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Supplementary Figures 

 

 
Supplementary Figure S1: Paradoxical changes in gene expression following loss in Chd4 and Brg1 expression 

is a feature of Pol II-bound promoters. (A) Volcano plot showing fold changes (log) in gene expression as a 

function of the significance level (p-value) following Brg1 KD. Genes are binned into groups based on the fold 

changes in their expression, and for each group, the corresponding median fold change in expression as well as 

the RNA Polymerase II and EZH2 binding levels are shown. (B) Same as A but shows changes in spike-in 
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normalized nascent RNA levels upon 3 hours BRG1 inhibitor (BRM014) treatment. (C) Spearman’s rank 

correlation between changes in mature RNA (x-axis) and spike-in normalized nascent RNA (y-axis) levels upon 3 

hours of BRG1 inhibitor treatment. Genes binned into groups of 25 based on Pol II occupancy levels. (D) Same 

as A but shows changes in gene expression upon Chd4 knock-down (KD). (E) Same as A but shows changes in 

spike-in normalized nascent RNA levels upon Chd4 KD. (F) Spearman’s rank correlation between changes in 

mature (x-axis) and nascent RNA (y-axis) levels upon Chd4 KD. Genes binned into groups of 25 based on Pol II 

occupancy levels. (G) PCA plots showing spatial clustering of nascent RNA-seq samples (two biological replicates) 

subjected to BRG1 inhibitor treatment and WT (left panel) or Chd4 KD and WT (right panel). (H) Number of genes 

up- and down-regulated upon BRG1 inhibitor treatment or upon Mbd3 KD that overlap with our four group of 

genes defined in based on Pol II occupancy levels (high, average, low and bivalent).  
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Supplementary Figure S2: Gene promoter classification based on histone modifications in mESCs and MEFs. 

(A) Classification of genes into bivalent (H3K4me3 and H3K27me3-enriched), active (H3K4me3-enriched) and 

inactive (remaining) gene classes in mESCs (de Dieuleveult et al. 2016; Kloet et al. 2018; Gatchalian et al. 2018; 

Yildirim et al. 2011). (B) Classification of genes into bivalent (H3K4me3 and H3K27me3 enriched), active 

(H3K4me3 enriched) and inactive (remaining) gene classes in MEFs.  
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Supplementary Figure S3: The two NuRD components, CHD4 and MBD3, exhibit similar activity profiles at 

target gene promoters. (A) Differential biological pathways (KEGG) regulated by highly/average expressed (Pol 

II-bound; N=6387) and bivalent/lowly expressed (PRC2-bound; N=2958) genes. (B) Pol II, H3K27me3, CHD4 and 

BRG1 ChIP-seq signals at promoters of genes (N=9,345) classified based on their activity (high, N=2294; average, 

N=4093; low, N=779; and bivalent, N=2179) in mESCs. (C) Changes in DNA accessibility at promoters of lowly 

expressed/bivalent genes in mESCs following Brg1 KD (first panel) or Chd4 KD (second panel). Increase in SUZ12 

(third panel) and RING1B (fourth panel) binding following Brg1 KO in mESCs. (D) Genome browser view for Ets1 

(bivalent gene in Figure 2A) where loss in BRG1 activity leads to an increase in H3K27me3 levels. The opposite 

is observed following Mbd3 KO. (E) ChIP-seq binding levels of CHD4 and MBD3 at gene promoters (bivalent, 

N=2179 and active, N=7166) in mESCs. Genes are binned into groups of 25 each and rank-ordered based on the 

Pol II binding levels at their promoters (same as in Figure 1D). For each group, the median gene expression fold 

changes following Chd4 or Brg1 knock-down (KD) are shown. (F) Spearman’s rank correlation between the 

expression profiles of Chd4 and Mbd3 depleted ES cells. 
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Supplementary Figure S4: The role of SWI/SNF and NuRD at low Pol II occupancy/PRC2-bound gene promoters 

in mESCs and MEFs. (A) Low Pol II occupancy/bivalent genes in mESCs (N=2,958) were binned into groups of 25 

each based on the CHD4 and BRG1 binding ratio at their promoters in mESCs. For each group, the median 

promoter ChIP-seq signals of CHD4, BRG1, EZH2 and H3K27me3 are shown. Also shown is the median expression 

of these genes in mESCs along with the median fold changes in their expression following KD of Brg1 and Chd4. 

