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ABSTRACT 18 

 The packaging of DNA into chromatin plays an important role in transcriptional regulation and nuclear 19 

processes. Brahma related gene-1 SMARCA4 (also known as BRG1), the essential ATPase subunit of the 20 

mammalian SWI/SNF chromatin remodeling complex, uses the energy from ATP hydrolysis to disrupt 21 

nucleosomes at target regions. Although the transcriptional role of SMARCA4 at gene promoters is well-22 

studied, less is known about its role in higher-order genome organization. SMARCA4 knockdown in human 23 
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mammary epithelial MCF-10A cells resulted in 176 up-regulated genes, including many related to lipid and 24 

calcium metabolism, and 1292 down-regulated genes, some of which encode extracellular matrix (ECM) 25 

components that can exert mechanical forces and affect nuclear structure. ChIP-seq analysis of SMARCA4 26 

localization and SMARCA4-bound super-enhancers demonstrated extensive binding at intergenic regions. 27 

Furthermore, Hi-C analysis showed extensive SMARCA4-mediated alterations in higher-order genome 28 

organization at multiple resolutions. First, SMARCA4 knockdown resulted in clustering of intra- and inter- sub-29 

telomeric regions, demonstrating a novel role for SMARCA4 in telomere organization. SMARCA4 binding was 30 

enriched at TAD (Topologically Associating Domain) boundaries, and SMARCA4 knockdown resulted in 31 

weakening of TAD boundary strength. Taken together, these findings provide a dynamic view of SMARCA4-32 

dependent changes in higher-order chromatin organization and gene expression, identifying SMARCA4 as a 33 

novel component of chromatin organization. 34 

KEYWORDS: SWI/SNF, BRG1, Hi-C, Topologically Associating Domains, TAD, Chromosome Conformation 35 

Capture, 3C, MCF-10A, Telomere 36 

INTRODUCTION 37 

 Organization of chromatin is essential for many biological processes. Packaging of the DNA around the 38 

nucleosomes acts to tightly condense the genome (Cutter and Hayes 2015). At the same time, the cell has to 39 

regulate the accessibility of the chromatin to many enzymes for the regulation of gene expression, DNA 40 

replication and repair. Maintaining a balance between tight packaging and accessibility of the chromatin is an 41 

important function of the eukaryotic nucleus. This balance is achieved by multiple specialized protein 42 

complexes that dynamically alter chromatin structure in an ATP-dependent manner (Clapier and Cairns 2009). 43 

Four families of ATP-dependent chromatin remodelers exist: SWI/SNF, ISWI, INO80 and CHD (reviewed in 44 

(Varga-Weisz 2001; Flaus and Owen-Hughes 2011)). The ATPase subunits of each family have a conserved 45 

helicase-like ATPase domain that uses the energy from ATP hydrolysis to evict, reposition or modify 46 
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nucleosomes (Sala et al. 2011; Narlikar et al. 2013). Different families of remodelers work in a dynamic and 47 

orchestrated way in cells to fine tune DNA accessibility (Morris et al. 2014).  48 

 The mammalian SWI/SNF (mating-type switching – SWI / and sucrose non fermenting – SNF) complexes 49 

contain one of two distinct ATPase subunits, SMARCA2 (also known as Brahma, or BRM) or SMARCA4 50 

(Muchardt and Yaniv 1993; Wang et al. 1996). SMARCA2 is thought to be dispensable, as SMARCA2 null mice 51 

can properly develop to adulthood (Reyes et al. 1998), though this finding has recently been questioned 52 

(Thompson et al. 2015). On the other hand, SMARCA4 is essential, as SMARCA4 null mice are embryonic lethal, 53 

and SMARCA4 heterozygous mice show developmental defects and are prone to mammary tumor formation 54 

(Bultman et al. 2000; Bultman et al. 2008). SMARCA4 has been shown to be involved in many developmental 55 

processes and in transcriptional regulation, DNA repair, cell cycle control, and cancer (Trotter and Archer 2008; 56 

King et al. 2012). The role of SMARCA4 in gene regulation is contextual, as it can activate some promoters while 57 

repressing others. In addition, extensive dysregulation and mutations of SMARCA4 have been implicated in 58 

many different cancer types, making SMARCA4 a potential therapeutic target for cancer (Kadoch et al. 2013; 59 

Shain and Pollack 2013).  60 

 Through interactions with many different protein partners, SMARCA4 is involved in nuclear structure 61 

and in mediating specific long-range chromatin interactions (Trotter and Archer 2008; Euskirchen et al. 2011; 62 

Imbalzano et al. 2013a). The organization of chromatin occurs in a hierarchical manner. Chromosomes are 63 

positioned in distinct volumes forming the chromosome territories (Cremer et al. 2006), which consist of open 64 

(A-type) and closed (B-type) genomic compartments (Lieberman-Aiden et al. 2009). The genomic 65 

compartments are further folded into sub-megabase scaled structures called Topologically Associating 66 

Domains (TADs) (Dixon et al. 2012; Nora et al. 2012; Nora et al. 2013), where local looping interactions 67 

between promoters and enhancers occur (Sanyal et al. 2012; Smith et al. 2016; Symmons et al. 2014; Tang et 68 

al. 2015).   69 

 SMARCA4 regulates inter-chromosomal interactions between tissue-specific promoters during 70 
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myogenesis (Harada et al. 2015) and is required for looping at many gene loci including the beta and alpha-71 

globin genes (Kim et al. 2009a; Kim et al. 2009b), the IgH locus (Bossen et al. 2015), and the class II major 72 

histocompatibility complex gene (CIITA) (Ni et al. 2008). SMARCA4 binds to poised developmental enhancers in 73 

embryonic stem cells (Hu et al. 2011; Rada-Iglesias et al. 2011) and B-cells (Bossen et al. 2015) and colocalizes 74 

with pluripotency factors (Ho et al. 2009), suggesting important roles in enhancer function. Furthermore, 75 

previous work classifying genome-wide interactions according to their histone modifications and transcription 76 

factor binding revealed SMARCA4 enrichment at open chromatin regions, indicating a possible structural role 77 

for SMARCA4 (Lan et al. 2012). In addition, SMARCA4 knockdown affects nuclear size (Hill et al. 2004) and the 78 

integrity of nuclear shape via a mechanism independent of cytoskeletal connections (Imbalzano et al. 2013b). 79 

Recently, it has been shown that SMARCA4 is involved in the lncRNA-dependent assembly of nuclear bodies 80 

