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Mammalian SWI/SNF (BAF) complexes are multi-component machines that remodel chromatin 

architecture. Dissection of the subunit- and domain- specific contributions to complex activities is 

required to advance mechanistic understanding. Here we examine the molecular, structural, and 

genome-wide regulatory consequences of recurrent, single- residue mutations in the putative 

coiled-coil C-terminal domain (CTD) of the SMARCB1 (BAF47) subunit which cause the 

intellectual disability disorder, Coffin-Siris syndrome (CSS), and are recurrently found in cancers. 

We find that the SMARCB1 CTD contains a basic alpha-helix that binds directly to the 

nucleosome acidic patch and that all CSS-associated mutations disrupt this binding. Furthermore, 

these mutations abrogate mSWI/SNF nucleosome remodeling activity and enhancer DNA 

accessibility, without changes in genome-wide complex localization. Finally, heterozygous CSS-

associated SMARCB1 mutations result in dominant gene regulatory and morphologic changes 

during iPSC-neuronal differentiation. These studies unmask an evolutionarily conserved structural 

role of the SMARCB1 CTD that is perturbed in human disease.

Graphical Abstract

In brief

Genomic targeting and chromatin remodeling activities of SWI/Snf complexes are physically 

separable and can be selectively perturbed in disease contexts.
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Introduction

Mammalian SWI/SNF (mSWI/SNF) ATP-dependent chromatin remodeling complexes are 

multisubunit, combinatorially assembled molecular machines that modulate chromatin 

architecture to enable DNA accessibility and gene expression (Clapier & Cairns 2009). 

mSWI/SNF complexes serve critical roles in cell division, cell and tissue differentiation, and 

development, and their perturbation is a frequent event in human disease, particularly in over 

20% of human cancers (Kadoch et al. 2013; Kadoch & Crabtree 2015) and in specific 

neurodevelopmental disorders.

Exome sequencing efforts have recently identified autosomal dominant heterozygous 

mutations in mSWI/SNF subunit genes in individuals with intellectual disability (ID) 

syndromes and related cognitive disabilities (Ronan et al. 2013; Bögershausen & Wollnik 

2018; Sokpor et al. 2017; Miyake et al. 2014; Santen et al. 2012; Santen et al. 2013; Santen 

et al. 2014; Tsurusaki et al. 2012; Tsurusaki et al. 2013; Wieczorek et al. 2013). However, 

the mechanisms by which these mutations alter mSWI/SNF complex structure and function 

on chromatin and subsequently lead to impaired cognitive and physical development remain 

unknown. Coffin-Siris Syndrome (CSS, OMIM # 135900) is a rare intellectual disability 

disorder in which over 60% of individuals harbor mutations in genes encoding members of 

the mSWI/SNF chromatin remodeling complex (Tsurusaki et al. 2013; Miyake et al. 2014; 

Kosho, Okamoto, et al. 2014). Individuals with CSS characteristically exhibit intellectual 

disability, coupled with a broad range of abnormalities spanning several organ systems, such 

as hypoplastic fifth digit nails, coarse facial features, generalized muscle hypotonia, immune 

system deficits, generalized hypertrichosis, sparse scalp hair, genitourinary and 

gastrointestinal complications, and congenital heart defects in >30% of individuals, at times 

requiring corrective heart surgery (Kosho, Okamoto, et al. 2014; Mannino et al. 2018; 

Santen et al. 2013; Kosho, Miyake, et al. 2014). CSS-associated heterozygous mutations 

occur de novo, that is, at the early stages of embryonic development. Given that the 

abnormalities observed in CSS individuals present across a range of organ systems indicates 

that the impact of CSS-linked mutations are not confined to a specific germ layer during 

development. While homozygous deletions of most mSWI/SNF genes are embryonic lethal 

in mice and hence would likely not result in live births, heterozygous mutations would be 

predicted to produce functional effects that are nuanced and/or partial, yet result in 

significant developmental consequences. Notably, de novo single amino acid mutations in 

the SMARCB1 gene (which encodes the BAF47 or hSNF5 subunit; originally called INI1 

(Kalpana et al. 1994)) accumulate within the highly conserved putative coiled-coil C-

terminal domain (CTD) and are correlated with the most severe cases of intellectual 

disability implicated in CSS (Figure 1A, Figure S1A, Table S1). Enrichment of single 

residue mutations in the C-terminal domain of SMARCB1 are also found in cancers such as 

meningioma, adenocarcinoma, and schwannoma, among others (Tate et al. 2019; Forbes et 

al. 2011; Forbes et al., 2017; Schmitz et al., 2001). Biallelic inactivation of SMARCB1 is the 

hallmark feature of malignant rhabdoid tumor and atypical teratoid/rhabdoid tumor, rare and 

highly aggressive pediatric cancers (Versteege et al. 1998). While SMARCB1 is one of the 

most evolutionarily conserved SWI/SNF subunits and has been studied in yeast, fly, and 

mammalian contexts for decades (Cairns et al., 1994; Dechassa et al., 2008; Dutta et al., 
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2017; Kwon and Wagner, 2007; Peterson et al., 1998; Phelan et al., 1999; Sen et al., 2017; 

Versteege et al., 1998; Wang et al., 1996; Workman and Kingston, 1998), the specific role 

for its C-terminal domain and hence the impact of such mutations on mSWI/SNF complex 

function is unknown.

While high-resolution 3D structures of mSWI/SNF complexes have not to date been 

achieved, owing in large part to heterogenous composition and challenges in recombinant 

complex or subcomplex reconstitution, several recent studies have provided new insights of 

relevance to structure-function linkage. One such study is a detailed characterization of the 

modular organization and order of assembly of mSWI/SNF family complexes (Mashtalir et 

al. 2018), which used physical cross-linking mass spectrometry coupled with genetic 

deletions to assign subunit-subunit interfaces, the impact of disease-associated mutations on 

subunit assembly and stability, and the modular architecture of complexes in solution. 

Further, cryo-EM-determined binding of the yeast SNF2 helicase subunit to the nucleosome 

(Liu et al. 2017), and characterization of related chromatin remodeler family ATPase subunit 

interactions with the nucleosome acidic patch (Dann et al. 2017) have begun to define the 

mechanisms and determinants of remodeling activity, respectively, at least for the ATPase 

(catalytic) subunits. However, it remains to be determined if and where other subunits of 

mSWI/SNF complexes interact directly with nucleosomes and how these interactions impact 

overall complex function.

Here we used biochemical, structural, genomic, and cell differentiation approaches to 

demonstrate that the SMARCB1 CTD directly binds to the nucleosome acidic patch to 

enable mSWI/SNF complex-mediated nucleosome remodeling activity in vitro and genome-

wide chromatin accessibility in cells. Specifically, using NMR, photocrosslinking, and 

molecular docking-based structural approaches, we determined that the SMARCB1 C-

terminal alpha helical domain contains a dense region of basic, positively-charged amino 

acids, which directly bind the acidic patch region of the nucleosome. We find that single 

amino acid mutations within this region, which cause the intellectual disability syndrome 

CSS and are also frequent in cancer, or mutations which disrupt the integrity of the 

nucleosome acidic patch, hinder SMARCB1: nucleosome binding and mSWI/SNF complex 

remodeling. These findings decouple the genome-wide binding (localization on chromatin) 

of mutant mSWI/SNF complexes from their nucleosome remodeling activity and reveal the 

underlying mechanism by which mutations in the SMARCB1 c-terminal domain exert a 

dominant negative effect on mSWI/SNF activities in both CSS and cancer.

Results

Coffin-Siris syndrome-associated mutations occur across several mSWI/SNF subunit genes, 

largely those we have previously characterized to encode subunits within a ‘core functional 

module’ (Pan et al. 2018) and in genes specific for the canonical BAF (cBAF) subcomplex 

within the mSWI/SNF complex family (Pan et al. 2018; Mashtalir et al. 2018; Michel et al. 

2018) (Figure S1B-C). The most recurrent CSS-associated mutation is an in-frame deletion 

of a single lysine, K364del (identified in 9 independent CSS cases), in the C-terminal 

putative coiled-coil domain of SMARCB1, situated near a variety of missense mutations, 

including R377H, K363N, R366C, and R374Q (4 cases in independent families) also in this 
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region (Figure 1A). Notably, single amino-acid mutations within the C-terminal region of 

SMARCB1 also occur in cancers (Figure 1, Figure S1A, Table S1; COSMIC database).

To biochemically evaluate the effects of these mutations on mSWI/SNF protein complex 

assembly and integrity, we first introduced SMARCB1 wild-type (WT) and mutant variants 

into SMARCB1-knockout HEK-293T cells (Figure S1D-E). WT and CSS-associated mutant 

SMARCB1 variants were stable at the total nuclear protein levels and stably incorporated 

into mSWI/SNF complexes irrespective of SMARCB1 mutation status, as indicated by 

immunoprecipitation studies followed by immunoblot, proteomic mass spectrometry and 

silver staining (Figure 1B-D, Figure S1F-G, Table S2). These data are consistent with the 

fact that we identified tandem repeat domains within the SNF5 homology region (RPT1 and 

RPT2) as essential for SMARCB1-mSWI/SNF complex binding (Figure S1H), and indicate 

that CSS-associated single residue mutations in the SMARCB1 CTD do not affect BAF 

complex integrity or assembly, pointing toward alternative functional consequences.

To assess possible changes in mSWI/SNF complex function, we subjected purified 

endogenous, fully-formed mSWI/SNF complexes containing either WT SMARCB1 or CSS-

associated SMARCB1 variants, as well as a Kleefstra syndrome-associated SMARCB1 

mutant variant containing the R37H mutation in the Winged-helix (WH) DNA binding 

domain (Diets et al. 2018; Kleefstra et al. 2012) (Figure 1D) to DpnII-mediated 601 

mononucleosome restriction enzyme accessibility assays (REAA) to evaluate nucleosome 

remodeling activity (Figure 1E). Intriguingly, we found that complexes containing CSS-

associated SMARCB1 CTD mutant variants exhibited significant attenuation in nucleosome 

remodeling activity compared to those containing WT SMARCB1 or R37H DNA-binding 

domain mutant SMARCB1 (Figure 1F-G, Figure S1I-J). In addition, we found a significant 

reduction in ATPase activity of SMARCB1 CTD mutant mSWI/SNF complexes relative to 

WT complexes when bound to nucleosome substrates (recombinant tetrameric 

polynucleosomes, and HeLa cell polynucleosomes), but no differences were detected when 

in solution with free 601 Widom DNA without the histone octamer, suggesting decreased 

mSWI/SNF remodeling activity and ATP consumption in the context of a complete 

nucleosome substrate (Figure 1H-J, Figure S1K-L). Taken together, these data unmask a 

specific compromise to the hallmark function of mSWI/SNF chromatin remodeling 

complexes rendered by single residue CSS-associated SMARCB1 CTD mutations (but not 

by mutations in the N-terminal DNA-binding domain).

Given these results, we next sought to determine whether the remodeling defect observed 

upon mutation of the SMARCB1-CTD could be due to altered interactions between 

mSWI/SNF complexes and their nucleosome substrates. Of note, while nucleosomes are 

well-established to be the key substrates of mSWI/SNF complexes, the specific interaction 

surfaces among the ~11-15 mSWI/SNF subunits with nucleosomes remains unknown with 

the exception of the recently-characterized yeast Snf2 helicase domain solved with 

nucleosomal DNA (Liu et al. 2017). To this end, we generated biotinylated peptides 

corresponding to amino acids 351-385 of SMARCB1 (minimal putative coiled-coil domain 

and the most highly conserved region within the c-terminal domain of SMARCB1), in either 

WT or CSS-associated mutant forms (Figure 2A, Figure S2A). Strikingly, we found that this 

35-aa minimal region of the WT SMARCB1 c-terminal domain was sufficient to bind 
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mammalian mononucleosomes (Figure 2B, Figure S2B) and that all CSS-associated CTD 

mutations completely disrupted this binding interaction (Figure 2B). Importantly, incubation 

of CTD peptides with DNA did not produce changes in gelshift assays (EMSA) relative to 

WH DNA-binding domain protein, further confirming this as a protein-protein interaction 

with the histone octamer of the nucleosome rather than a protein-DNA interaction (Figure 

S2C).

Considering that SMARCB1 is one of the most conserved members of the SWI/SNF family, 

with high degrees of conservation back to yeast SNF5 (Figure S2D) and has been shown to 

play important roles in ATP-dependent chromatin remodeling in yeast SWI/SNF (Sen et al. 

2017; Dutta et al. 2017) and other systems (Phelan et al. 1999; Nakayama et al. 2017; Wang 

et al. 2017), we sought to determine whether the minimal 35 aa C-terminal domains across 

species similarly bound nucleosomes. Indeed, all SNF5-like minimal CTDs exhibited clear 

binding to mononucleosomes, indicating conservation of this critical interaction throughout 

evolution (Figure 2C). Additional point mutations within the H. sapiens SMARCB1 CTD, 

including changes of lysine 364 to glutamine, alanine, proline residues, but not to a similarly 

charged arginine residue, also resulted in attenuated or completely abrogated SMARCB1 

CTD-nucleosome binding (Figure S2E).

