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Abstract

Meningiomas show substantial heterogeneity in morphology, recurrence risk, and treatment re-
sponse. Although World Health Organization (WHO) grade and extent of resection remain the foun-
dation of clinical management, they do not fully account for the divergent behavior of tumors within
the same histological category. The 2021 WHO classification incorporated oncogenic TERT promoter
variants and homozygous CDKN2A/B deletion as molecular criteria for CNS WHO grade 3. DNA meth-
ylation classes, copy-number alterations, and integrated multi-omic models subsequently improved
risk prediction beyond histology alone. Recent multicenter studies indicate that molecular profiling
may identify histologically low-grade but biologically high-risk tumors, refine selection for postop-
erative radiotherapy, and guide surveillance after gross-total resection. Molecular data also provide
amore nuanced interpretation of surgical extent: safe gross-total resection remains associated with
improved local control, whereas aggressive dural excision does not necessarily outperform coagu-
lation when functional risk is substantial. Thus, molecular risk should clarify the consequence of
residual disease and the need for adjuvant therapy rather than justify unsafe radicality. This review
summarizes current methylation-based and integrated classification systems and examines their
impact on diagnosis, surgical strategy, radiotherapy, surveillance, and management of recurrent dis-
ease. Practical limitations—including intratumoral heterogeneity, tissue quality, platform calibra-
tion, classifier confidence, cost, and the lack of molecularly stratified prospective trials—are also dis-
cussed. DNA methylation stratification is an important adjunct to histopathology, imaging, and re-
section status, but standardized reporting and prospective validation are required before universal
implementation.
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2021 F WHO Fix 2 R Gi MR 73 25 (CNSB) i IE : BIRH LRI, f7/E TERT J33I T3
e AR 5 CDKIN2A/B 4l 252 i fisi g ) 52 9 9 CNS WHO 3 2R [1]. X — A8k R B 70 T A ] B
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TR, FFERUCY B WHO 1 ZJBAS . ([HEIRAAAE 1p SR 22q S A/ NF2 500 148 53 1)
BRI T 2 90, [RWLEs DU OO 63 N TR 7 RAE SR [14]. LI 1.

Integrated Meningioma Classification Framework

Histopathology Genetic / Epigenetic Markers DNA Methylation Layer
WHO grade « subtype TERT promoter « CDKN2A/B methylation class / family
mitoses « brain invasion 1p/22q » H3K27me3 « BAP1 CNV burden « risk score

Integrated Risk Assignment
Low / Intermediate / High biological risk

with classifier confidence and clinical context

confirm unusual entities surveillance intensity ial / targeted-therapy selection

J

Molecular data supplement—rather than replace—morphology, imaging, resection status and multidisciplinary judgment.

* h ~
Diagnostic Refinement Prognostic Stratification Treatment Prediction
resolve borderline morphology recurrence probability extent of resection « RT benefit
r

Figure 1. Integrated classification framework combining histopathology, molecular markers, and DNA methylation stratifica-
tion in meningioma
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oL 8 75 B R T 7 h 3 AL T WHO 2021 734, HuJ#E WHO 1 201 2 2 NBiE— 25 X 73 KUK 5
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B, A BT 3R 3 A R T A i U, 3R e A VIR F s fE 1 WHO 1~2 B T Re e
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P RT T B AR T R T ITIN BOT S 3 R TCRE R AR AR F R A, M RRIR T WHO
9] XFERAKIIBOITEBE TR “HGUNIRGS 7 Fn) “4% B R AR 50T BUREN E )=« 3
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ATREFHA B AP OIRFEX B — (I G X 38, T BRIl fa v b . S AEF AR R 45 A 400 2 3
JR S RAZ O S TR BE A B R AT AR 2 XM s X RIRFER, AN B RS T4
R HALERVE, AR ARZEEES N XS5 T AT .

FH R A 35 ] A R S 3 VA 1 A R S PR T 2 A s L HE 4 2, F DNA FRAAE TR 4 FE AN S RIBR B 2 [
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T R —A “EfaMRfE” bR
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[17]-[19].
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RAE R TG 0 J88s M AHE/ICEL 30, SRR A . CNV HEWT 7 VL R0 R MOH 5 B . X T
HMERTIN, LT ORUER GRS . &5 Sentrix 4 5 MG RFEA S 0y pE W], 8 S bFE A4S TL[17]-[20]
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W g B REAT AR, 5K TERT H2) 748 5 f CDKN2A/B 4i& ik, Jf
R 2% A4 78 1p/22g. BAPL. H3K27me3 %5, Ha& 5 H2rT-i BELAE /7 0 X 40, 0] 3 37 808 [ ) 7 B
PCR/FISH/MLPA B4 CNV ¥4, F£8 WHO 2 %, Bk . & - 1T AR — 8RBT 47145 53 H
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AR BT BEAER B 2312 B A N R AR 1 o 4 F A0 H AT AN BB AR BT S8 WHO 1 i
FELJRE PR | T H i SO S8 F T RE A8 SE SO BE T . T80T BN PR ek R ) £ A [14] [20].
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Evidence-Graded Molecular Decision Pathway for Meningioma
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WHO subtype - mitoses GTR vs STR « residual volume TERTp pathogenic variant
brain invasion « necrosis neurovascular constraints CDKN2A/B homozygous deletion
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Morphologic WHO grade 1 Morphologic WHO grade 2 WHO grade 3 morphology
no defining high-risk event or clinically discordant disease or TERTp / CDKN2A/B criterion
high-risk features / STR / early recurrence RT decision or discordance
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L ~
Management Management
flanasement « Multidisciplinary review « Discuss adjuvant RT
« Observe after safe GTR Individualize adi RT | o d prol d MRI
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Avoid molecularl iustified RT « Shorter-interval surveillance « Early salvage planning
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- J

Resource-stratified implementation: Basic centre—morphology + core WHO CNS5 markers; Regional centre—targeted panel/CNV + referral methylation testing; Tertiary centre—full methylome, validated
predictors, standardized bioinformatics and MDT reporting.

Figure 2. Evidence-graded clinical decision pathway integrating morphology, WHO CNS5 molecular criteria, and DNA meth-
ylation stratification
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