(Kawaguchi et al. 2015). 81 

 Taken together, apart from its chromatin remodeling activity at the regulatory regions of target genes, 82 

emerging evidence suggests a possible important role for SMARCA4 in maintaining the structural integrity of 83 

the nucleus by regulating global chromatin structure (Imbalzano et al. 2013a). To date, very little is known 84 

about the role of SMARCA4 in global higher-order genome organization. In order to gain insight into the role of 85 

SMARCA4 in nuclear organization at a genome-wide level, we performed RNA-seq and Hi-C in SMARCA4-86 

knockdown and control MCF-10A human mammary epithelial cells.  Furthermore, to map the localization of 87 

SMARCA4 in the genome, we performed SMARCA4 ChIP-seq in the parental MCF-10A cells. Overall, we show 88 

that SMARCA4 knockdown is associated with extensive changes in gene expression and higher-order chromatin 89 

structure, affecting TAD boundaries and telomere clustering. 90 

RESULTS 91 

SMARCA4 globally affects gene regulation in MCF-10A cells 92 

 To investigate the roles of SMARCA4 in transcriptional regulation, we used previously described 93 

doxycycline-inducible MCF-10A mammary epithelial cells expressing either a non-specific (scrambled) shRNA 94 
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(shSCRAM), or shRNA against SMARCA4 (shSMARCA4) (Cohet et al. 2010). We confirmed the down-regulation 95 

of the SMARCA4 protein by Western Blot analysis in doxycycline-induced cells (Fig. 1A).  96 

 Next, we performed polyA RNA-seq in doxycycline-induced shSMARCA4 and shSCRAM MCF-10A cells 97 

(Supplementary Figs. S1A-E and S2A-B). We identified 176 up-regulated and 1292 down-regulated genes upon 98 

SMARCA4 knockdown (Fig. 1B-C, Supplementary Table S1). REACTOME pathway analysis (Milacic et al. 2012; 99 

Croft et al. 2014) of down-regulated genes identified pathways related to “extracellular matrix (ECM) 100 

organization”, “collagen degradation”, “cell adhesion molecule L1-like (CHL1) interactions” and “cohesin 101 

loading onto chromatin” (Fig. 1D). A significant number of these genes were associated with cell adhesion, 102 

including many proteoglycans, integrins and laminins. This result suggests a role for SMARCA4 in ECM biology 103 

and nuclear structure. On the other hand, up-regulated genes were associated with calcium signaling and lipid 104 

metabolism, including pathways related to “regulation of cholesterol biosynthesis by SREBP”, “fatty acids” and 105 

“eicosanoids”, which are the byproducts of fatty acid oxidation (Fig. 1E). 106 

 Furthermore, we assessed the transcriptional changes of poly-adenylated long non-coding RNAs 107 

(lncRNAs) using the GENCODE v19 lncRNA gene annotation (Trapnell et al. 2013). We identified 88 down-108 

regulated and 64 up-regulated polyA lncRNAs upon SMARCA4 knockdown (Supplementary Table S2). This 109 

suggests a widespread role of SMARCA4 in the transcriptional regulation of both coding and non-coding genes. 110 

Even though the majority of the differentially expressed lncRNAs were unannotated, we observed down-111 

regulation of several well-known lncRNA genes, including XIST, NEAT1 and MALAT1, and up-regulation of the 112 

imprinted lncRNA H19. We validated the RNA-seq results by performing qRT-PCR on 23 coding and non-coding 113 

genes of interest. There was a significant correlation between qRT-PCR and RNA-seq results (Spearman's 114 

rho=0.65, p=4.17x10
-6

;
 
Supplementary Fig. S2C-D). 115 

 Taken together, these results suggest that SMARCA4 positively regulates genes associated with ECM, 116 

supporting the role for SMARCA4 in ECM biology (Xu et al. 2007; Stankunas et al. 2008; Saladi et al. 2010); and 117 

negatively regulates genes related to lipid metabolism and calcium signaling in mammary epithelial cells. 118 
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Moreover, SMARCA4 also regulates the expression of many lncRNAs.  119 

SMARCA4 ChIP-seq analysis reveals extensive binding to intergenic and intronic regions in MCF-10A cells. 120 

 To confirm that SMARCA4-dependent alterations in gene expression observed by RNA-seq are directly 121 

related to SMARCA4 binding, we performed ChIP-seq analysis in wildtype MCF-10A cells (Fig. 2 and 122 

Supplementary Fig. S3A-B).  We identified 15,046 SMARCA4 ChIP-seq peaks. The binding profile of SMARCA4 123 

demonstrated that SMARCA4 binds to defined locations in the genome (Fig. 2A). Annotation of SMARCA4 ChIP-124 

seq peaks revealed that 60% of the binding sites were localized in promoters, introns and exons (gene bodies), 125 

whereas 40% of the sites were bound to intergenic regions (Fig. 2B). Consistent with the annotation of 126 

SMARCA4 peaks, normalized SMARCA4 binding signal across all the human genes was highest at promoter 127 

regions (Fig. 2C). Since SMARCA4 was enriched at the promoters, we intersected the SMARCA4 peaks with a 128 

publicly available MCF-10A Pol II ChIP-seq dataset (GSM935588) (The ENCODE Project Consortium 2012), and 129 

determined that 27% of all SMARCA4 bound sites were also bound by Pol II (Supplementary Fig. S3C).  130 

 By performing de novo motif analysis on SMARCA4 peaks, we identified enriched motifs for MEF2A/C, 131 

USF2, SMAD2/4, TP53 and SPI1 (Fig. 2D). These factors may be functionally related because SMARCA4 is a co-132 

regulator for many of these factors. MEF2C has been shown to interact with SMARCA4 and is required for the 133 

activity-dependent recruitment of SMARCA4 to its target regions (Zhang et al. 2015). Moreover, USF1/2 can 134 

bind a SMARCA4-associated factor, SMARCD3, and recruit other BAF subunits including SMARCA4 (Wang and 135 

Sul 1997). In addition, SMARCA4 is a direct interaction partner for SMAD proteins and TP53 (Xi et al. 2008; 136 

Naidu et al. 2009). 137 

 Next, we asked whether SMARCA4 binding was associated with differentially expressed genes. To 138 

address this, we analyzed the SMARCA4 peak frequency at the promoters of up- and down-regulated genes. 139 

We observed ~10-fold increase in the frequency of SMARCA4 binding at the promoters of genes that are down-140 

regulated upon SMARCA4 knockdown, whereas there was minimal association of SMARCA4 with the 141 

promoters of genes that are up-regulated when SMARCA4 is knocked down (Fig. 2E). This result suggests a 142 
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more direct role for SMARCA4 in the positive regulation of gene expression in MCF-10A cells.  143 

