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Abstract

The 2016 WHO classifies IDH-mutant gliomas into oligodendroglioma or diffuse astrocytoma based on co-occurring genetic
events. Recent literature addresses the concept of stratifying /DH-mutant gliomas based on prognostically significant
molecular events. However, the presence of a second class-defining driver alteration in /DH-mutant gliomas has not been
systematically described. We searched the sequencing database at our institutions as well as The Cancer Genome Atlas
(TCGA) and cBioPortal for IDH-mutant gliomas with other potentially significant alterations. For each case, we reviewed
the clinical information, histology and genetic profile. Of 1702 gliomas tested on our targeted exome sequencing panel, we
identified 364 IDH-mutated gliomas, four of which had pathogenic FGFR alterations and one with BRAF V600E mutation.
Five additional /DH-mutant gliomas with NTRK fusions were identified through collaboration with an outside institution.
Also, a search in the glioma database in cBioPortal (5379 total glioma samples, 1515 cases [28.1%] with IDH1/2 mutation)
revealed eight IDH-mutated gliomas with FGFR, NTRK or BRAF pathogenic alterations. All /DH-mutant gliomas with dual
mutations identified were hemispheric and had a mean age at diagnosis of 36.2 years (range 16-55 years old). Co-occurring
genetic events involved MYCN, RB and PTEN. Notable outcomes included a patient with an IDHI/FGFRI-mutated
anaplastic oligodendroglioma who has survived 20 years after diagnosis. We describe a series of 18 IDH-mutant gliomas
with co-occurring genetic events that have been described as independent class-defining drivers in other gliomas. While
these tumors are rare and the significance of these alterations needs further exploration, alterations in FGFR, NTRK, and
BRAF could have potential therapeutic implications and affect clinical trial design and results in /DH-mutant studies. Our
data highlights that single gene testing for /IDH1 in diffuse gliomas may be insufficient for detection of targets with potential
important prognostic and treatment value.

Introduction

Isocitrate dehydrogenase (/DH) mutations represent an

important, class-defining alteration in diffuse infiltrating

- - - . - gliomas. The 2016 World Health Organization (WHO)
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oligodendroglioma based on specific co-occurring genetic
events, including ATRX and 7P53 mutations for diffuse
astrocytoma and 1p/19q codeletion for oligodendroglioma
[1]. Furthermore, WHO recommends stratification of IDH-
mutant gliomas in WHO grades 2—4 for astrocytomas and
2-3 for oligodendrogliomas, based on mitotic count and
presence of microvascular proliferation or necrosis. Recent
studies challenge the WHO grading of /DH-mutant gliomas
and underline the importance of associated genetic altera-
tions. While Yoda and colleagues demonstrated that the
number of mitoses is not an accurate measure of outcome in
WHO grade 2/3 IDH-mutant gliomas [2], other studies
demonstrated that specific genetic alterations surpass his-
tology in predicting outcome. Specifically, the presence of
CDKNZ2A/B homozygous deletion was shown to be asso-
ciated with shorter survival in IDH-mutant gliomas WHO
grade 2 and 3 [3, 4]. RBI homozygous deletion, PIK3CA
pathogenic mutations, PDGFRA amplification, and MYCN
amplification have also been associated with shorter overall
survival in recent studies [5, 6]. In addition, Touat et al.
demonstrated worse survival in a subset of hypermutated,
mismatch repair-deficient IDH-mutant gliomas [7].

