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C A N C E R

ARID1A spatially partitions interphase chromosomes
Shuai Wu1*, Nail Fatkhutdinov1,2*, Leah Rosin3†, Jennifer M. Luppino3, Osamu Iwasaki1, 
Hideki Tanizawa1, Hsin-Yao Tang4, Andrew V. Kossenkov5, Alessandro Gardini1, Ken-ichi Noma1, 
David W. Speicher5,6, Eric F. Joyce3, Rugang Zhang1‡

ARID1A, a subunit of the SWItch/Sucrose Non-Fermentable (SWI/SNF) chromatin-remodeling complex, localizes to 
both promoters and enhancers to influence transcription. However, the role of ARID1A in higher-order spatial 
chromosome partitioning and genome organization is unknown. Here, we show that ARID1A spatially partitions 
interphase chromosomes and regulates higher-order genome organization. The SWI/SNF complex interacts with 
condensin II, and they display significant colocalizations at enhancers. ARID1A knockout drives the redistribution 
of condensin II preferentially at enhancers, which positively correlates with changes in transcription. ARID1A and 
condensin II contribute to transcriptionally inactive B-compartment formation, while ARID1A weakens the border 
strength of topologically associated domains. Condensin II redistribution induced by ARID1A knockout positively 
correlates with chromosome sizes, which negatively correlates with interchromosomal interactions. ARID1A loss 
increases the trans interactions of small chromosomes, which was validated by three-dimensional interphase 
chromosome painting. These results demonstrate that ARID1A is important for large-scale genome folding and 
spatially partitions interphase chromosomes.

INTRODUCTION
ARID1A is a subunit of the SWI/SNF chromatin-remodeling complex 
(1, 2). ARID1A is among the most frequently mutated genes across 
human cancers (1, 3). For example, ARID1A is mutated in up to 
62% of ovarian clear cell carcinoma (OCCC) (4, 5). More than 
90% of ARID1A mutations in OCCC leads to loss of protein expression 
(4, 5). Although ARID1A localizes to both promoters and enhancers, 
there is evidence suggesting that enhancer-mediated gene regulation 
plays a dominant role in its tumor suppressor function (1, 6–8).

Genome topological mapping reveals that interphase chromosomes 
are spatially organized by a complex collection of chromosome 
interactions (9, 10). For example, enhancers, in particular, require 
chromatin looping to regulate transcription. Interphase chromosomes 
alternate between euchromatic, actively transcribed A-compartments 
and heterochromatic, transcriptionally inactive B-compartments 
(9–13). On a finer scale, topologically associated domains (TADs) 
are discrete intrachromosomal units of chromatin that facilitate 
intra-TAD interactions between regulatory elements and promoters 
but insulate inter-TAD interactions (9–13). Although ARID1A’s 
tumor suppressor function is linked to enhancer-mediated gene 
regulation (6) and chromosome organization is thought to coordinate 
gene transcription (14), the role of ARID1A in higher-order spatial 
genome organization is unknown.

Condensin is a multisubunit complex that belongs to the family 
of structural maintenance of chromosome (SMC) complexes (15). 
Condensin regulates chromosome structure in a wide range of 

processes, including chromosome segregation and gene regulation 
(15, 16). The main molecular activity of condensin is to form 
chromosomal loops through their conserved SMC ring structure 
(15). Mammalian cells contain condensin I and II complexes, which 
include unique rate-limiting NCAPH and NCAPH2 subunits, 
respectively (17). Condensin II, but not condensin I, plays a role in 
interphase genome organization (15). For example, in Drosophila 
melanogaster, condensin II promotes axial compaction of chromosomes 
to form distinct chromosomal territories (18–21). In the present 
study, we demonstrate that ARID1A spatially partitions interphase 
chromosomes, which correlates with ARID1A-regulated distribution 
of condensin II, preferentially at enhancers.

RESULTS
SWI/SNF complex interacts with condensin II
To identify new interacting proteins of the SWI/SNF complex, we 
purified the SWI/SNF complex by pulling down the essential core 
subunit BAF155 in both ARID1A wild-type OVCAR429 and ARID1A- 
mutated TOV21G OCCC cells. In addition, we pulled down endoge-
nously FLAG-tagged ARID1A generated by CRISPR from ARID1A 
wild-type RMG1 OCCC cells. Liquid chromatography–tandem mass 
spectrometry (LC-MS/MS) of the pulldown revealed the presence 
of SMC core subunits SMC2 and SMC4 in all three analyses (fig. S1A). 
Co-immunoprecipitation (IP) analysis by pulling down FLAG-ARID1A 
showed that ARID1A interacted with condensin II regulatory sub-
unit NCAPH2 but not with condensin I regulatory subunit NCAPH 
(Fig. 1A). Notably, ARID1A knockout does not affect expression of 
condensin II subunits such as NCAPH2 and NCAPD3 (Fig. 1B). 
The interaction between subunits of the SWI/SNF and condensin II 
complexes such as BAF155 and NCAPH2 is DNA independent, 
because the deoxyribonuclease I (DNase I) digest did not affect the 
interaction (Fig. 1C).

To explore the genome-wide distribution of ARID1A and NCAPH2, 
we performed chromatin IP followed by next-generation sequencing 
(ChIP-seq) analysis for NCAPH2, ARID1A, core SWI/SNF subunit 
SNF5, enhancer epigenetic mark H3K27ac, and promoter epigenetic 
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mark H3K4me3 in ARID1A wild-type RMG1 cells. The analysis 
revealed that ~90% of NCAPH2 peaks overlap with ARID1A 
peaks (Fig. 1D and fig. S1, B and C). Eighty three percent of 
NCAPH2/ARID1A peaks overlap with H3K27ac peaks, while 
48% of them overlap with H3K4me3 peaks (Fig. 1D). Notably, 
only ~4% of NCAPH2/ARID1A peaks overlap with H3K4me3 peaks 
without H3K27Ac (Fig. 1D). This was further confirmed by the 
unbiased clustering of NCAPH2 binding sites, which revealed 
that NCAPH2 and ARID1A colocalize at distant and proximal 
enhancers and at enhancers colocalized promoters (Fig. 1, E and F). 
Therefore, we conclude that NCAPH2 and ARID1A show significant 

overlap on enhancers marked by H3K27ac in ARID1A wild-type 
cells.

