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Abstract
Background  The presence of mutations in the isocitrate dehydrogenase 1 and 2 genes (IDH1/2) in glioma tumors is corre-
lated with good prognosis upon standard-of-care treatment. Therefore, information on whether the glioma tumor has IDH1/2 
mutations could be used in the correct diagnosis and management of glial tumors. The two most common techniques used 
to detect IDH1/2 mutations, immunohistochemistry (IHC) and Sanger sequencing, are prone to missing these mutations, 
especially if the tumor cells that carry the mutations constitute a small minority of the tumor itself.
Objectives  We developed and validated a rapid method (3-mismatch-amplification refractory mutation system [3m-ARMS]) 
that can be used for pre-, intra- and postoperative detection of the most common IDH1/2 mutations in glial tumors with 
high specificity and sensitivity. We also conducted a comprehensive IDH1/2 mutation analysis in 236 glial tumor samples 
comparing 3m-ARMS, IHC and Sanger sequencing.
Methods  3m-ARMS was optimized and validated for the specific and sensitive detection of the most common IDH1 and 
IDH2 mutations. We then analyzed 236 glial tumor samples for the presence of IDH1/2 mutations using 3m-ARMS, Sanger 
sequencing and IHC techniques. We then analyzed and compared the results, evaluating the diagnostic and screening poten-
tial of 3m-ARMS.
Results  Comparison of the three techniques used in the mutation analysis showed that 3m-ARMS-based IDH1/2 mutation 
detection was superior to IHC and Sanger sequencing-based IDH1/2 mutation detection in terms of accuracy, specificity 
and sensitivity, especially for tumor samples in which only a small minority of the cell population carried the mutation. 
3m-ARMS could detect the presence of femtogram levels of IDH1/2 mutant DNA in DNA samples in which the mutant 
DNA-to-wild-type DNA ratio was as low as 1:100,000.
Conclusion  Sanger sequencing and IHC-based methods have shortcomings when detecting mutations in glial tumors so can 
miss IDH1/2 mutations in glial tumors when used alone without proper modifications. 3m-ARMS-based mutation detection 
is fast and simple with potential for use as a diagnostic test for the majority of hot spot mutations in IDH1/2 genes. It can 
detect IDH1/2 mutations within an hour so can be adapted for intraoperative diagnosis.

Electronic supplementary material  The online version of this 
article (https​://doi.org/10.1007/s4029​1-020-00461​-y) contains 
supplementary material, which is available to authorized users.
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1  Introduction

The development of novel genetic markers in different glioma 
subtypes has led to a shift in the classification of glial tumors 
from a previously used and solely histology-based system into 
a more reliable, molecular marker-based system [1]. The cur-
rent classification system offers improved diagnosis, prognosis 
prediction and response to therapy. Among the many param-
eters that play a critical role in the diagnosis and prognosis of 
gliomas, the mutation status of isocitrate dehydrogenase 1 and 
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Key Points 

Sanger sequencing and immunohistochemistry-based 
methods have shortcomings in the detection of isocitrate 
dehydrogenase 1 and 2 genes (IDH1/2) mutations in glial 
tumors if few of the tumor cells carry the mutation.

We developed a rapid, sensitive and easy-to-use IDH1/2 
mutation detection method. Technical validation of the 
new method was performed and compared with immu-
nohistochemistry and Sanger sequencing.

We analyzed 236 glioma tumor samples for the presence 
of IDH1/2 mutations and evaluated IDH1/2 mutation 
status within different tumor grades and histopathologi-
cal subtypes.

Use of co-amplification at lower denaturation tempera-
ture (COLD)-polymerase chain reaction (PCR) for the 
amplification of the DNA region to be sequenced by 
Sanger sequencing increased the sensitivity of IDH1/2 
mutation detection in glial tumors.

Two tumor samples had mutations in both IDH1 and 
IDH2 genes. The presence of mutations in both IDH1 
and IDH2 genes is very rare in glioma tumors and could 
be associated with glioma tumor biology. We are follow-
ing the progress of these patients.

to detect a mutation in a tumor if the mutation is present 
only in the minority of the cells that constitute the tumor. 
In most cases, both IHC and sequencing-based techniques 
are also unsuitable for pre-and intraoperative detection of 
IDH1/2 mutations in glioma tumors because of the lack of 
biopsy samples prior to surgery and the lengthy time needed 
to conduct the analysis.

Herein, we introduce a new IDH1/2 mutation detection 
method called 3-mismatch-amplification refractory mutation 
system (3m-ARMS), which is based on a modified version 
of the amplification refractory mutation system (ARMS), 
to detect the most common IDH1/2 mutations in a short 
period of time with high sensitivity and specificity. There-
fore, 3m-ARMS is a rapid and low-cost method of detecting 
the most common IDH1/2 mutations in glial tumors that can 
be adopted for pre- and intraoperative use.

Using 3m-ARMS in conjunction with Sanger sequencing 
and IHC, we analyzed and compared 236 glial tumors for 
the presence and type of IDH1/2 mutations. In our muta-
tion analyses, 3m-ARMS detected IDH1/2 mutations that 
were originally missed by both Sanger sequencing and IHC 
in some tumor samples, because the cells that carried the 
mutation constituted the minority of the total cell population 
in the tumor.

