[image: ]Extended Data Fig. 1. Meningioma mass spectrometry-based proteomics. a, Distribution of the percentage of meningiomas (n=603) expressing each protein (n=6,472) that was identified from ≥2 peptides in ≥25% of samples by mass spectrometry-based proteomics. b, Distribution of the percentage of total identified proteins expressed in each meningioma. c, UMAP visualization of protein intensity distribution before batch correction, revealing minimal batch effects. d, UMAP visualization of protein intensity distribution after ComBat batch correction. e, Continuous distribution function (CDF) curves for k=2 to k=6 hypothetical meningioma proteomic clusters, revealing no optimal number of clusters. f, Relative change in the area under the CDF curve plotted against the number of hypothetical meningioma proteomic clusters, revealing no optimal number of clusters. g, Silhouette plot showing low average silhouette width plotted against different numbers of hypothetical meningioma proteomic clusters. h, Elbow plot showing the sum of squares plotted against different numbers of hypothetical meningioma proteomic clusters, revealing no optimal number of clusters. i, Consensus matrices for k=2 to k=6 hypothetical meningioma proteomic clusters, revealing no optimal number of clusters. Blue, high consensus. White, low consensus. j, Ontology analysis of the top 2000 differentially expressed proteins in meningioma.  
[image: ]Extended Data Fig. 2. Dog meningioma mass spectrometry-based proteomics. a, Distribution of the percentage of dog meningiomas (n=79) expressing each protein (n=6,694) that was identified from ≥2 peptides in ≥25% of samples by mass spectrometry-based proteomics. b, Distribution of the percentage of total identified proteins expressed in each dog meningioma. c, UMAP visualization of protein intensity distribution before batch correction, revealing minimal batch effects. d, UMAP visualization of protein intensity distribution after ComBat batch correction. e, Heatmap showing unsupervised hierarchical clustering of the top 3000 differentially expressed proteins from proteomic analysis of dog meningiomas. f, Ontology analysis of the top 3000 differentially expressed proteins in dog meningioma. g, Volcano plot showing differentially expressed proteins from proteomic analysis of dog meningiomas versus dog meningeal samples (n=15). RNA processing proteins are shown in red, and oncogenes and tumor suppressors are shown in orange. h, Ontology analysis of differentially enriched proteins in dog meningiomas versus dog meningeal samples.

[image: ]Extended Data Fig. 3. Meningioma RNA processing score validation and CLIP sequencing. a, Kaplan-Meier curves showing clinical outcomes across RNA processing score risk strata using mass spectrometry-based proteomic data from validation cohort meningiomas that were not used for risk score development (n=176). Log-rank tests. b, Transcript recovery from CLIP sequencing of M10G meningioma cells after treatment with progesterone (P4) 1µm, medroxyprogesterone acetate (MPA) 1µm, or vehicle control for 4hrs and immunoprecipitation (IP) of FLAG-tagged FXR1 or RBM39. c, Overlapping and unique transcripts bound by FXR1 or RBM39 in M10G cells after treatment with P4 or MPA and CLIP sequencing as described in b. d, Ontology analysis of overlapping transcripts bound by FXR1 or RBM39 in M10G cells after treatment with P4 and MPA and CLIP sequencing. 

[image: A chart of different colored circles and numbers

AI-generated content may be incorrect.]Extended Data Fig. 4. Meningioma alternative RNA splicing events. a, Schematic of alternative RNA splicing event types detected by long-read RNA sequencing. b, Heatmap showing unsupervised hierarchical clustering of the top 2000 differentially expressed alternative RNA splicing events from meningioma long-read RNA sequencing (n=84). Alternative RNA splicing event type colors (rows) are defined in a. Histological, genomic, and clinical data colors for each meningioma (columns) are defined in Fig. 1a. c, Ontology analysis of the top 2000 differentially expressed alternatively splicing genes in meningioma. d, Pie charts showing alternative RNA splicing event types (colors defined in a) and histograms showing change in percent spliced in (PSI) for all differentially expressed alternative RNA splicing events identified across demographic, histological, or molecular groups of meningiomas. PR, progesterone receptor protein. 

[image: ]Extended Data Fig. 5. Progesterone receptor alternative RNA splicing and stabilization. a, Progesterone receptor transcript (PGR) alternative RNA splicing events from meningioma long-read RNA sequencing (n=84) showing predominant expression of the same 5 transcripts across demographic, clinical, histological, or molecular groups. b, Expression of a representative PGR transcript (PB.10540.236) from meningioma long-read RNA sequencing across demographic, clinical, histological, or molecular groups. c, QPCR showing siRNA knockdown (KD) of FXR1 or RBM39 compared with non-targeted control (NTC) siRNA in CH157-MN meningioma cells. d, Immunoblot for RBM39 expression in CH157-MN meningioma cells treated with the RBM39 degrader indisulam for 48hrs. e, QPCR for PGR expression over time in MCF7 (left) or T74D (right) ER+/PR+ breast cancer cells treated with actinomycin D 5µM for the time shown  FXR1 siRNA knockdown (KD) or treatment with indisulam 20µM for 48hrs. Data at each timepoint are normalized to PGR transcript expression in cells with control treatment, showing that RNA processing proteins transiently influence PGR expression and stability in breast cancer cells. f, Immunoblot for progesterone receptor protein (PR) expression in CH157-MN meningioma cells treated with progesterone (P4) 1µm, medroxyprogesterone acetate (MPA) 1µm, cyproterone acetate (CPA) 1µm, or vehicle control for 14 days. Lines represent means and error bars represent the standard error of the means. Student’s t-tests, *p≤0.05, **p≤0.01, ***p≤0.0001. 

[image: ]Extended Data Fig. 6. Progesterone receptor and RNA processing protein expression in meningioma. a, Progesterone receptor protein (PR) expression, and FXR1 or RBM39 protein intensity, from meningioma mass spectrometry-based proteomics (n=603) across demographic, clinical, histological, or molecular groups. Lines represent means and error bars represent the standard error of the means. Student’s t-tests, *p0.05. All other p-values from ANOVA. b, Hierarchical clustering of Pearson correlation coefficients showing that FXR1 and RBM39 protein expression from meningioma proteomic analysis does not correlate with progesterone receptor transcript (PGR) expression from long-read RNA sequencing or PR expression from proteomic analysis, but that PGRMC1 protein expression does correlate with both PGR and PR expression.

[image: ]Extended Data Fig. 7. FXR1 and RBM39 protein interactions in meningioma cells. a, STRING analysis of protein networks showing greater than 2-fold enrichment with vehicle control treatment as compared to medroxyprogesterone acetate (MPA) treatment with FXR1 immunoprecipitation mass spectrometry (IP-MS) from CH-157MN meningioma cells. Protein lists were uploaded to the STRING website (https://string-db.org/) and analyses were performed using high stringency with k-means clustering. Key describes evidence supporting protein interactions. b, STRING analysis as in a but with RBM39 IP-MS. Key as in b.