To characterize the effect of these mutations on SMARCB1 CTD secondary structure, we 

first used circular dichroism (CD) spectroscopy. This revealed that the CTD domain is alpha-

helical in nature and that CSS-associated mutations do not grossly disrupt this secondary 

structure (Figure S2F). We next recombinantly expressed SMARCB1 CTD protein (aa 

351-385) in heavy-labeled media (13C, 15N) for structural determination by nuclear 

magnetic resonance (NMR) spectroscopy (Figure S2G). T2 relaxation and secondary 

structure prediction of 15N labeled SMARCB1-CTD provided evidence that the SMARCB1 

C-terminal domain contains an alpha-helix (aa 357-377) flanked by residues that appear to 

be in highly dynamic random coil state (Figure S2H). Chemical shift assignments and 

backbone resonances were obtained using a set of seven triple-resonance experiments (the 

assigned 15N-HSQC fingerprint spectrum is shown in Figure 2D). Ultimately, fifty structural 

models with 422 NOE distance restraints and 15 identified hydrogen-bonds were calculated 

using the XPLOR-NIH (Schwieters et al., 2003). A high-resolution structure of the alpha 

helical region of the SMARCB1-C terminus (aa 358-377) was obtained (0.15 −/+ 0.04 Å 

backbone root mean squared deviation for the top 10 determined structures) (Figure 2E; 

Table S3). Strikingly, the structures reveal an outward-facing positive charge (basic, K (Lys), 

R (Arg)) cluster of amino acids (Figure 2F, Figure S2I), several of which are those 

specifically mutated in CSS (Figure 1A). Analysis of the alpha helical structure (barrel view) 

further identified a dense cluster of 6+, highly conserved basic residues (Figure 2F, S2J). 

Moreover, electrostatic calculations using ABPS indicate that this arrangement leads to a 

positive charge cluster in the domain with the highest electrostatic potential calculation 

relative to the remainder of this region (Figure 2G), with all CSS-associated mutations 

predicted to significantly alter the isoelectric point (pI), net charge, or charge orientation of 

this region (Figure S2K-N). While the K364del mutation disrupts the ordered register of the 

helix, hence repositioning acidic residues within the CTD alpha helix onto the same face as 

the basic charge cluster, the missense mutations decrease the charge potential and abrogate 

association to the acidic nucleosome residues. These data collectively highlight distinct 
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mechanisms of structural disruption to the SMARCB1 C-terminal alpha helix, which 

uniformly perturb a critical mSWI/SNF: nucleosome interface.

To determine the region of the nucleosome to which the SMARCB1 CTD interacts, we 

adopted a photocrosslinking strategy in which a reactive diazirine probe was incorporated at 

various locations on the nucleosome surface [Dao et al., manuscript submitted; see STAR 

methods for details] (Figure 3A). This ‘photoscanning’ approach indicated that the 

SMARCB1 CTD interacts with an extended region of the nucleosome that includes the 

canonical acidic patch, a key binding epitope on the nucleosome surface (Dann et al. 2017) 

(interaction sites H2AE91 and H4E52, and to a lesser extent H2AE64, H2BE113) (Figure 

3B-C). Notably, both K364del and R377H mutations led to a reduction in crosslinking 

across experiments (Figure 3B-D). In agreement with the crosslinking results, we found that 

mutations known to disrupt the integrity of the acidic patch significantly reduced binding of 

the SMARCB1 CTD (Figure 3E). Interestingly, the interaction was only partially 

antagonized in competition experiments employing LANA peptide, which is known to 

engage the canonical acidic patch region (Figure S3A-C), consistent with the idea that the 

SMARCB1 CTD interacts with a nucleosome surface epitope that extends beyond the 

canonical acidic patch region bound by LANA, which was further computationally predicted 

using ZDOCK (Figure 3F, Figure S3D-H). Taken together, these studies establish that the 

SMARCB1 CTD (aa 351-385) binds the nucleosome acidic patch, explaining the critical 

role for this minimal region in endogenous mSWI/SNF complex-mediated nucleosome 

remodeling, and the consequent impact of its disruption in intellectual disability syndromes 

and cancer (Figure 1).

To assess these functions in the context of human cell lines and at a genome-wide level, we 

leveraged the SMARCB1-deficient TTC1240 and G401 malignant rhabdoid tumor (MRT) 

cell lines and performed rescue experiments with either WT SMARCB1 or a series of CSS-

associated SMARCB1 mutants, including deletion of the entire CTD (Figure 4A, Figure 

S4A). Treatment of these cells with the protein synthesis inhibitor, cycloheximide (CHX) 

demonstrated that FL and mutant SMARCB1 variants were stable across the 6-hour time 

course in TTC1240 (Figure S4B), in agreement with biochemical findings indicating 

complex integrity and abundance are not compromised with SMARCB1 mutants (Figure 

1B-D). Previously, we and others identified that rescue of MRT cell lines with WT 

SMARCB1 resulted in genome-wide increases in mSWI/SNF complex occupancy, 

particularly at TSS-distal enhancer sites, and that restoration of complex occupancy over 

these sites correlated with an increase in enhancer activation as assessed by presence of the 

H3K27 acetylation mark (Nakayama et al., Nat. Gen. 2017, Wang et al., Nat. Gen. 2017). 

Surprisingly, in comparing the genome-wide targeting of BAF complexes in SMARCB1 WT 

and CSS-associated mutant conditions we found that WT and mutant variants exhibited 

nearly identical genome-wide targeting (Figure 4B, Figure S4C-D). Moreover, expression of 

both WT and mutant SMARCB1 variants resulted in similar increases in H3K27ac 

occupancy over gained SMARCB1/SMARCC1-bound distal sites, suggestive of enhancer 

activation (Figure 4B). However, when we examined DNA accessibility over these gained 

BAF complex sites using ATAC-seq, we found that CSS-associated SMARCB1 mutants 

generated substantially diminished accessibility relative to WT SMARCB1 (Figure 4C-D). 

This was also true at residual, promoter-proximal sites (sites to which BAF complexes were 
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targeted irrespective of SMARCB1 status) (Figure 4D). To assess more directly whether the 

diminished DNA accessibility correlated with reduced nucleosome occupancy, we 

performed MNase-seq in the empty vector control, WT SMARCB1, and K364del mutant 

conditions. MNase-seq fragment length distribution analysis confirmed the majority of reads 

were of mononucleosomal length (Figure S4E). Mapping MNase-seq reads over CTCF sites 

demonstrated no differences in nucleosome phasing between Empty, WT, or K364del mutant 

conditions, as recently demonstrated in mouse ES cells in the presence or absence of 

Smarca4 (Brg1) (Barisic et al., 2019) (Figure S4F). Interestingly, however, MNase-seq 

metaplot analysis at the SMARCA4 ChIP-seq peaks showed decreased nucleosome 

occupancy (greater nucleosome eviction) for the WT compared to K36del mutant or Empty 

conditions (Figure 4E). Furthermore, in line with ATAC-seq results, we found that the 

K364del exhibited reduced nucleosome eviction at the gained BAF complex sites, as 

indicated by a depletion of MNase-seq signal at the center of the SMARCA4-gained peaks 

(Figure 4E). These results are exemplified at the RFTN1 and CAPZB loci (Figure 4F, Figure 

S4G-I) and differences between conditions are captured by principle component analysis 

(PCA) of ATAC-seq signals over SMARCB1 peaks (Figure 4G). Comparing differential 

accessibility between SMARCB1 variant conditions revealed that the majority of 

significantly changed sites exhibited decreases in accessibility in the mutant SMARCB1 

conditions relative to WT (Figure S4J). Finally, we observed that these changes in chromatin 

accessibility were manifested globally at the mRNA level (Figure S4K), with PCA of 

corresponding RNA-seq showing marked separation between empty vector, SMARCB1 WT, 

and CSS-associated CTD mutant conditions (Figure 4H). These results were recapitulated in 

the G401 SMARCB1-deficient MRT cell line (Figure S4L-M). Finally, clustering of ATAC-

seq and RNA-seq datasets revealed a subset of ATAC-seq sites gained in the WT SMARCB1 

rescue setting that showed decreased gene expression in the mutant conditions relative to 

WT in both TTC1240 and G401 cell lines (Figure S4N). Metascape analysis of these sites 

revealed a number of developmental processes such as vasculature development, heart 

development, skeletal system development, regulation of neurogenesis, among others 

(Figure S4O).

Taken together, these results establish a role for the SMARCB1 CTD in mediating mSWI/

SNF-driven DNA accessibility rather than genome-wide complex targeting. These genome-

wide findings closely align with results of in vitro ATPase activity and nucleosome 

remodeling assays performed in vitro with endogenously-purified complexes (Figure 1), 

pointing to a specific mechanism that is coopted via mutations in the CTD of SMARCB1 in 

CSS, a neurodevelopmental condition that has enabled the uncoupling of mSWI/SNF 

remodeling activity and targeting on chromatin. Mutations in the SMARCB1 CTD stand in 

stark contrast to mutations or deletion of the winged-helix DNA binding domain (N-

terminus) that we found do not disrupt mSWI/SNF-mediated nucleosome remodeling in 

vitro (Figure 1G-J), or alter DNA accessibility in cells (Figure S4P), furthering the concept 

that mSWI/SNF activities can be disrupted at distinct functional axes.

Finally, to assess the phenotypic consequences of SMARCB1 C-terminal domain mutations 

in a heterozygous setting (mimicking the gene status of individuals with CSS), we generated 

human induced pluripotent stem cells (iPSCs) genetically modified to harbor heterozygous 

SMARCB1 c-terminal mutations, particularly K364del (Figure 5A) which we could then 
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differentiate toward neuronal lineage using a neurogenin (Ngn2)-based neuronal 

differentiation protocol (Yingsha Zhang et al. 2013). Briefly, heterozygous SMARCB1 

mutant SAH iPSCs were generated using homology directed repair (HDR) with a mutant 

single-stranded oligodeoxynucleotide (ssODN) donor template introduced with CRISPR-

Cas9 reagents targeting the SMARCB1 gene 3’-end (Figure S5A). Mutations were 

confirmed by sequencing of the SMARCB1 gene (Figure S5B). Baseline WT and mutant 

iPSCs exhibited similar cell health profiles as assessed by flow cytometry-based analysis of 

early (Annexin-V (V CF Blue)), and late (7-AAD) stage apoptosis markers (Figure S5C). In 

undifferentiated SAH iPSCs, genome-wide BAF complex targeting as well as H3K27ac 

occupancy was comparable between WT and the SMARCB1 K364del mutant settings, 

however, nearly 25% of sites exhibited statistically significant decreases in DNA 

accessibility in the K364del mutant relative to WT, as measured by ATAC-seq (Figure 5B). 

Interestingly, while all analyzed ChIP-seq signals were comparable or increased in the 

K364del/+ versus WT condition over merged SMARCA4 peaks, ATAC-seq signal decreased 

(Figure 5C, Figure S5D). HOMER and LOLA motif analysis of sites with reduced DNA 

accessibility in the K364del mutant condition were enriched for OCT, SOX, and NANOG 

motifs, suggesting decreased accessibility at pluripotent factor gene loci, as exemplified also 

at the ANKRD1 locus (Figure 5D, Figure S5E-F). At baseline, differential gene expression 

analysis and GSEA studies performed on Day 0 (undifferentiated) iPSCs comparing wild-

type versus K364del iPSCs indicated a range of processes affected in beyond nervous 

system processes, including cardiac muscle development, kidney and mesenchyme 

development, endocrine system development, and cell fate commitment, in agreement with 

physiologic findings in CSS individuals (Fig. S5G-H). In order to visualize transcriptional 

changes between the SMARCB1 WT and K364del conditions during differentiation, 

expression levels of differentially expressed genes derived from days 0, 2, 4, and 8 were 

partitioned into 6 groups by k-means clustering and displayed in heatmap form (Figure S5I). 

A substantial divergence in transcription was observed at day 8, as shown in clusters 5 and 6. 

Intriguingly, cluster 6 genes, which appeared less activated in the mutant condition, were 

enriched for developmental processes (Figure 5E, Figure S5J) and overlapped with nearly 

100 genes (n=91) that are mutated in intellectual disability syndromes (Vissers et al. 2016) 

and those normally upregulated during Ngn-2 induced differentiation (Yingsha Zhang et al. 

2013) (n=749 total) suggesting a convergence between the consequences of individual 

mutations of these genes and the effect of mSWI/SNF master regulatory complex 

perturbations (Figure 5F, Table S4). Through a similar approach examining ATAC-seq on 

Day 4 versus 0 of the Ngn2-differentiation protocol, we observed increases in DNA 

accessibility at a number of enhancers (C1 and C2) in the WT condition, which did not 

increase in the K36del mutant condition (C1) (Figure S5K-L). Metascape analysis 

performed on clusters C1 and C2 showed that both clusters enriched for neurodevelopmental 

processes, suggesting that the mutant condition was unable to appropriately open and 

thereby activate appropriate neurodevelopmental processes (Figure S5M). Indeed, ID-

associated genes such as ASCL1, FGFR2, GLI3, PAX6, SOX10 and others exhibited 

significant blocks in activation during the neurogenin-induced differentiation time course in 

SMARCB1 K364del mutant iPSCs (Figure 5G).
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Last, we explored the morphologic properties of differentiated neurons derived from WT 

SMARCB1 versus SMARCB1 K364del and heterozygous KO (indel) mutant iPSCs. We 

found significantly diminished neurite outgrowth (length) and neuron counts (at days 6, 8 

and 10) in SMARCB1 CSS mutant cells (either K364del or indel) relative to WT control 

cells (Figure 5H-I, Figure S5N-O), recapitulating differentiation deficits observed in patient-

derived models of developmental delay (Sheridan et al., 2011) and recent studies examining 

related heterozygous Nicolaides-Baraitser Syndrome associated mutations of the 

SMARCA2 gene (Gao et al., 2019). Notably, rescue of WT SMARCB1 in heterozygous 

K364 and indel iPSCs resulted in substantial rescue of both neuron counts and neurite 

outgrowth (Figure 5H-J, Figure S5N). Further, we used NGN2 (FITC) fluorescence imaging 

to confirm NGN2 (neuronal differentiation marker) expression as well as microtubule-

associated TUJ1 (neuron-specific class III beta tubulin) immunofluorescence staining to 

visualize neuronal projections. Through this, we found that K364del and heterozygous KO 

cells developed significantly fewer neuronal projections compared to WT control cells upon 

neurogenin differentiation, phenotypes which were rescued by restoration of WT 

SMARCB1 (Figure 5J, Figure S5O). These data highlight the role for mSWI/SNF-mediated 

chromatin remodeling facilitated by the SMARCB1 C-terminal domain during neuronal 

differentiation and provide a mechanistic rationalization for the neurodevelopmental features 

of CSS.

