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Abstract
Somatic mutations in the isocitrate dehydrogenase 1 gene (IDH1) were recently identified at 
high frequency in gliomas. It is unknown whether the mutations observed in gliomas affect 
IDH1 activity in vivo. We assessed the effect of IDH1R132 mutations on IDH1 mediated 
metabolic activity in glioblastomas ex vivo. Furthermore, we investigated the role of IDH1R132 
mutations as independent prognostic factor for survival in glioblastoma patients.  
We examined IDH1 mutations in 539 brain tumor samples. Metabolic mapping and image 
analysis was used to measure NADP+-dependent IDH activity in 51 glioblastoma samples of 
which 16 carried an IDH1R132 mutation. Baseline variables, including age, primary versus 
secondary glioblastoma, performance status, treatment and IDH1 mutations were tested 
for association with survival with Cox proportional hazards models in 98 glioblastoma 
patients. Eighty-eight IDH1 mutations were found in astrocytomas, oligodendrogliomas and 
mixed oligoastrocytomas in grades II to IV, but not in other brain tumors. The occurrence of 
IDH1 mutations correlated with diminished NADP+-dependent IDH activity in glioblastoma 
cells ex vivo. Multivariable Cox regression analysis demonstrated that IDH1 mutations are 
associated with improved survival in glioblastoma patients after correcting for age and  
other variables. IDH1R132 mutations are an independent prognostic factor for improved 
survival in glioblastoma patients. IDH1-mutated tumors display reduced NADP+-dependent 
IDH activity ex vivo. Our data are suggestive for IDH1 being a tumor suppressor gene in 
glioma. The occurrence of IDH1 mutations is associated with metabolic rewiring of gliomas 
and may provide possibilities for therapeutic intervention.

Introduction
It has recently been shown that 12-44% of glioblastoma display somatic mutations in the 
IDH1 gene.1-5 IDH1 encodes for isocitrate dehydrogenase 1, which can be found in the 
cytoplasm, peroxisomes6 and endoplasmic reticulum7 and belongs to a gene family 
encompassing five members.8,9 IDH1 catalyzes the oxidative decarboxylation of isocitrate to 
α-ketoglutarate,8 with concomitant production of NADPH. Mutations in IDH1 are tumor-
specific and have so far been only detected in gliomas, especially in those histologically 
classified as low-grade gliomas and secondary glioblastomas.1-5 Mutations affecting IDH2, 
another NADP+-dependent IDH localized in the mitochondria, have also been described in 
gliomas although at lower frequency.5 The other three members of the IDH family are 
exclusively localized in mitochondria, depend on NAD+ for their enzymatic activity and play 
a relevant role in the Krebs cycle.9 These NAD+-dependent IDHs are not known to be  
mutated in relation to gliomagenesis. 

The mutational profile of IDH1 and IDH2 is peculiar as the mutations affect only single 
evolutionarily conserved residues (arginines R132 and R172, respectively). The arginines are 
localized in the substrate binding site of the isozymes, where hydrophilic interactions 
between the arginine and both the α- and ß-carboxylate of isocitrate are formed.10  
The genetic alterations are likely to affect these interactions, as in vitro the introduction of 
mutations negatively affects the enzymatic activity of IDH1 and IDH2.5 How the mutations 
affect the IDH1 activity in human tumors is presently unknown and a matter of debate.11  

Chapter 10
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It also remains to be clarified whether the mutated IDH1 gene plays an oncogenic or a tumor 
suppressor role in brain tumors. 

In this study, we have investigated the mutational status of IDH1 in 539 brain tumor samples. 
For glioblastoma patients, we correlated the occurrence of IDH1R132 mutations with overall 
survival using multivariable analysis. Furthermore, we developed metabolic mapping and 
image analysis integrated methods to assess the enzymatic activity of IDH in glioblastoma 
tissues. This strategy was then exploited to correlate the IDH1 mutational status with  
its enzymatic activity on tumor cells ex vivo. 

