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The dynamic control of genomic accessibility is required for 
timely and appropriate gene expression, and is achieved in 
part by the activity of ATP-dependent chromatin remodeling 

complexes1. These complexes utilize the energy of ATP hydrolysis to 
alter DNA–nucleosome contacts on chromatin, thereby modulating 
local chromatin architecture. One such family of remodelers, the 
mSWI/SNF (or BAF) family, is comprised of three main complexes, 
termed cBAF, polybromo-associated BAF (PBAF) and ncBAF, and 
within these, hundreds of different variants owing to the incorpora-
tion of paralog subunits2,3.

The genes encoding mSWI/SNF complexes are mutated in over 
20% of human cancers, with some subunit genes mutated across 
a wide range of cancer types and others in highly cancer-specific 
contexts4–6. For example, >98% of malignant rhabdoid tumor and 
atypical teratoid/rhabdoid tumors bear SMARCB1 mutations, 
~100% of synovial sarcoma tumors contain the hallmark SS18–SSX 
fusion oncoprotein, and small cell carcinoma of the ovary hyper-
calcemic type is characterized by dual mSWI/SNF ATPase subunit 
loss (SMARCA4/SMARCA2 dual deletion)7–10. Further, mSWI/SNF 
mutations are frequent in several adult tumors, including ARID1A 
mutations in ~60% of ovarian clear cell carcinomas and SMARCA4 
mutations in ~11% of nonsmall cell lung cancer, among others11–13. 
One common theme linking these disease contexts is that they 
nearly all contain perturbations in complex members defining the 
cBAF complex core structural and functional module2,14,15, which 
consists of SMARCA4/2, ARID1A/B, SMARCB1 and SMARCE1 
subunits. Although mutations in SMARCB1, ARID1A/B and 

SMARCA4/2 have been studied extensively by our group and oth-
ers14,16–19, the role of SMARCE1 remains poorly defined.

SMARCE1 is a ubiquitously expressed mSWI/SNF subunit and 
is a member of both cBAF and PBAF complexes, but is absent from 
the ncBAF complex2,3. SMARCE1 contains a centrally positioned 
coiled-coil domain and an N-terminal high-mobility group (HMG) 
DNA-binding domain. Importantly, recent exome-wide sequenc-
ing studies have revealed that mutations in SMARCE1 cause CCM 
tumors of both spinal and cranial origin20–28. SMARCE1-mutant 
CCM disproportionately affects younger individuals (median age 
= 11 years) (Supplementary Table 1 and Extended Data Fig. 1a,b). 
Meningiomas frequently exhibit loss of the tumor suppressor NF2; 
however, SMARCE1 mutations occur in a mutually exclusive man-
ner, signifying a separate and highly aggressive class of menin-
giomas20,21,29–32. Further, SMARCE1 mutations do not co-occur 
with other recurrent mutational events implicated in meningioma 
biology, such KLF4, TRAF7, SMO, SUFU, SMARCB1 or PIK3CA 
mutations32 (Extended Data Fig. 1c). Indeed, since the original 
sequencing efforts identifying SMARCE1 mutations in the absence 
of other recurrent mutations20, it is now known that essentially 100% 
of CCMs are defined by SMARCE1 loss at the gene and immunohis-
tochemical (protein) levels, implicating aberrant mSWI/SNF func-
tion as a driver of this aggressive cancer type23.

In this study, we integrate biochemical and structural studies 
with genomics and chemical biology, to uncover a therapeutically 
relevant set of insights regarding the role for the SMARCE1 subunit 
in mSWI/SNF function and the biology of CCM.

SMARCE1 deficiency generates a targetable 
mSWI/SNF dependency in clear cell meningioma
Roodolph St. Pierre1,2,3,11, Clayton K. Collings1,2,11, Daniel D. Samé Guerra   1,2, Christian J. Widmer1,2, 
Olubusayo Bolonduro1,2, Nazar Mashtalir1,2, Akshay Sankar1,2, Yu Liang   4, Wenya Linda Bi5, 
Erica H. Gerkes6, Vijaya Ramesh7, Jun Qi   4, Miriam J. Smith   8,9, David M. Meredith10  
and Cigall Kadoch   1,2 ✉

Mammalian SWI/SNF (mSWI/SNF) ATP-dependent chromatin remodeling complexes establish and maintain chromatin acces-
sibility and gene expression, and are frequently perturbed in cancer. Clear cell meningioma (CCM), an aggressive tumor of the 
central nervous system, is uniformly driven by loss of SMARCE1, an integral subunit of the mSWI/SNF core. Here, we identify 
a structural role for SMARCE1 in selectively stabilizing the canonical BAF (cBAF) complex core–ATPase module interaction. 
In CCM, cBAF complexes fail to stabilize on chromatin, reducing enhancer accessibility, and residual core module components 
increase the formation of BRD9-containing non-canonical BAF (ncBAF) complexes. Combined attenuation of cBAF function 
and increased ncBAF complex activity generates the CCM-specific gene expression signature, which is distinct from that of 
NF2-mutated meningiomas. Importantly, SMARCE1-deficient cells exhibit heightened sensitivity to small-molecule inhibition 
of ncBAF complexes. These data inform the function of a previously elusive SWI/SNF subunit and suggest potential therapeutic 
approaches for intractable SMARCE1-deficient CCM tumors.
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Results
SMARCE1 stabilizes the cBAF ATPase and core modules. 
Mutations occur throughout the SMARCE1 gene, with the large 
majority resulting in early truncation and nonsense-mediated 
decay, leading to complete absence of the SMARCE1 protein 
(Fig. 1a, Extended Data Fig. 1d and Supplementary Table 1). To 
biochemically understand the effects of SMARCE1 loss, we gen-
erated SMARCE1 knockout (KO) HEK293T cells using CRISPR–
Cas9-mediated editing (Fig. 1b,c) and assessed the nuclear 
abundance and integrity of cBAF and PBAF complexes using immu-
noprecipitation (IP). Notably, we found that capturing complexes 
from the SMARCA4 ATPase (and hence, ATPase module) resulted 
in substantially reduced capture of the cBAF-specific core subunit, 
ARID1A (which demarcates cBAF complexes), as well as SMARCD2 
and SMARCC2, but not in PBAF components such as ARID2  
(Fig. 1d). Reciprocally, isolation of ARID1A-bound cBAF com-
plexes, but not ARID2-bound PBAF complexes, showed reduced 
complex integrity, particularly of the ATPase module components, 
as well as several members of the initial core (SMARCC2, SMARCD1 
and SMARCB1), further demonstrating a cBAF-specific compro-
mise following SMARCE1 loss (Fig. 1e). In parallel, we introduced 
wild-type (WT) SMARCE1 into a SMARCE1-deficient cancer cell 
line, BT549, which showed selective cBAF complex stabilization 
(Extended Data Fig. 1e–g). Finally, density sedimentation studies 
revealed increased dissociation of cBAF complex components, such 
as ARID1A and DPF2, as well as SMARCB1, into lower molecular 
mass fractions of the gradient in the setting of SMARCE1 deletion, 
indicating a reduced proportion of fully-formed cBAF complexes 
(Fig. 1f). Similar results were observed in reciprocal experiments 
in the BT549 SMARCE1-deficient cell line upon SMARCE1 rescue 
(Extended Data Fig. 1f). Taken together, these findings demonstrate 
a critical role for SMARCE1 in the stabilization of cBAF but not 
PBAF complexes.

Structural analyses reveal cBAF-specific SMARCE1 tether-
ing. To understand the biophysical and structural determinants 
of cBAF-specific disruption mediated by SMARCE1 loss, we per-
formed analyses of cross-linking mass spectrometry (CX-MS) data-
sets recently generated by our group2,15 and integrated these results 
with recent mSWI/SNF three-dimensional (3D) structural stud-
ies15,33–36. We identified a region of linkage between the SMARCE1 
CC domain (amino acids 210–260) and the core module sub-
units SMARCC1/2 and SMARCD1/2 that was found to be equally 
enriched on SMARCE1 in both cBAF and PBAF complex contexts 
(Fig. 2a and Supplementary Table 2). In addition, we observed a 
linkage region between SMARCE1 and other BAF complex sub-
units in the region C-terminal to the HMG DNA-binding domain 
(amino acids 140–170) that was found only in cBAF complexes 
(Fig. 2a and Extended Data Fig. 2a–c). Notably, cross-links in this 
region, termed the BAF core binding region (CBR), were detected 
between SMARCE1 and ARID1A/B subunits of cBAF, but not with 
the ARID2 subunit of PBAF or other PBAF subunits, despite equal 
numbers of available lysine residues (Fig. 2a and Extended Data Fig. 
2d). SMARCE1–ARID1A cross-links localized to the CBR, which 
is located in the C terminus in ARID1A/B but in the N terminus 
in ARID2 (Extended Data Fig. 2d)2. Cross-links were enriched 
for ARID1A binding at positions K146 and K166 of SMARCE1 
(Fig. 2a), with additional subunits enriched in this region includ-
ing ACTL6A and SMARCA4. This preferential region of linkage 
between SMARCE1 and cBAF, but not PBAF subunits suggested 
a structural basis for the cBAF-specific biochemical perturbations 
that we observed upon SMARCE1 loss.

We next mapped these cross-link sites on to recent cryo-electron 
microscopy (cryo-EM)-based 3D structures of BAF complexes 
bound to the nucleosome2,15,34. Such structures partially resolved 
the SMARCE1 subunit and included the BAF CBR (amino acids 

172–276), which exhibits a curved, ‘U-like’ structure within the core 
module, linking the C terminus of ARID1A (Arm repeat domain) 
with the SMARCA4 ATPase and members of the initial core mod-
ule, SMARCC1/2 and SMARCD1/2 (Fig. 2b (upper) and Extended 
Data Fig. 2a,b). Importantly, integrating CX-MS data, we found that 
the SMARCE1 N terminus, although not solved in the context of 
the BAF complex cryo-EM structure, binds near the N-terminal 
SMARCA4 HSA domain of the ATPase module at its contact point 
with the ARP module (amino acids 446–480 of SMARCA4) (Fig. 2b 
(lower) and Extended Data Fig. 2a). These data suggest that the N 
terminus of SMARCE1, which contains the cBAF-specific interact-
ing region and the HMG DNA-binding domain, extends away from 
the core and toward the nucleosome.

We next examined cross-links between SMARCE1 and other 
cBAF subunits in the cBAF-unbound (apo, free) and nucleosome 
core particle (NCP)-bound configurations. Interestingly, in the 
NCP-bound configuration, the SMARCE1 N-terminal HLA region 
(amino acids K146–K166) switches from predominantly tethering 
the ARID1A C terminus within the core module to predominantly 
tethering the SMARCA4 ATPase, along its HSA domain, tracking 
up toward the NCP-ATPase module interaction region (Fig. 2c and 
Supplementary Table 2). Notably, cross-links between SMARCE1 
K166 and the SMARCA4 ATPase increased upon NCP binding, 
including those links at positions K455 and K458 along the HSA 
domain of SMARCA4, and positions K303, K371 and K379 of the 
ACTL6A subunit within the ARP module adjacent to the SMARCA4 
HSA (Fig. 2b,c). Sites of decreased cross-linking included K146 of 
SMARCE1 to ARID1A the core module, indicative of a switch in 
SMARCE1 subunit interactions upon NCP engagement. These data 
suggest that the N terminus of SMARCE1 differentially associates 
with nearby subunits in NCP-bound and -unbound states, and may 
be rigidified upon NCP binding, probably via its HMG domain 
binding extra-nucleosomal DNA at the DNA exit site.