Neuropathology practice varies based on resources
available. Diffuse gliomas are often stratified based on a
combination of immunohistochemical stains that predict a
given genetic alteration (e.g., IDH1 R132H, p53, and
ATRX) and fluorescence in situ hybridization for 1p/19q.
Institutions with available next generation targeted exome
sequencing panels pursue further testing and the com-
pleteness of results is dependent on how comprehensive the
panels are. In general, the identification of /DH mutations
and the presence or absence of 1p/19q codeletion causes a
stop in investigational efforts in clinical practice, with the
assumption that the tumor has been sufficiently character-
ized. This approach fails to identify the /DH-mutant glio-
mas with prognostically significant associated genetic
events. The Consortium to Inform Molecular and Practical
Approaches to CNS Tumor Taxonomy, Not Official WHO
(cIMPACT-NOW), recently addressed this concept, recog-
nizing the strong correlation of certain genetic alterations,
and of homozygous deletion of CDKN2A/B in particular,
with shorter survival [8, 9].

While the impact of co-occurring genetic events that are
not specific for a particular tumor-type is currently being
recognized in predicting the outcome of /DH-mutant glio-
mas, the presence and significance of other class-defining
alterations in /DH-mutant gliomas has not been system-
atically described. Alterations in BRAF, FGFR, NTRK,
ALK, and other genes have been described as oncogenic
drivers in a subset of IDH-wild type diffuse gliomas. We
encountered in practice the case of a young adult with a
diffuse glioma in which we found an IDHI R132S mutation
as well as a BRAF V600E mutation and hypothesized that a

subset of IDH-mutant diffuse gliomas in our database have
second class-defining genetic alterations. Therefore, we
undertook a systematic approach to describe them.

Materials and methods

Cohort

With Institutional Board Review approval, we searched the
sequencing database at Dana Farber Cancer Institute (DFCI)
and analyzed their associated genetic alterations. For each
case at DFCI, we reviewed the clinical information, his-
tology, and genetic profile. The genetic profile for cases
from DFCI was established by using targeted next genera-
tion sequencing (see below).

Also, we systematically reviewed publicly available data
from The Cancer Genome Atlas (TCGA) and cBioPortal
(www.cbioportal.org) [10]. The following CNS/brain datasets
were specifically searched: Brain Lower Grade Glioma
(TCGA, Firehose Legacy), Brain, Lower Grade Glioma
(TCGA, PanCancer Atlas), Glioma (MSK, Nature 2019),
Glioma (MSKCC, Clin Cancer Res 2019), Low-Grade
Gliomas (UCSF, Science 2014), Brain Tumor PDXs (Mayo
Clinic, 2019), Glioblastoma (TCGA, Cell 2013), Glio-
blastoma (TCGA, Nature 2008), Glioblastoma Multiforme
(TCGA, Firehose Legacy), Glioblastoma Multiforme (TCGA,
PanCancer Atlas), Anaplastic Oligodendroglioma and Ana-
plastic Oligoastrocytoma (MSKCC, Neuro Oncol 2017).

Samples were filtered to include cases with IDHI or
IDH?2 mutation. Samples were then subfiltered to find cases
with co-occurring alterations in BRAF, FGFR1/2/3, NTRK1/
2/3, H3F3A, HISTIH3B to reveal 56 individual patients.
MYB and MYBLI were also queried but there were no cases
with both IDH /2 mutation and MYB or MYBLI alteration.

Data for each of the 56 individual cases were manually
reviewed within cBioPortal to confirm whether or not the
additional alterations were pathologically relevant. Cases
with mutations of unclear/unknown significance in gliomas
were excluded.

In total, we identified 8 unique cases of IDH-mutated
glioma with a second class-defining molecular alteration
with this approach (Cases #11, 12, 13, 14, 15, 16, 17, 18).
For each case, data was abstracted from cBioPortal to
include patient age at diagnosis, patient gender, histologic
diagnosis, tumor grade, vital status, overall survival and
progression free status. We also tabulated the presence of
other co-occurring molecular events, and MGMT methyla-
tion status (if available). The methods of molecular testing
for the cases in cBioPortal are not uniform, as these were
performed at various institutions. Per cBioPortal, the data
was generated through whole exome sequencing (Case #11,
15), targeted exome sequencing (MSK-IMPACT assay;
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Table 1 Clinical and molecular information of the cohort.

