) to human IDH1-R132H, 2QFX (Peng et al., 

2008) to yeast IDH2-WT and 4JA8 (Wang et al., 2013a) to human IDH2-R140Q. 

 

 

 



 92 

  

 

 

 

 

 

Table 4.3. Summary of phenotypic differences observed in U87MG cells 

expressing IDH2-WT and individual IDH2 mutants. Data shown are all relative 

to IDH2-WT cell behavior. (-) indicates no difference from IDH2-WT. 
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Part II: Effects of 2-HG metabolites on cell proliferation 

(R)-2-HG and (S)-2-HG inhibit glioblastoma cell growth, in vitro, and 

activate MAPK, NF-κB, and STAT3 signaling pathways 

In this study, a novel observation was made that glioblastoma cells 

expressing IDH2 mutations in which the conseved amino acid residue R172 

when mutated to either M (methionine) or K (lysine), or when R140 is mutated to 

Q (glutamine) do not produce similar levels of (R)-2-HG. These results strongly 

indicate that although a mutation in IDH2 leads to (R)-2-HG production, the 

biological outcome of IDH2 mutations is not uniform but rather differs based on 

the nature of the specific IDH2 alteration (Fig 4-16 A). Earlier publications have 

shown how IDH mutations and (R)-2-HG promote tumorigenesis (Kats et al., 

2014), suggesting that (R)-2-HG is an ‘oncometabolite’ (Ward et al., 2010). 

However, when we treated U87MG cells with exogenous (R)-2-HG and 

determined cell counts after 5 and 10 days of treatment, a reduction in cell 

proliferation was evident which occurred in a dose- and time-dependent manner 

(Fig 4-16 B). At day 5 cells were growth inhibited by ~10% and by day 10 this 

increased to ~30% inhibition with 500µM (R)-2-HG. Notably, this finding 

contradicts the previously reported role of (R)-2-HG as an ‘oncometabolite’ and 

therefore a promoter cell growth. Interestingly, Western blot analysis showed (R)-

2-HG-induced activation of MAPK, NF-κB, and STAT3 signaling pathways (Fig 4-

18), though long-term treatment of U87MG cells did not cause any effects on 

tumor cell morphology (Fig 4-17).  
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It is important to note that in our study (S)-2-HG treatments, often used as 

a non-reactive negative control counterpart metabolite, also affected U87MG cell 

growth (Fig 4-16 B), but to a lesser extent than (R)-2-HG. Treatment with the 

higher dose of (S)-2-HG for 10 days lead to ~7% reduction in U87MG cell growth. 

Patients with high levels of (S)-2-HG, due to loss of (L)-2-hydroxyglutarate 

dehydrogenase [(S)-2-hydroxyglutarate dehydrogenase] (L2HGDH) expression, 

have been documented to have a clear predisposition to tumors of the central 

nervous system (Aghili et al., 2009). Adding to that, more recently (S)-2-HG was 

found elevated in renal cancer- which could be reversed, along with suppression 

of cancer phenotype and reduction of histone methylation, with exogenous 

expression of L2HGDH (Shim et al., 2014). Further qualifying (S)-2-HG as an 

oncometabolite, were the findings that it inhibited α-KG-dependent dioxygenases 

as potently as, or greater than, its (R)-enantiomer (Chowdhury et al., 2011; 

Koivunen et al., 2012; Xu et al., 2011). However, unlike (R)-2-HG - which is the 

result of somatic mutations in IDH enzymes - (S)-2-HG is produced from α-KG 

through the “off-target” activity of malate dehydrogenase (MDH) (Rzem et al., 

2007). 
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Fig 4-16. (R)-2-HG inhibits in vitro proliferation of U87MG cells. Intracellular 

levels of (R)-2-HG produced by U87MG cells harboring empty vector, 

overexpression of IDH2-WT or three clinically relevant mutations (A) (n=3).  

Measurement of cellular proliferation of parental U87MG cells after treatment 

with vehicle (DMSO), exogenous (R)-2-HG or (S)-2-HG over 5 and 10 days, 

determined by cell count and normalized to vehicle control (B) (n=3). *p<0.05; 

**p<0.01; ***p<0.001 
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Fig 4-17. Treatment of human glioblastoma cells with (R)-2-HG does not 

induce morphological changes. Effects of exogenous 100µM (R)-2-HG, or 

vehicle (DMSO), treatment on U87MG parental cell morphology after 50 days, 

with (R)-2-HG containing media replaced every 3 days. (20x magnification; one 

representative experiment) 
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Fig 4-18. (R)-2-HG activates various stress pathways in human 

glioblastoma cells. Analysis of activation of AKT, MAPK (ERK1/2), NF-κB (p65), 

or STAT3 stress pathways in human glioblastoma cells after 5 day treatment with 

(R)-2-HG by Western blot. (n=3; one representative experiment) 
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2-HG metabolites inhibit tumor cell growth 

To determine if the inhibitory cell growth effects of 2-HG metabolites were 

global and extended beyond U87MG cells, a panel of cancer cells lines of 

different types that included mouse melanoma (B16), human acute myelogenous 

leukemia (AML) (U937 and MLOM14), and human glioblastoma (U343) were 

treated with either (R)-2-HG or (S)-2-HG. Similar to U87MG cells, (R)-2-HG only 

suppressed proliferation (Fig 4-19), but again (S)-2-HG also decreased tumor cell 

growth over 5 and 10 days. 
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Fig 4-19. (R)-2-HG inhibits tumor cell proliferation in vitro. Measurement of 

cellular proliferation after treatment with vehicle (DMSO), exogenous (R)-2-HG or 

(S)-2-HG after 5 and 10 days, in human glioblastoma (U343), human AML 

(MLOM14 and U937), and mouse melanoma (B16) cell lines, determined by cell 

count and normalized to vehicle control (A-D, respectively) (n=3). *p<0.05; 

