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Novel mutations in the isocitrate dehydrogenase 1
(IDH1) and 2 (IDH2) genes have been identified in a
large proportion of diffuse gliomas. Tumors with
IDH1/2 mutations have distinctive clinical character-
istics, including a less aggressive course. The aim of
this study was to develop and evaluate the perfor-
mance of a novel real-time PCR and post-PCR fluores-
cence melting curve analysis assay for the detection
of IDH1 and IDH2 mutations in routine formalin-
fixed, paraffin-embedded tissues of brain biopsies.
Using the established assay, we tested 67 glial neo-
plasms, 57 non-neoplastic conditions that can often
mimic gliomas (eg, radiation changes, viral infec-
tions, infarctions, etc), and 44 noncentral nervous
system tumors. IDH1 and IDH2 mutations were de-
tected in 72% of lower grade diffuse gliomas and in
17% of glioblastomas. The IDH1 mutation was the
most common (93%), with the most frequent subtype
being R132H (88%). These mutations were not iden-
tified in non-neoplastic glioma mimickers and in
noncentral nervous system tumors including thy-
roid carcinomas. The results of this assay had a
100% correlation with the results obtained by con-
ventional sequencing. In summary, we report here
the real-time PCR/fluorescence melting curve anal-
ysis assay that provides rapid and sensitive detec-
tion of IDH mutations in formalin-fixed, paraffin-
embedded tissues, and is therefore useful as a powerful
adjunct diagnostic tool for refining histopathologi-
cal diagnosis of brain lesions and guiding patient
management. (J Mol Diagn 2010, 12:487–492; DOI:
10.2353/jmoldx.2010.090228)

Recently, mutations in the isocitrate dehydrogenase en-
zyme isoform 1 (IDH1) and 2 (IDH2) genes have been
identified in a large proportion of diffusely infiltrative gli-
omas.1–3 Wild-type IDH1 and IDH2 encode isozymes that
catalyze the oxidative carboxylation of isocitrate to �-ke-

toglutarate, in the process yielding NADPH.4,5 Mutations
in both genes are restricted to analogous codons, in exon
4 at codon 132 of the IDH1 gene and exon 4 at codon 172
of the IDH2 gene. These heterozygous mutations alter the
arginine residue that normally binds to isocitrate, thereby
inhibiting normal enzyme activity in a dominant-negative
fashion. The mutant enzymes also gain a novel catalytic
ability to produce 2-hydroxyglutarate.2,5,6

IDH1 and IDH2 mutations are found in 60% to 90% of
World Health Organization grades 2 and 3 astrocytomas
and oligodendrogliomas, as well as in secondary glio-
blastomas (GBMs) that developed from these lower-
grade tumors. Interestingly, although mutations in these
genes are unusual in primary GBMs, they are completely
absent in pilocytic astrocytomas2,7,8 and are not found in
non-neoplastic conditions that can often mimic gliomas
(eg, radiation changes, viral infections, infarctions, etc).
Furthermore, IDH1/2 mutations are fairly specific for glio-
mas compared with non-central nervous system (CNS)
solid tumors, especially those that frequently metastasize
to the brain.1,3 Parenthetically, a few nonglial neoplasms
have been found to be positive for IDH1 mutations, in-
cluding some acute myeloid leukemias (9%),9 rare pros-
tate carcinomas, and a few B-cell acute lymphoblastic
leukemias.10 In addition to diagnostic value, IDH1/2 mu-
tations have been associated with better outcome and
longer survival in patients with low-grade diffuse gliomas,
anaplastic astrocytomas, and GBMs, and have been
shown to be a powerful independent prognostic factor
for prolonged survival.1,2,11,12 Together, these features
make IDH1 and IDH2 mutation screening important for
both diagnostic and prognostic purposes.

LightCycler (Roche Applied Science, Indianapolis, IN)
real-time RT-PCR utilizes fluorescence resonance energy
transfer probes, which bind to the PCR product in a
head-to-tail fashion. When these two probes bind to the
specific PCR product, their fluorophores come into close
proximity, allowing energy transfer from a donor to an

Supported by NIH grant R01 88041 to Y.E.N.

C.H. and L.K. contributed equally to this work.

Accepted for publication February 22, 2010.