Case # Age/sex Tumor location

Histologic diagnosis (WHO Grade)

IDHI1 mutation Second alteration Overall survival (months)

1 31M Frontal Anaplastic oligodendroglioma (3)
2 32M Frontal Glioblastoma (4)

3 54F Temporal Glioblastoma (4)

4 42M Parietal Glioblastoma (4)

5 28M Frontal Glioblastoma (4)

6 55M Temporal Anaplastic astrocyoma (3)
7 26 M Temporal Diffuse astrocytoma (2)

8 31M Temporal Glioblastoma (4)

9 45M Unavailable Glioblastoma (4)

10 38F Frontal Anaplastic astrocytoma (3)
11 34 M Frontal Oligodendroglioma (2)

12 41F Unavailable Anaplastic astrocytoma (3)
13 16 F Unavailable Diffuse astrocytoma (2)

14 34M Unavailable Anaplastic astrocytoma (3)
15 49M Unavailable Diffuse astrocytoma (2)

16 21 M Unavailable Diffuse astrocytoma (2)

17 41F Frontal Diffuse astroctyoma (2)

18 34 M Frontal Anaplastic astrocytoma (3)

R132H FGFR1 K656E 245.1
R132S FGFR3 gain 33.6
R132C FGFR3 gain Unavailable
R132H FGFR3 gain 20.8
R132S BRAF V600E 33.0
R132H ARGLUI1-NTRK1 Unavailable
RI132H NFASC-NTRK1 Unavailable
R132H ARHGEF2-NTRK1 Unavailable
RI132H PAIP1-NTRK?2 Unavailable
RI132H FRY-NTRK3 17.0

R132H FGFR1 N546K Unavailable
RI132H FGFR1 N546K 84.0
R132H SPRNP1-FGFR2 133.0
R132H FGFR3 gain 53.0
R132H BRAF V600E 106.0
R132H BRAF-UBE2H 20.6
R132H PEAKI-NTRK3 65.4
R132H AKAPI13-NTRK3 50.9

Case#12, 13, 14, 16), whole genome sequencing (Case #17,
18) [11-14].

Cases sequenced at Foundation Medicine and part of a
published collaboration on NTRK-fused gliomas [15] with
DFCI were included, but a systematic analysis of all
Foundation Medicine cases was not possible due to agree-
ments between collaborating institutions. For this reason,
the incidences calculated in the manuscript are approximate.

Sequencing

Targeted next generation sequencing (Illumina HiSeq) was
performed on DNA isolated from formalin-fixed paraffin-
embedded tissue using a next-generation hybrid capture
targeted exome sequencing assay (Oncopanel) that inter-
rogates the exons of 447 genes and 191 introns across 60
genes for structural rearrangements [16]. The Foundation
Medicine next generation sequencing assay evaluates 324
genes for mutations and copy number alterations, as well as
select intronic regions of a subset of genes to detect gene
rearrangements. Details about the Foundation Medicine
next generation sequencing assay can be found at
https://www.foundationmedicine.com/genomic-testing/
foundation-one-cdx.

Histology review and immunohistochemical stains

The histology of the cases in the DFCI cohort was reviewed
by a neuropathologist (SA) and the histology of the

SPRINGER NATURE

Foundation Medicine cases were also reviewed by a
neuropathologist (SR).

Pan-IDH (R132/172) (Sigma-Aldrich, clone MsMab-1)
and BRAF V600E (Abcam, VEI clone) was performed on
Case#5 in an attempt to explore if there is co-localization in
the same neoplastic cells.

