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W Check for updates

Surgery is the mainstay of treatment for meningioma, the most common
primary intracranial tumor, butimprovements in meningioma risk
stratification are needed and indications for postoperative radiotherapy
are controversial. Here we develop a targeted gene expression biomarker
that predicts meningioma outcomes and radiotherapy responses. Using a
discovery cohort of 173 meningiomas, we developed a 34-gene expression
risk score and performed clinical and analytical validation of this biomarker
onindependent meningiomas from 12 institutions across 3 continents
(N=1,856), including 103 meningiomas from a prospective clinical trial.
The gene expression biomarker improved discrimination of outcomes
compared with all other systems tested (N =9) in the clinical validation
cohort forlocal recurrence (5-year area under the curve (AUC) 0.81) and
overall survival (5-year AUC 0.80). The increase in AUC compared with

the standard of care, World Health Organization 2021 grade, was 0.11 for
local recurrence (95% confidence interval 0.07t0 0.17, P< 0.001). The
gene expression biomarker identified meningiomas benefiting from
postoperative radiotherapy (hazard ratio 0.54, 95% confidence interval
0.37t00.78, P=0.0001) and suggested postoperative management could
berefined for 29.8% of patients. In sum, our results identify a targeted
gene expression biomarker thatimproves discrimination of meningioma
outcomes, including prediction of postoperative radiotherapy responses.

Meningiomas account for 39.7% of primary intracranial tumors and
are the only brain tumors that are more common in women, Black
and elderly patients, who are underrepresented in brain tumor clini-
cal trials"*. Meningioma treatments are largely restricted to sur-
geryandradiotherapy, and systemic therapies remain ineffective or
experimental®*. Historically, the World Health Organization (WHO)
has graded meningiomas according to histological features such as
mitotic count’. Most WHO grade 1 meningiomas can be effectively
treated with surgery or radiotherapy, but many WHO grade 2 or grade
3 meningiomas are resistant to treatment and cause substantial neu-
rological morbidity and mortality®>. Moreover, some WHO grade 1
meningiomas develop recurrences that cannot be predicted from

histological features, and some WHO grade 2 or grade 3 meningiomas
are unexpectedly well controlled with surgery and radiotherapy.
In recognition of the controversies surrounding meningioma risk
stratification and treatment, the NRG BN-003 and EORTC 1308 Phase
Il clinical trials randomize patients with primary WHO grade 2 menin-
giomas to postoperative surveillance or postoperative radiotherapy
after gross total resection (GTR)®. The only multicenter prospec-
tive studies of meningioma radiotherapy that have reported data
are RTOG 0539 and EORTC 22042, and these Phase Il clinical trials
provide safety and nonrandomized data based on clinical criteria
that do not predict radiotherapy responses in most retrospective
series”'°. Thus, there are unmet needs for improved risk stratification
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Fig.1|Study design and gene expression biomarker characteristics. a, Study
design and numbers of meningiomas used for gene expression biomarker
development, analytical validation (Extended Data Fig. 4 and Supplementary
Data Table 4), clinical validation and comparison across classification systems.
For additional details, see Table 1, Supplementary Methods and Supplementary
Data Tables 1-9. Numbers in black text denote intersecting (for example, 173 and
332) or non-intersecting (for example, 714, 534 and 103) meningiomas used for
eachanalysis. Color-matched numbers in adjacent text annotations denote the
total number of meningiomas (whether intersecting or non-intersecting) that
were used for each analysis. Superscript numbers correspond to manuscripts
reporting comparator meningioma classification systems in the references.
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b, Upset plot of 4,898 bioinformatic assays (horizontal) performed across 1,856
unique meningiomas (vertical) to define and compare molecular classification
systems in this study. c,d, Distribution of continuous (c) or discrete (d) gene
expression risk scores in principal component space. Dots represents individual
meningiomas from the training, multicenter retrospective and prospective
clinical validation cohorts (V =1,142). e, Loading scores for the 34 genes
composing the gene expression biomarker. A simplified color scheme shows
genes associated with higher risk in red and genes associated with lower riskin
blueinthe first two principal components. Further information regarding the
biological function of these genes can be found in Supplementary Methods and
Supplementary Table 3.

and prediction of postoperative radiotherapy responses for patients
with meningiomas.

In2021, the WHO revised meningioma grading criteria to incorpo-
rate rare hotspot TERT promoter mutations and homozygous deletion
of CDKN2A/CDKN2B alongside traditional histological features". The
WHO 2021 update reflects a growing understanding of the molecular
landscape of meningiomas from diverse bioinformatic studies. DNA
sequencing”™, copy number variant (CNV) analyses'*"®, RNA sequenc-
ing'”*° or DNA methylation profiling® * have been used to classify men-
ingiomas based on recurring somatic short variants>*, chromosome
gainsorlosses'® ™, differentially expressed genes'®?° or DNA methyla-
tion probes®, families*, groups® or subgroups?. Integrated systems
have been proposed based on (1) CNVs, CDKN2A/CDKN2B status and
histological features (integrated grade)'®, (2) CNVs, DNA methylation
families and histological features (integrated score)”, or (3) CNVs,
DNA methylation profiling, RNA sequencing and DNA sequencing,
which reveal biological groups and subgroups of meningiomas that
are concordant with results from DNA methylation profiling or RNA
sequencingalone'®**, Itis unknown which of these diverse classifica-
tion system(s) may optimize risk stratification or predict postoperative
radiotherapy responses for patients with meningiomas.

Knowledge of biological pathways underlying diverse cancers
has generated robust targeted gene expression biomarkers that

are recommended for risk stratification and prediction of treat-
ment response by the National Comprehensive Cancer Network
(NCCN)*>7%, A small pilot study suggested that targeted gene
expression profiling may be useful for meningioma risk stratifica-
tion*, but an optimized gene expression biomarker as well as the
analytical validity, clinical validity, generalizability and potential
impact of this approach on postoperative meningioma management
were unknown.

In this Article, we use knowledge of biological pathways under-
lying meningiomas from bioinformatic studies">*' to develop a
34-gene expression biomarker thatis prognostic for clinical outcomes
inasingle-institution discovery cohort. We perform clinical and ana-
lytical validation of the gene expression biomarker using independ-
ent meningiomas fromalarge multicenter retrospective cohort, and
compare biomarker performance across contemporary meningioma
classification systems and clinical contexts using a total of 4,898
bioinformatic assays (Fig. 1a,b). We provide investigator-blinded,
independent validation of the gene expression biomarker using amul-
ticenter prospective cohort of meningiomas from patients enrolled on
RTOG 0539.Insum, our results reveal the gene expression biomarker
provides additional information for meningioma outcomes compared
with recent classification systems, including prediction of postopera-
tive radiotherapy responses.
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Table 1| Discovery and clinical validation cohort
characteristics

Discovery Retrospective Prospective
clinical validation clinical
validation
Meningiomas, no. 173 866 103
Patients, no. 166 801 103
Females, no. (%) 112 (67.5) 543 (68.7) 68 (66.0)
Median age (IQR), years 57.0 (45-65.1) 58.9 (48.6-676) 57 (49-65)
Setting, no. (%)
Primary 143 (82.7) 635 (80.1) 81(78.6)
Recurrent 30(17.3) 153 (19.4) 22 (21.4)
Not available 0(0.0) 78 (9.0) 0(0.0)
Extent of resection, no. (%)
Gross total 110 (63.6) 541(69.8) 70 (68.0)
Subtotal 63(36.4) 234(30.2) 17 (16.5)
Not available 0(0.0) 91(10.5) 16 (15.5)*
WHO grade, no. (%)**
1 83(50.0) 499 (57.6) 51(49.5)
2 65 (37.6) 240 (277) 37(35.9)
3 25(14.4) 127 (14.7) 15 (14.6)
Gene expression risk score, no. (%)
Low 63 (36.4) 252 (29.1) 39(37.9)
Intermediate 72 (41.6) 406 (46.9) 46 (44.7)
High 38(22.0) 208 (24.1) 18 (17.5)
Postoperative 33(19.1) 147 (17.3) 63 (61.1)
radiotherapy, no. (%)
Medianfollowup (IQR), 8.1(3.9-11.9) 5.2(2.3-8.7) 8.4(5.1-9.3)
years
Local recurrence, 61(35.3) 253 (29.2) 29 (28.2)***
no. (%)
Death, no. (%) 46 (26.6) 190 (21.9) 21(20.4)

The discovery cohort was composed of frozen meningiomas from a single institution (UCSF)
(Supplementary Data Table 2). The non-overlapping retrospective clinical validation cohort
was composed of frozen (N=572) and FFPE meningiomas (N=294) from six institutions:
consecutive meningiomas from The University of Hong Kong (Supplementary Data Table 5),
and nonconsecutive meningiomas from Northwestern University (Supplementary Data
Table 6), UCSF (Supplementary Data Table 7), Baylor College of Medicine (Supplementary
Data Table 8), Heidoberg University and Medical University of Vienna (Supplementary Data
Table 9). The non-overlapping prospective clinical validation cohort was composed of FFPE
meningiomas from RTOG 0539 (Supplementary Data Table 13), a completed prospective
clinical trial of postoperative radiotherapy or postoperative observation for patients with
meningiomas. *Some recurrent meningiomas from patients enrolled on RTOG 0539 received
radiotherapy without repeat surgery. **WHO 2016 grade based on histological criteria.
***The events from RTOG 0539 were defined as progression or death, and outcomes for this
cohort are reported as PFS or OS.