We next sought to determine whether this module-linking, 
‘paperclip’-like subunit was present in yeast, despite the fact that 
SMARCE1 does not have a homolog based on amino acid conserva-
tion alone. We aligned structures of the human cBAF complex (PDB: 
6LTJ), yeast SWI/SNF (PDB: 6UXW) and yRSC (PDB: 6KW4) and 
found that although not conserved by amino acid sequence, the 
ySWI/SNF Snf6 subunit exhibited high structural similarity to 
SMARCE1, with a U-like shape linking the Snf2 ATPase and the 
Swi1 and Swi3 members of the core module33–36 (Fig. 2d (left)). 
Snf6 has long been considered a yeast-specific component that was 
lost through evolution to mammalian complexes35,37–39. Further, 
CX-MS studies performed on ySWI/SNF complexes40 similarly 
revealed N-terminal binding to the ARID1A/B paralog, Swi1, and 
the SMARCA4/2 and ACTL6A/B paralogs, Snf2 and Arp7, respec-
tively (Extended Data Fig. 2e,f). Although not structurally resolved 
in yRSC, the resolved portion of the Htl1 subunit is positioned dif-
ferently and hence may be the SMARCE1/Snf6 structural homolog 
(Extended Data Fig. 2f–h). Collectively, these comparative bio-
physical and structural analyses highlight a potentially conserved 
structural role for SMARCE1 and Snf6 in cBAF and ySWI/SNF, 
respectively, despite highly divergent amino acid sequences.

We next performed restriction enzyme accessibility assays 
(REAA) and ATPase measurements on endogenous WT and 
SMARCE1-deficient complexes, purified by SMARCA4 and 
SS18, members of the ATPase module, as well as ARID1A and 
ARID2, specific components of cBAF and PBAF complexes, 
respectively (Fig. 2d). Indeed, BAF complexes purified in the 
SMARCE1-deficient setting exhibited a statistically significant 
reduction in both nucleosome remodeling activity and ATP con-
sumption on mononucleosomes in vitro, compared with WT com-
plexes (Fig. 2e,f). Evaluation of residual cBAF compared with PBAF 
complexes isolated from the nuclear extract of WT and SMARCE1 
KO cells showed that PBAF-mediated nucleosome remodeling and 
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ATPase activities were either unaffected or modestly affected by 
SMARCE1 loss (Fig. 2e,f). Taken together, these results highlight 
the function of SMARCE1 in enabling cBAF-mediated nucleosome 
remodeling activities.

SMARCE1 loss attenuates cBAF chromatin binding and activ-
ity. We next sought to evaluate the impact of SMARCE1 loss on 
the genome-wide targeting of mSWI/SNF complexes as well as 
associated DNA accessibility and gene expression. We generated 
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SMARCE1-deficient arachnoid cells (AC7 cell line; clones AC21 
and AC29) isolated from the meninges of a healthy individual41 
using CRISPR–Cas9-mediated editing (Fig. 3a) and performed 

chromatin immunoprecipitation sequencing (ChIP–seq) for 
mSWI/SNF subunit proteins and histone modifications. Further, 
we performed an assay for transposase-accessible chromatin using 
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Fig. 2 | SMARCE1 interactions and structural conformation underlie cBAF-specific functions. a, CX-MS analyses performed on purified human 
cBAF and PBAF complexes, in solution (apo). Cross-links are plotted as a percentage of total SMARCE1 cross-links recovered in the dataset, with the 
mSWI/SNF subunit to which they tether indicated in the legend. Selected cross-linked lysine (K) residues of SMARCE1 are labeled. SMARCE1 region 
resolved in human BAF cryo-EM structure is represented by the red zigzag stretch representing amino acids 172–276. Domains are labeled. b, (Upper) 
Integrated 3D structural and CX-MS analyses using cryo-EM structure of the human BAF complex (PDB: 6LTJ). SMARCE1 is highlighted in red with 
amino acids 172–276 resolved in the structure. (Lower) Key lysine–lysine linkages between mSWI/SNF subunits and SMARCE1 as indicated in a for 
unbound (apo) cBAF. c. CX-MS analyses performed on purified human cBAF complexes in nucleosome-unbound and -bound states. Cross-links are 
plotted as a percentage of total SMARCE1 cross-links recovered in the dataset, and are marked by the mSWI/SNF subunit to which they tether (legend). 
Selected cross-linked lysine (K) residues of SMARCE1 are labeled. DeepCoil coiled-coil prediction scores are indicated on the top row. d, Purification 
of cBAF (ARID1A) and PBAF (ARID2) complexes in SMARCE1 WT and KO cells used for functional studies; representative of n = 3 experiments. 
e, REAA performed on immunoprecipitated complexes in WT and KO conditions, with DNA cleavage measured by TapeStation; representative of 
n = 3 experiments. f. Quantification of n = 4 experimental replicates for ATPase consumption assays measured by ADP-Glo and remodeling activity, 
measured by REAA, performed on IP for residual cBAF (ARID1A IP), PBAF (ARID2 IP) and the ATPase module (SMARCA4 and SS18 IPs). Bars represent 
s.e.m. P values derived from the two-sided t-test are indicated. NS, not significant.
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sequencing (ATAC-seq) to evaluate the effect of SMARCE1 loss on 
genome-wide DNA accessibility (Fig. 3b). Notably, and in line with 
our biochemical and structural findings, we observed marked atten-
uation in BAF complex stability as well as H3K27ac on the genome 
at a cluster of ~26,000 sites (Cluster 2), at which other subunits 
of the cBAF ATPase module (that is SS18) and the cBAF-specific 
ARID1A and DPF2 were also reduced (Fig. 3b,c and Extended Data 
Fig. 3a). Further, co-occupancy of the ATPase (SMARCA4) and the 
core module (ARID1A) was markedly reduced at transcription start 
site (TSS)-distal sites of cBAF occupancy in the KO setting (Fig. 3d).  
By contrast, chromatin occupancy profiling for ARID2, which  

specifically marks PBAF complexes and is required for the ATPase 
module to assemble on to the PBAF core2 did not show changes upon 
SMARCE1 loss (Fig. 3c and Extended Data Fig. 3a). Sites exhibiting 
reductions in cBAF complex targeting and associated DNA acces-
sibility were TSS-distal, whereas unchanged (retained) sites were 
primarily localized to promoters (Fig. 3e). The enhancer-specific 
loss of genomic targeting and subsequent DNA accessibility was 
paired with reductions in gene expression, exemplified at the BMP1 
and SH2B2 loci (Fig. 3f,g and Extended Data Fig. 3b). We also iden-
tified a cluster of gained accessibility and residual cBAF complex 
subunit occupancy (Cluster 3) over which we observed increased 
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binding of non-ATPase-bound residual core module subunits 
(that is ARID1A and DPF2) in the SMARCE1 KO condition over 
open DNA-accessible sites (Fig. 3b,c and Extended Data Fig. 3a). 
To complement these findings, we rescued SMARCE1 (or a green 
fluorescent protein control) into SMARCE1-deficient BT549 cells 
(Extended Data Fig. 3c,d). Again here, SMARCE1 rescue resulted 
in substantial de novo targeting of cBAF (but not PBAF) complexes 
as well as accessibility generation, with genes nearest gained peaks 
substantially upregulated (Fig. 3h,i and Extended Data Fig. 3f–j). 
This was further confirmed in SMARCE1 KO AC7 cells rescued 
with SMARCE1 (Extended Data Fig. 3k,l). These data indicate that 
disruptions in cBAF targeting mediated by SMARCE1 loss result in 
loss of DNA accessibility and target gene expression.

SMARCE1 loss generates distinct gene regulatory programs. 
SMARCE1 deletion resulted in 1,684 genes significantly downregu-
lated and 1,772 genes significantly upregulated (Fig. 4a and Extended 
Data Fig. 4a), and we identified a subset of 1,069 downregulated 
genes (63% of all 1,684 downregulated differentially expressed genes 
(DEGs)) mapping to sites at which BAF complex occupancy was 
reduced in the SMARCE1 KO condition (near at least one lost site; 
interquartile range (IQR) = −2.11 to −0.48; P < 0.01) (Fig. 4b). Motif 
analyses performed using HOMER and LOLA over BAF-lost sites 
revealed enrichment of JUN, FRA, CEBPB, NF1 and NF1-FOXA1 
motifs, consistent with defects in cBAF-mediated DNA accessibility 
over critical transcription factor binding sites known to have roles 
in arachnoid and meningeal cell function and cell division42 (Fig. 4c 
and Extended Data Fig. 4b, left). Further, rescue of SMARCE1 into 
SMARCE1 KO AC7 cells returned the same collections of motifs 
(Extended Data Fig. 4b, right). We identified a subcluster of genes 
(n = 562; near 10%–15% of all sites) that were most significantly 
downregulated and for which nearby BAF complex occupancy and 
DNA accessibility were strongly reduced (associated with an aver-
age of approximately five lost (putative enhancer sites; IQR = −4.67 
to −2.44) (Fig. 4d and Extended Data Fig. 4c). Examples included 
RSG4, LPAR1 and TRPC6 genes (Extended Data Fig. 4c). Metascape 
analyses revealed enrichment of extracellular matrix organization, 
developmental growth, sensory organ development and tissue mor-
phogenesis pathways, consistent with the oncogenic function of 
SMARCE1 loss in CCM (Fig. 4e).

Given that meningiomas are often driven by loss of the NF2 tumor 
suppressor gene, we next sought to compare the gene expression 
profiles of SMARCE1 KO and NF2 KO AC7 cells (Extended Data 
Fig. 4d,e). Principal component analysis (PCA) performed on gene 
expression (RNA sequencing (RNA-seq)) clustered SMARCE1- 
and NF2-deficient cell types distinctly on PC1 and PC2, respec-
tively, relative to control (WT) cells (Fig. 4f and Extended Data Fig. 
4d,e). Unsupervised hierarchical clustering analyses across WT, 
SMARCE1-deficient or NF2-deficient AC7 cells revealed uniquely 
up- and downregulated sets of genes, including those that were spe-
cific to each KO (SMARCE1 and NF2) and those shared between the 

conditions (Fig. 4g and Extended Data Fig. 4f–i). For example, we 
identified that BMP4, EBF1 and SDC2 were selectively downregu-
lated in the SMARCE1 KO condition, whereas NRAS and MAP2K6 
and SPRY2 were strongly upregulated in SMARCE1 KO condition 
relative to NF2 KO and WT settings (Fig. 4g and Extended Data Fig. 
4g,h). We also identified genes and pathways downregulated in both 
SMARCE1- and NF2 KO settings (relative to WT), such as SOD2, 
CREB1 and FLNA, suggesting convergent gene regulatory changes, 
such as in the epithelial-to-mesenchymal transition and interferon 
responses as well as the mammalian target of rapamycin complex 
(mTORC) pathway, consistent with studies suggesting the efficacy 
of mTORC inhibitors in NF2-mutant meningiomas41 (Fig. 4g,h and 
Extended Data Fig. 4i).