[image: ]Extended Data Fig. 8. PGRMC1 interacts with FXR1 and RBM39 in meningioma cells. a, Proteins identified after immunoprecipitation mass spectrometry (IP-MS) of endogenous PGRMC1 across 3 meningioma cell lines (ID1654, IOMM-Lee, CH157-MN)  treatment with medroxyprogesterone acetate (MPA) 1µM for 1hr. The proteins displayed were identified from ≥2 peptides, were not present in IgG immunoprecipitation control conditions, and were identified in at least 2 cell lines. Protein intensity was normalized to PGRMC1 intensity in each condition and relative expression within conditions for each protein is shown. Grey and pink numbers show that FXR1 and RBM39 were the only proteins that decreased in proximity to PGRMC1 with MPA versus vehicle control treatment in at least 2 cell lines. b, FXR1 or RBM39 immunoprecipitation (IP) for co-IP immunoblots of PGRMC1 from CH157-MN meningioma cells treated with medroxyprogesterone acetate (MPA) 1µM versus vehicle control for 30 min. c, Structural modeling of full-length PGRMC1 interaction with progestogens or the small molecule antagonist AG205. Surface model (left) showing PGRMC1 in grey and Y107, Y113, and Y164 residues, which are necessary for heme interaction with PGRMC1, in dark green. Ribbon models (right) show PGRMC1 in grey and binding pocket residues within 4Å of ligands, including Y107, Y113, and Y164, in dark green. Polar interactions between ligands and binding pocket residues are shown by dashed yellow lines. Progestogens are shown in violet, AG205 is shown in cyan, and PGRMC1 residue D120, which is necessary for progesterone interaction, is shown in orange. Electronegative elements on ligands and binding pocket residues within 4Å of ligands are shown as follows: oxygen, red; nitrogen, blue; chloride, light green; sulfur, gold. P4, progesterone. MPA, medroxyprogesterone acetate. CPA, cyproterone acetate. NOMA, nomegestrol acetate. CMA, chlormadinone acetate. d, Structural modeling of full-length proteins showing that AG205 bridges interactions between the cytochrome b5-like domain of PGRMC1 (grey residues 72-171) and the KH2 domain of FXR1 (gold residues 285-314, left), which regulates RNA binding and stability, and the RRM2 domain of RBM39 (aqua residues 250-328, right), which regulates RNA binding and interaction with the selective RBM39 degrader indisulam (purple residues). Binding pocket residues within 4Å of AG205 are shown in dark green and are labeled for FXR1 (left) and RBM39 (right). Electronegative elements on ligands and binding pocket residues within 4Å of AG205 are shown as follows: oxygen, red; nitrogen, blue; chloride, light green; sulfur, gold. e, QPCR for PGRMC1 transcript expression in CH157-MN cells stably expressing CRISPRi machinery (dCas9-KRAB) and sgRNAs targeting PGRMC1 (sgPGRMC1) versus non-targeted control sgRNAs (sgNTC). Lines represent means and error bars represent the standard error of the means. Student’s t-test, ***p≤0.0001.



[image: ]Extended Data Fig. 9. PGRMC1 expression and activity in meningioma. a, Re-analysis of H3K27Ac ChIP sequencing data from 33 meningiomas showing peaks for PGRMC1, FXR1, RBM39, progesterone receptor (PGR), the meningioma tumor suppressor NF2, and the meningioma oncogene FOXM1, but not for estrogen receptor (ESR1) or androgen receptor (AR), which were not detected by mass spectrometry-based proteomics of human or dog meningiomas (Fig. 1, Extended Data Fig. 1, 2). b, PGRMC1 protein intensity from meningioma mass spectrometry-based proteomics (n=603) across demographic, clinical, histological, or molecular groups, showing similar trends as progesterone receptor protein (PR) expression across the same groups (Extended Data Fig. 6a). c, Immunofluorescence microscopy for PGRMC1, the nuclear envelop marker lamin A/C, the golgi marker GORASP2, the cell membrane marker calnexin, and DNA (Hoechst) across BenMen, IOMM-Lee, and CH157-MN meningioma cell lines showing that PGRMC1 localizes to the endoplasmic reticulum and other cell membranes. Scale bar, 10µm. d, Meningioma immunofluorescence microscopy showing expression of PGRMC1 and PR in tumor cells marked by SSTR2. Scale bar, 10µm. e, Clonogenic growth of CH157-MN cells after CRISPRi suppression of PGRMC1  treatment with medroxyprogesterone acetate (MPA) 1µM for 10 days showing that PGRMC1 drives the growth and response of meningioma cells to MPA. f, Immunoblots for reported downstream effectors of PGRMC1 activity in CH157-MN cells stably expressing CRISPRi machinery and sgPGRMC1 or sgNTC  MPA treatment showing comparable phosphorylation of EGFR (pEGFR) and AKT (pAKT) with or without PGRMC1 suppression and/or MPA treatment, suggesting that PGRMC1 drives PGR expression and meningioma cell proliferation through alternative pathways. g, QPCR for PGRMC2 transcript expression in CH157-MN cells stably expressing CRISPRi machinery (dCas9-KRAB) and sgRNAs targeting PGRMC2 (sgPGRMC2) versus non-targeted control sgRNAs (sgNTC). h, QPCR for PGR expression in CH157-MN cells after CRISPRi suppression of PGRMC2  treatment with MPA for 48hrs showing that PGRMC2 does not regulate meningioma cell expression of PGR in response to MPA, in contrast to PGRMC1. i, Clonogenic growth of CH157-MN cells after CRISPRi suppression of PGRMC2  CRISPRi suppression of PGRMC1 and treatment with MPA for 10 days showing that PGRMC2 does not drive the growth of meningioma cells in response to MPA, in contrast to PGRMC1. Lines represent means and error bars represent the standard error of the means. Student’s t-tests, *p≤0.05, **p≤0.01, ***p≤0.0001. All other p-values from ANOVA.