Discussion

Here we have identified a critical structural and functional role for the SMARCB1 CTD in 

nucleosome remodeling and enhancer DNA accessibility by interrogating point mutations 

found in individuals with the intellectual disability, Coffin-Siris Syndrome. Our in vitro and 

cell-based studies demonstrate that CSS-associated SMARCB1 mutations result in 

compromised (though, importantly, not absent) mSWI/SNF functional activity. 

Unexpectedly, we find that mSWI/SNF complexes containing single-residue mutations in 

the SMARCB1 C-terminal alpha helical domain exhibit similar targeting on chromatin 

genome-wide, but are defective in generating DNA accessibility and in activating critical 

target genes, marking a first time in this field in which we have observed that mSWI/SNF 

targeting and DNA accessibility do not mirror one another. For example, these data present 

an interesting contrast to recent studies examining ATPase-active versus -inactive BAF 

complexes, in that complexes lacking ATPase catalytic activity (via point mutations in the 

ATPase/helicase domain of SMARCA4/SMARCA2) are both unable to target to and open 

and activate distal sites (Pan et al., 2019). Here we show that CSS-associated SMARCB1 

mutations result in a retained ability of mSWI/SNF complexes to target to distal enhancer 

sites (and to recruit H3K27ac), but an inability to create DNA accessibility to the levels of 

wild-type complexes. These complementary investigations provide an opportunity to 

uncouple the roles of proper nucleosome remodeling and mSWI/SNF complex localization, 

as well as recruitment of other complexes (i.e. P300) to place activating histone marks (i.e. 

H3K27Ac) at differentially poised chromatin landscapes. These results further highlight a 

fundamental difference between focused point mutations in the CTD domain and complete 

loss of the SMARCB1 subunit (biallelic deletion) in MRT (Nakayama et al. 2017), again 

which shows complete loss of targeting to distal enhancer sites genome-wide.
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Of note, we found that SMARCB1 C-terminal mutant mSWI/SNF complexes, which 

exhibited decreased remodeling activity and decreased ATP consumption on nucleosome 

substrates in vitro, trended toward increased chromatin occupancy compared to complexes 

with WT SMARCB1, suggesting longer residence times and potential “stalling” of 

mSWI/SNF movement (Figure 4F, S4G). This was further complemented by MNase-seq 

studies which indicated genome-wide increased occupancy of flanking nucleosomes on 

either side of the BAF complex peaks in the CSS-associated mutant versus SMARCB1 WT 

conditions.

Apart from the recently described yeast Snf2 helicase domain: nucleosome DNA double 

helix structures (Liu et al., 2017), interactions between mSWI/SNF subunits and the 

nucleosome and their impacts on overall complex function have not been described. Here, 

by focusing on the SMARCB1 C-terminal domain owing to frequent mutations in ID and 

cancer, we identify a dense cluster of basic, positively charged amino acids within an alpha-

helical structure that are required for SMARCB1 nucleosome acidic patch binding, and 

hence the mSWI/SNF complex core module: nucleosome acidic patch engagement 

(Mashtalir et al., 2018). Marrying these data with those of Cheng and colleagues (Li et al, 

2017) and Mashtalir and colleagues, and using H2AE91 restraint-containing simulations, we 

propose a model for mSWI/SNF complex: nucleosome engagement (Figure 6A), and 

highlight how CSS-associated point mutations in the CTD domain inhibit mSWI/SNF 

complex: nucleosome binding. We suggest that inhibition of remodeling of mSWI/SNF 

complexes on their nucleosomal substrates then results in reduced DNA accessibility, 

reduced nucleosome displacement (and hence increased nucleosome occupancy) at BAF 

target sites, and reduced gene expression (Figure 6B, C).

There is significant interest by the global research community in developing small molecule 

inhibitors of mSWI/SNF complex activities. While the majority of drug discovery efforts 

have been directed toward ATPase inhibition (i.e. catalytic inhibition of the SMARCA4 and 

SMARCA2 components), the SMARCB1 CTD: nucleosome interface described here is the 

first allosteric interface identified that, if disrupted via small molecules, would be expected 

to specifically inhibit the remodeling activity of mSWI/SNF complexes, and even of specific 

subcomplexes within the mSWI/SNF family (canonical BAF and PBAF, but not ncBAF as 

ncBAF does not contain the SMARCB1 subunit). Our findings suggest exciting future work 

to chemically inhibit or attenuate mSWI/SNF remodeling activities.

Finally, at the transcriptional and cell physiologic levels, our results highlight and reinforce 

the importance of mSWI/SNF-mediated chromatin remodeling for the maintenance of stem 

cell pluripotency factors and their networks (Singhal et al. 2010), as well as for cell type-

specific development, such as nervous system differentiation, explored here. We emphasize 

that CSS individuals provide evidence that heterozygous mutations across a variety of 

mSWI/SNF genes allow for viability, in contrast to homozygous missense mutations which 

we hypothesize would be embryonically lethal. Nevertheless, it is important to highlight the 

limitations of such a model, including (1) variability of single-cell clones post CRISPR-

mediated editing; (2) the fact that these iPSCs do not model three dimensional tissue 

cultures such as cerebral organoids or animal model systems; and (3) by generating the 

mutations in iPSCs (despite the fact that this is not definitively the state at which the 
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mutation is acquired in human development), transcriptional changes are already detected at 

this stage, followed by different changes occurring during, in this case, neurogenin-based 

differentiation.

With human genetics, biochemistry, structural biology woven together, this study highlights 

the power of examining recurrent disease-associated mutations to advance our mechanistic 

understanding of mSWI/SNF complex function in healthy and disease states.

STAR Methods Text

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Cigall Kadoch (Cigall_kadoch@dfci.harvard.edu). All unique/

stable reagents generated in this study are available from the Lead Contact with a completed 

Material Transfer Agreements.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mammalian cell lines and culture conditions—The TTC1240 (female), G401 (male), 

and 293T (female) SMARCB1 knockout (293TSMARCB1Δ/Δ) cells were cultured in standard 

DMEM (Gibco), supplemented with 10% FBS (Omega), 1X GlutaMAX (Gibco), 100 U/mL 

penicillin-streptomycin (Gibco), 1mM sodium pyruvate (Gibco), 1X MEM NEAA (Gibco), 

10 mM HePES (Gibco), 1X 2-mercaptoethanol (Gibco) and maintained in a humidified 

incubator at 37°C with 5% CO2.

The SAH (SAH0047-02; female) induced-pluripotent stem cell (iPSC) line was generated in 

Dr. M. Sahin’s laboratory at Boston Children’s Hospital (Ebrahimi-Fakhari et al., 2016) and 

a generous gift from Dr. Clifford Woolf’s laboratory at Boston Children’s Hospital. The 

wild-type and mutant SAH iPSCs were maintained in StemFlex Medium (Gibco) prior to 

differentiation.

Bacterial strains used for protein production—Escherichia coli BL21(DE3) and 

Rosetta (DE3) cells were used for the expression of the SMARCB1-CTD (aa351-385) and 

SMARCB1-WH DNA Binding domains, respectively. Growth and protein expression 

conditions are outlined in the method details.

METHOD DETAILS

SMARCB1 CRISPR-Cas9 genome editing—The 293TSMARCB1Δ/Δ cell line was 

generated using the Ini1 CRISPR/Cas9 KO and Ini1 HDR plasmids (Santa Cruz 

Biotechnology, sc-423027; sc-423027-HDR) following the manufacturer’s protocol as 

previously described in (Nakayama et al. 2017).

The SAH iPSC line underwent CRISPR/Cas9 mediated genome editing with a short-guide 

RNA (sgRNA, 5’-GGAGAAGAAGATCCGCGACC AGG-3’) targeting exon 8 of the 

SMARCB1 gene and a single-stranded oligodeoxynucleotide (ssoDn, 5’- CCGGAACACG 

GGCGATGCGG ACCAGTGGTG CCCACTGCTG GAGACTCTGA CAGACGCTGA 

GATGGAA-A--AAATACGCG ATCAAGACAG GAACACGAGG TACCCCTGGC 
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CCTGTGGTCC TGGGCTCTGC CCACAGGCAC CTGGCTTTCC -3’; silent mutations 

emphasized in red) donor strand encoding for the SMARCB1 K364del in-frame deletion. 

Specifically, cells were nucleofected with a ssODN donor and CRISPR/Cas9 plasmid 

(px458) that was constructed with hSMARCB1 distinct sgRNA using Amaxa 4D-

Nucleofector. Fourty-eight hours after nucleofection, cells were single cell sorted by FACS, 

genotyped by PcR and then confirmed via standard TA-cloning procedures to obtain a 

SMARCB1+/+ wild-type control, a SMARCB1^K364del/+ heterozygous mutant, and a 

SMARCB1 exon 8 indel mutant (SMARCB1^p.(I349Lfs*)/+).

Nuclear extract—Nuclear extracts for TTC1240 and 293T SMARCB1 knockout cells 

were prepared as described in (Mashtalir et al. 2018). Specifically, cells were scraped from 

plates, washed with cold PBS, pelleted at 1,200 rpm for 5 min at 4°C, and resuspended in 

EB0 hypotonic buffer (50 mM Tris, pH 7.5, 0.1% NP-40, 1 mM EDTA, 1 mM MgCl2 

supplemented with protease inhibitor (Roche), and 1 mM phenylmethylsulfonyl fluoride 

(PMSF)). Lysates were pelleted at 5,000 rpm for 5 min at 4°C. Supernatants were discarded, 

and nuclei were resuspended in EB300 high salt buffer (50 mM Tris, pH 7.5, 300 mM NaCl, 

1% NP-40, 1 mM EDTA, 1 mM MgCl2 supplemented with protease inhibitor and 1 mM 

PMSF). Lysates were incubated on ice for 10 min with occasional vortexing. Lysates were 

then pelleted at 21,000 x g for 10 min at 4°C. Supernatants were collected, and protein 

concentrations were quantified via bicinchonic acid (BCA) assay (Pierce). Finally, samples 

were supplemented with 1 mM DTT.

Co-immunoprecipitation—For immunoprecipitation of 293TSMARCB1Δ/Δ nuclear 

extracts, 700 μg of nuclear extract (at 1 μg/μL) were incubated with 2-5 μg of antibody 

(Table S2) overnight at 4°C. Dynabeads (Pierce Protein G Magnetic Beads, Thermo 

Scientific) were then added, rotated for 2 hours at 4°C, and washed 3-5 times with EB300. 

Beads were eluted with sample buffer (2X NuPAGE LDS Buffer (Invitrogen) and 200 mM 

DTT) to load onto an SDS-PAGE gel.

For immunoprecipitation of G401 nuclear extracts, 200 μg of nuclear extract were incubated 

with 2 μg of antibody in IP Buffer rotating overnight at 4°C. Samples were then incubated 

with Dynabeads (Pierce Protein G Magnetic Beads, Thermo Scientific) rotating for 2 hours 

at 4°C. Beads were washed 3 times in IP Buffer, once with BC100 (20 mM HEPES, 100 

mM KCl, 0.2 mM EDTA, 10% glycerol), and eluted with 20 μL of sample buffer (1X 

NuPAGE LDS Buffer (Invitrogen) and 100 mM DTT) to load onto an SDS PAGE gel.

Western Blotting—Western blot analysis was performed using standard procedures. For 

western blots visualizing mSWI/SNF complex subunits, samples were separated using a 

4-12% Bis-Tris PAGE gel (NuPAGE 4-12% Bis-Tris Protein Gel, Invitrogen), and 

transferred onto a PVDF membrane (Immobilon-FL, EMD Millipore). For western blots 

visualizing histones, samples were separated using a 10-20% tricine gel (Novex 10-20% 

Tricine Protein Gel, Themo Scientific), and transferred onto a PVDF membrane 

(Immobilon-PSQ, EMD Millipore). Membranes were blocked with 5% milk in PBST and 

incubated with primary antibody (Table S2) for 3 hours at RT or overnight at 4°C. 

Membranes were washed 3 times with PBST and then incubated with near-infrared 

fluorophore-conjugated species-specific secondary antibodies (LI-COR) for 1 hour at RT. 
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Following secondary, membranes were washed 3 times with PBST, once with PBS, and then 

imaged using a Li-Cor Odyssey CLx imaging system (LI-COR).

Purification of mSWI/SNF complexes—mSW/SNF complex purification was 

performed essentially as described in (Mashtalir et al. 2018). Briefly, stable 

293TSMARCB1Δ/Δ cell lines infected with HA-tagged SMARCB1 variants or full-length 

SMARCE1 were expanded to obtain necessary bait expression levels. Cells were scraped 

from plates, washed with cold PBS, and centrifuged at 5,000 rpm for 5 min at 4°C. Pellets 

were resuspended in hypotonic buffer (HB: 10 mM Tris HCl, pH 7.5, 10 mM KCl, 1.5 mM 

MgCl2, supplemented with 1 mM DTT and 1 mM PMSF) and incubated for 5 min on ice. 

