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ABSTRACT 63 

Meningiomas are the most common primary intracranial tumor with current classification offering limited 64 

therapeutic guidance. Here, we interrogated meningioma enhancer landscapes from 33 tumors to 65 

stratify patients based upon prognosis and identify novel meningioma-specific dependencies. 66 

Enhancers robustly stratified meningiomas into three biologically distinct groups 67 

(adipogenesis/cholesterol, mesodermal and neural crest) distinguished by distinct hormonal lineage 68 

transcriptional regulators. Meningioma landscapes clustered with intrinsic brain tumors and hormonally-69 

responsive systemic cancers with meningioma subgroups reflecting progesterone or androgen 70 

hormonal signaling. Enhancer classification identified a subset of tumors with poor prognosis, 71 

irrespective of histological grading. Super enhancer signatures predicted drug dependencies with 72 

superior in vitro efficacy to treatment based upon the NF2 genomic profile. Inhibition of DUSP1, a novel 73 

and druggable meningioma target, impaired tumor growth in vivo. Collectively, epigenetic landscapes 74 

empower meningioma classification and identification of novel therapies.  75 
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SIGNIFICANCE 76 

Enhancer landscapes inform prognostic classification of aggressive meningiomas, identifying tumors at 77 

high risk of recurrence, and reveal previously unknown therapeutic targets. Druggable dependencies 78 

discovered through epigenetic profiling potentially guide treatment of intractable meningiomas.  79 
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INTRODUCTION 80 

Meningiomas are the most common primary intracranial tumor, constituting over one-third of all primary 81 

central nervous system neoplasms (1). Meningiomas are classified by grade according to histologic 82 

characteristics; while most have been considered benign (WHO grade I), a substantial percentage are 83 

higher grade (WHO grades II and III) (1,2).
 
Furthermore, histological grade fails to fully predict 84 

recurrence, and, upon failure of surgery and/or radiation, there are no effective systemic therapies for 85 

these patients. 86 

 87 

Meningiomas exhibit a very strong and unexplained epidemiological sex bias. Grade I tumors afflict 88 

female over male patients at a 3:1 ratio, a predilection that is lost in higher grade tumors (1). Case 89 

reports and small studies have implicated progesterone agonists in meningioma growth, with reports of 90 

tumor regression following discontinuation of exogenous progesterone (3,4). However, clinical trials 91 

have demonstrated inconsistent results and predicting responders to hormone therapy remains a 92 

significant challenge (5–8). Identifying the basis for heterogeneity of hormonal responsiveness and the 93 

role of hormonal and sex-specific drivers in meningiomas will be critical to devising effective and targeted 94 

therapeutic strategies. 95 

 

Most atypical (WHO grade II) and malignant (WHO grade III) meningiomas harbor NF2 mutations and 96 

monosomy at chromosome 22q, for which there are no clear therapeutic options (9). Prognostic 97 

methylation signatures implicate epigenetic dysregulation in meningioma, yet actionable therapeutic 98 

targets remain elusive (10,11). The role of epigenetics in meningioma maintenance and progression is 99 

further highlighted by several reports of polycomb repressive complex (PRC) dysfunction, as well as 100 

global changes in methylation and recurrent mutations in epigenetic modifiers (12–17). Grade II 101 

meningioma are reported to harbor PRC complex upregulation and histone 3 lysine 27 trimethylation 102 

(H3K27me3) hypermethylation compared to grade I tumors (14). However, global DNA hypomethylation 103 

(13) and reduced H3K27me3
 
(15) are associated with increased risk of recurrence. These data strongly 104 
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implicate epigenetic dysregulation in meningioma growth and malignancy, but highlight the need for a 105 

more nuanced stratification that extends the current histologic classification scheme. Furthermore, the 106 

functional implication and therapeutic utility of these alterations remains unknown. 107 

 108 

Enhancer profiling using histone 3 lysine 27 acetyl chromatin immunoprecipitation sequencing 109 

(H3K27ac ChIP-seq) can identify clinically relevant stratifications and targetable dependencies that may 110 

not be apparent from genetic and transcriptional methods alone (18–22). Enhancer signaling informs 111 

key mediators of transcriptional control and gene expression programs. A subset of enhancers marked 112 

by particularly dense and long stretches of H3K27ac signal, designated as stretch enhancers or super 113 

enhancers (SEs), highlight genes important to cell identity that require robust expression (20,23,24). 114 

Thus, in addition to informing transcriptional networks and altered chromatin regulation, enhancer 115 

profiles highlight novel dependencies that are not apparent from RNA-sequencing or genomic 116 

approaches. 117 

 118 

We selected a cohort enriched for aggressive tumors spanning all three histologic grades, as these 119 

represent the meningiomas with a critical need for new medical therapies. By integrating the enhancer 120 

landscape of 33 meningiomas with clinical and transcriptional data, we derived clinically relevant 121 

subgroups demonstrating robust predictive value for recurrence irrespective of histologic grading 122 

schemes. Transcriptional regulatory networks reveal distinct lineage and hormonal drivers that appear 123 

to maintain subgroup-specific enhancer networks. Despite the predominance of NF2 mutations in our 124 

cohort, tumor-specific epigenetic and transcriptional signaling enrich for pathways regulated by other 125 

recurrent genetic mutations, implicating epigenetic processes in driving oncogenic programs 126 

independent of genomic aberrations. Finally, we elucidated druggable, pan-meningioma and tumor-127 

specific dependencies by targeting SE-associated signatures to provide a foundation for developing 128 

new therapeutic approaches to meningioma.  129 
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RESULTS 130 

The enhancer landscape of meningioma 131 

We analyzed the enhancer landscape by H3K27ac ChIP-seq in an aggressive and diverse cohort of 33 132 

meningiomas (Fig. 1A). Whole exome sequencing (WES), RNA sequencing (RNA-seq) and DNA 133 

methylation analysis were performed for the majority of tumors (Supplementary Fig. S1). For a subset 134 

of samples, RNA-seq, WES and DNA methylation data were already available (17). Tumors spanned all 135 

histological grades and the cohort was evenly divided between male vs. female patients, recurrent vs. 136 

primary tumors and history of radiation vs. no adjuvant treatment. The median time to recurrence was 137 

17 months and median overall survival was 35 months (Supplementary Table 1, Supplementary Data 138 

1). To identify molecular features that stratify by prognosis and elucidate dependencies in the tumor 139 

subset with the greatest need for new therapeutic options, our cohort focused on an aggressive set of 140 

tumors. The majority of tumors harbored NF2 mutations and monosomy at chromosome 22. 55% of 141 

tumors displayed loss of 1p36, a known risk factor for recurrence (Supplementary Fig. S1). DNA 142 

methylation analysis confirmed co-clustering of all except two tumors of our cohort with an independent 143 

cohort of reference meningiomas (Fig. 1B) (25).
 
Meningiomas are anatomically considered central 144 

nervous system (CNS) tumors based upon location and are thought to derive from arachnoid granulation 145 

(AG) cells in the meninges. To determine whether meningiomas transcriptionally resembled central 146 

nervous system (CNS) tumors or other cancers, we projected the meningioma samples onto a map 147 

generated from The Cancer Genome Atlas (TCGA) RNA-seq data, representative of over 30 different 148 

tumor types, revealing transcriptional similarities between meningioma and mesothelioma (which are 149 

also driven by NF2 mutations), sarcoma, testicular germ cell tumors and ovarian cancer (Fig. 1C). To 150 

investigate whether enhancers provide unique information about the relationship of meningiomas to 151 

normal cell-types and tissues, we utilized the H3K27ac Roadmap dataset from ENCODE (26,27) to 152 

generate normal sample clusters. Further, we obtained enhancer RNA (eRNA) data extracted from over 153 

10,000 TCGA RNA-seq samples for cancer clustering (28).
 
We then compared the enhancer profiles of 154 

meningiomas to the enhancers of normal cells and other cancer types (see Materials and Methods). 155 

Based on consensus clustering metrics, we identified 5 clusters in each dataset (Supplementary Fig. 156 
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S2A). Each tumor or normal tissue type was composed of varying amounts of signal from each cluster. 157 

Brain tumors demonstrated high eRNA signal from one specific cluster, while another eRNA cluster was 158 

predominantly expressed in breast and prostate cancers, along with urothelial bladder carcinoma and 159 

diffuse large B-cell lymphoma (Fig. 1D). Relative to tumor models, meningiomas derived the most signal 160 

from the cluster of glioblastoma and low-grade glioma, and the cluster containing breast and prostate 161 

tumors (Fig. 1D). In comparison with normal cells and tissues, meningiomas were most similar to stem 162 

cells and to ovarian and breast tissues (Supplementary Fig. S2B).  Epigenetically, meningiomas 163 

resembled both hormonally-driven cancers and primary malignant brain tumors, while the predominant 164 

transcriptional signal derived from other NF2-mutated tumors such as mesothelioma. 165 

 166 

To broadly characterize the enhancer profile of meningiomas, we combined enhancers identified in 167 

individual tumors into a set of consensus meningioma enhancers. Enhancers were assigned to their 168 

putative target genes by co-activation analysis of enhancer and gene expression within the boundaries 169 

of transactivation domains, as previously described (29). Top SE-associated genes comprised multiple 170 

regulators of MAPK signaling, including two dual-specificity phosphatase (DUSP) family members – 171 