[image: ]Extended Data Fig. 10. Progestogens and testosterone regulate meningioma growth through PGRMC1, RNA processing proteins, and progesterone receptor. a, Clonogenic growth of CH-157MN (C), BenMen (B), M10G (M), or Iomm-Lee (I) meningioma cells, or LN18 glioblastoma cells, cultured in female versus male adult bovine serum for 10 days showing that meningioma but not glioma cell growth is attenuated by male bovine serum. b, Clonogenic growth of CH157-MN meningioma cells after treatment with progesterone (P4) 1µM, medroxyprogesterone acetate (MPA) 1µM, cyproterone acetate (CPA) 1µM, or vehicle control for 10 days showing that progestogens drive the growth of meningioma cells. c, Growth of CH157-MN female meningioma xenografts in male versus female Nu/Nu mice. d, Growth of IOMM-Lee male meningioma xenografts in male versus female Nu/Nu mice. e, Immunoblots for progesterone receptor protein (PR) expression in CH157-MN meningioma xenografts stably expressing CRISPRi machinery (dCas9-KRAB) and sgRNAs targeting PGRMC1 (sgPGRMC1) versus non-targeted control sgRNAs (sgNTC) in meningioma cells  treatment of female Nu/Nu mice with MPA 10mg/kg daily via IP injection versus vehicle control for 25 days showing that PGRMC1 is required for progestin-induced PR expression in meningioma. f, QPCR for progesterone receptor transcript (PGR) expression in CH157-MN cells expressing CRISPRi machinery and sgRNAs targeting PGR (sgPGR) versus sgNTC. g, Growth of CH157-MN xenografts in female Nu/Nu mice with CRISPRi suppression of PGRMC1 (left) or PGR (right) in meningioma cells  treatment of mice with MPA 10mg/kg daily via IP injection versus vehicle control showing that PGRMC1 and PR are required for progestin-induced meningioma growth. h, Clonogenic growth of CH157-MN cells with CRISPRi suppression of PGRMC1  MPA versus vehicle control treatment for 10 days  rescue expression of PGRMC1WT or PGRMC1D120G showing that PGRMC1D120G cannot rescue meningioma cell sensitivity to progestin treatment. i, Clonogenic growth of CH157-MN cells treated with MPA for 10 days  CRISPRi suppression of PGRMC1  PGR over-expression (OE) showing that PR can rescue progestin-induced meningioma cell growth in the absence of PGRMC1. j, Growth of IOMM-Lee xenografts in female (left) versus male (right) Nu/Nu mice treated with beta-estradiol (estrogen) 1µg/day via IP injection  MPA versus vehicle control showing that estrogen does not drive progestin-induced meningioma growth in either female or male mice. k, Histological quantification of meningioma xenograft cells expressing IBA1 (top) or cleaved caspase 3 (CC3, bottom) from Fig. 4c after 30 days of treatment, showing no significant changes in tumor-associated macrophages or meningioma apoptosis with sex hormone perturbations. l, Immune score deconvolution from RNA sequencing of Merlin-intact PR- versus PR+ human meningiomas showing no significant differences. Wilcoxon signed-rank tests. m, Structural modeling of full-length proteins showing that testosterone bridges interactions between the cytochrome b5-like domain of PGRMC1 (grey residues 72-171), and the Tud1 (residues 4-50) and Tud2 (residues 65-115) domains of FXR1 (gold), which regulate protein-protein interactions. Binding pocket residues within 4Å of testosterone are shown in dark green, and electronegative elements on testosterone and binding pocket residues within 4Å of testosterone are shown as follows: oxygen, red; nitrogen, blue; chloride, light green; sulfur, gold. Polar interactions between testosterone and binding pocket residues are shown by dashed yellow lines, and PGRMC1 residue D120, which is necessary for progestogen interaction, is shown in orange. n, Quantification of minimum (Min) backbone distance of the best seed’s 5 structural models of the cytochrome b5-like domain of PGRMC1 and FXR1 showing that AG205 enables interactions between PGRMC1 and the KH2 domain of FXR1 while testosterone enables interactions between PGRMC1 and the Tud1 and Tud2 domains of FXR1. o, Quantification of the number of residue contacts within 4Å (top) or the minimum backbone distance (bottom) from the best seed’s 5 structural models of the cytochrome b5-like domain of PGRMC1 and the Tud1 and Tud2 domains of FXR1 in the presence of P4, MPA, CPA, or testosterone, showing that progestogens inhibit but testosterone enables PGRMC1 interactions with FXR1. p, Clonogenic growth of CH157-MN cells treated with MPA and/or testosterone 10µM for 10 days showing that testosterone blocks progestin-induced meningioma cell growth. q, Immunoblot for PR expression in IOMM-Lee xenografts grown in female versus male Nu/Nu mice treated with MPA and/or indisulam 25mg/kg daily via IP injection for 30 days showing that indisulam blocks progestin-induced PR expression and castration enables progestin-induced PR expression in male mice. Lines represent means and error bars represent the standard error of the means. Student’s t-tests, *p≤0.05, **p≤0.01, ***p≤0.05.


[image: ]Extended Data Fig. 11. Meningioma volume in the context of serum testosterone levels. a, All patients from the University of California San Francisco electronic medical record with serum testosterone measurements within 12 months of meningioma diagnosis and brain imaging sufficient for volumetric assessment. P-values from Kruskal-Wallis test (age), Fisher’s exact test, or Chi-squared test. ADT, androgen deprivation therapy. b, Serum testosterone measurements in female, male, and male patients on ADT with meningioma showing that testosterone levels are lower in female and in male patients on ADT. Student’s t-tests, *p≤0.05, ***p≤0.0001. c, Meningioma volumetrics from brain imaging showing that meningiomas are smaller in men with high testosterone levels compared to meningiomas in women or in men with low testosterone levels. Low testosterone defined according to American Urological Association guidelines (<300 ng/dl). Lines represent means and error bars represent the standard error of the means. ANOVA.

[image: ]Extended Data Fig. 12. Progesterone receptor signaling and subcellular compartmentalization in meningioma cells. a, Immunoblots for phosphorylated proteins in BenMen meningioma cells treated with medroxyprogesterone acetate (MPA) 1µM showing progestin-induced phosphorylation of progesterone receptor protein (PR) residue serine 345 (pPRS345), and activation of the MAPK pathway through MEK (pMEK) and ERK (pERK) phosphorylation. b, Immunoblots for cell cycle and phosphorylated proteins in CH157-MN meningioma cells treated with MPA showing progestin-induced expression of CCND1. c, Immunoblots for phosphorylated proteins in BenMen cells treatment with MPA and stably expressing CRISPRi machinery (dCas9-Zim3) and sgRNAs suppressing endogenous progesterone receptor transcript (PGR) plus rescue expression of mutant PR (P422A, P423A, P426A) that is unable to bind c-SRC (an interaction that is necessary for PR-induced MAPK signaling) showing that inhibition of PR/c-Src interaction blocks progestin-induced MEK and ERK phosphorylation in meningioma cells. d, Immunoblots for PGRMC1 and PR after subcellular fractionation of CH157-MN cells treated with MPA 1µM showing progestin-induced nuclear enrichment of PR but no change the subcellular localization of PGRMC1 in meningioma cells. Immunoblots for tubulin, calnexin, lamin B, and HH3 mark the cytoplasmic, membrane, nuclear, and chromatin fractions of cells, respectively. e, Immunoblots for PGRMC1 and PR after subcellular fractionation of BenMen meningioma cells treated with MPA, showing similar results as in d. Immunoblots for tubulin, calnexin, pRB, and HH3 mark the cytoplasmic, membrane, nuclear, and chromatin fractions of cells, respectively. f, Immunoblots for PR-A and PR-B in meningioma showing that both variants are expressed, or not expressed, in human tumors (n=10). 

[image: ]Extended Data Fig. 13. Progestogen signaling drives actin remodeling and cell adhesion in meningioma. a, QPCR for progesterone receptor transcript (PGR) expression in CH157-MN meningioma cells with stable over-expression (OE) of PGR versus empty vector. b, Stacked bar plot showing the distribution of peaks from progesterone receptor protein (PR) ChIP sequencing of CH157-MN cells expressing full length PR-B or PR-A and PR-B treated with medroxyprogesterone acetate (MPA) 1µM for 4hrs, conditions which were selected to differentiate target genes bound by PR-B (e.g. present in both PR-B and PR-A+B conditions) from target genes which were specific to PR-A (e.g. present in PR-A+B but not overlapping with PR-B). c, Venn diagram showing overlapping versus unique genes with peaks from PR ChIP sequencing of CH157-MN meningioma cells in b intersected with RNA sequencing results from CH157-MN cells stably expressing CRISPRi machinery (dCas9-KRAB) and sgRNAs targeting PGR or PR OE  MPA or vehicle control for 48hrs. Transcripts with increased expression after MPA treatment and PGR suppression (e.g. responsive to MPA but not downstream of PR) or with increased expression after PR OE without MPA  (e.g. responsive to PR OE but not to ligand activation) were removed, leaving only transcripts that responded to MPA stimulation downstream of PR. d, Ontology analysis of overlapping genes from PR ChIP sequencing and RNA sequencing of CH157-MN meningioma cells from c showing enrichment of cell membrane and cytoskeleton remodeling genes. e, Immunoblot for phosphorylated paxillin (pPAX) expression in CH157-MN meningioma cells with over-expression or CRISPRi suppression of PGR and treatment with medroxyprogesterone acetate (MPA) 1µM showing that pPAX expression does not increase until long after treatment initiation, suggesting that these changes are a biproduct of gene expression. f, Immunofluorescence microscopy for actin (phallodin) and DNA (Hoechst) in BenMen meningioma cells with stable expression of CRISPRi machinery (dCas9-Zim3) and sgPGR, or with PGR over-expression, and treatment with medroxyprogesterone acetate (MPA) 1µM for 48hrs. Actin filament length is quantified for BenMen and CH157-MN cells with overexpression of PGR  MPA treatment (right). Scale bar, 10µm. g, Immunofluorescence microscopy for pPAX and DNA (Hoechst) in BenMen cells with CRISPRi suppression or over-expression of PGR and treatment with MPA 1µM for 48hrs. pPax puncta are quantified for BenMen and CH157-MN cells with genetic perturbation of PGR and MPA treatment (right). Scale bar, 10µm. Lines represent means and error bars represent the standard error of the means. Student’s t-tests, ***p0.0001.

