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SUMMARY

ARID2 is the most recurrently mutated SWI/SNF complex member in melanoma; however, its 

tumor-suppressive mechanisms in the context of the chromatin landscape remain to be elucidated. 

Here, we model ARID2 deficiency in melanoma cells, which results in defective PBAF complex 

assembly with a concomitant genomic redistribution of the BAF complex. Upon ARID2 depletion, 

a subset of PBAF and shared BAF-PBAF-occupied regions displays diminished chromatin 

accessibility and associated gene expression, while BAF-occupied enhancers gain chromatin 

accessibility and expression of genes linked to the process of invasion. As a function of altered 

accessibility, the genomic occupancy of melanoma-relevant transcription factors is affected and 

significantly correlates with the observed transcriptional changes. We further demonstrate that 

ARID2-deficient cells acquire the ability to colonize distal organs in multiple animal models. 

Taken together, our results reveal a role for ARID2 in mediating BAF and PBAF subcomplex 

chromatin dynamics with consequences for melanoma metastasis.

Graphical abstract
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In brief

The tumor-suppressive functions of the SWI/SNF subunit ARID2 remain ill-defined in the context 

of melanoma. Carcamo et al. demonstrate that, upon ARID2 depletion, the PBAF complex fails 

to assemble, altering BAF genomic occupancy with consequences on chromatin accessibility, 

transcription factor binding, and transcriptional changes that promote metastasis.

INTRODUCTION

SWI/SNF (switch/sucrose non-fermentable) complex members are mutated in ~20% of all 

human cancers (Kadoch et al., 2013; Shain and Pollack, 2013), and our understanding of 

the cellular and physiological consequences of these mutations is emerging (Hodges et al., 

2016; Kadoch and Crabtree, 2015). To facilitate access to the nucleosomal DNA, SWI/SNF 

chromatin remodeling complexes act primarily by sliding nucleosomes to reorganize their 

positioning, or they may eject or insert histone octamers (Bruno et al., 2003; Dechassa et 

al., 2010; Saha et al., 2006). These multi-subunit complexes contain a catalytic ATPase 

(either BRG1 or BRM) and additional non-catalytic subunits that are essential for complex 

function, stability, and specificity (Khavari et al., 1993; Mashtalir et al., 2018; Wang 

et al., 1996). The latter often contain DNA-binding and/or chromatin reader domains, 

which modulate complex targeting and activity. While some SWI/SNF subcomplexes are 

developmentally regulated or tissue specific (Hargreaves and Crabtree, 2011; Kadoch and 

Crabtree, 2015), the two most prevalent are the BAF (BRG1-associated factor) and PBAF 

(polybromo-associated BAF) complexes (Mashtalir et al., 2018). The BAF complex is 

characterized by the incorporation of ARID1A or ARID1B; DPF1, DPF2, or DPF3; and 

SS18, while PBAF is distinguished by the presence of ARID2, PBRM1, PHF10, and 

BRD7 (Hargreaves and Crabtree, 2011; Kadoch and Crabtree, 2015). Pertinent to this 

study, the members of the ARID family of proteins contain an AT-rich interaction domain 

that mediates non-sequence-specific DNA interactions (Patsialou et al., 2005). A smaller 

complex, GBAF (GLTSCR1/like-containing BAF), lacks several core subunits and an ARID 

protein, yet contains unique subunits, including BRD9 and GLTSCR1/GLTSCRL1 (Alpsoy 

and Dykhuizen, 2018; Mashtalir et al., 2018; Wang et al., 2019).

Remarkably, specific SWI/SNF subunits are distinctively mutated in different cancers. For 

example, the BAF and PBAF shared core subunit SNF5 is inactivated in almost all pediatric 

rhabdoid tumors (Biegel et al., 2000; Roberts et al., 2000; Versteege et al., 1998), and its 

loss is associated with altered binding of SWI/SNF complexes to enhancers and increased 

Polycomb repression (Erkek et al., 2018; Nakayama et al., 2017; Wilson et al., 2010). The 

BAF-specific subunit ARID1A is the most highly mutated in cancer, including bladder, liver, 

and ovarian clear cell carcinoma, and is thought to act as a tumor suppressor (Kadoch et 

al., 2013). The PBAF-specific subunits PBRM1 and ARID2 are highly mutated in renal cell 

carcinoma and melanoma, respectively (Akbani et al., 2015; Hodis et al., 2012; Varela et al., 

2011).

Melanoma is a lethal form of skin cancer with rising incidence (Atkins et al., 2021). 

Recent advances in targeted and immunotherapy have markedly changed the landscape of 

melanoma treatment (Dummer et al., 2020; Samstein et al., 2019); however, a growing body 
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of evidence suggests that epigenetic regulation plays a key role in melanoma development, 

progression, and response to therapies (Fontanals-Cirera et al., 2017; Hakimi et al., 2020; 

Hanniford et al., 2020; Kapoor et al., 2010; Kato et al., 2020; Strub et al., 2018; Vardabasso 

et al., 2015; Verfaillie et al., 2015). Moreover, melanoma cells can exist in multiple 

phenotypic states independent of genetic subtype, with distinct transcriptional programs 

and phenotypes (Rambow et al., 2019; Verfaillie et al., 2015; Widmer et al., 2012). A 

proliferative state has been linked to high expression levels of the melanocyte lineage-

specific TF (transcription factor) MITF, while an invasive state is linked to high AP-1 and 

TEAD, coupled to low MITF expression (Verfaillie et al., 2015; Widmer et al., 2012).

ARID2 is the most recurrently mutated SWI/SNF subunit in melanoma, with rates similar 

to the NF1-mutated genetic subtype. Mutations are largely missense or nonsense with few 

hotspots (Akbani et al., 2015; Hodis et al., 2012), suggesting a tumor-suppressive role 

for ARID2. Functionally, depletion of ARID2, PBRM1, or BRD7 from mouse melanoma 

tumors correlates with increased sensitivity to immune checkpoint inhibition and increased 

T cell killing (Fukumoto et al., 2020; Pan et al., 2018). While intriguing, our molecular 

understanding of ARID2’s tumor-suppressive function in melanoma remains limited. We 

herein demonstrate that loss of ARID2 in melanoma, and in turn the PBAF complex, results 

in BAF redistribution to sites associated with open chromatin and increased TF binding, 

with consequences for the transcriptional programs that control melanoma metastasis.

RESULTS

Generation of an isogenic ARID2-deficient melanoma cell model

By examining TCGA (The Cancer Genome Atlas) for mutations of SWI/SNF components in 

melanoma (Akbani et al., 2015), we found that the ARID2 subunit of the PBAF complex is 

the most commonly mutated SWI/SNF subunit, with a frequency rate of ~13% across 345 

melanoma patients (Figures 1A and S1A). Some patients harbor multi-allelic alterations in 

ARID2, increasing the rate to ~18% (Figure 1A). This was corroborated in a larger study of 

>1,000 patients (including TCGA) and extended by the finding that ARID2 is a significantly 

mutated gene in NRAS mutant melanoma (Conway et al., 2020).

To probe the effects of ARID2 mutation in melanoma, we first screened a panel of 

melanoma cell lines by immunoblot, including two ARID2 WT (wild type) and six ARID2 

mutant cell lines (Figure 1B and Table S1). We observed reduced levels of ARID2 protein 

across the ARID2 mutant cell lines. Many of these mutations are annotated as heterozygous 

(Table S1), and the remaining ARID2 protein in some mutant cell lines can be attributed 

to the WT allele. In contrast, two cell lines (LOX-IMVI and WM3533) displayed a 

complete loss of ARID2, as well as BRD7 and PBRM1, without considerable changes in 

the BAF-specific subunit SS18 or the shared core subunits BRG1 and SNF5 (Figure 1B). 

WM3533 is annotated as having two ARID2 truncating mutations, an occurrence observed 

in ARID2 mutant melanomas (Figure 1A) (Akbani et al., 2015; Conway et al., 2020), while 

LOX-IMVI is annotated as a heterozygous frameshift but displays loss of heterozygosity 

(Table S1). Therefore, some melanomas exhibit a complete loss of ARID2 and concomitant 

reduced protein levels of PBAF-specific members, which has been attributed to a deficiency 
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in PBAF subcomplex assembly upon ARID2 loss (Mashtalir et al., 2018; Schick et al., 2019; 

Yan et al., 2005).

To model ARID2 deficiency, we created an isogenic system using CRISPR-Cas9 genomic 

editing in the metastatic melanoma cell line SKmel147 (NRASQ61R; MITF low) for which 

we have extensive epigenomic data (Vardabasso et al., 2015; Fontanals-Cirera et al., 2017). 

Consistent with the cell line data above, complete loss of ARID2 resulted in depletion of 

PBAF-specific members in both WCE (whole-cell extract) and chromatin fractions, while 

BAF-specific and core subunit levels remained intact (Figures 1C and S1B). Importantly, we 

did not observe significant changes in mRNA levels of the majority of SWI/SNF complex 

members in ARID2 KO (knockout) clones (Figure S1C), suggesting that loss of the PBAF-

specific subunits occurs post-transcriptionally.

ARID2 loss results in deficient PBAF complex assembly

To examine the composition of the BAF and PBAF complexes in the absence of ARID2, 

we performed co-immunoprecipitation studies of the core subunit BRG1 in ARID2 WT 

and KO clones. We pulled down all the immunoblotted SWI/SNF subunits with BRG1 

in the parental and NTC (non-targeting control) lines (SNF5, ARID1A, ARID2, and 

PBRM1); however, in the ARID2 KO clones, PBRM1 was no longer associated with 

BRG1, while SNF5 and ARID1A were still present (Figure 1D). We also performed reverse 

co-immunoprecipitation of ARID2 and an additional PBAF-specific subunit, PHF10. We 

found that, while ARID2 and PHF10 pulled down BRG1 and SNF5 in the parental and NTC 

lines, there was no association with these core subunits, or PBAF-specific subunits, in the 

ARID2 KO lines (Figures S1D and S1E).

