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Extended Data Fig. 3| Benefits of extent of surgical resection (EOR) across
Molecular Groups (MG). (a-b) Kaplan-Meier (KM) survival curve showing PFS

of meningiomas thatreceived a GTR vs STR belonging to the following MG:
Immunogenic (a), NF2-wildtype (b), Hypermetabolic (c), Proliferative (d).

e. Results of the multivariable Cox regression analysis assessing the PFS benefits

of EOR while controlling for age, sex, WHO grade, primary/recurrent tumor

status, and receipt of adjuvant RT with an interaction term between EOR and MG.

OS Probability

Log-rank test

0.754

OS Probability
o
o
<

0.254

p =0.0045

55/74 471102

10 15 20 25

Number at risk Years

0.00{P =049 0.00{_
0 5 10 15 20 25 0 5
Number at risk Years
— 221 102 39 7 2 0 — 110 46
— 112 58 28 11 1 0 — 79 26
J STR GTR 0S: STRvs GTR
MG Events/N Events/N
Immunogenic 3/59 91176 FH——=——-
NF2-wt 8/114  26/304 ]
Hypermetabolic 25/103 34/210 —=—]

12 4 2 1
10 3 3 3

HR (95% Cl)

0.79 (0.21-2.94)

0.62 (0.28-1.38)

1.02 (0.60-1.72)

1.90 (1.28-2.82)

025 05 10 20

6.0

(f-i) KM survival curve showing OS of meningiomas based on EOR (GTR vs STR) in
each MG: Immunogenic (f), NF2-wildtype (g), Hypermetabolic (h), 4: Proliferative
(i).j. Results of multivariable Cox regression analysis on the effect of EOR on OS
while controlling for age, sex, WHO grade, primary/recurrent tumor status,

and receipt of adjuvant RT with aninteraction term between EOR and MG. Box size
for the forest plots in (e) and (j) are relative to the weight of the effect size with its
center representing the HR and the horizontal error bars representing the 95% CI.
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(a, i) Univariable Cox proportional hazards model of PFS (a) and OS (i) in the (), Baylor MenG (m), Integrated Grade (n), Morphomolecular Risk (0), and Gene
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Extended Data Fig. 5| PSM analyses using other molecular classifications
and integrated molecular prognostic systems. (a-x) From left to right: love
plot, KM survival curve, and results of multivariable Cox regression analyses
after PSM for GTR vs STR, Simpson grades 1/2 vs 3, Simpson grade 1vs 2, and RT
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included in the multivariable Cox regression models presented. P-values for each
covariate in the multivariable Cox regression were derived from the Wald test
(two-tailed) without adjustments for multiple comparisons.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Prognostic role of Simpson Grade resection across
Molecular Groups. a. PFSin each Molecular Group (MG) based on grouping
meningiomas that received a Simpson grade 1 or 2 resection together vs those
thatreceived a Simpson grade 3 resection. b. PFS in each Molecular Group for
meningiomas that received a Simpson grade 1resection vs a Simpson grade 2
resection. (c-d) Results from the multivariable Cox proportional hazards model
showing the effect of Simpson grade on PFS when controlling for age, sex, WHO

grade, receipt of adjuvant RT, and tumor location with an interaction term
between Simpson Grade and Molecular Group. Box size for the forest plots in
(c)isrelative to the weight of the effect size with its center representing the HR
and horizontal error bars representing the 95% confidence interval of the hazard
ratios for each of the covariates included in the multivariable Cox regression
models presented.
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Extended Data Fig. 7 | See next page for caption.
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Extended Data Fig. 7 | RTOG-0539 trained DNA methylation model of RT
response and molecular nomogram. a. Representative screenshot of DNA
methylation .idat files uploaded for 2 separate samples and their respective
probabilistic risk of recurrence within 3 years of surgery and adjuvant RT on

the publicly available RTOG DNA methylation predictor site. b. representative
magnetic resonance images of the same sample cases uploaded to the predictor
in panel (a) with one RT-resistant case demonstrating recurrence within 3 years of
clinical follow-up after gross total resection and adjuvant radiotherapy (above),
and a different case in another patient (below) demonstrating interval stability
after 3-years following similarly gross total resection and adjuvant RT. (c-d). RT-
specific PFS outcomes of meningiomas within each WHO grade of the first (c) and
second (d) retrospective validation cohorts stratified into an RT-resistant and

