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Abstract IDH (isocitrate dehydrogenase) gene mutations are
present in most diffuse low-grade gliomas and define the
clinico-pathological core of the respective morphologically
defined entities. Conversely, according to the 2016 WHO
classification, the majority of glioblastomas belong to the
IDH-wildtype category, which is defined by exclusion.
TERT (telomerase reverse transcriptase gene) promoter muta-
tions have been suggested as a molecular marker for primary
glioblastomas. We analyzed molecular, histopathological, and
clinical profiles of a series of 110 consecutive diffuse gliomas
(WHO grades II-IV) diagnosed at our institution, in which
TERT promoter mutation analysis had been performed as part
of diagnostic work-up. A diagnostic algorithm based on IDH,
TERT, ATRX, H3F3A, and 1p19q co-deletion status resulted
in a consistent molecular classification with only 14 (13%)
marker-negative tumors. TERT promoter mutations were pres-
ent in 77% of IDH-wildtype tumors. The TERT/IDH-wildtype
category was highly enriched for tumors with unconventional
clinical or histological features. Molecular classes were asso-
ciated with distinct rates ofMGMT promoter methylation. We
conclude that, in a routine diagnostic setting, TERT promoter
mutations define a relatively homogeneous core group among
IDH-wildtype diffuse gliomas that includes the majority of
primary glioblastomas as well as their putative precursor
lesions.
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Introduction

The 2016 revision of the WHO classification of tumors of the
central nervous system has introduced a paradigm of
Bintegrated diagnosis^ that incorporates all tissue-based infor-
mation, i.e., morphological and molecular features [17, 18].
This approach results in more narrowly defined and homoge-
neous core entities as compared to a purely morphological
classification. For instance, the entity Bastrocytoma, WHO
grade II, IDH-mutant^ (defined by the presence of IDH1/
IDH2, i.e., isocitrate dehydrogenase 1 and 2 gene, mutations)
encompasses the vast majority of tumors that were previously
diagnosed as astrocytomas, WHO grade II on morphological
grounds, but its clinico-pathological features are more homo-
geneous, as the genetic and clinical diversity of the remainder
of cases has been transferred to a Bwastebasket^ category of
Bastrocytoma, WHO grade II, IDH-wildtype^. In a similar
way, the majority of morphologically defined anaplastic astro-
cytomas, WHO grade III as well as (anaplast ic)
oligodendrogliomas (WHO grades II and III) are transferred
to molecularly defined core entities (Table 1). The WHO clas-
sification applies the attribute BIDH-wildtype^ to diffuse gli-
omas lacking a defining molecular marker. These BIDH-
wildtype^ categories correspond essentially to the Bnot other-
wise specified/NOS^ or Bunclassified^ categories of other tu-
mor classifications. In contrast, the 2016 WHO classification
uses the modifier BNOS^ to label cases in which molecular
testing could not be performed or was inconclusive.

It may seem unsatisfactory that a vast majority of cases of the
most common primary neuroepithelial tumor—glioblastoma—
fall into a category defined by exclusion: the Bwastebasket^
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category of IDH-wildtype glioblastomas accounts for most of
this spectrum, as IDH-mutant glioblastomas and H3-K27M-
mutant diffuse high-grade gliomas each represent only a small
percentage ofmorphologically defined glioblastomas, especially
in elderly patients [5, 30].

TERT (telomerase reverse transcriptase gene) promoter
mutations are present in about 80% of glioblastomas and less
frequently in other types of gliomas [1–3, 6, 14, 15, 22, 28].
They occur in a non-random pattern as related to other genetic
denominators of glioma subgroups [5, 16, 29]. Specifically,
they appear to be mutually exclusive with ATRX (alpha-thal-
assemia/mental retardation syndrome, x-linked gene) muta-
tions, which are a prevalent in astrocytomas with IDH or his-
tone gene mutations and can be detected through loss of
ATRX immunostaining [21]. Conversely, among IDH-
mutant gliomas, TERT promoter mutations are common in
1p/19q-co-deleted oligodendrogliomas. It has been suggested
that tumors which derive from tissues with a low rate of self-
renewal (including the CNS) need to acquire mechanisms
counteracting telomere shortening in order to evade cellular
senescence [14]. Indeed, TERT promoter mutations lead to
increased telomerase activity while ATRX mutations are asso-
ciated with the alternative lengthening of telomeres (ALT)
phenotype. The latter is believed to be mediated by homolo-
gous recombination and is independent of telomerase activity.
A Btriple test^ combining TERT, IDH, and 1p/19q status has
been shown to be a strong prognosticator in morphologically
diagnosed diffuse gliomas WHO grade II/III [9]. This prog-
nostic impact relates at least in part to the fact that TERT-
mutant, IDH-wildtype anaplastic astrocytomas, WHO grade
III, may represent early or underdiagnosed glioblastomas.

At our institution, we have therefore implemented TERT
promoter mutation analysis in our routine integrative diagnos-
tic approach to diffuse gliomas. We reasoned that TERT pro-
moter status might allow to reallocate tumors from the BIDH-
wildtype^ to biologically and clinically meaningful BTERT-
mutant^ categories. To test whether this concept leads to a

conclusive classification in a routine diagnostic setting, we
analyzed the results of our integrated diagnostic approach in
a series of 110 diffuse gliomas.

Material and methods

Patient cohort

We identified a total of 110 patients with diffuse gliomas in
which TERT promoter mutation analysis had been performed
as part of a comprehensive morphological and molecular
work-up in the study period. TERT promoter mutation analy-
sis was introduced in our department in March 2015 and used
on a routine basis since May 2015. In the present study, cases
diagnosed until July 2016 were included. Seven tumors were
recurrences of previously diagnosed gliomas. All patients had
given informed consent. For the purpose of this study, we
assigned tumors to molecular classes and diagnostic sub-
groups defined according to Table 2.

