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Studies in myeloid neoplasms have described recurrent IDH1 and IDH2 mutations as primarily mutually
exclusive. Over a 6-month period of clinical testing with a targeted next-generation sequencing assay, we
evaluated 92 patients with acute myeloid leukemia, myelodysplastic syndrome, and chronic myelomonocytic
leukemia and identified a subset of 21 patients (23%) who harbored mutations in either IDH1 or IDH2. Of the
21 patients with IDH mutations, 4 (19%) were found to have single nucleotide variants in both IDH1 and
IDH2. An additional patient included in the study was found to have two different IDH2 mutations. The
mutations were typically present at different variant allelic frequencies, with one predominating over the
other, consistent with the presence of multiple subclones in a single patient. In one case, the variant allelic
frequencies in both IDH1 and IDH2 were equally low in the setting of a high percentage of blasts, suggesting
that the IDHmutations were unlikely to be present in the founding clone. Given these data, we conclude that
dual IDH1/2 mutations likely were previously underestimated, a finding that may carry important treatment
implications. (J Mol Diagn 2015, 17: 661e668; http://dx.doi.org/10.1016/j.jmoldx.2015.06.004)
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In recent years, whole-genome sequencing of acute myeloid
leukemias (AMLs) led to the identification of frequent het-
erozygous mutations in isocitrate dehydrogenase 1 gene
(IDH1).1,2 Subsequent exome sequencing and targeted re-
sequencing studies in AML also identified frequent IDH2
mutations.3,4 Overall, approximately 15% to 30% of AML
have mutations in IDH1 or IDH2, almost exclusively at codon
Arg132 for IDH1 and at codons Arg140 and Arg172 for
IDH2.1,3e6 Patients with cytogenetically normal AML are
enriched for these mutations. The mutations confer neo-
morphic enzyme activity through the NADPH-dependent
reduction of the normal end-product a-ketoglutarate to the
putative oncometabolite 2-hydroxyglutarate. The accumula-
tion of high levels of 2-hydroxyglutarate in the IDH1/2-mutant
tumor provides an important mechanism of cellular trans-
formation through the targeting of epigenetic regulators.7

IDH mutations were also identified in preleukemic clonal
malignancies, including myelodysplastic syndromes (MDSs)
stigative Pathology
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and myeloproliferative neoplasms (approximately 5% of
MDS/myeloproliferative neoplasm and approximately 20% of
AML arising from MDS or myeloproliferative neoplasm).1,4,8

They occur early in disease pathogenesis in the founding
clone9 and act as major initiating mutations.10Mutations in the
two IDH genes are likely mutually exclusive,11 with only rare
reports of concurrent IDH1 and IDH2mutations12 at unknown
allelic frequency (AFs).

Testing for these mutations is becoming increasingly im-
portant to patient care, given that first-generation IDH inhibitors
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were shown to suppress the growth of 2-hydroxyglutarate-
producing IDH-mutant tumor cells both in vitro and
in vivo.13e15 Clinical trials with IDH1 and IDH2 inhibitors for
patients with IDH1/2 mutations are ongoing.16e20

Because our laboratory launched a next-generation
sequencing (NGS)-based tumor genotyping assay in early
2014, we found that IDH1 and IDH2mutations co-occur in the
same tumors more frequently than was reported. This study is a
detailed description of five cases of dualmutationswe have thus
far identified and of the potential implications of these results.

Materials and Methods

Identification of Cases

The Partners HealthCare Institutional Review Board granted
approval for this study before its initiation. The electronic files
of the Massachusetts General Hospital Pathology Department
were queried for all cases run with the use of the NGS assay
(SNAPSHOT NGS) since its launch in April 2014 until
October 3, 2014, with a primary diagnosis of AML, MDS, or
chronic myelomonocytic leukemia. A subsequent query was
run to identify the subset of cases with either IDH1 or IDH2
single nucleotide variants (SNVs). Unique patients were
enumerated such that multiple specimens sent on a single
patient were not individually counted.