RT-responsive group based on the predicted DNA-methylation based RT risk
score. P-values generated from Log-rank test. e. Molecular nomogram built
using the DNA methylation based RT predictor, WHO grade, EOR, and RT dose
to predict PFS post-surgery and adjuvant RT using the RTOG-0539 cohort as
the training cohort. Each variable in the nomogram is scaled accordingly and
values/scores for each variable are assigned points which cumulatively add

up to estimate a probabilistic risk of recurrence within 3-years of treatment.

f. clinical nomogram built using the same variables and training cohort asin (e)
except without DNA methylation risk score. g. AUC and 95% Cl demonstrating
the predictive accuracy of the molecular and clinical nomogram respectively
validated in the same retrospective cohort of RT-treated meningiomas (N=276).
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Extended Data Table 1| Molecular grouping of meningiomas across WHO grade

WHO Grade 1 WHO Grade 2 WHO Grade 3
(N=1031) (N=501) (N=154)
Immunogenic (MG1) 271 (26%) 58 (12%) 2 (2%)
NF2-wt (MG2) 489 (47%) 108 (22%) 17 (12%)
m/g:;metabollc 232 (23%) 188 (37%) 39 (26%)
Proliferative (MG4) 39 (3%) 147 (29%) 96 (60%)

Distribution of all molecularly profiled cases in each WHO grade with PFS data across Molecular Group with percentages denoting the proportion of cases within each WHO grade belonging
to the specific Molecular Group specified in the leftmost column.
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Extended Data Table 2 | RTOG-0539 prospective clinical trial cohort

Molecular Cohort (N=100)
Baseline characteristic N (%)

Median age (IQR) 56 (49-64)
Biological Sex

Male 35 (35%)

Female 65 (65%)
Tumour status (at index surgery)

Primary 79 (79%)

Recurrent 21 (21%)

Missing 0
WHO Grade

1 49 (49%)

2 37 (37%)

3 14 (14%)
RTOG-0539 Risk Group

Group 1 (Low-Risk) 38 (38%)

Group 2/3 (Intermediate-High Risk) 62 (62%)
Extent of Resection (EOR)

GTR 69 (69%)

STR 16 (16%)

Missing 15 (15%)
Adjuvant RT

Yes 62 (62%)

No 38 (38%)
Molecular Group (MG)

1 (Immunogenic) 20 (20%)

2 (NF2-wildtype) 31 (31%)

3 (Hypermetabolic) 20 (20%)

4 (Proliferative) 24 (24%)

Unknown 5 (5%)
Methylation Subclass (DKFZ)

Benign, subclass 1 (Ben-1) 22 (22%)

Benign, subclass 2 (Ben-2) 22 (22%)

Benign, subclass 3 (Ben-3) 22 (22%)

Intermediate, subclass A (Int-A) 21 (21%)

Intermediate, subclass B (Int-B) 4 (4%)

Malignant (Mal) 4 (4%)

SMARCE1-altered 0

Unknown 5 (5%)

Baseline characteristic and Molecular Group assignment for cases from the RTOG-0539 prospective phase 2 clinical trial with molecular data used for analysis.
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Extended Data Table 3 | Predictive 26 gene signature of RT response