To further assess the impact of ARID2 loss on SWI/SNF subcomplex dynamics, we utilized 

glycerol gradient sedimentation (Pan et al., 2019; Alpsoy and Dykhuizen, 2018). In the 

parental WT setting, the PBAF subcomplex migrates toward the heavier fractions, as 

observed by the presence of ARID2, PHF10, and BRD7, while BAF migrates to lighter 

fractions as detected by the presence of ARID1A and SS18 (Figures 1E and S1F) (Alpsoy 

and Dykhuizen, 2018; Mashtalir et al., 2018). SNF5 was enriched in the BAF and PBAF 

fractions, and BRM was predominant in the BAF fractions, while BRG1 was present in all 

the subcomplex fractions, including the GBAF subcomplex estimated by GLTSCR1 blotting 

(Alpsoy and Dykhuizen, 2018; Gatchalian et al., 2018; Michel et al., 2018; Wang et al., 

2019) (Figures 1E and S1F). ARID2 KO cells displayed depletion of ARID2, PHF10, and 

BRD7, as expected, but this was also accompanied by a reduction in the core subunits 

BRG1 and SNF5 in the corresponding PBAF fractions (Figures 1E and S1F). We further 

validated these findings in Mel888 (confirmed to harbor a S297F mutation), which displays 

a similar depletion of the core subunits in the PBAF fractions (Figures 1F, S1G, and 

Table S1) (Akbani et al., 2015; Gao et al., 2013). By comparing ARID2 WT versus KO 

fractions quantitatively, we observed a modest increased signal of the core subunits in the 

BAF-containing fractions in the absence of ARID2 (Figures S1H and S1I). This may reflect 

a redistribution of PBAF-containing core subunits as opposed to partially dissociated PBAF 

complexes running in the BAF fractions, as the loss of the PBAF-specific subunits would 

result in a complex of much smaller molecular weight. Similar findings were observed by 
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quantitative mass spectrometry of BRG1 in the absence of ARID2, where PBAF-specific 

subunits were significantly depleted and BRG1 showed increased association with BAF-

specific subunits (Schick et al., 2019). Collectively, these observations suggest that depletion 

of ARID2 results in a complete loss of the PBAF complex with potential for redistribution of 

the residual SWI/SNF core subunits to the BAF complex.

PBAF and BAF have distinct yet overlapping genomic occupancy in melanoma

To further dissect the role of SWI/SNF complexes in melanoma, we performed ChIP-

seq (chromatin immunoprecipitation with high-throughput sequencing) of ARID2, SS18 

(representing a BAF subunit), and BRG1 in the parental SKmel147 cell line (Figures 2A and 

2B). We found that, while ARID2 is enriched at promoters, SS18 is found predominantly at 

distal and intragenic locations (Figure S2A). Importantly, ChIP-seq of ARID2 in SKmel147 

ARID2 KO cells yielded <1% of the ARID2 peaks found in WT cells (Figure S2B), 

likely reflecting non-specific binding (Figure S2C), and these peaks were removed from 

subsequent analysis. Next, we defined three genomic clusters based on the differential and 

shared occupancy of ARID2 and SS18: 5% of peaks at PBAF-enriched regions (defined 

by ARID2 occupancy and low SS18), 71% at BAF-enriched regions (SS18 occupied 

and low ARID2), and 24% at BAF-PBAF “shared” regions (ARID2- and SS18-bound) 

(Figures 2A, 2B, and Table S2). All three clusters displayed BRG1 binding, although less 

signal was detected at the PBAF regions (Figure 2B), as previously observed (Pan et al., 

2019). Through genomic annotation analysis, we found that PBAF and shared regions were 

preferentially enriched at promoters (~55%), whereas the BAF regions were preferentially 

enriched at distal and intragenic locations (~90%) (Figure 2C).

Next, we performed ChIP-seq for H3K27ac, utilized our ChIP-seq data for H3K4me1 and 

H3K4me3 (Fontanals-Cirera et al., 2017), and performed ATAC-seq (assay for transposase-

accessible chromatin with high-throughput sequencing) in SKmel147. Using these data, 

we found that PBAF-enriched and shared regions are largely associated with promoters 

marked by H3K4me3, and BAF-enriched regions are associated with enhancers marked 

by H3K4me1, consistent with the genomic annotation analysis (Figure 2B). Examples of 

such genomic regions are shown in Figure 2D. Finally, H3K27ac and open chromatin as 

demonstrated by ATAC-seq were associated with all three clusters (Figure 2B).

We validated these results using a second melanoma cell line, 113/6-4L (herein referred to as 

4L), a BRAFV600E mutant, MITF-high line. Briefly, we identified PBAF, shared, and BAF 

genomic regions in 4L as described above utilizing the differential and shared occupancy 

of ARID2 and SS18 (Figure S2D and Table S2). Consistent with SKmel147, PBAF regions 

were preferentially enriched at promoters (~70%) and BAF regions at distal and intragenic 

locations (~90%), while shared sites were more evenly distributed across these regions 

than in SKmel147 (Figure S2E). All three clusters displayed BRG1 binding (similar to 

SKmel147, less signal was detected at PBAF regions) and were associated with H3K27ac 

and open chromatin as indicated by ATAC-seq (Figure S2F).

To address the functionality of these clusters, we divided all expressed genes in SKmel147 

(Table S3) into four categories based on their promoter occupancy: PBAF (n = 1,721), 

BAF (n = 3,790), shared (n = 8,833), or devoid of either complex, “None” (n = 3,646). 
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Analysis of their gene expression levels revealed that genes occupied by BAF and/or PBAF 

complexes are associated with significantly higher expression than genes without either 

complex (None) (Figure S2G). Furthermore, higher gene expression was associated with 

genes whose promoters were occupied by both complexes, compared with PBAF- or BAF-

only occupied promoters (Figure S2G), suggesting cooperation of these complexes when 

co-bound. These findings were also corroborated in 4L (Figure S2G).

We next examined the TF motifs enriched in each of the SKmel147 clusters to identify 

putative co-regulators of PBAF and BAF complexes (Figure 2E and Table S4). In the PBAF 

cluster, we identified various motifs that have been associated with SWI/SNF, including 

REST, a repressor of neuronal gene expression (Barisic et al., 2019), and VDR, a nuclear 

receptor of the vitamin D ligand (Wei et al., 2018). The CTCF motif was enriched in 

all clusters, while the AP-1 motif was most enriched in the shared and BAF clusters, 

concordant with previous studies associating this family of TFs with BAF (Vierbuchen 

et al., 2017). AP-1 also emerged as a top motif when all ARID2 and SS18 peaks were 

examined (Figure S2H and Table S4). Similarly, in 4L, TF motif analysis identified REST 

as enriched in the PBAF cluster and AP-1 in the shared and BAF clusters (e.g., FOSL1 

and ATF3, respectively) (Figure S2I and Table S4). To validate these motif predictions, 

we performed ChIP-seq for REST, CTCF, and FOSL2 (as a representative AP-1 factor) in 

SKmel147. Indeed, we observed that REST was most highly enriched in PBAF-enriched 

regions (although bound at a small subset of sites) and CTCF was enriched in all clusters, 

while FOSL2 was most enriched in shared and BAF-enriched clusters (Figures 2F and S2J). 

Taken together, our results indicate that there exists differential and shared enrichment of 

BAF and PBAF subcomplexes at distinct genomic regions, localizing at unique and common 

TF-binding sites.

PBAF deficiency results in chromatin accessibility alterations and retargeting of BAF

To understand the changes in chromatin accessibility upon loss of a functional PBAF 

complex, we performed ATAC-seq in SKmel147 WT (parental and NTC) and ARID2 KO 

clones (KO1.4 and KO3.20) in duplicate (Figures S3A and S3B). Upon calling significantly 

differentially accessible regions (adjusted p < 0.05), we identified 6,542 regions with 

decreased chromatin accessibility and 3,105 regions with increased accessibility in the 

ARID2 KO samples (Figure S3C and Table S2) with an average 2-fold change at both ATAC 

increased and ATAC decreased significant regions (Figure 3A). Upon intersection of these 

regions with the three defined clusters (Figure 2A), we observed that loss of accessibility 

occurred largely at ARID2-bound regions, with high ARID2 enrichment at baseline (Figures 

3B and S3D), whereas increased chromatin accessibility was found predominantly at BAF-

enriched regions, which displayed low ARID2 enrichment at baseline (Figures 3B and S3D). 

This suggests that PBAF primarily maintains open chromatin at a subset of ARID2-bound 

sites in both PBAF and shared regions, which is not compensated for by the BAF complex, 

while a fraction of BAF-enriched regions gain chromatin accessibility in the absence of 

PBAF. We also identified changes in chromatin accessibility in regions lacking ARID2 or 

SS18 significant peaks (Figure 3B, None), which may be below the threshold of significant 

peak calling, yet have functional SWI/SNF binding, or may be indirectly affected.
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To probe these changes further, we performed ChIP-seq of SS18 and H3K27ac in ARID2 

WT and KO cell lines. We observed that regions with decreased chromatin accessibility 

displayed concomitant loss of H3K27ac and SS18 (at shared regions), while an increased 

enrichment of BAF was demonstrated by increased SS18 signal at the ATAC increased 

regions, along with increased H3K27ac (Figures 3C and S3E–S3G and Table S2). These 

shifts are further highlighted by the strong positive correlation between ATAC-SS18 

(Pearson correlation = 0.86) and ATAC-H3K27ac (Pearson correlation = 0.85) (Figure 3C). 

Examples of such changes are highlighted in Figure 3D at ATAC decreased and increased 

regions. Given the reported antagonistic relationship between SWI/SNF and Polycomb 

repressive complexes (Kia et al., 2008; Kim et al., 2015; Stanton et al., 2017; Wilson et 

al., 2010), we also performed ChIP-seq of H3K27me3 in ARID2 WT and KO cells and 

observed a moderate anti-correlation between H3K27me3 and the differential ATAC regions 

(Pearson correlation = −0.40) (Figure 3C and Table S2). This suggests that PBAF-bound 

regions may be silenced by different and/or additional mechanisms in the absence of 

ARID2.

Next, to validate our findings in cell lines with different driver mutations and phenotypic 

states, we utilized the BRAFV600E-mutant/MITF-high melanoma cell lines 501mel and 4L. 

In brief, we generated ARID2 KO clones, which, as expected, displayed loss of PBRM1 

(Figure 3E), and performed ATAC-seq analysis as described above (Figures S3H and S3I). 

In 501mel, we identified 1,480 regions with decreased chromatin accessibility and 3,762 

regions with increased chromatin accessibility in the ARID2 KO cells (Figure S3J and Table 

S2). Metagene analysis revealed an ~2-fold change at both ATAC increased and ATAC 

decreased significant regions (Figure 3F) with concomitant changes of H3K27ac (Pearson 

correlation = 0.84) and SS18 (Pearson correlation = 0.76) (Figures 3G and S3K–S3N 

and Table S2), consistent with our results for SKmel147. For reasons that remain unclear, 

we were unable to ChIP ARID2 in 501mel to further intersect differentially accessible 

regions with SWI/SNF clusters. Using 4L, however, upon differential ATAC-seq analysis 

(4L ARID2 WT versus KO) (Figure S3O) and intersection with SWI/SNF clusters (Figure 

S2F), we confirmed that regions with increased chromatin accessibility occurred primarily 

at BAF sites, and regions with decreased accessibility occurred mostly at ARID2-bound 

regions with high ARID2 enrichment at baseline (Figures S3P and S3Q). These data indicate 

a conserved mechanism of BAF occupancy changes in the absence of a functional PBAF in 

melanoma cell lines of distinct genetic and phenotypic backgrounds.