ARID1A loss does not affect the interaction between SWI/
SNF complex and condensin II
Next, we sought to determine whether or not ARID1A affects the 
interaction between the SWI/SNF and condensin II complexes. 
Toward this goal, we performed a co-IP analysis for the essential 
SWI/SNF core subunit BAF155 and the condensin II regulatory 
subunit NCAPH2 in ARID1A wild-type and the matched isogenic 
ARID1A knockout RMG1 cells. ARID1A knockout did not affect 
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Fig. 1. The SWI/SNF complex interacts with the condensin II complex. (A) Validation of the interaction between the SWI/SNF and condensin II complexes by co-IP in 
RMG1 cells with endogenously FLAG-tagged ARID1A. Nuclear fractions were subjected to IP using an anti-FLAG antibody and immunoblotting using the indicated antibodies. 
(B) Expression of the indicated SWI/SNF and condensin II subunits in ARID1A wild-type OVCAR429 and RMG1 cells with or without ARID1A knockout determined by 
immunoblotting. (C) Co-IP analysis between NCAPH2 and BAF155 using an anti-NCAPH2 antibody from nuclear extracts prepared from RMG1 cells treated with or without 
DNase I. (D) Venn diagram showing the overlap of ChIP-seq peaks among NCAPH2, ARID1A, H3K27ac, and H3K4me3 in RMG1 cells. (E) Heatmap clustering of ChIP-seq 
profiles of NCAPH2, ARID1A, SNF5, H3K27ac, and H3K4me3 in RMG1 cells. The number of binding sites in each of the four clusters is indicated. (F) Average profiles of the 
ChIP-seq signal for the indicated antibodies within four distinct clusters found by k-means clustering. Immunoglobulin G, IgG.
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the interaction between the SWI/SNF and condensin II complexes 
(Fig. 2A and fig. S2A). Similar results were also obtained in ARID1A 
wild-type and the matched isogenic ARID1A knockout OVCAR429 
cells (fig. S2, B and C). In addition, based on glycerol gradient 
analysis (22, 23), compared with ARID1A wild-type RMG1 controls, 
ARID1A knockout did not affect the cosegregation of the condensin 
II and SWI/SNF complexes (Fig. 2B). Similar observations were also 
made using sucrose gradient analysis and in both RMG1 and 
OVCAR429 ARID1A wild-type cells (fig. S2, D and E). Consistently, 
the SWI/SNF and condensin II complexes showed the same seg-
regation pattern in ARID1A-mutated TOV21G cells as those in 
ARID1A wild-type cells (Fig. 2C). Together, we conclude that 
ARID1A status does not affect expression of condensin II complex 

subunits or the interaction between condensin II and SWI/SNF 
complexes.

Condensin II redistribution at enhancers driven by ARID1A 
loss correlates with changes in gene expression
We next determined whether ARID1A affects condensin II genome- 
wide distribution by ChIP-seq analysis of NCAPH2 in ARID1A 
wild-type and knockout RMG1 cells. Notably, ARID1A knockout 
does not affect cell proliferation (24, 25). An unbiased subclassification 
of all NCAPH2 binding sites in wild-type and ARID1A knockout 
cells revealed that there was an overall decrease of NCAPH2 binding 
upon ARID1A knockout (51% of the binding sites) (Fig. 3, A and B). 
ARID1A knockout increased NCAPH2 binding on 12% of the 
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Fig. 2. ARID1A loss does not affect the interaction between the SWI/SNF complex and condensin II. (A) Parental control and ARID1A knockout (KO) RMG1 cells were 
subjected to co-IP analysis using an antibody against a core SWI/SNF subunit BAF155 and examined for interactions with the indicated subunits of the SWI/SNF and 
condensin I and II complexes by immunoblotting. Asterisks indicate the nonspecific bands in the immunoblotting. (B) Glycerol sedimentation (10 to 30%) assay of the 
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existing or de novo NCAPH2 binding sites (Fig. 3, A and B). We 
performed function and pathway enrichment analysis for the genes 
whose NCAPH2 occupancy changed at least twofold in ARID1A 
knockout compared to wild-type RMG1 cells. While there was no 
significant enrichment among genes that showed increased NCAPH2 
occupancy, the genes with decreased NCAPH2 occupancy showed 
significant enrichments for a number of functions and pathways, 
including angiogenesis and the adenosine 5′ monophosphate-activated 
protein kinase (AMPK) signaling pathway (fig. S3A).

In addition, the subclassification of peaks revealed that the un-
affected NCAPH2 binding was associated with the active promoter 
H3K4me3 mark, while the gain or loss of NCAPH2 binding correlated 
with the H3K27ac enhancer mark (Fig. 3B). Compared with changes 
in NCAPH2 binding in H3K4me3-enriched promoter regions, changes 
in NCAPH2 binding in H3K27ac-enriched enhancer regions were 
~2-fold higher (Fig. 3C). In contrast, NCAPH2 knockdown did not 
overtly affect H3K27ac levels at these loci (Fig. 3, D and E). This 
suggests that ARID1A-driven changes in H3K27ac are upstream of 
NCAPH2 binding. Given that ARID1A knockout does not affect 

NCAPH2 expression (Fig. 1B), we conclude that ARID1A knockout 
preferentially affects the binding of NCAPH2 at H3K27ac-marked 
enhancers genome-wide.

We next determined the changes in gene expression induced by 
ARID1A knockout or inducible NCAPH2 knockdown using RNA 
sequencing (RNA-seq) analysis in RMG1 cells. There was a significant 
overlap of genes affected by ARID1A knockout and NCAPH2 
knockdown (Fig. 4A), supporting the notion that ARID1A and 
NCAPH2 function in the same pathway to regulate gene expression. 
Consistent with an overall decrease in NCAPH2 chromatin binding 
when ARID1A was knocked out (Fig. 3A) and the fact that NCAPH2 
is typically associated with transcriptionally active genes (26), most 
of the overlapped genes affected by ARID1A knockout or NCAPH2 
knockdown were down-regulated, resulting in the overlap that 
is more than 10-fold over that expected by chance (P = 10−247 by 
hypergeometric test) (Fig. 4A).

