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Abstract
The 2021 World Health Organization (WHO) grading system of isocitrate
dehydrogenase (IDH)-mutant astrocytomas relies on histological features and
the presence of homozygous deletion of the cyclin-dependent kinase inhibitor
2A and 2B (CDKN2A/B). DNA methylation profiling has become highly rele-
vant in the diagnosis of central nervous system (CNS) tumors including glio-
mas, and it has been incorporated into routine clinical diagnostics in some
countries. In this study, we, therefore, examined the value of DNA
methylation-based classification for prognostication of patients with IDH-
mutant astrocytomas. We analyzed histopathological diagnoses, genome-
wide DNA methylation array data, and chromosomal copy number alter-
ation profiles from a cohort of 385 adult-type IDH-mutant astrocytomas,
including a local cohort of 127 cases and 258 cases from public repositories.
Prognosis based on WHO 2021 CNS criteria (histological grade and
CDKN2A/B homozygous deletion status), other relevant chromosomal/
gene alterations in IDH-mutant astrocytomas and DNA methylation-based
subclassification according to the molecular neuropathology classifier were
assessed. We demonstrate that DNA methylation-based classification of
IDH-mutant astrocytomas can be used to predict outcome of the patients
equally well as WHO 2021 CNS criteria. In addition, methylation-based
subclassification enabled the identification of IDH-mutant astrocytoma
patients with poor survival among patients with grade 3 tumors and
patients with grade 4 tumors with a more favorable outcome. In conclusion,
DNA methylation-based subclassification adds prognostic information for
IDH-mutant astrocytomas that can further refine the current WHO 2021
grading scheme for these patients.
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1 | INTRODUCTION

Adult-type diffuse isocitrate dehydrogenase (IDH)-
mutant gliomas are malignant tumors of the central ner-
vous system (CNS) that are characterized by somatic
mutations in the IDH genes 1 and 2. The tumors are
highly infiltrative and display variable clinical and bio-
logical behavior and the prognosis for the patients
remains relatively poor [1]. According to the current
World Health Organization (WHO) 2021 classification
of CNS tumors IDH-mutant astrocytomas are graded
based on histomorphological criteria and cyclin-
dependent kinase inhibitor 2A and 2B (CDKN2A/B)
homozygous deletion status [2]. The presence of
CDKN2A/B homozygous deletion results in a CNS
WHO grade 4, also in cases without morphological grade
4 criteria (e.g., microvascular proliferation and/or necro-
sis). The distinction between CNS WHO grades 2 and
3 is made solely based on histopathological examination.
Focal amplification of CDK4, MYCN, and PDGFRA as
well as burden of chromosomal aberrations have been
proposed for prognostication of IDH-mutant astrocyto-
mas [3]. Yet, there is insufficient evidence of their prog-
nostic effect, and further evaluation is required.

DNA methylation is an epigenetic modification with
a major effect on gene expression, and dysregulation of
methylation patterns has been tightly linked to numerous
diseases such as cancer [4, 5]. Mapping of genome-wide
DNA methylation patterns has become highly relevant in
the classification of CNS tumors as it has been shown to
improve the diagnostic and prognostic accuracies [6–9].
Further, this technique has been incorporated into rou-
tine clinical diagnostics in many countries [8, 10–12] and
more will likely follow, given the newly updated WHO
2021 CNS recommendations. According to the most
commonly used brain tumor methylation classifier, IDH-
mutant astrocytomas can display methylation patterns
associated with the “lower grade” or the “high grade”
methylation subclasses [13]. The concordance of this
methylation-based risk-stratification with the WHO 2021
CNS grading scheme is unknown, yet it could potentially
complement and refine the current grading and prognos-
tication of these tumors as well as to provide guidance
for treatment decision-making.

In this study, we, therefore, examine the added prog-
nostic value of chromosomal/gene alterations and DNA
methylation-based subclassification in patients with IDH-
mutant astrocytomas in relation to the current WHO 2021
CNS grading scheme.