 Recently, super-enhancers, a novel type of regulatory regions having an unusual enrichment of 144 

transcription factors that are in close proximity, were described (Whyte et al. 2013). Super-enhancers are 145 

mostly associated with developmentally regulated genes. SMARCA4 is localized at super-enhancers in leukemic 146 

and in normal B-cells (Shi et al. 2013; Bossen et al. 2015). Using the approach previously published (Whyte et 147 

al. 2013), we identified 109 SMARCA4-bound super-enhancers in the MCF-10A genome (Fig. 2F). SMARCA4 148 

signal intensity was greater at super-enhancers than at typical SMARCA4 ChIP-seq peak regions (Fig. 2G). 149 

Annotation of the super-enhancers revealed ~60% localization at intergenic regions and ~40% localization at 150 

gene bodies, but not at promoters (Fig. 2H). 151 

 Overall, we identified SMARCA4 binding mostly (60%) at promoters and gene bodies. In the promoter 152 

regions, there may be individual single (stand-alone) high-density SMARCA4 peaks, but since they are not 153 

proximal to other high-density SMARCA4 peaks, they are not defined as super-enhancers. This result may 154 

explain why the super-enhancers are mostly (60%) enriched at intergenic regions while the typical SMARCA4 155 

ChIP-seq peaks are mostly (60%) at promoters and gene bodies. Interestingly, the localization pattern of 156 

SMARCA4-bound super-enhancers is opposite of the annotation of typical SMARCA4 peaks (intergenic versus 157 

promoter) (Fig. 2B), suggesting differential regulatory functions for regular SMARCA4 peaks and SMARCA4-158 

bound super-enhancers.  159 

Hi-C analysis of SMARCA4 knockdown and control MCF-10A cells 160 

 To identify the genome-wide changes in higher-order chromatin structure following SMARCA4 161 

knockdown, we performed Hi-C on doxycycline-induced shSCRAM and shSMARCA4 MCF-10A cells (Fig. 3A-B, 162 

Supplementary Table 3). With an average depth of ~115 million reads per biological replicate, and with two 163 

biological replicates, we achieved up to 40kb resolution genome-wide. The Hi-C heatmaps, which are 164 

normalized by total number of reads, revealed hierarchical higher-order chromatin structures, such as genomic 165 

compartments and TADs, at increasing resolutions (Fig. 3A-B). There was a high correlation (R
2
 > 0.90) between 166 
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two independent biological replicates at multiple resolutions (Supplementary Fig. S4A-J). The shSCRAM and 167 

shSMARCA4 Hi-C datasets exhibited high correlation (R
2
 > 0.95) with the previously published wildtype MCF-168 

10A Hi-C dataset (Barutcu et al. 2015). The scaling plot curves of genomic interaction frequencies along 169 

genomic distance showed similar trends of decay, and an increase at distances larger than >200Mb, which we 170 

previously showed to be a characteristic of the MCF-10A genome (Barutcu et al. 2015) (Supplementary Fig. 171 

S4C).  The Hi-C datasets displayed similar cis/trans interaction ratios (an average of ~25%) (Supplementary Fig. 172 

S4K-L).  173 

 Genome-wide Hi-C interaction heatmaps showed that, consistent with previous Hi-C studies and the 174 

notion of chromosome territories (Cremer et al. 2006), the intra-chromosomal interactions, which are 175 

visualized as dark boxes along the diagonal, were more frequent than inter-chromosomal interactions (Fig. 3). 176 

Moreover, we identified large blocks of inter-chromosomal interactions between Chr3 and 5, Chr3 and Chr9, 177 

and Chr 6 and Chr19, which represent previously known translocations in the MCF-10A genome (Marella et al. 178 

2009; Barutcu et al. 2015) (Supplementary Fig. S5).  Taken together, these analyses reflect the high quality and 179 

reproducibility of the Hi-C data. 180 

SMARCA4 knockdown results in extensive gain and loss of long-range chromatin interactions and altered 181 

telomeric associations 182 

 To map the SMARCA4-mediated alterations in higher-order chromatin structure, we compared the 183 

genome-wide interactions as previously described (Barutcu et al. 2015; Crane et al. 2015) (Fig. 4A). At multiple 184 

resolutions (10Mb to 40kb resolution genome-wide), SMARCA4 knockdown resulted in the disruption of 185 

existing interactions and the emergence of novel specific contacts throughout each chromosome (Fig. 4B and 186 

Supplementary Fig. S6). Mapping the high-confidence interactions that are depleted/enriched upon SMARCA4 187 

knockdown revealed specific regions potentially important for transcriptional regulation (Fig. 4D-E). For 188 

instance, a zoom-in view of the differential interactions at the promoter regions of MALAT1 and NEAT1 189 

lncRNAs, which are down-regulated upon SMARCA4 knockdown, displayed several differentially interacting 190 
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regions (Fig. 4D-E).  191 

  Even though there were several alterations in long-range interactions at high resolution, the positioning 192 

of chromosomes relative to each other was similar following SMARCA4 knockdown (Supplementary Fig. S7A-B). 193 

At the chromosomal scale, when only the significant differential interactions were considered, SMARCA4 194 

knockdown resulted in a higher frequency (Wilcoxon rank-sum test, p < 1x10
-180

) of in-trans interactions 195 

between the chromosomes (Supplementary Fig. S7C). Moreover, SMARCA4 knockdown resulted in a lower 196 

frequency (Wilcoxon rank-sum test, p < 1.2x10
-106

) of in-cis interactions both within and across the different 197 

chromosomal arms on each chromosome (Supplementary Fig. S7D).   198 

 Interestingly, among the sub-telomeric regions of the chromosomes, we observed a systematic pattern 199 

of increased interactions in shSMARCA4 cells, both in-cis and in-trans (Fig. 4F). In other words, the sub-200 

telomeric regions of each chromosome displayed a striking enrichment of interactions with each other upon 201 

SMARCA4 knockdown compared to in the shSCRAM control (Fig. 4F). Quantification of the sub-telomeric 202 

interactions suggested a significant increase in both intra- and inter-chromosomal associations in shSMARCA4 203 

cells compared to shSCRAM (Fig. 4G). However, this was not the case when interactions in the same regions 204 

were randomized (Supplementary Fig. S7E). To validate the Hi-C results, we performed DNA-FISH by probing 205 

the intra-chromosomal telomeric interactions of Chr1 and Chr4. Consistent with our Hi-C findings, SMARCA4 206 

knockdown resulted in a significant increase in telomeric proximity of the p and the q chromosomal arms of 207 