Further supporting the role of NCAPH2 in driving the changes 
in the expression of the overlapped genes, NCAPH2 redistribution 
pattern positively correlated with the changes in gene expression 
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Fig. 3. ARID1A loss redistributes the condensin II complex preferentially at enhancers. (A and B) Heatmap clustering of ChIP-seq profiles of ARID1A, NCAPH2, H3K27ac, 
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(Fig. 4B). We validated six down-regulated and four up-regulated 
randomly selected NCAPH2 direct target genes in ARID1A knockout 
cells by quantitative reverse transcription polymerase chain reaction 
(qRT-PCR) analysis (fig. S3, B to D). ChIP-qPCR analysis revealed 
that changes in gene expression positively correlated with changes 
in the association of NCAPH2 and H3K27ac for both up-regulated 
and down-regulated genes in ARID1A knockout cells, which can be 
rescued by ectopic ARID1A expression (fig. S3, E to G). Chromosome 
conformation capture (3C) on the enhancers of a down-regulated 
gene locus CDH6 (Fig. 4, C and D) and an up-regulated gene locus 
LAMA4 (Fig. 4, E and F) validated that changes in interactions 
between the enhancers and proximal promoters correlated with 
changes in their expression. We conclude that the ARID1A-regulated 
redistribution of NCAPH2 at enhancers positively correlates with 
changes in gene expression.

ARID1A loss enhances TAD border strength and can drive 
compartment switching
Since ARID1A affects the condensin II genome-wide distribution 
and the role of ARID1A in regulating genome organization has not 
been explored, we performed a Hi-C analysis in ARID1A wild-type, 
ARID1A knockout, and NCAPH2 knockdown RMG1 cells. We 

first analyzed TADs using a resolution of 40 kb (Fig. 5A and fig. S4A). 
On the basis of ChIP-seq signal distribution relative to TAD borders 
(TBs), H3K4me3 showed the highest enrichment at the TBs, 
followed by H3K27ac, ARID1A, and NCAPH2 (Fig. 5B and fig. S4B). In 
addition, an insulation score–based analysis of the strength of TBs 
revealed that NCAPH2 knockdown only had minimal effects on TB 
strength (~1.4% of TB changed), while ARID1A knockout resulted in 
changes in TB strength at ~15% of TBs (Fig. 5A). This could be due to 
the fact that there may still be residual NCAPH2 in the NCAPH2 
knockdown cells, while ARID1A is completely knocked out. Regard-
less, there was a statistically significant overlap in the pool of TBs 
affected by ARID1A knockout and NCAPH2 knockdown (Fig. 5A).

Notably, loss of ARID1A led to increased insulation (border 
strengthening) at most affected TBs (~12% increased versus 3% 
decreased insulation score) (Fig. 5A). This is also consistent with the 
increased number of TADs called after ARID1A knockout compared to 
controls (fig. S4A). Consistently, ARID1A ChIP-seq analysis showed that 
higher levels of ARID1A at the border in control cells correlated with the 
strengthening of TBs upon ARID1A knockout (Fig. 5C). This result 
indicates that ARID1A normally antagonizes the insulation of TADs.

We next examined the effects of ARID1A loss on genome com-
partmentalization. Compartmentalization refers to the fact that the 
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genome is partitioned into broadly active (A-compartment) and 
inactive (B-compartment) chromatin domains, where domains of the 
same type show an enhanced contact frequency with one another (10). 
We assigned genomic intervals into euchromatic A-compartments 
and heterochromatic B-compartments using a resolution of 200 kb 
(a total of 13,535 bins with defined compartments). We found an 
equal proportion of A- and B-compartments in control, ARID1A 
knockout, and NCAPH2 knockdown RMG1 cells (Fig. 5D). Although 
less than 4% of regions showed a significant switch between com-
partments (A to B or B to A) across all samples, ARID1A knockout 

cells showed approximately twice as much compartment switching 
as NCAPH2 knockdown (Fig. 5D).

Notably, there was a significant overlap of the switched com-
partments induced by ARID1A knockout or NCAPH2 knockdown 
(Fig. 5D). To determine whether the compartment switch is associated 
with ARID1A and NCAPH2 binding within these compartments, 
we analyzed the regions with the most significant ARID1A and 
NCAPH2 binding peaks. Compared to regions without compartment 
switching, ARID1A and NCAPH2 binding signal in wild-type control 
cells had a lower number of significant peaks in the regions that 
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showed that A-to-B compartments switch upon ARID1A knockout 
(Fig. 5E). In contrast, the number of significant ARID1A and 
NCAPH2 binding peaks in wild-type control cells was higher in 
regions that showed B-to-A compartment switching upon ARID1A 
knockout (Fig. 5E). This suggests that binding of ARID1A contributes to 
B-compartment formation in wild-type cells. After ARID1A knockout, 
there were 57 B-to-A switched compartments that had both ARID1A 

and NCAPH2 binding in RMG1 control cells. Together, this com-
partment switching after ARID1A knockout affected the expression 
of 38 genes (fig. S4C). HGD is one of the identified genes whose 
up-regulation is associated with B-to-A compartment switching 
after ARID1A knockout (Fig. 5D). We validated that the compartment 
switch correlated with an increase in NCAPH2, a decrease in the 
heterochromatin mark H3K9me2, and an increase in the euchromatin 
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mark H3K27ac following ARID1A knockout (Fig. 5G). Together, 
these findings suggest that ARID1A loss can result in compartment 
switching.

ARID1A partitions interphase chromosome territory 
and promotes intermixing of small chromosomes
We next analyzed intra- and interchromosomal interactions at a 
resolution of 1 Mb. Both ARID1A knockout and NCAPH2 knockdown 
reduced the frequency of intrachromosomal interactions greater than 
1 Mb and especially at genomic distances greater than 10 Mb (fig. S5A). 
Compared with ARID1A knockout cells, intra- and interchromosomal 
interactions were affected to a lesser extent by NCAPH2 knockdown 
(fig. S5B).