Materials & methods
Tumor samples, isolation of DNA, PCR, sequencing and mutation analysis
DNA samples of 113 frozen high-grade gliomas (HGG; 109 glioblastoma and four grade III 
gliomas), for which the mutational status of IDH1 was previously determined,1 were obtained 
from the tumor bank maintained by the Departments of Neurosurgery and Neuropathology 
at the Academic Medical Center (Amsterdam, The Netherlands). In this study, these 
glioblastoma samples were analyzed for IDH2 mutations, and a subset of these samples was 
used for survival analysis and enzyme activity (Figure 1). DNA of 24 frozen ependymomas 
was obtained from the Department of Neurogenetics at the Academic Medical Center.  
DNA of 59 frozen medulloblastomas was obtained from the Department of Human Genetics 
at the Academic Medical Center, collected from different centers in The Netherlands, 
Germany, United Kingdom and Poland.12 DNA of 35 paraffin-embedded glioma samples was 
obtained from the Institute of Pathology (Locarno, Switzerland). DNA of 225 frozen glioma 
and 95 frozen meningioma samples was obtained from the Departments of Neurology and 
Pathology of the Erasmus Medical Center University Hospital (Rotterdam, The Netherlands). 
Use of material was approved by local ethics committees, or fell under the Dutch Code of 
proper secondary use of human tissue. The research was performed on ‘waste’ material, 
stored in a coded fashion. 

Figure 1.  Flow diagram of the use of glioblastoma samples throughout the study

IDH1 mutations reduce IDH activity and improve survival

109 Glioblastoma samples 
subjected to                             

IDH2 mutat ion analysis
51 Glioblastoma samples tested 

for NADP+-dependent IDH ac�vity

98 Newly diagnosed glioblastoma 
pat ients with known follow-up 

included in survival analysis for 
IDH1 mutat ions

43 Newly diagnosed glioblastoma 
pat ients with known follow-up 

included in survival analysis for 
NADP+-dependent IDH ac�vity

230 Glioblastoma samples 
subjected to        

IDH1 mutat ion analysis
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Tumor sets are listed in Table 1. Tumor samples were included only if at least 80% of  
the sample consisted of cancer cells, as verified by H&E staining. Genomic DNA was isolated 
as previously described13 or using the QIAamp Mini kit (Qiagen, Chatsworth, CA) according 
to the manufacturer’s instructions. DNA from medulloblastoma and glioma samples from 
Rotterdam was extracted using trizol (Invitrogen, Breda, The Netherlands) and subsequently, 
whole-genome amplification was performed using Repli-G (Qiagen, Venlo, The Netherlands) 
according to the manufacturer’s instructions. 

PCR, sequencing and mutation analysis
Primer, PCR, sequencing and mutation analysis details have been described previously.13  

Forward 5’-AATGAGCTCTATATGCCATCACTG-3’, Reverse 5’-TTCATACCTTGCTTAATGGGTGT-3’ 
and Sequence 5’-GCCATCACTGCAGTTGTAGGTTA-3’ primers were used for amplification and 
sequencing of IDH1R132. For DNA extracted from paraffin-embedded samples, Forward  
5’-ATGAGAAGAGGGTTGAGGAGTTC-3’, Reverse 5’-TTCATACCTTGCTTAATGGGTGT-3’ and 
Sequence 5’-GTTGAAACAAATGTGGAAATCACC-3’ primers were used. IDH2R172 was amplified 
with the primers Forward 5’-M13Forward-GTCTGGCTGTGTTGTTGCTTG-3’ and Reverse  
5’-CAGAGACAAGAGGATGGCTAGG-3’ and sequenced with a universal M13Forward primer. 