DUSP1 and DUSP5 (Fig. 1E). Gene set enrichment analysis (GSEA) of SE-associated genes identified 172 

enrichment for Hippo, Wnt, Notch and Sonic hedgehog signaling pathways, as well as MAPK and Rho 173 

signaling, repression of cell death, and hormonal signaling pathways (Fig. 1F). Activation of these 174 

pathways may represent an epigenetic ‘second-hit’ in NF2-mutated meningiomas. 175 

 176 

Top SEs were largely shared between different tumor grades and DUSP1 was a top SE-associated gene 177 

in all three grades (Supplementary Fig. S3A). SEs enriched in each grade were associated with higher 178 

H3K27ac signal and with increased expression of the predicted target gene within their respective grade 179 

compared to the rest of the cohort (Supplementary Fig. S3B). GO enrichment of genes associated with 180 

the top 100-enriched SEs in each grade revealed shared signaling pathways, such as hormone-181 

responsive programs (progesterone response, ovulation cycle and mammary gland epithelial 182 
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differentiation). Distinct pathways enriched in grade III tumors included neural programs and p38/MAPK 183 

signaling (Supplementary Fig. S3C). 184 

 185 

To interrogate tumor-specific epigenetic and transcriptional pathways, we compared enhancer and 186 

transcriptional profiles of meningioma tissue to three normal AG cell models derived from post-mortem 187 

dissections of the superior sagittal sinus. 1447 SEs were unique to tumors, while 147 were lost in 188 

comparison to normal AG cultures (Supplementary Fig. S4A). One of the most downregulated SEs in 189 

tumor samples is predicted to regulate PLCH2 (Phospholipase C Eta 2; Supplementary Fig. S4A). 190 

PLCH2 resides on 1p36, a common site of copy number loss in meningiomas. The PLCH2 SE was 191 

specifically downregulated in comparison to neighboring SEs on the same cytoband, so may be a 192 

candidate tumor suppressor on 1p36. Gene set enrichment of top tumor-specific SE-associated genes 193 

revealed upregulation of pathways involved in epithelial-mesenchymal transition (EMT), Notch 194 

signaling, repression of cell differentiation and receptor tyrosine kinase signaling. AG SEs were enriched 195 

for programs involved in mucin glycosylation, cell polarity and vitamin metabolism (Supplementary Fig. 196 

S4B). Gene expression of predicted SE targets correlated with their enrichment in tumor vs. normal 197 

samples (Supplementary Fig. S4C).  Transcriptional differences recapitulated a subset of altered 198 

pathways driven by meningioma-enriched SEs including GTPase, Notch, MAPK, Hippo and PIP 199 

signaling, although top differentially expressed genes were often distinct from the most differential SEs. 200 

Chromatin and lysine modification were specifically highlighted by RNA-seq and implicate global 201 

chromatin remodeling in meningioma pathology (Supplementary Fig. S4D). These data should be 202 

interpreted with the caveat that comparison of meningioma tissue to cultured cells may be influenced 203 

by culture-specific artifacts.  204 

 205 

A direct comparison of motif enrichment, using normal AG cells as the background, identified 206 

progesterone receptor (PR) and glucocorticoid receptor as the most highly gained in meningiomas vs. 207 

normal enhancers, while AP-1, MED-2 and YY2 were lost in tumors (Supplementary Fig. S5A). The 208 

strong tumor PR motif enrichment combined with the epidemiological evidence implicating progesterone 209 
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in meningioma pathogenesis, prompted us to investigate whether PR plays a role in the tumor enhancer 210 

landscape. The PR signature was highly enriched for SE-associated genes, with nearly half of PR-211 

regulated genes associated with SEs (hypergeometric p-value = 7.7e-25) (Supplementary Fig. S5B and 212 

S5C). Pathways of Rho activity, phosphotidylinositol processing, and carbohydrate metabolism were 213 

also enriched, suggesting a broad role of PR-regulated programs in tumor signaling and metabolism 214 

(Supplementary Fig. S5D). To test whether progesterone stimulates growth in normal AG, AG cells were 215 

treated with progesterone, resulting in modest upregulation of cell proliferation, while treatment with the 216 

PR inhibitor, mifepristone, had opposing effects (Supplementary Fig. S5E). 217 

 218 

We next compared irradiated vs. unirradiated and recurrence vs. primary tumors. Motif enrichment of 219 

differential enhancers (p-value <0.05 and log2 fold change >1) revealed that motifs targeted by the 220 

transcription factors ALX, LMX and ARID were enriched in primary tumors, while EGR, TFAP, SP and 221 

KLF family members were enriched in recurrent tumors (Supplementary Fig. S6A). KLF and SP and AP-222 

1 motifs were enriched in irradiated samples, while GATA motifs were depleted (Supplementary Fig. 223 

S6B). We then analyzed pathways regulated by these differential enhancers. Recurrent tumors exhibit 224 

neuronal and glial signaling while primary tumors enrich for pathways involved in more mesodermal 225 

pathways (Supplementary Fig. S6C). Unirradiated tumors reflected similar signaling processes as 226 

primary tumors, potentially due to the moderate overlap of these two cohorts (Supplementary Fig. S6D). 227 

There were no significantly upregulated pathways in irradiated tumors. SEs associated with HOXB3 and 228 

SOX10 had greater signal in recurrent samples, while the known tumor suppressor MN1 was 229 

upregulated in unirradiated samples (Supplementary Fig. S6E and S6F). 230 

 231 

Enhancers segregate tumors into prognostic and biologically distinct subgroups 232 

To determine whether enhancers delineate clinically meaningful tumor subgroups, we performed non-233 

negative matrix factorization (NMF) clustering on all 33 tumors using consensus meningioma 234 

enhancers. Clustering metrics revealed strong consensus at k = 3, with exclusion of one sample (Fig. 235 
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2A; Supplementary Fig. S7). These clusters stratified tumors into prognostic subgroups, with group 3 236 

tumors exhibiting rapid recurrence (Fig. 2B). We integrated enhancer subgroup information with 237 

available clinical data and known predictors of recurrence, including 1p36 status, Heidelberg methylation 238 

cluster assignment, histological grade and history of radiation. While some of the above factors were 239 

individual predictors of recurrence free survival (RFS) (Supplementary Table 2), in a multivariable Cox 240 

proportional hazards model, only enhancer cluster and history of radiation were significantly predictive 241 

when combined into a multivariable analysis (Supplementary Table 3). Nearly all tumors were identified 242 

as meningiomas by the Heidelberg classifier, but only approximately 1/3 received a clear assignment 243 

into methylation subclasses. Tumors with the worst prognoses were more frequently unclassified, 244 

suggesting that expansion of the meningioma methylation classifier may be warranted, in particular with 245 

respect to rapidly recurrent tumors (Fig. 2C) (11). To determine whether methylation state informed 246 

prognosis independent of existing classifiers, we performed NMF clustering on our samples using the 247 

10% most variable probes from the 450K methylation array. K=5 was selected due to the relatively 248 

higher cophenetic and silhouette scores (Supplementary Fig. S8A and S8B). Consensus clustering 249 

assignment was used to segregate subgroups (Supplementary Fig. S9A). The methylation subgroups 250 

were plotted against enhancer classifications in a tanglegram, with lines connecting identical samples 251 

(Supplementary Fig. S9B). In our cohort, enhancer clustering provided a cleaner segregation and a 252 

prognostic advantage over methylation clustering (Supplementary Table 2), although one small 253 

subgroup of methylation clustering with 3 samples had a poorer prognosis. 254 

 255 

Several individual SEs were also predictive of recurrence based upon their presence or absence in a 256 

sample (Supplementary Table 4). The strongest predictor of rapid recurrence was an SE associated with 257 

CDH5 (Cadherin 5; HR: 41.9, 95% CI: 4.6-378.5), a biomarker of metastatic breast cancer and high-258 

grade glioma (30,31). A nearby SE at LRRC36 (Leucine Rich Repeat Containing 36) was the only 259 

positive prognostic predictor (HR: 0.1, 95% CI: 0.05-0.4; Supplementary Fig. S10). Clinical 260 

characteristics of enhancer subgroups revealed that group 3 tumors were enriched for, but not exclusive 261 

to, grade III tumors and male patients, while group 1 tumors had a greater proportion of grade II tumors, 262 
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and group 2 tumors had a majority of grade I tumors. Both group 1 and group 2 patients had a greater 263 

proportion of female patients (Fig. 2D). History of radiation and primary vs. recurrent status of the tumor 264 

did not segregate between groups (Supplementary Fig. S11). 265 

 266 

To validate our prognostic subgroups, we performed H3K27ac ChIP-seq on an additional 14 267 

meningiomas (Supplementary Table 5). Tumors were subgrouped with single-sample gene set 268 

enrichment analysis (ssGSEA) using the top 100 differential enhancers from each subgroup from the 269 

discovery cohort as a signature. Unsupervised hierarchical clustering based on the scaled ssGSEA 270 

score, in combination with the maximal scaled subgroup score, was used to classify the validation cohort 271 

tumors. This method assigned the correct subgroup to the original cohort in 31/32 tumors. In every case, 272 

the subgroup assignment using the maximal ssGSEA scores was concordant between tumors on a 273 

given leaf (Fig. 2E) We then assessed whether this classification was prognostic in the validation cohort 274 

(Fig. 2F-I and Supplementary Table 6). Tumors in group 3 were more likely to recur irrespective of grade 275 

(p=0.1) (Fig. 2F and 2G). Within grade II, group 3 tumors were significantly more likely to recur 276 