Targeted DNA-Seq Using Anchored Multiplex PCR

The SNAPSHOTNGS assay uses a multiplex PCR technology
called Anchored Multiplex PCR for SNVs and insertion/dele-
tion detection in genomic DNAwith the use of NGS.21 Briefly,
genomic DNA was isolated from blood or bone marrow aspi-
rates (QIAcube;Qiagen,Valencia,CA).ThegenomicDNAwas
sheared with the Covaris (Woburn, MA) M220 instrument
followed by end-repair, adenylation, and ligation with an
adapter.A sequencing library that targeted hotspots and exons in
39 genes (Supplemental Table S1) was generated with two
hemi-nestedPCR reactionswith the use of one primer specific to
a sequence in the gene of interest and one specific to a universal
sequence in the adapter, for each PCR reaction.21 Illumina (San
Diego, CA) MiSeq 2 � 151 bp paired-end sequencing results
were aligned to the hg19 human genome reference with the use
of BWA-MEM.22 PCR/optical duplicates were removed on the
basis of unique start sites of sequenced molecules. MuTect23

was used for SNV detection and Oncotator was used for muta-
tion annotation (http://www.broadinstitute.org/oncotator, last
accessed May 6, 2015). A minimum threshold of five unique
reads that supported the canonical mutation and visualization in
JBrowse24 were required to make a variant call.

Focused Ultra-Deep Amplicon Sequencing Using the
Ion Torrent PGM Platform

Barcoded and tagged unidirectional PCR primers targeting
codons 132 of IDH1 and 140 of IDH2 were designed to
662
generate amplicons approximately 100 bp in length (Table 1).
Genomic DNA samples were quantitated with the Qubit high-
sensitivity DNA assay kit (Thermo Fisher Scientific, Waltham,
MA), individually amplified with Platinum Taq HiFi, purified
with Ampure XL beads (Agencourt, Brea, CA), and quantitated
with High-Sensitivity DNA chip on the Agilent Technologies
BioAnalyzer (Santa Clara, CA). The amplicons were normal-
ized and pooled to generate emulsion PCR libraries on the Ion
Torrent OneTouch2 platform with the use of the Ion PGM
Template OT2 400 kit (Thermo Fisher Scientific). The libraries
were enriched with the Ion Torrent ES platform, and all
sequencing was performedwith the Ion PGMHi-Q Sequencing
kit on the Ion Torrent PGM platform, analyzed, and visualized
with the IGV version 2.3. The average base pair coverage of the
amplicon was approximately 100,000 times. Relative fre-
quencies of the mutant alleles were derived from dividing the
number of mutant calls by total calls of the relevant position
(Supplemental Table S2).

Droplet Digital PCR for IDH1 c.395G>A, p.Arg132His

Genomic DNA was used as input for digital PCR at 10 ng per
reaction. Primers spanned an intron/exon junction and were as
follows: IDH1 forward primer, 50-CTGCAAAAATATC-
CCCCGGC-30; IDH1 reverse primer, 50-CAAGTTGGAAA-
TTTCTGGGCCAT-30; mutant probe, 50-ATCATAGGTCG-
TCATGCTTAT-30; and wild-type probe, 50-ATCATAGGT-
CATCATGCTTAT-30. Reactions were performed in a 20-mL
reaction with the use of the droplet digital PCR Supermix for
Probes (no dUTP; Bio-Rad, Hercules, CA). Final concentration
of primers and probes were 900 nmol/L and 250 nmol/L,
respectively. The relation between the presence or absence of
mutant or wild-type molecules in a droplet is defined by the
Poisson distribution and allows robust, digital quantification
of the two molecules relative to one another (Supplemental
Table S3). Droplet generation was performed according to
the manufacturer’s instructions. Cycling conditions were 95�C
for 10 minutes, followed by 40 cycles of 94�C for 30 seconds
and 64�C for 2minutes, and then afinal 10-minute incubation at
98�C. The temperature ramp rate was 2.5�C/second. Droplet
reading was performed on a QX200 droplet digital PCR droplet
reader (Bio-Rad), and the analysis was performed with manual
mode on a QuantaSoft Analysis software version 1.4 (Bio-Rad)
by adjusting the gates to the no template control samples.