Finally, we investigated the transcriptional profile of primary 
meningiomas, including SMARCE1-deficient CCM, NF2-deficient 
meningiomas and KLF4/TRAF7-mutated meningiomas, as well 
as normal meninges from healthy donors as controls. We isolated 
RNA from four SMARCE1-null tumors, seven NF2-null tumors, 
two KLF4/TRAF7-mutated tumors and two normal meninges 
(Supplementary Table 3). Notably, PCA showed clear segregation 
of NF2-null, KLF4/TRAF7-mutated and SMARCE1-null tumors 
relative to normal meninges (Fig. 4i). Using clustering analyses, 
we identified gene sets uniquely upregulated and downregulated in 
SMARCE1- or NF2-loss samples, and in both conditions (Extended 
Data Fig. 4j–l). For example, SMARCE1-deficient tumors selectively 
downregulated genes associated with insulin signaling, adipogenesis 
and WNT signaling, whereas tumors containing either SMARCE1 
or NF2 loss downregulated ascular Endothelial Growth Factor A 
and NO/cGMP pathways (Extended Data Fig. 4j–l). Importantly, 
we identified several gene expression changes mirrored in primary 
tumors, such as MAP2K6 and NRAS upregulation in SMARCE1 KO 
cells and primary CCM, SDC2 upregulation in NF2-mutant menin-
gioma, and SOD2 and CREB1 downregulation in both tumor types 
(Fig. 4j and Extended Data Fig. 4m,n). Taken together, these results 
indicate the distinct (and shared) gene regulatory consequences of 
SMARCE1 loss.

SMARCE1 loss results in gained ncBAF genomic targeting. In 
addition to the large number of genome-wide BAF complex peaks 
that were lost upon SMARCE1 deletion (Fig. 3), we also identi-
fied several SMARCA4-gained peaks (Fig. 5a), a large percentage 
of which (70%) did not overlap with sites of SMARCE1-bound 
BAF complex occupancy in the WT setting, indicating the pres-
ence of complexes lacking this subunit (Fig. 5a). Over these sites, 
we characterized the chromatin occupancy of several other mSWI/
SNF subunits and histone modifications and found that BRD9, 
an ncBAF-specific subunit, along with SMARCD1 (which is the 
only SMARCD paralog that incorporates into ncBAF and func-
tionally clusters with ncBAF43) predominantly exhibited gains 
in occupancy with minimal losses following SMARCE1 deletion 
(Fig. 5b,c and Extended Data Fig. 5a). Intriguingly, examination 

Fig. 5 | SMARCE1 loss increases ncBAF occupancy and DNA accessibility over enhancer sites genome-wide. a, Venn diagram of SMARCE1 and SMARCA4 
peaks in both WT and SMARCE1-deficient conditions reflecting genome-wide changes in BAF localization upon SMARCE1 loss in AC7 cells. b, Bar plot 
showing peak numbers for ncBAF complex subunits for both WT and SMARCE1-deficient conditions in AC7 cells. c. Density heatmaps reflecting chromatin 
occupancy of SMARCE1, SMARCA4, SS18, BRD9, H3K27ac and H3K4me3, as well as ATAC-seq in WT and SMARCE1-deficient conditions over gained sites 
from Cluster 3 in Fig. 3b. d, ECDF plots of SMARCA4 log2(fold change) (relative to WT) as a function of motif count for 286 nonredundant transcription 
factor archetypes motifs is shown for both AC7 and BT549 over merged BAF peaks. e, Motif analysis results by ChromVAR on ATAC-seq data for both AC7 
and BT549 cells over merged ATAC-seq peaks. f, Density heatmaps reflecting chromatin occupancy of SMARCD1 and BRD9 in WT and SMARCE1-deficient 
conditions over merged WT and KO SMARCD1 peaks. g, Box plots of log2(fold change) values for DEGs nearest to SMARCD1 peaks in clusters 1, 2 and 
3 from f. h, Gene ontology analysis by Metascape using upregulated DEGs nearest to Cluster 2 sites in f. i, Pie chart characterizing upregulated DEG 
expression nearest to sites of ncBAF occupancy gain for Cluster 2 in f. j, Venn diagram reflecting overlap among sites with SMARCA4 gain, along with 
accessibility gain by ATAC-seq, and sites nearest to genes with significant increases in expression in SMARCE1-deficient AC7 relative to WT (from Cluster 
3 of Fig. 3b). k, Lollipop plot displaying expression of select 40 genes upregulated in AC7 cells that are near sites with increases in both BAF binding and 
accessibility. l, Example reflecting gains in enhancer targeting by ncBAF complexes, resultant accessibility and gene expression at the ITIH5 locus.
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of sites gained upon SMARCE1 loss, or conversely, sites lost upon 
SMARCE1 rescue in BT549 cells and AC7-SMARCE1 KO cells, 
revealed strong enrichment of CTCF motifs, consistent with previ-
ous studies that have indicated localization of ncBAF complexes 
over CTCF sites3,44,45 (Fig. 5d,e and Extended Data Fig. 5b). The 
strong enrichment of CTCF at BAF-bound and accessible sites in 
the SMARCE1 KO condition suggested increased ncBAF complex 
targeting as well as nucleosome remodeling activities over these 

sites (Fig. 5d,e). Examination of all BRD9/SMARCD1-gained 
peaks (Fig. 5f) indicated promoter-proximal distribution over 
CTCF and TEAD motifs (Extended Data Fig. 5c–e), again con-
sistent with previous findings by our group and others indicating 
that ncBAF complex localization is more promoter-proximal than 
that of cBAF complexes3,44. Taken together, these data suggest that 
gained ncBAF genomic binding occurs in a manner proportional 
to cBAF complex disruption.
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Importantly, these SMARCE1-loss-mediated ncBAF-gained 
sites (Cluster 2, Fig. 5f) corresponded to increased expression of the 
nearest genes (Fig. 5g). Gene sets nearest gained ncBAF peaks in 
SMARCE1-deficient AC7 cells include response to growth factors, 
tyrosine kinase pathways, WNT signaling and others, suggesting a 
role for the ncBAF chromatin remodeler in the maintenance of a 
range of oncogenic programs (Fig. 5h). Further, >33% of signifi-
cantly upregulated genes mapped to sites of both increased ncBAF 
complex occupancy and accessibility included genes involved in cell 
signaling (that is NRG1), development and transforming growth 
factor beta signaling (BMP6), among others (Fig. 5i–k). As exam-
ples, we observed increased ncBAF peak occupancy at the ITIH5 
and MS4A7 loci, at which we also observed increased DNA accessi-
bility and gene expression (Fig. 5l and Extended Data Fig. 5f). These 
studies demonstrate the gained occupancy of ncBAF complexes on 
chromatin mediated by SMARCE1 deletion, specifically at CTCF 
and TEAD sites, and implicate their role in gene expression main-
tenance in CCM.

SMARCE1 loss yields increased ncBAF biochemical abundance. 
To understand the basis for the increased ncBAF chromatin occu-

pancy and gene regulation genome-wide, a result initially unex-
pected given that ncBAF complexes do not contain SMARCE1, 
we next performed biochemical studies to probe the total nuclear 
protein and SMARCA4-associated abundance of ncBAF com-
plex components. Intriguingly, IP–immunoblot studies per-
formed in SMARCE1 WT and KO conditions in HEK293T cells 
revealed that although ARID1A was almost entirely absent from 
SMARCA4-bound complexes, capture of BRD9 and SMARCD1 
subunits was substantially increased (Fig. 6a). Further, IP of ncBAF 
complexes (anti-BRD9) revealed substantially increased pull-
down of the SMARCA4 ATPase, as well as ncBAF components, 
SMARCD1 and GLTSCR1 (Fig. 6b). Density sedimentation stud-
ies performed on SMARCD1-bound complexes purified from 
HEK293T WT and SMARCE1 KO cell types revealed a clear shift 
in SMARCD1-associated mSWI/SNF complexes to lower molecu-
lar mass fractions in the SMARCE1 KO condition, associated with 
increased assembly of the smaller (~0.87 kDa, ten-subunit) ncBAF 
complexes (Fig. 6c). In parallel, density sedimentation experi-
ments performed on total nuclear extracts derived from WT and 
SMARCE1 KO HEK293T cells (Fig. 1b,c) revealed a marked shift 
in SMARCD1 toward the lower molecular mass fractions in the 
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Fig. 6 | SMARCE1 loss results in increased biochemical nucleation of ncBAF complexes. a, IP of SMARCA4 in WT and SMARCE1-deficient 
HEK293T cells, with immunoblot for selected mSWI/SNF subunits. b, IP of BRD9 in WT and SMARCE1-deficient HEK293T cells, with immunoblot for 
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SMARCE1 KO condition as well as increased BRD9 and GLTSCR1 
protein-level abundance in the ncBAF fractions (Fig. 6d). These 
studies implicate a protein complex assembly basis for the increased 
ncBAF abundance, chromatin binding and activity genome-wide in 
SMARCE1-deficient CCM.

mSWI/SNF inhibition selectively affects SMARCE1-deficient 
cells. Finally, given the increase in ncBAF assembly and chromatin 
occupancy paired with concomitant loss of stable cBAF complexes 
in SMARCE1-deficient cells, we sought to determine whether 
ncBAF complexes and residual mSWI/SNF complex ATPase activ-
ity were required for the maintenance of SMARCE1-deficient AC7 
cells. We subjected AC7 WT and KO arachnoid cells to treatment 
with two distinct small-molecule inhibitors: a degrader of the 
ncBAF-specific BRD9 component, dBRD9A3,46–48; and a recently 
described dual SMARCA4/SMARCA2 ATPase inhibitor (referred 
to here as Compound 12 (CMP12))48 (Fig. 7a).

Treatment of AC7 cells with dBRD9A resulted in near-complete 
(>95%) degradation of BRD9 in both WT and SMARCE1 KO set-
tings (Fig. 7b). Importantly, we found selective inhibition of cell 
growth in SMARCE1 KO cells following 5–7 d of treatment (Fig. 7c). 
dBRD9A treatment affected nearly double the number of changed 
accessibility sites in SMARCE1 KO compared with WT cells  
(Fig. 7d), underscoring the enhanced impact of ncBAF in this set-
ting. Sites decreased in accessibility were found at both promot-
ers and enhancers (Extended Data Fig. 6a), and corresponded 
to CTCF and TEAD motifs, consistent with ncBAF localization 
(Extended Data Fig. 6b). Further, treatment with dBRD9A resulted 
in an increased number of significantly downregulated genes in 
the SMARCE1 KO setting (relative to WT AC7 cells), again indi-
cating the enhanced gene regulatory role for ncBAF complexes in 
this cBAF-perturbed setting (Fig. 7e). Genes nearest these sites with 
reduced accessibility following dBRD9A treatment in SMARCE1 
KO cells were particularly enriched in beta-integrin signaling, 
TGF-beta receptor signaling, and MAPK signaling, consistent with 
a role for ncBAF complexes in proliferative maintenance, cell prolif-
eration and invasion (Fig. 7f). Over 50% of the downregulated genes 
localized near sites of decreased accessibility upon dBRD9A treat-
ment, 42% (356/859) of which were selectively affected by dBRD9A 
in the KO condition (not in the WT condition) including NRG1, 
DLX2 and ID2 (Fig. 7g).

