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Abstract

Coding variations do not significantly contribute to tumor aggressiveness in meningiomas except for
rare alterations in CDKN2A and TERT. The aim of this study was to investigate specific molecular
pathways as potential therapeutic targets.

A discovery cohort of 35 meningiomas, including 26 high-grade tumors, was investigated for genetic
alterations and gene expression profiling, and analyzed by unsupervised hierarchical clustering, gene set
enrichment analysis (GSEA) and gene set variation analysis (GSVA). The results were validated by
OncoPrint analyses in a larger dataset published previously. The efficacy of an EZH2 inhibitor was
evaluated in multiple meningioma cell lines.

Tumors in the discovery cohort were classified into three clusters (Cluster M: Low, Mid, High) using
hierarchical clustering based on genes differentially expressed across CNS WHO grades. These clusters
correlated with overall survival and WHO grade. GSEA between the subgroups of Cluster M
demonstrated that meningiomas gain aggressiveness through the downregulation of gene sets
associated with the immune response (Low—Mid), and subsequently by the upregulation of those
associated with cell cycle and cell proliferation (Mid—High). These results were corroborated by GSVA
based on the enrichment score of the Hallmark gene sets as well as hierarchical clustering based on
copy number losses, with enrichment of the E2F target and MYC target gene sets in high-grade clusters.
OncoPrint analyses in the published dataset showed that the most aggressive type of meningiomas is
characterized by upregulation of EZH2 as well as E2F1, but not MYC, in combination with NF2
alterations. Meningioma cell growth was suppressed by an EZH2 inhibitor with possible correlation with
EZH2 expression.

Meningiomas with NF2 alterations exhibit distinct biological behaviors depending on the expression of
EZH2 and E2F1, and aggressive meningiomas are characterized by the upregulation of these pathways
in combination with NF2 alterations. EZH2 is a pivotal therapeutic target for high-grade meningiomas.

Introduction

Meningiomas account for over 35% of all primary central nervous system tumors. Approximately 20% of
meningiomas are WHO grade 2 (atypical) or grade 3 (anaplastic) [19]. Most of these higher-grade
meningiomas are refractory to repeated surgery and radiotherapy, and are ultimately fatal, as there is
currently no established medical therapy for them.

Recent advances in the molecular characterization of meningiomas have been remarkable, and several
driver gene mutations have been reported; more than half of meningiomas are associated with
mutations in the NF2 gene and/or monosomy of chromosome 22, and the rest are associated with
mutations in genes such as AKT1, SMO, KLF4, or TRAF7 [30]. These driver gene mutations are mutually
exclusive and are significantly associated with tumor location, histological subtype, and histological
grading. Moreover, molecular-based stratification of meningiomas was shown to be more closely
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associated with recurrence-free survival than WHO grading [24, 29]. Nassiri et al. proposed four
molecular groups of meningioma based on the integrative analysis of multiple datasets: immunogenic
(MG1), benign NF2 wild-type (MG2), hypermetabolic (MG3), and proliferative (MG4), with the most
unfavorable outcomes for MG4 tumors. However, these molecular-based classifications have not led to
effective personalized treatment so far.

Most higher-grade meningiomas have been shown to be associated with multiple chromosomal number
aberrations (CNAs) in addition to NF2 mutations; however, medical therapies targeting the NF2 pathway
have failed to demonstrate an objective response for treatment-refractory meningiomas [3, 31]. Indeed,
unlike in gliomas, subsequent driver gene mutations responsible for the malignant progression of NF2-
mutated meningiomas have rarely been reported in the literature, with the exception of homozygous
deletions in the Cyclin-Dependent Kinase Inhibitor 2A (CDKN2A) gene and mutations in the promoter
region of the Telomerase Reverse Transcriptase (TERT) gene. Thus, a specific expression profile rather
than a driver gene mutation might guide a rational therapeutic approach for treatment-refractory
meningiomas. The aim of this study was to stratify meningiomas primarily based on their expression
profiles, and to find a key pathway that could be a therapeutic target. Immunohistochemistry was also
performed for candidate target molecules for currently available therapies to determine if there was any
correlation with tumor malignancy.