FLT3, NPM1, and CEBPA Mutation Analysis

Specimens were sent to LabCorp (Research Triangle Park, NC)
for FLT3, NPM1, and CEBPA mutation analysis. Briefly, PCR
amplification for the detection of FLT3 internal tandem dupli-
cationmutations (FLT3-ITDs) was performed, and the products
were run on the ABI 3500xl genetic analyzer (Thermo Fisher
Scientific) for size determination. The ITDwild-type produces a
fragment that is approximately 327 bp, whereas the presence of
an insertion produces a fragment that is�330 bp. PCR and size
determinationwas also performed forNPM1 analysis to detect a
jmd.amjpathol.org - The Journal of Molecular Diagnostics
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Table 1 PCR Primers for Focused Ultra-Deep Amplicon Sequencing Using the Ion Torrent PGM Platform

Primers Sequence

IDH1 primers
IDH1_R132_1F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGGCATGTCACATTATTGCCAACATGACT-30

IDH1_R132_2F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGCGATCTCACATTATTGCCAACATGACT-30

IDH1_R132_3F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGAGCTATCACATTATTGCCAACATGACT-30

IDH1_R132_4F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGACACATCACATTATTGCCAACATGACT-30

IDH1_R132_5F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGTCTCTTCACATTATTGCCAACATGACT-30

IDH1_R132_6F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGTCAGTTCACATTATTGCCAACATGACT-30

IDH1_R132_7F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGTATATTCACATTATTGCCAACATGACT-30

IDH1_R132_8F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGAGTCATCACATTATTGCCAACATGACT-30

IDH1_R132_9F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGTAGCTTCACATTATTGCCAACATGACT-30

IDH1_R132_10F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGTGTGTTCACATTATTGCCAACATGACT-30

IDH1_R132_R 50-CCTCTCTATGGGCAGTCGGTGATGCATGCGGTCTTCAGAGAAGCCATT-30

IDH2 primers
IDH2_R140_1F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGGCATGCTAGGCGTGGGATGTTTTTG-30

IDH2_R140_2F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGCGATCCTAGGCGTGGGATGTTTTTG-30

IDH2_R140_3F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGAGCTACTAGGCGTGGGATGTTTTTG-30

IDH2_R140_4F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGACACACTAGGCGTGGGATGTTTTTG-30

IDH2_R140_5F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGTCTCTCTAGGCGTGGGATGTTTTTG-30

IDH2_R140_6F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGTCAGTCTAGGCGTGGGATGTTTTTG-30

IDH2_R140_7F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGTATATCTAGGCGTGGGATGTTTTTG-30

IDH2_R140_8F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGAGTCACTAGGCGTGGGATGTTTTTG-30

IDH2_R140_9F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGTAGCTCTAGGCGTGGGATGTTTTTG-30

IDH2_R140_10F 50-CCATCTCATCCCTGCGTGTCTCCGACTCAGTGTGTCTAGGCGTGGGATGTTTTTG-30

IDH2_R140_R 50-CCTCTCTATGGGCAGTCGGTGATGCATGTCTGTCCTCACAGAGTTCAAGC-30

Bold text indicates sequence of the adapter and barcode.

Dual IDH1/2 Mutations in AML and MDS
4-bp insertion at nucleotide position 959 (exon 12). ForCEBPA
analysis, the CEBPA coding region was PCR-amplified and
was Sanger sequenced to identify sequence variations.

Immunohistochemistry

Two micron-thick formalin-fixed, paraffin-embedded bone
marrow (BM) core biopsy sections were stained with
hematoxylin and eosin. Immunohistochemistry for IDH1
was performed on 5-mmethick formalin-fixed, paraffin-
embedded BM biopsy sections with an antibody specific
for the mutant IDH1 p.Arg132His protein (dilution 1:150;
H09; Dianova, Hamburg, Germany). A labeled streptavi-
din biotin kit was used as a detection system (Leica
Biosystem, Nussloch, Germany). Combined cytoplasmic
and nuclear staining was interpreted as immunopositive.
Currently, antibodies are only available against IDH1
p.Arg132His mutant protein; no antibodies specific for
any of the IDH2 mutated proteins are available for use in
immunohistochemistry.