The suspension was centrifuged at 5,000 rpm for 5 min at 4°C, and pellets were resuspended 

in 5 volumes of HB containing protease inhibitor cocktail. The suspension was then 

homogenized using a glass Dounce homogenizer (Kimble Kontes). Suspension was layered 

onto HB sucrose cushion containing 30% sucrose (w/v) and centrifuged at 5,000 rpm for 1 

hour at 4°C. The nuclear pellets were resuspended in high salt buffer (HSB: 50 mM Tris 

HCl, pH 7.5, 300 mM KCl, 1 mM MgCl2, 1 mM EDTA, 1% NP40 supplemented with 1 

mM DTT, 1 mM PMSF, and protease inhibitor cocktail). Homogenate incubated on rotator 

for 1 hour at 4°C. The supernatant was then centrifuged at 20,000 rpm (30,000 x g) for 1 

hour at 4°C using a SW32Ti rotor. The high salt nuclear extract supernatant was filtered 

through a 25 mm quartz filter (Advantec QR-200 Quartz Fiber Filter, Cole-Parmer) and 

incubated with Pierce Anti-HA Magnetic Beads (Thermo Fisher) overnight at 4°C. HA 

beads were was hed 6 times in HSB and eluted with HSB containing 1 mg/mL of HA 

peptide (GenScript) for 4 x 1.5 hours each. Eluted proteins were then subjected to dialysis 

(Slide-A-Lyzer MINI Dialysis Device, 10K MWCO, Thermo Scientific) using Dialysis 

Buffer (25 mM HEPES, pH 8.0, 0.1 mM EDTA, 100 mM KCl, 1 mM MgCl2, 15% glycerol, 

and 1 mM DTT) overnight at 4°C, and final ly concentrated using Amicon Ultra centrifugal 

filters (30 kDa MWCO, EMD Millipore).

Silver Stain—SMARCB1-HA WT and mutant variant containing mSWI/SNF complexes 

were purified via HA-epitope dependent complex purification. Samples were run on a 

4-12% Bis-Tris SDS PAGE gel, stained using the SilverQuest Silver Staining Kit 

(Invitrogen), and imaged using an Epson-Perfection V600 Photo scanner.

Restriction Enzyme Accessibility Assay (REAA) Nucleosome Remodeling 
Assay—SMARCA4 (BRG1) levels of the HA-purified mSWI/SNF complex purifications 

were normalized via BCA protein quantification and Silver Stain analyses. Purified 

mSWI/SNF complexes were diluted for final reaction concentration of 10 ng/μL in REAA 

buffer (20 mM HEPES, pH 8.0, 50 mM KCl, 5 mM MgCl2) containing 0.1 mg/mL BSA, 1 

μM DTT, 20 nM nucleosomes (EpiDyne Nucleosome Remodeling Assay Substrate ST601-

GATC1, EpiCypher). The REAA mixture was incubated at 30 or 37°C for 10 min, and 

reaction was initiated using 1-2 mM ATP (Ultrapure ATP, Promega) and 0.005 U/μL DpnII 

Restriction Enzyme (New England Biolabs). The REAA reaction mixture was quenched 

with 20-24 mM EDTA and placed on ice. Proteinase K (Ambion) was added at (100 μg/

mL)_for 30-60 min, followed by either AMPure bead DNA purification and D1000 HS 

DNA ScreenTape Analysis (Agilent) or mixing with GelPilot Loading Dye (QIAGEN) and 
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loading onto 8% TBE gel (Novex 8% TBE Gels, Thermo Fisher). TBE gels were stained 

with either SYBR-Safe (Invitrogen) or Syto-60 Red Fluorescent Nucleic Acid Stain 

(Invitrogen), followed by imaging with UV light on an Alpha Innotech AlphaImager 2200 

and/or with 652 nm light excitation on a Li-Cor Odyssey CLx imaging system (LI-COR).

ATPase assay (ADP Glo Kinase Assay)—ATPase consumption assays were 

performed using the ADP-Glo Kinase Assay kit (Promega). The same conditions as the 

REAA nucleosome remodeling assay described above were used, excluding the DpnII 

restriction enzyme. Following incubation with desired substrates for 60-90 min at either 

30°C., 1X volume of ADP-Glo Reagent was used to quench the reaction and incubated at 

RT for 40 min. 2X volume of the Kinase Detection Reagent was then added and incubated at 

RT for 1 hour. Luminescence readout was recorded. Substrates used for this assay were 

purified 601 NCP DNA, recombinant histone octamer (EpiCypher, Cat#16-0001), 

recombinant mononucleosome (EpiDyne Nucleosome Remodeling Assay Substrate ST601-

GATC1, EpiCypher, Cat#16-4101), recombinant tetranucleosomes (Reaction Biology, Cat# 

HMT-15-369), and HeLa polynucleosomes (EpiCypher, Cat# 16-0003). HA-purified 

mSWI/SNF complexes were used at 10ng/μL and 200 μg of material was used for each 

ARID1A-IP nuclear extract using ARID1A antibody (Cell Signaling, Cat# 12354S). Details 

of the IP-based assay will be described elsewhere (St. Pierre et al., manuscript in 
preparation).

SNF5 homology protein conservation analysis across species—ConSurf 
Conservation Analysis: Canonical (aa 1-385) and coiled coil (aa 332-385) SMARCB1 

(Uniprot ID: Q12824) sequences were run through ConSurf (Ashkenazy et al. 2016) 

conservation analysis using UNIREF90 and MAFFT running parameters. Phylogenetic 
trees: Phylogenetic trees were created using Geneious with built alignment options for 

building distance matrix (Alignment type: global alignment with free end gaps, Cost Matrix: 

Blosum62) and Tree Builder Options (Genetics Distance Model: Jukes-Cantor, and Tree 

Build Method: UPGMA). Similarity: Geneious pairwise/multiple alignment tool was used to 

determine identity and similarity between SMARCB1 and other SNF5 homology proteins 

and their respective domains.

Peptide pulldown experiments—N-terminal biotin-labeled SNF5 homology coiled-coil 

peptide variants (including SMARCB1 variants) were obtained from KE Biochem (Table 

S3). Lyophilized peptides were diluted to 10 mM in DMSO and subsequently diluted to 1 

mM in EB150 (50 mM Tris, pH 7.5, 150 mM NaCl, 0.1% NP-40, 1 mM EDTA, 1 mM 

MgCl2 supplemented with 1 mM DTT, and 1 mM PMSF). Biotin-labeled peptides were 

diluted to 10 μM in EB150 and bound to Streptavidin Dynabeads (Pierce Streptavidin 

Magnetic Beads, Thermo Scientific) overnight at 4°C. Beads were washed 3 times in 

EB150, and 1-1.6 μg of mononucleosomes were added. The suspension was rotated for 5-7 

hours at 4°C. The beads were washed 3-5 tim es in EB150, and eluted in Sample Buffer (2X 

LDS with 200 mM DTT) to load onto 10-20% Tricine gels. Following electrophoresis and 

PVDF membrane transfer, membranes were subjected to Ponceau Staining for peptide 

detection and/or Western Blotting for detecting the presence of nucleosome components.
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LANA peptide competition—The LANA peptide competition was set up in a similar 

manner as the peptide pull down experiments with the following exceptions: SMARCB1-CC 

(aa 351-385) biotin-labeled peptides at 10 μM in EB150 were bound to Streptavidin 

Dynabeads (Pierce Streptavidin Magnetic Beads, Thermo Scientific) in parallel to 1-1.6 μg 

of mononucleosoes incubated with LANA peptide (KE Biochem) at varying concentrations 

ranging from 0-30 μM overnight at 4°C. Beads were washed 3 times in EB150, and 

resuspended with the mononucleosome/LANA peptide solutions. The suspension was 

rotated for 3-5 hours at 4°C. The be ads were washed 3-5 times in EB150, and eluted in 

Sample Buffer (2X LDS with 200 mM DTT) to load onto 10-20% Tricine gels.

Ponceau Stain—Immediately following transfer onto PVDF membrane, membrane was 

rinsed in PBST and stained using Ponceau-S solution (Sigma-Aldrich) for 1 hour at RT. 

Membrane was washed 3 times in milliQ H2O and imaged on an Epson-Perfection V600 

Photo scanner.

Cycloheximide Chase experiments to assess protein stability—7 Days following 

lentiviral infection of TTC1240 cells with Empty vector or SMARCB1 WT or c-terminal 

mutant constructs as described above, cells were plated at 400K cells/well in 24 well. On 

Day 9, cycloheximide was added (10 μM) sequentially at 6, 3, 1, and 0 (negative control) 

hours prior to cell lysis with 100 μL of SdS Lysis Buffer (1.5% SDS, 25 mM Tris, pH 7.5). 

Whole cell lysates were sonicated and protein concentrations were quantified by BCA and 

prepared for western blot analysis as described above.

Mammalian mononucleosomes purification—Mammalian mononucleosomes were 

purified from HEK293T cells similar to as described in (Mashtalir et al. 2014). Cells were 

scraped from plates, washed with cold PBS, and centrifuged at 5,000 rpm for 5 min at 4°C. 

Pellets were resuspe nded in hypotonic buffer (EB0: 50 mM Tris HCl, pH 7.5, 1mM EDTA, 

1mM MgCl2, 0.1% NP40 supplemented with 1 mM DTT, 1 mM PMSF, and protease 

inhibitor cocktail and incubated for 5 min on ice. The suspension was centrifuged at 5,000 

rpm for 5 min at 4°C, and pellets were resuspended in 5 volumes of EB420 (EB0: 50 mM 

Tris HCl, pH 7.5, 420mM NaCl, 1 mM MgCl2, 0.1% NP40 with supplemented with 1 mM 

DTT and 1 mM PMSF containing protease inhibitor cocktail. Homogenate incubated on 

rotator for 1 hour at 4°C. The supernatant was then centrifuged at 20,000 rpm (30,000 x g) 

for 1 hour at 4°C using a SW32Ti rotor. Supernatant was then discarded and chromatin 

pellet was washed in MNase buffer (20 mM Tris-HCl pH 7.5, 100 mM KCl, 2 mM MgCl2, 

1 mM CaCl2, 0.3 M sucrose, 0.1% NP-40, and protease inhibitor cocktail) 3 times. 

Following MNase treatment (3 U/mL for 30 min at room temperature, Sigma-Aldrich), the 

reaction was quenched with 5 mM of EGTA and 5 mM of EDTA. The samples were then 

centrifuged at 20,000 x g for 1 hour at 4’C to obtain the soluble chromatin fraction. Soluble 

chromatin fraction was loaded onto 10-30% glycerol gradient (Mashtalir et al. 2018) and 

fractions containing mononucleosomes were isolated and concentrated using centrifugal 

filter (Amicon, EMD Millipore).

Vectors Used—Constitutive expression of C-terminal HA-tagged SMARCB1 (BAF47) 

variants (i.e. full-length, R37H, K363N, K364del, R366C, or ΔCC (aa 1-325) or N-terminal 
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HA-tagged full-length SMARCE1 (BAF57) in the 293TSMARCB1Δ/Δ cell line was achieved 

using lentiviral infection of an EF1α-driven expression vector (modified pTight vector from 

Clontech, dual promoter EF-1a-MCS-PGK-Puro), selected with puromycin (2 μg/μL, 

Sigma-Aldrich).

Constitutive expression C-terminal V5-tagged SMARCB1 (BAF47) variants (i.e. full-length, 

K364del, R377H, ΔCC (aa 1-325), ΔN-term (aa 177-385), ΔC-term (aa 1-176), ΔRPT1 

(deletion of aa 186-245), ΔRPT2 (deletion of aa 259-319), ΔRPT1-2 (deletion of aa 

186-319) in MRT and iPS cell lines was achieved using lentiviral infection of an EF1α-

driven expression vector (modified pTight vector from Clontech, dual promoter EF-1a-

MCS-PGK-Blast), selected with blasticidin (10 μg/mL, Thermo Fisher).

Lentiviral generation.—Lentiviral particles were prepared using LentiX HEK293T 

packaging cells (Clontech) via polyethylenimine-mediated transfection (PEI, Polysciences 

Inc.) of gene delivery vector co-transfected with packaging vectors pspax2 and pMD2.G as 

previously described (Forbes et al. 2011). Supernatants were harvested 72 hours after 

transfection and centrifuged at 20,000 rpm for 2.5 hours at 4°C. Virus containing pellets 

were resuspended in PBS, pH 7.4 (Gibco) and placed on cells dropwise.

Infection and selection.—TTC1240 cells and were lentivirally infected with either 

Empty vector, or one of four c-terminal V5-tagged SMARCB1 variant constructs (full 

length, K364del, R377H, or ΔCC construct) for 48h and then selected with blasticidin (10 

μg/mL), split at 72h and continued with selection for 5 days. Cells were harvested for 

biochemical, ChIP-seq, RNA-seq, and ATAC-seq experiments 7 days post-infection. For 

TTC1240 cells lentivirally infected with the ΔN-term (aa 177-385) or ΔC-term (aa 1-176) 

constructs, cells were harvested for ATAC-seq 9 days post-infection.

The 293TSMARCB1Δ/Δ cells were made into stable lines via lentiviral infection of either c-

terminal HA-tagged full length, R37H, K363N, K364del, R366C, or ΔCC SMARCB1 

constructs followed by puromycin selection (2 μg/mL). The SAH SMARCB1+/+, 

SMARCB1K364del/+, and SMARCB1p.(I340Lfs*)/+ iPS cells were made into stable lines via 

lentiviral infection with either Empty vector or C-terminal V5-tagged full-length SMARCB1 

followed by blasticidin selection (10 μg/mL).

Cortical neuron differentiation of iPSCs.—Ngn2-induced cortical neuron 

differentiation protocol was adapted and slightly modified from (Yingsha Zhang et al. 2013). 

On Day -2, SAH cells were split and plated at 2K/well in Geltrex coated 96w plates. On 

D(−1), cells were transduced with lentivirus expressing rtTA, Ngn2 conjugated with 

puromycin resistant gene and EGFP. To induce NGN2-mediated differentiation, 2μg/ml 

Doxycycline (Clontech) was added to the DMEM/F12/NEAA/N2 medium (Gibco) 

supplemented with 10ng/ml human BDNF, 10ng/ml NT-3 and 0.2 μg/ml mouse laminin on 

D0. Following 24h puromycin (1μg/ml, InvivoGen) selection on D1, mouse glia or glia 

conditioned medium was added to the culture, and the medium was switched to 

Neurobasal/B27 containing BDNF, NT-3, laminin and 2μM Arc-C (Sigma) on D2. Half of 

the media was changed every other day on D3-6. 2.5% FBS (Gibco) was added to the 

medium from D7 to support glia viability. During differentiation, images were acquired by 
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Arrayscan XTI (ThermoFisher) high content imaging system periodically. The differentiated 

NGN2 neurons were also fixed at DIV 6, 8 and 10 of differentiation and imaged for FITC 

(NGN2) and stained with DAPI and TUJ1 antibody for automatic quantification of total 

neuronal counts, average neuron length, and total cell count using ImageXpress Micro 

Confocal High Content Imaging System and HCS Studio cell analysis software 

(ThermoFisher). Images were captured with a 10x Nikon Plan Apo objective.