Immunohistochemistry

Immunostaining for R132H-mutant IDH1 and ATRX had
been performed in all cases as previously described [13].
R132H-IDH1 immunostaining was classified as positive or
negative depending on the presence or absence of staining in
neoplastic cells. ATRX immunostaining was classified as de-
ficient, when there was complete lack of staining in neoplastic
cells with non-neoplastic cells being present as internal posi-
tive control, or as proficient if staining of neoplastic cells was
retained.

Molecular studies

MGMT (methylguanine-DNA methyltransferase) promoter
methylation status was assessed by primer extension-based

Table 1 Splitting of the WHO 2007 morphologically defined entities into core entities and entities defined by exclusion according to the WHO 2016
classification

WHO 2007 WHO 2016

Core entity Molecular negative Inconclusive/not tested

Astrocytoma, WHO grade II Astrocytoma, WHO grade II,
IDH-mutant

Astrocytoma, WHO grade II,
IDH-wildtype

Astrocytoma, WHO
grade II, NOS

Anaplastic astrocytoma, WHO grade III Anaplastic astrocytoma, WHO
grade III, IDH-mutant

Anaplastic astrocytoma, WHO
grade III, IDH-wildtype

Anaplastic astrocytoma,
WHO grade III, NOS

Oligodendroglioma, WHO grade II Oligodendroglioma, WHO grade II,
IDH-mutant, and 1p/19q co-deleted

– Oligodendroglioma, WHO
grade II, NOS

Anaplastic oligodendroglioma,
WHO grade III

Anaplastic oligodendroglioma,
WHO grade III, IDH-mutant,
and 1p/19q co-deleted

– Oligodendroglioma, WHO
grade III, NOS
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quantitative polymerase chain reaction [31] and results were
available for all cases but two. IDH1/IDH2 mutation analysis
was performed in 51 cases as previously described [11].
Specifically, IDH1/IDH2 mutation analysis was performed
in all of the following circumstances if R132H-mutant IDH1
immunostaining was negative: tumors in younger adults (with
an age of 50 as a laboratory-internal cut-off before introduc-
tion of the current WHO classification); ATRX-deficient tu-
mors; non-glioblastoma histology. IDH1/IDH2mutation anal-
ysis confirmed the presence of an IDH1 R132H mutation
detected immunohistochemically in 7 cases and additionally
identified an R132G mutation in one case. 1p/19q co-deletion
status was assessed by microsatellite analysis [13] in 40 cases,
including 22 of 23 IDH-mutant tumors. TERT promoter mu-
tation analysis was performed by Sanger sequencing as previ-
ously reported [6]. Tumors that were both IDH- and TERT-
wildtypes underwent H3F3A mutation analysis by Sanger se-
quencing as previously published [19].

Statistical analysis

Statistical analysis was performed with GraphPad Prism,
Version 6 (GraphPad Software Inc., La Jolla, CA, USA).
For statistical analysis of age distributions, Kruskal-Wallis
test was performed. Rate of MGMT promoter methylation
across classes was compared by chi-square test. For
Kaplan-Meier survival analysis, log-rank (Mantel-Cox)
test was utilized.

Results

An overview of molecular findings and age at diagnosis is
given in Fig. 1 and Table 3. IDH gene mutations were present
in 23 tumors (22 of these being IDH1 R132H mutations).

Thirteen of these (corresponding to oligodendrogliomas) har-
bored concomitant 1p/19q co-deletion, all but one of which
were also TERT promoter mutant. Of the remaining 10 IDH-
mutant tumors (corresponding to astrocytomas) 8 were ATRX
deficient. ATRX deficiency and 1p/19q co-deletion were mu-
tually exclusive, while 2 tumors displayed neither loss of
ATRX immunoreactivity nor 1p/19q co-deletion.

Among 87 IDH-wildtype tumors, 67 (77%) were TERT-
mutant. Histologically, 59 were diagnosed as glioblastoma
(WHO grade IV), 6 as anaplastic astrocytoma (WHO grade
III), and 2 as astrocytoma (WHO grade II). Out of 20 IDH/
TERT-wildtype tumors, 6 were ATRX-deficient, indicating the
possibility of underlying histone gene mutations. Among a
total of 79 TERT mutations, there were 58 (73%) C288T and
21 C250T transitions. A single TERT-mutant/IDH-wildtype
tumor showed loss of heterozygosity for all informative
markers for 1p19q, which was considered a non-specific find-
ing, likely related to small subtelomeric deletions [8]. TERT
promoter mutations were mutually exclusive with ATRX de-
ficiency. Within the IDH-wildtype/TERT-mutant group, the
specific type of mutation (C228T vs. C250T transitions) was
not statistically associated with age at diagnosis, sex, or over-
all survival (data not shown).

Four tumors (3%) displayed H3F3A hotspot mutations, all
but one of which showed loss of ATRX. An additional 3
tumors were ATRX-deficient, but did not show H3F3A
hotspot mutations.

Thirteen tumors (12%) lacked any of the above genetic
alterations and were attributed to the Bunclassified^ group.
These were highly enriched for cases with unconventional
histological and/or clinical features (Table 4).