[image: ]Extended Data Fig. 14. Progesterone receptor target gene expression in meningioma. a, Weighted correlation network analysis (WGCNA) heatmap of meningiomas with matched proteomic, DNA methylation profiling, RNA sequencing, and histological data (n=200) showing 58 PR target genes that were identified through enrichment in (1) human tumors with expression of PR transcript and protein, (2) female xenografts treated with MPA, and (3) meningioma cells expressing with PR and treated with MPA from Extended Data Fig. 13a-d. Direct versus indirect PR target genes were defined using PR ChIP sequencing of meningioma cells in Extended Data Fig. 13b, c, where direct PR target genes were defined as those (1) overlapping with ChIP-sequencing peaks and (2) enriched in meningiomas cells expressing PR after MPA treatment. The two WGCNA modules that were enriched in tumors with high PGR and PR expression were distinguished by expression of direct or indirect PR target genes. Cell cycle and membrane and cytoskeleton remodeling genes are marked with asterisks. b, Expression of PR target genes from RNA sequencing of meningeal samples (n=6) compared with meningioma samples (n=200) across Merlin-intact, Immune-enriched, or Hypermitotic DNA methylation groups. PR target gene order and key for expression of PR target genes as in a. c, Protein-protein expression correlation of PR target genes (rows) with PGRMC1, FXR1, RBM39, or PR (columns) from meningioma mass spectrometry-based proteomics (n=603). PR target gene order as in a. d, QPCR for progesterone receptor transcript (PGR) expression in meningioma xenografts from Fig. 4c after 30 days of treatment, showing increased expression in female mice after MPA treatment and in male mice after castration and MPA treatment. Lines represent means and error bars represent the standard error of the means. Student’s t-tests, **p≤0.01, ***p≤0.0001. e, Heatmap of PR target gene expression (rows) from RNA sequencing of meningioma xenografts (columns) from Fig. 4c after 30 days of treatment, or from RNA sequencing of meningioma cells from Extended Data Fig. 13a-d. Xenograft data show enrichment of direct and indirect PR target genes in female mice after MPA treatment and in male mice after castration and MPA treatment, and suppression after indisulam treatment with or without MPA. Cell data show enrichment of direct and indirect PR target genes after long-term MPA treatment and PGR OE that is blocked by CRISRPi suppression of PGR (sgPGRMC1). PR target gene order and key for expression of PR target genes as in a. f, Hematoxylin and eosin (H&E) histology and progesterone receptor protein (PR) immunohistochemistry chemistry (IHC) staining for 8 meningiomas that were analyzed using spatial transcriptomic sequencing. Dashed squares correspond to inserts showing heterogeneity of PR IHC staining at high magnification. Scale bar, 1mm. 

[image: ]Extended Data Fig. 15. Considerations for clinical translation to meningioma and breast cancer patients. a, QPCR for PGRMC1, FXR1, RBM39, or progesterone receptor transcript (PGR) expression across the meningioma cell lines used in this study colored according to DNA methylation group. Merlin-intact, blue. Immune-enriched, purple. Hypermitotic, red. b, Serum progesterone or testosterone measurements in female versus male patients with meningioma (n=55), none of which were receiving hormonal therapy, as a function of patient age. c, Breast cancer microarray expression data (n=375) showing that PGRMC1 and FXR1, but not RBM39, are enriched in rare cases of ER-/PR+ breast cancer. P-values from pairwise Wilcoxon tests with Benjamini-Hochberg adjustment. Lines represent means and error bars represent the standard error of the means. 

image6.png
PR protein
expression (%)

FXR1 protein

RBMB39 protein

intensity

intensity

DNA Gene
methylation expression RNA
Sex Setting WHO grade group risk processing
(p>0.05)  (p=0.004)  (p=0.002) (p<0.001) (p<0.001) (p=0.031)
50 1 50 1 50 1 80 60 1 50
40 1 40 401 50 40
301 301 30 401 30
20 20 401 20
20 1 204
10 10 10 20 10
0 0 0- 0 0- 0
100 7 1009 + , 1007p=0.002 1007 p<0.001 1001 p<0.001 100 p<0.001
T 3 . . )4 M M
[ ER T PO ST [ I CT 75 i . 75 i3
iy i [
50 1 50 4 501 i 50 ‘ 50-‘ 504
254 251 254 ¥ 2 251 251 1
! t H T R B :
o+— ot+—7 ot+r—7—"+ ot——" olr—" ol
200 1 2007 , 2007p<0.001 2007 p<0.001 2007 p<0.001 2007 p<0.001
] H R4 . .
1509 . 1501 . , 150 . = 1504 . ! 1501 | §150- $
: : ¢ . q ! 0 8
100 1 100 100 100 100 100 ’
50 50 4 50 ¥ 50 504 50 H
0dtr— o 0tr——7 o0t 0+ 0t
#@b@ eﬁb @Q\ 12 (o“'\&id'\‘ \,o“x-\rz}?z@ \9&@3‘-9
& R S & &
« &5 S S &
R ot N S
® &

Protein

splicing event expression expression

PGR alternative RNA

Protein PGR alternative RNA
expression splicing event expression

8
7
6
3
1
9
8
7
0
5
4
3
2

23
23
23
26
26
25
25
27
28
32!
32:
32!
32;
321
339
343
342
348

10540.
10540.
10540.
10540.
10540.
10540.
10540.
10540.
10540.
10540.
10540.
10540.
10540.
10540.
10540.
10540.
10540.
10540.