Photo-crosslinking methods—Details of the design and preparation of diazirine 

containing nucleosomes for photo-crosslinking studies will be described elsewhere (Dao et 

al., manuscript submitted). Briefly, diazirine-containing recombinant nucleosomes (0.5 uM) 

were incubated with biotinylated Cc peptides (12.5 uM) in binding buffer (20 mM HEPES, 

pH 7.9, 4mM Tris, pH 7.5, 150 mM KCl, 10 mM MgCl2, 10% glycerol, and 0.02% (v/v) 

IGEPAL CA-630) at 30 °C for 30 mins, and cooled on ice for 5 mins. The reaction mixtures 

were then irradiated at 365 nm for 10 minutes. Reactions were then analyzed by western 

blotting employing IRDye® 800CW streptavidin on a LI-COR Odyssey Infrared Imager.

Recombinant Nucleosome Preparation (mutant nucleosome production)—
Unmodified recombinant human histones (H2A, Uniprot ID: Q6FI13; H2B, Uniprot ID: 

O60814; H3C96A, C110A, Uniprot ID: P68431; H4, Uniprot ID: P62805), and histone 

mutants were produced in and purified from E. coli (Versteege et al. 1998). Histone 

octamers were prepared using established protocols (Luger et al. 1997). Nucleosomes were 

assembled as previously described with minor modifications (Luger et al. 1997). Briefly, a 

601 DNA fragment was mixed with a similar volume of KCl (4M) to make a 2 M KCl 

mixture. Then, a histone octamer was added, and octamer refolding buffer (2 M NaCl, 10 

mM Tris, 0.5 mM EDTA, 1 mM DTT, pH 7.8 at 4 °C) was used to adjusted final 

concentration of nucleosome to 0.5-1 μM. The mixture was placed in a Slide-A-Lyzer MINI 

dialysis unit (3.5 kDa MW cutoff, ThermoFisher Scientific) and dialyzed at 4 °C against 150 

ml nucleosome assembly start buffer (10 mM Tris, 2 M KCl, 0.1 mM EDTA, 1 mM DTT, 

pH 7.5 at 4 °C) for 5 min at 4 °C. Subsequently, 450 ml nucleosome assembly end buffer (10 

mM Tris, 10 mM KCl, 0.1 mM EDTA, 1 mM DTT, pH 7.5 at 4 °C) was added at a rate of 

0.8 ml/min using a peristaltic pump to bring the overall KCl concentration to about 0.5 M. 

The dialysis mixture was then transferred to a microcentrifuge tube, incubated at 37 °C for 

15 min, and centrifuged at 17,000×g for 10 m in. The supernatant was then transferred to a 

new dialysis unit and the mixture was dialyzed against nucleosome assembly end buffer 

twice (4 h each). After that, the dialysis mixture was transferred to a microcentrifuge tube, 

and centrifuged at 17,000×g for 10 min. Final nucleosome concentration was quantified by 

UV spectroscopy at 260 nm. The quality of individual nucleosomes was assessed by native 

polyacrylamide gel electrophoresis (5-6% acrylamide gel, 0.5× TBE, 150 V, 1 h), followed 

by SYBR® Gold DNA gel staining.

Circular Dichroism (CD)—Biotinylated peptides for analysis by CD were desalted using 

Pierce Peptide Desalting Spin Columns (ThermoFisher) following the manufacturer 

protocol. Peptides were eluted in 0.1% Trifluoroacetic acid (TFA) in 50% acetonitrile, 

lyophilized overnight, and re-dissolved in CD buffer (20 mM PO4
−, pH 8) at 200 mM. 

Unbiotinylated peptides were dissolved directly in CD buffer at 200 mM. Single point CD 
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measurements were performed on an Aviv Model 430 CD Spectrometer using a 0.1 cm path 

length cell. Spectra were acquired at 25°C with a bandwidth of 1.0 nm, a scan rate of 100 

nm/min, and averaging spectra over 10 scans.

SMARCB1-CTD Protein expression and purification: A construct of human 

SMARCB1, residues 351-385, in a pGEX-6P2 vector was transformed to E. coli BL21 

(DE3) cells. In TB medium, cells were grown at 37°C in the presence of 100 μg/ml of 

ampicillin to an OD of 0.6, cooled to 17°C for 3 0 min, then induced with 500 μM 

isopropyl-1-thio-D-galactopyranoside. Induced culture was incubated overnight at 17°C, 

harvested by centrifugation and stored at −80°C. For 13C and 15N double-labeled 

SMARCB1, minimal media with appropriate substitution was used for expression, following 

the protocol adapted from reference (Marley, Lu, & Bracken, Journal of Biomolecular 

NMR). To purify SMARCB1-CTD, frozen cell pellets were resuspended in buffer-A (25 

mM HEPES, pH 7.5, 200 mM NaCl, 5% glycerol, 1 mM EDTA, and 1 mM DTT) 

supplemented with 1 mM PMSF by stirring in cold room, lysed by Microfluidizer 

(Microfluidics), and the resulting lysate was centrifuged at 16,000 xg for 45 min. 

Glutathione sepharose beads (GE healthcare) were mixed with lysate supernatant for 90 min 

in rotating wheel and washed with buffer-A. Beads were transferred to an FPLC-compatible 

column and the bound protein was washed further with high salt buffer (buffer-A containing 

1M NaCl), then buffer-A before eluting with buffer-A supplemented with 15mM 

glutathione. GST-3C protease was added to the eluted protein and incubated at 4°C 

overnight. Cleaved samples, confirmed by SDS-PAGE, were concentrated and purified by 

size exclusion chromatography using a Superdex 75 10/300 column (GE helathcare) 

equilibrated with buffer-A. SMARCB1 containing fractions were pooled, concentrated and 

frozen at −80°C.

NMR Methods—15N and 13C doubly-labeled SMARCB1-CTD, residues 351-385, protein 

were expressed from E. coli in M9 minimal medium containing 15NH4Cl and 13C-gluocse as 

the sole nitrogen and carbon sources and purified as described above. Non-uniformly-

sampled (NUS) triple resonance experiments, HNCA, HN(CO)CA, HNCO, HN(CA)CO, 

HN(CA)CB, C(CO)NH, H(CCO)NH and 15N-edited 3D-NOESY, using 0.3mM 15N/13C-

SMARCB1CC protein in PBS buffer, pH 6.5 with 10% D2O, were performed at 15°C on a 

700 MHz Agilent DD2 spectrometer equipped with a cryogenic probe. 2D-NOESY and 

TOCSY spectra were acquired using an unlabeled sample in same buffer and 100% D2O on 

the same NMR spectrometer. The data were processed using NMRPipe (Delaglio et al., 

1995) and Iterative Soft Thresholding reconstruction approach (istHMS) (Hyberts et al., 

2012) and analyzed by CARA (Keller et al., 2004). Backbone dihedral angle restraints and 

secondary structure predications based on assigned chemical shifts were obtained using the 

TALOS+ software (Shen et al., 2009). Fifty structural model with 422 NOE distance 

restraints and 15 identified hydrogen-bonds were calculated using the XPLOR-NIH software 

(Schwieters et al., 2003), from which 10 lowest energy SMARCB1-CTD conformers are 

selected for deposition in the Protein DataBank database (PDB ID: 6UCH).

Proteomics—A 10 μL aliquot of concentrated HA-purified mSWI/SNF complexes 

described above were run on a 4-12% Bis-Tris SDS PAGE gel and stained with Colloidal 
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Blue (Colloidal Blue Staining Kit, Invitrogen) following the NuPAGE Novex Bis-Tris gel 

staining kit protocol. mSWI/SNF gel bands were excised from the gel and submitted 

Harvard Univeristy’s Taplin Mass Spectrometry Facility for processing.

Flow Cytometry—Cells were analyzed following the protocol for the Abcam Annexin V-

CF Blue 7-AAD Apoptosis Staining/Detection Kit (ab214663). Briefly, 100,000 cells were 

washed twice in room temperature PBS and resuspended in 1x Binding Solution. 5uL of 

Annexin V-CF Blue conjugate and 5uL of 7-AAD staining solution were added and 

incubated for 15 minutes at room temperature, at which time 400uL of 1x Binding Solution 

was added. Cells were analyzed on a LSR Fortessa (BD biosciences). Data was analyzed 

using FlowJo software (v.10.4.1, TreeStar).

ChIP preparation and protocol—ChIP-seq was performed using standard protocols 

(Millipore, Billerica, MA). Specifically, cells were fixed in 1% formaldehyde (Sigma 

Aldrich, F8775) for 10 min at 37°C and quenched with 125 mM glycine for 5 min at 37°C. 

After washing, nuclei were sonicated using Covaris Sonicator, and the supernatant was used 

for immunoprecipitation with the indicated antibody (Table S2). ChIP-sequencing libraries 

were prepared with Illumina’s NEBNext Ultra II DNA library Prep Kit using standard 

protocols. All ChIP-seq was sequenced on Illumina Next-seq 500 using 75 bp single-end 

sequencing parameters.

RNA isolation and preparation—All RNA was collected in duplicate and isolated using 

the RNeasy Mini Kit (QIAGEN) according to manufacturer’s protocol. RNA-seq libraries 

were prepared with Illumina’s TruSeq standard mRNA Sample Prep Kit using standard 

protocols. All RNA was sequenced on Illumina Next-seq 500 (Illumina) using 75 bp single-

end sequencing parameters through Dana-Farber Cancer Institute’s Molecular Biology Core 

Genomics Facility.

ATAC-seq protocol—ATAC-seq libraries were prepared using 50,000 cells per sample 

following a standard protocol (Mashtalir et al. 2018) with 12 cycles of amplification. ATAC-

seq samples were sequenced on Next-seq 500 (Illumina) using 37 bp pair-end sequencing 

parameters.

MNase-seq preparation—One million cells per condition were treated with 0.5 U of 

Micrococcal Nuclease (MNase, Zymo, Cat# D5220-1) using the EZ Nucleosomal DNA Prep 

Kit (Zymo, Cat# D5220) following the kit protocol. Size fractionation of MNase-digested 

DNA was performed using a 2% Agarose gel cassette (Sage Science, Cat# CSD2010) and 

run on a Pippin Prep machine (Sage Science) to obtain DNA between 120-180 bps. 

Appropriate size distribution of MNase-digested DNA was confirmed using a D1000 

Screentape (Agilent Technologies) run on a 2200 TapeStation System (Agilent 

Technologies). Library preparation of MNase-digested DNA was carried using the NEBNext 

Ultra II DNA Library Prep Kit for Illumina (New England Biolabs, Cat# E7645). Paired-End 

50 next generation sequencing was performed using a NovaSeq 6000 (Illumina) through 

Dana-Farber Cancer Institute’s Molecular Biology Core Genomics Facility.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Sequence data processing and acquisition—RNAseq, ChIPseq, and ATACseq 

samples were sequenced with the Illumina NextSeq 500 technology, and MNase-seq 

samples were sequenced with the Illumina NovaSeq technology. Output data were 

demultiplexed using the bcl2fastq software tool. RNAseq reads were aligned to the hg19 

genome with STAR v2.5.2b (Pan et al. 2018), and ChIPseq reads were aligned with Bowtie2 

v2.29 in the −k 1 reporting mode (Pan et al. 2018; Mashtalir et al. 2018; Michel et al. 2018). 

For the ATACseq and MNase-seq data, quality read trimming was performed by 

Trimmmomatic v0.36 (Diets et al. 2018; Kleefstra et al. 2012), followed by alignment, 

duplicate read removal, and read quality filtering using Bowtie2 v2.29, Picard v2.8.0 (Liu et 

al. 2017), and SAMtools v0.1.19 (Lupas et al. 1991), respectively. For the ChIPseq, 

ATACseq, and MNase-seq data, output BAM files were converted into BigWig track files 

using BEDTools (Sen et al. 2017; Dutta et al. 2017) and UCSC utilities (Phelan et al. 1999; 

Nakayama et al. 2017; Wang et al. 2017) in order to display coverage throughout the 

genome. For the RNAseq data, tracks were generated using the deepTools v2.5.3 

bamCoverage function (Dann et al. 2017). These data have been deposited at NCBI’s Gene 

Expression Omnibus under accession number GSE124903. TTC1240 SS18, ARID2, 

H3K4me1, and H3K4me3 ChIP-seq data were acquired from GSE90634 (Yingsha Zhang et 

al. 2013). HUES64 OCT4, NANOG, and SOX2 ChiP-seq data were obtained from 

GSE61475 (Yingsha Zhang et al. 2013).

RNA-seq data analysis—For the RNA-seq data, output gene count tables from STAR 

based on alignments to the hg19 reflat annotation were used as input into edgeR v3.12.1 

(Nakayama et al. 2017) to evaluate differential gene expression. Log2 fold change values 

from edgeR were used as input into GSEA (Singhal et al. 2010), and the GseaPreranked tool 

was run with default settings to measure gene set enrichment. In order analyze gene 

ontology and pathway enrichment for select subsets of genes, Metascape was used (Tripathi 

et al. 2015). RpKm values were quantified using median length isoforms and total mapped 

read counts computed by the Samtools idxstats function. Principle Components Analysis 

was performed using the wt.scale and fast.svd functions from the corpcor R package on 

RPKM values (Schäfer & Strimmer 2005) (Opgen-Rhein & Strimmer 2007).