Research was performed at the Division of Molecular Anatomic Pathol-
ogy, Department of Pathology, University of Pittsburgh Medical Center,
Pittsburgh, Pennsylvania.

Address reprint requests to Marina N. Nikiforova, M.D., C601, 200
Lothrop St, Pittsburgh, PA 15213. E-mail: nikiforovamn@upmc.edu.

Journal of Molecular Diagnostics, Vol. 12, No. 4, July 2010

Copyright © American Society for Investigative Pathology

and the Association for Molecular Pathology

DOI: 10.2353/jmoldx.2010.090228

487



acceptor fluorophore. This produces an increase in fluo-
rescence that is proportional to the amount of amplified
product. Post-PCR fluorescence melting curve analysis
(FMCA) exploits the fact that even a single bp mismatch
between the labeled probe and the sequence of interest
will significantly reduce the specific melting temperature.
For example, if no mutation is present in the sample DNA,
the probes will bind perfectly and melt at a higher tem-
perature (Tm), showing a single peak on post-PCR
FMCA. In contrast, if a heterozygous point mutation is
present, probes will bind to the mutant amplicon imper-
fectly and will melt (dissociate) at a lower temperature.
This produces two melting peaks, a lower Tm peak for the
mutant allele, and a higher Tm peak for the wild-type
allele. Because each nucleotide substitution produces a
distinct melting peak at a specific Tm, all possible muta-
tion subtypes are detectable with a single pair of primers
and probes.

We previously reported a nucleotide Sanger sequenc-
ing method that allows detection of IDH1 and IDH2 mu-
tations in formalin-fixed, paraffin-embedded (FFPE) tis-
sue, even in specimens where glioma was difficult to
recognize via light microscopy.13 Although we have used
this method for routine clinical testing of biopsy samples,
real-time PCR and post-PCR FMCA represents a new
generation in clinical testing and allows for fast and reli-
able detection of mutations in both frozen and FFPE

tissues, with higher sensitivity than Sanger sequencing.14

In this study, we report a simple and accurate real-time
PCR and post-PCR FMCA assay for detection of IDH1/2
mutations in routine FFPE brain biopsies.

Materials and Methods

Tissue Samples

A total of 168 FFPE tissue samples were used for method
development and validation, including 67 malignant gli-
omas and 57 non-neoplastic brain lesions that can often
mimic gliomas (Table 1). In addition, 44 non-CNS tumors
were studied (Table 1). All archival surgical gliomas were
re-evaluated (by C.H.) to ensure that grading was ac-
cording to World Health Organization 2007 criteria.15

Blocks that contained adequate tissue were sectioned at
a thickness of 5 �m. Sections were stained with H&E to
confirm that diagnostic tissue had been retained. All mo-
lecular analyses and interpretations were performed
while blinded to diagnosis.

DNA Isolation

Tumor targets were manually microdissected from the 5
�m unstained histological sections under the guidance of

Table 1. Prevalence of IDH1 and IDH2 Mutations in Gliomas, Non-Neoplastic Glioma Mimickers, and Non-CNS Tumors Detected
by FMCA Assay

Diagnosis No.

IDH1 IDH2

% positiveR132H R132S R132C R132G R132L R172M

Gliomas 67 37 2 1 1 1 3 67
A2 17 9 0 0 1 0 0 59
O 24 19 0 0 0 0 3 92
OA 2 0 1 0 0 0 0 50
AA 10 4 0 0 0 0 0 40
AO 8 5 1 1 0 0 0 88
GBM 6 0 0 0 0 1 0 17

Non-neoplastic glioma mimickers 57 0 0 0 0 0 0 0
Ischemia/infarct 9 0 0 0 0 0 0 0
Reactive gliosis around metastatic tumor 8 0 0 0 0 0 0 0
Reactive gliosis, idiopathic 7 0 0 0 0 0 0 0
Abscess 5 0 0 0 0 0 0 0
Vasculopathy/malformation 5 0 0 0 0 0 0 0
Viral or toxoplasma encephalitis 5 0 0 0 0 0 0 0
Demyelination 4 0 0 0 0 0 0 0
Inflammation NOS 4 0 0 0 0 0 0 0
Radiation-induced damage 3 0 0 0 0 0 0 0
Vasculitis 3 0 0 0 0 0 0 0
PML 2 0 0 0 0 0 0 0
Hippocampal sclerosis 1 0 0 0 0 0 0 0
Shunt-induced reactive gliosis 1 0 0 0 0 0 0 0