Chr1 and Chr4 (Fig. 4H-I). Taken together, these results indicate a novel role for SMARCA4 in telomere 208 

structure and suggest that disruption of SMARCA4 levels results in altered three-dimensional organization of 209 

telomeric regions of the genome. 210 

SMARCA4 occupancy is enriched at open compartment regions 211 

 Each chromosome territory is composed of megabase-scale genomic compartments that are either A-212 

type (i.e open, gene rich) or B-type (i.e closed, gene poor). The frequency of interactions within one 213 

compartment occurs much more frequently than the interactions in between compartments (Lieberman-Aiden 214 
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et al. 2009). We asked whether SMARCA4 knockdown resulted in any compartment changes. To address this, 215 

we binned the genome at 250kb non-overlapping intervals and compared the type of compartmentalization for 216 

each bin (Fig. 5A). The majority of the compartmentalization was similar in shSCRAM and shSMARCA4 MCF-10A 217 

cells, with 42% of the genome consisting of constitutive A-type compartments and 54% consisting of 218 

constitutive B-type compartments (Fig. 5B). Upon SMARCA4 knockdown, a total of 2% of the genome altered 219 

its compartmentalization from A-type to B-type and 2% showed alteration from B-type to A-type (Fig. 5B). 220 

 Compartmentalization of the genome is correlated with gene expression (Barutcu et al. 2015; Dixon et 221 

al. 2015). To understand the link between compartment switching and gene expression upon SMARCA4 222 

knockdown, we plotted the shSMARCA4 / shSCRAM log2 fold change RNA-seq expression levels of the genes 223 

that were located either within unchanged compartments or within compartment switch regions (Fig. 5C). The 224 

genes located in regions with a compartment switch from A-type to B-type upon SMARCA4 knockdown showed 225 

significantly lower expression levels than the genes within unaltered compartment regions. The differences in 226 

gene expression within B-type to A-type compartment switch regions (shSMARCA4 to shSCRAM), although 227 

statistically significant (Wilcoxon rank-sum test; p=0.02), showed much more similar expression levels upon 228 

SMARCA4 knockdown (Fig. 5C). Nevertheless, these results suggest a prominent correlation between 229 

differential compartmentalization and gene expression.  230 

 Next, we asked whether the regions with SMARCA4 binding were associated with compartment 231 

switching. 76% of all SMARCA4-bound sites were located within the constitutive open A-type compartments. In 232 

contrast, 21% of SMARCA4 ChIP-seq peaks were found in the closed B-type compartment regions (Fig. 5D). ~3% 233 

of SMARCA4 peaks were in regions showing compartment switching (Fig. 5D).  We then assessed the 234 

percentage of genomic compartment switching regions that were either bound or unbound by SMARCA4. We 235 

observed that SMARCA4 was bound to ~80% of constitutive A-type compartments (A to A) and ~50% of 236 

constitutive B-type compartments (B to B) (Fig. 5E). The frequency of SMARCA4 binding to altered 237 

compartment regions were similar; as 75% of “A to B” and 55% of “B to A” compartment switch regions 238 
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showed SMARCA4 binding, suggesting a similar degree of localization at compartment switch regions.  This 239 

suggests that SMARCA4 is therefore not likely to be directly mediating the compartment switch. 240 

 Taken together, these results show that SMARCA4 knockdown affects compartment organization in the 241 

genome. Even though this change is confined to a subset of the genome, it is associated with differential gene 242 

expression.  243 

SMARCA4 is associated with TAD boundaries and TAD boundary strength 244 

 Each compartment is composed of TADs, which are sub-megabase scale structures constituting a 245 

confined nuclear micro-environment for the proper association and regulation of promoters and enhancers 246 

(Nora et al. 2013). MCF-10A shSCRAM and shSMARCA4 interaction maps at 40kb resolution revealed these sub-247 

megabase scale interaction domains on all chromosomes, suggesting that SMARCA4 knockdown does not 248 

result in a loss of TAD formation (Fig. 6A and Supplementary Fig. S8A-B).  In order to quantify the TAD boundary 249 

scores and identify specific TADs, we generated insulation plots using a method that was described previously 250 

(Barutcu et al. 2015; Crane et al. 2015). We identified 2963 and 2796 TAD boundaries in shSCRAM and 251 

shSMARCA4 MCF-10A cells, respectively (Fig. 6B). The identified TADs showed known characteristics, such as 252 

increased density of genes and Pol II binding at the boundaries compared to the surrounding regions 253 

(Supplementary Fig. S8C-D). Despite the notion that TADs are stable across different cell types, species and 254 

different biological contexts (Dixon et al. 2012; Nora et al. 2012; Nora et al. 2013; Dixon et al. 2015), 255 

interestingly, SMARCA4 knockdown altered the localization of ~14% of the TAD boundaries. The majority of 256 

TAD boundaries (83% of shSCRAM and 88% of shSMARCA4) were overlapping between the control and the 257 

SMARCA4 knockdown cells (Fig. 6B).   258 

 TAD boundaries are bound by proteins such as CTCF and cohesin in vertebrates (Vietri Rudan et al. 259 

2015) and by several architectural binding proteins in flies (Van Bortle et al. 2014). Therefore, we asked 260 

whether SMARCA4 plays any role in TAD boundaries and assessed whether SMARCA4 localization was enriched 261 

at TAD boundaries. Intersection of SMARCA4 ChIP-seq peaks with both the shSMARCA4 and shSCRAM TAD 262 
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boundary definitions yielded similar results, where ~25% of all SMARCA4 binding was located at TAD 263 

boundaries (Fig. 6C). Surprisingly, we observed an enrichment of SMARCA4 binding at the boundaries when the 264 

frequency of SMARCA4 binding was plotted around the TAD borders (Fig. 6D). Sixty-six percent of all TAD 265 

boundaries were bound by SMARCA4.  A similar phenomenon was observed when SMARCA4-bound super-266 

enhancers were plotted across the TAD boundaries (Fig. 6E).  267 

 The strength of a TAD boundary is a measure of the allowance of inter-TAD interactions across the 268 

boundary (Van Bortle et al. 2014; Li et al. 2015). Even though our data indicate that the majority of TAD 269 

boundaries are similar, we wondered whether SMARCA4 knockdown resulted in a change in TAD boundary 270 

strength. Interestingly, SMARCA4 knockdown resulted in an overall decrease (Wilcoxon rank-sum test; 271 

p=3.7x10
6
) in the overlapping TAD boundary strength, as shown by plotting the boundary scores for the 272 

overlapping and unique TAD boundaries for the shSMARCA4 and shSCRAM cells (Fig. 6F). Furthermore, to 273 

address whether this decrease is related to SMARCA4 binding, we compared the scores of the TAD boundaries 274 

that were either SMARCA4-bound or not. We observed a significant decrease (Wilcoxon rank-sum test; 275 

p=0.003) of TAD boundary strength at borders that lacked SMARCA4 binding (Fig. 6G).  276 