Glioblastoma patient data
A retrospective survival analysis was performed for 98 adult glioblastoma patients with 
known follow-up. For this, both primary (85) and secondary glioblastoma (13), but no 
recurrent glioblastoma patients were included (Figure 1). These patients underwent brain 
surgery at the AMC between 1988 and 2006 and were selected, when enough tissue was 
available to perform the experiments described. Patient characteristics are displayed in 
Table 2. The primary end point of this analysis was overall survival, calculated as time from 
surgery to death. Events were censored if the patient was alive at the time of last follow-up. 
Follow-up for patients ranged from 15 to 2722 days. The median overall survival was 262 
days; the 2-years survival rate was 15%. Patients have been treated with different regimens 
either in trials or with standard protocols. Other therapies, in addition to irradiation, included 
chemoradiation (radiotherapy with concomitant and adjuvant temozolomide), brachytherapy, 
Gliadel, PCV, temozolomide, MTX and Nicotinamine (an enhancer during irradiation). 

Metabolic mapping
Glioma tissue was snap-frozen in liquid nitrogen in the operating room, and stored at -80oC 
until used. Six-µm-thick cryostat sections were cut at -25oC on a HM560 cryostat  
(MICROM, Walldorf, Germany), picked up on glass slides and stored at -80oC until used.14 
Cryostat sections of glioma tissue were allowed to dry at room temperature for 5 min and 
were then incubated for the demonstration of IDH and G6PDH activity.14,15 Incubation 
medium contained 18% polyvinyl alcohol (average molecular mass 70,000–100,000; Sigma, 
St. Louis, MO) in 0.1 M phosphate buffer, pH 7.4, 0.32 mM 1-methoxyphenazine methosulfate 
(Serva, Heidelberg, Germany), 5 mM sodium azide, 5 mM MgCl2, 5 mM nitro BT (Sigma), and 
20 mM D,L-isocitrate (Sigma). For NADP+-dependent IDHs and G6PDH, 0.8 mM NADP+ 
(Roche, Mannheim, Germany) was used as co-enzyme, whereas for the NAD+-dependent 

Chapter 10
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IDH activity 4 mM NAD+ (Roche) was used. The concentrations of the substrates and  
co-enzymes in the incubation media were sufficiently high to ensure maximum velocity 
(Vmax) of the enzyme activities.15,16 Control reactions were performed in the absence of 
substrate.17 The media were freshly prepared just before incubation and nitro BT was added 
after being dissolved in a heated mixture of dimethylformamide and ethanol (final dilution 
of each solvent in the medium was 2% v/v). For the demonstration of both NAD+- and NADP+-
dependent IDH activity, sections were incubated for 45 min at 37oC. For G6PDH the sections 
were incubated for 30 min at 37oC. Sections were rinsed with hot phosphate buffer  
(0.1 M, pH 5.3, 65oC) to remove the incubation medium and stop the reaction. Afterwards, 
sections were embedded in glycerol jelly. 

Image analysis
The final reaction product of IDH and G6PDH activity (nitro BT-formazan) was analyzed with 
the use of quantitative image analysis, using a Vanox-T photomicroscope with a 10x  
objective (Olympus, Tokyo, Japan) and a CFW-1312M 1360 x 1024 pixel 10-bit  
monochrome FireWire camera (Scion, Tucson, AZ) mounted on the front port of the Vanox 
using adapting optics. Sections were illuminated with white light that was filtered by  
a monochromatic filter of 585 nm and an infrared blocking filter18 to correctly measure  
the absorbance of both mono- and diformazans.14,16 Absorbance calibration of the images 
was performed with the use of a calibrated 10-step density tablet (Stouffer, South Bend, IN). 
After measuring the step tablet, known absorbance values were related to measured grey 
values using the built-in calibration function of ImageJ, using the Rodbard function.  
Density calibrated images were recorded in one single run and stored on disk for analysis. 
The resolution used prevented distributional errors.18 All settings were maintained 
throughout the recording session and at the end of the session verified against the step 
tablet values. Software used for capturing was swf-image, a Scion proprietary camera driver, 
as an extension to the image processing application ImageJ, developed by Wayne Rasband.19 

ObjectJ, a plugin for non-destructive image marking and result linking developed by Norbert 
Vischer and Stelian Nastase at the Department of Biology of the University of Amsterdam,20 

was used to indicate regions of interest (ROI) that were measured. Using the ObjectJ plugin, 
mean absorbance values within the ROI were collected from the test reaction and the 
control reaction, allowing calculation of specific activity of IDHs and G6PDH, respectively.14 

Activity was expressed as µmoles NADPH produced per ml of tissue/min. The use of ObjectJ 
allows a retrospective quality control study of areas measured.

