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Abstract

The “integrated diagnosis” for infiltrating gliomas in the 2016 revised World Health Organization
(WHO) classification of tumors of the central nervous system requires assessment of the tumor for
/DH mutations and 1p/19q codeletion. Since TERT promoter mutations and ATRX alterations
have been shown to be associated with prognosis, we analyzed whether these tumor markers
provide additional prognostic information within each of the five WHO 2016 categories. We used
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data for 1206 patients from the UCSF Adult Glioma Study, the Mayo Clinic and The Cancer
Genome Atlas (TCGA) with infiltrative glioma, grades 11-1V for whom tumor status for /DH,
1p/19q codeletion, ATRX, and TERT had been determined. All cases were assigned to one of 5
groups following the WHO 2016 diagnostic criteria based on their morphologic features, and /DH
and 1p/19q codeletion status. These groups are: 1-Oligodendroglioma, /DH-mutant and 1p/19¢-
codeleted; 2- Astrocytoma, /DH-mutant; 3- Glioblastoma, /DH-mutant; 4- Glioblastoma, /DH-
wildtype; and 5-Astrocytoma, /DH-wildtype. Within each group, we used univariate and
multivariate Cox proportional hazards models to assess associations of overall survival with
patient age at diagnosis, grade, and ATRX alteration status and/or 7ERT promoter mutation status.
Among Group 1 /DH-mutant 1p/19g-codeleted oligodendrogliomas, the TERT-WT group had
significantly worse overall survival than the TER7-MUT group (HR: 2.72, 95%ClI: 1.05-7.04,
p=0.04). In both Group 2, /DH-mutant astrocytomas and Group 3, /DH-mutant glioblastomas,
neither TERT mutations nor ATRX alterations were significantly associated with survival. Among
Group 4, /DH-wildtype glioblastomas, ATRX alterations were associated with favorable outcomes
(HR: 0.36, 95% ClI: 0.17-0.81, p=0.01). Among Group 5, /DH-wildtype astrocytomas, the TERT-
WT group had significantly better overall survival than the 7TERT-MUT group (HR: 0.48, 95% CI:
0.27-0.87), p=0.02). Thus, we present evidence that in certain WHO 2016 diagnostic groups,
testing for 7ERT promoter mutations or ATRX alterations may provide additional useful
prognostic information.

Keywords

Glioma classification; ATRX alteration; 7ERT promoter mutation; brain tumor prognosis;
telomere maintenance

INTRODUCTION

A large body of literature indicates that certain glioma molecular alterations define
subgroups that are prognostic and can be used in the clinical management of infiltrating
glioma patients. Two molecular alterations that have well-established associations with
prognosis are isocitrate dehydrogenase (IDH) mutations and 1p/19g-codeletions [6].
Because these two markers separated gliomas into more biologically distinct entities than
histological classification alone, the World Health Organization (WHO) incorporated /DH
mutation and 1p/19q codeletion into an “integrated diagnosis” in the 2016 revised 4™ edition
of the classification of tumors of the central nervous system [15].

Alterations in two telomere maintenance-related genes, telomerase reverse transcriptase
(TERT) and Alpha Thalassemia/Mental Retardation Syndrome X-Linked (ATRX) have also
been the subject of many investigations into glioma classification and prognosis. Telomeres,
the nucleoprotein complexes at the ends of all eukaryotic chromosomes, are composed of
several hundred nucleotide repeats which progressively shorten with each mitosis.
Telomerase is a reverse transcriptase that carries its own RNA molecule used as a template
to add nucleotides to telomeres. Tumors maintain their telomere length either via re-
activation of telomerase or through telomerase-independent mechanisms collectively called
alternative lengthening of telomeres (ALT). Hotspot mutations in the 7ERT promoter lead to
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increased telomerase activity and are found in gliomas and many other tumors [11]. TERT
promoter mutations occur in 70-83% of glioblastomas, 74—78% of oligodendrogliomas, 25—
50% of oligoastrocytomas and 10-25% of astrocytomas [1, 6, 11]. Many cancers with ALT
harbor mutations in ATRX or death-domain associated protein (DAXX) genes encoding
ATRX and DAXX proteins, which are central components of the chromatin remodeling
complex required for the incorporation of H3.3 histone proteins into telomeres [8-10].
ATRX mutations occur in nearly 75% of grade 11-I11 astrocytomas and secondary
glioblastomas [9, 10, 13]. ATRX mutations are widely distributed across the gene and are
mostly truncating (including frameshift and nonsense variants) and less commonly missense
mutations [8-10]. Loss of ATRX protein expression on immunohistochemistry (IHC) can be
used as a surrogate marker of A7RX mutations with high sensitivity and specificity and is
near perfectly correlated with ALT pathway activation [8-10]. In some glioma subgroups
ATRX alterations and 7ERT promoter mutations may be mutually exclusive, likely due to
functional redundancy. Over 90% of /DH-mutant diffuse gliomas have mutations in one or
both genes [3, 6].