In parallel, we treated AC7 WT and SMARCE1 KO cells with 
the SMARCA4/2 dual ATPase inhibitor (CMP12) and indeed, 
SMARCE1 KO cells exhibited enhanced sensitivity to compound 
exposure (Fig. 7h and Extended Data Fig. 6c). Proliferative attenu-
ation was specific to the SMARCE1-deficient setting, as NF2 KO 

and all other AC7 clones were significantly less sensitive (Extended 
Data Fig. 6c,d). Notably, we observed far fewer accessibility changes 
in the SMARCE1 KO setting relative to in WT cells, consistent with 
the fact that cBAF complexes, which are the complexes with the 
most nuclear abundance and main generators of ATPase activity, 
are significantly compromised upon SMARCE1 deletion (Fig. 7i 
and Extended Data Fig. 6e). However, in comparing WT and KO 
cells, roughly equal numbers of genes were down- and up-regulated 
(Extended Data Fig. 6e–g). Gene processes downregulated in 
SMARCE1 KO cells upon CMP12 treatment, in a dose-dependent 
manner, enriched for TGF-beta, beta-integrin, AP1 signaling 
and syndecan signaling, many of which mirrored top pathways 
impacted by dBRD9A (Fig. 7j and Extended Data Fig. 6h–l).  
Coupled with the fact that processes affected by both dBRD9A 
and CMP12 in the WT cells were markedly different from those 
impacted in SMARCE1 KO cells, these data indicate the impact of 
CMP12 on the catalytic activity of ncBAF complexes. Collectively, 
these data highlight the enhanced impact of ncBAF disruption in 
SMARCE1-deficient cells and suggest potential therapeutic utility 
of ncBAF-modulating agents.

We next combined these two datasets (dBRD9A and CMP12) 
to determine the genomic sites and genes that are dependent 
on both ncBAF targeting (via BRD9) and ncBAF ATPase activ-
ity (via the ATPase module) (Fig. 7k). Genes downregulated by 
both small molecules included those enriched in cell cycle related, 
extracellular matrix, structure pathways (Fig. 7f,j,k and Extended 
Data Fig. 6m), and genes upregulated corresponded to apoptosis, 
negative regulators of signal transduction and actin cytoskeleton 
organization (Extended Data Fig. 6n). Further, within the genes 
that were altered in expression by both dBRD9A and CMP12 in 
the KO condition only (not affected in the AC7 WT cells), we 
identified a subset of genes for which changes in expression were 
reversed by both treatments selectively in the SMARCE1 KO 
(cBAF) perturbation setting, such as NRG1, MEF2C and FGF9 
(downregulated) and ELK1, EPHA2 and BCL2L1 (upregulated), 
underscoring the ncBAF-mediated control (and the requirement 
for its ATPase activity) of these processes and genes (Fig. 7l and 
Extended Data Fig. 6o).

Finally, we integrated these data with primary CCM RNA-seq to 
identify genes whose expression was strongly upregulated in both 
SMARCE1-deficient AC7 cells and CCM primary tumor specimens, 
and whose expression was attenuated upon treatment with both 
dBRD9A and CMP12 (Fig. 7m). These genes included COL28A1, 
FGF9, CSF1R, and PTK7, among others all known to promote can-
cer cell proliferation, migration and invasion. Taken together, we 
identify altered gene regulatory programs central to CCM that are 

Fig. 7 | Small-molecule inhibition of ncBAF complexes attenuates oncogenic gene expression and proliferation of SMARCE1-deficient cells.  
a, Schematic depicting treatment of AC7 cells with dimethylsulfoxide (DMSO), dBRD9A (BRD9 degradation) or CMP12 (BAF ATPase inhibition).  
b, Immunoblot for selected mSWI/SNF components performed on total nuclear protein of AC7 cells treated with dimethylsulfoxide, dBRD9A or CMP12. 
c, Time-course graph depicting WT and SMARCE1 KO cell viability following dBRD9A treatment (2 or 10 µM). Error bars represent the s.d. of the mean. 
P values derived from two-sided t-test are indicated and are calculated from n = 3 biologically independent replicate experiments. d,e, Stacked bar plots 
displaying numbers of differentially (d) accessible sites or (e) genes after dBRD9A treatment in WT and SMARCE1 KO AC7 cells. DN, downregulated; 
UP, upregulated. f, MSigDB pathway terms by GREAT analysis performed on dBRD9A-mediated differentially accessible sites in SMARCE1 KO AC7 
cells. IFN-γ, interferon-gamma; PIP2, phosphatidylinositol 4,5-bisphosphate. g, Volcano plot reflecting DEGs in SMARCE1 KO AC7 cells after dBRD9A 
treatment relative to dimethylsulfoxide. Blue dots represent genes with significantly downregulated DEGs (adj. P < 0.01) and purple dots represent genes 
that are downregulated and overlapping with sites losing accessibility upon dBRD9A treatment. The adjacent pie chart characterizes the distribution of 
downregulated genes in the SMARCE1 KO cells after dBRD9A treatment. h, Time course of CMP12 treatment of WT and SMARCE1 KO AC7 cells over 5 d 
at 50 nM CMP12. Error bars indicate s.d. with center representing the mean value. P values derived from a two-sided t-test are indicated and calculated 
from n = 3 biologically independent replicate experiments. NS, not significant. i, Stacked bar plots displaying numbers of differentially accessible sites 
after CMP12 treatment in WT and SMARCE1 KO AC7 cells. j, GREAT analysis performed on differentially accessible sites after CMP12 treatment in 
SMARCE1-deficient AC7 cells. k, Venn diagrams highlighting upregulated and downregulated DEGs after dBRD9A and CMP12 treatment specifically in 
SMARCE1-deficient cells. l, Unsupervised hierarchical clustering of the log2(fold change) values for 40 selected genes derived from the intersections of the 
Venn diagrams in k. m, Heatmaps reflecting selected genes upregulated in primary CCM tumors (relative to normal meninges) that are also upregulated in 
SMARCE1 KO AC7 cells (relative to WT AC7) and are affected by both dBRD9A and CMP12 treatment.
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mediated by increased abundance and activity of ncBAF complexes, 
highlighting a potential therapeutic strategy for CCM mediated by 
cBAF complex impairment.

Discussion
Here we define a unique biochemical role for SMARCE1 in link-
ing together the ATPase and core modules of the cBAF complex, 
thus enabling cBAF formation and nucleosome remodeling activi-
ties. Importantly, protein-level compromise in the cBAF assembly 
pathway results in increased biochemical assembly, genome-wide 
chromatin-associated abundance and function of ncBAF com-
plexes. This unique SWI/SNF deficiency hallmark to CCM tumors 
generates the CCM gene expression signature found in primary 
tumors and renders SMARCE1-deficient cells uniquely sensitive to 
small-molecule-mediated disruption of ncBAF catalytic and target-
ing activities, implicating potential therapeutic opportunities for 
this aggressive cancer type.

Our results point to SMARCE1 as a key lynchpin of the cBAF, 
but not PBAF, complex, despite being a stable subunit of both com-
plexes. SMARCE1 tethers together the core and ATPase modules 
and its absence results in cBAF-specific destabilization, both bio-
chemically and on the genome (Figs. 1–3). Intriguingly, Snf6, a 
member of the yeast SWI/SNF complex, exists as a structural homo-
log for SMARCE1, suggesting an evolutionarily conserved func-
tion for the subunit that could not be appreciated by conventional 
sequence conservation analyses (Fig. 2 and Extended Data Fig. 2). 
A potential SMARCE1 structural homolog in yRSC may be the Hlt1 
subunit, although this cannot be fully confirmed via its limited reso-
lution in 3D structural models.

Our studies initially focused on cBAF and PBAF complexes owing 
to the fact that SMARCE1 is only a member of these mSWI/SNF 
forms, and not the ncBAF complex (which lacks SMARCE1 along 
with several other cBAF/PBAF core members)2,3. However, genomic 
analyses revealed unexpected gains in mSWI/SNF genome-wide 
complex occupancy pointing toward a role for ncBAF, which we 
dissected at the biochemical and functional levels. These results 
underscore the importance of understanding the pathway and 
order-of-assembly for large, heterogeneous families of protein com-
plexes, as without this, the biochemical basis for the increased ncBAF 
abundance and function would have been challenging to identify.

Although, at present, there are no cell line or xenograft mod-
els of CCM, the arachnoid cell (AC7) model we generated here 
highlights gene regulatory small-molecule sensitivities that suggest 
potential targeted biologic approaches. Given that chemical degrad-
ers of BRD9 as well as SMARCA4/2-specific ATPase inhibitors 
are now under evaluation in Phase I clinical trials (NCT04965753, 
NCT04891757), our findings provide the basis for potential inclu-
sion of SMARCE1-deficient CCM, a cBAF-perturbed class of 
tumors that exhibit sensitivity to ncBAF and residual mSWI/SNF 
complex inhibition.

Online content
Any methods, additional references, Nature Research report-
ing summaries, source data, extended data, supplementary infor-
mation, acknowledgements, peer review information; details of 
author contributions and competing interests; and statements of 
data and code availability are available at https://doi.org/10.1038/
s41588-022-01077-0.

Received: 6 August 2021; Accepted: 12 April 2022;  
Published online: 9 June 2022

References
	1.	 Clapier, C. R., Iwasa, J., Cairns, B. R. & Peterson, C. L. Mechanisms of action 

and regulation of ATP-dependent chromatin-remodelling complexes. Nat. 
Rev. Mol. Cell Biol. 18, 407–422 (2017).

	2.	 Mashtalir, N. et al. Modular organization and assembly of SWI/SNF family 
chromatin remodeling complexes. Cell 175, 1272–1288 e20 (2018).

	3.	 Michel, B. C. et al. A non-canonical SWI/SNF complex is a synthetic lethal 
target in cancers driven by BAF complex perturbation. Nat. Cell Biol. 20, 
1410–1420 (2018).

	4.	 Kadoch, C. et al. Proteomic and bioinformatic analysis of mSWI/SNF (BAF) 
complexes reveals extensive roles in human malignancy. Nat. Genet. 45, 
592–601 (2013).

	5.	 Garraway, L. A. & Lander, E. S. Lessons from the cancer genome. Cell 153, 
17–37 (2013).

	6.	 Pulice, J. L. & Kadoch, C. Composition and function of mammalian SWI/
SNF chromatin remodeling complexes in human disease. Cold Spring Harb. 
Symp. Quant. Biol. 81, 53–60 (2016).

	7.	 Versteege, I. et al. Truncating mutations of hSNF5/INI1 in aggressive 
paediatric cancer. Nature 393, 203–206 (1998).

	8.	 Biegel, J. A. et al. Germ-line and acquired mutations of INI1 in atypical 
teratoid and rhabdoid tumors. Cancer Res. 59, 74–79 (1999).

	9.	 Storlazzi, C. T. et al. A novel fusion gene, SS18L1/SSX1, in synovial sarcoma. 
Genes Chromosomes Cancer 37, 195–200 (2003).

	10.	Ramos, P. et al. Small cell carcinoma of the ovary, hypercalcemic type, 
displays frequent inactivating germline and somatic mutations in SMARCA4. 
Nat. Genet. 46, 427–429 (2014).

	11.	Jones, S. et al. Frequent mutations of chromatin remodeling gene ARID1A in 
ovarian clear cell carcinoma. Science 330, 228–231 (2010).

	12.	Sauter, J. L. et al. SMARCA4-deficient thoracic sarcoma: a distinctive 
clinicopathological entity with undifferentiated rhabdoid morphology and 
aggressive behavior. Mod. Pathol. 30, 1422–1432 (2017).

	13.	Cao, S. et al. Comprehensive characterization of cancer driver genes and 
mutations. Cell 174, 1034–1035 (2018).

	14.	Pan, J. et al. The ATPase module of mammalian SWI/SNF family complexes 
mediates subcomplex identity and catalytic activity-independent genomic 
targeting. Nat. Genet. 51, 618–626 (2019).