Statistical analysis
Statistical processing of data was performed using Excel 2002 (Microsoft, San Jose, CA) and 
SPSS 16.02 for Windows (SPSS, Chicago, IL). Associations between the different 
dehydrogenase activities and IDH1 mutations were assessed by t-test. The association 
between IDH1 mutations or NADP+-dependent IDH activity and survival time was tested 
with Cox proportional hazard models. After the individual tests, factors with P values less 
than 0.10 were included in the multivariable Cox model to determine the factors associated 
with survival time.

IDH1 mutations reduce IDH activity and improve survival
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Results
Mutational profiling of IDH1 and IDH2 in brain tumors
We determined the occurrence of IDH1R132 mutations in a panel of 539 brain tumor samples 
(Table 1). In agreement with previous reports,1-5 we observed mutations in glioblastomas, 
astrocytomas WHO grade II and III, oligodendrogliomas WHO grade II and III, mixed 
oligoastrocytomas WHO grade II and III, but not in desmoplastic infantile ganglioglioma, 
ependymoma, medulloblastoma, meningioma and pilocytic astrocytoma. Out of the 539 
samples analyzed for IDH1 mutations, 88 displayed mutations at position R132 (Table 1). 
Similar to previous results,1-5 the most common change detected in our glioma set is the 
IDH1R132H mutation (85%). Further, we detected R132C (11%), R132G (1%), R132L (1%) and 
R132S (1%) variants (Figure 2). Of note, of all mutations observed, we identified two 
homozygous variants of the R132H mutant. A panel of 109 glioblastomas (94 primary and 15 
secondary) for which the prevalence of IDH1R132 mutations had already been assessed2 was 
analyzed for IDH2 mutations. No somatic IDH2 mutations were observed in these tumors.

Samples Samples Mutated %

Glioblastoma (WHO grade IV) 230 34 15
Anaplastic astrocytoma (WHO grade III) 30 6 20
Anaplastic oligodendroglioma (WHO grade III) 50 28 56
Anaplastic oligoastrocytoma (WHO grade III) 19 6 32
Astrocytoma (WHO grade II) 17 4 24
Oligodendroglioma (WHO grade II) 12 8 67
Oligoastrocytoma (WHO grade II) 7 2 29
Pilocytic astrocytoma (WHO grade I) 7 0 0
Desmoplastic infantile ganglioglioma (WHO grade I) 2 0 0
Medulloblastoma 59 0 0
Meningeoma 82 0 0
Ependymoma 24 0 0
Total samples 539 88 16

Table 1. Examined tumor types and observed mutation frequencies

Chapter 10

Figure 2. Examples of somatic mutations in IDH1 
Bottom, chromatogram of the sequence of a tumor sample; top, chromatogram of the matched normal.  
Arrows, location of missense somatic mutations. Numbers above the sequences are part of the software output. 
A, c.395G>T, p.R132L mutation, glioblastoma; B, c.394C>G, p.R132G mutation, glioblastoma.

A B
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IDH1R132 mutations are associated with diminished NADP+-dependent IDH activity ex vivo
The activity of NADP+-dependent IDH was determined in glioblastoma cryostat sections of 
51 glioblastoma patients (Figures 1 and 3). These included 15 tumor samples mutated at 
IDH1R132, 12 contained the R132H mutation, two the R132C mutation and one sample  
the R132G mutation. To evaluate whether and to what extent IDH1 mutations affect the 
metabolic status of glioblastoma cells, we used an integrated approach to measure  
NADP+-dependent IDH activity ex vivo. A certain level of staining heterogeneity was  
observed within the tumor samples (see for example Figure 3B). As this could be associated 
to the presence of necrosis, the regions analyzed were ‘validated’ by H&E staining of adjacent 
sections to contain vital tumor tissue (Figures 3C and 3D). Representative areas with  
the most uniform activity of each section were selected to measure the enzyme activity.  
Of note, no activity was observed in regions of necrosis.