Among 73 tumors histologically diagnosed as glioblas-
toma, 59 (81%) were TERT-mutant/IDH-wildtype, 2 (3%)
were IDH-mutant, and 12 (16%) were TERT-/IDH-
wildtype. Conversely, among 37 tumors with WHO grade

Table 2 Definition of molecular classes and diagnostic subgroups for the purpose of the present study. Items in parentheses are not considered part of
the definitions, but expected to be present in most cases of the respective group

Molecular class Diagnostic subgroup TERT IDH 1p/19q co-del ATRX H3F3A Histology

IDH-mut Astrocytoma, IDH-mut WT mut neg (def) WT AII / AAIII

Glioblastoma, IDH-mut WT mut neg (def) WT GBMIV

Oligodendroglioma, IDH-mut,
and 1p/19q co-deleted

(mut) mut pos prof WT OII / AOIII

TERT-mut/ IDH-WT preGBM, TERT-mut Mut WT (neg) prof WT AII / AAIII

GBM, TERT-mut Mut WT (neg) prof WT GBMIV

Histone-related DMG, H3K27-mut WT WT (neg) (def) K27M-mut HGG

HGG, H3G34-mut WT WT (neg) (def) G34-mut HGG

Putatively histone-mut WT WT (neg) def n.i. HGG

Unclassified WT WT (neg) prof WT Any diffuse glioma

Inconclusive Any other combination of findings

Mutmutant;WTwildtype; neg negative; pos positive; prof proficient, def deficient; AII astrocyoma, WHO grade II; AAIII anaplastic astrocytoma, WHO
grade III; OII oligodendroglioma, WHO grade II; AOIII anaplastic oligodendroglioma, WHO grade III;GBMIV glioblastoma, WHO grade IV
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II/III histology, 8 (22%) were TERT-mutant/IDH-wildtype,
21 (57%) were IDH-mutant, and 8 (22%) were TERT-/
IDH-wildtype.

MGMT promoter methylation analysis had been performed
in 108 cases. There was promoter methylation in 18/21 (86%)
IDH-mutant tumors, in 34/67 (51%) TERT-mutant/IDH-
wildtype tumors, and in 6/20 (30%) TERT/IDH-wildtype
tumors.

Median age at diagnosis was 63 years (range 9–88 years)
for TERT-mutant/IDH-wildtype, 47 years (17–63 years) for
IDH-mutant, and 55 years (range 1–9 years) for TERT-/IDH-
wildtype tumors.

The attribution of tumors to the respective molecular clas-
ses and diagnostic categories is summarized in Table 3.
Age at diagnosis was similar for diagnostic subgroups
within each molecular class, but differed statistically sig-
nificantly by Kruskal-Wallis test over all molecular classes
(approximate p value < 0.0001). Rate of MGMT promoter

methylationwas statistically significantly different (p = 0.0038
by chi-square) between molecular classes (Figs. 2 and 3),
too.

Of note, a conclusive molecular classification was possible
for all tumors. Specifically, TERT promoter mutations and
ATRX deficiency were mutually exclusive and ATRX immu-
nostaining could conclusively be interpreted in all cases.
Furthermore, all IDH-mutant and 1p/19q co-deleted tumors
were ATRX-proficient. Conversely, all IDH-/TERT-double
mutant tumors were 1p/19q co-deleted.

Results of Kaplan-Meier survival analysis are shown in
Fig. 4. Despite the relatively short follow-up survival differed
not only in a statistically significant way across all classes
(p = 0.0003 by Mantel-Cox Log-rank test), but also by
pairwise comparison between the following combinations of
classes: IDH-mutant vs. IDH-wildtype/TERT-mutant
(p = 0.0002); IDH-mutant vs. histone-related (p = 0.0004);
IDH-wildtype/TERT-mutant vs. unclassified (p = 0.0468);

Fig. 1 Overview of molecular and demographic data for the 110 cases included in the present study. (white fields indicate Bnot available^)

Table 3 Prevalence of molecular
classes and diagnostic subgroups
and associated age at diagnosis
and MGMT promoter status

Molecular class Diagnostic subgroup N Age
(median)

Age
(range)

% MGMT promoter
methylated

IDH-mut Astrocytoma, IDH-mut 8 41 17–49 63%

Glioblastoma, IDH-mut 2 38 19–57 100%

Oligodendroglioma, IDH-mut,
and 1p/19q co-deleted

13 49 18–63 100%

TERT-mut/ IDH-WT preGBM, TERT-mut 8 63 43–72 50%

GBM, TERT-mut 59 63 9–88 51%

Histone-related 7 39 6–55 29%

Unclassified 13 65 1–79 31%

Inconclusive 0
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histone-related and unclassified (p = 0.0374). Conversely,
there were no significant differences between IDH-mutant
vs. unclassified or between IDH-/TERT-wildtype vs. histone-
related tumors.

Discussion

The present study demonstrates that—in a routine diagnostic
setting—the addition of TERT promoter mutation status to

Table 4 Clinical and histopathological features of tumors attributed to unclassified and histone-related classes according to Table 2

Histology Clinico-pathological features

Unclassified Age, sex

1 Glioblastoma, WHO grade IV Posterior fossa tumor 1, F

2 Astrocytoma, WHO grade II Right temporal, non-enhancing tumor
Bisomoporphic^ histology

18, F

3 BMassively calcified low-grade glioma^ Cerebellar tumor, reported previously [12] 25, M

4 Radiation-induced high-grade glioma Cerebellar tumor
History of CNS irradiation in childhood
TP53 mutation identified

43, F

5 Gliosarcoma, WHO grade IV Right temporal tumor 55, M

6 Glioblastoma, WHO grade IV Left frontal tumor 61, M

7 Low-grade astrocytoma Recurrent pineal tumor 7 years after initial surgery 65, M

8 Glioblastoma, WHO grade IV Tumor in corpus callosum 66, F

9 Glioblastoma, WHO grade IV Bifrontal tumor
Biopsy, subtotally necrotic tissue

67, M

10 Glioblastoma, WHO grade IV Left parietal tumor 69, M

11 Glioblastoma, WHO grade IV Left frontal tumor 72, M

12 Glioblastoma, WHO grade IV Cerebellar tumor
TP53 mutation identified

78, M

13 Glioblastoma, WHO grade IV Right frontal tumor 79, M

Histone-related

14 Glioblastoma, WHO grade IV Solid and cystic temporal tumor
H3F3A G34 mutation

6, M

15 Anaplastic astrocytoma, WHO grade III Frontal, bihemispheric, non-enhancing tumor
invovling corpus callosum and basal ganglia