Results

Of 1702 gliomas tested on the DFCI/Brigham and Women’s
Hospital targeted exome sequencing panel (OncoPanel), we
identified 364 IDH1/2-mutated gliomas (incidence 21.4%),
of which 5 (incidence 1.4%) had a second class-defining
molecular event (see Table 1, cases #1-5): one each with
FGFRI K656E (31-year-old male with anaplastic oligo-
dendroglioma, WHO grade 3) and BRAF V600E (28-year-
old male with glioblastoma, WHO grade 4); and three with
FGFR3 focal gain (32 and 42-year-old males and a 54-year-
old female, each with glioblastoma, WHO grade 4). Five
additional /DH-mutant gliomas (cases #6—10) that also had
NTRK rearrangements were identified through a prior
approved collaboration with Foundation Medicine [15].
These 5 IDH-mutant cases contained NTRK gene fusions:
ARGLUI- NTRKI (55-year-old male with anaplastic astro-
cytoma, WHO grade 3); NFASC -NTRKI (26-year-old
make with diffuse astrocytoma, WHO grade 2); ARHGEF2-
NTRK]I (31-year-old male with glioblastoma, WHO grade
4); PAIPI-NTRK2 (45-year-old male with glioblastoma,
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WHO grade 4); and FRY-NTRK3 (38-year-old female with
anaplastic astrocytoma, WHO grade 3). Finally, we sear-
ched the glioma database in cBioPortal (5379 total glioma
samples, 1515 cases with either IDHI or IDH2 mutation
[28.1%]) and found 8 additional IDH-mutated gliomas
(0.5%) with a second class-defining molecular event (cases
#11-18): two with FGFRI N546K (31-year-old male oli-
godendroglioma, WHO grade 2; and 41-year-old female
with anaplastic astrocytoma, WHO grade 3); and one each
with SPRNP1-FGFR?2 fusion (16-year-old girl with diffuse
astrocytoma, WHO grade 2), FGFR3 focal gain (34-year-
old male with anaplastic astrocytoma, WHO grade 3),
BRAF V600E (49-year-old male with diffuse astrocytoma,
WHO grade 2), BRAF-UBE2H fusion (21-year-old male
with diffuse astrocytoma, WHO grade 2), PEAKI-NTRK3
fusion (41-year-old female with diffuse astrocytoma, WHO
grade 2), and AKAPI3 -NTRK3 fusion (34-year-old male
with anaplastic astrocytoma, WHO grade 3). Allelic fre-
quencies for point mutations, where available, are shown in
Supplemental Table 1. Allelic frequency data is not avail-
able for fusion events and copy number changes (i.e.,
FGFR3 gain), as those cannot be inferred from assays uti-
lized in this study. In order to explore if the FGFR3 copy
number change is a result of a rearrangement, RNA-based
Anchor Plex fusion panel was performed on the three
tumors in the DFCI cohort; no rearrangement was found.
FGFR3 gain has been proposed as a high-grade glioma
oncogenic driver in a poster presented at the 2017 United
States and Canadian Academy of Pathology by Bale et al.
(poster 255, not published). In an attempt to characterize
further these gliomas, we returned to the cohort presented in
that poster: all gliomas with FGFR3 gains from the DFCI
database occurred in adults, were high-grade, and had

Fig. 1 Histological features of a subset of the tumors in the cohort.
A Hematoxilin-eosin-stained section of IDH -mutant-oligoden-
droglioma with FGFRI K656E mutation showing classic histology.
B IDH-mutant glioblastoma with FGFR3 gain showing frequent
bizarre and multinucleated giant cells. C IDH-mutant anaplastic
astrocytoma with FRY-NTRK3 fusion, showing gemistocytic features.

coexisting alterations involving CDKN2A (homozygous
deletion), TERT and ATRX (mutations). IDHI RI32H was
present in 3 of the 14 cases. In the tumors without IDH]
mutation, there were no other established glioma drivers.