Results

Clinical and Cytogenetic Characteristics

Clinical, cytogenetic, and molecular characteristics of the
patients with dual mutations in IDH1 and IDH2 are listed in
Table 2. Three of the five patients, all men, exhibited di-
agnoses of AML. Two additional patients (one female and
The Journal of Molecular Diagnostics - jmd.amjpathol.org
one male) were diagnosed with MDS (both refractory ane-
mia with excess blasts-2; RAEB-2). The age at diagnosis
ranged from 61 to 73 years. The AML patients had BM
aspirate or (when not available) peripheral blood blast
counts that ranged from 22% to 33% at diagnosis. Blast
counts from the RAEB-2 patients were not available for the
sequenced specimens. All five patients had normal
karyotypes.

Of note, patient 2 had a history of bladder cancer, treatedwith
surgery and Bacille Calmette-Guérin. None of the patients had
any reported environmental exposures or a family history of
blood disorders or hematologic neoplasms.
Frequency of IDH1/2 Mutations

This study included all AML (n Z 53), MDS (n Z 34),
and chronic myelomonocytic leukemia (n Z 5) patients
with specimens submitted for the SNAPSHOT NGS assay
during the 6-month period from the assay’s launch in
April 2014 through October 2014 (total n Z 92). Of these
92 patients, 21 (23%) harbored IDH mutations (14 AML,
6 MDS, 1 chronic myelomonocytic leukemia). Of these
21 patients, 4 (19%) had coexisting IDH1 and IDH2
mutations. A fifth patient (with MDS) who was included
in our study was previously identified as harboring two
different IDH2 mutations on a previously used hotspot
profiling platform, which were confirmed by the current
SNAPSHOT NGS assay. The dual IDH1 and IDH2
663

http://jmd.amjpathol.org


Table 2 Patient Characteristics and IDH1 and IDH2 Single Nucleotide Variants

Case
No. Dx

Age,
years/
sex

Speci-
men
type

Blast,
%

IDH1 mutation
(allelic
frequency, %)

No. of
Reads
(ALT/REF)

IDH2 mutation
(allelic
frequency, %)

No. of
Reads
(ALT/REF)

Other (allelic
frequency, %)

Karyo-
type

FLT3-ITD,
NPM1,
CEBPA
status

1 AML 63/M BM 22 p.Arg132His
(c.395G>A) (12)

588/4228 p.Arg140Gln
(c.419G>A) (2)

232/12310 SMAD4
p.Ala458Val
(c.1373C>T)
(45),

CDH1
p.Ala592Thr
(c.1774G>A)
(46)

46,XY FLT3
wild-type

NPM1
wild-type

CEBPA
wild-type

2 AML 73/M BM 30*
(PB)

p.Arg132His
(c.395G>A) (44)

191/256 p.Arg140Trp
(c.418C>T) (5)

50/1044 46,XY FLT3
wild-type

NPM1
mutated
(4 bp
insertion
at c.959)

CEBPA
wild-type

3 AML 61/M BM 33 p.Arg132Cys
(c.394C>T) (3)

7/237 p.Arg140Gln
(c.419G>A) (3)

19/589 NRAS
p.Gly12Asp
(c.35G>A)
(34),

NRAS
p.Gly12Ser
(c.34G>A)
(2)

46,XY FLT3-ITD
mutated
[PCR product
of 429 bp
(wild-type
w327 bp)]

NPM1
wild-type

CEBPA
double
mutant
[p.Asn74X
(c.219insT),
p.Ala295Thr
(c.883G>A)]

4 RAEB-2 68/F PB 13y p.Arg132His
(c.395G>A) (4)

8/199 p.Arg140Gln
(c.419G>A) (12)

60/482 46,XX NA

5 RAEB-2 64/M BM 13y p.Arg140Gln
(c.419G>A) (27);

p.Arg140Trp
(c.418C>T) (13)

