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Abstract 

The main subject of my thesis is the investigation of mechanisms of glioma tumorigenesis 

associated with the recently identified mutations in isocitrate dehydrogenase. Gliomas 

account for 80% of primary brain cancers. They represent a diverse group of tumours, and are 

graded from I-IV based on histopathological features. Whilst grade I tumours may be curable 

with surgery alone, grade II and III gliomas inevitably progress to glioblastoma multiforme 

(GBM), which is highly resistant to current therapies and carries a very poor prognosis. 

Despite an improved understanding of the pathways and mechanisms involved in the 

development of glioma and its progression to grade IV disease, current and novel treatments 

have so far failed to significantly improve outcome. 

Isocitrate dehydrogenase (IDH) enzymes catalyse the oxidative decarboxylation of isocitrate 

to α-ketoglutarate (α-KG). Somatic mutations in genes encoding IDH1 and IDH2 were first 

identified in glioma and subsequently in acute myeloid leukemia and other solid tumours. 

These heterozygous point mutations occur at the arginine residue of the enzymes active site 

and cause both loss of normal enzyme function and gain-of-function, causing the reduction of 

α-KG to D-2-hydroxyglutarate (D-2HG), which accumulates. D-2HG may act as an 

oncometabolite through the inhibition of various α-KG dependent enzymes, stimulating 

angiogenesis, histone modifications and aberrant DNA methylation. Possibly, IDH1/2 

mutations may also cause oncogenic effects through dysregulation of the tricarboxylic acid 

(TCA) cycle, or by increasing susceptibility to oxidative stress. The exact role of mutant 

IDH1/2 in tumorigenesis however remains unclear.  

In the work outlined in this thesis, I have demonstrated that the expression of mutant IDH1/2 

in glioma cell lines leads to 2-HG accumultation and a reduction in α-KG production and 

results in HIF1α accumulation and a reduction in 5hmC production. Furthermore, the brain-

specific expression of mutant Idh1 in mice also results in 2-HG accumulation and reduced α-

KG production, whilst a reduction in 5hmC levels are also seen. This data appears to support 

the theory that IDH1/2 mutant activity results in the inhibition of α-KG dependent enzymes, 

either through the accumulation of 2-HG or due to a reduction in α-KG levels. The brain-
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specific expression of mutant Idh1 in mice also results in increased cellular proliferation and 

an increase in the expression of the neural stem cell marker, nestin. However gliomas do not 

develop, perhaps suggesting that additional mutations are required in conjunction with those 

occuring in IDH1/2 in order to initiate tumourigenesis.  

Clinically, IDH1/2 mutations may represent a novel therapeutic target in glioma and may also 

serve as useful diagnostic, prognostic and predictive biomarkers. However, a better 

understanding of the pathogenesis of mutant IDH is required, to enable effective IDH1/2 

directed therapies to be developed in the future.  
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1. Chapter One 

Introduction, literature review and aims of thesis 

1.1 Glioma 

 

Brain tumours comprise a wide range of histological and pathological entities, each with a 

distinct natural history, and are classified as gliomas or non-gliomas. Gliomas affect the glial 

portion of brain parenchyma and are the most common primary brain tumour, making up 

approximately 30% of all brain and central nervous system tumours and 80% of all primary 

malignant brain tumours (Goodenberger ML 2012). They show wide diversity with respect to 

location, morphology, genetic status, and response to therapy. The World Health 

Organisation (WHO) classifies gliomas based on histopathological features such as nuclear 

atypia, mitosis, endothelial proliferation and necrosis using a grading system I-IV (Table 1-

1). Gliomas can also be classified based on the specific type of cell they share histological 

features with, or based on their location (Table 1-2). 

Table 1-1: The WHO classification of glioma based on histopathological feature 

Grade Tumour 

I Pilocytic astrocytoma 

II Diffuse astrocytoma; oligodendroglioma; oligoastrocytoma 

III Anaplastric astrocytoma; anaplastic oligodendroglioma; anaplastic 

oligoastrocytoma 

IV Glioblastoma multiforme 
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Table 1-2: Classification of glioma based on cell type of origin and location 

Classification based on cell type Classification based on location 

Ependymoma Supratentorial- in the cerebrum 

Astrocytoma Infratentorial- in the cerebellum 

Oligodendroglioma Pontine- in the pons of the brainstem 

Brain stem glioma 

Optic nerve glioma 

Mixed glioma e.g. oligoastrocytoma 

 

Grade I gliomas are often considered to be benign, are generally curable with complete 

surgical resection and rarely evolve into higher-grade lesions. 

Grade II tumours are low grade malignancies that may follow a long clinical course. They are 

divided into 3 histological variants: astrocytomas which express the astrocyte specific marker 

GFAP, oligodendrogliomas which do not express GFAP, and oligoastrocytomas which 

contain mixtures of both cell types. Median overall survival (OS) in grade II glioma is 

between 5 and 7 years, and although some patients may live for up to 10 years or longer, the 

condition is not curable (Stupp R 2007). Treatment consists of maximal surgical resection. 

The role and appropriate timing of radiotherapy remain undefined because although trials 

have shown radiotherapy to improve progression free survival (PFS) and symptom control, 

no OS benefit has yet been demonstrated (Bent MJ 2005). Adjuvant PCV [procarbazine, 

lomustine (CCNU)] chemotherapy after radiation in patients with high-risk, low-grade 

glioma did not improve outcome in a randomized RTOG trial (Shaw E 2006). The potential 

benefit of temozolomide (TMZ) chemotherapy in combination with radiotherapy  is currently 

under investigation in a Radiation Therapy Oncology Group phase 2 clinical trial 

(RTOG0424) and in an Eastern Cooperative Oncology Group phase 3 clinical trial 

(ECOGE3F05), results  from which have not yet been published. 70% of grade II gliomas 
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transform into grade III and IV tumours within 5-10 years of diagnosis, likely as a result of 

the acquisition of further mutations, and subsequently behave clinically like higher grade 

lesions (Maher EA 2001) (Figure 1-1).  

Figure 1-1: Histological specimens from a patient who presented with grade II glioma (left 

panel) and recurred with GBM 5 years later (right panel) (Taken from Maher EA, 2001) 

 

Grade III gliomas are invasive, progress to grade IV lesions, and lead to death within a few 

years of diagnosis (Maher EA 2001).  Anaplastic oligodendrogliomas have a relatively better 

prognosis and demonstrate a higher response rate to both chemotherapy and radiation, whilst 

the prognosis of mixed anaplastic oligoastrocytomas and anaplastic astrocytomas is 

intermediate between glioblastoma multiforme (GBM) and pure anaplastic 

oligodendrogliomas (Stupp R 2010). Standard treatment consists of surgery followed by 

adjuvant radiotherapy up to 60 Gy (Stupp R 2010). The value of concomitant or maintenance 

chemotherapy with TMZ is not yet supported by available data (Stupp R 2007). Furthermore 

randomized clinical trials did not demonstrate prolonged OS with adjuvant PCV 

chemotherapy in newly diagnosed anaplastic oligoastrocytomas and oligodendrogliomas, 

even in the subgroup of the patients with the most chemo responsive tumours exhibiting 

chromosomal loss of 1p and 19q, although progression-free survival was prolonged 

(Cairncross G 2006, van den Bent M 2006).  
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Glioblastoma multiforme (GBM) is the most common and most malignant glioma. It is 

characterised by widespread intratumoural heterogeneity, and may develop rapidly without 

evidence of a less malignant precursor lesion (primary glioblastoma), or less commonly 

through progression from a lower grade tumour (secondary glioblastoma). Histopathological 

features of GBM include nuclear atypia, high mitotic activity, cellular pleomorphism, 

microvascular proliferation and necrosis (Furnari FB 2007), and it is associated with a very 

poor prognosis. 

1.2 Glioblastoma Multiforme 

 

1.2.1 Incidence and Aetiology 

 

GBM accounts for 12-15% of all brain tumours with an incidence of 4 new cases per 100,000 

population per year (Kleiheus P 2007) and a slight predominance in males (Surawicz TS 

1999). Primary GBMs represent the majority (more than 90%) of diagnosed cases and 

develop in older patients (mean age, 62 years) with a peak incidence between 45-75 years, 

whilst secondary GBM which represent about 5% of cases develop in younger patients (mean 

age 45 years) (Ohgaki H 2005a)  

The incidence of glioma in population-based studies is fairly constant in Europe and the 

United States (Ohgaki H 2005a, Kleiheus P 2007), leading some observers to conclude that 

environmental factors probably play less of a role in gliomagenesis than genetic factors. 

Furthermore due to the relative rarity of the disease and short survival after diagnosis, 

specific causal factors contributing to GBM remain largely unclear. High dose ionising 

radiation to the head is the only known environmental risk factor for GBM (Gurney JG 2001, 

Schwartzbaum JA 2006, Fisher JL 2007). Other established risk factors include the hereditary 

genetic syndromes Li-Fraumeni syndrome, Neurofibromatosis 1, Turcots syndrome and 
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Cowdens syndrome which are associated with mutations in p53, NF1, APC and MMR genes, 

and PTEN respectively. Apart from these syndromes, information on the familial aggregation 

of glioma is poorly understood, and although there appears to be an increased incidence of 

glioma in first degree relatives of patients with the disease, an exact mode of inheritance is 

not evident (Osborne RH 2001), and whilst various segregation analyses of GBM prone 

families suggest an autosomal recessive mode of inheritance, others support a polygenic 

model (Malmer B 2001). Additionally, recent genome-wide association studies have 

identified common susceptibility variants at 5p15.33 (TERT), 8q24.21 (CCDC26), 9p21.3 

(CDKN2A-CDKN2B), 20q13.33 (RTEL1), 11q23.3 (PHLDB1), and two independent signals 

at 7p11.2 (EGFR) (Shete S 2009, Wrensch M 2009, Sanson M 2011). 

Studies examining non-inherited risk factors have suggested a possible viral aetiology in 

gliomagenesis. Viral antigens from both JC virus and human herpes virus 6 have been 

detected in glioma samples (Chi J 2012, Noch E 2012), although their perceived aetiological 

role is not clear. Furthermore nucleic acids and proteins from cytomegalovirus (CMV) have 

also been demonstrated in gliomas, and it has been proposed that CMV may predispose to 

glioma formation due to interactions with the STAT-3 signalling pathway (Price RL 2013). 

Interestingly there is an inverse association between glioma and allergic conditions such as 

asthma (Linos E 2007), and it has been observed that immunoglobulin E concentrations are 

reduced in glioma patients, further suggesting that immunological factors may play a role in 

gliomagenesis (Il'yasova D 2009). 

The role of radiofrequency electromagnetic fields (RF-EMF) in gliomagenesis, such as those 

emitted from mobile phones, remains controversial, with some early studies suggesting no 

link (Gurney J 1999, Wrensch M 1999). However more recent meta-analysis studies 

suggested that mobile phone use may increase the risk of glioma (Khurana VG 2009, Myung 

SK 2009), and a case control study carried out between 2007 and 2009 concluded that RF-
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EMFs play a role in both the initiation and promotion stages of carcinogenesis (Hardell L 

2013). As a result of such data, in 2011 The International Agency for Research on Cancer 

classified RF-EMF as a group 2B, i.e. a ‘possible’ human carcinogen.  

The link between alcohol consumption and glioma remains unclear, with some studies, 

including a recent meta-analysis suggesting no association (Wrensch M 1993, Galeone C 

2013). However a retrospective study carried out in Australia has demonstrated that alcohol 

consumption may increase the risk of glioblastoma in a dose-dependent manner (Baglietto L 

2011). Brain tumours may also be caused by known carcinogens such as vinyl chloride, 

polycyclic aromatic hydrocarbons and N-nitroso compounds (Schwartzbaum JA 2006), 

although again reports are conflicting (Wrensch M 2002). Studies of other environmental 

factors such as smoking, diet and vitamin intake do not convincingly demonstrate a causal 

relationship in gliomagenesis (Hurley SF 1996, Holick CN 2007a, Holick CN 2007b, 

Dubrow R 2012).   

1.2.2 The Natural History of GBM 

 

Gliomas arise from glial cells which are divided into astrocytes and oligodendrocytes. Glial 

cells are responsible for isolating neuronal processes and controlling the environment of 

neurons and are fundamental in the development of the nervous system by providing surfaces 

and building blocks for migrating neurons and outgrowing axons. Gliomas largely resemble 

undifferentiated astrocytes or oligodendrocytes in their gene expression and phenotypic 

characteristics, and malignant transformation is thought to occur as a result of a stepwise 

accumulation of multiple genetic alterations at chromosomal and gene expression levels 

(Sehgal 1998) affecting growth factor signalling and cell cycle control pathways, with 

resultant affects on cellular differentiation and proliferation (Figure 1-2). The degree of 

genetic and chromosomal aberrations tends to correlate with increasing clinical grade. A 
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concerted effort to more clearly characterise the GBM cancer genome was undertaken by the 

Cancer Genome Atlas project (TCGA), which through genome-wide analysis of DNA copy 

number, gene expression, and DNA methylation screening highlighted several genes involved 

in these pathways that were be significantly mutated in GBM (McLendon R 2008). 

Figure 1-2: Major signalling pathways in the pathogenesis of GBM. (red represents primary 

GBM, blue secondary GBM, and green both primary and secondary GBM) (taken from Ohgaki 

H, 2007)  
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1.2.2.1 Altered Growth Factor signaling 

 

Genes encoding growth factors and their receptors that control glial cell differentiation and 

proliferation are commonly overexpressed in glioma (Holland E 2001). Common alterations 

observed are the overproduction of: fibroblast growth factor and its receptor (FGF,FGFR), 

platelet derived growth factor and its receptor (PDGF,PDGFR), vascular endothelial growth 

factor (VEGF) (Loilome W 2009), and epidermal growth factor (EGF) (Parsons DW 2008).  

Activating mutations in the EGFR gene are also common in GBM (Verhaak RG 2010), and 

result in a constitutively active receptor in the absence of EGF ligand (Hatanpaa KJ 2010). 

Variant III (EGFRvIII) deletion of the extracellular domain (Humphrey PA 1990) is most 

commonly observed, as are extracellular domain point mutations and cytoplasmic domain 

deletions (Lee JC 2006). The RAS pathway, whose activation by tyrosine kinase receptors 

such as EFGR leads to increased proliferation and inhibition of apoptosis (McCubrey JA 

2007) through downstream effects on RAF, MEK and mitogen activated protein kinsases 

(MAPK) has also been implicated in gliomagenesis (Guha A 1997). The AKT pathway has 

also been shown to be activated in about 70% of GBMs (Holland E 2000). AKT is activated 

through Phosphoinositide 3-kinase (PI3K), whose activity is itself commonly altered in GBM 

(Ohgaki H 2011), and is negatively regulated by the tumour suppressor gene PTEN (Stiles 

BL 2009). Increased activation of AKT results in various pro-tumourigenic effects such as: 

enhanced metabolism; altered translation through activation of mTOR; increased 

proliferation; and inhibition of apoptosis (Holland E 2001). Mutation or complete loss of 

PTEN itself, a tumour suppressor gene which normally functions to inhibit proliferation, are 

also commonly seen (Sano T 1999).  
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1.2.2.2 Altered Cell cycle control 

 

Mutations in genes encoding proteins involved in cell cycle arrest pathways have been shown 

to occur commonly in GBM (Ohgaki H 2007), in particular those involved in the 

TP53/MDM2/p14
ARF

 pathway and the p16
INK4a

/RB1 pathway (Figure 1-3) 

Figure 1-3: Cell cycle arrest pathways (taken from Holland E, 2001) 

 

p53 controls the cell cycle by arresting cells in G1 and G2, and by inducing apoptosis (Fulci 

G 2000) in response to events such as DNA damage. Loss of normal TP53 function, and 

therefore cell cycle regulation, can result from altered expression of TP53, MDM2, or p14
ARF

 

genes. Mutations in TP53 occur in about 30% of primary GBM and more commonly in 

secondary GBM (Ohgaki H 2004). Amplification of MDM2, whose gene product degrades 

p53, is present in <10% of cases and is exclusively found in primary GBM that lack TP53 

mutations (Reifenberger G 1993). p14
ARF 

binds to MDM2 and inhibits its degradation of p53. 

Loss of p14
ARF

 expression is observed in around three quarters of GBMs, typically resulting 

from homozygous deletion or promoter methylation of the p14
ARF

 gene (also known as 

CDKN2A) (Nakamura M 2001a).  

RB1 protein promotes cell cycle arrest in G1 and regulates progression from the G1 to S 

phase of the cell cycle (Holland E 2001). CDK4/cyclin D1 complex phosphorylates RB1,  

thereby inactivating it and inducing the release of transcription factors that activate genes 

involved in G1 to S transition (Sherr CJ 1999).
 
p16

INK4a
 binds to CDK4, and inhibits the 
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CDK4/cyclin D1 complex, thus inhibiting this transition (Sherr CJ 1999).
 
Consequently, loss 

of normal RB1 function may result from reduced expression of RB1 or p16
INK4a

, and 

increased expression of CDK4. Homozygous p16
INK4a

 deletions are found in both primary 

and secondary GBM, but are more common in the former (Nakamura M 2001a); loss of RB1 

expression occurs in 14% of primary and 43% of secondary GBM, often in conjunction with 

promoter hypermethylation of the RB1 gene (Nakamura M 2001b); whilst amplification and 

overexpression of CDK4 occurs in 15% of GBMs (Holland E 2001). 

1.2.2.3 Loss of Heterozygocity (LOH) associated with GBM 

 

LOH of chromosome 10 is commonly seen in GBM. LOH 10q occurs in between 60-80% of 

both primary and secondary GBMs (Fujisawa H 2000, Ohgaki H 2004), whilst LOH 10p and 

complete loss of chromosome 10 are largely seen exclusively in primary GBM (Fujisawa H 

2000). At least 3 commonly deleted loci have been identified on chromosome 10, namely 

10p14-p15, 10q23-24 (PTEN), and 10q25-pter and it is probable that several tumour 

suppressor genes that play a role in gliomagenesis are located here (Rasheed BK 1995, Fults 

D 1998, Ichimura K 1998).  LOH 10q25-qter is worth particular mention as it has been 

shown to occur during the transition between grade II or grade III glioma and GBM 

(Fujisawa H 1999). This locus contains several assumed tumour suppressor genes (Eagle LR 

1995, Chernova OB 1998, Nakamura H 1998) and although mutations in these genes have 

rarely been detected in GBM, the fact that LOH 10q25-qter occurs commonly in both 

primary and secondary GBM (Rasheed BK 1995) implies that they may play a role.  

LOH 22q also occurs frequently in GBM, a region that incorporates the tissue inhibitor of 

metalloproteinases-3 (TIMP-3) gene. Loss of TIMP-3 expression has also been reported, in 

association with TIMP-3 promoter methylation (Nakamura M 2005).  LOH 19q, 1p and 13q 

are also reported at varying frequency (Nakamura M 2000). 



11 
 

1.2.2.4 Correlation between genetic changes and classification of GBM 

 

In addition to providing insight in to the pathogenesis of glioma, genetic and chromosomal 

abnormalities can also be used to classify GBM into their primary and secondary forms, and 

into their recognised subtypes. Specifically primary GBM are typically associated with EGFR 

amplification, p16 deletion, and PTEN mutations as well as LOH on chromosome 10q 

(Ohgaki H 2005a); whilst secondary GBM frequently demonstrate mutations in TP53 and 

IDH1 (Ohgaki H 2005b, Yan H 2009), as well as combined loss of chromosome arms 1p and 

19q (1p/19q deletion) (Schiff D 2007). Furthermore the 'classical', proneural and 

mesenchymal subtypes are associated with EGFR amplification, P53/PDGFRA/IDH1 

mutations, and NF1 mutations respectively (Verhaak RG 2010). 

1.2.3 GBM cell of origin 

 

GBM cells most frequently resemble immature astrocytes, oligodendrocytes or a combination 

of the two. It was once thought that mature glia were the only cells in the brain capable of 

dividing, and hence GBM was proposed to occur as a result malignant transformation in these 

cells. However the discovery that new neurons and glia are produced throughout life from 

neural stem cells (NSCs) (Eriksson P 1998, Lie DC 2004) provided a new candidate cell of 

origin in GBM. The identity of GBM initiating cells (GICs) remains a source of debate, 

however tumours could feasibly arise from either dedifferentiated mature glial cells, glial 

precursors which have acquired oncogenic mutations, or indeed NSCs.  

1.2.3.1 The dedifferentiated cell theory 

 

This theory proposes that mature oligodendrocytes or astrocytes undergo dedifferentiation 

and develop oncogenic capability through the acquisition of specific mutations, and is 

supported by the observation that activation of specific oncogenes in conjunction with the 
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loss of tumour suppressor genes in cortical astrocytes triggers cancer initiation with 

histological features similar to glioma in animal models (Stiles CD 2008). Indeed the 

combined loss of p16
INK4a 

and p19
ARF

 enabled astrocytes to dedifferentiate in response to 

EGFR activation, and in xenograph experiments Ink4a/Arf(−/−) astrocytes transduced with 

constitutively active EGFR induced a high grade glioma phenotype (Bachoo RM 2002). 

Similarly, loss of p16
INK4a 

and p19
ARF

 in conjunction with activation of K-Ras and Akt 

induced dedifferentiation of mature astrocytes and the formation of tumours with morphology 

closely resembling that of GBM (Uhrbom L 2002). Furthermore loss of p53 combined with 

the overexpression of Akt and c-Myc in mature astrocytes rendered them highly tumorigenic 

when transplanted into the brains of immunocompetent mice (Radke J 2013).  

1.2.3.2 The cancer stem cell theory 

 

Neural stem-cells (NSCs) are highly undifferentiated clonogenic cells with an extensive 

proliferative potential and are capable of multipotent differentiation into the three main cell 

types of the CNS. They have extensive self-renewal capacity which they achieve by 

undergoing asymmetric divisions during which a copy of the mother cell together with a 

more mature progenitor cell are generated. Similarly they can undergo symmetrical division, 

yielding either two stem cells or two more mature progenitors.  

NSCs are found in the human brain in two neurogenic niches: the subventricular zone (SVZ), 

which is located between the lateral ventricle and the parenchyma of the striatum (Silva-

Vargas V 2013); and the subgranular zone (SGZ) located in the hippocampus (McKay R 

1997). These areas function as a source of both NSCs and progenitor cells and retain the 

ability to produce neurons and glia throughout life (Luskin MB 1993).  

Three cell types have been identified in the SVZ of the human brain: types A, B and C. Type 

B cells are the putative adult neural stem cell. They express the astroglial marker glial 
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fibrillary acidic protein (GFAP) and the neural stem cell marker nestin and are relatively 

quiescent (Doetsch F 1999). B cells give rise to highly proliferative transit-amplifying 

progenitor cells (type C cells) which retain multipotency and give rise to more mature 

transiently dividing lineage-committed progenitors (type A cells) (Alvarez‐Buylla A 2004) 

(Figure 1-4).  

Figure 1-4: The hierarchical neural stem cell system demonstrating the gene expression pattern 

associated with each cell type 

 

 

Type A cells, or neuroblasts, migrate in bundles to the olfactory bulb (OB) through the rostral 

migratory stream (RMS), a vestigial lumen that connects the lateral ventricle to the olfactory 

bulb, where they integrate as new interneurons in the cortical layers (Pincus DW 1997, 

Kukekov VG 1999, Curtis MA 2007). A similar hierarchical neural stem cell system and 

migratory pattern is also seen in the brains of mice (Seri B 2004, Quiñones-Hinojosa A 2006) 

(Figure 1-5).  
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Figure 1-5: The location of stem cells in the SVZ and Hippocampus and their migration to the 

Olfactory Bulb via the RMS in mice. 

 

 

 

Type B and C cells can be defined by the expression of Nestin, a cytoplasmic intermediate 

filament protein (Hockfield S 1985). Nestin expression is lost in vitro with differentiation of 

NS cells, whilst in vivo, it is retained postnatally only in neurogenic zones. Indeed in mice, 

nestin is expressed from E7.75 in many proliferating CNS regions, at E10.5 it is expressed in 

cells of both the rostral and caudal neural tube, and at E15.5 and P0 expression is observed 

largely in the developing cerebellum, and in the subventricular areas of the developing 

telencephalon (Dahlstrand J 1995). Nestin expression is maintained in the SVZ of adult mice 

and has been detected in 26 month old adults in this regions, although its expression reduces 

in conjunction with a reduced level of neurogenesis in the brains of older mice (Maslov A 

2004).  

Human NS cells also express the cell surface marker prominin-1 (PROM1) (Uchida N 2000). 

PROM1, also known as CD133, is expressed in the SVZ of humans and mice on the apical 

membrane of cells lining the lateral ventricles, but with more restricted expression than 

Nestin. 
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A growing body of evidence suggests that GBMs originate from neural stem cells which 

accumulate genetic changes over a period of time, escape from the control of their 

environment, and give rise to tumour growth. Both NSCs or their progenitors could feasibly 

fulfil this role of tumour-initiating cell, and NSCs are particularly attractive candidates 

because they are tissue specific, can self-renew and are multipotent. Indeed the presence of a 

subpopulation of immature, undifferentiated cells with tumour initiating capacity, so called 

glioblastoma stem cells (GSCs) or glioblastoma initiating cells (GICs) have been 

demonstrated in tumours (Ignatova T 2002, Singh SK 2003, Tabatabai G 2011), and these 

cells are thought to be responsible for the high level of tumour recurrences and resistance to 

radiotherapy and chemotherapy observed in GBM (Bao S 2006, Liu G 2006, Salmaggi A 

2006, Murat A 2008, Johannessen TC 2009). Furthermore, GSCs cells have also been shown 

to have the potential to initiate GBM formation when isolated and injected into the brains of 

nude mice (Galli R 2004), whilst the expression of the GSC specific marker CD133, and the 

embryonic stem cell marker signature Oct4, Sox2, and Nanog in human gliomas have been 

shown to correlate with poorer prognosis and increased clinical aggressiveness (Beier D 

2008, Holmberg J 2011). Consequently, the potential to target GSCs both directly and 

indirectly is currently being investigated (Binello E 2011) 

GSCs are thought to originate in the SVZ, and several studies using murine glioma models 

have supported this theory (Zhu Y 2005, Alcantara Llaguno S 2009). Indeed mutations in 

both type B and type C cells have been shown to lead to tumour initiation in the early stages 

of gliomagenesis in mouse models (Wang Y 2009). Furthermore, when human GBM cells are 

injected into the brains of nude mice they exhibit a tropism for the SVZ and are able to 

migrate from there towards the olfactory bulbs (Kroonen J 2011), and when these cells are re-

isolated from the SVZ and olfactory bulbs and injected into new mice, they demonstrate high 

tumorigenicity. 
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In humans, a proportion of GBMs have been shown to develop near the region of the SVZ, 

whilst exposure to oncogenic viruses or carcinogens results in the preferential formation of 

tumours in this region (Sanai N 2005). GBMs that originate in close proximity to SVZ are 

more likely to be multifocal, and recur at a greater distance from the primary lesion (Lim DA 

2007). Furthermore, SVZ involvement has been shown to be an independent predictive factor 

for shorter survival in newly diagnosed patient undergoing treatment for GBM (Young GS 

2011) and it has been demonstrated that giving high dose radiotherapy (>43Gy) to the SVZ in 

patients with grade III glioma and GBM improves both PFS and OS (Lee P 2013).   

1.2.4 Symptoms and Presentation in GBM 

 

Symptoms and signs of GBM result from the tumour mass and its infiltration of adjacent 

tissues as well as adjacent oedema, and raised intracranial pressure (ICP). Headaches occurs 

in about 50% of patients, and are typically not severe, worse in the morning and improve 

throughout the day. They may be exacerbated by activities that increase ICP. Other 

symptoms of raised ICP such as nausea, vomiting and visual abnormalities can occur. 

Seizures occur as the presenting feature in about 35% of patients with GBM (Vecht C 2003) 

and can be focal or generalised. Other focal neurological manifestations include motor or 

sensory deficits, visual field defects, dysphasia, cognitive dysfunction and personality 

changes.  

1.2.5 Diagnosis of GBM 

 

Magnetic resonance imaging (MRI) with intravenous gadolinium contrast enhancement is the 

standard technique used to diagnose GBM. The tumour demonstrates low signal intensity 

with a hypodense necrotic central area surrounded by an enhanced rim on T1-weighted 

images, reflecting the presence of central necrosis surrounded by a highly cellular 
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vascularised wall. Conversely it appears as a high-signal intensity mass on T2-weighted 

images. Imaging of tumour blood flow using perfusion MRI and assessment of tumour 

metabolite concentration with MR spectroscopy may add diagnostic value to standard MRI 

(Cha S 2006, Sibtain NA 2007). Definitive diagnosis requires a stereotactic biopsy or 

craniotomy with tumour resection to allow pathologic confirmation. Because the tumour 

grade is based on the most malignant portion of the tumour, biopsy or subtotal tumour 

resection may lead to under grading of the lesion.  

1.2.6 Treatment of newly diagnosed GBM 

 

Conventional treatment of newly-diagnosed GBM comprises surgical resection of the tumour 

followed by radiotherapy (60Gy in 30 fractions) in combination with TMZ chemotherapy 

(75mg/m
2
/day for 6 weeks), followed by 6 cycles of adjuvant TMZ (150-200mg/m

2
/day) 

given for 5 days during each 28-day cycle. TMZ is an oral alkylating agent that delivers a 

methyl group to purine bases of DNA (O6-guanine; N7-guanine and N3-adenine), increasing 

the cellular levels of these methylated bases. The primary cytotoxic lesion is O6-

methylguanine (O6-MeG) (Esteller M 1999), although N3-methyladenine (M3-MeA) also 

exhibits cytotoxic effects (Horton JK 2007).  Direct repair of O6-MeG by methylguanine-

DNA methyltransferase (MGMT) normally removes the methyl adduct, restoring guanine. 

However unrepaired O6-MeG mispairs with thymine (instead of cytosine) during DNA 

replication, alerting DNA mismatch repair (MMR) (Kyrtopoulos SA 1997, Margison GP 

2002). MMR exclusively recognises the mispaired thymine on the daughter strand and 

excises it, but O6-MeG persists in the template strand. Consequently, futile cycles of thymine 

re-insertion and excision result in persistent DNA strand breaks, causing replication fork 

collapse (Mojas N 2007). G2/M cell cycle arrest is triggered (Roos W 2004), via 

ATR/CHK1-dependent signalling (Stojic L 2004) and apoptosis ensues (D'Atri S 1998). A 
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good response to TMZ therefore requires functional MMR and low levels of MGMT. The 

N3-MeA lesion is normally rapidly repaired by DNA base excision repair (BER), but these 

lesions are lethal if not intercepted (Horton JK 2007). Therefore, MGMT, MMR and BER are 

all important DNA repair processes impacting the mechanism of action and cytotoxicty of 

TMZ.  

Evidence for the benefit of TMZ in GBM emerged in 2005 from a randomised, multicentre, 

phase III trial of 573 patients with newly diagnosed GBM (Stupp R 2005). Patients who were 

candidates for surgery underwent maximal resection followed by either radiotherapy alone, or 

radiotherapy with concurrent and adjuvant TMZ. Median survival was improved in the TMZ 

group compared to the radiotherapy only group (14.6 months vs 12.1 months), and 2 year and 

5 year survival rates improved to 26.5% from 10.4% (Stupp R 2005), and to 9.8% from 1.9% 

respectively (Stupp R 2009). Methylation of the MGMT promoter was found to the strongest 

predictor for benefit from TMZ chemotherapy (Stupp R 2009), and this relationship has also 

been demonstrated in other studies (Minniti G 2008, Gilbert MR 2011, Kim YS 2012, 

Malmström A 2012, Wick W 2012, Park CK 2013). MGMT promoter methylation results in 

MGMT gene silencing, and it has previously been suggested that this can result in reduced 

DNA repair and an increased susceptibility to chemotherapy (Esteller M 2000). Indeed 

among TMZ treated patients with MGMT promoter methylation, median and 2-year survival 

were 21.7 months and 46% respectively, compared to 12.7 month and 13.8% in those patients 

who retained normal MGMT expression (Stupp R 2005). Combinations of other alkylating 

agents namely procarbazine, lomustine and vincristine (PCV) have also been trialled in newly 

diagnosed GBM however prospective randomised trials have failed to demonstrate a survival 

benefit (Medical Research Council Brain Tumor Working Party 2001) and the toxicity of 

such regimens is not negligible (Lonardi S 2005). Trials using Gliadel wafers, which contain 

the alkylating agent carmustine and a biodegradable polyanhydride copolymer and are 
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implanted in the tumour resection cavity intraoperatively, have demonstrated a modest 

median survival benefit when compared to placebo controls (13.9 vs 11.6 months) (Westphal 

M 2006), but may be associated with side effects such as seizure, cerebral oedema, and 

intracranial infection (Attenello FJ 2008), and their use is not considered to be standard 

practice in the UK.  

1.2.7 Treatment of recurrent GBM 

 

The median time to recurrence after standard therapy in GBM is 6.9 months (Stupp R 2005). 

Treatment options at this stage include repeat surgical resection, re-irradiation, further 

chemotherapy with standard agents, or novel therapies as part of a clinical trial. Patients with 

recurrent GBM have almost invariably already undergone a full course of external beam 

radiotherapy making re-irradiation difficult and potentially toxic, particularly with the risk of 

radiation necrosis. It is therefore only offered to a minority of patients although responses 

have been observed and quality of life may be improved without significant toxicities 

(Veninga T 2001). The lack of randomised trials evaluating the role of repeat surgical 

resection makes it difficult to assess the potential benefit of such intervention, however 

dependent on certain prognostic factors such as age and performance status, further surgery 

may be considered in locally recurrent disease and has been shown to relieves symptoms, 

improve performance status and quality of life, reduce the requirements for steroids, and in 

some cases, increase survival (Kreth FW 1999).  

No standard chemotherapy treatment exists for patients with recurrent GBM  and the 

prognosis associated with relapsed disease remains poor. Patients with relapsed disease are 

traditionally offered nitrosourea-based chemotherapy such as carmustine and PCV. 

Historically however, these therapies have been associated with objective tumour response 

rates of less than 10% (Wong ET 1999) and do not offer any significant OS benefit 
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(Grossman SA 2004). Alternative agents such as carboplatin, irinotecan, oxaliplatin and 

etoposide have also been trialled but they offer lower response rates and additional toxicity 

(Friedman HS 1999, Grossman SA 2004). Consequently the enrolment of patients into 

clinical trials evaluating novel investigational therapies is often a more appropriate option in 

this setting if available.  

1.2.8 Novel targeted therapy in GBM 

 

Various potential therapeutic targets have been suggested in GBM based on the improved 

understanding of the molecular mechanisms and signalling pathways involved in the 

gliomagenesis arising from genome-wide molecular characterisation and profiling analyses 

(McLendon R 2008). These include pathways activated by amplification of receptor tyrosine 

kinases (RTKs) such as EGFR, IGFR, VEGFR and PDGFR, and activation of downstream 

effectors such as PI3K, Akt, PTEN, mTOR, Ras, Raf, MEK and MAPK (Table 1-3). 

Research efforts have focused on developing molecularly targeted therapies directed against 

such aberrations with the hope of improving survival whilst also minimising toxicity (Collins 

VP 2007). Such therapies include monoclonal antibodies with an affinity for receptors or 

their ligands; and tyrosine kinase inhibitors (TKIs) that inhibit signalling by binding with 

ATP binding pockets on the intracellular catalytic kinase domain of RTKs, preventing auto-

phosphorylation and activation of downstream signalling pathways (Seshacharyulu P 2012). 

Generally however single agent novel therapies have been disappointing, demonstrating poor 

response rates and no OS benefit (Chi AS 2007). This lack of efficacy is thought to be due to 

factors such as tumour heterogeneity, redundancy and parallel processing of intracellular 

signalling pathways, constitutive RTK activation, coactivation of multiple RTKs, and limited 

drug delivery through the blood brain barrier (BBB) (Stommel JM 2007). The development 

of multi-kinase inhibitors and the combination of targeted therapies may help to improve 
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efficacy, but a better understanding of the pathogenesis of GBM and the development of 

therapies targeting previously unknown mechanisms are required. 

Table 1-3: An overview of some of the targeted therapies that have been trialled in GBM 

Signalling Pathway Compound Name 

VEGF - directed monoclonal antibodies bevacizumab 

 aflibercept 

VEGFR - directed monoclonal antibodies Icrucumab 

 Ramucirumab 

VEGFR small molecules kinase inhibitors Sorafenib 

 Sunitinib 

 Vatalanib 

 Vandetanib 

 Cediranib 

Integrin inhibitors Cilengitide 

PDGFR - small molecules kinase 

inhibitors 

Imatinib 

 Tandutinib 

EGFR - directed monoclonal antibodies Cetixumab 

 Panitumumab 

 Nimotuzumab 

EGFR small molecule kinase inhibitors Gefitinib 

 Erlotinib 

 Lapatinib 

 Canertinib 

PI-3K inhibitors GSK615 

 D-87503 

 XL765 

 XL147 



22 
 

Akt inhibitors GSK690693 

 Akt VIII 

 MK-2206 

mTOR inhibitors Rapamycin 

 Torin 

 pp242 

dual PI-3K/mTOR inhibitors PI-103 

 GDC-0941 

gamma-secretase/Notch signaling RO4929097 

HDAC inhibitors Vorinostat 

 Valproic acid 

PARP inhibitors Olaparib 

 

1.2.8.1 Vascular targeted therapies 

 

GBMs are highly vascular tumours and rely upon angiogenesis for growth and progression. 

Consequently, antiangiogenic therapy is seen as an attractive target (Shirai K 2012). 

VEGF is a key signaling pathway in glioma angiogenesis, and overexpression of VEGF 

receptors VEGFR-1 and VEGFR-2, and upregulation of  VEGF-A are observed (Cea V 

2012). Bevacizumab (Avastin), a humanised anti-VEGF monoclonal antibody  is the most 

extensively tested antiangiogenic agent in GBM. However although several clinical trials of 

bevacizumab given as a single agent, or in combination with irinotecan, have demonstrated  

an improvement in progression-free survival in recurrent GBM, no OS benefit has been 

identified (Vredenburgh JJ 2007, Cloughesy TF 2008). Similarly bevacizumab did not 

demonstrate an OS benefit in two phase III randomised controlled trials of patients with 

newly diagnosed GBM (Chinot O 2012, Gilbert MR 2013).  
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Other VEGF-targeting agents such as cediranib, aflibercept, and vatalanib have also been 

shown to be relatively ineffective in recurrent GBM (Conrad C 2004, de Groot JF 2011, 

Batchelor TT 2013). Furthermore, continuous daily treatment with sunitinib, a multikinase 

inhibitor of VEGFR did not prolong progression-free survival in a phase II study of patients 

recurrent GBM (Kreisl TN 2013), however sorafenib, another multikinase inhibitor 

demonstrated some activity in this patient group (Zustovich F 2013), and phase III trials are 

required to assess if it will offer an OS benefit.  

Cilengitide, an integrin inhibitor with antiangiogenic properties exhibited modest anti-tumour 

activity in a phase II trial of patients with recurrent GBM (Reardon DA 2008). However no 

OS benefit was demonstrated when cilengitide was combined with standard TMZ 

chemoradiotherapy in a phase III randomised controlled trial of patients with newly 

diagnosed GBM and MGMT promoter methylation (Stupp R 2013). 

Angiogenesis in GBM is also induced by PDGF and FGF through different signalling 

pathways (Johannessen TC 2009). Imatinib is a tyrosine kinase inhibitor that blocks the 

activity of PDGFR. Studies of imatinib in unselected patients with GBM demonstrated only 

modest 6 month PFS benefit (PFS6) (~16%) (Wen PY 2006, Raymond E 2008), however 

PFS6 has been shown to be higher (32%) in patients who had expression of PDGFR detected 

by immunohistochemistry (IHC) (Marosi C 2006), indicating that patient stratification based 

upon tumour phenotype may be beneficial. Another PDGF inhibitor, Dasatinib, when given 

alone or in combination with bevacizumab did not exhibit activity in recurrent GBM and 

demonstrated low central nervous system penetration (Lu-Emerson C 2011). Thalidomide 

and its more potent analogue lenalidomide inhibit FGF, and both have demonstrated  modest 

activity in GBM (Fine HA 2000, Drappatz J 2009), and a Phase II study of irinotecan plus 

lenalidomide in patients with recurrent GBM is currently underway 

(http://clinicaltrials.gov/ct2/show/NCT00671801). 

http://clinicaltrials.gov/ct2/show/NCT00671801
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1.2.8.2 EGFR inhibitors 

 

EGFR is commonly mutated in GBM either by gene amplification, exon deletion or point 

mutation (Frederick L 2000, Lee JC 2006, Toth J 2009). Ordinarily EGFR activation is 

receptor-mediated with activating ligands contacting two distinct sites within a single 

receptor. Mutations in EGFR result in constitutive activation of the mutant receptor, 

independent of ligand stimulation, which induces various oncogenic effects such as an 

increased proliferative potential. Both monoclonal antibodies and TKIs directed against 

EGFR have been studied in glioma. 

Cetuximab, a monoclonal antibody directed against EGFR, blocks EGFR-mediated signal 

transduction by interfering with ligand binding and extracellular dimerisation. Cetuximab 

showed preclinical anti-tumour activity in GBM (Eller JL 2005), however limited efficacy 

was demonstrated in a phase II trial of cetuximab in combination with TMZ and bevacizumab 

in recurrent GBM (Hasselbalch B 2010), possibly as a result of poor BBB penetration 

(Thaker NG 2009). Interestingly patients with an EGFR amplification lacking EGFRvIII 

expression have been shown to have a significantly superior PFS and improved OS following 

treatment with cetuximab, suggesting that the specific  type of EGFR mutation may 

determine outcome (Lv S 2012). Another EGFR monoclonal antibody, nimotuzumab, was 

tested in a randomised phase III trial in combination with TMZ and radiotherapy in newly 

diagnosed GBM. Interim analysis failed to demonstrate significant efficacy (Bach F 2011), 

however on final analysis, a clear trend towards efficacy was shown in the subgroup of 

patients with MGMT non-methylated tumours (Westphal M 2012).  A survival benefit was 

also demonstrated in a smaller study of nimotuzumab in combination with radiotherapy 

alone, and it has been suggested that it may have a role as a radiosensitizer (Solomón MT 

2013). A phase II trial of a third EGFR monoclonal antibody, panitumumab, is currently 
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underway in combination with irinotecan in recurrent GBM 

(http://clinicaltrials.gov/show/NCT01017653). 

TKIs of EGFR used in clinical trials in GBM include gefitinib (Lieberman FS 2004, Rich JN 

2004, Uhm JH 2004, Chakravarti A 2013), erlotinib (Vogelbaum MA 2004, van den Bent MJ 

2009, Peereboom DM 2010, Reardon DA 2010, Peereboom DM 2013), lapatinib (Thiessen B 

2010, Reardon DA 2013) and afatinib (Eisenstat DD 2011). Phase II clinical trials of gefitinib 

in recurrent GBM report disappointing efficacy (Lieberman FS 2004, Rich JN 2004). 

Furthermore no OS benefit was demonstrated in newly diagnosed GBM patients when 

gefitinib was given either concurrently with radiotherapy (Chakravarti A 2013) or adjuvantly 

(Uhm JH 2004), although an association with improved OS was noted in a subgroup of 

patients who experienced gefitinib-associated diarrhoea (Uhm JH 2004). Similarly clinical 

trials of erlotinib given as a single agent or in combination, have failed to demonstrate 

significant survival benefit in patients with newly diagnosed or recurrent GBM (Vogelbaum 

MA 2004, van den Bent MJ 2009, Peereboom DM 2010, Reardon DA 2010, Peereboom DM 

2013). It should be noted however that more favourable responses were typically seen with 

erlotinib in patients with tumours that had amplification of EGFR combined with low levels 

of Akt, or with expression of the EGFRvIII variant and preservation of PTEN, providing a 

rationale for stratifying patients for treatment based on genomic tumour profiles (Haas-Kogan 

DA 2005, Mellinghoff IK 2005). Lapatinib is dual TKI of EGFR type 2 (HER2/neu) and 

EGFR. It has shown efficacy in the treatment of brain metastases in patients with breast 

cancer (Metro G 2011) and has also been shown to distribute into glioma tissue (Kuhn J 

2008). However lapatinib has not demonstrated significant activity in phase I/II trials in GBM 

(Thiessen B 2010, Reardon DA 2013). Afatinib is an irreversible EGFR TKI that has been 

shown to be highly active in lung cancer cell lines that are resistant to reversible EGFR 

inhibitors such as erlotinib (Li D 2008). However a phase II study of afatinib, given alone or 
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in combination with TMZ in patients with recurrent GBM, showed it to have limited activity 

as a single agent or in combination, although preliminary biomarker data suggested afatinib 

could achieve durable disease control in EGFRvIII-positive patients (Eisenstat DD 2011). 

1.2.8.3 Inhibition of intracellular signaling pathways 

 

Growth factor receptors transduce a signal through several common intracellular pathways, 

including the Ras/Raf/MAPK and PI3K/Akt pathways which in turn modulate cell growth, 

differentiation, angiogenesis and apoptosis. Inhibition of intermediate and downstream 

components of growth factor signaling pathways therefore a promising therapeutic strategy. 

Ras mutations are uncommon in gliomas, but Ras is often constitutively activated through the 

action of upstream signaling pathways (Guha A 1997). Farnesyltransferase inhibitors (FTIs) 

inhibit Ras farnesylation and have been shown to inhibit growth in gliomas (Feldkamp MM 

1999, Glass TL 2000). The FTIs tipifarnib and lonafarnib have been trialed in GBM. The 

former has demonstrated poor activity in both newly diagnosed and recurrent GBM 

(Cloughesy TF 2006, Lustig R 2008), whilst the latter has been shown to potentiate the 

activity of TMZ and radiation in orthotopic mouse models (Chaponis D 2011), and to be 

active in combination with TMZ in phase I trials of patients with recurrent or refractory 

disease (Yust-Katz S 2013). Phase II/III trials of lonafarnib are required to determine its 

efficacy in GBM. 

Protein kinase C (PKC) forms part of the signaling cascade downstream of growth factors 

such as EGF and PDGF. PKC activation induces the phosphorylation of Raf and MAPK, and 

activates Ras, and it has been shown to contribute to the aggressive behaviour of glioma cells 

(do Carmo A 2013). Enzastaurin, a PKC inhibitor, achieved objective radiographic responses 

in 22% of patients with recurrent high grade glioma, however a phase III study was 

terminated early due to clinical inefficacy (Wick W 2010). Furthermore, in patients with 
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newly diagnosed GBM  enzastaurin did not provide additional survival benefit when given in 

combination with TMZ and radiotherapy (Butowski N 2011).   

Activation of receptor tyrosine kinases results in activation of the PI3K/Akt/mTOR pathway 

which in turn induces cell growth and proliferation. Alterations in PI3K activity are seen in 

GBM (Ohgaki H 2011), as is the upregulation of Akt which is extremely common 

(McDowell KA 2011), and the resultant dysregulation of mTOR signaling has been shown to 

be an important determinant of gliomagenesis (Zheng H 2008). PI3K inhibitors such as 

LY294002 and wortmannin have been developed, however their use has been limited to pre 

clinical studies due to their toxic effects, poor pharmaceutical properties, and a lack of 

selectivity (Cleary JM 2010, Ohka F 2012). SF1126, a derivative of LY294002, has a more 

favourable pharmacokinetic and tolerability profile and has demonstrated encouraging results 

in phase 1 trials (Mahadevan D 2012). Perifosine, an oral Akt inhibitor has been shown to 

induce cell death and decreased proliferation in PDGF driven GBM mouse models (Momota 

H 2005, Pitter KL 2011), and is currently undergoing phase II clinical trials in various human 

cancers (Ohka F 2012). The mTOR inhibitor temsirolimus has been shown to be active in 

glioma and improved time to progression in a phase II clinical trial in patients with recurrent 

disease (Galanis E 2005). However other trials using temsirolimus as a monotherapy (De 

Witt Hamer PC 2010), or in combination with bevacizumab (Lassen U 2013) have not 

demonstrated an OS benefit. Everolimus, another mTOR inhibitor, was shown to potentiate 

TMZ induced autophagic cell death in vitro (Josset E 2013), and was well tolerated in a phase 

I clinical trial in combination with TMZ and radiotherapy  in patients with newly diagnosed 

GBM (Chinnaiyan P 2013). Furthermore a modest efficacy benefit was demonstrated in the 

first line setting in a phase II trial when given in combination with bevacizumab, TMZ and 

radiotherapy (Hainsworth JD 2012). Phase III trials of everolimus in GBM are ongoing. 

XL765 an oral dual PI3K/mTOR inhibitor demonstrated activity in combination with TMZ in 
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preclinical trials using human GBM xenographs (Prasad G 2011), and this combination is 

being investigated in early phase clinical trials (http://clinicaltrials.gov/show/NCT00704080). 

1.2.8.4 Combination targeted therapies 

 

Given the relative failures of single agent targeted therapy the use of multi-targeting 

combination treatments has been suggested. Combined inhibition of a TKR and one of its 

downstream effectors is one potential method of overcoming resistance that arises from 

simultaneous coactivation of TKRs (Thaker NG 2009). However clinical trials combining 

either EGFR or VEGFR TKIs with mTOR or Ras inhibitors have failed to demonstrate 

sufficient activity (Doherty L 2006, Nguyen TD 2006, Reardon DA 2006, Chang SM 2009, 

Peereboom DM 2013). The combined inhibition of multiple TKRs, has also been 

investigated, in particular those targeting VEGFR and EGFR. The rationale for targeting 

these two pathways comes in part from the observation that EGFR expression leads to up-

regulation of  VEGF production (Pore N 2003), and that enhanced VEGF expression is the 

possible basis of acquired resistance to EGFR targeted therapy (Naumov GN 2009). However 

results from clinical trials using combinations targeting both EGFR and VEGFR have been 

disappointing (Prados M 2009, Sathornsumetee S 2010, Reardon DA 2012). Results from the 

DORIC study, investigating the efficacy of cediranib in combination with gefitinib in patients 

with recurrent or progressive GBM are awaited. 

1.2.8.5 Immune Checkpoint Inhibitors 

Immune checkpoint proteins have  emerged as increasingly important therapuetic targets in 

various cancers (Creelan B 2014), and has led to the development of drugs targeting the 

CTLA-4, PD-1, and PD-L1 inhibitory pathways. These drugs have shown early promise in 

GBM but have not yet emereged as standard therapeutic options (Dietrich P 2014). 
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1.2.9 Prognosis 

 

The median survival of patients with GBM is generally less than one year after diagnosis, and 

even in the most favourable cases death usually occurs within 2 years (Curran WJ Jr 1993, 

Puzzilli F 1998, Scott JN 1998, Buckner JC 2003, Stark AM 2005). Even with optimal 

combination therapy incorporating surgery and TMZ chemoradiotherapy, median OS is only 

14.6 months, and observed 2- and 5-year survival rates are 26.5% and 9.8% respectively 

(Stupp R 2005, Stupp R 2009). The aggressive nature of the disease is due in part to the high 

proliferation rate, diffuse infiltration, resistance to apoptosis and robust angiogenesis that is 

associated with GBM (Giese A 1996), as well as the relative chemo- and radio-resistance of 

these tumours (Murat A 2008). Disease relapse invariably occurs during or after first-line 

treatment, and results in death in the majority of patients within 6 months (Wong ET 1999). 

The addition of concurrent and adjuvant TMZ chemotherapy to standard first line therapy 

was the first treatment to improve prognosis in a population in whom outcomes had not 

improved for three decades (Stupp R 2005, Stupp R 2009). However subsequent therapies 

both in the first line and relapsed setting have failed to supersede this. 

Age at presentation is a strong prognostic indicator, and a significant negative relationship is 

seen between advancing age and survival (Korshunov A 2005). Functional status (Krex D 

2007), tumour size and location(Lamborn KR 2004), extent of tumour resection (Schiff D 

2003), and the use of multimodal therapy (Stupp R 2005, Minniti G 2008) also have 

prognostic implications, and, using recursive partitioning analysis, were utilised to stratify 

patients into four risk groups (Lamborn KR 2004). The two lower risk groups included 

patients under 40 years old, with the lowest group being those young patients with frontal 

lobe tumours. An intermediate-risk group included patients aged between 40 and 65, with 

Karnofsky performance status (KPS) >70, who had undergone subtotal or total resection. The 
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highest risk group included patients aged between 40 and 65 who had either undergone 

biopsy only without further resection, or who had a KPS <80, as well as all patients over the 

age of 65. Subgroup analyses indicated that inclusion of adjuvant chemotherapy provided an 

increase in survival, although that improvement was minimal for all patients over the age of 

65, and for patients aged over 40 with a KPS <80 (Lamborn KR 2004).  

Several histological characteristics have been shown to have prognostic significance. For 

example elevated expression of the cellular proliferation marker Ki-67 is associated with 

increased histological grade and shorter PFS and OS (Montine TJ 1994, Jin Q 2011 ). 

Furthermore a correlation exists between the presence of tumour necrosis and poor outcome 

(Barker FG 2nd 1996, Homma T 2006, Noch E 2009). Conversely, the presence of 

microcystic change and calcification predict a relatively better outcome (Burger PC 1987, 

Schmidt MC 2002, Bähr O 2011). The presence of oligodendroglial components within a 

tumour has also been shown to be predictive of better survival in some studies(Kraus JA 

2001, Hilton DA 2004), although others report no such correlation (He J 2001).  

Molecular markers also demonstrate prognostic value. MGMT promoter methylation has been 

shown to be an independent positive prognostic factor in GBM irrespective of treatment 

(Hegi ME 2005). A glioma specific CpG Island Methylator Phenotype (G-CIMP) has 

recently been described to occur in a subgroup of patients with GBM (Noushmehr H 2010). 

This phenotype is also associated with a relatively improved prognosis and shows a strong 

correlation with MGMT methylation (Lai RK 2014). Consequently it is possible that the 

improved prognosis associated with tumours demonstrating MGMT methylation may in fact 

be explained by the epigenetic and biological effects of global hypermethylation in these 

tumours. 
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Improved survival is also seen in patients with either LOH 1p (Homma T 2006) or concurrent  

LOH 1p and 19q (Schmidt MC 2002, Homma T 2006) but not in patients with LOH 19q 

alone (Homma T 2006). Conversely LOH 10q is associated with shorter survival (Schmidt 

MC 2002, Terada K 2002, Ohgaki H 2004). The prognostic value of mutations in TP53 is 

unclear, with some studies showing no association with outcome (Simmons ML 2001, Smith 

JS 2001), whilst others reporting it to be a favourable prognostic factor (Schmidt MC 2002, 

Ohgaki H 2004). Likewise conflicting data exists regarding the prognostic value of EGFR 

mutations, which have been shown to be a poor prognostic factor and in some studies 

(Feldkamp MM 1999, Shinojima N 2003, Hoelzinger DB 2005) but not in others (Huncharek 

M 2000, Viana-Pereira M 2008), whilst further studies demonstrate it to have prognostic 

significance only in certain patient age groups (Simmons ML 2001, Batchelor TT 2004). 