Results

Gene expression biomarker development

Targeted gene expression profiling of 173 meningiomasin the discovery
cohort (Table1and Supplementary Tables1and 2) resulted in a34-gene
expression biomarker and continuous risk score between 0 and 1 that
was converted into discrete low-, intermediate- and high-risk groups
for Kaplan-Meier analyses (Fig. 1c-e, Extended Data Fig. 1and Sup-
plementary Table 3). The gene expression biomarker was well distrib-
uted across intracranial meningiomalocations and recurring somatic
short variants, and was prognostic for local freedom from recur-
rence (LFFR) and overall survival (OS) (Extended Data Figs. 2 and 3).
The gene expression biomarker model, risk score and cutoffs were
locked and applied without alteration to multicenter retrospective

and prospective validation cohorts from 12 institutions (Table 1 and
Supplementary Tables 4-15).

Gene expression biomarker analytical validation

Analytical validity, including reproducibility over time and across
laboratories, paired frozen and formalin-fixed paraffin-embedded
(FFPE) meningioma samples, and different approaches for gene
expression quantification was established using the multicenter
analytical validation cohort (N =1,219 meningiomas, 8 institutions)
(Fig.1a, Extended Data Fig. 4 and Supplementary Table 4). Test-retest
conditions, different centers and paired frozen/FFPE meningiomas
generated concordant gene expression risk scores (Extended Data
Fig. 4a,b) that were tractable and discriminatory for meningioma
outcomes when RNA sequencing or microarray approaches were used
toassess the 34-gene signature (Extended Data Fig. 4c-g). With regard
to cross-platforminteroperability, we found DNA methylation profil-
ing was not able to reliably reproduce the gene expression risk score
(Supplementary Methods)

Gene expression biomarker clinical validation
In the multicenter retrospective clinical validation cohort (N =866
meningiomas, 6 institutions, N=572frozen, N=294 FFPE) (Fig.1aand
Extended Data Figs. 4-9), the gene expression biomarker achieved a
concordanceindex (c-index) of 0.78 for LFFRand 0.78 for OS (Extended
DataFig.5). The gene expressionbiomarker delineated clinically mean-
ingful low-, intermediate- or high-risk groups with 5-year LFFR 0f 92.2%
(95% confidence interval (CI) 88.3% t0 96.2%), 72.6% (95% Cl 67.8% to
77.8%) and 19.4% (95% C113.5% to 28.0%), respectively (Fig. 2a), and
remained well calibrated in meningiomas from individual clinical
validation institutions (Extended Data Fig. 5a). The gene expression
biomarker was prognostic for LFFR and OS among meningiomas pre-
sentingin primary or recurrent settings, after GTR or subtotal resection
(STR), across WHO grades using histological (WHO 2016)° or histologi-
caland molecular criteria(WHO 2021)", and remained independently
prognostic on multivariate analysis incorporating meningioma setting
(primary or recurrent), extent of resection, and WHO grade (Fig. 2b,
Extended Data Fig. 5b and Supplementary Tables 10 and 11). The gene
expression biomarker was prognostic for LFFR and OS within strata
from other meningioma molecular classification systems based on DNA
methylation probes®, groups?, subgroups'®” or families*, or based
on gene expression types', integrated score or integrated grade'®
(Extended Data Fig. 5¢), and remained independently prognostic on
multivariate analyses incorporating each of the nine other meningioma
classification systems (Supplementary Tables 10 and 11).
Comparisonacross meningioma classification systems based on
molecular®*** molecular and histological'®’, or WHO criteria®"
using pairwise model combinations® revealed the gene expression
biomarker provided additional prognostic information for LFFR and
0OS in combination with each of the nine other systems tested (Fig. 3a
and Extended DataFig. 6a). No other meningioma classification system
provided additional prognostic information for LFFR in combina-
tion with the gene expression biomarker (Fig. 3a and Extended Data
Fig. 6b,c), and only WHO 2021 grade provided additional prognostic
information for OS (Fig. 3a). The gene expression biomarker achieved
the lowest Brier error score over time for LFFR across meningioma
classification systems and had an error score that was comparable to
WHO 2021 grade and integrated grade over time for OS (Fig. 3b). The
gene expression biomarker achieved the highest 5-year areaunder the
curve (AUC) for LFFR (0.81) and OS (0.80) across meningioma classifi-
cation systems, with a delta-AUC for LFFR of +0.07 (95% C10.02t0 0.12,
P <0.001) compared with the next best performing system (integrated
grade), and adelta-AUC for LFFR of +0.11(95% C10.07 t0 0.17,P < 0.001)
compared with the current standard of care (WHO 2021 grade)
(Fig. 3c). To translate these findings into clinical practice, nomo-
grams were generated for prediction of 5-year LFFR or OS based on
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Fig.2| Gene expression biomarker discrimination of meningioma outcomes.
a, Kaplan-Meier curves for LFFR or OS in the multicenter retrospective clinical
validation cohort stratified by gene expression risk score (N = 866 meningiomas,
6institutions, N = 854 with LFFR data, N = 863 with OS data). Pvalues shown are
from a two-sided log-rank test. Low, intermediate and high gene expression risk
scores were associated with 5-year LFFR 0f 92.2% (95% Cl, 88.3% t0 96.2%), 72.6%
(95% C1 67.8% to 77.8%) and 19.4% (95% C113.5% to 28.0%), and 5-year OS of 95.3%
(95% C192.9% t0 97.8%), 83.3% (95% C179.3% to 87.5%) and 44.3% (95% C1 35.6% to
55.1%), respectively. b, Forest plot of HRs with 95% Cl for local recurrence or

N Pvalue N Pvalue
{ Perimary 1 635 ! <0.001 1635 ! <0.001
Recurrent 1 153 | <0.001 1152 ! <0.001
{GTR 1541 | <0.001 1541 | <0.001
STR 4 234 | <0.001 1234 ! <0.001
17492 ! <0.001 1 498 ! <0.001
{2 7236 | <0.001 238 ! <0.001
34126 | <0.001 {127 ! <0.001
1 267 ! <0.001 {267 | <0.001
{2 150 ! 001 {50 ! 0.04
34145 | <0.001 {146 ! <0.001
434! <0.001 434! <0.001

0 1 2 3 0 1 2 3

Death

HR + 95% Cl for 0.1 increase in gene expression risk score

Local recurrence

deathin the multicenter retrospective clinical validation cohort for each 0.1
increase in gene expression risk score across meningioma settings (primary or
recurrent), extent of resection (EOR), WHO grades or multivariate analysis.
Nrefers to the number of meningiomas included within each strata for which the
HRis reported. For multivariate analysis, the variables shown in parentheses were
included as covariates, and N refers to the number of meningiomas included in
multivariate analysis. Pvalues are from a two-sided Wald’s test without multiple
comparisons adjustment.

meningiomagene expressionrisk score, setting (primary or recurrent),
extent of resection, and WHO grade (Fig. 4 and Extended DataFig. 7).

Biomarker prediction of radiotherapy responses

To incorporate the gene expression biomarker into a clinical frame-
work consistent with contemporary NCCN and European Association
of Neuro-Oncology (EANO) guidelines***, meningiomas treated with
surgical monotherapy inthe multicenter retrospective clinical valida-
tion cohortwere stratified by extent of resection and gene expression
risk score, resulting in arange of clinical subgroups spanning the spec-
trum of recurrence risk from 5-year LFFR 0f 96.1% for gene expression
low-risk meningiomas with GTR, t0 9.8% for gene expression high-risk
meningiomas with STR (Fig. 5a). Based on these combined biomarker/
surgical strata, favorable and unfavorable meningiomas were distin-
guished using (1) gene expression low risk with any resection, or gene
expression intermediate risk with GTR (favorable), versus (2) gene
expression intermediate risk with STR, or gene expression high risk
with any resection (unfavorable) (Fig. 5a).