Non-CNS tumors 44 0 0 0 0 0 0 0
HCC 6 0 0 0 0 0 0 0
CRC 12 0 0 0 0 0 0 0
PTC, FV 6 0 0 0 0 0 0 0
FTC 10 0 0 0 0 0 0 0
ATC/PDCA 10 0 0 0 0 0 0 0

Total (% of all IDH1/2 mutations) 168 37 (82) 2 (4) 1 (2) 1 (2) 1 (2) 3 (7)

A total of 168 FFPE biopsies were assessed for IDH1/2 mutations, including 67 gliomas, 57 non-neoplastic glioma mimickers, and 44 non-CNS
neoplasms. A total of 45 (67%) gliomas were positive for mutations, most commonly R132H on IDH1. A2, diffuse astrocytoma, World Health
Organization grade 2; O, oligodendroglioma; OA, oligoastrocytoma; AA, anaplastic astrocytoma; AO, anaplastic oligodendroglioma; GBM, glioblastoma;
HCC, hepatocellular carcinoma; CRC, colorectal adenocarcinoma; PTC, FV, papillary thyroid carcinoma, follicular variant; FTC, follicular thyroid carcinoma;
ATC/PDCA, anaplastic thyroid carcinoma/poorly-differentiated carcinoma.
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a corresponding H&E slide by using an Olympus SZ61
stereo microscope (Olympus, Hamburg, Germany). DNA
was isolated from each target more than 2 mm in diam-
eter with the DNeasy Blood and Tissue kit on the auto-
mated QIAcube (Qiagen, Valencia, CA) instrument or, for
targets less than 2 mm, manual DNA isolation was per-
formed by using the QIAamp DNA Micro kit (Qiagen).
Both kits were used according to the manufacturer’s
instructions. The quantity of isolated DNA was assessed
by using a NanoDrop 1000 spectrophotometer (Thermo
Scientific, Wilmington, DE).

Real-Time PCR and FMCA Assay

Detection of IDH1 and IDH2 mutations was performed by
using real-time PCR and post-PCR FMCA on the Light-
Cycler (Roche Applied Science). A pair of primers flank-
ing each mutation site, along with two fluorescent probes
with the sensor probe spanning the mutational “hot spot,”
was designed by using LightCycler Design Software 2.6
(Roche Applied Science; Figure 1). The probes were
complementary to the wild-type IDH1 and IDH2 se-
quences. This design allows detection of all possible

CACGGTCTTCAGAGAAGCCATTA//CCGGCTTGTGAGTGGATGGGTAAAACCTATCATCATAGGTCGTCATGCTTATGGGGATCAA//tgttttattcttatcttttggtatctacaccca

Primer - F

Anchor Primer - RSensor

IDH1

CACGGTCTTCAGAGAAGCCATTA//CCGGCTTGTGAGTGGATGGGTAAAACCTATCATCATAGGTCGTCATGCTTATGGGGATCAA//tgttttattcttatcttttggtatctacaccca

Primer - F

Anchor Primer - RSensor

IDH1

IDH2

Anchor Primer - RSensor

gctgcagtgggaccactattatctct//TAGTCCCTGGCTGGACCAAGCCCATCACCATTGGC AGGCACGCCCATGGC//CACCCCAAAAGATGGCAGTGGTGTCAAG

Primer - F

Figure 1. Primer and probe design for the real-
time PCR and post-PCR FMCA assay for detection
of IDH1 and IDH2mutations. Probes are designed
to be complementary to IDH1 and IDH2wild-type
sequences, which allow detection of all mutational
subtypes by using a single pair of primers and
probes.