Alterations in TERT and ATRX are not only associated with certain histologic subgroups of
gliomas, but also are associated with variable prognosis [3, 6, 12, 16, 21, 26, 28]. Our
research team previously showed that molecular classification of gliomas based on /DH,
TERT promoter mutations and 1p/19q codeletion status yields five subgroups that are
independently associated with prognosis in grade Il and 111 gliomas [6]. A similar
classification of grade Il and Il infiltrating gliomas using only /DHand TERT promoter
mutation status was also suggested [28]. Other groups demonstrated a role for ATRX in the
classification of gliomas [12, 16]. Data from The Cancer Genome Atlas (TCGA) suggest
lower grade gliomas (WHO grades Il and 111) can be grouped using /DH and p53 mutation
and 1p/19q codeletion status; ATRX inactivation differs significantly among these groups
[3]. Others showed that /DH, 1p/19q and ATRX can be used in clinical classification [21].

The literature regarding glioma telomere maintenance mechanisms has been rapidly
growing. Their prognostic and predictive roles are of great interest and may guide clinical
management of glioma patients. As of yet, there are no studies specifically analyzing the
distribution and importance of ATRX alterations and 7ERT promoter mutations among
diagnostic entities in the WHO 2016 classification. The purpose of this study is to evaluate
the distribution of ATRX alterations and 7ERT promoter mutations among each of the five
major WHO 2016 diagnostic categories of infiltrating glioma, and to analyze whether either
or both of these two markers provide additional prognostic information in each category.

MATERIAL AND METHODS

Study population

We included all patients with infiltrative glioma, grades I, 111, and 1V from the archives of
the University of California, San Francisco (UCSF) Adult Glioma Study (AGS), the Mayo
Clinic glioma case-control study and The Cancer Genome Atlas (TCGA) for whom tumor
status for /DH mutations, 1p/19q codeletion, ATRX alterations, and 7ERT promoter
mutations had been determined. All TCGA cases in this current study were previously
included in Ceccarelli et al.[3], and all Mayo Clinic cases and 216 of 347 UCSF cases were
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previously included in Eckel-Passow et al. [6]. Because cases in this current study were not
population based, the percent distributions of the glioma diagnostic groups will not be
representative of the general population. In particular, grade I1/111 patients are over-
represented in this study.

Assessment of histology and molecular features

Two pathologists (TT and CG) reviewed histologic sections for UCSF AGS and Mayo Clinic
cases as previously described [6, 27]. Pathology data for TCGA cases were obtained from
Supplemental Table S1 in Ceccarelli et al. [3]. For UCSF AGS and Mayo Clinic cases, 5-
micron sections obtained from routinely processed formalin-fixed paraffin embedded

(FFPE) tissue were used for IHC and FISH, and DNA extracted from the FFPE tissue using
standard methods was used for sequencing. Status of all molecular alterations for the TCGA
cases presented here was obtained from Ceccarelli et al.[3].

IDH1 and IDH2 mutation—/DH mutation status for UCSF AGS cases was evaluated by
Sanger sequencing of /DH1 and /DHZ2 genes or by IHC (/DHIR132H, H09, Dianova
GmbH, Hamburg, Germany) using standard techniques [6]. Data solely from IHC results
were used only when the IHC staining was positive for the presence of mutation; negative
IHC results were validated by sequencing. /DOH mutation status for all Mayo Clinic and
TCGA cases was assessed via Sanger sequencing. /DH mutation denotes either an /DHI or
IDHZ mutation in the tumor [3, 6].

ATRX mutation or loss of expression—ATRX alterations for UCSF AGS cases were
assessed by IHC (HPAQ001906, Sigma Aldrich, St. Louis, MO) performed at the UCSF Brain
Tumor Research Center using previously-published methods [8]. Briefly, loss of nuclear
staining in the majority of the tumor cells in the presence of an internal positive control was
interpreted as loss of ATRX expression [6]. IHC for Mayo Clinic cases was performed at the
Memorial Sloan-Kettering Cancer Center or at the Mayo Clinic using the same methods and
interpreted by the same criteria [6]. ATRX data for TCGA cases reflected sequencing-based
somatic mutations as described in Ceccarelli et al. [3]. ATRX-mutant (A7TRX-MUT) denotes
loss of ATRX expression for UCSF AGS and Mayo Clinic cases, and presence of any exonic
mutation for TCGA cases. ATRX-wildtype (ATRX-WT) denotes retained nuclear expression
of ATRX for UCSF AGS and Mayo Clinic cases and wildtype ATRX for TCGA cases.