2 � Materials and Methods

2.1 � Tumor Samples and DNA Isolation

This study is based on a mixed (retrospective and prospec-
tive) cohort of patient samples. Initially, 228 tumor sam-
ples from 228 patients were obtained from the “Bahcesehir 
University Brain Tumor Tissue Bank” and analyzed retro-
spectively. The pathology reports of glioma patients were 
reviewed following approval from our institutional research 
ethics committee (2017-14/01). The sample selection was 
only based on diagnosis, and only glioma tumors with a 
variety of grades were selected. Grade I tumors included 
pilocytic astrocytoma and ganglioglioma samples, and were 
retrieved as the IDH wild-type (WT) glial control group. 
Grade II included diffuse astrocytoma and oligodendro-
glioma and Grade III tumors included anaplastic astrocy-
toma and anaplastic oligodendroglioma. Grade IV tumors 
refer to glioblastoma samples. Histopathologic classification 
was based on the 2016 World Health Organization (WHO) 
classification [1]. An additional eight tumor samples were 
further obtained prospectively after we started our study 
and to test the potential for intraoperative analysis with this 
method. All patients provided informed written consent.

For DNA isolation from the tumor samples, a DNA iso-
lation method based on alkaline lysis of the tissue allowed 
us to obtain DNA for polymerase chain reaction (PCR) in 

2 (IDH1/2) genes is crucial, especially for low-grade gliomas 
[2]. IDH1/2 mutations disrupt enzymatic activity and cause the 
formation of 2-hydroxyglutarate, instead of α-ketoglutarate, 
which is necessary in the Krebs cycle [3] and other cellular 
mechanisms such as demethylation of cytosine. Many studies 
have shown that patients with gliomas have increased survival 
rates and better response to chemotherapy/radiotherapy if their 
glioma tumors have mutations in the IDH1/2 genes [2, 4].

Various mutation-detection methods have been used in 
brain tumors [5–8]. Conventionally, an immunohistochem-
istry (IHC)-based technique has been used to check for 
the presence of the most common mutation in the IDH1 
gene, the R132H, for the post-surgical diagnosis of glioma 
tumors. However, IHC-based techniques provide limited 
information about IDH1 mutations, as the commercially 
available antibodies can only detect the R132H mutation 
in the IDH1 gene, and the R172K mutation in IDH2 gene. 
IHC is also prone to missing tumor cells with the R132H 
mutation if these cells are very few in the tumor analyzed. 
Alternatively, sequencing methods are widely used to detect 
mutations in the IDH1/2 genes. Sanger sequencing, espe-
cially, is considered the gold standard for IDH1/2 muta-
tion detection. However, Sanger sequencing can also fail 



329IDH1/2 Mutation Detection for Glial Tumors

8–10 min [9]. The DNA samples used in this study, except 
for those used in formalin-fixed paraffin-embedded (FFPE) 
tissues studies, were obtained from tumor samples that 
were flash frozen in liquid nitrogen and stored in a liquid 
nitrogen tank. Frozen tumor samples were dissected into 
small pieces, and 5–25 mg of tumor sample was used for 
DNA extraction. Each tumor sample was first incubated 
in an alkaline solution (1 mM Na2EDTA, 25 mM NaOH, 
pH 12) for 7–8 min at 95 °C. Then, an equal volume of 
a neutralization solution (40 mM Tris–HCl Buffer) was 
added at room temperature. After addition of the neutrali-
zation solution, DNA samples were stored at − 20 °C until 
analysis. Based on the Qubit fluorometric quantification 
method of some of the DNA samples, this method yielded 
about 19.06 ± 8.65 ng/µl DNA in a total volume of 400 µl 
(Supplementary Fig. 1). For the experiment in FFPE stud-
ies, FFPE tumor samples were used for DNA extraction. 
From each of the seven FFPE samples, five pieces of 4 µm 
paraffin sections were obtained and deparaffinized by heat-
ing. An alkaline lysis-based DNA extraction protocol was 
used on the deparaffinized FFPE sections using the same 
method.

2.2 � 3‑Mismatch Amplification Refractory Mutation 
Detection (3m‑ARMS) Polymerase Chain 
Reaction (PCR)

Following DNA isolation, ARMS-PCR was performed. For 
each 3m-ARMS reaction, we used 2 µl DNA, which on aver-
age corresponds to about 38 ng of total DNA. ARMS is 
based on the use of sequence-specific primers to amplify 
target DNA within a mixture of target and non-target DNAs 
[10]. ARMS is especially useful in detecting point muta-
tions in tumors. Here, we modified the design of ARMS-
PCR by incorporating additional mismatches to one of 
the PCR primers to increase the accuracy and specificity 
of mutant DNA amplification. In traditional ARMS, a 3′ 
terminal nucleotide of one of the PCR primers is designed 
to match mutant tumor DNA and mismatch to WT DNA. 
Penultimate nucleotide, next to the terminal mismatch nucle-
otide, is designed as a mismatch for both mutant and WT 
DNA. Selection of the penultimate nucleotide is based on 
the terminal mismatch nucleotide, and penultimate nucleo-
tide confers DNA amplification of mutant DNA but not WT 
DNA as one mismatch for mutant DNA is tolerated but two 
mismatches for WT DNA are not. We noticed that having 
only two mismatched nucleotides did not always confer spe-
cific amplification of mutant DNA as sometimes WT DNA 
was also amplified. In this study, we designed our primers 
by introducing an additional mismatch nucleotide and called 
our method 3 mismatch-ARMS or 3m-ARMS. Basically, 
in 3m-ARMS, the three 3′ terminal nucleotides in one of 
the PCR primers show mismatch to the WT DNA, but only 

two of these, the penultimate and the nucleotide next to it 
located at its 5′ position, show mismatch to the mutant DNA. 
We determined the mismatch nucleotides empirically and 
adapted our primer design to detect the most common muta-
tions in the IDH1 gene. Primer sequences are presented in 
Supplementary Table 1.