GBMs carrying alterations in both EGFR and TP53 are associated with worse survival 

(Ruano Y 2009), whilst mutations in PTEN are not prognostically significant (Smith JS 2001, 

Schmidt MC 2002, Ohgaki H 2004). Mutations in IDH1 and IDH2, which were recently 

discovered to occur at high frequency in secondary GBM and to a lesser extent in primary 

GBM (Parsons DW 2008, Kloosterhof NK 2011), are also associated with a more favourable 

prognosis (Hartmann C 2009, Yan H 2009). Much interest has since arisen into the role 

played by IDH1/2 mutations in gliomagenesis, with the anticipation that therapies directed 

against mutant IDH1/2 could offer clinical benefit in the future. 

1.3 The role of IDH mutations in gliomagenesis 

1.3.1 IDH function 

 

Eukaryotic cells express three different isoforms of IDH: IDH1, IDH2 and IDH3 (Dalziel K 

1980), with each one demonstrating overlapping but nonredundant roles in cellular 

metabolism. IDH1 and IDH2 are homodimeric enzymes which catalyse the oxidative 
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decarboxylation of isocitrate to α-ketoglutarate (α-KG) and reduce nicotinamide adenine 

dinucleotide phosphate (NADP
+
) to NADPH (Figure 1-6). They share considerable sequence 

similarity and an almost identical protein structure (Xu X 2004), but function in different 

subcellular locations (Figure 1-7). The reactions catalyzed by IDH1 and IDH2 are reversible, 

and their directionality depends mainly on the relative Km values of the forward and reverse 

reactions and the relative cellular levels of isocitrate and α-KG (Lemons JM 2010).  

Figure 1-6: The reaction catalysed by wild-type IDH1 and IDH2 (A) and IDH3 (B).  

 

Figure 1-7: The function of the IDH enzymes in the TCA cycle. Shown are the cytoplasmic 

reaction involving IDH1 and the mitochondrial reactions involving IDH2/3 (taken from Losman 

JA 2013). 

 

 

A. Isocitrate + NADP
+
 Mg

2+
(metal ion)  alpha-ketoglutarate + NADPH + H

+
 + CO2 

B. Isocitrate + NAD
+
 Mg

2+
(metal ion)  alpha-ketoglutarate + NADH + H

+
 + CO2 
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IDH1 is localised to the cytoplasm and peroxisome (Reitman ZJ 2010) where it serves as a 

major source of cytosolic NADPH. It plays an important role in cellular metabolic processes 

such as lipid and glucose metabolism (Haselback RJ 1993, Joseph JW 2006), and provides 

critical reducing equivalents required for cellular protection against reactive oxygen species 

(ROS) and radiation (Lee SH 2004, Kim SY 2007, Lee SM 2009, Reitman ZJ 2010). As the 

reaction catalyzed by IDH1 is reversible, it can reductively carboxylate α-KG to isocitrate, 

which is then further metabolized to acetyl-CoA and by this mechanism IDH1 can mediate de 

novo lipogenesis under hypoxic conditions (Filipp FV 2012, Metallo CM 2012). Furthermore 

IDH1 plays an important role in promoting the activity of the numerous cytoplasmic and 

nuclear enzymes that require α-KG as a cosubstrate (Hausinger RP 2004). 

IDH2 is localised to the mitochondria (Reitman ZJ 2010). Its main function is to regulate 

energy metabolism within the tricarboxylic acid (TCA) cycle by modulating the relative 

levels of mitochondrial isocitrate and α-KG (DeBerardinis RJ 2008). IDH2 is also an 

important source of mitochondrial NADPH, and hence plays an important role in the 

protection of cells from mitochondrial-specific oxidative stress, such as those generated by 

the electron transport chain (Lee SH 2004, Kil IS 2007, Yang C 2009, Lee SM 2009). 

Furthermore, as a results of its ability to catalyse in a reverse direction, IDH2 plays an 

important role in maintaining cellular citrate levels and fatty acid biosynthesis, and in 

sustaining energy production during hypoxia (Wise DR 2011, Filipp FV 2012). In hypoxic 

conditions glutamate dehydrogenase (GDH) converts glutamate to α-KG (Comte B 2002) 

leading to an increase in the α-KG:isocitrate ratio. This balance favours the reverse IDH2 

reaction and results in the conversion of α-KG to isocitrate which is then either fed into the 

TCA cycle and decarboxylated back to α-KG by IDH3, or is isomerised to citrate by 

aconitase.  
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IDH3 is an NAD
+
-dependent enzyme also present in the mitochondrial matrix that similarly 

decarboxylates isocitrate, to produce α-KG and NADH. It is a tetrameric protein encoded by 

three separate genes: IDH3A, IDH3B, and IDH3G which encode it's α, β, and γ subunits, and 

whilst all three subunits appear to share substrate binding and enzyme activity, they cannot 

substitute for one another. IDH3 plays a key role in mitochondrial respiration by catalysing a 

rate limiting step in the TCA cycle. α-KG produced by IDH3 is metabolised further to 

succinate, whilst NADH is utilised by the electron transport chain to generate ATP (Barnes 

LD 1971). Unlike IDH1 and IDH2, the reaction catalyzed by IDH3 is irreversible and is 

principally regulated by substrate availability and by both positive allosteric effectors such as 

calcium, ADP, and citrate, and negative allosteric effectors such as ATP, NADH, and 

NADPH (Gabriel JL 1986, Reitman ZJ 2010). 

1.3.2 Frequency of IDH mutations in GBM and other tumours 

 

In 2008 a genome wide sequencing study of 22 adult primary and secondary GBM tumours 

identified recurrent mutations in IDH1 in five out of six of the secondary GBMs included in 

the study (Parsons DW 2008). All 5 had the same heterozygous point mutation, a change of a 

guanine to an adenine at position 395 of the IDH1 transcript (G395A), leading to the 

replacement of an arginine with a histidine at amino acid residue 132 of the protein (R132H). 

Follow-up sequencing studies confirmed that mutations at R132 of IDH1 occur in >70% of 

adult grade II and grade III gliomas, and in >80% of adult secondary GBMs, as well as in 5-

10% of primary GBMs (Balss J 2008, Bleeker FE 2009, Yan H 2009, Kloosterhof NK 2011). 

Moreover, mutations at R172 of IDH2 were found to occur in IDH1 wild-type tumours, albeit 

at a lower frequency, with the two mutations being mutually exclusive of one another (Yan H 

2009, (Hartmann C 2009). Mutations in IDH1/2 were shown to occur at higher frequencies in 

younger patients (Hartmann C 2009, Yan H 2009), and serial biopsy studies have 
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demonstrated that they are an early event in gliomagenesis (Watanabe T 2009). Furthermore 

IDH1/2 mutations occur in association with TP53 mutation, and with LOH 1p/19q (Reitman 

ZJ 2010), as well as with MGMT promoter methylation (McDonald KL 2010), and are 

inversely associated with genetic changes found commonly in primary GBM, such as EGFR 

amplification and cyclin-dependent kinase (CDKN) deletion (Yan H 2009). 

To date no mutations in any of the genes encoding the IDH3 subunits have been identified in 

human glioma (TheCancerGenomeAtlasResearchNetwork 2008, Krell D 2011). Interestingly 

however, loss-of-function mutations in the subunit β of IDH3 have been found in affected 

members of families with retinitis pigmentosa (Hartong D 2008). 

Mutations in IDH1/2 have subsequently been reported in haematolological malignancies, and 

occur in 5%–30% of patients with cytogenetically normal primary AML, in 10%–20% of 

cases of secondary AML, and in up to 67% of cases of AML associated with cup-like nuclei 

(Mardis ER 2009, Kosmider O 2010, Pardanani A 2010, Rakheja D 2012), whilst mutations 

in IDH2 have been found in 10%–40% of patients with angioimmunoblastic T-cell 

lymphoma(AITL) (Cairns RA 2012).  Interestingly, unlike in GBM where IDH1 and IDH2 

mutations do not occur in the same tumour, rare cases of IDH1/2 double mutant AML have 

been reported, although this may be as a result of the presence of different leukaemic 

subclones within the same patient sample (Paschka P 2010).  

IDH1/2 mutations also occur in over 50% of patients with central, periosteal, and 

dedifferentiated chondrosarcoma (Amary MF 2011a), in 40%–90% of cartilaginous tumours 

in patients with Ollier disease and Maffucci syndrome (Pansuriya TC 2011, Amary MF 

2011b), and in 28% and 7% of intrahepatic and extrahepatic cholangiocarcinoma respectively 

(Borger DR 2012). They have also been reported in a few rare cases of paraganglioma (Gaal 

J 2010), nonepithelial melanoma (Shibata T 2011), lung cancer (Sequist LV 2011), colon 



36 
 

cancer, thyroid cancer (Ward PS 2012) and prostate cancer (Ghiam AF 2012). Most recently, 

a mutation in IDH2 (an arginine to serine substitution at R172) has been reported to occur in 

25% of patients with osteosarcoma (Liu X 2013).  

Interestingly the prognostic significance of IDH1/2 mutations is inconsistent across some of 

these different tumour types. In GBM, IDH1/2 mutations have been shown to be an 

independent favourable prognostic marker (Nobusawa S 2009, Sanson M 2009, Wick W 

2009, SongTao Q 2012). Indeed in one study the median OS of patients with IDH1/2 mutant 

GBM was shown to be 31 months, as compared to 15 months for patients with IDH wild-type 

disease (Yan H 2009). In AML, the prognostic significance of IDH1/2 mutation status is 

unclear, with several studies reporting no impact on prognosis, whereas others have found 

that IDH1/2 mutations are associated with an increased or decreased risk of disease relapse in 

different population groups (Abdel-Wahab O 2011, Rakheja D 2012, Zhou KG 2012.). 

Furthermore, in myelodysplastic syndrome and myeloproliferative disorders, IDH1/2 

mutations have consistently been found to be markers of poor prognosis, and are thought to 

be involved in the transformation process from these conditions to secondary AML (Tefferi 

A 2010, Thol F 2010, Patnaik MM 2012). 

Mutations in IDH1 and to a lesser extent in IDH2 have been shown to occur at a high 

frequency in tumours arising in patients with Ollier disease (OD) and Maffucci syndrome 

(MS) (Amary M 2011). These rare, nonfamilial conditions are characterized by multiple 

intramedullary cartilaginous tumours, and in the case of MS, with soft tissue hemangiomas. 

Both conditions generally present in childhood and can result in severe deformity of the 

affected tissues (Amary M 2011). Malignant transformation of chondromas and the 

development of secondary neoplasms, mainly gliomas and AML, have been reported in OD 

and MS, particularly in cases with severe phenotypes (Pansuriya F 2010). More interestingly, 

through sequencing analysis of multiple tumours from the same patient Amary et al. 
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demonstrated the same somatic mutations in IDH to occur in 1 or more tumours but wild-type 

sequences for IDH to occur in others. Given the frequency of somatic IDH mutations and 

wild-type sequences seen in tumours from patients with OD and MS in this study, the 

probability that a concordant pattern of sequences encoding an Arg132 substitution would 

occur by chance is statistically improbable (Amary M 2011). This finding raises the 

possibility that the IDH mutations described represent early post-zygotic events that result in 

a mosaic pattern of disease distribution, a theory that is supported by the presence of 

mutations in low-grade tumours and in tumours of two cell lineages and by the occurrence of  

IDH1 mutations encoding the same Arg132 alteration in six tumours from a single individual 

(Amary M 2011). The detection of the same mutations in both nonlesional tissue and tumours 

from 2 of 12 individuals in Amary's study was taken as evidence that OD and MF represent 

somatic mosaic disorders (Amary M 2011). 

1.3.3 IDH mutation spectrum 

 

Mutations identified in IDH1 and IDH2 are mono-allelic, somatic, missense changes that 

occur at a single residue of the active site of the enzyme. In glioma, mutations in IDH1 

almost always affect arginine 132 (R132) (Parsons DW 2008), which has been found to be 

converted to histidine, serine, cysteine, glycine, and leucine, with histidine (R132H) being the 

most frequent change (Yan H 2009). Mutations affecting arginine 100 (R100) have also been 

identified (Pusch S 2011, Ward PS 2012). Recently two instances of an IDH1 R132S 

mutation caused by a previously undescribed dinucleotide deletion/insertion mutation, as well 

as a novel homozygous somatic IDH1 R132L mutation were also described (Gupta R 2013). 

In cholangiocarcinomas and chondrosarcomas IDH1 R132 mutations are also most common 

often resulting in an arginine-to-cysteine substitution (Amary MF 2011a, Borger DR 2012). 
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IDH2 mutations in glioma exclusively affect arginine 172 (R172), which is analogous to 

IDH1 R132 (Yan H 2009), and substitutions of IDH2 R172 to lysine, glycine, serine, 

methionine and tryptophan have been reported (Dang L 2009). Mutations in IDH2 affecting 

arginine 140 (R140), which is analogous to IDH1 R100 (Ward PS 2010, Pusch S 2011), 

occur as the most frequent mutation in AML and most commonly result in the replacement of 

arginine for glutamine, whilst mutations of R140 of IDH2 to leucine have also been reported. 

However mutations at R140 have not been reported in glioma, chondrosarcoma or 

cholangiocarcinoma (Ward PS 2010, Losman JA 2013). In AITL, where all reported IDH 

mutations to date occur in IDH2, >90% are located at IDH2 R172 (Cairns RA 2012). 

The reason for the variable frequency of the different amino acid substitutions associated 

with IDH1 and IDH2 in different tumours is not yet fully understood. 

1.3.4 Cellular effects of mutations in IDH 

 

The amino acids R132 and R100 of IDH1, and R172 and R140 of IDH2 perform a key 

function at the active site of their respective enzymes (Parsons DW 2008), where they form 

hydrogen bonds with the α-carboxyl and β-carboxyl groups of isocitrate and mediate 

isocitrate binding (Figure 1-8). Mutations affecting these arginine residues lead to a 

conformational change in the active site, and result in a decreased affinity for isocitrate, and 

an increased affinity for NADPH, which significantly alters the normal oxidative 

decarboxylation activity of these enzymes (Dang L 2009, Yang ES 2011). 

Early studies demonstrated that mutant IDH1 had a reduced affinity for isocitrate (Zhao S 

2009), and when expressed in cultured cells led to a reduction in the formation of α-KG and 

NADPH (Yan H 2009, Zhao S 2009). Thus IDH1/2 mutations were initially thought to 

promote tumour development through the loss of IDH1/2 enzyme function for the conversion 

of isocitrate to α-KG, the most plausible mechanism being a dominant negative effect due to 
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the formation of catalytically inactive heterodimers of mutant and wild-type proteins (Zhao S 

2009).  

Figure 1-8: Structure of the active site of IDH1 (Adapted from Parsons DW 2008). 

 

The crystal structure of the human cytosolic IDH1 in ribbon format. The active cleft of IDH1 consists of a NADP-binding site 
and the isocitrate-metal ion-binding site. The alpha-carboxylate oxygen and the hydroxyl group of isocitrate chelate the 
Ca

2+
 ion. NADP is coloured in orange, isocitrate in purple, and Ca

2+
 in blue. The R132 residue, displayed in yellow, forms 

hydrophilic interactions, shown in red with the alpha-carboxylate of isocitrate.  

 

Subsequent studies however demonstrated that mutant IDH1/2 are not in fact inactive 

enzymes, but instead possess novel enzymatic activity resulting from their increased affinity 

for NADPH, and reduced affinity for isocitrate (Table 1-4) (Dang L 2009, Gross S 2010, 

Ward PS 2010, Jin G 2011).  

This novel enzyme function results in the NADPH-dependent reduction of α-KG to D-2-

Hydroxyglutarate (D-2HG) (Figure 1-9), which has been shown to accumulate at high levels 

in IDH1/2 mutant tumours (Dang L 2009, Ward PS 2010). 
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Table 1-4: R132H mutation alters the enzymatic properties of IDH1 (taken from Dang 2009). 

Oxidative NADPH Wild type IDH1 R132H 

KM ,NADP+ (uM) 49 84 

KM, isocitrate (uM) 65 370 

Ki, αKG 1871 24 

Reductive NADP
+ 

Wild type IDH1 R132H 

KM,NADPH (uM) N/A 0.44 

KM, α-KG (uM) N/A 965 

 

Figure 1-9: The functions of wild-type and mutant IDH1 and IDH2.  

 

Shown are 1) the reaction catalysed by wild type (WT) IDH1/2 which converts isocitrate to α-KG and produces NADPH, and 

2) the reaction catalysed by mutant IDH1/2 which convert α-KG to D-2HG and produces NADP
+
. 

Whilst both mutant IDH1 and mutant IDH2 produce D-2HG, their enzymatic properties 

differ somewhat and this may explain their differential prognosis and prevalence in different 

cancers (Ward PS 2013).  Mutant IDH1 functions as a heterodimer consisting of one wild-

type and one mutant protein. The activity of the wild-type protein is partially inhibited by the 

mutant protein, which itself exhibits novel enzymatic activity, resulting in a simultaneous 

decrease in α-KG production, and increase in D-2HG formation respectively (Pietrak B 

2011). Studies of the IDH1 wild-type:mutant  heterodimer demonstrate that both wild-type 

and mutant subunits contribute to the production of D-2HG from isocitrate and αKG 

respectively (Pietrak B 2011), and the genetic knock-down of wild-type IDH1 function in 

IDH1-mutant cell lines can significantly decrease D-2HG production (Jin G 2013). Indeed, 
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D-2HG levels were found to be 87-fold lower in an IDH1 mutant anaplastic astrocytoma cell 

line in which the IDH1 wild-type allele had been knocked out using recombinant adeno-

associated viruses (IDH1
R132H/-

), when compared to parental cells harbouring both wild-type 

and mutant alleles (IDH1
R132H/WT

), and this reduction was reversed by ectopic re-expression 

of wild-type IDH1 (Jin G 2013). Furthermore intratumoral D-2HG is significantly reduced in 

IDH1 mutant GBMs that have lost the wild-type IDH1 allele (IDH1
R132H/-

), compared to 

GBMs with heterozygous IDH1 mutations (IDH1
R132H/WT

), demonstrating the importance of 

wild-type as well as mutant IDH1 function in D-2HG production (Jin G 2013). It is possible 

that knocking out IDH1 wild-type function impairs the conversion of isocitrate to αKG, 

leading to intracellular αKG levels that are too low for efficient conversion to D-2HG. α-KG 

levels were not measured by Jin et al. in IDH1
R132H/-

 GBMs and consequently it is unclear 

whether the lower levels of D-2HG seen in these tumours could have occurred as a result of 

reduced α-KG production. α-KG levels were however shown to be slightly reduced in 

IDH1
R132H/-

 cell lines when compared to parental IDH1
R132H/WT

 cells, but restoring cellular 

αKG to the levels seen in the parental cells using cell-permeable octyl-αKG did not rescue D-

2HG production in IDH1
R132H/-

 cells, which seems to refute the above theory. Nonetheless the 

wild-type:mutant IDH1 heterodimer does appear to be required in order for efficient D-2HG 

production to occur (Bralten LB 2011, Pietrak B 2011, Jin G 2013, Ward PS 2013). 

Conversely, mutant IDH2 does not form heterodimers with wild-type IDH2, and mutant 

IDH2-expressing cells accumulate higher levels of D-2HG than do mutant IDH1-expressing 

cells, and they do so independently of wild-type IDH2 activity (Dang L 2009, Ward PS 

2013). Indeed, whilst knockdown of wild-type IDH1 appears to hinder D-HG production, 

siRNA induced knockdown of wild-type IDH2 function in IDH2 mutant cell lines does not 

reduce the level of D-2HG accumulation (Ward PS 2013). The differences in enzymatic 

activity between IDH1 and IDH2 may be explained by the fact that cytoplasmic α-KG is 
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limited in cells, whereas mitochondrial α-KG, which is produced by both IDH2 and IDH3, is 

more abundant. Hence, whilst mutant IDH1 may require the presence of wild-type activity, 

and wild-type:mutant heterodimer formation, to provide it with a sufficient supply of α-KG, 

mutant IDH2 does not. This theory is strengthened by the finding that expression of a mutant 

IDH1 construct that is engineered to localize to the mitochondria rather than the cytosol 

results in an increase in D-2HG production (Ward PS 2013). The differences in the enzymatic 

function of mutant IDH1 and IDH2 and the fact that tumours resulting from mutations in 

IDH1and IDH2 are associated with a differential prognosis and prevalence in different 

cancers (Ward PS 2013), suggests that IDH1 and IDH2 mutant tumours are in fact separate 

diseases, with subtle variations in their biology and development.  

The excess production of D-2HG, and/or reduction in α-KG production via the mechanisms 

outlined above are thought to give IDH mutant cells their pro-tumourigenic potential, and 

although the exact importance of each of these factors is not yet fully defined, it is generally  

considered that D-2HG accumulation is the major contributing event. 

1.3.5 Effects of D-2HG on the activity of α-KG-dependent enzymes 

 

2-HG is a five-carbon dicarboxylic acid which has two enantiomers, D-2HG and L-2HG, 

both of which are by-products of normal mitochondrial metabolism (Kranendijk M 2012). 

Studies performed on rats demonstrated that D-2HG is produced from the activity of the 

enzyme hydroxyacid-oxoacid transhydrogenase (HOT) (Kaufman E 1988, Struys 2006). 

HOT converts γ-hydroxybutyrate (GHB) to succinic semialdehyde (SSA), with the 

concomitant reduction of α-KG to D-2HG. L-2HG on the other hand is generated as a by-

product of the activity of the TCA cycle enzyme (L)-malate dehydrogenase during its 

conversion of oxaloacetate to (L)-malate (Rzem R 2007). 
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Our current understanding of the exact cellular roles of D- and L-2HG is limited (Yen KE 

2010), and whilst both are thought to be unwanted by products of cellular metabolism, D-

2HG may in fact function as an intermediate in the production of 5-aminolaevulinate and 

porphyrin in haem synthesis (Lindahl G 1967, Chalmers R 1980). The intracellular levels of 

both D- and L-2HG are normally maintained at <0.1 mM by the activity of D-2HG 

dehydrogenase (D-2HGDH) and L-2HG dehydrogenase (L-2HGDH) respectively, which 

convert them back to α-KG (Struys EA 2005, Steenweg M 2010).  

IDH mutant-derived D-2HG accumulates in cells to levels ranging from 1 mM to as high as 

30 mM (Dang L 2009, Gross S 2010, Choi C 2012), and it is thought that at this 

concentration D-2HG can act as an oncometabolite with numerous potential oncogenic 

effects. One of the rationales for the role of 2-HG in tumourigenesis is derived from the 

observation of patients with the rare inherited neurometabolic disorders, D-2- and L-2-

hydroxyglutaric acidurias (2-HGA). These two distinct syndromes result from germline 

homozygous inactivating mutations in the genes that encode for D- and L-2HGDH (Struys 

EA 2005, Steenweg M 2010). Mutations in D- and L2HGDH result in the accumulation of D-

2HG or L-2HG in patients’ physiological fluids, and L-2HG aciduria (L-2HGA) affected 

individuals have an increased incidence of brain tumours (Moroni I 2004, Haliloglu G 2008, 

Aghili M 2009). Interestingly, D-2HG aciduria (D-2HGA) has also been found to be 

associated with germline mutations in IDH2 at R140 in a cohort of patients who do not have 

alterations in D2HGDH (Kranendijk M 2010). Consequently D-2HGA has been 

distinguished into two different subtypes; type I which is associated with mutations in 

D2HGDH, and type II which is associated with mutations in IDH2. However, unlike in L-

2HGA, patients with type I or type II D-2HGA do not have an increased risk of developing 

brain tumours (Kranendijk M 2012). Although this contrasts with the findings observed in 

IDH1/2-mutated tumours, where an accumulation of D-2HG (Dang L 2009, Ward PS 2010), 
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but not L-2HG is thought to promote tumorigenesis, it could be hypothesised that this 

discrepancy may be due to the fact that mutant IDH1/2 activity in glioma produces D-2HG at 

a significantly higher level than is seen in patients with D-2HGA, and that the levels 

produced in the latter disorder are simply insufficient to promote tumourigenesis. 

Alternatively it is possible that D-2HG accumulation alone is insufficient to promote 

tumourigenesis and that mutations in other genes such as p53, which are commonly observed 

in IDH1/2 mutant glioma (Ohgaki H 2005b, Yan H 2009) but not in type I/II D-2HGA, are 

required for this to occur. The association between brain tumours and L-2HGA, but not D-

2HGA may be explained by the fact that L-2HG inhibits certain enzymes, whose activity 

have been implicated in tumourigenesis, more potently than D-2HG (Chowdhury R 2011, Xu 

W 2011). An alternative theory could be that because patients with D-2HGA have a more 

severe clinical course compared to L-2HGA patients (they often die in infancy or early 

adulthood) (Kranendijk M 2012), they simply do not live long enough for brain tumours to 

develop. 

The difference in the phenotype observed in patients with 2-HGA (resulting from germ line 

mutations in D-/L-2HGDHs and IDH2) (Struys EA 2005, Steenweg M 2010), compared to 

that observed in patients with OD and MS (proposed to result from early post-zygotic 

mutations in IDH  and associated with a mosaic pattern of disease distribution) (Amary M 

2011), and in patients with IDH mutant glioma (resulting from somatic mutations in IDH1/2), 

illustrates the different biological effect consequent to mutant IDH expression and 2HG 

accumulation at different stages of development.  

Interestingly, D-2HG concentrations are higher in fluids and lymphoblastic cells from 

patients with D-2HGA associated with IDH2 mutations than from those with mutations in 

D2HGDH, with the mean serum levels being about 5 times higher in type II than in type I D-

2HGA patients (e.g. 14,663-112,122 ng/mL range values, 54,210 ng/mL mean value vs. 
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3,851-18,218 ng/mL range values, 10,072 ng/mL mean value respectively) (Kranendijk M 

2010, Kranendijk M 2012). Since the clinical outcome of patients affected by type II D-

2HGA is more severe compared to that of patients affected by type I D-2HGA, it is plausible 

to establish a correlation between D-2HG concentration and the severity of the disorder. 

However, D-2HG levels present in the serum of patients affected by type II D-2HGA are also 

higher than those measured in IDH1 and IDH2 mutant AML patients, where pre-treatment D-

2HG levels were measured to be between 30,000 ng/mL (median 3004 ng/ml) (Dinardo C 

2013) and 66,207 ng/mL (median 1863 ng/mL) (Fathi AT 2012) compared to 61ng/ml 

(median) (Dinardo C 2013) and to 87ng/mL (median) (Fathi AT 2012) in IDH1/2 wild-type 

patients. These findings suggest that there may in fact be no direct correlation between the 

degree of D-2HG accumulation and the risk of tumour development, and perhaps provide 

further evidence that additional mutations are required in conjunction with mutations in 

IDH1/2 in order for tumourigenesis to occur. 

However, perhaps more compelling evidence to support the role of D-2HG in promoting 

tumourigenesis is illustrated by the findings observed in IDH2-mutant AML showing that 

patients with IDH2 R140 mutant AML produce lower levels of D-2HG and have a better 

prognosis than patients with IDH2 R172 mutant AML (Ward PS 2012). These findings 

suggests that a correlation does exist between the amount of D-2HG produced by mutant 

IDH1/2, and the characteristics of the resulting tumour. Moreover, the  expression of IDH1 

R132H in immortalised human astrocytes and in a human erythroleukaemic cell line, resulted 

in D-2HG accumulation and induced oncogenic transformation, whereas expression of the 

catalytically inactive R132H/3DN variant, which is unable to produce D-2HG, had no such  

effect (Koivunen P 2012, Losman J 2013). Furthermore treatment of the same human 

erythroleukaemic cells with a cell-permeable form of D-2HG was able to recapitulate the 
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effects of mutant IDH1 expression, whilst withdrawal of D-2HG reversed them (Losman J 

2013). 

More speculatively, the finding that patients with OD and MS can develop synchronous 

tumours, one carrying an IDH1 mutation and accumulating 2HG and the other carrying a 

wild-type IDH1 sequence (Amary M 2011) raises the possibility that circulating 2HG derived 

from a mutant tumour may be able to stimulate the growth of a second-site tumour in a 

paracrine manner.  

It has been widely proposed that D-2HG transforms cells due to its ability to competitively 

inhibit α-KG dependent enzymes, which normally function as tumour suppressors 

(Chowdhury R 2011, Xu W 2011, Koivunen P 2012, Lu C 2012). This inhibition occurs due 

to the structural similarity between D-2HG and α-KG, which are identical except that a 

hydroxyl group in D-2HG replaces the C2 carbonyl group in α-KG (Figueroa ME 2010, Xu 

W 2011). Mammalian cells express over 60 α-KG dependent enzymes (Loenarz C 2008, 

McDonough M 2010), and the inhibition by D-2HG of several of these enzymes, such as 

Hypoxia inducible factor prolyl hydroxylase (HIF-PHD), the Jumonji-C domain containing 

histone demethylases (JHDMs), the Ten-Eleven Translocation (TET) family of 5-

methylcytosine hydroxylases, and collagen prolyl 4-hydroxlase (C-P4H) could lead to IDH-

mediated transformation by stimulating processes such as angiogenesis, histone 

modifications, aberrant DNA methylation, and abnormal collagen maturation. 

1.3.5.1 Inhibition of HIF-PHD 

 

HIF-PHD1 (EGLN2), HIF-PHD2 (ELGN1) and HIF-PHD3 (EGLN3), are α-KG dependent 

enzymes that regulate the activity of HIF (Semenza GL 2012), a heterodimeric transcription 

factor which, when over expressed, is associated with malignant progression and a poor 

outcome in several cancers (Metellus P 2011). HIF has a wide range of target genes including 
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those that modulate angiogenesis, glycolysis, growth factor signalling, apoptosis, and 

metastasis (Gottlieb E 2005, Weljie AM 2011), some of which, in physiological conditions, 

function to promote adaptation of cells to hypoxia. In pathological conditions however their 

activation can be critical to tumour growth, by inducing a hypoxic response under normoxic 

conditions (pseudo-hypoxia). In normoxia, HIFα is labile, because the hydroxylation by HIF 

PHD of two proline residues in its oxygen-dependent degradation domain (ODDD) triggers 

its association with the von Hippel-Lindau (VHL) E3–ubiquitin ligase complex and 

subsequent degradation via the ubiquitin-proteasome pathway (MacKenzie ED 2007, 

Majmundar AJ 2010). HIF-PHD2 is believed to be the principal enzyme in this process, with 

HIF-PHD1 and HIF-PHD3 playing variable compensatory roles under specific cellular 

conditions. In physiologically hypoxic or pathologically pseudohypoxic conditions, the 

activity of HIF-PHD is inhibited, allowing HIFα to accumulate, heterodimerise with HIFβ, 

translocate to the nucleus, and activate a transcriptional response.   

It has been demonstrated that D-2HG (Xu W 2011), and reduced levels of α-KG (Zhao S 

2009) can inhibit HIF PHD, and HIF1α is in fact upregulated in cells that over express mutant 

IDH1, in cells treated with exogenous 2-HG, in tumours harbouring IDH1 R132H mutations 

and in the brains of brain-specific idh1 R132H knock-in (KI) mice (Zhao S 2009, Xu W 

2011, Sasaki M 2012b). Furthermore the expression of HIF1α target genes glucose 

transporter type 1 (GLUT1), phosphoglycerate kinase 1 (PGK1), and vascular endothelial 

growth factor (VEGF) is increased in the brains of brain-specific idh1 R132H KI mice and in 

IDH1 knockdown cell lines (Zhao S 2009, Sasaki M 2012b).  

However, D-2HG has been shown to be only a relatively weak inhibitor of HIF PHD 

(Chowdhury R 2011) and furthermore, studies by both Metellus et al. and Williams et al. 

found no correlation between IDH mutation status and the expression of HIF1α in patients 

with glioma (Metellus P 2011, Williams SC 2011). Additionally recent studies demonstrated 



48 
 

that in contrast to L-2HG which acts as an inhibitor of HIF PHD, D-2HG can actually 

stimulate rather than inhibit the activity of this enzyme, and in some cellular contexts such as 

human astrocyte, colorectal and erythroleukemia cell lines, the expression of IDH1 R132H 

reduced HIF levels (Koivunen P 2012, Losman J 2013). Furthermore, in human astrocytes, 

overexpression of HIF-PHD2 or depletion of HIF1α promoted malignant transformation of 

these cells (Koivunen P 2012). Moreover in erythroleukemic cells it has been shown that 

transformation is promoted specifically by D2-HG and not by L2-HG, which actually 

appeared to antagonise leukaemic transformation induced by TET2 loss through inhibition of 

HIF-PHD2 (Losman J 2013). More surprisingly, the loss of HIF PHD activity was able to 

block oncogenic transformation by mutant IDH in erythroleukemic cells (Losman J 2013), 

and in IDH-mutant astrocytes (Koivunen P 2012), suggesting that in these contexts HIF or 

other specific targets of hydroxylation by HIF PHD could in fact suppress the oncogenic 

potential of D-2HG. These findings are interesting given that they conflict with those of 

earlier studies and also because, although HIF is traditionally viewed as being oncogenic, it 

may also act as a tumour suppressor under certain conditions (Blouw B 2003, Acker T 2005). 

Consequently it remains unclear whether D-2HG has an agonistic or antagonistic effect on 

HIF-PHD, or whether HIF-PHD activity and HIF1α play a definitive role in promoting 

tumourigenesis in IDH-mutated tumours.  

1.3.5.2 Inhibition of JHDMs 

 

Histone demethylases function as epigenetic regulators of gene expression (Klose RJ 2006). 

They bind to and remove methyl groups from specific histone lysine residues, and hence 

modulate chromatin structure and transcription factor binding (Frezza C 2011). Methylation 

of certain histone residues such as H3K4, H3K36, and H3K79 is associated with 

transcriptionally active euchromatin, where as methylation of others such as H3K9, H3K27 

and H4K20 are associated with transcriptionally silent euchromatin. Alterations in histone 
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methylation can have significant effects on gene expression, and the activity of the JHDMs 

have been linked to the pathogenesis of a number of different tumours (Cloos PA 2008, 

Varier RA 2011). 

Exogenous D-2HG and knockdown of wild-type IDH1 function, inhibit the activity of 

multiple JHDMs in vitro, and the levels of the histone methylation markers H3K4, H3K9, 

H3K27, H3K36, and H3K79 are elevated in mutant IDH1 and IDH2 expressing cells and in 

cell cultures treated with exogenous D-2HG (Chowdhury R 2011, Xu W 2011, Lu C 2012). 

Furthermore, a small increase in methylated H3K4 was seen in bone marrow stem cells 

extracted from haematopoietic-specific idh1 R132H KI mice although other histone 

methylation marks remained unchanged (Sasaki M 2012a), whilst no differences in global 

histone methylation were observed in the brains of brain-specific idh1 R132H KI mice 

(Sasaki M 2012b). H3K9 methylation was found to be increased commonly in IDH mutant 

gliomas (Duncan CG 2012), although H3K9 hypermethylation was also seen in IDH wild-

type tumours (Venneti S 2013) suggesting that this may occur independent of IDH mutation 

status. Hence it remains unclear whether inhibition of histone demethylases by D-2HG 

contributes to malignant transformation in IDH mutant tumours.  

1.3.5.3 Inhibition of TET 

 

TET1, TET2 and TET3, are α-KG-dependent DNA-modifying enzymes that hydroxylate 5-

methylcytosine (5mC) to generate 5-hydroxymethylcytosine (5hmC) (Tahiliani M 2009). 

TET enzymes are thought to function as epigenetic regulators of gene expression by 

mediating the demethylation of DNA. 5hmC plays a role in passive DNA demethylation by 

preventing de novo methyltransferase (DNMT) maintenance of methylation, and induces 

active DNA demethylation by DNA repair mechanisms (Guo J 2011). 5hmC also controls 

transcriptional regulation by preventing the binding of methyl-cytosine-guanine (CpG) 
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binding proteins to methylated DNA (Guo J 2011). TET itself controls cellular differentiation 

and embryonic stem (ES) cell maintenance by regulating the expression of genes that 

maintain pluripotency (Figueroa ME 2010, Ito S 2010). TET2 is proposed to act as a tumour 

suppressor gene and somatic mutations in TET2, but not TET1/3, are found in about 10% of 

patients with AML and are mutually exclusive with mutations in IDH1/2 (Abdel-Wahab O 

2009, Gaidzik VI 2012). Conversely, somatic mutations in TET2 have not been found to 

occur in glioma, although promoter methylation was found in 14% of IDH1/2 wild- type 

tumours, but did not occur in those harbouring mutant IDH1/2 (Kim YH 2011).   

Expression of mutant IDH1/2 and administration of exogenous 2-HG inhibit TET in vitro and 

in vivo, resulting in reduced 5hmC production, in a process that is reversible by the addition 

of exogenous α-KG (Xu W 2011, Koivunen P 2012), whilst depletion of TET2 in 

immortalised human astrocytes results in transforming effects that mirror those seen with 

mutant IDH1/2 expression (Koivunen P 2012). Furthermore, IDH1 mutant gliomas 

accumulate significantly lower levels of 5hmC and higher levels of 5mC than IDH1 wild-

type tumours (Xu W 2011), although it should be noted that 5hmc is also significantly 

depleted in several human cancers independent of IDH mutation status (Jin SG 2011). 

The G-CIMP
 
recently identified in a subgroup of gliomas has been shown to correlate 

strongly with mutations in IDH1/2 (Noushmehr H 2010). Patients with tumours exhibiting G-

CIMP present at a younger age and experience better survival, features that are also 

associated with IDH1/2 mutant glioma. Two subsequent studies also identified a distinct 

homogenous hypermethylation phenotype in IDH1/2 mutant gliomas that was similar to G-

CIMP (Christensen BC 2011, Laffaire J 2011). These epigenetic changes remained stable 

from low to high grade gliomas, suggesting that they occur early in tumour development 

(Laffaire J 2011). Furthermore, the introduction of IDH1 R132H into primary human 

astrocytes induces significant DNA hypermethylation (Lu C 2012, Turcan S 2012), which 
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mirrors the changes seen in G-CIMP
+
 glioma. Conversely, hypomethylation of DNA is 

observed at specific loci when wild-type IDH1 is overexpressed in the same cells, suggesting 

that alterations in α-KG levels may also impact on TET function (Turcan S 2012). It has been 

hypothesised, although not proven, that the extensive DNA methylation that occurs in G-

CIMP
+
 tumours maintains glioma cells in a dedifferentiated state, and that the aberrant gene 

expression profile resulting from mutant IDH confers a block to differentiation resulting in 

the malignant expansion of GICs with a capacity to self-renew (Duncan CG 2012, Turcan S 

2012).  

More compelling evidence that IDH1/2 mutations may affect TET activity comes from the 

discovery that both IDH1/2 mutant AML cells and TET mutant AML cells display a similar 

global hypermethylation and gene specific methylation profile (Figueroa ME 2010). 

Additionally, depletion of TET2 induces oncogenic changes such as growth factor 

independence and a cessation in cellular differentiation in a similar way to expression of 

mutant IDH1/2, and this transformation is enhanced by the addition of cell-permeable D-2HG 

(Losman J 2013). Global changes in DNA methylation were also observed in DNA analysed 

from haematopoietic-specific idh1 R132H KI mice, which paralleled those observed in 

human IDH1/2 mutant AML, and incorporated signalling pathways responsible for stem cell 

maintenance, haematopoietic cell proliferation and differentiation, and leukaemogenesis 

(Sasaki M 2012a). Consequently it appears that both IDH1/2 mutations and TET2 mutations 

exert effects on the same leukemogenic pathways, a theory which is supported by the fact that 

these mutations occur in a mutually exclusive manner in AML (Figueroa ME 2010, Gaidzik 

VI 2012). 

More recently, a hypermethylation phenotype has also been reported in both IDH1/2 mutant 

chondrosarcoma (Guilhamon P 2013), and cholangiocarcinoma (Wang P 2013).  
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Taken together, these findings appear to suggest a common mechanism linking gain of 

function in IDH1/2 with reduced demethylation and subsequent oncogenic transformation. 

Consequently further correlation between methylation and gene expression profiles in 

IDH1/2 mutant tumours may help to identify the causative genes and pathways involved. 

However, to date, meta-analyses of methylation profiles of glioma, AML, cholagiocarcinoma 

and chondrosarcoma have not uncovered any genes that are hypermethylated in all 4 tumour 

types, although sixteen identical genes were found to be commonly affected in 

cholagiocarcinoma, chondrosarcoma and glioma (Guilhamon P 2013), and hypermethylation 

of various different genes involved in retinoic acid receptor (RAR) activation were found to 

be independently targeted in all four malignancies (Guilhamon P 2013). Given that aberrant 

RAR signalling commonly occurs as an early event in carcinogenesis (Tang 2011), it seems 

plausible that epigenetic changes in genes involved in RAR activation play a role in the 

development of IDH1/2 mutant tumours.  

One gene of particular interest in the RAR pathway is retinol Binding Protein 1 (RBP1), 

which is located on 3q23 and functions in the synthesis of all-trans retinoic acid (AtrA) 

(Blomhoff R 2006). The promoter region of RBP1 is hypermethylated in the vast majority of 

IDH1/2 mutant glioma, and results in decreased RBP1 expression (Chou A 2012). 

Furthermore, RBP1 hypermethylation is associated with an improved prognosis in these 

patients (Chou A 2012). Given that AtrA functions as a regulator of transcription (Tang 

2011), it is feasible that decreased RBP1 activity and consequent dysregulation of retinoic 

acid metabolism may lead to aberrant transcription and contribute to tumour formation in 

IDH1/2 mutant glioma. 
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1.3.5.4 Inhibition of C-P4H  

 

Prolyl hydroxylation is a post-translational modification that affects the structure, stability 

and function of proteins, and occurs through the activity of the α-KG-dependent collagen 

prolyl hydroxylases. One such enzyme, C-P4H mediates the hydroxylation of proline to 

hydroxyproline required for collagen synthesis, and also catalyses the production of 

endostatin (Xu W 2011). Its expression is down-regulated in many B-cell lymphomas 

suggesting that it may function as a tumour suppressor gene in some tissues (Hatzimichael E 

2012). C-P4H activity is inhibited by D-2HG in vitro (Koivunen P 2012), and in the brains of 

brain-specific idh1 R132H KI mice, D-2HG inhibited collagen hydroxylation, causing 

defective collagen protein maturation and basement membrane abnormalities (Sasaki M 

2012b). Furthermore, the expression of endostatin, a terminal fragment of collagen that 

inhibits angiogenesis and tumour growth (O'Reilly MS 1997), is reduced in IDH1 knock-

down cells, in IDH1 mutant cell lines, and in IDH1 mutant glioma (Xu W 2011).  

1.3.6 IDH Mutation effects on TCA cycle Function and Glucose Sensing 

 

The TCA cycle is a central pathway in oxidative metabolism. It functions to generate NADH 

and FADH, which feed electrons into the respiratory chain, and is involved in the cellular 

metabolism of carbohydrates, lipids and amino acids (Raimundo N 2011). The ‘Warburg 

effect’ is a paradoxical phenomenon that describes a situation whereby malignant cells shift 

their energy production from oxidative phosphorylation towards glycolysis under aerobic 

conditions. It is considered to be one of the metabolic hallmarks of cancer (Hanahan D 2011), 

involving the diversion of the malignant cell’s metabolism, so that survival, growth and 

division are favoured over cellular function (DeBerardinis RJ 2008). The identification of 

mutations in genes encoding the TCA cycle enzymes succinate dehydrogenase (SDH) and 

fumarate hydratase (FH) led to renewed interest in Warburg's hypothesis and the potential 
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link between metabolic dysregulation and cancer (Parsons DW 2008, Kaelin WG 2009). 

Furthermore, alterations in cancer metabolism and in particular metabolic signalling 

pathways such as the mTOR pathway are now recognised to be important in the pathogenesis 

of several cancers, and therapies such as the mTOR inhibitors everolimus have been 

developed to target these aberrations (Motzer R 2008). This has led to much interest in the 

link between mutant IDH and altered metabolism.  

Different mechanisms have been proposed to explain the tumourigenic process associated 

with the loss of activity of SDH or FH enzymes. Indeed SDH and FH deficiencies support 

tumour formation by increasing the levels of their respective TCA cycle substrates, succinate 

or fumarate, which leads to oncogenic signalling in cells (Bardella C 2011, Frezza C 2011). 

Among the proposed mechanisms, different studies have shown that SDH and FH associated 

tumours are highly vascular and are characterised by a strong hypoxic signature, likely 

resulting from the inhibition of HIF-PHD by fumarate and succinate (Pollard P 2005, Pollard 

PJ 2005). FH, SDH and IDH1/2 are all enzymes with an essential role in cellular metabolism, 

and although the underlying mechanism of tumourigenesis in the associated tumours seems to 

be caused by the accumulation of the respective oncometabolites fumarate, succinate and D-

2HG, the mechanisms of tumourigenesis and the pattern of tumour predisposition conferred 

by mutations in these genes look very different. This could be explained by the fact that the 

main feature of these oncometabolites is the inhibition of the α-KG-dependent enzyme 

family, with different specificities to different enzymes and thus with different biological 

consequences (Pollard P 2005).  

Several studies have been performed to analyse the possibility that IDH1/2 mutations can 

cause changes in global cellular metabolism to favour tumour pathogenesis. Initial studies of 

the effect of mutations in IDH1/2 on TCA cycle function failed to demonstrate significant 

alterations in TCA cycle metabolites (Dang L 2009, Ward PS 2010). However, a subsequent 
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study by Reitman et al. did demonstrate a depletion of the TCA cycle metabolites citrate, cis-

aconitate, α-KG, malate and fumarate and an accumulation of biosynthetic precursors, in cell 

lines that expressed mutations in IDH1/2 (Reitman ZJ 2011), suggesting that mutant IDH1/2 

activity can result in TCA cycle down regulation. The fact that IDH1/2 mutant cells shared 

multiple metabolic changes with D-2HG treated cells, but not with cells in which wild-type 

IDH1/2 function was inhibited, suggests that D-2HG accumulation was responsible for the 

metabolic effects observed (Reitman ZJ 2011). Furthermore, the observation that patients 

with D2HGA have elevated levels of urinary lactate, also suggests that D-2HG accumulation 

may lead to some degree of mitochondrial dysfunction (Kranendijk M 2012). 

Additionally, D-2HG may impair the electron transport chain through the inhibition 

cytochrome c oxidase and ATP synthase (Kolker S 2002, Latini A 2005). In fact inhibition of 

ATP synthase has been observed in some cancers and is thought to promote cellular 

transformation by causing the accumulation of excess electrons and increasing oxidative 

stress (Willers IM 2011). 

Alterations in the cellular NADPH/NADP
+
 ratio, may also affect TCA cycle function (Dang 

L 2009). Furthermore, alterations in cytoplasmic citrate levels could affect acetyl-CoA 

concentrations and hence lead to altered acetylation and activity of several potentially 

tumourigenic proteins (Wellen KE 2009, Reitman ZJ 2011). 

The depletion of glutamate in IDH1/2 mutant cells observed in Reitman’s study is also 

potentially relevant. Glutamate is a major excitatory neurotransmitter in the central nervous 

system, and the glutamatergic pathway is associated with tumour development, proliferation, 

survival, and metastasis in glioma as well as other tumours (Piao Y 2009, Luksch H 2011). 

Glioma cells actively secrete glutamate, by increasing cystine/glutamate exchange activity. 

This markedly elevates extracellular glutamate levels (Lyons S 2007) and stimulates 
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glutamate receptors on surrounding brain cells, promoting their cell death and encouraging 

glioma cell invasion and migration (Lyons S 2007). Interestingly, an elevated flux of 

glutamine to 2-HG via glutamate and α-KG is observed in IDH1 mutant cells (Dang L 2009). 

Furthermore, inhibition of glutaminase, which converts glutamine to glutamate, slows the 

growth of IDH1 mutant glioma cells (Seltzer MJ 2010). These findings suggest that IDH1/2 

mutant tumours may rely on glutamine and glutamate to maintain cellular α-KG levels, or 

possibly as an alternative energy source to glycolysis, although it is also possible that these 

changes simply illustrate the importance of glutamate generally in glioma development and 

progression as described above.               

Mutations in IDH1/2 may also lead to aberrant glucose sensing. Abnormal glucose control 

has been linked to the development of colon, breast, prostate, liver and bladder cancers 

(McFarland MS 2010). Furthermore it has been suggested that the use of the anti-

hyperglycaemic drug metformin decreases the risk of specific cancers in patients with type 2 

diabetes (Evans JM 2005, Libby G 2009). IDH1 has been shown to play a role in glucose 

sensing by controlling glucose stimulated insulin secretion (GSIS) by pancreatic -cells, and 

suppression of IDH1 activity impairs GSIS and pyruvate cycling flux (Ronnebaum SM 

2006). The mechanism by which altered glucose sensing would lead to tumourigenesis is 

unclear, although it has been suggested that low cytosolic NADPH levels resulting from 

mutations in IDH1 may play a role, by aberrantly signaling a low nutrient state to 

downstream effectors in the glucose-sensing pathway, leading to increased cellular nutrient 

consumption and providing a selective growth advantage (Reitman ZJ 2010). 

More recently the expression of lactate dehydrogenase A (LDHA), whose gene product 

catalyses the conversion of lactate to pyruvate, has been shown to be down regulated as a 

result of promoter hypermethylation in IDH1 mutant glioma cell lines, and was also 



57 
 

underexpressed in IDH1/2 mutant tumours (Chesnelong C 2013). Furthermore low 

expression and hypermethylation of LDHA is also reported in The Cancer Genome Atlas to 

occur in IDH1/2 mutant GBM. Taken together, these findings suggest another mechanism by 

which mutant IDH1/2 activity may alter glycolytic function. 

1.3.7 Mutations in IDH1/2 and Cellular Response to Oxidative Stress 

 

Dysregulation of cellular reduction-oxidation (redox) has been shown to contribute to 

malignant transformation in cancer (Valko M 2006). IDH1/2 act in a protective role against 

oxidative stresses and IDH1/2 activity increases in response to such insults (Lee SH 2004, Kil 

IS 2007, Lee SM 2009, Yang C 2009, Reitman ZJ 2010). Conversely, knockdown of wild-

type IDH1/2 gene expression has been shown to enhance cellular oxidative damage and 

exacerbate the induction of apoptosis by agents such as selenite and staurosporine (Lee SM 

2009, Kil IS 2010, Yang ES 2011). NADPH, a product of IDH1 and IDH2 wild-type activity, 

is important in this protective process, and its synthesis may be reduced by the activity of 

mutant IDH1/2. NADPH is a carrier of reducing power in cells and is primarily involved in 

maintaining optimal redox metabolism by acting directly as a reducing agent and as a 

cofactor for enzymes that synthesize energy-rich molecules and provide reducing equivalents 

that protect cells from the toxicity of ROS. NADPH also interacts with the glutathione and 

thioredoxin systems which themselves regulate cellular redox states (Metellus P 2011, Block 

K 2012). α-KG is itself able to function as an anti-oxidant (Metellus P 2011), whilst 

conversely, D-2HG has been shown to induce oxidative stress in animal models (Metellus P 

2011). Therefore it has been suggested that mutant IDH1/2 activity may result in increased 

oxidative stress through several mechanisms. However ROS production was not found to be 

significantly altered in IDH1 mutant cell lines (Koivunen P 2012), and ROS levels were 

actually reduced in the brains of brain-specific idh1 R132H KI mice, although the 
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intracellular NADP
+
/NADPH ratio and glutathione levels were increased and decreased 

respectively (Sasaki M 2012b). Furthermore, in haematopoietic-specific idh1 R132H KI mice 

no alterations in the levels of either ROS, NADP
+
 or NADPH were observed (Sasaki M 

2012a). Consequently, although a depletion of cellular NADPH or α-KG, and the 

accumulation of D-2HG, may hypothetically lead to increased oxidative stress, resulting in 

oxidative DNA damage and tumourigenesis in IDH1/2 mutant tumours, current evidence 

from in vitro and in vivo studies is conflicting and does not entirely support this theory. 

1.4 IDH1/2 mutant mouse models of cancer 

 

The fact that abnormal histone and DNA methylation patterns are a common feature of 

IDH1/2 mutant tumours suggests that the inhibition of JHDMs and TET by 2-HG may be 

more likely to be responsible for tumourigenesis, rather than TCA cycle dysregulation per se. 

The development of a ‘pseudohypoxic state’ resulting from the stabilization of HIF1α is also 

likely to play a role, although activation of this pathway may not be the primary tumour 

initiating event. The absolute effects of these phenomena however remain unknown and 

further research, perhaps using genetically engineered mouse models, is required to 

characterize the ‘downstream’ genetic effects and pathways that give IDH1/2 mutant cells 

their pro-tumourigenic potential. The first such mouse model was developed using a human 

IDH1 R132H mutant glioma stem cell line in an orthotopic xenograph mouse. This model 

may be of use in the future to test IDH1 targeted therapies (Luchman HA 2012). 

Subsequently a haematopoietic-specific Idh1 R132H KI mouse was developed, in which a 

specific leukaemic methylation pattern was observed (Sasaki M 2012a). Most recently a 

brain-specific Idh1 R132H KI mouse was generated, which was associated with the 

development of intracerebral haemorrhage in utero and perinatal lethality (Sasaki M 2012b). 

Elevated D-2HG levels were observed in the embryonic brains of these mice, as well as 
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defective collagen protein maturation, suggesting that the inhibition of C-P4H was 

responsible for the resulting phenotype (Sasaki M 2012b). Moreover elevated levels of Hif1α, 

and upregulation of Vegf, Glut1, and Pgk1 were observed, further demonstrating the potential 

of D-2HG to inhibit HIF-PHD (Sasaki M 2012b). To date however, no tumour-forming 

genetically engineered Idh1/2-mutant model has been established. 

1.5 The clinical relevance of IDH1/2 mutations 

 

IDH1/2 mutations may serve as prognostic biomarkers in several cancers. In patients with 

intrahepatic cholangiocarcinoma mutations in IDH1/2 are associated with a longer time to 

tumour recurrence after surgical resection and a longer OS (Wang P 2013). In AML 

mutations in IDH2 but not IDH1 is associated with a better prognosis (Chou WC 2011), 

whilst in glioma, patients whose tumours carry mutations in IDH1/2 are reported to have a 

better prognosis than those with IDH1/2 wild-type disease (Sanson M 2009). Indeed in 

glioma, where prognosis has traditionally been based on WHO classification, the discovery of 

mutant IDH1/2 has important prognostic implications. Specifically, it is now considered that 

a patient diagnosed with an IDH mutant grade IV glioma has a better prognosis than a patient 

with an earlier grade IDH WT glioma. Hence the discovery of mutant IDH has changed the 

prognostic value of the WHO grading system. 