337/943,
169/1138

46,XY FLT3
wild-type

NPM1
wild-type

CEBPA
wild-type

*BM was unavailable for use to determine blast percentage by structural characteristics because of extensive necrosis. Instead, the blast percentage from PB
is shown.

yThe blast count was unavailable for the specimen submitted for sequencing. The blast percentage shown is from a different specimen on a different day
(from PB 16 days before the sequencing sample for patient 4, and from BM 13 days before the sequencing sample for patient 5.).
F, female; M, male; ALT, alternative allele; AML, acute myeloid leukemia; BM, bone marrow; Dx, diagnosis; ITD, internal duplication mutation; NA, not

applicable; PB, peripheral blood; RAEB-2, refractory anemia with excess blasts-2; REF, reference allele.

Platt et al
variants identified were missense mutations at the
canonically mutated codons, Arg132 and Arg140,
respectively (Table 2).

Although several IDH mutations were observed at low AF,
our confidence in these calls was based on a high depth of
coverage (average target region coverage for each of the five
samples, 3453; range, 690 to 8909), with a high number of
664
uniquemolecules supporting the calls (well above background),
the mutations’ location at canonical sites, and the identification
of the mutations on multiple samples from the same patient on
repeat testing in some instances (data not shown). In addition,
the mutations were verified by an orthogonal sequencing
method (see Focused Ultra-Deep Amplicon Sequencing Using
the Ion Torrent PGM Platform) (Supplemental Table S2). The
jmd.amjpathol.org - The Journal of Molecular Diagnostics

http://jmd.amjpathol.org


Figure 1 Relation between variant allelic frequency and blast percent-
age. The histogram displays the variant allelic frequency in the context of the
blast count for each of the five patients. The asterisk affixed to Patient 2
indicates blast count was obtained from PB. The double asterisk affixed to
Patients 4 and 5 indicate blast count was obtained from a different specimen
or date (PB 16 days and BM 13 days before the sequencing sample,
respectively). BM, bone marrow; IDH, isocitrate dehydrogenase; PB,
peripheral blood.

Dual IDH1/2 Mutations in AML and MDS
IDH1/2 mutational burden for each case (as represented by the
variant AF) is described in the sections below along with non-
IDH mutations.

Patient 1

Patient 1 had AML with normal karyotype and without
FLT3, NPM1, or CEBPA mutations and showed an IDH1
p.Arg132His (c.395G>A) mutation at 12% AF and an
IDH2 p.Arg140Gln (c.419G>A) mutation at 2%, in the
setting of a marrow blast percentage of 22% (Table 2 and
Figure 1). Although the blast count does not necessarily
reflect the size of the clonal population, if we assumed a
heterozygous IDH1 mutation were present in every cell of
the blast population, the marrow involvement by 22%
blasts would predict a variant AF of approximately 11%.
The calculated AF of 12% by SNAPSHOTNGS, combined
with the observation of mutant IDH protein by immu-
nohistochemistry in nearly all of the blasts, is consistent
with this assumption (Supplemental Figure S1). SNVs in
SMAD family member 4 and CDH1 genes were also
detected by the SNAPSHOT NGS assay. The variant AFs
of the SNVs in SMAD family member 4 and cadherin 1,
type 1 genes, however, were close to 50% (45% and 46%,
respectively), suggesting these were not somatic tumor
mutations.

Patient 2

Patient 2 had AML with normal karyotype and mutated
NPM1, but wild-type FLT3 and CEBPA, and showed a pre-
dominant IDH1 p.Arg132His (c.395G>A) mutation on the
BM aspirate with a 44% AF, whereas an IDH2 p.Arg140Trp
(c.418C>T) mutation was present at 5% AF. The marrow
blast percentage could not be determined because of exten-
sive necrosis, but a concurrent peripheral blood sample
showed a blast percentage of 30% (Table 2 and Figure 1). No
other SNVs were detected by SNAPSHOT NGS.
The Journal of Molecular Diagnostics - jmd.amjpathol.org
Patient 3

Patient 3 had AML with normal karyotype, a FLT3 ITD
mutation, two CEBPA mutations, and no NPM1 mutation.
Both an IDH1 p.Arg132Cys (c.394C>T) and an IDH2
p.Arg140Gln (c.419G>A) mutation were present, each at an
equally low AF of 3%, in the setting of 33% blasts in the
marrow (Table 2 and Figure 1). SNAPSHOT NGS also
detected two neuroblastoma RAS viral (v-ras) oncogene
homolog (NRAS) gene mutations that were present in trans,
both at the hotspot codon 12 [p.Gly12Asp (c.35G>A) and
p.Gly12Ser (c.34G>A)] at AFs of 34% and 2%, respectively
(Supplemental Figure S2).