(p=0.0025) (Fig. 2H and 2I).  277 

 278 

We also confirmed that our subgroup classifier was relevant in a published independent cohort of tumors 279 

using gene expression data (17). We used the top 100 or 250 group 3 SE-associated genes to form a 280 

gene signature and stratified meningiomas by high vs. low expression, cut at the median 281 

(Supplementary Fig. S12A and S12B). Tumors with high expression of these signatures tended to have 282 

a higher recurrence rate (top 250 SEs: p=0.138; top 100 SEs: p=0.161). 283 

 284 

To determine whether enhancer subgroups harbor distinct molecular drivers, we compared typical 285 

enhancer, SE and transcriptional profiles. While the top SEs were generally shared across subgroups 286 

(Fig. 3A), subgroup-enriched SEs highlighted specific programs and differential SEs within in each group 287 

(Fig. 3B; Supplementary Fig. S13A). Gene expression changes recapitulated a subset of SE signaling, 288 
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although each data type presented additional unique pathway enrichments. Genes involved in 289 

cholesterol metabolism and repression of stem cell differentiation were notable within group 1. We 290 

therefore designated this group to be ‘adipogenesis/cholesterol’. Mesodermal and muscle development 291 

pathways were upregulated in group 2, while neuronal programs were enriched in group 3 tumors (Fig. 292 

3B and 3C). Two differentially expressed genes, CRYGN and SPOCK1, effectively stratified subgroups 293 

1 and 2 vs. 3. CRYGN was upregulated in subgroups 1 and 2 vs. 3 (ANOVA p-value=0.00015, Student’s 294 

t-test: 1 vs. 3 p-value = 1.7e-4, 2 vs. 3 p-value = 7e-4) (Supplementary Fig. S13B and S13C). SPOCK1 295 

marked subgroup 3 vs. 1 and 2 (ANOVA p-value=1.15e-5, Student’s t-test: 1 vs. 3 p-value = 2e-5, 2 vs. 296 

3 p-value = 4.2e-4) (Supplementary Fig. S13D). Combinatorial expression of the PR network gene 297 

CRYGN vs. SPOCK1 effectively stratified the poorly prognostic subgroup 3 from subgroups 1 and 2 and 298 

may serve as a potential future clinically implementable assay to identify tumors with poor prognosis 299 

(Supplementary Fig. S13E). 300 

 301 

There was a notable skewing of H3K27ac signal towards group 1 tumors, which was particularly evident 302 

in SEs (Supplementary Fig. S13A). Given the reported alterations in PRC complex members, we 303 

investigated whether gene expression changes or mutations could explain this bias. There was no 304 

enrichment of PRC complex mutations in the group, nor were there clear alterations of gene expression 305 

in these pathways. However, subgroup SEs enriched for targets of SUZ12, a member of the PRC 306 

complex (Supplementary Fig. S13F). Additionally, 3 out of 4 tumors with the highest number of SEs had 307 

mutations in the deacetylase SIRT2, predicted by 3 different algorithms to be deleterious 308 

(Supplementary Fig. S13G). 309 

 310 

Enhancer networks reveal distinct transcriptional programs stratified by clinical characteristics 311 

and subgroups 312 

As enhancers are associated with TF binding, we reasoned that enhancers with similar transcriptional 313 

drivers could be segregated into distinct modules based upon correlation of H3K27ac signal. Enhancer 314 

modules empower reconstruction of transcriptional circuitry by integrating TF expression data and 315 
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enhancer motif enrichment for different modules. Degree of connectivity in both protein and 316 

transcriptional networks predicts critical genes in cell survival and disease prognosis (32–34). Thus, 317 

enhancer hubs within a given module may highlight enhancers and genes of particular importance. 318 

Module eigen-enhancers compared across clinical or biologic characteristics identify modules and 319 

predict transcriptional programs that are differentially enriched within a given trait. We therefore 320 

generated a weighted correlation network of enhancers from the meningioma enhancer peakset (Fig. 321 

4A) (35,36).
 
Enhancer networks exhibited clear scale-free topology and segregated cleanly into modules 322 

(Supplementary Fig. S14A and S14B). SEs were more highly connected than typical enhancers, both 323 

within and between modules (Supplementary Fig. S14C). SEs may therefore be of particular importance 324 

in maintaining the structure of epigenetic networks. Using the corresponding eigen-enhancer signal, we 325 

identified modules that were significantly altered between enhancer subgroup, sex, recurrence-free 326 

survival or Heidelberg methylation classification (Supplementary Fig. S14D). Enhancer subgroup and 327 

methylation classification were associated with the most differential module signal throughout the 328 

network relative to other features. There was a significant overlap between modules that were differential 329 

by enhancer subgroup and those that were distinct by methylation group, highlighting the interplay 330 

between these epigenetic regulatory mechanisms in network structure (hypergeometric p-value = 0.005) 331 

(Supplementary Fig. S14E). 332 

 333 

We next explored individual modules that were differentially enriched by tumor recurrence, 1p36 status 334 

or patient sex for further interrogation (Supplementary Fig. S14D). The subnetwork that was associated 335 

with rapid recurrence was highly enriched for regulators of neural crest differentiation and stem cell 336 

maintenance. HOXD family members and FOXM1, which were previously associated with malignant 337 

behavior (17), were also enriched in this module (Supplementary Fig. S15A). The 1p36-associated 338 

module was upregulated in tumors harboring 1p36 deletion. Motifs of two TFs on the 1p36 cytoband 339 

were highly enriched in this enhancer module. These TFs, HES5, a NOTCH-responsive repressive 340 

factor that regulates brain and cardiac development, and PAX7, which regulates myogenesis, may 341 

therefore be important transcriptional regulators associated with loss of 1p36 in meningioma 342 
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(Supplementary Fig. S15B). Three sex-differential modules were enriched in female vs. male patients 343 

(Supplementary Fig. S15C). TFs predicted to regulate these modules were highly enriched for 344 

adipogenesis and circadian rhythm regulation. Furthermore, these TFs were upregulated in Genotype-345 

Tissue Expression (GTEx) adipose and breast tissue and downregulated in GTEx brain tissue. These 346 

subnetworks revealed distinct transcriptional programs in male vs. female tumors. 347 

 348 

To predict which TFs were driving subgroup differences, we generated subgroup-specific networks by 349 

selecting all modules that demonstrated subgroup-specific changes (ANOVA p-value <0.1) and 350 

assigning them to the subgroup with the highest eigen-enhancer enrichment (Fig. 4B; Supplementary 351 

Fig. S14D). Correlating TF expression with the module eigen-enhancer for each subgroup-specific 352 

module re-stratified enhancer subgroups despite being unsupervised, supporting a functional interaction 353 

between TF enrichments and enhancer subnetworks (Supplementary Fig. S16). We intersected this list 354 

with TF motifs enriched in each subgroup-specific module. The top ten TFs ranked by motif enrichment 355 

were used to build subgroup TF networks (Fig. 4C). Group 1 TFs were enriched for programs involved 356 

in cholesterol and adipogenesis as well as hormonal nuclear receptors (Fig. 4D). Group 2 TFs were 357 

enriched in mesodermal development, consistent with differential SE (Fig. 3B)  and RNA-seq (Fig. 3C) 358 

programs (Fig. 4D). Group 3 TFs regulated neural crest development (Fig. 4D).  359 

 360 

Given the over-representation of hormone receptor TFs in multiple subgroups and the reported 361 

intertumoral heterogeneity of PR, we investigated whether hormone receptor expression or activity 362 

distinguished meningioma subgroups. PR signature scores were significantly higher in the 363 

adipogenesis/cholesterol and mesodermal group (Fig. 4E). Conversely, AR signature was upregulated 364 

in the neural crest group (Fig. 4E). However, individual hormone receptors including androgen receptor 365 

(AR) (Supplementary Fig. S17A), estrogen receptor (ER) (Supplementary Fig. S17B), and PR 366 

(Supplementary Fig. S17C) demonstrated trends in expression, but did not differ consistently and 367 

significantly between groups. The difference between AR and PR expression separated subgroup 2 vs. 368 

3 (p<0.05) (Supplementary Fig. S17D). PR and the PR-regulated gene expression were positively and 369 
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significantly correlated (r=0.64, p-value=0.0013) (Supplementary Fig. S17E). Hormone receptor activity, 370 

rather than expression alone, delineated subgroups. Thus, subgroup-enriched TF networks implicate 371 

distinct transcriptional programs and highlight hormonal players in subgroup-specific tumor 372 

maintenance. 373 

 374 

Meningioma SE-associated genes are druggable and tumor-specific dependencies 375 

Given the lack of effective medical therapies for meningioma and our data demonstrating that SEs mark 376 

important genes for tumor cell survival, we sought to identify novel, druggable targets using SE-377 

associated genes. First, we assessed the top consensus SEs to identify individual druggable genes. 378 

Among the top 10 SE-associated genes, only DUSP1 had an available inhibitor (Fig. 5A) (37). We also 379 

derived signatures from the top SE-associated genes in each subgroup and predict drugs to antagonize 380 

these signatures (see Materials and Methods) (Fig. 5A). We tested this panel of drugs against 6 381 

meningioma cell lines and 2 normal AG cell lines to identify drugs with antitumor activity (Supplementary 382 

Table 7). Two existing meningioma models (CH157-MN and IOMM-Lee) were used along with 4 383 

additional models derived in this study. Cells were maintained in DMEM with 7% fetal bovine serum 384 

