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IDH1 encodes isocitrate dehydrogenase 1, which par-
ticipates in the citric acid cycle and was recently re-
ported to be mutated in 12% of glioblastomas. We
assessed IDH1 mutations in 321 gliomas of various
histological types and biological behaviors. A total of
130 IDH1 mutations was detected, and all were lo-
cated at amino acid residue 132. Of these, 91% were
G3A mutations (Arg3His). IDH1 mutations were fre-
quent in low-grade diffuse astrocytomas (88%) and in
secondary glioblastomas that developed through pro-
gression from low-grade diffuse or anaplastic astro-
cytoma (82%). Similarly, high frequencies of IDH1
mutations were found in oligodendrogliomas (79%)
and oligoastrocytomas (94%). Analyses of multiple
biopsies from the same patient (51 cases) showed that
there were no cases in which an IDH1 mutation oc-
curred after the acquisition of either a TP53 mutation
or loss of 1p/19q, suggesting that IDH1 mutations are
very early events in gliomagenesis and may affect a
common glial precursor cell population. IDH1 muta-
tions were co-present with TP53 mutations in 63%
of low-grade diffuse astrocytomas and with loss of
heterozygosity 1p/19q in 64% of oligodendroglio-
mas; they were rare in pilocytic astrocytomas (10%)
and primary glioblastomas (5%) and absent in
ependymomas. The frequent presence of IDH1 mu-
tations in secondary glioblastomas and their near-
complete absence in primary glioblastomas rein-
force the concept that despite their histological
similarities, these subtypes are genetically and clini-
cally distinct entities. (Am J Pathol 2009, 174:1149–1153;
DOI: 10.2353/ajpath.2009.080958)

Gliomas are the most common primary brain tumors and
show wide diversity with respect to location, morphology,
genetic status, and response to therapy. Glioblastoma

(World Health Organization [WHO]grade IV), the most
frequent and most malignant glioma, may develop rap-
idly after a short clinical history and without evidence of
a less malignant precursor lesion (primary or de novo
glioblastoma), or slowly through progression from low-
grade diffuse or anaplastic astrocytoma (secondary
glioblastoma).1–3 Both glioblastoma subtypes show
frequent loss of heterozygosity (LOH) 10q (63% to
70%), but differ significantly with respect to the fre-
quency of other genetic alterations: LOH 10p, EGFR
amplification, MDM2 amplification, and PTEN mutations
are typical of primary glioblastomas,3,4 whereas TP53
mutations, LOH 19q, and LOH 22q are more frequent in
secondary glioblastomas.3,5

Low-grade diffuse astrocytomas (WHO grade II) are
slowly growing, well-differentiated tumors, but they dif-
fusely infiltrate into surrounding brain tissues and have an
intrinsic tendency to progress to anaplastic astrocytoma
(WHO grade III) and eventually to secondary glioblas-
toma.6 In the genetic pathway to secondary glioblas-
toma, TP53 mutations are considered an early event,
since their frequency in low-grade diffuse astrocytomas
is similar to that in secondary glioblastomas.2

Recently, Parsons et al7 analyzed 20,661 protein cod-
ing genes in 22 glioblastomas, and showed that 12% of
cases contained mutations in the IDH1 gene. All were
located at position 395 (amino acid residue 132) of the
IDH1 transcript and most were a G3A change with
amino acid substitution of Arg3His.7 Interestingly, many
of the glioblastomas carrying IDH1 mutations were sec-
ondary glioblastomas and contained TP53 mutations.7

It remained uncertain whether IDH1 mutations are early
events during astrocytoma progression and to what ex-
tent they are specific to the pathways leading to second-
ary glioblastomas. We screened a total of 321 gliomas for
IDH1 mutations, with the aim of assessing their role in the
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development of a large range of human gliomas of dif-
ferent histological types and biological behavior.