1p/19q codeletion—1p/19q codeletion for UCSF AGS cases was assessed using clinical
FISH assays. Tumors with 1p/19q codeletion almost invariably have /DHand TERT
promoter mutations and 1p/19q codeletion is almost mutually exclusive with ATRX
mutations. Therefore, /DH-wild type gliomas and /DH-mutant gliomas with ATRX
alterations were not tested for 1p/19q codeletion unless it was previously performed for
clinical reasons. These tumors were classified as 1p/19g-intact for the purposes of this study.
1p/19q codeletion status was assessed in all Mayo Clinic cases either by FISH as a clinical
test or by array comparative genomic hybridization (aCGH) using an Agilent custom 8x60K
array. 1p/19q codeletion status for the TCGA cases was obtained from Supplemental Table
S1in Ceccarelli et al. [3].
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TERT promoter mutation— 7ERT promoter mutation status for UCSF AGS and the
Mayo Clinic cases was assessed by a previously published method [6] using a 2-step PCR
and Sanger sequencing of a 244 base pair segment of TERT promoter region spanning the
C228T and C250T mutations to assign cases as 7TER7-mutant (7ERT-MUT) or TERT-
wildtype (TERT-WT). For UCSF AGS cases, mutation calls were independently made by
two reviewers (MP, HMH), and a consensus call was used for discrepant results. At the
Mayo Clinic, cases were re-reviewed if the results from two pathologists were ambiguous,
and a consensus call was used for discrepant results. For the TCGA cases, TERT promoter
mutation status was obtained from sequencing data if available and expression data if
sequencing data was not available [3].

Study groups

All cases were assigned to one of five study groups following the WHO 2016 diagnostic
criteria based on their morphologic features and /DH and 1p/19q codeletion status [14].
These groups are: 1-Oligodendroglioma, /DH-mutant and 1p/19q-codeleted, including
WHO grades Il and I11; 2- Astrocytoma, /DH-mutant, including WHO grades 1l and I11; 3-
Glioblastoma, /DH-mutant; 4- Glioblastoma, /DH-wildtype; and 5- Astrocytoma, /DH-
wildtype, including both morphologic oligodendroglioma and astrocytoma and both WHO
grades Il and I11. A subset of cases, originally diagnosed as anaplastic oligodendroglioma or
anaplastic oligoastrocytoma, showing /DH mutations but not 1p/19q codeletion or lacking
/IDH mutations, were re-reviewed and appropriately reclassified according to the WHO 2016
diagnostic criteria as either astrocytoma or glioblastoma based on the absence/presence of
microvascular proliferation and/or necrosis.

Statistical Methods

Differences in age at diagnosis by histologic grade and molecular alterations in each WHO
2016 group were evaluated and compared using the Kruskal-Wallis test. Within each group,
separate Cox proportional hazards univariate models were used to determine whether ATRX
alterations and 7ERT promoter status were associated with overall survival. When
appropriate, based on the fit of the model, multivariate models within each group included
adjustment or stratification for age at diagnosis and histologic grade. In order to assess the
independent effects of 7ERT and ATRX status within each group, we present separate
multivariate models for each group that includes both 7TERT and ATRX status whether or
not each was statistically significant in the corresponding univariate model. All models were
tested for assumptions and stratification was used if proportionality assumptions were
violated. For the three groups in which stratification by age was necessary (Groups 1, 4 and
5), we determined the best age groupings by examining hazard ratios for each decile of age
at diagnosis and grouping deciles with similar hazard ratios. The resulting age strata cut
points are listed below each table in which results from models with age stratification are
presented. ATRX alteration status and 7ERT promoter mutation status were included in each
model along with an interaction term whenever applicable; since none of the interactions
were statistically significant, we do not present the interaction results. Hazard ratios and
confidence intervals were calculated for all models; the referent group used for each
categorical variable (grade, 7ERT or ATRX status) was that with the largest frequency. A p
value less than 0.05 was considered statistically significant. Survival curves stratified by
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either TERT or ATRX status are generated from Cox proportional hazards models with
adjustment for age and/or grade as appropriate. All analyses were conducted in R version
3.3.0 [20]. Among relevant clinical and treatment variables (i.e. extent of resection,
performance status, chemotherapy type, and radiation), the only variable that was
consistently collected in all three data sources was radiation treatment (given versus not
given). We included radiation history in secondary analyses of each of the multivariate
models presented below and found that radiation treatment did not confound any of the
multivariate results with respect to statistical significance of 7ERT or ATRX alterations
(results not shown). Other clinically relevant molecular markers such as MGMT methylation
and 7P53 mutation were also not available for a sufficient number of cases to assess their
impact on the findings.

Of 1208 glioma cases identified for these analyses, two cases with 1p/19q codeletion but
without /DOH mutations were not included in further analyses. Of the remaining 1206 cases,
347 were from the UCSF AGS, 296 were from the Mayo Clinic glioma study and 563 were
from TCGA (Table 1). Data for the 643 UCSF and Mayo cases are provided as
supplementary material (Supplementary Table 1). These 1206 study cases were assigned to
the WHO 2016 groups as follows: Group 1-Oligodendroglioma, /DAH-mutant and 1p/199-
codeleted (n=291), Group 2- Astrocytoma, /DH-mutant (n=401), Group 3- Glioblastoma,
IDH-mutant (n=51), Group 4- Glioblastoma, /DH-wildtype (n=309), and Group 5-
Astrocytoma, /DH-wildtype (n=154). Age, median survival, TERT and ATRX status and
other characteristics of each group are also shown in Table 1. Univariate survival statistics
assessing the entire study population showed distinct survival curves for groups 1 through 4
corresponding to most favorable through least favorable survival outcomes (Figure 1);
Group 5 astrocytoma, /DH-wildtype patients had intermediate survival between Group 3
IDH-mutant glioblastoma and Group 4 /DH-wildtype glioblastoma for approximately six
years after diagnosis, after which, survival is more similar to Group 3 patients.