(FBS). Of the 6 tumor cell lines tested, 3 were aggressive models to ensure drug efficacy in the tumors 385 

in greatest need of new therapeutics: DI-134, derived in-house from the poor prognosis/neural crest 386 

subgroup; CH157-MN, an existing grade III model; and IOMM-Lee, a model of unknown grade harboring 387 

genomic instability. Drug responses were benchmarked against the FAK inhibitor, GSK2256098, which 388 

is currently in clinical trials to target the NF2-mutated subset of meningiomas based on its efficacy in 389 

vitro in inhibiting growth of merlin-deficient mesothelioma 390 

(https://clinicaltrials.gov/ct2/show/NCT02523014). 391 

 392 

Of the 17-drug panel, 7 drugs had an average maximum effect (Emax) of > 50% reduction in cell viability 393 

vs. DMSO control (Fig. 5B). The DUSP1/6 inhibitor, BCI, had the strongest effect on cell viability with an 394 

Emax<0.25 in all 6 cell lines. Additional effective drugs included inhibitors of bromodomain (JQ1), MDM 395 
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(RITA), aurora kinase (AT2983), FGFR (orantinib), heat shock proteins (KRIBB11), HIV protease 396 

(ritonavir) and Rho kinase (GSK269962A). FAK inhibition was minimally effective in any cell model with 397 

an average Emax>0.5 (Fig. 5C). 398 

 399 

The SE assigned to DUSP1 was strong and present throughout the cohort, making it a rational target 400 

for pan-meningioma therapy (Supplementary Fig. S18A). We validated the screen results by treating 5 401 

meningioma and a normal AG cultures with the same inhibitor (Fig. 6A). The BET inhibitor JQ1 reduced 402 

expression of DUSP1, confirming DUSP1 regulation by a SE (Fig. 6B). To confirm DUSP1 as a 403 

dependency in meningioma, we targeted DUSP1 by shRNA in the meningioma cell line, IOMM-Lee (Fig. 404 

6C and 6D) and the newly derived meningioma model, DI-134 (Fig. 6E and 6F). Depletion of DUSP1 405 

with two non-overlapping shRNAs reduced cell viability versus a non-targeting control (Fig. 6C-F). 406 

Knockout of DUSP1 via CRISPR-Cas9 in CH157-MN (Supplementary Fig. S18B and S18C) or IOMM-407 

Lee (Supplementary Fig. S18D and S18E) impaired cell viability in vitro. Consistent with the reported 408 

phosphatase function of DUSP1, Treatment with BCI increased phosphorylation of ERK, JNK, and p38, 409 

and induced expression of cleaved caspase-3 and cleaved PARP, consistent with induction of apoptosis 410 

via known targets of DUSP1 (Fig. 6G). Depletion of DUSP1 in an orthotopic xenograft model using 411 

CH157-MN cells prolonged mouse survival vs. non-targeting control (Fig. 6H-I). To test the efficacy of 412 

DUSP1/6 inhibition in vivo in the absence of restricted delivery, CH157-MN cells were implanted 413 

subcutaneously into flanks of immunodeficient mice. After one week of tumor growth, mice were treated 414 

twice daily with 10 mg/kg of BCI or an equivalent volume of DMSO via intraperitoneal injection. No 415 

toxicity was observed over the course of treatment  (Supplementary Fig. S18F). Treatment with BCI 416 

decreased tumor weight (p = 0.043) (Fig. 6J) and tumor volume (p = 0.029) (Fig. 6K and 6I) compared 417 

to DMSO. Using enhancer profiling, we identified a set of novel drug candidates in meningioma and 418 

demonstrated the therapeutic potential of a DUSP1/6 inhibitor in vivo. DUSP1/6 inhibition is a promising 419 

therapeutic candidate that can be targeted for further compound development.  420 
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DISCUSSION 421 

Although the majority of meningiomas are histologically benign, these tumors cause significant morbidity 422 

and mortality in many patients. Meningiomas that fail standard-of-care therapy of surgical resection and 423 

radiation lack effective medical therapies. Furthermore, clinicians face challenges selecting which 424 

patients should undergo radiotherapy after surgery, potentially exposing patients to unnecessary and 425 

permanent toxicity, based upon histologic grading alone. Methylation clustering provides additional 426 

prognostic stratification, but such studies do not provide actionable targets (11). Mutational profiling is 427 

one option for stratifying tumors, largely low grade ones (12,38). However, while mutations may serve 428 

as initiating events, the loss of a tumor suppressor, such as NF2, does not provide an actionable target, 429 

nor sufficiently account for oncogenic programs. We now propose an additional strategy to delineate 430 

meningiomas by risk of recurrence based upon novel prognostic subgroups of meningioma driven by 431 

distinct transcriptional drivers (Fig. 7). This stratification effectively discriminated high vs. low risk 432 

subgroups in a discovery and validation ChIP-seq cohort. A limitation of this study was the modest 433 

sample size, and thus future work will be necessary to further validate our findings regarding the 434 

prognostic potential of the identified subgroups. High-risk signatures applied to gene expression data 435 

trended towards significance for predicting rapid recurrence, suggesting that future work could 436 

investigate improved methods to extend the enhancer classification to apply to additional data types. 437 

Enhancer subgroups exhibit signatures of hormonal drivers and may be amenable hormonal therapies 438 

using progesterone antagonists. Across tumor grade and subgroup, SE signatures reveal novel 439 

druggable targets, which can inform future therapeutic development for tumors that have not responded 440 

to resection and radiation. 441 

 442 

Meningiomas are anatomically classified as CNS tumors, but contextualizing them in the larger cancer 443 

landscape allows for improved molecular understanding and novel therapeutic strategies. 444 

Transcriptional and epigenetic data provide complementary, but unique insights into tumor biology. 445 

While transcriptional analyses reveal that meningiomas most closely resemble other NF2-mutated 446 

tumors, the enhancer profile of meningiomas demonstrates characteristics of both CNS malignancies 447 
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and hormonally-driven tumors. Interrogation of the SE landscape implicates PR as a core transcriptional 448 

driver of a subset of tumors. These data provide a putative explanation for the strong epidemiological 449 

sex bias and case reports of meningiomas receding following discontinuation of progesterone agonists 450 

(3–7). The uneven responses reported in clinical trials may thus be driven by distinct epigenetic 451 

subgroups of tumors. Further investigation into the specific biology of arachnoid cap cells that promote 452 

their responsiveness to progesterone is warranted. 453 

 454 

Epigenetically dysregulated programs recapitulated pathways regulated by known meningioma driver 455 

mutations. Our cohort, which consisted largely of NF2-deficient tumors, demonstrated strong 456 

upregulation of not only Hippo, but also Notch, Wnt, and Sonic hedgehog signaling pathways. 457 

Dysregulation at the epigenetic level may reveal additional oncogenic drivers following NF2 loss in 458 

merlin-deficient tumors. SE pathways also highlight altered MAPK signaling and coordinated changes 459 

in the PIP pathway enzymes relative to normal AG cells. 460 

 461 

By deriving enhancer networks, we identified epigenetic and transcriptional modules that correlate with 462 

a wide range of important clinical and genetic features of our cohort. Rapid recurrence was highly 463 

associated with neural crest progenitor and stem cell programs, as well as neuronal signaling pathways. 464 

The meninges are thought to derive from both mesenchymal and neural crest lineages, and thus, 465 

malignant tumors may reactivate developmental programs distinct from less aggressive, more 466 

mesenchymal tumors, with this distinction reflected in our reported enhancer-derived subgroups. 467 

 468 

Finally, targeted therapies for meningiomas are lacking. There is a critical lack of drug options for 469 

patients with aggressive tumors for whom resection and radiation are insufficient. We demonstrate the 470 

utility of enhancer profiling to identify potent drug candidates for meningioma treatment. SE signatures 471 

effectively elucidate meningioma dependencies and predict drugs that potently and selectively kill 472 

meningioma cells in vitro and in vivo, paving the way for further investigation into novel therapeutic 473 

options in treatment of meningioma.  474 
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METHODS 486 

Derivation of meningioma tissue and models  487 

Meningioma samples were acquired from excess surgical resection tissues from patients at the  488 

Cleveland Clinic. All specimens were reviewed by a neuropathologist upon resection prior to banking 489 

and again prior to sample processing. Appropriate written informed consent was obtained from patients 490 

in accordance with a Cleveland Clinic Institutional Review Board (IRB)–approved protocol (090401) and 491 

the study was performed in accordance with the Declaration of Helsinki. Clinical data were collected 492 

under IRB 16956 from Cleveland Clinic. All studies involving human patients were conducted in 493 

accordance with the Declaration of Helsinki. Clinical information was not available for de-identified (DI) 494 

samples. Tissue was snap-frozen and stored at -80°C. For cell models, tissues were dissociated using 495 

the Papain dissociation system (Worthington Biomedical Corp; LK003150) and cultured in DMEM 496 

supplemented with 1% penicillin/streptinomcyin and 7% fetal bovine serum (FBS). Short tandem repeat 497 

analyses were performed to authenticate the identity of each tumor model used in this article annually. 498 

Cells were stored at −160°C when not being actively cultured. All cells were thawed within 1 month of 499 

these experimental procedures. All experiments conformed to the relevant regulatory standards. 500 

CH157-MN was provided by the Gillespie lab at the University of Alabama-Birmingham and IOMM-Lee 501 

was provided by the Jensen lab at the University of Utah. 502 

 503 

Arachnoid cell derivation 504 

Arachnoid cells were derived from postmortem tissue via the body donation program at the Cleveland 505 