The presence of R132H (G395A), R132C (C394T) and 
R132G (C394G) mutations in the IDH1 gene and R172K 
(G515A), R172M (G515T) and R172W (A514T) were 
checked in tumor samples. Genomic DNA from the blood 
of two healthy volunteers was used as negative controls, 
and tumor samples proven to contain specific mutations in 
the IDH1 gene were used as positive controls. For real-time 
analysis of the 3m-ARMS assay, we used LightCycler-96 
(Roche Applied Science) together with Taq 2X Master Mix 
(New England BioLabs) enzyme. Our real-time PCR anal-
ysis was performed with the addition of 0.35X EvaGreen 
(Biotium) and 1–2 µl of DNA to the optimized master mix 
solution.

To test the sensitivity of the 3m-ARMS PCR method, we 
cloned IDH1 and IDH2 genomic DNA sequences into pBlue-
Script-SK plasmid by Gibson cloning (NEB, NEBuilder 
HiFi DNA Assembly Master Mix) and then produced all 
clinically important mutations (G395A/T/C, G394A/T/G of 
the IDH1 gene and G515A/T/C, A514G/C/T of the IDH2 
gene) using site-directed mutagenesis (Agilent, Pfu Ultravi-
sion II HS DNA polymerase). WT DNA and mutant DNA 
were purified (M&N, Nucleospin Plasmid), and DNA con-
centrations were measured with a Qubit double-stranded 
DNA BR assay kit. Different ratios of WT DNA and mutant 
DNAs were mixed, ranging between 1:1000 and 1:100,000 
(mutant DNA:WT DNA ratio) at 1 ng, 1 picogram and 1 fg 
total DNA levels. Samples were tested with 3m-ARMS and 
results evaluated by comparing threshold cycle (Ct).

2.3 � Sequencing

The mutation status of each specimen was checked via Sanger 
sequencing. IDH1 and IDH2 gene regions covering the muta-
tion hot spots G395 and C394 for IDH1 and A514, G515 and 
G516 for IDH2 genes were amplified with specific primers and 
Q5® High-Fidelity DNA Polymerase (New England BioLabs).

Some samples (14/236) required additional sequencing 
because of either low-quality data or low tumor cellular-
ity. Samples showing discordance between 3m-ARMS and 
Sanger sequencing were re-analyzed using the co-amplifica-
tion at lower denaturation temperature (COLD)-PCR method 
to selectively increase the proportion of mutant DNA by 
amplifying the mutation-containing DNA irrespective of 
the mutation type and position [11]. The sequences of the 
COLD-PCR primers we designed and tested that were spe-
cific to mutant regions in IDH1 and IDH2 genes are shared 
in Supplementary Table 1. The COLD-PCR conditions 
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were as follows: 95 °C for 30 s followed by 40 cycles of 
PCR with reduced denaturation temperature with a range 
of 75.7–75.9 °C as critical temperature for 30 s, annealing 
at 60 °C for 20 s and extension at 72 °C for 10 s. The final 
extension step was done at 72 °C for 5 min.

2.4 � Immunohistochemistry (IHC)

FFPE sections of all available tumor samples (n = 106) were 
evaluated for histopathological examination. Tissue sections 
were fixed in 10% buffered formalin and processed routinely, 
and 5-µm sections were cut and stained with H&E. Sections 
were stained with antibody IDH1 (dilution 1:20; Dianova, 
catalog no: DIA H09, Clone: H09) by immunohistochemical 
analysis using the classic avidin–biotin method. Tissue slides 
were counterstained with hematoxylin. Slides were processed 
in Autostainer (Dako EnVisionFLEX+) and PT Link. Mouse 
antibody was used as a secondary antibody, and the target 
retrieval solution was high PH as antigen retrieval.

2.5 � Statistical Analysis

Since sequencing is considered the gold standard method in 
mutation detection, we compared the results of the 3m-ARMS 
and IHC methods and those received with Sanger sequencing. 
We calculated and compared the sensitivity, specificity, posi-
tive predictive value (PPV), negative predictive value (NPV) 
and accuracy of both techniques. We also evaluated the posi-
tive and negative likelihood ratios, which can represent the 
diagnostic utility of the test. Sensitivity and specificity were 
calculated via a 2 × 2 contingency table formed of true-positive 
(TP), true-negative (TN), false-positive (FP) and false-negative 
(FN) results. Graphs and statistical evaluations were prepared 
using GraphPad Prism-6®.

3 � Results

3.1 � 3m‑ARMS Enables Fast and Sensitive IDH1/2 
Mutation Detection in Glial Tumors

We noticed that the techniques most commonly used to 
detect IDH1/2 mutations in glial tumors, IHC and Sanger 
sequencing, failed to detect these mutations in some glioma 
tumor samples. IHC provides information about the presence 
of just one type of IDH1/2 mutation, R132H in the IDH1 
gene. Both IHC and Sanger sequencing also take too long 
to complete, precluding the adaptation of these techniques 
for use in preoperative and intraoperative diagnosis. There-
fore, an alternative technique was needed that would allow 
us to detect the most common IDH1/2 mutations in glioma 
tumors with high sensitivity and specificity, and within an 
hour, for potential use as an intraoperative diagnostic tool. 