Materials and Methods

Tumor Samples

We examined a total of 321 gliomas in 266 patients,
diagnosed at the University Hospital Zurich, Switzer-
land.2,8–11 They include 68 low-grade diffuse astrocytomas
(mean age 37.0 � 10.0 years, 36 males, 32 females), 39
oligodendrogliomas (40.5 � 13.9 years, 16 males, 23 fe-
males), 17 oligoastrocytomas (42.4 � 11.4 years, 9
males, 8 females), 27 anaplastic astrocytomas (39.5 �
13.5 years, 15 males, 12 females), 14 anaplastic oligoas-
trocytomas (45.4 � 16.6 years, 7 males, 7 females), 8
anaplastic oligodendrogliomas (50.0 � 18.4 years, 7
males, 1 female), 34 secondary glioblastomas (45.5 �
14.5 years, 14 males, 20 females), 59 primary glioblas-
tomas (56.8 � 10.0 years, 40 males, 19 females), 31
pilocytic astrocytomas (15.0 � 11.0 years, 18 males, 13
females), and 24 ependymomas (26.0 � 20.2 years, 14
males, 10 females). Tumors were considered primary (de
novo) glioblastomas if a glioblastoma diagnosis was
made at the first biopsy, without clinical or histological
evidence of presence of a less malignant precursor le-
sion and with a clinical history of less than three months.
A diagnosis of secondary glioblastoma was made only in
cases with histopathological evidence of a preceding
low-grade or anaplastic glioma.1,2 In 51 patients (includ-
ing 34 patients with secondary glioblastoma), we were
able to assess two or more biopsies. DNA was ex-
tracted from formalin-fixed, paraffin-embedded tissue
sections as previously described.2 Results on TP53
mutations and loss of chromosome 1p/19q have been
reported previously.2,8 –11

SSCP Analysis and Direct DNA Sequencing
for IDH1 Mutations

SSCP analysis was performed to prescreen for mutations
in exon 4 of the IDH1 gene. Primer sequences were
5�-CGGTCTTCAGAGAAGCCATT-3� (sense) and 5�-CA-
CATTATTGCCAACATGAC-3� (antisense) to cover nucle-
otides 6617 to 6738, corresponding to codons 107 to
138. Briefly, PCR was performed in a total volume of 10
�l, consisting of 1 �l of DNA solution (approximately 100
ng/�l), 0.5 U of PLATINUM TaqDNA polymerase (Invitro-
gen, Cergy Pontoise), 0.1 mCi of [�-33P]dCTP (ICN Bio-
medicals, Inc., Costa Mesa, CA; specific activity, 3000
Ci/mmol/L), 2.5 mmol/L MgCl2, 0.1 mmol/L of each dNTP,
0.25 mmol/L of each primer, 10 mmol/L Tris-HCl, pH 8.3,
and 50 mmol/L KCl in a thermal cycler (Biometra, Ar-
champs, France) with an initial denaturing step at 95°C
for 3 minutes, followed by 40 cycles of denaturation at
95°C for 30 seconds, annealing at 56°C for 30 seconds,
extension at 72°C for 40 seconds, and a final extension at
72°C for 10 minutes. PCR products (10 �l) were mixed
with 20 �l loading buffer (0.02 N NaOH, 95% formamide,
20 mmol/L EDTA, 0.05% xylene cyanol, and bromophe-

nol blue), denatured at 95°C for 10 minutes and
quenched on ice. Then 5.5 �l of the above mixture was
loaded onto a 12.5% polyacrylamide non-denaturing gel
containing 10% glycerol. Electrophoresis was performed
at 45 W for 2.5 hours at room temperature with cooling by
fan. Gels were dried at 80°C and autoradiography was
performed for 24 to 36 hours. Samples exhibiting mobility
shifts in single-strand conformation polymorphism
(SSCP) analyses were subsequently reamplified using
the same primers as for SSCP and sequenced using the
Big DyeTM Terminator cycle sequencing kit (ABI PRISM,
Applied Biosystems, Foster City, CA) in an ABI 3100
PRISM DNA sequencer (Applied Biosystems, CA).

Statistical Analyses

The Fisher’s exact test was performed to analyze the
significance of the associations between TP53 mutations
and IDH1 mutations. The Student’s t-test was performed
to compare the mean age of patients with and without
IDH1 mutations. The �2 test and Fisher’s exact test were
performed to analyze the timing of IDH1 mutations and
other genetic alterations.

Results

Frequency of IDH1 Mutations

A total of 130 IDH1 mutations was detected and all
were located at amino acid residue 132. All except for
12 mutations were CGT3CAT with amino acid substi-
tution of Arg3His; six mutations were CGT3TGT
(Arg3Cys), five were CGT3GGT (Arg3Gly), and one
was CGT 3AGT (Arg3Ser). All IDH1 mutations were
heterozygous.