	15.	Mashtalir, N. et al. A structural model of the endogenous human BAF 
complex informs disease mechanisms. Cell 183, 802–817.e24 (2020).

	16.	Nakayama, R. T. et al. SMARCB1 is required for widespread BAF 
complex-mediated activation of enhancers and bivalent promoters.  
Nat. Genet. 49, 1613–1623 (2017).

	17.	Wang, X. et al. SMARCB1-mediated SWI/SNF complex function is essential 
for enhancer regulation. Nat. Genet. 49, 289–295 (2017).

	18.	Mathur, R. et al. ARID1A loss impairs enhancer-mediated gene regulation 
and drives colon cancer in mice. Nat. Genet. 49, 296–302 (2017).

	19.	Kelso, T. W. R. et al. Chromatin accessibility underlies synthetic lethality of 
SWI/SNF subunits in ARID1A-mutant cancers. eLife 6, e30506 (2017).

	20.	Smith, M. J. et al. Loss-of-function mutations in SMARCE1 cause an 
inherited disorder of multiple spinal meningiomas. Nat. Genet. 45, 295–298 
(2013).

	21.	Smith, M. J. et al. Germline SMARCE1 mutations predispose to both spinal 
and cranial clear cell meningiomas. J. Pathol. 234, 436–440 (2014).

	22.	Gerkes, E. H. et al. A heritable form of SMARCE1-related meningiomas with 
important implications for follow-up and family screening. Neurogenetics 17, 
83–89 (2016).

	23.	Tauziede-Espariat, A. et al. Loss of SMARCE1 expression is a specific 
diagnostic marker of clear cell meningioma: a comprehensive 
immunophenotypical and molecular analysis. Brain Pathol. 28,  
466–474 (2018).

	24.	Inoue, T. et al. Hereditary clear cell meningiomas in a single family: 
three-cases report. Acta Neurochir. (Wien.) 160, 2321–2325 (2018).

	25.	Libert, D. M. & Prayson, R. A. Pediatric clear cell meningioma involving the 
middle cranial fossa in the context of NF2 and SMARCE1 mutations. Ann. 
Diagn. Pathol. 46, 151516 (2020).

	26.	Shoakazemi, A. et al. The importance of genetic counseling and screening for 
people with pathogenic SMARCE1 variants: a family study. Am. J. Med. 
Genet. A 185, 561–565 (2021).

	27.	Navalkele, P., Guzman, M., Kirby, A., Pinz, H. & Kemp, J. Familial pediatric 
clear cell meningioma with germline SMARCE1 mutation in the United 
States. J. Neuropathol. Exp. Neurol. 79, 1250–1252 (2020).

	28.	Sievers, P. et al. Clear cell meningiomas are defined by a highly distinct DNA 
methylation profile and mutations in SMARCE1. Acta Neuropathol. 141, 
281–290 (2021).

	29.	Smith, M. J. Germline and somatic mutations in meningiomas. Cancer Genet. 
208, 107–114 (2015).

	30.	Clark, V. E. et al. Genomic analysis of non-NF2 meningiomas reveals 
mutations in TRAF7, KLF4, AKT1, and SMO. Science 339, 1077–1080 (2013).

	31.	Abedalthagafi, M. et al. Oncogenic PI3K mutations are as common as AKT1 
and SMO mutations in meningioma. Neuro Oncol. 18, 649–655 (2016).

	32.	Bi, W. L., Prabhu, V. C. & Dunn, I. F. High-grade meningiomas: biology and 
implications. Neurosurg. Focus 44, E2 (2018).

	33.	Ye, Y. et al. Structure of the RSC complex bound to the nucleosome. Science 
366, 838–843 (2019).

Nature Genetics | VOL 54 | June 2022 | 861–873 | www.nature.com/naturegenetics872

https://clinicaltrials.gov/ct2/show/NCT04965753
https://clinicaltrials.gov/ct2/show/NCT04891757
https://doi.org/10.1038/s41588-022-01077-0
https://doi.org/10.1038/s41588-022-01077-0
http://www.nature.com/naturegenetics


ArticlesNATuRE GEnETICS

	34.	He, S. et al. Structure of nucleosome-bound human BAF complex. Science 
367, 875–881 (2020).

	35.	Han, Y., Reyes, A. A., Malik, S. & He, Y. Cryo-EM structure  
of SWI/SNF complex bound to a nucleosome. Nature 579,  
452–455 (2020).

	36.	Wagner, F. R. et al. Structure of SWI/SNF chromatin remodeller RSC bound 
to a nucleosome. Nature 579, 448–451 (2020).

	37.	Estruch, F. & Carlson, M. SNF6 encodes a nuclear protein that is required for 
expression of many genes in Saccharomyces cerevisiae. Mol. Cell. Biol. 10, 
2544–2553 (1990).

	38.	Cairns, B. R., Kim, Y. J., Sayre, M. H., Laurent, B. C. & Kornberg, R. D. A 
multisubunit complex containing the SWI1/ADR6, SWI2/SNF2, SWI3, SNF5, 
and SNF6 gene products isolated from yeast. Proc. Natl Acad. Sci. USA 91, 
1950–1954 (1994).

	39.	Kadoch, C. & Crabtree, G. R. Mammalian SWI/SNF chromatin remodeling 
complexes and cancer: mechanistic insights gained from human genomics. 
Sci. Adv. 1, e1500447 (2015).

	40.	Sen, P. et al. Loss of Snf5 induces formation of an aberrant SWI/SNF 
complex. Cell Rep. 18, 2135–2147 (2017).

	41.	Beauchamp, R. L. et al. A high-throughput kinome screen reveals serum/
glucocorticoid-regulated kinase 1 as a therapeutic target for NF2-deficient 
meningiomas. Oncotarget 6, 16981–16997 (2015).

	42.	Vierbuchen, T. et al. AP-1 transcription factors and the BAF complex mediate 
signal-dependent enhancer selection. Mol. Cell 68, 1067–1082.e12 (2017).

	43.	Pan, J. et al. Interrogation of mammalian protein complex structure,  
function, and membership using genome-scale fitness screens. Cell Syst. 6, 
555–568.e7 (2018).

	44.	Gatchalian, J. et al. A non-canonical BRD9-containing BAF chromatin 
remodeling complex regulates naive pluripotency in mouse embryonic stem 
cells. Nat. Commun. 9, 5139 (2018).

	45.	 Wang, X. et al. BRD9 defines a SWI/SNF sub-complex and constitutes a specific 
vulnerability in malignant rhabdoid tumors. Nat. Commun. 10, 1881 (2019).

	46.	Remillard, D. et al. Degradation of the BAF complex factor BRD9 by 
heterobifunctional ligands. Angew. Chem. Int. Ed. Engl. 56, 5738–5743 (2017).

	47.	Brien, G. L. et al. Targeted degradation of BRD9 reverses oncogenic gene 
expression in synovial sarcoma. eLife 7, e41305 (2018).

	48.	Papillon, J. P. N. et al. Discovery of orally active inhibitors of brahma 
homolog (BRM)/SMARCA2 ATPase activity for the treatment of brahma 
related gene 1 (BRG1)/SMARCA4-mutant cancers. J. Med. Chem. 61, 
10155–10172 (2018).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© The Author(s), under exclusive licence to Springer Nature America, Inc. 2022

Nature Genetics | VOL 54 | June 2022 | 861–873 | www.nature.com/naturegenetics 873

http://www.nature.com/naturegenetics


Articles NATuRE GEnETICS

Methods
All research performed as part of this study complied with all relevant ethical 
regulations set forth by the Office of Research Integrity at DFCI.

Experimental models. Mammalian cell culture. WT and SMARCE1-null 
HEK293T (human, ATCC, ACS-4500) cell lines were cultured in DMEM medium 
(Gibco) supplemented with 10% fetal bovine serum (Gibco), 1% GlutaMAX 
(Gibco), 1 mM HEPES pH 7.5 (Gibco), 1% sodium pyruvate (Gibco) and 1% 
penicillin–streptomycin (Gibco). AC7 arachnoid cell lines (AC-007-hTERT, 
derived from a patient with meningioma expressing WT levels of NF2) were a 
generous gift from V. Ramesh (Massachusetts General Hospital, Boston, MA). AC7 
cells lines were cultured in DMEM medium (Gibco) supplemented with 15% fetal 
bovine serum (Gibco), 1% GlutaMAX (Gibco) and 1% penicillin–streptomycin 
(Gibco). The BT549 (Human, ATCC, HTB-122) cell line was cultured in RPMI 
1640 medium (Gibco) supplemented with 15% fetal bovine serum (Gibco), 1% 
GlutaMAX (Gibco) and 1% penicillin–streptomycin (Gibco). All cell lines were 
maintained in a humidified incubator set at 37 °C with 5% CO2. Cell lines used in 
this study were authenticated using the Dana-Farber Cancer Institute (DFCI) SNP 
testing protocol and were routinely tested for mycoplasma.

Human tumor and normal meninges specimens. Fresh-frozen tumor samples 
from normal meninges (n = 2), KLF4/TRAF7-mutated meningiomas (n = 2), 
NF2-mutated meningiomas (n = 7) and SMARCE1-mutated CCM (n = 4) were 
obtained from D. Meredith (Massachusetts General Hospital/ Brigham and 
Women’s Hospital, Boston, MA) in accordance to local Institutional Review Board 
and HHS Office of Human Subjects Research Protections policy as prescribed 
by the National Institutes of Health. Clinical samples were kept anonymized and 
stored in −80 °C until processed for RNA isolation and RNA sequencing.

Stable gene expression construct and lentiviral infection. WT N-terminally 
V5-tagged SMARCE1 was constitutively expressed in the BT549 cell line using 
a modified pTight lentiviral system from Clontech with dual Promoter EF-
1a-MCS-PGK-Puro. Lentivirus was generated by transfecting HEK293T LentiX 
cells (Clontech) with V5 SMARCE1 construct along with packaging vectors 
pspax2 and pMD2.G in the presence of polyethylenimine (Polysciences). At 
72 h post-transfection, viral medium was clarified with 0.45-µM vacuum filter 
(Millipore Sigma), and concentrated by ultracentrifugation at 40,000g for 2.5 h 
at 4 °C. The viral pellet was resuspended in PBS and used to infect BT549 with 
10 µg ml−1 protamine sulfate (Sigma-Aldrich). Overexpression was confirmed by 
western blot analysis.

Protein extraction methods. Mammalian cell cultures were grown to confluence 
under standard conditions, trypsinized and washed with PBS before being 
subjected to protein extractions.

For whole-cell extracts, cells were resuspended in approximately three to five 
volumes of SDS extraction buffer (20 mM Tris and 1.5% SDS) at room temperature. 
Samples were solubilized through sonication and heated at 95 °C for 3 min. Protein 
concentration was assessed using bicinchoninic acid assay (BCA).

For nuclear extraction, protein was extracted by performing ammonium 
sulfate nuclear extraction as previously reported49. Briefly, cells were resuspended 
in hypotonic buffer A (10 mM HEPES pH 7.6, 25 mM KCl, 1 mM EDTA, 
10% glycerol) supplemented with 1 mM dithiothreitol and protease inhibitors 
(cOmplete Mini tablets (Roche) supplemented with 1 mM phenylmethyl sulfonyl 
fluoride). Following a short incubation on ice, nuclei were pelleted (1,000g for 
5 min), and lysed in buffer C (10 mM HEPES pH 7.6, 3 mM MgCl2, 100 mM KCl, 
0.1 mM EDTA, 10% glycerol) supplemented with 1 mM dithiothreitol, protease 
inhibitor, and 0.3 M ammonium sulfate. The insoluble chromatin fraction was 
sedimented by centrifugation (30,000g for 30 min), and precipitated by adding 
ammonium sulfate to a final concentration of 0.3 mg ml−1 for 20 min on ice. The 
nuclear protein precipitate was recovered by centrifugation (30,000g for 30 min), 
and kept at −80 °C until use.