00 06 o6 o o0 o0 o o 0 0 o0 06 o0 0 0 00 o o
aoaooaoooooooOoa0oo0aaa

PB.10540.238
PB.10540.237
PB.10540.236
PB.10540.263
PB.10540.261
PB.10540.259
PB.10540.258
PB.10540.277
PB.10540.280
PB.10540.325
PB.10540.324
PB.10540.323
PB.10540.322
PB.10540.321
PB.10540.339
PB.10540.343
PB.10540.342
PB.10540.348

0.8

0.6

UONE[elI00 UosSIead




image7.png
a b

Ribonucleoprotein complex
FXR1 IP-MS biogenesis/metabolism of RNA

protein interactions

(,ﬁu

mRNA 3-end processing
RBM39 IP-MS
protein interactions
@—® tRNAaminoacylation

Uniplex complex
COPI vesicle coat

SNARE complex 'e)

Activation of ATR in response
7’
-
} RHO GTPases

to replication stress
Complex | biogenesis

Recycling of elF2:GDP

o—0

o—0

Ribonucleoprotein
transport

Exoribonuclease activity

s Diaphanous
.—. > =CF GTPase-binding domain Glutathione peroxidase activity
Proline o e Eps15 homolo:
biosynthesis Spliceosome P e

domain

complex assembly
O—O ()—O O’OStriatin family
O=0 Maturation of

\ GIT family helical motif nucleoprotein
ER-Golgi intermediate
Curated databases compartment membrane
Experimentally determined
Gene neighborhood
Gene fusion
Gene co-occurence
Textmining
Co-expression
Protein homology




image8.png
gz

s ®

Peptides 28
ID1654 - 1.0
ID1654 + 00
IOMM-Lee - 1.0
IOMM-Lee + 0
CH157-MN - 0.9

CH157-MN + 1.0

SCYL1

22222~ PGRMCH

1.0

cnoa
222 ~RPLIT

0.0
0.0

5 222 2 o DYNCIH1

1.0

£ o RPL18A
& CERS2

0.0

OO0 =00
22228 =~ sRsFa

1.0

FXR1IP + +
IgGIP - -
MPA - +
FXR1 @

PGRMC! gy~ =

RBM39 1P + +
19GIP - -
MPA - +

RBM39 == wm

PGRMC1 e —

—75kDa
—25kDa

—60kDa
—25kDa

Meningioma
cell PGRMC1

expression

1.25

1.00{%

0.75
0.50
0.25
0.00

PGRMC1

N-termil

domain

transmembrane

nal

cytochrome
b,-like domain

sgNTC
sgPGRMC1

¥
S

FXR1
KH2 domain

PGRMCT  \\P120
cytochrome \

b,-like domain

KH2 domain

PGRMC1
cytochrome
b,-like domain





image9.png
a PGRMCT1 FXR1 RBM39 PGR NF2 FOXM1 ESR1 AR

Q
<
N~
N
4
®
T
|
5 Prr . L_.,‘_A R L_ - - FR—— _.‘A,ll Y e _AL.,__‘,, I [ J——
[ e ¥y hal had dedhil i lasd, b I P
= [ ——=— |- s | s ————— H>— i e e —— i
b DNA Gene c Lamin A/C GORASP2 Calnexin
methylation expression RNA
Sex Setting WHO grade group risk processing
(p<0.001) (p<0.001) (p=0.053) (p=0.057)
c 6007 , 600 600 . c
£ S
° - s =
g = 4004 } 400 400 S
- 2 m
Qg
=< 200 200 200
oc
(&)
a 0 0 0
123 N g
Sl 8
N -
& T
« =
=
<}
200 1
— 1501 ¥ z
oK =
© g = Lrl\l)
5 o % 10013 2
> S5 S
c & O o &}
c =7 3
(Ol O 504 ok
= ¥
g 1.25 h 6 1 1607 **
04—+ c - ]
MPA - + - + _ 6 }' _ 5
SgPGRMCT - - + + ] 2 1.00 g »5 ;* © ;\3 120
s 2 ° @ P 4 'I' . £ e
£ Qo €9 S £ . 5
f 83 853 2% w
> =) <
sgNTC sgPGRMC1 g 8 0.50 2o % 5
MPA - 10m30m 1h 4h - fom30m 1h 4h 5= 5E 2 S35
T O 8 40
P =5 025 D °
PEGFR Sl B b e G — e S~ 160kDa a =
o P 0.00 0 0
PAKT -y 60kDa oy SQPGRMC2 - - + + SQPGRMC2 + + +
PRy — z S MPA - + - + MPA - + +
GAPDH s S ——— - 37kDa $§ SgPGRMC1 - - +
Meningioma cell protein expression 4




image10.png
a 125 "”E 3500 - Female meningioma cells e S f_ o 125 h 125
= Female mice (n=10) S D 5 <<
& 100 E 30001 e mice (1-10) g 0 S 2 100{% g 100
= g < 2500 g E @ £
£ 7 £ = 5 B =] 0.75 2 g 7
E 2 3 2000 c 2 S g 2
° 2 5 2 X 050 €8 50
S 50 »ngsoo MPA - + - + £ . 5O
- c =
8 2 S 1000 PR =-o00a I G 0] = =g
0.00 0
0 ? 500 GAPDH s s s e — 37kDa o SQPGRMCT + + + + + +
Meningioma CC BBMM | | - - ] 0 EQ -4 -
) X L O MPA - + - + - +
Giioblastoma - - - - - - S+ 0 10 20 30 Meningioma xenograft 2 2 PGRMGIWTrescte - - + + - -
Femaleserum + - + - + - + - + - . i i D120G
expression PGRMC10"2% rescue + o+
Voosonm ~ v et Tl Time (days) protein expi
b 200 d < 2500 7 Male meningioma cells 9 & 2500+ Female mice 3000 - Female mice 1 1257
g Female mice (1=10) E Vehicle+sgPGRMC1 25004 VETICIe+SPR (00 = 100dF =
S @ = 2000 4 Male mice (n=10) @ = 2000(=7) MPA+sgPR (n=6) © X
£ 150 € £ € £ MPA+sgPGRMCT 2000 £ 5
SE 8 % 1s00 S 2 150040 gz ™
S’g 100 28 25 1500 S5
£ £ £ €8 5
= § & 100 § & 1000 1000 s> -
=7 50 25 s0 25 s00 =8 x| *
© o 8 500
f= j=
0 e o g o+ v v 0% 7 v : 0
0 10 20 30 40 0 10 20 30 0 10 20 30 FGR”ZI; o+
. -4+
Time (days) Time (days) Time (days) e . T
J ‘E 1500 7 Female mice 1000 7 Male mice k 107 I o 081
Vehicle (n=7) Vehicle (n=10) 2L = 8 o Testosterone
o € 1250 800 { Estrogen (n=10) 88 e{gz2 g? N 3 ° LI
€ £ Estrogen+MPA I ii S L
5 & 1000 S 4qe H 0670 o 5 06]° ©
23 6004 (1=10) % R, 3 ° 8 R
750 g= o
£ g 4004 0 L—r—rrrrrr g !; ‘ o F 4
g5 = sl ... Eot® 2ot
S 250 2001 T E . £ o8 E ®
c o g 1509 _I_ ° £ ° .
S o s Ctrnrann 8 Ok H.fg IR | °
0 5 10 15 20 25 0 5.10 15202530 S 8 1% . £ 02 ¢ Z o2y
Time (days) Time (days) t—r—r—rrrrr
Mousesex F F F FMMMM
p=0.067 p=0.31
MPA - 4 -+ -+ -+ 0.0 004+
N_ 155, PRI PRI O, 6] > Testosterone - - + 4 - - - - ¢ & Tk
L KH2 Tudi/lud2 O 5 97 ° Castration - - - - - - + 4+ T g &g
Y 0 4]
3] - o4F 31
c 100 . ET 2 FXR1
3 3t 1] P S0 q ) ) 460 | Tud1 and Tud2
° 75 % - (ST T, P— z Female mice Male mice R70 domains
@ o g R S B AT
g 50 . ° ';' ga 80 ° 5 120 ® 8 . 8 o g +'g
el ks 2 23 ¢ s X5
21E .Y 8% 3r 2 238 £t iy 1] Tosostoone
@ 5 o % O 4od. %7 g 80 > = £ =& > = O =20
Q 25 < _ Y103 a9 N12
£ I 88, £ g PR8I e 100kDa 99 F128
s £ = - - - Y113
0 S° ob=—% S PR-A . » 90kDa Wi56 : o
TW eTY O IO o (
€O € c O ¢ aoac c T
55558 § S6¢ c GAPDH S S - :7Da —
2052053 5 3RMC1
2 é‘ 2 é E = MF?A R 1 ;. cytochrome
2 @ 8 Testosterone - - + +  Meningioma xenograft protein expression o P by-like domain





image11.png
b c
Female, number (%) Male without ADT, number (%) Male with ADT, number (%) P-value il