IDH1 mutations were frequent in low-grade diffuse as-
trocytomas (88%), anaplastic astrocytomas (78%), and
secondary glioblastomas (82%), as well as in oligoden-
drogliomas (79%), anaplasic oligodendrogliomas (75%),
oligoastrocytomas (94%), and anaplastic oligoastrocyto-
mas (71%). They were rare in pilocytic astrocytomas
(10%) and primary glioblastomas (5%), and absent in
ependymomas.

For 27 cases with IDH1 mutation (15 oligodendroglio-
mas, eight low-grade astrocytomas, three secondary gli-
oblastomas, and one primary glioblastoma), we were
able to obtain peritumoral normal brain tissue (20 cases)
or peripheral blood samples (seven cases). There was no
IDH1 mutation in these normal tissues, indicating that the
IDH1 mutations are somatic.

Patient Age and IDH1 Mutations

Patients with low-grade diffuse astrocytomas carrying
IDH1 mutations were significantly younger (36.2 � 9.4
years) than those without IDH1 mutations (51.6 � 19.6
years; P � 0.0004). The mean ages of oligodendroglioma
patients with and without IDH1 mutations were not signif-
icantly different (42.6 � 12.3 years vs. 37.1 � 13.1 years;
P � 0.307).
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The mean age of all glioblastoma patients with IDH1
mutations was significantly lower than that of those with-
out IDH1 mutations (44.2 � 12.6 years vs. 56.4 � 10.7
years; P � 0.0001). However, when primary and second-
ary glioblastomas were separately analyzed, there was
no correlation between age of patients and IDH1 muta-
tions (primary glioblastomas P � 0.202; secondary glio-
blastomas, P � 0.405).

IDH1 and Other Genetic Alterations in
Low-Grade Diffuse Gliomas

Data from our laboratory on other genetic alterations
(TP53 mutations, loss of 1p/19q) in low-grade diffuse
astrocytomas, oligoastrocytomas, and oligodendroglio-
mas have been reported previously (Figure 1).2,8–11

In low-grade astrocytomas, IDH1 mutations and TP53
mutations were co-present in 63% of cases (Figure 2).
Sixteen low-grade astrocytomas (24%) carried IDH1 mu-
tations alone (Figure 2). There was a significant associ-
ation between TP53 mutations and IDH1 mutations in
low-grade astrocytomas (P � 0.015).

In oligodendrogliomas, IDH1 mutations and 1p/19q
loss were co-present in 64% of cases (Figure 2), but there
was no significant association between 1p/19q loss and
IDH1 mutations (P � 0.658).

Timing of IDH1 Mutations and Other Genetic
Alterations

IDH1 mutations were assessed in relation to TP53 muta-
tions and loss of 1p/19q in 51 patients who had two or
more biopsies. IDH1 mutations were observed at the first
biopsy in 42 of 51 cases (82%), whereas TP53 mutations
or loss of 1p/19q were found at the first biopsy in 34
cases (67%; �2 test; P � 0.1117). Of the nine patients
who did not have IDH1 mutations at the first biopsy, two
(22%) carried an IDH1 mutation at the last biopsy,
whereas of the 17 cases who lacked TP53 mutations or
loss of 1p/19q at the first biopsy, seven (41%) carried

these alterations at the last biopsy (Fisher’s exact test;
P � 0.3989).

Of 40 patients who had both IDH1 mutations and other
genetic alterations at the last biopsy, 33 (83%) had both
IDH1 mutations and other genetic alterations from the first
biopsy. In four patients, the first biopsy (low-grade diffuse
astrocytomas) had an IDH1 mutation alone, while the
second biopsy (one low-grade astrocytoma and three
anaplastic astrocytomas) showed both IDH1 and TP53
mutations. In three patients, the first biopsy (oligoastro-
cytoma) had an IDH1 mutation alone, while the second
biopsy (two oligoastrocytomas and one secondary glio-
blastoma) showed both IDH1 mutations and 1p/19q loss.
There was no case in which an IDH1 mutation occurred
after the acquisition of a TP53 mutation or loss of 1p/19q.