Among the different techniques we tried, the ARMS-based 
mutation detection with certain modifications provided 
us the best sensitivity and specificity for the detection of 
IDH1/2 mutations, using very little tumor tissue, and in the 
shortest time period compared with other alternatives. The 
most important modification we made was on the number of 
mismatches in the primers we used. We found that custom 
design 3 mismatches (3m-ARMS) gave the best results. We 
used alternative 3 mismatches for each mutation type and 
identified the primer sequence that yielded the most specific 
and sensitive amplification of the mutant allele (Fig. 1a, b 
and Sect. 2). We then adapted 3m-ARMS for quantitative 
real-time PCR, which enabled the real-time detection of 
mutations (Fig. 1c–f). The results of the 3m-ARMS analy-
ses were always compared with, and confirmed by, Sanger 
sequencing (Fig. 1g–j).

Next, we measured the specificity and the sensitivity of 
3m-ARMS in detecting IDH1/2 mutations using cloned 
DNA samples that contained WT and mutant IDH1 and 
IDH2 alleles at different ratios and concentrations. To 
evaluate the specificity of the tested primers, mutant DNA 
and WT DNA were mixed at ratios ranging from 1:1000 
to 1:100,000 (mutant DNA:wt DNA ratio). To evaluate the 
sensitivity of the tested primers, hybrid DNA mixtures were 
used at quantities of 1 fg, 1 pg and 1 ng in 20 μl reaction 
volume. Mean amplification Ct values obtained for 1 fg, 1 pg 
and 1 ng levels per 20 μl reaction volume were 30.18, 23.26 
and 13.46, respectively. The cut-off line for being positive 
was determined as a Ct value of ≥ 30. These results over-
all showed that the 3m-ARMS method enabled ultrasensi-
tive and specific detection of IDH1/2 mutations, as specific 
mutation detection was possible even when femtogram lev-
els of DNA were used and with a mutant DNA-to-WT DNA 
ratio as low as 1:100,000 in the samples (Fig. 2).

The fact that 3m-ARMS-based mutation detection can 
be conducted within 60 min allowed us to successfully 
conduct intraoperative checks for the presence of the most 
common IDH1/2 mutations in eight samples. The tumor 
samples were obtained from the operation room during 
surgeries, and IDH1/2 mutation analysis by 3m-ARMS 
was performed in less than 60 min. Results of the analyses 
confirmed the pathological evaluation of samples during 
and after surgery. Taken together, these results suggest that 
3m-ARMS provides fast and accurate detection of the most 
common IDH1/2 mutations, even during surgery.

3.2 � Comparative IDH1/2 Mutation Analysis 
in Glioma Tumors

In this study, we analyzed a total of 236 glial tumor sam-
ples from 236 patients for the presence of the most com-
mon mutations found in IDH1 and IDH2 genes in glioma 
tumors, using three different techniques. As mentioned, 
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eight of the tumor samples were analyzed intraoperatively 
using fresh tumor tissues and the 3m-ARMS method ini-
tially and later by Sanger sequencing and IHC. Four of the 
eight samples tested intraoperatively were R132H (G395A) 
mutant, pathological classification of two cases confirmed 
anaplastic astrocytoma (AA) and two cases of oligodendro-
glioma (OD). Another four intraoperatively tested samples 
were IDH WT; three were diffuse astrocytoma (DA) and 
one was AA.

Our overall IDH1/2 mutation analysis relied on 
3m-ARMS and Sanger sequencing results, which showed 
100% concordance. Based on these results, among the 236 
glial tumor samples analyzed, 94 had mutation(s) in IDH1 
and/or IDH2 genes. Of those, 85 had G395A (R132H), two 
had C394T (R132C) and one had C394G (R132G) mutation 
only in the IDH1 gene. Two samples had a single mutation, 
G515A (R172K), only in the IDH2 gene. Two tumor sam-
ples carried both G395A and C394T mutations in the IDH1 
gene. Interestingly, two tumor samples had G395A in the 
IDH1 gene and G515A in the IDH2 gene (Fig. 3a).

3.3 � IDH1 and IDH2 Mutation Frequency in Different 
Glial Tumor Types

Corroborating previously published studies, the frequency 
of IDH1/2 mutations in our study also differed signifi-
cantly among different types of glial tumors according to 
WHO grading and histopathological classification. Of the 
236 tumors we analyzed, none of WHO grade I, 70% of 
WHO grade II, 64.42% of WHO grade III and 8.75% of 
WHO grade IV tumors had IDH1/2 mutations (Fig. 3b). 
Based on histopathological classification, IDH1/2 positiv-
ity in 186 samples (except pilocytic astrocytoma) was as 
follows: 42.9% of DA, 42.9% of AA, 100% of OD, 100% 
of anaplastic oligodendroglioma (AO) and 7.6% of glio-
blastoma samples carried one or two IDH1/2 mutation(s) 
(Fig. 3c).

Fig. 1   a Depiction of the 3m-ARMS principle. IDH1 R132 WT 
DNA (black) has three mismatched nucleotides (red crosses) with 
the designed primer (blue) resulting in inhibition of primer exten-
sion and DNA amplification. IDH1 R132H MT DNA (purple) has 
one terminal match (green check) and one penultimate and one ante-
penultimate mismatch (red crosses) with the designed primer (blue) 
resulting in proper primer extension and DNA amplification (orange 
arrow). b Agarose gel analysis of the 3m-ARMS PCR for the detec-
tion of G395A (R132H) in tumor samples. The first well on the left 
was loaded with a DNA ladder. Note that each sample was loaded 
into the gel in duplicate wells adjacent to each other. A single well 
was kept empty in between different samples. Only the two tumor 
samples carrying the G395A mutation (marked as IDH1 R132H on 
the image) and the PC sample yielded a specific PCR band on this 

gel. Faint bands that are smaller in size are primer dimers. c–f Left: 
Tm curve analysis of WT samples (c, d) and MT samples (e, f) at 
the end of the qRT-PCR-based 3m-ARMS analysis. Only MT sam-
ples yield a distinctive peak with a unique Tm. g–j Sanger sequenc-
ing results of IDH1 gene for the WT (g, h) and MT samples (i, j) 
analyzed on the gel (a), showing nucleotide at position 395 and its 
periphery. WT samples yield only one peak for nucleotide G at posi-
tion 395, whereas MT samples show two peaks for nucleotides G and 
A for the same position. IDH1/2 isocitrate dehydrogenase 1 and 2 
genes, MT mutant, NC negative control DNA with no IDH mutation, 
NTC no tissue control, PC positive control that carries G395A muta-
tion, PCR polymerase chain reaction, qRT-PCR quantitative real-time 
PCR, Tm melting temperature, WT wild type