Patients 52 44 23
Age, median (range)  54.5 (31.5-82.0) 61.5 (15.2-85.8) 78.0 (52.5-88.7) 1.037x107 1250 100
Menci)ng\omas 54 50 25 - -
WHO grade 0.852 5
1 19 (35.2) 15 (30.0) 7 (28.0) %‘000 o g 10
2 5(9.3) 4(8.0) 3(12.0) < £ 2
Imaging-defined 30 (55.5) 30 (60.0) 14 (56.0) £ o 750 S &
Unknown 0(0) 1(2.0 14 5 c j=) 3
Location 0.371 5 9 c < 1
Skull base 35 (64.7) 25 (50.0) 16 (64.0) @» L 500 5 o
Convexity 7 (13.0) 14 (28.0) 5(20.0) 17} S E
Medial 10(18.5) 7(14.0) 3(12.0) L 2 04
Spinal 1(1.9) 3(6.0) 0(0) 8 250 [
Intraosseous 0(0) 0(0) 1(4) -
Optic nerve sheath 1 (1.9) 1(2.0) 0(0)
Incidental 0.0572 0 0.01

Yes 28 (51.9) 31(62.0) 20 (80.0) Patientsex F M M Patientsex F M M
No 26 (48.1) 19 (38.0) 5(20.0) ADT - - 4+ Lowtestosterone  No Yes No




image12.png
a
MPA Om 5m 10m 15m 20m 30m 45m 1h 4h
PR - ST
PMEK ae weo - 45kDa
MEK .........-Ma
PERK s ‘ - - - -..- 44kDa
28 4 4 1 1 141 ] e
GAPDH W S S S S S - - - 07 Da
b
MPA  Om 15m 30m th  3h  12h 24h 48h
CCND1 e -‘.m - 35kDa
PMEK = - D D G w— aw = -45kDa
MEK S . oue aun @GP GED GNP e - 5k0a
perc = - D (D D - G P - 0:
ERK G (D GND GND NN G (N9 M8 - 0
GAPDH A A A . A S A, - 70
Cc
MPA  Om 5m 10m 15m 20m 30m 45m 1h  4h
PMEK - 45kDa
MEK qus (S S S Sah St St e @ — 45kDa
PERK " s s s s s « -44kDa
ERK R R SR SR SR S R S MWW - <ikDa

GAPDH

————— — — — — 37D

Tubulin

Calnexin
Lamin B

HH3

PGRMC1
PR-B
PR-A

e

Tubulin

Calnexin

RB

HH3

PGRMC1

PR-B
PR-A

GAPDH

MPA Om MPA 30m MPA 1h MPA 4h MPA 24h
£EQ c £Ee c ) c £ 2 c E @ c
§52% §527% §S528 $52% &85 9%
283 E °53E oS53 E 283 E B8 3 E
2EGS S EG e Egc ¢ S EGC S g E T ¢
585 ¢ 598 5 ¢ 58 5 = 58 35 £ 5 8 5 <€
3320 3=z0 3=2z0 d=zz06 &=z 0
- - - - -
- - - - -
- - - - -
- - - - o
- - - - -
- - - - - - .
- - - - - - Lad »
MPA Om MPA 30m MPA 1h MPA 4h MPA 24h
£ 2 £ £ 2 £ E 2 £ E g £ £ 2 £
25 g3 25 g3 25 93 25 g3 25 93
2 9 3 E 2 8 3 E 2 9 3 E 2 8 3 E 2 9 3 E
g ET ¢ e Eg ¢ S ET 2 e Eg ¢ S E 35 ¢
58 3 <€ 58 3 ¢ 58 3 <€ 58 5 £ £ 8 S &
G=z0 G=z0 6zz06 G6=z0 G=z0
- - - - -
- - — - -
— — -— - —
- —_ — - -
- - — - —
- - — _— - -
. — - -0
C— — - T N e e

- 50kDa

—90kDa

= 70kDa

- 15kDa
- 25kDa

—100kDa
—90kDa

- 50kDa

—90kDa

-110kDa

- 15kDa

- 25kDa

- 100kDa
—90kDa

- 100kDa

—90kDa

—37kDa




image13.png
o

Actin DNA

ok

a 9 o
e 9 g9
& & o

Meningioma cell
PGR expession
o

Meningioma cell

Empty vector
PGR OE

PGR OE
MPA - 1h 4h 24h -

PPAX W e

Downstream (<300 bp, 0.1%) Promoter (2-3kb, 4.1%) d
100 First exon (0.2%) Promoter (1-2kb, 4.4%)
oS 5’ UTR (0.9%) Other exon (5.3%)
R=3 3' UTR (2.8%) Promoter (<1kb, 9.2%)
ST 75 B
c C C
228 First intron (14.0%) ©
o
g3 o
88 5 <
= Distal intergenic (29.1%) (&)
o n Cc =
53 B
K4
x 3 * Other intron (30.0% 10 g
o8 er intron ( /o) g
0 589 )
‘c
sgPGR g
1h 4h 24h

—-68kDa il

GAPDH S s s #9849 s e _ 37Day

Meningioma cell protein expression

Meningioma cell ChIP and
RNA sequencing gene overlap

SgPGR+MPA  PGR OE + MPA 509  we 50 9 grGR+MPA
.
w
w o= O -
8 E £ 40
3 = 53
g,—% 30 ;L5 3
) )
c S c <
T8 5| °~ 38 g P
S c ~ (=)
C = 0 =
|5} P
88 10 T8 10 2
3 3 %
0 0
2 < O <
o oo
23 23
2 2

RNA sequencing gene overlap

Small GTPase-mediated
signal transduction

Regulation of actin
filament-based process

Response to oxidative stress

Regulation of small GTPase
mediated signal transduction
Regulation of actin
cytoskeleton organization
Regulation of cell

junction assembly

Rho protein signal
transduction
Platelet-derived growth factor
receptor signaling pathway

Regulation of cell-substrate
junction organization

B cell homeostasis
0.02 0.04 0.06 0.08
Gene ratio

PGR OE + MPA

BenMen pPAX
puncta per cell + MPA

250

200

150

100

50

SgPGR P
PGR OE

%
¥
i

° e@HMe v

CH157-MN pPAX

Adjusted p-value
0.0010
0.0015
0.0020
0.0025

Gene count
O 10
[ORE]
QO 2
Qs

200
.

= 150

5 .