IDH1/2 mutations may also act as predictive biomarkers in glioma. Patients with IDH1 

mutant GBM have been shown to exhibit a better response to TMZ than patients with IDH1 

wild-type disease (SongTao Q 2012); however, IDH1 mutation status does not predict 

response to PCV chemotherapy in patients with anaplastic oligodendroglioma (van den Bent 

MJ 2010).  
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IDH1 mutation testing is also a useful diagnostic tool in glioma and its use has become part 

of standard clinical practice (Agarwal S 2013). Mutations in IDH1 can be detected in glioma 

through direct sequencing based techniques, or by IHC (IHC) (Takano S 2011) and can help 

to distinguish gliomas from benign CNS lesions (Horbinski C 2009), as well as astrocytoma 

and oligodendroglioma from other CNS tumours (Horbinski C 2009, Capper D 2011), and 

primary GBM from secondary GBM (Capper D 2010). Furthermore, identification of mutant 

IDH1 protein by IHC in pathological specimens, can enable the differentiation of tumour 

cells from reactive glial cells (Capper D 2010), which may help post operatively to determine 

the completeness of surgical resection, and aid in the analysis of post therapy biopsy samples 

(Capper D 2010). Direct sequencing based techniques used to detect IDH1 mutations may 

give false negative results if samples are insufficient or are contaminated with normal tissue 

(Agarwal S 2013). IHC is advantageous clinically as methods are time and cost efficient, and 

relatively simple to implement in hospital pathology laboratories (Preusser M 2011). 

Furthermore, antibodies have been developed that are specific to the most frequently 

occurring IDH1 mutation in glioma, IDH1 R132H (Capper D 2009, Kato Y 2009). These 

antibodies have been shown to be 100% sensitive and 100% specific (Capper D 2010, 

Loussouarn D 2012) in detecting IDH1 R132H, and this method appears to be more sensitive 

than direct sequencing, especially in cases of low-grade diffuse astrocytoma (Capper D 

2010), and in diffuse glioma where biopsy samples are very small (Preusser M 2011). 

Moreover, IHC detection of IDH1 R132H has been shown to be reliable and consistent across 

different laboratories (Van den Bent M 2013). Indeed such is the degree of sensitivity and 

specificity of commercially available IDH1 R132H antibodies, they have been used to 

demonstrate intratumoural heterogeneity in IDH1 mutant tumours in patients with OD and 

MS (Amary M 2011). Conversely however tumour heterogeneity has not been reported 

through IHC analysis of IDH1 mutant gliomas (Capper D 2010) implying that mutant IDH1 
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is present in all tumour cells within an IDH1 mutant glioma. This makes IHC analysis a 

reliable diagnostic tool in the delineation of tumour from non tumour in IDH1 mutant glioma.  

Measurement of 2-HG levels can also be used for diagnostic purposes and may also be used 

in certain circumstances to monitor response to therapy. 2-HG can be detected non-invasively 

in patients with IDH1/2 mutant glioma using magnetic resonance spectroscopy (MRS) 

imaging of the brain (Choi C 2012, Pope WB 2012), and although the clinical relevance of 

this technology is not yet defined, it may in the future enable preoperative prediction of 

tumour histology, intraoperative visualisation of tumour margins, monitoring of treatment 

and early detection of disease recurrence. Serum measurements of 2-HG levels in glioma 

patients do not however appear to correlate with IDH1/2 mutation status or tumour size and 

therefore serum 2-HG assessment may not be useful in the diagnosis or monitoring of 

treatment in patients with glioma (Capper D 2012). However 2-HG can be detected in the 

serum and urine of patients with IDH1/2 mutant AML (Fathi AT 2012) and its levels 

decrease with response to treatment (Fathi AT 2012), suggesting that 2-HG may serve as a 

non-invasive biomarker of disease activity in this setting. Furthermore post treatment serum 

2-HG levels <200ng/ml have been shown to correlate with longer OS in IDH1/2 mutant 

AML suggesting that serum 2-HG measurement may also provide prognostic information in 

these patients (Dinardo C 2013). 

IDH1/2 mutations could also serve as therapeutic targets, and recently two compounds 

specifically targeting mutant IDH1 R132H (AGI 5198) (Popovici-Muller J 2012) and IDH2 

R140Q (AGI 6780) (Wang F 2013) have been developed. Indeed, treatment of 

erythroleukemic cells expressing IDH1 R132H (Losman J 2013) or IDH2 R140Q (Wang F 

2013) with the corresponding inhibitors blocked D-2HG production, reverting growth factor 

independent proliferation and restoring the ability of these cells to differentiate. Moreover, 

ex-vivo treatment of primary IDH2 R140 AML cells with AGI-6780, decreased the levels of 
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2-HG, relieving the block of differentiation consequent to the expression of mutant IDH2 

(Wang F 2013). Other studies additionally demonstrated that the targeted inactivation of 

IDH1 R132H by the inhibitor AGI-5198 impaired growth of IDH1 mutant glioma cells and 

mouse xenografts, and promoted gliogenic differentiation (Rohle D 2013). The potential 

benefit of IDH1/2 inhibitors has to date only been assessed in pre-clinical trials and will 

require further evaluation in clinical trials in the future. 

1.6 Aims and outline of this thesis 

1.6.1 Aims of thesis 

 

The tumourigenic mechanisms associated with IDH1/2 mutations remain unclear. There is 

however emerging data associating mutations in IDH1/2 with glioma, AML and other tumour 

types, and evidence demonstrating that such mutations result in both loss and gain of IDH1/2 

enzyme function. Furthermore it has been proposed that 2-HG, which accumulates in cells as 

a result of mutant IDH1/2 activity, acts as an oncometabolite in IDH1/2 mutant tumours. The 

themes tackled in the ensuing chapters focus on investigating the role played by IDH1/2 

mutations in tumourigenesis and the mechanisms responsible for tumour development, with 

particular relevance to GBM. Specifically I aim to: 

1. Confirm the frequency of IDH1/2 mutations in a panel of human glioma samples and to 

establish whether mutations in other genes that could also potentially lead to 2-HG 

accumulation are present in these samples. This is discussed in Chapter 3. 

2. Develop cell models of IDH1/2 gain and loss of function and to compare the effects of 

IDH1/2 knockdown and IDH1/2 mutant expression on potentially tumourigenic pathways, in 

order to understand if the tumourigenic properties of mutant IDH1/2 can result either solely 

from the loss of function of the wild-type enzyme or gain of function of the mutant enzyme, 

or if indeed both gain and loss of enzyme function are required. This is discussed in Chapter 
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4. 

3. To generate a brain-specific Idh1 R132H transgenic mouse model of GBM in order to 

evaluate any brain-specific phenotype that arises, and investigate the mechanisms responsible 

for tumour development should tumours occur. A constitutive D2hgdh
-/-

 knockout mouse 

(D2hgdh KO), predicted to accumulate 2-HG, will also be analysed in order to better evaluate 

the possible phenotypic effects given by 2-HG accumulation and to allow a comparison of 

these effects to be made with those seen in brain-specific Idh1 R132H mice, in which reduced 

levels of α-KG in addition to 2-HG accumulation are predicted to occur. This is discussed in 

Chapter 5. 

1.6.2 Outline of thesis 

 

1. Materials and methods are discussed in Chapter 2.  

 

2. The primary analyses of the thesis are presented in Chapters 3 to 5. Within each chapter 

there is a brief introduction and where necessary some additional chapter specific 

methods, followed by results, discussion and conclusions. 

 

3. A summary of the findings and implications of this thesis are presented in Chapter 6. This 

is followed in Chapter 7 by a description of further studies that are planned as a result of 

this programme of work. 

 

4. References and appendices are presented at the end of the thesis. 
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2. Chapter Two 

Materials and Methods 

2.1 DNA extraction 

2.1.1 DNA extraction from formalin fixed paraffin embedded tissue 

 

Paraffin embedded tumour samples were removed from slides by scraping with a 21 gauge 

needle. 220ul of ATL and 40ul of proteinase K (PTK) were added and samples were 

incubated overnight at 55ºC. A further 20ul of PTK was then added, and samples were mixed 

by vortexing, and incubated again for 8 hours at 55ºC. A further 20ul of PTK was then added, 

and samples were mixed by vortexing and incubated overnight at 55ºC. DNA was then 

extracted using DNeasy Blood and Tissue kit from Quiagen
R
 (Alameda, CA) according to 

manufacturer's instructions. Typically an equal volume of buffer AL was added to each 

sample, which was then mixed by vortexing and incubated for 10 minutes at 70ºC. Samples 

were loaded on to a DNeasy spin column and centrifuged at 8000 rpm for 1 minute. The 

column was then washed with 500ul of buffer AW1 and centrifuged at 8000 rpm for 1 

minute, and then washed with 500ul buffer AW2 and centrifuged at 13000 rpm for 3 minutes. 

Columns were centrifuged again at 13000 rpm for 3 minutes, following which DNA was 

eluted by adding 100ul of sterile H20 directly to the spin column membrane, followed by 

centrifugation at 8000 rpm for 1 minute. DNA was then quantified with the NanoDrop-100 

spectrophotometer (Thermo Scientific). 

2.1.2 DNA extraction from ES cells 

 

DNA was extracted from ES cells using lysis buffer made up of the following: 20 mM Tris 

HCl pH 8.0; 10 mM EDTA; 0.5% SDS; 100 mM NaCl; 100 ug/ml Proteinase K (5 ul 20 

mg/ml stock per 1 ml buffer). Cells were cultured in a 6 well plate until they reached 90-
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100% confluence. Media was aspirated off and cells were washed with PBS. 1 ml of lysis 

buffer containing proteinase K was added to each well. Plates were then covered with 

paraffin film and incubated for 1 hour at 55
o
C (on a mechanical shaker). Cells were scraped 

using a scraper and lysates were then transferred using a wide bore pipette into an Eppendorf 

tube and incubated overnight at 55
o
C. 300 ul of isopropanol was added to each tube (lysed 

volume) and invert several times. The Eppendorf tube was then centrifuged at maximum 

speed for 10 minutes and the supernatant was discarded. The pellet was then washed 

carefully with 70% ethanol. The sample was centrifuged again as above and the supernatant 

was again discarded. The pellet was then air dried and re-suspended in 40 ul 1X TE with 

RNase (10 ug/ml). DNA concentration was then quantified using the NanoDrop-100 

spectrophotometer. 

2.1.3 DNA extraction from mouse ear snips for genotyping 

 

DNA was extracted from mouse ear snips using the HotSHOT method. This method uses hot 

sodium hydroxide (NaOH) to lyse cells and release nucleic acids from cell nuclei. NaOH also 

allows denaturation to take place by disrupting hydrogen bonds between nitrogen bases in 

double-stranded DNA (dsDNA), producing single stranded DNA (ssDNA). NaOH makes the 

solution very alkaline, and hence tris(hydroxymethyl)aminomethane hydrocholride (Tris-

HCl) neutralization buffer is used to maintain the pH of the solution. This is an appropriate 

method for genotyping, but due to shearing, the quality and concentration of DNA yields are 

often not adequate for other applications such as sequencing.  

Ear snips were incubated in 50ul of HotSHOT buffer, comprising of 25 mM NaOH and 0.2 

mM disodium Ethylenediaminetetraacetic acid (Na2EDTA), in an eppendorf at 95ºC for 30 

minutes, following which 50ul of 40 mM Tris-HCl neutralisation buffer was then added.  
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2.1.4 DNA extraction from mouse tissue 

 

Tissue samples were incubated in 220ul of ATL and 40ul of PTK overnight at 55ºC. A 

further 20ul of PTK was then added, and samples were mixed by vortexing, and incubated 

again for 8 hours at 55ºC. DNA was then extracted using DNeasy Blood and Tissue kit from 

Quiagen
R
 (Alameda, CA) according to manufacturer's instructions. Typically an equal 

volume of buffer AL was added to each sample, which was then mixed by vortexing and 

incubated for 10 minutes at 70ºC. Samples were loaded on to a DNeasy spin column and 

centrifuged at 8000 rpm for 1 minute. The column was then washed with 500ul of buffer 

AW1 and centrifuged at 8000 rpm for 1 minute, and then washed with 500ul buffer AW2 and 

centrifuged at 13000 rpm for 3 minutes. Columns were centrifuged again at 13000 rpm for 3 

minutes, following which DNA was eluted by adding 100ul of sterile H20 directly to the spin 

column membrane, followed by centrifugation at 8000 rpm for 1 minute. DNA was then 

quantified with the NanoDrop-100 spectrophotometer. 

2.2 RNA extraction 

2.2.1 RNA extraction from cell lines 

 

Total RNA was extracted and purified from cells with the RNeasy minikit (Qiagen), 

according to manufacturer's instructions. Typically media was aspirated from cell cultures 

and cells were washed twice with PBS. Cells were then lysed with 600ul of buffer RLT 

containing 6ul of β-mercaptoethanol and were detached using a Corning cell scraper(Sigma-

Aldrich). Cell lysates were homogenised using the QIAshredder homogeniser. 600ul of 70% 

ethanol was added to the homogenised lysate and mixed by pipetting. 700ul of homogenised 

lysate was transferred to an RNeasy spin column and centrifuged for 15 seconds at 10,000 

rpm. The spin column membrane was washed with 700ul of buffer RW1 by centrifugation at 



67 
 

10,000 rpm for 15 seconds, and was then washed twice with 500ul of buffer RPE for 

15seconds and then 2 minutes at 10,000 rpm. 30ul of RNA free H20 was added directly to the 

spin column membrane which was centrifuged at 10,000 rpm for 1 minute to elute the RNA. 

Purified RNA samples were treated with DNase I to degrade residual DNA, according to 

manufacturer's instructions. RNA samples were quantified with the NanoDrop-100 

spectrophotometer. 

2.2.2 RNA extraction from mouse tissue 

 

RNA extraction from mouse tissue was undertaken using the Trizol (Invitron)/chloroform 

method. Trizol is a monophasic solution made up of phenol and guanidine isothiocyanate. 

Trizol maintains RNA integrity during RNA extraction, whilst disrupting the cell membrane 

and dissolving cellular components. Following the addition of chloroform, centrifugation 

separates the solution in to a colourless aqueous phase which contains the extracted RNA, a 

white interphase which contains DNA,  and a red organic phenol-chloroform phase which 

contains proteins and lipids. 

1ml of Trizol was added to frozen mouse tissue samples in an eppendorf. The sample was 

homogenised using a 1ml syringe and a 21 gauge needle.  The homogenate was vortexed for 

15 seconds and left to stand at room temperature for 5 minutes. 200µl of chloroform 

(Invitron, CA, USA) was added to each sample which was then vortexed for 15 seconds and 

left to stand at room temperature for 5 minutes. Samples were centrifuged at 14000 rpm for 

15 minutes at 4 °C and the upper layer of the supernatant was then removed and transferred 

to a clean eppendorf. The RNA was then precipitated by adding 500 µl of isopropanol to each 

sample and left to stand for 10 minutes at room temperature and then centrifuged at 14000 

rpm for 15 minutes at 4 °C. The supernatant was discarded and the pellet was centrifuged 

again for 3 minutes, with the remaining supernatant then being removed. 1ml of 75% ethanol 
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was added to the pellet and vortexed. Samples were centrifuged at 14000 rpm for 5 minutes 

at 4 °C. The  supernatant was discarded and the above 2 steps repeated twice more. Ethanol 

was then removed and the samples left to air dry for 15 minutes. The samples were then re-

suspended in 100 µl of DEPC treated water (H20) and the RNA was quantified using the 

NanoDrop-100 spectrophotometer. 

2.3 Spectrophotometry 

 

DNA quantity and quality was measured with spectrophotometry at 260nm and 280nm using 

the NanoDrop-100 spectrophotometer. An optical density (OD) of 1 at 260nm equates to 

approximately 50µg/ml of double stranded DNA. Hence the concentration (µg/ml ) of DNA 

samples were calculated using the formula "dilution factor x 50 x OD260". DNA quality was 

assessed by calculation of OD260/ OD280 ratios, with  1.8 being the ratio associated with a 

pure sample of DNA. Contamination of a sample with protein decreases the ratio towards 1.4 

and contamination with RNA increases the ratio towards 2.0. 

RNA samples (stored on wet ice) were assessed for quantity and quality using the Nanodrop 

spectrophotometer applying the same principles as those outlined above.  

2.4 Polymerase Chain Reaction 

 

The polymerase chain reaction (PCR) is an in vitro technique that is used to selectively 

amplify a specific DNA sequence. The DNA region of interest is amplified using two 

complimentary oligonucleotide primers which hybridise to the selected region of the DNA 

template on opposing strands.  

A typical PCR reaction consists of thirty five cycles (although this can vary). Each cycle is 

made up of three steps: (i) denaturation of the DNA template through heating to 94°C, (ii) 
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annealing of the primers to the separated template strands through heating to 55-60°C (varies 

depending on the primer sets used) and (iii) extension of the primers by DNA polymerase at 

72°C. This reaction requires the addition of the four deoxyribonucleotide triphosphates 

dATP, dTTP, dGTP, dCTP and a thermostable DNA polymerase. 

The first cycle produces two new separate strands of DNA template which can then be a 

target for the primers in the second cycle. The third cycle results in the production of a double 

stranded DNA product incorporated in to which is the target region.  The subsequent cycles 

produce an exponential doubling of the target sequence which becomes the predominant 

reaction product.  

Primers for use in PCR were designed using the Primer3 programme designed by the 

Whitehead Institute of Biochemical Research (http://bioinfo.ut.ee/primer3-0.4.0/). 

Typically a 25µl PCR reaction contains 30-50ng of template DNA, 0.4µM of each primer, 1 

x PCR buffer (Bioline), 1mM MgCl2 (Bioline), 200mM of each dNTP, and 1µl of Taq DNA 

polymerase (Qiagen). PCR reactions were undertaken in a 96 well plate (ABgene). DNA 

samples were aliquoted into the plate and the PCR master mix was then added. The plate was 

sealed with an adhesive PCR film seal (Thermo Scientific) and immediately run on a Tetrad 

PCR machine (MJ Research) using the appropriate programme. The PCR reaction 

programme typically consisted of initial denaturation at 94°C for 5 minutes followed by 35 

cycles of 94°C for 1 minute, 55°C for 1 minute, 72°C for 1 minute with a final extension at 

72°C for 10 minutes. Various parameters such as Mg
2+

 concentration, annealing temperature 

and extension time or the addition of Q solution (Qiagen) were altered depending on which 

conditions suited the selected primer pairs and target DNA size.  

Primer sequence details and required PCR conditions are listed in Appendix 1.  
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Resultant PCR products were analysed by agarose gel electrophoresis with ethidium bromide 

staining.  

2.4.1 Purification of PCR products  

 

PCR products were cleaned up prior to sequencing using ExoSAP-IT® (USB Corporation, 

Cleveland, Ohio), as per manufacturer's instructions. ExoSAP-IT utilises the action of 

recombinant exonuclease I and shrimp alkaline phosphatase (Pandalus borealis) in a buffered 

solution.  

In brief, 5µl of PCR product was mixed with 2µl of ExoSAP-IT in a PCR plate (ABgene) and 

underwent the following programme on a PCR machine: Heating to 37°C for 15 minutes, 

followed by heating to 80°C for 15 minutes. The cleaned up PCR product was then diluted 

with 15µl of H20. 

2.5 Agarose Gel Electrophoresis 

 

Agarose gel electrophoresis is a technique which separates DNA molecules by their size. 

When in solution, DNA molecules carry a negative charge and consequently migrate towards 

the anode of an electrical field. Agarose gel is a 3D matrix which enables DNA to migrate 

according to its size, with larger molecules migrating at a slower rate than smaller ones. 

Ethidium bromide dye staining can be used to visualise DNA. The ethidium bromide 

intercalates between DNA base pairs and fluoresces when exposed to UV light at a 

wavelength of 302nm.  

Agarose gel electrophoresis was performed using 2% agarose. 20g of agarose powder 

(Invitrogen) was dissolved in 1x TBE buffer and boiled. The molten agarose was allowed to 

cool to 60°C and ethidium bromide was added at a final concentration of 0.25µg/ml. Molten 



71 
 

agarose was poured in to a gel casting tray (Bio-rad) with well combs in position and allowed 

to set at room temperature. Following removal of the comb, the gel was placed in a DC 

power pack (Bio-rad PowerPac 300) and covered with 1 x TBE buffer. 10µl of DNA was 

combined with 2µl of 5 x Orange G Loading Dye (Trevigen) and loaded in to a gel well. 10µl 

of 1 kB plus ladder (Invitrogen), prepared as per manufacturer's instructions, was added to 

the first well as a guide for the size of the DNA products being analysed. The gel was then 

run at 120V for 15-20 minutes. After removal from the tank, the DNA was visualised in UV 

light at 302nm in a ChemiDoc White/UV box transilluminator (Bio-Rad), and images were 

taken and saved using Image Lab™ image acquisition and analysis software (Bio-Rad). 

2.6 Fluorescence sequencing of PCR products  
 

DNA sequencing is the process of determining the exact order of nucleotides within a DNA 

molecule, and enables the detection of mutations in DNA target regions amplified by PCR.  

Automated fluorescent sequencing using dye terminators  is an automated method of DNA 

sequencing. This technique depends upon the ability of DNA polymerase to synthesise 

complementary copies of single stranded target DNA which are then labelled with a 

fluorescent dye corresponding to each base at the 3' end of a DNA fragment. Hence DNA 

synthesis is undertaken in the presence of one specific primer for the target sequence, the four 

deoxynucleotides (dNTPs), and a low concentration of their fluorescently labelled 

dideoxynucleotides (ddNTPs) analogues, DNA polymerase enzyme and buffer. The standard 

sequencing reaction involves 34 cycles of heat denaturation, primer annealing and extension. 

Due to the fact that the ddNTPs lack the 3'-hydroxyl group necessary for extension to take 

place, chain termination occurs during the extension phase whenever one of these nucleotides 

is incorporated into the DNA. As ddNTPs are present at a low concentration, chain 

http://en.wikipedia.org/wiki/Nucleotides
http://en.wikipedia.org/wiki/DNA
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termination occurs at each nucleotide along the target DNA sequence. The resultant strands 

therefore have a common 5' end defined by the primers but vary in length depending on their 

base specific 3' ends.  Each truncated fragment contains a fluorescently labelled ddNTP at its 

3’ end (one for each base). These dye-labelled fragments are loaded onto a sequencing 

machine where they undergo capillary electrophoresis which separates them by size based on 

their total charge. This process involves a high voltage charge being applied that forces the 

negatively charged fragments into capillaries where they migrate through a liquid polymer 

and separate.  Shortly before reaching the positive electrode, the fluorescently labelled DNA 

fragments pass through a 'read window' where a laser excites the fluorescent dyes and light is 

emitted at a wavelength specific for each dye. The resulting fluorescence can be detected by a 

charge-coupled device (CCD)  camera and is translated into a chromatogram,  allowing each 

discrete base to be identified in order. 

PCR products selected for DNA sequencing were first purified, to remove unincorporated 

primers and nucleotides using ExoSAP-IT as outlined in section 2.4.1. The resultant purified 

PCR products were then sequenced in forward and reverse orientation using the same primer 

as in the original PCR reaction. Each 20µl reaction contained 8µl of Big Dye Terminator 

Ready Reaction mix (Applied Biosystems), 1µl of primer (forward or reverse), 4µl of the 

diluted purified PCR product and 7µl of sterile H20. Sequencing cycle conditions for the 

Tetrad PCR machine (MJ Research) consisted of an initial denaturation step at 96°C for 5 

minutes followed by 35 cycles of 96°C for 30 seconds, 50°C for 45 seconds, and 60°C for 4 

minutes with a final extension at 72°C for 10 minutes. 20 µl of the resultant sequencing 

product was finally purified from excess dye-labelled ddNTPs using the DyeEx 96 kit 

(Qiagen) by centrifugation for 3 minutes at 3000 rpm. Samples were then concentrated to 

dryness in a SpeedVac.  
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Sequencing analysis was performed using the ABI3730xl sequencing machine (Applied 

Biosystems). The ABI3730xl sequencer is an automated, high-throughput, capillary 

electrophoresis systems used for analysing fluorescently labelled DNA fragments. All 

samples were run on 36cm capillaries containing POP-7 Polymer (Applied Biosystems) and 

BigDye sequencing buffer (10X) with EDTA (Applied Biosystems). Sequences were then 

analysed using the ApE plasmid editor programme. 

(http://biologylabs.utah.edu/jorgensen/wayned/ape/).  

2.7 Reverse transcription PCR (RT-PCR) 

 

RT-PCR is a sensitive method for the detection of mRNA expression levels. It involves two 

steps: (i) reverse transcription reaction where RNA is transcribed to cDNA using a reverse 

transcriptase and (ii) PCR amplification using primers specific for one or more genes. RT-

PCR was achieved as using a one-step reaction. In this approach the entire reaction from 

cDNA synthesis to PCR amplification occurs in a single tube. cDNA was synthesised from 

1μg of extracted RNA using the high capacity cDNA Reverse Transcription Kit (Applied 

Biosystems). In brief 1μg of extracted RNA (made up to 10μl volume with nuclease free H20) 

was added to a master mix containing 2μl of 10x RT buffer, 0.8μl of 25x dNTP mix 

(100mM), 2.0μl 10x RT random primers, 1.0μl of MultiScribe reverse transcriptase, and 

3.2μl of nuclease free H20 in a 96 well plate (ABcam). The plate was then run on a Tetrad 

PCR machine (MJ Research) using the following conditions: 25°C for 10 minutes, 37°C for 

120 minutes, and 85°C for 5 minutes. The resulting cDNA product was then diluted with 

30μl of H20 to make a total volume of 50 μl to be used for sequencing or quantitative real 

time PCR analysis. 
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2.8 Quantitative Real Time-PCR (qRT-PCR)  

 

qRT-PCR is a technique that is used to quantitatively determine gene expression levels by 

analysing  the amount of cDNA in a sample in real time using fluorescent DNA probes. 

SYBR green and Taqman probes were used. 

SYBR Green: SYBR Green binds to the double-stranded DNA of the PCR product and emits 

light upon excitation. The intensity of the fluorescence increases as the PCR products 

accumulate. This technique negates the need to design probes given the lack of specificity of 

its binding. However, since the dye does not discriminate between dsDNA from the PCR 

product and dsDNA from the primer-dimers, overestimation of the target concentration can 

occur. 

 TaqMan Probes: TaqMan probes are oligonucleotides that have a fluorescent probe 

attached to the 5' end and a quencher at the 3' end. Generation of fluorescence depends on 

Förster Resonance Energy Transfer (FRET) coupling of the dye molecule and the quencher 

moiety to the oligonucleotide substrates. During PCR amplification, the probes hybridise to 

the target sequences and as polymerase replicates the template with TaqMan bound, it also 

cleaves the fluorescent probe. This results in an increase of intensity of fluorescence 

proportional to the number of the probe cleavage cycles and provides an accurate assessment 

of target sequence concentration.  

Absolute quantification qRT-PCR was performed using the ABI 7900HT cycler (Applied 

Biosystems) for each sample (in triplicate for Syber green and duplicate for Taqman probe 

reactions), and with blank and control samples. For reactions using SYBR green, all 

quantitative PCR mixtures contained 1µl of retrotranscribed RNA, 25µl of SYBR Green PCR 

Master Mix (Applied Biosystems), and appropriate volumes of target specific primers. For 

http://en.wikipedia.org/wiki/SYBR_Green
http://en.wikipedia.org/wiki/TaqMan
http://en.wikipedia.org/wiki/F%C3%B6rster_resonance_energy_transfer
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reactions using TaqMan probes, all quantitative PCR mixtures contained 2µl of 

retrotranscribed RNA, 5µl of 1x Taqman Universal master mix (Applied Biosystems), 2µl of 

H20, and 1µl of the probe of interest. Reaction mixtures were loaded onto a 96 well plate 

(Applied Biosystems) which were then centrifuged for 1 minute at 1000 rpm. The expression 

of each target gene was evaluated using a standard relative quantification approach -2
CT 

approach, with GAPDH or actin serving as an endogenous control. 

2.9 Immunohistochemistry 

 

1. Slide preparation 

4µm sections of formalin-fixed, paraffin-embedded tissue (FFPE) sections were used. Human 

GBM tissue slides were already available from archival tissue. Slides made from mouse 

tissue were made from freshly cut paraffin blocks and were placed onto glass slides. Slides 

were de-waxed in xylene for 5 minutes and then rehydrated through graded alcohols to H20 

through incubation as follows: 100% ethanol for 5 minutes, 90% ethanol for 5 minutes, 70% 

ethanol for 5 minutes, H2O for 2 minutes. Endogenous peroxidase was blocked by incubating 

slides in 1.6% H2O2 (376ml methanol, 24ml peroxidase) for 20 minutes, before being rinsed 

with H2O.  

2. Antigen retrieval and applying primary antibody 

For antigen retrieval, sections were pressure cooked in 10 mmol/L citrate buffer (pH6.0) at 

full pressure for 5 minutes. Slides were allowed to cool in the citrate buffer for 20 minutes 

and then rinsed in PBS. A PAP pen (Sigma-Aldrich) was used to draw around each section. 

Sections were then incubated in 100ul of 10% serum for 30 minutes to block non-specific 

binding, and serum was then carefully blotted off. Slides were then incubated with 

appropriate primary polyclonal antibody (antibodies summarised in Table 2-1), diluted to 
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appropriate concentration with PBS, for 1 hour. Positive and negative controls were included 

in each run. 

3. Application of secondary antibody and counterstaining 

Slides were rinsed in PBS for 5 minutes. Appropriate secondary antibody (5ul secondary 

antibody, 15ul serum, 980ul PBS was then applied for one hour at room temperature. Slides 

were the washed in PBS. Sections were then incubated in streptavidin-peroxidase conjugate 

(ABC solution-Vector labs) (1 drop solution A, 1 drop solution B, 2.5mls PBS for 30 

minutes. 3,3'-diaminobenzidinetetrahydrochloride (DAB) solution (Sigma) was made by 

dissolving 1 silver and 1 gold tablet in 5ml H2O, and peroxidase activity was demonstrated by 

incubating slides in DAB solution for 2–5 minutes. Development of the colour reaction was 

monitored microscopically. Slides were then washed with distilled H2O and counterstained 

with haematoxylin for 30 seconds, before being washed under tap H2O for 5 minutes. Finally 

slides were dehydrated through a series of 1 minute ethanol washes of 70%, 90% and 100%, 

then xylene, before being mounted using Pertex mountant (CellPath) cleared. Images were 

taken at various magnifications. 

Table 2-1: Primary antibodies used for immunohistochemistry 

Primary Antibody Dilution used 

D2HGDH (rabbit) (ProteinTech Group, 

Chicago, IL) 

1:50 

L2HGDH (rabbit) (ProteinTech Group, 

Chicago, IL) 

1:100 

Nestin (rabbit) (Novus Biologicals, Littleton, 

CO) 

1:400 

Phospho-Histone H3 (pSer
10

) (rabbit) 

(Sigmal-Aldrich, UK) 

1:800 

Active Caspase-3 (rabbit) (Abcam, UK) 1:400 
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2.10 Protein 

2.10.1  Total protein extraction from cells 

 

Total protein extraction was performed using SDS containing tissue lysis buffer. Tissue 

culture media was aspirated off, and cells were washed twice with PBS. Typically 200ul SDS 

containing tissue lysis buffer was then added, and cells were detached using a Corning cell 

scraper (Sigma-Aldrich), transferred to an eppendorf and incubated in SDS at 95°C for 5 

minutes. Extracts were then homogenised by ultrasound using an acoustic transducer, and 

centrifuged at 14,000 rpm for 10 minutes. The protein containing supernatant was removed 

and protein concentration was established using Pierce BCA Protein Assay Kit (Thermo 

Scientific). 

2.10.2  Nuclear and cytosolic protein extraction from cells 

 

3,000,000 cells were plated out for each cell line of interest onto a 10cm tissue culture plate 

in DMEM tissue culture media. Controls were plated out in duplicate and 300uM cobalt 

chloride (CoCl2) was added. Cells were then incubated overnight at 37ºC in the tissue culture 

incubator. After 24 hours incubation, nuclear and cytosolic protein was extracted from cells. 

Cytosolic protein extraction was carried out using buffer A. 10ml of 10x buffer A stock 

solution was made up of the following: 2ml hydroxyethyl piperazineethanesulfonic acid 

(Hepes) pH 7.9 (100mM), 2ml potassium chloride (KCl) (100mM), 2ml EDTA (100mM), 

4ml H20. 5ml of 1x buffer A solution was then made by diluting 500ul of 10x buffer A stock 

solution in 4500ul of H20 and then 5ul Dithiothreitol (1mM) (DTT), 50ul phenylmethyl 

sulfonyl fluoride (100x) (PMSF), 250ul nonyl phenoxypolyethoxylethanol-40 (NP40) (10%), 

a cOmplete Mini Protease Inhibitor Tablet (Roche) and a PhosSTOP phosphatase inhibitor 

tablet (Roche) were added.  
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Nuclear protein extraction was carried out using buffer B. 5ml of 1x buffer B stock solution 

was made up of the following: 1ml Hepes Ph 7.9 (20mM), 400ul NaCl (400mM), 10ul EDTA 

(1mM), 500ul (10%) glycerol, 3.9ml H20 and then 5ul (1mM) DTT, 50ul (100x) PMSF, half 

a cOmplete Mini Protease Inhibitor Tablet (Roche) and half a PhosSTOP phosphatase 

inhibitor tablet (Roche) were added. Buffers A and B were kept in ice. 

Tissue culture plates were kept on ice. Media was aspirated from each plate and cells were 

washed twice with cold PBS. 250ul of 1x Buffer A was added to each plate. Cells were 

detached using a Corning cell scraper (Sigma-Aldrich). The lysate was transferred to an 

eppendorf and centrifuged at 4ºC for 3 minutes are 13000 rpm. The supernatant, containing 

cytosolic protein, was collected and transferred to a new eppendorf and stored in ice. The 

remaining pellet was resuspended in 50ul of x1 Buffer B, vortexed for 10 seconds, mixed on 

a mixing wheel for 2 hours at 4 ºC, and then centrifuged at 4 ºC for 5 minutes at 13000 rpm. 

The supernatant, containing nuclear protein was removed and transferred to a new eppendorf 

and stored on ice. Protein concentration was established using Pierce BCA Protein Assay Kit 

(Thermo Scientific). 

2.10.3  Protein extraction from mouse tissue 

 

Total protein extraction from mouse tissue was performed using urea tissue lysis buffer, made 

up of 7M urea, 10% glycerol, 10mM Tris-HCl (pH 6.8), 1% SDS, 5mM DTT, and a 

cOmplete Mini Protease Inhibitor Tablet (Roche).  200ul of buffer was added to tissue which 

was then homogenised through a 21 gauge needle. This homogenate was then sonicated for 

10 seconds x3, and then mixed by rotation for 30 minutes at 4°C, before being centrifuged at 

13000 rpm for 15 minutes at 4°C. The supernatant was removed and protein concentration 

was established using Pierce BCA Protein Assay Kit (Thermo Scientific).  
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2.10.4  Western Blot 

 

Western blot was performed with the NuPAGE Gel system (Invitrogen) according to 

manufacturer's protocol. In brief, denatured lysates were loaded onto a gel to run at 150V for 

2 hours. The gels were then transferred onto an Immobilon-P PVDF transfer membrane 

(Millipore) in a semi-dry tank (150mA for 2 hours), and the membrane was blocked by 

incubating for 1 hour at room temperature in 10% bovine serum albumin (BSA) or 10% milk. 

The membranes were then incubated overnight in the appropriate primary antibody in 5% 

BSA, or 5% milk (antibodies summarised in Table 2-2). After washing, the membranes were 

incubated in the appropriate peroxidase-conjugated secondary antibody and the anti-Vinculin 

antibody or anti-actin antibody (as a loading control) for 1 hour at room temperature. After 

further washes, the blots were incubated in ECL reagents (GE healthcare) and bound 

antibodies were detected using enhanced chemiluminescence with developing 

chemiluminescence film (GE Healthcare) with a developer.  
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Table 2-2: Primary antibodies used for western blots 

Antibody Dilution 

IDH1 (rabbit)(Cell signaling technology, Boston, MA) 1:800 

IDH2 (rabbit)(Protein Tech Group,Chicago,IL) 1:800 

IDH3 (rabbit)(Abcam,Cambridge, MA)  1:500 

D2HGDH (rabbit)(Protein Tech Group,Chicago,IL) 1:800 

D2HGDH (rabbit)(Abcam, Cambridge, MA) 1:1000 

Nestin (rabbit)(Novus Biologicals,Littleton, CO) 1:1000 

HIF1 α (rabbit)(Cayman Chemical Company,Ann 

Arbor,MI) 

1:1000 

H3K9 (rabbit) (Abcam,Cambridge, MA) 1:1000 

Total H3 (rabbit)(Abcam,Cambridge, MA) 1:2000 

H3K4me3 (rabbit)(Abcam,Cambridge, MA) 1:1000 

H3K9me2 (rabbit)(Sigmal-Aldrich, UK) 1:1000 

PHD2 (rabbit)(Novus Biologicals,Littleton, CO) 1:2000 

Actin (mouse)(Santa Cruz Biotechnology,Dallas,TX) 1:1000 

Vinculin (mouse)(Sigmal-Aldrich, UK) 1:1000 

Lamin (mouse)(Sigmal-Aldrich, UK) 1:1000 

 

2.11 Cell Culture 

2.11.1  Cell culture conditions 

 

LN18 cells were cultured in Dulbecco's Modified Eagle Medium (DMEM) (Gibco) with 

4.5mg glucose, 1% penicillin/streptomycin (PS), and 5% fetal bovine serum (FBS). 

U87MG cells were cultured in DMEM with 4.5mg glucose, 1% PS, 10% FBS and 1% non-

essential amino acid (NEAA) cell culture supplement.  

293T cells were cultured in Iscove's Modified Dulbecco's Medium (IMDM) (Gibco), with 1% 

PS and 10% FBS. 

ES cells were cultured in iSTEM embryonic stem cell culture media (StemCells). 
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2.11.2  Freezing down and resuspending cells to replace stocks 

 

To ensure permanent cell line resource aliquots of growing cells in culture were frozen down 

at an early passage and stored in liquid nitrogen. Media was removed and cells were washed 

twice with 5 ml of sterile PBS. 1ml of trypsin was used to detach the cells which were then 

removed and put into a falcon tube under sterile conditions and centrifuged at 2000 rpm for 5 

minutes. The supernatant was removed and the pellet was re-suspended in 1ml of freeze mix 

(20% FBS/10% Dimethyl sulfoxide [DMSO]) and transferred to a cryotube (Corning) for 

long term storage. Tubes were stored at -80°C overnight and then in liquid nitrogen. 

2.11.3  Generation of knockdown cell lines with shRNA  

 

2.11.3.1 Cell lines 

 

LN18 cells were purchased from the American Type Culture Collection (Manassas, VA) and 

grown as suggested by the provider. 

 

2.11.3.2 Transduction with lentiviral vectors 

 

IDH1, IDH2, IDH3 D2HGDH and L2HGDH gene knockdown was carried out using RNA 

interference with shRNA. Human shRNA target gene sets cloned in pLKO.1 lentiviral 

vectors were obtained for IDH1, IDH2, IDH3A, and D2HGDH from Open Biosystems, and 

for L2HGDH from Sigma Life Sciences. 

shRNA clone IDs were as follows: IDH1- TRCN0000027284, TRCN0000027253, 

TRCN0000027249, TRCN0000027289, TRCN0000027298; IDH2- TRCN0000027307, 

TRCN0000027245, TRCN0000027296, TRCN0000027225, TRCN0000027262; IDH3A- 

TRCN0000027283, TRCN0000027270, TRCN0000027310, TRCN0000027252; D2HGDH- 

TRCN0000064034, TRCN0000064035, TRCN0000064036, TRCN0000064037, 
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TRCN0000064033; L2HGDH- TRCN0000064323,    TRCN0000064324,    

TRCN0000064325. 

The most efficient shRNA sequence was established for each gene by transient transfection 

of LN18 cells with the different shRNA clones using lipofectamine (Invitrogen). Protein and 

RNA were extracted from LN18 cells at 48 and 72 hours after the transfection. The knock 

down efficiency was then verified using western blot and quantitative real-time polymerase 

chain reaction (qRT-PCR). The most efficient shRNA clones were selected for lentiviral 

preparation.  

The shRNA clones selected to be used for lentiviral preparation were the following: 

TRCN0000027289, TRCN0000027298 for IDH1; TRCN0000027296, TRCN0000027225 for 

IDH2; TRCN0000027310 for IDH3A; TRCN0000064037 for D2HGDH; TRCN0000064323 

and TRCN0000064325 for L2HGDH. As a control, cells were also transduced with a 

scrambled shRNA sequence cloned in the pLKO.1 lentiviral vector. 

Lentiviral Vector stocks were produced by transient transfection of 293T cells. Serial 

dilutions of freshly harvested conditioned medium were used to infect 4 x 10
5
 cells in a six-

well plate in the presence of Polybrene (8 μg/ml). The viral p24 antigen concentration was 

measured by HIV-1 p24 Core profile ELISA (NEN Life Science Products) to determine the 

amount of infective particles before transduction, and to demonstrate that transduced cells did 

not produce viral particles after transduction. 

2.11.4  Generation of IDH1 and IDH2 knockdown cells with siRNA 

 

siRNA directed against IDH1 and IDH2 were obtained from Santa Cruz Biotechnology. 2 x 

10
5
 U87MG cells were plated in each well of a 6-well tissue culture plate in a total of 2ml of 
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antibiotic-free tissue culture media. Cells were incubated at 37°C in an incubator until they 

reached 80% confluence. The following solutions were then prepared: 

(1) Solution A: For each transfection, 4µl of siRNA duplex solution was diluted into 100µl of 

siRNA Transfection Medium (Santa Cruz Biotechnology). 

(2) Solution B: For each transfection, 4µl of siRNA Transfection Reagent (Santa Cruz 

Biotechnology) was diluted into 100µl siRNA Transfection Medium (Santa Cruz 

Biotechnology). 

The siRNA duplex solution (Solution A) was then added directly to the dilute Transfection 

Reagent (Solution B) using a pipette and the solution was mixed gently by pipetting up and 

down. The mixture was then incubated for 45 minutes at room temperature. The cells were 

then washed once with 2ml of siRNA Transfection Medium, which was then aspirated off. 

For each transfection, 0.8ml of siRNA Transfection Medium was then added to each tube 

containing the siRNA Transfection Reagent mixture (Solution A + Solution B) to make a 

volume of 1.008ml in total. This transfection mixture was mixed gently and then pipetted 

onto the washed cells. Cells were incubated in transfection mixture for 7 hours at 37° C in an 

incubator. 1ml of normal growth medium containing 2 times the normal serum and antibiotics 

concentration (2x normal growth medium) was then added without removing the transfection 

mixture, and cells were incubated for an additional 24 hours. The medium was then aspirated 

and replaced with fresh 1x normal growth medium. mRNA and protein were extracted and 

the degree of gene knockdown was assessed 48 hours after the addition of fresh growth 

media. 
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2.11.5  Generation of IDH1/2 mutant cell LN18 cells 

 

The exogenous expression of either IDH1 or IDH2, and the corresponding mutant versions 

IDH1 R132H/R132C and IDH2 R172K/R172M was obtained by means of lentiviral 

transduction. Firstly wild-type IDH1 or IDH2 cDNA was amplified by PCR, using the 

following primers, which allowed the inclusion in the PCR amplicon of the ClaI and NheI 

enzyme restriction sites and the FLAG-tag sequence:  

IDH1 FW: ctatatatcgatagtctgcaagactgggagga 

IDH1 RV: ctatatgctagcttaCTTATCGTCGTCATCCTTGTAATCaagtttggcctgagctagtttg 

IDH2 FW: ctatatatcgatCTCGTTCGCTCTCCAGCTT 

IDH2RV: ctatatgctagcttaCTTATCGTCGTCATCCTTGTAATCCTGCCTGCCCAGGGCTCTGTC  

 

Subsequently, the cDNA that was obtained was cloned as a ClaI-NheI fragment into the 

transfer vector #710.pCCL.sin36.PPT.Wpre.CMVtTA-s2.tet.gb, a TET-OFF system 

developed by Elisa Vigna (Vigna E 2005). Subsequently, IDH1 R132H/R132C and IDH2 

R172K/R172M cDNA was obtained using a PCR-based technique described by Bardelli et 

al. (Bardelli A 1998), and cloned in the #710.pCCL.sin36.PPT.Wpre.CMVtTA-s2.tet.gb 

transfer vector by substituting the wild type IDH1 or IDH2 cassettes, for the ClaI-BmgBI 

fragment for IDH1 and ClaI-NheI fragment for IDH2, respectively. The PCR primer set used 

to introduce the mutations into the IDH1 and IDH2 cDNA are listed below: 

IDH1_R132H_a_fw: CGACGGTATCGGTTATCCAG  

IDH1_R132H_b_fw: CTATCATCATAGGTcatCATGCTTAT 

IDH1_R132H_b_rv: ATAAGCATGatgACCTATGATGATAG 

IDH1_R132C_b_fw: CTATCATCATAGGTtgtCATGCTTAT 

IDH1_R132C_b_rv: ATAAGCATGacaACCTATGATGATAG 

IDH1_R132H_c_rv: TGGACGTCTCCTGTCCTTTC 

IDH2_R172K_a_fw: CGACGGTATCGGTTATCCAG 

IDH2_R172H_b_fw: AAGCCCATCACCATTGGCaagCACG  

IDH2_R172H_b_rv: CGTCcttGCCAATGGTGATGGGCTT  
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IDH2_R172M_b_fw: AAGCCCATCACCATTGGCatgCACG 

IDH2_R172M_b_rv: CGTGcatGCCAATGGTGATGGGCTT 

IDH2_R172H_c_rv: TAAATCGATTGGCGCCTCCCCCTA 

  

Vector stocks were produced by transient transfection of 293T cells. Serial dilutions of 

freshly harvested conditioned medium were used to infect 10
5 

cells in a six-well plate, in the 

presence of Polybrene (8g/ml). The viral p24 antigen concentration was measured by an HIV-

1 p24 core profile enzyme-linked immunosorbent assay (ELISA; NEN Life Science 

Products) to determine the number of infective particles before transduction and to 

demonstrate that transduced cells did not produce viral particles after transduction. 

 

2.11.6  Generation of conditional Idh1 R132H and Idh2 R172K mutant ES 

cells 

Conditional Idh1 R132H and Idh2 R172K mutant transgenic murine ES cells were obtained 

from Caliper (Hopkinton, Ma) and cultured as outlined in Methods 2.11.1. Mutant gene 

expression was induced, by homologous recombination, using electroporation with a pCre-

puromycin N-acetyltransferase (Pac) plasmid. ES cells were cultured in a 25cm tissue culture 

flask until they reached 70% confluence. Media was changed 3 hours prior to electroporation. 

Cells were trypsinised with 3ml of trypsin, and resuspended in 10ml of iSTEM media. A 

200µl aliquot was removed and a manual cell count was made. The remaining cell suspension 

was centrifuged for 7 minutes at 1000 rpm. Cells were then resuspended in sterile PBS to a 

density of 7 x 10
6
 cells per 0.7ml of PBS. 0.7ml of this cell suspension was transferred to an 

electroporation cuvette. 40ug of the pCre-Pac plasmid was added to 100ul of sterile PBS and 

added to the electroporation cuvette containing the cell suspension, and mixed well by 

pipetting. The mixture was incubated on ice for 10 minutes. Electroporation was then carried 

out using a Biorad GenePulser set at 230V, 500 µF, and with a time constant of 6.0. The 

cuvette was then incubated on ice for 2 minutes and then transferred to a 15ml Falcon tube. 
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9.2ml of iSTEM media was added to make a total volume of 10ml. 50ul and 25ul of this 

mixture was then plated onto a 10cm tissue culture plate containing 10ml of iSTEM media 

each (to make a dilution of 1:200 and 1:400 respectively).  After 6 hours, puromycin 

selection was started by adding puromycin (1ug/ml concentration) to each plate and 

continued for 48 hours. After 48 hours cells were grown in iSTEM media alone for a further 

6 days prior to picking colonies. 

Two 96-well plates were prepared with 50ul of feeder layer per well, for each electroporated 

sample, and each plate was incubated in an incubator. 30ul of trypsin was added to each well 

of a separate round bottom 96-well plate. Each 10cm tissue culture plate containing the 

electroporated ES cells was washed twice with 5ml of PBS. Cells were then overlayed with 

5ml of PBS prior to picking colonies. Using a microscope, colonies were picked from each 

plate using a P-20 pipette set to a 10µl volume. Each colony was transferred to each well of 

the pre-prepared round bottom 96-well plate containing trysin (one colony per well). The 

presence of cells in each well was then confirmed under the microscope. The round bottom 

96-well plate was then incubated in a CO2 incubator for 3 minutes. Trypsin was inactivated 

by adding 150ul of iSTEM media to each well and mixing by pipetting with a multichannel 

pipette. The whole cell suspension was then transferred to the pre-prepared 96-well plate 

containing the feeder layer (total end volume of 230ul per well), and plates were incubated in 

the tissue culture incubator. The media was changed after 24 hours (200ul of media was used 

per well thereafter). 

2.11.7  Assessment of cellular proliferation rate 

 

100,000 cells were plated in duplicate in a 6 well plate for assessment of proliferation at 0, 

24, 48, 72, and 96 hours. Cells were cultured in DMEM containing 5% FBS and 1% 

penicillin/streptomycin. On day 1, 2, 3, 4 and 5 the media was removed and the cells were 
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washed with sterile PBS. Cells were detached using trypsin and washed with DMEM. The 

media, PBS, and trypsin containing the detached cells were collected in a 15ml tube and 

centrifuged at 1000 rpm for 5 minutes. Cells were re-suspended in 500ul of media (1ml of 

media at 72 and 96 hours). 50ul of this suspension was added to 50ul of trypsin blue in an 

eppendorf tube, to allow for discrimination between viable and non viable cells. 9ul of this 

mix was placed in a cell counting slide and cells were counted using an automated cell 

counter. The number of viable cells were captured at 0, 24, 48, 96 and 72 hours for IDH1, 

IDH2, D2HGDH knockdown cells and LN18 wild-type cells. Cells transduced with 

scrambled shRNA were used as a control.  

2.12 Assessment of NADP
+
/NADPH 

 

Total intracellular NADPH concentration and NADP
+
:NADPH ratios were established using 

a NADP
+
/NADPH Quantification Kit (BioVision). This kit allows an enzyme cycling 

reaction to take place, whereby NADP is converted to NADPH. Two samples are processed, 

one containing both NADPH and NADP i.e. total NADP (NADPt) and one containing only 

NADPH (as the NADP has been decomposed). By comparing the amount of NADPH in the 

NADPt sample to the NADPH only sample, the amount of NADP in the sample can be 

established, as can the NADP:NADPH ratio. 

NADP Cycling Enzyme Mix, NADP Cycling Buffer, NADPH developer and NADPH 

standard were reconstituted as per manufacturer's instruction.  

Cell samples were prepared as follows: 

24 hours prior to the assay, 1 x 10
5
 cells were plated in a tissue culture dish with DMEM, and 

left in the tissue culture incubator overnight. The following day, cells were detached from 

tissue culture dishes using trypsin, washed with cold PBS, and placed in an eppendorf, before 
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being centrifuged at 2000 rpm for 5 minutes to form a pellet. NADP/NADPH was then 

extracted from cells by adding 200µl of NADP/NADPH Extraction Buffer to the pellet, and 

homogenising using a mechanical homogeniser. The extract was mixed by vortexing for 10 

seconds, and then centrifuged at 14000 rpm for 5 min. The supernatant containing the 

extracted NADP/NADPH solution was then transferred to a new labelled eppendorf tube.  

Tissue samples were prepared as follows 

20mg of tissue was washed with cold PBS, and homogenised with 400µl of NADP/NADPH 

Extraction Buffer in an eppendorf. Samples were then centrifuged at 14000 rpm for 5 min. 

and the supernatant containing the extracted NADP/NADPH solution was transferred to  a 

new eppendorf.  

The NADP/NADPH assay was then performed as follows: 

The standard curve mixes were generated by diluting 10µl of the 1nmol/µl NADPH standard 

with 990µl NADP/NADPH extraction buffer to generate 10pmol/µl standard NADPH. 0, 2, 

4, 6, 8 and 10µl of the diluted NADPH standard was added to a labelled 96-well PCR plate to 

generate 0, 20, 40, 60, 80 and 100 pmol/well standards, and the final volume was made up to 

50µl with NADP/NADPH extraction buffer. 

In order to detect total NADP/NADPH, 50µl of extracted samples (from cell or tissues) were 

transferred into the labelled 96-well plate in duplicate.  

In order to detect NADPH only, NADP was decomposed from the extract by heating the 

extract at 60°C for 30 minutes on a heat block , and then cooling them on ice. 50µl of this 

heated/cooled extract was then transferred to the labelled 96-well plate in duplicate.  

100µl of NADP Cycling mix (comprising of 98µl of NADP Cycling Buffer Mix and 2µl of 

NADP Cycling Enzyme Mix) was added to each well of the 96-well plate containing the 
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standard curve, total NADP/NADPH, and NADPH mixes outlined above. The plate was 

incubated at room temperature to allow the conversion of NADP to NADPH in the samples. 

10µl of NADPH developer was added to each well, and the reaction was left to develop at 

room temperature for 1 hour. The plate was then read on a plate reader OD450nm.  

Values for NADP and NADPH concentration were then calculated by applying each samples 

OD450nm reading to the standard curve. NADP/NADPH ratio was calculated using the 

formula (NADPt - NADPH)÷NADPH.  

2.13 Assessment of ROS  

 

ROS assays were undertaken using the fluorogenic dye MitoSOX™ Red reagent (Molecular 

Probes, Invitron Detection Technologies) which functions as a mitochondrial superoxide 

indicator and detects ROS in the mitochondria of live cells. MitoSOX™ permeates into live 

cells and is selectively targeted to the mitochondria. Once in the mitochondria, MitoSOX™ is 

oxidized by superoxide and exhibits red fluorescence. MitoSOX™ Red is readily oxidized by 

superoxide but not by other ROS, and oxidation of the probe is prevented by superoxide 

dismutase. The oxidation product becomes highly fluorescent upon binding to nucleic acids. 

Typically 300,000 cells were plated out with DMEM culture media for each cell line of 

interest in triplicate in a 6 well plate, and incubated overnight in the tissue culture incubator 

in order to reach a confluence of 50-60%. The following day appropriate cells were incubated 

with hydrogen peroxide (H202) at a concentration of either 1mM or 2.5mM for 1 hour. Cells 

in the third well were not treated with H202. The MitoSOX Red superoxide indictor was then 

prepared shielded from light. 100ug of MitoSOX was dissolved in 26ul of DMSO to make a 

5mM stock solution. This was then diluted in 2.6ml of DMEM culture media in order to 

obtain a working solution of 5uM. This 5uM working solution was then further diluted in 



90 
 

450ul of DMEM to obtain a 0.5uM MitoSOX solution. After 1 hour of incubation with H202 

the media was removed from both H202 treated and untreated cells, and 500ul of the 0.5uM  

MitoSOX solution was added to each well, and incubated for 20 minutes at 37ºC in the tissue 

culture incubator protected from light. Cells were then washed twice with 5ml of sterile PBS 

and detached using 1ml of trypsin and removed in to a falcon tube under sterile conditions 

and centrifuged at 2000 rpm for 5 minutes. The supernatant was removed and the pellet re-

suspended in 500ul of sterile PBS and transferred to a flow cytometry tube. Fluorescence was 

measured using a DakoCytomation (Beckman Coulter) MoFlo flow cytometer, using an 

absorption wavelength of 510/580 nm. An appropriate sample, not treated with MitoSOX was 

used to assess normal cell morphology prior to measurement of fluorescence and the 

appropriate window used to ensure accurate assessments were made. Flow cytometeric data 

was then analysed using Summit V.4.3 software (Dako). 