Discussion

Low-grade diffuse astrocytomas (WHO grade II) and ol-
igodendrogliomas (WHO grade II) are well-differentiated,
slowly-growing tumors that typically affect adults and
preferentially develop in cerebral hemispheres. Low-
grade diffuse astrocytomas are histologically composed
of well-differentiated fibrillary or gemistocytic neoplastic
astrocytes, whereas oligodendrogliomas are composed
of monomorphic cells with uniform round nuclei and pe-
rinuclear halos on paraffin sections (honeycomb appear-
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Figure 1. Frequency of genetic alterations in low-grade diffuse astrocytomas,
oligoastrocytomas, and oligodendrogliomas. Note that IDH1 mutations are
frequent in all these low-grade diffuse gliomas.
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ance).6,10 However, in a substantial fraction of cases, the
histological diagnosis is difficult, with marked interob-
server variability. This is particularly true for oligoastrocy-
tomas, ie, tumors composed of a conspicuous mixture of
two distinct neoplastic cell types morphologically resem-
bling astrocytes and oligodendrocytes.6

Low-grade diffuse astrocytomas typically carry fre-
quent TP53 mutations (�65%) and infrequent loss of
1p/19q (�10%), whereas oligodendrogliomas contain
frequent loss of 1p/19q (70%) and infrequent TP53 mu-
tations (�15%).6,9,10,12 Oligoastrocytomas contain either
TP53 mutations or loss of 1p/19q.9,10,13,14 Importantly,
TP53 mutations and 1p/19q loss are mutually exclusive in
low-grade diffuse gliomas.9,10,13,14

The present study provides the first evidence that low-
grade diffuse astrocytomas, oligodendrogliomas and oli-
goastrocytomas share a frequent genetic alteration, ie,
IDH1 mutations. The vast majority of low-grade diffuse
astrocytomas contained both an IDH1 mutation and a
TP53 mutation, and a similar majority of oligodendroglio-
mas showed both IDH1 mutations and 1p/19q loss. Fur-
thermore, analyses of multiple biopsies from the same
patients did not reveal a single case in which an IDH1
mutation occurred after the acquisition of a TP53 muta-
tion or loss of 1p/19q. These findings suggest that IDH1
mutations are very early genetic events, before TP53
mutations or loss of 1p/19q occur, and suggest that
low-grade diffuse astrocytomas, oligoastrocytomas, and
oligodendrogliomas may originate from common glial
precursor cells carrying IDH1 mutations. It is possible that
the additional acquisition of TP53 mutations may lead to
astrocytic differentiation, while subsequent loss of 1p/19q
favors acquisition of the oligodendroglial phenotype.

Our results show that IDH1 mutations are frequent in
diffuse astrocytic and oligodendroglial gliomas, but rare
in other gliomas such as pilocytic astrocytomas (WHO
grade I) and apparently absent in ependymomas. Pilo-
cytic astrocytomas are relatively circumscribed, slowly
growing WHO grade I tumors that typically manifest in
children and young adults.6 In contrast to diffuse astro-
cytomas, they very rarely undergo malignant progression
and the prognosis is very favorable after surgical resec-
tion.15 They are genetically distinct from low-grade dif-
fuse astrocytomas, and do not usually contain TP53 mu-
tations,6 but have frequent gains at chromosome 7q34
involving the BRAF gene.16 The present study provides
further evidence that pilocytic astrocytomas differ signif-
icantly in genetic characteristics from diffuse low-grade
astrocytomas and may be derived from a different type of
glial progenitor.

Our observation that secondary glioblastomas but not
primary glioblastomas share IDH1 mutations with oligo-
dendrogliomas suggests that these glioblastoma sub-
types have different origins. The present study also
shows that IDH1 mutations are currently the most reliable
genetic marker for secondary glioblastomas.

The data from Parsons et al7 and the present study
show that the mean age of glioblastoma patients with
IDH1 mutations is significantly lower than that of pa-
tients without IDH1 mutations. This difference is largely
due to the fact that the majority of tumors with IDH1

mutations were secondary glioblastomas, which develop
in younger patients.2 In the present study, we further
show that patients with low-grade diffuse astrocytomas
carrying IDH1 mutations were significantly younger
(mean 36.2 years) than those without IDH1 mutations
(51.6 years; P � 0.0004).

The IDH1 gene (at 2q33) encodes isocitrate dehydro-
genase 1 (IDH1),17 one of the enzymes of the citric acid
(Krebs) cycle.18 In aerobic organisms, the citric acid
cycle is part of a metabolic pathway involved in the
chemical conversion of carbohydrates, fats and proteins
into carbon dioxide and water to generate a form of
usable energy.19 Five distinct forms of isocitrate dehy-
drogenase have been identified.18 In contrast to other
IDHs in the mitochondria, IDH1 is present in the cytosol,
and its biochemical role is not yet fully understood. The
biological function of mutated forms of IDH1 and their role
in the development of low-grade diffuse gliomas and
secondary glioblastomas remain to be elucidated.
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