Discussion

Although other brain tumors have adopted molecular definitions in the most recent WHO
classification’, meningiomas continue to be classified by microscopic assessment of
histopathological features alone into three grades. While this classification has some
advantages in that it can be widely applied in conventional neuropathology laboratories, the
clinical behaviour of meningiomas does not consistently conform to their WHO grade?3. Some
histologically benign meningiomas recur rapidly despite adequate resection and conversely a
subset of higher grade meningiomas remain stable after surgery without evidence of early
disease recurrence. Additionally, options for medical therapies are limited for patients with
aggressive tumors that recur relentlessly despite multiple rounds of surgery and radiation. Easily
adopted molecular classifications of meningioma that reliably reflect tumor behaviour and inform

on novel medical therapies are greatly needed.

Landmark genetic and epigenetic studies on meningioma have provided important insights into
the possibility of refining meningioma classification using molecular data. These studies have
principally performed unsupervised analyses of a single molecular datatype, most commonly
DNA methylation or mutational analyses, with correlations to other datatypes, based on
availability*='. In other cancers, formal integration of multiple molecular datatypes has led to the
discovery of clinically and biologically relevant consensus groups that cannot be identified from
any single datatype alone'®'®. However, integration of molecular platforms has not been
explored yet in meningiomas, or other non-malignant tumor types, in part due to the very few
number of samples that have concurrent genome-wide data across the primary platforms of
DNA methylation, whole-genome or whole-exome sequencing, and RNA sequencing”'"1314,
Here, we assembled a large cohort enriched for higher-grade meningiomas with extended
longitudinal clinical data (up to 15-year follow-up) and integrated matched DNA somatic copy
number, DNA point mutation, DNA methylation, transcriptome, and proteomic data in order to
robustly subtype meningiomas into four novel consensus molecular groups. We demonstrated
that meningiomas in each molecular group had distinctive clinical outcomes that superseded
existing WHO and other molecular classifications in two independent cohorts, and showed that
the novel, prototypical biology of each group could inform selection of novel medical therapies
(see Extended Data Fig. 12)

Building on the known distinction between NF2-mutant and non-NF2 mutant meningiomas®?® we

comprehensively characterized two novel consensus groups of benign meningiomas. The first



(MG1) is composed of NF2-mutant meningiomas with concurrent loss of chromosome 22q that
are characterized by predominantly myeloid immune cell infiltration which we confirmed using
single cell RNA sequencing, deconvolution of bulk RNA profiles, and protein data. These
immunogenic meningiomas showed benign behaviour with low recurrence rates, suggesting
that immunogenicity may prevent rapid tumor growth in this consensus group. Elegant studies
have recently shown that the meninges are a hub for homeostatic immunity, with the bone
marrow of the adjacent skull being the primary source of myeloid cells in healthy meninges and
in the setting of an inflamed CNS. As meningiomas arise from the meninges and can frequently
invade the adjacent skull, it is possible that immune cells are recruited through similar

mechanisms in immunogenic meningiomas'®%.

The second benign molecular group (MG2) with favourable outcomes were comprised of
meningiomas with either driver mutations known to be mutually exclusive with NF2 (TRAF7,
AKT1, KLF4, SMO) or meningiomas with several polysomies, including those previously
reported in angiomatous and microcystic meningiomas?'-?2. Concordant with the copy number
findings, vasculature and angiogenic pathways were upregulated in MG2 meningiomas by gene
expression and protein data. Deconvolution of bulk RNA data using single cell signatures
showed enrichment of endothelial cells in these tumors. Two of the MG2 tumors in our study
harbored NF2 mutations and CNA that were atypical of MG2 meningiomas, suggesting there
could be room for refinement of automated assignments from unsupervised clustering using

mutational data.

Although previous methylation-based classifications have identified groups of meningiomas with
poor outcomes*?324  very little has been discovered with respect to the drivers of
aggressiveness in these tumors, despite their overwhelming contribution to the morbidity of
disease in these patients. The robust representation of these less common, but more
aggressive meningioma phenotypes, together with the comprehensive molecular analyses we
have undertaken enabled important discoveries in this regard. Specifically, we defined two
distinct groups of aggressive meningiomas, that were driven by either a hypermetabolic (MG3)
or proliferative biological phenotype (MG4). These tumors harbored novel statistically significant
and recurrent driver mutations in the epigenetic regulator gene KDM6A and tumor suppressor
gene PTEN. Point mutations in PTEN and KDM6A have each been previously reported in only
one of over 1000 tumors profiled by unbiased mutational sequencing in the literature®2%. The

fact that these mutations occur at rate similar to other known meningioma driver genes in our



study likely reflects the enrichment of the more clinically aggressive tumors in our cohort>810,
The identification of PTEN as a driver mutation implicates a divergence in the PIK3/AKT/mTOR
pathway that separates meningiomas with more aggressive behavior from meningiomas with
downstream AKT1 mutations that generally have a more indolent course. Additional
subthreshold mutational hits were identified suggesting that more focused mutational analyses
of more aggressive meningiomas may reveal additional driver mutations yet to be discovered. In
addition to the above, we found that MG3 tumors, and to a greater extent MG4 tumors, showed
significant genomic instability that was not observed in either immunogenic (MG1) or benign
NF2-wildtype (MG2) meningiomas and were associated with patterns of aberrant DNA
methylation and enrichment for critical master regulators of cell proliferation in MG4 tumors.
Altogether, these findings highlight convergence of multiple distinct but related alterations, as

opposed to one alteration in isolation, contribute to aggressive behavior in meningiomas.