Materials and Methods
Patients

We reviewed the frozen brain tumor tissue bank at the Department of Neurosurgery, Keio University
Hospital, and identified 26 tumors resected from 1998 to 2020 with a diagnosis of grade Il or llI
meningioma based on institutional histopathological records. These included 22 atypical meningiomas
(WHO grade Il) and 4 anaplastic meningiomas (WHO grade Ill). Of these, tissue from 12 of the 22
atypical meningiomas and all 4 anaplastic meningiomas was obtained during surgery for tumor
recurrence; four of these were recurrences after radiotherapy and the others after observation. For
comparison, nine grade | meningiomas that were completely resected at the initial surgery and had
shown no evidence of recurrence for at least 8 years were also included. Histopathological diagnosis
and malignancy grade of the tumors were confirmed by the pathologist (HN) based on the 2016 WHO
criteria [17]. Tumor grade was subsequently updated as per the 2021 criteria based on the results of next
generation sequencing (NGS)[2]. Clinical information was obtained from the medical record of each
patient and updated as of August 2025. For survival analysis, overall survival was calculated from the
date of initial surgery.

DNA and RNA extraction
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PAXgene-fixed, paraffin-embedded (PFPE) samples were prepared from frozen tumor tissues using the
PAXgene Tissue System (Qiagen, the Netherlands). DNA and RNA were extracted using the Maxwell RSC
Instrument (Promega, WI) according to the manufacturer’s protocol. The quality of DNA and RNA was
assessed based on a threshold of DNA integrity number (DIN) = 2.0, RNA integrity number (RIN) = 2.0,
and DV300 = 30.

Cancer genome profiling

Genomic DNA was analyzed for somatic mutations and copy number alterations using the PleSSion-
Rapid-Neo platform comprising 164 cancer genes as previously described [23, 25] (Supplementary Table
S1).

Expression profiling using nCounter system

MRNA expression was analyzed in 35 cases using the nCounter PanCancer Pathways Panel, comprising
770 genes from 13 canonical pathways (NanoString Technologies, WA). Total RNA was hybridized with
preset probes and evaluated using the NanoString nCounter digital analyzer. Data were analyzed using
nSolver analysis software (NanoString Technologies, WA), and the mRNA profiling data were normalized
using housekeeping genes. Normalized data were log2-transformed for further analysis.

Unsupervised hierarchical clustering, differentially expressed genes

To generate the dendrogram, hierarchical clustering was performed using expression data from the
nCounter analysis. Euclidean distances were calculated using the dist function from the stats package in
R version 4.3.1 [34], with expression values scaled to Z-scores for each gene. Clusters were identified
using the complete linkage method via the hclust function in the same package, based on the Euclidean
distance. Differentially expressed genes (DEGs) among the three histological grades were identified
using ANOVA. The correlation coefficients between each differentially expressed gene and histological
grade were calculated. Genes with correlation coefficients greater than 0.5 were classified as positively
correlated, whereas those with coefficients less than - 0.5 were classified as negatively correlated.

GSEA, GSVA, hierarchical clustering based on copy number
loss

Gene set enrichment analysis (GSEA) was performed using the fgsea package with fold changes in gene

expression between samples from each pair of clusters [12, 21, 32]. The GO Biological Process, KEGG

Pathway, and Hallmark gene sets from MSigDB were included in the analysis [14]. A volcano plot was

generated using the normalized enrichment scores and adjusted p-values from GSEA with the

EnhancedVolcano package [1]. Additionally, gene set variation analysis (GSVA) was conducted to score

representative functions using the Hallmark gene sets in each sample based on gene expression values
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[9, 13]. A volcano plot was generated based on the fold change and false discovery rate (FDR) calculated
using fold change, the Wilcoxon rank-sum test, and adjusted p-values from GSVA with the
EnhancedVolcano package [1]. Unsupervised hierarchical clustering based on the detected copy number
losses was also performed.