gene_symbol | gene_type baseMean | log2FoldChange | lfcSE stat pvalue padj

NDST4 protein_coding | 16.14183 -6.45138 | 1.491184 | -4.32635 1.52E-05 | 0.025134
EPHA5 protein_coding | 62.05374 -6.43953 1.2115 | -5.31533 1.06E-07 | 0.001377
UNC13C protein_coding | 69.20289 -6.09722 | 1.304019 | -4.67572 2.93E-06 | 0.01032
SLC4A10 protein_coding | 64.68162 -5.72638 | 1.340261 | -4.27259 1.93E-05 | 0.025933
NGF protein_coding | 21.19869 -4.61101 | 0.758666 | -6.07779 1.22E-09 | 3.43E-05
SCUBE1 protein_coding | 704.0126 -4.1601 | 0.851134 | -4.88772 1.02E-06 | 0.004792
GPM6B protein_coding | 185.2759 -4.02377 | 0.796786 -5.05 4.42E-07 | 0.003113
MOXD1 protein_coding | 14.42661 -3.1687 | 0.707015 | -4.48179 7.40E-06 | 0.018966
TNC protein_coding | 504.6852 -3.10182 | 0.702565 | -4.41499 1.01E-05 | 0.023327
F11 protein_coding | 25.66302 -3.07796 | 0.740062 | -4.15906 3.20E-05 | 0.032168
FSIP2 protein_coding | 187.4955 -3.04568 | 0.699069 | -4.35677 1.32E-05 | 0.023327
MEDAG protein_coding | 202.0542 -2.97035 | 0.620716 | -4.78537 1.71E-06 | 0.006872
MYLK protein_coding | 1458.376 -2.78112 | 0.529043 | -5.25688 1.47E-07 | 0.001377
B3GALT1 protein_coding | 174.1834 -2.75873 | 0.671134 | -4.11056 3.95E-05 | 0.037082
FBLN1 protein_coding | 944.5201 -2.63582 | 0.623007 -4.2308 2.33E-05 | 0.028535
CRISPLD2 protein_coding | 296.6113 -2.04908 | 0.499998 | -4.09818 4.16E-05 | 0.037793
ENPP1 protein_coding | 510.0902 -1.91331 | 0.46766 | -4.09124 4.29E-05 | 0.037793
FUOM protein_coding | 33.18035 -1.83209 | 0.427233 | -4.28828 1.80E-05 | 0.025933
RNF122 protein_coding | 36.73631 -1.79532 | 0.428426 | -4.19049 2.78E-05 | 0.031381
VAMP5 protein_coding | 54.69496 -1.67787 | 0.402313 | -4.17056 3.04E-05 | 0.031718
SLC16A3 protein_coding | 614.2797 -1.46195 | 0.355111 | -4.11688 3.84E-05 | 0.037082
CSGALNACT1 | protein_coding | 394.8307 -1.4506 | 0.336547 | -4.31024 1.63E-05 | 0.025535
SH3TC1 protein_coding | 924.2983 -1.40327 | 0.349822 | -4.01139 6.04E-05 | 0.048608
KLHL6 protein_coding | 301.3632 -1.28038 | 0.313722 | -4.08126 4.48E-05 | 0.038257
ZNF808 protein_coding | 773.6995 0.597087 | 0.122152 | 4.888056 1.02E-06 | 0.004792
FLG protein_coding 29.1003 3.502647 | 0.863454 | 4.056552 4.98E-05 | 0.041285

Highly differentially expressed genes in the RTOG-0539 training cohort used in building the gene expression model of RT response. P value and adjusted P value were obtained from Wald's

test with and without Benjamini-Hochberg correction. lfc, log, fold change standard error; stat, Wald's test statistic.
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Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)
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Our web collection on statistics for biologists contains articles on many of the points above.
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Data collection

Data analysis

Clinical data were collected for patients with meningiomas from 10 different participating institutions of the International Consortium on
Meningiomas (ICOM) by expert clinicians including neurosurgeons, neurooncologists, and radiation oncologists specializing in the treatment
of meningiomas at their respective institution. Meningiomas were operated on between 2000 to 2020 and enriched for clinical aggressiveness
or higher World Health Organization (WHO) grade tumors. Specific data elements collected were in accordance with pre-established common
data elements designed for studies on meningiomas and included age, sex, tumor status (recurrent or primary at the time of surgery), WHO
grade, Simpson grade, receipt of adjuvant radiotherapy (RT), histological subtype, and location. Meningiomas were graded by experienced
neuropathologists from each institution in accordance with either the 2016 or 2021 WHO classification and central pathological review was
performed at the University Health Network in Toronto where slides were available. Data from additional publicly available repositories were
also collected (GSE189521 (Bayley et al. DNA methylation), GSE183656 (Choudhury et al. DNA methylation and RNAseq)).