In clinical practice, meningiomas with unfavorable histological
features or STR are often treated with postoperative radiotherapy on
thebasis of retrospective data****, NRG BN-003 and EORTC 1308 rep-
resentimportant prospective studies of radiotherapy for meningioma,
but these trials were initiated before the development of biomarkers
for meningioma risk stratification and do not incorporate biomark-
ers potentially elucidating postoperative radiotherapy responses, as
defined by areduced risk of recurrence. In the multicenter retrospec-
tive clinical validation cohort, the gene expression biomarker remained
prognostic for primary meningioma outcomes among patients receiv-
ing fractionated postoperative radiotherapy (Extended Data Fig. 8a),
and also among patients with primary WHO grade 2 meningiomas
with GTR who may have been eligible for NRG BN-003 or EORTC 1308
(Extended Data Fig. 8b). However, in the absence of biomarker strati-
fication, primary WHO grade 2 meningiomas with GTR did not benefit
from postoperative radiotherapy in the multicenter retrospective clini-
calvalidation cohort (Extended Data Fig. 8c). Thus, to determineif the
gene expression biomarker could predict meningioma radiotherapy
responses, primary WHO grade 2 meningiomas were stratified based
on favorable versus unfavorable biomarker/surgical criteria (Fig. 5a),
whichrevealed that unfavorable primary WHO grade 2 meningiomas
benefited from postoperative radiotherapy (hazard ratio (HR) 0.33,

95% C10.14-0.76, P=0.009) but favorable primary WHO grade 2 men-
ingiomas did not (P=0.88) (Fig. 5b). Applying the same biomarker/
surgical strataacross all WHO gradesin the multicenter retrospective
clinical validation cohort with propensity matching based on gene
expressionrisk score, extent of resection,and WHO grade revealed that
unfavorable meningiomas benefited from postoperative radiotherapy
(HR0.54,95% C10.37t0 0.78, P=0.0001) but favorable meningiomas
did not (P=0.42) (Fig. 5c and Supplementary Table 12).

RTOG 0539 was a Phase Il multicenter prospective trial that
enrolled patients with meningiomas from 78 institutions into 3 clini-
cal risk groups: (1) low clinical risk composed of primary WHO grade
1meningiomas after any resection, (2) intermediate clinical risk com-
posed of recurrent WHO grade 1 meningiomas after any resection, or
primary WHO grade 2 meningiomas after GTR, and (3) high clinical
risk composed of WHO grade 3 meningiomas after any resection,
recurrent WHO grade 2 meningiomas after any resection, and pri-
mary WHO grade 2 meningiomas after STR. Intermediate and high
clinical risk patients enrolled on RTOG 0539 received postoperative
radiotherapy®’, and low clinical risk patients underwent postopera-
tive surveillance’. To determine how the gene expression biomarker
could potentially refine postoperative management, meningiomasin
the multicenter retrospective clinical validation cohort were assigned
to RTOG 0539 clinical risk groups and compared across assignments
with gene expression biomarker risk groups. The gene expression
biomarkerimproved discrimination of meningioma outcomes across
clinical groups used for postoperative radiotherapy stratification in
RTOG 0539 (Extended Data Fig. 8d) and reclassified 52.0% (Supple-
mentary Table 15) of meningiomas compared with clinical criteria,
including downstaging 21.3% of intermediate clinical risk patients
who would have received postoperative radiotherapy on RTOG 0539
(Fig.5d). Using favorable versus unfavorable biomarker/surgical strata
that predict radiotherapy responses (Fig. 5a-c), these data suggest
that postoperative management could have been refined for 29.8%
of patients in the multicenter retrospective clinical validation cohort
compared with clinical criteria from RTOG 0539.

Biomarker validation in meningiomas from a prospective
clinical trial

Investigator-blinded, independent validation of the gene expression
biomarker was performed using meningiomas and clinical data that
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Fig. 3| Gene expression biomarker comparisons with other meningioma
classification systems. a, Heatmap of —log,-transformed two-sided Pvalues

with false discovery rate (FDR) correction (Q values) for pairwise likelihood-ratio
tests™ of improvements in Cox regression models for LFFR or OS. Meningioma
classification systemsin columns (for example +Gene expression risk score) were
combined with meningioma classification systems in rows. The performance of
combined models was assessed using 290 consecutive meningiomas from The
University of Hong Kong validation cohort with available data to define all ten
meningioma classification systems tested. Asterixis denote Benjamini-Hochberg-
corrected Q < 0.01. Combination with the gene expression risk score improved all
other models tested for both LFFR and OS (first column). Conversely, no models
improved the gene expression risk score for LFFR (first row, top heatmap), and only
WHO 2021 grade provided improvement for OS (first row, bottom heatmap). These
findings were additionally validated using multivariate analyses (Supplement Data
Tables 10 and 11) and Kaplan-Meier analyses (Extended Data Figs. 5 and 6). b, Brier
error curves over time for LFFR or OSin the same retrospective validation cohort as
ina. The gene expression biomarker achieved the lowest Brier error score over time
for LFFRacross meningioma classification systems and had an error score that was

comparable to WHO 2021 grade and integrated grade over time for OS. ¢, Five-year
time-dependent area under the receiver operating characteristic (AUC) for all
meningioma classification systems tested. AUC values reflect the performance

of each systemin all multicenter retrospective clinical validation cohort
meningiomas (V=866 meningiomas, 6 institutions) with available data to define
each systemtested (Supplement Data Tables 4,10 and 11). Pairwise comparisons
were performed for select systems using bootstrap delta-AUC. Pvalues shown are
one-sided bootstrap Pvalues. The gene expression biomarker achieved the highest
5-year AUC for LFFR and OS across meningioma classification systems, with a delta-
AUC for LFFR of +0.07 (95% C10.02 to 0.12, P < 0.001) compared with the next best
performing system (integrated grade), and a delta-AUC of +0.11 for LFFR (95% CI
0.07t0 0.17,P< 0.001) and +0.04 for OS (95% CI -0.001t0 0.08, P= 0.03) compared
with the current standard of care (WHO 2021 grade). As was the case for AUC
calculations, the number of meningiomasincluded in each delta-AUC comparison
varied depending on the number of meningiomas in the multicenter retrospective
clinical validation cohort with available data to define the systems tested in each
comparison (Supplement Data Tables 4 and 10). Unless specified (asin a), Pvalues
are not corrected for multiple comparisons.

were prospectively collected from patients enrolled on RTOG 0539
itself (N=103) (Table 1 and Supplementary Table 13). In comparison
with clinical risk groups used to allocate patients to postoperative
radiotherapy or postoperative surveillance on this study, the gene
expression biomarker reclassified 39.8% of meningiomas from RTOG
0539 (Fig. 5d and Supplementary Table 15), including downstaging
30.3% of intermediate clinical risk patients who received postopera-
tiveradiotherapy. The gene expression biomarker was prognostic for
progression-free survival (PFS) and OS in patients from RTOG 0539
(Fig. 5d,e) and was well calibrated with 5-year PFS of 92.0%, 76.5%
and 38.6% for low-, intermediate- and high-risk groups, respectively.
Moreover, the gene expression biomarker remained independently
prognosticon multivariate analysisincorporating meningiomasetting
(primary or recurrent), extent of resection, and WHO grade using data
from RTOG 0539 (Supplementary Table 14).

Discussion

Here we use targeted gene expression profiling to develop and vali-
date a polygenic biomarker that provides additional information for
meningioma outcomes compared with other classification systems,
including prediction of postoperative radiotherapy responses. The
gene expression biomarker we report is independently prognostic

across all clinical, histological and molecular contexts tested*>'*"'**¢,

including WHO 2021 grade", the current standard of care. When incor-
porated into clinical risk groups defined by contemporary trials’’ that
are consistent with consensus NCCN and EANO guidelines***, the gene
expression biomarker potentially refines postoperative management
for 29.8% of patients.