**p<0.01; ***p<0.001 

A B 

D C 
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(R)-2-HG does not protect glioblastoma cells from temozolomide 

chemotherapy 

The presence of IDH mutations in the tumors of glioblastoma patients 

correlates with increased survival and, as demonstrated in vitro, results in 

increased (R)-2-HG levels. Yet if this increase in overall survival is not a 

consequence of (R)-2-HG promoting tumor growth, then perhaps this may be 

due to increased susceptibility to TMZ chemotherapy, a standard treatment in 

many clinical regimens- particularly for brain cancer. However, in addition to our 

finding that neither did (R)-2-HG protect cells from TMZ in terms of cell 

proliferation, growth in soft-agar, nor did it protect against cell apoptosis in 

glioblastoma cells grown in vitro (Fig  4-20). Furthermore, clinical studies have 

shown that patients with increased levels of (S)-2-HG, in the absence of IDH 

mutations, are predisposed to develop tumors and disrupt ROS-defense (Aghili 

et al., 2009; da Rosa et al., 2015), but interestingly patients with elevated (R)-2-

HG, due to mutations in (D)-2-hydroxyglutarate dehydrogenase [(R)-2-

hydroxyglutarate dehydrogenase] D2HGDH, do not. Based on this information, 

we investigated and compared the effects of 2-HG metabolites on the soft-agar, 

colongy forming potential of U87MG glioblastoma cells. Contrary to our initical 

hypothesis that (R)-2-HG stimulates tumor cell growth, but substantiating our 

findings that (R)-2-HG slows tumor cell proliferation, in our hands, fewer colonies 

were formed in the presence of both 2-HG metabolites (Fig 4-21). Inclusion of 

(R)-2-HG used at high dose did not further reduce the number U87MG soft-agar 

tumor colonies when used in combination with the anticancer drug TMZ. 
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Fig 4-20. ‘Oncometabolite’ (R)-2-HG does not protect human glioblastoma 

cells from the effects of temozolomide. Co-treatment of human glioblastoma 

cells, U87MG and U343 (A and B, respectively) with low (100µM) dose or high 

dose (500 µM) of (R)-2-HG alone or in combination with increasing doses of 

temozolomide (TMZ) for 5 days. Number of cells were counted to determine 

changes in cell proliferation, relative to vehicle control (DMSO). Percent 

apoptosis was assessed by annexin-V/propidium iodide staining. (n=3, each) 
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Fig 4-21. (R)-2-HG does not change the growth inhibitory effects of 

temozolomide. Parental U87MG cells were plated in soft-agar to gauge colony 

formation under treatment with (R)-2-HG, TMZ (10µM), or in combination for 28 

days as a measure of in vitro tumorigenicity. Data are shown as total colony 

counts with low dose (R)-2-HG (100µM) only (A) and with higher dose (R)-2-HG 

(500µM) including (S)-2-HG treatment group, normalized to DMSO control (n=3 

each; one representative image). *p<0.05; **p<0.01; ***p<0.001 

A B 
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(R)-2-HG and (S)-2-HG inhibit tumor growth, in vivo 

Building on in vitro anchorage-independent growth data, we then 

proceeded to test the antitumor effects of both enantiomers of 2-HG in a tumor 

transplantation animal model. The effect of (R)-2-HG and (S)-2-HG were tested 

in the same panel of cell lines evaluated earlier in vitro (B16, U87MG and 

HCT116). Of note, these 3 cell lines do not harbor somatic mutations of IDH2.  

Subcutaneous tumors were first established as a tumor allograft (B16) or 

xenografts (U87MG and HCT116).  Tumor bearing mice were randomized and 

each group received twice weekly a peritumoral injection of DMSO, (R)-2-HG, or 

(S)-2-HG (100 or 500µM). (R)-2-HG markedly decreased tumor growth of all 3  

tumor types studied (Fig 4-22). Similarly, (S)-2-HG also suppressed tumor growth 

to the same degree as (R)-2-HG when tested in U87MG and HCT116 tumor 

models. 
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Fig 4-22. Treatment of tumor bearing mice with 2-HG metabolites decreases 

tumor cell growth. C57/BL6 mice with established subcutaneous B16 mouse 

melanoma tumors were treated peritumorally with (R)-2-HG or vehicle (DMSO) 

and tumors were measured twice weekly over 18 days (n=5 per group) (A). 

Similarly, subcutaneous human glioblastoma (U87MG) (B) and colorectal 

(HCT116) (C) tumors established in Rag1-/- mice were treated with vehicle, low 

(100µM), or high (500µM) dose (S)-2-HG or (R)-2-HG over 31 days in (n=5 per 

group). *p<0.05; ***p<0.001 
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 (R)-2-HG exerts different effects in tumor cells and non-transformed cells 

Our study contradicts earlier published reports and clearly demonstrates 

that (R)-2-HG has tumor growth inhibitory effects (Fig 4-23 A). To further 

understand this disparity, we reasoned that perhaps the antitumor effect of (R)-2-

HG may be dependent on the transformation status of the cells. Therefore, we  

examined the effect of (R)-2-HG on the cytokine-dependent pre-AML TF-1 cell 

line. This cell line displayed enhanced proliferation in response to (R)-2-HG (Fig 

4-23 B). With this result, we corroborated the findings where pre-AML TF-1 cells 

were growth-promoted and gained cytokine-independence in the presence of 

(R)-2-HG (Losman et al., 2013).  Similarly, we were able to replicate these data 

both short-term (Fig 4-24) and long-term (Fig 4-25) in the absence of interleukin-

3 (IL-3). Short-term responses to (R)-2-HG in non-transformed cells (human 

umbilical vein endothelial cells [HUVEC], mouse lung endothelial cells [MLEC], 

and mouse embryonic fibroblast cells [NIH-3T3]) also showed increased growth 

capabilities that were not statistically significant (Fig 4-26). However, long-term 

treatments with (R)-2-HG led to sustained stimulation of proliferation in individual 

cell line responses (Fig 4-27). In contrast, (S)-2-HG had a negligible effect in 

stimulating the proliferation of non-transformed cells. In all this implicates (R)-2-

HG as an effector of normal cell growth, but is inhibitory for cancer cells. 
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Fig 4-23. Treatment with (R)-2-HG inhibits tumor cell, but enhances non-

transformed cell proliferation. Cell proliferation over 5 days (A and B) and 10 

days (C and D) was measured during incubation with (R)-2-HG in tumor cell lines 

(A and C) and non-transformed, immortalized cell lines (B and D). Values were 

normalized to DMSO control. TF-1a cell line is established as cytokine-

independent, whereas TF-1 cells are IL-3-dependent (1ng/ml). (n=3) 
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Fig 4-24. Cytokine-independence induced by (R)-2-HG in TF-1 cells. 