H3F3A-wildtype, ATRX-deficient

28, F

16 Glioblastoma, WHO grade IV Contrast-enhancing left thalamic tumor
H3F3A K27 mutation

31, F

17 Anaplastic astrocytoma, WHO grade III Bilateral thalamic tumor
H3F3A K27 mutation

39, M

18 Diffuse midline glioma, H3 K27M-mutant Brainstem glioma
H3F3A K27 mutation

52, M

19 Glioblastoma, WHO grade IV Right parieto-occipital tumor
H3F3A-wildtype, ATRX-deficient

54, F

20 Giant cell glioblastoma, WHO grade IV Left parieto-occipital tumor
H3F3A-wildtype, ATRX-deficient

55, F

Fig. 2 Age distribution and rate
of MGMT promoter methylation
across molecular classes
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standard markers results in a conclusive molecular-informed
classification, with IDH-wildtype/TERT-mutant tumors
representing a relatively homogeneous core group of primary
glioblastomas. Additionally, TERT-mutant tumors with non-
glioblastoma histology are identified whose clinical course
according to previous studies is similarly aggressive as that
of glioblastomas [9]. These likely represent precursor lesions
of primary glioblastoma or in some cases may result from
sampling error. The 67 tumors of this entire group
corresponded to 61% of all diffuse gliomas and 77% of all
IDH-wildtype tumors. The prevalence of TERT promoter mu-
tations associated with various histological categories resem-
bles that reported in other studies [5, 15, 32].

Seven IDH/TERT-wildtype tumors were H3F3A-mutant
and/or ATRX-deficient. For the purpose of this study, they
were subsumed in the Bhistone-related^ class, given that loss
of ATRX in and IDH-wildtype tumor suggests [7] indicating
the possibility of histone gene mutations. Their clinico-
pathological features are summarized in Table 3.

The 13 Bunclassified^ (i.e., IDH/TERT-wildtype, ATRX-
proficient) tumors were remarkably enriched for unconven-
tional clinical and/or morphological features. These included
tumors with infratentorial or deep hemispheric localization,
history of CNS irradiation, pediatric age, or unconventional
histological features (Table 4). The heterogeneity of
Bunclassified^ tumors is also underlined by the wide age dis-
tribution which contrasts with both the IDH-mutant and the
IDH-wildtype/TERT-mutant categories. As expected, IDH-
mutant tumors were prevalent predominantly in younger
adults, while apart from a single pediatric tumor, all IDH-
wildtype/TERT-mutant tumors occurred in adults.

With regard to markers considered non-defining (i.e., those
in parenthesis in Table 2), the vast majority of tumors showed
the expected marker patterns. The exceptions were a single
ATRX-proficient non-co-deleted IDH-mutant astrocytoma
and IDH-mutant glioblastoma each, one TERT-wildtype
oligodendroglioma, one IDH-wildtype glioblastoma that test-
ed positive for 1p19q co-deletion (likely a non-specific find-
ing, see above).

The high-grade Bunclassified^ tumors were enriched for
Boutliers^ as opposed to the more classical features of IDH-

wildtype/TERT-mutant tumors, even though it included a sub-
set of glioblastomas with typical clinical and pathological pre-
sentation. Nevertheless, our findings are consistent with the
latter to corresponding to a clinico-pathological core of prima-
ry glioblastoma. The Bunclassified^ category also included a
biopsy with minimal viable tissue in which no MGMT pro-
moter methylation was identified either, raising the possibility
of a false-negative result due to subtotally necrotic tissue.

Low-grade tumors from the Bunclassified^ group may be
expected to deviate from IDH-mutant low-grade tumors in
either of two directions: they likely include both more aggres-
sive and more indolent tumors as compared to the clinical
course associated with IDH mutations. This is suggested by
the survival curve of Btriple negative^ gliomas [9], which after
a steep decline (corresponding to a subset of aggressive tu-
mors) stabilizes with little mortality occurring later than
3 years after diagnosis (related to a subgroup of tumors with
long-term survival). Of note, these marker-negative gliomas
showed a similarly shaped survival curve (green line in Fig. 4)
in the present study despite limited follow-up. Gliomas with
MYB/MYBL1 rearrangements [25] may account for at least a
fraction of IDH-wildtype diffuse gliomas with indolent clini-
cal course, especially in younger patients. Indeed, one tumor
showed an "isomorphic astrocytoma" [4] histology, i.e. mini-
mal histological atypia and low cellularity, which is similar to
the findings reported for gliomas with MYB/MYBL1 rear-
rangements. One previously reported case [12] of Bmassively
calcified low-grade glioma^ also fell into the Bunclassified^
category.

The routine diagnostic setting fromwhich the present study
originates reduces the potential bias related to highly selected
study population. It also allows to confirm the practical feasi-
bility of the diagnostic approach presented herein, as it includ-
ed cases with limited or qualitatively suboptimal tissue
availability.

With respect to H3F3A mutation status, our findings were
in accordance with previous studies [5, 26] which found his-
tone gene mutations to be present in the majority of ATRX-
deficient IDH-/TERT-wildtype tumors and uncommon in
ATRX-proficient tumors. Given that we did not assess other
histone H3 genes than H3F3A, there is a possibility that the

Fig. 3 Rate of marker-positive
and marker-negative tumors
without vs. with TERTmutational
status as part of classification
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single ATRX-deficient H3F3A-wildtype tumor harbors an al-
ternative mutation.