DNA methylation profiling”****, CNV analysis'* ¢, DNA sequenc-
ing'> and RNA sequencing'®2?? have improved understanding of
meningioma biology. Unsupervised bioinformatic analyses paired
with mechanistic and functional approaches have identified molecular
groups and subgroups of meningiomas with distinct biologic driv-
ers, therapeutic vulnerabilities and clinical outcomes'®'**??, Super-
vised bioinformatic models incorporating clinical endpoints have
refined risk stratification for meningioma local recurrence'®"**3*,
The gene expression biomarker reported here provides additional
prognostic information for local recurrence and OS when combined
with all unsupervised or supervised meningioma molecular classifica-
tion systems tested. These findings are concordant with pan-cancer
analyses examining gene expression, CNV, DNA methylation, protein
expression and DNA sequencing data in 10,884 patients, which sug-
gest gene expression encodes the greatest prognostic information
across cancer types®. Efforts to reduce molecular classification of
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Fig. 4| Gene expression biomarker nomograms for meningioma outcomes.
Nomograms are shown for prediction of 5-year LFFR (left) or OS (right) based on
gene expression risk score, setting (primary or recurrent), extent of resection,
and WHO 2021 grade using data from the multicenter retrospective clinical
validation cohort. Similar nomograms based on WHO 2016 grade are available
in Extended Data Fig. 7. To use the nomograms, use a straight edge todraw a

survival probability

vertical line between the variable of interest and the points scale at the top of the
nomogram to determine the contribution in points to the total score for each
variable. Add up the points from each variable, and then draw a vertical line from
the total points scale at the bottom of the nomogram to the 5-year outcome scale
to determine the estimated outcome.

meningiomato one or severalimmunohistochemical stains have thus
farnotbeenreproducible®, and such qualitative or semi-quantitative
protein expression biomarkers may not fully capture the quantitative
signal of agene expression-based continuousrisk score. Inspection of
the genes comprising the biomarker reported here across the cellular
architecture of meningiomas fromsingle-cell RNA sequencing® reveals
that some biomarker genes are enriched in meningioma cells, while
other biomarker genes are expressed by the tumor microenvironment
(Extended Data Fig. 9). Moreover, the meningioma genes of interest
fromtheliterature that weinterrogated using targeted gene expression
profiling display a range of pairwise correlations in the samples from
this study (Supplementary Table 16), and the functional interactions
among these genes (which include along non-coding RNA) or among
the cell types in meningiomas, or the relationship(s) of these genes
to meningioma histological variants", are incompletely understood.
Genesincludedinthe biomarker (Supplementary Table 3) comprised
genesinvolvedin cell cycle and epigenetic regulation (CDK6, CDKN2A,
CDC20, CKS2, CHEK1, EZH2 and MYBLI) or mitotic stability (KIF20A),
genes located on recurrent CNVs (LINC02593 on chromosome 1p,
TMEM30B on 14q, USF1 on 1q, and ARIDIB on 6q), immune-related
genes (CCL21 and CD3E), or previously identified prognostic markers
inmeningioma such as PGR, IGF2 and COLIAI.

Current indications for postoperative radiotherapy for patients
with meningiomas are controversial, particularly for patients with
primary WHO grade 2 meningiomas who are randomized to postop-
erative surveillance or postoperative radiotherapy on NRG BN-003
and EORTC 1308 after GTR>. Conflicting retrospective series have
variably reported abenefit™***, or no benefit fromradiotherapy in this
setting**~!, which has fueled debate and inspired these international
Phaselll clinical trials of radiotherapy for patients with meningiomas.
The gene expressionbiomarker reported hereimproves risk stratifica-
tion for primary WHO grade 2 meningiomas and may identify favorable
WHO grade 2 meningiomas where postoperative radiotherapy could
be safely omitted in favor of close surveillance. The gene expression
biomarker also identifies primary WHO grade 1 meningiomas with
elevated risk of recurrence (Extended Data Fig. 8e). Most meningiomas
are WHO grade 1 and are often considered benign, but we found that
6.4% of primary WHO grade 1 meningiomas in the multicenter retro-
spective clinical validation cohort were classified as gene expression
highrisk (V=27), with 5-year LFFR 0f 43.0%. Of these, only one patient
received postoperative radiotherapy (3.7%). The gene expression bio-
marker also identified 59 primary WHO grade 1 meningiomas (13.9%)

with STRin the multicenter retrospective clinical validation cohort as
intermediate risk, and this unfavorable combination was associated
with 5-year LFFR of 65.1%. Of these, only three patients (5.1%) received
postoperative radiotherapy. In sum, 20.3% of primary WHO grade 1
meningiomas in the multicenter retrospective clinical validation
cohort (N=86 of 423) werereclassified as unfavorable using biomarker/
surgical strata, and the overwhelming majority of these patients did
not receive radiotherapy (95.3%) although may have benefited from
postoperative treatment.

Previous meningiomamolecular classification studies have largely
not reported OS outcomes. A prospective trial of trabectedin in 90
patientswithrecurrent WHO grade 2 or grade 3 meningiomas examined
DNA methylation families in multivariate analysis without including
WHO grade as a covariate, and found meningiomas in the malignant
DNA methylation family had worse OS compared with nonmalignant
families, although all families (including benign and intermediate)
experienced poor outcomes®. The data we present using meningiomas
from RTOG 0539 demonstrate that the gene expression biomarker was
prognostic for OS both before and after adjusting for WHO grade on
multivariate analysis, and that outcomes remained well calibrated in
this prospective, investigator-blinded validation cohort. For patients
with meningiomas, prospective trials such as these will be critical to
distinguish conventionally higher-risk cases that may safely undergo
postoperative surveillance (Extended Data Fig. 8f,g), elucidate which
biomarker(s) could be used for stratification (Extended Data Fig. 8h,i)
and determine whether the timing of postoperative radiotherapy or
otherinterventionsimproves OS (Extended DataFig. 8j). As clinical tri-
als develop, we do not anticipate targeted gene expression profiling will
obviate longstanding and robust meningioma classification systems,
such as WHO grade", or more recent classification systems that are
tractable across multiple brain tumor types, such as DNA methylation
profiling, which elucidates biological drivers and vulnerabilities to
molecular therapy for meningiomas®?>*>, We found DNA methylation
profiling was only able to predict the gene expression risk score to a
moderate degree (Supplementary Methods). Thus, if incorporated
alongside other meningioma classification systems and clinical factors
such as extent of resection that are already in widespread use, the gene
expression biomarker reported here may offer additional benefit to
patients with the most common primary intracranial tumor?, particu-
larly in terms of postoperative radiotherapy response.

This study should be interpreted in the context of its limitations.
First, clinical datainthe discovery and multicenter validation cohorts
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Fig. 5| Gene expression biomarker prediction of meningioma radiotherapy
responses and prognostic validation in samples from a prospective clinical
trial. a, Kaplan-Meier curves for LFFR for meningiomas in the multicenter
retrospective clinical validation cohort that were treated with surgical
monotherapy, stratified by extent of resection and the gene expression risk
score. Five-year LFFR was 96.1% for gene expression low-risk meningiomas with
GTR, 80.3% for gene expression low risk with STR, 80.5% for gene expression
intermediate risk with GTR, 54.9% for gene expression intermediate risk with STR,
30.0% for gene expression high risk with GTR, and 9.8% for gene expression high
risk with STR. Meningiomas were grouped as favorable (N = 442) or unfavorable
(N=210) as shown ifthey had >80% or <80% 5-year LFFR, respectively, for
subsequent analyses. Pvalue shown is from a two-sided log-rank test. b,
Kaplan-Meier curves for LFFR of favorable versus unfavorable primary WHO
grade 2 meningiomas in the multicenter retrospective clinical validation cohort
thatreceived postoperative radiotherapy (RT) or underwent postoperative
observation (Obs). Unfavorable primary WHO grade 2 meningiomas benefited
from postoperative radiotherapy (HR 0.33,95% C10.14 to 0.76, two-sided
log-rank P=0.009), while favorable primary WHO grade 2 meningiomas did
not (two-sided log-rank P= 0.88). ¢, Kaplan-Meier curves for LFFR of favorable
versus unfavorable propensity matched meningiomas in the multicenter
retrospective clinical validation cohort that received postoperative radiotherapy
or underwent postoperative observation. Pvalues shown are from two-sided