2 | MATERIALS AND METHODS

2.1 | Sample collection

Our local cohort consisted of patients ≥17 years old
with primary IDH-mutant lower grade astrocytomas

(WHO 2016 grades II and III, n = 107) or histological
grade IV IDH-mutant glioblastomas (WHO 2016, n = 20)
diagnosed between 2007 and 2022 at the Department
of Neurosurgery, Sahlgrenska University Hospital
(Gothenburg, Sweden). Formalin-fixed paraffin-
embedded (FFPE) tumor tissue and corresponding clinical
patient data from cases between 2007 and 2016 were col-
lected and processed in a previous study [7]. FFPE sam-
ples and corresponding clinical patient data from 2017 to
2022 were collected retrospectively for this study at the
Department of Pathology, Sahlgrenska University Hospi-
tal. We used fresh-frozen (FF) tumor tissue samples from
cases with unavailable FFPE samples for methylation ana-
lyses (n = 4). Mutation status of IDH1 or IDH2 and reten-
tion of 1p and 19q chromosomal arms were confirmed at
the time of diagnosis or retrospectively assessed as previ-
ously described [7]. For patient data, see Tables S1–S3.

2.2 | DNA methylation profiling

DNA was isolated from FFPE tumor samples with the
Maxwell® FFPE Plus DNA Kit using the Maxwell®

RSC Instrument (Promega, Madison, Wisconsin, USA)
as indicated by the developers. Extraction of DNA from
FF tumor samples was carried out with the DNeasy
Blood and Tissue Kit and TissueLyser (Qiagen, Hilden,
Germany) following the manufacturer’s instructions. A
total of 500 ng DNA from both FFPE and FF tumors
was bisulfite modified (BSM) with the EZ DNA methyla-
tion kit (Zymo Research, Irvine, California, USA). BSM
DNA from FFPE samples was further restored with Infi-
nium HD FFPE DNA Restore Kit (Illumina, San Diego,
California, USA). All samples were then processed on
the Infinium Methylation EPIC (850 k) array (Illumina)
according to protocols supplied by the manufacturer.

2.3 | Methylation data analysis

The molecular neuropathology (MNP) brain
classifier version 12.5 (unpublished, https://www.
molecularneuropathology.org/mnp) [13] was used
for tumor classification into defined methylation
class families (calibrated score ≥0.90) and subclasses
(calibrated score ≥0.50). Raw methylation array data
(idats) were processed using the statistical software R
version 4.2.2 [14] with the R-package minfi [15]. We
calculated the number of differentially methylated
CpG positions (DMPs, Δβ ≥0.20, adjusted p-value
<0.01) between the methylation subclasses “lower
grade” and “high grade” IDH-mutant astrocytomas
with ChAMP [16] and performed a Gene set enrich-
ment analysis of these DMPs applying the GOmeth
method as indicated [17]. Differentially methylated
regions (DMRs, adjusted p-value <0.01) were identi-
fied with Probe Lasso in ChAMP [16].
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2.4 | Chromosomal copy number alterations
analysis

Chromosomal copy number alterations (CNAs) were
retrieved from the methylation array data using the
R-package conumee [18]. Focal gene amplifications
(including CDK4, MYCN, and PDGFRA) were defined
with a log2ratio value >0.40 [10, 19]. For CDKN2A/B
copy number analysis, a log2ratio value of less than or
equal to �0.40 at the CDKN2A/B locus was considered
a homozygous deletion, and a log2ratio value greater
than �0.4 was denominated “retained CDKN2A/B”
[10, 19]. We further examined copy number burden by
measuring the number of chromosomal breakpoints
with abs(log2(value)) > 0.2.

2.5 | Public datasets

Bulk tumor DNA methylation array data (Infinium
HumanMethylation450 BeadChip or EPIC 850 k) of
IDH-mutant lower grade gliomas and glioblastomas
were downloaded from The Cancer Genome Atlas
(TCGA n = 249) [20, 21], CPTAC-3 project (n = 6) [22]
and GSE60274 (n = 3) [23] repositories. Only IDH-mutant
astrocytic glioma cases with retained 1p/19q chromosomal
arms were processed as described above for our local
cohort.