Immunoprecipitation. Stored nuclear extract pellets were resuspended in 
EB300 buffer (50 mM Tris pH 7.5, 300 mM NaCl, 1% NP-40, 1 mM EDTA, 1 mM 
MgCl2) supplemented with 1 mM dithiothreitol, protease inhibitors and 1 mM 
phenylmethyl sulfonyl fluoride, followed by quantification using BCA. IP was 
carried out using approximately 300–500 µg of protein with 2–5 µg of antibody 
or with 25 µl of Pierce anti-hemagglutinin (HA) magnetic beads with overnight 
rotation at 4 °C. When free antibody was used for IP, antibody-bound complex 
was captured with 30 µl Protein G Dynabeads (ThermoFisher Scientific) for 2 h at 
4 °C with constant rotation. Bead-bound complexes were washed five times with 
complete EB300 buffer, eluted with fresh sample buffer (2× NuPAGE LDS buffer 
with 100 mM dithiothreitol) and loaded onto 4%–12% Bis–Tris NuPAGE Gels (Life 
Technologies). See Supplementary Table 4 for the antibodies used in this study.

Density sedimentation. Nuclear extracts were resuspended in BC0 buffer (25 mM 
HEPES pH 7.9, 0.1 mM EDTA, 12.5 mM MgCl2, 100 mM KCl) supplemented with 
1 mM dithiothreitol, protease inhibitors and 1 mM phenylmethyl sulfonyl fluoride, 
followed by quantification using BCA. For each sedimentation run, 1 mg of protein 

was loaded on top of a linear 10%–30% glycerol gradients with BC0 as the base 
buffer. Glycerol gradient tubes were loaded into a SW41 rotor and centrifuged at 
20,000g for 16 h at 4 °C. Following centrifugation, sample was aliquoted in 550 μl 
fractions. Between 100 and 250 μl of each aliquoted fraction were concentrated 
using 10–15 μl of Strataclean beads with constant rotation for 2 h at 4 °C. The 
protein-bound beads were eluted in fresh sample buffer (2× NuPAGE LDS buffer 
with 100 mM dithiothreitol) and loaded onto 4%–12% Bis–Tris NuPAGE Gels 
(Life Technologies). Samples assessed by SDS–PAGE gels were stained using Silver 
Quest staining kit, or further processed for western blot analysis.

Western blotting. Western blot analysis was carried out using standard protocols. 
Boiled samples were loaded on 4%–12% PAGE gel, separated with constant 150 V 
for 60–90 min at room temperature. Separated protein sample was transferred to 
the appropriate polyvinylidene difluoride membrane at 250–300 mA for 2 h at 4 °C. 
Membranes were blocked with 5% milk in PBST for 1 h and incubated (1:1,000) 
with primary antibodies overnight. Membranes were then washed three times with 
fresh PBST, incubated with LI-COR compatible secondary antibodies (1:10,000) 
with gentle rocking for 1 h at room temperature. Lastly, membranes were washed 
three times with PBST, and imaged using LI-COR Odyssey CLx. Antibodies used 
are detailed in Supplementary Table 4. For primary antibodies, we used a 1:1,000 or 
1:2,000 dilution, and used the secondary antibodies at 1:10,000.

Large-scale complex variant purification. Variants of the mSWI/SNF complexes 
were purified as described, with modifications detailed below2. Both WT and 
SMARCE1-deficient 293T cell lines expressing full-length HA–SMARCD1 
constructs were cultured in parallel in 150-mm dishes and expanded to 100 plates. 
At 90%–95% confluency, cells were scraped, washed with cold PBS, and lysed 
with hypotonic buffer containing 10 mM Tris–HCl pH 7.5, 10 mM KCl, 1.5 mM 
MgCl2, supplemented with 1 mM dithiothreitol, protease inhibitors and 1 mM 
phenylmethyl sulfonyl fluoride. The cytoplasmic suspensions were incubated 
on ice for 10 min, pelleted and resuspended in high-salt buffer containing 
50 mM Tris–HCl pH 7.5, 300 mM KCl, 1 mM MgCl2, 1 mM EDTA, 1 mM, 1% 
NP-40, supplemented with 1 mM dithiothreitol, protease inhibitors and 1 mM 
phenylmethyl sulfonyl fluoride. The nuclear suspensions were incubated on a 
rotator for 1 h, and spun down at 30,000g for 1 h at 4 °C using a SW32Ti rotor to 
remove the insoluble chromatin pellet. The soluble nuclear extract was filtered 
through a 0.45-µm filter, and incubated with 500 µl of anti-HA beads (Pierce, 
catalog no. 88836) per 50 dishes. Following overnight incubation at 4 °C with 
continuous rotation, mSWI/SNF complexes were eluted with HA peptide, 
concentrated and loaded onto a glycerol gradient for density sedimentation (see 
method above for details).

REAA and ATPase assays. Complexes were isolated from 100–200 μg of 
ammonium sulfate-precipitated nuclear extracts, using 100–150 ng of antibodies 
specific for ARID1A, ARID2, SMARCA4, SS18 and IgG, and incubated overnight 
at 4 °C. The associated complexes and IgG controls were precipitated with Protein 
G Dynabeads and washed three times with high-salt buffer 1 (50 mM Tris–HCl, 
pH 7.5, 300 mM KCl, 1% NP-40, supplemented with protease inhibitor) and three 
times with high-salt buffer 2 (50 mM Tris–HCl, pH 7.5, 300 mM NaCl, 1% NP-
40, supplemented with protease inhibitor). Following extensive salt washes, the 
Protein G Dynabead-bound complexes were washed once in REAA/ATPase wash 
buffer (20 mM HEPES, pH 8.0, 50 mM KCl, 5 mM MgCl2, 1 mM dithiothreitol) and 
resuspended in complete REAA/ATPase reaction buffer (20 mM HEPES, pH 8.0, 
50 mM KCl, 5 mM MgCl2, 1 mM dithiothreitol, 0.1 mg ml−1 BSA, 5 nM Widom 601 
sequence mononucleosomes (Epicypher), 0.3–1 mM ATP and 1–2 units of DpnII). 
Enzymatic reactions were incubated on an Eppendorf ThermoMixer C with a 
96-well plate adapter and vortexed at 600g for 60–90 min at 37 °C. To assess dual 
ATPase and remodeling activity, the reactions were equally partitioned. One set 
underwent ADP concentration measurements with ADP-Glo (Promega) and the 
remaining aliquot was subjected to Proteinase K digestion for 60 min at 55 °C on a 
PCR thermocycler. The liberated DNA was precipitated with SPRI beads and the 
restriction enzyme-digested DNA was assessed with the automated electrophoresis 
TapeStation system (Agilent). Immunoblotting with a subset of material and 
normalization to epitope bait levels using quantitative densitometry (LI-COR 
software) was used to normalize amounts of immunoprecipitated material for 
each epitope used in the assay. The ATPase/REAA reactions were performed in 
quadruplicate and data were plotted in bar graphs and subjected to statistical 
analysis on GraphPad Prism.

Generation of AC7 cell SMARCE1 KO and confirmation method. 
SMARCE1 crRNA was purchased from IDT, annealed with tracrRNA 
(IDT 1072533), and incubated with Alt-R S.p. HiFi Cas9 Nuclease (IDT 
1078727) resulting in Cas9-SMARCE1-gRNA ribonucleoprotein for gene 
specific editing. Predesigned Alt-R CRISPR–Cas9 gRNA for SMARCE1: 
Hs.Cas9.SMARCE1.1.AA (TTATGTAAGCAAGGTACGCG), Hs.Cas9.
SMARCE1.1.AB (AATGCAGGTCCTCAAACGGC), Hs.Cas9.SMARCE1.1.AC 
(TTTTGGAATCGTGATACCAG). Three SMARCE1 crRNA along the length of 
the gene to maximize target genomic deletions. Resulting ribonucleoprotein was 
transfected with Lipofectamine RNAiMAX (ThermoFisher Scientific, catalog  
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no. 13778030). Transfected cells were incubated for 2 d and diluted to a ratio of 0.5 
cells per well of a 96-well plate. Single-cell clones were isolated over a period of 
three weeks and screened for loss of SMARCE1 using total cell immunoblot and 
sequencing.

ChIP–seq sample preparation. Cells were trypsinized, washed with room 
temperature PBS twice to remove trypsin, and divided into aliquots of 40 million 
cells. Cells were fixed using 1% formaldehyde (Sigma-Aldrich) for 10 min at 
37 °C with constant stirring to keep cells in solution, and finally quenched with 
125 mM glycine for 5 min at 37 °C. Quenched cells were washed with cold PBS, 
and stored in 10-million aliquots at −80 °C until they were used. Ten million 
cells were used per epitope in subsequent ChIPs. Following nuclei extraction, 
chromatin was sonicated using a Covaris E220 Focused-Ultrasonicator system. 
Sonicated chromatin was cleared by centrifugation for 10 min at 15,000g. Soluble 
fractions were incubated with the indicated antibodies (see antibody list, with 
2–3 μg of antibody) overnight at 4 °C, and captured using Protein G Dynabeads 
(ThermoFisher Scientific). All ChIP–seq samples received 20 ng of spike-in 
Drosophila chromatin (Active Motif), and 2 µg spike-in antibody (Active Motif) 
for normalization after sequencing. Antibody–chromatin complexes were captured 
with Protein G Dynabeads (ThermoFisher Scientific), washed extensively, eluted, 
and treated with RNase A (Roche) for 30 min at 37 °C and Proteinase K (Life 
Technologies) for 3 h at 65 °C. ChIP DNA samples were extracted using SPRI 
beads (Beckman Coulter Agencourt AMP Xpure), washed with 80% ethanol, and 
eluted using 0.1× TE. ChIP DNA samples were stored at −20 °C before library 
preparations were initiated. All ChIP–seq libraries were processed with Illumina’s 
NEBNext Ultra II DNA Library Prep Kit (following standard protocols). All ChIP–
seq libraries were sequenced on the Illumina NextSeq 500 with 75-bp single-end 
sequencing.

ATAC-seq. The omni ATAC-seq protocol was used with slight modifications, 
as detailed below50. Between 50,000 and 100,000 cells were trypsinized and 
washed with cold PBS to remove trypsin. When appropriate, lysing steps were 
carried out in 10× bulk. Cell pellets were resuspended in 50 μl of cold ATAC-seq 
resuspension buffer containing 10 mM Tris–HCl pH 7.4, 10 mM NaCl and 3 mM 
MgCl2, supplemented with fresh NP-40 (final 0.1% v/v), Tween-20 (final 0.1% 
v/v) and digitonin (final 0.01% v/v). Resuspended cells were incubated in lysis 
buffer for 3–5 min on ice. The lysis step was quenched with 1 ml of resuspension 
buffer supplemented with Tween-20 (final 0.1% v/v) and pelleted at 500g for 
10 min at 4 °C. Cell pellets were resuspended in 50 μl of transposition reaction 
mix containing 25 μl of 2× TD buffer, 2.5 μl of transposase, 16.5 μl of 1× PBS, 
0.5 μl of 1% digitonin (final 0.01% v/v), 0.5 μl of 10% Tween-20 (final 0.1% v/v) 
and 5 μl of nuclease-free water. The transposition reaction was assembled, mixed 
and incubated at 37 °C for 30 min with constant shaking on a thermomixer. To 
purify the tagmented DNA, a Qiagen MinElute Reaction Cleanup Kit was used. A 
standard ATAC-seq amplification protocol with 10–12 cycles of amplification was 
used to amplify the tagmented library51. ATAC-seq libraries were sequenced on 
NextSeq 500 (Illumina) using 37-bp paired-end sequencing.