log-rank tests. Cases were first stratified by favorable versus unfavorable

criteria, and then matched on the basis of gene expression risk score, extent

of resection, and WHO grade (Supplementary Data Table 12). Unfavorable
propensity-matched meningiomas benefited from postoperative radiotherapy
(HR0.54,95% C10.37t0 0.78, P= 0.0001), while favorable propensity-matched
meningiomas did not (P = 0.42).d, Sankey plot of RTOG 0539 clinical risk groups
versus gene expression biomarker risk groups in the multicenter retrospective
clinical validation cohort (left) or the multicenter prospective clinical validation
cohort from RTOG 0539 itself (right). Compared with clinical risk groups used
for postoperative radiotherapy stratification in RTOG 0539, the gene expression
biomarker reclassified 52.0% (N = 416, Supplementary Data Table 15) of
retrospective validation cohort meningiomas, and 39.8% (N = 41, Supplementary
Data Table 15) of RTOG 0539 meningiomas. Reclassified meningiomas were
better stratified by gene expression risk (Extended Data Fig. 8d). e, Kaplan-Meier
curves for PFS of patients enrolled on RTOG 0539, stratified by meningioma gene
expression risk score. Pvalues are from two-sided log-rank tests. Five-year PFS
was 92.0%, 76.5%, and 38.6% for gene expression low-, intermediate- and high-risk
groups, respectively (c-index 0.73). f, Kaplan-Meier curves for OS of patients
enrolled on RTOG 0539, stratified by meningioma gene expression risk score.
Five-year OS was 94.7%, 85.7% and 63.0% for gene expression low-, intermediate-
and high-risk groups, respectively (c-index 0.73). Pvalue is from a two-sided log-
rank test. Unless specified, Pvalues are not corrected for multiple comparisons.

were obtained retrospectively, suggesting our results are susceptible
tobiasesinherenttoretrospective research. To address this limitation,
we provide additional investigator-blinded, independent validation
using meningiomas and clinical data that were prospectively collected
from patients enrolled on RTOG 0539. Second, pathology and radiol-
ogy reviews were performed independently at each institution for
meningiomas in the retrospective discovery and validation cohorts.
Nevertheless, inter-observer concordance for meningioma WHO grade
and imaging characteristics are high®*~°, and any heterogeneity in
clinical review across independent cohorts may better represent the
heterogeneity intrinsic to routine clinical practice than might be antici-
pated from central review. To further address this limitation, the men-
ingiomas from RTOG 0539 that were included in this study underwent
central pathology and radiology review’ **°. To establish the impact of

the biomarker we report on routine clinical practice, widely available
technology with established assay cutoffs and robust, standardized
practices for biomarker calculation will be critical. Moreover, further
prospective validation is needed to confirm our findings, potentially
with benchmarking against other molecular classification systems for
meningiomassuchasintegrated grade, whichinour datawas the next
best performing system. Prospective clinical trials where patients are
stratified to postoperative radiotherapy versus observation based on
gene expressionrisk score may be warranted if NRG BN-003 or EORTC
1308 do not show abenefit to postoperative radiotherapy for patients
with WHO grade 2 meningiomas after GTR. More broadly, our discovery
of a biomarker that identifies meningiomas benefiting from radio-
therapy suggests that biopsy-based gene expression risk scores may
be useful for guiding observation versus definitive radiotherapy for
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incidental meningiomas or other meningiomas that may be managed
non-operatively. In contrast to many other tumors, the paradigm of
biopsy-based management has not been historically applied to men-
ingiomas, but with identification of meningiomabiomarkers that shed
light on therapeutic vulnerabilities, longstanding clinical approaches
to meningiomas may be revisited.
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Methods

Study design

Adiscovery cohort composed of 173 retrospective meningiomas with
well-annotated clinical follow-up data from a single institution was
used toidentify and optimize a34-gene expression biomarker and risk
score (Fig.1a, Extended DataFig.1and Supplementary Tables1-3). The
performance of the gene expression biomarker was validated in three
cohorts. First, the analytical validity of the gene expression biomarker
wastested inaretrospective analytical validation cohort composed of
1,219 meningiomas from 8 international institutions, some of which
had sparse or absent clinical follow-up data (Fig. 1aand Supplementary
Table 4). Meningiomas from the discovery cohort, which had matched
RNA sequencing, were also used for analytical validation of orthogonal
approaches for gene expression quantification (Fig. 1aand Supplemen-
tary Table4).Second, the clinical validity and performance of the gene
expression biomarker in comparison with other meningioma classifi-
cation systems were tested in an independent retrospective clinical
validation cohort composed of 866 meningiomas with well-annotated
clinical follow-up datafrom 6 international institutions (Fig. 1a, Table 1
and Supplementary Tables 5-9), some of which were also used for
analytical validation (Supplementary Table 4). There was no overlap
among meningiomas used to identify and optimize the gene expres-
sion biomarker in the discovery cohort (Supplementary Table 2), and
meningiomas used for clinical validation (Supplementary Tables 4-9).
c-Index, log-rank test, Brier error score, time-dependentareaunder the
receiver operant curve (AUC), delta-AUC, the Kaplan-Meier method,
multivariate analysis (Supplementary Tables 10 and 11) and propen-
sity matching (Supplementary Table 12) were used to compare gene
expression biomarker performance across contemporary molecular
and histological classification systems and clinical contexts. Third,
a prospectively collected cohort of 103 meningiomas from patients
enrolled on RTOG 0539 were used for investigator-blinded, independ-
ent clinical validation (Fig. 1a, Table 1 and Supplementary Tables 13
and 14). In total, 4,898 genomic assays were performed and analyzed
across 1,856 unique meningiomas to define and compare molecular
classification systems (Fig. 1b). Details on data collection, tissue and
nucleic acid processing, genomic assays, pathology review, imaging
review, statistical analyses, and prognostic and predictive validation
(Extended Data Fig. 1) are reported in Supplementary Methods. This
study complied with ethical regulations and was approved by the Uni-
versity of California San Francisco (UCSF) institutional review board
(13-12587,17-22324,17-23196 and 18-24633) and by relevant Institutional
Review Boards at all included institutions. As part of routine clinical
care, all patients who were included in this study signed a waiver of
informed consent to contribute deidentified datatoresearch projects.

Targeted gene expression profiling and analysis

Targeted gene expression profiling was performed using a hybridiza-
tion and barcode-based panel (Nanostring nCounter) with internal
negative and spike-in positive controls® (Supplementary Methods).
Positive-control normalized gene counts were standardized by nor-
malization to the geometric mean count of seven meningioma-specific
housekeeping genes (Supplementary Table 3). log,-transformed
gene expression values were used for all subsequent analyses.
Meningioma-related genes of interest (Supplementary Table 1) were
selected on the basis of prognostic or biological relevance in the lit-
erature?>*' (Supplementary Methods), and feature selection was
performed using a LASSO regularized Cox regression model with
the c-index of LFFR in the discovery cohort as the target endpoint
(Supplementary Table 2). An optimized set of 34 genes was identi-
fied within 1 standard error of the model achieving maximal c-index
(Extended DataFig.1aand Supplementary Table 3), resulting in a highly
discriminatory set of linearly rescaled risk scores between 0 and 1
(Fig.1c-eand Extended DataFig. 2). To further reduce overfitting and
tofacilitate recalibration of the model for dataderived from frozen or

FFPE meningiomas, or for data derived from orthogonal approaches
for gene expression quantification such as RNA sequencing, bootstrap
aggregation was used to train 500 ridge-regression submodels using
normalized and log,-transformed gene counts asinputand discovery
cohortrisk scores as target variables™,

Gene expressionrisk score cutoffs were determined using a nested
procedure in the discovery cohort and applied without alteration
to validation cohorts (Fig. 1d). An initial cutoff was determined in
the discovery cohort using the maximally selected rank statistic. The
subsets above and below this threshold were again split by maximally
selected rank statistic. The lowest risk score group was considered low
risk (LFFR cutoff<0.3760769, OS cutoff <0.4206913), and the highest
risk score group was considered highrisk (LFFR cutoff>0.5651741, OS
cutoff>0.6453035). Theintervening risk score groups were combined
as intermediate risk (LFFR cutoff (0.3760769, 0.5651741], OS cutoff
(0.4206913, 0.6453035]). All model training, calibration and cutoff
determination was performed in the discovery cohort (N=173).

Reproduction of molecular classification systemsin
validation cohort meningiomas

Assignment of validation cohort meningiomas to DNA methylation
groups*or DNA methylation subgroups® (W.C.C.,A.C.,C.H.G.L.,,H.N.V.,
S.T.M. and D.R.R.), DNA methylation families®* or integrated score"”
(S.L.N.M. and F.S.), or gene expression types' (J.C.B., A.S.H., A.H.,
T.K. and A.J.P.) was performed independently by investigators who
developed each of these classification systems. Integrated grade'
was assigned using CNVs derived from DNA methylation profiles and
histological features under supervision of investigators who developed
this classification system (S.S.and W.L.B.). DNA methylation probe risk
scoreswere estimated by training aLASSO regularized Cox regression
model with LFFR as the endpointin the discovery cohort using Svalues
of 283 unfavorable CpGloci®’. The resulting continuous risk score was
convertedinto low-, intermediate- and high-risk groups using the same
nested procedure described for the gene expression risk score above.
Allmeningioma classification system assignments were performed by
investigators who were blinded to clinical outcomes and other molecu-
lar characteristics of the meningiomas included in this study (Fig. 1a).