In sum, our findings are consistent with a concept that IDH-
wildtype/TERT-mutant diffuse gliomas represent a clinico-
pathological core of primary glioblastomas and their precur-
sors. This would be expected to translate into distinct gene
expression and epigenetic profiles as well as clinical and
histomorphological features [20]. In any event, inclusion of
TERT promoter mutation analysis into a diagnostic molecular
panel shifts the vast majority of otherwise marker-negative
diffuse gliomas into a biologically plausible category (Fig.
3). Furthermore, increasing evidence suggests that TERT pro-
moter mutation status is of prognostic significance not only in
diffuse gliomas with non-glioblastoma histology [9], but also
in glioblastoma [3, 24]. Specifically, TERT promoter muta-
tions appear to indicate a poor outcome in IDH-wildtype glio-
blastomas. Additionally, TERT promoter mutation analysis
may have a role in establishing the neoplastic nature of glial
proliferation in contradistinction to gliosis in otherwise equiv-
ocal cases. Furthermore, the presence of a TERT promoter
mutation in an IDH-mutant glioma supports a diagnosis of
oligodendroglioma.

A molecularly refined classification may also form a foun-
dation for critical reappraisal of established prognostic and
predictive markers. A precedent for this need is the observa-
tion that the WHO grading may not be prognostically relevant
in IDH-mutant gliomas [27] other than glioblastoma—or at

least not with the established cut-off between grade II and
grade III. Conversely, Bdilution^ of diagnostic categories by
outliers may also have led to false-negative statistical findings
in the past. In particular, the significant variation in prevalence
ofMGMT promoter methylation between the different genetic
groups may have been a confounding factor in previous stud-
ies which assessed the prognostic and predictive value of
MGMT promoter methylation in diffuse gliomas.

On the basis of our and others’ findings [5, 26], a step-wise
molecular diagnostic approach appears to be efficient and fea-
sible (Fig. 5), wherein ATRX immunostaining and IDH (im-
munostaining or mutation analysis, as indicated) results direct
further molecular testing. In this setting, histone gene muta-
tions are absent or at least very infrequent in IDH- or TERT-
mutant tumors. Conversely, it may be advisable to search for
them by both mutation analysis and H3-K27M immunostain-
ing in IDH-/TERT-wildtype tumors (especially if ATRX-defi-
cient), given the less than optimal sensitivity of each assay
alone [7].

Further studies are required to validate (or disprove) the
concept that TERT-mutant/IDH-wildtype diffuse gliomas rep-
resent a clinico-pathological core group of primary glioblas-
tomas and their precursors. Eventually, however, another up-
date of the WHO classification may include BTERT-mutant/
IDH-wildtype^ and other integrated diagnostic categories
analogous to the BIDH-mutant^ ones introduced in the 2016
revision. The currently evolvingmultifactorial morphological,
clinical, and molecular classification of acute myeloid leuke-
mia [23] may provide a model for future developments in the
understanding of glioma biology. In a long-term perspective,
such a comprehensive diagnostic approach to diffuse gliomas
will likely form a basis for outcome prediction and improved
personalized therapies, which may ultimately help to over-
come the still dismal prognosis of patients diagnosed with
diffuse high-grade gliomas today [10].

Compliance with ethical standards Researchwas performed in accor-
dance with ethical standards and legislation. Patients gave their informed
consent.

Fig. 4 Overall survival by
molecular class

IDH
ATRX

1p19q

TERT

H3F3A

if IDH-mut

if ATRX-def

if IDH-WT +
ATRX-prof H3F3A

if TERT-WT

Fig. 5 Proposed step-wise molecular diagnostic algorithm for diffuse
gliomas. IDH R132H-IDH1 immunostaining and/or IDH1/IDH2
mutation analysis, as indicated. ATRX ATRX immunostaining. 1p19q
analysis for 1p19q co-deletion. TERT TERT promoter mutation analysis.
H3F3A H3F3A mutation analysis +/− H3K27M immunostaining

Virchows Arch



Funding information (not applicable).

Conflict of interest The authors declare that they have no conflict of
interest.

References

1. Arita H, Narita Y, Fukushima S, Tateishi K, Matsushita Y, Yoshida
A, Miyakita Y, Ohno M, Collins VP, Kawahara N, Shibui S,
Ichimura K (2013) Upregulating mutations in the TERT promoter
commonly occur in adult malignant gliomas and are strongly asso-
ciated with total 1p19q loss. Acta Neuropathol 126:267–276. doi:
10.1007/s00401-013-1141-6

2. Arita H, Narita Y, Takami H, Fukushima S, Matsushita Y, Yoshida
A, Miyakita Y, Ohno M, Shibui S, Ichimura K (2013) TERT pro-
moter mutations rather than methylation are the main mechanism
for TERT upregulation in adult gliomas. Acta Neuropathol 126:
939–941. doi:10.1007/s00401-013-1203-9