Measurement of cellular proliferation after treatment with vehicle (DMSO), 

exogenous (R)-2-HG or (S)-2-HG over 5 and 10 days, in human human pre-AML 

cell lines, determined by cell count and normalized to vehicle control (A-C). The 

TF-1a cell line is established as cytokine-independent, whereas TF-1 cells are IL-

3-dependent (1ng/ml). (n=3) *p<0.05; **p<0.01; ***p<0.001 
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Fig 4-25. Long-term cytokine-independence induced in dose-dependent 

manner by (R)-2-HG in TF-1 cells. Measurement of cellular proliferation after 

treatment with vehicle (DMSO), exogenous (R)-2-HG or (S)-2-HG at low-dose (A) 

or high-dose (B) over 28 days. TF-1a cell line is established as cytokine-

independent, whereas TF-1 cells are IL-3-dependent (1ng/ml). (n=3) 
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Fig 4-26. (R)-2-HG does not inhibit cell proliferation of non-transformed 

cells. Measurement of cellular proliferation after treatment with vehicle (DMSO), 

exogenous (R)-2-HG or (S)-2-HG over 5 and 10 days, in human umbilical vein 

endothelial (HUVEC), mouse lung endothelial (MLEC), and mouse embryonic 

fibroblast (NIH-3T3) cell lines, determined by cell count and normalized to vehicle 

control (A-C, respectively). (n=3) 
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Fig 4-27. (R)-2-HG promotes proliferation of non-transformed cells. 

Measurement of cellular proliferation under treatment with vehicle (DMSO), 

exogenous (R)-2-HG or (S)-2-HG over determined by cell count and normalized 

to vehicle control measured over 28 days in HUVEC, MLEC, NIH-3T3, and 

human fibroblast (HF) cells (D-G respectively). (n=3) *p<0.05 
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Dual effect of (R)-2-HG on cell proliferation can be ‘switched’ through 

expression of oncogenic Ras 

Our previous results indicated that (R)-2-HG promotes the proliferation of 

non-transformed cells (Figs 4-24 and 4-26). Consequently, we reasoned that if 

non-tranformed cells become transformed via expression of an oncogene such 

as Ras, (R)-2-HG then could inhibit cell proliferation as observed earlier with a 

panel of tumor cell lines (Figs 4-16 and 4-19). As shown in previous reports, 

lentiviral virus expressing only oncogenic Ras or AKT injected into various 

regions of the mouse brain is sufficient to induce development of glioblastoma 

multiforme (Marumoto et al., 2009). We then employed non-transformed, 

immortalized murine iMEFs and NIH-3T3 cells to infect with lentivirus enconding 

oncogenic H-/N-Ras. As expected, cellular transformation with oncogenic Ras 

promoted cell proliferation and anchorage-independent growth of non-

transformed cells (Fig 4-28 A and B, respectively). Oncogenic Ras also switched 

the effect of (R)-2-HG  from enhanced proliferation to cell growth inhibition (Fig 4-

28 C and D). Subsequent soft-agar colony formation assays validated these 

findings wherein treatment with (R)-2-HG suppressed only colony formation of 

cells expressing oncogenic N-Ras (Fig 4-29).  
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Fig 4-28. Dual effect of (R)-2-HG on cell proliferation can be ‘switched’ 

through expression of oncogenic Ras. Cell proliferation over 96 hours was 

measured in immortalized mouse embryonic fibroblasts (iMEFs) (A) or NIH-3T3 

cells (B) expressing empty vector (EV), H-Ras, or N-Ras. Long term, 28 day, 

proliferation potential during treatment with either (R)- or (S)-2-HG was assessed 

in iMEFs and NIH-3T3 lines expressing H-Ras (C) or N-Ras (D) (n=3; one 

representative experiment) 
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Fig 4-29. Expression of oncogenic Ras in mouse embryonic fibroblast cells 

shifts the effects of (R)-2-HG on tumorigenicity. Soft-agar, anchorage-

independent growth assay depicting in vitro differences in tumorigenic potential in 

immortalized mouse embryo fibroblasts (iMEFs) or NIH-3T3 cells (A and B, 

respectively) when control plasmid (ctrl.), H-Ras, or N-Ras is expressed (n=3; 

one representative image). Colony forming potential during treatment with either 

(R)- or (S)-2-HG determined in iMEFs expressing control plasmid, H-Ras, or N-

Ras (one representative experiment) (C) and (n=3) (D). *p<0.05 
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CHAPTER 5 

DISCUSSION 

Part I: Atavism theory 

As tumorigenesis progresses, there is often a shift in the balance of 

energy metabolism towards aerobic glycolysis and away from oxidative 

phosphorylation. So even in the presence of oxygen, tumor cells implement a 

less efficient form of energy (ATP) production, commonly known as  the Warburg 

Effect. The atavism theory suggest that cancer cells will generally prefer hypoxic 

conditions and adjust their metabolic pathways accordingly (Vincent, 2014). So a 

reversion to a more primitive phenotype (genes found before evolution from 

single celled organisms – 1.5 to 2 billion years ago, when oxygen levels were 

very low) is favorable for cells needing to force survival and growth in times of 

stress. These stressors now may include known cancer-associated alterations in 

key signaling pathways, DNA damage, or chemical exposure, among others. 

Cells therefore find it easier to revert to proven existing pathways than to evolve 

new ones in response to insults (Vincent, 2014). With increasing grades of 

cancer, cells lose the more recently evolved functions associated with cellular 

differentiation and leads to the gradual loss of epigenetic control of gene 

expression and the emergence of a de-differentiated phenotype.  Mutations to 

IDH enzymes appear to be good candidates in support of this process, by 

simultaneously altering metabolism and the epigenome. IDH mutations are one 

of the early genetic changes in the progression of glioma, which occurs earlier 

than p53 mutation and 1p/19q deletions (Watanabe et al., 2009; Yan et al., 
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2009b) and along with (R)-2-HG appear to be proto-oncogenic, generating a 

state permissive of transformation though alterations to the cell methylome (Kats 

et al., 2014) beginning a cascade toward tumorigenesis and increasingly 

aggressive malignancies.  