2.14 UPLC-MS 

2.14.1  Cell extraction protocol for UPLC-MS 

 

Cells were plated in a 10cm tissue culture dish and grown until 100% confluent. 80% 

methanol (MeOH) was prepared freshly and cooled on ice. Cell media was aspirated off (but 

not washed to avoid metabolite loss) and was extracted directly with 80% MeOH as follows:   

1 ml of 80% MeOH was dispersed over the cells in the tissue culture dish. The cells were 

then scraped in the solution and transferred into an eppendorf, and mixed by vortexing for 30 

seconds. Samples were then centrifuged at 14,800 rpm for 5 minutes at 4°C. The supernatant 

was transferred into a clean eppendorf tube and centrifugation repeated at 14,800 rpm for 5 

minutes at 4°C. The supernatant was then transferred into a screw-cap total recovery vial 

(Waters) and transported on dry ice to The Chemistry Research Laboratory, Oxford where it 

was subjected to UPLC-MS analysis by Dr James Mccullagh and Khalid Al-Qahtani. 
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2.14.2  Tissue extraction protocol for UPLC-MS 

 

Frozen mouse brain tissue samples were pulverised mechanically using a hammer and pestle. 

The samples were then weighed, and a 6-fold volume of ice-cold 80% MeOH was added to 

each sample.  Each sample was then homogenised using an electric homogeniser. The 

homogenate was transferred to a pre-chilled eppendorf and centrifuged at 14,800 rpm for 10 

minutes at 4 °C. The supernatant was then transferred to a fresh pre-chilled eppendorf and the 

centrifugation step repeated. The supernatant was transferred to a fresh eppendorf and was 

then concentrated to dryness in a SpeedVac before being transported on dry ice to The 

Chemistry Research Laboratory, Oxford, where it was subjected to UPLC-MS analysis by Dr 

James Mccullagh and Khalid Al-Qahtani. 

2.14.3  UPLC-MS protocol 

 

UPLC-MS analysis was performed by Dr James Mccullagh and Khalid Al-Qahtani at The 

Chemistry Research Laboratory, Oxford to study changes in TCA cycle intermediates and 

their associated metabolite concentrations. This method used a hybrid stationary phase with 

ACE C18-pentafluorophenyl (PFP) column (2.1 x 250mm) gradient. This provides a unique 

retention based on hydrophobic and hydrophilic interactions between the stationary phase and 

the analyte. Under the optimised chromatographic conditions, the two isomers were well 

separated with isocitrate eluting at ca. 10.20 min followed by the isomer citrate at ca. 9.35 

min. Chromatographic separation was performed at 45ºC. The method was linear for TCA 

intermediates in the range of  1 – 1000μM with a correlation coefficient r2 >0.998.  

Typically, a sample injection volume of 5µl was used with partial loop (loop size 20 µl) using 

needle overfill mode (PLNO). A cone voltage of 60V and a capillary voltage of 3.0kV were 



92 
 

used in negative ionization mode. The dissolving temperature was set to 190°C and the 

source temperature to 120°C.  

Solutions were prepared in deionised H20 purified using a Millipore Milli-Q system with a 

0.22µm filter on the outlet. TCA cycle intermediates from Sigma-Aldrich (St. Louis, MO, 

USA) were used for calibration. Stock solutions of TCA cycle intermediates were prepared at 

200mM concentration, stored at -20°C, and for calibration further diluted to the appropriate 

concentrations. 

Once thawed, calibrator solutions were used immediately (freeze-thaw cycles were avoided). 

To 20 µl of calibrator solution in a (1.5mL total recovery auto sampler vials (Waters)), 20 µl 

of Mobile phase solution were added and mixed by vortex. The solutions with final 

concentrations as listed below were used to make a calibration curve (5μl injection volume) 

(Table 2-3). 

Table 2-3: Concentrations of TCA intermediates calibrators for LC-MS analysis after addition 

of mobile phase solution 

 

Calibrator ID Concentration [µM] 

TCA-7 1000  

TCA-6 500  

TCA-5 100  

TCA-4 50  

TCA-3 10 

TCA-2 5  

TCA-1 1 
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Chromatographic data were collected with Waters MassLynx v4.1 software and analysed by 

Microsoft Excel. Quantification was achieved for each analyte using linear regression 

analysis of the peak area (Manually integrated from the beginning to the end of the peak) 

(Figure 2-1).  

Figure 2-1: Calibration curve of some TCA intermediates concentration vs. the peak area. 

 

 

2.15 Assessment of 5hmc and 5mC 

 

The levels of 5hmC in most cell lines is very low (Xu W 2011), and consequently it was not 

possible to measure 5hmC and 5mC levels in LN18 cells as the levels of these DNA bases 

were not high enough for the sensitivity of the methods used, and therefore could not be 

detected. 5hmC levels were however  measured in Idh1 R132H and Idh2 R172K mutant 
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murine ES cells and in the brains of Idh1 R132H KI mice and the brains of D2HGDH KO 

mice.  

Levels of 5hmC and 5mC were obtained from hydrolysed DNA using high performance 

liquid chromatography (HPLC) by Skirmantas Kriaucionis and Pijus Brazauskas at The 

Ludwig Institute for Cancer Research (LICR), Oxford, using a protocol taken from Quinlivan 

EP et al. (Quinlivan EP 2008). 

DNA was extracted from ES cells as outlined in Methods 2.1.2, and from animal tissue as 

outlined in Methods 2.1.4. Purified DNA (10ug or less) was then incubated with 200U of 

RNase A/T1 Mix (Thermo Scientific) in 1x NEBuffer2 at 37
ᵒ
C for 2 hours. The DNA was 

extracted using Phenol:Chloroform:Isoamyl Alcohol 25:24:1 (Sigma) followed by ethanol 

precipitation according to manufacturer’s instructions. In order to quantify the amount of 

modified bases in the DNA, DNA was then hydrolyzed to single nucleosides. This was 

achieved using the following mixture of enzymes: 1000 U/mL of Benzonase (Sigma) and 600 

mU/ml Phosphodiesterase I (Sigma) to cleave phosphodiester bonds; 80 U/ml of Alkaline 

Phosphatase (Sigma) to remove residual phosphate groups from nucleotides; 36 μg/ml EHNA 

hydrochloride (adenosine deaminase inhibitor) to avoid unwanted deamination of the bases; 

and finally 2.7mM of deferoxamine, a potent iron chelating agent. Digestion was performed 

in DNA hydrolysis buffer (100mM NaCl, 20 mM MgCl2, 20 mM Tris pH7.9) overnight at 

37C. Enzymes were then removed by centrifugation of the mixture through an Amicon ultra-

0.5 (3kDa) column. The flow through was lyophilised and resuspended in 50uL of Buffer A 

(100mM Amonium acetate pH6) and 40uL was injected into an Agilent 1290 infinity series 

HPLC system. The flow rate was 0.400mL/min and nucleosides were resolved using an 

Eclipse Plus C18, 2.1x150mm, 1.8µm column (Agilent) at 40ᵒC. Nucleosides were eluted 

using 1.8% to 30% linear gradient of 40% Acetonitrile. Acquired data was analysed using 

Agilent 1290 infinity series software.  
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2.16 Mouse Husbandry 

 

Animals were bred in the animal unit at The Wellcome Trust Centre for Human Genetics, 

Oxford. Experiments were conducted in full accordance with the United Kingdom Animal 

Procedures Act 1986. All animals were sacrificed under schedule 1 regulations. Any sick 

animal was reviewed by the resident vet and either treated for its condition or sacrificed and 

post mortem examination undertaken. 

The idh1 R132H KI mice were commercially developed by, and bought from Caliper 

(Hopkinton, Ma). 

The D2HGDH knockout mice were a gift from Dr. Patrick Pollard (Cancer Biology and 

Metabolism Group, Edinburgh Cancer Research UK Centre, Edinburgh, UK).  

Nestin-Cre mice used for crossing were obtained from C. Preece (Cancer Research UK, Clare 

Hall Laboratories, South Mimms, UK). 

Nestin-Cre ERT2, PGK-Cre, GFAP-Cre, and villin-Cre mice were obtained from Wellcome 

Trust Centre stocks in the animal unit at The Wellcome Trust Centre for Human Genetics, 

Oxford. 

2.16.1  Tamoxifen induced expression of inducible-Cre in mice 

 

Working solutions of tamoxifen (10mg/ml) were prepared by dissolving 50mg of tamoxifen 

(Sigma-Aldrich) in 500ul of 70% ETOH and 4.5 ml of corn oil. This solution was mixed by 

pipetting, and then incubated at 37ºC for 30 minutes, or until all of the tamoxifen had 

dissolved. Once in solution the tamoxifen was stored in a light blocking vessel, at 4ºC for the 

duration of the injections. At 6 weeks post-partum, Cre-expression was induced by injecting 
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mice with 1mg of tamoxifen (100ul of 10mg/ml mix) intraperitoneally every 24 hours for 5 

consecutive days using a 1ml syringe and a 26 gauge needle.  

2.16.2  Formalin fixation and paraffin embedding of mouse tissue 

 

Tissue was prepared for FFPE as follows: 

Tissue was washed with PBS, placed in a plastic moulding cassette and incubated overnight 

in at least x10 volume of 10% neutral buffered formalin (NBF). The following day the tissue 

was rinsed with PBS and stored in 70% ETOH at 4ºC for 6 hours.  

Prior to embedding, tissue samples were processed on the pre embedding machine overnight 

whereby they were dehydrated through graded ETOH (70-90-100%) and incubated in wax 

over a 7 hour period. The following day tissue samples were embedded in wax using an 

embedding machine. Samples were placed in molten wax, and molten wax was poured in to 

appropriate moulds. The tissue sample was placed into the mould in an appropriate 

orientation and the cassette was place over the top and filled with molten wax, without 

creating bubbles. The cassette and moulds were then place on the cold plate and left to 

solidify. FFPE samples were then stored at room temperature prior to use. 

2.16.3  Haematoxylin and eosin (H&E) stain  

 

4um sections mounted on slides were place in a slide rack. Slides were then incubated in 

xylene for 5 minutes, followed by 3 minutes in 100% ETOH, 90% ETOH and 70% ETOH 

sequentially. They were then washed in H20. 

Slides were then place in a glass trough and incubated in haematoxylin for 45 seconds, and 

then washed under running H20 until the solution became clear. They were then dipped 

quickly into acid alcohol and rinsed again in H20, before being incubated in eosin for 3 
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minutes. Slides were then washed with H20 and dehydrated again through graded alcohols (3 

minutes each-70%, 90%, 100%) followed by 2 minutes in xylene.  

Cover slips were then mounted onto slides using DPX mounting media (Sigma-aldrich). 

2.16.4  Histological assessment 

 

H&E stained and unstained slides cut from FFPE brain tissue were examined by a pathologist 

(O. Ansorge) to determine if any microscopic abnormalities were present in the brain and to 

determine if any tumour foci were present. 

2.16.5  Assessment of mouse behaviour using an open field test 

 

The behaviour of Idh1 mutant mice was assessed using the open field test (OFT). This test is 

used to measure the exploratory behaviour and response of a mouse to a new environment 

and allows both the quality and quantity of  such activity to be measured. Movement is the 

most basic outcome of interest, which can be influenced by motor output, exploratory drive, 

sickness, and freezing or other fear-related behaviour. Distance moved, time spent moving, 

and rearing, are measures that can be tabulated and reported, whilst some outcomes, such as 

defaecation, centre time, and activity within the first 5 minutes, can gauge aspects of 

emotionality including anxiety. A new environment causes mice to move to explore the 

environment. However, anxiety and fear cause mice to crouch, and freeze. In general, mice 

that are inactive and defaecate more often in an OFT are assumed to have anxiety and fear, 

and mice that are active and defecate less are assumed to have less anxiety and fear. Other 

measures of anxiety used in an OFT include time to stay near walls (thigmotaxis) and 

stretching. Measures of decreased anxiety are an increased frequency of rearing and 

grooming. 
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The open field (OF) used in this study was a rectangular enclosure, marked out inside with 16 

square areas, and with surrounding walls to prevent escape. Idh1 mutant and Idh1 wild-type 

mice of a similar age were placed individually into the OF for 5 minutes. The following 

measurements were made over this time period: number of squares crossed; number of rears 

made; time spent in the centre square (seconds); number of faecal boli produced; frequency 

of urination.  

2.16.6  MRI imaging of mouse brains 

 

To prepare mice for MRI imaging of the brain, they were culled using pentobarbitone and then 

fixed by intracardial perfusion with 4% paraformaldehyde (PFA). Gadoteridol (Bracco 

Diagnostics) contrast was added to 4% PFA prior to injection to allow imaging of the brain. 

Reagents were prepared as follows: 

 Gadoteridol/PFA: 1ml of gadoteridol (279.3 mg/ml) was diluted in 9ml of 0.9% saline. 2ml 

of diluted gadoteridol was then added to 18ml of 4% PFA. 

 Heparin/saline (hepsal): 125ul of heparin (25000 IU/ml) was diluted in 500ml of 0.9% 

saline 

 Pentobarbitone: 1ml of pentobarbitone (50mg/ml) was diluted in 2ml of water. 

 1% agarose: 5g of agarose was dissolved in 500ml of 0.9% saline. 

An Idh1 mutant and Idh1 wild-type mouse were selected of similar age. 300ul of diluted 

phenobarbitone was injected intraperitoneally in to each mouse. Anaesthesia was confirmed by 

applying pressure on the mouse's foot and assessing for signs of pain. Once anaesthesia was 

confirmed, the thorax was opened and the heart located. The right atrium was cut from the vena 

cava. A 21 gauge butterfly needle was inserted into the left ventricle and 10ml of hepsal was 
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injected through the butterfly to wash the blood out of the mouse. 20ml of the 4% PFA/contrast 

mix was then injected to fix the mouse tissues. The head of the mouse was then dissected from 

the body. The fur and skin were removed from the head and face. The jaw was then removed. 

The head was then incubated in 4% PFA on ice overnight. A 3cm layer of 1% agarose was added 

to a 20ml tube and allowed to set on ice. The mutant and wild-type mouse heads were then 

placed into the agarose face up and in opposite orientations. They were then entirely covered in 

1% agarose and this was allowed to set. MRI scanning was then performed by S. Cerres at the 

CR-UK/MRC Gray Institute for Radiation Oncology and Biology, Department of Oncology, 

Oxford.  

2.17 Ethical Approval 

 

All samples and clinico-pathological data were obtained with informed consent and local 

ethical review board approval in accordance with the tenets of the Declaration of Helsinki. 

Anonymised  patient samples were analysed under the REC reference number 05/Q1605/66. 

2.18 Solutions 

Citrate buffer stock pH6.0 

210.14g citric acid in 1000ml H20, adjusted to pH6.0 using NaOH pellets. 

Citrate buffer solution 

20ml citrate stock (pH6.0), 1980ml H20 

DAB 

5mg DAB (Sigma), 10ml PBS, 20ul H2O2 

Ethanol 

70%- 700ml absolute ethanol and 300ml H20 

90%- 900ml absolute ethanol and 100ml H20 

100%- absolute ethanol 
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EDTA 0.5M for 1L 

Na-EDTA 184.1g, pH8.0, autoclave 

Ethidium bromide (10mg/ml) 

0.1g Ethidium bromide dissolved in 10ml H20. Store in dark 

Freeze mix (90% FBS/10% DMSO) 

9ml FBS mixed with 1ml DMSO 

H2O2 0.1% 

600ml methanol, 1.8ml H2O2 (30%) 

H2O2 3% 

600ml methanol, 54ml H2O2 (30%) 

Luria Broth (LB) 

10mg sodium chloride, 5g bacto yeast extract, 10mg bacto-trytone, 900ml H2O, pH7.0 

autoclaved 

LB agar plates 

LB media prepared as above, 15g bacto-agar added prior to autoclaving 

Phosphate buffered saline (1x), for 1L 

NaCl 8g (137mM), KCl 0.25g (2.7mM), Na2HPO4 1.43g (10mM PO4), KH2PO4 (0.25g), 

pH7.4, autoclave 

PBS/2% Tween-20 

998ml PBS, 2ml Tween-20 

Proteinase K buffer 

2mg proteinase K in 1ml H20  

Sodium chloride (5M) 

73.1g NaCl, made up to 250ml with H20, autoclaved  

Sodium dodecyl sulphate (SDS) 

10% volume SDS in sterile H20 

Sodium hydroxide 0.3M 

1.2g NaOH pellets, 100ml H20 
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Tail lysis buffer 

50mM Tris/HCL pH8.0, 100mM EDTA, 100mM NaCl, 1% SDS, store at room temperature 

TBE buffer (10x) for 1L 

Tris base 108g, boric acid 55g (0.89M), Na-EDTA 9.3g (0.02M), pH 8.3, autoclave 

Tris 1M for 1L 

Tris base 121.14g, pH as required using HCl, autoclave 
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3. Chapter Three 

Screen for mutations in IDH, D2HGDH, L2HGDH, and HOT 

in GBM 

3.1 Introduction  

 

Mutations in IDH1 and IDH2 have been shown to occur in about 5% of patients with primary 

glioblastoma, with mutations in IDH1 occurring more frequently than IDH2 (Kloosterhof NK 

2011). A higher incidence is observed in earlier grade gliomas and secondary glioblastoma 

(Kloosterhof NK 2011). Whilst it was initially demonstrated that mutations in IDH1/2 result 

in a loss of enzyme function, and a consequent reduction in the formation of  α-KG (Yan H 

2009, Zhao S 2009), subsequent studies offered a conflicting hypothesis by demonstrating 

that mutant IDH actually possessed novel enzyme function namely the ability to reduce α-KG 

to D-2HG (Dang L 2009, Gross S 2010, Ward PS 2010). In fact it is also thought that both 

loss and gain of enzyme function occur as a result of mutations in IDH1/2 resulting in a 

simultaneous decrease in α-KG production, and increase in D-2HG formation respectively 

(Pietrak B 2011). No mutations in IDH3 had been described in association with brain 

tumours (The Cancer Genome Atlas Research Network 2008), however if IDH loss-of-

function alone is critical for tumourigenesis, one might expect mutations in IDH3 to also 

occur in glioma, including those sub-types with relatively low frequencies of IDH1/2 

mutations, as well as in IDH1/2 wild-type tumours. Alternatively, if accumulation of D-2HG 

alone is critical for tumorigenesis, one might also expect loss of function mutations in 

D2HGDH, whose normal function is to convert D-2HG back to α-KG, to occur 

independently of mutations in IDH1/2 in GBM. Additionally, given that one proposed 

mechanism by which mutant IDH1/2 leads to malignant transformation is by the inhibition of 

α-KG dependant enzymes by accumulated D-2HG, one might also expect loss of function 
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mutations in L2HGDH, and an accumulation of L-2HG, a more potent inhibitor of α-KG 

dependant enzymes (Chowdhury R 2011), to occur. A further and more speculative line of 

reasoning is that, if patients with mutations in IDH1 and IDH2 have normal D2HGDH and 

L2HGDH function, then excess D-2HG or L-2HG should simply be converted back to α-KG 

by D- or L-2HGDH respectively. The failure of this to occur might be due to saturation of the 

2HGDH enzymes, but raises the possibility that patients with mutations in IDH1/2 might also 

require inactivating mutations in D2HGDH and L2HGDH to be present in order for 2-HG to 

accumulate to a sufficient level.  

HOT is another enzyme involved in the metabolism of D-2HG (Achouri Y 2004, Struys EA 

2005). Its activity was first demonstrated in studies performed on mitochondrial fraction of 

rat kidney, liver and brain, which showed that HOT catalysed the conversion of GHB to 

SSA and resulted in the stoichiometric production of D-2HG from α-KG (Kaufman E 1988, 

Struys 2006). The existence of HOT activity in humans has since been demonstrated in 

homogenates of human liver, lymphoblasts and fibroblasts (Struys EA 2005, Struys EA 

2005). Mass isotopomer studies, in patients with D-2HGA, have demonstrated that 

accumulated D-2HG derives from mitochondrial α-KG, and it has been suggested that in 

addition to inactivating mutations in D2HGDH associated with this condition, mutations 

affecting HOT activity may also be responsible for the excess D-2HG production observed 

(Kaufman E 1988, Gibson KM 1993, Craigen WJ 1994, Struys EA 2005). Conversely 

however, enzyme activity assays in fibroblast homogenates from patients with D-2HGA 

have in fact demonstrated normal HOT activity (Struys EA 2005).    

Nevertheless, evidence for the potential ability of increased HOT activity to result in D-2HG 

accumulation comes from the observation of patients with two other hereditary metabolic 

disorders; succinic semialdehyde dehydrogenase deficiency (SSADHD) (Struys EA 2006), 
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and α-KG dehydrogenase deficiency (Kranendijk M 2010), which are associated with an 

accumulation of GHB and α-KG respectively. In addition to GHB, D-2HG also accumulates 

in body fluids of patients affected by SSADH deficiency, and it is thought that this secondary 

increase in D-2HG results from accumulated intracellular GHB driving HOT enzyme activity 

(Struys EA 2006). Interestingly D-2HG also accumulates in the brain, liver and kidney of 

SSADH deficient mice, demonstrating a consistent link between SSADH deficiency and 

increased D-2HG production (Struys EA and Picklo MJ 2006). Similarly, elevated levels of 

urinary 2-HG are seen in patients with α-KG dehydrogenase deficiency (Kohlschutter A 

1982, Al Aqeel A 1994), possibly due to the ability of accumulated α-KG to alter the kinetic 

equilibrium of HOT (Kranendijk M 2010).  

No mutations in HOT had been described in association with glioma, however since an 

increase in HOT enzyme activity could lead to an accumulation of D-2HG, with 

tumourigenic effects similar to those observed in tumours with mutant IDH1/2, and only a 

minority of GBMs carry mutations in IDH1/2, it is feasible that such mutations may occur. 
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3.2 Aims  

 

The aim of this chapter is to screen a panel of human GBM samples for mutations in the 

following genes: 

1: Gain of function mutations in IDH1 and IDH2- in order to confirm the frequency of these 

mutations in GBM. 

2: Gain or loss of function mutations in IDH3- in order to investigate if loss of IDH3 function 

may also play a role in gliomagenesis.  

3: Inactivating mutations in D2HGDH and L2HGDH- in order to establish whether mutations 

in D2HGDH or L2HGDH are also responsible for 2-HG accumulation in GBM either 

independently of, or in conjunction with, mutations in IDH1/2. 

4: Activating mutations in HOT- in order to establish whether mutations in HOT occur in 

GBM carrying WT IDH1/2. 
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3.3 Methods 

 

A retrospective study of 47 patients with confirmed primary GBM from The Royal Free 

Hospital, London was undertaken to determine the frequency of mutations in IDH1 and 

IDH2 in this cohort of patients, and to compare these findings with those documented in the 

literature. Furthermore the study undertook to determine whether gain or loss of function 

mutations in IDH3, or inactivating mutations in D2HGDH and L2HGDH were also 

associated with GBM as no such association has yet been described. Patients who were 

found to have wild-type IDH1/2 were then screened for activating mutations in HOT. The 

number of patients chosen for analysis was dictated by the availability of sufficient tissue. 

All patients were confirmed to have primary GBM by the supporting pathologist.  

Formalin-fixed, paraffin-embedded tissue sections (4µm) were obtained from the 

neuropathology department at The Royal Free Hospital, and histopathology reports were 

also reviewed. DNA was extracted from paraffin embedded samples as outlined in Methods 

2.1.1 

Primer sequences were designed to encompass the coding region and splice sites of exon 4 of 

IDH1 and IDH2, and all exons of IDH3A (RefSeq: NM_005530.2), IDH3B (RefSeq: 

NM_174855.1), IDH3G (RefSeq: NM_004135.2 for the transcript variant 1 and RefSeq: 

NM_174869.1 for the transcript variant 2), L2HGDH (RefSeq: NM_024884.2), D2HGDH 

(RefSeq: NM_024884.2), and HOT (RefGene:NM_144650). Primer sequences for each are 

illustrated in Appendix 1. A targeted approach was used to identify mutations in IDH1/2 

because mutations at specific locations in these genes have previously been described to 

occur in GBM. Conversely, all exons of IDH3A/B/G, L2HGDH, D2HGDH and HOT were 

sequenced because no mutations in these genes have yet been described in GBM. 
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PCR conditions for each primer were set up and tested using DNA extracted from paraffin 

embedded control samples, and once conditions were optimised, PCR was performed with 

appropriate primers using DNA extracted from the patient samples as outlined in Methods 

2.4. The presence of a PCR product of a size corresponding to the appropriate region of DNA 

of interest was confirmed by agarose gel electrophoresis with ethidium bromide staining as 

outlined in Methods 2.5. Clean up of PCR products was then undertaken using ExoSAP-IT® 

as outlined in Methods 2.4.1, and fluorescent sequencing performed as outlined in Methods 

2.6. Sequencing data were then analysed using the ApE plasmid editor programme. 

IHC for D2HGDH and L2HGDH was performed on GBM samples from 2 patients carrying 

wild-type IDH1/2 and 2 patients carrying mutated IDH1, as well as from 2 patients with 

normal brain tissue, as described in Methods 2.9. Slides were then examined using a 

conventional light microscope and the level of expression of D2HGDH and L2HGDH (1, 2 

or 3) was recorded separately for the nucleus, and cytoplasm according to the intensity in 

five random high-powered fields per slide. The intensity of staining was compared between 

tissue from patients with GBM carrying wild-type IDH1/2, mutant IDH1 and patients with 

normal brain tissue. IHC was scored by myself, and re-scored by another laboratory member 

(C. Bardella) to ensure consistency, all under the guidance of a specialist neurological 

histopathologist (M. Galloway); any differences were resolved by consensus.  

3.4 Results 

 

47 patients were screened for mutations in IDH1, IDH2, IDH3, D2HGDH and L2HGDH 

(Table 3-1). Heterozygous mutations of IDH1 were found in 6/47 tumours (12%). All 6 

mutations were single base substitutions c.395G>A occurring at residue R132, resulting in an 

arginine to histidine (p.R132H) substitution (Figure 3-1). This frequency is consistent with 

previously described data (Parsons DW 2008, Yan H 2009). No mutations were found in 
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IDH2, in keeping with the lower frequency of such changes that have previously been 

observed, in comparison to mutations in IDH1 (Yan H 2009). All of the exons of IDH3A, 

IDH3B and IDH3G which encode α, β, and γ subunits of the IDH3 heterotetramer were 

sequenced, and in all cases, no mutations were found. In addition, all of the exons of 

D2HGDH and L2HGDH were sequenced and no mutations were found, including the known 

inactivating mutations that have been described in individuals affected by D-2- or L-2-HGA 

(Kranendijk M 2010, Steenweg M 2010).   

In order to investigate the hypothesis that D2HGDH or L2HGDH might be inactivated by 

other mechanisms such as promoter methylation or miRNA over-expression, the expression 

of the corresponding proteins were evaluated in the panel of GBM samples using IHC 

(Figure 3-2). Expression of these enzymes would have been expected to occur in the 

mitochondria (Achouri Y 2004, Rzem R 2005). Both D2HGDH and L2HGDH were detected 

in GBMs carrying wild-type IDH1/2 genes, as well as in IDH1 mutant tumours, 

demonstrating that D2HGDH or L2HGDH function was not in fact affected by other 

mechanisms in these tumours. However this data must be considered as preliminary and 

would need to be repeated in other patients with GBM in order to increase the sample size, 

before it can be validated. 

Samples from 41 patients with IDH1/2 wild-type tumours were then screened for mutations 

in the fourteen exons of HOT. No somatic mutations were identified in HOT, although one 

previously described missense SNP (GCC->GTC) was identified in exon 1.  
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Table 3-1: Patient demographics and results of sequencing analyses for the 47 GBMs studied 

Patient no. Age at diagnosis IDH1 R132 IDH2 R172 IDH3A IDH3B IDH3G L2HGDH D2HGDH HOT 

1 60 wt wt wt wt wt wt wt wt 

2 57 mutated wt wt wt wt wt wt N/A 

3 54 wt wt wt wt wt wt wt wt 

4 49 wt wt wt wt wt wt wt wt 

5 58 wt wt wt wt wt wt wt wt 

6 62 wt wt wt wt wt wt wt wt 

7 55 wt wt wt wt wt wt wt wt 

8 54 mutated wt wt wt wt wt wt N/A 

9 47 wt wt wt wt wt wt wt wt 

10 60 wt wt wt wt wt wt wt wt 

11 51 wt wt wt wt wt wt wt wt 

12 45 wt wt wt wt wt wt wt wt 

13 54 wt wt wt wt wt wt wt wt 

14 50 wt wt wt wt wt wt wt wt 

15 64 wt wt wt wt wt wt wt wt 

16 42 wt wt wt wt wt wt wt wt 

17 45 mutated wt wt wt wt wt wt N/A 

18 59 wt wt wt wt wt wt wt wt 

20 44 wt wt wt wt wt wt wt wt 

21 42 wt wt wt wt wt wt wt wt 

22 62 mutated wt wt wt wt wt wt N/A 

23 47 wt wt wt wt wt wt wt wt 

24 57 wt wt wt wt wt wt wt wt 

25 53 wt wt wt wt wt wt wt wt 

26 56 wt wt wt wt wt wt wt wt 

27 61 mutated wt wt wt wt wt wt N/A 

28 63 wt wt wt wt wt wt wt wt 

29 49 wt wt wt wt wt wt wt wt 

30 52 wt wt wt wt wt wt wt wt 

31 56 wt wt wt wt wt wt wt wt 

32 53 wt wt wt wt wt wt wt wt 

33 60 wt wt wt wt wt wt wt wt 

34 46 wt wt wt wt wt wt wt wt 

35 54 wt wt wt wt wt wt wt wt 

36 60 wt wt wt wt wt wt wt wt 

37 52 wt wt wt wt wt wt wt wt 

38 54 wt wt wt wt wt wt wt wt 

39 66 wt wt wt wt wt wt wt wt 

40 51 wt wt wt wt wt wt wt wt 

41 64 wt wt wt wt wt wt wt wt 

42 44 wt wt wt wt wt wt wt wt 

43 61 mutated wt wt wt wt wt wt N/A 

44 62 mutated wt wt wt wt wt wt N/A 

45 49 wt wt wt wt wt wt wt wt 

46 55 wt wt wt wt wt wt wt wt 

47 68 wt wt wt wt wt wt wt wt 
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Figure 3-1: Identification of the G395A mutation at codon 132 by sequencing analysis of the 

IDH1 gene.  

 

The electropherogram shows a representative example of the heterozygous, single base G-to-A substitution at nucleotide 
position 395 of the IDH1 gene (right panel) and the corresponding wild-type sequence (left panel). The mutation was 
detected in 6 out of 47 GBMs analyzed. 
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Figure 3-2: D2HGDH and L2HGDH are expressed in wildtype IDH1/2 and IDH1 R132H 

glioblastomas. 

  

Expression of D2HGDH and L2HGDH in normal brain from 2 separate patients is shown respectively in panels A and B. 
D2HGDH and L2HGDH were detected in GBM samples from 2 separate patients carrying either wild-type IDH1/IDH2 (C and 
D) or mutated IDH1 allele (E and F) by IHC. Scale bar represents 50 µm in all panels. This data is preliminary and requires 
validation by repeating IHC analysis on a greater number of patients.  
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112 
 

3.5 Discussion and Conclusions 

 

The frequency of IDH1 mutations in 12% of primary GBMs observed in this sequencing 

analysis is consistent with that described in the literature, and confirms the association 

between mutant IDH1 and primary GBM. It also suggests that the sequencing techniques 

used to detect mutant IDH1 in this analysis were appropriate. Mutations in IDH2 are known 

to occur frequently in AML (Mardis ER 2009), but are less commonly seen in glioma (Yan H 

2009), and therefore the absence of mutations in IDH2 observed in this analysis likely 

reflects this observation. Consequently, it is possible that mutations in IDH2 may have been 

observed if a larger panel of GBM samples had been analysed. Technical errors in the IDH2 

sequencing techniques were not responsible for these findings given that DNA bands of the 

appropriate size were detected on gel electrophoresis of PCR products using these primers, 

and that the appropriate region of Exon 4 of IDH2 was seen on sequencing analysis (Figure 

3-3). However if tissue from a GBM patient known to carry mutant IDH2 had been used as a 

positive control, this would have confirmed that the technique used was optimal. 

Mutations in IDH3, D2HGDH and L2HGDH, or loss of expression of the 2HGDHs do not 

occur at an appreciable frequency in GBM. One explanation for this is simply that mono-

allelic IDH1 and IDH2 mutations occur more frequently by chance than the bi-allelic 

mutations expected at IDH3, D2HGDH and L2HGDH. Alternatively, it is possible that both 

loss of IDH1/2 function and D-2HG accumulation are required for tumourigenesis, and that 

only mutations in IDH1 and IDH2, but not IDH3, D2HGDH or L2HGDH, result in these dual 

effects. It is also possible that D-2HG accumulation is in fact an epiphenomenon, and it is a 

reduction in α-KG that truly promotes tumourigenesis, whilst IDH3 loss-of-function does not 

lead to a sufficient deficiency of the latter metabolite to achieve this.  
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Figure 3-3: Exon 4 of the IDH2 gene and electropherogram showing the wild-type sequence at 

nucleotide position 515. 

 

The top diagram shows exon 4 of IDH2 at the nucleotide level  (yellow). The common site of mutation in IDH2 at nucleotide 
position 515 (red), and the primer sequences used to sequence exon 4  are shown (green). The lower diagram shows an 
example of the electropherogram obtained by sequencing of exon 4 with these primers and includes nucleotide position 
515 (AGG) 

This theory is supported by the fact that the complete loss of IDH3 function, resulting from 

homozygous mutations in IDH3C, that is seen in patients with retinitis pigmentosa, causes 

detrimental effects limited only to the eye (Hartong D 2008), possibly because the TCA cycle 

is able to bypass IDH3, by using IDH2, and is a feasible explanation given the significant 

difference in structure and metabolic and biochemical function of IDH3 compared to IDH1 

and IDH2. The theory that D-2HG accumulation is in fact an epiphenomenon would also 

explain why inactivating mutations in D2HGDH and L2HGDH are also not seen in glioma, 

and may explain why brain tumours are not observed in patients with hereditary D-2HGA 

(Kranendijk M 2012), despite the accumulation of D-2HG associated with this condition 

(Struys EA 2005), and may also explain why, despite the fact that D-2HG is a significantly 
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weaker inhibitor of α-KG-dependent enzymes than L-2HG (Chowdhury R 2011), there is 

only a relatively subtle link between brain tumours and L-2HGA (Struys 2006). 

Alternatively, there might be another mechanism of tumourigenesis unrelated to D-2HG 

accumulation or α-KG  deficiency, such as an alteration in glucose or glutamate metabolism, 

or an increased susceptibility to oxidative DNA damage, that is specific to defects in IDH1 or 

IDH2. Finally, in view of the fact that mutations in IDH1 and IDH2 do not occur in 

conjunction with mutations in D2HGDH, it is reasonable to conclude that the excess D-2HG 

produced by mutant IDH is not converted back to α-KG by D2HGDH due to the saturation of 

the latter enzyme, rather than as a result of its defective function. In fact, given that IDH1 

R132H has an estimated catalytic rate (Kcat) of 1.0 × 10
3
 sec

−1 
(Dang L 2009), but D2HGDH 

has an estimated Kcat of 0.8 sec
−1 

(Engqvist M 2009) it seems likely that the activity of the 

former enzyme can simply overwhelm the capacity of the latter. 

Mutations in HOT do not occur at an appreciable frequency in GBM carrying wild-type 

IDH1/2. The fact that mutations in IDH1/2 occur more frequently in grade II and grade III 

glioma than in GBM raises the possibility that mutations in HOT may also be identified in 

earlier grade tumours than those included in this study. It is also possible that HOT activity 

may be increased by other mechanisms not investigated in this study such as increased HOT 

gene copy number. Alternatively this data may serve to support the hypothesis discussed 

above, that D-2HG accumulation alone is not sufficient to promote tumourigenesis, and 

illustrates the need for further analysis of the pathogenic role of D-2HG and indeed α-KG in 

IDH1/2 mutant tumours.  

I recognise that this study has its limitations. Firstly a greater number of patients could have 

been analysed to give the results of the study more significance, but I was limited by the 

availability of tissue samples. Secondly, the Sanger sequencing technique used in this study is 
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known to be less sensitive in detecting mutations than novel "next-generation sequencing" 

techniques (Tsiatis A 2010, Querings S 2011). However at the start of this study such novel 

techniques were only recently emerging as a realistic tool in this setting, and would have 

proven too expensive to perform in the context of this study. A lack of sensitivity of the 

technique used could have resulted in both false positive and false negative results in regards 

to mutational analysis. In order to overcome this, I could have validated the mutations that I 

found by repeating the sequencing multiple times to assess if findings were reproducible, or 

alternatively by using recognised validation techniques. Furthermore, as discussed above I 

could have increased the study sample size.  

It is also important to mention that in addition to testing for mutations in D/LDHGDH and 

HOT in GBM samples it would also have been important to assess other parameters of 

D/LDHGDH and HOT expression such as mRNA and protein levels, specifically in IDH1/2 

mutant GBM samples, using techniques such as qRT-PCR and western blotting. 

Hypothetically, one might expect to see an increase in the expression of D/L2HGDH in 

IDH1/2 mutant glioma, in an attempt to counteract the increase in D2HG produced by mutant 

IDH. One might also expect to see an increase in the expression of HOT in IDH1/2 mutant 

glioma, given that the HOT reaction is reversible and hence as well as producing 2HG in its 

forward reaction, HOT can also metabolise D2HG in its reverse reaction (Kaufman E 1988). 
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4. Chapter Four 

Generation of cell models of mutant IDH 

4.1 Introduction  

Point mutations occurring at the active site of IDH1 and IDH2 have been reported in glioma 

(Parsons DW 2008, Yan H 2009) and several other cancers (Mardis ER 2009, Amary MF 

2011a, Borger DR 2012, Cairns RA 2012). These mutations cause both loss of normal 

enzyme function and gain-of-function, resulting in the accumulation of D-2HG (Dang L 

2009). D-2HG is widely thought to act as an oncometabolite through the inhibition of α-KG 

dependent enzymes. However, the exact pathogenic role of mutant IDH1/2 remains uncertain 

and it is also feasible that a reduction in cellular α-KG levels, due to loss of enzyme function, 

may result in malignant transformation, perhaps through its own effects on α-KG dependent 

enzymes. In fact, it is possible that both D-2HG accumulation and reduced α-KG production 

can inhibit different specific α-KG dependent enzymes, and also that specific α-KG 

dependent enzymes are inhibited by different concentrations of these metabolites.  

Indeed, although most tumour-associated mutations in IDH1/2 result in D-2HG production, a 

few rare but recurring mutations in IDH1/2, namely: IDH1 A134D, IDH2 F394I, and IDH2 

F394V, have been identified in lymphoma and thyroid tumours that do not result in D-2HG 

accumulation, but do display loss of IDH1/2 enzyme function (Ward PS 2012). It remains to 

be determined whether the loss-of-function mutations in IDH1/2 seen in these lymphoid and 

thyroid tumours are driver mutations or simply passenger mutations, but these findings may 

support the theory that reduced catalytic activity of IDH1/2 in IDH1/2 mutant cells could be 

tumourigenic. Additionally, it is also possible that other mechanisms, unrelated to α-KG 

dependent enzymes, such as TCA cycle dysfunction and increased oxidative stress may also 

play a role. 
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The purpose of the work illustrated in this chapter is to investigate which tumourigenic 

mechanisms are responsible for the development of IDH1/2 mutant gliomas, and to further 

understand the roles played by D-2HG and α-KG in this process, through the use of cell 

models of IDH1/2 gain and loss of function.  

A major challenge to the study of IDH1/2 mutations in vitro has been the lack of human 

glioma cell lines that endogenously carry these mutant enzymes. In fact, several groups have 

reported the inability to propagate patient-derived glioma cell lines containing mutations in 

IDH1/2 (Kelly JJ 2010, Piaskowski S 2011). To overcome these difficulties, the development 

of glioma cell lines which express exogenous mutant IDH1/2 is useful. This can be achieved 

through the delivery into cells of lentiviral vectors coding for mutant IDH1/2 and by other 

methods. Indeed, the human derived glioma cell lines U-87MG (Dang L 2009, Xu W 2011) 

and LN-18 (Dang L 2009), as well as HEK 293T cell lines (Zhao S 2009), have been stably 

transfected to express mutant IDH1/2 and have been successfully used to study the role of 

mutant IDH1/2 in gliomagenesis, albeit with some conflicting results (Dang L 2009, Zhao S 

2009). Furthermore, human colon cancer derived cell lines (HCT116) (Koivunen P 2012), 

and mouse fibroblast derived cell lines (3T3-L1)(Lu C 2012) expressing ectopic IDH1/2 

mutations have also been developed. Immortalised human astrocytes expressing exogenous 

mutant IDH1 have also been successfully developed, using lentiviral transfection techniques, 

to study the effects of mutant IDH1 in glioma (Chesnelong C 2013).  

Transducing human GBM derived LN18 cells with a lentiviral vector coding for mutant 

IDH1/2 may provide a more accurate glioma specific model, because in contrast to U-87MG 

(Cerrato JA 2001), LN18 carries a p53 mutation and wild-type PTEN (Ishii N 1999), both of 

which are known to associate with IDH1/2 mutations in GBM (Reitman ZJ 2010). 

Furthermore, stable expression of R132H mutant IDH1 in LN18 cells has been shown to 

result in a greater accumulation of 2-HG than in IDH1 mutant expressing U87MG cells 
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(Dang L 2009). The LN18 cell line was developed over 30 years ago from the tumour of a 

patient with GBM (Diserens AC 1981), and in addition to mutant p53 and wild type PTEN, it 

exhibits homozygous deletions in p16 and p14
ARF

 (Ishii N 1999). LN18 cells grow in vitro 

with a doubling time of 72 hours (Diserens AC 1981) and when injected into nude mice they 

induce tumour formation with morphology comparable to the tumour of origin (Diserens AC 

1981). Consequently LN18 cells have been used in both in vitro (Combs SE 2007, Zhang R 

2008, Dang L 2009, Roy Choudhury S 2011, Hossain M 2012) and in vivo studies of GBM 

(Hlavaty J 2011, Viel T 2013).  

Given that mutations in IDH1/2 are an early event in gliomagenesis, the introduction of 

mutant IDH1/2 to an established human glioma cell line may have some shortcomings. 

Hence, it would also be desirable to study the effect of mutant IDH1/2 in the more 

undifferentiated embryonic stem cells (ES cells). An alternative method would be to use 

human neural stem cell lines such as those developed by Monni et al. (Monni E 2014) which 

could be transfected with mutant IDH1/2 using lentiviral vectors or other methods. ES cells 

are pluripotent and can be derived from the inner cell mass of human or mouse blastocysts. 

They require special conditions to maintain their undifferentiated state in culture, and can be 

directed toward lineage-specific differentiation by the manipulation of culture conditions 

(Biswas A 2007). There is little published data on the use of IDH1/2 mutant ES cell models, 

but ES cells have been used to study the effects of TET inhibition on DNA methylation (Ito S 

2010). ES cells provide an attractive model to study the effects of IDH1/2 mutations in vitro 

because mutant IDH1/2 is endogenously expressed in this model. Furthermore because 

IDH1/2 mutations can be introduced using homologous recombination in this model, only 

one allele of the IDH1/2 gene is mutated, which more closely resembles the heterozygous 

mutations in IDH1/2 that are observed in IDH1/2 mutant tumours (Parsons DW 2008, Yan H 
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2009), and this may therefore provide a more accurate model than cell lines in which mutant 

IDH1/2 is overexpressed.  

The generation of IDH1/2 knockdown cell lines is also desirable in order to study the cellular 

effects of loss of wild-type IDH1/2 function, in case this is in fact a pathogenic mechanism in 

IDH1/2 mutant tumours. Furthermore, it is also desirable to study the effect of down-

modulation of IDH3 expression in order to better evaluate the biological effects of a 

reduction in α-KG production. Knockdown of gene expression can be achieved using RNA 

interference techniques by delivering small interfering RNAs (siRNAs) or short hairpin 

RNAs (shRNAs) into cells. siRNAs enable efficient gene knockdown and yield a high level 

of gene silencing with minimal cellular toxicity, however there is an increased probability of 

incurring off-target effects with this technique (Moore CB 2010). Furthermore siRNA 

concentrations become diluted as cells divide and hence the generation of long-term cell lines 

with target gene knockdown is unfeasible (Moore CB 2010). shRNA, on the other hand, can 

be used to generate stable knockdown cell lines, thereby greatly increasing reproducibility of 

results, although this technique is more time-consuming (Moore CB 2010). shRNA and 

siRNA have been previously used to knockdown wild-type IDH1/2 expression in U87MG 

cells (Zhao S 2009, Xu W 2011) and other glioma cell lines (Reitman ZJ 2011, Kim SY 

2013), as well as in non glioma cell lines (Kil IS 2007, Lee SM 2009, Kil IS 2010), but to my 

knowledge, neither technique has been used to knockdown wild-type IDH1/2 expression in 

LN18 cells. 

Several in vitro models were developed as part of this thesis. LN18 and ES cell lines carrying 

exogenous, mutant IDH1/2 were developed to study the cellular effects of IDH1/2 mutations, 

whilst LN18 cells with IDH1, IDH2 and IDH3 gene knockdown by shRNA and U87MG cells 

with IDH1 and IDH2 gene knockdown by siRNA were generated to study the effects of 

IDH1/2/3 loss of function. LN18 cells with D2HGDH and L2HGDH gene knockdown were 



120 
 

also developed as a positive control model, as it was hypothesised that knockdown of 

2HGDHs would result in 2-HG accumulation, thus allowing a comparison with IDH1/2 

mutant models. These different systems were developed in order to understand if the 

tumourigenic properties of mutant IDH1/2 can result either solely from the loss of function of 

the wild-type enzyme or gain of function of the mutant enzyme, or if indeed both gain and 

loss of enzyme function are required.  

The generation and analysis of LN18 cells and ES cells harbouring mutations in IDH1/2 

using lentiviral transduction or homologous recombination respectively, and the generation 

and analysis of IDH1 and IDH2 knockdown LN18 cells using siRNA, were already under 

development (by C.Bardella) as I joined the laboratory, and I became involved in 

experiments to analyse the cellular effects of these changes. The generation of IDH1, IDH2, 

IDH3, D2HGDH and L2HGDH knockdown cell lines using shRNA, and their subsequent 

analysis, was solely my own work.  

4.2 Aims 

 

To develop cell models of IDH1/2 gain and loss of function, in order to identify the 

pathogenic mechanisms responsible for the development and progression of IDH1/2 mutant 

glioma. More specifically the aim was to understand if the tumourigenic properties of mutant 

IDH1/2 can result either solely from the loss of function of the wild-type enzyme or gain of 

function of the mutant enzyme, or if indeed both gain and loss of enzyme function are 

required. I aimed to investigate the effects of IDH gain and loss of function on the following: 

1. Cellular 2-HG and -KG levels 

2. TCA cycle function 

3. HIF1α expression  
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4. TET function 

5. JHDM function 

6. Cellular NADPH and ROS levels  

7. Cellular proliferation rate 

The cell models developed were: 

1. IDH1, IDH2 siRNA down-modulated U87MG cells   

2. IDH1, IDH2, IDH3, D2HGDH, D2HGDH/L2HGDH shRNA down-modulated LN18 

cells  

3. Idh1 R132H and Idh2 R172K transgenic murine ES cells 

4. IDH1 WT, IDH1 R132H, IDH1 R132C, IDH2 WT, IDH2 R172K, and IDH2 R172M 

overexpressing LN18 cells by means of tet off lentiviral transduction.  

4.3 Methods 

4.3.1 Cell lines 

 

Wild-type LN18, U87MG and 293T cells were purchased from the American Type Culture 

Collection (Manassas, VA) and grown described in Methods 2.11.1. 

Conditional Idh1 R132H and Idh2 R172K transgenic murine ES cells were obtained from 

Caliper (Hopkinton, Ma) and grown as outlined in Methods 2.11.1. 

4.3.2 Generation of knockdown cell lines using shRNA  

 

IDH1, IDH2, IDH3, D2HGDH and L2HGDH gene knockdown was carried out using RNA 

interference by means of shRNA as outlined in Methods 2.11.3.2.  The most efficient shRNA 

sequence was established for each gene by transient transfection of LN18 cells with the 

different shRNA clones, and RNA and protein were extracted 48 and 72 hours after the 

transfection as outlined in Methods 2.2.1 and 2.10.1 respectively. The knock down efficiency 

was then verified using qRT-PCR and western blot as outlined in Methods 2.8 and 2.10.4 
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respectively. The most efficient shRNA clones were selected for lentiviral preparation. 

Lentiviral Vector stocks were produced by transient transfection of 293T cells, and vectors 

were used to transduce LN18 cells as outlined in Methods 2.11.3.2. Once generated, 

knockdown cell lines were passaged 4 times prior to being used for analysis, and aliquots of 

each cell line were frozen down to ensure stocks were replenished as outlined in Methods 

2.11.2. It should be noted that I had not initially planned to establish L2HGDH knockdown 

cell lines, however following initial analysis of 2-HG levels in D2HGDH knockdown cells by 

UPLC-MS, which demonstrated no increase in 2-HG levels, I decided to establish cell lines 

with dual knockdown of D2HGDH and L2HGDH in an attempt to increase the accumulation 

of 2-HG. Hence D2HGDH knockdown cell lines were transduced with lentiviral vectors 

carrying shRNA targeting L2HGDH. Producing IDH1, IDH2 and IDH3 knockdown cell lines 

using LN18 proved difficult given that in order to obtain optimal knockdown of target gene 

expression, the required concentration of lentiviral vector often proved toxic and it was not 

possible to maintain cell viability. Consequently lentiviral transduction with shRNA was also 

attempted for IDH1, IDH2 and IDH3 gene knockdown using U87MG cells, with the same 

technique as described above. 

4.3.3 Generation of IDH1/2 U87MG knockdown cell lines using siRNA 

 

IDH1 and IDH2 U87MG knockdown cell lines were developed using siRNA as outlined in 

Methods 2.11.14. 

RNA was extracted from transfected cells as outlined in Methods 2.2.1, and retrotranscribed 

as outlined in Methods 2.7.  Total protein was extracted from transfected cells as outlined in 

Methods 2.10.1. Silencing of IDH1/2 gene expression was confirmed by qRT-PCR and 

western blot as outlined in Methods 2.8 and 2.10.4 respectively.  
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4.3.4 Generation of IDH1/2 mutant LN18 cell lines 

 

IDH1 and IDH2 mutant LN18 cell lines were generated as outlined in Methods 2.11.5. RNA 

and protein were extracted from transduced cells as outlined in Methods 2.2.1 and 2.10.1 

respectively. RNA was retrotranscribed as outlined in Methods 2.7. The overexpression of 

wild-type and mutant IDH1 and IDH2 was then confirmed by qRT-PCR and western blot as 

outlined in Methods 2.8 and 2.10.4 respectively.  

4.3.5 Generation of Idh1 R132H and Idh2 R172K mutant ES cell lines 

 

Conditional Idh1 R132H and Idh2 R172K mutant murine ES cells were obtained from 

Caliper and mutant gene expression was induced by homologous recombination, using 

electroporation with a pCre-Pac plasmid as outlined in Methods 2.11.6. RNA was extracted 

from ES cells as outlined in Methods 2.2.1 and retrotranscribed as outlined in Methods 2.7. 

The presence of Idh1 R132H and Idh2 R172K mutant expression was confirmed in respective 

clones by direct sequencing of cDNA as outlined in Methods 2.6. 

4.3.6 Analysis of cellular 2-HG and -KG and other TCA cycle 

metabolites 

 

Cellular extracts were obtained from IDH1 and IDH2 mutant LN18 and ES cells and from 

IDH1/2/3 and D2HGDH knockdown cells as outlined in Methods 2.14.1. UPLC-MS analysis 

was performed as outlined in Methods 2.14.3. Levels of 2-HG and -KG were provided for 

each sample in addition to levels of other TCA cycle intermediates namely: citrate, cis-

aconitate, isocitrate, succinate, fumarate and malate. Levels of glutamine and glutamate were 

also measured. 

Untransduced LN18 cells and LN18 cells transduced with GFP were used as controls for 

IDH1/2 mutant LN18 cell experiments. 
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Parental ES cells were used as controls for IDH1/2 mutant ES cells. Untransduced LN18 cells 

and LN18 cells transduced with scramble shRNA were used as controls for shRNA 

knockdown cell lines. 

Biological repeats were subsequently analysed to confirm findings.  

4.3.7 Analysis of HIF expression  

 

Effects of IDH gain and loss of function on HIF expression was established by analysing HIF 

target gene expression using qRT-PCR and by measuring nuclear and cytosolic HIF1α levels 

by western blot in IDH mutant and IDH knockdown cell lines.   

4.3.7.1  Analysis of HIF target gene expression using qRT-PCR 

RNA was extracted from LN18 shRNA knockdown cell lines as outlined in Methods 2.2.1 

and retrotranscribed to cDNA as outlined in Methods 2.7. The expression of the HIF target 

genes GLUT1, VEGF, and PGK1 was quantified using qRT-PCR as outlined in Methods 2.8. 

These genes were chosen as other groups had previously shown their expression to be altered 

in association with mutant IDH1 (Zhao S 2009, Sasaki M 2012b). Biological repeats were 

analysed to confirm findings. Both untransduced LN18 cells and LN18 cells transduced with 

scramble shRNA were used as controls.  

RNA was also extracted from IDH1/2 mutant LN18 and ES cells, and HIF target gene 

expression was established by qRT-PCR as above. Both untransduced LN18 cells and LN18 

cells transduced with GFP were used as controls for IDH mutant LN18 cells. Parental ES 

cells were used as controls for IDH mutant ES cells. Biological repeat experiments were 

performed for IDH mutant LN18 and ES cells. 
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4.3.7.2  Analysis of HIF1α expression using western blot 

Nuclear and cytosolic protein was extracted from knockdown and mutant cell lines as 

outlined in Methods 2.10.2. and quantified. Western blot was performed as outlined in 

Methods 2.10.14 using HIF1α primary antibody, and either actin or lamin as loading controls. 

Untransduced LN18 cells were used as a control for LN18 knockdown and LN18 mutant cell 

lines, untransduced U87MG cells were used as a control for U87MG knockdown cells, and 

parental ES cells were used as a control for mutant ES cells. ImageJ was used to analyse the 

grey scale of the western blot obtained from LN18 shRNA knockdown cells in order to more 

accurately quantify the amount of HIF1α protein in each sample. 