; 1004

g °

el

o 50

=

3 >

sgPGR
PGR OE




image14.png
Direct

Indirect

f

H&E

PR IHC

- 14}
Meningiomas b c s _ § d
IR | T Sex ) All targets mmmmE=— L& & 8
| B0 0 H 1l | DNA methylation group oo > c w*
IR Gene expression risk group =h o o H
1 | WHO grade RS §a 6 .
55 Max 28 .
<5 © G
" SSM ..o x 4
5% 20 g3 *
T = [e = |
psEl—1 -5 ©5 2 o2 .
=< 82532 &3 =
2258 Ec 5] °
s5ccE 8% = o ~
T Il =598 oo . Mouse sex FFFMMMM
\HIIIH# Ao ||“M' !I\I =5t Min §8 MPA -+ - - -+ -
il ‘ ‘l“” %9 Testosterone B
ol 11‘ I|||1uu uuﬂﬂb ‘IJII h i f=pj i Castration L
i ot ML
uu l‘ ‘\‘ I m F\ ‘)’II'I“ Sex e o o
“ i i ' | \' WF Meningioma xenografts Meningioma cells
( 0 V ” J ‘|| . M All targets O EmEr—— ) O e e e
HH |
| ' I DNA methylation
g group
- M Merlin-intact
° IH Immune-enriched
Sl i | W Hypermitotic
s{l g
" l‘f Gene ex i 2
I ﬁ > pression 5o
\I‘ \IH H H. risk group i
F”H} 1 \IH H M Low D:‘g’,
‘ ‘ | | I\*I Intermediate 3
) | \|| 'l‘ | W High
I WHO grade
| K
2
| Kl
@
‘ Max 55
§ Scamarr o . 23
5 § 5%
o “\"’a " 'qu.“ B £
g i \‘f[ %- Mouse sex M F W F F MM E FFEMMMM MM FFFF POROE
- II} e MPA- - bt - .fof”’f”ﬁfffh
"0 Y Min  Tdstam - - - - - 1T I IIITITIL LI iy DD IIT LIt + 4T MPAZd
KM4221_01 KM4221_02 KM4221_03 KM4221 04 [ KM4221_06 KM4221_07 KM4221_08
WHO grade 2 WHO grade 3 WHO grade 2 WHO grade 2 WHO grade 1 WHO grade 2 WHO grade 1
\ i = ) 3





image15.png
CHH OIN
usyuag
o HY | NW-LGIHO
87T-WINOI
O0LN
o Hele ys9Lal
[=R=} © < Y o
8 3
IS
uoissaidxe Yod
|99 ewolbulus|y

OELN
uspueg
NIN-2GLHO
997T-WINOI
D0
ysoLal

e = © =
-~ - =1 o

uoissaldxe 6eNgY
180 ewolbuius|y

<
o

OELN
usyueg
NIN-25LHD
897-WINOI
D0
S9Lal

w9 v

uoissaldxe [HxH
190 BwolBulus|y

oeLN
us|ueg
NI-ZSLHO
997-WINOI
O0kN
reoLal

w o wn g 0 9
A o - = o o

uoissaidxs [ ONHDS

1190 ewolBulus|\|
o

o . LYY TR O L +4d/-43
B e L L e NSVt |
oo s sovm cosppeiopiiORO~—. | +Hd/HI
2 9 9 w o »v 9
- 8 8 o & © «
uolssaidxe [HXH
JooUeD jsealg
+dd/-d3
. -4d/+d3
+Hd/+43
o v o v o v 9
S & o« = = o° o
uoissaidxe 6ENgY
J9oUED isealg
IES - RIS +dd/-d3
Foor I A8« - | Hd/HEI
D T = 1< Vo]
FEEEEEERE]
d - - S S o 6 © ©
uoissaidxe LONHDd
J90UED Jsealg
[$]
°
8
. .
°
0 . ~
. @
L
. . . >
° ° o @
L] © M«
. o
<
(=]
m m © © < N o
(Iwy/Bu) syusiyed ewolbuiusw
Ul SUOJS]SO}S8)} WNISS
- 9
@
L ©
Q
.
D
lo 2
23
>
. o @
o O
<
. Fe
.
.
2 o
r - v v 8
@ o < o o
o 5 S S S

(Iw/Bu) sjusired ewolbuiusu

ul suoss)seboid wnies
Ke)




image1.png
Protein count

=2

Sum of squares

Meningioma count

2000 c e
1.0
1750 No batch correction g
Plate 1 2
1500 Plate 2 > 08
Plate 3 o
1250 Plate 4 = 8
Plate 5 28 06
1000 Plate 6 ”\.‘ e O -
750 Plate 7 Al 89
. 2 35 04
500 v_- *e Sc
o *: £2
250 %, E¥ 02
v
0 B TREN A 3
25 30 35 40 45 50 55 60 65 70 75 80 85 90 95100 & - 00+ . . . . .
. . . <
Percent of meningiomas with = 00 02 04 06 08 10
expression of each protein UMAP1 Consensus index
300 d f
Batch correction @ 0.40
250 Plate 1 co
Plate 2 o o 035
200 Plate 3 2
Plate 4 & 030
150 Plate 5 85
Plate 6 5% 025
Oy Ul
100 Plate 7 09
o 22020
=1
50 ®© >
© © 0.15
oo
0 ® 0.10
50 55 60 65 70 75 80 85 90 95 100 &
. e . <
Percent of total identified proteins s 2 3 4 5 6
expressed per meningioma UMAP1 Number of clusters (k)

i Consensus ]

Silhouette width

O =
tRNA metabolic process
process @ O

0.03 0.04 0.05
Protein ratio

6

i Ribonucleoprotein
0.20 matrix complex biogenesis .
%)
0.15 £ ncRNA processing .
N - Q
L 1 5
0.10 S Ribosome biogenesis .
°
0.05 Q "
§ Wound healing .
0.00 N & Regulation of neuron .
12345678 910 = Tfy projection development
Number of clusters (k) = RNA metabolic process .
-g Adjusted p-value
< < Positive regulation of cell .
3 [ projection organization 0.0005
3500000 2
S Protein maturation . 0.0010
o
3250000 o
o rRNA processin:
E 39 P < . Protein count
3000000 S . . 25
'9 Protein processing . O
2750000

k=t

1283456789 10
Number of clusters (k





image2.png
Y

T

Protein count

e 79 dog meningiomas
2000 7 (median scaled protein intensity)
1750 N
4 2 0 2 4
1500 - =t .
I AR AR MmN
1000 1 _ LRl 1
2
750 4 S
o
500 2a
“E"c
250 1 s %
0- go
ol
25 30 35 40 45 50 55 60 65 70 75 80 85 90 95100 %é
Percent of dog meningiomas with §§
expression of each protein E*g
ge
ok
fokel
50 1 =}
€ a8
2 ™
8 w0 == =~
g E=2
o 30 1 f
c’ . . .
g 204 Top 3000 differentially expressed proteins
(] Adjusted p-value
€ 104 RNA processing .
1 i 0.01
o] mRNA processing . :
o 04 Ribonucleoprotein biogenesis . 0.02
50 55 60 65 70 75 80 85 90 95 100 NCRNA processing .. 0.03
. ipe . Ribosome biogenesis
Percent of total identified proteins 009 0.04
O rRNA metabolic process (@)
eXpressed per d°g meningioma Extracellular matrix organization @) Protei "
rRNA processing (@) rotein coun
Myeloid differentiation ® O 25
No batch correction ° Ribosomal biogenesis @ O 50
Row 1 . O
Row 2
qo w 0.025 0.050 0.075 O 100
Row 4 e’% °c e °, Protein ratio
Row 5 N }, o .
Row 6 . I . . . .
Rga 7 .* 2 ° g Dog meninges  Dog meningiomas h Differentially enriched proteins
o 8 .
o oo T T
.o'. : L4 RNH1 Peptide metabolic process .
2 @ .. 47 Po.e OOAN Ribonucleoprotein complex .
Q BE';g% biogenesis
: P *+ EFTUD2 Amide metaboli .
PCA1 . s mide metabolic process ' Adjusted p-value
g o R 'EI),(ATJ Ribosome biogenesis @) vor
§ gL : Sa')og Amide biosynthetic process ‘ 0.02
Batch correction & -1 -
Row 1 o 2 - - HNRNPDL Peptide biosynthetic process . 003
Row 2 = ¢ RBM39 P! Y| p!
Row 3 ° 8’ CNOT3 0.04
Row 4 ° L | PCIF1 Translation .
Rows .l. o oo * o I 11 criF : " Protein ratio
Row 6 : ® o o Synaptic vesicle cycle (@)
Row 7 ° L ° ) ) O oo05
‘S 8 e o Vesicle-mediated transport o)
o (794 ° ° in synapse QO o10
° e ° °

2 o? ° 0 Neurotransmitter transport Q O 015
S -4 2 0 2 4 O oz
o ..