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Raw data from targeted gene expression panels are deposited in the
NCBI Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/)
under accession number GSE222054. Raw DNA methylation datafrom
the UCSFWHO grade 2 or grade 3 validation cohort and the RTOG 0539
validation cohort are available under accession number GSE221029.
Rawamplicon and targeted exome sequencing datafrom discovery and
validation cohort meningiomas are deposited in the NCBISequencing
Reads Archive (https://www.ncbi.nlm.nih.gov/sra) under project num-
bers PRJNA916225 and PRJNA916253. Matrices containing TPM data
from RNA sequencing cohorts used for analytical validation are depos-
ited along with code on GitHub (https://github.com/william-c-chen/
Meningioma_GE_Biomarker). Accession numbers and publications
containing previously reported data are available in Supplementary
Table 4. The publicly available GRCh38 (hg38), CRCh37.p13 (hgl9)
and Kallisto index v10 datasets were used in this study. Source data
are provided with this paper.

Code availability

Raw data from targeted gene expression panels are deposited in the
NCBI Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/)
under accessionnumber GSE222054. Raw DNA methylation data from
the UCSFWHO grade 2 or grade 3 validation cohort and the RTOG 0539
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validation cohort are available under accession number GSE221029.
Rawamplicon and targeted exome sequencing datafromdiscovery and
validation cohort meningiomas are deposited inthe NCBISequencing
Reads Archive (https:/www.ncbi.nlm.nih.gov/sra) under project num-
bers PRJNA916225 and PRJNA916253. Matrices containing TPM data
from RNA sequencing cohorts used for analytical validation are depos-
ited along with code on github (https://github.com/william-c-chen/
Meningioma_GE_Biomarker). Accession numbers and publications
containing previously reported data are available in Supplementary
Table 4. The publicly available GRCh38 (hg38), CRCh37.p13 (hg19), and
Kallisto index v10 datasets were used in this study.
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Extended Data Fig. 1| Prognostic and predictive gene expression biomarker
development. a, C-index for LFFR models based on meningioma Nanostring
targeted gene expression profiling plotted against the natural-log of the lambda
parameter during algorithm training. Center and error bars shows the mean
C-index +/- estimated SEM. Candidate model performance was estimated using
tenfold cross validation in the UCSF discovery cohort (N =173). An optimal gene
set (N =34 genes, dotted lines, Supplementary Table 3) was selected within 1
standard error of the model achieving maximal c-index to reduce over-fitting.
The number of genesin each modelis displayed at the top of the graph. In order
to further reduce over-fitting, improve calibration and stability, and facilitate risk
score calculations using FFPE meningiomas or gene expression quantification
from RNA sequencing or microarrays (Extended Data Fig. 4), bootstrap
aggregation®® was used to train 500 ridge-regression sub-models using the
normalized and log-transformed gene counts as inputs and discovery cohort risk
scores between 0 and 1as target variables. In brief, this procedure nominates a
bootstrap aggregated risk score defined as the arithmetic mean across
sub-modelrisk scores. b, Log, values for Nanostring counts or RNA sequencing
data (transcripts per million, TPM) for the 34 genes comprising the gene
expression risk score in the frozen meningiomas from the UCSF discovery cohort
(N =173), revealing high concordance with R? = 0.81 (two sided F-test

P <2.2x107). Similarly, a non-regularized Cox model for LFFR using RNA
sequencing TPMs for the same 34 genes also achieved excellent performancein
the UCSF discovery cohort (N =173 meningiomas, LFFR c-index 0.89 + 0.02, OS
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c-index 0.84 + 0.02), and outperformed 10,000 randomly sampled sets of 34
genes (one-sided bootstrap P < 0.0001). ¢, Limitations to using RNA sequencing
for targeted gene expression biomarker discovery, in comparison to using RNA
sequencing for targeted gene expression biomarker validation or
implementation (as described for b and as shown in Extended Data Fig. 4). The
distribution of univariate LFFR Cox model two-sided unadjusted Wald test
P-values for all RNA sequencing genes in the UCSF discovery cohort are shown
(N =58,830 genes, N =173 meningiomas). A background uniform distribution is
evident, with a peak towards lower P-values. Between P = 0.0 and 0.2, at least
6904 0f 17437 P-values (40%) could be expected to be false positives rather than
related to true biologicalfunction. Spike-in experiments and simulations report
false discovery rates across bioinformatic methods and experimental conditions
for observational whole transcriptomic approaches between 10-75%, depending
onthe ground-truth prevalence®. d, Log,, B coefficient magnitudes (red for
positive coefficients, blue for negative coefficients) versus log, transformed
P-values from individual Cox models from the discovery cohort RNA sequencing
are shown, demonstrating challenges with feature selection using sparse
observations in high dimensional space. Despite the limitations in using RNA
sequencing to discover clinical biomarkers, we show RNA sequencing can be
used to validate and implement the 34-gene expression biomarker that was
developed using Nanostring targeted gene expression profiling (Extended
DataFig. 4).
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Extended Data Fig. 2| Gene expression biomarker characteristicsin the
discovery cohort. a, Gaussian fits (left) to the distribution of gene expression
risk scores in the UCSF discovery cohort, stratified by cases with local recurrence

(red) or without local recurrence (blue) on clinical follow up. The gene expression

risk score was also plotted against the time to censorship or local recurrence
(right), and higher risk score correlated with greater risk of local recurrence
andshorter time to recurrence. b, Kaplan Meier curves for LFFR or OSin the
UCSF discovery cohort stratified by the gene expression risk score. ¢, Gene
expression risk score distributions stratified by clinical characteristics in the
UCSF discovery cohort. Mean +/- standard error measurements are shown for
gene expression risk scores stratified by tumor location (skull base, N = 60; falx,
N =13; parasagittal, N = 34; convexity, N = 54; other, N = 10), extent of resection
(GTR,N=110; STR, N = 63), setting (primary, N = 144; recurrent, N=29), WHO
2016 grade (grade1, N = 83; grade 2, N = 66; grade 3, N =24),and WHO 2021
grade (gradel,N = 81; grade 2, N = 61; grade 3, N =29). There was no significant
difference across meningioma locations (ANOVA, two-sided unadjusted

P =0.22), but gene expression risk scores were higher among subtotally resected
meningiomas (Student’s ¢-test, two-sided P = 0.02), recurrent meningiomas

(Student’s t-test, two-sided P < 0.0001), and were stratified by WHO 2016 or
2021grade (P < 0.0001). Convexity meningiomas arise adjacent to the cerebral
convexity underlying the calvarium, while parasagittal meningiomas abut or
involve the parasagittal sinus along the calvarial midline, falx meningiomas
involve the falx without extending superiorly to the parasagittal sinus, and