Redistribution of SWI/SNF complexes disrupts the melanoma TF network

To investigate TF enrichment at differentially accessible regions in the context of ARID2 

KO in SKmel147, we performed de novo motif analysis. The AP-1 motif was the most 

highly enriched at both ATAC increased and ATAC decreased regions (Figure 4A and 

Table S4), consistent with this motif being enriched in the shared and BAF clusters (Figure 

2E and Table S4). ETS1 and TEAD motifs were highly enriched, and the REST motif 

less so, at ATAC decreased regions, while the CTCF motif was highly enriched at ATAC 

increased regions. To investigate whether binding of these TFs was in fact altered at these 

differentially accessible sites, we performed ChIP-seq of FOSL2, TEAD4, and CTCF in 

ARID2 WT and KO SKmel147 cells as in Figure 2F. As AP-1/TEAD TFs are master 
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regulators of the melanoma invasive state, and we showed that FOSL2 and TEAD4 regulate 

the melanoma enhancer landscape (Fontanals-Cirera et al., 2017; Verfaillie et al., 2015), we 

used these TFs as representative members of their respective families. In addition, FOSL2 

represents one of the most highly expressed AP-1 factors in SKmel147 (Figure S4A).

By intersecting the TF ChIP-seq with the differential ATAC regions, we found that almost 

half of the differential ATAC peaks were bound by either FOSL2 or TEAD4, many of 

which were bound by both (Figures S4B and S4C). Furthermore, we found increased 

binding of FOSL2 and TEAD4 at ATAC increased regions, and decreased binding of 

FOSL2 and TEAD4 at ATAC decreased regions (Figure 4B and Table S2). Along with 

the significant correlation between these changing ATAC-FOSL2 (Pearson correlation = 

0.92) and ATAC-TEAD4 (Pearson correlation = 0.91) regions, SS18 enrichment changed 

in the same direction (Figure 4C). This suggests that the chromatin regions that close lose 

TF and BAF binding (assessed by SS18 enrichment), while regions that open gain TF and 

BAF occupancy. Examples are highlighted in Figure S4D. Finally, the intersection between 

differentially accessible regions and CTCF was not as robust, with many fewer regions 

affected by ARID2 KO (Figures S4E and S4F). Consistent with previous studies (Barisic et 

al., 2019), this suggests that CTCF may have limited dependency on SWI/SNF complexes to 

bind to chromatin.

We also performed motif analysis in 501mel ARID2 WT and KO clones. Unlike SKmel147, 

an MITF-low cell line, we found that the motifs for the lineage-specific TFs SOX10 and 

MITF were enriched at both ATAC increased and ATAC decreased regions (Figure 4D 

and Table S4). MITF ChIP-seq in WT and KO 501mel cells revealed a robust intersection 

between MITF binding and differentially accessible regions (89% of ATAC increased peaks, 

49% of ATAC decreased peaks) (Figure S4G). Similar to FOSL2 and TEAD4 in SKmel147, 

MITF binding was altered at ATAC differential regions (Figure 4E and Table S2), and we 

identified a strong correlation between changing ATAC-MITF regions (Pearson correlation = 

0.90), along with concordant SS18 differential enrichment (Figure 4F and S4H).

These findings highlight a conserved mechanism of PBAF function across melanoma cells 

of distinct genetic backgrounds and phenotypic states; however, the TFs affected differ. This 

appears to correlate with TF expression levels, as in SKmel147, FOSL2 mRNA levels are 

~5× higher than in 501mel, and in 501mel, MITF levels are ~15× higher than in SKmel147 

(Figure 4G). MITF levels were further validated by immunoblot (Figure S4I). Thus, our 

findings suggest a dynamic relationship between SWI/SNF complexes and the TFs that 

utilize these complexes to access chromatin.

Altered transcriptome and TF binding in ARID2-deficient melanoma cells

To identify the biological changes associated with PBAF depletion, we performed RNA 

sequencing in SKmel147 ARID2 WT (parental and NTC) and ARID2 KO clones (KO1.4, 

KO1.5 and KO3.20) (Figure S5A). We identified 955 upregulated genes and 1,072 

downregulated genes in ARID2 KO samples (Figure S5B and Table S3). Because we 

identified BAF redistribution in the absence of PBAF, and BAF enrichment at enhancers, 

we performed Hi-C (chromosome conformation capture assay) in parental SKmel147. 

This allowed us to impute enhancer-promoter interactions more confidently and to call 
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significant TADs (topologically associated domains) (Table S2). We next integrated the 

transcriptomic changes with the alterations in chromatin accessibility and TF binding 

utilizing the significant TADs to delimit the associations. We associated the ATAC increased 

and decreased regions with positively correlated DEGs (differentially expressed genes) 

within the same TAD and ± 500 kb of the TSS (transcription start site), and identified 

56% of the upregulated genes associated with ATAC increased regions and 80% of the 

downregulated genes associated with ATAC decreased regions (Table S3). Of the DEGs 

associated with ATAC-altered regions, ~80% were associated with altered TEAD4 and/or 

FOSL2 binding (Figure 5A; Table S3). By performing the same analysis in 501mel, we 

identified 2,457 upregulated genes and 2,355 downregulated genes. As TADs are highly 

conserved across species and cell types (Dixon et al., 2012; Rao et al., 2014), we utilized the 

SKmel147 TADs to delineate enhancer-promoter associations in 501mel as described above. 

We found that chromatin accessibility changes were associated with transcriptional changes 

(66% of the upregulated genes and 34% of the downregulated genes; Figures S5C–S5E 

and Table S3). Of the DEGs associated with ATAC-altered regions in 501mel, ~80% were 

associated with altered MITF binding (Table S3). Together, these data suggest a coordinated 

control of gene expression via TF access to chromatin through SWI/SNF function.

ARID2-deficient cells display upregulation of invasive gene signatures

Next, we performed pathway analysis of the DEGs in ARID2 KO versus WT SKmel147 

cells that corresponded to differential chromatin accessibility sites within a TAD. Upon 

GO (gene ontology) analysis, we observed upregulated pathways, including “response to 

TGFB,” “synapse organization,” and “regulation of protein kinase activity,” among others 

(Figures 5B and Table S3). Among the downregulated pathways, we found “cholesterol 

biosynthesis” (Figure S5F), “mRNA metabolic process,” and “cell development” (Figure 5B 

and Table S3). To extend our results to human melanoma patients, we performed DEG 

analysis on melanoma samples from the TCGA cohort (n = 334), comparing ARID2 

mutant (n = 50) with WT samples (Figure S5G). We found significant intersections 

between SKmel147 and TCGA deregulated genes (Figure S5H and Table S5). We found 

pathways related to “synapse” in the upregulated pathways and “metabolic processes” in 

the downregulated pathways (Figure S5I). Interestingly, in 501mel, the altered pathways 

were distinct (Figure S5J), highlighting how SWI/SNF complexes regulate different gene 

expression programs linked to highly expressed TFs that depend on SWI/SNF remodeling 

activity.

Of interest, we noted key genes involved in melanoma invasion in the upregulated pathway 

“response to TGFB” in SKmel147 cells (Figure 5C). This includes WNT5A (Weeraratna 

et al., 2002) and collagen- and integrin-encoding genes (Lu et al., 2012), as well as genes 

involved in TGFB-induced EMT (epithelial-to-mesenchymal transition), such as TGFBR2, 

SMAD2, and SMAD3 (Fuxe et al., 2010; Medici et al., 2008), the first and last of which 

were confirmed by immunoblot (Figure 5F). This led us to intersect the upregulated 

genes associated with increased accessibility in ARID2 KO cells with published melanoma 

invasive signatures (Verfaillie et al., 2015). Here we observed overlap with several genes 

involved in melanoma invasion, which were also associated with altered FOSL2 and TEAD4 

binding (Figure 5D), such as the TGFBR2 locus (Figure 5E). TGFBR2 expression is 
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associated with both the TGFB response pathway and the invasive signature (Figures 5B 

and 5C) and, consistent with our studies, Verfaillie et al. showed that AP-1/TEAD are master 

regulators of the melanoma invasive gene network (Verfaillie et al., 2015).

Our studies herein modeled ARID2 loss utilizing KO clonal cell lines. As a complementary 

approach, we also performed shRNA-mediated KD (knockdown) of ARID2 in SKmel147 

cells. As expected, we observed loss of PBRM1 and BRD7 upon ARID2 KD (Figure S5K). 

By examining gene expression changes, we found a significant correlation between the 

KD and the KO lines (Figure S5L). Importantly, the invasive genes we identified in the 

KO setting were significantly upregulated upon ARID2 KD (e.g., SMAD3, TGFBR2, and 

WNT5A) (Figures S5L and S5M).

PBAF loss increases frequency of melanoma metastasis in vivo

Based on the gene expression signatures identified, we examined the phenotypic properties 

of the ARID2 WT and KO cells using in vitro assays, including proliferation, adhesion, 

and matrix degradation, but did not identify significant differences between ARID2 WT and 

KO cells (Figures S6A–S6C). Given the TGFB pathway upregulation in SKmel147 cells, 

which implicated the potential for invasion and metastasis, we examined the phenotypic 

differences between ARID2 WT and KO in vivo. We first utilized the chicken CAM 

(chorioallantoic membrane) model, which allows for examination of primary tumor growth 

and dissemination into the chicken embryo (Fluegen et al., 2017; Ossowski, 1988) (Figure 

6A). While no significant difference in primary tumor growth was observed (Figures 6B and 

S6D), ARID2 KO cells displayed a striking increase in dissemination to the lower CAM 

and the liver (Figures 6B, 6D, S6E, and S6F). Next, we employed a tail vein injection 

model of experimental metastasis. To this end, we quantitated foci of fluorescently labeled 

cells in the lung to assess metastatic burden in both SKmel147 (MITF low) and 4L (MITF 

high) at 3 and 5 weeks post-tail-vein injection, respectively. We observed that ARID2 KO 

significantly increased the number of metastatic colonies compared with ARID2 WT cells 

as detected by both fluorescence and H&E quantification (Figures 6D–6F and S6G–S6I). 

While we noted macrometastases in both ARID2 WT and KO conditions, we observed many 

more micrometastases in the ARID2 KO setting (Figures S6J and S6K). Taken together, 

this phenotype is consistent with the altered gene expression program identified in ARID2 

KO cells, namely, the mesenchymal-like invasive signature, and suggests that chromatin 

reorganization following ARID2 loss favors melanoma metastasis.

DISCUSSION

Our results shed light onto the mechanisms by which ARID2 loss, and subsequent PBAF 

depletion, leads to changes in chromatin structure and transcriptional output in melanoma. 