While ARID1A knockout reduced overall interchromosomal 
interactions, the interaction among small chromosomes [such as 
chromosome 19 (chr19) and chr22] was increased, with the exception 
of chr18 (Fig. 6A and fig. S5, B to D). Notably, average ARID1A 
binding was typically higher in small chromosomes (fig. S5E), and 
ARID1A binding positively correlated with changes in interchro-
mosomal interactions (Pearson r = 0.77, P = 2 × 10−5) (Fig. 6B). 
Consistent with the idea that ARID1A colocalizes with NCAPH2 
and ARID1A knockout predominantly redistributes NCAPH2 away 
from its binding sites, NCAPH2 redistribution significantly correlated 
with the chromosome size (Pearson r = 0.66, P = 0.0009) (Fig. 6C). 
There was a significant difference (P = 4 × 10−19) in the relative ratio 
of the number of NCAPH2 peaks between large (chr1 to chr13 and 
chrX) and small (chr14 to chr22) chromosomes (fig. S5F). This 
result indicates that NCAPH2 binding tends to increase on larger 
chromosomes and decrease on smaller chromosomes after ARID1A 
knockout. NCAPH2 redistribution significantly, negatively correlated 
with increased interchromosomal interactions observed in the Hi-C 
analysis (Fig. 6D).

We next sought to validate the Hi-C results using three- dimensional 
(3D) chromosome painting analysis. We generated highly specific 
human chromosome paints using Oligopaints targeting three small 
chromosomes: chr18, chr19, and chr22 (Fig. 6E). The overall volume 
of all three chromosomes increased upon ARID1A knockout (Fig. 6F). 
In addition, the nuclear volume was increased upon ARID1A 
knockout (fig. S6A). The nuclear area is larger in a panel of ARID1A- 
mutated compared to wild-type OCCC cells (fig. S6B). Notably, the 
percentage of monosomies for chr18 was significantly higher in 
ARID1A knockout cells (fig. S5C), which is consistent with the 
observed decrease in interactions between chr18 and all other small 
chromosomes (fig. S5D). Consistent with the Hi-C analysis, we 
observed a significant increase in the intermixing volumes and 
interchromosomal contact frequencies between chr19 and chr22 in 
ARID1A knockout cells compared to control cells (Fig. 6, G and H). 
Similar results were also obtained using an independent ARID1A 
knockout RMG1 clone (Fig. 6F and fig. S6, C and D). Together, we 
conclude that ARID1A partitions interphase chromosome territories 
with its loss, increasing the intermixing between small chromosomes 
such as chr19 and chr22.

DISCUSSION
Here, we show that ARID1A loss drives the redistribution of 
NCAPH2 among H3K27ac-marked enhancers, with the predominant 
effect being loss of NCAPH2 in H3K27ac-positive ARID1A binding 
sites. ARID1A loss also increased NCAPH2 and H3K27ac levels at 

a small percentage of both existing and de novo binding sites. Our 
data support a model whereby ARID1A functions upstream of 
H3K27ac, which drives redistribution of NCAPH2. Consistently, 
NCAPH2 does not affect H3K27ac distribution. Thus, these data 
indicate that NCAPH2 functions downstream of ARID1A-regulated 
H3K27ac recruitment. Notably, compared with NCAPH2 knockdown, 
ARID1A loss has a greater effect on both TB strength and compart-
ment switching. These findings support a model whereby loss 
of NCAPH2 contributes to, instead of recapitulates, the effects of 
ARID1A loss.

Although ARID1A loss predominantly led to loss of NCAPH2 
and H3K27ac at enhancers, and ARID1A suppresses insulation of 
TADs, ARID1A contributes to heterochromatic B-compartment 
formation. This suggests that ARID1A may indirectly contribute to 
B-compartment formation through organizing A-compartments. 
Notably, several subunits of the SWI/SNF complexes, including 
ARID1A, appear to contribute to nuclear positioning of gene loci 
(27). This is consistent with our findings that ARID1A regulates 
chromosomal partitioning. In addition, knockdown of SMARCA4, 
one of the two mutually exclusive catalytic subunits of the SWI/SNF 
complexes (1), was reported to weaken TAD boundary strength 
in human mammary epithelial MCF-10A cells (28). ARID1A 
knockout weakens 3.1% of TBs while strengthening 11.7% (Fig. 5A). 
This highlights the context-dependent complexity and potential 
subunit-specific regulation of TAD structure by the SWI/SNF 
complexes.

ARID1A knockout increases nuclear and chromosome volume 
and increases the intermixing volume between small chromosomes 
such as chr19 and chr22. Notably, this correlates with a higher average 
ARID1A binding to these small chromosomes and a decrease 
in NCAPH2 binding to these small chromosomes induced by 
ARID1A knockout. CAP-H2 inactivation induces similar changes 
in interphase Drosophila nuclei (21). However, the overall decrease 
in interchromosomal interactions suggests that both NCAPH2 loss 
from ARID1A binding sites and de novo gain of binding sites 
contribute to the changes in spatial chromosome partitioning 
induced by ARID1A inactivation. In summary, our study shows 
that ARID1A spatially partitions interphase chromosomes, which 
correlates with its role in regulating the binding of condensin II at 
enhancers genome-wide.