Importantly, the establishment of molecular groups facilitated the discovery of novel therapeutic
vulnerabilities. Vorinostat, a histone deacetylase inhibitor approved for the treatment of other
cancers?, targeted genes that were uniquely enriched in proliferative (MG4) meningiomas. By
developing faithful models of meningiomas that align to the molecular groups we described
here, we showed that Vorinostat had viable anti-proliferative effects on only MG4 meningioma
cells in-vitro and in-vivo. Although the molecular mechanisms behind Vorinostat’s therapeutic
effect need to be deciphered, these promising results warrant further investigation in human
studies that would be most informative in a setting where patient's meningiomas can be

stratified according to their MGs.

The multiplicity of molecular features that were specific for each group also facilitates
implementation of these findings clinically, even in centers without comprehensive molecular
testing. For example, we show that loss of chr 1p is almost universally seen in MG3 and MG4
meningiomas and essentially absent in MG1 and MG2 meningiomas. As well, gain of chr 1q
was highgly specific to MG4 tumors. Similarly, the novel mutations we describe in PTEN and
KDMG6A were exclusive to MG3 and MG4 meningiomas. As most conventional neuropathology
labs are familiar with chr 1p analyses and mutational analyses for PTEN as part of the
diagnostic work-up for gliomas, these approaches can be immediately applied to identify higher
risk meningiomas and their MGs. We also identified protein marks that were enriched in each
MG using proteomic data, and validated one protein-mark for each MG by blinded

immunohistochemical, further demonstrating the potential for these novel MGs to be



distinguished using conventional techniques familiar to all neuropathology labs. It is possible
that staining for multiple group-specific proteins may further improve the discrimination of MG
groups beyond what was reported in our study. With further careful validation and
standardization of staining, scoring, and reporting, these immunohistochemical markers, as well
as the common molecular alterations we defined for each group, may be considered for

inclusion in future iterations of recognized grading systems.

Lastly, we reported on the first single cellular RNA sequencing analysis of human meningioma
tumors. In line with other cancers, we found that the variation between neoplastic cells of
different tumors was more prominent than variation within the same tumor?’-3!. Most tumors
harbored a single dominant cluster of cells. In some cases, we found a smaller second cluster of
cells that generally reflected cycling neoplastic cells. In addition to this, clonality assessments of
bulk mutational profiles revealed that most mutations in meningioma were clonal. We did,
however, identify four recurrent meta-expression programs (cell cycle, metabolism,
inflammatory, mesenchymal) from our single cell data. With the exception of the dominant cell
cycle program, these represented subtle continuous patterns of variation in gene expression,
with differences in the distribution of activation of these programs across MGs. For example, the
inflammatory program was generally inactive in MG4 tumors compared to the others. The genes
in this inflammatory program notably were shown to also be repressed in a general oncogenic
program of synovial sarcoma®?. This may reflect neoplastic-immune cell crosstalk that merits

further and more focused investigation in larger cohorts.

In summary, we have generated a key TCGA-style resource for meningiomas, the most
common primary intracranial tumor. Integration of multiple comprehensive datatypes in a single
analysis yielded novel findings that had biological, prognostic and therapeutic relevance. We
described patterns of intra- and intertumoral heterogeneity in meningioma by coupling single cell
and bulk analyses, providing orthogonal support for our proposed consensus molecular

classification.
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Supplementary Figure 1: Validation of assignment of cells to
patients

Shown are barplots of cellular genotypes derived from comparing germline
SNPs from snRNA-seq data to SNPs derived from bulk RNA-seq data for
each sample. Samples that were processed at similar times were consid-
ered as “Sets”. Overall, there were very few cells with inconsistent geno-
types to the sample of origin (0.1 to 0.9% of all cells). For example, in Set 1,
only 12 cells (0.2%) from sample CAM_0078 were considered singlets of
another sample in this Set (CAM_0151). Cells with genotypes that aligned
to the expected sample were retained and reported on in this manuscript.
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Supplementary Figure 2: High-quality data from filtered cells are retained for analyses.

a,c,e, Uniform Manifold Approximation and Projection of snRNA-seq data as in Fig. 4a. The fraction
of mitochondrial genes (a), library size (b), and number of genes detected (c) are shown as color
gradients for each cluster.

b,d,f, Boxplots of quality control metrics by cluster assignments from Fig. 5b for fraction of mitochon-
drial genes (b), library size (d), and number of genes detected (f).