We found that the PBAF complex predominantly maintains open chromatin at PBAF and 

PBAF-BAF shared regions, which consequently lose chromatin accessibility upon ARID2 

depletion. The majority of chromatin accessibility losses occurred at the promoters of active 

genes, while gain of chromatin accessibility was almost exclusively found at a subset of 

BAF-enriched enhancers. Taken together, our biochemical and genomic data implicate both 

a modest increase in available core subunits upon PBAF loss into the BAF complex and the 
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genomic redistribution of BAF complexes accompanied by increased chromatin accessibility 

and TF binding (Figure 6G).

Importantly, the mechanistic findings presented here are conserved between melanoma cells 

lines. The major difference was revealed when we probed the TF motifs of the differentially 

accessible chromatin regions. We identified that the deregulated transcriptional targets upon 

PBAF loss were influenced by the dominant TFs in each cell line, resulting in distinct effects 

on transcriptional programs. Therefore, the transcriptional consequences of ARID2 mutation 

and/or loss in melanoma tumors might be dictated by the stage of melanoma progression 

or the state of the cell in which the mutation occurs (e.g., proliferative versus invasive). 

Nevertheless, we observed increased metastatic potential in cell lines with high and low 

MITF levels, as well as distinct driver mutations, indicating conservation of the phenotype. 

Moreover, as melanoma comprises transcriptionally distinct, heterogeneous cell populations 

(Tsoi et al., 2018), we envision future studies utilizing single-cell methodologies to better 

understand the nuanced effects of ARID2 loss within subpopulations of cells in human 

melanoma tumors.

We also observed that TF binding depends on SWI/SNF remodeling activity and the 

dynamics between the BAF and the PBAF complexes. This is consistent with studies 

demonstrating that depletion or inhibition of chromatin remodeling subunits plays a critical 

a role in the genomic occupancy of TFs (Barisic et al., 2019; Iurlaro et al., 2021). On the 

other hand, it has been shown that pioneer TFs, in cooperation with AP-1 TFs, can recruit 

SWI/SNF complexes to poised regions to promote accessibility (Vierbuchen et al., 2017). 

Therefore, such chromatin remodeler-TF interactions appear to be context dependent and 

might vary between different chromatin remodeling complexes and types of TFs. Moreover, 

our study does not exclude the possibility that redistribution of TFs upon ARID2 depletion 

may in fact be recruiting BAF complexes to sites that gain accessibility.

Upon integration of chromatin changes with transcriptional deregulation upon ARID2 

depletion, we found that many of the transcriptional changes positively correlated 

with changes in chromatin structure within a TAD. Moreover, because PBAF is a 

chromatin remodeling complex, we focused primarily on the gene expression changes 

that were associated with changes in chromatin accessibility. However, by examining 

all gene expression changes independent of chromatin structural changes (Table S3), we 

found additional altered pathways, including the upregulation of antigen processing and 

presentation genes. This is consistent with previous reports demonstrating that depletion of 

PBAF members from mouse B16 melanoma tumors correlated with increased sensitivity to 

immune checkpoint inhibition (Fukumoto et al., 2020; Pan et al., 2018).

Finally, we revealed an unappreciated role for PBAF loss in melanoma metastasis. ARID2 

mutations have been detected in early melanoma lesions (Shain et al., 2018), which we 

speculate may promote early dissemination, a phenomenon that has been clinically observed 

in melanoma patients (Werner-Klein et al., 2018). Intriguingly, recent studies of human 

melanoma have reported an enrichment of SWI/SNF mutations, including ARID2 mutations 

in metastasis, particularly brain metastasis (In et al., 2020; Váraljai et al., 2021). While this 

remains to be explored, we found prominent enrichment of upregulated synaptic pathways 
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in both melanoma cells and the TCGA, raising the possibility that ARID2 loss might prime 

melanoma cells for metastasis or adaptation to the brain. Importantly, activation of synaptic 

activity in cancer cells has been shown to promote cell migration and survival in brain niches 

(Venkataramani et al., 2019; Venkatesh et al., 2019; Zeng et al., 2019). We look forward to 

future studies that investigate the role of the PBAF complex, including PBRM1 and BRD7, 

which are predicted to be melanoma drivers (Alkallas et al., 2020; Martínez-Jiménez et al., 

2020), in such critical melanoma processes in order to better tailor treatments for melanoma 

patients.

Limitations of the study

By creating isogenic ARID2 KO melanoma models, we investigated the direct molecular 

and cellular consequences of ARID2 loss; however, we recognize that not all ARID2 

mutations are complete loss-of-function mutations. Some ARID2 mutations may have 

distinct consequences on PBAF assembly, possibly leading to the formation of residual 

aberrant complexes. In addition, while we validated TGFB pathway upregulation in ARID2 

KO cells in vitro, activation of this pathway in vivo and its role in metastasis were not 

explored. We anticipate that studies investigating the transcriptional and signaling changes 

upon ARID2 depletion during melanoma progression in vivo will be highly informative.

STAR★METHODS

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should 

be directed to and will be fulfilled by the lead contact, Emily Bernstein 

(emily.bernstein@mssm.edu).

Materials availability—Reagents used in this study are publicly available or available 

from the lead contact upon request.

Data and code availability

• Raw data from RNA-seq, ATAC-seq, Hi-C and ChIP-seq experiments have been 

deposited at GEO and are publicly available as of the date of publication. 

Accession numbers are listed in the key resources table. Processed data from 

the RNA-seq, ATAC-seq, Hi-C and ChIP-seq experiments are available in the 

Supplemental Tables.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Cell lines—Melanoma cell lines SKmel147, 501mel, 113/6-4L, Mel888 and LOX-IMVI 

were cultured in DMEM supplemented with 10% FBS, 100 IU of penicillin and 100 

μg/mL of streptomycin. Melanoma cell lines WM1552c, WM1799, WM3456, WM1716 

and WM3533 were cultured in Tumor 2% media (80% MCDB 153 media, 20% Leibovitz’s 
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L-15 media, 2% FBS, 5 μg/mL bovine insulin, 1.68 mM CaCl2, and 100 IU of penicillin 

and 100 μg/mL of streptomycin). HEK293T cells were used for virus production and were 

maintained in DMEM supplemented with 10% FBS, 100 IU of penicillin and 100 μg/mL of 

streptomycin.

Chicken chorioallantoic membrane (CAM)—For the CAM xenograft assay, specific 

pathogen-free, fertile, 10-day-incubated embryonated chicken eggs were supplied by 

Charles River Laboratories.

Mice—For tail vein injection assays, 6–8-week-old NOD/SCID/IL2yR−/− female mice 

were supplied by Jackson Labs (Cat #005557).

METHOD DETAILS

Chromatin fractionation—Chromatin fractionation was performed as described (Méndez 

and Stillman, 2000). Protein lysates were resuspended in buffer A (10 mM HEPES pH 7.9, 

10 mM KCl, 1.5 mM MgCl2, 0.34 M Sucrose, 10% glycerol,100 nM PMSF, supplemented 

with protease inhibitors) and protein concentration was determined using Bicinchoninic 

Acid (BCA) (Pierce) following manufacturer’s guidelines. Samples were mixed with 2× 

Laemmli loading buffer and boiled prior to immunoblotting.

Whole cell protein extraction—Cells were washed with PBS and lysed on ice for 10 

minutes in Nonidet-40 (NP-40) lysis buffer (50 mM Tris pH 7.5, 1% NP-40, 150 mM 

NaCl, 1 mM EDTA, 10% glycerol) supplemented with protease and phosphatase inhibitors 

(Roche). Lysates were centrifuged at 20,000 g for 15 minutes and the protein concentration 

was quantified using BCA (Pierce). Lysates were mixed with 2× Laemmli loading buffer 

with subsequent boiling prior to immunoblotting.

Immunoprecipitation (IP) of nuclear extracts—Nuclear lysates were prepared as 

describe (Dignam et al., 1983). Buffers were supplemented with protease and phosphatase 

inhibitors (Roche). 40–50 million cells were swollen with hypotonic buffer (10 mM HEPES 

pH 7.9, 10 mM KCl, 1.5 mM MgCl2), nuclei were passed through a 27G needle 6x for 

homogenization, followed by centrifugation, and extraction for 30 min at 4°C with high 

salt buffer (20 mM HEPES, pH 7.9, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 25% 

glycerol, 0.1% NP-40). Extracts were pelleted and the supernatant was used for IP. Before 

IP, nuclear extract supernatants were diluted with 1.8 volumes of hypotonic buffer with 0.1% 

NP-40 to reach a final NaCl concentration of 150 mM. Diluted extracts were incubated with 

antibodies overnight, followed by a 2-h incubation with 50 μL Pierce Protein A/G magnetic 

beads (ThermoFisher), subsequent washing and elution.

Glycerol gradient sedimentation—Glycerol gradient sedimentations were performed 

as described (Alpsoy and Dykhuizen, 2018). Briefly, cells (40–50 million) were collected, 

lysed in buffer A (20 mM HEPES pH 7.9, 25 mM KCl, 10% glycerol, 5 mM MgCl2, 

0.05 mM EDTA, 0.1% NP-40, 100 nM PMSF, supplemented with protease inhibitors) and 

washed once with buffer A without NP-40. Next, the nuclei were resuspended in buffer 

C (10 mM HEPES pH 7.6, 3 mM MgCl2, 100 mM KCl, 0.1 mM EDTA, 10% glycerol). 
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Ammonium sulfate powder was added to (300 mg/mL), and the supernatant was incubated 

on ice for 20 min. Proteins were precipitated by ultracentrifugation at 150,000 g for 30 min. 

The pelleted protein was resuspended with 100 μL of HEG1000 buffer (25 mM HEPES pH 

7.6, 0.1 mM EDTA, 12.5 mM MgCl2, 100 mM KCl, supplemented with protease inhibitors). 

A glycerol gradient (10–30%) was prepared using HEG1000 buffer without glycerol and 

with 30% glycerol. Following, the protein lysates were layered on top of the 10–30% 

glycerol gradients (10 mL) and fractionated by centrifugation at 40,000 rpm for 16 h using 

the SW32Ti rotor (Beckman Coulter). Fractions (20x) of 500 μL were collected sequentially 

from the top of the gradient and used for immunoblotting after dilution with 4× Laemmli 

buffer with subsequent boiling.

Immunoblotting—Protein lysates (10–20 ug of total protein) were run on a 4–12% Bis-

Tris gradient gels (Life Technologies). After wet transfer onto a PVDF membrane for 2 h 

at 110 volts, membranes were incubated with blocking buffer (5% milk in Tris-Buffered 

Saline, 0.1% Tween (TBS-T)) followed by an overnight incubation with the respective 

primary antibodies (Table S1). Next, membranes were incubated with the respective 

secondary antibodies, washed with TBS-T, and developed.