(B) Low Pol II occupancy/repressed genes (N=3,117) were binned into groups of 25 each based on the CHD4 and 

BRG1 binding ratio at their promoters in MEFs. For each group, the median promoter ChIP-seq signals of CHD4, 

BRG1, EZH2 and H3K27me3 are shown. Also shown is the median gene expression in MEFs. (C) Classification of 

gene promoters based on increases in CHD4 activity (CHD4-driven), BRG1 activity (BRG1-driven) or no activity 

changes (neutral) during MEF to mESC reprogramming. Shown are the changes in PRC2 activity and gene 

expression levels for the three gene promoter classes during reprogramming (see Methods). (D) Percentage 

overlap of previously defined MEF- and mESC-specific genes (Chronis et al. 2017) with our CHD4-driven, BRG1-

driven and CHD4 & BRG1-driven gene classes. 
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Supplementary Figure S5: The role of SWI/SNF and NuRD at average/high Pol II occupancy gene promoters in 

mESCs and MEFs. (A) Changes in DNA accessibility following Brg1 KD (left) and Chd4 KD (right) at genes with 

average/high Pol II promoter occupancy (N=6,387). (B) Same as A but depicting the changes in Pol II occupancy 

following Brg1 KD (left) and Chd4 KD (right). (C) Changes in traveling ratio upon loss of BRG1 activity. (D) Changes 

in traveling ratio upon loss of Mbd3 activity. (E) Genes with average/high Pol II promoter occupancy in MEFs 

(N=7,234) binned into groups of 25 each based on the CHD4 and BRG1 binding ratio at their promoters. For each 

bin, the levels of Pol II and Pol II (Ser5p) at promoters are shown. (F) Genes with average/high Pol II promoter 

occupancy in mESCs (N=6,387) binned into three groups based on the CHD4 and BRG1 binding ratio at their 

promoters. For each group, the levels of initiating (Ser5p) and released (Ser2p) Pol II at promoters are shown. 

(G) Differential changes in Pol II (Ser5p), gene expression, Pol II (Ser2p), H2A.Z and H3.3 levels following changes 

in the CHD4 to BRG1 binding ratios at gene promoters during MEF to mESC reprogramming (refer to 

Supplementary Figure S3C for class definition). 
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Supplementary Figure S6: SWI/SNF and NuRD antagonistically modulate Pol II release kinetics at genes having 

average/high Pol II promoter occupancy levels. (A) Changes in Pol II initiation (Ser-5p) levels at gene promoters 

(N=6,387) in mESCs upon inhibiting BRG1 activity by BRM014, compared to control treated with DMSO. Shown 

are the spike-in normalized levels for three individual replicates of DMSO-treated and BRM014 treated 

conditions. (B) Same as A but shows changes in Pol II release (Ser-2p) levels at gene promoters. (C) Changes in 

Pol II initiation (Ser-5p) levels at gene promoters (N=6,387) upon Chd4 KD compared to the control. Shown are 

the spike-in normalized levels for three individual replicates of the two conditions. (D) Same as C but shows 

changes in Pol II release (Ser-2p) levels at gene promoters. (E-F) Hierarchical clustering of individual biological 

replicates of Pol II Ser5p (E) and Pol II Ser2p (F) samples (DMSO and BRM014) based on similarity in their ChIP-

seq signal profiles. (G-H) Hierarchical clustering of individual biological replicates of Pol II Ser5p (E) and Pol II 

Ser2p (F) samples (Scrambled and Chd4 shRNA) based on similarity in their ChIP-seq signal profiles. (I) CHD4 

protein levels measured by western blotting. Lanes 1-3 are triplicates of control mESCs (shScr) and lanes 4-6 are 

triplicates of Chd4 KD mESCs (ShChd4). GAPDH is used for loading control. 
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Supplementary Figure S7: SWI/SNF modulate H3.3 and NuRD modulate H2A.Z levels at gene promoters. (A) 