 CTCF is an important component of TAD boundaries. When we intersected a previously published MCF-277 

10A CTCF ChIP-seq dataset (Ross-Innes et al. 2011) with SMARCA4 peaks, 10% of all SMARCA4 peaks and 12% 278 

of the SMARCA4 peaks that are located on a TAD boundary directly overlapped with CTCF, implying a crosstalk 279 

between SMARCA4 and CTCF at least for a subset of bound genomic regions (Supplementary Fig. S8E-F). The 280 

intersection of these two factors increased by two-fold when the vicinity (+/- 1kb) of both SMARCA4 and CTCF 281 

peaks were considered.  To assess whether the effects of SMARCA4 on TAD boundaries is due to changes in the 282 

local chromatin structure around the CTCF sites, we analyzed publicly available SMARCA4-dependent 283 

accessibility and nucleosome positioning DNase I- and MNase-seq datasets (Morris et al. 2014; Tolstorukov et 284 

al. 2013; Stavreva et al. 2015).  SMARCA4 perturbation affected nucleosome positioning within hundreds of 285 

base pairs of CTCF binding sites in mouse fibroblast cells (Supplementary Fig. S9A-C), showing decreased 286 
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nucleosome occupancy immediately around the CTCF binding sites. SMARCA4 perturbation also altered 287 

chromatin accessibility in murine epithelial cells (Supplementary Fig. S9D).  Taken together, these results 288 

demonstrate a role for SMARCA4, likely via mediating the local chromatin accessibility around the CTCF sites.289 

    290 

DISCUSSION 291 

 Modification of the chromatin structure by ATP-dependent remodeling complexes is an essential 292 

process in transcriptional regulation. SMARCA4 affects both the activation and repression of many genes 293 

through its interactions with transcription factors and other cofactors (Trotter and Archer 2008). To understand 294 

the role of SMARCA4 in genome architecture, we characterized the SMARCA4-dependent alterations in gene 295 

expression and higher order chromatin structure in mammary epithelial MCF-10A cells. RNA-seq analysis in the 296 

control and SMARCA4 knockdown cells showed an extensive down-regulation of genes related to ECM 297 

components and up-regulation of genes related to lipid metabolism and calcium signaling (Fig. 1).  SMARCA4 is 298 

linked to calcium signaling (Nasipak et al. 2015; Lai et al. 2009). There is also literature to support the idea that 299 

SMARCA4 (or the mammalian SWI/SNF complex) regulates lipid metabolism, as it was shown that SMARCA4 300 

regulates PPARG expression, which in turn regulates lipid metabolism in differentiating adipocytes (Salma et al. 301 

2004). In addition, SMARCD3, a subunit of the mammalian SWI/SNF complex, is required for activation of fatty 302 

acid and triglyceride synthesis in response to insulin and to feeding in liver (Wang et al. 2013). Interestingly, 303 

SMARCA4 binding was enriched at down-regulated genes. The up-regulation of genes could be an indirect 304 

effect of SMARCA4 knockdown, because in many cases, these genes were not directly bound by SMARCA4 (Fig. 305 

2E). 306 

 Growing evidence suggests that the shape of the nucleus, the stiffest organelle in the cell, might partly 307 

be affected by force-induced changes, a phenomenon known as nuclear mechanotransduction (Dahl et al. 308 

2008). It is becoming well established that the cell surface adhesion receptors, such as integrins and cadherins, 309 

can exert the mechanical forces to the nucleus and can potentially cause gene activation and/or chromatin 310 
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reorganization (Wang et al. 2009). However, changes in nuclear shape can be induced from either external 311 

forces exerted by the cytoskeleton, or via internal nuclear forces. Previous work showed that SMARCA4 312 

knockdown results in nuclear shape alterations in MCF-10A cells (Imbalzano et al. 2013b). However, the 313 

disruption of the cytoplasmic filaments (actin, tubulin and cytokeratins) did not alter SMARCA4-dependent 314 

structural changes observed in the MCF-10A cells (Imbalzano et al. 2013b). This implies that SMARCA4, apart 315 

from its chromatin remodeling function, might have additional roles in maintaining the structural integrity of 316 

the nucleus (Imbalzano et al. 2013a). Interestingly, in the present study, we determined that many of the genes 317 

that are down-regulated following SMARCA4 knockdown were associated with the extracellular matrix. These 318 

findings suggest an additional mechanism for SMARCA4-mediated regulation of nuclear integrity via regulation 319 

of ECM genes and possible alteration of cell surface connections and mechanotransducing forces to the 320 

nucleus.  321 

 Hi-C analysis of SMARCA4 knockdown and control MCF-10A cells revealed a significant enrichment of 322 

sub-telomeric interactions in the shSMARCA4 cells (Fig. 4F-I). There is limited literature evidence connecting 323 

SWI/SNF enzymes and telomeres. SMARCA4 knockdown was shown to result in increased telomerase 324 

expression that leads to increased telomere lengths (Wu et al. 2014).  Yeast SWI/SNF is required for telomeric 325 

silencing (Dror et al. 2004), and telomeric expansion (Tomar et al. 2008). Mammalian cells lacking SMARCAL1, 326 

which is a SNF2 family ATPase but is not a subunit of the mammalian SWI/SNF complex, accumulate elevated 327 

levels of telomere-associated DNA damage (Poole et al. 2015). Moreover, knockdown of the mammalian 328 

SWI/SNF enzyme subunit, ARID1A, reduces telomeric repeat-containing RNA (TERRA) levels by at least two-fold 329 