3. Arita H, Yamasaki K, Matsushita Y, Nakamura T, Shimokawa A,
Takami H, Tanaka S, Mukasa A, Shirahata M, Shimizu S, Suzuki
K, Saito K, Kobayashi K, Higuchi F, Uzuka T, Otani R, Tamura K,
Sumita K, OhnoM,Miyakita Y, KagawaN,HashimotoN,Hatae R,
Yoshimoto K, Shinojima N, Nakamura H, Kanemura Y, Okita Y,
Kinoshita M, Ishibashi K, Shofuda T, Kodama Y, Mori K,
Tomogane Y, Fukai J, Fujita K, Terakawa Y, Tsuyuguchi N,
Moriuchi S, Nonaka M, Suzuki H, Shibuya M, Maehara T, Saito
N, Nagane M, Kawahara N, Ueki K, Yoshimine T, Miyaoka E,
Nishikawa R, Komori T, Narita Y, Ichimura K (2016) A combina-
tion of TERT promoter mutation and MGMT methylation status
predicts clinically relevant subgroups of newly diagnosed glioblas-
tomas. Acta Neuropathol Commun 4:79. doi:10.1186/s40478-016-
0351-2

4. Blümcke I, Luyken C, Urbach H, Schramm J, Wiestler OD (2004)
An isomorphic subtype of long-term epilepsy-associated astrocyto-
mas associated with benign prognosis. Acta Neuropathol 107:381–
388. doi:10.1007/s00401-004-0833-3

5. Brandner S, von Deimling A (2015) Diagnostic, prognostic and
predictive relevance of molecular markers in gliomas.
Neuropathol Appl Neurobiol 41:694–720. doi:10.1111/nan.12246

6. Brügger F, DettmerMS, NeuenschwanderM, Perren A,Marinoni I,
Hewer E (2017) TERT promoter mutations but not the alternative
lengthening of telomeres phenotype are present in a subset of
ependymomas and are associated with adult onset and progression
to ependymosarcoma. J Neuropathol Exp Neurol 76:61–66. doi:10.
1093/jnen/nlw106

7. Castel D, Philippe C, Calmon R, Le Dret L, Truffaux N, Boddaert
N, Pages M, Taylor KR, Saulnier P, Lacroix L, Mackay A, Jones C,
Sainte-Rose C, Blauwblomme T, Andreiuolo F, Puget S, Grill J,
Varlet P, DebilyMA (2015) HistoneH3F3A andHIST1H3BK27M
mutations define two subgroups of diffuse intrinsic pontine gliomas
with different prognosis and phenotypes. Acta Neuropathol 130:
815–827. doi:10.1007/s00401-015-1478-0

8. Clark KH, Villano JL, Nikiforova MN, Hamilton RL, Horbinski C
(2013) 1p/19q testing has no significance in the workup of glioblas-
tomas. Neuropathol Appl Neurobiol 39:706–717. doi:10.1111/nan.
12031

9. Eckel-Passow JE, Lachance DH, Molinaro AM, Walsh KM,
Decker PA, Sicotte H, Pekmezci M, Rice T, Kosel ML, Smirnov
IV, Sarkar G, Caron AA, Kollmeyer TM, Praska CE, Chada AR,
Halder C, Hansen HM, McCoy LS, Bracci PM, Marshall R, Zheng
S, Reis GF, Pico AR, O’Neill BP, Buckner JC, Giannini C, Huse JT,
Perry A, Tihan T, Berger MS, Chang SM, Prados MD, Wiemels J,
Wiencke JK, Wrensch MR, Jenkins RB (2015) Glioma groups

based on 1p/19q IDH, and TERT promoter mutations in tumors.
N Engl J Med 372:2499–2508. doi:10.1056/NEJMoa1407279

10. Gramatzki D, Dehler S, Rushing EJ, Zaugg K, Hofer S, Yonekawa
Y, Bertalanffy H, Valavanis A, Korol D, Rohrmann S, Pless M,
Oberle J, Roth P, Ohgaki H, Weller M (2016) Glioblastoma in the
Canton of Zurich, Switzerland revisited: 2005 to 2009. Cancer 122:
2206–2215. doi:10.1002/cncr.30023

11. Hewer E, Beck J, MurekM, Kappeler A, Vassella E, Vajtai I (2014)
Polymorphous oligodendroglioma of Zülch revisited: a genetically
heterogeneous group of anaplastic gliomas including tumors of
bona fide oligodendroglial differentiation. Neuropathology 34:
323–332. doi: 10.1111/neup.12097

12. Hewer E, Knecht U, Ulrich CT (2016) Two adult cases ofmassively
calcified low-grade glioma: expanding clinical spectrum of an
emerging entity. Neuropathology 36:508–509. doi:10.1111/neup.
12288

13. Hewer E, Vajtai I, Dettmer MS, Berezowska S, Vassella E (2016)
Combined ATRX/IDH1 immunohistochemistry predicts genotype
of oligoastrocytomas. Histopathology 68:272–278. doi:10.1111/
his.12743

14. Killela PJ, Reitman ZJ, Jiao Y, Bettegowda C, Agrawal N, Diaz LA
Jr, Friedman AH, Friedman H, Gallia GL, Giovanella BC,
Grollman AP, He TC, He Y, Hruban RH, Jallo GI, Mandahl N,
Meeker AK, Mertens F, Netto GJ, Rasheed BA, Riggins GJ,
Rosenquist TA, Schiffman M, Shih Ie M, Theodorescu D,
Torbenson MS, Velculescu VE, Wang TL, Wentzensen N, Wood
LD, ZhangM,McLendon RE, Bigner DD, Kinzler KW, Vogelstein
B, Papadopoulos N, Yan H (2013) TERT promoter mutations occur
frequently in gliomas and a subset of tumors derived from cells with
low rates of self-renewal. Proc Natl Acad Sci U S A 110:6021–
6026. doi:10.1073/pnas.1303607110

15. Koelsche C, Sahm F, Capper D, Reuss D, Sturm D, Jones DT, Kool
M, Northcott PA, Wiestler B, Bohmer K, Meyer J, Mawrin C,
Hartmann C, Mittelbronn M, Platten M, Brokinkel B, Seiz M,
Herold-Mende C, Unterberg A, Schittenhelm J, Weller M, Pfister
S, Wick W, Korshunov A, von Deimling A (2013) Distribution of
TERT promoter mutations in pediatric and adult tumors of the ner-
vous system. Acta Neuropathol 126:907–915. doi:10.1007/s00401-
013-1195-5