Patient 4

Patient 4, diagnosed with RAEB-2 with normal karyotype,
harbored a predominant IDH2 p.Arg140Gln (c.419G>A)
mutation at 12% AF and an IDH1 p.Arg132His (c.395G>A)
mutation at 4% AF (Table 2 and Figure 1). The peripheral
blood for this patient had 13% blasts 16 days before the NGS
testing. No other SNVs were detected by SNAPSHOT NGS.
Mutational analyses for FLT3,NPM1, and CEBPAmutations
were not performed.

Patient 5

Patient 5, diagnosed with RAEB-2 with normal karyotype, had
two separate IDH2 mutations with AFs of 27% and 13%. The
BM aspirate for this patient had 13% blasts 13 days before the
NGS testing. The two mutations represented different SNVs
that affected the same hot spot codon 140 [p.Arg140Gln
(c.419G>A) and p.Arg140Trp (c.418C>T), respectively] and
were shown to be in trans, confirmed by visualization on in-
dependent sequencing reads (Figure 2). No other SNVs were
detected by SNAPSHOT NGS. Mutational analyses by PCR
for FLT3, NPM1, and CEBPA did not identify mutations in
these genes.

Validation of Low Allelic Frequency Mutations

The four patient samples harboringmutations at�5%AFwere
resequenced with a second NGS assay that uses a different
platform, the Ion Torrent PGM platform. Ultra-deep
sequencing (average base coverage, approximately 100,000
times) verified the presence of the mutations at similar AF to
the original method (Supplemental Table S2). For patients
with the IDH1 Arg132His mutation (patients 1, 2, and 4),
droplet digital PCR, an additional orthogonal method, was
used to confirm the mutations, one of which was �5% AF
(Supplemental Table S3).

Discussion

Recurrent IDH mutations were described in a variety of ma-
lignancies, including gliomas,25,26 chondrosarcomas,27e29
665
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cholangiocarcinomas,30 and breast carcinomas,31 and also in a
number of myeloid neoplasms such as AML, MDS, and
myeloproliferative neoplasm.1,32 Both IDH1 and IDH2
encode IDH enzymes that normally function to convert iso-
citrate to a-ketoglutarate. Mutant enzymes, however, reduce
a-ketoglutarate to the oncometabolite 2-hydroxyglutarate,
which in turn goes on to inhibit a-ketoglutarateedependent
enzymes, such as TET2, resulting in aberrant epigenetic
modifications.11 Mutant IDH1 and IDH2 enzymes thus
serve as promising therapeutic targets, and specific
inhibitors are currently in various stages of
development.13e20,33,34

With the use of a sensitive NGS mutation panel, we
identified dual mutations in IDH1 and IDH2 that occur at
greater frequency than previously described. Among the
IDH-mutated myeloid neoplasms (n Z 21), nearly one-
quarter were found to have dual IDH mutations (5 of 21
patients, including one patient who harbored two IDH2
mutations.) The previous under-recognition of dual muta-
tions is likely because of the lack of highly sensitive
sequencing assays with the ability to routinely detect vari-
ants that are only present at an AF of 1% to 5% of reads.
Although in some cases the detected IDH1/2 mutations were
present at an AF as high as 44%, we were also able to
identify low-level mutations at 2% to 3% AF that would
have otherwise been missed by less-sensitive assays.
Importantly, we verified the mutations with ultra-deep
sequencing with the use of an alternative NGS platform,
an orthogonal method, to help rule out the possibility that
the low-level mutations were a result of sequencing error.35