4.3.8 Assessment of TET function 

 

The effect of mutant IDH1/2 on the activity of TET in IDH1/2 mutant ES cells was made 

through the measurement of 5hmC and 5mC levels as outlined in Methods 2.15. Parental ES 

cells were used as a control.  

4.3.9 Assessment of markers of histone methylation 

 

The effect of mutant IDH1/2 on the activity of the JHDMs in IDH1/2 mutant ES cells was 

made by measuring total and nuclear levels of the methylated histones H3K4me3 and 

H3K9me2 using western blotting. Total and nulcear protein extraction from ES cells was 

carried out as outlines in Methods 2.10.2. Western blotting was performed using H3K4me3 

and H3K9me2 primary antibodies as outlined in Methods 2.10.14. 
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4.3.10  Assessment of oxidation state and oxidative stress 

 

The effects exerted by mutant IDH1/2 and loss of IDH1/2/3 function on oxidative stress was 

made through the measurement of NADP
+
/NADPH and ROS levels as outlined in Methods 

2.12 and 2.13 respectively.  

Assessment of ROS was made in U87MG siRNA IDH1 and IDH2 knockdown cells, in 

IDH1, IDH2, IDH3, and D2HGDH shRNA knockdown cells, in Idh1 and Idh2 mutant ES 

cells, and in IDH1 mutant LN18 cells. Tetracycline-controlled transcriptional activation was 

used in the latter model using a tet off system, and hence transcription of mutant IDH1 was 

inactivated by culturing IDH1 mutant LN18 cells in doxycycline.   

Assessment of NADP/NADPH was made in IDH1 and IDH2 mutant LN18 and ES cells and 

in shRNA knockdown LN18 cells.  

4.3.11  Assessment of cellular proliferation rate 

 

The effects of IDH gain and loss of function on cellular proliferation rate was assessed in 

IDH1 and IDH2 mutant LN18 cell and in IDH1, IDH2, and IDH3 shRNA knockdown LN18 

cells as outlined in Methods 2.11.7. 
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4.4 Results 

4.4.1 Knockdown of IDH1 and IDH2 expression using siRNA 

 

Transfection of U87MG cells with siRNA directed against IDH1 reduced IDH1 gene 

expression by 73%. A small reduction was seen in the corresponding protein level although 

this reduction appeared less significant than that observed with shRNA knockdown. This may 

be expected given that siRNA transduction leads to a more transient effect on gene silencing 

than that of shRNA. Transduction of the same cell line with siRNA directed against IDH2 

reduced IDH2 gene expression by 69%. A moderate reduction was also seen in the 

corresponding protein level which again appeared less significant than that observed with 

shRNA knockdown. siRNA directed against IDH2 also resulted in a small reduction in IDH1 

gene expression, and vice versa. This suggests a degree of off target effects occurred, 

however these effects were very small and did not impact on corresponding protein levels 

(Figure 4-1).  

Figure 4-1: qRT-PCR and western blots showing the effect of IDH1 and IDH2 siRNA on 

corresponding gene expression at RNA and protein levels 
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4.4.2 Knockdown of IDH and 2HGDH expression using shRNA 

 

4.4.2.1  IDH1 gene knockdown in LN18 cells using shRNA 

 

To establish the most effective shRNA clones, I transiently transfected LN18 cells with 5 

different shRNA constructs, and 72 hours after transfection I analysed the down-modulation 

of gene expression by qRT-PCR. I always applied this method to select the most effective 

shRNA sequence for each gene that was knocked-down in this study, namely IDH1, IDH2, 

IDH3, D2HGDH, and L2HGDH. 

The 2 most efficient IDH1 shRNA clones were found to be TRCN0000027289, 

TRCN0000027298, which demonstrated a 61% and 53% reduction in IDH1 gene expression 

respectively (Figure 4-2). These 2 clones were therefore selected for lentiviral preparation. 

IDH1 shRNA lentiviral vector (LV) stocks were produced by transient transfection of 293T 

cells, and viral p24 antigen concentration was then measured to determine the concentration 

of infective viral particles. The titration of infective particles containing IDH1 

TRCN0000027289 and TRCN0000027298 shRNA clones was 52.24 ng/ml and 147.6 ng/ml 

respectively. To achieve a stable transduction, I initially transduced LN18 cells (150,000 

cells) with 100ng of LV containing IDH1 TRCN0000027289 shRNA. After 120 hours, no 

viable cells remained. I therefore repeated the transduction of LN18 cells using serial 

dilutions of 50ng, 20ng and 10ng of the same LV. Furthermore, I also transduced cells of a 

different glioma cell line, U87MG, with 100ng, 50ng and 20ng of the same LV. After 7 days, 

the LN18 cells transduced with 50ng of LV, and the U87MG cells transduced with 100ng, 

50ng and 20ng of LV were not viable. Furthermore western blot analysis showed no 

reduction in IDH1 protein, in cellular protein extracts from LN18 cells transduced with 20ng 

or 10ng of LV. In an attempt to increase the concentration of LV used for transduction, whilst 

maintaining cell viability, 2 further serial stepwise transductions were performed, each of 
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them consisting of 40ng of LV. Using this method I was able to produce LN18 cells that were 

viable following transduction with a total of 80ng of LV. This was the maximum achievable 

concentration that did not lead to cell death. Western blot analysis showed a moderate 

reduction in IDH1 protein in cellular protein extracts from cells transduced with 80ng of this 

LV, and qRT-PCR analysis demonstrated a 53% reduction in IDH1 gene expression. I felt 

however that this reduction could be improved upon. I therefore repeated the transduction of 

LN18 cells using the second IDH1 TRCN0000027298 shRNA LV using serial dilutions of 

20ng, 40ng and 80ng of vector. Cells transduced with 80ng of TRCN0000027298 shRNA LV 

remained viable and qRT-PCR analysis demonstrated an 87% reduction in IDH1 gene 

expression (Figure 4-3). Furthermore, western blot analysis showed a significant reduction in 

IDH1 protein from cellular protein extracts. Consequently I used LN18 cells transduced with 

80ng of IDH1 TRCN0000027298 shRNA LV for subsequent experiments. 

Figure 4-2: qRT-PCR analysis showing the reduction in IDH1 gene expression 72 hours after 

transient transfection with various shRNA clones directed against IDH1 compared to an 

untransfected control (c). 
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Figure 4-3: qRT-PCR and western blot analysis showing IDH1 gene expression at RNA and 

protein level in LN18 cells transduced with 80ng of IDH1 TRCN0000027298 shRNA lentiviral 

vector 

 

4.4.2.2  IDH2 gene knockdown in LN18 cells using shRNA 

 

The 2 most efficient IDH2 shRNA clones were found to be TRCN0000027225 and 

TRCN0000027296, which demonstrated a 71% and 67% reduction in IDH2 gene expression 

respectively 72 hours post transfection (Figure 4-4). These 2 clones were selected for 

lentiviral preparation, IDH2 shRNA LV stocks were produced, and viral p24 antigen 

concentration was measured. The titration of infective particles containing IDH2 

TRCN0000027225 and TRCN0000027296 shRNA clones was 89.2 ng/ml and 105.8 ng/ml 

respectively. To achieve a stable knockdown in IDH2 expression, I initially transduced LN18 

cells (150,000 cells) with 100ng of LV containing IDH2 TRCN0000027225 shRNA. 

However, after 120 hours, no viable cells remained. I repeated the transduction of LN18 cells 

using serial dilutions with 50ng, 20ng and 10ng of the same LV. Furthermore, I also 

transduced U87MG cells with 100ng, 50ng and 20ng of the same LV. After 7 days, the LN18 

cells transduced with 50ng of LV, and the U87MG cells transduced with 100ng, 50ng and 
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20ng of LV were not viable. Additionally, western blot analysis failed to demonstrate a 

marked reduction in IDH2 protein in cellular protein extracts from LN18 cells transduced 

with 20ng or 10ng of LV. Three further serial stepwise transductions were performed but 

cells were not able to retain viability with transduction of more than 50ng of LV in total. 

qRT-PCR and western blot analysis following transduction with 50ng of LV again failed to 

demonstrate a reduction in IDH2 gene expression at either protein (no reduction) or RNA 

(10% reduction) level. Transduction of LN18 cells was therefore repeated using the IDH2 

TRCN0000027296 shRNA LV using serial dilutions of 20ng, 40ng and 80ng. Cells 

transduced with 80ng of this LV were not viable after 120 hours. Following a further 

stepwise transduction, the maximum concentration that I was able to transduce cells with, 

whilst still retaining viability, was 50ng. qRT-PCR analysis of cells transduced with 40ng of 

LV demonstrated a 77% reduction in IDH2 gene expression (Figure 4-5), whilst western blot 

analysis showed a moderate reduction in IDH2 protein in cells, although this was not as 

marked as the reduction in IDH1 protein seen in IDH1 knockdown cells. Consequently LN18 

cells transduced with 40ng of IDH2 TRCN0000027296 shRNA LV were used for subsequent 

experiments. 

Figure 4-4: qRT-PCR analysis showing the reduction in IDH2 gene expression 72 hours after 

transient transfection with various shRNA clones directed against IDH2 compared to  

untransfected control (c). 
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Figure 4-5: qRT-PCR and western blot analysis showing IDH2 gene expression at RNA and 

protein level in LN18 cells transduced with 40ng of IDH2 TRCN0000027296 shRNA lentiviral 

vector 

 

4.4.2.3  IDH3A gene knockdown in LN18 cells using shRNA 

 

Only 1 of the 4 IDH3A shRNA clones, TRCN0000027310, demonstrated any reduction in 

IDH3A gene expression (21%) 72 hours post transfection, and this was therefore selected for 

LV preparation (Figure 4-6). The titration of infective particles containing the IDH3A 

TRCN0000027310 shRNA clone was 76.8 ng/ml. To achieve stable knockdown of IDH3A 

expression, I initially transduced LN18 cells (150,000 cells) with 100ng of LV containing 

IDH3A TRCN0000027310 shRNA. However after 120 hours, no viable cells remained. I 

therefore repeated the transduction with LN18 cells using 50ng of the same LV. Furthermore 

I also transduced U87MG cells with 100ng, 50ng and 20ng of the same LV. After 7 days, the 

LN18 cells transduced with 50ng of LV, and the U87MG cells transduced with 100ng, 50ng 

and 20ng of LV were not viable. I therefore performed 2 serial transduction with LN18 cells 

using 20ng of LV on each occasion. Cells transduced in this way with a total of 40ng of LV 

remained viable, and qRT-PCR analysis demonstrated a 68% reduction in IDH3A gene 

expression in these cells, whilst western blot analysis showed a marked and comparable 
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reduction in IDH3 protein expression (Figure 4-7). LN18 cell clones transduced with 40ng of 

IDH3A TRCN0000027310 shRNA LV were therefore used for subsequent experiments. 

Figure 4-6: qRT-PCR analysis showing the effects on IDH3A gene expression 72 hours after 

transient transfection with various shRNA clones directed against IDH3A compared to 

untransfected control (c). 

 

 

 

 

 

 

 

 

Figure 4-7: qRT-PCR and western blot analysis showing IDH3 gene expression at RNA and 

protein levels in LN18 cells transduced with 40ng of IDH3 TRCN0000027310 shRNA lentiviral 

vector 
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4.4.2.4  D2HGDH gene knockdown in LN18 cells using shRNA 

 

The most efficient D2HGDH shRNA clone was TRCN0000064037, which resulted in a 68% 

reduction in  D2HGDH gene expression. This clone was therefore selected for lentiviral 

preparation. The titration of infective particles containing D2HGDH TRCN0000064037 

shRNA clone was 134.3 ng/ml. LN18 cells remained viable following transduction with 

100ng of this LV and qRT-PCR analysis demonstrated an 82% reduction in D2HGDH gene 

expression. Due to a lack of specificity of the D2HGDH antibody used (Protein Tech), and 

the presence of multiple non specific bands,  I was unable to demonstrate a reduction in 

D2HGDH protein expression by western blot. I attempted to overcome this problem by 

loading a smaller amount of protein (30ug instead of 45ug) onto the western blot running gel, 

by reducing the concentration of the secondary antibody used, and by running the gel for a 

further 30 minutes in an attempt to separate the bands out further, but this did not result in an 

improvement. Finally a different primary D2HGDH antibody (Abcam) was used but this too 

demonstrated a lack of specificity, and the western blot was not interpretable. Again I 

attempted to improve this by using a lower amount of protein and by varying the 

concentration of secondary antibody used, but to no avail.  Consequently, I was unable to 

convincingly demonstrate a reduction in D2HGDH expression at protein level, although 

D2HGDH expression was significantly reduced at RNA level.  

Interestingly the level of IDH2 protein was also found to be reduced in D2HGDH knockdown 

cells (Figure 4-8). To verify this finding I analysed the level of IDH2 gene expression at the 

RNA level in D2HGDH knockdown cells by qRT-PCR, and demonstrated a 77% reduction in 

IDH2 gene expression, confirming the western blot findings. IDH2 gene expression was 

however not found to be affected in IDH1 or IDH3 knockdown cell lines or in scramble 

shRNA controls (Figure 4-9). The degree of inhibition of IDH2 gene expression appeared to 

be dependent on the efficiency of D2HGDH gene knockdown, with lower levels of IDH2 
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expression seen with increased efficiency of D2HGDH knockdown. Furthermore the 

reduction in IDH2 expression was reproduced in cells transduced with a second D2HGDH 

shRNA clone (TRCN0000064035), whilst the expression of 2 non-IDH related genes, 

forkhead box protein A3 (FOXA3) and Krueppel-like factor 5 (KLF5), in these cells were 

unchanged. As will be discussed in Chapter 5 IDH2 expression was not reduced in D2hgdh 

knockout mice, suggesting that the tissue effects of D2HGDH knockdown may differ in 

different models.  

Figure 4-8: Western blot analysis showing IDH2 gene expression at a protein level in IDH and 

D2HGDH shRNA knockdown cell lines 
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Figure 4-9: qRT-PCR analysis showing IDH2 gene expression in various shRNA knockdown 

cell lines  

 

qRT-PCR analysis data from 3 separate experiments. GAPDH used as internal control.  

4.4.2.5  Dual D2HGDH/L2HGDH gene knockdown in LN18 cells using shRNA 

 

The most efficient L2HGDH shRNA clones were TRCN0000064323 and TRCN0000064325, 

and these clones were therefore selected for lentiviral preparation. The titration of infective 

particles containing the L2HGDH TRCN0000064323 and  TRCN0000064325 shRNA clones 

were 299 ng/ml and 324 ng/ml respectively. Transduction of D2HGDH knockdown cells 

with 20ng and 50ng of L2HGDH shRNA LV, resulted in a 36% (p=0.0069) and 73% 

(p=0.0023) reduction in L2HGDH gene expression at an RNA level as assessed by qRT-PCR, 

and cells remained viable. In cells transduced with 20ng of L2HGDH shRNA LV, D2HGDH 

gene knockdown was maintained at a 37% (p=0.0044) reduction. However, interestingly, 

D2HGDH gene knockdown was lost (10% reduction; p=0.079) in cells transduced with 50ng 

of L2HGDH shRNA LV, in which L2HGDH expression was reduced by 73% (p=0.0023) 

(Figure 4-10). These findings suggest that cells do not remain viable when both L2HGDH 

and D2HGDH enzyme function are significantly inhibited, and that in this situation, cells 



137 
 

with reduced D2HGDH function are effectively selected out in vitro. However, when both 

L2HGDH and D2HGDH expression are inhibited to a lesser extent, enzyme function is 

maintained and cells remain viable. Consequently, D2HGDH knockdown cells transduced 

with 20ng of L2HGDH shRNA vector were used as a model of dual D2HGDH/L2HGDH 

knockdown for subsequent experiments, whilst those transduced with 50ng of vector were 

used as a model of L2HGDH knockdown alone. 

Figure 4-10: Expression of D2HGDH and L2HGDH in D2HGDH knockdown cells transduced 

with either 20ng or 50ng of L2HGDH shRNA lentiviral vector. 

 

 

4.4.3 Overexpression of wildtype and mutant IDH1 and IDH2 in LN18 

cells 

 

The overexpression of wildtype and mutant IDH1 and  IDH2 was confirmed by qRT-PCR 

and western blot in IDH1 and IDH2 mutant LN18 cells (Figure 4-11). Furthermore, 

expression was successfully inhibited by doxycycline, demonstrating the tet-off system to be 

effective. The expression of mutant IDH1 was higher than that of mutant IDH2, and there 



138 
 

was a degree of variation in the level of mutant expression between IDH1 R132H and IDH1 

R132C vectors and between IDH2 R172K and IDH2 R172M vectors. 
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Figure 4-11: Overexpression of wildtype and mutant IDH1 and IDH2 in LN18 cells by qRT-

PCR and western blot. 
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4.4.4 Mutant expression of Idh1/2 in ES cells 

 

Mutant expression in Idh1 R132H mutant ES cell clones was confirmed by the detection of 

an arginine (wild-type) to histidine (mutant) substitution at codon 132 of Idh1, whilst wild-

type Idh1 expression was observed in corresponding parental cells (Figure 4-12). 

Figure 4-12: cDNA sequence results showing the substitution CGA to CAT at codon 132 of Idh1 

in Idh1 R132H mutant ES cells (A) and wild-type sequence in Idh1 R132H parental cells (B). 

(A) 

(B) 

 

 

Mutant expression in Idh2 R172K mutant ES cell clones was confirmed by the detection of 

an arginine (wild-type) to lysine (mutant) substitution at codon 172 of Idh2, whilst wild-type 

Idh2 expression was observed in corresponding parental cells (Figure 4-13). 
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Figure 4-13: cDNA sequence results showing the substitution AGG to AAG at codon 172 of Idh2 

in Idh2 R172K mutant ES cells (A) and wild-type sequence in Idh2 R172K parental cells (B). 

(A) 

 

(B) 

 

4.4.5 Analysis of changes in cellular 2-HG and -KG and other TCA cycle 

metabolites 

αKG levels were not reduced in IDH1, IDH2 or IDH3 knockdown LN18 cell lines (Figure 4-

14), and levels of the other TCA cycle metabolites analysed were unchanged. Furthermore 2-

HG levels were not increased in D2HGDH knockdown LN18 cell lines (Figure 4-15). 
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Figure 4-14: α-KG levels in shRNA knockdown LN18 cell lines 

 

Figure 4-15: 2-HG levels in shRNA knockdown LN18 cell lines 

 

Given that αKG levels were not reduced in IDH1, IDH2 or IDH3 knockdown LN18 cell 

lines, I hypothesised that knockdown of one IDH enzyme leads to upregulation of another, 

and hence overall, cellular αKG levels remain unchanged. Consequently the effect of 

knockdown of one IDH gene on the expression of other IDH genes was assessed by qRT-

PCR. 

Knockdown of IDH1 resulted in a statistically significant 1.53-fold increase in IDH3 

expression (p=0.0073) (Figure 4-16). A 1.22-fold increase in IDH2 expression (p=0.1431) 
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was also seen in IDH1 knockdown cells but this change was not statistically significant. 

Knockdown of IDH2 resulted in a 1.26-fold increase in IDH1 expression (p=0.0183) and a 

1.5-fold increase in IDH3 expression (p=0.0247), both of which were statistically significant 

findings. Knockdown of IDH3 resulted in a 2.21-fold increase in IDH1 expression 

(p=0.0062), but no increase in IDH2 expression was observed. It is important to note that 

although upregulation of IDH1 and IDH3 expression was observed at an mRNA level in IDH 

knockdown cell lines, these findings were not reproduced at a protein level (Figure 4-2; 

Figure 4-4; Figure 4-8).  

Figure 4-16: Effects of IDH1, IDH2, and IDH3 shRNA knockdown on the expression of IDH1, 

IDH2 and IDH3. 

 

αKG levels were reduced by 57% (p<0.001) and 60% (p<0.001)  in IDH1 R132H and IDH1 

R132C mutant LN18 cell lines respectively, and were also reduced by 50% (p<0.001) and 

54% (p<0.001) in IDH2 R172K and IDH2 R172M mutant LN18 cell lines respectively 

(Figure 4-17). Furthermore, 2-HG levels were increased by 12-fold in IDH1 R132H mutant 

LN18 cells (p<0.001) and by 11-fold in IDH1 R132C (p<0.001), IDH2 R172K (p=0.013), 
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and IDH2 R172M (p=0.038) mutant cell lines when compared to untransduced control 

samples (Figure 4-18). The levels of all other TCA cycle metabolites measured were 

however unchanged.  

Figure 4-17: α-KG levels in IDH1 and IDH2 mutant LN18 cell lines 
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Figure 4-18: 2-HG levels in IDH1 and IDH2 mutant LN18 cell lines 

 

A 4-fold (p=0.106), 7-fold (p=0.192), and 10-fold (p=0.234) increase in 2-HG was seen in 

Idh1 R132H a11, c11 and h12 mutant ES cell clones respectively (Figure 4-19) but these 

changes were not statistically significant.  Furthermore a 25-fold (p=0.325), 26-fold (p=0.08), 

and 26-fold (p=0.06) increase in 2-HG was observed in Idh2 R172K a1,c3 and d6 mutant ES 

cell clones respectively, but again these changes did not reach statistical significance (Figure 

4-19). Additionally α-KG levels were not significantly reduced in any of the Idh1 or Idh2 

mutant ES cell clones (Figure 4-20), and the levels of all other TCA cycle metabolites 

measured were also unchanged in these models. 
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Figure 4-19: 2-HG levels in Idh1 and Idh2 mutant ES cell lines 

 

Figure 4-20: α-KG levels in Idh1 and Idh2 mutant ES cell lines 
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4.4.6 Analysis of HIF1α expression 

 

4.4.6.1  HIF1α expression in knockdown cell lines 

 

The knockdown of IDH1 and IDH2 in U87MG cells with siRNA resulted in an increase in 

HIF1α protein expression (Figure 4-21). 

Figure 4-21: HIF1α protein expression in U87MG cells 72 hours after transduction with siRNA 

targeting IDH1/IDH2 

 

In LN18 cells, shRNA knockdown of IDH1 resulted in a 2.0-fold (p=0.0184) increase in 

GLUT1 expression and a 1.6-fold (p=0.0023) increase in VEGF expression (Figure 4-22), 

and a 1.89-fold (p=0.0005) increase in HIF1α protein expression was also observed (Figure 

4-22 and Figure 4-23). Knockdown of IDH2 resulted in a 1.9-fold (p=0.254) increase in 

GLUT1 expression and 1.75-fold (p=0.165) increase in VEGF expression but these changes 

were not statistically significant (Figure 4-22) and no increase in HIF1α protein expression 

was seen (Figure 4-22 and Figure 4-23). PGK1 expression was not increased by knockdown 

of either IDH1 or IDH2. Knockdown of IDH3 resulted in a 1.4-fold (p=0.117) in GLUT1 

expression but this was not statistically significant and VEGF and PGK1 expression were 

also not increased. Furthermore, although a 1.25-fold (p=0.064) increase in HIF1α protein 

expression was seen in IDH3 knockdown cells, this change was not statistically significant 

(Figure 4-22 and Figure 4-23). Knockdown of D2HGDH resulted in a 1.5-fold (p=0.0063) 

increase in GLUT1 expression and a 1.2-fold (p=0.656) increase in VEGF expression, 
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although the latter result was not statistically significant. A 1.3-fold (p=0.368) increase in 

GLUT1 expression and a 1.5-fold (p=0.246) increase in VEGF expression were also seen in 

scramble shRNA controls, but these changes were not statistically significant and 

furthermore, HIF1α protein expression was not increased in these cells (Figure 4-22 and 

Figure 4-23). 

Figure 4-22: HIF target gene expression and HIF1α protein expression in LN18 cells transduced 

with shRNA. 
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Figure 4-23: HIF1α protein expression in LN18 cells transduced with shRNA. Analysis of 

western blot using ImageJ to measure grey scale values.  

 

Values given as a ratio of HIF:Lamin grey scale ratios, standardised against untransduced controls. 

 

4.4.6.2  HIF1α expression in IDH mutant cell lines 

 

4.4.6.2.1 IDH mutant LN18 cells 

 

In IDH1 R132H mutant LN18 cells the expression of GLUT1, VEGF and PGK1 were 

increased by 1.9-fold (p=0.0135), 1.9-fold (p=0.04), and 1.8-fold (p=0.05) respectively. In 

IDH1 R132C mutant cells the expression of GLUT1, VEGF and PGK1 were also increased 

by 3.7-fold (p<0.01), 4.3-fold (p<0.01), and 2.2-fold (p=0.023) respectively. These increases 

were lost when mutant expression was 'switched off' with doxycycline (Figure 4-24).  

In IDH2 R172K mutant LN18 cells the expression of VEGF and PGK1 were increased by 

1.6-fold (p=0.023) and 1.8-fold (p=0.002) respectively. A 1.3-fold (p=0.12) increase in 

GLUT1 expression was also observed, but this was not statistically significant. In IDH2 

R172M mutant cells the expression of PGK1 was increased by 1.6-fold (p=<0.01) but the 

1.2-fold (p=0.103) and 1.6-fold (p=0.154) increase observed in GLUT1 and VEGF expression 
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respectively were not statistically significant (Figure 4-25). Again, these increases were 

negated when mutant expression was 'switched off' with doxycycline.  

Additionally, HIF1α protein expression was markedly increased in both IDH1 and IDH2 

mutant cell lines (Figure 4-26). 

Figure 4-24: Expression of HIF target genes in mutant IDH1 expressing LN18 cells.   

 

Figure 4-25: Expression of HIF target genes in mutant IDH2 expressing LN18 cells.  
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Figure 4-26: HIF1α protein expression in mutant IDH1 and mutant IDH2 expressing LN18 cells 

Nu.=Nuclear; Cyt.=Cytosolic 

Interestingly, over expression of wild-type IDH1 resulted in a 1.8-fold (p=0.118) and 1.4-fold 

(p=0.318) increase in VEGF and PGK1 expression respectively (Figure 4-24), but these 

changes were not statistically significant. However, over expression of wild-type IDH2 

resulted in a 1.3-fold (p=0.04), 1.5-fold (p=0.001) and 1.7-fold (p=0.21) increase in GLUT1, 

VEGF and PGK1 expression respectively (Figure 4-25), with the changes in the expression 

of GLUT1 and VEGF being statistically significant. Furthermore, HIF1α protein expression 

was increased in cells in which wild-type IDH1 and IDH2 was overexpressed (Figure 4-26). 

These findings perhaps suggest that LV transduction itself may result in an increase in HIF1α 

expression, perhaps due to an increase in oxidative stress. Alternatively it is possible that 

changes in α-KG levels occurring as a result of increased wild-type IDH1/2 activity may 

itself exert an effect on HIF-PHD, although in this model, an increase rather than a decrease 

in α-KG production would be expected. 

4.4.6.2.2 Idh1/2 mutant ES cells 

The expression of VEGF was increased by 1.8-fold (p=0.01) in Idh1 mutant ES cell lines 

(Figure 4-27). PGK1 expression was also increased by 2.2-fold (p=0.179) but this was not 

statistically significant.  
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In Idh2 mutant ES cells GLUT1, VEGF and PGK1 expression were increased by 2.0-fold 

(p<0.01), 1.3-fold (p=0.04) and 1.8-fold (p=0.03) respectively (Figure 4-27). Furthermore 

HIF1α protein expression was increased in 2 out of 3 Idh1 R132H mutant ES cell clones (c11 

and h12) , and in all 3 Idh2 R172K mutant clones (Figure 4-28).   

Figure 4-27: Expression of HIF target genes Idh1 and Idh2  mutant ES cells 

 

 

Figure 4-28: HIF1α protein expression in Idh1 and Idh2 mutant ES cell clones 
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4.4.7 Assessment of TET function in Idh1/2 mutant ES cells 

The level of 5hmC was reduced by 70.31% (p<0.01) and 51.86% (p=0.04) in Idh1 mutant ES 

cell clones C11 and H12 respectively (Figure 4-29). 5hmC content was also reduced by 

37.47% (p=0.029) in Idh2 R172K C3 (Figure 4-30). These findings suggest that the 

expression of mutant IDH1/2 resulted in an inhibition of TET function, and hence a reduction 

in the conversion of 5mC to 5hmC. 5hmC content was also reduced by 12.87% (p=0.39) in 

Idh1 R132H A1, and by 13.2% (p=0.17) and 44.71% (p=0.17) Idh2 R172K A11 and D6 

respectively, but these changes were not statistically significant. The level of 2-HG 

accumulation seen in Idh1 R132H C11 and H12 was higher than that observed in Idh1 

R132H A11, and the level of α-KG was also lower in the former 2 clones which may explain 

the discrepancy in hmC content observed in the Idh1 R132H clones. There was however no 

correlation between 2-HG or α-KG levels and 5hmC content in Idh2 R172K clones. 

Figure 4-29: 5hmC content in Idh1 R132H mutant ES cell clones 
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Figure 4-30: 5hmC content in Idh2 R172K mutant ES cell clones 

 

4.4.8 Assessment of markers of histone methylation in Idh1/2 mutant ES 

cells 

A small increase in the histone methylation marker H3K4me3 was seen in Idh2 R172K  a1 

and d6 mutant ES cell clones (Figure 4-31), however no increase in H3K9me2 was seen. 

Furthermore the levels of H3K4me3 and H3K9me2 were not increased in Idh1 R132H 

mutant clones (Figure 4-31). The inhibition of JHDM in Idh1/2 mutant ES cells could 

therefore not be convincingly demonstrated in this model. 

Figure 4-31: H3K4me3 and H3K9me2 levels in IDH2 R172K mutant ES cells 
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4.4.9 Assessment of oxidation state and oxidative stress 

 

4.4.9.1  NADPH 

NADPH was reduced by 36% (p=0.09), 52% (p=0.026), and 61% (p=0.019) in IDH1, IDH2 

and IDH3 shRNA knockdown LN18 cells respectively (Figure 4-32). A reduction in 

NADPH of 37% (p<0.01), 10% (p=0.61), 19% (p=0.36), and 47% (p=0.22) was also seen in 

IDH1 R132H, IDH1 R132C, IDH2 R172K, and IDH2 172M mutant LN18 cell lines 

respectively (Figure 4-33).  

Figure 4-32: NADPH quantification in IDH shRNA knockdown LN18 cells 
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Figure 4-33: NADPH quantification in IDH mutant LN18 cells 

 

In Idh1 R132H mutant ES cells the NADP
+
/NADPH ratio was increased by 2.6 (p=0.24), 1.5 

(p<0.01) and 2.2-fold (p=0.17)  in a11, c11 and h12 clones respectively (Figure 4-34), whilst 

in Idh2 R172K cells a 2.7 (p=0.06), 2.2 (p<0.01) and 2.3-fold (p<0.01) increase in the  

NADP
+
/NADPH ratio was seen in a1, c3, and d6 clones respectively (Figure 4-34). 

Figure 4-34: NADP
+
/NADPH ratio in Idh mutant ES cells 

 

4.4.9.2  ROS 

 

ROS levels were increased by 5% (p=0.38), 10% (p=0.20), and 12% (p=0.36) in IDH1, IDH2 

and IDH3 siRNA knockdown U87MG cells respectively (Figure 4-35). This increase became 

more apparent when oxidative stress was induced by H2O2, with ROS levels increasing by 
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12% (p=0.15), 20% (p=0.037), and 29% (p=0.04) in IDH1, IDH2 and IDH3 siRNA 

knockdown cells respectively in the presence of 1mM H2O2, and by 15% (p=0.23), 35% 

(p=0.028), and 41% (p=0.01) in the presence of 2.5mM H2O2.  An increase in ROS of 12% 

(p=0.59), 29% (p=0.075) and 40% (p=0.053) was also seen in scramble siRNA controls 

under basal conditions and in the presence of 1mM and 2.5mM of H2O2 respectively, but 

these changes were not statistically significant.  

Figure 4-35: Percentage of ROS positive cells in IDH siRNA knockdown U87MG cell lines   

 

ROS levels were also increased by 23% (p<0.01), and 19% (p<0.01) in IDH1 and IDH3 

shRNA knockdown cells respectively, but no increase was seen in association with IDH2 

shRNA knockdown (Figure 4-36). The absence of an increase in ROS in IDH2 shRNA 

knockdown cells may have occurred as a result of a loss of IDH2 knockdown in the cells 

used in this experiment, however IDH2 expression was not re-checked immediately prior to 

ROS measurement.  
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When oxidative stress was induced by H2O2, the relative increase in ROS was nullified in 

IDH1 knockdown cells, and significantly reduced in IDH3 knockdown cells, when compared 

to untransduced controls (Figure 4-36), perhaps because ROS levels had already reached 

their peak levels under basal conditions in IDH1/3 knockdown cells. It is also important to 

note that ROS levels were also increased by 9% (p<0.01) in D2HGDH knockdown cells and 

by 25% (p<0.01) in scramble shRNA controls perhaps suggesting that off target effects 

resulted in an increase in oxidative stress in these cells.  

Figure 4-36: Percentage of ROS positive cells in IDH shRNA knockdown LN18 cell lines 

 

 

An increase in ROS was also seen in association with IDH1 mutant expression in LN18 cells. 

Indeed a 16% (p=0.09) and 26% (p=0.04) increase in ROS was observed in IDH1 R132H and 

R132C mutant cell lines following incubation in 2mM H2O2 and a 17% (p=0.09) increase 

was seen in R132C cells incubated in 1mM H2O2 (Figure 4-37). These increases were 

nullified when IDH1 mutant expression was inhibited by doxycycline. No increase in ROS 

was seen in association with IDH1 mutant expression in LN18 cells under basal conditions.  
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Figure 4-37: Percentage of ROS positive cells in IDH1 mutant LN18 cell lines 

 

 

In Idh1 R132H mutant ES cells ROS levels were increased by 4% (p=0.79) and 9% (p=0.21) 

following incubation with 1mM and 2.5mM of H2O2 respectively (Figure 4-38), but these 

changes were not statistically significant. Expression of Idh2 R172K in ES cells resulted in 

an increase in ROS levels of 14% (p=0.08) under basal conditions, and 11% (p=0.10) and 

15% (p=0.11) following incubation with 1mM and 2.5mM of H2O2 respectively, although 

again these changes were not statistically significant (Figure 4-38). 
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Figure 4-38: Percentage of ROS positive cells in Idh1 and Idh2 mutant ES cells 

 

 

4.4.10  Assessment of cellular proliferation rate 

Cellular proliferation was assessed in IDH1/2/3 knockdown LN18 cell lines over a 120 hour 

period. Cell lines with reduced wild-type IDH1/2/3 function demonstrated a lower 

proliferation rate than both untransduced and scramble controls (Figure 4-39). Indeed, whilst 

at 120 hours the growth rate of untransduced and scramble control cells appeared to increase, 

in IDH1/2/3 knockdown cells growth rate was considerably reduced. 

Cellular proliferation was assessed in IDH1/2 mutant LN18 cells over a 96 hour period. 

Cellular proliferation rate was reduced in both IDH1 and IDH2 mutant cell lines when 

compared to untransduced and gfp controls (Figure 4-40 and Figure 4-41), although this 

reduction was less marked than that observed in association with IDH1/2 knockdown.  
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Figure 4-39: Cellular proliferation in IDH knockdown LN18 cells 

 

Figure 4-40: Cell proliferation in IDH1 mutant LN18 cells 
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Figure 4-41: Cell proliferation in IDH2 mutant LN18 cells 
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4.5 Discussion 

4.5.1 shRNA knockdown of a single IDH enzyme does not reduce cellular 

α-KG levels in vitro 

Lentiviral transduction of LN18 cells with shRNA targeting IDH1/2/3 was an effective means 

of reducing IDH1/2/3 gene expression, although there was variability in the level of 

knockdown achieved between the different IDHs, and cell viability was compromised when 

cells were exposed to higher concentrations of LV. 

However, despite effectively reducing IDH gene expression, cellular α-KG levels were not 

reduced in either IDH1, IDH2, or IDH3 knockdown cells. Given that α-KG levels have been 

shown to be reduced in association with mutant IDH expression (Zhao S 2009, Xu W 2011), 

my IDH1/2/3 shRNA knockdown cell lines do not serve as optimal models to investigate 

IDH1/2 loss of function as a pathogenic mechanism in IDH1/2 driven tumourigenesis, as 

conclusions cannot be drawn on the role of α-KG depletion in this process. However, as will 

be discussed later, knockdown of IDH function did result in other cellular effects, namely a 

reduction in NADPH levels and cellular proliferation rate, and an alteration in HIF1α 

expression. This suggests that whilst the level of IDH knockdown was not sufficient to result 

in a reduction in cellular α-KG production, it was sufficient to alter other aspects of cellular 

metabolism. Alternatively, it is possible that IDH knockdown cells were able to adapt to the 

decrease in α-KG production resulting from IDH down-modulation and were able to 

overcome this depletion using other sources of α-KG such as via an increase in 

glutamine/glutamate flux. Furthermore, one might hypothesise that inhibition of one IDH 

enzyme resulted in upregulation in the expression of either one or two of the other IDHs, 

hence negating any knockdown effect, and maintaining α-KG at basal levels overall. Indeed I 

have demonstrated that knockdown of IDH1 led to an increase in IDH3 expression at an 

mRNA level, and vice versa, whilst knockdown of IDH2 resulted in an up regulation of IDH3 
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and potentially, to a lesser extent, IDH1. It is important to note that these findings were not 

reproducible at a protein level, however, other groups have also demonstrated that the activity 

of one IDH enzyme can increase to compensate for the loss of another (MacDonald MJ 

2013). Furthermore, given that there is rapid transport of citrate, isocitrate and α-KG between 

the cytosol and mitochondria, any precursor, substrate or product of one IDH reaction can be 

imported between cellular compartments, and hence replace any losses that may occur with 

inhibition of another. In fact it has been demonstrated that when the activities of both 

mitochondrial IDH enzymes are significantly inhibited, the transport of substrate and product 

to the mitochondria from the reaction of cytosolic IDH1 can support normal cell growth and 

survival, but is insufficient to support processes that require rapid fuel consumption, such as 

insulin secretion (MacDonald MJ 2013). 

In addition to a possible functional compensation amongst the three IDH enzymes, it is 

possible that redundancy of function also exists between IDH and non-IDH enzymes. For 

example the transport of TCA cycle intermediates between the mitochondria and cytosol has 

been proposed to contribute to NADPH-producing reactions in the cytosol and to participate 

in insulin secretion in pancreatic cells (Farfari S 2000, MacDonald MJ 2005, Ronnebaum SM 

2006). These reactions occur in cycles in which the exported metabolite is oxidized by 

NADP
+
 to produce NADPH in the cytosol, with the oxidized metabolite then being re-

imported into the mitochondria for reduction and re-exportation to the cytosol. In fact, an 

isocitrate cycle involving either or both of the mitochondrial IDHs and cytosolic IDH1 has 

been proposed as one such NADPH cycle (MacDonald MJ 2005, Ronnebaum SM 2006). In 

view of this, it may be necessary to inhibit the function of either two or all three IDH 

enzymes in order to cause a reduction in cellular α-KG levels. Indeed Macdonald et al. 

demonstrated that glucose stimulated α-KG levels were lowered by 90% in pancreatic beta-

cells (INS-1 832/13) with shRNA induced knockdown of both IDH2 and IDH3a (MacDonald 
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MJ 2013), although a 70% reduction in α-KG was also seen with knockdown of IDH3a alone. 

Interestingly, knockdown of IDH2 alone did not result in a reduction in α-KG in this study. 

Furthermore, Zhao et al. demonstrated that in U87MG cells, shRNA knockdown of IDH1 by 

more than 75% at an mRNA level, reduced cellular α-KG levels by up to 50% (Zhao S 2009), 

whilst Xu et al. showed that shRNA knockdown of IDH1 in the same cell line was sufficient 

to increase H3K79 dimethylation induced expression of several HOXA genes, although data 

on cellular α-KG levels was not published (Xu W 2011). Conversely however in Macdonald's 

study, knockdown of IDH1 by greater than 50% in pancreatic beta-cells was not compatible 

with cell line viability, whilst knockdown of less than 50% did not result in inhibition of 

IDH1 enzyme function (MacDonald MJ 2013). 

In conclusion, it appears that the effects and viability of shRNA knockdown of IDH1/2/3 are 

variable between different cell lines. In my LN18 cells, it was not possible to demonstrate a 

reduction in α-KG levels despite a reduction in mRNA expression of IDH1, IDH2, and IDH3 

of 87%, 77%, and 68% respectively, and a reduction in corresponding protein levels. The 

reduction in IDH1/2/3 expression that I achieved at an mRNA level, are lower than the 90% 

knockdown in IDH3a expression, and the 75% and 90% knockdown in dual IDH2/IDH3a 

expression achieved by Macdonald et al. that did result in an α-KG reduction (MacDonald 

MJ 2013), but are comparable with those achieved by Zhao et al. (Zhao S 2009). It is possible 

that by knocking down two or more IDH enzymes in a single cell line, I would have been 

able to demonstrate a reduction in α-KG. Alternatively I could have used a different 

mechanism to inhibit IDH enzyme function, such as that used by Xu et al. who treated 

IDH1/2 wild-type cells with the competitive IDH1 and IDH2 inhibitor, oxalomalate. 

Oxalomalate treatment significantly inhibited JHDM function, suggesting a reduction in 

cellular α-KG had been achieved with this method, although corresponding data on α-KG 

levels was not published (Xu W 2011). Nevertheless, this study by Xu et al. demonstrates that 
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loss of wild-type IDH1/2 function exerts interesting effects on cellular function and that 

IDH1/2 loss of function may indeed serve as a pathogenic mechanism in IDH1/2 driven 

tumourigenesis.  

4.5.2 shRNA knockdown of D2HGDH does not lead to an accumulation of 

2-HG 

2-HG did not accumulate in D2HGDH knockdown cells despite an 82% reduction in  

D2HGDH mRNA expression. It is possible D2HGDH protein is very stable, and hence  

despite a significant reduction in D2HGDH gene expression at an mRNA level, 

corresponding protein expression, and hence enzyme function remained unaffected. 

However, due to a lack of specificity of the two D2HGDH antibodies used, I was unable to 

successfully prove this theory by western blotting. Dual knockdown of both D- and L2HDGH 

function did not result in 2-HG accumulation either. Consequently these models do not serve 

as a meaningful positive control in this study. Treatment of cells with exogenous cell 

permeable D-2HG has been shown to lead to its intracellular accumulation (Xu W 2011), and 

this method would have provided an alternative positive control model to that which I 

attempted to develop. In vitro studies using this technique have successfully demonstrated the 

inhibition by exogenous D-2HG of TET, HIF PHD, C-P4H, and histone demethylase (Xu W 

2011), and have illustrated the effects of D-2HG accumulation on the cellular metabolome 

(Reitman ZJ 2011), although they have not directly demonstrated the effects of D-2HG on 

tumourigenesis.  Concentrations of between 7.5mM and 30mM of D-2HG were added to 

tissue culture media in these studies, and treatment with the latter concentration achieved 

intracellular levels of D-2HG similar to those observed with mutant IDH1/2 expression 

(Reitman ZJ 2011). 
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It is interesting to note that ROS levels were increased in D2HGDH knockdown cells. The 

D2HGDH enzyme reaction is FAD
+
-dependent and produces FADH, as well as α-KG. It is 

possible that although knockdown of D2HGDH function with shRNA was not sufficient to 

promote 2-HG accumulation, it may have resulted in a reduction in FADH and increase in 

FAD
+
, resulting in an increase in cellular oxidative stress, thus explaining the increased ROS 

levels observed. Alternatively, and given that increased ROS levels were also seen in 

scramble shRNA controls, it is possible that off target effects of the specific shRNAs used 

resulted in increased oxidative stress in these cells.  It is unlikely that LV transduction itself 

resulted in an increase in oxidative stress as if this were the case then one would also have 

expected to see an increase in ROS in IDH1/2 mutant expressing LN18 cells treated with 

doxycycline, and this was not the case.  

Also of note is the observation that IDH2 expression was reduced in association with 

D2HGDH gene silencing. Furthermore, this effect appeared to be dependent on the efficiency 

of D2HGDH knockdown, with lower levels of IDH2 expression seen with increased 

efficiency of D2HGDH knockdown. The mechanism by which a reduction in D2HGDH 

expression would result in down-regulation of IDH2 gene expression is not immediately 

clear, although it is worth noting that cases of patients with hereditary D-2HGA with 

mutations in IDH2 but wild-type D2HGDH have been described (Kranendijk M 2010) 

suggesting a possible link between the expression of these two genes. An alternative 

explanation would be that the reduction in IDH2 expression occurred as a result of off target 

effects of the D2HGDH shRNA clone used, although if this was the case, one may also have 

expected a reduction in IDH1 expression, which shows high sequence homology with IDH2 

to have occurred in D2HGDH knockdown cells. Furthermore the reduction in IDH2 

expression was reproduced in cells transduced with a second D2HGDH shRNA clone, whilst 
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the expression of two non-IDH related genes, FOXA3 and KLF5, were unaltered, making the 

suggestion of off target effects less credible.    

The possible association between D2HGDH and IDH2 gene expression is interesting, and 

was further investigated in a D2hgdh knock-out mouse model, the results of which are given 

and discussed in chapter 5. 

4.5.3 Expression of mutant IDH1 and IDH2 in LN18 cells results in an 

accumulation of 2-HG and a reduction in α-KG 

The expression of mutant IDH1 or IDH2 in LN18 cells resulted in an 11-12 fold increase in 

2-HG production, and a 50-60% decrease in α-KG production. These findings are consistent 

with those of other studies that have also demonstrated an increase in D-2HG, and/or a 

reduction in α-KG in association with expression of either IDH1 R132H or IDH2 R172K in 

various cell lines (Table 4-1) and also mirrors the accumulation of D-2HG observed in 

IDH1/2 mutant tumours in vivo (Dang L 2009, Gross S 2010, Ward PS 2010). Consequently 

the IDH1/2 mutant LN18 cell lines generated in this study serve as a reliable in vitro model 

of mutant IDH1/2. 
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Table 4-1: Changes in D-2HG and α-KG in mutant IDH1 and IDH2 expressing in vitro models.  

Author IDH mutation 

expressed 

Cell line D-2HG increase (fold 

change) 

α-KG 

reduction (%) 

Zhao et al. 

2009 

IDH1 R132H U87MG N/A 50 

Dang et al. 

2009 

IDH1 R132H U87MG 90 N/A 

 IDH1 R132H LN18 200 N/A 

Ward et al. 

2010 

IDH1 R132H 293T 100 N/A 

 IDH2 R172K 293T 100 N/A 

Xu et al. 2011 IDH1 R132H U87MG 20 60 

Lu et al. 2012 IDH2 R172K 3T3-L1 >80 N/A 

Koivunen et al. 

2012 

IDH1 R132H Immortalised 

human 

astrocytes 

13 N/A 

 

4.5.4 Expression of mutant Idh1 and Idh2 in ES cells does not result in a 

significant accumulation of 2-HG or a reduction in α-KG production 

The expression of mutant Idh1 or Idh2 in ES cells resulted in a 4-10 fold and 25-26 fold 

increase in 2-HG levels respectively, when compared to parental controls, but these changes 

were not statistically significant. Furthermore, in contrast to IDH1/2 mutant LN18 cells, no 

reduction in α-KG production was seen in Idh1/2 mutant ES cells. It is possible that this 

discrepancy occurred due to the fact that IDH1/2 mutations were over-expressed in LN18 cell 
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models but not in ES cell models. Alternatively, it is possible that these results demonstrate 

that the effect of mutant IDH1/2 expression differs in human and murine cell models. 

Additionally, given the large degree of error seen between duplicate experiments, it is 

possible that these results reflect a degree of inaccuracy which could be improved upon by 

repeating the experiment again. Nevertheless, in view of the fact that both 2-HG 

accumulation and reduced α-KG production have been shown to occur in association with 

mutant IDH1/2 activity (Dang L 2009, Zhao S 2009, Ward PS 2010, Xu W 2011, Koivunen P 

2012, Lu C 2012), the mutant ES cells developed in this study may not serve as an optimal in 

vitro model of mutant IDH1/2. 

4.5.5 Levels of TCA cycle metabolites are not altered by shRNA 

knockdown of IDH1/2 function or expression of mutant IDH1/2 

Inhibition of IDH enzyme activity, through shRNA knockdown of IDH1, IDH2 or IDH3 gene 

expression did not alter cellular levels of TCA cycle metabolites. In the case of IDH1 

knockdown, these findings may be expected, because IDH1 functions in the cytosol and 

although its enzyme substrates and products flux into the mitochondria, it plays a less 

obvious role in TCA cycle activity. However given the major function of IDH3 in the TCA 

cycle, and the contribution that IDH2 plays in regulating this process, it is perhaps surprising 

that down-regulation of this system was not seen in association with down-modulation of 

either IDH2 or IDH3. Nevertheless, Macdonald et al. have also demonstrated, through 

assessment of concentrations of malate, that TCA cycle function remains unaltered in cell 

lines with knockdown of only one mitochondrial IDH. However, malate levels were lowered 

by 60% in glucose-stimulated cell lines with dual IDH2 and IDH3 knock down (MacDonald 

MJ 2013). This finding, which was seen only in the presence of knockdown of both 

mitochondrial IDHs and with glucose stimulation, suggests decreased flux through the TCA 

cycle, and demonstrates an inhibition of its normal function. Furthermore it illustrates that 
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although IDH3 is the primary catalyser of the conversion of isocitrate to α-KG in the TCA 

cycle under normal conditions, IDH2 can compensate when IDH3 activity is decreased. This 

supports the theory discussed in 4.5.1, that IDH enzymes can perform redundant functions 

with respect to α-KG formation and TCA cycle function, and gives an explanation as to why 

TCA cycle function remained intact in my IDH2 and IDH3 knockdown cells. 

Additionally, given that TCA cycle metabolites are present in both the cytosol and 

mitochondria, and can flux between the two compartments, it may be necessary to measure 

mitochondrial and cytosolic levels separately in order to more accurately assess the effects of 

inhibiting the function of each enzyme independently. In my study however, no discrepancy 

was made between mitochondrial and cytosolic levels.   

The levels of TCA cycle metabolites were also unchanged in IDH1/2 mutant LN18 and ES 

cell lines, with the exception of α-KG which was reduced in the former model as discussed in 

section 4.5.3. These findings conflict with those of Rietman et al., who demonstrated a 

significant depletion of TCA cycle metabolites, particularly fumarate (3.0- and 1.8-fold in 

IDH1 and IDH2 mutants respectively) and malate (5.6- and 2.2-fold in IDH1 and IDH2 

mutants respectively), as well as citrate, cis-aconitate and α-KG, together with an 

accumulation of biosynthetic precursors, in human oligodendroglioma cell lines that 

expressed IDH1 R132H and IDH2 R172K (Reitman ZJ 2011). However my results are in 

keeping with the findings of both Dang et al. and Ward et al., who also failed to demonstrate 

significant changes in TCA cycle metabolites in IDH1 mutant U87MG/LN18 cells and 293T 

cell lines respectively (Dang L 2009, Ward PS 2010). This discrepancy may suggest that the 

effect of mutant IDH1/2 expression on TCA cycle function varies between different cell 

lines, or it may be explained by the fact that in Rietman’s study single clones of IDH mutant 

cells were selected for analysis, whilst in my study the unselected bulk cell population and 
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not single clones were used. Nevertheless, I could not prove a direct effect of mutant IDH1/2 

activity on TCA cycle function. Consequently, and in contrast to observations described in 

SDH and FH mutant tumours, in which an accumulation of succinate and fumarate 

respectively support tumour formation (Pollard PJ 2005, Bardella C 2011, Frezza C 2011), I 

could not show the pathogenic effect of mutant IDH1/2 to result from an accumulation of 

TCA cycle metabolites, or to be due to metabolic dysregulation. It is still feasible however 

that IDH1/2 mutations may exert an effect on mitochondrial function through other 

mechanisms such as the inhibition by accumulated D-2HG of cytochrome c oxidase and ATP 

synthase, or due to alterations in cellular NADP+ and NADPH levels, or indeed as a result of 

reduced α-KG production.  

4.5.6 HIF1α expression is increased in association with siRNA knockdown 

of IDH1 and IDH2 and shRNA knockdown of IDH1  

 

Knockdown of IDH1 and IDH2 with siRNA resulted in an increase in HIF1α protein 

expression. Knockdown of IDH1 with shRNA also resulted in an increase in both HIF1α 

target gene expression and HIF1α protein expression. However, shRNA knockdown of IDH2 

did not result in an increase in HIF1α expression either at an mRNA or protein level. This 

may be due to the fact that shRNA silencing of IDH2 expression was less marked, and 

consequently IDH2 function was not reduced to a sufficient degree to alter HIF1α levels.  

The association between IDH1 loss of function and HIF1α upregulation which I have 

demonstrated is consistent with findings published by Zhao et al. who showed that HIF1α 

protein levels were elevated in U87MG cells in response to shRNA-mediated knockdown of 

IDH1 and that the expression of GLUT1, PGK1 and VEGF was increased by between 2-5 

fold through inhibition of  IDH1 activity by oxalomalate (Zhao S 2009). Given that α-KG 

levels were reduced by IDH1 inhibition in this study, the authors concluded that HIF1α 
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upregulation resulted from the inhibition of HIF-PHD. In view of the fact that α-KG 

production was not reduced in my IDH1 knockdown cells it is unlikely that the inhibition of 

HIF-PHD was responsible for the upregulation of HIF1α expression demonstrated in my 

study, although an alternative mechanism such as an increase in oxidative stress, resulting 

from increased ROS and reduced NADPH may have been responsible. Indeed it has been 

well documented that HIF is stabilised by increased oxidative stress (Gerald D 2004, Jung SN 

2008, Diebold I 2010, Reuter S 2010).  

In view of the fact that α-KG levels were not reduced in my IDH knockdown cell lines, and 

2-HG did not accumulate in D2HGDH knockdown cells, it is not possible to draw 

conclusions as to the role played by changes in the levels of these two metabolites in 

inhibiting HIF-PHD in IDH1/2 mutant tumours, using these cell lines.  

4.5.7 HIF1α expression is increased in association mutant IDH1/2 

expression in LN18 and ES cell lines   

 

The expression of mutant IDH1/2 in my LN18 and ES cell lines resulted in HIF1α target gene 

up-regulation and an increase in HIF1α protein expression. Given that 2-HG was increased in 

both models, but a reduction in α-KG production could only be convincingly demonstrated in 

IDH mutant LN18 cells it is plausible that the upregulation of HIF1α occurred as a result of 

the inhibition of HIF-PHD by 2-HG. However it has been demonstrated that both exogenous 

D-2HG (Xu W 2011) and reduced levels of α-KG (Zhao S 2009) can inhibit HIF-PHD in 

vitro. I could have investigated these mechanisms further by treating IDH1/2 mutant cells, 

which had reduced α-KG levels, with exogenous α-KG and then re-measuring HIF1α 

expression, but whilst this method would serve to increase α-KG back to basal levels it may 

also simply counteract the competitive inhibitory effect of D-2HG on HIF-PHD. 