Clinic. Arachnoid granulations from the superior sagittal sinus were dissected and dissociated using the 506 

Papain dissociation system (Worthington Biomedical Corp; LK003150) and cultured in DMEM with 1% 507 

penicillin/streptinomcyin and 10% fetal bovine serum (FBS). Cells were immortalized at passage 6 by 508 

transfection with SV40-Large T antigen (addgene plasmid #21826).  509 

 510 

Quantitative RT-PCR  511 
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Trizol reagent (Sigma-Aldrich) was used to isolate total cellular RNA from cell pellets. The qScript cDNA 512 

Synthesis Kit (Quanta BioSciences) was used for reverse transcription into cDNA. Quantitative real-time 513 

PCR was performed by using Applied Biosystems 7900HT cycler using SYBR-Green PCR Master Mix 514 

(Thermo Fisher Scientific). Quantitative PCR (qPCR) primers used in this study were human DUSP1-515 

fwd: 5’-ACCACCACCGTGTTCAACTTC-3’, DUSP1-rev: 5’-TGGGAGAGGTCGTAATGGGG-3’, beta-2 516 

microglobulin-fwd: 5’-GAGGCTATCCAGCGTACTCCA -3’ and beta-2 microglobulin-rev: 5’-517 

CGGCAGGCATACTCATCTTTT-3’, GAPDH-fwd: 5’-TGACAACTTTGGTATCGTGGAAGG-3’, GAPDH-518 

rev: 5’- AGGCAGGGATGATGTTCTGGAGAG -3’ 519 

 520 

Western blotting  521 

Cells were collected and lysed in RIPA buffer (50 mM Tris-HCl, pH 7.5; 150 mM NaCl; 0.5% NP-40; 50 522 

mM NaF with protease inhibitors) and incubated on ice for 30 minutes. Lysates were centrifuged at 4°C 523 

for 15 minutes at 14,000 rpm, and supernatant was collected. The Pierce BCA protein assay kit (Thermo 524 

Scientific, cat #23225) was utilized to determine of protein concentration. Equal amounts of protein 525 

samples were mixed with SDS Laemmli loading buffer, boiled for 10 minutes, and electrophoresed using 526 

NuPAGE Bis-Tris Gels, then transferred onto PVDF membranes. TBS-T supplemented with 5% non-fat 527 

dry milk was used for blocking for a period of 1 hour followed by blotting with primary antibodies at 4°C 528 

for 16 hours. Blots were washed 3 times for 5 minutes each with TBS-T and then incubated with 529 

appropriate secondary antibodies in 5% non-fat milk in TBS-T for 1 hour. For all western immunoblot 530 

experiments, blots were imaged using BioRad Image Lab software and subsequently processed using 531 

Adobe Illustrator to create the figures. The following antibodies were used for Western blot: p44/42 532 

MAPK (Erk1/2), 1:1000 (CST, cat #4695, 137F5), phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204), 533 

1:1000 (CST, cat #4370,  D13.14.4E), p38 MAPK 1:1000 (Proteintech, 14064-1-AP), phospho-p38 534 

(Thr180/Tyr182), 1:2000 (CST, cat #4511, D3F9), SAPK/JNK, 1:1000, (CST, cat #9252), phospho-535 

SAPK/JNK (Thr183/Tyr185), 1:1000 (CST, cat #4668T, 81E11), cleaved caspase-3 (Asp175), 1:1000 536 
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(CST, cat #9664S, 5A1E), HRP-conjugated GAPDH, 1:40,000 (Proteintech, cat #HRP-60004) and 537 

DUSP1, 1:1000 (LifeSpan BioSciences, cat #LS-C332288). 538 

 539 

In vitro drug studies 540 

For in vitro cell viability assays, 1000 cells/well were plated in a 96-well plate in DMEM with 7% FBS on 541 

day 0, then treated 24 hours later with the corresponding drug or DMSO at an equivalent percent volume 542 

to the highest drug concentration. Progesterone (Sigma cat #P8783-5G, CAS #57-83-0) was 543 

resuspended in 100% ethanol. Mifepristone/RU486 (Fisher scientific, cat. #501011574, CAS #84371-544 

65-3) was resuspended in DMSO. Cell viability was assayed 48 hours later using cellTiter-Glo reagent 545 

(Promega; G7572). Plates were shaken at room temperature for 15 min and then read for luminescence 546 

output. 547 

 548 

For the compound drug screen assay, compounds and DMSO vehicle controls were transferred in a 549 

volume of 10 nL to black, clear-bottom 1,536-well plates (Greiner; 789092) using an acoustic transfer 550 

system (ATS) Gen4+ instrument (EDC Biosystems). Cells were dispensed in a volume of 10 µl, and a 551 

density of 500 cells per well by using a Multidrop Combi liquid handler (Thermo Fisher Scientific; 552 

5840300). Plates were incubated at 37°C and 5% CO2 for 72 h, at which point CellTiter-Glo reagent 553 

(Promega; G7572) was added to each well using the Multidrop Combi instrument. Plates were shaken 554 

at room temperature for 15 min and then read for luminescence output by using an EnVision plate reader 555 

(Perkin Elmer). Maximum effect was then calculated as the greatest reduction in cell viability versus the 556 

average of the DMSO controls for the corresponding plate for each cell line. The following drugs were 557 

tested: GNE-0877 (cat #S7367, CAS #1374828- 69-9, SelleckChem), orantinib (TSU-68, SU6668) (cat 558 

#S1470, CAS #252916- 29-3, SelleckChem), (+)-JQ1 (cat #S7110, CAS #1268524-70-4, SelleckChem), 559 

SB525334 (cat #S1476, CAS #356559-20-1, SelleckChem), ritonavir (cat #S1185, CAS #155213-67-5, 560 

SelleckChem), ropivacaine Hcl (cat #S4058, CAS #132112-35-7, SelleckChem), (+)-bicuculline (cat 561 

#S7071, CAS #485-49-4, SelleckChem), fenofibrate (cat #S1794, CAS #49562-28-9, SelleckChem), 562 
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gatifloxacin (cat #S1340, CAS #112811-59-3, SelleckChem), piperacillin Sodium (cat #S4222, CAS 563 

#59703- 84-3, SelleckChem), dual specificity protein phosphatase 1/6 Inhibitor, BCI (cat #317496, CAS 564 

#15982-84-0, MilliporeSigma), RITA (cat #S2781, CAS #213261-59-7, SelleckChem), KRIBB11 (cat 565 

#S8402, CAS #342639-96-7, SelleckChem), AT9283 (cat #S1134, CAS #896466-04-9, SelleckChem), 566 

GSK2699 (cat #S7687, CAS #850664-21-0(free base), SelleckChem), reboxetine mesylate (cat 567 

#S3199, CAS #98769-84-7, SelleckChem) and  GSK2256098 (cat #S8523, CAS #1224887-10-8, 568 

SelleckChem). 569 

 570 

In vitro cell viability assays 571 

Lentiviral constructs expressing non-overlapping shRNAs directed against DUSP1 (TRCN0000355637, 572 

TRCN0000367631) or a non-targeting control shRNA (TRCN0000231489) with no targets in the human 573 

genome were obtained from Sigma-Aldrich. DUSP1-targeting shRNAs were assayed for knockdown 574 

efficiency by qPCR and were then used for all following experiments. For CRISPR-Cas9 experiments, 575 

sgRNAs were cloned into the lentiCRISPR v2 plasmid (Addgene #52961). DUSP1 sgRNA: 5’-576 

CGTCCAGCAACACCACGGCG-3’. 293T cells were used to generate lentiviral particles by co-577 

transfecting the packaging vectors psPAX2 and pMD2.G using a standard calcium phosphate 578 

transfection method in DMEM media containing 1% penicillin/streptinomycin. For cell viability assays, 579 

meningioma models were transduced with the corresponding lentiviral constructs and selected 48 hours 580 

later using 1 μg/mL of puromcyin. Cells were selected for 72 hours, then plated at a density of 1000 581 

cells/well in a 96-well format with 12 wells per condition. Cell viability was assayed by incubating with 582 

cellTiter-Glo while shaking for 20 minutes and then read for luminescence. 583 

 584 

In vivo studies 585 

In vivo drugs studies were performed by implanting 1 million cells into the flank of NSG (NOD.Cg-586 

Prkdcscid Il2rgtm1Wjl/SzJ; The Jackson Laboratory) mice. Once tumors had formed mice were 587 

randomly assigned into drug vs. treatment group by a blinded investigator. Mice were treated with BCI 588 
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(cat #317496, CAS #15982-84-0, MilliporeSigma) or an equivalent percentage of DMSO resuspended 589 

in 0.9% saline by intraperitoneal injection daily. All murine experiments were performed under an animal 590 

protocol approved by the University of California, San Diego, Institutional Animal Care and Use 591 