Genes (N=6,387) are binned into groups of 25 each based on their DNA accessibility levels. For each bin, shown 

are the median H2A.Z and H3.3 levels (Loess regression lines are included). (B) Genes (N=7,234) are binned into 

groups of 25 each based on their DNA accessibility levels. For each bin, shown are the median H2A.Z and H3.3 

levels (Loess regression lines are included).  (C) CHD4, BRG1, H3.3, H3.3S31p, P300 and H2A.Z ChIP-seq signals 

at promotors of active and bivalent genes in mESCs. Genes are rank-ordered based on the Pol II binding levels 

at their promoters (same as in Figure 1D). (D) Changes in H3.3 (left panel) and H2A.Z (right panel) signal (spike-

in normalized) at gene promoters in mESCs (N=6,387; average/high Pol II occupancy) upon inhibiting BRG1 

activity using BRM014, compared to DMSO treatment. (E) Changes in H3.3 (left panel) and H2A.Z (right panel) 

signal (spike-in normalized) at gene promoters in mESCs (N=6,387; average/high Pol II occupancy) in Chd4 KD 

mESCs compared to the scrambled control. (F) Hierarchical clustering of individual biological replicates of H3.3 

(left) and H2A.Z (F) samples (DMSO and BRM014) based on similarity in their ChIP-seq signal profiles. (G) 

Hierarchical clustering of individual biological replicates of H3.3 (left) and H2A.Z (right) samples (Scrambled and 

Chd4 shRNA) based on similarity in their ChIP-seq signal profiles. 
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Supplementary Methods 

 

Cell culture 

Mouse embryonic stem cells (mESCs) were cultured on 0.2% gelatin-(Sigma) coated dishes in 

serum-free 2i medium comprised of 50% DMEM/F-12 (Gibco) and 50% Neurobasal medium 

(Gibco), supplemented with N2 supplement (Gibco), B27 serum-free supplement (Gibco), 

non-essential amino acids (Gibco), penicillin-streptomycin (Gibco), Sodium pyruvate (Gibco), 

Glutamax (Gibco), 10 μM b-mercaptoethanol (Gibico), 1 μM non-ATP-competitive MEK 

inhibitor (PD0325901, MedChemExpress), 3 μM glycogen synthase kinase 3 (GSK-3) inhibitor 

(CHIR-99021, MedChemExpress) and leukemia inhibitory factor (LIF, produced in the lab). 

Cells were passaged every 2-3 days by Accutase release (Stem Cell Technologies) and 

reseeded in fresh 2i medium. 

 

Chd4 shRNA knockdown 

HEK293 cells were co-transfected with PLKO.1 shRNA constructs, PAX8 packaging plasmid and 

VSVG envelope plasmid  to produce shRNA lentivirus as previously described (Radzisheuskaya 

et al. 2016). Supernatants containing shRNA-encoding lentivirus were collected after 48 hours 

and lentivirus particles were immobilized onto RetroNectin (T100B, TaKaRa)-coated cell 

culture plates. mESCs were subsequently added to plates and transduced cells were selected 

by addition of 1.5 µg/mL puromycin 48 hours post-infection. After two days of selection cells 

harvested for western blotting and chromatin immunoprecipitation. 

 

Western blotting 
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Samples for western blotting were prepared by addition of Laemmli sample buffer (BioRad) 

directly to cell pellets and boiled for 5 min. Proteins were separated on NuPAGE 3-8% Tris-

acetate protein gels (Invitrogen) and blotted onto PDVF (polyvinylidene difluoride) 

membranes (Millipore) using a wet-transfer system at 30V overnight. Nonspecific binding 

sites were blocked with 5% milk in TBST (20 mM Tris pH 7.5, 150 mM NaCl and 0.05% Tween 

20) for 1 hour at room temperature. The membrane was incubated with the anti-CHD4 

antibody (ab264417, Abcam) overnight followed by incubation with the secondary antibody, 

swine anti-rabbit immunoglobulins/HRP (P021702-2, Agilent), and subsequently visualized 

using the SuperSignal West Pico PLUS Chemiluminescent Substrate (Thermo Scientific) in a 

ChemiDoc Imaging System (BioRad). In order to ensure similar loading, the membrane was 

subsequently reprobed with a monoclonal anti-GAPDH-peroxidase antibody (G9295, Sigma-

Aldrich). 

 

Promoter identification in mESCs and MEFs 

We downloaded Ensembl-defined gene coordinates (release 97, mm10) (Cunningham et al. 

2022). The TSS position corresponding to the longest isoform for each protein-coding gene 

was identified (N=21,827) and used to check for overlap with H3K4me3 and H3K27me3 peaks 

in both mESCs and MEFs. Gene TSSs overlapping with H3K4me3 peaks are marked as active, 

and those overlapping with both H3K4me3 and H3K27me3 peaks are marked as bivalent, and 

if none of the two histone modifications are enriched, the gene is marked as inactive. 