Plasmids, lentiviral vector production, and cell transfection—The lentiCas9-Blast 

plasmid (Addgene, Cat# 52962) was used to generate SKmel147 cells stably expressing 

Cas9. The sgRNAs were cloned into a pLKO.1 lentiviral vector (kind gift from Brown 

Laboratory, ISMMS), using the restriction enzyme BbsI downstream of the U6 promoter 

which also contained eGFP or mCherry downstream of the human PGK promoter. Viral 

particles were generated as previously described (Fontanals-Cirera et al., 2017). SKmel147 

was first infected with the lentiCas9-Blast plasmid lentiviral particles and selected with 

blasticidin (10 μg/mL for 8 days) and then infected with Plenti-GFP/mCherry ARID2 

sgRNAs (Table S1). To generate ARID2 KO 501mel and 4L clonal cell lines, the ARID2 

sgRNAs (Table S1) were cloned into the Cas9 containing lentiCRISPR V2 vector following 

the established protocol (Shalem et al., 2014). Upon infection, cells were selected with 

puromycin (2 μg/mL for 2 days). To track SKmel147 ARID2 WT (NTC) and ARID2 

KO (KO1.4) cells in the CAM model and in the tail vein assay, the lentiviral FG12-GFP 

vector (kind gift from the Bravo-Cordero laboratory, ISMMS) was used for transduction. To 

track 4L ARID2 WT (NTC) and ARID2 KO (KO1.17 and KO5.11) cells in the tail vein 

assay, the lentiviral pLL-CMV-rFLuc-T2A-GFP vector (System Biosciences) was used for 

transduction. To produce lentiviral particles, HEK293T cells were seeded in 10 cm tissue 

culture dishes and incubated at 37°C and 5% CO2. When cells reached 80% confluency, they 

were co-transfected with 5 μg of lentiviral expression constructs, 3.75 μg of psPAX2 and 

1.25 μg pMD2.G vectors using the Transit-VirusGen (Mirus) transfection reagent following 

manufacturer’s recommendations. At 48 h post-transfection, supernatants were collected and 

passed through a 0.45 μm PVDF filter to remove cells and debris.

Single cell clonal expansion—For clonal isolation, serial dilutions of cells were grown 

in 10 cm plates to seed cells at a very low density. Individual colonies were isolated by 

pipetting, and further expanded for approximately three weeks prior to protein extraction for 
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immunoblotting screening. ARID2 KO clones are named and identified by two numbers: the 

sgRNA used followed by the clone number (e.g., KO3.20).

Cell proliferation—Equal number of cells (SKmel147: 1 × 104 cells; 501mel: 2 × 104; 

4L: 6 × 104) were plated into 12- or 24-well plates in triplicate. Cells were imaged on 

brightfield, and confluence of each well was quantified using the Incucyte Life-Cell Imaging 

System every 24 h for five to six days.

Adhesion assays—96-well plates were coated with the respective matrix (fibronectin 

or collagen) and incubated 1 h at 37°C. 2 × 105 cells were plated per well and allowed 

to adhere for 2.5 h. Cells were washed and fixed, followed by crystal violet staining. To 

quantify, crystal violet was solubilized with 2% SDS and absorbance of the staining was 

measured at 550nm.

Matrix degradation assay—Assay was performed as described by (Di Martino et al., 

2017). Briefly, coverslips were coated with Alexa Flour 488-gelatin. 3.5 × 104 cells per 

coverslip were plated on the gelatin-coated coverslips for 16 h before fixation. Cells were 

fixed and stained with DAPI and Alexa Flour 647-phalloidin to visualize the nucleus and 

cytoplasmic area, respectively. Gelatin degradation was analyzed by quantifying the average 

area of degraded gel (pixels) per field divided by the number of nuclei in those fields. 10–15 

fields were randomly selected per condition and quantified.

CAM xenografts—Cells were washed and harvested with 2 mM EDTA-PBS and 

resuspended at a concentration of 16 million cells/ml in PBS without calcium and 

magnesium. To prepare the chicken embryos for inoculation, a small opening in the shell 

was created followed by the removal of air from the eggs to allow detachment of the 

developing CAM. 8 × 105 human melanoma cells were inoculated on top of the CAM 

in a volume of 50 μL. The opening was sealed with transparent adhesive tape and the 

eggs were incubated for seven days. After incubation, chicken embryos were sacrificed, 

the primary tumor, the lower CAM and the liver were collected for further processing. 

All tissues were washed and minced on ice upon collection. Tissue was incubated with 

collagenase and DNase for 30–35 min at 37°C, followed by neutralization of collagenase 

with DMEM (10% FBS). Samples were passed through 70 μm cell strainers, washed with 

FACS buffer (PBS, 2 mM EDTA, 0.5% FBS), and resuspended with FACS buffer in a final 

volume of 0.5–2 mL. Samples were acquired on an Attune NxT flow cytometer (Thermo 

Scientific) and analyzed using FCS Express (De Novo Software). Debris and doublets were 

eliminated based on scatter properties and disseminated tumor cells were identified by GFP 

and mCherry fluorescence read in FITC and PE-Texas Red channels, respectively. 10% of 

the primary tumor and lower CAM cell suspension and 5% of the liver cell suspension were 

analyzed by volume-based acquisition, and results were extrapolated to the entire tissue.

Tail vein injections—The experiments were conducted following protocols approved 

by ISMMS Institutional Animal Care and Use Committee (IACUC) (protocol number 

LA11-00122). 6–8-week-old NOD/SCID/IL2yR−/− female mice (Jackson Labs, Cat# 

005557) were used. Cells were harvested with 2mM EDTA-PBS, resuspended in 100 μL 

HBSS (SKmel147: 1.25 × 105 cells; 4L: 5 × 104 cells), and injected into one of the lateral 
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tail veins with a 27-gauge needle. At the experimental endpoint (SKmel147: 3 weeks; 4L: 

5 weeks), mice were euthanized by cervical dislocation, lungs were cleared of blood by 

right ventricle PBS perfusion, and imaged ex vivo for GFP and mCherry fluorescence on a 

Cytation 7 instrument (BioTek). Quantification of lung colonies was performed using Gen 5 

software (BioTek). Harvested lungs were fixed in neutral buffered formalin for 24 h, paraffin 

embedded and sectioned at 5 μM thickness. Sections were obtained from three levels 

spaced 100 μM, stained with H&E and acquired at 20× magnification on a NanoZoomer 

S210 slide scanner (Hamamatsu). Metastatic colonies were identified morphologically and 

counted using NDP.view 2 software (Hamamatsu). Lung area on each section was calculated 

by NDP.view 2 software by outlining the edges of the tissue. Slides were blinded to the 

reviewer (C.N.) prior to analysis.

RNA-sequencing—Total RNA was extracted from cell lines using the RNAeasy Mini Kit 

(Qiagen) according to manufacturer’s protocol, and libraries were prepared from 1–2 μg 

of total RNA. Poly-A RNA was isolated using NETFLEX Poly(A) beads, and sequencing 

libraries were prepared using the NETFLEX Rapid Directional RNA-seq Kit 2.0 following 

manufacturer’s protocols (PerkinElmer). Single-end 75-bp reads were sequenced on the 

NextSeq550 according to the manufacturer’s guidelines (Illumina).

ChIP-sequencing—ChIP samples were processed as previously described (Fontanals-

Cirera et al., 2017), with several modifications. For histone modification ChIP (H3K27ac 

and H3K27me3), ~10–15 million cells per sample were cross-linked with 1% Formaldehyde 

for 10 min at room temperature. For chromatin remodeler subunits and transcription factors 

(ARID2, SS18, BRG1, FOSL2, TEAD4, MITF, CTCF, and REST) ~10–40 million cells 

per sample were double cross-linked with 0.25 M disuccinimidyl glutarate (DSG) for 45 

min, followed with 1% formaldehyde for 10 min. Single and double cross-linked cells were 

quenched with 0.125 M glycine for 5 min at room temperature, followed by pelleting at 400 

g for 3 min at 4°C. Cells were washed once with ice-cold PBS and resuspended at ~10–20 

million cells in 500 μL of cell lysis buffer (10 mM Tris pH 8, 10 mM NaCl, 0.2% NP-40, 

100 nM PMSF, supplemented with protease inhibitors), followed by 15 min incubation on 

ice. Next, cells were centrifuged at 400 g for 5 min and resuspended in 500 μL cold nuclear 

lysis buffer (50 mM Tris pH 8, 10 mM EDTA, 1% SDS, 100 nM PMSF, supplemented with 

protease inhibitors) and incubated on ice for 10 min. Cells were sonicated for 15–20 cycles, 

30 s on, 30 s off, at low intensity in a Bioruptor sonicator (Diagenode). After sonication, 

samples were centrifuged at 13,000 g for 10 min at 4°C, and the supernatant-containing 

chromatin was diluted 1:4 with IP Dilution buffer (20 mM Tris pH 8, 2 mM EDTA, 150 mM 

NaCl, 1% Triton X-, 0.01% SDS, 100 nM PMSF, supplemented with protease inhibitors). 

Drosophila spike-in chromatin was added to the diluted chromatin followed by pre-clearing 

with protein A (Invitrogen) or A + G (Millipore) magnetic beads pre-conjugated with rabbit 

or mouse IgG respectively, for 2 h at 4°C. After pre-clearing, 50 μL of chromatin were 

saved for input control. Pre-conjugated antibodies (50–100μL slurry and 5–10μg antibody 

per ~10–20 million cells for H3K27ac, H3K27me3, ARID2, BRG1, SS18, TEAD4, FOSL2, 

MITF, CTCF, REST), were added to the pre-cleared chromatin and rotated overnight at 4°C. 

Following overnight incubation, beads were washed once with cold IP Wash I buffer (20 

mM Tris pH 8, 2 mM EDTA, 50 mM NaCl, 1% Triton X-, 0.1% SDS, 100 nM PMSF, 

Carcamo et al. Page 17

Cell Rep. Author manuscript; available in PMC 2022 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



supplemented with protease inhibitors), twice with cold High Salt buffer (20 mM Tris pH 

8, 2 mM EDTA, 500 mM NaCl, 1% Triton X-, 0.01% SDS, 100 nM PMSF, supplemented 

with protease inhibitors), once with cold IP Wash II buffer (10 mM Tris pH 8, 1 mM 

EDTA, 0.25 LiCl, 1% NP-40, 1% deoxycholic acid, 100 nM PMSF supplemented with 

protease inhibitors) and twice with cold TE buffer (5 mM Tris pH 7.4, 1 mM EDTA). 

DNA was eluted twice in 100 μL elution buffer (1% SDS, 100 mM NaHCO3) at 65°C 

for 30 min and shaking. For input, 130 μL TE buffer, 12 μL 5 M NaCl, 20 μL 10% SDS 

and 2 μL of RNase A (10 mg/mL) were added followed by overnight incubation at 65°C. 