This contrasts the thought that cancer phenotypes are the result of 

accumulating damage to important tumor suppressors, simply by chance, despite 

the best efforts of evolved cell repair pathways. But, like in the case of gain-of-

function mutations found in many genes, specific mutations are seen repititively 

at particular loci, overlooked by repair mechanisms, suggesting a more passive 

approach to repairing particular alterations that lead to a less evolved, but proven 

survival mode. Among the IDH mutants, only IDH1-R132, IDH1-R100, IDH2-

R172, and IDH2-R140 can produce (R)-2-HG (Ward et al., 2010) and perhaps 

not coincidentally are found most often in cancers.  These mutations also do not 

result in loss of function but maintain wild-type function while acquiring a new 

function, a ‘trap-door’ to a less differentiated state. Correspondingly, mutations of 

TET2 have been found in about 22% of AML cases but are mutually exclusive 

with IDH mutation (Figueroa et al., 2010; Kim et al., 2011) whereas TET2 

promoter hypermethylation has been found in low-grade gliomas lacking IDH 

mutations (Duncan et al., 2012), suggesting shared pathways between IDH and 

TET2 which result in the same phenotype. If true, this would imply some sort of 

feedback mechansim once the desired effect (hypermethylation) was achieved 

and thereby a coordinated effort – not random. 
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Part II: IDH alterations 

To date cancer-associated mutations involving IDH share four particular 

biochemical features:   

1- IDH1 and IDH2 mutations are mutually exclusive, indicating a common 

underlying biochemical mechanism and common physiologic consequences. 

2- Virtually all IDH mutations involve a single amino acid substitution 

altering the enzyme active site: R172 or R140 in IDH2 and R132 in IDH1 (Yang 

et al., 2012). 

3- IDH mutations are heterozygous (Duncan et al., 2012; Pietrak et al., 

2011). 

4- IDH1 and IDH2 mutations are somatic (Kranendijk et al., 2010b). 

When investigating the possibility that the change of arginine residues to 

either lysine, methionine, or glutamine were causing the differences in 

phenotypes we found that they conveyed changes to the catalytic pocket of 

IDH2.  Using structural software, the crystal structure of IDH2-R140Q (PDB ID: 

4JA8), homology with IDH1 (PDB ID: 1T09), and the known sequence changes 

we aimed predict the structure of the remaining variants. Because these three 

resulting amino acids either had differences in charge or size it was likely that 

they had altered the conformation of the catalytic domain of IDH2 as well, 

resulting in differing kinetics and therefore production of (R)-2-HG. In fact, 

previous studies (Yang et al., 2010) investigating mutations found in IDH1 

discovered that the structure of the two metal-coordinating helices (aa 135-140 

and 272-285) of the R132H mutant couldn't easily be resolved because these 
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segments were too flexible. In contrast, these segments were resolved without 

problems in the IDH1-WT structure. Therefore it was proposed that the IDH1-

R132H (PDB ID: 3INM) mutation increases flexibility of the segments, as the 

mutation eliminated the interactions between IDH1-R132 and two asparagine 

residues present in these segments.  Based on these findings, we posited that in 

IDH2 these two segments at the dimer interface would also appear to be more 

open, flexible than the wild-type protein. These suppositions were verified by our 

findings that in silico redsidue interactions in the catalytic pocket of IDH2 

coincided with the variable neomorphic enzymatics among the three mutants 

investigated displayed by differing production capacities of (R)-2-HG. In 

summary, structural comparison of WT- and mutant IDH2 in the different states 

relevant for the normal and neomorphic reactions gives insight into the molecular 

basis of the different intracellular (R)-2-HG levels found in our U87MG+IDH2 cell 

panels. Further confirmation of the hypotheses put forward here would require an 

integrative approach, combining X-ray crystallography (to solve the crystal 

structures of WT- and mutant IDH2 in complex with ICT and α-KG) and kinetic 

experiments (to determine the affinity of the two substrates and the catalytic 

activity of WT- and mutant IDH2 for both the normal and the neomorphic 

reaction). Aside from intrinsic alterations to IDH post-translational modifications 

may also be influencing enzymatic activity. For some time human IDH1 and IDH2 

were thought to have no known allosteric regulators and only bacterial IDH was 

inhibited by phosphorylation, suggesting that posttranslational modifications may 

modulate IDH1 and IDH2 activity (Hurley et al., 1989). But recently is was found 
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that IDH2 was in fact the target of lysine deacetylation by SIRT3 at IDH2-K413 

which greatly increased its activity (Yu et al., 2012). If this is the case then more 

investigation should be focused on whether cancer-associated mutations effect 

the availability of this residue for variable acetylation, as is the case for the 

catalytic pocket of the enzyme, as well as whether new lysinse residues from 

mutations, like IDH2-R172K, can similarly be candidates for SIRT3 targeting. 
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Part III: 2-HG metabolite effects 

If in fact IDH mutations are influencing cell growth only through the 

production of (R)-2-HG, then there are many possible targets that require further 

investigation. At least 60 α-KG-dependent dioxygenases are present in 

eukaryotic cells. These dioxygenases are involved in collagen synthesis, fatty 

acid metabolism, DNA damage repair, DNA/RNA/chromatin modification, hypoxic 

stress response, and other important cellular activities, which have a very wide 

range of biological functions (Losman et al., 2013). These enzymes require Fe(II) 

and α-KG to fulfill enzymatic activity. Because (R)-2-HG and α-KG show very 

similar molecular structure, (R)-2-HG plays a role in tumor growth by 

competitively inhibiting α-KG-dependent dioxygenases (Losman et al., 2013). As 

has been established, this particularly affects the TET family of DNA 

hydroxylases and histone lysine demethylases (KDMs) (Tahiliani et al., 2009; 

Yan et al., 2009a). Epigenetic changes are suspected to be primary drivers of 

oncogenic evolution and results in a block in cell differentiation and promotion of 

cell proliferation in tumor cells (Baylin and Ohm, 2006). Mutant IDH1 (R132H) 

expressed in primary neurospheres reduced expression of markers of 

differentiation, despite the presence of treatments that induce astrocytic and 

neuronal differentiation in control cells. This increase in cell de-differentiation was 

accompanied by remodeling of the methylome (Turcan et al., 2012).  