Furthermore, dual IDH mutations were not detected in 1390
other tumor samples that concurrently underwent SNAP-
SHOT NGS sequencing between April and October 2014
(data not shown).
In addition to identifying low-level mutations, we also

found that multiple IDH1/2 mutations may be present at
substantially different AFs. In fact, in four of the five pa-
tients, one IDH1/2 mutation predominated compared with
the other, with a twofold to ninefold difference between the
mutations’ AFs (patient 1, IDH1 12% versus IDH2 2%;
patient 2, 44% versus 5%; patient 4, 4% versus 12%; patient
5, IDH2 p.Arg140Gln 27% versus IDH2 p.Arg140Trp 13%)
(Table 2). Recognition of the high frequency of concomitant
mutations in IDH1 and IDH2 underscores the utility of
panel testing and of sufficient read coverage for accurate and
Figure 2 Screenshot of the dual mutations visualized in JBrowse. In the
upper portion of the figure is the hg19 reference genome sequence (and
corresponding amino acid translation) for codons 137 to 143. The horizontal
gray rows indicate individual reads (ie, individual molecules) sequenced in the
forward direction. The small red bars indicate a nucleotide change (SNV) from
the reference nucleotide G to A (c.419G>A) [the red arrow points to example
IDH2 p.Arg140Trp (c.418C>T)]; the small green bars indicate a nucleotide
change (SNV) from the reference nucleotide C to T (c.418C>T) [the green
arrow points to example IDH2 p.Arg140Gln (c.419G>A)]. The yellow vertical
highlight line marks the nucleotides at position 419 in the coding sequence
where an SNV was detected. IDH, isocitrate dehydrogenase; SNV, single
nucleotide variant.
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Dual IDH1/2 Mutations in AML and MDS
comprehensive molecular diagnosis. It may also affect de-
cisions about conventional or targeted therapy.

The identification of mutations at low AFs, often in the
setting of relatively extensive myeloblast marrow infiltra-
tion, may suggest that IDH1/2 mutations do not always
occur in the founding neoplastic clone. This may have
important implications about the role of mutant IDH1 and
IDH2 in the clonal evolution of myeloid neoplasms and
their targeted inhibition. Of note, in our study, two of the
five patients had co-occurring non-IDH mutations. Patient 2
harbored an NPM1 mutation (AF unknown), and patient 3
had two canonical mutations in neuroblastoma RAS viral
(v-ras) oncogene homolog gene (p.Gly12Asp, p.Gly12Ser),
of which one was at much higher AF (34%) than the con-
current IDH mutations (3% each), as well as FLT3-ITD and
dual CEBPA mutations (AF unknown) (Table 2). Although
the remaining three patients did not harbor other somatic
mutations among the 39 genes tested in our NGS panel, the
panel did not assess for a number of genes relevant to
myeloid neoplasms such as DNMT3A, TET2, or ASXL1
(Supplemental Table S1). Overall, our findings suggest that
mutations in IDH1/2 may not always be present in the
founding clone and rather may represent simultaneous or
sequential events throughout clonal evolution.

In summary, we report that concomitant mutations in
IDH1 and IDH2 are not infrequent events in IDH-mutated
myeloid neoplasms. The use of panel testing that has suf-
ficient depth of coverage, along with the reporting of allele
frequencies of identified mutations, may have considerable
impact on both the initial diagnostics and subsequent clin-
ical decision making about therapy. Finally, although it re-
mains to be definitively demonstrated whether IDH1/2
mutations co-occur in the same tumor cells or in discrete
tumor cell subsets, our data support the co-existence of
multiple tumor subclones within individual patients. This
finding may have practical consequences; although the
initial clinical data with the use of IDH-specific inhibitors
may be encouraging, other strategies such as simultaneous
inhibition of both IDH1 and IDH2 activity, in addition to
other antileukemic therapies, may be necessary for patients
with both IDH1- and IDH2-mutationepositive subclones.
Supplemental Data

Supplemental material for this article can be found at
http://dx.doi.org/10.1016/j.jmoldx.2015.06.004.
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