ATAC-seq, MNase-seq, and ChIP-seq data analysis—For the ChIP-seq data, narrow 

peaks were called with the MACS2 v2.1.1 software (Yong Zhang et al. 2008) using input as 

controls and a q-value cutoff of 0.001, and for the ATAC-seq data, broad peaks were called 

with MACs using the BAMPE option with a broad peak cutoff of 0.001. The R package, 

ChIPpeakAnno v3.17.0, was used to perform peak overlap analyses, and cis-regulatory 

function was assessed by GREAT (McLean et al. 2010). To evaluate differential accessibility 

between the WT and K364del conditions, raw read counts from ATAC-seq samples within 

ATAC-seq peaks were computed using the BEDTools intersect function, and these counts 

were used as input into edgeR. For the MNase-seq data, fragment length distributions were 

derived from properly-paired read alignments in output SAM files. Metaplots and heat maps 

were generated using ngsplot v2.63 (Shen et al. 2014). Transcription factor enrichment and 

motif analysis were carried out by the LOLA v1.12.0 (Sheffield & Bock 2016) and HOMER 

v4.9 (Heinz et al. 2010) software packages, respectively.
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DATA AND CODE AVAILABILITY

All sequencing data is deposited under Gene Expression Omnibus GSE124903. Refer to Key 

Resources table for code utilization. https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?

acc=GSE124903

The atomic coordinates of the SMARCB1-CTD (aa 351-385) have been deposited in the 

Protein DataBank under accession code 6UCH.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

A conserved SMARCB1 C-terminal alpha helix binds the nucleosome acidic patch

Recurrent point mutations disrupt this interaction and mSWI/SNF nucleosome 

remodeling

The SMARCB1 CTD is dispensable for BAF complex targeting genome-wide

Heterozygous SMARCB1 mutations impede Ngn2-mediated neuronal differentiation
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Figure 1. CSS-associated mutations in the SMARCB1 CTD inhibit mSWI/SNF nucleosome 
remodeling and ATPase activity on nucleosomes.
A. Summary of missense mutations and in-frame deletions in SMARCB1-associated 

intellectual disability (ID) syndromes (Coffin-Siris syndrome, Kleefstra syndrome, and non-

syndromic severe ID), and cancer (COSMIC). Legends are indicated.

B. Immunoblot performed on total nuclear protein and anti-HA immunoprecipitations in 

SMARCB1-deficient HEK-293T cells.

C. Proteomic mass spectrometry results of 293T-SMARCB1 knockout 293Ts expressing 

WT or mutant SMARCB1 constructs.

D. HA-epitope purification of HA-tagged SMARCB1 WT and mutant variant-bound 

complexes from SMARCB1-deficient HEK-293T cells. Silver staining confirms capture of 

expected mSWI/SNF subunits and their stoichiometry (superfluous lane deletion separated 

by white line).
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E. Schematic for restriction enzyme accessibility assay (REAA) with ST601-GATC1 

nucleosome core particle (NCP) harboring a DpnII restriction cut site used to assess 

nucleosome remodeling of purified mSWI/SNF complexes.

F. Nucleosome remodeling (REAA) comparing SMARCB1 WT and mutant variant 

complexes visualized by Tapestation D1000 (200 ng purified complexes, 30 °C, 90 min).

G. Summary of nucleosome remodeling assay using REAA comparing all SMARCB1 WT 

and mutant variants over time course (200 ng purified complexes, 30 °C, 0-60 minutes, 

mean ± S.D., n=2; AdjP-values determined by Dunnett’s multiple comparison test compared 

to WT at each time point).

H. Endogenous ARID1A-IP of SMARCB1 WT- and mutant variant- bound complexes.

I. ATPase assays performed on mSWI/SNF complexes via ARID1A IP (for canonical BAF 

complexes from (H)) in solution with 601 Widom DNA, recombinant tetra 

polynucleosomes, or HeLa polynucleosomes (30 °C, 90 min). Luminescence signal is 

plotted (mean ± S.D., n=2; AdjP-values determined by Dunnett’s multiple comparison test 

to WT for each substrate).

J. REAA remodeling assay performed in parallel to (I) with recombinant mononucleosomes.

See also Figure S1, Table S1, and Table S2.
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Figure 2. The SMARCB1 CTD binds directly to nucleosomes, mediated by a basic, alpha-helical 
amino acid cluster.
A. Top, conservation of minimal SNF5 homology putative c-terminal domains across 

species showing ConSurf conservation score, mean pI, sequence logo, and similarity. CSS-

associated mutated residues are highlighted in gray. Bottom, N-terminally biotinylated 

SMARCB1-CTD peptide (aa 351-385) variants generated.

B. H. sapiens SMARCB1 CTD WT and mutant intellectual disability-associated biotin-

tagged peptide pull downs of mammalian mononucleosomes; immunoblot for histone H3 

and histone H2B.

C. Immunoblot of peptide pull down of mammalian mononucleosomes across SMARCB1-

CTD homologues (H. sapiens SMARCB1 scramble and wild-type, D. melanogaster SNR1, 

C. elegans CeSNF5, or S. cerevisiae SNF5 and SFH1).

D. Backbone assignment. 2D 15N-HSQC spectrum of 0.5 mM 15N-SMARCB1-CTD in 

PBS, pH 6.5 acquired at 15°C. The backbone NH peaks from SMARCB1-CC residues are 

assigned in red, and residues from N-terminal cloning tag are assigned in blue.

E. Superposition of backbone traces of the 10 lowest-energy structures of the SMARCB1 c-

terminal domain (aa 351-385).

F. Barrel view cartoon diagram of a representative structure from the of SMARCB1 c-

terminal alpha helix highlighting CSS mutated residues in dark blue and additional positive 

(Arg/Lys) residues in light blue (aa 357-378).
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G. Electrostatic surface potential of the SMARCB1-CTD, calculated using ABPS (Dolinsky 

et al., 2004), from −5.0 kTE^-1 (red) to +5.0 kTE^-1 (blue). 180 degree rotations are shown.

See also Figure S2 and Table S3.
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Figure 3. The SMARCB1 CTD binds to the nucleosome acidic patch, which is disrupted by CSS-
associated missense mutations.
A. Assay schematic for photocrosslinking-based assessment of SMARCB1 CTD binding 

sites with photocrosslinkable histone residues.

B-C. SDS-PAGE immunoblots for biotin resolving Histones H2A/B and H4 as well as non-

XL peptide across acidic patch residues for WT and mutant SMARCB1 CTD peptides.

D. Summary of crosslinking results within the nucleosome acidic patch (PDB ID: 1ZLA).

E. WT SMARCB1 CTD peptide pull-down of WT and acidic patch mutant recombinant 

mononucleosomes.

F. (left) Electrostatic potential of nucleosome (PDB ID: 1KX5) with acidic patch 

highlighted, with 180 degree rotations; and (right) ZDOCK predicted docking region of 

SMARCB1-CTD (aa 358-377) on nucleosome overlaid in light blue (compiled across 

binding constraints) (Pierce et al., 2014). H2A-green, H2B-cyan, H3-maroon, H4-yellow.

See also Figure S3.
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Figure 4. CSS-associated mutations in SMARCB1 disrupt genome-wide enhancer DNA 
accessibility without affecting mSWI/SNF complex targeting.
A. Introduction of C-terminal V5-tagged SMARCB1 WT and mutant variants in TTC1240 

SMARCB1-deficient MRT cells. Immunoblot for BRG1, SMARCB1, and TBP are shown.

B. Chromatin occupancy of mSWI/SNF complexes (marked by SMARCB1, SMARCC1, 

and SMARCA4) and H3K27Ac occupancy mapped over overlapped merged SMARCB1/

SMARCC1 peaks.

C. Heatmap of ATAC-seq genomic accessibility reads over residual and de novo sites.

D. Summary metaplots reflecting accessibility at residual (top) and gained (bottom) sites for 

empty vector, SMARCB1 WT, and SMARCB1 CTD mutant conditions.

E. Metaplot of MNase-seq over all SMARCA4 WT summits (top) and gained mSWI/SNF 

sites.

F. Example ChIP-seq and ATAC-seq tracks over the CAPZB (top) and RTFN1 (bottom) loci.

G. Principal component analysis (PCA) performed on ATAC-seq peaks overlapping 

SMARCB1 ChIP-seq sites; experimental replicates for empty vector, SMARCB1 WT, and 

SMARCB1 CTD mutant conditions.
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H. PCA performed on RNA-seq experimental replicates for empty vector, SMARCB1 WT, 

and SMARCB1 CTD mutant conditions (top 10% most variable genes).

See also Figure S4.
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Figure 5. CSS-associated heterozygous SMARCB1 mutations in iPSCs block neuronal 
differentiation.
A. CRISPR-Cas9 mediated genome editing was used to obtain heterozygous SMARCB1 

K364del and indel mutant iPSCs which underwent NGN2-mediated neuronal differentiation 

with RNA-seq collected along an 8 day timecourse for WT and K364del mutant cells.

B. Heatmap of ChIP-seq for mSWI/SNF subunits (SMARCB1, SMARCC1, SMARCA4) 

and H3K27ac as well as ATAC-seq of SMARCB1 +/+ and K364del/+ iPSCs.

C. Box plot of normalized difference between WT and K364del/+ mutant SMARCB1, 

SMARCC1, SMARCA4, H3K27ac ChIP-seq and ATAC-seq results.

D. HOMER motif analysis of sites with reduced ATAC-seq accessibility (from B) in the 

K364del mutant versus WT iPSCs.
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E. Heatmap of gene cluster downregulated in K364del versus WT cells at Day 8 of NGN2-

induced differentiation (Cluster 6). Select differentially regulated genes are highlighted. See 

also Figure S5I

F. Venn diagram depicting overlap of Cluster 6 genes with intellectual disability- and 

NGN2-induced differentiation- associated genes.

G. Bar graphs of intellectual-disability associated genes downregulated in the mutant versus 

wild-type cells along the differentiation time course.

H. Immunoblot demonstrating lentiviral expression of full-length V5-tagged SMARCB1 in 

WT and mutant iPSCs.

I. Neurite outgrowth and neuron count at Day 10 of NGN2 differentiation (mean ± S.E.M, 

n=12; AdjP-values determined by Dunnett’s multiple comparison test to WT(EV)).

J. Imaging of DAPI (DNA), TUJ1, and NGN2 in SAH iPSCs at day 10 of differentiation.

K. Model of genome-wide localization and activity of mSWI/SNF complexes assembled 

with WT or CSS-associated SMARCB1 mutant variants.

See also Figure S5 and Table S4.
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Figure 6. Model of SMARCB1-mediated nucleosome engagement and remodeling.
A. Model of SMARCB1 C-terminal alpha helix bound to nucleosomes in complex with 

SNF2h bound (left) at the SHL2 position (PDB ID: 5X0Y) and (right) at the SHL6 

nucleosomal position (PDB ID: 5X0X) generated using ZDOCK (H2AE91 binding 

constraint).

B. Model of mammalian SWI/SNF complex based on Mashtalir et al. with WT or C-

terminal mutant SMARCB1 subunit as part of core module.

C. Model of genome-wide BAF complex occupancy (ChIP-seq), chromatin accessibility 

(ATAC-seq), nucleosome occupancy (MNase-seq) and gene expression between 

SMARCB1-null, WT, and C-terminal mutant conditions at SMARCB1-driven BAF complex 

sites.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse Anti-SMARCC2 (BAF170) (G-12) (WB) Santa Cruz Cat# sc-166237, Lot: G1310; 
RRID: AB_2192013

Mouse Anti-SMARCD1 (BAF60A) (23) (WB) Santa Cruz Cat# sc-135843, Lot: A2616; 
RRID: AB_2192137

Rabbit Anti-PBRM1(BAF180) (WB) Millipore Cat# ABE70, Lot: A2616; 
RRID: AB_10807561

Rabbit Anti-SMARCE1 (BAF57) (WB) Bethyl Cat# A300-810A, Lot: 2; 
RRID: AB_577243

Mouse Anti-TATA binding protein (TBP) (WB) Abcam
Cat# ab51841, Lot: 
GR297600-4; RRID: 
AB_945758

Rabbit Anti-Histone H3 (WB) Abcam
Cat# ab1791, Lot: 
GR3236377-1; RRID: 
AB_302613

Rabbit Anti-Histone H2B (D2H6) (WB) Cell Signaling 
Technology

Cat# 12364, RRID: 
AB_2714167

Rabbit Anti-PARP (WB) Cell Signaling 
Technology

Cat# 9532, Lot: 9; RRID: 
AB_659884

Rabbit Anti-Cleaved PARP (Asp214) XP (WB) Cell Signaling 
Technology

Cat# 5625, Lot: 13; RRID: 
AB_10699459

Mouse Anti-IgG (IP) Santa Cruz Cat# sc-2025, Lot: H0615; 
RRID: AB_737182

Rabbit Anti-ARID1A (BAF250A) (D2A8U) (IP/WB) Cell Signaling 
Technology

Cat# 12354, Lot: 1; RRID: 
AB_2637010

Mouse Anti-Anti-INI1 (BAF47) (A-5) (IP/WB) (IP/WB) Santa Cruz Cat# sc-166165, Lot: K0515; 
RRID: AB_2270651

Mouse Anti-Anti-BRG1 (SMARCA4) (G-7) (IP/WB) Santa Cruz Cat# sc-17796, Lot: G0115; 
RRID: AB_626762

Rabbit Anti-HA-Tag (C29F4) (IP/WB) (ChIP/WB) Cell Signaling 
Technology

Cat# 3724S, Lot: 8; RRID: 
AB_1549585

Rabbit Anti-SMARCB1 (BAF47) (D8M1X) (ChIP/WB) Cell Signaling 
Technology

Cat# 91735, Lot: 1; RRID: 
AB_2800172

Rabbit Anti-SMARCC1 (BAF155) (D7F8S) (ChIP/WB) Cell Signaling 
Technology

Cat# 11956, Lot: 2; RRID: 
AB_2797776

Rabbit Anti-SMARCA4 (BRG1) (EPNCIR111A) (ChIP) Abcam

Cat# ab110641, Lot: 
GR150844-37*, Lot: 
GR3208604-7**; RRID: 
AB_10861578

Rabbit Anti-Histone H3 (acetyl K27)-ChIP Grade (ChIP) Abcam

Cat# ab4729, Lot: 
GR238071-2*, Lot: 
GR144577-1**; RRID: 
AB_2118291

Mouse Anti-RNA Pol II monoclonal antibody – Classic (ChIP) Diagenode Cat# C15200004, Lot: 
001-11; RRID: AB_2728744

Rabbit Anti-SUZ12 (D39F6) XP (ChIP) Cell Signaling Cat# 3737, Lot: 6; RRID: 
AB_2196850

Rabbit Anti-H3K27me3 (trimethyl Histone H3 (Lys27)) (ChIP) Millipore Cat# 07-449, Lot: 2275589; 
RRID: AB_310624

Cell. Author manuscript; available in PMC 2020 November 27.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Valencia et al. Page 39

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse Anti-Beta-Tubulin III (TUJ1) (IF) Sigma-Aldrich Cat# T8660, RRID: 
AB_477590

Goat Anti-Mouse IgG Antibody, IRDye 680RD Conjugated LI-COR Biosciences Cat# 926-68070, RRID: 
AB_10956588

Goat Anti-Rabbit IgG Antibody, IRDye 800CW Conjugated LI-COR Biosciences Cat# 926-32211, RRID: 
AB_621843

Note: Asterisks denote whether antibody was used for ChIP for either *-
TTC1240 or **-SAH iPSC cell line.