Groupl - Oligodendroglioma, IDH-mutant and 1p/19g-codeleted

Group 1 included 173 grade Il and 118 grade 111 gliomas per WHO 2016 grading criteria
with a median age at diagnosis of 44 (range 20-75) years (Table 2). Patients with grade 1l
tumors were significantly younger than those with grade 111 tumors (median ages 42 and 48,
respectively, Kruskal-Wallis test p=0.006). As shown in Table 1 and Figure 2a, almost all
cases (n=273, 94%) had TERT promoter mutations only, five (1.7%) cases demonstrated
both TERT and ATRX alterations, eleven (4%) had neither TERT nor ATRX alterations, and
two had only ATRX alterations. In univariate analyses (Table 2), higher age at diagnosis,
higher grade, and lack of 7ERT promoter mutation were significantly associated with
decreased overall survival. In the final multivariate model which included grade, 7ERT and
ATRX status and was stratified by age at diagnosis, neither grade nor 7ERT status were
significantly associated with overall survival. (HR for grade: 1.61, 95%ClI: 0.92-2.82,
p=0.10HR for TERT: 2.46, 95%CI: 0.94-6.42, p=0.07). However, in a multivariate model
excluding grade, absence of 7TERT mutation was significantly associated with worse survival
(HR: 2.72, 95% CI: 1.05-7.04, p=0.04) (Table 2a and Figure 2a). With respect to age at
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diagnosis, patients whose tumors that had 7E£RT but did not have ATRX mutations (n=273,
median age at diagnosis 44), did not significantly differ in age from those with tumors that
had both 7TERT and ATRX mutations (n=5, median age at diagnosis 38) (Kruskal-Wallis test
p=0.99) or from those patients with tumors that had neither 7ERT nor ATRX mutations
(n=11, median age at diagnosis 46) (Kruskal-Wallis p=0.28). In a multivariate model
controlling for grade and stratified by age, compared to cases with only 7ERT mutation, the
cases with neither TERT nor ATRX alterations had significantly worse survival (HR: 2.61,
95%CI:1.00-6.85, p=0.05). For nine of 13 TER7-wildtype tumors, we were able to confirm
that the 1p/19q codeletions were indeed whole arm deletions (not partial arm deletions) by
manual examination of tracings from genomic data, and of these one showed ATRX
mutation by sequencing. The remaining four of the 13 7ER7-wildtype tumors had 1p/19q
codeletion tested by FISH, and none showed evidence of co-polysomy. Of these, three were
TP53-wildtype, and one did not have 7P53 mutation data, but showed loss of ATRX
expression by IHC.

Group 2 - Astrocytoma, IDH-mutant (1p/19qg-intact)

Group 2 included 220 grade Il and 181 grade 111 gliomas per WHO 2016 grading criteria
with a median age at diagnosis of 36 (range 18-73) years (Table 3). There was no difference
between patients with grade 11 and grade 111 tumors for age at diagnosis (median age was 37
and 36 years respectively, p=0.60). As shown in Table 1 and Figure 2b, although most cases
(n=311, 78%) had ATRX alterations only, seven (2%) cases had both TERT and ATRX
alterations, 20 (5%) had 7ERT mutations only, and 63 (16%) had neither 7ERT nor ATRX
alterations. In univariate analyses (Table 3), older age at diagnosis and higher grade were
significantly associated with worse overall survival (HR for age: 1.02, 95%CI: 1.01-1.04,
p=0.01; HR for grade: 1.45, 95%CI: 1.01-2.07, p=0.04), but neither 7TERT nor ATRX status
was associated with survival. In a multivariate model including age, 7ERT and ATRX status,
stratified by grade, only older age at diagnosis was significantly associated with worse
overall survival (HR: 1.02, 95%CI: 1.01-1.04, p=0.009).