Committee. Healthy, wild-type male mice of NSG background, 4–6 wk old, were randomly selected and 592 

used in this study for flank injection. For intracranial xenograft studies, mice were orthotopically 593 

implanted with 10,000 cells and were sacrificed upon observation of neurological signs by a blinded 594 

investigator. None of the mice had experienced any treatment or procedures before the experiments 595 

described. Mice were housed together in a controlled environment with 14 h of light and 10 h of dark 596 

per day. Animal husbandry staff at the University of California, San Diego, regularly observed all animals, 597 

and no more than five mice were housed in each cage. Animals were monitored until tumor size 598 

exceeded 2.0 cm in the longest dimension.  599 

 600 

RNA-seq library preparation  601 

RNA-seq was performed as previously described (22). Total RNA was extracted from flash frozen, 602 

pulverized tissue using the miRNeasy mini kit (Qiagen, cat #217004) in accordance with the 603 

manufacturer protocols. Libraries were prepared and sequenced by Genewiz. Stranded RNA library 604 

preparation was performed with ribosomal RNA depletion according to instructions from the 605 

manufacturer (Epicentre). Paired-end sequencing was performed on the Illumina HiSeq 2500 with 2 × 606 

150 bp paired-end read configuration. 607 

 608 

Whole exome sequencing  609 

Whole exome sequencing (WES) was performed as previously described (21). DNA from flash-frozen 610 

tumor samples was extracted using the Quick-DNA 96 Plus kit (Zymo). The Agilent SureSelect Human 611 

All Exon 50-Mb target enrichment kit v4 was used to capture all human exons for deep sequencing using 612 

the vendor’s protocol v2.0.1. The SureSelect Human All Exon Kit targets regions of 50 Mb in total size, 613 

which is approximately 1.7% of the human genome. In brief, 3 μg genomic DNA was sheared with a 614 

Covaris S2 to a mean size of 150 bp. Five hundred nanograms of library DNA was hybridized for 24 h 615 
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at 65 °C with the SureSelect baits. 15 ng final exome-enriched library (without barcode) was used as a 616 

template in a 50-μl PCR reaction. The Herculase II Fusion enzyme (Agilent) was used together with the 617 

NEBNext Universal PCR primer for Illumina and NEBNext Index primer (NEB #E7335S) under the 618 

following conditions: the initial denaturation step for 2 min at 98 °C was followed by four cycles of 30s at 619 

98 °C, 30s at 57 °C, 1 min. at 72 °C, and a final step of 10 min. at 72 °C. Barcoded samples were then 620 

sequenced on the HiSeq2000 in 2 × 100-bp paired-end mode. 621 

 622 

H3K27ac chromatin immunoprecipitation and sequencing 623 

Chromatin immunoprecipitation (ChIP) was performed as previously described (22). Briefly, 5–10 mg of 624 

flash-frozen primary meningioma tumors was pulverized, crosslinked using 1.5% formaldehyde and 625 

sonicated to fragment sizes of 200-800 bp. Samples were incubated overnight with 5 μg H3K27ac 626 

antibody per ChIP experiment (Active Motif; 39133). Enriched DNA was quantified by using PicoGreen 627 

(Invitrogen) and ChIP libraries were amplified and barcoded by using the Thruplex DNA-seq library 628 

preparation kit (Rubicon Genomics) according to the manufacturer’s recommendations. Following 629 

library amplification, DNA fragments were agarose gel (1.0%) size selected (<1 kb), analyzed using a 630 

Bioanalyzer (Agilent Technologies) and sequenced at Genewiz by using Illumina HiSeq 2500 2x150-bp 631 

paired-end reads. 632 

 633 

RNA-seq data analysis 634 

For the subset of samples for which previously published RNA-seq data were available, data were 635 

downloaded from GEO (GSE101638). To match the data format of this series, only single-end reads 636 

were used and were trimmed to 75 bp using BBDuk from the BBMap toolset. Trim Galore was used to 637 

trim adaptors and remove low quality reads (39). Reads were quantified against Gencode v29 using 638 

Salmon with correction for fragment-level GC bias, positional bias and sequence-specific biases (40). 639 

Transcripts were summarized to gene level and processed to transcripts per million (TPM) using the 640 

R/Bioconductor (http://www.R-project.org/) package DESeq2 (41) and batch-corrected using ComBat 641 

from the R sva package (42). Comparisons were performed using contrasts in DESeq2 followed by 642 
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Benjamini-Hochberg adjustment to correct for false discovery rate. For gene set enrichment analysis 643 

(GSEA) comparing tumor vs. normal, a pre-ranked list was generated and weight by the inverse of the 644 

FDR multipled by the sign of the log2 fold change. This list was used as input to the desktop GSEA 645 

software (43). Gene sets tested were GO biological processes, Reactome and KEGG. Enrichment maps 646 

for all gene sets significant at an FDR<0.2 with an edge cutoff (gene set similarity) of 0.375 were 647 

visualized using the Bader Lab Enrichment Map plugin (44) in Cytoscape v3.6 (45). 648 

 649 

Whole exome analysis 650 

For the subset of samples for which previously published whole exome sequencing data were available, 651 

data were downloaded from GEO (GSE101638). Low quality reads and adaptors were trimmed using 652 

Trim Galore (39). BWA-MEM version 0.7.17 was used to align paired-end exome sequencing reads to 653 

the hg19 reference genome (46). SAMtools (47) was used to sort and index BAMS. PCR duplicates 654 

were removed with PicardTools (http://broadinstitute.github.io/picard/). Single-nucleotide variants and 655 

indels were identified with the Genome Analysis Toolkit v3.8 (48) in accordance with the Genome 656 

Analysis Toolkit best practices with the principal steps of base quality score recalibration, variant 657 

genotyping for singlenucleotide variants and indels and variant hard-filtering with standard 658 

recommendations (49,50). Variants with predicted deleterious effects were annotated using ANNOVAR 659 

(51). SNVs or indels predicted to be deleterious by 2/3 of PolyPhen2, whole-exome SIFT or 660 

MutationTaster with a frequency of <1% in the 1000 Genomes Project, NHLBI-ESP and 661 

CompleteGenomes were annotated as mutations.  662 

 663 

Methylation and copy number variation analysis 664 

Genomic DNA was extracted as described for whole exome sequencing and samples were sent for 665 

Infiniium MethylationEPIC BeadChip Kit (Illumina). Probes from the Infinium MethylationEPIC BeadChip 666 

were downsampled to only those intersecting with the 450K chip. These probes were processed with 667 

the R packages minfi (52) and CopywriteR (53), which were used to identify CNVs for NF2 and the 668 

corresponding regions of chromosome 22 and for 1p36. 669 
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 670 

Meningioma classification by methylation 671 

Methylation data was uploaded to the Heidelberg meningioma classification tool (25) at: 672 

https://www.molecularneuropathology.org/mnp. Meningioma methylation group was assigned to the 673 

classification with the highest clustering score. Meningiomas not matching any classification (score 674 

<0.3), were considered unclassified.  675 

 676 

Methylation clustering 677 

Normalized methylation data for CNS tumors was downloaded from GSE109379 and meningioma 678 

cohort data were processed using the same pipeline as described (25). Data from GSE109379 were 679 

clustered with the UMAP algorithm using the R package uwot (https://github.com/jlmelville/uwot) using 680 

the parameters: n_neighbors =100, learning_rate = 0.5, init = "random", pca=50, min_dist = 0.4. New 681 

samples were embedded onto the map.  682 

 683 

H3K27ac ChIP-seq data processing and peak calling 684 

H3K27ac ChIP-seq was processed following the ENCODE guidelines. FASTQ reads were trimmed to 685 

remove low quality reads and adaptors with Trim Galore (39) and uniquely mapped reads were aligned 686 

to the human reference genome hg19/GRCh37 with the Burrows-Wheeler Aligner to generate BAMs 687 

(46). BAMs were sorted and indexed with SAMtools (47). PCR duplicates were removed using 688 

PicardTools (http://broadinstitute.github.io/picard/). Peaks were called using the MACS2 (54) callpeak 689 

function on the ChIP-seq BAM file using the following parameters: BAMPE for paired-end reads, scaling 690 

to the larger dataset, the default log2 fold change enrichment of 2 vs. input and a p-value cutoff of 1e-691 

5. Consensus peaksets and normalized H3K27ac densities were generating using the R/Bioconductor 692 

package DiffBind 693 

(https://bioconductor.org/packages/release/bioc/vignettes/DiffBind/inst/doc/DiffBind.pdf) using the 694 

following parameters: score=score=DBA_SCORE_TMM_MINUS_FULL, bUseSummarizeOverlaps = T.  695 

Peaks were required to be present in at least 2/33 tumor samples or 1/3 normal samples. Overlapping 696 
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peaks were merged. Peaks intersecting ENCODE blacklisted regions v1 (55), on haplotype 697 

chromsomes or on chromosomes X or Y were excluded from analysis. Peaks within 2.5 kb of a known 698 

transcription start site were also excluded. Bigwig tracks were generated using the DeepTools (v3.1.2) 699 

(56) bamCoverage command with RPKM normalization. Genomic coverage heatmaps were generated 700 

using the DeepTools (56) computeMatrix followed by plotHeatmap functions. Peaks were visualized 701 

using Integrative Genomics Viewer software (57). Super enhancers were called using ROSE (24) and 702 

default parameters. Gene set enrichment plots for tumor SEs were generated using ClueGO (58) for 703 

GO BP, KEGG and Reactome gene sets and visualized in Cytoscape (45). Tumor-specific and normal-704 

specific SEs were called by intersecting consensus tumor SEs with consensus normal SEs. Waterfall 705 

plots of log2 fold change were derived using the normalized values from DiffBind. Tumor vs. normal SE 706 

enrichments were generated by inputting the genes associated with SEs with a log2 fold change >0.5 707 

into ClueGO (58). 708 

 709 

Gene-enhancer pairs 710 

Gene-enhancer pairs were called using the R/Bioconductor (http://www.R-project.org/) package InTad 711 