Dog Dog
LOQZ(fc'ld Change) meninges meningiomas




image3.png
Progression-free

survival (%)

Overall survival (%)

Intermediate

RNA processing score
P<0.0001
T e —

0 2 4 6 8 10

Time (years)
100
751
Intermediate
50
High
251
RNA processing score
P<0.0486

o

0o 2 4 6 8 10
Time (years)

b

FXR1IP

RBM39 IP

Meningioma cell CLIP sequencing

P4

MPA

Vehicle

FXR1IP RBM39 IP
1596 1239
{
4365 ) 6818
3438 4260

5" UTR
Exon
Intron

Meningioma cell CLIP sequencing

FXR1 IP

RBM39 IP

Meningioma cell CLIP sequencing

Regulation of cell cycle
phase transition
Proteasome-mediated
ubiquitin-dependent
protein catabolic process

Mitotic cell cycle
phase transition

ncRNA processing

Regulation of mitotic cell
cycle phase transition

ncRNA processing
Proteasome-mediated
ubiquitin-dependent
protein catabolic process

Golgi vesicle transport
Ribosome biogenesis

rRNA metabolic
process

@ 2x10
4x10
. 6x10

0.045 0.050

0.03

0.04
Gene ratio

Adjusted p-value

8x10+

Gene count
O 40
Q 50
QO 60
Qo

Adjusted p-value
0.005
0.010

Gene count
O 20
O 40
[OX:!




image4.png
o

N b c i
. . i i Adjusted p-value
- & Regulation of apoptotic
g ~ PRI DNA methylation family 2 ] Intrinsic apoptotic 2.5x10®
s Alternative 5’ splice-site - - “ aﬁggﬁggﬁgg group and subgroup g > Slgnaling pathway Q gg:} grs
o g
= ‘L0 Integrated score X & . "
4 5 | 111! Gene expression risk score ®-5 Cytoplasmic translation (@)
=3 Il | RNA processing score %a
S > Sex T 0 Aerobic respiration Q
= Age b= ! '
2 5 01000 [ /MIE1N1 (M9 1INIE | PR protein expession S % Regula_tlonl_of apo‘%tonc ®
= 5. = signaling pathway
<3 = Long-read RNA sequencing g o Gene count
a (top 2000 differentially expressed 5 £ Electron transport chain -~ @ O 25
<Z( alternative RNA splicing events) o ﬁ R ' O 30
espiratory electron
o c @ 35
o Skipped exon 84 meningiomas 8 5 transport chain 8 0
(expression) + ATP synthesis coupled )
8— Q2 electron transport O 45
. Exon — Intron ---- RNA splicing event F© 0.03 0.05
Gene ratio
World Health Organization DNA methylation group
Female versus male Grade 1 Grade 2

Merlin-intact Immune-enriched Hypermitotic

Event types

19 7
41.9%

300
3000
€ |200
=]
o) 2000
o
100 1000
-20 0 20 -50 -25 0 25 50 -25 0 25 -60 -35 0 30 -50 -25 0 25 -40 -20 0 20 40 -20 0 20
Gene expression risk score RNA processing score
PR+ versus PR- Low Intermediate High Intermediate High
7]
@
2 (/55 9 71 1
= 4
o
5
28.7%
& 30.9% 29% 30.2% 31.1% 34.3%

Count

150 i150 {300
200 i i

100 {100 {200
100 H H

50 i50 {100

20-10 0 10 20 20-10 0 10 20 -30-20-10 O 10 2040 20 0 20 40 20 O 20 40 20 0 20 -40 -20 0 20
Change in percent spliced in (PSI)





image5.png
©

Setting

Sex

JuaLnday

pasoubelp AimaN

N © © ® o

(uol|jiw 4ad sydiiosuedy) uoissaidxe 982° 07501 dd

DNA
methylatior
group

WHO grade

onoyuuedAy
payoLIUs-auUNWIW|
10RIUI-UIIBY

€ opeib OHM
2 opeib OHM
1 8peib OHM

N ®© © ® o

[ UbIH dnoib
| djeIpawsiu| Buisseooid
1 [ Mo VNY
ubIH dnoib ysu
7 ajelpawgu| uoissaidxe
Mo -8uer) H ©
1 || onoyuwisdAy dnoiB E
payoLue-sunww | uoeifew & M
W oru-uen ¥Na @
Q
€ opesb OHM s
(] [ 2 opesb OHM opeib OHM  §
[ [ | opesB OHM F o
a0y
7 7 7 7 7 7 . pasoubelp AmeN Bumes
EE x5
olewe P
o Q
[ 1] ] | = =
I1 I I 8 ©
1 T _c
8 | 32
1T T T = o9
2| & | «8
2 o €5
el 2 | 5 2
g O X
11 +L 1 e | 58
2 Sc
gl-1 | €3
= T +=
okl =2
@ I Q
s B
T = e
1T 1 1 e ax 6sngy
ool o OIN
v 9 ©v 9o v 9
N = ~ © ] =3
-~ < &8 oS & o
uoissaidxa sgNgY
11 1 1 FQ [ adraxd
PRPANDNE - NOND T — PO D@ e OIN
IOBIRNO0OIRAININDNL S
HUABAANADNNDNI DN
I=R=R=R=R-R-R-N-F-R-F-R-R-N-F-R-N-¥=] re) Q 0 Q 0 =]
B T i - - - = S S A = = - - N (=] ~ 0 54 (=]
DUVVVLRDYWYYHWWYWWWYW WD = = o o o S
S83SESESS8383883838
i (6 (5 (6 €6 €6 €6 06 06 €0 00 00 06 06 06 06 06 06 uoissaidxe [&x
ocoooooaooaoO0OOOOOOOQ
1190 ewolBuius|y
sjuane BuIolds YNY @ABUIRlE DY  ©

Gene
expression
risk

ubiH

RNA
processing

Mo

YbIH

Mo

a
o
e
&
™
=5
Eo‘_ m.w
g9
VdiN - mm
9%
vd _.m.m
| 52
CETTON
S Q
@ag %
oo
aca %
Y- S

Indisulam

[a]
C 4
&
&
P
g

Q w»
n o

0.00

3
uoisseidxe HOd onie|el
190 Jeoueo 1se8Iq /7L

Control
Indisulam

a

<

cE2

38

r=} rel
N

1.50
1.2!
1.0

uoissaidxe D4 el
1199 JooueD 3sealq /40N
Q

16

12

Actinomycin D (hours)

sjepawlau|

ajelpauLal|

Actinomycin D (hours)