IDH-mutant gliomas with a second class-defining genetic
alteration occurred predominantly in adult patients with one
16-year-old pediatric patient (case #13) present in this
cohort. The mean age and standard deviation at diagnosis
were 36.2+10.5 years (median 34 years) with a range of
16-55 years. Tumors were located in the cerebral hemi-
spheres in all cases in which location data was available
(12/18 cases), including seven in the frontal lobe, four in the
temporal lobe, and one in the parietal lobe. Twelve cases
were diagnosed as high-grade (WHO grade 3 or 4): one
anaplastic oligodendroglioma, five anaplastic astrocytoma,
and six glioblastoma. Six were diagnosed as low-grade
(WHO grade 2): five diffuse astroctyoma and one oligo-
dendroglioma. Histologic features worth noting in the
cohort were: in case #5 (BRAF V600E), which had giant cell
features; and case #10 (FRY -NTRK3), which had prominent
gemistocytic features; cases with FGFR3 gain tended to
have an abundant number of giant and bizarre cells.
Representative histology is illustrated in Fig. 1. The
remainder of the cases displayed classic morphology and
diffuse pattern of growth, with no distinguishing
morphology.

The molecular characteristics of our cohort are sum-
marized in Fig. 2. All IDH mutations involved IDHI, the
most common being RI32H (15/18 cases). IDHI RI132S
mutations were observed in two cases, while IDHI RI132C
was seen in one case. Fourteen tumors additionally harbored
both TP53 and ATRX mutations, in keeping with astrocytic
lineage. In the other four tumors (4 of 18), three had TP53
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IDHI R132S-mutant glioblastoma with BRAF V600OE showing a high-
grade diffusely infiltrative astrocytoma (D), with pan -IDH immuno-
histochemical stain highlighting neoplastic astrocytes (E) and BRAF
V600E expression in occasional tumor cells, particularly in areas that
lower grade (F).
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Fig. 2 Oncoprint showing the histologic features and genetic events of gliomas in this series.

mutation without ATRX mutations, while one had neither
TP53 nor ATRX mutations. 1p/19q codeletion was present
in the two oligodendrogliomas, both of which were IDHI
RI32H-mutant with either FGFRI K656E or FGFRI
N546K mutations. CDKN2A/B homozygous deletion was
present in seven high-grade astrocytomas. MYCN amplifi-
cation was observed in four IDH-mutant astrocytomas,
three of which had NTRK fusions (two anaplastic astro-
cytomas and one low-grade diffuse astrocytoma). The
fourth glioma with MYCN amplification was an /DH-mutant
glioblastoma with BRAF V600E mutation. MGMT methy-
lation status was available for 10/18 cases, seven of which
were methylated and three were unmethylated. None of the
gliomas in this cohort were hypermutated. Of the cases for
which the allelic fraction was available for review (Sup-
plementary Table S1), four had an IDH]I allelic fraction
bigger than that of the second genetic event, in keeping with
the IDHI mutation being the primary genetic event. Nota-
bly, case# 11 had a FGFRI N546K allelic fraction bigger
than that of the IDHI RI132H (44% vs. 30%). The pan-IDH
and BRAF V600E immunostains were performed on
Case#5, in an attempt to explore if the IDHI R132S and
BRAF V600E mutations co-localize in the same cells
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(Fig. 1D-F); the immunostains correlated with the lower
allelic fraction of BRAF V600E observed by molecular
testing. Also the BRAF V600E immunostain seemed more
positive in lower-grade infiltrative areas infiltrating cortex
than in high-grade densely cellular areas, while the pan-IDH
immunostain was positive in both components. Due to the
faint expression of pan-IDH immunostain and to the fact
that the this is not a double immunostain, we could not
decide with confidence if the mutations co-occur in the
same neoplastic cells or in different subclones.