(29). Genes with a significant (p<0.1), positively-correlated enhancer were assigned to the enhancer 712 

within the transactivation domain that had the most significant correlation. Enhancers with no 713 

significantly correlated genes were assigned to the nearest expressed gene.  714 

 715 

Tumor vs. normal motif enrichment 716 

BAM files for tumor or normal H3k27ac ChIP-seq or the corresponding input samples were merged 717 

using sambamba (59) and centered around nucleosome-free regions using the Homer (60) findpeaks 718 

function with the ‘histone’ and ‘nfr’ flags to center peaks around the nucleosome free regions.  Enriched 719 

motifs in tumor peaks were identified using findMotifsGenome with the normal peaks as background 720 

and vice versa to identify normal-enriched motifs.  721 

 722 

NMF clustering 723 
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Non-negative matrix factorization was performed using the R (http://www.R-project.org/) package NMF 724 

(61) on normalized enhancer and SE peak densities. Ranks from 2 to 10 were analyzed with ‘nrun=100’. 725 

For enhancers, one sample was excluded from the final clustering due to a silhouette width <0.5. For 726 

NMF clustering of methylation data, the top 10% most variable probes were used. 727 

 728 

Progesterone receptor network analysis 729 

The progesterone receptor (PR) network was derived by identifying genes highly correlated with PR 730 

(r>0.4). A genome-wide list of peaks containing a PR motif was derived using HOMER (60) 731 

scanMotifGenomeWide function with default settings. This list was intersected with the enhancer 732 

peakset and genes that were correlated with PR and had a PR motif in their assigned enhancer. This 733 

final gene list was used to infer the PR-regulated gene network. This gene list was intersected with the 734 

identified super enhancer list to generate the overrepresentation analysis for PR-regulated genes and 735 

SE-associated genes. The gene set enrichment plot for PR-regulated genes was generated using 736 

ClueGO for GO BP, KEGG and Reactome gene sets and visualized in Cytoscape. 737 

 738 

Drug predictions 739 

Drug predictions were performed using the genes associated with the top 100 super enhancers with the 740 

greatest mean H3K27ac signal density for each subgroup. This list was input to the LINCS Clue 741 

database (62) using the “Query” tool. The top 10 compound perturbations that were inversely correlated 742 

with the gene signature were selected for each subgroup. The most negatively correlated drug 743 

representing that category was selected to represent the compound in the drug panel.  744 

 745 

UMAP RNA-seq 746 

TCGA pan-cancer data was downloaded from freeze 1.3 of the TCGA PanCan Atlas at the Synapse 747 

website (https://www.synapse.org/#!Synapse:syn4557014).  Data were logged and plotted using the R 748 

(http://www.R-project.org/) package uwot (https://github.com/jlmelville/uwot) with the following 749 
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paramters: n_neighbors=100, learning_rate = 0.5, init = "random", pca=50, min_dist = 0.4, ret_model=T. 750 

ComBat batch-corrected, log2-transformed meningioma RNA-seq were projected onto this map.  751 

 752 

H3K27ac processing for ENCODE Roadmap clustering 753 

Roadmap H3K27ac ChIP-seq bigwig files were downloaded from 754 

https://www.encodeproject.org/matrix/?type=Experiment&award.project=Roadmap& 755 

searchTerm=H3K27ac&assembly=hg19. FASTQ files from this study were  trimmed to 36 bp using 756 

BBDuk from BBMap (https://sourceforge.net/projects/bbmap/) to match the Encode Roadmap data and 757 

were processed as described in the ENCODE workflow (https://github.com/ENCODE-DCC/chip-seq-758 

pipeline2). ENCODE blacklisted regions (55) were subtracted and bigwigs were merged across all 213 759 

samples using DeepTools (56) multiBigwigSummary with a bin size of 10,000. The top 10% of most 760 

variable enhancers were input into consensusClusterPlus (63) (maxK=25, reps=50). Optimal cluster 761 

size was determined by the greatest change in area under the cumulative density function curve at K>3.  762 

 763 

Enhancer RNA data processing 764 

Enhancer RNA (eRNA) data processed from TCGA pan-cancer RNA-seq data (28) were kindly provided 765 

by Chen et al. (28) Single-end FASTQ files were trimmed with Trim Galore (39) and aligned using the 766 

workflow provided by NCI Genomic DNA Commons,  767 

(https://docs.gdc.cancer.gov/Data/Bioinformatics_Pipelines/Expression_mRNA_Pipeline/). The STAR 768 

(64) 2-pass tool was used to generate BAM files. Gene expression values were derived using HT-Seq 769 

(65) count and summarized to gene level according to Gencode v22 annotation. The data were imported 770 

into R using DiffBind 771 

(https://bioconductor.org/packages/release/bioc/vignettes/DiffBind/inst/doc/DiffBind.pdf) and signal was 772 

called restricted to a bed file of the ~10,000 enhancers used in the original report (28). Data were 773 

normalized using log2 RPKM to match the original report. The datasets were merged, quantile 774 

normalized across sample and then mean-centered across each eRNA. The optimal cluster size was 775 

determined using the R/Bioconductor (http://www.R-project.org/) package ConsensusClusterPlus (63) 776 
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(maxK=25, reps=50). Optimal cluster size was determined by the greatest change in area under the 777 

cumulative density function curve at K>3. 778 

 779 

Roadmap and eRNA grade of membership model 780 

Grade of membership models were derived using the R/Bioconductor (http://www.R-project.org/) 781 

package CountClust (66) at the default tolerance of 0.1. Cluster membership for each sample was 782 

averaged across tissue type and the resulting tissue cluster scores were mean-centered for each cluster 783 

across tissue type. Z-scores were plotted in a heatmap. 784 

 785 

Signature scores 786 

PR signature scores were derived using single sample GSEA (ssGSEA) from GenePattern (67) using 787 

the derived PR signature. AR signature scores were derived using ssGSEA using the 788 

PID_AR_PATHWAY from C2-curated gene sets from the Molecular Signatures Database (MsigDB) (43). 789 

  790 

Enhancer networks – WGCNA 791 

Enhancer networks were derived using the normalized values for the tumor consensus enhancer 792 

peakset and the R (http://www.R-project.org/) package WGCNA (36). The pickSoftThreshold function  793 

was used to select the lowest soft thresholding power β that demonstrated a scale-free topology model 794 

fitted with an R2>0.9. An adjacency matrix accounting for only positive correlations was generated with 795 

β=8. The dynamicTreeCut method was used with a minimum cluster size of 40 and height of 0.998 to 796 

create a dendrogram and modules from the dissimilarity matrix, generating 53 modules. The 797 

moduleEigengenes function was used to calculate the eigen-enhancer for each module. The eigen-798 

enhancers were used in clinical correlation analyses with relevant statistics described in figure legends.  799 

 800 

Ternary plots 801 
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Ternary plots for group- or grade-enriched SEs were derived by summing the log2 fold change for each 802 

SE to 1 and creating a ratio by dividing the log2 fold change for each subgroup or grade over the 803 

summed log2 fold change. These ratios were then squared and plotted with each subgroup ratio 804 

indicating one dimension along the ternary axes. Gene set enrichment plots for tumor SEs were 805 

generated using ClueGO27 for GO BP, KEGG and Reactome gene sets. 806 

 807 

TF module enrichment 808 

Transcription factor (TF) networks were derived using the Regulatory Genomics Toolbox (RGT) (68). All 809 

tumor BAMs were merged using sambamba (59) merge and the RGT HINT tool was used to identify TF 810 

footprints in the merge tumor BAM across the tumor enhancer peakset. Motif enrichment was calculated 811 

for all tumor enhancers and for the enhancers of each individual module using the motifanalysis 812 

matching tool. Motifs from HOCOMOCO (69). Homer (60) and JASPAR (70) were used. Motif 813 

enrichment for each module vs. the background of all tumor enhancers was then calculated using 814 

Fisher’s exact test. To account for multiple testing across many enhancers, p-values were adjusted using 815 

the Benjamini-Hochberg method. If multiple motifs for the same TF were identified, the lowest motif 816 

enrichment FDR was used.  817 

 818 

Module and subgroup TF networks 819 

For each module, enriched motifs were filtered using RNA-seq data to include expressed TFs that were 820 

correlated with the module eigen-enhancer r>0.1. To determine TF networks for a subgroup, TFs filtered 821 

by the above criteria were ranked by motif enrichment within each subgroup-enriched module. TF ranks 822 

were then summed across subgroup-enriched modules and the top 10 TFs with the lowest rank value 823 

(i.e. most enriched) that were present in at least 50% of the subgroup-enriched modules were selected 824 

for visualization. TF networks were visualized using Cytoscape (45). Gene set enrichment analysis for 825 

TFs in a module or subgroup was performed using Enrichr (71). 826 

 827 

Data availability 828 
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All data has been deposited and can be downloaded using the SRA accession PRJNA579990 (WES) 829 

or GEO accession GSE139652 (ChIP-seq and RNA-seq).  830 
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FIGURE LEGENDS 1003 

 1004 

Figure 1. The enhancer and super enhancer landscape of meningiomas. (A) Overview of study 1005 

design and goals. (B) UMAP projection of meningioma methylation state onto Heidelberg central 1006 

nervous system (CNS) tumor dataset. Meningiomas from this study, in black, projected onto Heidelberg 1007 