Next, we correlated the mutational status of IDH1 with the quantitative data of  
NADP+-dependent IDH activity (Figure 4A). The presence of IDH1 mutations was inversely 
associated with NADP+-dependent IDH activity (P = 0.001). This highly significant association 
indicates that the IDH1R132 mutation reduces NADP+-dependent IDH activity. The individual 
NADP+-dependent IDH activity values are shown in Figure 4B. 

Figure 3. Metabolic mapping of NADP+-dependent IDH activity 
NADP+-dependent IDH activity staining (nitro BT-formazan in blue) of IDH1R132 wild-type (A) and mutated (B) 
glioblastoma samples. H&E staining of serial sections of IDH1R132 wild-type (C) and mutated (D) glioblastoma samples. 

IDH1 mutations reduce IDH activity and improve survival

A

B

C

D
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As a control, the activity of NAD+-dependent IDH and NADP+-dependent G6PDH was assessed 
on serial sections of the same samples. IDH1 mutations were not associated with either the 
NAD+-dependent IDH or G6PDH activity (P = 0.639 and P = 0.357, respectively; Figures 4C 
and 4D), indicating that the correlation with IDH1 mutations is specific for the NADP+-
dependent IDHs.

IDH1R132 mutatations are an independent prognostic factor for improved survival 
In a subset of 98 glioblastomas with known follow-up, the overall survival of both primary 
and secondary glioblastomas was increased for patients whose tumors carried an IDH1 
mutation (P = 0.002, log rank test). Considering the limited size of the mutated groups, these 
results should be confirmed in larger series of glioblastoma. Although IDH1 mutations have 
been found to correlate with age, secondary glioblastoma (Table 2) and survival (Table 3), 1,4 
a multivariate survival analysis has not been performed yet. When corrected for age, 
Karnofsky performance status (KPS), extent of surgery, received dosage of radiotherapy, 
additional chemotherapy or treatment other than radiotherapy (Table 4), the mutational 
status of IDH1R132 was a strong independent prognostic factor for improved overall survival 
(P < 0.001; Figure 5 and Table 4). This significant association indicates that the presence of 
IDH1 mutation correlates with an improved prognosis for glioblastoma patients. 
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Figure 4. Enzyme activity in IDH1R132 wild-type and mutated tumors 
Enzyme activity presented as µmoles NADPH produced/ml of tissue/min. A, Boxplots of NADP+-dependent IDH 
activity; B, Individual values of NADP+-dependent IDH activity; C, Boxplots of NADP+-dependent G6PDH activity;  
D, Boxplots of NAD+-dependent IDH activity. Abbreviations: wt, wild-type; mut, mutated.
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Characteristic HR 95% CI P value

Age, per year 1.010 0.990 to 1.031 0.328
KPS, per 10 points 0.974 0.954 to 0.995 0.018
Resection (gross total removal vs 
biopsy or resection)

0.807 0.508 to 1.282 0.364

Irradiation dosage, per Gy 0.979 0.968 to 0.990 < 0.001
Other therapy (additional therapy 
vs non-additional therapy)

0.605 0.336 to 1.092 0.095

IDH1 mutated vs wild-type 0.209 0.093 to 0.471 < 0.001

Table 4. Multivariate association between 98 glioblastoma patient characteristics and overall survival 
Abbreviations: CI, Confidence Interval; Gy, Gray; HR, Hazard Ratio; IDH1, isocitrate dehydrogenase 1;  
KPS, Karnofsky Performance Score. 

Table 2. Baseline characteristics of patients included in surival analysis 
Data are mean (range) or number (%). Abbreviations: F, female; Gy, Gray; IDH1, isocitrate dehydrogenase 1;  
M, male; KPS, Karnofsky Performance Score. 