2.6 | Statistical analyzes

Overall survival was calculated by the Kaplan–Meier
method (curves plotted with the R-package survmi-
ner [24]), measured from the date of diagnosis to the
date of death or date of last follow-up (January
1, 2022). Survival curves were compared with the log-
rank test using the R-package survival [25]. Hazard
ratios (HRs) were determined using Cox proportional
hazards multivariate regression and 95% confidence
intervals (plotted with the R-package survminer [24]).
We analyzed methylation subclasses and WHO 2021
CNS criteria as risk factors associated with patient
survival. p-values of less than 0.05 were considered
statistically significant.

3 | RESULTS

3.1 | Description of study cohorts

A total of 127 patients with IDH-mutant astrocytic gli-
omas (WHO 2016) were included in the local cohort
(Tables S1–S3). The patients’ age at diagnosis ranged
from 17 to 71 years, with a mean age of 39 years. Most
of the tumors were histologically grade II (43%,
n = 54) or grade III (42%, n = 53), whereas 16%

(n = 20) of the cases were regarded as grade IV tumors,
Figure 1A. Of the 127 cases, 9% (n = 12) harbored
CDKN2A/B homozygous deletions as determined from
CNA profiles retrieved from the methylation array
data. Integration of histological grade and CDKN2A/B
status of the 127 cases resulted in 22% WHO 2021 CNS
grade 4, 35% grade 3, and 43% grade 2 tumors. The
tumors were classified employing the MNP methyla-
tion classifier (v12.5), which classified the majority of
the tumors as IDH-mutant diffuse gliomas (114 of 127)
with calibrated scores >0.90. Among the 127 cases,
14% (n = 18) were subclassified as “high grade” and
76% (n = 96) as “lower grade” astrocytoma methyla-
tion subtypes (calibrated scores ≥0.50). The remaining
cases were classified and/or subclassified with low cali-
brated scores (<0.9 or 0.30–0.50, respectively), which
included cases subclassified as “high grade” or “lower
grade” IDH-mutant astrocytomas (n = 6) or as other
methylation classes than the IDH-mutant astrocytoma-
glioma class (n = 5, e.g., ganglioglioma and control tissue,
cerebral hemisphere). Two other cases were unclassified
(calibrated scores <0.30) by the classifier tool (Table S1).

Similarly, among the 258 cases from the public
datasets, 42% (n = 108) were histologically grade II
IDH-mutant astrocytomas, followed by 39% (n = 101)
grade III and 6% (n = 16) grade IV tumors. The
remaining 13% (n = 33) of the cases had undetermined
histological grade [20, 21], Figure 1B. Among the
258 cases, 14% (n = 37) harbored homozygous deletion
of CDKN2A/B, leading to the assignation of 19% of
the tumors as WHO 2021 CNS grade 4, 31% as grade
3 and 40% as grade 2. Methylation-based classification
of the tumor cases resulted in 12% (n = 31) of the
tumors subclassified as IDH-mutant astrocytomas of
“high grade” and 86% (n = 223) were assigned to the
“lower grade” subclass (calibrated score ≥0.50).

In both the local and public cohorts, the “lower
grade” astrocytoma subclass consisted mainly of histo-
logical grade II and III tumors, whereas the grade IV
tumors were more commonly subclassified as “high
grade” astrocytomas, Figure 1C. CDKN2A/B homozy-
gous deletions were predominantly found among the
histological grade III tumors (local cohort [n = 8], pub-
lic cohort [n = 21]) followed by grade IV tumors (local
cohort [n = 4], public cohort [n = 4]). Among the histo-
logical grade II astrocytomas, six tumors of the public
cohort showed homozygous deletion of CDKN2A/B,
whereas this CNA was absent in the grade II tumors of
the local cohort.