RNA-seq from cell cultures. One million cells were trypsinized and washed with 
cold PBS to remove trypsin. RNA was purified using the Qiagen RNeasy kit, and 
further processed in the Illumina TruSeq Stranded mRNA Library Prep Kit with 
appropriate RNA spike-in to mitigate experimental errors. All RNA-seq samples 
were analyzed using TapeStation to assess quality, and a Qubit Fluorometer to 
measure concentration. All ChIP–seq libraries were sequenced on the Illumina 
NextSeq 500 with 75-bp single-end sequencing.

RNA isolation from primary tumors. Between 15 and 25 mg of fresh-frozen 
tissue samples were harvested on ice and washed with cold PBS. Samples were 
immediately resuspended in cold Qiagen proprietary RLT buffer. The tissue was 
initially grinded within a 1.5-ml Eppendorf tube with a small pestle, and further 
homogenized using a QiaShredder. Remaining steps were followed as done with 
the Qiagen RNeasy kit.

CUT&Tag. CUT&Tag was carried out according to Epicypher’s protocol in 8-strip 
PCR tubes with slight modifications. Concanavalin A-coated magnetic beads were 
activated with bead activation buffer containing 20 mM HEPES, pH 7.9, 10 mM 
KCl, 1 mM CaCl2, 1 mM MnCl2; beads were kept at room temperature until use. 
100,000 cells were trypsinized and washed with cold PBS to remove trypsin. Cells 
were lysed sing cold nuclear extraction buffer containing 20 mM HEPES–KOH, 
pH 7.9, 10 mM KCl, 0.1% Triton X-100 and 20% glycerol supplemented with 
fresh 0.5 mM spermidine, and cOmplete Mini, EDTA-free protease inhibitor 
(Roche). Samples of nuclei were incubated with activated concanavalin A beads 
at room temperature for 10 min. The nuclei–concanavalin A bead complex was 
resuspended in Antibody 150 buffer containing 20 mM HEPES, pH 7.5, 150 mM 
NaCl, supplemented with fresh 0.5 mM spermidine protease inhibitor (Roche), 
0.01% digitonin and 500 ng of primary antibody (see Supplementary Table 4). 
Following overnight incubation at 4 °C, primary antibody was removed and beads 
were washed once with digitonin 150 buffer containing 20 mM HEPES, pH 7.5, 
150 mM NaCl, supplemented with fresh 0.5 mM spermidine protease inhibitor 

(Roche) and 0.01% digitonin. Secondary antibody was added, and incubated with 
the nuclei–concanavalin A bead complex for 1 h at room temperature. The nuclei–
concanavalin A bead complex was washed with digitonin 150 buffer twice before 
resuspension in 50 µl of cold digitonin 300 buffer containing 20 mM HEPES, pH 
7.5, 300 mM NaCl, supplemented with fresh 0.5 mM spermidine protease inhibitor 
(Roche) and 0.01% digitonin. Two microliters of CUTANA pAG-Tn5 (Epicypher) 
was added to each sample and incubated on a nutator for 1 h at room temperature. 
Following incubation, beads were washed with cold digitonin 300 buffer. Targeted 
chromatin tagmentation and library amplification were carried out in accordance 
with Epicypher’s protocol.

Analysis of CX-MS data and structural data. Raw cross-link counts for 
SMARCE1 residues were normalized to the total cross-link count in the BAF apo, 
BAF-NCP and PBAF CX-MS datasets2,15 and this ratio was plotted along with 
SMARCE1 in stacked bar plots, broken down by cross-linked subunits (that is the 
y axis represents the percentage of cross-links of a specific SMARCE1 residue to 
any of the BAF/PBAF subunits in the dataset). Next, these counts were normalized 
to the total number of cross-link counts in the entire dataset given that the CX-MS 
studies for cBAF and PBAF captured different total numbers of cross-links. Data 
visualization on the ySWI/SNF, yRSC and cBAF complexes was carried out using 
the USCF Chimera visualization tool52. Each subunit is color coded and lysine (K) 
residues of interest are shown in black on SMARCE1 and in red for other mSWI/
SNF subunit lysine residues.

Drug treatment with BRD9 degrader (dBRD9A) and ATPase inhibitor 
(CMP12). Cells were seeded in 384- or 96-well plates and were treated with 
dBRD9A (Tocris, catalog no. 6943) and CMP12 (synthesized in J. Qi’s laboratory 
at DFCI) at the indicated concentrations over the course of the days indicated. 
Medium containing new compound was refreshed every 3 d for experiments 
that lasted more than 3 d. Impact on cell proliferation was measured using the 
luminescent detection system CellTiter-Glo Luminescent Cell Viability Assay 
(Promega, catalog no. G7571) at the indicated time points.

NGS data processing. CUT&Tag, ChIP–seq, ATAC-seq and RNA-seq samples 
were sequenced using Illumina NextSeq 500 technology, and output data were 
demultiplexed using the bcl2fastq software tool v.2.20 (Illumina). RNA-seq reads 
were aligned to the hg19 genome with STAR v.2.5.2b (ref. 53), and tracks were 
generated using the deepTools v2.5.3 bamCoverage function54. ChIP–seq reads were 
aligned with Bowtie2 v.2.29 (ref. 55) in the -k 1 reporting mode, and narrow peaks 
were called with MACS2 v.2.1.1 software using a q-value cutoff of 0.001 (ref. 56). 
For ATAC-seq data, quality read trimming was carried out by Trimmomatic v.0.36 
(ref. 57), followed by alignment, duplicate read removal and read-quality filtering 
using Bowtie2, Picard v.2.8.0 (refs. 58–60) and SAMtools v .0.1.19 (ref. 59), respectively. 
ATAC-seq broad peaks were called with MACS2 using the BAMPE option and a 
broad peak cutoff of 0.001. For ChIP–seq and ATAC-seq track generation, output 
BAM files were converted into BigWig files using MACS2 and UCSC utilities61  
in order to display coverage throughout the genome in reads per million values.  
For CUT&Tag libraries, the CutRunTools pipeline was leveraged to perform  
read trimming, quality filtering, alignment, peak calling and track building  
using default parameters62.

RNA-seq data analysis. For RNA-seq data, output gene count tables from STAR 
based on alignments to the hg19 reflat annotation were used as input into edgeR 
v.3.12.1 (ref. 60) to evaluate differential gene expression. log2(fold change) values 
from edgeR were used as input into GSEA63, and the GseaPreranked tool was 
run with default settings to measure gene set enrichment. To analyze gene set or 
pathway enrichment for select subsets of genes, either Metascape was used64 or 
hypergeometric tests were performed on overlaps with MSIGDB Wikipathway 
gene sets. In gene expression heatmaps, RPKM values were quantified using 
median length isoforms and total mapped read counts computed by the SAMtools 
idxstats function, and these RPKMs were transformed into Z-scores followed by 
K-means clustering. PCA was performed using the wt.scale and fast.svd functions 
from the corpcor R package on RPKM values65,66.

ChIP–seq, CUT&Tag and ATAC-seq data analysis. Heatmaps and metaplots 
displaying signals aligned with peak centers were generated using ngsplot v.2.63 
(ref. 67). In several heatmaps, K-means clustering was applied to partition the data 
into groups. The R package, ChIPpeakAnno v.3.17.0, was used to visualize peak 
overlaps, and the BEDtools multiIntersectBed and merge functions were used for 
peak merging68. In these heatmaps, ChIP–seq and CUT&Tag samples (with the 
same antibodies) and ATAC-seq samples were scaled separately but on equal levels 
across conditions (using reads per million or log(fold change) over input values). 
Distances to TSS peak distributions were computed utilizing Ensembl protein 
coding gene coordinates provided by ngsplot. Transcription factor enrichment 
and motif analyses were carried out using the LOLA v.1.12.0 (ref. 69) and HOMER 
v.4.9 (ref. 70) software packages, respectively. Cis-regulatory function was assessed 
by GREAT71, and chromVAR72 was used to detect motif enrichment over sites 
of variable accessibility or chromatin factor occupancy. To evaluate differential 
accessibility at sites between conditions, paired-end read fragment counts from 
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ATAC-seq samples within given peaks were computed using the BEDTools 
intersect function, and these counts were input into edgeR.

Additional transcription factor motif enrichment analyses. In addition to using 
HOMER to analyze motif enrichment, for several motif enrichment analyses 
conducted in this study, we determined the number of motif occurrences for 286 
nonredundant archetype consensus motifs73 within ±250 bp of peak centers for 
each peak within given peak sets. The coordinates of these archetype motifs across 
the entire human genome can be downloaded from the following resource  
https://www.vierstra.org/resources/motif_clustering#downloads.

To measure the relationship between the motif counts and changes in 
SMARCA4 occupancy or ATAC-seq accessibility levels, we determined the 
log2(fold change) distributions between conditions as a function of motif count 
per site for each transcription factor archetype motif and then computed median 
log2(fold change) values for sites with 0–5 motif counts. If fewer than 100 sites 
were associated with a certain motif count for a certain motif, then the data were 
discarded for that archetype’s motif count.

Reporting summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
All genomic data contained in this manuscript have been deposited on the Gene 
Expression Omnibus (GEO) repository, https://www.ncbi.nlm.nih.gov/geo/, 
under accession code GSE174360. Source data are provided with this paper or 
are provided as Supplementary Information. Raw sequencing data from the 
fresh-frozen primary meningioma tumor samples (controlled access samples) can 
be made available upon request to C. Kadoch and D. Meredith, with a time frame 
for response of 1–2 days, and data availability within 2–3 weeks.