Characteristic
IDH1 

wild-type
IDH1 

mutated P value

Samples 80 18
Age (years) 58 (27-80) 41 (28-62) < 0.001
KPS 75 (50-90 76 (50-90) 0.813
Irradiation dosage (Gy) 39 (0-78) 48 (0-66) 0.193
Tumor occurrence Primary glioblastoma 75 (95%) 10 (56%) < 0.001

Secondary glioblastoma 5 (5%) 8 (44%)
Gender M 44 (55%) 9 (50%) 0.704

F 36 (45%) 9 (50%)
Surgical procedure Biopsy or irradical 

resection
34 (43%) 7 (39%) 0.782

Gross total removal 46 (57%) 11(61%)
Other therapy No additional therapy 53 (66%) 8 (44%) 0.086

Additional therapy 27 (34%) 10 (56%)

Table 3. Univariate association between 98 glioblastoma patient characteristics and overall survival 
Abbreviations: CI, Confidence Interval; Gy, Gray; HR, Hazard Ratio; IDH1, isocitrate dehydrogenase 1;  
KPS, Karnofsky Performance Score. 

Characteristic HR 95% CI P value

Age, per year 1.028 1.012 to 1.045 0.001
Sex 1.114 0.728 to 1.799 0.559
KPS, per 10 points 0.969 0.949 to 0.989 0.002
Resection (gross total removal vs 
biopsy or resection)

0.628 0.402 to 0.980 0.040

Irradiation dosage, per Gy 0.979 0.970 to 0.987 < 0.001
Other therapy (additional therapy 
vs non-additional therapy)

0.415 0.261 to 0.660 < 0.001

Secondary vs primary glioblastoma 0.598 0.305 to 1.172 0.134
IDH1 mutated vs wild-type 0.273 1.137 to 0.543 < 0.001

IDH1 mutations reduce IDH activity and improve survival
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The combination of our findings that IDH1 mutations are associated with improved survival 
in glioblastoma, and that IDH1 mutated glioblastoma samples have a lower NADP+-dependent 
IDH activity, suggests that diminished NADP+-dependent IDH activity correlates with 
improved survival. In 43 glioblastoma patients (Figure 1), we observed a trend that lower 
NADP+-dependent IDH activity correlates with improved survival, however, this was not 
significant (Hazard Ratio 1.108 per µmoles NADPH produced/ml of tissue/min; CI: 0.880-
1.394, P =0.38), probably due to the limited size of the examined cohort. 

Discussion
We performed IDH1 mutational profiling on a set of 539 brain tumors. The analysis clearly 
shows that IDH1 mutations are specific for some types of gliomas. High frequencies of IDH1 
mutations were observed in low-grade gliomas and secondary glioblastoma, in agreement 
with previous studies.1-5 In our tumor set, IDH1 mutations were identified at lower 
frequencies than reported previously.1-5 The lower frequencies we observed in our series 
may be explained by older age of patients, as IDH1 mutations have been reported to be 
more prevalent in younger patients.1,4 Other possible explanations for the differential 
mutation frequencies are the limited number of samples for some glioma subtypes and the 
large degree of interobserver variability among neuropathologists.21 This can significantly 
change mutation frequencies within defined histological subgroups. When the glioma 
sample cohort was objectively classified by their intrinsic gene expression profile,  
IDH1 mutations strongly segregated into distinct molecular subgroups with mutation 

Chapter 10

Figure 5. Adjusted survival curves for IDH1 wt and mutated glioblastoma patients
Survival curves for IDH1 wild-type and mutated glioblastoma patients constructed using multivariate Cox 
proportional hazards regression, adjusted for age, Karnofsky performance score, irradiation and additional 
treatments. Abbreviation: IDH1, isocitrate dehydrogenase 1.
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frequencies up to 70% (Gravendeel et al., manuscript in preparation), which are in line  
with those reported by others for histological subgroups.3-5 

We confirm the previously reported findings that IDH1 mutations are predominantly found 
in secondary glioblastoma and younger patients and are associated with improved survival 
(Table 2).2,4 Importantly, for the first time, our study shows that IDH1 mutations correlate 
independently with improved prognosis in glioblastoma (Table 4 and Figure 5). This indicates 
that the IDH1 cancer gene itself plays a critical role in brain tumor onset through a yet to be 
determined function.