Group 3 - Glioblastoma, IDH-mutant

Group 3 had 51 cases with median age at diagnosis of 38 (range 21-78) years (Table 4).
Patients with tumors with 7TERT promoter mutations were significantly older than those with
TERT-wildtype tumors (median ages 60 and 38, respectively, p=0.006). Patients with tumors
that had ATRX alterations were younger at diagnosis than those who had ATRX-wildtype
tumors (median ages 35 and 46 years, respectively, p=0.007). As shown in Table 1 and
Figure 2c, the majority of the tumors in this group (n=32, 63%) had ATRX alterations only,
three (6%) cases had both TERT and ATRX alterations, six (12%) had 7TERT mutations only,
and 10 (20%) had neither 7ERT nor ATRX alterations. In univariate analyses, older age at
diagnosis and presence of 7ERT promoter mutations were associated with worse overall
survival. There was no significant association between ATRX status and survival (p=0.36).
In a multivariate analysis including age, 7ERT status, and ATRX status, only older age
remained significantly associated with shorter overall survival.
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Group 4 - Glioblastoma, IDH-wildtype

Group 4 had 309 cases and a median age at diagnosis of 59 (range 24-89) years (Table 5).
Patients with tumors that had 7ERT promoter mutations were older at diagnosis than those
with TERT-wildtype tumors (median ages 62 and 52 years, respectively, p<0.001). Patients
who had tumors with ATRX alterations were younger than those who had tumors without
ATRX alterations (median ages 38 and 60 years, respectively, p<0.001). As shown in Table 1
and Figure 2d, although a large majority of cases (n=238, 77%) had only 7ERT promoter
mutation, 60 (19%) cases had neither TERT promoter nor ATRX alterations, 10 (3%) cases
had only ATRX mutations and one case had both 7ERT7 and ATRX mutations. In univariate
analyses (Table 5), older age at diagnosis, presence of TERT mutation and absence of ATRX
alteration were associated with worse overall survival (p<0.0001, p=0.01 and p=0.001,
respectively, Table 5). In the multivariate model including 7ERT and ATRX status, and
stratified for age, presence of ATRX alterations (but not 7ERT status) remained
independently significantly associated with better survival (p=0.01, Table 5 and Figure 2d).

Group 5- Astrocytoma, IDH-wildtype

Summary

Group 5 included 42 (27%) grade Il and 112 (73%) grade 1l gliomas and had a median age
at diagnosis of 52 (range 18-87) years (Table 6). Patients with grade 111 tumors were
significantly older at diagnosis than patients with grade Il tumors (median ages 54 and 46
years, respectively, p=0.006). As shown in Table 1 and Figure 2e, most cases in this group
had only 7ERT promoter mutation (n=92, 60%), but 43 (28%) were wildtype for both TERT
and ATRX, 16 (10%) had only ATRX alterations and 3 (2%) had both 7ERT and ATRX
alterations. Patients with 7ER7-mutant tumors were significantly older at diagnosis than
patients with 7ERT-wildtype tumors (median ages 56 and 37 years, respectively, p<0.001)
(Table 6). Patients who had tumors with ATRX alterations were significantly younger than
patients who had tumors without ATRX alterations (median ages 38 and 53 years,
respectively, p=0.006). In univariate analyses (Table 6), older age at diagnosis, higher grade
and presence of 7TERT promoter mutations were significantly associated with worse overall
survival (p=0.0008, 0.03, and p=0.0003, respectively), while ATRX status was not
associated with survival (p=0.41). In the multivariate model including grade, TERT and
ATRX status, and stratified for age, higher grade and presence of 7ERT mutations (but not
ATRX status) continued to be independently associated with significantly worse survival
(Table 6 and Figure 2e).

Figure 2 and Table 7 summarize the predominant telomere maintenance mechanism and
which telomere maintenance mechanism alterations are associated with overall survival
within WHO 2016 entities. 7ERT promoter mutation predominates in Group 1, /DH-mutant
1p/19g-codeleted tumors (96%), Group 4, glioblastoma, /DH-wildtype (77%), and Group 5,
astrocytoma, /DH-wildtype (62%), while ATRX alterations predominate in Group 2,
astrocytoma, /DH-mutant (79%) and Group 3, glioblastoma, /DH-mutant (69%). When
TERT and ATRX alterations were modeled together, 7ERT promoter mutation was
significantly associated with worse survival in /DH-wildtype astrocytomas (Group 5), while
TERT mutation was significantly associated with better survival in /DH-mutant, 1p/19¢-
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codeleted oligodendrogliomas (Group 1). Among /DH-wildtype glioblastoma patients
(Group 4), ATRX mutation was significantly associated with better survival. Neither 7TERT
nor ATRX status was significantly associated with survival among /DH-mutant astrocytomas
(Group 2) or /DH-mutant glioblastoma (Group 3).

DISCUSSION

The revised 4t edition of WHO 2016 Classification of tumors of the central nervous system
incorporated molecular classification with histology to provide an integrated diagnosis [14].
For diffuse gliomas other than midline gliomas with H3K27M mutations, /OH mutations
and 1p/19q codeletion constitute the main components of the integrated WHO 2016
diagnosis. However, because our current knowledge about genetic and epigenetic alterations
in gliomas extends beyond these two markers, the prognostic roles of additional markers
within gliomas diagnosed according to the WHO 2016 criteria is warranted. Proposed
molecular classifications in the literature commonly include some combination of /DH,
1p/19q codeletion and the tumor’s telomere maintenance mechanism, defined by alterations
in either TERT or ATR.X (reviewed in [25]). To determine whether 7ERT or ATRX
alteration status provide additional prognostic information, we analyzed their associations
with overall survival in glioma patients classified according to the WHO 2016 criteria.