(Scheibe et al. 2013). Further experiments assessing whether SMARCA4 affects nucleosome positioning at or 330 

enhances/interferes with binding of specific proteins at telomeres to affect higher-order telomeric structures 331 

will shed further light on the relationship between SMARCA4 and telomere organization.  Recently, Guidi et al. 332 

showed that the telomeres of yeast cells undergo spatial re-organization upon switching to different metabolic 333 

states (Guidi et al. 2015). Since our RNA-seq analysis showed up-regulation of genes related to lipid synthesis 334 
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and since our Hi-C analysis showed alterations in telomeric interactions in shSMARCA4 cells, it is tempting to 335 

speculate that the increased telomeric interactions (Fig. 4F-I) may be associated with changes in the metabolic 336 

state of the shSMARCA4 cells.   337 

  The importance of nuclear structure-gene expression relationships is supported by our finding that 4% 338 

of genomic compartments are altered in a SMARCA4-dependent manner (Fig. 4B). The magnitude of the 339 

functional impact of SMARCA4 on the architectural landscape is illustrated by prior reports showing that 340 

comparisons of relative compartmental differences in distinct cell types ranged from 4-25% of the genome 341 

(Dixon et al. 2015; Barutcu et al. 2015). The compartmental changes are associated with gene expression (Fig. 342 

5C). However, it is still debated whether compartmental change or chromosomal movement causes differential 343 

gene expression or vice versa. There is literature evidence favoring both viewpoints (Chuang and Belmont 344 

2007; Therizols et al. 2014). 345 

 The formation of Topologically Associating Domain boundaries is dependent on many factors (Van 346 

Bortle et al. 2014; Cubenas-Potts and Corces 2015), especially insulators such as CTCF and cohesin. Here, we 347 

report the rather remarkable observation that SMARCA4 peaks and super-enhancers were also enriched at TAD 348 

boundaries (Fig. 6D-E), and that the depletion of SMARCA4 resulted in ~14% of TAD boundaries being altered 349 

and lower TAD boundary scores genome-wide (Fig. 6F). Furthermore, SMARCA4-bound boundaries exhibited a 350 

stronger boundary score than the boundaries not bound by SMARCA4 (Fig. 6G). Therefore, in addition to well-351 

studied insulators such as CTCF and cohesin, maintenance of TAD boundaries is affected by SMARCA4, and by 352 

extension, the mammalian SWI/SNF enzyme possibly via regulating CTCF and cohesin binding.  A previous 353 

report showed that SMARCA4 and other subunits of the mammalian SWI/SNF complex bind near regions 354 

critical for genome organization (eg: CTCF and lamin binding sites and DNA replication origins) (Euskirchen et 355 

al. 2011). Our analysis of publicly available (Morris et al. 2014; Tolstorukov et al. 2013) DNase I accessibility and 356 

nucleosome positioning data around the CTCF sites demonstrated a SMARCA4-dependent effect on local 357 

chromatin structure (Supplementary Fig. S9), similar to the effect of SMARCA4 knockdown that was previously 358 
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noted around TSS of known genes (Tolstorukov et al. 2013).  Further experiments investigating whether 359 

SMARCA4 is required for CTCF, as well as cohesin and mediator binding would provide insight into the 360 

mechanism by which SMARCA4 affects TAD boundaries.  361 

 Despite affecting genome organization at multiple levels, the overall genome organization was largely 362 

preserved upon SMARCA4 knockdown. Recent studies knocking down other fundamental chromatin 363 

organizers, CTCF (Zuin et al. 2014), cohesin (Seitan et al. 2013), and histone H1 (Geeven et al. 2015) similarly 364 

showed little effect on overall genome organization as assayed by Hi-C.  It is possible that the remaining 365 

SMARCA4 levels in the knockdown MCF-10A cells (Fig. 1A) resulted in more modest changes than otherwise 366 

might have been expected. It is also likely that there are redundant molecular mechanisms in the cell to ensure 367 

the integrity of the genome and the nucleus. In the shSMARCA4 MCF-10A cells, the SMARCA4 homologue 368 

SMARCA2 (also known as BRM) still exists, and we previously reported that MCF-10A cells are not viable when 369 

both SMARCA4 and SMARCA2 are simultaneously knocked down (Cohet et al. 2010). Total removal of 370 

SMARCA4 by CRISPR/Cas9 in the MDA-MB-231 human metastatic breast cancer cell line, and genetic ablation 371 

in primary myoblasts also resulted in cell death (Wu et al. 2015; Padilla-Benavides et al. 2015). These findings 372 

suggest that the importance of SMARCA4 in cell viability may preclude observing more severe effects on 373 

genome organization. 374 

 Taken together, we identify novel roles for SMARCA4 in regulating higher-order chromatin structure by 375 

affecting telomere organization, TAD boundary strength and the frequency and specificity of long-range 376 

chromatin interactions. 377 

METHODS  378 

Cell Culture 379 

MCF-10A cells expressing control shRNA and shRNA targeting SMARCA4 were generated as previously 380 

described (Cohet et al. 2010). The cells were maintained in monolayer in Dulbecco's modified Eagle's medium-381 

F12 (DMEM/F12) (Invitrogen, 21041025) supplemented with 5% horse serum (Invitrogen, 16050122), 1% 382 
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penicillin/streptomycin (Invitrogen, 15140122), 0.5 μg/ml hydrocortisone (Sigma, H-0888), 100 ng/ml cholera 383 

toxin (Sigma, C-8052), 10 μg/ml insulin (Sigma, I-1882), and 20 ng/ml recombinant human EGF (Peprotech, 100-384 

15) as described previously (Debnath et al. 2003). The doxycyline induction was performed by the addition of 385 

0.05 microgram per milliliter doxycycline to the cells and incubating them for 3 to 4 days. 386 

RNA-seq and Analysis 387 

RNA was isolated from MCF-10A cells at ~75% confluence using the TRIzol Reagent (Life Technologies #15596-388 

026), including treatment with DNase I. The poly(A)-selected RNA-seq libraries were generated with TruSeq 389 

RNA Sample Preparation Kit v2 and SE100 sequencing was performed using a HiSeq 2000 instrument. RNA-seq 390 

analysis was performed by filtering and mapping the reads by Bowtie 2 (Langmead and Salzberg 2012), 391 

quantifying the transcripts by RSEM v1.2.7 (Li and Dewey 2011), and finding the differentially expressed genes 392 

(log2 fold change>1, p<0.01) by DESeq2 (Love et al. 2014).  393 

Preparation of Hi-C Libraries 394 

Hi-C was performed as previously described with minor modifications (Belton et al. 2012). The modification 395 

was in the biotin incorporation step, where the mixture was incubated at 37°C for 40 minutes. The MCF-10A 396 

shSCRAM and shSMARCA4 samples displayed a range of 25% to 50% biotin incorporation efficiency. At the end 397 

of Hi-C sample preparation, the libraries were sequenced using paired-end 100 bp reads with a HiSeq 2000 398 

instrument. 399 

Read Mapping / Binning / ICE correction 400 

Supplementary Table 3 summarizes the mapping results and different classes of reads and interactions 401 

observed (Lajoie et al. 2015). The data were binned at 2.5Mb, 1Mb, 250kb, 100kb and 40kb non-overlapping 402 

genomic intervals. In our Hi-C analyses, we utilized the iterative correction and eigenvector decomposition 403 