We further evaluated the frequency of relevant gene
amplifications (CDK4, MYCN, and PDGFRA) as
prognostic markers for IDH-mutant astrocytomas.
Amplification of CDK4 was mostly present in the his-
tological grade III and IV tumors and in tumors sub-
classified with the “high grade” methylation subclass
(local cohort [n = 7], public cohort [n = 8]), Figure S1.
Only a few tumors in the local (n = 2) and public
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cohorts (n = 2) showed MYCN amplifications and the
great majority of these tumors were “high grade” based
on their methylation profiles. PDGFRA amplifications
were neither associated with a specific histological
grade nor a methylation subclass. CDK4, MYCN, and
PDGFRA amplifications were absent in the histologi-
cal grade IV tumors subclassified as “lower grade” and
histological grade II tumors.

3.2 | Prediction of overall survival by
WHO 2021 CNS grading system and DNA
methylation-based subclassification

We examined histological grade, CDKN2A/B homozygous
deletion status and DNA methylation subclasses as inde-
pendent prognostic markers for IDH-mutant astrocytomas
in the local and public cohorts. Each of the three markers,

F I GURE 1 Prognostic grading of IDH-mutant astrocytomas in the (A) local cohort (n = 127) and (B) the public cohort (n = 258) based on
histological grade, CDKN2A/B copy number status, WHO 2021 grade, and DNA methylation-based subclassification. (C) Prognostic grading per
individual patient cases in the local cohort (top panel) and public cohort (bottom panel). The color scheme in (A and B) applies to (C). CS, calibrated
score; Homo del, homozygous deletion; LS, low score (subclass CS <0.5); MC, methylation class.
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histological grade IV, CDKN2A/B homozygous deletion or
methylation-based subclassification as “high grade” astrocy-
toma, could individually separate the patient cases into
prognostic groups with different overall survival (p < 0.05,
Figure 2).

3.3 | DNA methylation-based
subclassification refines prognostication for
IDH-mutant astrocytomas

To better compare the risk prediction of the IDH-mutant
astrocytoma methylation subclasses with WHO 2021
CNS grading criteria (i.e., histological grade and
CDKN2A/B homozygous deletion status), we combined
clinical and methylation array data from the local and
public cohorts. Tumor cases subclassified with calibrated
scores <0.50 by the MNP classifier [13] and TCGA cases
with undetermined histological grade [20, 21] were
excluded for additional analyses. In this final cohort of
336 tumors, we observed that the methylation-based sub-
classification (p = 2.00e-09) achieved a comparable risk
stratification of patients as CDKN2A/B homozygous
deletion status (p = 3.78e-06, Figure 3). The “high grade”
IDH-mutant astrocytoma methylation subclass was

further able to provide prediction of patient survival as
well as the grade 4 WHO 2021 CNS criteria. We then
compared the prognostication of IDH-mutant astrocy-
toma methylation subclasses with CDK4, MYCN, and
PDGFRA amplifications and found that the “high grade”
methylation subclass performed better than CDK4
(p = 3.57e-02) and MYCN (p = 1.83e-04) amplifications
in predicting survival of the patients, Figure S2.
PDGFRA amplification was not associated with poor
survival in our cohort.

We next examined whether an integrated analysis of
methylation-based subclassification and the WHO 2021
CNS grading criteria could further improve the prognos-
tic grading of IDH-mutant astrocytomas. Among the
WHO 2021 CNS grade 4 IDH-mutant astrocytomas,
49% (n = 34) were assigned to the “high grade” methyla-
tion subclass, whereas 7% (n = 9) grade 3 and 1% (n = 2)
grade 2 cases fall into this methylation subclass
(Figure 4A). We observed that the “high grade” methyla-
tion subclass provided a refined prognostication for
patients with WHO 2021 CNS grade 3 tumors as this
subclass identified patients with worse survival than the
“lower grade” methylation subclass (p = 0.019,
Figure 4B). Similarly, the “lower grade” methylation sub-
class identified an intermediate prognostic subgroup for

F I GURE 2 Overall survival (OS) probabilities of the patients in the (A) local cohort and (B) the public cohort stratified by left: histological
grade, middle: CDKN2A/B copy number status, and right: DNA methylation-based subclassification. Significance: p < 0.05. Homo del, homozygous
deletion; MC, methylation class.
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patients with WHO 2021 CNS grade 4 tumors, as these
patients clearly showed a prolonged survival outcome
compared with patients with the “high grade” subclass
(p = 0.038, Figure 4B). Thus, in 23% of cases with WHO
2021 CNS grade 3 and grade 4 tumors, the methylation
subclass may refine the prognostication.