332	 T. Avsar et al.

3.4 � Sanger Sequencing Without a Co‑amplification 
at Lower Denaturation Temperature (COLD)‑PCR 
Amplification Step Can Yield False‑Negative 
Results

In our analysis, 90 tumor samples were initially found to 
be positive for an IDH1/2 mutation based on both Sanger 
sequencing and 3m-ARMS. 3m-ARMS but not Sanger 
sequencing detected an IDH1 mutation in four other tumor 
samples. This discordance in some results with 3m-ARMS 

and Sanger analyses prompted us to question the sensitivity 
of the Sanger sequencing as we detected some 3m-ARMS-
positive/Sanger-negative but never 3m-ARMS-negative/
Sanger-positive results. IDH mutations are known to be 
present only in tumor cells and not in normal or tumor-asso-
ciated cells in patients with glioma tumors [12]. Therefore, 
if only a small percentage of the tumor cells in a tumor sam-
ple carry an IDH mutation, or if the tumor sample mostly 
comprises non-tumor cells such as vascular, perivascu-
lar, hematopoietic and normal neural and glial cells, it is 

Fig. 2   Sensitivity and specificity assessment of the 3m-ARMS 
primers. Amplification curves indicate the Ct (amplification thresh-
old cycles) values of each DNA sample. a Arrows indicate varying 
degrees of DNA content, from 100 fg to 1 ng per reaction (R). In this 
analysis, WT and mutant DNAs were tested separately. b Arrows 

indicate varying ratios of mutant DNA/WT DNA mixtures ranging 
from 1:1000 to 1:100,000 with a total of 1 ng plasmid DNA per reac-
tion. The higher concentration and higher relative ratio of the mutant 
DNA yields lower Ct values for the specific amplification of the 
mutant DNA. WT wild type
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possible that most cells in that tumor extract might be nega-
tive for an IDH mutation (even if the tumor has some cells 
that carry an IDH mutation). Therefore, we hypothesized 
that when the tumor sample has very few cells with an IDH 
mutation, Sanger sequencing based on PCR amplification 
of genomic DNA might not be sensitive enough to detect 
the mutation, as the PCR-based DNA amplification step 
required for Sanger sequencing would amplify both WT 
and mutant DNA without changing the mutant DNA-to-WT 
DNA ratio, thus rendering the mutant DNA undetectable 
by Sanger sequencing (Fig. 4a, d). This is because Sanger 
sequencing is known to fail to identify mutations or varia-
tions in DNA sequence in a DNA sample if only less than 
20% of the DNA molecules of interest carry the variation 
or mutation [13]. To test our hypothesis, we repeated our 
Sanger sequencing analysis based on a regular PCR and a 
COLD-PCR amplification of the IDH1 genomic region for 
the four samples that originally showed 3m-ARMS-posi-
tive/Sanger-negative results. As opposed to regular PCR, 
COLD-PCR amplification increases the mutant DNA-to-
WT DNA ratio if the mutation of interest is located in the 
amplified region [11] (Fig. 4b, e). As expected, the results 
based on COLD-PCR, but not regular PCR, followed by 
Sanger sequencing, showed the presence of the IDH1 muta-
tions that 3m-ARMS results had already shown in the four 
samples (Fig. 4), suggesting that Sanger sequencing based 

on a regular PCR amplification of the target DNA region 
may fail to detect the mutation and therefore may give FN 
results.

3.5 � IDH1 Mutation Detection in Glial Tumors Based 
on IHC Has Multiple Shortcomings

Many pathology laboratories around the world have been 
using IHC to detect the most common IDH1 R132H 
(G395A) mutation in glioma tumors using a commercially 
available antibody against the IDH1 protein with R132H 
mutation. For tumor samples stored as FFPE blocks, we 
also conducted an IHC analysis using anti-IDH1 R132H 
antibody staining to check for the presence of R132H 
mutation (Supplementary Fig. 2). All samples analyzed 
by IHC were also analyzed with both Sanger sequenc-
ing and 3m-ARMS. In total, 91.51% (n = 97/106) of IHC 
results were concordant with Sanger sequencing results. 
For 7.55% (n = 8/106) of the samples analyzed, IHC analy-
sis yielded FP results (IHC positive, Sanger negative and 
3m-ARMS negative) (Supplementary Fig. 3) and for 0.94% 
(n = 1/106) of the samples analyzed IHC analysis gave 
FN results (IHC negative, Sanger positive and 3m-ARMS 
positive) (Fig. 5). For IHC FP samples, in order to confirm 
the mutation status, DNA was also extracted from FFPE 
tissues, and the 3m-ARMS PCR experiment was repeated. 