Furthermore, genes for which we have no expression measurements in the analyzed cell 

types (mESCs or MEFs) were discarded, giving us a final set of 13,520 genes in mESCs (inactive: 

4,175; bivalent: 2,179 and active: 7,166) (Supplementary Figure S2A) and 18,394 genes in 

MEFs (inactive: 8,043; bivalent: 1,460; and active: 8,891) (Supplementary Figure S2B). A gene 
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can have multiple TSSs spread across its promoter region (canonical Nucleosome Free Region, 

NFR), the magnitude of which (promoter width) can be determined by measuring the extent 

of H3K4me3-modified non-canonical (fragile) nucleosomes (de Dieuleveult et al. 2016) 

(Supplementary Figure S2A). We therefore used the width of H3K4me3 peak at active and 

bivalent promoters to define promoter boundaries and observed it to contain multiple Pol II 

binding sites (TSS) flanked by up- (-1) and down-stream (+1) canonical nucleosomes targeted 

by NuRD (CHD4) and SWI/SNF (BRG1) chromatin remodelers (Supplementary Figure S2A-B). 

ChIP-seq signals for CHD4, BRG1, Pol II (ser2p or ser5p), EZH2, H3K4me3, H3K27me3, 

H3K27ac, H2A.Z and H3.3 at gene promoters were measured as tags per million and were 

further normalized by the width of the promoter region for unbiased comparison. 

 

ChIP-seq data and analysis 

Read mapping: We downloaded raw ChIP-seq data from GEO (Barrett et al. 2013) and 

ArrayExpress (Parkinson et al. 2011) to measure histone modifications, chromatin 

remodelers, histone variants and Pol II occupancy at gene promoters (source identifiers are 

in Supplementary Table S1). Reads were mapped to the mouse (mm10) genome assembly 

using Bowtie2 (Langmead et al. 2009). For Pol II Serine-5p, Serine-2p, H3.3 and H2A.Z ChIP-

seq data in WT, BRG1 inhibitor  (BRM014) treated and Chd4 KD treated mESCs, reads were 

mapped to a combined Mouse (mm10) and Drosophila (dm6) genome, and read counts were 

spike-in normalized (Orlando et al. 2014) followed by coverage normalization using total 

number of reads mapping in genomic regions outside peaks (background). Only properly 

mapped paired reads were used for analysis. Furthermore, we only used uniquely mapped 

and PCR duplicates (exact copies) were collapsed into single reads, that were extended to 

their fragment length by determining the read extension size using MASC2 (predictd 
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parameter) (Zhang et al. 2008). Raw read counts were normalized to TPM using deeptools 

(bamCoverage) (Ramírez et al. 2014). 

Genome bowser tracks: Normalized reads (bigwig files) for genomic regions of interest were 

visualized using Gviz (Hahne and Ivanek 2016). Changes in Pol II and H3K27me3 levels 

following BRG1 and CHD4 loss are computed by subtracting normalized read signals in 

relevant conditions using deeptools (bigwigCompare --ratio subtract) (Ramírez et al. 2014). 

Histone modification enrichment analysis: Genomic regions enriched for H3K4me3 and 

H3K27me3 histone modifications were determined using a custom script which determines 

both the signal strength (peaks) as well as the width of a particular histone modification at a 

region (https://github.com/spundhir/findNFR, bam2peaks). 

 

Gene expression data and analysis 

Gene expression measurements corresponding to Chd4 KD, Brg1 KD, Mbd3 KD and WT ES 

cells were retrieved from GEO using GEO2R utility (source identifiers are in Supplementary 

Table S1) (Barrett et al. 2013). Genes are designated as up-regulated (>1.5 FC upon KD at an 

adjusted P-value < 0.05), down-regulated (<1.5 FC upon KD at an adjusted P-value <0.05) or 

neutral for each chromatin remodeler. Gene expression measurements corresponding to 

mESCs and MEFs were retrieved from (Chronis et al. 2017). Raw gene expression 

measurements corresponding to H3.3 deficient ES cells were retrieved via email 

correspondence with Drs Maja Gehre and Kyung Min Noh (Gehre et al. 2020). Similarly gene 

expression measurements in mESCs treated with BRG1 molecular inhibitor or following re-

expression of MBD3 in Mbd3 null mESCs were retrieved from (Bornelov et al. 2018; Iurlaro et 

al. 2021). Fold changes in gene expression were measured using DESeq2 (Love et al. 2014). 
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Gene expression measurements corresponding to H2A.Z deficient mESCs were retrieved from 

(Subramanian et al. 2013). 