Fig. 1

Tm=64˚C

Tm=59˚C

Tm=58.5˚C

Tm=66˚C Tm=55˚C

Tm=58˚C

Tm=55˚C

Tm=57˚C

IDH1  Wild Type R132 (CGT) IDH1  R132H (CGT     CAT)

IDH1  R132C (CGT     TGT) IDH1  R132L (CGT      CTT)

IDH1  R132S (CGT      AGT) IDH1  R132G (CGT      GGT)

IDH2  R172M (AGG       ATG)IDH2  Wild Type (AGG)

Figure 2. LightCycler FMCA detection of IDH1
and IDH2 point mutations based on distinct Tm
of duplexes formed between the wild-type
probe and either wild-type (wt) or mutant se-
quences. For IDH1 locus, the wt sequence Tm
was 64°C, the R132H mutation Tm was 57°C, the
R132C mutation Tm was 59°C, the R132L muta-
tion Tm was 55°C, the R132S mutation Tm was
58.5°C, and the R132G mutation Tm was 58°C.
For IDH2, the wt Tm was 66°C, and the R172M
mutation Tm was 55°C. All mutation types were
confirmed by conventional sequencing. Arrows
indicate mutation sites.
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mutation subtypes with a single pair of primers and
probes, and is based on a difference in Tm between
wild-type and mutant amplicons. Each mutation subtype
has a distinct Tm, reflecting the thermodynamic stability
of both complementary and mismatched probe-target
duplexes. If no mutation is present, the probes bind
perfectly to the sample DNA and dissociate at a higher
Tm, showing a single peak on post-PCR FMCA. In con-
trast, if a heterozygous point mutation is present, probes
will bind to the mutant amplicon imperfectly and dissoci-
ate at a lower Tm. This produces two melting peaks,
including a lower peak for the mutant allele and a higher
peak for the wild-type allele (Figure 2). For IDH1 mutation
detection, forward primer (5�-ACGGTCTTCAGAGAAGC-3�),
reverse primer (5�-GGTGTAGATACCAAAAGATAAGAAT-3�),
and two probes (5�-LC640-ATGATAGGTTTTACCCATC-
CACTCACAAGC-3�and5�-ATCCCCATAAGCATGACGAC-
CTA-FL-3�) were used to generate a 202-bp PCR product.
Similarly, for IDH2 detection, forward primer (5�-TGCAGT-
GGGACCACTATTATC-3�), reverse primer (5�-CTTGACAC-
CACTGCCATC-3�), and two probes (5�-LC640-TGATGG-
GCTTGGTCCAGCCAGGG-3� and 5�-TGGGCGTGCCTG-
CCAATG-FL-3�) were used to generate a 360-bp PCRprod-
uct. All primers and probes were obtained from TIB Molbiol
(Berlin, Germany).

Amplification was performed in a glass capillary tube
by using 5 to 50 ng of DNA in a 20-�l reaction volume. In
detail, 2 �l of 10X LightCycler Master Mix from the Light-
Cycler FastStart DNA Master HybProbe Kit (Roche Ap-
plied Science) containing PCR buffer, deoxynucleotide
triphosphates, 10 mmol/L MgCl2, and Taq polymerase,
1.6 �l of 25 mmol/L MgCl2, 40 pmol of each forward
primer, 10 pmol of each reverse primer, and 5 pmol of
each hybridization probe was used. The reaction mixture
was subjected to 40 cycles of rapid PCR consisting of
denaturation at 95°C for 5 seconds, annealing at 54°C for
20 seconds, and extension at 72°C for 12 seconds. Post
amplification FMCA was performed by gradual heating of
samples at a rate of 0.1°C/second from 40°C to 95°C.
Fluorescence melting peaks were built by plotting the
negative derivative of fluorescent signal corresponding to
the temperature (�dF/dT).

Sequencing Analysis

Sanger (dideoxy) sequencing analysis was performed as
previously described. In detail, IDH1 forward (5�-ACCAAAT-
GGCACCATACGA-3�) and reverse (5�-GCAAAATCACAT-
TATTGCCAAC-3�) primers, and IDH2 forward (5�-GCTG-
CAGTGGGACCACTATT-3�) and reverse (5�-TGTGGC-
CTTGTACTGCAGAG-3�) primers, were used. PCR amplifi-
cation was performed by using 5 to 50 ng of DNA, 0.2 �mol
of each primer, and AmpliTaq Gold PCR Master Mix (Ap-
plied Biosystems, Inc., Foster City, CA) in a total volume of
50 �l. The reaction mixture was subjected to an initial de-
naturation of 95°C for 10 minutes, followed by 40 cycles of
amplification consisting of denaturation at 95°C for 30 sec-
onds, annealing at 55°C for 30 seconds, and extension
72°C for 60 seconds. The PCR products were sequenced in
both sense and antisense directions by using the BigDye

Terminator version 3.1 Cycle Sequencing kit (Applied Bio-
systems) according to the manufacturer’s instructions and
were analyzed on ABI 3130 (Applied Biosystems). The se-
quence electropherograms were analyzed by using Muta-
tion Surveyor software (SoftGenetics, LLC, State College,
PA). Each case was classified as either positive or negative
for the IDH mutation based on the sequencing results.