Cell lines, cell cycle, and viability analyses

Three malignant meningioma cell lines (IOMM-Lee, HKM-MM, MZ857MM) were used and cultured as
previously described [38]. Cell cycle analyses were performed as previously described [38]. For
apoptosis analysis (annexin V assay), the MEBCYTO® Apoptosis Kit (MBL, Nagoya, Japan) was used. A
histogram of the cell cycle distribution was generated from 5,000 events per sample, and data were
analyzed using Guava® Cell Cycle and Guava® ExpressPlusBlue software, respectively. Tazemetostat
was purchased from Selleck (Tokyo, Japan). In the water-soluble tetrazolium salt (WST-8) assay, the
culture medium was removed and replaced with various concentrations of tazemetostat-containing
medium. After the indicated incubation periods, 20 ul WST-8 dye (Cell Counting Kit-8; Dojindo
Corporation, Kumamoto, Japan) was added to each well. After 3 hours, the plates were read at 450
nm/655 nm. Statistical evaluations were performed using Student’s t-test.

Immunofluorescence

Meningioma cells were seeded at a density of 1 x 10* cells per well on Matsunami glass coverslips in 24-
well plates. The procedures were described in a previous report (19). Cells were mounted in a DAPI-
containing mounting medium and then photographed using an all-in-one fluorescence microscope
(Keyence model BZ-X800L, Osaka, Japan). The primary antibodies were vimentin (M0725, 1:1 dilution)
(Agilent Technology, Santa Clara, CA, USA), enhancer of zeste homolog 2 (EZH2) (#5246S, 1:100 dilution)
and trimethylation of histone 3 lysine 27 (H3K27m3) (#9733S, 1:100 dilution) (CST Japan, Tokyo, Japan).

Western blotting

Western blotting was performed as previously described [37]. Quantification of immunoblotting band
intensity was performed using iBright analysis software (Invitrogen), and values were normalized to B-
actin bands. The primary antibodies were EZH2 (#5246S, 1:1000 dilution) and beta-actin (A5441, 1:5000
dilution) (Sigma-Aldrich, Tokyo, Japan).

Immunohistochemistry

Because these molecules are targets of currently available therapies, the expression of somatostatin
receptor subtype 2A (SSTR2A), platelet derived frowth factor receptors (PDGFRs), and AT-rich interaction
domain 1A (ARID1A) was examined in PFPE sections by immunohistochemistry using an anti-SSTR-2
antibody (UMB1, Abcam, UK), anti-PDGFR alpha and beta antibodies (Y92, Abcam, UK), and an anti-
ARID1A antibody (EPR13501, Abcam, UK). All slides were scanned at 20x magnification to produce high-
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resolution digital images of the tissue using a scanner (NanoZoomer S210, Hamamatsu Photonics K.K.).
The images were visualized using a software program, NanoZoomer Digital Pathology (NDP.view?2
U12388-01, Hamamatsu Photonics K.K., Hamamatsu City, Japan). In the images, individual cells and
their subcellular compartments (i.e., nucleus, cytoplasm, and cell membrane) were first identified. Cells
were then classified as either positive or negative based on the relative expression of the biomarker of
interest in one or more subcellular compartments. The positive cells were further classified as having
strong (3+), moderate (2+), or weak (1+) staining based on the biomarker signal intensity. The H-score, a
reliable metric, was calculated as follows: (1x percentage of weak staining) + (2x percentage of
moderate staining) + (3x percentage of strong staining) within the target region, ranging from 0 to 300
[20].

Results

Cancer genome profiling and reappraisal of tumor grading

Next-generation sequencing using the PleSSion-Rapid-Neo platform was performed on 35 tumors.
Detailed results are shown in Supplementary Table S2. Pathogenic mutations were reported in 23 cases.
The most commonly affected genes included NF2 (mutated in 20 cases), CDKN2A (homozygous deletion
in 3 cases), and TERT (promoter mutations in 2 cases). Accordingly, the grade of five grade Il tumors was
changed to grade 3 based on the 2021 WHO classification, and ultimately, 9 grade 1 (without recurrence
for more than 8 years), 17 grade 2, and 9 grade 3 meningiomas were included in the subsequent
analyses.