Functional annotation analysis: We analyzed 9,345 genes in mESCs (bivalent/low: 2,958; 

average/high: 6387) for functional annotation analysis in Figure 1D and Supplementary Figure 

S3A. The ClusterProfiler package (Yu et al. 2012) was used to determine the top biological 

pathways (KEGG) differentially enriched between the two gene groups.  

 

Traveling ratio analysis 

We analyzed Ensembl-defined Transcription Start Sites (TSS) (release 97, mm10) 

(Cunningham et al. 2022) to identify the most active TSS for each of the 9,345 genes analyzed 

in mESCs. The most active TSS is identified as the one for which we observed the highest Pol 

II ChIP-seq signal in mESCs. Next, we measured raw Pol II ChIP-seq signal at TSSR 

(Transcription Start Site Region; -50 bp to +300 bp around TSS) and the gene body (region 300 

bp down-stream of TSS and 3,000 bp beyond Transcription End Site (TES)) as described in (Day 

et al. 2016). This analysis is done for each of the two replicates of Pol II ChIP-seq experiments 

performed in Mbd3 deficient, BRG1G784E/+ and WT ES cells. Next, we used DESeq2 (Love et al. 

2014) to measure the fold changes in Pol II occupancy levels at TSSRs and gene bodies 

following loss of MBD3 and BRG1 activity. To compute Pol II traveling ratio at gene promoters, 

we normalized the raw Pol II occupancy levels at TSSRs and gene bodies to the total mapped 

reads and TSSR (fixed 350 bp) and gene body lengths (+300 bp past TSS to 3 kb past TES of 

the gene). The normalized Pol II occupancy levels were used to compute the traveling ratio, 

which gives a measure of Pol II levels at promoter versus gene body. 

Traveling	ratio = 	
Pol	II	occupancy	(TSSR)

Pol	II	occupancy	(TSSR) + Pol	II	occupancy	(gene	body) 
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We used a similar approach to compute the Traveling index using GRO-seq data in mESCs and 

MEFs, except that reads mapping in the same orientation as the host transcript were used for 

analysis. We use a distance of 3kb post TES to measure Pol II release into the gene body. To 

ensure that our measurements were not affected by TSS of genes in close proximity (<3 kb), 

we repeated the Pol II traveling ratio analysis as shown in Supplementary Figure 5C-D, Figure 

6B-C using only those genes which are >3kb away from the closest gene, and observed similar 

results. 

 

Patient data analysis 

Mutational information and RNA-seq datasets for each cancer cohort (the gene-level 

transcription estimates, as in log2(x+1)-transformed RSEM estimated counts) were 

downloaded from UCSC Xena (https://xenabrowser.net/) (Goldman et al. 2020). We analyzed 

cancer cohorts containing at least ten patients having mutations in SMARCA4 (encoding 

BRG1) or CHD4 yielding a total of 11 cancer cohorts for both SMARCA4 and CHD4 

(Supplementary Table S2). Specifically, for each of the 11 cancer cohorts, we compared the 

expression levels of protein-coding genes (N=19,292) from patients having non-synonymous 

and damaging single nucleotide variants (SNVs) in SMARCA4 or CHD4 to those of the 

remaining patients of that cohort. We did this by fitting a generalized linear model using the 

glm function in R giving us a regression coefficient for each gene, where positive regression 

coefficients reflect a higher expression in patients harboring SMARCA4 or CHD4 lesions 

relative to the remaining patients, and vice versa for negative regression coefficients (refer to 

Supplementary Table S2 for the number of patients in each group). For each cancer cohort, 

we also defined the base line expression of each gene by determining its median expression 

across all the patients, irrespective of their mutation status. To compute the statistical 
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significance of the observed regression coefficients across the 11 cancer cohorts for both 

SMARCA4 and CHD4 lesions, we repeated the regression fit a hundred times by randomly 

selecting a set of patients as having SNVs (same number as in real case) and compared their 

gene expression levels with the rest of the patients. Next, we assessed the significance level 

(p=0.05) by computing the frequency by which we observed regression coefficients that were 

higher (SMARCA4) or lower (CHD4) than those observed in the real data sets. Significance 

levels were computed using Kolmogorov-Smirnov test and were corrected for multiple testing 

using the Benjamini-Hochberg procedure. 
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