Results

We analyzed 168 FFPE tissues for the presence of IDH1
and IDH2 mutations, including 67 gliomas, 57 non-neo-
plastic pathological conditions of the brain, and 44 non-
CNS tumors by real-time PCR/FMCA and conventional
sequencing (Table 1). Both methods showed total con-
cordance, ie, all mutations detected by FMCA assay
were detected by the sequencing analysis. Analytical
sensitivity of real-time PCR/FMCA and conventional se-
quencing were tested by using a dilution series by mixing
DNA from heterozygous positive controls carrying IDH1
R132H or IDH2 R172M mutations with wild-type DNA from
peripheral blood. As determined by conventional se-
quencing, these heterozygous mutations were present in
approximately 100% of tumor cells. The results indicated
that real-time PCR/FMCA assay allowed detection of as
little as 10% of mutant alleles in a background of normal
DNA as compared with the detection of 20% of mutant
alleles in a background of normal DNA by sequencing
analysis. Melting temperatures for each mutation subtype
were determined, showing Tm of 64°C for the IDH1 wild-
type sequence, whereas Tm for mutant alleles varied
from 55°C to 59°C (Figure 2). Similarly, Tm for the IDH2
wild-type was 66°C, whereas the R172M mutant Tm was
55°C (Figure 2). The entire length of the real-time PCR/
FMCA assay was only 80 minutes, which is significantly
shorter as compared with conventional sequencing,
which requires approximately 5 hours of machine time.

With regards to frequency and distribution of IDH1 and
IDH2 mutations in gliomas, 45 of the 67 gliomas (67%)
were positive for mutations. As expected, most mutations
(93%) were found in IDH1, with only three (7%) detected
in IDH2 (Table 1). Representative positive mutations de-
tected by real-time PCR and post-PCR/FMCA, including
their correlation with sequencing analysis, are shown in
Figure 2.

In the neoplastic subset, 72% of the World Health
Organization grades 2 and 3 diffuse gliomas were posi-
tive for IDH mutations, whereas 17% of the GBMs were
positive. Clinically, all positive GBM cases were believed
to be of the secondary, progressive type. Based on melt-
ing curve profiles that were confirmed by sequencing, the
most frequent mutation in IDH1 was R132H (82%), fol-
lowed by R132S (4%) in grade 2 and grade 3 oligoden-
drogliomas, R132C (2%) in a grade 3 oligodendroglioma,
R132G (2%) in a grade 2 astrocytoma, and R132L (2%) in
a secondary GBM (Table 1). Three cases (7%) were
positive for R172M IDH2 mutation, all of which were grade
2 oligodendrogliomas. IDH1 and IDH2 mutations were
mutually exclusive. These results are in good agreement
with prior studies,1–3,7,11,16 demonstrating that real-time
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PCR and post-PCR FMCA reliably detects IDH1/2 muta-
tions in routine FFPE tissue samples.

We previously reported the absence of IDH1 and IDH2
mutations in non-neoplastic brain tissues, including con-
ditions that frequently resemble gliomas on light micros-
copy (ie, viral infections, radiation-induced changes, or
reactive gliosis around metastatic tumors).13 Similar to
our previous observation, we did not find any IDH1 or
IDH2 mutations in 57 non-neoplastic lesions of brain us-
ing real-time PCR and FMCA, which is more sensitive
than Sanger sequencing (Table 1). These results suggest
that the presence of IDH1/2 mutations is diagnostic for
glioma and cannot be attributed to non-neoplastic dis-
eases, which makes them useful markers for rendering
pathological diagnoses.

Additionally, we tested 45 non-CNS tumors for pres-
ence of IDH1/2 mutations by using this new method. No
mutations were identified in colorectal adenocarcinomas,
which correlate with previously published reports.2,3 Fur-
thermore, we did not find IDH mutations in other types of
cancer, including thyroid follicular carcinoma, follicular
variant of papillary carcinoma, anaplastic and poorly dif-
ferentiated thyroid carcinoma, or in hepatocellular carci-
nomas (Table 1).