16. Lee J, Solomon DA, Tihan T (2017) The role of histone modifica-
tions and telomere alterations in the pathogenesis of diffuse gliomas
in adults and children. J Neurooncol 132:1–11. doi:10.1007/
s11060-016-2349-9

17. Louis D, Ohgaki H, Wiestler O, Cavenee W, Ellison D, Figarella-
Branger D, Perry A, Reifenberger G, VonDeimlingA (2016)WHO
classification of tumours of the central nervous system. IARC, Lyon

18. Louis DN, Perry A, Burger P, Ellison DW, Reifenberger G, von
Deimling A, Aldape K, Brat D, Collins VP, Eberhart C, Figarella-
Branger D, Fuller GN, Giangaspero F, Giannini C, Hawkins C,
Kleihues P, Korshunov A, Kros JM, Beatriz Lopes M, Ng HK,
Ohgaki H, Paulus W, Pietsch T, Rosenblum M, Rushing E,
Soylemezoglu F, Wiestler O, Wesseling P, International Society
Of N-H (2014) International society of neuropathology—Haarlem
consensus guidelines for nervous system tumor classification and
grading brain. Pathol 24:429–435. doi:10.1111/bpa.12171

19. Marinoni I, Kurrer AS, Vassella E, Dettmer M, Rudolph T, Banz V,
Hunger F, Pasquinelli S, Speel EJ, Perren A (2014) Loss of DAXX
and ATRX are associated with chromosome instability and reduced
survival of patients with pancreatic neuroendocrine tumors.
Gastroenterology 146:453–460 e455. doi:10.1053/j.gastro.2013.
10.020

20. Neumann JE, Dorostkar MM, Korshunov A, Mawrin C, Koch A,
Giese A, Schuller U (2016) Distinct histomorphology in molecular
subgroups of glioblastomas in young patients. J Neuropathol Exp
Neurol 75:408–414. doi:10.1093/jnen/nlw015

Virchows Arch

http://dx.doi.org/10.1007/s00401-013-1141-6
http://dx.doi.org/10.1007/s00401-013-1203-9
http://dx.doi.org/10.1186/s40478-016-0351-2
http://dx.doi.org/10.1186/s40478-016-0351-2
http://dx.doi.org/10.1007/s00401-004-0833-3
http://dx.doi.org/10.1111/nan.12246
http://dx.doi.org/10.1093/jnen/nlw106
http://dx.doi.org/10.1093/jnen/nlw106
http://dx.doi.org/10.1007/s00401-015-1478-0
http://dx.doi.org/10.1111/nan.12031
http://dx.doi.org/10.1111/nan.12031
http://dx.doi.org/10.1056/NEJMoa1407279
http://dx.doi.org/10.1002/cncr.30023
http://dx.doi.org/10.1111/neup.12097
http://dx.doi.org/10.1111/neup.12288
http://dx.doi.org/10.1111/neup.12288
http://dx.doi.org/10.1111/his.12743
http://dx.doi.org/10.1111/his.12743
http://dx.doi.org/10.1073/pnas.1303607110
http://dx.doi.org/10.1007/s00401-013-1195-5
http://dx.doi.org/10.1007/s00401-013-1195-5
http://dx.doi.org/10.1007/s11060-016-2349-9
http://dx.doi.org/10.1007/s11060-016-2349-9
http://dx.doi.org/10.1111/bpa.12171
http://dx.doi.org/10.1053/j.gastro.2013.10.020
http://dx.doi.org/10.1053/j.gastro.2013.10.020
http://dx.doi.org/10.1093/jnen/nlw015


21. Nguyen DN, Heaphy CM, de Wilde RF, Orr BA, Odia Y, Eberhart
CG, Meeker AK, Rodriguez FJ (2013) Molecular and morphologic
correlates of the alternative lengthening of telomeres phenotype in
high-grade astrocytomas. Brain Pathol 23:237–243. doi:10.1111/j.
1750-3639.2012.00630.x

22. Nonoguchi N, Ohta T, Oh JE, Kim YH, Kleihues P, Ohgaki H
(2013) TERT promoter mutations in primary and secondary glio-
blastomas. Acta Neuropathol 126:931–937. doi:10.1007/s00401-
013-1163-0

23. Papaemmanuil E, Gerstung M, Bullinger L, Gaidzik VI, Paschka P,
Roberts ND, Potter NE, HeuserM, Thol F, Bolli N, GundemG, Van
Loo P, Martincorena I, Ganly P, Mudie L, McLaren S, O’Meara S,
Raine K, Jones DR, Teague JW, Butler AP, Greaves MF, Ganser A,
Dohner K, Schlenk RF, Dohner H, Campbell PJ (2016) Genomic
classification and prognosis in acute myeloid leukemia. N Engl J
Med 374:2209–2221. doi:10.1056/NEJMoa1516192

24. Pekmezci M, Rice T, Molinaro AM, Walsh KM, Decker PA,
Hansen H, Sicotte H, Kollmeyer TM, McCoy LS, Sarkar G,
Perry A, Giannini C, Tihan T, Berger MS, Wiemels JL, Bracci
PM, Eckel-Passow JE, Lachance DH, Clarke J, Taylor JW, Luks
T, Wiencke JK, Jenkins RB, Wrensch MR (2017) Adult infiltrating
gliomas with WHO 2016 integrated diagnosis: additional prognos-
tic roles of ATRX and TERT. Acta Neuropathol 133:1001–1016.
doi:10.1007/s00401-017-1690-1