The first connection of IDH mutations with DNA methylation patterns also 

came from the glioma field. Immortalized astrocytes expressing of IDH1 or IDH2 

mutants resulted in an increase in the repressive trimethylation of H3K9 
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(H3K9me3) and H3K27 (H3K27me3) (Lu et al., 2012). The resulting methylation 

patterns reflect those seen in the hypermethylation states and low-grade gliomas 

and proneural glioblastomas, called the glioma-CpG island methylator phenotype 

(G-CIMP) (Turcan et al., 2012). Incorporation of these molecular 

characterizations in a large set of glioma samples was identified to share the 

characteristic DNA methylation profile dominated by hypermethylation of G-

CIMP. This G-CIMP set of tumors was enriched for the pro-neural subtype of 

glioma, tended to occur in younger patients, was associated with a better 

prognosis, had a characteristic profile of copy number changes, and was tightly 

associated with IDH mutations (Noushmehr et al., 2010). Though we were 

unable to see any differences in global levels of tri-methylated histone H3 lysine 

residues (H3K4me3 and H3K27me3) (Fig 4-6 B), indicative of changes in gene 

transcription, this does not reveal any shifts in methylation patterns of individual 

gene promoters. Expression of the genes under the control of these promoters is 

essential in dictating the behavior of the cell. Due to the numerous findings 

showing the effects of (R)/(S)-2-HG metabolites on epigenetic regulation, it can 

be safely expected that this ultimately changes the transcriptome and overall 

cellular make-up. IDH-mutant gliomas, which harbor a distinct G-CIMP 

phenotype, may promote the initiation and progression of secondary pathway 

gliomas by silencing tumor-suppressive genes. In particular, it has been shown 

that epithelial-mesenchymal transition (EMT) is correlated to upregulation of 

ZEB1 transcription factor and miR-200 family downregulation (Grassian et al., 

2012). Additionally, IDH1 mutation leads to DNA-methylation caused 
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downregulation of G-CIMP-associated miRNA, miR-148a. Restoration of 

miR148a reduced tumorigenic properties of glioma cells (Li et al., 2014). Studies 

have shown that the majority of the predictive DNA methylation loci were located 

within CpG islands, and most were negatively correlated with survival, 

suggesting that for most loci, methylation/expression pairs are inversely related, 

consistent with methylation-associated gene regulatory action. This implies that 

changes in DNA methylation are associated with altered survival outcome 

through both coordinated changes in gene expression and alternative 

mechanisms (Smith et al., 2014). If in fact IDH mutation tumorigenicity is 

governed by this mechanism, via (R)-2-HG, investigation of these axes may 

provide important insight into more specific, downstream therapeutic agents.  

Other family members of α-KG-dependent dioxygenases can also be 

inhibited by 2-HG metabolites. Collagen hydroxylase family member P4HA1 has 

been shown to be inhibited by (R)-2-HG in vitro (Koivunen et al., 2012; Sasaki et 

al., 2012a). In addition, other α-KG-dependent dioxygenases such as FIH1, 

which regulates HIF-1α transcriptional activity, DNA damage repair-related ABH 

family, and RNA demethylation-associated FTO, etc, have also been inhibited by 

2-HG (Losman et al., 2013). (R)-2-HG also activates NDMA (glutamate receptor) 

leading to ROS accumulation and neuronal loss (da Rosa et al., 2015). 

Additionally, (R)-2-HG has been shown to interupt collagen maturation and 

basement membrane function, and therefore in this manner may also act as a 

facilitator oncogenesis (Sasaki et al., 2012a), as well as mutant IDH1 

disregulating mesenchymal stem cell differentiation correlated to histone 
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modifications specifically to bone- and cartilage-related genes, SOX9 and 

COL2A1, in human osteosarcoma cells (Jin et al., 2015). Whether or not there 

exist specific, coordinated events that drive tumorigenesis or if a general state of 

cellular stress forces a cell to become cancerous is still to be determined. 

Furthermore, it was recently discovered that α-ketoglutarate (α-KG) extends the 

lifespan of C. elegans through inhibition of ATP synthase and TOR signaling. 

Similarly, (R)-2-HG has been shown to interfere with various α-KG-mediated 

processes, similarly extending worm lifespan. Like α-KG, both (R)-2-HG and (S)-

2-HG bind and inhibit ATP synthase and inhibit mTOR signaling. These effects 

are mirrored in IDH1 mutant cells, suggesting a growth-suppressive function of 

(R)-2-HG. These findings advise new therapeutic approaches and open avenues 

for investigating the roles of 2-HG and metabolites in biology and disease (Fu et 

al., 2015). 

Single nucleotide polymorphisms (SNPs) in key TCA cycle genes, IDH, 

FDH, and SDH in hepatocellular carcinoma (HCC) patients are directly 

associated with overall survival (OS) (Du et al., 2014). While DNA 

hypermethylation is emerging as a shared characteristic of IDH, SDH, and FH 

mutated tumors and though much has been learned about this field the 

fundamental mechansim is still incomplete (Curtin et al., 2011). Although IDH 

mutations are the most described mechanism for increased (R)-2-HG levels, 

other mechanisms may result in (R)-2-HG build-up. For example, MYC 

overexpression in breast cancer promotes (R)-2-HG accumulation in a glutamine 

dependent manner (Terunuma et al., 2014). This is substantiated by findings 
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displaying metabolic reprogramming to a glutamine-dependent TCA cycle shunt 

towards total (R)-2-HG production (Hwang et al., 2015; Ohka et al., 2014), 

lending support for future therapeutic targets aimed at this pathway, such as 

glutamine inhibitors. Also, phosphoglycerate dehydrogenase (PHGDH), an 

enzyme involved in the de novo synthesis of serine, has recently been shown to 

catalyze the NADH-dependent reduction of α-KG to (R)-2-HG (Fan et al., 2015). 