Clustering based on differentially expressed genes across
histological grade

Unsupervised clustering based on the mRNA expression of 770 genes in the nCounter PanCancer
Pathways Panel is shown in Supplementary Fig S1. Notably, the seven oldest samples were segregated
into a single cluster (cases 1-7), likely due to RNA degradation from long-term storage. Therefore, these
seven cases were excluded from further analyses. In the unsupervised clustering of the remaining 28
cases, however, grade 1 tumors were dispersed, and the clustering did not appear to reflect clinical
characteristics well (Supplementary Fig S2). Thus, we next focused on DEGs across tumor grades,
because WHO tumor grading generally correlates well with the biological behavior of meningiomas.

Based on ANOVA testing across tumor grades for the 28 cases, 39 positively correlated and 20
negatively correlated DEGs were identified (Supplementary Table S3). Hierarchical clustering based on
these DEGs divided the cases into three clusters (Fig. 1A); one consisted of eight grade 1 and three
grade 2 tumors, the second consisted of one grade 1, five grade 2, and two grade 3 tumors, and the third
consisted of four grade 2 and five grade 3 tumors. This grouping appeared to correlate more closely with
the histological grade of meningiomas than the clustering based on 770 genes, and correlated well with
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patient overall survival (Supplementary Fig S3). The resulting 3 groups were named Low, Mid, and High,
and this newly created cluster was defined as Cluster M (Fig. 1B).

Differentially expressed genes between three meningioma
groups

We explored DEGs and gene sets between each pair of groups within Cluster M (Supplementary Tables
S4 and S5). GSEA revealed a predominant downregulation of specific gene sets in the Mid group
compared to the Low group, and a predominant upregulation in the High group compared to the Mid
group; gene sets associated with vascular system development and immune regulation were
downregulated in the Mid group compared to the Low group, and those associated with DNA replication
and the cell cycle were upregulated in the High group compared to the Mid group. (Fig. 2, Supplementary
Tables S6 and S7). In both the Mid vs. Low and High vs. Mid comparisons, the E2F transcription factor
(E2F) target gene set was enriched in the more malignant group of Cluster M.

Hierarchical clustering based on molecular pathway

GSVA was performed using the Hallmark gene sets, and each sample was assigned an enrichment score
for each of the gene sets. Hierarchical clustering based on the enrichment score divided the samples
into two clusters; one comprised all Low tumors, half of the Mid tumors, and one High tumor; the other
comprised all but one of the High tumors, and the remaining half of the Mid tumors (Fig. 3A). Therefore,
hierarchical clustering based on enrichment score correlated well with Cluster M as well as tumor
histological grade. When comparing the two clusters, gene sets associated with cell proliferation and the
cell cycle, including MYC Proto-Oncogene (MYC) targets v1 and E2F targets, were specifically
upregulated, and those associated with the immune/inflammatory response and biological defense,
including xenobiotic metabolism, complement, and IL6/JAK/STAT3 signaling, were downregulated in the
cluster composed of High and Mid tumors compared to the cluster containing all grade 1 tumors (Fig. 3,
Supplementary Table S8). Thus, hierarchical clustering based on enrichment score validated the results
of GSEA in Cluster M, highlighting that upregulation of cell proliferation as well as downregulation of the
immune/inflammatory response were among the most crucial changes in the malignant transformation
of meningiomas.

Hierarchical clustering based on copy number loss

Hierarchical clustering based on copy number loss divided the tumors into two clusters; one was
composed of six High and three Mid tumors, and the other was further separated into three sub-clusters,
with the largest group composed of ten Low and five Mid tumors. Therefore, this clustering was also
correlated with Cluster M as well as tumor histological grade (Supplementary Fig S4). In addition, the
clustering was shown to be correlated with the enrichment score of MYC targets and E2F targets.
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OncoPrint analyses of E2F1, EZH2, and MYC expression
based on published data