Alternatively I could have measured HIF1α expression in untransduced LN18 cells that had 
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been treated with exogenous 2-HG. Performing cell-free assays of HIF-PHD enzyme activity 

in the presence of varying levels of 2-HG and α-KG would also be beneficial. The potential 

roles of 2-HG accumulation and reduced α-KG production on HIF1α levels are further 

investigated in Idh1 mutant and D2hgdh knockout mouse models and discussed in Chapter 5. 

Overall results from my IDH1/2 mutant cells lines support the theory proposed by others that 

the over-expression of HIF1α maybe a pathogenic mechanism in IDH1/2 mutant tumours 

(Zhao S 2009, Xu W 2011, Sasaki M 2012b). However, my findings conflict with evidence 

presented in other studies which suggests that D-2HG in fact exerts an agonistic effect on 

HIF-PHD, and that HIF1α levels are actually reduced by mutant IDH1 expression (Koivunen 

P 2012, Losman J 2013). 

4.5.8 Mutant Idh1/2 expression in ES cells reduces 5hmC production 

suggesting an inhibition of TET function 

The reduction in 5hmC content observed in ES cells expressing mutant Idh1 and Idh2 

demonstrates that TET function may be inhibited in these cells. The variability in 5hmC 

content seen between each clone may reflect experimental variability or may be due to the 

presence of a variable number of non-recombinant cells present in the cell population of each 

cell clone.  

These findings are consistent with those described by others, who also demonstrate a 

reduction in 5hmC content in both in vitro and in vivo models of IDH1 mutant glioma (Xu W 

2011, Koivunen P 2012), and provide a plausible mechanism for the extensive DNA 

hypermethylation observed in IDH1/2 mutant tumours. Furthermore, the degree of reduction 

in 5hmC content observed in my IDH1/2 mutant ES cells is comparable with the 40-60% 

reduction in 5hmC observed in studies of TET1 deficient ES cells (Dawlaty MM 2013).  
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Given that I was unable to demonstrate a statistically significant accumulation of 2-HG or 

reduction in α-KG in my Idh1/2 mutant ES cells lines, I am unable to conclude whether TET 

activity was inhibited by changes in the levels of either of these metabolites. However, in 

view of the fact that TET has been shown to be inhibited in vitro by both exogenous D-2HG 

(Xu W 2011) and by over expression of wild-type IDH1 (Turcan S 2012), it is feasible that 

alterations in the level of either metabolite may affect TET function. These mechanisms were 

further investigated using in vivo models and are discussed in Chapter 5. 

4.5.9 Mutant Idh1/2 expression in ES cells does not increase markers of 

histone methylation 

I did not observe an increase in the histone methylation markers H3K4me3 and H3K9me2 in 

Idh1/2 mutant ES cells, and therefore cannot demonstrate an inhibition of JHDMs in these 

models. Although both H3K4, H3K9 and other histone methylation markers have been shown 

to be elevated in association with IDH1/2 mutant expression in vitro and in cell cultures 

treated with exogenous D-2HG (Chowdhury R 2011, Xu W 2011, Lu C 2012), global histone 

methylation was shown to be unchanged in the brains of brain-specific Idh1 mutant mice 

(Sasaki M 2012b), and H3K9 hypermethylation is found in both IDH1 mutant (Duncan CG 

2012) and IDH1 wild-type gliomas (Venneti S 2013). Consequently the role played by the 

inhibition of JHDM function, and increased histone methylation in the pathogenesis of 

IDH1/2 mutant tumours remains unclear.  

4.5.10   Mutant IDH expression and down-modulation of wild-type IDH 

expression reduces NADPH levels but does not consistently increase 

ROS levels 

 

NADPH plays an important role in detoxification processes and in the scavenging of oxygen 

radicals, and NADPH levels have been shown to be reduced in human IDH1 mutant GBM 
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(Bleeker FE 2010). I have shown that levels of NADPH are reduced in association with both 

knockdown of IDH1/2 expression and with expression of mutant IDH1/2. Furthermore, 

down-modulation of IDH1/2/3 expression with siRNA increased ROS levels in U87MG cells, 

and knockdown of IDH1/3 with shRNA increased ROS levels in LN18 cells. Additionally, 

expression of IDH1 R132C in LN18 cells also resulted in an increase in ROS levels, although 

no increase was seen in IDH1 R132H mutant LN18 cells or in Idh1 or Idh2 mutant ES cells.  

Oxidative stress has been shown to activate a variety of transcription factors (Reuter S 2010), 

and sustained oxidative stress can damage cell structure and functions and induce somatic 

mutations and neoplastic transformation (Khandrika L 2009) and has been linked to both 

cancer initiation and progression (Visconti R 2009). However, conflicting data exists as to the 

role of oxidative stress in the pathogenesis of IDH1/2 mutant tumours (Koivunen P 2012, 

Sasaki M 2012a, Sasaki M 2012b). My data supports the theory that both gain and loss of 

IDH1/2 function can affect intracellular oxidative state, in this case through changes in 

NADPH, and it is feasible that these changes may result in oxidative DNA damage and 

tumourigenesis in IDH1/2 mutant tumours. Furthermore, I was able to demonstrate that loss 

of wild-type IDH1/2 function results in an increase in intracellular ROS levels, although I 

was unable to demonstrate a consistent correlation between mutant IDH1/2 expression and 

increased ROS levels in this study.  

4.5.11  Cellular proliferation rate is reduced by shRNA knockdown of IDH 

function and IDH mutant expression 

 

shRNA induced knockdown of IDH1/2/3 activity led to a reduction in cellular proliferation 

rate. In the case of IDH2 and IDH3, this suggests that disruption of mitochondrial IDH 

enzyme function may reduce the efficiency of cellular metabolism and hence cell growth. 

Furthermore, given that substrates and products formed by the activity of cytoplasmic IDH1 
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can be imported into the mitochondria and used in the TCA cycle and other mitochondrial 

pathways, a reduction in IDH1 activity may also reduce cellular proliferation in the same 

way.  

Expression of IDH1 R132H and R132C, and IDH2 R172K and R172M also resulted in a 

reduction in cellular proliferation, and this finding may provide an explanation as to why 

IDH1/2 mutant gliomas exhibit a relatively less aggressive phenotype, and are associated 

with a better prognosis than IDH1/2 wild-type tumours (Hartmann C 2009, Yan H 2009). 

Given that flux through the TCA cycle remained unchanged in my IDH1/2/3 knockdown and 

IDH1/2 mutant cell lines, the disruption to cellular metabolism presumed to be responsible 

for the reduced growth rates observed, must have occurred due to another mechanism such as 

those discussed in section 4.5.4. 

4.6 Conclusions 
 

I have shown that the down-modulation of IDH function results in a reduction in NADPH 

levels, together with an increase in HIF1α expression and ROS levels, in the absence of 

changes in cellular α-KG or 2-HG levels. 

Furthermore, I have demonstrated that a reduction in 5hmC and NADPH levels occurs, 

together with an increase in HIF1α expression and ROS levels, in association with the 

expression of mutant IDH1/2, in conjunction with 2-HG accumulation and a reduction in α-

KG production. 

It seems plausible therefore, that an increase in DNA methylation, HIF1α expression and 

oxidative stress may indeed play a role in the pathogenesis of IDH1/2 mutant tumours. In 

IDH1/2 mutant cells, the changes in 5hmC and HIF1α observed may occur through the 
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inhibition of the α-KG dependent enzymes TET and HIF-PHD, as a result of accumulated 2-

HG or reduced levels of α-KG. However in IDH knockdown cell lines, in which α-KG and 2-

HG remain at basal levels, the increase in HIF1α seen is likely to have occurred via a 

different mechanism, such as an increase in oxidative stress. 

Changes in histone methylation or TCA cycle flux were not shown to occur as a consequence 

of IDH1/2 mutant expression and therefore the role of these mechanisms in the pathogenesis 

of IDH1/2 mutant tumours remain a matter for debate.  

In view of the fact that I was unable to generate a cell model of IDH1/2 loss of function using 

shRNA mediated knockdown of IDH1/2, in which cellular α-KG levels were also reduced, I 

was unable to compare the effects of reduced α-KG production with those of 2-HG 

accumulation. Consequently I am unable to conclude, using cell models, whether gain or loss 

of IDH1/2 function is the dominant pathogenic mechanism promoting cellular transformation 

in IDH1/2 mutant tumours. However these mechanisms will be investigated further, using 

mouse models, as described in Chapter 5.   
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5. Chapter Five 

Development of an Idh1 mutant mouse model of glioma 

5.1 Introduction  

 

Our understanding of the molecular mechanisms involved in glioma initiation and its 

progression from grade II to grade IV disease have in the past been hampered as a result of a 

lack of suitable experimental models. This is due in part to the fact that cell lines developed 

from human CNS tumours are difficult to establish in long-term cultures (Westphal M 1998, 

Westphal M 1998, Shiras A 2003) and frequently demonstrate a lack of growth after 10 to 15 

passages (Westphal M 1998, Shiras A 2003). Furthermore, cell culture experiments have 

inherent limitations and are less reliable methods in the investigation of tumourigenic 

mechanisms such as invasion, angiogenesis and metastasis, or in the analysis of the tumour 

microenvironment (Hambardzumyan D 2011). 

Genetically engineered mouse models of glioma, based on specific genetic alterations that are 

observed in human tumours, have been developed that recapitulate the histopathology and 

biology of gliomas and provide an experimental system to design and test novel therapeutic 

agents (Hambardzumyan D 2011). Indeed, genetically engineered models developed around 

key glioma signature mutations in PDGFR (Holland EC 1998, Uhrbom L 1998, Hede SM 

2009, Becher OJ 2010), EGFR (Weiss WA 2003, Wei Q 2006, Zhu H 2009) and NF1 (Reilly 

KM 2004, Zhu Y 2005, Alcantara Llaguno S 2009) genes and pathways have provided 

insights into many fundamental and mechanistic aspects of tumour initiation, maintenance 

and response to therapy, and have highlighted the role played by both oncogenes and tumour 

suppressor genes in these processes. A noteworthy finding in several of these studies was the 

importance of the subventricular zone (SVZ), the major stem and progenitor niche of adult 
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brains, in glioma initiation and maintenance. In the human brain, the SVZ is known to 

consists of three main cells: types A, B and C. Type B cells represent the adult neural stem 

cell (NSC) and express the astroglial marker GFAP and the NSC marker, nestin (Doetsch F 

1999). B cells give rise to highly proliferative progenitor cells, type C cells, which retain 

multipotency. Type B and C cells can be defined by the expression of nestin, and nestin 

expression is lost following NSC differentiation, being retained postnatally only in 

neurogenic zones. Type C cells give rise to the more mature, transiently dividing progenitors 

or neuroblasts, type A cells (Alvarez‐Buylla A 2004), which migrate in bundles through the 

RMS to the olfactory bulb, where they integrate in the cortical layers as new interneurons 

(Pincus DW 1997, Kukekov VG 1999, Curtis MA 2007). A similar hierarchical NSC system 

in the SVZ, and migratory pattern through the RMS to the olfactory bulb, has also been 

observed in the murine brain (Seri B 2004, Quiñones-Hinojosa A 2006). A growing body of 

evidence suggests that human GBMs originate from NSCs which have accumulated 

tumourigenic mutations over a period of time (Ignatova T 2002, Singh SK 2003, Tabatabai G 

2011). These so called glioma-initiating cells (GICs) are thought in some cases to originate in 

the SVZ and several studies using murine glioma models have supported this theory (Zhu Y 

2005, Alcantara Llaguno S 2009). Indeed the accumulation of cooperative oncogenic glioma-

driving mutations occurring in type B and type C cells of the SVZ, have been shown to lead 

to tumour initiation in the early stages of gliomagenesis in p53 mutant mouse models (Wang 

Y 2009). Furthermore, prospective histopathological analysis of pre-tumourigenic brains in 

genetically engineered mice carrying germline null mutations in both p53 and Nf1 also 

revealed that early abnormalities seen in mice genetically destined to develop glioma were 

found in cells residing in the SVZ. These early tumour cells were found to be highly 

infiltrative, were strongly Ki-67 positive, and expressed the stem cell markers nestin and 

GFAP, but did not express myelin basic protein (MBP), a marker of differentiation (Zhu Y 
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2005). Additionally, in studies of Pten haploinsufficient mice that developed high grade 

astrocytoma, pulse chase experiments with DNA synthesis-labelling agents such as 

bromodeoxyuridine, permitted visualization of stem-like cells migrating away from the SVZ, 

through the RMS to the olfactory bulb, and into surrounding regions such as the striatum and 

corpus callosum (Kwon CH 2008). It was subsequently shown that targeting inactivating 

mutations in Nf1, p53 and/or Pten to NSCs/progenitors within the SVZ of mice using either 

the tamoxifen-inducible nestin-creER
T2

 transgene or by stereotactic viral-mediated cre 

recombinase delivery to the SVZ, resulted in the development of grade III glioma or GBM in 

all adult mice subjected to SVZ targeting (Alcantara Llaguno S 2009), demonstrating that 

mutation of these glioma-relevant tumour suppressor genes in the SVZ is sufficient to induce 

tumour formation in vivo. Additionally, in mice with Pdgfr-induced gliomas, the 

microenvironment of the SVZ was shown to provide important signalling stimuli to cancer 

stem cells in this region. Indeed nitric oxide released from tumour endothelial cells is able to 

activate notch signalling in the stem cells of the SVZ, a mechanism shown also to occur in 

human PDGFR-amplified human gliomas (Charles N 2010). 

At the time of starting this project, and still to date, no genetically engineered mouse model 

of Idh1 mutant glioma has been developed. It was therefore desirable to develop such a 

model that reflected human disease, in order to study the pathogenesis of tumours harbouring 

these mutations from their earliest stage. Once developed, this model could also be used to 

determine the impact of therapeutic interventions such as mutant IDH1 inhibitors and 

conventional chemotherapy agents on resulting tumours. 

Since starting this project an orthotopic xenograft mouse model of Idh1 mutant glioma has 

been developed, by the injection of human grade III glioma cells in to the brains of non-obese 

diabetic/severe combined immune deficiency (NOD SCID) mice (Luchman HA 2012). 

Endogenous 2-HG accumulation was detectable in the xenograft serum, however this was not 
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a genetically engineered model, and the method of tumour initiation in xenograft mice differs 

considerably from spontaneous tumour development, and may not accurately represent many 

aspects of tumour biology. Furthermore, cancer formation and progression involve immune 

surveillance evading paradigms which select for cancer developmental processes that are not 

represented in an immunocompromised xenograft system. Additionally, DNA repair defects 

in immunocompromised mice have been shown to limit their capacity to tolerate therapeutic 

interventions (Biedermann KA 1991). 

More recently, Sasaki et al. have developed and characterised the phenotype of conditional 

Idh1 R132H knock-in (KI) mouse models which expressed mutant Idh1 in either the brain 

(Sasaki M 2012b) or the hematopoietic system of mice (Sasaki M 2012a). Brain-specific 

expression of Idh1 R132H during embryogenesis using the Nestin-Cre transgene, resulted in 

cerebral haemorrhage as early as E15.5 and subsequent perinatal lethality of the mice, 

without any evidence of underlying malignancy. A reduction in α-kg production and an 

accumulation of 2-HG was however seen in Idh1-KI cells in this study, in conjunction with 

an increase in HIF1α target gene expression (most notably in Vegf), impaired collagen 

maturation and aberrant basement membrane formation, and the authors concluded that 

cerebral haemorrhage had most likely occurred as a direct result of 2-HG induced inhibition 

of collagen prolyl-hydroxylation (Sasaki M 2012b). Although it is possible that these brain-

specific Idh1 R132H KI mice may have developed brain tumours if they had survived longer, 

the hematopoietic-specific Idh1 R132H KI mice had a normal life span, but similarly did not 

develop malignant disease. Furthermore, although the brain-specific expression of Idh1 

R132H using Gfap-cre (Gfap-KI) also resulted in cerebral haemorrhage and embryonic 

lethality in the majority of embryos, a proportion (8.3%) of Gfap-KI mice survived until 

adulthood, but also did not develop brain tumours (Sasaki M 2012b).  
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Two brain specific Idh1 R132H mutant mouse models were developed as part of this thesis, 

in work undertaken by myself and Dr C. Bardella in collaboration. The first model was 

developed by crossing Idh1
+/fl(R132H)

 (Idh1-KI) mice with Nestin-Cre animals to generate Nes-

Cre;Idh1
+/fl(R132H)

 animals (Nes-KI). Under the control of the Nestin promoter, Cre 

recombinase was expected to be expressed as early as E10.5 in NSCs, and to lead to near-

complete recombination throughout the brain and spinal cord by E12.5 (Graus-Porta D 2001). 

However, as both we and Sasaki et al. subsequently demonstrated, the brain specific 

expression of mutant Idh1 in utero results in perinatal death, without the development of 

brain tumours. A second model was therefore developed, by crossing Idh1-KI mice with 

inducible nestin-creER
T2

 mice to generate nes-creER
T2

;Idh1
+/fl(R132H)

 animals (nesER
T2

-KI). 

nes-creER
T2 

mice express a Cre/ERT2 fusion protein under the control of the rat Nestin 

promoter and following induction with tamoxifen, the nes-creER
T2 

transgene directs Cre 

expression in Nestin-expressing cells. It was hypothesised that by delaying the expression of 

mutant Idh1 until after birth, we would be able to overcome the lack of embryonic viability 

observed in the non-inducible model. 

Furthermore, in order to investigate the effect of constitutive expression of Idh1 R132H in 

vivo, we attempted to develop Sox2-cre;Idh1
+/fl(R132H)

 (Sox-KI) mice, by crossing Idh1-KI 

mice with Sox2-Cre animals. Sox-2 is expressed in pluripotent embryonic stem cells, and is a 

key transcription factor required for the maintenance of pluripotency in embryonic cells and 

morphogenesis of several epithelia (Driessens G 2011). Sox2-Cre mice express Cre 

recombinase under the control of the mouse SRY-box containing gene 2 promoter. Under the 

control of this promoter, Cre recombinase activity is expected to be expressed in epiblast 

cells at E6.5 (Driessens G 2011). In adult mice, Sox2 is expressed in stem cells in a broad 

range of tissues including stratified and glandular epithelia of ectodermal and endodermal 

origin such as the glandular stomach, the oesophagus, the tongue, the brain, the trachea, and 
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the bronchiolar epithelium, as well as in sensory cells (Merkel and taste bud cells) and 

spermatogonial stem cells (Driessens G 2011). 

A constitutive D2hgdh
fl/fl

 knockout mouse (D2hgdh KO), predicted to accumulate 2-HG, was 

also used in this study in order to better evaluate the possible phenotypic effects given by 2-

HG accumulation and to allow a comparison of these effects to be made with those seen in 

Idh1-KI mice, in which reduced levels of α-KG in addition to 2-HG accumulation were 

predicted to occur.   

Germ line mutations in FH and SDH, which like IDH1 encode key metabolic enzymes of the 

TCA cycle, have been implicated in the development hereditary renal cell carcinoma 

(Tomlinson IP 2002, Ricketts C 2008). It was hypothesised that mice expressing mutant Idh1 

in kidney cells may develop renal tumours by mechanisms similar to those seen in FH/SDH 

mutant disease. Consequently we developed a kidney-specific Ksp-Cre;Idh1
+/fl(R132H)

 mouse 

(Ksp-KI) by crossing Idh1-KI mice with Ksp-Cre animals.  

Mutations in IDH1 at R132 have also been described in a few cases of colon cancer (Sjöblom 

T 2006). Consequently we sought to develop a colon-specific, Villin-Cre;Idh1
+/fl(R132H)

 mouse 

(Vil-KI) by crossing Idh1-KI mice with Villin-Cre animals, with the expectation that genetic 

recombination would occur in the entire intestinal epithelium by E12.5 (el Marjou F 2004) 

and could lead to the development of intestinal tumours.  
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5.2  Aims 

 

The aim of this work was to develop a faithful mouse model of Idh1 mutant glioma in order 

to study the effects of mutant Idh1 function in gliomagenesis from its earliest stages. It was 

also hoped that, should tumours develop in brain specific Idh1-KI mice, they could be used as 

a test system for anti-glioma directed therapies. Other tissue-specific models were also 

developed in order to investigate the possible role of mutant Idh1 in the development of both 

renal and colonic tumours. 

A D2hgdh KO mouse was developed, with the aim that it would allow us to establish whether 

2-HG accumulation alone can result in tumourigenesis, and also to allow a comparison of the 

phenotypic effects of 2-HG accumulation to be made with those seen in Idh1-KI mice, in 

which reduced levels of α-KG in addition to 2-HG accumulation were predicted to occur.   
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5.3 Methods 

 

All animals were bred, housed and experiments carried out in accordance with the United 

Kingdom Animal Procedures act 1986. Animals were housed in the animal unit at The 

Wellcome Trust Centre for Human Genetics, Oxford. 

5.3.1 Mouse breeding 

 

Constructs to generate the Idh1-KI mouse were designed by Professor I. Tomlinson (Figure 

5-1). Idh1-KI mice were then made using this construct by Caliper (Hopkinton, Ma), using 

cre-lox and Flp-frt technology.  

Figure 5-1: Construct design used to develop the Idh1-KI mice (16897 bp) 

The expression of CRE recombinase led to the excision of the loxP-flanked WT exons 2-8, and 
subsequent recombination with the mutant Idh1 construct on exon 2, resulting in the expression of 
mutant Idh1 in relevant tissues.  

 

In order to produce the initial, non-inducible Nes-KI mice on a C57BL/6J (BL6) background, 

male and female Idh1-KI mice were first backcrossed in order to obtain mice that were 

heterozygous Idh1
+/fl(R132H)

 (Idh1-KI
+/fl

) or homozygous Idh1
fl(R132H)/fl(R132H)

 (Idh1-KI
fl/fl

) 

mutant carriers. Attempts were then made to excise the loxP-flanked, Frt-flanked neomycin-

resistance (Neo R) cassette of mutant mice, by inter-crossing Idh1-KI mice with a Flpo 

deleter mouse. Idh1-KI mice were then also inter-crossed with Tp53
fl/fl

 (Tp53 KO) mice as it 

was hoped that by generating Nes-KI;Tp53
fl/fl

 mice, this would further promote 
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tumourigenesis given that mutations in Tp53 are over-represented in human gliomas with 

IDH1/2 mutations. Idh1-KI  and Idh1-KI;Tp53
+/fl

 mice were then intercrossed with Nestin-cre 

animals to produce both Nes-KI and Nes-KI;Tp53
+/fl 

mice.  

Idh1-KI mice were also inter-crossed with Sox2-cre animals in order to produce simple KI 

(Sox-KI) mutants. 

Inducible, nesER
T2

-KI mice were subsequently developed by inter-crossing Idh1-KI and 

Idh1-KI;Tp53
+/fl

 mice with nestin-creER
T2

 animals. The expression of Cre recombinase was 

induced 6 weeks post partum by injecting mice intraperitoneally with 1mg of tamoxifen daily 

for 5 consecutive days, as outlined in Methods 2.16.1. Idh1 wild-type (Idh1-WT) litter mates 

were also injected with tamoxifen in order to provide a control.  

Idh1-KI mice were also crossed with Ksp-Cre and Villin-Cre animals in order to produce 

Ksp-KI and Vil-KI mice respectively.   

The D2hgdh KO mouse was obtained from Dr. P. Pollard (Cancer Biology and Metabolism 

Group, Edinburgh Cancer Research UK Centre, Edinburgh, UK). In order to obtain the 

ablation of D2hgdh, the LacZ gene was inserted after the second exon of the D2hgdh 

sequence using conventional gene targeting, in order to replace exons 3,4,5 of D2hgdh 

leading to the expression of a shorter D2hgdh  mRNA, which was predicted to be unstable 

and to produce a non-functional, truncated D2hgdh protein product in all murine tissues 

(Figure 5-2). This was demonstrated using PCR and qRT-PCR analysis. 
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Figure 5-2: Construct design used to develop the D2hgdh KO mice (22314 bp) 

 

The targeting of the D2hgdh gene led to the replacement of exons 3-5 of D2hgdh (with respect to 
the ENSMUST00000112881 D2hgdh transcript; ENSMUSE00000659760, ENSMUSE00000659759 and 
ENSMUSE00000659758) with an FRT flanked IRES-lacZ-pA cassette which is linked to a strong splice 
acceptor signal.  
This deletion allele provides a putative loss of function through the removal of a significant 
proportion of the coding region. Furthermore, the mutant transcript may be subject to nonsense 
mediated decay, however it is also possible that a truncated protein product corresponding to the 
upstream exons could continue to be expressed.  
Mice heterozygous for this deletion allele have the potential to facilitate expression analysis of the 
D2hgdh transcript via the lacZ Knock-in. The complete reporter/selection cassette can be removed 
by Flp recombinase mediated deletion. The selection cassette component of the reporter/selection 
cassette can be removed by Cre mediated deletion. 

 

The mice used in this study, their abbreviated name, and their intended purpose are 

summarised in the table below (Table 5-1) 

5.3.2 Genotyping 

 

In the case of live or culled adult mice, DNA was extracted from earsnips as described in 

Methods 2.1.3. In the case of embryos, DNA was extracted from embryonic tail snips as 

described in 2.1.4. Genotyping was then performed appropriately for wild-type or mutant 

Idh1, Tp53, or D2hgdh, and for the presence or absence of Flp recombinase, and relevant Cre 

recombinases using PCR (primer sequences and appropriate conditions are illustrated in 

Appendix 1), followed by agarose gel electrophoresis, as outlined in Methods 2.4 and 2.5 

respectively.  
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Table 5-1: Genotype, abbreviated name and intended purpose of mice developed in this study 

Genotype  Abbreviated name Purpose 

Idh1
+/fl(R132H)

 Idh1-KI 

(heterozygous-Idh1-KI
+/fl

     

homozygous- Idh1-KI
fl/fl

) 

Idh1 mutant mouse. To cross with 

specific Cre in order to develop 

tissue-specific Idh1 mutant mice. 

Tp53
fl/fl 

Tp53 KO To cross with Idh1-KI  mice to 

further promote tumourigenesis  

Flp Flp To excise the loxP-flanked, Frt-

flanked Neo R cassette of mutant 

mice 

Idh1
+/fl(R132H)

;Neo
R+/fl 

NeoR Idh1 mutant mouse with NeoR 

cassette present 

Idh1
+/fl(R132H)

;Neo
R+/+

 Neo- Idh1 mutant mouse with NeoR 

cassette removed 

Nes-Cre; Idh1
+/fl(R132H)

 Nes-KI A non-inducible brain-specific Idh1 

mutant mouse to model IDH1 

mutant glioma 

nes-creER
T2

; Idh1
+/fl(R132H)

 nesER
T2

-KI An inducible brain-specific Idh1 

mutant mouse to model IDH1 

mutant glioma 

Sox-Cre;Idh1
+/fl(R132H)

 Sox-KI A simple KI Idh1 mutant mouse to 

investigate the effect of constitutive 

expression of mutant Idh1. 

Villin-Cre;Idh1
+/fl(R132H)

 Vil-KI To investigate the effect of mutant 

Idh1 expression in the intestine. 

Ksp-Cre;Idh1
+/fl(R132H)

 Ksp-KI To investigate the effect of mutant 

Idh1 expression in the kidney.  

D2hgdh
fl/fl 

 D2hgdh KO To investigate whether 2-HG 

accumulation alone can result in 

tumourigenesis and to compare the 

phenotypic effects of 2-HG 

accumulation with those seen in 

Idh1-KI mice.  
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5.3.3 Analysis of embryos  

 

Embryos generated from crosses between Idh1-KI mice and either Flp deleter mice, Sox2-Cre 

mice, or Nestin-Cre mice, were analysed for phenotype (size and gross morphological 

defects) and genotype. Pregnant females were sacrificed and embryos were removed at 

between E12.5 and E17. Phenotype was assessed, and DNA was extracted and genotyping 

was performed for Idh1, Sox2-Cre, Flp, and Nestin-Cre. In the case of embryos resulting 

from Idh1-KI x Nestin-Cre crosses, the head of each embryo was dissected from the body and 

photographed. Entire brains were then removed, frozen in liquid nitrogen and stored at -80ºC. 

Samples were subsequently prepared for UPLC-MS analysis as described in Methods 2.14.2, 

and analysed for α-KG and 2-HG levels as described in Methods 2.14.3. 

5.3.4 Analysis of nesER
T2

-KI mice 

 
 
nesER

T2
-KI mice were aged and sacrificed by cervical dislocation at 112 days (4 months), 

194-228 days (6-7 months), and 228-245 days (7-8 months), or at the time that they became 

unwell. Genotyping was repeated from the earsnips of sacrificed animals as described in 

Methods 2.1.3, 2.4, and 2.5. The brain was removed and if grossly abnormal, was 

photographed. The brain was then either kept in its entirety for FFPE as outlined in Methods 

2.16.2; dissected longitudinally into two segments one being kept for FFPE and the other half 

being frozen in liquid nitrogen; or dissected into 4 segments that were frozen in liquid 

nitrogen. Samples frozen in liquid nitrogen were stored at-80ºC prior to future use. 

5.3.4.1 Assessment of Idh1 R132H expression by direct sequencing 

 

DNA and RNA were extracted from tissue taken from random areas of the brains of 4 month 

old nes-creER
T2

;Idh1-KI mice and nes-creER
T2

;Idh1-WT controls as described in Methods 

2.1.4.2 and 2.2.2 respectively. RNA was reverse transcribed to cDNA as outlined in Methods 
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2.7. Direct sequencing of both cDNA and DNA was carried out, using primers designed to 

recognise codon 132 of Idh1 as outlined in Methods 2.6. 

This method was also undertaken using samples taken from the frontal, temporal and 

occipital areas of the brains of 8 month old animals, to confirm whether mutant Idh1 was 

expressed throughout the brain. 

5.3.4.2 Assessment of 2-HG, α-KG and other TCA cycle metabolites by UPLC-MS 

 

Tissue metabolites were extracted from frozen samples as described in Methods 2.14.2, and 

analysed by UPLC-MS using the technique outlined in Methods 2.14.3. 

5.3.4.3 Assessment of the expression Hif1α target genes, neural stem cell markers and 

markers of differentiation 

 

RNA was extracted from the brains of nesER
T2

-KI mice that had been sacrificed at 4 or 8 

months, and reverse transcribed to cDNA as outlined in Methods 2.2.2 and 2.7 respectively. 

The expression of the gene of interest was assessed by qRT-PCR as described in Methods 

1.8. RNA was extracted from the brains of Idh1-WT mice of a similar age to be use as a 

control.  

The expression of the Hif1α target genes Glut1, Pgk1, Vegf, and Egln1 were assessed by 

qRT-PCR using TaqMan probes. β-actin was used as an endogenous control, because 

although GAPDH has been shown to be a reliable choice of housekeeping gene to determine 

the expression of hypoxia induced gene expression, its expression is regulated in part by HIF-

1α  (Said HM 2007).   

The expression of neural stem cell gene markers Nes, Smarca4, Sox2, Msi1, and Prom1 was 

assessed in 8 month old mice, whilst Nes expression was also assessed in 5 and 7 month old 

animals. 
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The expression of neural differentiation gene markers Cnp, Gfap, Aqp4, and Cspg4 was 

assessed in 4 and 8 month old mice.  

The expression of Hif1α, Phd2 and Nestin proteins were assessed using western blotting. 

Protein was extracted from the brains of nesER
T2

-KI and Idh1-WT mice as described in 

Methods 2.10.3, and western blotting carried out as outlined in Methods 2.10.4. 

5.3.4.4 Assessment of TET function and Rbp1 expression 

 

DNA was extracted from the brains of 4, 7, and 8 month old nesER
T2

-KI 
 
mice and  Idh1-WT 

controls of similar age as outlined in Methods 2.1.4.2. Assessment of 5hmC and 5mC levels 

in the DNA samples was then carried out as outlined in Methods 2.15.  

Given that hypermethylation of various different genes involved in RAR activation are 

known to be independently targeted in several IDH mutant tumour types (Semenza GL 2003) 

and that more specifically the promoter region of RBP1 is hypermethylated in the vast 

majority of IDH mutant gliomas (Guilhamon P 2013), Rbp1 expression was assessed in 4 and 

8 month old nesER
T2

-KI mice using the method outlined in section 5.3.4.3. 

5.3.4.5 Assessment of histone methylation 

 

Histone methylation was assessed by measuring the expression of H3K9me3 and total H3 in 

protein extract from the brains of 8 month old nesER
T2

-KI mice. Protein extraction and 

western blotting was carried out using the same method as outlined in section 5.3.4.3. 

5.3.4.6 Immunohistochemistry 

 

Tissue samples were fixed in formalin and embedded in paraffin as outline in Methods 

2.16.2. IHC was carried out on 4µm sections for Nestin, Caspase-3 and Phospho-histone H3 

(PHH3) as described in Methods 2.9. 2.16.2 
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5.3.4.7 Assessment of behaviour using the Open Field Test 

 

The behaviour of nesER
T2

-KI mice was assessed using an OFT as outlined in Methods 2.16.5. 

4 nesER
T2

-KI mice aged 4 months and 4 Idh1-WT controls of similar age were placed 

individually into the OF for 5 minutes. The following measurements were made: number of 

squares crossed; number of rears made; time spent in the centre square (seconds); number of 

faecal boli produced; frequency of urination.  

5.3.4.8 MRI imaging of the brain 

 

MRI imaging was performed on 2 nesER
T2

-KI and 2 Idh1-WT mice as outlined in Methods 

2.16.6. 

5.3.5 Analysis of D2hgdh KO mice 

 

D2hgdh KO mice were sacrificed at 70 days old (2.5 months), and between 252-287 days old 

(9-10 months) by cervical dislocation. The following organs were harvested: brain; heart 

liver; kidney; spleen; lung; and skeletal muscle. Brain tissue was processed using the same 

methods as for nesER
T2

-KI mouse brains. Other organs were dissected into 4 segments that 

were frozen in liquid nitrogen and then stored at -80ºC prior to future use. 

The absence or otherwise of D2hgdh expression in the brain of these mice was assessed 

through PCR and qRT-PCR analysis of extracted RNA, following reverse transcription to 

cDNA as outlined in Methods 2.2.2, 2.4, 2.5 and 2.7 and 2.8, and using primers designed to 

span the deleted exons 2,3, and 4 of D2hgdh. 

Tissue metabolites were extracted from various organs taken from 2.5 month old mice as 

described in Methods 2.14.2, and analysed by UPLC-MS using the technique outlined in 

Methods 2.14.3. 
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The expression of Hif1α target genes Egln1, Egln3, Glut1, Pfk, and Pgk1 was assessed in all 

tissues harvested from 10 month old mice, as outlined in section 5.3.4.3. The expression of 

Hif1α and Phd2 protein in the brain was assessed by western blot as outlined in section 

5.3.4.3. 

The level of 5hmC and 5mC in the brains of 10 month old mice was assessed by HPLC as 

outlined in section 5.3.5.4. 

In view of the fact that IDH2 expression appeared to be affected by shRNA knockdown of 

D2HGDH in vitro, the expression levels of both Idh1 and Idh2 were measured by qRT-PCR in the 

brains of D2hgdh KO mice as outlined in section 5.3.4.3. 

5.3.6 Histological assessment 

 

4µm sections were made from FFPE brain tissue from nesER
T2

-KI, Idh1-WT, and D2hgdh 

KO mice. Slides were stained with H&E out as outlined in Methods 2.16.3. Both H&E 

stained and unstained slides were examined by a pathologist (O. Ansorge) blinded to the 

genotype of the mice as outlined in Methods 2.16.4. 
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5.4 Results 

5.4.1 Removal of the Neo R cassette of Idh1-KI mice  

 

In order to excise the loxP flanked, Frt-flanked Neo R cassette of Idh1-KI mice, they were 

crossed with Flp deleter mice. In total 16 Idh1-KI
+/fl 

x Flp crosses, and 1 Idh1-KI
fl/fl 

x Flp 

cross were made. 74 live offspring resulted from these crosses (litter sizes ranged from 1 to 

9), but none of the offspring were Neo-, including all 9 offspring resulting from the Idh1-

KI
fl/fl

 x Flp cross
 
(Table 5-2).  

Table 5-2: Genotype of live-born mice from Idh1-KI x Flp crosses 

Genotype Total (mean) 

litter size 
Idh1

+/+ 
Idh1

+/fl(R132H)
;Neo

R+/fl
 Idh1

+/fl(R132H)
;Neo

R+/+
 

40 (54%) 34 (46.0%) 0 (0%) 74 (4.35) 

 

To investigate whether Neo- embryos developed lethal defects in utero, embryos from Idh1-

KI x Flp crosses were analysed for both phenotype (size and gross morphological defects) 

and genotype. A male Idh1-KI
fl/fl

 mouse and a female Flp mouse were crossed. The pregnant 

female was sacrificed at E12.5 and 8 embryos were removed. Additionally, a female Idh1-

KI
+/fl

 mouse and a male Flp mouse were crossed and the pregnant female was sacrificed at 

E14.5 and 9 embryos were removed. Each embryo was assessed for gross morphological 

defects, and the size of each embryo was assessed and labelled as small or normal based on 

the expected size for gestational age. DNA was extracted from embryonic tail snips and 

genotyping was performed for IDH1 and Flp recombinase. 2 out of 8 embryos removed at 

E12.5 and 5 out of 9 embryos removed at E14.5 were considered to be small for their 

respective gestational age. However no correlation was found between the size of each 

embryo and their respective genotype. It is important to note however that contamination of 
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extracted embryonic DNA from the yolk sac, containing maternal DNA may have occurred 

thus making the genotyping results uninterpretable. 

5.4.2 Analysis of the constitutive expression of mutant Idh1 

 

In order to develop a simple KI Idh1 mutant mouse and to investigate the effect of 

constitutive expression of mutant Idh1, Idh1-KI mice were crossed with Sox2-Cre mice. It 

was expected that Cre-mediated recombination would result in deletion of the floxed 

sequences, including the NeoR cassette, in Sox2-expressing tissues and would result in 

expression of mutant Idh1 in a broad range of tissues. In total 4 crosses were made between 

Idh1-KI
+/fl

 and Sox2-Cre
 
crosses. 22 live offspring resulted from these crosses (litter sizes 

ranged from 5 to 7) but no Sox2-Cre;Idh1-KI (Sox-KI) mice were generated (Table 5-3).  

Table 5-3: Genotype of live-born mice from Idh1-KI x Sox2-Cre crosses 

Genotype Total 

(mean) 

litter 

size 

Idh1
+/+ 

Sox2-Cre;Idh1
+/+

 Idh1
+/fl(R132H)

 Sox2-Cre;Idh1
+/fl(R132H)

 

12 (54.5%) 10 (45.5%) 0 (0%) 0 (0%) 22 (5.5) 

 

In order to understand if Sox-KI
 
mice were not viable due to developmental or lethal defects 

occurring in utero, embryos resulting from crosses between Idh1-KI x Sox2-Cre mice were 

analysed at E13.5 and E16.5. All 9 embryos resulting from a cross between an Idh1-KI
+/fl

 and 

a Sox2-Cre mouse were either Idh1
+/+ 

or
 
Sox2-Cre;Idh1

+/+ 
and

 appeared to be of normal size 

for gestational age. Conversely 8 out of 9 embryos resulting from a cross between an Idh1-

KI
fl/fl

 and a Sox2-Cre
 
mouse were Sox2-Cre;Idh1

+/fl(R132H) and were small for gestational age, 

whilst 1 out of 9 embryos was found dead and genotyping was not performed because the 

DNA extracted from this embryo was degredated.  
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5.4.3 Analysis of non-inducible brain-specific expression of mutant Idh1in 

mice 

 

In order to investigate the effects of the brain-specific expression of mutant Idh1, Idh1-KI 

mice were crossed with Nestin-Cre mice. In total, 6 crosses were made between Idh1-

KI
+/fl

;Tp53
+/fl

 and homozygous Nestin-Cre mice. 15 live offspring resulted (litter sizes ranged 

from 1 to 4), but no Nes-KI mice were generated (Table 5-4). Of the live Nes-Cre;Idh1
+/+  

offspring resulting from these crosses, there was a preponderance of Nes-Cre;Idh1
+/+

;Tp53
+/+ 

(60%) mice compared to Nes-Cre;Idh1
+/+

;Tp53
+/fl

 (40%) mice.  

Table 5-4: Genotype of live-born mice from Idh1-KI
+/fl

;Tp53
+/fl

 x Nestin-Cre crosses 

Genotype Total 

(mean) 

litter 

size 

 Nes-Cre; 

Idh1
+/+

;Tp53
+/+ 

Nes-Cre; 

Idh1
+/+

;Tp53
+/fl

 

Nes-Cre; 

Idh1
+/fl(R132H)

;Tp53
+/+

 

Nes-Cre; 

Idh1
+/fl(R132H)

;Tp53
+/fl

 

9 (60%) 6 (40%) 0 (0%) 0 (0%) 15 (2.5) 

 

An additional 3 litters were born from matings between Idh1-KI
fl/fl

;Tp53
+/+

 and homozygous 

Nestin-Cre mice but in each case the entire litter, all Nes-Cre;Idh1-KI
fl/fl

;Tp53
+/+

, were found 

to be dead at P0. 

Consequently, to summarise the above results, no live born Neo
-
, Sox-KI, or Nes-KI offspring 

were generated from Flp x Idh1
+/fl(R132H)

;Neo
R+/fl

, Sox2-Cre x Idh1
+/fl(R132H)

;Neo
R+/fl

, Nes-Cre 

x Idh1
+/fl(R132H)

;Neo
R+/fl

, or Nes-Cre x Idh1
+/fl(R132H)

;Neo
R+/fl

;Tp53
+/fl

 crosses respectively, and 

it was not possible to remove the NeoR cassette by Flp or to activate mutant Idh1 by Sox2- or 

Nestin-Cre without causing embryonic or neonatal lethality.  

In order investigate why live Nes-KI mice could not be generated, an analysis was performed 

of embryos resulting from Idh1-KI x Nestin-Cre crosses. 2 crosses were made between a 

male Idh1-KI
fl/fl

 mouse and a female homozygous Nestin-Cre mouse. The pregnant female 
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from the first mating was sacrificed at E17 and 8 embryos were removed. The pregnant 

female from the second mating was sacrificed at E16.5 and again 8 embryos were removed. 

The resulting genotype of all 16 embryos was Nes-Cre;Idh1
+/fl(R132H)

 (Nes-KI).  

Macroscopically, 10 out of 16 Nes-KI embryos removed at E16 and E17.5 appeared to have 

grossly haemorrhagic areas within their brain parenchyma, an example of which is illustrated 

in Figure 5-3.  

Figure 5-3: Haemorrhagic area compared in the brain of a Nes-KI embryo (E14.5) (left panel) 

versus Idh1-WT control (right panel). 

Haemorrhagic areas were noted in the brain parencyhma of 10 of 16 of the Nes-KI
 
embryos 

Furthermore, both 2-HG and α-KG levels were altered in the whole brains of Nes-KI
 
embryos 

(Figure 5-4). 2-HG levels of between 1963 nmol/g and 260872 nmol/g (average 72612 [+/-

71208] nmol/g, p=0.026), and α-KG levels of between 13.86 nmol/g and 107.73 nmol/g 

(average=59.5 [+/-26.5] nmol/g, p<0.01) were demonstrated. These results represent an 

average increase in 2-HG levels of 44-fold, and an average reduction in α-KG levels of 5.5-

fold when compared to wild-type controls (Figure 5-5).  
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Figure 5-4: α-KG and 2-HG levels in the brains of Nes-KI embryos by UPLC-MS 

 

Figure 5-5: Ratio of α-KG and 2-HG levels in the brains of Nes-KI embryos compared to Idh1-

WT controls 

 

In addition to the reduction in α-KG seen, the levels of other TCA cycle metabolites, namely 

fumarate, succinate and malate were also found to be significantly reduced in the brains of 

Nes-KI embryos (Figure 5-6), possibly suggesting reduced TCA cycle function, and levels of 



200 
 

both glutamine and glutamate were also reduced (Figure 5-7). These results were found to be 

statistically significant using a two-tailed, unpaired t-test (Table 5-5). 

Figure 5-6: Levels of fumarate, succinate and malate in brains of Nes-KI embryos 
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Figure 5-7: Levels of glutamine and glutamate in brains of Nes-KI embryos 

 

Table 5-5: Levels of fumarate, succinate, malate, glutamine and glutamate in Nes-KI embryos 

compared to Idh1-WT controls 

Metabolite Average level in Nes-KI 

(nmol/g) 

Average level in Idh1-

WT (nmol/g) 

Average 

difference 

(nmol/g) 

p-value 

Fumarate 21.20 +/- 18.80 78.12 +/- 55.84 -56.92 <0.01 

Succinate 175.6 +/- 156.32 745.24 +/- 379.56 -569.64 <0.01 

Malate 414.33 +/- 283.29 739.82 +/- 227.38 -325.49 0.02 

Glutamine 8485.12 +/- 6673.10 40094.93 +/- 23644.65 -31,609.81 <0.01 

Glutamate 14723.72 +/- 14585.55 63676.16 +/- 39401.97 -48,952.44 <0.01 

 

5.4.4 Analysis of inducible brain-specific expression of mutant Idh1 in 

mice 

 

Given that activation of mutant Idh1 in the brain using non-inducible Nestin-Cre was found 

to be lethal, a second brain-specific Idh1 mutant mouse was developed, by crossing Idh1-KI 

mice with inducible nestin-creER
T2

 mice to generate nes-creER
T2

;Idh1
+/fl(R132H)

 animals 

(nesER
T2

-KI). It was hypothesised that delaying the expression of mutant Idh1 until after birth 

would enable viable adult nesER
T2

-KI mice to be generated. 
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5.4.4.1 Expression of Idh1 R132H in the brain of nesER
T2

-KI
 
mice 

 

In total, the ratio of live born nes-creER
T2

;Idh1
+/fl(R132H)

 and nes-creER
T2

;Idh1
+/+

 mice was 

1:1. Expression of Idh1 R132H was demonstrated in the brains of nesER
T2

-KI mice, but was 

not identified in Idh1-WT controls (Figure 5-8). Furthermore, mutant expression was seen 

throughout the entire brain (Figure 5-9).  

Figure 5-8: Expression of mutant Idh1 compared in the brains of 4 month old Idh1-WT and 

nesER
T2

-KI mice (cDNA) 

 

Figure 5-9: Expression of mutant Idh1 in the frontal (A) temporal (B) and occipital (C) lobes of 

9 month old nesER
T2

-KI mice (cDNA) 

 

 

Sequencing analysis was repeated in 4 nesER
T2

-KI and 4 Idh1-WT, and in several sites 

throughout the brain in order to verify these findings. I could have attempted to verify the 
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finding further using restriction study techniques or by sequencing of sub clones or by using 

deep sequencing techniques which would have added more reliability to the result. I was 

unable to use IHC to confirm expression of mutant Idh1 in the brain due to the lack of an 

available murine antibody directed against mutant Idh1. The advantages of using Sanger 

sequencing in this situation is that it is cost effective and relatively quick to perform. The 

disadvantages, as discussed above are that this technique lacks sensitivity and contamination 

of wild type samples with mutant tissue and vice-versa can lead to false positive results and 

false negative results respectively.  

5.4.4.2 Assessment of nesER
T2

-KI mice behaviour using the open field test 

 

It was expected that nesER
T2

-KI mice may demonstrate increased signs of stress and anxiety, 

if they were becoming unwell as a result of mutant Idh1 activity. However, whilst there 

appeared to be differences in certain behavioural characteristics between Idh1-WT and 

nesER
T2

-KI mice, nesER
T2

-KI mice were actually demonstrated to be hyperactive with 

increased rapid exploratory behaviour showed by an increase in locomotion, with nesER
T2

-KI 

mice crossing an average of 140.25 squares and Idh1-WT controls crossing 76.5 squares 

(p<0.001)  and nesER
T2

-KI  mice performing an increased number or rears compared to Idh1-

WT controls (38.5 vs 28.25, p=0.08) (Figure 5-10). NesER
T2

-KI mice also appeared to 

demonstrate an increased level of thigmotaxis, an anxiety behaviour represented by the 

number of seconds spent in the centre square of the open field, but this result did not reach 

statistical significance (11.5 vs 20.75, p=0.365). The level of autonomic nervous system 

activity, characterised by the frequency of urination and defecation was not significantly 

different in mutant and control mice. 
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Figure 5-10: Open field test results showing the average number of events observed in NesER
T2

-

KI mice compared to Idh1-WT controls 

 

 

5.4.4.3 Hunching and weight loss observed in nesER
T2

-KI
 
mice 

  

Hunching and weight loss were seen in 6/56 (11%) of the Idh1-KI mice generated in this 

study (Table 5-6), which necessitated them to be culled at between 108 and 620 days old 

(Table 5-7). 4/6 of these mice were nes-creER
T2

;Idh1
+/fl(R132H) 

and resulted from crosses 

between Idh-KI and nes-creER
T2

 animals. The remaining 2/6 were Idh1
+/fl(R132H)

;Neo
R+/fl 

and 

Idh1
fl(R132H)/fl(R132H)

;Neo
R+/fl

 respectively, and resulted from inter-crosses between Idh1-KI 

mice, that had not been yet crossed with nes-creER
T2

 animals and in whom mutant Idh1 

expression should therefore not yet have been activated. This phenotype had not been 

observed previously in other Neo
R
 mice perhaps because it occurs less frequently or takes 

longer to develop in these animals compared to nesER
T2

-KI mice.  

Indeed, although hunching an weight loss were seen in both nesER
T2

-KI and Neo
R
 mice, 

overall it was more commonly observed in animals of the former genotype (4/19 [21%]) than 

the latter (2/19 [11%]). Furthermore, it took on average 328 days longer (p=0.017) for the 
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Neo
R
 mice to demonstrate this phenotype (422-620 days, Mean=521 [+/-140]), than it did in 

nesER
T2

-KI animals (108-279 days, mean=193 [+/-75]) (Table 5-7). Weight loss and 

hunching were not observed in any of 18 Idh1-WT mice resulting from Idh1-KI x nes-creER
T
 

crosses, regardless of their nes-creER
T
 status.  

Furthermore, in order to confirm weight loss in, both Idh1-WT and nesER
T2

-KI mice were 

weighed. The weight of nesER
T2

-KI mice (25-33g, mean=28 [+/-3.83]) was on average 6.25g 

(18.25%) less than that of Idh1-WT mice (31-37g, mean=34.25g [+/-3.20]), of the equivalent 

sex and age (p=0.046) (Figure 5-11). 

Table 5-6: Hunching and weight loss nesER
T2

-KI and Neo
R
 mice 

Genotype 

No. mice 

hunched/weight 

loss 

Total no. mice with 

this genotype 

% with 

phenotype 

Idh1
+/+

 0 7 0 

nes-creER
T2

; Idh1
+/+

 0 11 0 

Idh1
fl(R132H)/fl(R132H)

; Neo
Rfl/fl

 1 2 50 

nes-creER
T2

; Idh1
fl(R132H)/fl(R132H)

 0 0 0 

Idh1
+/fl(R132H)

; Neo
R+/fl 

1 17 6 

nes-creER
T2

; Idh1
+/fl(R132H)

 4 19 21 

Total 6 56 

  

 

Table 5-7: Characteristics of mice that developed weight loss and hunching 

Genotype  Litter no. Sex 

Age at tamoxifen 

injection 

(days) Age at cull (days) 

Idh1
+/fl(R132H)

; Neo
R+/fl

 36A n.9 m n/a 422 

Idh1
fl(R132H)/fl(R132H)

; Neo
Rfl/fl

 4B n.6 m n/a 620 

nes-creER
T2

; Idh1
+/fl(R132H)

 57A n. 1 f 48 108 

nes-creER
T2

; Idh1
+/fl(R132H)

 50A n.3 f 45 228 

nes-creER
T2

; Idh1
+/fl(R132H)

 50B n.9 m 46 279 

nes-creER
T2

; Idh1
+/fl(R132H)

 63B n.10 f 72 160 
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Figure 5-11: Average weight of NesERT2-KI and Idh1-WT mice 

 

5.4.4.4 Hydrocephalus and ventriculomegaly observed in nesER
T2

-KI mice 

 

Macroscopic and microscopic abnormalities were observed in the brains of 6/19 (32%) 

nesER
T2

-KI mice at post mortem. These abnormalities were also seen in 5/17 (30%) NeoR 

mice (Table 5-8).  

Table 5-8: Ventriculomegaly in nesER
T2

-KI and NeoR mice 

Genotype 

No. mice with 

ventriculomegaly 

Total no. mice with 

this genotype % with phenotype 

Idh1
+/+

; Neo
R+/fl

 0 7 0 

nes-creER
T2

; Idh1
+/+

  0 11 0 

Idh1
fl(R132H)/fl(R132H)

; Neo
Rfl/fl

 0 2 0 

Idh1
+/fl(R132H)

; Neo
R+/fl

  5
*
 17 30 

nes-creER
T2

;Idh1
+/fl(R132H)

  6
**

  19 32 

Total 11 56 

 * 3 mice had not been injected with tamoxifen 
** one mouse was also hunched/had weight loss 

 

Macroscopically, these brains appeared larger than those of Idh1-WT controls, and were 

hydrocephalic in appearance, with both right and left frontal and parietal lobes appearing 

enlarged. Furthermore, these brains had a less rigid consistency, and the interhemispheric 

fissure appeared less well demarcated (Figure 5-12). In addition to being larger in 
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appearance, the weight of nesER
T2

-KI brains (mean=0.6g [+/-0.014]) were found to be on 

average 0.1g (20%) more than those of Idh1-WT brains (mean=0.5g [+/-0.014]) when 

matched for age and sex (p=0.02) (Figure 5-13).  

Microscopically, ventriculomegaly, defined by enlargement of the lateral ventricle, was also 

seen in these animals, but no gross tumour foci were seen in the surrounding brain tissue.  

Ventriculomegaly was also seen on MRI brain scans performed on 2 nesER
T2

-KI mice but not 

in Idh1-WT mice (Figure 5-14). Further analysis of this MRI imaging is required to ascertain 

the cause of the hydrocephalus seen and to ascertain whether the hydrocephalus is restricted 

to the lateral ventricles or if indeed it occurs in other areas of the ventricular system. MRI 

analysis of the rostral migratory system would also be desirable to identify if macroscopic 

alterations occur in this region. Assessment of intracranial pressure would also help to 

identify the cause of the hydrocephalus seen.  
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Figure 5-12: Abnormal appearance of the brain in nesER
T2

-KI mice 

  

 

 

 

 

 

 

           Idh1-WT               nesER
T2

-KI 

             Idh1-WT                 nesER
T2

-KI 

          Idh1-WT                                       nesER
T2

-KI 
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Figure 5-13: Weight of nesER
T2

-KI  brain compared to Idh1-WT brain 

 

Figure 5-14: MRI brain image showing ventriculomegaly in a nesER
T2

-KI mouse (bottom left) 

compared to age matched Idh1-WT control (top right) 

 

Images of coronal sections through the brain at the level of the lateral ventricles. The lateral ventricles appear 

white due to the presence of paraformaldehyde and are enlarged in the nesER
T2

-KI mouse. This imaging was 

performed in 2 nesER
T2

-KI and 2 Idh1-WT mice. 