Upon review of the molecular and histologic features, we were able to classify nearly all
study patients according to the new WHO 2016 criteria [14]. These groups demonstrated
different survival outcomes with /DH-mutant, 1p/19g-codeleted, oligodendrogliomas (Group
1) having the most favorable results, followed by /DAH-mutant astrocytomas (Group 2), /DH-
mutant glioblastomas (Group 3), and /DH-wildtype glioblastomas (Group 4). The survival
experience of /DH-wildtype astrocytomas (Group 5) was in between that of Groups 3 and 4
for about the first six years, and afterwards, was more similar to Group 3.

Group 1: Oligodendroglioma, IDH-mutant and 1p/19g-codeleted

Consistent with the literature [1, 24], the predominant telomere maintenance mechanism in
this group was TERT promoter mutation (96%). A subset (n=5) showed concurrent TERT
and ATRX alteration, but was too small for further statistical evaluation. This group may
represent either misclassified tumors due to imperfect specificity of ATRX for assessing
ALT status or tumors that acquired ATRX mutations as a later event. Patients with tumors
lacking TERT promoter mutation had worse survival. A possible explanation could be that
these tumors have false positive 1p/19q codeletion results, which would have led to
misclassification of these cases as prognostically favorable oligodendrogliomas. It is known
that small deletions in 1p and 19q may result in false positive 1p/19q codeletion results as
tested by FISH in the absence of whole arm deletions [5]. In addition, 1p/19q codeletion in
this study included those with relative 1p/19q codeletion (deletions in 1p and 19q in the
presence of polysomy), which was reported to be associated with worse overall prognosis
[4]. However, these possibilities are low since the whole arm deletions were confirmed
through manual examination of tracings in nine out of these 13 cases. Among the remaining
four cases, three were 7P53-wildtype, which argues against a false positive 1p/19q
codeletion. One case with unknown 7P53status had ATRX loss, which may be a concern
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regarding misclassification of an astrocytoma. While a single case is not sufficient to make a
generalized conclusion, it suggests that tumors with discordant ATRX and 1p19q deletion
results may warrant further testing to establish a definitive diagnosis.

Group 2- Astrocytoma, IDH-mutant (1p/19g-intact)

Among Group 2 /DH-mutant astrocytomas, significant prognostic indicators were age at
diagnosis and grade in univariate models. Consistent with the literature [9, 10, 21, 24], the
predominant telomere mechanism in Group 2 was ATRX alteration (79%). Given that rates
of ATRX alterations are high in Group 2 /DH-mutant (1p/19g-intact) astrocytoma patients
but rare in Group 1 /DH-mutant, 1p/19¢g-codeleted oligodendroglioma patients, ATRX status
may be a useful diagnostic tool among /DH-mutant lower grade gliomas. However, 83
(21%) of all Group 2 /DH-mutant grade Il and I11 gliomas lack both ATRX alterations and
1p/19q codeletion. Thus, the absence of ATRX alterations cannot be used as evidence for an
IDH-mutant, 1p/19g-codeleted oligodendroglioma diagnosis without confirmation of 1p/19q
codeletion. Previous studies reported frequent 7P53 mutations in /DH-mutant, 1p/19g-intact
gliomas, which correlated with significant p53 staining on IHC [3]. As noted in the methods,
we did not have sufficient data about 7253 mutation status or p53 staining to examine this
marker in the statistical analyses.

Whether ATRX status has a prognostic role among Group 2 /DH-mutant gliomas has been
previously investigated. A prior study, which includes data that overlap with this study,
suggested that among patients with /DH-mutant 1p/19g-intact lower grade gliomas, loss of
ATRX expression may be associated with longer survival as compared to those with retained
ATRX expression; however, the latter group was small (n=9) and there was poor statistical
power [12]. Another study classifying gliomas into four subgroups as “/DH-mutant and 1p/
19g-codeleted,” “/DH-mutant/ATRX-lost,” “/DH-mutant only,” and “/DH-wildtype”
reported similar results; however, they did not provide a pairwise comparison between
“/DH-mutant/ATRX-lost” and “/DH-mutant only” groups [16]. In addition, glioblastomas
were included in the study and the final multivariate analysis with proposed groups did not
include grade as a variable. In our study, neither TERT promoter mutation nor ATRX
alterations were associated with overall survival in this group of astrocytoma, /DH-mutant
patients. This suggests ATRX status may not have prognostic significance among /DH-
mutant lower grade gliomas, beyond its almost mutually exclusive distribution with 1p/19q
codeletion.