For the ChIP fractions, 12 μL of 5 M NaCl, 2 μL of RNase A (10 mg/mL) were added, 

followed by overnight incubation at 65°C. Following, 4 μL of Proteinase K (20 mg/mL) 

were added and samples were incubated for 2 h at 42°C. DNA was purified using QIAquick 

PCR Purification Kit (Qiagen) following manufacturer’s protocol. Libraries were generated 

and barcoded for multiplexed sequencing according to Illumina’s recommendations. Briefly, 

1–8 ng of DNA was end-repaired and Poly-A tailed with deoxyadenosine. Truseq adaptors 

(Illumina) were ligated, libraries were size-selected on a 2% agarose gel (350–650bp), and 

amplified using KAPA HiFi DNA Polymerase (12–15 cycles). NEB enzymes were used to 

carry out all the steps of the library preparation. Libraries were diluted to 5–10ng/μL and run 

on an Agilent 2100 Bioanalyzer High Sensitivity DNA chip. Libraries were sequenced on 

Illumina’s NextSeq550 at 75-bp single- end reads.

ATAC-sequencing—To generate ATAC libraries (Corces et al., 2017), 5 × 104 cells were 

harvested, treated with digitonin and tagmented with ~2.5 μL Tn5 Transposase for 30 min. 

DNA was amplified up to 10 cycles and purified using MinElute PCR purification columns 

(Qiagen). Following, libraries were size-selected on a 2% agarose gel (150–700bp), followed 

by purification using AMPure XP beads (NEB). Libraries were diluted to 5–10 ng/μL and 

run on an Agilent 2100 Bioanalyzer High Sensitivity DNA chip. Libraries were sequenced 

on Illumina NextSeq550 at 40 bp paired-end reads.

Hi-C—SKmel147 cells were grown in exponential growth phase in duplicates, washed 

twice with PBS, and 5–10 × 106 cells were fixed in 4% paraformaldehyde/1x PBS for 

15 min, quenched by the addition 0.125 M glycine final concentration for 5 min at 

room temperature. Cells were then washed with PBS, harvested and dried pellets were 

snap-frozen and stored at −80°C until use. Thereafter, in situ Hi-C was performed using 

Arima Hi-C kit (#A410030) according to the manufacturers’ recommendations. DNA input 

quantities ranged from approx. 0.9 – 3μg per replicate. Both proximity ligated DNA 

Hi-C samples passed QC1 checkpoint with a biotinylation efficiency >36% (high quality 

Arima-QC1 values are expected to be >15%). Next, output proximity ligated samples 

where mechanically fragmented by Covaris Ultrasonicator LE220, size selected to 200–

600 bp (average fragment size of 400 bp) using AMPure XP Beads and monitored for 

correct size range by Agilent TapeStation 2200 analysis. After final biotin enrichment, 

processed Hi-C samples were converted to sequencing libraries with Kapa HyperPrep Kit 

(Kapa Biosystems #KK8500) and Illumina TruSeq sequencing adapters according to the 

manufacturers’ guidelines with 7 cycles for the final PCR amplification step (yielding 

Arima QC2 values of 0.45% and 1.94%; >0.2% are expected as high quality samples) and 

sequenced with Illumina NovaSeq 6000 using 50 cycles paired- end mode.
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TCGA SKCM oncoplots—Mutational calls from the TCGA Skin Cutaneous melanoma 

(SKCM) cohort (primary and metastatic samples) were downloaded from the Broad Institute 

GDAC portal (http://gdac.broadinstitute.org/). The R package maftools 2.6.05 (Mayakonda 

et al., 2018) was used to generate oncoplots.

RNA-sequencing—Single-end 75-bp reads were aligned to the human reference 

genome (hg19/GRCh37.p13) with STAR v2.6.0.c (Dobin, 2013) using the parameters 

–sjdbOverhang 100 –outFilterMultimapNmax 10 –outFilterMismatchNmax 10 –

outFilterType BySJout –outFilterIntronMotifs RemoveNoncanonicalUnannotated (Table 

S6). Following, featureCounts from the Rsubread 2.4.3 R package (Liao et al., 2014) was 

used to assign reads to coding genes. Assigned reads were then normalized and DEGs were 

identified using the R package DEseq2 1.30.1 (Love et al., 2014). Genes were considered 

expressed if the sum of raw counts across all samples was >200 for any given gene. 

Differentially expressed genes were called using an adjusted p value < 0.05 (using the 

Benjamini and Hochberg procedure). Principal component analysis (PCA) was generated 

using regularized log-transformed reads with the DEseq2 package. Volcano plots were 

generated with the ggplot2 3.3.3 package using DEseq2 results statistics. Heatmaps were 

generated with the pheatmap 1.0.12 package, using DEseq2 median-ratio normalized counts.

ChIP-seq alignment and peak sets—For each individual sample, reads were aligned 

to the human reference genome (GRCh37/hg19) using Bowtie v1.1.2 (Langmead et al., 

2009) with parameters –l 65 –n 2 –best –k 1 –m 1, and reads quality was assessed 

using fastQC (Simon, 2019). Alignment statistics for each sample are provided in Table 

S6. Duplicate reads were removed with PICARD v2.2.4 (Broad Institute Picard Toolkit, 

nd). Binary alignment map (BAM) files were generated with samtools v1.9 (Li et al., 

2009), and were used in downstream analysis. For ChIP-seq used for differential binding 

analysis, including H3K27ac, SS18, H3K27me3, TEAD4, FOSL2, CTCF and MITF, the 

bam files of 2 WT and 2 KO samples (For SKmel147: Parental and NTC, and KO1.4 and 

KO3.20, and for 501mel: Parental and NTC, and KO1.8 and KO5.2) were concatenated 

using samtools merge to generate ‘master’ bam files. Significant peaks were called on 

‘master’ bam files and matching input controls using MACS2 v2.1.0 (Zhang et al., 2008) 

for narrow peaks, and SICER 2.0 (Zang et al., 2009) for broad peaks. Significance q-value 

cut-offs were determined post-hoc, testing several q-values based on signal to background 

ratio (for SKmel147 ChIP-seqs: ARID2, BRG1 q-value < 1e-3, SS18 q-value < 1e-7, 

FOSL2 and TEAD4 q-value 1e-13, CTCF q-value < 1e-5, H3K27ac q-value < 1e-7, and 

H3K27me3 q-value < 1e-2. For 501mel ChIP-seqs: SS18 q-value < 1e-2, H3K27ac and 

MITF q-value < 1e-3). Peaks in ENCODE blacklisted regions were removed. Quantification 

of reads in significant peak for all samples was performed using BedTools multicov 2.29.2 

(Quinlan and Hall, 2010). Differential peak analysis was performed using DEseq2 1.30.1 

(adjusted p value < 0.05 (using the Benjamini and Hochberg procedure)). Coverage tracks 

were generated from BAM files for the master bam files and the individual replicates 

and conditions using deepTools 3.2.1 (Ramírez et al., 2016) bamCoverage with parameters 

–normalizeUsingRPKM –binsize 10 and normalized with DEseq2 scaling factors. PCA plots 

were generated using DEseq2. ChIP-seq enrichment plots were visualized on the UCSC 

genome browser.
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ATAC-seq alignment and peak sets—For each individual sample, paired-end 40-bp 

reads were aligned to the human reference genome (GRCh37/hg19) using Bowtie2 2.1.0 

with parameters –q –X 2000 (Table S6), and read quality was assessed using fastQC. 

Duplicate reads were removed with PICARD v2.2.4, and BAM files were generated 

with samtools v1.9 (removing mitochondrial alignments and only keeping reads with 

MAPQ ≥30) for downstream analysis. WT and KO replicates for each cell line were 

then concatenated using samtools merge. MACS2 was used to identify significant peaks 

(master bam files) using parameters –nomodel –nolambada –keepdup all –slocal 10000. 

Quantification of reads in significant peak for all samples was performed using BedTools 

multicov 2.29.2 (Quinlan and Hall, 2010). Differential peak analysis was performed using 

DEseq2 1.30.1 (adjusted p value < 0.05 (using the Benjamini and Hochberg procedure)). 

Coverage tracks (Bigwig files) were generated from BAM files for the master bam files 

and the individual replicates and conditions using deepTools 3.2.1 (Ramírez et al., 2016) 

bamCoverage with parameters –normalizeUsingRPKM –binsize 10 and normalized with 

DEseq2 scaling factors. PCA plots were generated using DEseq2. ATAC-seq enrichment 

plots were visualized on the UCSC genome browser.

ATAC-seq correlation matrices—DeepTools 3.2.1. was used to generate the correlation 

plots at ATAC deregulated regions. First, multiBigwigsummary files were generated to 

average scores for each sample at ATAC deregulated regions. Next, the plotCorrelation 

command was used with multiBigwigsummary files to calculate the spearman correlation 

between the samples and generate the plots.

ATAC-gene associations—Differentially enriched distal/intragenic ATAC regions were 

associated to the positively correlated promoters of differentially expressed genes within a 

genomic range of ± 500 kb. Next the significant TADs from two TAD callers (Topdom and 

Hi-C bench) (Lazaris et al., 2017; Shin et al., 2015) were merged, and only those within the 

same TAD were kept.

ATAC-seq correlation scatterplots—Log2fold changes generated with DEseq2 over 

the regions of interest were used to generate the scatterplots. Correlation values were 

calculated with the R 4.0.3 function cor.test using Pearson’s correlation test. Plots were 

generated with ggplot2 3.3.3.

Upset intersection plots—Bed files of FOSL2/TEAD4 significant peaks and ATAC 

deregulated regions were used to generated Upset plots. Common intersected regions 

(FOSL2/TEAD4/ATAC) are displayed. BedTools 2.29.2 was used to generate intersections 

and Upset plots were generated with the R package UpSetR 1.4.0 (Conway et al., 2017).

Genomic annotation analysis—Promoters +2 kb relative to the TSS were defined 

according to the human GRCh37/hg19 Gencode v19 genome annotation. The CHIPSeeker 

1.26.2 package (Yu et al., 2015) was modified and used to determined feature distribution 

for peak sets.

TF motif analysis—Transcription Factor (TF) motif enrichments analysis of the different 

SWI/SNF clusters was performed on the intersection of all bound regions within a cluster 
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(i.e., PBAF, shared and BAF clusters), and ATAC-seq summits. De novo motifs were 

identified within a +200bp window around ATAC peak summit using the HOMER v.4.11 

suite (Heinz et al., 2010) with parameters; findMotifsGenome.pl hg19 -size 200 with the 

default Homer generated background regions. Only significant motifs (p value < 1e-12) 

with corresponding expressed TFs were reported for each cell line. For differentially 

enriched ARID2 WT/KO ATAC regions, de novo motifs were identified within a +200bp 

window around the ATAC peak summit with same parameters as above. Differential motif 

enrichment scatterplot was generated with ggplot2.