The role of mutated IDH1 in gliomas is unknown at present and the subject of speculation 
and debate.11 When IDH1 and IDH2 mutations are ectopically (over)expressed in human 
cells, they reduce the enzyme activity in cell culture.5 Mutations in IDH1 and IDH2 have been 
reported in heterozygosity,1-5 and our analysis further confirmed the predominantly 
heterozygous pattern of IDH1 mutations. The effects of heterozygous mutations have been 
shown to be highly variable for the activity of G6PDH,22 and can similarly be unpredictable 
for IDH1 and IDH2. Thus far, nothing is known about the effect of IDH1 and IDH2 mutations 
on glioma cells in vivo. 

In order to shed light on the functional effects of IDH1 mutations, we exploited an integrated 
approach to measure NADP+-dependent IDH activity ex vivo. Using this strategy, we showed 
for the first time that IDH1R132 mutations are associated with decreased NADP+-dependent 
IDH activity ex vivo. As both IDH1 and IDH2 use NADP+ as a co-factor, we cannot differentiate 
between the activity of IDH1 or IDH2. However, considering that we did not observe any 
IDH2 somatic mutations in the samples we analyzed, our work indicates that the reduced 
NADP+-dependent IDH activity is associated with the presence of IDH1 mutations. Of note, 
IDH1 mutated samples display diminished but not complete loss of NADP+-dependent IDH 
activity (Figures 3B and 4B). This can be explained either by the presence of one remaining 
wild type allele or by IDH2 activity or by both. 

From a functional perspective, the ex vivo reduction in NADP+-dependent IDH activity can be 
linked to tumorigenesis by at least two mechanisms: accumulation of isocitrate or reduction 
in α-ketoglutarate with consequent NADPH production. NADPH is necessary for biosynthetic 
processes such as lipogenesis and for detoxification.23 Low levels of cytoplasmic NADPH 
result in impaired reduction of glutathione (GSH), which is a major scavenger of oxygen 
radicals in the cells. Diminished levels of GSH thus lead to oxidative stress that can ultimately 
cause DNA damage and induce apoptosis.24,25 Oxidative stress is generally increased  
by irradiation and chemotherapy,26 and we speculate that it is further enhanced in the 
presence of IDH1 mutations. 

IDH1 mutations reduce IDH activity and improve survival
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Our data are consistent with IDH1 being a haploinsufficient tumor suppressor gene. 
Haploinsufficiency has been reported for several tumor suppressor genes.27-29 However  
the finding that IDH1 mutations invariably affect a single residue (R132), is rather unique 
and has not been commonly observed as a mechanism to inactivate tumor suppressor 
genes. Importantly and in contrast with IDH1 being a classic tumor suppressor gene,  
non sense mutations (stop codons) were never observed in either our analysis or any  
of the previous works.1-5 A very recent report shows that the unique mutation pattern of 
IDH1R132 can be explained by the dominant negative function of the mutated IDH1 protein 
forming an inactive IDH1 homodimer which looses the ability to metabolize isocitrate, while 
at the same time it induces hypoxia-inducible factor subunit HIF-1α.30 A possibility to explain  
the unique pattern of IDH1R132 mutations is that the corresponding mutated proteins loose 
the ability to metabolize isocitrate while at the same time acquire a novel tumor-associated 
enzymatic function yet to be discovered. It is likely that further genetic analysis in human 
tumors or mouse models may be the only way to definitively establish whether mutated 
IDH1 acts as an oncogene or a tumor suppressor gene. 

In conclusion, we have shown that IDH1R132 mutations provide an independent survival 
advantage to glioblastoma patients. Furthermore, our ex vivo enzyme activity data show 
that IDH1 mutations reduce the activity of the enzyme in glioblastoma. These data are 
suggestive that IDH1 is a tumor suppressor gene and support the concept that IDH1 
mutations result in profound rewiring of the metabolism in gliomas. Overall, our ex vivo 
results combined with the functional analysis recently published30 indicate that manipulation 
of core metabolic functions of gliomas could be therapeutically exploited.
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