25. Qaddoumi I, Orisme W, Wen J, Santiago T, Gupta K, Dalton JD,
Tang B, Haupfear K, Punchihewa C, Easton J, Mulder H, Boggs K,
Shao Y, Rusch M, Becksfort J, Gupta P, Wang S, Lee RP, Brat D,
Peter Collins V, Dahiya S, George D, Konomos W, Kurian KM,
McFadden K, Serafini LN, Nickols H, Perry A, Shurtleff S, Gajjar
A, Boop FA, Klimo PD, Jr MER, Wilson RK, Baker SJ, Zhang J,
Wu G, Downing JR, Tatevossian RG, Ellison DW (2016) Genetic
alterations in uncommon low-grade neuroepithelial tumors: BRAF,
FGFR1, andMYBmutations occur at high frequency and align with
morphology. Acta Neuropathol 131:833–845. doi:10.1007/s00401-
016-1539-z

26. Reuss DE, Kratz A, Sahm F, Capper D, Schrimpf D, Koelsche C,
Hovestadt V, Bewerunge-Hudler M, Jones DT, Schittenhelm J,
Mittelbronn M, Rushing E, Simon M, Westphal M, Unterberg A,
Platten M, Paulus W, Reifenberger G, Tonn JC, Aldape K, Pfister

SM, Korshunov A, Weller M, Herold-Mende C,WickW, Brandner
S, von Deimling A (2015) Adult IDH wild type astrocytomas bio-
logically and clinically resolve into other tumor entities. Acta
Neuropathol 130:407–417. doi:10.1007/s00401-015-1454-8

27. Reuss DE, Mamatjan Y, Schrimpf D, Capper D, Hovestadt V, Kratz
A, Sahm F, Koelsche C, Korshunov A, Olar A, Hartmann C,
Reijneveld JC, Wesseling P, Unterberg A, Platten M, Wick W,
Herold-Mende C, Aldape K, von Deimling A (2015) IDH mutant
diffuse and anaplastic astrocytomas have similar age at presentation
and little difference in survival: a grading problem for WHO. Acta
Neuropathol 129:867–873. doi:10.1007/s00401-015-1438-8

28. Rodriguez FJ, Vizcaino MA, Lin MT (2016) Recent advances on
the molecular pathology of glial neoplasms in children and adults. J
Mol Diagn 18:620–634. doi:10.1016/j.jmoldx.2016.05.005

29. Sahm F, Schrimpf D, Jones DT, Meyer J, Kratz A, Reuss D, Capper
D, Koelsche C, Korshunov A, Wiestler B, Buchhalter I, Milde T,
Selt F, Sturm D, Kool M, Hummel M, Bewerunge-Hudler M,
Mawrin C, Schuller U, Jungk C, Wick A, Witt O, Platten M,
Herold-Mende C, Unterberg A, Pfister SM, Wick W, von
Deimling A (2016) Next-generation sequencing in routine brain
tumor diagnostics enables an integrated diagnosis and identifies
actionable targets. Acta Neuropathol 131:903–910. doi:10.1007/
s00401-015-1519-8

30. Solomon DA, Wood MD, Tihan T, Bollen AW, Gupta N, Phillips
JJ, Perry A (2016) Diffuse midline gliomas with histone H3-K27M
mutation: a series of 47 cases assessing the Spectrum of morpho-
logic variation and associated genetic alterations. Brain Pathol 26:
569–580. doi:10.1111/bpa.12336

31. Vassella E, Vajtai I, Bandi N, Arnold M, Kocher V, Mariani L
(2011) Primer extension based quantitative polymerase chain reac-
tion reveals consistent differences in the methylation status of the
MGMT promoter in diffusely infiltrating gliomas (WHO grade II-
IV) of adults. J Neurooncol 104:293–303. doi:10.1007/s11060-
010-0490-4

32. Yang P, Cai J, YanW, ZhangW,WangY, Chen B, Li G, Li S,WuC,
Yao K, Li W, Peng X, You Y, Chen L, Jiang C, Qiu X, Jiang T,
project C (2016) Classification based on mutations of TERT pro-
moter and IDH characterizes subtypes in grade II/III gliomas.
Neuro Oncol 18:1099–1108. doi:10.1093/neuonc/now021

Virchows Arch

http://dx.doi.org/10.1111/j.1750-3639.2012.00630.x
http://dx.doi.org/10.1111/j.1750-3639.2012.00630.x
http://dx.doi.org/10.1007/s00401-013-1163-0
http://dx.doi.org/10.1007/s00401-013-1163-0
http://dx.doi.org/10.1056/NEJMoa1516192
http://dx.doi.org/10.1007/s00401-017-1690-1
http://dx.doi.org/10.1007/s00401-016-1539-z
http://dx.doi.org/10.1007/s00401-016-1539-z
http://dx.doi.org/10.1007/s00401-015-1454-8
http://dx.doi.org/10.1007/s00401-015-1438-8
http://dx.doi.org/10.1016/j.jmoldx.2016.05.005
http://dx.doi.org/10.1007/s00401-015-1519-8
http://dx.doi.org/10.1007/s00401-015-1519-8
http://dx.doi.org/10.1111/bpa.12336
http://dx.doi.org/10.1007/s11060-010-0490-4
http://dx.doi.org/10.1007/s11060-010-0490-4
http://dx.doi.org/10.1093/neuonc/now021

	Diagnostic implications of TERT promoter mutation status in diffuse gliomas in a routine clinical setting
	Abstract
	Introduction
	Material and methods
	Patient cohort
	Immunohistochemistry
	Molecular studies
	Statistical analysis

	Results
	Discussion
	References


