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In the recent 2021 CNS5 WHO classification, molecular 
alterations were introduced into meningioma grading [4]. 
Specifically, mutations in the promotor area of the telomer-
ase reverse transcriptase (TERT) gene and/or homozygous 
loss of the CDKN2A/B locus automatically result in a grade 
3 diagnosis [3, 4]. Simultaneously meningioma with TRAF7, 
AKT1, KLF4, and/or SMO mutations are, in general, associ-
ated with lower progression risk [1, 10]. Alterations linked 
with increased risk include BAP1 mutations [9], copy-num-
ber variations of chromosomal arms such as 1p, 6q, 10q and 
14q [6], genome-wide epigenetic profiles also referred to as 
DNA methylation classes (MC) [8], or the combination of 
molecular alterations included in an integrated risk score, 
grade or classification [2, 5, 7]. As most studies identifying 
molecular risk factors are retrospective in design, independ-
ent validation is needed to further advance the adoption of 
meningioma molecularly based risk prediction. Here, we 

present additional retrospective analysis on the data derived 
from the European Organisation for Research and Treatment 
of Cancer (EORTC) 22042-26042 clinical trial, designed to 
prospectively evaluate the effectiveness and adverse effects 
of high-dose radiotherapy in the treatment of atypical (WHO 
grade 2) and malignant (WHO grade 3) meningiomas [11].

The EORTC 22042–26042 trial included 78 patients (69 
WHO grade 2 and nine grade 3 meningioma) with different 
arms based on the Simpson grade, a clinical variable for 
the extent of the resection. Results from the primary aim 
of the study have been published before and identified that 
the 3-year progression free survival (PFS) in patients with 
WHO grade 2 meningioma undergoing high-dose (60 Gy) 
radiotherapy is significantly higher than the hypothesized 
primary study endpoint (88% observed versus 70% hypoth-
esized) [11]. In the present study we screened mutations, 
copy-number variations and DNA methylation profiles, for 
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their prognostic value. Of the 78 patients enrolled in the 
trial, 53 patients consented their resected material to be 
available for further research. The samples were analyzed 
using next generation sequencing (NGS) for (hotspot) 
alterations in AKT1, TRAF7, SMO, KLF4, BAP1 and the 
TERT-promotor, for DNA methylation profiling and copy 
number analysis for chromosomal losses of 1p and 22q. 
Cases were identified as either NF2-type or non-NF2-type 
based on mutations detected in NF2, AKT1, SMO, KLF4 or 
TRAF7. For n = 38 patients, adequate material was availa-
ble for DNA methylation profiling (Fig. 1a). All molecular 
analyses were performed at the Department of Neuropa-
thology of the University Hospital Heidelberg (Germany) 
and in-depth descriptions of the materials and methods 
used have been published before [5, 8]. PFS was defined as 

the time between the date of registration to tumor growth 
or death of any cause, whereas overall survival (OS) was 
defined as the time between date of registration and death 
of any cause. When comparing clinical characteristics 
between consensus for further research state, encompass-
ing factors such as age, sex, performance status, and tumor 
attributes such as WHO grade, tumor volume, location, 
and Simpson grade, only the distribution of WHO grade 
exhibited a statistically significant difference. Notably, 
the group that provided consent for further analyses con-
tained a higher proportion of patients with WHO grade 2 
tumors (Supp. Table 1). Out of the n = 53 tumors analyzed, 
SMO mutations were not detected, AKT1, KLF4 and BAP1 
mutations were detected once, TERT-promotor mutations 
twice and a total of three cases with mutations in TRAF7, 

n=78 enrolled in EORTC 22042-26042

n=53 underwent biological testing after consent

n=53 with sequencing data available 

n=38 with methylation and CDKN2A/B assay available 
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Fig. 1  Graphical illustration of molecular data availability among EORTC 22042-26042 trial patients (a). Kaplan–Meier plots showing the 
impact of chromosome 1p (b), methylation class (c) and CDKN2A/B loss on progression-free survival (d)
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hampering further analyses of prognostic value of these 
markers (Suppl. Table 2). Deletions of CDKN2A/B were 
detected three times (2 homozygous losses and 1 hete-
rozygous loss), 1p loss 23 times (60.5%) and 22q losses 
29 times (76.3%). The frequency of observed events was 
generally similar to larger meningioma cohorts [10]. 
Most cases were identified as intermediate meningioma 
MC (44.7%), followed by malignant (28.9%) and benign 
(26.3%) MC (molecular events per MC in Suppl. Table 3). 
These three overarching MC can be subdivided into six 
subclasses (benign-1, benign-2, benign-3, intermediate-A, 
intermediate-B and malignant) but due to the relatively 
small number of cases included, further analyses only 
included the three main MCs benign, intermediate and 
malignant [8]. Since the aim of this study was to identify 
molecular markers associated with risk for progression and 
only 3 WHO grade 3 cases with consent were available, 
the two WHO grade groups were aggregated for further 
analysis.

PFS univariate analysis at 10% significance identified sex, 
Simpson stage, age (median), 1p loss (Fig. 1b), meningioma 
MC (Fig. 1c) and CDKN2A/B loss (Fig. 1d) as prognostic 
factors (Suppl. Table 4). In a subset of cases with residual 
tumor (n = 24), all volumetric measurements above the 
median, except for tumor length, were significantly associ-
ated with worse PFS. Due to the low number of cases with 
residual tumor and adequate molecular information available 
(n = 11), or a small number of events for CDKN2A/B, further 
multivariate analyses on these (volumetric) measurements 
could not be performed. In the final multivariate clinical and 
molecular full Cox model, loss of chromosome 1p and MC 
were identified as significant factors at the 10% significance 
level (Suppl. Table 5).

OS univariate analysis at 10% significance identified 
WHO performance status, sex, Simpson stage, age (median), 
MC and CDKN2A/B loss as prognostic factors (Suppl. 
Table 6). In the multivariate clinical and molecular full Cox 
model however, none of the factors reached significance, 
possibly due to the limited number of OS events available 
(e = 8) compared to the total number of modalities included 
in the model (k = 7; Suppl. Table 7).

In conclusion, this study identifies independent prognos-
tic impact of MC and 1p loss on PFS in a cohort of atypical 
and malignant meningioma undergoing high-dose radio-
therapy. In line, 1p loss is observed in most meningioma of 
(epi)genetically and/or transcriptomically defined increased 
risk [6]. Hence, 1p analysis may provide an independent, 
cost-efficient marker for identification of cases at higher risk 
of recurrence. Due to the relatively small cohort and events, 
the association of CDKN2A/B loss and TERT-promotor 
mutations with outcome could not be validated and should 
be investigated in a larger prospective cohort with longer 
follow-up.

Supplementary Information The online version contains sup-
plementary material available at https:// doi. org/ 10. 1007/ 
s00401- 023- 02642-5.
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