Metagenes and heatmaps—Metagene and heatmaps of genomic regions were generated 

with deepTools 3.2.1. The command computeMatrix was used to calculate scores at genomic 

regions and generate a matrix file to use with plotHeamap or plotProfile, to generate 

heatmaps or metagene profile plots, respectively. Bigwigs used to generate matrix files were 

first scaled with normalization values produced by DEseq2 1.30.1.

Gene ontology—Gene ontology (GO) enrichment (Ashburner et al., 2000) was performed 

with the R package clusterProfiler 3.18.1 (Yu et al., 2012) using the GO over representation 

test function. Significant pathways were called with an adjusted p value < 0.05 (using the 

Benjamini and Hochberg procedure).

Hi-C—Hi-C data from SKMel147 was analyzed using the HiC-bench platform. Data was 

aligned to the human reference genome (GRCh37/hg19) with bowtie2 2.1.0. Aligned 

reads were filtered with the GenomicTools 0.2.9.7 (Tsirigos et al., 2012) tools-hic filter 

command and only the accepted intra-chromosomal read-pairs were used for downstream 

analysis (~200 million reads). Interaction matrices were generated using the HiC-bench 0.1 

(Akdemir and Chin, 2015; Imakaev et al., 2012; Lazaris et al., 2017) platform at 40kb 

resolution. Filtered read counts were normalized using iterative correction and eigenvector 

decomposition (ICE). Distance normalization was performed to account for variances in 

read counts for more distant loci. Topologically associating domains (TADs) were called 

using HiC-bench’s hicratio algorithm as well as topdom 0.10.1 (Shin et al., 2015).

TCGA data analysis—From the Broad Institute GDAC portal (http://

gdac.broadinstitute.org/), the SKCM log2 normalized RNA-seq reads, clinical annotations, 

mutational calls, and copy number annotation datasets were downloaded. When annotating 

ARID2 mutant samples, mutations of unknow significance and synonymous mutations were 

removed from the analysis. Using R 4.0.3, a linear model with the covariates: sex, age, 

tumor type (primary vs. metastatic), copy number variation, and ARID2 mutation status, 

was used to call significant differences between ARID2 mutant samples and ARID2 WT 

samples. Given the high biological heterogeneity within patient samples, and the relatively 

low number of ARID2 mutant samples (n = 50), we utilized a cut-off of p value < 0.05 to 

call significant changes.
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QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical tests were performed using RStudio and GraphPad Prism 9 (GraphPad 

Software). The statistical analysis details for each experiment can be found in figure legends 

and in the method details section.

Data deposition—The GEO accession number for the raw and processed sequencing data 

reported in this paper is GSE172383.

Supplementary Material

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

• ARID2 loss results in impaired PBAF complex assembly and BAF genomic 

redistribution

• Altered SWI/SNF dynamics results in chromatin accessibility and TF binding 

changes

• PBAF loss drives an invasive gene expression signature and phenotype in 

melanoma

Carcamo et al. Page 29

Cell Rep. Author manuscript; available in PMC 2022 April 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Effects of ARID2 depletion on SWI/SNF complexes in melanoma
(A) Oncoplot of TCGA skin cutaneous melanoma mutational data highlighting mutation 

rates of PBAF-specific subunits ARID2, PBRM1, and BRD7. Each column represents one 

sample.

(B) Chromatin fraction immunoblots of SWI/SNF subunits, including PBAF-specific 

ARID2, PBRM1, and BRD7 (green); BAF-specific SS18 (blue); and core subunits SNF5 

and BRG1 (black), across ARID2 WT and mutant (indicated in red) melanoma cell lines. 

Amido black staining was used as a loading control (n = 3).
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(C) Immunoblot of WCE and chromatin fractions of SWI/SNF subunits in SKmel147 

ARID2 WT (parental and NTC) and KO clones. GAPDH was used as a loading control for 

WCE, amido black for chromatin fractions (n = 3).

(D) Immunoblots of BRG1, SNF5, ARID2, PBRM1, and ARID1A in SKmel147 ARID2 

WT and KO cells following immunoprecipitation of BRG1. IgG was used as negative 

control (n = 2).

(E) Immunoblots of glycerol gradient sedimentation from SKmel147 ARID2 WT and 

KO1.4 showing sedimentation of SWI/SNF subcomplexes (ARID1A and SS18 in the BAF 

fractions, ARID2 and BRD7 in the PBAF fractions) in ARID2 WT cells, which is altered in 

ARID2 KO cells (n = 2).

(F) Immunoblots of ARID2, ARID1A, SNF5, and BRG1 of glycerol gradient sedimentation 

fractions from Mel888 (n = 1). See also Figure S1 and Table S1.
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Figure 2. PBAF and BAF genomic localization in melanoma cells
(A) Intersection of significant peaks between ARID2 and SS18 ChIP-seq in SKmel147 used 

to defined PBAF, BAF, and shared regions.

(B) Heatmaps of ChIP-seq enrichment for ARID2, SS18, BRG1, H3K4me3, H3K4me1, 

H3K27ac, and ATAC-seq in SKmel147 were centered on PBAF, shared, and BAF regions as 

defined in (A).

(C) Bar plots displaying the percentage of PBAF, shared, and BAF regions occupying 

promoter, distal, and intragenic regions.
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(D) UCSC genome browser (hg19) snapshots displaying examples of PBAF, shared, and 

BAF regions.

(E) TF motif analysis of the PBAF, shared, and BAF regions.

(F) Metagene profiles of REST, CTCF, and FOSL2 ChIP-seq in SKmel147 at PBAF, shared, 

and BAF regions as defined in (A). See also Figure S2 and Tables S1, S2, S4, and S6.
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Figure 3. ARID2 depletion results in chromatin accessibility changes and BAF redistribution
(A) Metagene profiles of ATAC-seq significantly deregulated regions in SKmel147 ARID2 

WT (parental and NTC) and KO (KO1.4 and KO3.20) lines. ATAC decreased (n = 6,542) 

and increased (n = 3,105) regions called with adjusted p < 0.05.

(B) Pie charts displaying the percentage of ATAC decreased and increased regions at PBAF, 

shared, and BAF sites or None (no SWI/SNF binding).

(C) Scatterplots displaying the log2 fold changes (log2FC) in SKmel147 ARID2 WT versus 

KO of H3K27ac, SS18, or H3K27me3 (y axis) versus the log2FC of ATAC-seq altered 

regions (x axis). Pearson correlations are shown.
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(D) UCSC genome browser (hg19) snapshots displaying ARID2, H3K4me3/H3K4me1, 

ATAC, H3K27ac, and SS18 in ARID2 WT and KO SKmel147 lines at ATAC decreased and 

increased regions.

(E) WCE immunoblots of 501mel ARID2 WT and KO clones probed for ARID2, PBRM1, 

and SNF5. GAPDH was used as a loading control (n = 2). Chromatin extract immunoblots 

of 4L ARID2 WT and KO clones probed for ARID2, PBRM1, and SS18. Amido black was 

used as a loading control (n = 2).

(F) Metagene profiles of 501mel ARID2 WT (parental and NTC) and KO (KO1.8 and 

KO5.2) lines. ATAC decreased (n = 1,480) and increased (n = 3,762) deregulated regions 

called with adjusted p < 0.05.

(G) Scatterplots displaying the log2FC in 501mel ARID2 WT versus KO cell lines of 

H3K27ac or SS18 versus the log2FC of ATAC-seq altered regions. Pearson correlations are 

shown. See also Figure S3 and Tables S1, S2, S4, and S6.
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Figure 4. Chromatin accessibility changes in the absence of ARID2 correlate with TF occupancy
(A) Scatterplot displaying the absolute log p values of the TF motifs (de novo) enriched at 

SKmel147 ARID2 WT versus KO ATAC-altered regions.

(B) Metagene profiles of SKmel147 ARID2 WT (parental and NTC) and KO (KO1.4 and 

KO3.20) enrichment of FOSL2 and TEAD4 ChIP-seq centered at ATAC decreased and 

increased regions that overlap with a TF peak (FOSL2 n = 4,548, TEAD4 n = 4,130).

(C) Scatterplots of SKmel147 ARID2 WT versus KO log2FC of FOSL2 and TEAD4 with 

ATAC log2FC at ATAC increased and decreased regions that overlap with a TF peak, as in 

(B). SS18 log2FC was plotted as a color variable and Pearson correlations are shown.

(D) Scatterplot displaying the absolute log p values of TF motifs (de novo) enriched at 

501mel ARID2 WT versus KO ATAC-altered regions.

(E) Metagene profiles of 501mel ARID2 WT (parental and NTC) and KO (KO1.8 and 

KO5.2) enrichment of MITF ChIP-seq intersected with ATAC decreased and increased 

regions (n = 4,105).
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(F) Scatterplot of 501mel ARID2 WT versus KO log2FC of MITF with ATAC log2FC at 

ATAC increased and decreased regions. SS18 is plotted as in (C).

(G) RNA-sequencing normalized counts of MITF, FOLS2, and TEAD4 in SKmel147 and 

501mel. See also Figure S4 and Tables S1, S2, and S6.
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Figure 5. ARID2 deficiency leads to altered gene expression programs linked to invasion
(A) Association of ranked DEGs (heatmap) in SKmel147 ARID2 KO versus WT cells with 

their associated ATAC increased or decreased peaks (bottom), within a TAD and within ± 

500 kb of the TSS. Replicates are shown (R1, R2). TEAD4/FOSL2 status is shown above 

and called if at least one of the gene-associated ATAC changing peaks is bound by FOSL2 

and/or TEAD4.

(B) Biological process gene ontology of genes in (A).

(C) Heatmap of significantly upregulated genes (Z scores) from (B) of the pathway 

“response to TGFB.” TEAD4/FOSL2 status is shown on the left.
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(D) Heatmap of upregulated genes (Z scores) associated with regions with increased 

chromatin accessibility within a TAD overlapped with the “invasive melanoma signature” 

from Verfaillie et al. (2015).

(E) UCSC genome browser (hg19) snapshot displaying a putative enhancer (highlighted in 

yellow) with increased accessibility and SS18/FOSL2 binding in ARID2 KO lines with the 

promoter of the associated upregulated gene TGFBR2 shown.

(F) WCE immunoblots of SKmel147 ARID2 WT (parental and NTC) and KO (KO1.4 and 

KO3.20) lines probed for TGFBR2, phospho-SMAD3, and SMAD3. GAPDH was used as a 

loading control (n = 2). See also Figure S5 and Tables S1, S2, S3, S5, and S6.
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Figure 6. ARID2 depletion leads to melanoma metastasis in vivo
(A) Schematic of the chicken CAM xenograft assay and regions of the chicken embryo 

where cells disseminate to, including the lower CAM and the liver.