Survival data was available for 12 of 18 cases, and it is
presented here for completeness; however, given the small
number of cases, definite conclusions cannot be made. The
mean overall survival was 71.9 months (range
17.0-245.1 months) (Fig. 3). Amongst astrocytic tumors,
diffuse astrocytoma WHO grade 2 was associated with the
best overall survival (mean 81.3 months), followed by
anaplastic astrocytoma (51.2 months), and glioblastoma
(29.1 months). Case #1, an anaplastic oligodendroglioma,
WHO grade 3, with IDHI RI32H and FGFRI KG656E
mutations, was associated with the longest overall survival
of 245.1 months. Compared to the entire cohort, the IDH-
mutant gliomas with FGFR3 gain and NTRK fusion



IDH-mutant gliomas with additional class-defining molecular events

1241

300

Fig. 3 Available outcome.
Illustration of survival
information for the patients
included in this study (12 with
available outcome data).
*indicates a patient that is
known to be deceased.

A indicates a patient with
progressive/recurrent disease.
DA = diffuse astrocytoma, A
AA = anaplastic astrocytoma, GBM
GBM = glioblastoma, AO =
anaplastic oligodendroglioma.
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experienced worse overall survival (mean 35.8 months and
54.8 months, respectively). Three of the twelve patients
were known to be deceased at the time this manuscript was
prepared (cases #12, 14, 18, all anaplastic astrocytomas),
while six patients were alive with progressive and/or
recurrent disease (cases #1, 2, 3, 13, 15, 17) including: one
anaplastic oligodendroglioma; two glioblastomas; and three
diffuse astrocytomas, WHO grade 2 (Fig. 3).

Discussion

IDH mutations are diagnostic hallmarks of infiltrating
gliomas, particularly in adults, and are accompanied by
TP53 and ATRX mutations in astrocytomas and 1p/19q
codeletion and CIC mutations in oligodendroglioma [1].
Current guidelines stress the importance of testing for IDH
mutations in adult infiltrating gliomas, which has been aided
greatly by the development of a mutation specific antibody
against IDHI RI32H. However, other relevant alterations
with potential prognostic significance are almost certainly
missed due to limited molecular testing.

Other class-defining molecular drivers have been iden-
tified in IDH-wild type gliomas, the most common being
alterations in BRAF [17, 18], FGFR [19, 20], NTRK [15],
and histone H3 [21, 22]. However, the simultaneous pre-
sence of second class-defining molecular alterations in IDH-
mutated gliomas has not been systematically evaluated, and,
given the recent developments in targeted therapy, it may be
of interest for some patients. Here, we describe a series of
18 predominantly adult patients with /DH-mutant gliomas
with second, co-occurring genetic events that have been
described as independent class-defining oncogenic drivers
in gliomas.

BRAF, a serine/threonine kinase, is a component of the
mitogen-activated protein kinase (MAPK) signaling path-
way. Molecular alterations in BRAF are known to drive a
variety of cancer types, including gliomas [23, 24]. In
particular, KIAA1549-BRAF fusion is a diagnostic feature of

pilocytic astrocytomas [25, 26], and BRAF V600E muta-
tions are encountered in many glial and glioneuronal tumors
[27]. A small number of studies have examined the co-
existence of IDH and BRAF molecular alterations within
gliomas. Specifically, two large studies tested a combined
252 glioma samples for KIAAI1549-BRAF fusion, BRAF
V60OE, and IDH1/2 mutations; the conclusion of these
studies was that /[DH mutations and BRAF alterations were
mutually exclusive [28, 29]. Similarly, large-scale next
generation sequencing studies in both pediatric and adult
gliomas samples demonstrate that IDH and BRAF altera-
tions are mutually exclusive events [11, 30-33]. In our
cohort, we identified three /DH-mutant gliomas with con-
comitant BRAF alteration out of a total of 1879 IDH-mutant
gliomas (0.16%). Only one published article describes the
co-existence of /DH mutations with BRAF alterations. In
this report, IDH mutation and BRAF-KIAA1549 or BRAF
V60OE were noted in 17 of 185 (9.2%) adult diffuse gliomas
[34]. The high incidence of co-existing IDH and BRAF
alterations observed by Badiali et al. is possibly due to a
high false positive rate in their molecular methodology.