skull base meningiomas arise adjacent to the bones of the skull base. d, UCSF
discovery cohort gene expression risk score scatter plots across clinical or
molecular variables associated with meningioma biology or outcomes (blue,
low risk; purple, intermediate risk; red, high risk). There was no clear association
between patient age and gene expression risk score, but risk score was loosely
correlated with MIB1 labeling index*, genomic instability as defined by the
proportion of non-centromeric, non-acrocentric chromosomes affected by
copy number gain or loss®’, and DNA methylation of the CDKN2A locus®.
Pvalues shown are from a two-sided, unadjusted F-test. Thus, the gene
expression biomarker correlated with surrogate markers of aggressive
meningiomas. e, Disease specific survivalamong patients in the UCSF discovery
cohortstratified by gene expression risk score.
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Extended Data Fig. 3| Gene expression biomarker across somatic short
variantsin the discovery cohort. Targeted DNA sequencing of recurrent
somatic short variants was performed on 171 meningiomas from the UCSF
discovery cohort (98.8%). a, Oncoplot distribution of identified pathogenic
short somatic variants with variant allele frequency (VAF) of at least 5.0%
(N =98 variants, median VAF 38.0%, interquartile range [IQR]29-43%, median
sequencing depth 551.5, IQR 354-856). Consistent with prior reports, variants in
NF2were most common (N = 67,39.2%), followed by TRAF7 (N =10, 5.8%) and AKT1
(N =8,4.7%). Aminority of meningiomas (N = 16, 9.4%) were identified without
alteration of NF2 or loss of chromosome 22q, but with a characteristic pathogenic
variantin one of the following genes: TRAF7, AKTI, PIK3CA, SMARCBI, SMARCE],
SMO, SUFU, KLF4, or POLR2A. The majority of these were WHO 2021 grade 1
meningiomas (N =9, 60.0%), and were associated with favorable histologic
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characteristics and outcomes (median MIB1 labeling index 2.0%, range 0.5-4.0,
5-year LFFR90.9%). TERT promoter C228T and C250T hotspot mutations were
notidentified in the discovery cohort. BAPI mutations were rare (N =5,2.9%)
and correlated with high histological grade and poor outcomes (N =3[60.0%]
WHO 2016 grade 2 or 3, 5-year LFFR 40.0%). Homozygous CDKN2A/Bloss, derived
from meningioma DNA CNVs (Supplementary Methods), wasidentified in 10
meningiomas from the UCSF discovery cohort (5.8%, 80.0% WHO 2016 grade 3,
20.0% WHO 2016 grade 2) and was associated with poor outcomes (5-year LFFR
14.2%). These findings were supported by targeted DNA sequencing of recurrent
somatic short variants in 35 consecutive clinical validation cohort meningiomas
from The University of Hong Kong using the same approach. b, Same oncoplot
from the UCSF discovery cohortasin a, but ordered by VAF instead of gene
expressionrisk score.
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Extended Data Fig. 4 | Gene expression biomarker characteristics in the
analytical validation cohort. Gene expression risk score concordance across
multiple conditions and replicates. Test-retest conditions (combined N = 44,
R=0.94,P <0.0001) were comprised of varying probe batches (N=10,R=0.98,
P <0.0001), within probe batch testing of technical replicates (N=12,R=0.98,

P <0.0001), and test-retest conditions for meningiomas with serial RNA
extraction on the same FFPE block or frozen tumor chunk at least 4 weeks apart
(N=22,R=0.94,P <0.001). Gene expression risk scores on paired frozen/FFPE
meningiomas also demonstrated high concordance (N=90,R=0.88,P <0.001),
and FFPE gene expression risk scores provided excellent discrimination of
outcomes across FFPE clinical validation datasets, including a prospective
clinical trial (Figs. 2, 3, 5 and Extended Data Figs. 5, 6, 8). b, Principal component
analysis on FFPE gene expression risk scores from meningiomas processed at
multiple laboratories spanning academic institutions (Northwestern University,
San Francisco Veterans Administration) or Clinical Laboratory Improvement
Amendments (CLIA) certified private industry (Canopy Biosciences),
demonstrating no laboratory batch effects. ¢, Publicly available microarray

and clinical data were used to test the performance of the gene expression risk
score on anon-Nanostring platform (N = 33 of 34 genes available). No paired
microarray/Nanostring data was available to train a calibration model, which
precluded direct comparison. Thus, the RNA sequencing calibration model
described below (and described in further detail in the Supplementary Methods)

was adapted to microarray data as an exploratory analysis, yielding prognostic
risk groups as shown in the Kaplan Meier plot (P = 0.0014, Log-rank test).

d, Concordance of gene expression risk scores derived from RNA sequencing
or Nanostring targeted gene expression profiling on the same meningiomas
(N =469 meningiomas, R = 0.89, F-test two-sided unadjusted P < 0.0001).

e, Distribution of gene expression risk scores (mean +/- SEM is shown) derived
from RNA sequencing of cohorts overlapping (UCSF, The University of Hong
Kong, N = 502) or non-overlapping (Caris Life Sciences, Heidelberg University,
Brigham and Women'’s Hospital, University Hospital Magdeburg, Children’s
Brain Tumor Network, Baylor College of Medicine, N = 640) with the discovery
or clinical validation cohorts, comprising 1142 unique meningiomas. Gene
expression risk scores remained well distributed across all datasets, including
RNA sequencing of pediatric meningiomas (Children’s Brain Tumor Network,
N =29), meningiomas with KLF4 or AKTI somatic short variants® (University
Hospital Magdeburg, N =31), or FFPE (N =428) or frozen (N = 718) meningiomas,
and demonstrated similar stratification by 2016 WHO histological grade as
with Nanostring targeted gene expression profiling analyses (Extended Data
Fig. 2c).f, Principal component analysis of gene expression risk scores across
RNA sequencing cohorts after correction for batch effects using the COMBAT®
pipeline in the sva packageinR. g, LFFR or OS stratified by gene expression

risk scores from RNA sequencing of cohorts with available clinical data (UCSF
discovery, The University of Hong Kong, and Baylor College of Medicine).
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Extended Data Fig. 5| Gene expression biomarker characteristicsin the
clinical validation cohort. A, Kaplan Meier curves for LFFR stratified by gene
expressionrisk score (blue lines, low risk; purple lines, intermediate risk;

red lines, high risk) for individual clinical validation cohorts, including The
University of Hong Kong (Frozen N = 339; c-index=0.80; low risk N =122, 5-year
LFFR95.1%; intermediate risk N =151, 5-year LFFR 73.6%; high risk N = 66, 5-year
LFFR19.5%), Northwestern University (Frozen and FFPE N =180; c-index=0.74;
low risk N =42, 5-year LFFR 90.0%; intermediate risk N = 98, 5-year LFFR 76.0%;
highrisk N =42, 5-year LFFR 21.4%), UCSF WHO grade 2 or grade 3 (FFPEN =158;
c-index=0.78; low risk N = 24, 5-year LFFR 87.4%; intermediate risk N = 69, 5-year
LFFR77.5%; high risk N = 65, 5-year LFFR 22.0%), Baylor College of Medicine
(Frozen N =116; c-index=0.77; low risk N = 35, 5-year LFFR 90.0%; intermediate
risk N = 61, 5-year LFFR 63.0%; high risk N =20, 5-year LFFR 0.0%), and Heidelberg
University plus the Medical University of Vienna (FFPE N = 61 with LFFR data;
c-index=0.76; low risk N = 24, 5-year LFFR 80.4%; intermediate risk N =23, 5-year
LFFR48.1%; high risk N = 14, 5-year LFFR19.3%). The gene expression risk score
remained well calibrated across multiple independent clinical validation cohorts
comprising both frozen and FFPE meningiomas. When assessed separately
within eachindependent retrospective cohortsite, the gene expression risk
score remained independently prognostic in multivariate analysis combining
the risk score with WHO 2016 grade (P < 0.001in all cases, two-sided unadjusted
Wald test P-value). B, Kaplan Meier curves for LFFR in clinical validation cohort
meningiomas stratified by gene expression risk score within WHO 2021 grades,
demonstrating that the gene expression biomarker remained discriminatory
across WHO 2021 grade 1 (low risk N =114, intermediate risk N =127, high risk

N=26), WHO 2021grade 2 (low risk N = 7, intermediate risk N = 17, high risk

N =26),and WHO 2021 grade 3 meningiomas (low risk N = 2, intermediate risk

N =46, highrisk N = 98). Shown are two-sided unadjusted Log-rank P-values.