This is an important finding considering amplification of PHGDH expression is 

found in around 16% of all cancers, including 40% of melanomas and 6% of 

breast cancers (Locasale et al., 2011). Overexpression of PHGDH in breast 

epithelial cells appeared to enhance malignancy, while silencing of PHGDH, in 

PHGDH-amplified cells, inhibited growth- suggesting PHGDH as a potential 

therapeutic target. Whether the effects of PHGDH on tumorigenesis are (R)-2-

HG-dependent remains to be determined.  

Interestingly, (R)-2-HG also shares an optical isomer, or enantiomer. 

Enantiomers are molecules with the same sequence of atoms and bonds but with 

a different three-dimensional shape. They are functionally defined by the 

direction in which a plane of polarized light rotates when it passes through a 

solution of one of the isomers: R/D for dextrorotatory and S/L for levorotatory. 

Although enantiomers share the same physical properties (eg. melting points, 

boiling points, etc), their biological properties can be very different.  

Dioxygenases, a family of enzymes involved in methylation of histones and DNA, 

are are actually greatly affected by both 2-HG metabolites (Chowdhury et al., 

2011; Xu et al., 2011), not just (R)-2-HG. These enantiomers bind to the 
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dioxygenase catalytic core in a nearly identical orientation as α-KG and thereby 

inhibit binding of the normal substrate. A group of rare neurometabolic disorders 

characterized by high levels of 2-HG in the body, produced by a number of 

cellular enzymes which produce the R- (D-) and S- (L-) enantiomers of 2-HG 

which are then catalyzed to α-KG by D-2-hydroxyglutarate dehydrogenase 

(D2HGDH) and L-2-hydroxyglutarate dehydrogenase (L2HGDH), respectively. 

Loss of both alleles of L2HGDH leads to accumulation of L-2-HG (Rzem et al., 

2004; Topcu et al., 2004) causing the recessive disorder L-2-hydroxyglutaric 

aciduria [(L)-2-HGA). (D)-2-hydroxyglutaric aciduria [(D)-2-HGA] is presented via 

the accumulation of (D)-2-HG [(R)-2-HG] and in nearly half of the cases is due to 

loss of both alleles of D2HGDH (Achouri et al., 2004; Struys et al., 2005). 

Similarly, germline deficiency in the mitochondrial citrate transporter SLC25A1 

leads to accumulation of both enantiomers and combined (L)-2- and (D)-2-HGA 

(Nota et al., 2013). Amongst other phenotypes (L)-2-HGA patients have a clear 

predisposition to tumors of the central nervous system (Aghili et al., 2009). The 

fact that germline deficiency of D2HGDH does not exhibit such a tumor 

predisposition is not completely understood at this point but is likely related to 

quantitative differences in compound accumulation (Kranendijk et al., 2010a) as 

well as enantiomer specific effects on enzyme targets (Chowdhury et al., 2011; 

Koivunen et al., 2012; Losman et al., 2013). This is particularly interesting when 

considering that we were able to show that treatment of (S)-2-HG mirrored many 

of the effects of (R)-2-HG (Figs 4-13 B; 4-19 B and C). Following the 

demonstration that IDH mutations from glioma and AML generate (R)-2-HG, it 
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was shown that patients with (D)-2-HGA type II, the form of the disease without 

D2HGDH deficiency, harbored germline IDH2-R140 mutations (Kranendijk et al., 

2010b). In fact, it has been reported that in not only does D2HGDH directly 

control the levels of α-KG and (R)-2-HG, influencing histone and DNA 

methylation, and HIF1a hydroxylation, but also can elevate α-KG levels by 

positively modulating mitochondrial IDH activity and inducing IDH2 expression 

(Lin et al., 2015). Additionally, recent studies indicate that (R)-2-HG can be 

detected via magnetic resonance imaging (MRI)-based short-echo magnetic 

resonance spectroscopy of the brain (Choi et al., 2012; Price, 2015) and in the 

serum of leukemia and cholangiocarcinoma, patients with IDH mutant tumors 

(Fathi et al., 2012; Fathi et al., 2014). Recently, clinical trials have begun after 

preclinical studies demonstrated the efficacy of small molecule inhibitors against 

mutant forms of IDH1 and IDH2 accompanied by reduction of (R)-2-HG levels 

which resulted in a block of de-differentiation and growth suppression of AML 

tumor cells (Rohle et al., 2013; Wang et al., 2013a). Therefore, it is critical to 

differentiate between these enantiomers as there are distinct biochemical 

pathways for each.  Additionally, the chiral nature of 2-HG indicates that there 

are likely enantiomer-specific targets, which remains largely unexplored, but is 

evidenced here (Figs 4-16; 4-18 B; 4-24; 4-25; 4-26). Further research into how 

prevailing the (S)-2-HG oncometabolite is in cancer and the identification of 

biologically significant targets is of as paramount importance as the investigation 

into (R)-2-HG. 
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Part IV: Altered signaling pathways 

Amplification and subsequent overexpression of the EGFR gene is 

present in about 50% of GBM in adults (Wechsler-Reya and Scott, 2001), and of 

that population approximately 40% express a mutant EGFR, known as EGFRvIII 

whic lacks the functional ligand-binding domain due to a deletion spanning exons 

2–7. EGFRvIII becomes persistently activated at significantly low levels 

compared with ligand-dependent activation of the wild-type receptor (Aldape et 

al., 2004). Interestingly, no alterations in EGFR are present in the U87MG cells 

used in this study (Wachsberger et al., 2012), so differences in EGFR expression 

(not from EGFR mutation) from one mutant to the other may further explain 

differences noted herein (U343 cells did not from tumors in mice, nor soft-agar 

colonies). No information regarding the genomic status of EGFR in U343 cells 

could be found. GBM also express EGF and TGF-a that activate EGFR in an 

autocrine manner (Wechsler-Reya and Scott, 2001). GBM also express EGF and 

TGF-a that activate EGFR by an autocrine manner (Wechsler-Reya and Scott, 

2001). In GBM cells, EGFR also activates PI3K-AKT and Ras-MAPK pathways, 

both of which are found to enhance the proliferation and survival of many cancer 

cells (Ballif and Blenis, 2001) and were shown here to be differentially expressed 

from mutation to mutation (Fig 4-7).  