Discussion

The recent discovery of IDH1/2 mutations in gliomas has
opened up a new avenue of research in brain tumors, as
well as making screening for such mutations an important
diagnostic and prognostic tool. In this study, we report a
new assay for the detection of IDH1/2 mutations in glio-
mas by real-time PCR and post-PCR FMCA. The primer
and probes we designed allow for detection of all IDH
mutational variants with high sensitivity, even in FFPE
tissue samples, and provide identical results compared
with the “gold standard” conventional Sanger sequenc-
ing. However, this method is faster, less laborious, and
more sensitive than Sanger sequencing. It can be per-
formed in 80 minutes and allows detection of as little as
10% mutant alleles in a background of normal DNA.

Real-time PCR and post-PCR FMCA have been suc-
cessfully applied for detection of RAS (including KRAS
codons 12 and 13), BRAF, and other mutations as ad-
junct diagnostic tests in molecular pathology.14,17,18 This
approach is based on real-time PCR amplification and on
utilization of fluorescence resonance energy transfer
probes for post-PCR melting curve analysis, which allows
not only an accurate detection of all mutational types, but
also provides an additional source of specificity to the
assay. As compared with other sequencing techniques,
such as pyrosequencing, it benefits from being per-
formed in a closed system without post-PCR processing,
which minimizes the length of procedure, errors in sam-
ple handling, and risk of contamination.

We evaluated 168 FFPE tissues including gliomas, non-
neoplastic CNS conditions mimicking gliomas, and non-
CNS tumors for the presence of IDH1/2 mutations by using
this novel real-time PCR and FMCA assay, and compared
them with conventional sequencing. The assay was able to

accurately detect the mutations and did not generate any
false-positive results in non-neoplastic glioma mimickers.
The presence and distribution of IDH1/2 mutations in
gliomas was comparable with previously reported stud-
ies.2,7,16 In addition, our results demonstrate the absence
of IDH1/2 mutations in non-CNS tumors including hepa-
tocellular carcinomas, colorectal adenocarcinomas, and
thyroid carcinomas, supporting the previously described
high specificity of IDH1/2 mutations to brain neoplasms.
Moreover, we show for the first time that IDH1/2 mutations
are not found in multiple types of thyroid cancer be-
sides conventional papillary carcinoma, including fol-
licular variant of papillary carcinoma, follicular carcinoma,
poorly differentiated, and anaplastic carcinomas.

One of the advantages of PCR-based diagnostic tech-
niques is their ability to detect tumor-specific mutant DNA
even when light microscopic examination is indeterminate
for neoplasm. This was demonstrated in our previous study,
wherein brain tissue biopsies that were equivocal for glioma
still showed the same IDH1/2 mutations as their patient-
matched diagnostic counterparts.13 However, Sanger se-
quencing is less sensitive for detection of mutations,
whereas this real-time PCR and FMCA assay can detect as
little as 10% mutant alleles. Thus, this method is likely to
detect gliomas in “near miss” biopsies even when more
conventional molecular methods do not.

Recently, several studies revealed the use of monoclonal
antibodies for the detection of IDH1 R132H mutation by
immunohistochemical or Western blot analysis.19–21 The
immunohistochemical approach could conveniently detect
the mutation in tissue sections, although the specificity of
the detection as well as the limitations imposed by testing
for only one mutation type remain to be fully characterized.
Based on the current knowledge, 10% to 15% of gliomas
carry less commonmutants of IDH1 or IDH22,7 and therefore
are not yet amenable for immunohistochemical detection at
this time.

The lack of IDH1/2 mutations in different types of reactive
brain lesions offers a powerful diagnostic tool to distinguish
between gliomas and non-neoplastic brain lesions. More-
over, data from several groups suggest that these muta-
tions also carry prognostic significance, as their presence
correlates with better survival in patients affected by differ-
ent types of gliomas.1,2,11,12 Therefore, the detection of
IDH1 and IDH2 mutations in brain biopsies is important for
routine clinical practice to improve both diagnostic accu-
racy and tumor prognostication. We report here that rapid
and sensitive detection of these mutations in FFPE tissue
samples can be achieved by real-time PCR and post-PCR
melting curve analysis.
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