Group 3- Glioblastoma, IDH-mutant

IDH-mutant glioblastomas represented a small group, and frequently carried ATRX
alterations, which were not associated with survival. Presence of 7ERT promoter mutation
was associated with unfavorable outcomes in a univariate model, but not after adjusting for
age. The small subset of patients with TERT-mutant tumors was significantly older than
those with 7ER7-wildtype tumors, which may partially explain the unfavorable outcome
associated with 7ERT promoter mutations. Nevertheless, the number of 7TERT-mutant /DH-
mutant glioblastomas was too small to make a generalized statement. Given that Sanger
sequencing is accepted as the gold standard for assessment of /DH status with high
specificity, it is unlikely that these cases represent misclassified /DH-wildtype primary
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glioblastomas. Whether TERT promoter mutations represent additional molecular alterations
during the progression of tumors in this group should be further studied. It should also be
noted that 20% of /DH-mutant glioblastomas had neither 7ERT nor ATRX alterations and
6% had both, therefore; ATRX status cannot be used to infer 7ERT status in this group.

Group 4- Glioblastoma, IDH-wildtype

Consistent with the literature [1], most /DH-wildtype glioblastomas had 7E£RT promoter
mutations (77%). Only 4% of cases had ATRX alterations; these patients were younger at
diagnosis and had significantly better overall survival, even in multivariate models stratified
by age at diagnosis and controlling for radiation treatment. Assessment of ATRX status
among /DH-wildtype glioblastomas is necessary to identify this group. Overall survival did
not differ among those with or without 7ERT mutation. Furthermore, 7ERT promoter
mutation status was not independently associated with overall survival in the multivariate
models. Thus, clinical utility of routine 7ERT promoter mutation analysis among /DH-
wildtype glioblastomas is unclear.

Previous studies demonstrated an interaction between the predictive role of MGMT
methylation and 7ERT status in this group [2, 17]. One study showed that the prognostic
influence of MGMT promoter methylation depended on the presence of 7ERT promoter
mutations among /DH-mutant glioblastoma patients who were treated with standard
chemoradiation [17]. Another study showed a significant interaction between 7ERT status
and MGMT methylation status among /DH-wildtype glioblastoma patients treated with
radiation and temozolamide, and proposed four subgroups [2]. However, they have only
provided the hazard ratios without confidence intervals or p values to assess the significance
of any of the pairwise associations. Unfortunately, our data regarding the MGMT
methylation is limited to the TCGA cases only, which does not have sufficient power to
perform a subgroup analysis. In addition, some of our cases were treated before the
temozolamide era, and chemotherapy regimens in this current study are not well-defined
precluding further assessment of “predictive” role of TERT mutations.

Group 5- Astrocytoma, IDH-wildtype

Among the astrocytoma, /DH-wildtype group, 7ERT promoter mutation was common,
occurring in (62%) of patients. These patients were significantly older than those without
TERT promoter mutation and had shorter overall survival, similar to our previous report
using a dataset with significant overlap to that used here [6]. These gliomas most likely
represent the difficulty in pathologic classification of under-sampled /DH-wildtype
glioblastomas displaying intra-tumoral heterogeneity. Another possibility is that the tumor is
in an early phase of evolution and not all histological features that are typically associated
with high grade are present.

A subset of /DH-wildtype astrocytomas without 7ERT or ATRX alterations may correspond
to those that share genetic and epigenetic features with pilocytic astrocytomas [3]. All
patients in this dataset are “adults”, however, there is the possibility that there are “pediatric
type” tumors, which we have not accounted for. For example, we cannot exclude the
possibility that some of the /DH-wildtype astrocytomas indeed represent pediatric-type
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oligodendrogliomas without /DH mutations or 1p/19q codeletion. Similarly, there may be an
unaccounted for group of pediatric-type high grade astrocytomas among /DH-wildtype
gliomas in groups 4 and 5. We do not have sufficient data regarding recurrent mutations in
pediatric high grade tumors including those in the histone coding genes. H3 G34R (or less
likely G34V) mutations exclusive to hemispheric gliomas, which are frequently seen in
teenagers and young adults, and associated with favorable prognosis may correspond to a
subset of /DH-wildtype astrocytomas with A7RX mutations in this study [23]. We have also
not included one of the new diagnostic entities in 2016 WHO, “diffuse midline glioma, H3
K27M-mutant,” in our classification. These tumors may have been mixed among /DH-
wildtype glioblastomas and astrocytomas. These tumors are expected to be 7ERT-wildtype
and a subset may show A7R.X mutations [5]. Future studies analyzing additional molecular
alterations are necessary for further classification of /DH-wildtype infiltrating gliomas.