STAT3 plays opposing roles in glial transformation depending on the 

genetic background of the tumor (de la Iglesia et al., 2008). Levels of activated 

(phosphorylated) STAT3 were also observed to change depending of the IDH2-

mutation present (Fig 4-7). STAT3 forms a complex with epidermal growth factor 
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receptor type III variant (EGFRvIII) in the nucleus and mediates EGFRvIII-

induced glial transformation. Remarkably, in contrast to the tumor-promoting 

function of STAT3 in the EGFRvIII pathway, deficiency of the tumor suppressor 

PTEN triggers a cascade that inhibits STAT3 signaling in human glioblastoma 

tumors and murine astrocytes. Consequently, PTEN knockdown prompts 

effective transformation of astrocytes upon knockout of the STAT3 gene. These 

findings indicate that STAT3 plays opposing roles in glial transformation 

depending on the genetic background of the tumor (de la Iglesia et al., 2008). 

PTEN is a tumor suppressor on chromosome 10q23, the major area showing 

loss of heterozygosity (LOH) in glioblastomas. Mutations of the PTEN gene are 

found in about 30% of glioblastomas and in 80% of glioma cell lines. PTEN is a 

dual-specificity phosphatase that appears to regulate cell growth, invasion and 

metastasis by inhibiting the activity of protein tyrosine kinases such as focal 

adhesion kinese (FAK) and the second messenger lipid phosphatidylinositol 

3,4,5 triphosphate (Ishii et al., 1999). Unfortunately, PTEN is absent in both 

U87MG and U343 glioblastoma cell lines (Ishii et al., 1999) and therefore does 

not portend to be a player in explaining the differences in tumorigenicity between 

the two lines. However, the activation of STAT3 in both IDH2-R140Q 

backgrounds supports the tumor promotive role of STAT3 signaling and may 

provide a future therapeutic avenue. 

STAT3 also regulates growth and proliferation of GBM CSCs- which might 

contribute to therapy resistance in GBM. Although therapeutic agents kill most of 

the cells in a tumor, any CSCs left behind then contribute to tumor recurrence. 
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Thus, several studies have provided evidence that GMB CSCs display significant 

resistance to the conventional chemotherapic agents (Denysenko et al., 2010). In 

addition, oligodendrocyte transcription factor 2 (Olig2), a developmentally 

regulated, lineage-restricted neural transcription factor, is a universal marker of 

diffuse gliomas and stem cells that may be a prerequisite for early 

transformation. There is growing evidence that glioma stem cells may contribute 

to the resistance of malignant gliomas to standard treatments (Wen and Kesari, 

2008). Epigenetic deregulation leads to upregulation of cancer stem cell 

transcription factors (Olig) (Sturm et al., 2012). Expression of mutant IDH1 in 

immortalized astrocytes pushed them toward a stem cell–like phenotype, 

characterized by decreased expression of the astrocyte marker, GFAP, and 

enhanced expression of the neural stem cell marker, nestin (Lu et al., 2012). 

Microenvironments or niches are responsible for CSC maintenance and 

may have a role in promoting therapeutic resistance. Neural cancer stem cells 

(NCSCs) commonly reside in perivascular regions and possibly also within 

regions of hypoxia and at the invasive edge of the tumor, which exhibit restricted 

oxygen availability and distinct ECM profiles. The perivascular niche is the best-

characterized CSC niche due to the established relationship between tumor 

growth and angiogenesis. In a variety of brain cancers, CSCs are located within 

close proximity to blood vessels, which facilitates the transfer of signals 

necessary for their maintenance (Lathia et al., 2011). Cells in a hypoxic 

environment shift metabolism away from the Krebs cycle and glucose 

consumption to glutamine reduction and subsequently depend heavily on 
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glutamine-derived α-KG for lipid synthesis (Metallo et al., 2012). IDH also 

controls glutamate metabolism in glial cells, including synthesis of N-acetylated 

amino acids (Reitman et al., 2011). The IDH enzymes also appear to be 

important in cellular protection against oxidative stress as α-KG is an antioxidant 

(Mailloux et al., 2007) and NADPH production, which is necessary for antioxidant 

glutathione production (Kil et al., 2006; Lee et al., 2002; Shin et al., 2008). Taken 

together, these findings indicate α-KG/(R)-2-HG balance, and therefore the 

identity of IDH mutation, may influence the tumor microenvironment and 

ultimately the state of differentiation of the cells therein. 

Whereas cell cycle arrest, apoptosis, and senescence are traditionally 

thought of as the major functions of the tumor suppressor p53, recent studies 

revealed two unique functions for this protein: p53 regulates cellular energy 

metabolism and antioxidant defense mechanisms. It has been shown that 

glutaminase 2 (GLS2) is a p53 target gene mediating the functions of the p53 

protein. GLS2 encodes a mitochondrial glutaminase catalyzing the hydrolysis of 

glutamine to glutamate. p53 increases the GLS2 expression under both 

nonstressed and stressed conditions. GLS2 regulates cellular energy metabolism 

by increasing production of glutamate and α-KG, which in turn results in 

enhanced mitochondrial respiration and ATP generation. Furthermore, GLS2 

regulates antioxidant defense function in cells by increasing reduced glutathione 

(GSH) levels and decreasing ROS levels, which in turn protects cells from 

oxidative stress (e.g., H2O2)-induced apoptosis. Consistent with these functions 

of GLS2, the activation of p53 increases the levels of glutamate and α-
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ketoglutarate, mitochondrial respiration rate, and GSH levels and decreases 

reactive oxygen species (ROS) levels in cells. Furthermore, GLS2 expression is 

lost or greatly decreased in hepatocellular carcinomas and the overexpression of 

GLS2 greatly reduced tumor cell colony formation (Hu et al., 2010). We were 

able to show that increased expression of IDH2 lead to increased levels of p53 

(Fig 4-6 A) and perhaps adding fuel to the ‘tumorigenic fire’ by way of glutamine 

and α-KG. 