The open-source software, tools, and packages used for data analysis in this study, as well as the version of each program, were as follows:
ImageJ (v2.1.0), R (v4.3.1), FastQC (v0.11.5), STAR (v2.4.2a), caret R package (v6.0-94), Rtsne R package (v0.16), survival R package (v3.5-5),
xgboost R package (v1.7.5.1), gimnet R package (v 4.1-8), rms R package (v6.7-1), hdnom R package (v6.0.2), pROC R package (v1.18.4), minfi
(Bioconductor v1.46.0), DESeq2 (Bioconductor v1.26.0), HtSeq R package (v0.11.0), Matchlit R package (v4.5.5), MatchThem R package
(v1.1.0), NMF R package (v 0.27). Our DNA methylation model is publicly available and accessible at https://
www.meningiomaconsortium.com/models/

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

DNA methylation data and gene expression data (RNA-sequencing) generated for this study are deposited in the NCBI Gene Expression Omnibus (https://
www.ncbi.nIm.nih.gov/geo/) under the superseries accession number GSE270375. Unprocessed DNA methylation data from retrospective meningioma tumors are
available under the accession number GSE270371 and gene expression counts data are available under the accession number GSE270638. Unprocessed RNA-
sequencing data (FASTQ) are deposited in the NCBI Sequencing Reads Archive (https://www.ncbi.nlm.nih.gov/sra) under the project number PRINA1127224 for the
retrospective meningioma tumors. Unprocessed DNA methylation data and gene expression data (RNA-sequencing) for the prospective NRG RTOG-0539 clinical trial
cases are deposited in the database of Genotypes and Phenotypes (dbGaP) under the project #phs003707.v1.p1 entitled: "MP2PRT-MNG: Identifying novel
molecular markers of response to radiotherapy in meningiomas using samples from the RTOG-0539 (NCT00895622)." Previously published, publicly available data
were downloaded from the GEO database the GEO database (https://ncbi.nlm.nih.gov/geo ) under the following accession numbers: GSE189521 (Bayley et al. DNA
methylation) and, GSE183656 (Choudhury et al. DNA methylation and RNA sequencing).

Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender Sex data was collected on all patients when available and reported in aggregate. A total of 1793 out of 2824 patients from
the retrospective meningioma cohort were female. Of the retrospective cases with molecular data, a total of 1116 out of
1686 patients were female. A total of 65 out of 100 patients from the prospective RTOG-0539 clinical trial cohort were
female. Sex and/or gender was not considered in the initial study design given that it has been well established that
epidemiologically the majority of meningioma patients are female and that male patients tend to have higher grade, and
more biologically aggressive meningiomas. However, this was taken into consideration in data analysis as biological sex was
included as a covariate in nearly all univariable and multivariable models and included as a key covariate in propensity score
matching.

Reporting on race, ethnicity, or  Ethnicity data was unfortunately not available for the majority of cases utilized in the study and was therefore not integrated

other socially relevant into analysis. However, our cohort were comprised of cases from Canada, the United States, and Germany.
groupings
Population characteristics Median age of the total retrospective cohort, the molecular retrospective cohort, and the prospective RTOG-0539 clinical

cohort were 57.0, 57.8, and 56.5 respectively. Other relevant demographic data of our cohort are reported in detail in our
manuscript and associated tables.

Recruitment Clinical data were collected for patients with meningiomas from 10 different participating institutions of the International
Consortium on Meningiomas (ICOM) and using publicly available data repositories by expert clinicians including
neurosurgeons, neurooncologists, and radiation oncologists specializing in the treatment of meningiomas at their respective
institution. Cases were operated on between 2000 to 2020 and enriched for clinical aggressiveness or higher WHO grade
tumors. Specific data elements collected were in accordance with pre-established common data elements designed for
studies on meningiomas and included age, sex, tumor status (recurrent or primary at the time of surgery), WHO grade,
Simpson grade, receipt of adjuvant radiotherapy (RT), histological subtype, and location. Meningiomas were graded by
experienced neuropathologists from each institution in accordance with the 2021 WHO classification and central pathological
review was performed at the University Health Network in Toronto for cases where slides were available. Data collection of
these cases are nonetheless still subject to the inherent biases of retrospective data collection which includes selection
biases associated with the majority of cases originating from tertiary academic neurosurgical centres. The RTOG-0539
(NCT00895622) is a prospective, phase 2, non-randomized clinical trial that stratified patients with meningiomas to adjuvant
RT (or observation) treatment arms based on WHO grade, EOR, and primary/recurrent tumor status. Tissue for molecular
profiling and clinical data from the RTOG-0539 trial were obtained through The Molecular Profiling to Predict Response to
Treatment (MP2PRT) program as part of the National Cancer Institute's Cancer Moonshot Initiative.