Code availability
No custom code was generated for this study.
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Extended Data Fig. 1 | CCM-associated loss of SMARCE1 selectively impacts the cBAF assembly of mSWI/SNF complexes. a. Distribution of cranial and 
spinal SMARCE1-deficient clear cell meningioma reported in the literature; male and female cases indicated in legend. Image adapted from ‘CNS (lateral, 
no nerves)’, by BioRender.com (2022). Retrieved from https://app.biorender.com/biorender-templates. b. Age distribution among SMARCE1-deficient 
CCM cases (n = 71); median= 10.8 years. c. Frequently mutated genes and their associated pathways in meningioma. SMARCE1 loss uniformly defines the 
clear cell meningioma subtype. d. Domain architecture and conservation of the human SMARCE1 protein. e. Schematic for SMARCE1 rescue experiments 
in BT549 SMARCE1-deificient cells. f. Density sedimentation experiments using 10–30% glycerol gradients performed on nuclear extracts isolated from 
BT549 cells infected with either empty vector control or WT SMARCE1. g. Lentiviral expression of SMARCE1 (or GFP control) in BT549 (SMARCE1 -/-) 
cells, followed by IP-western blotting for mSWI/SNF complex subunits. *IgG h.c. indicates IgG heavy chain bands are present. (f-g), representative of n = 3 
experiments with similar results.
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Extended Data Fig. 2 | SMARCE1 has structural homology to ySnf6 and tethers to the initial core of cBAF and PBAF complexes, but to ARID1A and 
SMARCA4 only in cBAF complexes. a,b. CX-MS analyses performed on (A) apo human canonical BAF (cBAF), and (B) NCP-bound cBAF complexes. 
SMARCE1, cBAF-specific subunits (ARID1A and DPF2), and the ATPase subunit, SMARCA4, are shown. c. CX-MS analyses performed on apo human 
PBAF complexes. SMARCE1, PBAF-specific subunits (ARID2, PBRM1, BRD7 and PHF10), and the ATPase, SMARCA4, are shown. d. Top, Number and 
distribution of lysine (K) residues (red) on ARID1A/B and ARID2 subunits. Core binding region (CBR) on each is indicated. Bottom, pairwise alignment 
between ARID1A/B and ARID2 with SMARCE1-ARID1A CX-MS sites highlighted (purple). e. Cross-linking mass spec analyses performed on ySWI/SNF 
complexes in nucleosome-unbound states [Sen et al., 2017; Mashtalir et al., 2018]. Crosslinks are plotted as a percentage of total crosslinks recovered in 
the dataset, and are marked by the ySWI/SNF subunit to which they tether (legend). Selected crosslinked lysine (K) residues of Snf6 are labeled. DeepCoil 
coiled-coil prediction scores are indicated on top row. f. Amino acid sequence conservation of human SMARCE1 to yeast Snf6. g. Human cBAF (PDB: 6LTJ) 
structure contrasted to cBAF-like yeast SWI/SNF (PDB: 6UXW). h. Cryo-EM structures of ySWI/SNF (PDB: 6UXW) and yRSC (PDB: 6TDA and PDB: 
6KW4). Putative SMARCE1 homologs, Snf6 and Htl1, are highlighted in red.
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Extended Data Fig. 3 | The SMARCE1 subunit in cBAF complexes is required for cBAF-mediated enhancer accessibility. a. Top, Metaplots over all peaks 
from Fig. 3b for SMARCE1, SMARCA4, ARID1A, DPF2, ARID2, SS18, H3K27Ac, H3K4me3, and ATAC-seq. Solid line, wild-type AC7 cells; dashed line, 
SMARCE1 KO cells; Bottom, metaplots over each cluster (clusters 1–3). b. Correlation plots of RNA-seq data between two independent SMARCE1-KO AC7 
clones. c. Proliferation of BT549 cells with GFP control or WT SMARCE1 rescue. d. Immunoblot performed on nuclear protein isolated from BT549 cells 
rescued with control GFP, and wild type SMARCE1. e. Metaplots for ChIP-seq performed on BT549 cells in naive (GFP control infected) or +SMARCE1 
conditions (over all peaks from Fig. 3h). f. Stacked bar graph indicating distribution of shared and gained SMARCC1/SMARCA4 peaks upon SMARCE1 
rescue in BT549 cells by distance to TSS. g. MA plot reflecting accessibility changes upon SMARCE1 rescue in BT549 cells. h. Stacked bar graph indicating 
distribution of shared and gained DNA accessibility (ATAC-seq) peaks upon SMARCE1 rescue in BT549 cells by distance to TSS. i. Venn Diagram 
reflecting overlap between gained SMARCA4/SMARCC1 merged peaks and gained ATAC-seq peaks in BT549 cells in the + SMARCE1 rescue condition. 
j. Box and whisker plot reflecting gene expression LogFC across sites indicated (gained BAF complex target sites, gained DNA accessibility sites, and 
BAF/accessibility dually gained sites in BT549 cells with +SMARCE1 rescue. k. Venn diagram of SMARCA4 sites in SMARCE1-KO AC7 cells rescued with 
either GFP control or WT SMARCE1. l. Heatmap for all merged SMARCA4 sites depicting SMARCE1, SMARCA4, H3K27Ac ChIP-seq, and ATAC-seq in 
SMARCE1-KO AC7 cells rescued with either GFP control or WT SMARCE1.
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | SMARCE1 loss alters transcriptome in SMARCE1-deficient AC7 cells and in clear cell meningioma tumors. a. MA plot showing 
gene expression changes upon SMARCE1 loss in AC7 cells. Red and blue dots represent genes significantly upregulated and downregulated, respectively 
(adj. P < 0.01). b. Motif enrichment analysis by HOMER over sites of BAF occupancy loss in SMARCE1-deficient AC7 cells and of BAF occupancy gain in 
SMARCE1-deficient cells rescued by WT SMARCE1. c. (Left) Venn diagram reflecting overlap among sites with SMARCA4 loss, sites with accessibility 
loss, and sites nearest to genes with significant decreases in expression in SMARCE1-deficient AC7 relative to WT (from Cluster 2 in Fig. 3b); (right) 
Lollipop plot displaying expression of select 55 genes downregulated in AC7 cells that are near sites with decreases in both BAF binding and accessibility. 
d. Boxplots displaying expression levels of SMARCE1 and NF2 genes in control, SMARCE1-deficient, and NF2-deficient AC7 cells (data from n = 3 
biologically-independent cell lines, for normal and SMARCE1-null, and n = 1 cell line for NF2-null; center represents mean, whiskers represent 1.5*IQR, 
bound of box represent 25th and 75th percentiles for RPKM values). e. Immunoblot performed on nuclear protein isolated from NF2-deficient AC7 clones 
with associated control; representative of n = 3 experiments with similar results. f. MA plot showing gene expression changes upon NF2 loss in AC7 cells. 
Red and blue dots represent genes significantly upregulated and downregulated, respectively (adj. P < 0.01). g,h. Gene ontology analysis by Metascape 
on up and down DEGs (adj. P < 0.01) in SMARCE1-deficient and NF2-deficient AC7 cells relative to the WT condition. i. GSEA results displaying 
Hallmark MTORC1 Signaling and MYC Targets gene set enrichment for NF2 deficient AC7 cells. j. Volcano plots showing differentially expressed genes in 
SMARCE1-deficient, NF2-deficient, and KLF/TRAF7-deficient clear cell meningioma tumors relative to normal tissues. Red and blue dots represent genes 
significantly upregulated and downregulated DEGs, respectively (adj. P < 0.05). k. Venn diagrams reflecting overlap of upregulated and downregulated 
DEGs for SMARCE1-deficient, NF2-deficient, and KLF/TRAF7-deficient clear cell meningioma tumors relative to normal tissues. l. Heatmap of combined 
differentially expressed genes from tumor RNA-seq data shown in Fig. 4m. After Z-score transformation, K-means clustering was used to partition the 
data into 4 groups. m. Gene set enrichment results from hypergeometric tests (using Wikipathway MSIGDB gene set collection) from clusters from Fig. 
4g. n. Bar plots displaying gene expression for select genes (FLNA, EBF1, STXBP1, and SKP2) in WT or normal, SMARCE1-deficient, and NF2-deficient 
AC7 cells and CCM tumors from clusters in Fig. 4g (Mean with error bars representing S.D. are shown for primary tumors, derived from n = />3 biological 
replicates (samples)).
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Extended Data Fig. 5 | Increased biochemical assembly and targeting of ncBAF complexes upon loss of the SMARCE1 subunit. a. Metaplots for 
SMARCE1, SMARCA4, SS18, BRD9, H3K27Ac, and ATAC-seq performed over Cluster 3 in Fig. 3b. b. ECDF plots of SMARCA4 Log2 fold change (relative to 
WT) as a function of motif count for 286 non-redundant transcription factor archetypes motifs over merged BAF peaks in AC7 SMARCE1-KO cells rescued 
with WT SMARCE1. c. Venn diagrams reflecting (top) all Cut&Tag peaks for BRD9 and SMARCD1 in SMARCE1 WT and KO conditions in AC7 cells; 
(bottom) Venn diagrams reflecting all ChIP-seq peaks for SMARCA4, ARDI1A, DPF2 in SMARCE1 WT and KO conditions in AC7 cells. d. HOMER motif 
enrichment performed on Cluster 2 (gained) sites in Fig. 5f. e. Distance to TSS stacked bar graphs corresponding to retained, gained, and lost clusters of 
SMARCD1 and BRD9 sites identified in Fig. 5f. f. Example tracks at the MS4A7 locus. Tracks for mSWI/SNF subunits, H3K27ac mark, as well as ATAC-seq 
and RNA-seq tracks are shown.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | ncBAF inhibition as synthetic lethal strategy in SMARCE1-deficient clear cell meningioma. a. Distance to TSS stacked bar 
graphs for differentially accessible sites (adj P < 0.05) following dBRD9A and CMP12 treatment in SMARCE1-KO and WT AC7 cells. b. Motif enrichment 
analysis by HOMER over sites with accessibility loss in SMARCE1-deficient AC7 cells after dBRD9A treatment (adj P < 0.05). c. Dose response curves 
showing CMP12 treatments of WT, SMARCE1-KO, and NF2-KO AC-7 cell lines (n = 2; Mean with SD). d. Proliferation curves for WT and NF2-KO clones 
treated with 50 nM of CMP12 over the days indicated. Error bars represent S.D. of mean, and p-values derived from two-sided t test are shown (n.s., 
non-significant), data from n = 3 biologically-independent experiments. e. Stacked bar plots displaying numbers of differentially expressed genes after 
CMP12 treatment in WT and SMARCE1-deficient AC7 cells. f. (Left) Volcano plot showing differentially expressed genes in SMARCE1-deficient AC7 cells 
after CMP12 treatment relative to DMSO. Blue dots represent genes with significantly downregulated DEGs (adj. P < 0.01) and purple dots represent 
downregulated genes that map to sites with accessibility loss in the SMARCE1-deficient cells but not WT cells after dBRD9A treatment. (Right) Pie 
chart characterizes the distribution of downregulated genes in the SMARCE1-deficient cells after dBRD9A treatment. g. PCA Analysis of ATAC-seq data 
over merged ATAC-seq peaks for dBRD9A (top) and CMP12 (bottom) treatment in WT and SMARCE1-deficient AC7 cells. h, i. Cis-regulatory analysis 
by GREAT on differentially accessible sites after dBRD9A treatment (top) and CMP12 treatment (bottom) in SMARCE1-deficient AC7 cells using Go 
Biological Process terms. j. Bar plots displaying numbers of differentially expressed genes after CMP12 treatment in WT and SMARCE1-deficient AC7 
cells at three concentrations relative to changes between WT and SMARCE1-deficient cells in the DMSO condition. k. Venn diagrams show the overlap 
of upregulated and downregulated DEGs between KO and WT conditions at three concentrations relative to the differences between the KO and WT in 
the DMSO condition. l. GSEA results showing gene set enrichment (using Hallmark MSIGDB gene set collection) for the KO vs. WT in DMSO comparison 
and across 3 concentrations of CMP12. m. (left) Venn diagram highlighting downregulated DEGs after dBRD9A/CMP12 treatment (union) in SMARCE1-
deficient cells that are not downregulated in WT cells. (Right) Gene ontology analysis performed on genes downregulated following dBRD9A/CMP12 
treatment (union) in SMARCE1-KO but not WT cells. n. (Left) Venn diagram highlighting upregulated DEGs after dBRD9A/CMP12 treatment (union) in 
SMARCE1-deficient cells that are not upregulated in WT cells. (Right) Gene ontology analysis performed on DEGs in red shaded region of Venn diagram 
on left. o. Expression of top most variable genes reversed in expression by both CMP12 and dBRD9A treatments in SMARCE1-KO cells.
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