The GSVA and GSEA results for Cluster M, which correlated with the pattern of copy number loss,
demonstrated that aggressive meningiomas are characterized by the activation of pathways associated
with cell proliferation, including E2F and MYC targets. To confirm the consistency of these results in a
larger dataset, we performed OncoPrint analyses using a previously published dataset
(https://www.cbioportal.org) [24]. The E2F1/NF2 OncoPrint demonstrated that tumors with high E2F1
expression in combination with NF2 alterations were mostly MG4 (proliferative), while most of the MG1
(immunogenic) tumors were associated with low E2F1 expression (Fig. 4). Therefore, tumors with NF2
alterations appeared biologically different depending on the degree of E2F1 expression. Next, we
evaluated EZH2 expression using OncoPrint, because EZH2 is among the target genes of E2F1 and the
EZH2 inhibitor, tazemetostat, is FDA-approved. As expected, the EZH2 OncoPrint showed similar results;
the tumors with high EZH2 expression in combination with NF2 alterations were mostly MG4, while most
of the MG1 tumors were associated with low EZH2 expression (Fig. 4). On the other hand, in the
OncoPrint analysis with NF2 and MYC, although most of the tumors with NF2 alterations and high MYC
expression were either MG4 or MG3, some MG1 tumors were also present within this group. Moreover,
the MG1 tumors were rather dispersed regardless of the degree of MYC expression as compared with
expression of E2F and EZH2 (Fig. 4).

Tazemetostat suppresses meningioma cell growth in an
EZH2-dependent manner

Next, we investigated the efficacy of an EZH2 inhibitor on meningioma cell lines. Tazemetostat
suppressed the growth of meningioma cell lines in a concentration- and time-dependent manner, with
the strongest inhibitory effect observed in IOMM-Lee (Fig. 5A, Supplementary Fig S5). Cell cycle analysis
showed that tazemetostat increased the sub-G1 population and induced apoptosis, especially in IOMM-
Lee cells (Fig. 5B, C, Supplementary Figs S6 and S7). Western blot analysis showed strong expression of
EZH2 in IOMM-Lee cells and weak expression in MZ857MM cells, suggesting that the efficacy of
tazemetostat correlates with EZH2 expression (Fig. 5D, Supplementary Fig S8). In the
immunofluorescence study, tazemetostat was shown to decrease trimethylation of H3K27, but not EZH2
(Fig. 5E, Supplementary Fig S9).

Immunohistochemistry

Immunohistochemistry for SSTR2A, PDGFRs, and ARID1A was performed in the 28 cases (9 grade 1, 12
grade 2, and 7 grade 3; or 11 Low, 8 Mid, and 9 High tumors as defined in Cluster M). Expression of
ARID1A was increased in higher-grade as well as Mid/High meningiomas compared to grade 1 and Low
tumors (p = 0.05 for Cluster M, p = 0.006 for histological grade) (Supplementary Figs S10 and S11). On
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the other hand, expression of SSTR2A and PDGFRs was not associated with either tumor grade or
Cluster M.

Discussion

Although molecular-based classifications were shown to successfully stratify meningiomas according to
their biological aggressiveness [6, 24, 29], there is currently no established effective medical therapy.
Previous reports suggested that most aggressive meningiomas are associated with mutations in the
NF2 gene in combination with chromosomal instability [7, 10]. However, except for COKN2A homozygous
deletion, TERT promoter mutations, and SMARCB1T mutations in small subsets of patients, recurrent
driver gene mutations occurring subsequent to NF2 mutations have rarely been reported as potential
therapeutic targets [10]. Indeed, Harmanci et al. reported that the driver gene mutations significantly
associated with a diagnosis of atypical meningioma were only NF2 and SMARCB1 among 556
meningiomas, and suggested that coding variations do not significantly contribute to the risk of
developing the atypical phenotype [10]. Given that therapies targeting NF2 mutations have not been very
promising so far, molecular therapy for aggressive meningiomas should probably target specific
molecular pathways rather than gene mutations, unlike in many other cancers. Thus, we revisited
expression profiling to elucidate key molecular characteristics of aggressive meningiomas.