FGFR alterations have recently become recognized as
important molecular drivers in both pediatric and adult low-
and high-grade gliomas [31, 35-37], but there are no prior
reports of IDH-mutated gliomas with co-existing FGFR
alteration. We report seven such gliomas with variable
histology ranging from WHO grade 2 (diffuse astrocytoma
and oligodendroglioma) to WHO grade 4. The most com-
mon FGFR alterations observed in glioma samples include
FGFRI1/2/3 fusions (Particularly with TACC genes),
FGFRI internal tandem duplication, FGFRI hotspot
mutations (N546K and K656FE) and isolated FGFR3/FGFRI
gain/amplification. In our series, we observed IDH-mutant
gliomas with FGFRI hotspot mutations, FGFR2 fusion and
FGFR3 gain; there were no gliomas with FGFRI1/3 fusion
in this study.

NTRK gene rearrangements are emerging as important
oncogenic drivers in a variety of tumors, including adult
and pediatric gliomas [15, 38], both high- and low-grade.

SPRINGER NATURE



1242

J. T. Ahrendsen et al.

However, the presence of co-existent /DH mutation in
NTRK-rearranged infiltrating gliomas has only been inci-
dentally described in a handful of cases and without specific
discussion as to the relative significance of this finding
[39, 40]. We observed seven IDH-mutated tumors with co-
occurring NTRK fusion. Five of the seven cases demon-
strated high-grade histology (three WHO grade 3 tumors
and two WHO grade 4) with two diffuse astrocytomas,
WHO grade 2 (case #17: IDHI RI32H with PEAKI-
NTRKS3 fusion.

In this analysis of IDH-mutated gliomas, we did not
detect a single example of a tumor with both IDH mutation
and H3 K27M mutation. This is in agreement with other
large scale genomic studies demonstrating mutual exclu-
sivity of these two molecular alterations in gliomas
[21, 32, 41, 42], including hemispheric H3 G34R/V gliomas
[43]. All of the cases described in this manuscript involved
IDH] (the majority IDHI R132H). We reviewed cases with
IDH?2 mutations when building the cohort in this study, but
none of the /IDH2 mutant gliomas had second-class defining
alterations.

One limitation of our study is that some of the mutations
observed here were not confirmed by secondary means. All
cases were screened by immunohistochemistry with an
IDH1 R132H mutation specific antibody, which correlated
with the presence of IDHI R132H mutation by sequencing
in all cases. In our practice and laboratory, BRAF
V600E immunohistochemistry sometimes fails or it is
difficult to interpret, which led to the decision to replace it
with the results of the next generation sequencing assay or
ddPCR. Because the sequencing results of all cases
were reviewed by neuropathologists with experience in
molecular pathology (DMM, SR) and there was no con-
tamination or other technical issues encountered, we con-
sider it unlikely that the results presented here represent
false positives.

While the significance of multiple class-defining mole-
cular alterations within a single tumor remains unclear, the
identification of additional molecular driver events has
potentially important treatment related implications, as tar-
geted therapies exist for tumors with pathogenic BRAF,
FGFR, and NTRK alterations [44-47]. Although the inci-
dence of multiple class defining molecular alterations is
low, infiltrating gliomas are notoriously difficult to treat and
the identification of targetable molecular alterations may
improve survival in this group of patients. Similarly, almost
all clinical trials for infiltrating gliomas utilize molecular
data from tumor samples for stratification and analysis
purposes, which could have significant impact in tumors
with more than one class-defining molecular alteration.

In conclusion, this study highlights that subclonal
alterations found clonally in other gliomas can be found in
IDH-mutant gliomas, the clinical significance of which is

SPRINGER NATURE

unclear. While this information may be of clinical interest in
selected rare cases, wide genetic testing may not always
feasible in practice.

Data availability

The data in this manuscript are available from the corre-
sponding author upon reasonable request.
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