MATERIALS AND METHODS
Cell lines, culture conditions, and transfection
OCCC cell line RMG1 cells were cultured in 1:1 Dulbecco’s 
modified Eagle’s medium (DMEM)/F12 supplemented with 
10% fetal bovine serum (FBS). OCCC cell line TOV21G and 
OVCAR429 cells were cultured in RPMI 1640 with 10% FBS and 
1% penicillin/streptomycin at 37°C, supplied with 5% CO2. Viral 
packing cells 293FT and Phoenix were cultured in DMEM with 
10% FBS and 1% penicillin/streptomycin at 37°C, supplied with 5% 
CO2. TOV21G OCCC cells harbor a frameshift 1645insC mutation 
that leads to a complete loss of ARID1A protein expression (5). All 
the cell lines were authenticated at The Wistar Institute Genomics 
Facility using short tandem repeat DNA profiling. Mycoplasma 
testing was performed using LookOut Mycoplasma PCR detec-
tion (Sigma-Aldrich) every month. Transfection was performed 
using Lipofectamine 2000 (Life Technologies) following the manu-
facturer’s specifications.
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Reagents, plasmids, and antibodies
DNase I was purchased from Sigma-Aldrich (4536282001). Inducible 
NCAPH2 knockdown was performed using the pTRIPZ-shNCAPH2 
lentiviral construct from K.-i.N.’s laboratory and as previously 
published (29). To induce NCAPH2 knockdown, cells infected with 
the lentivirus expressing shNCAPH2 were treated with doxycycline 
(1 g/ml) for 72 hours. For ARID1A CRISPR knockout, PX458 
(Addgene plasmid no. 48138) and pFETCh-donor (Addgene plasmid 
no. 63934) constructs were obtained from Addgene. Guide RNA 
sequence (TGTCCCACGGCTGTCATGAC) targeting the terminal 
codon of ARID1A was inserted into PX458. About 500 base pairs 
(bp) of homologous arms at both sides of the guide RNA targeting 
site were cloned and inserted into pFETCh-donor. ARID1A knockout 
clones were isolated after puromycin (1 g/ml) selection and validated 
by immunoblotting.

The following antibodies were used: rabbit anti-ARID1A (1:1000 
for Western blot; Cell Signaling Technology, catalog no. 12354), 
rabbit anti-ARID1A (5 g per IP for ChIP; Abcam, catalog no. 
ab182560), mouse anti-ARID1B (1:1000 for Western blot; Abgent, 
catalog no. AT1189a), rabbit anti-ARID2 (1:1000 for Western blot; 
Bethyl, catalog no. A302-230A), rabbit anti-BRG1 (1:1000 for Western 
blot; Cell Signaling Technology, catalog no. 49360), rabbit anti- 
brahma (BRM) (1:1000 for Western blot; Cell Signaling Technology, 
catalog no. 11966), rabbit anti-BAF155 (2 g per IP for IP; Abcam, catalog 
no. ab172638), rabbit anti-BAF155 (1:1000 for Western blot; Cell 
Signaling Technology, catalog no. 11956), rabbit anti–CAP-D3 
(1:1000 for Western blot; Bethyl, catalog no. A300-604A), rabbit 
anti–CAP-H (1:1000 for Western blot; Bethyl, catalog no. A300-603A), 
rabbit anti–CAP-H2 (2 g per IP for IP and 5 g per IP for ChIP or 
ChIP-seq; Bethyl, catalog no. A302-276A), mouse anti–CAP-H2 
(1:1000 for Western blot; Santa Cruz Biotechnology, catalog no. 
sc-393333), rabbit anti-H3K9me2 (5 g per IP for ChIP; Cell Signaling 
Technology, catalog no. 4568), rabbit anti-H3K9me3 (5 g per IP 
for ChIP; Active Motif, catalog no. 39161), rabbit anti-H3K27ac 
(3 g per IP for ChIP and 5 g per IP for ChIP-seq; Abcam, catalog 
no. ab4729), rabbit anti-H3K27me3 (5 g per IP for ChIP; Cell 
Signaling Technology, catalog no. 9733), rabbit anti-RNA polymerase 
II (Pol II) (5 g per IP for ChIP-seq; Santa Cruz Biotechnology, catalog 
no. sc-47701), rabbit anti-RAD21 (1:1000 for Western blot; Bethyl, 
catalog no. A300-080A), rabbit anti-SMC2 (1:1000 for Western 
blot; Cell Signaling Technology, catalog no. 5329), rabbit anti-SMC4 
(1:1000 for Western blot; Cell Signaling Technology, catalog no. 5547), 
rabbit anti-SNF5 (2 g per IP for IP and 1:1000 for Western blot; 
Bethyl, catalog no. A301-087A), mouse anti-Flag M2 (2 g per 
IP for IP and 1:2000 for Western blot; Sigma-Aldrich, catalog 
no. F1804), mouse anti–-actin (1:5000 for Western blot; Sigma-Aldrich, 
catalog no. A5316), and mouse anti-GAPDH (glyceraldehyde- 
3-phosphate dehydrogenase) (1:1000 for Western blot; Millipore, 
MAB374).

Western blot and IP
Whole-cell protein was extracted using radioimmunoprecipitation 
assay lysis buffer [50 mM tris (pH 8.0), 150 mM NaCl, 1% Triton 
X-100, 0.5% sodium deoxycholate, and 1 mM phenylmethylsulfonyl 
fluoride (PMSF)]. Proteins were separated by SDS-PAGE (poly-
acrylamide gel electrophoresis) and transferred to a polyvinylidene 
difluoride membrane (Millipore). Membranes were blocked with 
5% nonfat milk and then incubated with primary antibodies and 
secondary antibodies.

Nuclear fractions for IP were prepared by ammonium sulfate 
precipitation. Briefly, cells were resuspended in buffer A [10 mM Hepes 
(pH 7.6), 10 mM KCl, 25 mM 10% glycerol, 1 mM dithiothreitol 
(DTT), and 1 mM PMSF] for 5 min on ice. Nuclei were harvested by 
centrifugation (1300g for 4 min) and lysated by 0.3 M ammonium 
sulfate in buffer C [10 mM Hepes (pH 7.6), 3 mM MgCl2, 100 mM 
KCl, 0.1 mM EDTA, 10% glycerol, 1 mM DTT, and 1 mM PMSF]. 
Soluble nuclear proteins were separated by ultracentrifugation 
(100,000g for 30 min) and precipitated with ammonium sulfate 
(0.3 g/ml) for 30 min on ice. Protein precipitate was isolated by 
ultracentrifugation (100,000g for 30 min) and resuspended in IP lysis 
buffer [50 mM tris-HCl (pH 8.0), 150 mM NaCl, 1% Nonidet P-40, 
0.5% deoxycholate, 1 mM DTT, and 1 mM PMSF] for IP or gradient 
sedimentation.