“classifier meningiomas”, in blue. (C) UMAP projection of meningioma RNA-seq onto TCGA RNA-seq 1008 

data. Inset: Meningiomas (black) clustered with mesothelioma (MESO - green), sarcoma (SARC - 1009 

purple) and testicular germ cell tumors (TGCT – pink), and near ovarian (OV – aqua) and uterine corpus 1010 

endometrial carcinoma (UCEC – light pink). (D) Unsupervised hierarchical clustering of Z-scores for 1011 

enhancer cluster signal generated from the grade-of-membership model for TCGA enhancer RNA 1012 

(eRNA) from 10,000 samples and over 30 tumor types was clustered into 5 groups, which were used to 1013 

generate a grade of membership model. Tumor types were then clustered based upon the amount of 1014 

signal from each group. Meningiomas have the most signal from brain tumors (blue) and from 1015 

hormonally-driven tumors (green) (BRCA: breast cancer, PRAD: prostate cancer). (E) Plot of consensus 1016 

tumor enhancers. Super enhancers (SEs) are indicated in red above the inflection point of the graph. 1017 

(F) ClueGO analysis of SE-associated genes. Enrichments are shown for Reactome, GO BP and KEGG 1018 

pathways with a false discovery rate <0.05. Bubble size is proportional to number of genes overlapping 1019 

the pathway. 1020 

 1021 

Figure 2. Enhancers delineate biologically distinct meningioma subgroups. (A) Non-negative 1022 

matrix factorization clustering of meningioma enhancer signal reveals 3 distinct subgroups. (B) Kaplan-1023 

Meier curves of recurrence-free survival stratified by enhancer subgroup. Logrank test was used to 1024 

perform paired comparisons. Group 1 vs. 3: p<0.001; group 2 vs. 3: p<0.001; group 1 vs. 2: NS. (C) 1025 

Sankey plot indicating the relationship of Heidelberg methylation cluster with grade and enhancer 1026 

subgroup. Only the 27 samples with available methylation data were included in the plot. (D) Sankey 1027 

plot indicating the relationship of enhancer subgroup with grade and sex. (E) Unsupervised hierarchical 1028 
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clustering of tumors based upon scaled ssGSEA score for the top 100 differential enhancers per 1029 

subgroup. Tumors from the original and validation sets were scored and clustered together and 1030 

subgroups were assigned based on the maximal ssGSEA score. (F) Kaplan-Meier curve for the 1031 

validation cohort segregated by enhancer subgroup. (G) Kaplan-Meier curve for the validation cohort 1032 

comparing groups 1 and 2 vs. 3. (H) Kaplan-Meier curve for grade II tumors in the validation cohort 1033 

segregated by enhancer subgroup. (I) Kaplan-Meier curve for grade II tumors in the validation cohort 1034 

comparing groups 1 and 2 vs. 3. ssGSEA: single-sample gene set enrichment analysis. p-values were 1035 

generated using a logrank test. 1036 

 1037 

Figure 3. Enhancer subgroups are biologically distinct. (A) Plot of consensus super enhancers 1038 

(SEs) for each subgroup. Colored points represent SEs defined as signal above the inflection point of 1039 

the curve. Gene labels are the predicted SE-associated genes. (B) ClueGO gene set enrichment 1040 

analysis for subgroup-enriched SE-associated genes. Enrichment for GO BP, KEGG or Reactome 1041 

pathways of the top 100 enriched SE-associated genes for each subgroup. (C) Gene set enrichment 1042 

analysis of differentially expressed genes between tumor and normal for Reactome, KEGG and GO BP 1043 

pathways. Genes were pre-ranked by the inverse of the false discovery rate multiplied by the sign of the 1044 

fold change. 1045 

 1046 

Figure 4. Enhancer networks reveal distinct transcriptional programs across subgroups. (A) 1047 

Overview of method for generating enhancer correlation network and subsequent downstream 1048 

analyses. (B) Visualization of the weighted enhancer network, with nodes colored based on module 1049 

membership. Highlighted below are modules that are significantly different between subgroups, colored 1050 

based upon the subgroup in which the eigen-enhancer is most enriched. (C) Transcriptional networks 1051 

predicted to regulate subgroup-enriched modules for each subgroup. The top ten transcription factors 1052 

(TFs) correlated with the most subgroup-specific networks at a correlation coefficient >0.4 were included 1053 

in the network. Edges are colored by TF-module correlation, with higher intensity indicating correlation. 1054 
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Subgroup-specific modules are at the bottom of each network and are colored by module name. (D) 1055 

Enrichment analysis of top 25 TFs in subgroup-specific modules. (E) Boxplot of single sample gene set 1056 

enrichment analysis (ssGSEA) score for progesterone receptor regulatory network signature (left) or 1057 

androgen receptor signature (right) stratified by enhancer subgroup. ssGSEA scores were derived from 1058 

RNA-seq data from the 21 subgrouped samples for which these data were available. Comparisons were 1059 

performed by one-way ANOVA followed by Tukey’s HSD. Boxplots are represented as the median plus 1060 

interquartile range.  1061 

 1062 

Figure 5. SE-associated genes are critical, druggable targets in vitro. (A) Selection of drugs 1063 

based upon SE profiles. Targetable SEs among individual top meningioma super enhancers (SEs) were 1064 

limited to DUSP1 (left). Signatures were derived using the top 100 subgroup consensus SEs. These 1065 

gene lists were used as input for the LINCS database which predicts drugs inversely and positively 1066 

correlated with a gene set. Drugs were ranked from negatively to positively correlated based upon 1067 

LINCS score. The top 10 compound classes inversely correlated with the SE gene signature from each 1068 

subgroup were used to derive the drug panel. (B) Results of the screening 17 compounds across 6 1069 

meningioma and two arachnoid granulation (AG) models. Maximum drug efficacy (Emax) values are 1070 

plotted as a boxplot (left), ranked from lowest to highest average Emax . Emax was calculated by comparing 1071 

all tested drug concentrations to DMSO control and selecting the lowest value. Emax values plotted on a 1072 

heatmap (right) were ranked from lowest (top, blue) to highest (bottom, red) Emax. Boxplots are 1073 

represented as the median plus interquartile range. (C) Dose-response curves for each of the 7 1074 

compounds with an average Emax<0.5 and the FAK inhibitor. Meningioma models are plotted in shades 1075 

of red. Normal AG models are in black. Data are represented as mean +/- SD. Sigmoidal curves were 1076 

fit using a dose-response function. 1077 

 1078 

Figure 6. DUSP1 is a meningioma dependency in vitro and in vivo. (A) Cell viability of meningioma 1079 

models treated with BCI. Cell viability was calculated for each model relative to DMSO control (black). 1080 
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p-values were calculated using one-way ANOVA. Data are represented as mean +/- SD. (B) 1081 

Downregulation of DUSP1 following treatment with the BET bromodomain inhibitor (+)-JQ-1. Cells were 1082 

treated for 24 hours with a range of concentrations and then assayed for DUSP1 expression by qPCR. 1083 

Data are represented as mean +/- SD. (C) Time course of cell viability following knockdown of DUSP1 1084 

in IOMM-Lee cells vs. non-targeting control. Conditions were compared using student’s t-test. Data are 1085 

represented as mean +/- SD. (D) Depletion of DUSP1 following transduction of one of two DUSP1-1086 

targeting shRNAs versus non-targeting control in IOMM-Lee cells. Data are represented as mean +/- 1087 

SD. (E) Time course of cell viability following knockdown of DUSP1 in DI-134 cells vs. non-targeting 1088 

control. Conditions were compared using student’s t-test. Data are represented as mean +/- SD. (F) 1089 

Depletion of DUSP1 following transduction of one of two DUSP1-targeting shRNAs versus non-targeting 1090 

control in DI-134 cells. Data are represented as mean +/- SD. (G) Western blot to assay targets of 1091 

DUSP1 and markers of apoptosis following treatment with 5 μM of DUSP1/6 inhibitor. (H) Survival 1092 

following intracranial xenograft of the meningioma model CH157-MN immunodeficient mice. 1093 

Meningioma cells were transduced with non-targeting control shRNA (black line) or one of two 1094 

independent shRNAs targeting DUSP1 (red lines). p-values were calculated using a logrank test. (I) 1095 

DUSP1 expression in CH157-MN cells after transduction with non-targeting control or one of two 1096 

independent shRNAs targeting DUSP1, prior to intracranial implantation into mice. p-values were 1097 

calculated using Student’s t test. (J) Tumor weight following treatment with DUSP1/6 inhibitor in mice 1098 

subcutaneously implanted with CH157-MN cells was compared following two weeks of treatment with 1099 

DMSO (black) or BCI (red). Tumor weights were compared using Wilcoxon rank-sum test. Boxplots are 1100 

represented as the median plus interquartile range.  (K) Tumor volume following treatment with 1101 

DUSP1/6 inhibitor in mice subcutaneously implanted with CH157-MN cells was compared following two 1102 

weeks of treatment with DMSO (black) or BCI (red). Tumor volumes were compared using Wilcoxon 1103 

rank-sum test. Boxplots are represented as the median plus interquartile range. (L) Image of tumors 1104 

from mice treated with DMSO (top) or BCI (bottom). P-values were calculated by Student’s t test for <3 1105 

comparisons, or by ANOVA followed by Tukey’s honest significant different for >3 comparisons. *p< 1106 

0.05,**p<0.005, ***p<0.0.0005 1107 
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 1108 

Figure 7. Summary of enhancer subgroups. 1109 
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