The literature suggests that the aggressive phenotype of meningiomas is associated with the
enrichment of cell-cycle regulation and proliferation-associated networks such as MYC, Forkhead Box
M1 (FOXM1), and E2F, whereas less aggressive meningiomas are enriched for pathways involved in
immune regulation and signaling [10, 24, 26]. In the present study, Cluster M, the meningioma grouping
identified by hierarchical clustering based on DEGs between histological grades, appears to correlate
with tumor aggressiveness. Both GSEA between the groups of Cluster M and hierarchical clustering
based on Hallmark enrichment score showed that, in line with the literature, genes associated with the
cell cycle and DNA replication were upregulated and those associated with immune/inflammatory
response and vascular development were downregulated in aggressive meningiomas as compared with
less aggressive tumors. Furthermore, the present study suggested that when comparing Low versus Mid
and Mid versus High, the first step of malignant transformation in meningiomas might involve the
downregulation of immune/inflammatory responses, while the second step might involve the
upregulation of cell cycle-related genes (Fig. 2), suggesting that these malignant processes may be
sequential. Moreover, the correlation between clustering based on copy number loss and the enrichment
score of E2F/MYC targets and Cluster M suggested that the pattern of copy number loss was associated
with the activation of pathways relevant to these oncogenes, and with tumor aggressiveness,
corroborating recent recommendations for meningioma grading [28]. Taken together, two approaches, or
a combination of these, should be considered as potential therapeutic approaches for high-grade
meningiomas: restoration of the immune response and inhibition of cell proliferation.

Previous studies have shown that E2F7 upregulation is among characteristic of high-grade meningiomas
[10, 24, 36]. Importantly, through OncoPrint analyses of a large dataset, the present study demonstrated
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that the most aggressive types of meningiomas, such as the MG4 group described by Nassiri et al., are
characterized by a combination of increased expression of E2F1 and alterations in the NF2 gene.
Furthermore, tumors with NF2 alterations were shown to be biologically distinct depending on the degree
of E2F1 expression. Indeed, tumors with low E2F1 expression were shown to be either MG1 or MG2,
even in the presence of NF2 alterations. Similarly, increased expression of EZH2, but not MYC, was
shown to be associated with the most aggressive phenotype in combination with NF2 alterations. E2F1
is known to promote malignant behaviors in various cancers, including cell proliferation and metastasis.
To our knowledge, there is no commercially available drug directly targeting E2F1.

Expression of EZH2, the enzymatic component of the Polycomb Repressive Complex 2 (PRC2), was also
reported to be associated with a higher histological grade and worse patient prognosis in meningiomas
[10, 26, 39]. Aggressive meningiomas are characterized by genome-wide DNA hypermethylation [10], and
the upregulation of EZH2 concomitant with hypermethylation of PRC2 target sites has been reported in
atypical meningiomas or those that have undergone malignant transformation [10, 26]. EZH2 is one of
the direct targets of E2F1 and may additionally be upregulated via Yes1 Associated Transcriptional
Regulator (YAP)/transcriptional coactivator with PDZ-binding motif (TAZ) activation by loss of Merlin in
meningiomas [8, 16]. Importantly, the present study demonstrated that upregulation of EZH2 in
combination with NF2 alterations underlies the molecular characteristics of the most aggressive
meningiomas. Although complete tumor regression was not observed, our in vitro analyses
demonstrated that tazemetostat suppressed the growth of multiple meningioma cell lines with unknown
NF2 status in a manner that appeared to depend on the level of EZH2 expression. Since YAP has also
been shown to cooperate with both E2F1 and EZH2 in the regulation of many cell-cycle-related genes
[16], combining an EZH2 inhibitor with either a NF2 or YAP inhibitor might be an attractive therapeutic
strategy for aggressive meningiomas.