 



 134 

Part V: Treatment options 

If IDH2 has other functions than just the hypermethylation phenotype of 

(R)-2-HG, as suggested by these results and other recent studies (Oizel et al., 

2015), DNA methyltransferase inhibitors 5-azacytidine and decitabine, which are 

under preclinical investigation, would negate effects of (R)-2-HG and highlight 

pathways governed by other IDH mutation effects (Borodovsky et al., 2013). 

Administration of decitabine to an IDH1-R132H mutant anaplastic astrocytoma 

cell line (TS603), while not affecting (R)-2-HG levels, efficiently induced up-

regulation of differentiation genes, an effect associated with a change in 

methylation markers leading to re-expression of Polycomb-controlled genes. 

Remarkably, the differentiation effect was maintained even after drug therapy 

was stopped. Of note, treatment with the IDH-mutant enzyme inhibitor AGI-5198 

had no further benefit in cells pretreated with decitabine, implying that IDH 

inhibitors may be redundant when coupled with DNMT inhibitor therapy (Turcan 

et al., 2013). Investigation with the DNMT inhibitor 5-azacytidine in an anaplastic 

astrocytoma xenograft (JHH-273) showed this inhibitor was able to reverse the 

G-CIMP hypermethylation state in a dose-dependent manner. As with decitabine, 

long-term low-dose treatment slowed tumor growth even after the treatment was 

stopped, with a similar upregulation of differentiation genes (Borodovsky et al., 

2013). Because decitabine and 5-azacytidine are already approved by the US 

Food and Drug Administration and can cross the blood-brain barrier effectively, 

they represent exciting new prospective drugs for clinical trial. To be effective, 

the molecules used in the treatment of IDH-mutant gliomas will need to be able 
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to cross the blood-brain barrier to reach the therapeutic levels necessary for 

response within the tumor. In addition to the IDH enzymes and DNMT, there may 

be other entities in the IDH effector scheme for which inhibitors can be developed 

that may result in a cumulative clinical benefit. Potential targets include the α-

KG–dependent dioxygenases (Liu et al., 2012), such as TET2 (Juratli et al., 

2013; Kim et al., 2011; Tahiliani et al., 2009) and components of the 

glutamine/glutamate pathways (Seltzer et al., 2010). For example, suppression of 

BCAT1, an amino acid transferase involved in catabolism of branch-chain amino 

acids and mutated in glioma in a mutually exclusive fashion with IDH1 and IDH2, 

resulted in reduced invasiveness and proliferation in vitro and in a glioblastoma 

multiforme xenograft model (Tonjes et al., 2013). 

Although glioma patients with IDH mutations tend to have a better 

prognosis (Houillier et al., 2010; SongTao et al., 2012), expression of mutant 

IDH1-R132H decelerated proliferation/migration capabilities of glioma cells, and 

mice transplanted with IDH1-R132H gliomas exhibited longer survival (Bralten et 

al., 2011), there have been significant efforts as of late to develop inhibitors 

against mutant IDH enzymes. Rohle et al. (Rohle et al., 2013) and Wang et al. 

(Wang et al., 2013a) have synthesized small molecules AGI-5198 and AGI-6780 

to specifically inhibit the activity of mutant IDH1 and IDH2, respectively. These 

mutant IDH inhibitors have been developed to have little influence on the wild-

type enzyme, based on the finding that ICT binding to the ligand binding site in 

wild-type IDH results in a conformational change in the enzyme that enables its 

catalytic activity, while, in the mutant enzyme, isocitrate binds to an alternative 
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binding site that does not facilitate the necessary conformational change. These 

two candidate inhibitors were found to form hydrogen bonds and electrostatic 

interactions with a stronger affinity to the alternative isocitrate binding site than 

that of isocitrate, resulting in the stabilization of the mutant enzyme in its inactive, 

open conformational state (Zheng et al., 2013). Interestingly, these compounds 

inhibited the proliferation of glioma cells and leukemic cells, restored the 

expression of cytokines related to differentiation, and induced differentiation of 

tumor cells, which confirmed the feasibility of targeted therapy for these tumors 

with mutant IDH1/IDH2. 

A urea sulfon-amide inhibitor of IDH2 (R140Q), AGI-6780, causes a dose-

dependent reduction in (R)-2-HG and AML cell differentiation (Wang et al., 

2013a). In April 2014, Agios reported the results of their clinical trial of a drug 

designed to inhibit the mutant IDH2 enzyme. Of the seven patients with 

advanced AML as well as IDH2 mutations, tumor cells were undetectable in the 

peripheral blood of five patients after five cycles of drug administration (DiNardo 

et al., 2015). This provides a new therapeutic strategy for such tumors.  

Small-molecule IDH1-R132H-specific inhibitor, AGI-5198, has been 

studied both in vitro and in vivo. Treatment of human glioma cells with AGI-5198 

reversed the differentiation block associated with IDH mutation. Interestingly, 

reduction in tumor volume in murine xenografts following treatment with AGI-

5198 occurred despite only partial inhibition of mutant IDH1, a reduction in (but 

not elimination of) (R)-2-HG, and a lack of a change in G-CIMP status. 

Upregulation of differentiation genes and downstream inhibition of histone 
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demethylation required complete inhibition of mutant IDH1. Histopathological 

analysis of the tumors showed no changes in the concentration of cleaved 

caspase-3, indicating that the reduction in tumor volume was due to the inhibition 

of tumor proliferation rather than an increase in cell death (Rohle et al., 2013). 

The identification of inhibitors against specific IDH mutations and their 

efficacy, despite the understanding that IDH mutations in glioma are beneficial 

compared to wild-type IDH, further substantiates the findings here that not all 

mutations to IDH are equal. Suppose instead that inhibitors were generated 

against IDH2-R172M mutants rather than IDH2-R140Q, where we show that 

IDH2-R172M expressing cells are less aggressive- inhibition might cause a more 

aggressive phenotype if it were reverted to IDH2-WT expression.  However, 

inhibition in this case of the more aggressive mutant, IDH2-R140Q, and reversion 

to IDH2-WT in this case is favorable. This highlights the importance of identifying 

and characterizing cancer-associated mutations before developing therapies in 

all types of cancer. 
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