(B) FACS (fluorescence-activated cell sorting) quantification of SKmel147 ARID2 WT 

(NTC) and KO (KO1.4) cells of the primary tumor (n = 12 and n = 11, respectively), lower 

CAM (n = 19 and n = 16, respectively), and liver (n = 14 and n = 10, respectively) of the 

CAM xenografts 7 days post-injection. Nineteen independent replicates are aggregated, line 

represents the median. Welch’s t test. Primary tumor, p = 0.8580; lower CAM, p = 0.0019; 

liver, p = 0.0156. *p < 0.05; **p < 0.01; ns, p > 0.05.
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(C) Representative images of SKmel147 ARID2 WT (NTC) and KO (KO1.4) GFP+ cells 

that disseminated to the lower CAM.

(D) Quantification of SKmel147 ARID2 WT (NTC, n = 5) and KO (KO1.4, n = 5) 

metastatic colonies in the lung 3 weeks post-tail-vein injection detected by fluorescence 

imaging. Line represents the median. Welch’s t test. p = 0.029. *p < 0.05.

(E) Fluorescence images of lungs from mice with SKmel147 NTC and KO1.4 cells injected 

into the lateral tail vein.

(F) Quantification of 4L ARID2 WT (NTC, n = 5) and KO (KO1.17, n = 5; KO5.11, n = 

5) metastatic colonies in the lung 5 weeks post-tail-vein injection detected by fluorescence 

imaging. Line represents the median. Welch’s t test. NTC versus KO1.17, p = 0.0421; NTC 

versus KO.511, p = 0.0334. *p < 0.05.

(G) Model of the mechanisms by which ARID2 loss regulates chromatin dynamics across 

the three types of SWI/SNF-bound regions, and gene expression pathways affected by PBAF 

loss. See also Figure S6.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

ARID2 Santa Cruz Cat# sc-166117; RRID: AB_2060382

ARID2 Cell Signaling Cat# 82342; RRID:AB_2799992

PBRM1 In house N/A

BRD7 Santa Cruz Cat# sc-376180; RRID:AB_10989389

SS18 Cell Signaling Cat# 21792; RRID:AB_2728667

SNF5 Santa Cruz Cat# sc-166165; RRID:AB_2270651

SNF5 Bethyl Cat# A301-087A; RRID:AB_2191714

BRG1 Abcam Cat# ab110641; RRID:AB_10861578

BRG1 Santa Cruz Cat# sc-17796; RRID:AB_626762

ARID1A Bethyl Cat# A301-041A; RRID:AB_2060365

ARID1A Santa Cruz Cat# sc-32761; RRID:AB_673396

GAPDH Santa Cruz Cat# sc-32233; RRID:AB_627679

H3K27ac Abcam Cat# ab4729; RRID:AB_2118291

H3K27me3 Epicypher Cat# 13-0030; RRID: N/A

H3K9me3 Abcam Cat# ab176916; RRID:AB_2797591

FOSL2 Santa Cruz Cat# sc-604; RRID:AB_2107084

TEAD4 Santa Cruz Cat# sc-101184; RRID:AB_2203086

MITF Sigma A. Cat# HPA003259; RRID:AB_1079381

MITF Active Motif Cat# 91201; RRID:AB_2793801

CTCF Millipore Cat# 07-729; RRID:AB_441965

REST Millipore Cat# 07-579; RRID:AB_11211936

PHF10 ThermoFisher Cat# PA5-30678; RRID:AB_2548152

BRM Santa Cruz Cat# sc-166579; RRID:AB_2302397

GLTSCR1 Santa Cruz Cat# sc-515086; RRID: N/A

CHD5 Abcam Cat# ab124736; RRID:AB_10974578

TGBR2 Abcam Cat# ab184948; RRID:AB_2818975

Phospho-SMAD3 Cell Signaling Cat# 9520; RRID:AB_2193207

SMAD3 Cell Signaling Cat# 9523; RRID:AB_2193182

Bacterial and virus strains

One Shot™ Stbl3™ Chemically Competent E. coli Invitrogen Cat# C737303

Chemicals, peptides, and recombinant proteins

DSG Pierce (ThermoFisher) Cat# 20593

Protein A + G magnetic beads Millipore Cat# LSKMAGAG10

Dynabeads Protein A magnetic beads Invitrogen Cat# 10001D

KAPA HiFi DNA Polymerase Roche Cat# 07958838001

Digitonin Promega Cat# G9441

Illumina Tagment DNA Enzyme and Buffer Small Kit Illumina Cat# 20034197

AMPure XP beads NEB Cat# A63880
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REAGENT or RESOURCE SOURCE IDENTIFIER

T4 PNK NEB Cat# M0201S

5U/uL Klenow Fragment (3′–5′ exo-) NEB Cat# M0212S

Quick T4 DNA ligase NEB Cat# M2200S

T4 DNA Polymerase NEB Cat# M0203S

DNA Polymerase Klenow Fragments NEB Cat# M0210S

dNTPs Roche Cat# 11969064001

dATPs Roche Cat# 11889516103

Critical commercial assays

Transit-VirusGEN Transfection Kit Mirus Bio Cat# MIR6700

NEXTFLEX Poly(A) Enrichment Beads PerkinElmer Cat# NOVA-512992

NEXTFLEX Rapid Directional RNA-seq Kit 2.0 PerkinElmer Cat# N0VA-5198-01

RNeasy extraction kit Qiagen Cat# 74104

Arima Hi-C Kit Arima Cat# A410030

QIAquick PCR Purification Kit Qiagen Cat# 28106

Kapa HyperPrep Kit Kapa Biosystems Cat# KK8500

QIAquick Gel Extraction Kit Qiagen Cat# 28704

Deposited data

Raw RNA sequencing, ATAC-sequencing, ChIP-sequencing, 
and Hi-C data

GEO GSE172383

Analyzed RNA sequencing, ATAC-sequencing, ChIP-
sequencing, and Hi-C data, See Tables S2, S3, S6

This paper N/A

The Cancer Genome Atlas Skin Cutaneous Melanoma Akbani et al. (2015) https://gdc.cancer.gov/about-data/
publications/skcm_2015

Experimental models: Cell lines

SKmel147 Eva Hernando Laboratory 
(NYU)

RRID:CVCL_3876

501mel Eva Hernando Laboratory 
(NYU)

RRID:CVCL_4633

113/6-4L Robert Kerbel Laboratory 
(Sunnybrook Health Sciences 
Center)

Cruz-Munoz et al., 2008

WM1552c Rockland WM1552C-01-0001, RRID: CVCL_6472

WM1799 Rockland WM1799-01-0005, RRID: CVCL_A341

WM3456 Rockland WM3456-01-0001, RRID: CVCL_AP91

Mel888 Stuart Aaronson Laboratory 
(ISMMS)

RRID: CVCL_4632

WM1716 Rockland WM1716-01-0001, RRID: CVCL_AP82

LOX-IMVI Jessie Villanueva Laboratory 
(Wistar Institute)

RRID: CVCL_1381

WM3533 Rockland RRID: CVCL_0B73

Experimental models: Organisms/strains

Premium specific pathogen-free (SPF) embryonated chicken 
eggs

Charles River Laboratories Cat# 10100326

Mouse: female, 6 to 8 weeks old, N0D/SCID/IL2γR−/− Jackson Laboratories Cat# 005557

Oligonucleotides
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REAGENT or RESOURCE SOURCE IDENTIFIER

Non-targeting sgRNA: 
CACCGTTCCGCGTTACATAACTTAG

This paper N/A

ARID2.1 sgRNA: CACCGAATGGCAAACTCGACGGGGA This paper N/A

ARID2.3 sgRNA: CACCGATGATGATGAGGTACCACC This paper N/A

ARID2.5 sgRNA: CACCGTTTACTACTTGCTAATGCCG This paper N/A

ARID2 shRNA: CGTACCTGTCTTCGTTTCCTA Sigma-Aldrich TRCN0000166264

Recombinant DNA

lentiCas9-Blast Addgene Cat# 52962

pLKO.1 eGFP/mCherry Brian Brown Laboratory 
(ISMMS)

N/A

pLenti-puro Addgene Cat# 39481

pLK0.1 eGFP NTsg This paper N/A

pLKO.1 mCherry ARID2 sg1 This paper N/A

pLKO.1 mCherry ARID2 sg3 This paper N/A

lentiCRISPR v2 Addgene Cat# 52961

FG12-GFP Bravo-Cordero Laboratory 
(ISMMS)

N/A

psPAX2 Addgene Cat# 12260

pMD2.G Addgene Cat# 12259

pLKO.1 shARID2 Sigma-Aldrich TRCN0000166264

pLL-CMV-rFLuc-T2A-GFP System Biosciences Cat# LL300PA-1

Software and algorithms

Incucyte Life-Cell Imaging System Essen Bioscience https://www.sartorius.com/en/products/
live-cell-imaging-analysis/live-cell-
analysis-software/incucyte-base-software

FCS Express De Novo Software https://denovosoftware.com/

STAR Version 2.6.0c, Dobin, 2013 https://github.com/alexdobin/STAR

Rsubread Version 2.4.3, Liao et al., 2014 http://subread.sourceforge.net

DEseq2 Version 1.30.1, Love et al. 
(2014)

https://github.com/mikelove/DESeq2

Bowtie Version 1.1.12, Langmead et 
al. (2009)

https://github.com/BenLangmead/bowtie

MACS2 Version 2.1.0, Zhang et al. 
(2008)

https://pypi.org/project/MACS2/

fastQC Version 0.11.7, Andrews, 
2019

https://github.com/s-andrews/FastQC

PICARD Version 2.2.4 https://github.com/broadinstitute/picard/
releases

Samtools Version 1.9, Li et al. (2009) http://www.htslib.org/

SICER Version 2.0, Zang et al. (2009) https://zanglab.github.io/SICER2/

deepTools Version 3.2.1, Ramírez et al., 
2016

https://deeptools.readthedocs.io/en/
develop/

Bowtie2 Version 2.1.0, Langmead et 
al., 2009

https://github.com/BenLangmead/bowtie2

Topdom Version 0.0.1, Shin et al., 2015 https://github.com/HenrikBengtsson/
TopDom

Hi-C bench Lazaris et al. (2017) https://github.com/NYU-BFX/hic-bench
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REAGENT or RESOURCE SOURCE IDENTIFIER

BedTools Version 2.29.2, Quinlan and 
Hall (2010)

https://bedtools.readthedocs.io/

ChIPSeeker Version 1.26.2, Yu et al. 
(2015)

https://github.com/YuLab-SMU/
ChIPseeker

HOMER Version 4.11, Heinz et al. 
(2010)

https://github.com/IGBIllinois/HOMER

clusterProfiler Version 3.18.1, Yu et al., 2012 https://github.com/YuLab-SMU/
clusterProfiler

Prism Version 9 https://www.graphpad.com

ImageJ Version 2.1.0/1.53c https://imagej.nih.gov/ij/index.html

RStudio Version 1.1.46 https://rstudio.com
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