Hydrocephalus and ventriculomegaly were observed in both male and female nesER
T2

-KI 

mice sacrificed at between 111 and 245 days old (mean 185), and in both male and female 

NeoR mice sacrificed at between 114 and 521 days old (mean 361), 3 of which had not 
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received tamoxifen injections. These features were not seen in Idh1-WT mice irrespective of 

their nes-creER
T2 

status (Table 5-9). 
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Table 5-9: Characteristics of nesER
T2

-KI and NeoR mice that developed ventriculomegaly 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* not injected with tamoxifen

Genotype  

Litter 

no. Sex 

No. mice with 

ventricumegaly 

Total no. of 

mice with this 

genotype 

 % with 

this 

phenotype 

Age at 

tamoxifen 

injection (days) 

Age at cull 

(days) 

Idh1
+/fl(R132H)

; Neo
R+/fl

 
*
 33a n.6 f 3 

11 

  

  

27 

  

  

 n/a 521 

Idh1
+/fl(R132H)

; Neo
R+/fl *

 37c n.3 m 

 

 n/a 404 

Idh1
+/fl(R132H)

; Neo
R+/fl *

 33a n.12 m  n/a 521 

Idh1
+/fl(R132H)

; Neo
R+/fl

 50b n.3 f 2 

  

6 

  

33 

  
46 245 

Idh1
+/fl(R132H)

; Neo
R+/fl

 63c n.14 m 48 114 

nes-creER
T2

;Idh1
+/fl(R132H)

 50b n.6 f 
6 

  

  

  

  

  

19 

  

  

  

  

  

32 

  

  

  

  

  

56 119 

nes-creER
T2

;Idh1
+/fl(R132H)

 50a n.3 f 45 228 

nes-creER
T2

;Idh1
+/fl(R132H)

 50b n.5 f 46 245 

nes-creER
T2

;Idh1
+/fl(R132H)

 63c n.13 m 48 111 

nes-creER
T2

;Idh1
+/fl(R132H)

 49b n.13 f 42 204 

nes-creER
T2

;Idh1
+/fl(R132H)

 49b n.5 m 42 204 
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5.4.4.5 Idh1
fl(R132H)

;Neo
R
 is a leaky allele 

 

Given that hydrocephalus and ventriculomegaly were observed in both nesER
T2

-KI mice and 

NeoR mice, albeit at a much older age in the latter, this raised the possibility that the 

expression of Idh1 R132H in the brain was possible without the need for Cre-lox 

recombination to have occurred. In order to investigate this theory further both DNA and 

RNA were extracted from the brains of NeoR mice. RNA was retrotranscribed to cDNA, 

which together with extracted DNA was then sequenced in order to identify codon 132 of 

Idh1. RNA primers were designed so that they would not amplify DNA, and DNA primers 

were designed so they would not amplify RNA. Idh1 R132H expression was demonstrated in 

both DNA and cDNA sequences (Figure 5-15), indicating that Idh1
fl(R132H)

;NeoR is a leaky 

allele. In view of this, only Idh1-WT mice and not NeoR mice were used as controls in 

subsequent experiments. 

Figure 5-15: Sequencing analysis showing expression of Idh1 R132H in DNA and cDNA 

extracted from brains of NeoR (left) and NesER
T2

-KI mice (right) 

             

 

Given that Idh1
fl(R132H)

;NeoR was found to be a leaky allele, this raised the possibility that 

Idh1 R132H could also have been expressed in other tissues without Cre-lox recombination 

having occurred. Consequently a full post-mortem examination was performed on NesER
T2

-

KI mice to investigate whether any changes were apparent in organs other than the brain as a 
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result of leaky expression of mutant Idh1. No gross macroscopic changes, or differences in 

weight were however seen in the liver, spleen, kidney, lung, or heart removed from NesER
T2

-

KI mice when compared to Idh1-WT controls (Figure 5-16). 

Figure 5-16: Images of the spleen, heart and kidney from NesER
T2

-KI mice (left) compared to 

Idh1-WT control (right) 

 Spleen       Heart      Kidney 

 

 

5.4.4.6 Analysis of α-KG, 2-HG, and TCA cycle metabolites in NesER
T2

-KI and NeoR 

mice 

 

2-HG accumulated in the brains of NesER
T2

-KI mice, whilst α-KG levels were reduced 

(Figure 5-17). In 4 month old NesER
T2

-KI mice, 2-HG levels were increased by 38.15 

nmol/g (range=43.86-96.38, mean=78.65 nmol/g [+/-19.5], p<0.01) when compared to Idh1-

WT animals (range=31.0-51.13, mean=40.5 [+/-8.3]), whilst in 8 month old NesER
T2

-KI 

mice, 2-HG levels were increased by 72.24 nmol/g (range=136.5-165.8, mean=147.69 [+/-

12.78], p<0.01) compared to Idh1-WT controls (range=61.96-89.25, mean=75.45 nmol/g [+/-

13.65]).  

α-KG levels were reduced by 2.8 nmol/g (range=4.81-19.75, mean=12.67 [+/-5.53], p=0.45) 

in 4 month old NesER
T2

-KI mice when compared to Idh1-WT mice (range=12.14-19.38, 

mean=15.47 [+/-3.66]), whilst in 8 month old NesER
T2

-KI mice a 2.08 nmol/g reduction in α-

KG (range=3.32-6.05, mean=4.37 [+/-1.47], p=0.12) was seen when compared Idh1-WT 

controls (range=5.18-7.25, mean=6.45 [+/-1.11]).  
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These results represent an average increase in 2-HG of 1.94-fold and 1.96-fold, and an 

average reduction in α-KG of 1.2-fold and 1.5-fold, in 4 and 8 month old mice respectively. 

The differences observed were not as considerable as the 44-fold increase in 2-HG or the 5.5-

fold decrease in α-KG seen in the brains of non-inducible Nes-KI embryos (Figure 5-18). 

Furthermore, unlike in Nes-KI embryos, the reduction in α-KG seen in the brains of NesER
T2

-

KI mice did not reach statistical significance, possibly due to the fact that mutant Idh1 

expression was less marked in NesER
T2

-KI mice, or due to the fact that there are likely to be a 

lower proportion of nestin expressing cells in the brain of these mice.  

Figure 5-17: α-KG and 2-HG levels in 4 and 8 month old NesER
T2

-KI mice compared to Idh1-

WT controls 
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Figure 5-18: Relative levels of 2-HG and α-KG in the brains of non-inducible Nes-KI and 

inducible NesER
T2

-KI mice 

 

 

Additionally, although a small reduction in fumarate was detected in the brains of both 4 and 

8 month old NesER
T2

-KI
 
mice (Figure 5-19), this did not reach statistical significant (Table 

5-10), and levels of other TCA cycle metabolites were not reduced. Consequently, in contrast 

to Nes-KI mice, the levels of TCA cycle metabolites were not markedly reduced in NesER
T2

-

KI
 
animals. Furthermore glutamine and glutamate levels were also unchanged.  

 

 

 

 

 

 

 



216 
 

Figure 5-19: Fumarate levels in the brains of 4 and 8 month old NesER
T2

-KI
 
mice compared to 

Idh1-WT controls 

 

Table 5-10: Unpaired t-test analysis of fumarate data 

age (mths) P value significant t-score df standard error of difference 

4 0.19 no 1.414 9 0.648 

8 0.1456 no 1.73 5 0.223 

 

In view of the fact that Idh1 R132H expression was also demonstrated in the brains of NeoR 

mice, the level of 2-HG and α-KG in the brain of these animals was also measured (Figure 5-

20). 2-HG was found to accumulate in both 8 month old (mean=193.19 nmol/g [+/-86.4], 

p=0.025) and 17 month (mean=177.46 nmol/g [+/-39.9], p<0.01) old NeoR mice when 

compared to Idh1-WT controls (mean=94 nmol/g [+/-22.89]), and the level of 2-HG 

accumulation was comparable to that seen in 8 month old NesER
T2

-KI
 
mice (2.0-fold vs 1.9-

fold vs 1.96-fold respectively). α-KG levels were also reduced by an average of 1.38 nmol/g 

in 17 month old NeoR
 
mice (mean=3.45 nmol/g [+/-1.17], p=0.39) compared to Idh1-WT 

controls (mean=4.83 nmol/g [+/-1.95]) this reduction was not statistically significant, and no 

reduction in α-KG was seen in 8 month old NeoR mice. Although the sample number 

included in this analysis were small, these findings suggest that whilst 2-HG may accumulate 

at a similar rate in the brains of both NesER
T2

-KI and NeoR mice, it takes longer for a 

detectable reduction in α-KG production to occur in the latter. This may explain why it 
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generally took longer for a phenotype to be observed in NeoR mice compared to NesER
T2

-KI 

mice; however an analysis of a greater number of NeoR mice would be required in order to 

confirm this theory.  

Figure 5-20: 2-HG and α-KG levels in the brain of NeoR mice compared to Idh1-WT controls 

 

5.4.4.7  Hif1α target gene expression in NesER
T2

-KI mice 

 

The mRNA expression levels of the Hif1α target genes Glut1, Pgk1, and Vegf were 

unchanged in 8 month old NesER
T2

-KI mice by qRT-PCR analysis (Figure 5-21). 

Furthermore no reduction in Hif1α protein expression was seen by western blot (Figure 5-

22). However, the expression level of Egln1 was reduced by 71% (p<0.001). Egln1 encodes 

for Phd2, and is itself a Hif1α target gene that is upregulated in hypoxia. Given that a 

reduction in Egln1 expression could lead to a reduction in Phd2 protein expression and 

subsequent stabilisation of Hif1α, Phd2 protein expression was measured by western blot but 

no reduction in Phd2 protein expression was seen (Figure 5-23). 
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Figure 5-21: Fold change in mRNA expression of Hif1α target genes in the brain of NesER
T2

-KI 

mice by qRT-PCR 

 
 

Figure 5- 22: Western blot showing Hif1α protein expression in the brain of NesER
T2

-KI mice 

 

 

Figure 5-23: Western blot showing Phd2 protein expression in the brain of NesER
T2

-KI mice 
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5.4.4.8  Expression of neural stem cell markers in NesER
T2

-KI mice 

 

The mRNA expression level of the stem cell marker gene Nes was increased by 24-fold 

(p=0.001) in the whole brains of NesER
T2

-KI mice by qRT-PCR analysis (Figure 5-24). The 

mRNA expression levels of Smarca4, Sox2, Msi1, and Prom1 were not demonstrably altered. 

Given that mutant Idh1 expression had been demonstrated in frontal, temporal and occipital 

lobes of the brain, the mRNA expression level of Nes was also measured in these three areas 

separately using qRT-PCR. Nes expression was increased by 152-fold (p<0.001), 36-fold 

(p<0.001, and 46-fold (p=0.025) in the frontal, temporal and occipital lobes respectively 

(Figure 5-25). 

Figure 5- 24: Fold change in mRNA expression of stem cell markers in the brain of NesER
T2

-KI 
mice by qRT-PCR 

 

In order to investigate whether the increase in Nes expression observed in the brains of 

NesER
T2

- KI mice could in fact have resulted not from mutant Idh1 expression, but due in 

some way to the expression of nestin cre recombinase, the mRNA expression level of Nes 

was assessed by qRT-PCR in nes-creER
T2

;Idh1
+/+ 

mice, and compared that in to both Idh1
+/+ 

mice and NesER
T2

-KI mice. Nes expression was found not to be increased in nes-

creER
T2

;Idh1
+/+ 

mice and was in fact 114-fold lower (p<0.001) than that seen in NesER
T2

-KI 
 

mice (Figure 5-26), suggesting that the increase in Nes expression observed in NesER
T2

-KI 
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mice occurred as a result of Idh1 R132H expression rather than the expression of nestin cre 

recombinase. 

Figure 5-25: Fold change in mRNA expression of Nes in the frontal, temporal and occipital 

lobes of NesERT2-KI mice brains compared to Idh1-WT controls by qRT-PCR  

 

Figure 5-26: Relative mRNA expression level of Nes in nes-creER
T2

;Idh1
+/+

, Idh1
+/+ 

NesER
T2

-KI 

mice by qRT-PCR 

 

 

I was unable to demonstrate an increase in nestin protein expression by western blot due to a 

lack of sensitivity of the nestin primary antibody used. The protein bands observed in both 

the Idh1-WT and NesER
T2

-KI samples were very faint, despite repeating the western blot 
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several times and increasing the amount of protein loaded, and the concentration of both 

primary and secondary antibody used.  

However, nestin expression was found to be increased by IHC in cells within the SVZ of the 

brain of NesER
T2

-KI mice (Figure 5-27), and an increase in nestin expression was also seen 

in the region of the RMS. The SVZ is of particular interest because this region, located 

between the lateral ventricle and the parenchyma of the striatum, functions as a source of 

both NSCs and progenitor cells in mice and retains the ability to produce neurons and glia 

throughout adult life. Nestin expression is lost in the adult mouse brain following 

differentiation of NSCs, but its expression is retained within the SVZ. Consequently mutant 

Idh1 expression would be expected to be activated by nestin cre recombinase in cells in this 

region. Furthermore, the SVZ has been shown to play an important role in glioma initiation 

and maintenance, and mutations expressed in NSCs and progenitor cells in the SVZ have 

been shown to lead to tumour initiation in the early stages of gliomagenesis in other mouse 

models. 

It would be important to identify if an increase in Nestin expression was seen only in cells 

which expressed mutant Idh1. This could be achieved by performing IHC for mutant Idh1 

expression in the SVZ of NesER
T2

-KI mice to identify whether the same cells which 

expressed nestin in SVZ also expressed mutant Idh1. However I was able to demonstrate this 

due to the fact that no commercially available mouse-specific Idh1 r132h antibody is 

currently available.  
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Figure 5-27: IHC analysis showing an increase in nestin expression in the SVZ of NesERT2-KI 

mice compared to Idh1-WT controls 

 

  LV: lateral ventricle; RMS: rostral migratory system; SVZ: subventricular zone 

 

5.4.4.9  Assessment of proliferation and apoptosis in the SVZ of NesER
T2

-KI mice 

 

In view of the fact that an increase in nestin expression was seen in cells within the SVZ of 

NesER
T2

-KI mice, analysis of other characteristics of cells in this region was performed using 
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IHC. Specifically, cellular proliferation rate and apoptosis were assessed by IHC using 

antibodies directed against phospho-histone H3 (PHH3) and caspase-3 respectively. 

PHH3 detects endogenous histone H3 when histone H3 is phosphorylated at serine 10. 

Phosphorylation of histone H3 at serine 10 is tightly correlated with chromosome 

condensation during mitosis and is therefore used as a marker of cellular proliferation 

activity. An increase in PHH3 expression was seen by IHC, in cells within the SVZ of 

NesER
T2

-KI mice and in the region of the RMS, suggesting that an increase in proliferative 

activity occurred in these areas (Figure 5-28). Conversely, no observable change in caspase-3 

expression was seen in the SVZ of NesER
T2

-KI  mice when compared to Idh1-WT controls.  
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Figure 5-28: IHC showing an increase in PHH3 expression in the SVZ of NesERT2-KI mice 

compared to Idh1-WT controls 

 

 LV: lateral ventricle; RMS: rostral migratory system; SVZ: subventricular zone 

 

It is apparent from this IHC analysis that the Nestin expressing cells and the proliferating 

cells are not congruent. Indeed there are a greater number of proliferating cells seen that 

Nestin expression cells and the proliferating cells distributed more diffusely than the Nestin 

expressing cells. This raises the possibility that mutant Idh1 expressing cells may exert a 

paracrine effect on neighbouring cells. More specifically, it is possible that D2HG 

accumulating as a result of mutant Idh1 activity in nestin expressing cells leaks out of these 

cells and exerts a 'field' effect on neighbouring cells which do not express mutant Idh1. 

Indeed the theory that mutant IDH activity within a cell, can exert a paracrine effect on 

neighbouring cells has been suggested to occur in patient with OD and MS (Amary M 2011), 
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and is strengthened by the finding that D2HG accumulates in tissue culture media aspirated 

from cultured IDH1 mutant cells lines at a level 100-fold greater than that seen in media 

aspirated from IDH1-WT cells (Duncan C 2012). This theory could have important clinical 

implications. In particular it may reduce the reliability of using antibodies directed against 

IDH1R132H to delineate tumours at surgery or in histopathological analysis, given that the 

tumourigenic effects may also occur in neighbouring IDH1-WT cells.   

5.4.4.10  Expression of markers of neural differentiation in NesER
T2

-KI mice 

 

The mRNA expression of gene markers of neural differentiation was assessed by qRT-PCR. 

The mRNA expression level of genes associated with astrocytic differentiation, Gfap and 

Aqp4, were found to be comparable in the brains of 8 month old NesER
T2

-KI and Idh1-WT 

mice. However the mRNA expression level of genes associated with oligodendrocytic 

differentiation, Cnp and Cspg4, were reduced by 16% (p=0.05) and 14% (p<0.001) 

respectively in the brains 8 month old NesER
T2

-KI mice (Figure 5-29), and by 25% 

(p=0.026) and 10% (p=0.38) respectively in the brains of 4 month old NesER
T2

-KI mice 

(Figure 5-30). 

Figure 5-29: Fold change in mRNA expression of markers of neural differentiation in the brain 

of 8 month old NesER
T2

-KI mice compared to Idh1-WT controls 
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Figure 5-30: Fold change in mRNA expression of markers of oligodendrocytic differentiation in 

the brains of 4 month old NesER
T2

-KI mice compared to Idh1-WT controls 

 

 

5.4.4.11 Assessment of markers of TET function and Rbp1 expression in NesER
T2

-KI 

mice 

 

The α-KG-dependent, DNA-modifying, TET enzymes hydroxylate 5mC to generate 5hmC. 

TET enzymes function as epigenetic regulators of gene expression by mediating the 

demethylation of DNA. The inhibition of TET has been implicated in the pathogenesis of 

IDH1/2 mutant tumours and IDH1 mutant gliomas accumulate significantly lower levels of 

5hmC and higher levels of 5mC than wild-type tumours. Consequently levels of 5hmC and 

5mC were measured in the brains of NesER
T2

-KI  mice, as a marker of TET function. Levels 

of 5hmC were significantly reduced, by 24% (p=0.001), in the brains of NesER
T2

-KI mice. A 

3.3% increase in 5mC levels was also seen but this increase did not reach statistical 

significance (p=0.6156) (Figure 5-31). The 5mC:5hmC ratio in the brains of NesER
T2

-KI 

mice was 6.7:1 (p<0.001), compared to a ratio of 5:1 (p<0.001) in Idh1-WT controls, further 

demonstrating a change in the relative levels of these DNA methylation variants in 

association with mutant Idh1 expression.  
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Figure 5-31: Relative levels of 5-hmC and 5-mC levels in NesER
T2

-KI mice 

 

The expression of Rbp1, whose promoter region is hypermethylated in the vast majority of 

IDH1 mutant gliomas, was also analysed to be used as a more sensitive marker of DNA 

methylation and because RBP1 expression has been shown to be reduced in IDH1 mutant 

tumours. The mRNA expression level of Rbp1, measured by qRT-PCR, was found to be 

reduced by 25% (p=0.01) and 30% (p=0.04) in the brains of 4 month and 8 month old 

NesER
T2

-KI mice, respectively (Figure 5-32). 

 

 

 

 

 

 

 

 

 

 

 

 



228 
 

Figure 5-32: qRT-PCR analysis of mRNA expression levels of Rbp1 in the brain of NesER
T2

-KI 
mice compared to Idh1-WT controls  

 

 

 

5.4.4.12  Assessment of markers of JHDM function in the brain of NesER
T2

-KI mice 

 

JHDM's function as epigenetic regulators of gene expression by binding to and removing 

methyl groups from specific histone lysine residues. The methylation of histone residues can 

be used as a marker of JHDM function and changes in the levels of histone methylation 

markers such as H3K4, H3K9, H3K27, H3K36, and H3K79 have been shown to be elevated 

in association with mutant IDH1/2 expression both in vitro and in vivo. The level of H3K9 

trimethylation (H3K9me3) in the brain of NesER
T2

-KI mice was therefore assessed by 

western blot, in order to act as a marker of JHDM function. However, an increase in 

H3K9me3 could not be consistently demonstrated in the brains of NesER
T2

-KI mice, when 
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compared to levels in Idh1-WT controls, suggesting that JHDM function was not inhibited in 

mutant animals (Figure 5-33).  

Figure 5-33: Western blot showing H3K9me3 and total H3 levels in the brain of NesER
T2

-KI 

mice compared to Idh1-WT controls 

 

 

5.4.5 Analysis of D2hgdh KO mice 

 

We bred constitutive D2hgdh KO mice and aged them until between 2.5 and 10 months prior 

to sacrifice. No gross phenotype was observed by that time. Specifically, and in contrast to 

both NesER
T2

-KI and NeoR mice, hunching and weight loss were not observed in D2hgdh 

KO mice. Furthermore, none of the 15 brains removed from D2hgdh KO animals appeared 

hydrocephalic, and ventriculomegaly was not observed macro- or microscopically.  

In order to establish whether D2hgdh was expressed in D2hgdh KO mice, mRNA was 

extracted from the brains of 4 D2hgdh KO mice and retrotranscribed to cDNA before being 

analysed by PCR and qRT-PCR. Both PCR and qRT-PCR analysis of cDNA, demonstrated 

an absence of D2hgdh expression (Figure 5-34 and Figure 5-35). 
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Figure 5-34: PCR analysis of D2hgdh expression in the brains of D2hgdh KO mice 

 

 Fw primers recognise exon 1 of D2hgdh; Rv primers recognise exon 3 of D2hgdh 

 

Figure 5-35: qRT-PCR analysis of D2hgdh expression in the brains of D2hgdh KO mice 

 

Levels of 2-HG and α-KG were measured in the brain, liver, kidney and spleen of 2.5 month 

old D2hgdh KO mice. In the brain, a 6.4-fold increase (p<0.01) in 2-HG was observed, but α-

KG levels were not reduced. In fact, a 1.2-fold increase (p=0.08) in α-KG was seen but this 

was not statistically significant (Figure 5-36). 2-HG was also found to be increased by 13.6-

fold (p<0.01), 9.6-fold (p<0.01) and 7-fold (p<0.01) in the liver, kidney and spleen. A 0.7-
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fold (p=0.08) and 0.9-fold (p=0.23) decrease in α-KG was seen in the kidney and spleen 

respectively, but these changes were not statistically significant. 

Figure 5-36: Relative levels of 2-HG and α-KG levels in the brain, liver, kidney and spleen of 10 

week old D2hgdh KO mice compared to D2hgdh WT controls. 

 

In contrast to NesER
T2

-KI mice where a reduction in 5hmC together with an increase in the 

5mC:5hmC ratio was seen in the brain, levels of 5mC and 5hmC were unchanged in the 

brains of D2hgdh KO mice when compared to D2hgdh WT controls (Figure 5-37) and the 5-

mC:5hmC ratio was not increased (0.9:1). 

Additionally and again in contrast NesER
T2

-KI mice, the mRNA expression level of Nes, 

assessed by qRT-PCR, was not increased in the brain of D2hgdh KO mice when compared to 

D2hgdh WT controls (Figure 5-38).  
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Figure 5-37: Relative levels of 5mC and 5hmC in the brain of D2hgdh KO mice compared to 

D2hgdh WT controls 

 

Figure 5-38: Relative mRNA expression level of Nes in the brain of D2hgdh KO mice compared 

to D2hgdh WT controls 

 

The mRNA expression level of various Hif1α target genes was assessed in the brains of  

D2hgdh KO by qRT-PCR (Figure 5-39). Egln1 expression was found to be reduced by 21% 

(p=0.02), however, as in NesER
T2

-KI mice, corresponding Phd2 protein expression was not 

reduced on western blotting (Figure 5-40). Egln3 expression was also reduced by 19% 

(p=0.11), and Glut1 expression was increased by 27% (p=0.59), but these changes were not 

statistically significant. Furthermore, the expression levels Pfk and Pgk1 were unchanged, 

and Hif1α protein expression was not increased on western blotting. 
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Figure 5-39: Hif1α target gene expression in the brain of D2hgdh KO mice 

 

Figure 5-40: Western blot showing Phd2 protein expression in the brain of D2hgdh KO mice 

and D2hgdh WT controls 

 

Interestingly the expression level of Egln1 was also reduced by 19% (p<0.01) and 11% 

(p<0.01) respectively, in the liver and kidney of D2hgdh KO mice by qRT-PCR (Figure 5-41 

and Figure 5-42). Furthermore, in the liver, the expression levels of Egln3, Glut1, Pfk, and 

Pgk1 were increased by 99% (p<0.01), 76% (p<0.01), 98% (p<0.01) and 40% (p=0.02) 

respectively, whilst in the kidney, a 13% (p=0.21), 42% (p=0.01) and 51% (p=0.03) increase 

was seen in the expression of Egln3, Glut1 and Pfk respectively. 2-HG was found to 

accumulate to a greater extent in the liver and kidney than in the brain, and this may explain 



234 
 

why an increase in Hif1α target gene expression was seen in the former two tissues, but not 

in the latter. Alternatively these findings may demonstrate that the effect of 2-HG 

accumulation on Hif phd activity differs between tissues. It is also plausible that the reduction 

in Egln1 expression seen in the liver and kidney, led to a reduction in Phd2 protein levels in 

these tissues, stabilising Hif1α and resulting in the increase in the expression of the other 

Hif1α target genes analysed. 

Figure 5-41: Hif1α target gene expression in the liver of D2hgdh KO mice compared to D2hgdh 

WT controls 

 

Figure 5-42: Hif1α target gene expression in the kidney of D2hgdh KO mice compared to 

D2hgdh WT controls 
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In view of the fact that IDH2 expression was reduced by both qRT-PCR and western blot in 

cell lines with shRNA induced knockdown of D2HGDH, Idh2 expression levels were also 

assessed in the brains of D2hgdh KO mice by qRT-PCR. No reduction in Idh2 expression 

was demonstrated, in fact, an 11% (p=0.15) increase was seen but this was not statistically 

significant (Figure 5-43). Consequently, it appears that knockdown of D2hgdh does not 

affect Idh2 expression levels in vivo.  

Figure 5-43: Idh2 expression in the brain of D2hgdh KO mice compared to D2hgdh WT controls 

 

5.4.6 Analysis of Ksp-KI and Vil-KI mice 

 

Mutations in IDH1 at R132 have been described in a few cases of colon cancer, and 

mutations in other TCA cycle enzymes, namely SDH and FH have been implicated in the 

development hereditary renal cell carcinoma. Therefore, Idh1-KI mice were crossed with 

both Ksp-Cre and Villin-Cre mice in order to assess the effects of mutant Idh1 expression in 

the kidney and intestine respectively. 

In total 26 live mice were generated by Idh1-KI x Ksp-Cre crosses. 4 of these mice developed 

the same hunched posture and weight loss that were observed in NesER
T2

-KI and NeoR mice, 

necessitating them to be culled at between 257-380 days old (Table 5-11). Similarly this 
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phenotype was seen in both Ksp-KI and NeoR
 
mice but not in Idh1-WT animals, further 

demonstrating that Idh1
fl(R132H)

;Neo
R
 is a leaky allele. 

Table 5-11: Hunching and weight loss in offspring from Idh1-KI x Ksp-Cre crosses 

Genotype 

No. mice 

hunched/weight 

loss 

Total no. mice with 

this genotype 

% with 

phenotype 

Idh1
+/+

 0 1 0 

Ksp-Cre;Idh1
+/+

 0 8 0 

Ksp-Cre;Idh1
fl(R132H/fl(R132H)

 1 1 100 

Idh1
+/fl(R132H)

;Neo
R+/fl

 2 7 29 

Ksp-Cre;Idh1
+/fl(R132H)

 1 9 11 

Total 4 26 

 A total of 14 mice were generated from Idh1-KI x Villin-Cre crosses. 2 of these mice, both 

Villin-Cre;Idh1
+/fl(R132H)

, developed a hunched posture and weight loss, necessitating them to 

be culled at 292 and 337 days old respectively (Table 5-12). 

Table 5-12: Hunching and weight loss in offspring from Idh1-KI x Villin-Cre crosses 

Genotype 

No. mice 

hunched/weight 

loss 

Total no. mice with 

this genotype 

% with 

phenotype 

Idh1
+/+ 

 0 1 0 

Villin-Cre;Idh1
+/+ 

 0 3 0 

Idh1
+/fl(R132H)

;Neo
R+/fl

 0 5 0 

Villin-Cre;Idh1
+/fl(R132H)

 2 5 40 

Total 2 14 

  

It is possible that leakiness of the Idh1
fl(R132H)

;Neo
R
 allele in the brain of Ksp-KI and Vil-KI 

mice results in hunching and weight loss in the same way that mutant Idh1 expression in the 

brain is assumed to cause this phenotype in NesER
T2

-KI mice. Alternatively the tissue 

specific effects of mutant Idh1 expression in the kidney or intestine may be responsible. 

Further analysis of the brain, kidney and intestine, in addition to the assessment of 2-HG and 

α-KG levels in these tissues in Ksp-KI and Vil-KI mice is therefore required.   
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5.5 Discussion  

No live born Neo-KI, Sox-KI, or Nes-KI offspring were generated from Flp x 

Idh1
+/fl(R132H)

;Neo
R+/fl

, Sox2-Cre x Idh1
+/fl(R132H)

;Neo
R+/fl

, Nes-Cre x Idh1
+/fl(R132H)

;Neo
R+/fl

, or 

Nes-Cre x Idh1
+/fl(R132H)

;Neo
R+/fl

;Tp53
+/fl

 crosses respectively, and it was not possible to 

remove the NeoR cassette by Flp or to activate mutant Idh1 by Sox2- or Nestin-Cre without 

causing embryonic or neonatal lethality. Nes-KI embryos do however develop cerebral 

haemorrhage in utero and accumulate an increased level of 2-HG and reduced levels of α-

KG, fumarate, succinate, malate, glutamine and glutamate in the brain. In view of the fact 

that we were unable to generate live born Nes-KI mice, and due to the discovery by Sasaki et 

al. at a similar time that this was a non-viable model, due to the development of cerebral 

haemorrhage in utero, we abandoned this approach in order to focus our efforts on 

developing a brain-specific Idh1-KI using an inducible Nestin-Cre in the hope that this model 

would produce live born NesER
T2

-KI for analysis.  

Viable, adult NesER
T2

-KI mice are generated by activating mutant Idh1 expression six weeks 

post partum by intraperitoneal injection of tamoxifen and these mice become unwell at 

between 108-279 days developing a hunched posture and weight loss. Hydrocephalus and 

ventriculomegally are observed in the brains of NesER
T2

-KI mice, together with an 

accumulation of 2-HG and a reduction in α-KG production, but changes in the levels of these 

metabolites are less marked than in the brains of Nes-KI embryos and levels of other TCA 

cycle metabolites are not significantly altered. Hunching, weight loss, hydrocephalus and 

ventriculomegally also develop in NeoR mice, albeit at an older age than in NesER
T2

-KI mice, 

and 2-HG accumulates in the brain, demonstrating that Idh1
(R132H)

;Neo
R
 is a leaky allele.  

Nestin expression levels are significantly increased throughout the brain of NesER
T2

-KI mice, 

whilst the expression levels of markers of oligodendrocytic differentiation are reduced.  An 
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increase in nestin expression is also seen, in conjunction with an increase in proliferative 

activity, in the SVZ of NesER
T2

-KI by IHC. A decrease in 5hmc levels and an increase in the 

5mC:5hmC ratio is seen in the brain of NesER
T2

-KI mice, together with a reduction in RBP1 

expression levels, possibly signifying that a change in global DNA methylation occurs in 

association with mutant Idh1 expression in the brain. The expression of Hif1α was not 

increased at an mRNA or protein level in the brain of NesER
T2

-KI mice and nor were markers 

of histone methylation.  

2-HG also accumulates at various levels in the brain, liver, kidney, and spleen of D2hgdh KO 

mice. However hunching, weight loss, hydrocephalus and ventriculomegally are not seen in 

mice with this genotype. Egln1 expression levels are reduced and the expression levels of 

other Hif1α target genes are increased in the liver and spleen of D2hgdh KO mice, but no 

increase in Hif1α target gene expression is seen in the brain, where 2-HG accumulation is 

also less marked. Furthermore, unlike in NesER
T2

-KI mice, 5hmc levels are not reduced, and 

neither the 5mC:5hmC ratio nor the level of nestin expression are increased in the brains of 

D2hgdh KO mice. 

Hunching and weight loss also occur in Ksp-KI and Vil-KI mice, most likely due to either 

leaky expression of the Idh1
(R132H)

;Neo
R
 allele in the brain, or due to the effects of mutant 

Idh1 expression in the kidney or intestine. Further analysis of the kidney, intestine and brain 

of these mice is however required.  

5.5.1 No live-born Neo-KI mice were generated from Idh1-KI x Flp crosses 

 

No live-born Neo-KI mice were obtained, and hence the NeoR cassette could not be removed 

from the target gene of interest in the germline using Flp deleter mice. It is likely that 

removal of the NeoR cassette by Flp caused embryonic lethality in Neo-KI mice, although 
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analysis of Neo-KI embryos did not reveal any gross morphological abnormalities when 

compared to Idh1
+/fl(R132H)

;Neo
R+/fl

 embryos.  

5.5.2 No live-born Sox-KI mice were generated from Idh1-KI x Sox-Cre 

crosses 

 

No live-born Sox-KI mice were generated, and consequently it was not possible to produce a 

mouse model in which mutant Idh1 was expressed ubiquitously. This finding most likely 

reflects the possibility that the ubiquitous expression of mutant Idh1 results in developmental 

or lethal defects in utero. Indeed Sox-KI embryos were found to be small in size for their 

gestational age when compared to Neo
R 

embryos, although no other gross morphological 

abnormalities were seen.  

5.5.3 Expression of Idh1 R132H in the murine brain in utero results in 2-

HG accumulation, reduced α-KG production and embryonic lethality 

  
No live-born Nes-KI mice were generated from Idh1-KI x Nestin-Cre crosses, most likely 

reflecting the possibility that brain specific expression of mutant Idh1 results in 

developmental or lethal defects in utero. 2-HG was found to accumulate at a high level (1963 

nmol/g to 260872 nmol/g [average 72612 nmol/g]) in the brains of Nes-KI embryos, and α-

KG levels were reduced (13.86 nmol/g to 107.73 nmol/g [average 59.5 nmol/g]). 2-HG has 

been shown to accumulate at levels of between 5000 nmol/g and 35000 mmol/g in human 

glioma tumour samples (Chou A 2012). The level of 2-HG accumulation seen in the brains of 

Nes-KI embryos was on average twice as high as this, and although one must be cautious in 

comparing these two different models, it is possible that whilst levels of 2-HG seen in human 

gliomas are sufficient to cause tumourigenesis, the higher levels seen in the brains of Nes-KI 

embryos are not compatible with life.  
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Macroscopically, the brains of Nes-KI embryos
 
appeared to demonstrate haemorrhagic areas 

within the parenchyma. Sasaki et al. also described a haemorrhagic phenotype in their brain 

specific Idh1 R132H conditional KI mice developed using both Nestin-Cre and Gfap-Cre, 

which occurred in association with a significant accumulation of 2-HG (2000 vs. 5 ng/mg of 

tissue [Nes-KI], p<0.01) in brain cells, as well as a modest reduction in α-KG (0.45 vs. 0.55 

fmol/cell [Nes-KI], p=0.02), when compared to wild-type controls (Dang L 2009). Most 

significantly in that study, 2-HG levels were found to correlate closely with the haemorrhagic 

phenotype observed, and in the case of Gfap-KI mice, haemorrhage only occurred in brains 

which also accumulated high levels of 2-HG, and not in those without it. The authors 

proposed that brain haemorrhage occurred due to Vegf overproduction and increased 

basement membrane fragility resulting from 2-HG-induced inhibition of HIF-PHD, C-P4H 

and procollagen-lysine 2-oxoglutarate 5-dioxygenases 1, 2, and 3 (Plod1–3). It seems highly 

plausible therefore that the haemorrhagic phenotype observed in our mice also occurred 

through the same mechanisms, and most likely explains why we did not generate any live-

born Nes-Cre mice in our study.  

5.5.4 NesER
T2

-KI mice do not demonstrate behaviour associated with 

stress or anxiety during an open field test 

 

It was proposed that NesER
T2

-KI mice would demonstrate behavioural characteristics 

attributed to increased stress and anxiety such as thigmotaxis. However during the OFT, 

NesER
T2

-KI mice actually elicited behaviour attributed to reduced anxiety, namely an 

increase in locomotion and rearing, but thigmotaxis was not observed. Autonomic nervous 

system activity, characterised by the frequency of urination and defecation was also not 

increased.  
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5.5.5 2-HG accumulates and α-KG levels are reduced in NesER
T2

-KI mice 

 

An accumulation of 2-HG and a reduction in α-KG production is seen in the brains of 

NesER
T2

-KI adults. Interestingly these changes are less marked than those seen in Nes-KI 

embryos. Several factors may account for these findings. Firstly, because neurogenesis in 

mice decreases with age; starting at E10, increasing until birth and then declining post-

natally, the pre-natal brain has more NSCs per area, and these cells proliferate at a greater 

rate in embryos than in adult mice. Furthermore, only a small proportion of these NSCs 

remain in the adult, as many differentiate post-natally into ependymal cells, astrocytes and 

oligodendrocytes, and those that do remain are limited to the SVZ and SGZ. Consequently, 

nestin expressing cells are found more diffusely and in greater numbers in the embryonic 

brain than in the adult brain, and since the Nes-Cre transgene directs Cre expression in nestin 

expressing cells, mutant Idh1 expression would have occurred in a higher proportion of brain 

cells in embryonic mice. 

Secondly, in adult mice, metabolomic analysis was performed on a single tissue section that 

had been dissected from a random piece of the brain, whilst the whole brain was analysed 

from embryos. Given that in adult mice, the majority of nestin expressing cells are found in 

the SVZ and SGZ, this area may not have been incorporated in the section used for analysis, 

and therefore a relatively large number of cells that did not express nestin or mutant Idh1 will 

have been included in sample analysis. Consequently, the actual changes in 2-HG and α-KG 

levels, in cells in which Idh1 R132H expression was activated, may have been diluted as a 

result.  

Thirdly, it is possible that tamoxifen induced activation of mutant Idh1 expression with nes-

creER
T2

 was less efficient than with standard Nes-Cre. Indeed, although CreER
T2

 

recombinase, is currently considered to be the best model of inducible mutagenesis in mice 
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(Feil R 1997, Indra AK 1999 , Sasaki M 2012b) and has proven to be useful in several studies 

(Kuhbandner S 2000, Imai T 2001, Kim JE 2004, Mori T 2006), tamoxifen-induced gene 

activation in a given tissue is often incomplete, and induced mice are usually mosaics with 

varying fractions of co-existing wild-type and mutant cells (Leone DP 2003). In view of this, 

we aim to investigate the tissue specificity and recombination efficiency of nestin-creER
T2

 

further using ROSA26-Enhanced Yellow Fluorescent Protein (EYFP) reporter mice and have 

recently crossed NesER
T2

-KI mice with these animals. The results of these studies would be 

considered in future work.   

5.5.6 Hunching and weight loss are observed in NesER
T2

-KI, Ksp-KI, Vil-KI 

and NeoR mice 

 

Hunching and weight loss are observed in NesER
T2

-KI mice. This phenotype is also seen in 

Ksp-KI, Vil-KI and NeoR
 
mice, albeit with a higher latency (Table 5-13), but is not in seen 

Idh1-WT or D2hgdh KO mice.  

Table 5-13: Age at which mice developed hunching and weight loss 

Genotype Age range (days) Mean (days) 

NesER
T2

-KI 108-279 193.74 

Ksp-KI 257-380 318.5 

Vil-KI 292-337 314.5 

NeoR 422-620 531 

 

It appears feasible that this phenotype occurs in NesER
T2

-KI mice as a result of the brain-

specific expression of Idh1 R132H. The occurrence of this phenotype in NeoR mice most 

likely illustrates that the cre-lox system used is leaky, whilst its occurrence in Ksp-Cre and 

Vil-Cre mice is likely to be due to either leaky expression of the Idh1
(R132H)

;Neo
R
 allele in the 

brain, or due to the effects of mutant Idh1 expression in the kidney or intestine. Gross 
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morphological and histological analysis of the kidney, intestine and brain of Ksp-KI and Vil-

KI mice, as well as the analysis of Idh1 R132H expression, and 2-HG and α-KG levels in 

these tissues is required, in order to draw a more definitive conclusion about the mechanism 

causing this phenotype, in kidney and intestine-specific mutant mice.  

It is also important to note that 2-HG has been shown to accumulate in the tissue culture 

media of IDH1 R132H overexpressing LN18 cells (Feil S 2009), and although this is a 

different model, it raises the possibility that 2-HG may also be excreted from cells and act in 

a paracrine fashion in Idh1-KI mice.  

5.5.7 Hydrocephalus and ventriculomegaly are observed in NesER
T2

-KI 

and NeoR mice 

 

Hydrocephalus and ventriculomegaly are observed at comparable frequencies in both 

NesER
T2

-KI and NeoR mice (32% vs. 29%), but are not seen in Idh1-WT or D2hgdh KO 

mice. This provides evidence that mutant Idh1 activity is likely to be responsible for the 

development of this brain-specific phenotype. The fact that this phenotype was seen in both 

NesER
T2

-KI mice and NeoR mice, together with the demonstration that mutant Idh1 is also 

expressed in NeoR animals, undoubtedly highlights that the Idh1
(R132H)

;Neo
R
 allele is leaky 

(discussed subsequently in more detail). 

Clinical signs of hydrocephalus are readily apparent in young mice because their cranial 

sutures have not yet closed. The classic manifestation in this age group is an enlarged domed 

head, accompanied by ataxia and depression. Pressure necrosis of the surrounding brain and 

ventriculomegaly ensue, resulting in death. However, hydrocephalic adults do not exhibit a 

domed skull, and consequently the only finding may be enlargement of the lateral ventricles 

at necroscopy. It is possible therefore that hydrocephalus is present in a greater proportion of 
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our adult NesER
T2

-KI mice than has been documented, but that these mice have not yet 

become unwell.  

The expression of mutant Idh1 in the brain of NesER
T2

-KI and NeoR mice may result in 

hydrocephalus and ventriculomegaly by several potential mechanisms. Given that we have 

shown an increase in nestin expression and proliferation in the SVZ of NesER
T2

-KI mice, the 

most likely explanation is that an increase in the proliferation of NSCs and progenitors in the 

SVZ results in the occlusion of the Foramen of Monro, which connects the paired-lateral and 

third ventricles in the midline of the brain, thus blocking the flow of CSF. Alternatively 

overproduction of CSF, degeneration of the cortex, or improper functioning of the cilia on the 

surface of ependymal cells lining the ventricles may be responsible. These potential 

mechanisms require further investigation.  

It is considerably less likely that the hydrocephalus and ventriculomegaly seen in NesER
T2

-KI 

and NeoR resulted from mechanisms unrelated to mutant Idh1 expression. However, 

congenital hydrocephalus has been reported to occur in mice as a result of spontaneous 

mutations (Dang L 2009) especially those relating to structural morphology (Robinson ML 

2002), or resulting in defects in the arachnoid villi (Lyon MF 1996). Furthermore, 

hydrocephalus is seen as a background lesion in several strains of inbred mice, although at 

considerably lower levels than those observed in this study (Table 5-14). In these cases 

defective development of the mesencephalic aqueduct or subarachnoid space is sometimes 

observed (Ibanez-Tallon I. 2002), although in other cases the cause is unknown. 

Hydrocephalus may also be acquired in association with infections such as polyoma virus, 

reovirus and Theiler's murine encephalomyelitis virus but there was no clinical evidence of 

such infections in our mice.  
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Table 5-14: Commonly used mouse strains and corresponding percentage of mice culled at 

weaning age due to hydrocephalus  

Strain Percent hydrocephalus 

(%) 

C57BL/6J 0.02900 

B6.V-Lepob 0.03200 

BKS.Cg-

m+/+Leprdb 

0.02800 

C57BLKS/J 0.36000 

BALB/cJ 0.00023 

NOD.CB17-

Prkdcscid/J 

0.00440 

NOD/LtJ 0.00140 

BALB/cByJ 0.00075 

C3H/HeJ 0.00000 

SJL/J 0.00000 

DBA/2J 0.00330 
Data taken from The Jackson Laboratory data- JAX® NOTES Issue 490, Summer 2003. 

A form of communicating hydrocephalus has also been demonstrated to occur in mice as a 

direct result of nestin-cre expression in the nucleus of neuronal progenitors (Bruni JE 1988). 

However, in this case, reduced neuronal proliferation and increased cell death were seen 

within the SVZ, together with defects in the ependymal lining and lamination of the cortex, 

resulting in microencephaly and communicating hydrocephalus (Forni PE 2006), features 

which differ significantly from those that we have shown in our NesER
T2

-KI mice. 

Furthermore many other groups have used Nes-Cre mice for various purposes and have not 

reported this phenotype (Forni PE 2006). 

5.5.8 Leaky expression of Idh1 R132H occurred in Idh1-KI mice 

 

The control of gene expression using the cre-lox system is widely considered to be the best 

model to allow genetic analysis in mice (Karaca M 2014). However this system does have its 

limitations (Ryding AD 2001). Firstly, expression of Cre within a particular cell type or tissue 

is rarely uniform, which can lead to mosaic recombination. Secondly transcriptional 

interference by vector-derived sequences, such as the NeoR cassette, or even the loxP sites 
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can occur, whilst Cre expression itself may also cause unwanted effects on the genome 

(Thyagarajan B 2000, Ryding AD 2001). Thirdly, leaky expression of the gene of interest can 

occur in unexpected tissues or in an unrestricted temporal manner in some cases due to its 

insertion into the vicinity of an endogenous enhancer or promoter (Schmidt EE 2000). 

Indeed, the Idh1
fl(R132H)

;Neo
R
 allele in our Idh1-KI mice is leaky, and mutant Idh1 expression, 

hydrocephalus and ventriculomegaly are observed in the brains of both NesER
T2

-KI and NeoR 

animals. However hydrocephalus and ventriculomegaly occur at a younger age in NesER
T2

-

KI mice than in NeoR mice (185 days vs 361 days), most likely demonstrating that Cre 

recombination increases the level of mutant expression above that of the leaky background 

level.  

Given that the activation of Idh1 R132H expression in NesER
T2

-KI mice is not entirely under 

the control of Cre recombinase, it is possible that mutant Idh1 expression may also have 

occurred in tissues other than the brain, resulting in unexpected biological effects. However, 

we did not observe any gross morphological abnormalities in other organs in our NesER
T2

-KI 

mice at post mortem. Interestingly, non-brain specific effects, namely splenomegaly, liver 

tumours, neutrophilia, reticulocytosis and anaemia were observed by Sasaki et al. in their 

brain-specific Idh1 R132H Gfap-KI mice (Sasaki M 2012b). To determine the cause of these 

changes, the authors verified the expression pattern of Gfap-Cre using Rosa26-LSL-

TdTomato reporter mice. Expression of TdTomato protein was observed not only in the 

brain, but also in a wide variety of other tissues, but in their model it was Gfap-cre rather than 

the Idh1 construct that was leaky.  
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5.5.9 2-HG accumulates in D2hgdh KO mice but there is no gross 

phenotype or brain related defect and α-KG levels are unchanged 

 

2-HG also accumulated in the brain of D2hgdh KO mice. Indeed higher levels of 2-HG were 

seen in 2.5 month old D2hgdh KO mice (6-fold increase) than in 4 and 8 month NesER
T2

-KI 

animals (1.94-fold and 2.04-fold increase). However, this may be explained by the fact that 

knockout of D2hgdh in the brain was constitutive, where as expression of mutant Idh1, and 

hence 2-HG accumulation, should have occurred only in nestin expressing cells of adult 

mice.  

In contrast to both Nes-KI and NesER
T2

-KI mice, α-KG production was not reduced in 

D2hgdh KO animals. Given that the phenotype and other changes seen in both Nes-KI and 

NesER
T2

-KI mice were not observed in D2hgdh KO animals, this suggests that 2-HG 

accumulation alone was not sufficient to cause these effect, and implies that they occurred as 

a result of a reduction in α-KG alone, or in conjunction with 2-HG accumulation, or through 

other mechanisms specific to mutant Idh1 activity. 

5.5.10  Brain-specific expression of Idh1 R132H results in an upregulation 

of nestin  

 

Nestin is a cytoplasmic intermediate filament protein that was originally described in 1990 as 

an embryonic NSC marker (Sasaki M 2012b). It is selectively expressed in both NSCs and 

neural progenitors during foetal development of the CNS, but expression is lost following 

their differentiation into neurons and glial cells (Lendahl U 1990). In the postnatal brain, 

nestin expression is only retained in cells found in the neurogenic zones, which function as a 

cellular reserve capable of proliferation, differentiation, and migration (Tohyama T 1992). 

More recently, nestin has also been recognised to serve as a cancer stem cell marker (Singh 

SK 2004, Wiese C 2004, Takakuwa O 2013, Narita K 2014).  
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Brain specific expression of Idh1 R132H resulted in an increase in nestin expression 

throughout the brain. Furthermore, increased nestin expression was demonstrated in the SVZ 

cells of NesER
T2

-KI mice, in conjunction with an increase in proliferative activity. Nestin 

expression was not however upregulated in nes-creER
T2

; Idh1
+/+

 or D2hgdh KO mice, which 

suggests that this finding is likely to have occurred as a direct result of mutant Idh1 activity. 

Indeed, increased nestin expression has in fact been demonstrated to occur in conjunction 

with 2HG accumulation in a human IDH1 mutant anaplastic astrocytoma cell line in vitro 

(Liu J 2010). 

It is most plausible that the upregulation in nestin seen in NesER
T2

-KI mice occurs due to a 

generalised increase in NSC/neural progenitor cell numbers within the SVZ, as a result of 

their increased proliferation, in a process driven by mutant Idh1 activity. The mechanism 

driving the increased proliferation of these cells is not yet clear, but it may result from global 

changes in DNA methylation and gene expression associated with mutant Idh1 activity. 

Indeed, it has been hypothesised that the hypermethylation phenotype associated with IDH1/2 

mutant glioma can result in aberrant gene expression which blocks cellular differentiation and 

results in the malignant expansion of NSCs (Turcan S 2012, Jin G 2013). In fact mutant 

IDH1 expression has been shown to block the differentiation of progenitor cells in vitro 

(Duncan CG 2012), and IDH1 mutant gliomas have been shown to exhibit a gene expression 

profile enriched for genes expressed in undifferentiated neural progenitor cells (Lu C 2012).  

The possibility that glioma may develop from transformed NSCs has long been considered 

(Lu C 2012), and it has been proposed that glioma may actually originate from NSCs within 

the SVZ, which then infiltrate into surrounding areas, differentiate and form tumours (Singh 

SK 2003). Indeed it has been demonstrated that the accumulation of mutations in NSCs is an 

important mechanism in gliomagenesis in mouse xenograft models (Sanai N 2005), whilst in 

other mouse studies, brain cells expressing neural progenitor markers have been shown to be 
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more receptive to oncogenic transformation than differentiated brain cells (Holland E 2000, 

Holland E 2001, Singh K 2004).  

We have demonstrated reduced levels of 5hmC in the brains of our NesERT2-KI  mice, and 

5hmC is known play a role in DNA demethylation and transcriptional regulation (Fults D 

2002). Furthermore, we have demonstrated a reduction in markers of oligodendrocytic 

differentiation in these animals. One could speculate therefore that the increase in nestin 

expression seen in conjunction with an increase in proliferative activity in the SVZ of our 

mutant mice represents the expansion of undifferentiated, nestin expressing NSCs, which 

occurs due to DNA hypermethylation and aberrant gene expression, and that this may 

represent an early malignant process. Further analysis of DNA methylation and gene 

expression profiles in the brains of our mice, as well as the isolation and analysis of NSC and 

progenitor cells from the SVZ would however be required to investigate this theory in more 

detail.  

An alternative theory is that mutant Idh1 activity increases Nes gene expression directly, by 

altering its transcriptional regulation or epigenetic control and that nestin upregulation itself 

then results in the increased proliferative activity seen in the SVZ. A tissue-specific enhancer 

located in the second intron of the Nes gene is crucial to the regulation of nestin expression in 

NSCs  (Guo J 2011), as is the binding of transcription factors to an enhancer element located 

in the 3′ region of this intron (Zimmerman L 1994, Josephson R 1998). The epigenetic 

regulation of nestin expression is less well understood (Tanaka S 2004), although current data 

suggest that histone modifications rather than changes in DNA methylation are of primary 

importance in this process (Han DW 2009). Nestin expression is increased in glioma when 

compared to normal brain tissue (Han DW 2009, Arai H 2012), particularly in GBM, where 

its expression correlates with increased tumour migration, invasion and aggressiveness, and a 

poorer prognosis (Ma YH 2008, Zhang M 2008). An increase in nestin expression has also 
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been shown to occur in GBM patients with  proneural phenotype (Lei L 2011). The injection 

of GBM cell clones exhibiting high levels of nestin expression into nude mice results in the 

formation of larger tumours than those resulting from clones with low nestin expression 

(Strojnik T 2007). Conversely blocking nestin expression in these xenograft models, via 

intratumoral injection of shRNA, significantly slows tumour growth (Lu WJ 2011). 

Furthermore, the downregulation of nestin in GBM cell lines in vitro induces cell cycle arrest 

at the G1/S transition (Lu WJ 2011). 

Consequently, it seems plausible that nestin expression may be directly involved in the 

development and/or progression of GBM, and several functions attributed to nestin may be 

responsible for this. Indeed, nestin is able to maintain neural progenitor cells in an 

undifferentiated state throughout adulthood (Reimer R 2009) and is able to promote a high 

rate of proliferation in these cells (Lendahl U 1990), which it achieves in part by sequestering 

the glucocorticoid receptor (GR) within the cell cytoplasm, and blocking GR-induced growth 

arrest (Wiese C 2004). Furthermore, nestin expression promotes cell survival in neural 

progenitor cells and inhibits apoptosis, in part through the regulation of cyclin-dependent 

kinase 5 (Cdk5) signalling  pathways (Reimer R 2009) (Sahlgren CM 2003, Chen HL 2010). 

Changes in DNA demethylation are known to occur as a result of mutant IDH1/2 activity 

(Sahlgren CM 2006, Xu W 2011, Koivunen P 2012, Lu C 2012) and given that we have 

demonstrated a decrease in 5hmC in our NesER
T2

-KI mice, it is possible that alterations in 

epigenetic control resulted in the upregulation in nestin expression seen in these mice. 

Furthermore, given that nestin itself can maintain progenitor cells in an undifferentiated, 

proliferative state, this theory could explain the increase in both nestin expression and 

proliferative activity seen in the SVZ of NesER
T2

-KI mice. More speculatively, if the 

upregulation of nestin is in fact an early malignant mechanism in gliomagenesis, then the 

inhibition of nestin expression may serve as a potential target for treatment.  
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It is also conceivable, given that mutant Idh1 should only have been expressed in nestin 

expressing cells, that an initial increase in nestin expression in these mutant cells, further 

stimulated mutant Idh1 expression under the control of the nestin-cre promoter and hence 

further increased nestin expression in a 'forward loop' type system. However it seems more 

likely that the increase in nestin expression seen was in fact due to an increase in proliferation 

of nestin expressing cells. 