Cox multivariate regression model revealed that
CDKN2A/B homozygous deletion status (HR: 2.6,
p <0.001) and methylation-based subclassification
(HR: 2.2, p = 0.019) were independent prognostic fac-
tors for IDH-mutant astrocytomas but not histological
grade (Figure S3). Methylation-based subclassifica-
tion (HR: 2.3, p = 0.01) remained an independent

prognostic factor when compared with WHO 2021
CNS grading criteria (HR: 2.1, p = 0.024) for these
patients, Figure 4C.

3.4 | Molecular characterization of the
IDH-mutant astrocytoma methylation subclasses

Because the IDH-mutant astrocytoma methylation sub-
classes can be used for prognostication of the tumors, we
sought to determine the potential mechanisms characteriz-
ing the “high grade” and “lower grade” methylation sub-
classes. We first characterized the number of chromosomal

F I GURE 3 Overall survival (OS) probabilities of 336 patients with IDH-mutant astrocytomas in the final combined cohort stratified by
(A) histological grade, (B) CDKN2A/B copy number status, (C) WHO 2021 CNS grading criteria and (D) DNA methylation-based subclassification.
Significance: p < 0.05. Homo del, homozygous deletion; MC, methylation class.
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breakpoints, as an increased CNA burden has been associ-
ated with poor clinical behavior in patients with IDH-
mutant astrocytomas [19, 26–28]. Our results revealed sig-
nificantly increased levels of chromosomal breakpoints in
the “high grade” methylation subclass compared with the
“lower grade” methylation subclass (p = 8.01e-10,
Figure 5A). We further performed differential methylation
analysis and found a total of 19,829 significant DMPs
(adjusted p-value <0.01) occurring between the “high grade”
and “lower grade” methylation subclasses (Table S4).
Enrichment analysis of these DMPs identified biological
pathways related to sensory perception/detection of stimu-
lus, and distinct receptor activity functions (Figure 5B).
Differential analysis of genomic regions identified 151 signifi-
cant DMRs (adjusted p-values <0.01) between the subclasses
where the majority were encountered in chromosome
6 (28%) and chromosome 11 (12%) (Table S5).

4 | DISCUSSION

Using clinical and DNA methylation array data from inde-
pendent cohorts of adult-type IDH-mutant astrocytomas,

we evaluate the prognostic relevance of DNA methylation-
based subclassification in relation to the WHO 2021 CNS
grading criteria and further examine potential prognostic
markers (CDK4, MYCN, and PDGFRA amplifications) for
IDH-mutant astrocytomas.

Our study demonstrates that the IDH-mutant astro-
cytoma methylation subclasses, obtained from the MNP
classifier [13], can be used to refine the WHO 2021 CNS
criteria for grading and prognostication of these tumors.
The “lower grade” and “high grade” IDH-mutant astro-
cytoma methylation subclasses showed significant differ-
ences in survival outcomes and provided comparable risk
stratification as the WHO 2021 CNS grading criteria.
Cases where WHO 2021 CNS grade and the methylation
subclass were in concordance (i.e., grade 2–3 tumors sub-
classified as “lower grade” or grade 4 tumors subclassi-
fied as “high grade”) showed clear differences in clinical
course, whereas the discordant cases (i.e., grade 3 tumors
subclassified as “high grade” and grade 4 tumors
subclassified as “lower grade”) behave rather as an
intermediate-risk group. This indicates that methylation-
based subclassification can provide clinically important
information for selected cases of IDH-mutant astrocytoma