Fig. 3   IDH1/2 mutation frequencies. a IDH1/2 mutation frequencies 
of all glioma samples analyzed in this study (n = 236). Each color 
indicates the number of samples with the corresponding mutation 
type. b IDH1/2 mutation frequencies of the 236 tumors categorized 
based on WHO grading (grades I, II, III, IV). c Mutation frequen-
cies of the tumors based on histopathologic subtypes. Note that this 

information was available for 186 of the 236 tumor samples analyzed 
in this study. AA anaplastic astrocytoma, AO anaplastic oligodendro-
glioma, DA diffuse astrocytoma, GBM glioblastoma, IDH1/2 isoci-
trate dehydrogenase 1 and 2 genes, n number of tumor samples, OD 
oligodendroglioma, WHO World Health Organization
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The results of this experiment show that tumor samples 
that were initially found to be IHC FP based on compari-
son of IHC, Sanger and 3m-ARMS analyses were indeed 
negative for the presence of the IDH1/2 mutations, even 
when 3m-ARMS PCR was conducted using DNA from 
FFPE tumor tissues (instead of fresh-frozen tumor tissues) 
(Supplementary Fig. 4).

These results show that IHC analysis as a single method 
to detect IDH mutations poses a risk because it yields a 
high FP rate. Furthermore, IHC analysis can only detect 
the R132H mutation in the IDH1 gene, which further lim-
its its use as a sole method for IDH1 mutation detection.

4 � Discussion

We analyzed the IDH1 and IDH2 mutations in 236 glioma 
tumors using three different methods. The 3m-ARMS 
technique that we introduce in this study is based on a 
modified ARMS PCR method and allowed us to detect 
mutations with a high sensitivity and specificity. Results 
obtained using 3m-ARMS showed high concordance with 
Sanger sequencing and IHC results. On the other hand, 
we detected FN results in some samples with both Sanger 
sequencing and IHC analysis, whereas 3m-ARMS showed 

accurate results in those samples. To overcome FN results 
by Sanger sequencing, we combined COLD-PCR with 
Sanger sequencing and showed the erroneous potential of 
Sanger sequencing without COLD-PCR in samples with 
low tumor cell frequency. Therefore, our study revealed 
that Sanger sequencing without COLD-PCR could be less 
accurate, but that 3m-ARMS was sensitive enough to be 
used in samples with few tumor cells carrying the muta-
tion of interest.

Sanger sequencing and IHC are still the most commonly 
used techniques to perform IDH1/2 mutation analysis on 
glioma tumors. Sanger sequencing has the advantage 
of revealing the entire DNA sequence in regions where 
IDH1/2 mutations are mostly found. It is also relatively 
unbiased to the mutation type being analyzed, as the muta-
tion type usually does not affect sequencing results. How-
ever, Sanger sequencing may not be sensitive enough to 
detect the presence of mutant DNA if the mutant DNA-
to-WT DNA ratio is low (< 20%) [13]. Using Sanger 
sequencing to detect mutations in IDH1/2 is also time 
consuming and expensive [14]. To allow the relatively 
low levels of mutant DNA (with respect to WT DNA) 
in a genomic DNA extract to be detectable in Sanger 
sequencing, one must find a way to increase the mutant 
DNA-to-WT DNA ratio. COLD-PCR has been known as 

Fig. 4   Detection of IDH1 R132H mutations using different 
approaches. Agarose gel images of the IDH1 genomic region ampli-
fied by a regular PCR, b COLD-PCR and c 3m-ARMS. Sanger 
sequencing analyses for the same tumor sample failed to show the 
presence of the mutation if DNA amplification was conducted by 
regular PCR (d); however, G395A mutation as being heterozygous 
was clearly shown when COLD-PCR was conducted for DNA ampli-

fication prior to Sanger sequencing (e). f 3m-ARMS qRT-PCR results 
showing melting temperature peaks specific for the G395A mutation. 
The peaks shown by ** are visible if only mutant DNA is amplified. 
COLD-PCR co-amplification at lower denaturation temperature PCR, 
IDH1/2 isocitrate dehydrogenase 1 and 2 genes, PCR polymerase 
chain reaction, qRT-PCR quantitative real-time PCR
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an effective method to increase this ratio as, in a COLD-
PCR reaction, mutant DNA amplification is more efficient 
than WT DNA amplification [11]. In our IDH1/2 muta-
tion analysis, Sanger sequencing based on regular PCR 
failed to detect IDH1 mutations in four tumor samples. We 
then amplified DNA from these four tumor samples using 
COLD-PCR conditions and reanalyzed them with Sanger 
sequencing. COLD-PCR-based Sanger sequencing indeed 
showed the presence of the IDH1 mutations, which were 
initially missed by regular PCR-based Sanger sequencing. 
These data suggest that Sanger sequencing-based muta-
tion analysis of tumor samples with a low mutant DNA-
to-WT DNA ratio can generate FN results. Therefore, 
COLD-PCR-based Sanger sequencing can be performed 
to reduce the risk of failure in detecting the mutations. 
As 3m-ARMS is based on selective amplification of the 
mutant DNA, it is compatible with tumor samples with a 
low mutant DNA-to-WT DNA ratio. Indeed, in our study, 
3m-ARMS detected the IDH1 mutations in the four tumor 
samples that the Sanger sequencing without a COLD-PCR 
failed to detect. Furthermore, the most sensitive method 
in mutation detection is the next-generation sequencing 
(NGS) because of its extraordinary capacity for massive 
parallel sequencing of DNA fragments with high accuracy. 
Its superior sensitivity and specificity in IDH1 and other 
gene mutations has been previously shown in glial tumors 
[15]. Therefore, NGS should be the first choice in mutation 

detection. However, it is neither commonly available nor 
practical for intraoperative or postoperative use.