(ICE) method (Imakaev et al. 2012). The replicates showed high correlation (Pearson correlation; R
2
 ranging 404 

from 0.69 to 0.92) at multiple scales (Supplementary Fig. S4). For the downstream analyses, sequences 405 

obtained from both biological replicates were pooled and ICE-corrected to serve as a combined dataset. 406 
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Z-score Calculation 407 

We calculated the z-scores by modeling the overall Hi-C decay with distance using a modified LOWESS method 408 

(alpha = 1%, IQR filter), as described previously (Sanyal et al. 2012). LOWESS calculates the weighted-average 409 

and weighted-standard deviation for every genomic distance and therefore normalizes for genomic distance 410 

signal bias. 411 

Calculation of Differential Interactions 412 

To capture the differences between shSCRAM and shSMARCA4 interactions, we used a method previously 413 

described (Barutcu et al. 2015). Briefly, we first transformed the Hi-C data into Z-score matrices for all 4 414 

replicate datasets (shSMARCA4-R1, shSMARCA4-R2, shSCRAM-R1, and shSCRAM-R2). For each interaction, the 415 

mean sample:sample (between samples) Z-score difference was calculated from all pairwise combinations of 416 

the four datasets (shSMARCA4-R1 – shSCRAM-R1, shSMARCA4-R1 – shSCRAM-R2, shSMARCA4-R2 – shSCRAM-417 

R1, shSMARCA4-R2 – shSCRAM-R2). The replicate:replicate Z-score difference (within samples) was also 418 

calculated for a random set of 500,000 interactions. These random replicate-replicate Z-score differences were 419 

then used to build an expected distribution of Z-score differences. The resulting Z-score difference matrix was 420 

then derived by calculating for each bin the ratio of the mean of the set of 4 possible sample:sample Z-score 421 

differences minus the genome-wide mean of the replicate:replicate Z-score difference, divided by the genome-422 

wide standard error of the replicate:replicate Z-score differences. All statistical analysis have been corrected 423 

for multiple correction tests.  424 

Compartment Profiles 425 

To detect the genomic compartments, first, Pearson Correlation of the Z-score matrices was calculated. In 426 

performing principal component analysis
 
(Lieberman-Aiden et al. 2009; Zhang et al. 2012), the first principle 427 

component detects the patterns of increased and decreased interaction across the genome that appear as a 428 

plaid pattern in the heatmap. Each genomic region matches this prominent interaction pattern (positive 429 

eigenvector value) or its opposite (negative eigenvector value) and these represent the two spatially 430 
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segregated compartments. The open, gene rich “A-type” compartment may end up with either a positive or 431 

negative eigenvector. To detect which compartment is the open “A-type” and which is the closed “B-type”, the 432 

genome wide gene density was calculated to assign the “A-type” and “B-type” compartmentalization. 433 

Identification of TAD Boundaries (Insulation Square Analysis) 434 

TAD calling was performed as calculating the insulation score of each bin using the 40kb resolution combined 435 

Hi-C data as previously described (Barutcu et al. 2015; Crane et al. 2015).  436 

ChIP-seq Analysis 437 

The ChIP assay was performed as previously described
 
(Lee et al. 2006). The chromatin was sheared by using a 438 

Bioruptor instrument on high setting, 30' on, 30' off, for 5 minutes for 5 cycles. The pull-down was performed 439 

using a SMARCA4 antibody (Santa Cruz #G-7). The pull-down and input control sequencing libraries were 440 

generated using the NEXTflex Rapid DNA Sequencing Kit (Bioo Scientific #5144-02) and were sequenced by 441 

using single-end 100bp reads with a HiSeq 2000 instrument. The adapters were trimmed from the sequencing 442 

reads, and the reads were aligned to the hg19 human genome using the Bowtie 2 tool (Langmead and Salzberg 443 

2012). Quality controls, peak calling, motif analysis and peak annotation were performed using the HOMER 444 

suite (Heinz et al. 2010). As the ChIP signal across the biological replicates showed high correlation (Pearson 445 

correlation, R
2
 = 0.72) (Supplementary Fig. S3B), we performed ChIP-seq peak calling on the pooled replicates.  446 

DNA fluorescence in situ hybridization (FISH) 447 

FISH was performed as described previously (Sehgal et al. 2016) on MCF-10A cells induced to express either 448 

shSCRAM or shSMARCA4 shRNAs. Probes from bacterial artificial chromosomes RP11-82D16 for Chr1p, RP11-449 

81J5 for Chr1q, RP11-81L5 for Chr4p; and RP11-196K19 for Chr4q were used. shRNA expression was confirmed 450 

via GFP expression and by immunofluorescence for SMARCA4. Cell images were acquired using an 451 

epifluorescence Zeiss AxioImager microscope equipped with a Hamamatsu charged coupled device (CCD) 452 

camera in a series of stacked images (n, shSCRAM Chr1, 108; shSMARCA4 Chr1, 102; shSCRAM Chr4, 82; 453 

shSMARCA4 Chr4, 100). Images were captured using 100X objective magnification and Zen 2011 imaging 454 
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software (Zeiss, Munich, Germany). Image J's coordinate function was used to identify 3D coordinates of 455 

probes and subsequently run through the eFISHent program for distance measurements (Fritz et al. 2015). 456 

DATA ACCESS 457 

The raw and processed RNA-seq, ChIP-seq and Hi-C datasets have been submitted to NCBI Gene Expression 458 

Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo/) under the accession number GSE74716. 459 
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 720 
 721 
 722 
FIGURE LEGENDS 723 
 724 
Figure 1 – A) Western blot of the SMARCA4 protein levels of shSCRAM and shSMARCA4 MCF-10A cells in the 725 

non-induced (DOX -) and induced (DOX +) conditions. Lower panel: Quantification of the western blot showing 726 

~85% reduction of SMARCA4 protein levels upon doxycyline induction. B) Scatterplot showing the log2 gene 727 

expression values for shSMARCA4 and shSCRAM cells. The red and blue dots denote the up and down-728 

regulated genes between the two conditions, respectively. C-D) Bar graph showing the -log10 p-values for the 729 

REACTOME terms of the C) 1292 genes that are down-regulated and D) 176 up-regulated genes upon 730 