Ethics oversight Ethics approval for this study was provided by the Research Ethics Board via the Coordinated Approval Process for Clinical
Research at the University Health Network (Toronto, ON) locally under CAPCR 18-5820 and by relevant institutional review
board (IRB) at all included institutions (Indiana University, Case Western Reserve University, University of Tubingen,
Vanderbilt University, Vancouver General Hospital, Fred Hutchinson Cancer Center, Northwestern University)

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size calculation was used. All retrospective samples included represented all available meningioma datasets from each respective
institution with accompanying tissue for molecular profiling, previously published molecular data, or clinical data only. Sample size calculation
for the completed RTOG-0539 prospective clinical trial were as per protocol of the original trial with 100 cases having sufficient tissue for
molecular profiling. This dataset represents that largest molecular meningioma dataset with detailed clinical data on extent of surgical
resection, adjuvant radiotherapy, and clinical follow-up.

Data exclusions  Data were excluded for cases that failed QC on DNA methylation or RNA-seq. We also excluded meningiomas from molecular classification
when their DNA methylation profile did not classify reliably as meningioma on the DKFZ methylation classifier or did not cluster with
meningiomas on a t-distributed Stochastic Neighbor Embedding with other confirmed reference meningioma cases, thereby ensuring our
cohort was comprised entirely of molecularly-confirmed meningiomas for analysis. Otherwise, all patients with available molecular data and
tissue for DNA methylation and/or RNA-seq were included.
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Replication All analyses, including propensity score matching were repeated using 4 different molecular classifications (Toronto molecular group, DKFZ
methylation class/subclass, UCSF Methylation Group, Baylor Meningioma Group), 3 molecular prognostic systems (Integrated Grade,
Morphomolecular Risk, Gene Expression Risk) in addition to WHO grade with concordant results across all attempts at replication. To ensure
reproducibility, confirmation of molecular group classification for each case were performed by two separate individuals (APL, VP) blinded to
clinical outcome using multiple orthogonal approaches including the originally published methodologies as well as utilization of different data
types for the same tumor when matched DNA-methylation and RNA-seq were available (see Supplementary Methods in the Extended Data).

Randomization  NA. Randomization was not performed in this study. Univariable and multivariable Cox regression analysis as well as propensity score
matching were used to control clinical covariates between treatment arms for this study.

Blinding All initial molecular classifications and bioinformatic analyses pertaining to molecular classification including in the RTOG-0539 clinical trial

were performed by individuals blinded to clinical outcome, institution, and other clinical data (including WHO grade) to ensure unbiased,
biologically rooted group allocation independent of outcome.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a 7 Involved in the study
Antibodies [] chip-seq
Eukaryotic cell lines |:| Flow cytometry
Palaeontology and archaeology |:| MRI-based neuroimaging
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Clinical data

Policy information about clinical studies
All manuscripts should comply with the ICMJE guidelines for publication of clinical research and a completed CONSORT checklist must be included with all submissions.

Clinical trial registration  Clinical trial samples used in the study from the NRG Oncology RTOG-0539 study were originally accessed from NCT00895622
Study protocol Full protocol for the RTOG-0539 clinical trial can be found at https://www.nrgoncology.org/Clinical-Trials/Protocol/rtog-0539?

Data collection Recruitment, data collection, and locales of data collection have been previously published and documented as part of the NRG
Oncology RTOG-0539 clinical studies (PMID 31786276, 28984517, 35657335)

Outcomes Outcomes from the NRG Oncology RTOG-0539 clinical trial (NCT00895622) were pre-defined and these outcome data were utilized
for our study.
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