IHC-based mutation detection alone is insufficient to 
detect most of the mutation types in IDH1/2 genes. Cur-
rently, a limited number of antibodies have been validated 
to detect the most common mutations, including R132H in 
the IDH1 gene and a less common mutation, the R172K in 
the IDH2 gene. Although R132H mutation is the most com-
mon IDH1 mutation in glial tumors, for a certain diagnosis 
of glial tumors it is important to check other mutations in 
IDH1/2 genes. However, it is not practical to test all muta-
tions with different antibodies by immunostaining. Previ-
ous studies have also shown varying degrees of concord-
ance between IHC and Sanger sequencing. In Takano et al. 
[16], results of Sanger and IHC analyses matched in varying 
degrees ranging from 50 to 100% in gliomas with different 
grades. Another study showed that, for some samples with 
different forms of IDH1 mutations (R132L, R132C), IHC 
analysis might give FN results and for some WT specimens, 
IHC analysis gave FP rates for IDH WT tumor specimens in 
14.3% of samples [13]. Multiple factors, ranging from anti-
body-related problems to operational errors could account 
for the high discordance between IHC and Sanger sequenc-
ing and for the high FP rate of IHC in the detection of IDH1 
mutations. In our study, results for 8 of the 106 tumors ana-
lyzed with IHC were FP and one had FN results. Therefore, 
we do not recommend the use of IHC as the sole technique 

Fig. 5   Comparison of the 
3m-ARMS and IHC muta-
tion detection techniques with 
respect to Sanger sequencing. 
Coherency indicates matching 
results for the two techniques 
compared. Black columns show 
coherent results, grey columns 
show incoherent results. (+) 
indicates detection of the 
mutation(s) and (−) shows no 
mutation detection. COLD-PCR 
co-amplification at lower dena-
turation temperature polymerase 
chain reaction, IHC immunohis-
tochemistry
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for mutation detection in IDH1/2 genes. If the use of IHC is 
desired, then combining IHC with Sanger sequencing and/or 
3m-ARMS would be a safer approach than using IHC alone 
in the IDH1/2 status of glial tumors.

3m-ARMS is relatively simple compared with a few other 
existing techniques for intraoperative IDH mutation detec-
tion and does not require expensive reagents and equipment. 
Only 5–25 mg of tumor tissue is sufficient for 3m-ARMS-
based mutation analysis.

Two other studies have reported alternative methodolo-
gies to detect IDH1/2 and other mutations intraoperatively. 
Kanamori et al. [6] showed the availability of real-time PCR 
with fluorescence melting curve analysis and COLD-PCR in 
intraoperative diagnosis of IDH1/2 mutations. Their results 
were satisfactory in terms of duration, sensitivity and ease 
of use, but they reported limitations in the specific and NPV 
of their test. Shankar et Al. [5] also developed PCR-based 
diagnostic test. They used peptide nucleic acid (PNA) to 
inhibit the WT amplification and locked nucleic acid (LNA) 
to specifically amplify the mutant allele, thereby increasing 
sensitivity and specificity. Although they obtained specific-
ity of 100%, sensitivity was 96%. Our results appear to be 
superior to both of these methods in terms of sensitivity, 
specificity and accuracy. Despite the good levels of sensi-
tivity and specificity reported in the previously published 
methods, utilization of PNA, LNA or specific fluores-
cence probes is neither more economical nor simpler than 
3m-ARMS PCR. 3m-ARMS is also a good alternative and 
confirmatory technique to Sanger sequencing and IHC for 
routine postoperative analysis of IDH mutations, as it offers 
superior sensitivity compared with Sanger sequencing and 
IHC (Table 1).

Hereby, we offer a new diagnostic and screening test 
for common IDH1/2 mutations. The diagnostic potential 
of a novel test can be indicated by its specificity and PPV, 
whereas its screening potential can be indicated by sensitiv-
ity and NPV. The effectiveness of the test is determined by 
two factors—specificity and sensitivity—whereas its diag-
nostic utility is determined by the positive likelihood ratio 
(LR+) and negative likelihood ratio (LR−). We observed a 
relative superiority compared with IHC analysis in terms of 
specificity (97.40% for 3m-ARMS and 87.88% for IHC), PPV 
(95.35% for 3m-ARMS and 84.79% for IHC) and LR+ (38.50 
for 3m-ARMS and 8.04 for IHC). Sensitivity was 100% for 
3m-ARMS and 97.50% for IHC. Accuracy was 98.30% for 
3m-ARMS and only 91.51% for IHC. Finally, the NPV was 
100% for 3m-ARMS and 98.31 for IHC in the detection of 
IDH mutations (Table 1). Overall, in terms of the diagnostic 
and screening potential, the 3m-ARMS method was superior 
to IHC and Sanger sequencing with regular PCR.

Incorporation of molecular markers into diagnostic and 
prognostic classification in glial tumors enabled the preop-
erative and intraoperative diagnosis of brain tumors [5, 6]. 