Mass spectrometry
Endogenous complexes for LC-MS/MS were affinity-purified following 
the IP protocol. Quality of the samples was determined by silver 
staining and Western blot. Briefly, the SDS-PAGE gel was fixed in 
fixation buffer 1 (50% methanol and 10% acetic acid) for at least 
15 min and fixation buffer 2 (10% methanol and 7% acetic acid) for 
2 hours. The gel was washed with gluteraldehyde (25%):water solu-
tion (1:10) for 15 min and then three times with deionized water 
for 15 min. The staining solution was prepared by dropping solu-
tion B (1 g of AgNO3 in 5 ml of deionized water) into solution A 
(0.185 ml of 10 M NaOH, 2.8 ml of NH4OH, and 22.5 ml of deionized 
water). The final volume was brought to 100 ml by adding 70 ml of 
deionized water. The gel was stained for 15 min and washed three 
times with deionized water for 2 min. The stain was developed with 
developing solution (0.5 ml of 1% citric acid and 0.05 ml of 
38% formaldehyde in 100 ml of deionized water) to appropriate 
signal and then stopped by stop solution (50% methanol and 
5% acetic acid) for 10 min.

LC-MS/MS was performed by The Wistar Proteomic Facility. 
MS/MS spectra generated from the LC-MS/MS runs were searched 
using full tryptic specificity against the UniProt human database 
using the MaxQuant 1.5.2.8 program. Protein quantification was 
performed using unique and razor peptides. Razor peptides are 
shared (nonunique) peptides assigned to the protein group with the 
most other peptides (Occam's razor principle). False discovery rates 
(FDR) for protein and peptide identifications were set at 1%.

Sucrose and glycerol gradient sedimentation assay
Nuclear fractions were prepared following the IP protocol. The 
nuclear protein precipitate was resuspended in HEMG-0 buffer [25 mM 
Hepes (pH7.9), 0.1 M EDTA, 12.5 mM MgCl2, and 100 mM KCl]. 
One milligram of nuclear protein was carefully overlaid onto a 5-ml 
20 to 50% sucrose gradient (in HEMG-0 buffer) or 10 to 30% glycerol 
gradient prepared in a 5-ml 13 mm × 51 mm polyallomer centrifuge 
tube (Beckman Coulter, 326819). Tubes were centrifuged in an SW-55 
Ti swing-bucket rotor at 4°C for 16 hours at 100,000g. Fractions (0.4 ml) 
were collected for immunoblotting analyses.

Quantitative reverse transcription PCR
Total RNA was isolated using Trizol (Invitrogen) according to the 
manufacturer's instruction. Extracted RNAs were used for RT-PCR 
with the High-Capacity cDNA Reverse Transcription Kit (Thermo 
Fisher Scientific). qPCR was performed using QuantStudio 3 Real- 
Time PCR System. The primer sequences used for qRT-PCR were 
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as follows: CDH6, 5′-GCCAGTGGCTCAAACTTTAC-3′ (forward) 
and 5′-GGTGCTCATCTCGTGTCTATTA-3′ (reverse); KCNK5, 
5′-CATCATCTTCTACCTGGCCATC-3′ (forward) and 5′-GATG-
CAGCTTCTGTGTGTAGTA-3′ (reverse); PROM1, 5′-CATCTCT-
CAATGACCCTCTGTG-3′ (forward) and 5′-CCTCAGTTCAGG-
GTTGCTATT-3′ (reverse); AGPAT4, 5′-CAGCTTCATCCTCGTC 
TTCTT-3′ (forward) and 5′-TTCTGCTTGCTGTCAGAGTT-3′ 
(reverse); LAMA4, 5′-GACATCACAAGGAGAGGGAAAT-3′ 
(forward) and 5′-TCCATTGACCATCAGGAGAATAAG-3′ (reverse); 
NCAPH2, 5′-CCAAGCAGCTCTCTTCGGTG-3′ (forward) and 
5′-CATCCAGCGACAGGAACTCA-3′ (reverse); DEPDC1B, 5′-GGAAAT-
TCTGAAAGTCCCTTTGG-3′ (forward) and 5′-CCATATCAGCTCCT 
GGGTATTT-3′ (reverse); HSD17B2, 5′-CACCAGTGACAAGTG-
GGAAA-3′ (forward) and 5′-CCGCTGTGCTAAGATGTAGTC-3′ 
(reverse); MAP1B, 5′-CCCGTCAGGATGTCGATTTAT-3′ (forward) 
and 5′-CCCGTCAGGATGTCGATTTAT-3′ (reverse); PTPRC, 
5′-AACTCTTGGCATTTGGCTTTG-3′ (forward) and 5′-CTGGG-
CATCTTTGCTGTAGT-3′ (reverse); UGT8, 5′-CTACAGTCCAAGA-
GCGGAATA-3′ (forward) and 5′-CCATCAGGTCACAGTTCT-
TAGT-3′ (reverse); and B2M, 5′-GGCATTCCTGAAGCTGACA-3′ 
(forward) and 5′-CTTCAATGTCGGATGGATGAAAC-3′ (reverse). 
B2M was used as an internal control.