5.5.11   Markers of oligodendrocytic differentiation are reduced in the brain 

of NesER
T2

-KI mice 

 

The expression of the oligodendrocytic markers Cnp and Cspg4 are reduced in the brains of 

NesER
T2

-KI mice, suggesting that mutant Idh1 expression may block cellular differentiation. 

Indeed others have shown that mutant IDH1 expression can result in a reduction in cellular 

differentiation both in vitro and in vivo (Koivunen P 2012, Lu C 2012, Turcan S 2012), whilst 

the treatment of IDH1 mutant glioma cells with the mutant IDH1 inhibitor AGI-5198 induces 

the expression of genes associated with gliogenic differentiation (Sasaki M 2012a). 

Furthermore, it has also been hypothesised that DNA hypermethylation seen in human G-

CIMP
+
 tumours blocks the differentiation of glioma cells and allows the malignant expansion 

of GICs to occur, thus driving tumourigenesis (Turcan S 2012, Rohle D 2013). As will be 

discussed below, the reduction in both Tet function and Rbp1 expression observed in 

NesER
T2

-KI mice may be responsible for the  reduced expression of markers of 

oligodendrocytic differentiation seen in these animals.  
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5.5.12   Idh1 R132H reduces 5hmC production in the brain of NesER
T2

-KI 

mice suggesting an inhibition of Tet function 

 

5hmC levels were reduced by 24% in the brains of NesER
T2

-KI mice. These findings are 

consistent with those of Sasaki et al. who also demonstrated a reduction in 5hmC in their 

brain-specific Nes-KI mice (Sasaki M 2012b). 

Expression of mutant IDH1/2 has been shown to reduce 5hmC production in vitro and in vivo 

through the inhibition of TET1/2 enzyme function (Xu W 2011, Sasaki M 2012b). The 

depletion of TET1/2 in murine ES cells results in a reduction in 5hmC of between 35-60% 

(Koivunen P 2012, Dawlaty MM 2013 ), whilst 5hmC is also significantly reduced in the 

brain of Tet1/2-deficient mice (Dawlaty MM 2011) and in the haematopoietic tissues of Tet2-

deficient mice (Ko M 2011, Li Z 2011, Dawlaty MM 2013 ). TET enzymes are proposed to 

function as epigenetic regulators of gene expression by mediating the demethylation of DNA. 

Indeed an increase in DNA methylation and/or aberrant gene expression are seen in 

association with both depleted TET function (Figueroa ME 2010, Dawlaty MM 2011, 

Quivoron C 2011), and mutant IDH1/2 expression (Christensen BC 2011, Laffaire J 2011, 

Turcan S 2012, Dawlaty MM 2013 ). Furthermore the depletion of TET function induces 

potentially oncogenic changes such as growth factor independence and a cessation of cellular 

differentiation (Figueroa ME 2010, Ko M 2011, Quivoron C 2011, Losman J 2013), which 

mirror those changes seen with mutant IDH1/2 expression (Figueroa ME 2010, Moran-Crusio 

K 2011, Koivunen P 2012). Taken together, these findings suggest a common mechanism 

linking gain of function in IDH1/2 enzymes with reduced demethylation and oncogenic 

transformation, and implicate the inhibition of TET enzyme function as pivotal in this 

process. It seems likely therefore that the decrease in 5hmC see in the brains of our NesER
T2

-

KI mice also occurs through the inhibition of Tet activity. More speculatively, this 
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mechanism may also explain the increased proliferative activity and enhanced expression of 

the stem cell gene marker Nes seen  in the brains of these animals. 

Given that 5hmC production is unaltered in D2hgdh KO, in whom a greater relative increase 

in 2-HG is observed, it appears that 2-HG accumulation alone is insufficient, or perhaps not 

required, to inhibit Tet function in this model. In fact, one could hypothesise that a reduction 

in α-KG production is required, either alone, or in combination with 2-HG accumulation, in 

order to inhibit Tet function. Indeed, D-2HG has been shown to be only a weak inhibitor of 

TET in vitro, and its effects on TET function are reversed by the addition of exogenous α-KG 

(Sasaki M 2012a). Conversely the complete omission of α-KG from in vitro enzymatic assays 

entirely abolishes the activity of TET (Xu W 2011), suggesting that TET activity is indeed 

dependent upon the availability of α-KG.  

5.5.13   Idh1 R132H reduces Rbp1 expression in the brain of NesER
T2

-KI 

mice 

 

Rbp1 expression was reduced in the brains of NesER
T2

-KI mice. These findings correspond 

with those of Chou et al. who demonstrated a decrease in RBP1 expression to occur in the 

majority of IDH1/2 mutant gliomas as a result of RBP1 promoter hypermethylation (Chou A 

2012). Analysis of Rbp1 promoter methylation in our NesER
T2

-KI mice is warranted, to 

investigate whether Rbp1 promoter hypermethylation is also responsible for the reduction in 

Rbp1 expression seen in these animals.  

RBP1 is involved in RAR activation, and several other genes involved in this pathway are 

known to be hypermethylated in IDH1/2 mutant tumours (Chou A 2012). RBP1 functions in 

the synthesis of AtrA (Guilhamon P 2013), which itself serves as a regulator of transcription 

(Blomhoff R 2006), and it is feasible that decreased RBP1 activity may lead to aberrant 

transcription and malignant transformation in association with mutant IDH1/2 activity. 
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Chromosomal translocations involving the RAR-α gene are involved in the pathogenesis of 

acute promyelocytic leukemia (Tang 2011), and this condition is sensitive to treatment with 

AtrA (Pandolfi PP. 2001). Furthermore AtrA has been shown to induce differentiation in 

glioma stem and progenitor cells in vitro (Tallman MS 2002, Shi Z 2013), and also inhibits 

proliferation in mature glioma cell lines (Karsy M 2010). If alterations in RAR signalling are 

truly involved in the pathogenesis of IDH1/2 mutant glioma, then AtrA may represent an 

attractive treatment option for patients with these tumours.  

5.5.14   Idh1 R132H does not increase the methylation of H3K9 in the brain  

of NesER
T2

-KI mice 

 

Methylation of H3K9 is not increased in the brains of NesER
T2

-KI mice. Consequently, I 

could not demonstrate an inhibition of histone demethylation in this model, and it is unlikely 

that the inhibition of JHDMs played a role in the development of the phenotype observed in 

these mice.  

These findings are consistent with those of Sasaki et al. who also found no difference in 

histone 3 methylation in their brain-specific Nes-KI mice, although the phenotype that they 

observed was very different to that seen in our model (Lu J 2013). The levels of  histone 3 

methylation markers, including H3K9, have however have been shown to be elevated in 

mutant IDH1/2 expressing cells (Chowdhury R 2011, Xu W 2011, Sasaki M 2012b). This 

increase was shown to precede a rise in DNA methylation and resulted in a block in cellular 

differentiation (Lu C 2012). Furthermore the treatment of IDH1 mutant glioma cells with the 

mutant IDH1 inhibitor AGI-5198 induced both the demethylation of H3K9me3 and the 

expression of genes associated with gliogenic differentiation (Lu C 2012). Additionally 

histone methylation was found to be increased in IDH1/2 mutant gliomas (Duncan CG 2012, 

Rohle D 2013), although histone hypermethylation is also seen in IDH1/2 wild-type tumours 
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(Lu C 2012) and therefore may occur independently of IDH1/2 mutation status. Hence, whilst 

it remains unclear whether inhibition of histone demethylases contributes to malignant 

transformation in IDH1/2 mutant tumours, results from our in vitro and in vivo studies do not 

support this theory. 

5.5.15   Idh1 R132H expression in utero results in reduced levels of TCA 

cycle metabolites and reduced glutamine and glutamate 

concentrations in the brain 

 

The levels of fumarate, succinate and malate were significantly reduced in the brains of Nes-

KI embryos, suggesting that downregulation of TCA cycle function occurs as a result of 

mutant Idh1 expression in this model, most plausibly due to a reduction in α-KG production. 

These findings are consistent with those of Reitman et al., who demonstrated a depletion of 

TCA cycle metabolites in conjunction with an accumulation of biosynthetic precursors, in 

cell lines that expressed IDH1 mutations (Reitman ZJ 2011), but conflict those seen in our 

IDH1 mutant cell lines and with other in vitro studies (Dang L 2009).  

Both glutamine and glutamate levels were also reduced in the brains of Nes-KI embryos and 

these results are consistent with those of Reitman et al. who also reported a depletion of 

glutamate to occur in IDH1 mutant cell lines (Reitman ZJ 2011). It is possible this reduction 

occurred as a result of increased glutamine flux, which was initiated in order to compensate 

for decreased α-KG production, and these findings are interesting given that the 

glutaminergic pathway has been linked to the promotion and progression of glioma (Piao Y 

2009, Luksch H 2011, Reitman ZJ 2011). Furthermore, in view of the fact that increased 

glutamine flux has been observed in glioma cell lines (Lyons S 2007) and inhibition of the 

glutamine-glutamate cycle reduces the growth rate of IDH1 mutant glioma cells (Dang L 

2009), our data may add support to the theory that IDH1 mutant tumour cells rely on 
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glutamine flux to maintain their viability in the presence of reduced cellular α-KG 

concentrations.   

The levels of fumarate, succinate, malate, glutamine and glutamate were not however 

significantly reduced in the brains of NesER
T2

-KI mice. As discussed in section 5.5.5 this 

may have occurred as a result there being a lower number of nestin expressing cells and 

hence Idh1 R132H expressing cells in the brains of adult NesER
T2

-KI mice compared to Nes-

KI embryos, thus diluting the effect of any changes in TCA-cycle metabolites in the adult 

brain. Alternatively, as discussed above, it is possible that tamoxifen induced activation of 

mutant Idh1 expression with nes-creER
T2

 was less efficient than with standard Nes-Cre. 

Additionally, it is possible that the 1.2-fold and 1.5-fold reduction in α-KG production 

detected in the brain of 4 and 8 month old NesER
T2

-KI mice were not low enough to exert an 

effect on the level of other TCA cycle metabolites, or to stimulate an increase in glutamine 

flux in these animals. If this is the case, then the phenotype observed in NesER
T2

-KI mice 

could not be attributed to changes in TCA cycle function or glutamine flux.  

Overall, one would have to conclude from my results that it is unclear whether changes in 

TCA cycle metabolites and glutamine flux are pathologically relevant in IDH1/2 mutant 

tumours. Nevertheless, if an increase in glutamine flux does truly occur as a result of mutant 

IDH1 activity then inhibition of this pathway could represent an interesting target for 

treatment in IDH1/2 mutant tumours.  

5.5.16  Stabilisation of HIF1α does not occur in NesER
T2

-KI or D2hgdh KO 

mice 

 

Hif1α target gene expression was not upregulated in the brains of our NesER
T2

-KI mice and 

no increase in Hif1α protein expression was seen. These findings conflict with results 
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obtained from our IDH1 mutant cell lines and from other in vitro and in vivo studies in which 

an increase in HIF1α target gene expression was observed in association with mutant IDH1 

expression (Zhao S 2009, Seltzer MJ 2010, Xu W 2011). Indeed Sasaki et al. demonstrated 

an upregulation of Vegf, Pgk1 and Glut1 expression in their brain-specific Nes-KI mice, but 

this was seen in conjunction with a 400-fold increase in 2-HG levels (in conjunction with a 

1.2-fold reduction in α-KG). Furthermore, in in vitro studies, HIF1α target gene expression 

was increased in association with a 20 to 200-fold increased in 2-HG (and a 1.6- to 2.0-fold 

reduction in α-KG) (Xu W 2011, Sasaki M 2012b). In view of the fact that D-2HG has been 

shown to be a relatively weak inhibitor of HIF PHD (Zhao S 2009) it is likely that the near 2-

fold increase in 2-HG seen in the brains of our NesER
T2

-KI mice was simply insufficient to 

inhibit Hif Phd function. More speculatively, it is also possible that the increase in Hif1α 

observed in the brains of Nes-KI embryos in Sasaki's study did not in fact occur as a result of 

the inhibition of Hif Phd by 2-HG, but due to an alternative mechanism such as hypoxia, or 

an increase in ROS, resulting from brain haemorrhage, which was not seen in our NesER
T2

-KI 

mice. 

Nevertheless, although the upregulation of HIF1α has been proposed, by some authors, to 

cause malignant transformation in IDH1 mutant tumours (Zhao S 2009, Chowdhury R 2011, 

Xu W 2011), this mechanism was not demonstrated in our NesER
T2

-KI mice, and therefore 

cannot be attributed to the increase in proliferative activity and nestin expression seen in the 

brain of these animals.  

Similarly, Hif1α was not upregulated in the brains of D2hgdh KO mice. Again, this may 

reflect the fact that the 6-fold increase in 2-HG levels observed in the brains of these mice 

was insufficient to inhibit Hif phd function. Indeed an increase in Hif1α target gene 

expression was seen in the liver and to a lesser extent in the kidney in association with a 13- 
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and 9-fold increase in 2-HG levels respectively, suggesting that Hif Phd activity is indeed 

inhibited by higher concentrations of 2-HG.  Additionally, these findings may demonstrate 

that the inhibitory effect of 2-HG on Hif Phd activity differs between specific tissues.  

The expression of Egln1, which encodes for Phd2, was reduced in NesER
T2

-KI mice. Phd2 is 

the primary regulator of Hif1α steady state levels during normoxia, and RNA interference 

directed against Phd2, is sufficient to stabilise Hif1α in normoxia, resulting in increased 

Hif1α nuclear accumulation and Hif-dependent transcription (Metzen E 2005). It is possible 

that the reduction seen in Egln1 expression occurred as a result of changes in its epigenetic 

regulation and if this theory could be proved through DNA methylation analysis, then this 

finding would provide an alternative explanation for the upregulation of Hif1α seen with 

mutant IDH expression. However, the significance of the reduction in Egln1 gene expression 

seen in our mutant mice, in the absence of a proven reduction in corresponding Phd2 or 

indeed Hif1α protein expression, remains unclear. 

5.5.17  NesER
T2

-KI mice do not develop glioma 

 

None of our NesER
T2

-KI mice developed glioma, suggesting that perhaps mutations in other 

genes, in addition to Idh1,are required for tumour initiation to occur in vivo. We did attempt 

to enhance the chance of glioma formation by crossing NesER
T2

-KI mice with Tp53 KO 

mice, in order to generate nes-creER
T2

;Idh1
+/fl(R132H)

;Tp53
fl/fl

 offspring. These mice are 

currently being analysed and are not included in this thesis.   

It is also possible that gliomas may have formed in NesER
T2

-KI mice at a later time point, but 

due to the development of hydrocephalus, these animals became unwell and died before 

tumours could develop. It is important to note however, that hematopoietic-specific Idh1 

R132H KI mice have a normal life span and similarly do not develop malignancy, but do 
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show increased numbers of early haematopoietic progenitors and develop splenomegaly and 

anaemia, and also demonstrate increases in both histone and DNA methylation similar to 

those observed in human IDH1/2 mutant AML (Sasaki M 2012a).  

I have however demonstrated an increase in nestin expression and cellular proliferation in the 

SVZ of NesER
T2

-KI mice, together with a reduction in 5hmC levels and markers of 

oligodendrocytic differentiation, and it is conceivable that the increase in proliferative 

activity and upregulation in nestin expression seen in the SVZ of these mice represents a pre-

malignant process occurring in NSCs and progenitors, most plausibly as a result of changes 

in epigenetic control. In fact these observations mirror those seen in the bone marrow cells of 

haematopoietic-specific Idh R132HI KI mice which also show a selective expansion of their 

haematopoietic stem and early progenitor compartments, in conjunction with altered 

epigenetic control (Sasaki M 2012a). 
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5.6 Conclusions 

 

2-HG accumulates in the brains of Nes-KI embryos and α-KG production is reduced. 

However the activation of Idh1 R132H expression in utero by Nestin-Cre is embryonic lethal 

in Nes-KI embryos, most likely due to the development of brain haemorrhage. The activation 

of mutant Idh1 expression by Sox2-Cre is also embryonic lethal, as is the removal of NeoR 

from the genome of Idh1-KI mice by Flp.  

Expression of Idh1 R132H in the brain of adult mice, using tamoxifen-inducible nestin-

creER
T2

, results in the development of hydrocephalus and ventriculomegaly, as well as the 

accumulation of 2-HG and a reduction in α-KG production in the brain. An increase in nestin 

expression and cellular proliferation is seen in the SVZ of NesER
T2

-KI mice, together with a 

reduction in 5hmC levels and markers of oligodendrocytic differentiation throughout the 

brain. Although glioma did not develop in NesER
T2

-KI mice, it is conceivable that the 

increase in proliferative activity and upregulation in nestin expression seen in the SVZ of 

these mice represents a pre-malignant process, occurring in NSCs and progenitor cells, most 

plausibly as a result of changes in epigenetic control. These findings are the first 

demonstration of a potentially tumour-associated, brain-specific phenotype for Idh1 R132H 

in a mouse model, and appear to implicate the alteration of epigenetic modification as an 

important tumourigenic aspect of mutant Idh1 activity, although further analysis of NSCs and 

progenitors from the SVZ is required to investigate this theory in more detail. 

The above mentioned observations were not seen in D2hgdh KO mice, despite the fact that 2-

HG accumulated to a greater extent in these animals. Consequently, although the current 

weight of evidence supports the theory that accumulated 2-HG is responsible for the 

tumourigenic affect of mutant IDH1 activity (Dang L 2009, Gross S 2010, Chowdhury R 

2011, Reitman ZJ 2011, Xu W 2011, Koivunen P 2012, Lu C 2012, Sasaki M 2012a, Losman 
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J 2013), our data provides evidence that a reduction in α-KG production may also be 

required, alone, or in combination with 2-HG accumulation, in order for this to occur.  

I did not demonstrate an inhibition of Hif-Phd or Jhdm activity as a consequence of Idh1 

R132H expression, although this may reflect the fact that 2-HG accumulation did not occur at 

an adequate level to exert an effect on these enzymes, rather than refute the results of 

previous studies which demonstrate that these mechanisms play a role in tumourigenesis in 

IDH1/2 mutant glioma. Furthermore, although we have demonstrated a reduction in TCA 

cycle metabolite and glutamine/glutamate levels to occur in the brains of our Nes-KI 

embryos, these findings were not reproduced in the brains of adult NesER
T2

-KI mice, and it 

remains unclear whether TCA cycle dysfunction or increased glutamine flux represent 

pathological mechanisms in IDH1/2 mutant glioma.  



262 
 

6. Chapter Six 

Summary, Implication of Findings and Future Perspectives 

6.1 Summary and implication of findings 

 

Gliomas account for 80% of all primary malignant brain tumours (Sasaki M 2012b). GBM, 

the most common and aggressive form of glioma, is associated with a very poor prognosis 

and the median overall survival is generally less than one year (Puzzilli F 1998, Scott JN 

1998, Buckner JC 2003, Stark AM 2005, Goodenberger ML 2012). In fact, even with optimal 

combination therapy incorporating surgery, radiotherapy and TMZ chemotherapy, median 

OS is only 14.6 months, and observed 2- and 5-year survival rates are 26.5% and 9.8% 

respectively (Curran WJ Jr 1993, Stupp R 2009). 

Following Stupps's pivotal trial in 2005, the addition of concurrent and adjuvant TMZ 

chemotherapy to surgery and radiotherapy, as first line therapy in GBM, represented the first 

treatment to improve prognosis in a population in whom survival outcomes had not improved 

for over thirty years (Stupp R 2005). The median time to recurrence after optimal surgery and 

TMZ chemoradiotherapy is however only 6.9 months (Stupp R 2009) and at this stage repeat 

surgical resection and re-irradiation are often not feasible. Furthermore, treatment with 

nitrosourea-based chemotherapy, currently considered to be the most active therapeutic 

option in this setting, is associated with an objective tumour response rate of less than 10% 

(Stupp R 2005) and does not offer a significant OS benefit (Wong ET 1999), whilst 

alternative chemotherapeutic agents offer lower response rates and additional toxicity 

(Grossman SA 2004). Consequently, patients with relapsed GBM have limited treatment 

options.  



263 
 

Our understanding of the molecular mechanisms and signalling pathways involved in 

gliomagenesis has improved over the last decade, as a result of genome-wide molecular 

characterisation and profiling analyses (Friedman HS 1999), and subsequent research efforts 

have focused on developing molecularly targeted therapies directed against such aberrations, 

with the hope of improving treatment outcomes in patients with GBM (McLendon R 2008). 

However such therapies, used alone or in combination, have to date proved largely 

disappointing, and have failed to improve OS in patients with newly diagnosed or relapsed 

disease. This contrasts with the situation seen in other tumour types such as breast, lung, 

renal, and colon cancer, and in melanoma, in which the development of drugs that directly 

target the overexpression or mutation of genes involved in key tumourigenic signalling 

pathways, such as HER2 (Marty M 2005, Collins VP 2007, Perez EA 2011, Verma S 2012), 

EGFR (Maemondo M 2010, Rosell R 2012, Sequist LV 2013, Swain SM 2013), VEGF 

(Giantonio BJ 2007, Motzer RJ 2009, Sternberg CN 2010, Van Cutsem E 2012, Ye LC 

2013), BRAF (Bennouna J 2013) and MEK (Chapman PB 2011), has improved the treatment 

landscape and increased survival in patients with these cancers. A fuller understanding of the 

complex genetic changes that occur in GBM, as well as the identification of novel therapeutic 

targets, is therefore required, in order for molecularly targeted agents to also offer the 

potential to improve treatment and survival in patients with GBM.  

Somatic mutations at R132 of IDH1 and R172 of IDH2 have recently been shown to occur in 

80-90% of adult grade II/III glioma and secondary GBM and in 5-10% of primary GBM 

(Balss J 2008, Bleeker FE 2009, Yan H 2009, Flaherty KT 2012), raising the possibility that 

mutant IDH1/2 may represent an attractive therapeutic target in these tumours. Consequently, 

research efforts have focused on investigating the tumourigenic effects of mutant IDH1/2 in 

the hope that a greater understanding of these processes may allow such therapies to be 

developed. 
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It has been widely proposed that mutant IDH1/2 exerts its tumourigenic effect by catalysing 

the conversion of α-KG to D-2HG, which accumulates in IDH1/2 mutant cells and is thought  

to act as an oncometabolite through the inhibition of α-KG dependent enzymes (Chowdhury 

R 2011, Kloosterhof NK 2011, Xu W 2011, Lu C 2012). Indeed, both the expression of 

mutant IDH1/2 and D-2HG accumulation have been shown to inhibit the activity of HIF-

PHD (Zhao S 2009, Xu W 2011, Koivunen P 2012), TET (Xu W 2011, Sasaki M 2012b), and 

JHDMs (Chowdhury R 2011, Xu W 2011, Koivunen P 2012), and to affect changes in HIF1α 

target gene expression (Zhao S 2009, Lu C 2012), DNA methylation (Figueroa ME 2010, Lu 

C 2012, Turcan S 2012, Sasaki M 2012b, Losman J 2013) and histone methylation 

(Chowdhury R 2011, Xu W 2011, Lu C 2012, Sasaki M 2012a) respectively. It has also been 

postulated that mutant IDH1/2 activity may promote cellular transformation by changing the 

redox state of cells, or by altering normal TCA cycle function and shifting cellular energy 

production from oxidative phosphorylation towards glycolysis, stimulating the so called 

'Warburg effect'. I have attempted to investigate the importance of these potential 

mechanisms in the development of IDH1/2 mutant tumours, using cell and mouse models. 

The results from these studies in summarised in Table 6-1. 
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Table 6-1: Summary of results from cell and mouse models discussed in this thesis 

 IDH1 

Knockdown 

LN18 cell  

IDH2 

Knockdown 

LN18 cell  

IDH1 mutant 

LN18 cell  

IDH2 mutant 

LN18 cell  

IDH1 mutant ES 

cell line 

IDH2 mutant ES 

cell 

Nes-KI embryos NesERT2-KI mice D2hgdh-KO mice 

Cerebral haemorrhage  N/A N/A N/A N/A N/A N/A Yes No No 

Hydrocephalus N/A N/A N/A N/A N/A N/A N/A Yes No 

Ventriculomegaly N/A N/A N/A N/A N/A N/A N/A Yes No 

α-KG level ↔ ↔ ↓ ↓ ↔ ↔ ↓ ↓ ↔ 

2-HG level ↔ ↔ ↑ ↑ ↔ ↔ ↑ ↑ ↑ 

Levels of other TCA metabolites  ↔ ↔ ↔ ↔ ↔ ↔ ↓ ↔ N/A 

Glutamine/Glutamate  N/A N/A N/A N/A N/A N/A ↓ ↔ N/A 

HIF1α expression ↑ ↔ ↑ ↑ ↑ ↑ N/A ↔ ↔ 

5hmC levels N/A N/A N/A N/A ↓ ↓ N/A ↓ ↔ 

Rbp1 expression N/A N/A N/A N/A N/A N/A N/A ↓ N/A 

Histone methylation N/A N/A N/A N/A ↔ ↔ N/A ↔ N/A 

Nestin expression N/A N/A ↔ ↔ N/A N/A N/A ↑ ↔ 

Markers of  

differentiation 

N/A N/A N/A N/A N/A N/A N/A ↓ N/A 

Proliferation rate ↓ ↓ ↓ ↓ N/A N/A N/A ↑  N/A 

NADPH ↓ ↓ ↓ ↓ ↓ ↓ N/A N/A N/A 

ROS levels ↑ ↔ ↑ ↔ ↔ ↔ N/A N/A N/A 
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I have demonstrated that a reduction in 5hmC levels and an increase in HIF1α expression 

occur in association with the expression of mutant IDH1/2 in vitro. 2-HG accumulation and a 

reduction in α-KG production are also seen in these mutant cells and it is plausible that the 

changes in 5hmC levels and HIF1α expression observed occurred through the inhibition of 

TET and HIF-PHD, by accumulated 2-HG and/or reduced levels of α-KG. However, in view 

of the fact that I was unable to generate IDH1/2 knockdown cell lines in which cellular α-KG 

levels were reduced, I was unable to conclude whether 2-HG accumulation or reduced α-KG 

were most likely to be responsible for the decrease in 5hmC and increase in HIF1α 

expression observed in IDH1/2 mutant cell lines. Changes in cellular redox state, as 

evidenced by a reduction in cellular NADPH levels and an increase in levels of ROS, were 

also observed in IDH1/2 mutant cell lines, however, changes in histone methylation and TCA 

cycle flux were not shown to occur.  

I have demonstrated that 5hmC levels are also reduced in the brains of adult, brain-specific, 

Idh1 R132H KI (NesER
T2

-KI) mice. 2-HG accumulation and a reduction in α-KG production 

are also seen in the brain of these animals, and together, these findings provide further 

evidence that Tet function is likely to be inhibited by mutant Idh1 activity.  

An increase in nestin expression and cellular proliferation are also seen in the SVZ of 

NesER
T2

-KI mice, and markers of oligodendrocytic differentiation are reduced throughout the 

brain. Although NesER
T2

-KI mice did not develop glioma, it is conceivable that the increase 

in proliferative activity and upregulation in nestin expression seen in the SVZ of these 

animals represents a pre-malignant process occurring in NSCs and progenitor cells, and given 

that 5hmC levels are also reduced in the brains of these mice, it is most plausible that this 

occurs as a result of changes in epigenetic control. These findings are the first demonstration 

of a potentially tumour-associated, brain-specific phenotype for Idh1 R132H in a mouse 
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model, and appear to implicate the alteration of epigenetic modification as an important 

tumourigenic aspect of mutant Idh1 activity.  

In view of the fact that changes in 5hmC levels, nestin expression and proliferation were not 

seen in the brains of D2hgdh KO mice, despite the fact that 2-HG accumulated to a greater 

extent in these animals, it seems plausible that a reduction in α-KG production may also be 

required, alone, or in combination with 2-HG accumulation, in order for these changes to 

occur. This finding conflicts with previous evidence and consensus in the literature, which 

support the theory that accumulated 2-HG is responsible for the tumourigenic affect of 

mutant IDH1 activity (Dang L 2009, Gross S 2010, Chowdhury R 2011, Reitman ZJ 2011, 

Xu W 2011, Duncan CG 2012, Koivunen P 2012, Lu C 2012, Losman J 2013). However, the 

possibility that 2-HG accumulation alone may be insufficient to cause tumourigenesis, is 

further supported by the fact that mutations in other genes, also theoretically capable of 

causing increased 2-HG production, namely HOT, L2HGDH and D2HGDH were found not 

to occur in the panel of IDH1/2 wild-type GBMs analysed as part of this thesis.  

In contrast to my IDH1/2 mutant cell lines, I could not demonstrate any evidence of Hif-Phd 

inhibition in the brains of NesER
T2

-KI mice. Furthermore, Jhdm function did not appear to be 

inhibited in these animals. Although these findings may reflect the fact that 2-HG 

accumulation, or the reduction in α-KG production, did not occur at an adequate level to 

exert an effect on Jhdm or Hif-Phd activity in NesER
T2

-KI mice, they do appear to refute the 

results of previous studies which suggest that these mechanisms play a role in tumourigenesis 

in IDH1/2 mutant glioma (Zhao S 2009, Chowdhury R 2011, Xu W 2011, Sasaki M 2012b).  

A reduction in TCA cycle metabolite and glutamine/glutamate levels were demonstrated in 

the brains of our Nes-KI embryos, however these findings were not reproduced in adult 

NesER
T2

-KI mice, or indeed in IDH1/2 mutant cell lines, and therefore it remains unclear 
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whether TCA cycle dysfunction or increased glutamine flux represent pathological 

mechanisms in IDH1/2 mutant glioma.  

Overall my findings, substantiate those of other studies (Figueroa ME 2010, Xu W 2011, 

Koivunen P 2012, Lu C 2012, Turcan S 2012, Losman J 2013), by demonstrating that the 

inhibition of TET function may plausibly contribute to the pathogenesis of IDH1/2 mutant 

glioma, most likely as a result of changes in epigenetic control. I have however additionally 

demonstrated that both 2-HG accumulation and a reduction in α-KG production may be 

required in order for these changes to occur. Changes in cellular redox state may also play a 

role in the pathogenesis of IDH1/2 mutant glioma and I have demonstrated a decrease in 

NADPH and an increase in ROS to occur in IDH1/2 mutant cell lines, but have yet to confirm 

these findings in vivo. It remains unclear from my results whether the inhibition of HIF-PHD, 

or changes in TCA cycle function or glutamine flux represent pathological mechanisms in 

IDH1/2 mutant glioma. Finally, I did not demonstrate an increase in histone methylation to 

occur as a result of mutant IDH1/2 expression in vitro or in vivo, although evidence from 

other studies have suggested that this does occur (Chowdhury R 2011, Xu W 2011, Duncan 

CG 2012, Lu C 2012, Sasaki M 2012a).  

The above findings are clinically relevant, as each of the mechanisms discussed represent a 

potential target in the treatment of IDH1/2 mutant glioma. 

Indeed, two compounds directly targeting mutant IDH1 R132H (AGI 5198) (Rohle D 2013) 

and IDH2 R140Q (AGI 6780) (Popovici-Muller J 2012) have recently been developed, and 

although the potential clinical benefit of such inhibitors is not yet clear, they have shown 

early promise in pre-clinical trials (Wang F 2013) (Losman J 2013) (Rohle D 2013), and their 

emergence raises new hope for the treatment of IDH1/2 mutant glioma. However, given that 

IDH1/2 mutant glioma are associated with a relatively favourable prognosis compared to 
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IDH1/2-WT tumours, it remains to be seen whether blockade of neomorphic enzyme activity 

and subsequent removal of the block to cellular differentiation associated with this is 

beneficial or in fact harmful to patients.  

In addition to inhibiting the activity of mutant IDH1/2, it may also be possible to directly 

target mutations in IDH1/2 with antisense oligonucleotides, or to pharmacologically revert 

the epigenetic changes associated with such mutations using histone deacetylase inhibitors 

(HDAC) or DNA methyltransferase (DNMT) inhibitors (Rohle D 2013). Early clinical 

studies have shown the HDAC inhibitor vorinostat to be active in GBM (Malzkorn B 2011) 

and to be well tolerated as a single agent (Galanis E 2009), and when combined with TMZ 

(Galanis E 2009). Furthermore, valproic acid, which has HDAC inhibitory activity, has been 

shown to prolong survival in some glioma patients (Lee EQ 2012) and to increase the 

sensitivity of glioma cells to radiation (Weller M 2011). HDAC inhibitors have also shown 

promise in early clinical trials in AML (Garcia-Manero 2012, Van Nifterik KA 2012). It is 

important to note however that these studies were not stratified on the basis of IDH1/2 

mutational status, so direct conclusions as to the efficacy of HDAC inhibitors in IDH1/2 

mutant versus wild-type disease cannot be drawn. The DNMT inhibitor, decitabine, has 

however shown promise in early pre-clinical trials as a treatment in IDH1 mutant tumours. 

Treatment with decitabine reversed mutant IDH1 induced hypermethylation and block in 

differentiation, and resulted in a dramatic loss of stem-like properties, in IDH1 mutant but not 

IDH1 wild-type GICs, and also decreased tumour growth and replicative potential in vivo. 

Furthermore it did so in a more efficient manner than was seen with the mutant IDH1 enzyme 

inhibitor AGI 5198 (Mims A 2012).   

Directly targeting 2-HG production by inhibiting the conversion of glutamine to α-KG may 

also represent an attractive treatment strategy. Indeed, the inhibition of glutamine to α-KG 

conversion using siRNA and the small molecule inhibitor bis-2-(5-phenyl-acetamido1,2,4-
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thiadiazol-2-yl)ethyl sulfide (BPTES), has been shown to slow the growth rate of IDH1 

mutant glioma cells, suggesting that ‘starving’ mutant IDH1/2 cells of α-KG may have 

therapeutic benefit (Turcan S 2013). However, conversely, it is possible that treatment with 

exogenous α-KG may also be beneficial, in order to reverse the competitive inhibitory effect 

of 2-HG on α-KG dependent enzymes, and to reverse the reduction in α-KG production seen 

in association with mutant IDH1/2 expression.  

Targeting other aspects of the glutamate system may also hold promise. Indeed, the efficacy 

of Talampanel, an antagonist of the α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic Acid 

(AMPA) glutamate receptor was studied in a phase II trial, in combination with radiotherapy 

and TMZ in patients with newly diagnosed GBM (Seltzer MJ 2010). A 5.7-month 

improvement in median OS was observed when compared to historical controls that had 

received radiotherapy and TMZ alone (Grossman S 2009). Although, again, this study did not 

stratify patients based on IDH1/2 mutation status, and therefore conclusions specific to 

IDH1/2 mutant disease cannot be drawn. It should also be noted that in a phase II trial of 

single agent Talampanel in patients with recurrent GBM and anaplastic glioma, no significant 

anti-tumour effect was observed and the trial was terminated early due to treatment futility 

(Grossman S 2009). 

More controversially, given the uncertainty regarding its role in IDH1/2 mutant malignant 

transformation, it may also be beneficial to explore the potential of HIF-PHD inhibitors in the 

treatment of IDH1/2 mutant tumours. Such compounds have been investigated in early stage 

trials in non malignant disease (Iwamoto F 2010), but not as of yet in GBM. 

Even more speculatively, if an increase in nestin expression is directly involved in an early 

malignant process in GBM, then the direct inhibition of nestin expression may serve as a 

potential target for treatment. Indeed, it is noteworthy that in pancreatic cancer cells 
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downregulation of nestin has been shown to inhibit the growth of liver metastasis in vivo 

(Robinson A 2008). Furthermore, in lung cancer cell lines, Akt inhibitors have been shown to 

effectively decrease nestin expression through the downregulation of Sox2, and to inhibit 

nestin induced tumour sphere formation in vitro (Matsuda Y 2012). 

As well as representing a potential target for treatment, IDH1/2 mutations also undoubtedly 

have a role to play as prognostic and predictive biomarkers in GBM (Narita K 2014) and as 

new treatments options emerge in this disease, a greater understanding of the predictive value 

of IDH1/2 mutation status may enable therapies to be tailored more appropriately to patients 

in the future. 

6.2 Future Perspectives  

 

The fact that abnormal DNA methylation patterns are a common feature of IDH1/2 mutant 

tumours suggests that the inhibition of TET by 2-HG accumulation or reduced α-KG 

production are likely to be responsible for tumourigenesis, rather than TCA cycle 

dysregulation per se. The development of a ‘pseudohypoxic state’ resulting from the 

stabilization of HIF1α may also play a role, although activation of this pathway may not be 

the primary tumour initiating event. The absolute effects of these phenomena however remain 

unknown and further research, perhaps using genetically engineered mouse models, is 

required to characterize the ‘downstream’ genetic effects and pathways that give IDH1/2 

mutant cells their pro-tumourigenic potential. To date, no tumour-forming genetically 

engineered Idh1/2-mutant model has been established. It is hoped that the development of 

such a model, perhaps through the use of the NesER
T2

-KI mouse developed in this thesis, will 

benefit patients with IDH1/2 mutant tumours by enabling us to better understand the 

relationship between IDH1/2 mutations and tumourigenesis, and to develop and test effective 

therapies directed against these tumours in the future. Indeed, such therapies are now 
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emerging in pre-clinical trials, but they have not yet been tested in clinical practice and their 

potential benefit to patients with GBM remains to be determined. The potential clinical 

application of IDH1/2 mutations as diagnostic, prognostic, and predictive tools also requires 

further evaluation and this may be achieved in the future through clinical trials stratified 

specifically by IDH1/2 mutation status.  
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7. Chapter Seven 

Future Work 

The main aims of future work related to this thesis are to: 

1)  Confirm and further investigate the changes seen in the brains and other organs of 

NesER
T2

-KI mice, and 

2) To attempt to generate brain tumours in NesER
T2

-KI mice by crossing these mice with 

Tp53 KO mice and with D2hgdh KO mice.  

It is known that tamoxifen-induced gene activation in a given tissue is often incomplete, and 

induced mice are usually mosaics with varying fractions of wild-type and mutant cells (Choi 

C 2012). We aim to investigate the tissue specificity and recombination efficiency of nestin-

creER
T2

 further using ROSA26-Enhanced Yellow Fluorescent Protein (EYFP) reporter mice 

and have recently crossed NesER
T2

-KI mice with these animals. We hope to be able to 

confirm the efficient recombination of nestin-creER
T2

 specifically in the brain of these 

animals.  

We aim to further investigate the DNA methylation profile of NesER
T2

-KI mice brains using 

methylated DNA immunoprecipitation high output sequencing (MeDIP-seq) techniques. It is 

hoped that this will allow us to identify which genes are hypermethylated in association with 

mutant Idh1 expression. In particular, we would like to confirm whether hypermethylation of 

the Rbp1 promoter region, or hypermethylation of other genes involved in RAR activation 

are seen.  

Measurement of NADPH and ROS levels will also be performed in the brains of NesER
T2

-KI 

mice, in order to confirm that changes in cellular redox state also occur as a result of mutant 

IDH1/2 expression in vivo.   
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We aim to analyse 5hmC, HIF1α, and H3K9me3 levels in cells within the SVZ of NesER
T2

-

KI mice using IHC to a) confirm that 5hmC levels are reduced in the hyperproliferating cells 

seen in this region; and b) to assess whether changes in HIF1α and H3K9me3 levels can be 

detected specifically in these cells, in view of the fact that their levels were not seen to be 

altered in the whole brain using western blotting. We also aim to confirm the increase in 

proliferative activity of cells, seen by IHC, with in the SVZ of  NesER
T2

-KI mice (and 

potentially also in the RMS and OB), using 5-bromo-2-deoxyuridine (BrdU), flourescently-

labelled BrdU antibodies and immunoflourescence techniques. 

It would also be desirable to specifically isolate cells from the SVZ of NesER
T2

-KI mice and 

culture them ex vivo in order to assess characteristics of these cells such as their 2-HG and α-

KG content, DNA hypermethylation and gene expression profiles, proliferation rate, stem 

cell-like features, and features associated with malignant transformation such as anchorage 

independent growth.  

Further analysis of MRI imaging of the brains of NesER
T2

-KI mice is required to ascertain the 

cause of the hydrocephalus observed in these animals and to ascertain whether  

hydrocephalus is limited to the lateral ventricles or if indeed it occurs in other areas of the 

ventricular system. MRI analysis of the rostral migratory system would also be desirable to 

identify if macroscopic alterations occur in this region. Assessment of  intracranial pressure 

would also help to identify the cause of the hydrocephalus seen.  

Given the fact that the metabolic effects of mutant Idh1 expression may pertubate to other 

areas of the brain where nestin is not expressed such as the cerebellum, or indeed to other 

organs, we would also propose to perform the above analyses on tissue taken from the 

cerebellum and other organs of NesER
T2

-KI  mice to identify if mutant Idh1 expression can in 

fact exert a paracrine effect on surrounding tissues.  
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In view of the fact that mutations in Idh1 alone may be insufficient to promote 

tumourigenesis, and in order to increase the likelihood of brain tumours developing in 

NesER
T2

-KI mice, Tp53 KO mice were crossed with NesER
T2

-KI animals. NesER
T2

-

KI;Tp53
fl/fl

 offspring are currently being aged, and will be analysed at a time at which they 

become unwell. NesER
T2

-KI mice have also been crossed with D2hgdh KO mice, as it is 

predicted that NesER
T2

-KI;D2hgdh
fl/fl

 offspring will accumulate higher levels of 2-HG in the 

brain than NesER
T2

-KI;D2hgdh
+/+

 mice, and that this may in turn increase the likelihood of 

glioma developing in these animals. NesER
T2

-KI;D2hgdh
fl/fl

 mice are currently being aged 

and will also be analysed at a time at which they become unwell. 
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Appendix 

Appendix 1. Primers and conditions  

Gene Name Forward Primer Sequence Reverse Primer Sequence Amplico

n Size, bp 

Q soln. 

(Qiagen) Y 

or N 

Annealing 

Temp °C 

No. 

Cycles 

D2HGDH       

Exon 1a CCCCCACCAAGGAGGA TGCTTAGACACCGTGGAGAA  N 60 35 

Exon 1b CCTGGCCCGCAGAGG TTGTTCTCAGCCCGCTTTG  N 60 35 

Exon 2  GAGGGAGAGGTTGCAGTGAG CACAGGCTCCATGAGGAAAT  N 60 35 

Exon 3 CGTAGGGGTGGGGACAG ACGCTGGCAAGGAAGAACT  N 60 35 

Exon 4  CCACTGGAAGCCAAGTGC ACCCCGTGGCGACCT  N 60 35 

Exon 5  TCAGGAGGCTGGCAGGT ACAGTGGCACCATCAGAGC  N 60 35 

Exon 6  ATGAGTCGGGCTGATGTTG ATGTGTCCAGACGTGCAGAA  N 60 35 

Exon 7  CGGAGCCTCTGCTCACTCT TGTCTAGGCTGCACCAATGA  N 60 35 

Exon 8 CGGGTGTCGTTCCCATAG ACCACCCAGCACACACAG  N 60 35 

Exon 9a  GGGAGGAGTGGGGTCCT CGTCTTGTAGGGGTTGAGGA  N 60 35 

Exon 9b  CACGGAGTGGGCTTCAG CAGTCCCTTCAACCAGGTG  N 60 35 

IDH1       

Exon 4 CGGTCTTCAGAGAAGCCATT TGCTTAATGGGTGTAGATACCAAA  N 55 35 

IDH2       

Exon 4 AGCCCATCATCTGCAAAAAC TGTGGCCTTGTACTGCAGAG  N 55 35 

IDH3A       

Exon 1 AGGCCAGTCACAGAGAGACG CCAGCGCTCACCTTAGAGAGAT  N 55 35 

Exon 2 CAGGACTTCCTCGCTCTTGT TCCCAAATTCTAAATGAATGGA  N 55 35 

Exon 3 TCTCATAAAGTGGATTTCTCTGTCA TTCACAGAATCCAACTGGCTAA  N 55 35 

Exon 4 CATTGCAGTATGAATGCCAGTT AACCCCTGTAGCGGAAATCT  N 55 35 

Exon 5 CACGTGAGACCAGAATTCCTT GATGCACAGAAAGCAGTCCA  N 55 35 

Exon 6 CCACCCTCTGTCTCCCACT TCCCACAACAAAGCAAGATG  N 55 35 
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Exon 7 TGGCTTCTGGAACTTAAATGTCT TCAATTGAAAATGTTAAGCCATAAT  N 55 35 

Exon 8 TCTGGGTGCTAGGTGAGATG CCTGAGTTCACACGCTGTTC  N 55 35 

Exon 9 TGAATTGCACGCAGTAGCTT GGCCCGCCTGAGAACTATTA  N 55 35 

Exon 10 GGCTTTAAAATCTCCTTGGTTT CAAGCAAACCAATGCATACATAC  N 55 35 

IDH3B       

Exon 1+2 CTCAGTACAGGCCGGAAGTC GGGAGTAGAGAAGTAGGGAGACC  N 55 35 

Exon 3+4 CTACTCCCAGGATCCGTGCT CATAGCATGTGGGGAGAAGG  N 55 35 

Exon 5+6 ACTGGTCTGAGTTCCCTTGG AAGGAGCTCCACCTCTCTCC  N 55 35 

Exon 7 GCAAGGATGAAGATGGGAGA GGGACAGAATCAGCCAAGAA  N 55 35 

Exon 8 ATGGGTTCCTGGGAAGGTAG GCAGGCATGAAGTAAATTCCA  N 55 35 

Exon 9 AGGAGGAGGGTGGGGAGT GAATGGCGGACTTGAGGT  N 55 35 

Exon 10 CCCCTCCCATAATGTCCTTT TAATTTCCCCACCTGCTCCT  N 55 35 

Exon 11 AGGTGTCTTGGGGGAGTCAC AGGTTCCCCAGAGGGTAGTG  N 55 35 

Exon 12 CAGACTGTTGGGTGGTGATG GGTTCATGTTCTTTATTGAACACCT  N 55 35 

IDH3G       

Exon 1 GAGAGCGGTATCTGCGTGTC CCCCTAGCCAATCGGACTC  N 60 35 

Exon 2 GGTCCGTTTTTCCTTCCAAC CAGAAGAGGGGTGGGTAGC  N 60 35 

Exon 3 GGAACCTTGGCTGATTGTGT CCCCCACCTGGAATTTAGTT  N 60 35 

Exon 4 AGTGGGAAGAAGGGAATTGG CCCCTGGCTGAGGACAA  N 60 35 

Exon 5 GCAACAGGAGAGAGGTAGCC GTAAGCAAGAAACGAAGGAAGA  N 60 35 

Exon 6 CATTTTTGCTCCCCAAGTCT ACTGGCTCACCCCACCTTAG  N 60 35 

Exon 7 CTCCAGTCAGCCACCTGTC GCTCTCCCCTTAATCTTGACG  N 60 35 

Exon 8 GTCGCGCCAGCTTGTTT GGACCACAAATCCCTCAGA  N 60 35 

Exon 9 TGGCTGACTGTTGCGATG GCTGGCTGAGGAGCAGATT  N 60 35 

Exon 10 GCTTCTCTCACCCATGCTTC GAACGGGCTAACCGGATG   N 60 35 
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Exon 11 CATCCTTCTGCCCTCCAC GACAGCCAGCCTTCAGTCC  N 60 35 

Exon 12 CAAGTGAGTGGCTCCCAGTG CCAGCTAAGGGCCAGAAGAT  N 60 35 

Exon 13 CTGCACGTCACAGGAGACAG CTGGAGTGGGAAGGGGAAT  N 60 35 

L2HGDH       

Exon 1  GGGTCAAGTGGCTTCTTCTG GGGACAGGGAAATACGAACA  N 60 35 

Exon 2  ATGTGAAGTTTGGCGAGGTC GAGCAGATGCCCAAGTAAGC  N 60 35 

Exon 3  ACAAGCAGTGTGGCAAGGTA AAAGGGCGAATTGTATGGTG  N 60 35 

Exon 4  CTGATGATACATTCACCTCTATCCA ACCCTCAGCCTCCATGTCT  N 60 35 

Exon 5a  GGCAAAATCAACTCCTCT GGCTTACCATCTATACTTCTTG  N 54 35 

Exon 5b ATTGATTGTCCACATACTGG CATCCTCAGTTGGTTAAAAC  N 54 35 

Exon 6  GAACTGTAAGGTGCAATCATAG CAGCCCTGTGGGTTAA  N 54 35 

Exon 7  TTCCCCTCTTGACCTATT GAGAAGTAGGAAGCATCATTAC  N 54 35 

Exon 8  TGGAATGTGAAATGAGGCTGT CAAGAAAGACAAAACTTCCCACAT  N 60 35 

Exon 9  GCCTAGATTTTTGTGATGAC CACATAGGTCAGGACTGTATT  N 54 35 

Exon 10a  CTTTTTGGAAACGCTGACT GAAGAAGTAGCAGCAGGAGAA  N 54 35 

Exon 10b CCTGGATAGAGATGGAAATC CTTGTTGCTGACATGAAGAT  N 54 35 

HOT       

Exon 1  TGGCTTGAGGCTTAGACAGG  AAGACTGCGCAGGATCTGA   N 60 35 

Exon 2  TGCCAAGAACTACCAATTTGA  GCCAAATGCAGAAACCAAAA   N 60 35 

Exon 3  TGTTCACTGCTGGATTTTACTATCA  TGGTCTGATCAAATAGAGATTATGGA   N 60 35 

Exon 4  ATGGACTGGCCAACTCTCAA  CTTCTGGCAAACTCACGTTG   N 60 35 

Exon 5  GCAGTTCTAGTGGAGTTGAACCTA  GCTTCTGCTTAAAGTAAAGAAACAA   N 60 35 

Exon 6  GGCATGGCAATTTATTTCTGA  CTCATTGCAAAATAAAACAAACA   N 60 35 

Exon 7  TTTCCTTCTCTAATTTTGTTCCTCA  TGGAGTTGAAAGGTAAGGGAGA   N 60 35 

Exon 8  AATGATGCCCATGGCTTTAG  TGTGCGTTGAGCAACAAAAT   N 60 35 

Exon 9  GAGGAAGATGACGCTTTCCA  TGTGGGCCTCCTGTTCTATT   N 60 35 

Exon 10  AGGAATTGCCAATGTTGATG  AAATTTTACCACCTGTCCTGAA   N 60 35 

Exon 11  GCATCCCCATAAGAGTATCTTTC  TCTAAGCAGGCGAGAATTGG   N 60 35 

Exon 12  CAGGGAAGAACAGCTTTGTCA  CTCCCAAAATGCTGGGATTA   N 60 35 

Exon 13  AGAGCCCGTTTCTTCCTCTC  CTCCTTCGCAGGGAGTGA   N 60 35 

Exon 14  CTTTTCAAAGCCCTGGGTAA  TCAGCTCTTGCTCTCAGCAC   N 60 35 

Mouse Primer Sequences 

Gene name Forward Primer Sequence Reverse Primer Sequence Amplicon Size, 

bp 

Q soln. 

(Qiagen) Y 

Annealing 

Temp °C 

No. 

Cycles 



332 
 

or N 

D2HGDH 

TCCGCCACTGTACTACTTGGT 

1. GTCTGGGGTCTCAGCAAAAC  

2. CCAACCCCTTCCTCCTACAT 

Wt-474 

KOhet-474 and 

231 

KO hom-231 

 

N 60 35 

FLP ACGGAACAGCAATCAAGAGAGCCA TCGATCCTACCCCTTGCGCTAAA Present-450 Y 57 35 

Gen-Cre TTACCGGTCGATGCAACGAG CCACCGTCAGTACGTGAGAT Present-500 Y 60 35 

IDH1 r132h GGTTGGACTTGGCTTTAATTTG

  

 

ATTGGTGGCATCACGATTCT 
Wt -393 

 r132h-551 

N 60 35 

KSP-Cre GCAGATCTGGCTCTCCAAAG AGGCAAATTTTGGTGTACGG Present-400 N 60 35 

NeoR AGGATCTCCTGTCATCTCACCTTGCT

CCTG 

AAGAACTCGTCAAGAAGGCGATAGAAGG

CG 

Present 492 

Absent- nil 

N 60 30 

P53 AAGGGGTATGAGGGACAAGG GAAGACAGAAAAGGGGAGGG Wt- 400 

Floxed-600 

Y 57 35 

SOX2-Cre AAAGCGTTAATTTGGATGGG ACAAGAGAATTGGGAGGGGT Present-360 Y 58 35 

Primers for qRT-PCR 

Gene name Forward Primer Sequence Reverse Primer Sequence 

AQP4 GCGAGGACAGCTCCTATGAT ACTGGTGCCAGCATGAATC 

CNP AGCCTTCCCGTAGTCACAAA CAAGAAGGAGCTGCGACAAT 

CSPG4 TGCAGGTCTATGTCGGTCAG TATGTTGGCCAGACTTGCAT 

D2HGDH CATTGAGGTGCAGGTTACCA GGAGCGGCTCTACGACATC 

EGLN1 TACCTTGGCATCCCAGTCTT AGCTACAAAATCAATGGCCG 

EGLN3 CTGTTCCATTTCCCGGATAG TCGACAGGCTGGTCCTCTAC 

GFAP CACCACGATGTTCCTCTTGA GTGCAGACCTTCTCCAACCT 

GLUT1 AGAGGTGTCACCTACAGCTC  AACAGGATACACTGTAGCAG 

HK2 AGCCCTTTCTCCATCTCCTT AACCATGACCAAGTGCAGAA 

IDH1 CTTTTGGGTTCCGTCACTTG GTCGTCATGCTTATGGGGAT 

IDH2 TACGGGTCATCTCATCACCA ACCTCGCAAGAGCAGCC 

IDH3A CCTCTGGTCACCTGTTTTGG CAGGAGGGGAAGCGATG 

L2HGDH GCCTGGGCTCTTACTCCAG AGCATGTTTTCTTGGTGCAA 

MSI1 TTGTCAAACATCAGCATGGC GAAGAAGATCTTTGTGGGGG 

Nestin GGTCCTAGGGAATTGCAGC CTCAAGATGTCCCTCAGCCT 
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PFK TGGAGACACTCTCCCAGTCG GGGCCAAGGTGTACTTCATC 

PGK1 CAAATTTGATGAGAATGCCAAGACT  TTCTTGCTGCTCTCAGTACCACA 

PROM1 TTTGGATTCATATGCCTTCTGT CCATTGGCATTCTCTTTGAA 

RBP1 CTCATCACCCTCGATCCACT GAGGAGGATCTGACAGGCAT 

SMARCA4 AGTGGACATCTTCACGGGAG GTGAAGAGAAGCGAGACGCC 

SOX2 GCTTAGCCTCGTCGATGAAC AACCCCAAGATGCACAACTC 

VEGF TACTGCCGTCCGATTGAGAC TGATCTGCATGGTGATGTTG 

 

 

 

 

 

 

 

 

 

 

 

 

 