C, Forest plots of hazard ratios (HR) with 95% confidence intervals (CI) for

local recurrence (left) or death (right) for each 0.1increase in gene expression
risk score are shown (center and error bars denote the hazard ratio and 95%
confidence interval). The gene expression biomarker was prognostic across all
molecular classification systems tested for both recurrence and survival. HRs
according to gene expression risk score across meningioma settings, extent

of resection (EOR), and WHO grades from Fig. 2b are re-presented for ease of
comparison to HRs in molecular classification systems. P values shown are from
two-sided unadjusted Wald’s tests. Overall, in the retrospective clinical validation
cohort, LFFR Harrel’s c-index/Uno’s c-index for the gene expression biomarker
was 0.78/0.77 (N = 854), while LFFR c-index was 0.68/0.66 for WHO 2016 grade
(N =854),0.72/0.71for WHO 2021 grade (N = 462), 0.72/0.73 for integrated

score (N =398),0.73/0.73 for integrated grade (N = 460), 0.68/0.69 for DNA
methylation groups (N =460), 0.69/0.70 for DNA methylation subgroups
(N=460),0.74/0.73 for DNA methylation probes (N = 455), and 0.70/0.71 for
gene expression type (N =389). OS Harrel’s c-index/Uno’s c-index for the gene
expression biomarker was 0.78/0.78 (N = 863), while OS c-index was 0.72/0.72 for
WHO 2016 grade (N = 863), 0.74/0.73 for WHO 2021 grade (N = 463), 0.73/0.72 for
integrated score (N =410), 0.75/0.75 for integrated grade (N = 460), 0.66/0.66 for
DNA methylation groups (N =460), 0.68/0.68 for DNA methylation subgroups
(N=460),0.73/0.74 for DNA methylation probes (N = 455), and 0.70/0.67 for
gene expressiontype (N =386).
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Extended Data Fig. 6 | Molecular classification comparisonsin the

clinical validation cohort. Kaplan Meier curves are shown for LFFR (shown

are two-sided unadjusted Log-rank P-values) in clinical validation cohort
meningiomas stratified by molecular risk groups (blue lines, low risk; purple
lines, intermediate risk; red lines, high risk) using the gene expression biomarker
ina, or 2 contemporary supervised meningioma classification systems based on
combined molecular and clinical features: integrated grade'® based on CNVs and
mitosesinb, or integrated score'” based on CNVs, DNA methylation families,
and WHO 2016 grade in c.In a, the gene expression biomarker remained
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robustly discriminatory across integrated grade or integrated score risk groups,
concordant with the independent prognostic value of the gene expression risk
score on multivariate analyses (Supplementary Tables 10, 11) and within groups
from the 6 other molecular and/or histological classification systems tested
(Fig.3a). The converse was examined inb and ¢, where integrated grade was
unable to discriminate outcomes across gene expression risk score groups,

and integrated score had limited discriminatory power for intermediate and
high gene expression risk score groups and was not discriminatory for low gene
expression low risk groups.
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Extended Data Fig. 7| Gene expression biomarker nomograms for
meningioma outcomes. a, Nomograms are shown for prediction of 5-year
LFFR or OS based on gene expression risk score, extent of resection, setting, and
WHO 2016 histologic grade. To use the nomograms, use a straight-edge to draw
avertical line between the variable of interest and the points scale at the top of
the nomogram to determine the contribution in points to the total score for
eachvariable. Add up the points from each variable, and then draw a vertical line
from the total points scale at the bottom of the nomogram to the 5-year outcome
scale to determine the estimated outcome. b, Calibration curves are shown

for the models corresponding to the nomograms in Fig. 4a for LFFR (top) and
0S (bottom) using the gene expression risk score, extent of resection, primary

vsrecurrentstatus,and WHO 2021 grade (and the addition of age for OS). The
calibrate function from the rms package in R was used, with B=1000 iterations
and N =75 samples per group. Center and error bars denote the predicted 5-year
LFFR versus the observed 5-year LFFR calculated via the Kaplan Meier method,
witha 95% confidence interval. ¢, Calibration curves corresponding to the
nomogramsina, for LFFR (top) and OS (bottom) using 150 samples per group.
Center and error bars denote the predicted 5-year LFFR versus the observed
5-year LFFR calculated via the Kaplan Meier method, with a95% confidence
interval. d, Time dependent AUC is shown for LFFR and OS for the retrospective
clinical validation cohort (N = 866) as a function of time.
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Extended Data Fig. 8 | Molecular classification systems and response

to treatment. Kaplan Meier curves are shown for LFFR or OS (shown are
two-sided unadjusted Log-rank P-values) in retrospective clinical validation
cohort meningiomas or prospective RTOG 0539 meningiomas, stratified by
gene expression risk score (blue lines, low risk; purple, intermediate risk lines;
redlines, highrisk), extent of resection, postoperative observation (Obs), or
postoperative radiotherapy (RT). a, Primary retrospective clinical validation
cohort meningiomas receiving postoperative external beam radiotherapy

(N = 89) stratified by gene expression risk score (low risk N = 14, intermediate
risk N =45, high risk N = 30), revealing the gene expression biomarker remained
prognostic among patients receiving postoperative radiotherapy. b, Primary
WHO 2016 grade 2 meningiomas with GTR from the retrospective clinical
validation cohort stratified by gene expression risk score (N =21 low risk,

N =63 intermediate risk, N = 18 high risk). The gene expression risk score
remained prognosticamong gross totally resected primary WHO grade 2
meningiomas (N =102, HR for local recurrence of 1.75 per 0.1increase, 95%
C11.18-2.59, P =0.0057). ¢, Primary WHO grade 2 meningiomas with GTR
fromthe retrospective clinical validation cohort stratified by postoperative
radiotherapy (N = 28) or observation (N = 74). Patients with meningiomas
meeting these criteria were eligible for 2 Phase Ill randomized multi-institutional
trials (NRG BNOO3 and ROAM-EORTC 1308) examining clinical outcomes with
postoperative radiotherapy versus observation. Postoperative radiotherapy
did not offer a benefit to patients with meningiomas meeting these criteria in
the retrospective clinical validation cohort. d, Retrospective clinical validation
cohort meningiomas stratified by gene expression risk score across RTOG

0539 clinical risk groups (low clinical risk, primary WHO grade 1 meningiomas;
intermediate clinical risk, recurrent WHO grade 1 meningiomas or primary WHO
grade 2 meningiomas status post GTR; high clinical risk, recurrent or STRWHO
grade 2 meningiomas or WHO grade 3 meningiomas after any resection). The
gene expression biomarker remained prognostic across RTOG 0539 low clinical
risk (gene expression risk score low risk N =173, intermediate risk N = 224, high

risk N =27), RTOG 0539 intermediate clinical risk (gene expression risk score
lowrisk N =32, intermediate risk N = 80, high risk N = 38), and RTOG 0539 high
clinical risk groups (gene expression risk score low risk N = 16, intermediate

risk N =75, highrisk N =128). e, Primary WHO grade 1 meningiomas from the
retrospective clinical validation cohort (equivalent to RTOG 0539 low clinical
risk meningiomas) stratified by gene expression risk score (N =173 low risk,

N =224 intermediate risk, N = 27 high risk, 5-year LFFR 92.7%, 77.3%, and

43.0% for low, intermediate, or high risk meningiomas, respectively).fand g,
Prospective validation cohort meningiomas from RTOG 0539 identified as low
risk by the gene expression biomarker stratified by postoperative radiotherapy
(N=12WHO 2016 grade 2 or 3 or recurrent WHO 2016 grade 1 meningiomas) or
observation (N =27 primary WHO 2016 grade 1 meningiomas). These analyses
showed favorable outcomes for prospectively collected meningiomas with low
gene expression risk scores across clinical risk strata, consistent with findings
from retrospective clinical validation cohort meningiomas. More broadly,
these data support the hypothesis that the gene expression biomarker may be
useful for identifying meningiomas where postoperative radiotherapy could be
safely omitted, even in the setting of conventionally high risk clinical features.
h, Meningiomas treated with surgical monotherapy from the retrospective
clinical validation cohort stratified by integrated score” (the only contemporary
molecular classification system potentially providing additional prognostic
information for LFFR within gene expression biomarker strata, Extended Data
Fig. 6¢) and extent of resection. Favorable (light blue) and unfavorable (yellow)
groups were identified using the same criteria for identification of biomarker/
surgical strata (Fig. 5a). I, Favorable and unfavorable strata based on integrated
score were unable to identify meningiomas benefitting from postoperative
radiotherapy even after propensity matching onintegrated score, extent of
resection,and WHO 2016 grade. j, OS in the same meningiomas as Fig. 5c (that is
propensity matched favorable and unfavorable retrospective clinical validation
cohort meningiomas based on biomarker/surgical strata), demonstrating a trend
towards benefit with postoperative radiotherapy for unfavorable meningiomas.
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Extended Data Fig. 9 | Biomarker risk score gene distributionin tumor
versus microenvironment cell types from meningiomasingle-cell RNA
sequencing. a, Single-cell RNA sequencing uniform manifold approximation and
projection (UMAP) of 57,114 transcriptomes from 8 human meningioma samples
and 2 human durasamples shaded by cell clusters that were defined using cell
signature gene sets, cell cycle analysis, and differentially expressed cluster
marker genes, as previously reported®. Image is reproduced with permission.

b, Feature plots showing normalized biomarker risk score gene expression across
reduced dimensionality clusters of meningioma and tumor microenvironment
cells. 33 of 34 biomarker genes were available for analysis in meningioma single-
cellRNA sequencing data from a, although several were sparsely captured in
single-cell RNA data (a known limitation that can be overcome using bulk RNA
sequencing or Nanostring hybridization targeted gene expression profiling).
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