Role of histologic grade

The criteria for histologic grading of diffuse gliomas are from the pre-/DH era, and do not
account for the prognostic effects of the molecular classification. We found that among
patients with /DH-mutant and 1p/19g-codeleted oligodendrogliomas, those with grade 111
tumors were older and had reduced overall survival. While several studies in the literature
reported grade to be a significant predictor of outcome among oligodendrogliomas, they had
not considered molecular features in their diagnosis [7, 18]. While Scheie et a/. reported
grade and 1p/19q status to be independent prognostic factors among cases with histologic
oligodendroglial component, it was unclear whether grade was significant within the 1p/19g-
codeleted group or if its significance was driven by cases with higher grade tumors including
the no-longer recognized group of “glioblastoma with oligodendroglioma, grade 1V [22].
More recent studies reported that grade was not significantly associated with survival among
IDH-mutant 1p/19g-codeleted oligodendrogliomas [19, 24]. Our results indicate that among
molecularly defined oligodendrogliomas, grade was not significantly associated with overall
survival in multivariate models. A caveat is that we did not include treatment data beyond
radiation in our model. Furthermore, there is an inherent bias in almost all retrospective
studies regarding the treatment given as part of standard of care, since chemotherapy with or
without radiation treatment is usually reserved for patients with grade 111 tumors. Similar to
our study, most studies in the literature are retrospective in nature and do not account for
treatment variation. Additional studies including prospective randomized treatment data are
warranted to further assess this issue.

Among patients with /DH-mutant astrocytomas, those with grade 111 tumors had worse
outcomes than patients with grade Il tumors. A similar association with grade and survival
was also seen in patients with /DH-wildtype astrocytomas. Previous studies in the literature
reported a significant survival difference between patients with grade Il and grade 111
astrocytomas; however, the majority of these studies was done in the pre-/DH era and
therefore may lack generalizability to modern patient cohorts [18]. More recently, among
patients with tumors diagnosed with strict integrated molecular criteria, grade 11 and grade
I11 astrocytomas did not show significant age or survival differences [21, 24]. Generalization
of our results requires caution given our models do not control for concurrent clinical
features such as extent of surgical resection, and lack consistent treatment (chemotherapy
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and/or radiation) across both grades. Furthermore, it is unclear whether the current grading
criteria will similarly hold up among /DH-mutant cases versus /DH-wildtype cases.
Additional studies specifically examining the role of grading among astrocytomas are
needed.

One weakness in this study is the lack of availability for consistently obtained treatment data
within each diagnostic group. Owing to the use of three different data sources, the
availability of these variables was limited. For example, extent of resection, one of the
clinical parameters with known survival effect, was only available in the TCGA subset of
lower grade tumors, while 95% of all glioblastoma cases were classified as resection, extent
unknown. Similarly, Karnofsky performance status was only available for TCGA cases.
Since our analyses are conducted within WHO 2016 diagnostic entities, further reducing the
sample sizes by including only the TCGA subset led to insufficient power for an analysis
controlling for any of these clinical parameters. Radiation treatment (as given versus not
given) was the only treatment variable that was similarly categorized across various data
sources. Secondary analyses including radiation in the final multivariate models showed that
radiation did not confound any of the associations with 7ERT or ATRX status in any of the
groups. Unfortunately, most retrospective studies, even those with treatment protocol data
from a single institution suffer from this bias due to the changes in diagnostic criteria and
treatment modalities over time. New prospective clinical trials with standard treatment
protocols for diagnostic groups based on integrated diagnoses are essential and these results
should be validated in an external dataset.

Our data for ATRX alterations came from either loss of protein expression tested by
immunohistochemistry (UCSF AGS and Mayo Clinic), or from sequencing data (TCGA).
While the frequency of ATRX alterations in TCGA data was somewhat lower, this may have
been due to the different technique. It is generally accepted that protein expression and
mutation data are highly correlated. But some missense mutations may not be associated
with protein loss, and genetic and epigenetic alterations other than A7RX mutations may
lead to loss of protein expression [8-10]. However, earlier studies suggested that loss of
protein expression has better correlation with ALT status than A7RX mutations [8]. It is
unclear whether the loss of ATRX expression or the presence of ATRX gene mutations is the
better prognostic indicator among glioma subtypes, and this topic needs further evaluation.

In summary, this study combines three large cohorts of adult glioma patients that have been
successfully re-classified according to the new integrated diagnosis criteria in the revised 4%
edition of the WHO 2016. We demonstrated that presence of TERT promoter mutation was
associated with favorable outcomes among Group 1 /DH-mutant 1p/19g-codeleted
oligodendrogliomas, and with unfavorable outcomes among Group 5 /DH-wildtype
astrocytomas. Presence of ATRX alterations was independently associated with favorable
outcomes among Group 4 /DH-wildtype glioblastomas. Thus, we present evidence that in
certain subgroups, testing for 7TERT promoter mutation or ATRX alterations may have utility
in the clinical management of glioma patients.
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Fig. 2.

Vegnn diagrams showing the distribution of 7TERTIATRX status by WHO 2016 groups and
age (and grade when appropriate) adjusted Cox survival curves for WHO 2016 groups that
have a statistically significant association of 7ERT or ATRX with survival in multivariate
models. Vertical lines on survival curves indicated censored observations. NS=No
statistically significant associations for survival were found for 7ERT or ATRX in
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multivariate models. Note that some percents add up to more than 100 due to rounding
errors.
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