Moreover, EZH2 is known to orchestrate tumor immune evasion via H3K27me3 by transcriptionally
silencing the Major Histocompatibility Complex (MHC) class I-dependent antigen presentation pathway
[4, 33] and repressing the production of T-cell-recruiting chemokines such as CXCL9 and CXCL10 [22,
27]. Indeed, previous studies reported that the expression of EZH2 was correlated with PD-L1 expression
and an immunosuppressive tumor microenvironment in cancers including meningioma [35, 39].
Therefore, the upregulation of EZH2 might be associated with downregulation of immune/inflammatory
response in aggressive meningiomas, suggesting the potential efficacy of immunotherapy combined
with an EZH2 inhibitor [11, 15]. ARID1A is a subunit of the Switch/Sucrose Non-Fermentable (SWI/SNF)
chromatin remodeling complex and has been shown to play a role in tumor suppression. Mutations in
ARID1A are found in approximately 6% of human cancers and have attracted attention as therapeutic
targets leveraging synthetic lethality [40]. A previous study reported that mutations in ARID1A were found
in 12 of 88 (13.6%) atypical meningiomas [5]; however, in the present cohort, mutations in ARIDTA were
not found in any of the cases. Instead, immunohistochemical analysis showed that expression of
ARIDTA is increased in higher-grade meningiomas compared to grade 1 meningiomas. Because ARIDTA
is known to play a role in maintaining genomic integrity and repairing DNA damage [18], its increased
expression might be a result of the increased genomic instability of higher-grade tumors. The present
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study has some limitations. The number of cases of the discovery cohort was small, and four of the 28
tumors in the cohort were recurrent following radiotherapy, which could have influenced the genomic
status of the tumors. However, the results drawn from the analyses of our cohort were validated in
previously published larger datasets, suggesting the generalizability and clinical utility of our results.
Another limitation is that an in vivo model for MZ857M, a meningioma cell line established from patient
surgical tissue, is currently unavailable.

Conclusions

The present study demonstrated that meningiomas might sequentially progress via the downregulation
of immune/inflammatory responses, followed by the upregulation of the cell cycle and DNA replication,
and that aggressive meningiomas are characterized by upregulation of EZH2 as well as E2F1 in
combination with NF2 alterations. These findings, together with our in vitro analyses, suggest that
targeting EZH2 alone or in combination with inhibitors of NF2, YAP, or immune checkpoints, shows
potential efficacy for high-grade meningiomas.
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Figure 1

A, Unsupervised clustering of 28 meningiomas based on the expression of differentially expressed
genes across tumor histological grades. Blue, orange, and red letters indicate grade 1, 2, and 3 tumors,
respectively. The 28 tumors were classified into 3 groups, and the composition of each group appeared
to be correlated with tumor histological grade. B, The resulting 3 groups were named as Low, Mid, and
High, and this grouping was defined as Cluster M.
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Volcano plot for fgsea results (mid vs low)
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Figure 2

A, Volcano plot for GSEA results between the Mid and Low groups of Cluster M. B, Volcano plot for GSEA
results between the High and Midgroups of Cluster M.
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A, Hierarchical clustering based on the enrichment score for the Hallmark gene sets. The clustering
divided the cases into two clusters (H and L separated by the dotted line), which correlated with Cluster
M as well as tumor histological grade. B, Volcano plot for Hallmark gene sets based on FDR and fold
change between the two clusters. Note that gene sets associated with oncogene targets and the cell
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cycle are upregulated, and gene sets associated with the immune/inflammatory response and biological
defense are downregulated in H compared to L.
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Figure 4

OncoPrint analyses of the expression of E2F1 (top), EZH2 (middle), MYC (bottom), and NF2 genetic
alterations based on the published dataset (Nassiri et al.). Note that tumors with high E2F1 expression in
combination with NF2 alterations were mostly MG4 (proliferative) tumors, while no MG1 (immunogenic)
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tumors exhibited these characteristics (high E2F1 expression and NF2 alterations). Moreover, most of
the MG1 tumors were associated with low E2F1 expression. Similarly, the tumors with high EZH2
expression in combination with NF2 alterations were mostly MG4, while most of the MG1 tumors were
associated with low EZH2 expression. On the other hand, in the MYC OncoPrint, the tendency was less
pronounced; MG1 tumors were dispersed regardless of the expression of MYC, and some of the tumors
with high MYC expression in combination with NF2 alterations were MG1.
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Figure 5

A, WST-8 assay showing the suppression of meningioma cell growth with various concentrations of
tazemetostat. Relative growth rate indicates the fold increase in cell number compared to day 1. B, cell
cycle assay showing an increase in the sub-G1 population in meningiomas treated with tazemetostat. C,
annexin V assay showing an increase in apoptosis in meningiomas treated with tazemetostat, especially
in IOMM-Lee. D, Western blotting with EZH2. Lane 1: IOMM-Lee. Lane 2: MZ857MM. E,
Immunofluorescence staining of IOMM-Lee cells. Note that tazemetostat decrease H3K27
trimethylation, but not EZH2 levels.
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