Bacterial and Virus Strains

One-Shot Stbl 3 chemically competent cells Invitrogen Cat# C7373-03

Rosetta (DE3) Competent Cells Novagen Cat# 70954

BL21 (DE3) Competent E. coli New England Biolabs Cat# C2527H

Biological Samples

MNase-digested purified mononucleosomes from 293T cells
This study, protocol 
adapted from Masthalir 
et al., Mol Cell 2014

N/A

HeLa Polynucleosomes Purified EpiCypher Cat# 16-0003

Chemicals, Peptides, and Recombinant Proteins

Peptide: Biotin-SMARCB1_SCRM (351-385): Bio-
TENTKLDLMRIPENKLARATRWRQTDLEARPMDAR (35-mer) KE Biochem N/A

Peptide: Biotin-SMARCB1_WT (351-385): Bio-
PLLETLTDAEMEKKIRDQDRNTRRMRRLANTAPAW (35-mer) KE Biochem N/A

Peptide: Biotin-SMARCB1_K364del (351-385): Bio-
PLLETLTDAEMEKIRDQDRNTRRMRRLANTAPAW (34-mer) KE Biochem N/A

Peptide: Biotin-SMARCB1_R377H (351-385): Bio-
PLLETLTDAEMEKKIRDQDRNTRRMRHLANTAPAW (35-mer) KE Biochem N/A

Peptide: Biotin-SMARCB1_R366C (351-385): Bio-
PLLETLTDAEMEKKICDQDRNTRRMRRLANTAPAW (35-mer) KE Biochem N/A

Peptide: Biotin-SMARCB1_K363N (351-385): Bio-
PLLETLTDAEMENKIRDQDRNTRRMRRLANTAPAW (35-mer) KE Biochem N/A

Peptide: Biotin-SMARCB1_R374Q (351-385): Bio-
PLLETLTDAEMEKKIRDQDRNTRQMRRLANTAPAW (35-mer) KE Biochem N/A

Peptide: Biotin-SMARCB1_K364A (351-385): Bio-
PLLETLTDAEMEKAIRDQDRNTRRMRRLANTAPAW (35-mer) KE Biochem N/A

Peptide: Biotin-SMARCB1_K364E (351-385): Bio-
PLLETLTDAEMEKEIRDQDRNTRRMRRLANTAPAW (35-mer) KE Biochem N/A

Peptide: Biotin-SMARCB1_K364R (351-385): Bio-
PLLETLTDAEMEKRIRDQDRNTRRMRRLANTAPAW (35-mer) KE Biochem N/A

Peptide: Biotin-SMARCB1_K364P (351-385): Bio-
PLLETLTDAEMEKPIRDQDRNTRRMRRLANTAPAW (35-mer) KE Biochem N/A

Peptide: Biotin-SMARCB1_I365A (351-385): Bio-
PLLETLTDAEMEKKARDQDRNTRRMRRLANTAPAW (35-mer) KE Biochem N/A

Peptide: Biotin-SMARCB1_AA-363/4 (351-385): Bio-
PLLETLTDAEMEAAIRDQDRNTRRMRRLANTAPAW (35-mer) KE Biochem N/A

Peptide: Biotin-SMARCB1_EE-363/4 (351-385): Bio-
PLLETLTDAEMEEEIRDQDRNTRRMRRLANTAPAW (35-mer) KE Biochem N/A

Peptide: Biotin-SMARCB1_K363A (351-385): Bio-
PLLETLTDAEMEAKIRDQDRNTRRMRRLANTAPAW (35-mer) KE Biochem N/A

Peptide: Biotin-SMARCB1_R370A (351-385): Bio-
PLLETLTDAEMEKKIRDQDANTRRMRRLANTAPAW (35-mer) KE Biochem N/A
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Peptide: Biotin-S.cerevisae_SNF5_WT (650-684): Bio-
PNLLQISAAELERLDKDKDRDTRRKRRQGRSNRRG (35-mer) KE Biochem N/A

Peptide: Biotin-S.cerevisae_SFH1_WT (380-414): Bio-
PRVEILTKEEIQKREIEKERNLRRLKRETDRLSRR (35-mer) KE Biochem N/A

Peptide: Biotin-C.elegans_SNF5_WT (347-381): Bio-
PFLETLTDAEIEKKMRDQDRNTRRMRRLVGGGFNY (35-mer) KE Biochem N/A

Peptide: Biotin-D.melanogaster_SNR1_WT (336-370): Bio-
PFLETLTDAEMEKKIRDQDRNTRRMRRLANTTTGW (35-mer) KE Biochem N/A

Peptide: Biotin-SMARCB1_WT (351-382): Bio-
PLLETLTDAEMEKKIRDQDRNTRRMRRLANTA (32-mer) KE Biochem N/A

Peptide: Biotin-SMARCB1_K364del (351-382): Bio-
PLLETLTDAEMEKIRDQDRNTRRMRRLANTA (31-mer) KE Biochem N/A

Peptide: SMARCB1_WT (351-382): 
PLLETLTDAEMEKKIRDQDRNTRRMRRLANTA (32-mer) (CD) KE Biochem N/A

Peptide: SMARCB1_K364del (351-382): 
PLLETLTDAEMEKIRDQDRNTRRMRRLANTA (31-mer) (CD) KE Biochem N/A

Peptide: SMARCB1_R377H (351-382): 
PLLETLTDAEMEKKIRDQDRNTRRMRHLANTA (32-mer) (CD) KE Biochem N/A

Peptide: SMARCB1_R366C (351-382): 
PLLETLTDAEMEKKICDQDRNTRRMRRLANTA (32-mer) (CD) KE Biochem N/A

Peptide: SMARCB1_K363N (351-382): 
PLLETLTDAEMENKIRDQDRNTRRMRRLANTA (32-mer) (CD) KE Biochem N/A

Peptide: SMARCB1_R374Q (351-382): 
PLLETLTDAEMEKKIRDQDRNTRQMRRLANTA (32-mer) (CD) KE Biochem N/A

Peptide: LANA Peptide (1-23): MAPPGMRLRSGRSTGAPLTRGSC (23-mer) KE Biochem N/A

15N-Ammonium Chloride Cambridge Isotope Cat# NLM-467-1

13C-glucose Cambridge Isotope Cat# CLM-1396-2

Ponceau S Staining Solution Sigma Aldrich Cat# P7170

Dynabeads Streptavidin Thermo Fisher Scientific Cat# 88817

Dynabeads Protein G Thermo Fisher Scientific Cat# 10004D

Pierce Anti-HA Magnetic Beads Thermo Fisher Scientific Cat# 88837

Puromycin Sigma-Aldrich Cat# P8833-25MG

Blasticidin Life Technologies Cat# R210-01

Polybrene Santa Cruz 
Biotechnology Cat# sc-134220

Polyethylenimine (PEI) (MW 40,000) Polysciences Cat# 24765

Formaldehyde Sigma-Aldrich Cat# F8775

Glycine Sigma-Aldrich Cat# G7126

RNase Roche Cat#11119915001

Proteinase K Solution Thermo Fisher Scientific Cat# AM2546

MNase Sigma-Aldrich Cat# N3755

Agencourt AMPure XP Beads Beckman Coulter Cat# A63882

High Sensitivity D1000 ScreenTape & Reagents Agilent Cat# 5067-5584/5585

High Sensitivity D5000 ScreenTape & Reagents Agilent Cat# 5067-5592/5593
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Recombinant mononucleosome with diazirine photocrosslinker at Histone H4E52
Laboratory of Dr. 
Thomas W. Muir, 
Princeton University

N/A

Recombinant mononucleosome with diazirine photocrosslinker at Histone 
H2BE113

Laboratory of Dr. 
Thomas W. Muir, 
Princeton University

N/A

Recombinant mononucleosome with diazirine photocrosslinker at Histone 
H2BE105

Laboratory of Dr. 
Thomas W. Muir, 
Princeton University

N/A

Recombinant mononucleosome with diazirine photocrosslinker at Histone 
H2AE91

Laboratory of Dr. 
Thomas W. Muir, 
Princeton University

N/A

Recombinant mononucleosome with diazirine photocrosslinker at Histone 
H2AD90

Laboratory of Dr. 
Thomas W. Muir, 
Princeton University

N/A

Recombinant mononucleosome with diazirine photocrosslinker at Histone 
H2AE64

Laboratory of Dr. 
Thomas W. Muir, 
Princeton University

N/A

Recombinant mononucleosome with diazirine photocrosslinker at Histone 
H2AE61

Laboratory of Dr. 
Thomas W. Muir, 
Princeton University

N/A

Recombinant mononucleosome with diazirine photocrosslinker at Histone 
H2AE56

Laboratory of Dr. 
Thomas W. Muir, 
Princeton University

N/A

Recombinant Mononucleosome: Wild-type
Laboratory of Dr. 
Thomas W. Muir, 
Princeton University

N/A

Recombinant Mononucleosome: Mutant-Histone H2AD90N
Laboratory of Dr. 
Thomas W. Muir, 
Princeton University

N/A

Recombinant Mononucleosome: Mutant-Histone H2AE92K
Laboratory of Dr. 
Thomas W. Muir, 
Princeton University

N/A

Recombinant Mononucleosome: Mutant-Histone H2BE113K
Laboratory of Dr. 
Thomas W. Muir, 
Princeton University

N/A

EpiDyne Nucleosome Remodeling Assay Substrate ST601-GATC1 EpiCypher Cat# 16-4101

Recombinant tetranucleosomes Reaction Biology Cat# HMT-15-369

Recombinant histone octamer EpiCypher Cat#16-0001

6X GelPilot Loading Dye QIAGEN Cat# 239901

DpnII Restriction Enzyme New England Biolabs Cat# R0543L

Ultrapure ATP (provided in ADP Glo Max Assay kit) Promega Cat# V7001

Recombinant 15N/13C doubly-labeled SMARCB1-C-terminal protein (aa 
351-385)

This study, Dana-Faber 
Cancer Institute 
Structural Biology Core

N/A

Recombinant SMARCB1-WH DNA binding domain
Purification adapted 
from Allen at al., 
Structure 2015

N/A

Cycloheximide Sigma-Aldrich Cat# C1988-1G

SYBR-Gold Nucleic Acid Gel Stain Thermo Fisher 
Scientific/Invitrogen Cat# S11494

SYBR-Safe Nucleic Acid Gel Stain Thermo Fisher 
Scientific/Invitrogen Cat# S33102
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Syto-60 Red Fluorescent Nucleic Acid Stain Thermo Fisher 
Scientific/Invitrogen Cat# S11342

IRDye 800CW Streptavidin for Biotin Detection LI-COR Biosciences Cat# 926-32230

StemFlex™ Medium
Thermo Fisher 
Scientific/Gibco Cat# A3349401

ReLeSR™ Enzyme-free human ES and iPS cell selection and passaging reagent Stem Cell Technologies Cat# 05872

CryoStor® CS1 Freeze Media Bio Life Solutions Cat# 210102

Critical Commercial Assays

NEBNext Ultra II DNA Library Prep Kit for Illumina New England Biolabs Cat# E7645

NextSeq 500/550 High Output Kit v2.5 (75 Cycles) Illumina Cat# 20024906

NovaSeq 6000 SP Reagent Kit (100 cycles) Illumina Cat# 20027464

EZ Nucleosomal DNA Prep Kit Zymo Research Cat# D5220

RNEasy Mini Kit Qiagen Cat# 74136

MinElute PCR Purification Kit Qiagen Cat# 28006

ADP-Glo Max Assay Promega Cat# V7001

2% Agarose w/ external markers, Pippin Prep. 100-600 bp Sage Science Cat# CSD2010

BCA Protein Assay Kit Pierce/ Thermo 
Scientific Cat# 23225

SilverQuest Silver Staining Kit Invitrogen Cat# LC6070

Annexin V-CF Blue 7-AAD Apoptosis Staining/Detection Kit Abcam Cat# ab214663

Deposited Data

TTC1240 ChIP-seq, RNA-seq, ATAC-seq, MNase-seq; G401 RNA-seq; SAH 
ChIP-seq, RNA-seq, ATAC-seq This study GEO: GSE124903