SMARCA4 knockdown. 731 

Figure 2 – A) Example of a ChIP-seq genome browser view of SMARCA4 binding and the input control, as well 732 

as the shSCRAM and shSMARCA4 RNA-seq on Chr5, and a zoom-in on the VCAN (V-cadherin) gene, which is 733 

regulated by SMARCA4, in the lower panel. The y-axis represents the normalized tag densities relative to hg19 734 

genomic coordinates. B) Distribution of SMARCA4 ChIP-seq peak annotation for genic and intergenic regions. C) 735 

Normalized SMARCA4 ChIP-seq signal intensity plot for all human UCSC genes +/- 2kb. SMARCA4 binding is 736 

enriched at the promoter regions. D) Top 5 sequence motifs associated with the SMARCA4 peaks. E) SMARCA4 737 

peak density within +/- 20kb of the TSS of significantly downregulated (blue), or upregulated genes (red). F) 738 

Distribution of SMARCA4 ChIP-seq signal across the MCF-10A enhancers. SMARCA4 binding is not uniformly 739 

distributed across the enhancers, as 109 super-enhancers display higher (log2 ~1.5 fold) levels of SMARCA4 740 

binding. G) SMARCA4 signal is greater over super-enhancers (red) than typical enhancers (green). H) 741 

Distribution of SMARCA4 bound super-enhancers in genic and intergenic regions.  742 

Figure 3 – Genome-wide all by all Hi-C interaction heatmaps at 1Mb resolution and a zoom-in of Chr11 at 743 

250kb resolution (middle panel) and at 40kb resolution (lower panel) in A) MCF-10A shSCRAM and B) MCF-10A 744 

shSMARCA4 cells. For the genome-wide heatmaps, the chromosomes are stacked from top-left to bottom-right 745 
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in order (Chr1, Chr2...Chr22 and ChrX). The gray regions indicate repetitive regions (such as centromeres) in 746 

which the sequencing reads could not be mapped. The genomic compartments are shown below the 747 

heatmaps. 748 

Figure 4 – A) Genome wide interaction heatmap at 2.5Mb resolution showing the differences between 749 

interactions that are gained and lost upon SMARCA4 knockdown. The chromosomes are stacked from top-left 750 

to bottom-right in order (Chr1, Chr2...Chr22 and ChrX).  B) A zoom-in of Chr11 at 250kb resolution showing all 751 

differential interactions, and C) the interactions that are altered with significance (see Methods). D) A further 752 

zoom in view of a genomic region on Chr11 (Chr11:60000001-81750000) (top panel) showing the differential 753 

interactions where the MALAT1 and NEAT1 loci reside (Chr11:64750339-65807685). E) RNA-seq tracks from 754 

shSMARCA4 and shSCRAM cells showing a reduction of expression in NEAT1 and MALAT1 lncRNA genes upon 755 

SMARCA4 knockdown. F) A zoom-in of the inter-chromosomal interactions between Chr1 and Chr2 through 756 

Chr5, with arrows indicating the enriched telomeric interactions in the shSMARCA4 cells. This pattern of sub-757 

telomeric interaction occurs throughout the genome. G) Quantification of the interactions among sub-758 

telomeric ends for shSCRAM and shSMARCA4 Hi-C datasets.  The sub-telomeric ends show significantly 759 

(Student's t-test: p<0.01 for Chr1 and p<0.05 for Chr4) higher frequency of interactions in shSMARCA4 cells 760 

compared to control cells. H) DNA-FISH images of shSMARCA4 and shSCRAM cells showing the intra-761 

chromosomal telomeric interactions of Chr1 and Chr4. I) Box plot showing the quantification of the telomere 762 

distances in shSMARCA4 and shSCRAM cells, quantified as described in the methods. p-value: Student's t-test.  763 

Figure 5 – A) Compartment profiles (the first principal components) of shSCRAM and shSMARCA4 data for Chr 764 

2. The A-type (open) compartments are shown in black, and the B-type (closed) compartments are shown in 765 

grey. The same color scheme was used for the gene density plot for Chr2 in the lower panel. B) Pie chart 766 

showing the genomic compartment changes between shSCRAM and shSMARCA4 datasets. “A” and “B” denote 767 

the open and closed compartments, respectively. “A to A” represents compartments that are open in both cell 768 

lines, “B to B” represents compartments that are closed in both cell lines, “A to B” denotes compartments that 769 
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are open in shSCRAM but closed in shSMARCA4, and “B to A” denotes compartments that are closed in 770 

shSCRAM and open in shSMARCA4. C) shSMARCA4 / shSCRAM log2 fold change RNA-seq expression boxplot of 771 

all the genes residing at regions for different compartmental switch categories. The compartments that are 772 

switched from A to B and from B to A show significantly decreased and increased expression levels, 773 

respectively. p-value: Wilcoxon rank-sum test D) Pie chart showing the compartment change profiles of 774 

SMARCA4 bound regions. E) Bar graph showing the percentage of the compartment switch regions that are 775 

bound by SMARCA4. The colored portions of the graph denote the SMARCA4-bound percentage of each 776 

compartment change category.  777 

Figure 6 – A) An example of a region on Chr9 (Chr9:103800001-123920000) showing (from top to bottom) the 778 

compartment profiles of shSMARCA4 and shSCRAM at 250kb intervals, the insulation plot profiles at 40kb 779 

intervals (see Methods), the insulation plot difference between shSMARCA4 and shSCRAM, hg19 UCSC genes, 780 

TAD boundaries, shSMARCA4 and shSCRAM contact heatmaps showing the TADs, and a subtraction of the 781 

shSCRAM from the shSMARCA4 contact heatmap. B) Venn diagram showing that the TAD boundaries are 782 

largely similar between shSCRAM and shSMARCA4 Hi-C datasets. C) Pie chart showing the percentage of 783 

SMARCA4 localization at TAD boundaries. D) The frequency plot of SMARCA4 ChIP-seq peaks per 25kb for +/- 784 

1Mb of every shSMARCA4 TAD boundary. E) The frequency plot of SMARCA4 super-enhancers per 50kb for +/- 785 

1Mb of every shSMARCA4 TAD boundary. F) Boxplot showing the TAD boundary score distribution for the 786 

overlapping and the shSCRAM- and shSMARCA4-specific TAD boundaries. G) SMARCA4 binding is associated 787 

with higher (Wilcoxon rank-sum test; p=0.003) TAD boundary score. Box plot showing the TAD boundary scores 788 

for SMARCA4-bound and unbound TAD boundaries.  789 
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