F I GURE 4 Integrated prognostication of IDH-mutant astrocytomas according to WHO 2021 CNS criteria and DNA methylation-based
subclassification. (A) Frequency of WHO 2021 grade 2–4 IDH-mutant astrocytoma cases stratified by “high grade” and “lower grade” methylation
subclasses. (B) Incorporation of methylation subclasses to the WHO 2021 CNS grading criteria refined prognostication of grade 3 and grade
4 patients. Significance: p < 0.05. (C) Cox proportional regression model of overall survival based on top: WHO 2021 CNS grades (grade 2, 3, and 4),
and bottom: IDH-mutant astrocytoma methylation subclasses (“lower grade” and “high grade”). Methylation-based subclassification had a risk
association comparable to WHO 2021 CNS criteria. (*) denotes significance (p < 0.05). Homo del, homozygous deletion; MC, methylation class.
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and can hence be used to refine WHO 2021 CNS grading
criteria. Identification of these WHO 2021 CNS grade
3 tumors that are at “high risk” could be useful in the ther-
apeutic management of these patients.

The “high grade” methylation subclass harbored
increased levels of chromosomal breakpoints and worst
clinical outcome compared with the “lower grade” sub-
class in IDH mutant astrocytomas. Elevated CNA levels
in IDH-mutant astrocytomas have been shown to corre-
late with aggressive clinical behavior [19, 26–28], poten-
tially explaining the clinical course of patients with the
“high grade” methylation subclass.

Tesileanu et al. previously reported prognostic
differences in grade 3 astrocytomas stratified by methyla-
tion subclasses, using an older version of the classifier [6],
where a negative prognostic effect on survival was indi-
cated for the “high grade” patients who did not receive
adjuvant temozolomide treatment [29]. Further investiga-
tions with larger cohorts will be necessary to determine
the overall prognostic role of the IDH-mutant astrocy-
toma methylation subclasses in this patient group.

The prognostic significance of CDK4, MYCN, and
PDGFRA amplifications for IDH-mutant astrocytomas
has been described in the literature [19, 30]. In our
cohort, only CDK4 and MYCN amplifications were asso-
ciated with poor outcome in IDH-mutant astrocytoma
patients, confirming the relevance of these molecular
markers. Yet, stratification of the tumors by methylation
subclasses outperformed CDK4 and MYCN amplifica-
tions in predicting survival of the patients.

In this study, genome-wide DNA methylation array
data was applied for quantitative assessment of CDKN2A/
B homozygous deletion. The analysis of CDKN2A/B
status using CNA profiles from methylation arrays is not
commonly used in clinical practice, nonetheless, the
suitability of this approach for CDKN2A/B analysis has
been investigated in the literature [19, 29, 31].

Following the highlighted importance of DNA meth-
ylation profiling in CNS tumor diagnostics in WHO 2021
criteria, the use of methylation profiling in clinical prac-
tice is likely to increase. Both CDKN2A/B copy number
status and methylation subclasses can be obtained from
DNA methylation array data, which enables the prog-
nostic assessment of these markers in clinical diagnostics
in a single assay, sparing precious material and reducing
analysis time and costs. Methylation analysis could,
therefore, be preferred in situations with limited access to
material such as in small biopsies.

5 | CONCLUSION

In conclusion, DNA methylation-based subclassification
of IDH-mutant astrocytomas refines the WHO 2021
CNS grading system for these tumors. Because DNA
methylation-based classification is increasingly used in
routine clinical diagnostics, awareness of the implications
of discordant information from WHO 2021 CNS grading
and methylation-based subclassification is of practical
importance.

F I GURE 5 Chromosomal aberration and differential methylation analysis between the “high grade” and “lower grade” IDH-mutant
astrocytoma methylation subclasses. (A) The “high grade” methylation subclass showed significantly higher numbers of chromosomal aberrations
compared to the “lower grade” methylation subclass. (B) The 10 most significantly enriched pathways based on Gene Set Enrichment Analysis of
differentially methylated positions (β ≥ 0.20). Significance: p < 0.01. FDR, false discovery rate; MC, methylation class.
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