Chromatin IP
Cells were cross-linked with 1% formaldehyde for 10 min at room 
temperature. The reaction was quenched by 0.125 M glycine for 
5 min. Fixed cells were lysated with ChIP lysis buffer 1 [50 mM 
Hepes-KOH (pH 7.5), 140 mM NaCl, 1 mM EDTA (pH 8.0), 
1% Triton X-100, and 0.1% deoxycholate] on ice and lysis buffer 2 
[10 mM tris (pH 8.0), 200 mM NaCl, 1 mM EDTA, and 0.5 mM EGTA] 
at room temperature. Chromatin was digested with MNase (Cell 
Signaling Technology) in digestion buffer [10 mM tris (pH 8.0), 
1 mM CaCl2, and 0.2% Triton X-100] at 37°C for 15 min. The 
nucleus was broken down by one pulse of bioruptor with high output. 
The following antibodies were used for ChIP or ChIP-seq: rabbit 
anti-ARID1A (Abcam, catalog no. ab182560), rabbit anti-NCAPH2 
(Bethyl, catalog no. A302-276A), rabbit anti-H3K4me1 (Abcam, 
catalog no. ab8895), rabbit anti-H3K4me3 (Active Motif, catalog 
no. 39159), rabbit anti-H3K9me2 (Cell Signaling Technology, catalog 
no. 4568), rabbit anti-H3K27ac (Abcam, catalog no. ab4729), rabbit 
anti–Pol II (Santa Cruz, catalog no. sc-47701), and rabbit anti-SNF5 
(Bethyl, catalog no. A301-087A). Chromatin was incubated overnight at 
4°C, and Protein A/G Dynabeads were added to the reaction for 
another 1.5 hours. Magnetic beads were washed, and chromatin was 
eluted. Eluted DNA was treated with proteinase K at 55°C for 45 min 
and decross-linked at 65°C overnight. A Zymo ChIP DNA clean and 
concentrator kit (Zymo Research, catalog no. D5205) was used to purify 
the ChIP DNA. ChIP DNA was used for ChIP-qPCR or ChIP-seq.

For ChIP-qPCR, the following primers were used: CDH6 locus, 
5′-TCCCATGAAAGTCTCAGGAATG-3′ (forward) and 5′-AGA-
CACTGGGTTTCCTCTCTA-3′ (reverse); KCNK5 locus, 5′-AGG-
GCCTGAGTTAGCATTTC-3′ (forward) and 5′-TCAGGGTCT-
TAGGTCTCAGATT-3′ (reverse); PROM1 locus, 5′-GCATCCACT 
TGGCATGATATTG-3′ (forward) and 5′-GAAGCTGGTCTCAT-
ACAGGATTTA-3′ (reverse); AGPAT4 locus, 5′-CCCAAAGT-
CACTCCAGTGATAG-3′ (forward) and 5′-GAACGGGTCTCT-
GTTGCTATT-3′ (reverse); LAMA4 locus, 5′-CACTGTGAGTACC 
A T C C C T T T - 3 ′  ( f o r w a r d )  a n d  5 ′ - G A G T T T C A G T C -
CCATCCTTCTT-3′ (reverse); and HGD locus, 5 ′ - C A T C -

C A G A T C C A A G A C CAAGAC-3′ (forward) and 5′-CCTG-
GTGTCTTGTGG C T A A A - 3 ′ .

In situ Hi-C
In situ Hi-C was performed as described in a previously published 
protocol (30) with a few modifications. Five million cells were fixed 
with 1% (v/v) formaldehyde in fresh medium at a concentration of 
1 × 106 cells/ml. The reaction was quenched by 0.2 M glycine at 
room temperature for 5 min. Fixed cells were lysed in cold Hi-C 
lysis buffer [10 mM tris (pH 8.0) and 10 mM NaCl, 0.2% IGEPAL 
CA-630 with proteinase inhibitor] for 15 min, followed by a wash 
with 500 l of cold Hi-C lysis buffer once. The pellet was gently 
resuspended in 50 l of 0.5% SDS and incubated at 62°C for 10 min. 
Permeabilization was quenched by adding 145 l of water and 25 l 
of 10% Triton X-100 and incubated at 37°C for 15 min. Twenty-five 
microliters of 10× NEBuffer 2 and 100 U of Mbo I restriction 
enzyme were added, and chromatin was digested overnight or for at 
least 2 hours at 37°C, with rotation. Following inactivation of Mbo 
I at 62°C for 20 min, biotin 2′-deoxyadenosine 5′-triphosphate 
(dATP) fill-in was performed at 37°C for 1.5 hours with rotation by 
adding 15 nM biotin dATP, 3′-deoxythymidine 5′-triphosphate, 
2′-deoxycytidine 5′-triphosphate, and 2′-deoxyguanosine 5′-triphosphate; 
40 U of DNA Pol I; and a large Klenow fragment. In situ ligation was 
performed at room temperature for 4 hours with slow rotation by 
adding 900 l of ligation master mix [120 l of 10× NEB (New England 
Biolabs) T4 DNA ligase buffer, 100 l of 10% Triton X-100, 12 l of bovine 
serum albumin (BSA; 10 mg/ml), 5 l of T4 DNA ligase (400 U/l), 
and 663 l of water]. Following centrifugation at 10,000 rpm for 5 min, 
the pellet was resuspended in 200 l of decross-link buffer [50 mM 
tris-HCl (pH 8.0), 10 mM EDTA, and 1% SDS]. Eight microliters of 
5 M sodium chloride and 8 l of proteinase K (10 mg/ml) were added, 
and reverse cross-linking was performed at 68°C for at least 1.5 hours. 
Decross-linked DNA was purified by phenol/chloroform extraction. 
The pellet was dissolved in 200 l of 1× tris buffer [10 mM tris-HCl 
(pH 8)] and incubated at 37°C for 15 min to fully dissolve the 
DNA. The DNA was sheared to a size of 300 to 500 bp by bioruptor 
with the following setting: high output, 30 s on/30 s off, five times. 
Sheared DNA was purified by Ampure beads and quantified by Qubit. 
One hundred fifty microliters of Dynabeads MyOne Streptavidin 
T1 (10 mg/ml) was used per sample to capture the biotin-labeled 
fragments. Following biotin pulldown, the DNA was used for 
library construction.

Chromatin conformation capture
Chromatin conformation capture (3C) was performed as described 
in the in situ Hi-C protocol, with a few modifications. Following 
inactivation of Mbo I at 62°C for 20 min, the ligation was performed 
at room temperature for 4 hours with slow rotation by adding 
750 l of ligation master mix [100 l of 10× NEB T4 DNA ligase 
buffer, 80 l of 10% Triton X-100, 10 l of BSA (10 mg/ml), 5 l of 
T4 DNA ligase (400 U/l), and 555 l of water]. Following centrifu-
gation at 10,000 rpm for 5 min, the pellet was resuspended in 200 l 
of reverse cross-link buffer with sodium chloride and proteinase 
K, and reverse cross-linking was performed at 68°C for at least 
1.5 hours. Reverse cross-linked DNA was purified by phenol/
chloroform extraction and dissolved in 200 l of 1× tris buffer [10 mM 
tris-HCl (pH 8)]. Primer design was done following the qPCR 
primer design standard. Only primers no more than 100 bp close to 
Mbo I sites were used.
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Chromosome paints for 3D Oligopaint FISH in 
interphase cells
Oligopaint libraries were designed as previously described, using 
the Oligoarray 2.1 software (31) and the hg19 genome build, and 
purchased from CustomArray. Chromosome paints were designed 
to have 42 bases of homology with a density of 1.3 probes/kb measured 
with a 50-kb sliding window. Coordinates for all paints can be found 
below (Table 1). Oligopaints were synthesized, as previously 
described (21).