TTC1240 SS18, ARID2, H3K4me1, and H3K4me3 ChIP-seq Nakayama et al., Nat. 
Gen. 2017 GEO: GSE90634

HUES64 OCT4, NANOG, and SOX2 ChIP-seq data Tsankov et al., Nature 
2015 GEO: GSE61475

NMR Structure of SMARCB1 C-Terminal Alpha Helix This study PDB: 6UCH

X-Ray Structure of the Nucleosome Core Particle Davey et al., J. Mol. 
Biol. 2002 PDB: 1KX5

X-ray Structure of a Kaposi's sarcoma herpesvirus LANA peptide bound to the 
nucleosomal core

Chodaparambil et al., 
Science 2006 PDB: 1ZLA

Complex of Snf2-Nucleosome complex with Snf2 bound to positions SHL2 and 
SHL6 of the nucleosome Liu et al., Nature 2017 PDB: 5X0X; 5X0Y

Experimental Models: Cell Lines

Lenti-X 293T cell line Clontech Cat# 632180; RRID: 
CVCL_4401

HEK293TSMARCB1Δ/Δ (293T BAF47KO (29.1)) cell line
Nakayama et al., Nat. 
Gen. 2017 N/A

TTC1240

Gift from laboratory of 
Dr. T.J. Triche, 
Children’s Hospital Los 
Angeles (CHLA)

RRID: CVCL_8002

G401 ATCC RRID: CVCL_0270

SAH (SAH0047-2) Ebrahimi-Fakhari et al., 
Cell Rep. 2016 N/A
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SAHSMARCB1_K364del/+ This study N/A

SAHSMARCB1_Indel/+ This study N/A

Experimental Models: Organisms/Strains

N/A N/A N/A

Oligonucleotides

SMARCB1-K364del sgRNA, 5’-GGAGAAGAAGATCCGCGACC AGG-3’ Integrated DNA 
Technologies N/A

SMARCB1-K364del ssODN, 5’- CCGGAACACG GGCGATGCGG 
ACCAGTGGTG CCCACTGCTG GAGACTCTGA CAGACGCTGA 
GATGGAA-A--AAATACGCG ATCAAGACAG GAACACGAGG 
TACCCCTGGC CCTGTGGTCC TGGGCTCTGC CCACAGGCAC 
CTGGCTTTCC -3’;

Integrated DNA 
Technologies N/A

INI1 Winged Helix DNA Binding DNA (5’ IRDye700-
GGAATTGTGAGCGCTCACAATTCC-3’)

Integrated DNA 
Technologies, Adapted 
from Allen et al., 2015

N/A

INI1 Winged Helix DNA Binding DNA (unlabeled reverse complement) (5’-
GGAATTGTGAGCGCTCACAATTCC-3’)

Integrated DNA 
Technologies, Allen et 
al., 2015

N/A

Recombinant DNA

EF-1a-MCS-PGK-Blast (Empty Vector) Clonetech, Kadoch & 
Crabtree (2013) N/A

EF-1a-MCS-PGK-Blast-SMARCB1-V5 WT Nakayama et al., 2017 N/A

EF-1a-MCS-PGK-Blast-SMARCB1-V5 K364del This study N/A

EF-1a-MCS-PGK-Blast-SMARCB1-V5 R377H This study N/A

EF-1a-MCS-PGK-Blast-SMARCB1-V5 delCC (Y326*) This study N/A

EF-1a-MCS-PGK-Blast-SMARCB1-V5 delN-term (deletion of aa 1-176) This study N/A

EF-1a-MCS-PGK-Blast-SMARCB1-V5 delC-term (deletion of aa 177-385) This study N/A

EF-1a-MCS-PGK-Blast-SMARCB1-V5 delRpt1 (deletion of aa 186-245) This study N/A

EF-1a-MCS-PGK-Blast-SMARCB1-V5 delRpt2 (deletion of aa 259-319) This study N/A

EF-1a-MCS-PGK-Blast-SMARCB1-V5 delRpt1-2 (deletion of aa 186-319) This study N/A

EF-1a-MCS-PGK-Puro (Empty Vector) Clonetech, Kadoch & 
Crabtree (2013) N/A

EF-1a-MCS-PGK-Puro-SMARCB1-HA WT This study N/A

EF-1a-MCS-PGK-Blast-SMARCB1-HA R37H This study N/A

EF-1a-MCS-PGK-Blast-SMARCB1-HA K364del This study N/A

EF-1a-MCS-PGK-Blast-SMARCB1-HA K363N This study N/A

EF-1a-MCS-PGK-Blast-SMARCB1-HA R366C This study N/A

psPAX2 Tiscornia et al., 2006 RRID: Addgene_12260

pMD2.G Tiscornia et al., 2006 RRID: Addgene_12259

Ini1 (BAF47) CRISPR/Cas9 KO Plasmid Santa Cruz 
Biotechnology Cat# sc-423027

Ini1 (BAF47) HDR Plasmid Santa Cruz 
Biotechnology Cat# sc-423027-HDR

pSpCas9(BB)-2A-GFP (PX458) CRISPR/Cas9 Plasmid constructed with 
hSMARCB1 distinct sgRNA (see Olignonucleotides above) Ran et al., 2013 RRID: Addgene_48138

pGEX-6P-2-SMARCB1CC (aa 351-385) This study N/A
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pGST-SMARCB1WH (aa 1-115)
This study adapted from 
Allen at al., Structure 
2015

N/A

Software and Algorithms

Bowtie2 v2.29 Langmead and 
Sialzberg, 2012

http://bowtie-
bio.sourceforge.net/bowtie2/
index.shtml ; 
RRID:SCR_005476

STAR v2.5.2b Dobin et al., 2013 https://github.com/alexdobin/
STAR ; RRID:SCR_015899

MAC2 v2.1.1 Zhang et al., 2008 https://github.com/taoliu/
MACS ; RRID:SCR_013291

GSEA Subramanian et al., 2005

http://
software.broadinstitute.org/
gsea/index.jsp ; 
RRID:SCR_003199

BEDTools Quinlan and Hall, 2010
http://
bedtools.readthedocs.io/en/
latest/ ; RRID:SCR_006646

Picard v2.8.0 Broad Institute
http://
broadinstitute.github.io/
picard ; RRID:SCR_006525

Trimmomatic v0.36 Bolger et al., 2014

http://
www.usadellab.org/cms/?
page=trimmomatic ; 
RRID:SCR_011848

GREAT McLean et al., 2010
http://great.stanford.edu/
public/html/ ; 
RRID:SCR_005807

ngsplot v2.63 Shen et al., 2014
https://github.com/shenlab-
sinai/ngsplot ; 
RRID:SCR_011795

LOLA v1.12.0 Sheffield and Bock, 
2016

https://bioconductor.org/
packages/release/bioc/html/
LOLA.html

HOMER v4.9 Heinz et al., 2010 http://homer.ucsd.edu/
homer/ ; RRID:SCR_010881

deepTools v2.5.3 Ramirez et al., 2016

https://
deeptools.readthedocs.io/en/
develop/content/api.html ; 
RRID:SCR_016366

edgeR v3.12.1 Robinson et al., 2010

https://bioconductor.org/
packages/release/bioc/html/
edgeR.html ; 
RRID:SCR_012802

Metascape Tripathi et al., 2015
http://metascape.org/gp/
index.html#/main/step1 ; 
RRID:SCR_016620

UCSC Utilities Kuhn et al., 2013

http://
hgdownload.soe.ucsc.edu/
downloads.html#utilities_do
wnloads

SAMtools v0.1.19 Li et al., 2009
http://
samtools.sourceforge.net/ ; 
RRID:SCR_002105

Cell. Author manuscript; available in PMC 2020 November 27.

http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
http://bowtie-bio.sourceforge.net/bowtie2/index.shtml
https://github.com/alexdobin/STAR
https://github.com/alexdobin/STAR
https://github.com/taoliu/MACS
https://github.com/taoliu/MACS
http://software.broadinstitute.org/gsea/index.jsp
http://software.broadinstitute.org/gsea/index.jsp
http://software.broadinstitute.org/gsea/index.jsp
http://bedtools.readthedocs.io/en/latest/
http://bedtools.readthedocs.io/en/latest/
http://bedtools.readthedocs.io/en/latest/
http://broadinstitute.github.io/picard
http://broadinstitute.github.io/picard
http://broadinstitute.github.io/picard
http://www.usadellab.org/cms/?page=trimmomatic
http://www.usadellab.org/cms/?page=trimmomatic
http://www.usadellab.org/cms/?page=trimmomatic
http://great.stanford.edu/public/html/
http://great.stanford.edu/public/html/
https://github.com/shenlab-sinai/ngsplot
https://github.com/shenlab-sinai/ngsplot
https://bioconductor.org/packages/release/bioc/html/LOLA.html
https://bioconductor.org/packages/release/bioc/html/LOLA.html
https://bioconductor.org/packages/release/bioc/html/LOLA.html
http://homer.ucsd.edu/homer/
http://homer.ucsd.edu/homer/
https://deeptools.readthedocs.io/en/develop/content/api.html
https://deeptools.readthedocs.io/en/develop/content/api.html
https://deeptools.readthedocs.io/en/develop/content/api.html
https://bioconductor.org/packages/release/bioc/html/edgeR.html
https://bioconductor.org/packages/release/bioc/html/edgeR.html
https://bioconductor.org/packages/release/bioc/html/edgeR.html
http://metascape.org/gp/index.html#/main/step1
http://metascape.org/gp/index.html#/main/step1
http://hgdownload.soe.ucsc.edu/downloads.html#utilities_downloads
http://hgdownload.soe.ucsc.edu/downloads.html#utilities_downloads
http://hgdownload.soe.ucsc.edu/downloads.html#utilities_downloads
http://hgdownload.soe.ucsc.edu/downloads.html#utilities_downloads
http://samtools.sourceforge.net/
http://samtools.sourceforge.net/


A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Valencia et al. Page 45

REAGENT or RESOURCE SOURCE IDENTIFIER

ChIPpeakAnno v3.17.0 Zhu et al., 2010

https://bioconductor.org/
packages/release/bioc/html/
ChIPpeakAnno.html ; 
RRID:SCR_012828

Principal components analysis (PCA)
Schafer and Strimmer, 
2005/ Opgen-Rhein and 
Strimmer, 2007

http://www.strimmerlab.org/
software/corpcor/

ZDOCK Server v.3.0.2 Pierce et al., 2014 http://zdock.umassmed.edu/

FloJo software v.10.4.1 TreeStar https://www.flowjo.com

ConSurf Database Ashkenazy et al., 2016 https://consurf.tau.ac.il/; 
RRID:SCR_002320

CYANA software Guntert et al., 2009 www.cyana.org; 
RRID:SCR_014229

TALOS+ Sofware Shen et al., 2009 N/A

NMRPipe Delaglio et al., 19995 https://www.ibbr.umd.edu/
nmrpipe/install.html

Iterative Soft Thresholding (istHMS) Hyberts et al., 2012 N/A

CARA Keller et al., 2004 http://www.cara.nmr.ch/
doku.php

SonoLab Software Covaris

http://covaris.com/
instruments/sonolab-
software/ ; 
RRID:SCR_016302

Integrative Genomics Viewer (IGV) Broad Institute
http://
www.broadinstitute.org/igv/ ; 
RRID:SCR_011793

HCS Studio Cell Analysis Software Thermo Fisher Scientific RRID:SCR_016787

Image Studio Lite LI-COR

http://www.licor.com/bio/
products/software/
image_studio_lite/ ; 
RRID:SCR_013715

Geneious Prime v.2019.0.3 Geneious http://www.geneious.com/; 
RRID:SCR_010519

Other

Odyssey CLx Imaging System LI-COR RRID:SCR_014579

NextSeq 500 Sequencing System Illumina RRID:SCR_014983

NovaSeq 6000 Sequencing System Illumina RRID:SCR_016387

2200 TapeStation Instrument Agilent RRID:SCR_014994

E220 focused-ultrasonicator Covaris N/A

AKTA Pure chromatography system GE Healthcare N/A

700 MHz Agilent DD2 NMR Spectrometer equipped with a cryogenic probe Agilent N/A

ImageXpress Micro Confocal High Content Imaging System Molecular Devices N/A

Arrayscan XTI Thermo Fisher Scientific N/A

Aviv Model 430 CD spectrometer Aviv Biomedical Inc. N/A

Advantec Grade QR200 Quartz Fiber Filters Cole-Parmer EW-06658-10

Epson-Perfection V600 Photo Scanner Epson Model: B11B198011

NuPage 4-12% Bis-Tris gels, 12 and 15 well Thermo Fisher 
Scientific/Invitrogen

Cat# NP0322BOX Cat# 
NP0336BOX
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Novex 8% TBE gels, 15 well Thermo Fisher 
Scientific/Invitrogen Cat# EC62155BOX

Novex 10-20% Tricine gels Thermo Fisher 
Scientific/Invitrogen Cat# EC66252BOX

DNA Retardation Gels (6%) Thermo Fisher 
Scientific/Invitrogen Cat# EC63655BOX

Immobilon-FL PVDF membrane EMD Millipore Cat# 05317

Immobilon-PSQ PVDF membrane EMD Millipore Cat# ISEQ00010

Amicon Ultra-15 Centrifugal Filter Unit (30KDa MWCO) EMD Millipore Cat# UFC903024

Slide-A-Lyzer MINI dialysis unit (10 kDa MWCO) Thermo Fisher Scientific Cat# 69570

Slide-A-Lyzer MINI dialysis unit (3.5 kDa MWCO) Thermo Fisher Scientific Cat# 69550

Pierce Peptide Desalting Spin Columns Thermo Fisher Scientific Cat# 89851
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