Information regarding the IDH1/2 mutation status of glioma 
tumors before or during surgery can be critically important 
for surgeries in which the tumors to be resected are located in 
high-risk regions of the brain, as the extent of tumor resection 
will determine the risk of surgery-induced damage to the sen-
sitive anatomical sites [17, 18]. Currently, two main obsta-
cles impede the use of common histopathologic examination 
techniques to check for the presence of mutations in glioma 
tumor tissues obtained via either biopsy or surgery. First, 
depending on tumor location and size, the sample obtained 
for the test might not yield enough tumor cells for a defini-
tive diagnosis. Second, the histology-based tests might take 
too long, prohibiting intraoperative diagnosis. Furthermore, 
frozen tissue sectioning-based methods are limited with 
only phenotype-based characterization rather than mutation 
analysis. Sequencing-based mutation-detection systems often 
provide accurate data but are incompatible with intraopera-
tive use. Therefore, alternative methods are needed that are 
robust, rapid, accurate, and easily performed and that enable 
preoperative (sampling before surgery and detection of tumor 
mutations in the plasma sample of patients), intraoperative 
and postoperative detection of IDH1/2 mutations in glioma 
tumors. Knowing whether the tumor will be responsive to 
post-surgical therapies using molecular markers might be 
helpful for the surgeon when deciding how much resection 
to perform [18]. We recruited eight glioma tumors intraop-
eratively and analyzed prospectively. We informed neuro-
surgeons about the mutation status of the patients during 

Table 1   Performance comparison of 3m-ARMS and immunohisto-
chemistry for IDH1/2 mutation detection

Results based on Sanger sequencing following regular PCR were 
used as a reference for the comparison
a Initially, before Sanger with COLD PCR, FP was 12
COLD-PCR co-amplification at lower denaturation temperature poly-
merase chain reaction, FN false negative, FP false positive, IDH1/2 
isocitrate dehydrogenase 1 and 2 genes, IHC immunohistochemistry, 
LR− negative likelihood ratio, LR+ positive likelihood ratio, NPV 
negative predictive value, PPV positive predictive value, TN true neg-
ative, TP true positive

Performance factors  3m-ARMS IHC

Sensitivity 100% 97.50%
Specificity 97.40% 87.88%
PPV 95.35% 84.79%
NPV 100% 98.31%
Accuracy 98.30% 91.51%
LR+ 38.5 8.04
LR− 0 0.028
TP 90 46
TN 142 47
FP 4 8a

FN 0 1
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the surgeries; however, none changed the extent of resec-
tion, as—first—this was a pilot study for mutation detection 
and—second—evidence showing a clear correlation between 
extensive resection and longer survival is lacking in the liter-
ature [19, 20]. Nevertheless, intraoperative detection of IDH 
mutations confirmed the frozen and sectioned tumor pathol-
ogy results in < 1 h and surgeons were informed. Therefore, 
intraoperative detection can still be a significant tool that may 
affect surgical management in terms of changing intraopera-
tive decisions regarding the extent of resection needed, espe-
cially for low-grade gliomas located at or nearby eloquent 
areas of the brain. This may increase patient quality of life 
by avoiding the possibility of major neurological deficits, 
especially knowing there is no survival benefit from a larger 
resection if IDH mutation is absent in the tumor [18, 21].

We developed 3m-ARMS as an alternative and comple-
mentary method to current methods and for both intraopera-
tive and postoperative detection of the most common IDH 
mutations. However, 3m-ARMS also has the potential to be 
used for serum and cerebrospinal fluid-based liquid biopsy 
for the detection of various point mutations in many tumor 
types. Serum-based liquid biopsy is becoming more com-
monly utilized in detection of circulating tumor DNA to 
monitor mutations in tumors of various malignancies [22]. 
Currently, we are evaluating whether 3m-ARMS is sensi-
tive enough to detect point mutations in circulating cancer-
associated DNA obtained from serum samples. Preliminary 
data indicate that 3m-ARMS does have the potential for 
preoperative mutation detection. We are also in the process 
of optimizing 3m-ARMS analysis for the detection of other 
rare point mutations in the IDH1 and IDH2 genes and point 
mutations in other genes such as TERT and MGMT that have 
been implicated in the prognosis of glioma tumors.

4.1 � Limitations of the Assay

The 3m-ARMS method proposed here detects G395A 
(R132H), C394T (R132C) and C394G (R132G) mutations 
in the IDH1 gene and G515A (R172K), A514T (R172W) 
mutations in the IDH2 gene. These mutations account 
for almost 98.3% of all IDH mutations in glioma tumors 
[23]. However, other IDH mutations remain very uncom-
mon and can rarely be seen in glioma tumors. Although the 
3m-ARMS method proposed here covers the majority of 
IDH mutations in glioma tumors, the possibility of these 
other rare IDH mutations that cannot currently be detected 
remains a limitation of our mutation-detection method. If 
results with the 3m-ARMS method are negative, Sanger 
sequencing of tumor samples is recommended if possi-
ble. We aim to design and add new primers that can also 
detect rare mutations. Nevertheless, the 236 glioma tumors 
studied in this manuscript did not show other rare mutation 
types with Sanger sequencing. The current antibody clone 

commonly used for IHC-based detection of IDH1 mutations 
is designed to detect only G395A (R132H) mutations. Sev-
eral reports have indicated varying degrees of FN and/or 
FP results for IHC-based IDH mutation detection methods 
in glioma [15, 24, 25]. Therefore, we claimed 100% sensi-
tivity of 3m-ARMS (Table 1) in our cohort in comparison 
with IHC.

5 � Conclusions

Sanger sequencing and IHC-based methods of mutation 
detection have several shortcomings, especially when the 
relative ratio of cancer cells carrying the mutation of inter-
est in tumor samples is low. 3m-ARMS offers a fast, specific 
and sensitive method for the detection of the most common 
IDH1/2 mutations in glial tumors. Compared with the con-
ventional IHC technique, 3m-ARMS showed a greater diag-
nostic capability because of its favorable specificity, PPV 
and likelihood ratios. 3m-ARMS can be utilized simultane-
ously with Sanger sequencing or IHC for better diagnosis of 
challenging specimens. The design of our new molecular test 
may be applied in the future to detect several other mutations 
to facilitate and expedite the process of mutation detection.
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