Fluorescence in situ hybridization (FISH) was performed as 
previously described, with a few modifications to the protocol (21). 
In short, cells from log-phase cultures were settled on poly-l-lysine– 
treated glass slides for 30 to 60 min and subsequently fixed for 
10 min with 4% formaldehyde in PBS-T [1× phosphate-buffered 
saline (PBS) with 0.1% Triton X-100] at room temperature, followed 
by three 5-min washes in PBS-T at room temperature. Slides 
were then permeabilized by washing with PBS-T 0.3% for 15 min at 
room temperature. Next, slides were subjected to an ethanol row for 
drying: 70, 90, and 100% for 5 min each at −20°C. Slides were then 
allowed to dry for 10 min at room temperature. After drying, slides 
were rehydrated by washing once for 5 min in 2× SSCT (0.3 M 
NaCl, 0.03 M sodium citrate, and 0.1% Tween-20) at room tem-
perature, followed by one wash in 2× SSCT/50% formamide for 
5 min at room temperature. Slides were then predenatured in 
2×  SSCT/50% formamide at 92°C for 2.5  min and then in 
2× SSCT/50% formamide at 60°C for 20 min. Primary Oligo-
paint probes in hybridization buffer (10% dextran sulfate/2× 
SSCT/ 50% formamide/4% polyvinylsulfonic acid) were then 
added to the slides, covered with a coverslip, and sealed with rubber 
cement. Slides were denatured on a heat block in a water bath set to 
92°C for 2.5 min, after which slides were transferred to a humidified 
chamber and incubated overnight at 37°C. Each Oligopaint probe 
(100 pmol) was used per slide in a final volume of 25 l. Approxi-
mately 16 to 18 hours later, coverslips were removed with a razor 
blade, and slides were washed in 2× SSCT at 60°C for 15 min, 2× SSCT at 
room temperature for 15 min and in 0.2× SSC at room temperature 
for 5 min. Secondary probes (10 pmol per 25 l) containing fluoro-
phores were added to slides, again resuspended in hybridization buffer, 
and covered with a coverslip sealed with rubber cement. Slides were 
incubated at 37°C for 2 hours in a humidified chamber, followed by 
washes in 2× SSCT at 60°C for 15 min, 2× SSCT at room temperature 
for 15 min, and 0.2× SSC at room temperature for 5 min. All slides were 
washed with Hoechst DNA stain (1:10,000 in PBS) for 5 min, followed 
by two 5-min washes in PBS before mounting in Slowfade (Invitrogen).

Images were acquired on a Leica wide-field fluorescence micro-
scope, using a 1.4–numerical aperture 63× oil-immersion objective 
(Leica) and Andor iXon Ultra emCCD camera. All images were 
processed using the Leica LAS-X 3.3 software, deconvolved using 
Huygens Essential deconvolution software, and saved as leica image 
file (LIF) files. Images were segmented and measured using a modified 
version of the TANGO 3D-segmentation plugin for ImageJ (5). 
Chromosome paints were segmented using a hysteresis-based 
segmentation algorithm. Statistical tests were performed using 
Prism 7 software by GraphPad.

RNA-seq and ChIP-seq
For RNA-seq, extracted RNAs were digested with DNase I (Qiagen, 
79254) and purified using the RNeasy MinElute Cleanup Kit (Qiagen, 
74106). RNA-seq libraries were prepared using the TruSeq Total 

RNA Sample Prep Kit (Illumina) and sequenced with Illumina NextSeq 
500 using a 75-bp paired-end run. For ChIP-seq, 10 ng of ChIP 
DNA was used for library construction. The NEBNext Ultra DNA 
Library Prep Kit (NEB, E7645) was used to prepare the sequencing 
library. The libraries were sequenced in a 75-bp single-end run using 
Illumina NextSeq 500.

Bioinformatics analysis
RNA-seq data were aligned using bowtie2 (32) against the hg19 version 
of the human genome, and RSEM v1.2.12 software (33) was used to 
estimate raw read counts and Reads Per Kilobase of transcript, per 
Million (RPKM) using the Ensemble transcriptome. DESeq2 (34) was 
used to estimate the significance of differential expression between 
group pairs. Overall gene expression changes were considered 
significant if they passed FDR thresholds of <5%. Significance of overlap 
between genes was estimated using hypergeometric test.

ChIP-seq data were aligned using bowtie (35) against hg19 version 
of the human genome, and HOMER (36) was used to generate bigWig 
files and call significant peaks versus input and between pairs of samples 
using the –style histone option. Peaks that passed FDR threshold of 
<5% were considered. Normalized signals for significant peaks were 
derived from bigWig files using the bigWigAverageOverBed tool 
from the University of California, Santa Cruz toolbox (37) with 
mean0 option. Fold differences between samples were then calculated 
with the average input signal 0.4 used as a floor for the minimum 
allowed signal. Only peaks with a FDR of <5% that passed the 
additional cutoff of 4-fold versus input or 1.2-fold between 
wild-type and knockout conditions were considered significant. 
Genes that had the closest transcript’s transcription starting site (TSS) 
were assigned to each peak. ChIP-seq profile groups were generated 
using k-means clustering with Pearson correlation distance. All peaks 
with an FDR of <5% were used for global chromosome CAPH2 re-
distribution analysis. A number of CAPH2 peaks in ARID1A wild-type 
and knockout conditions per 1-MB bin were used to calculate log2 
ratios (knockout/wild type) for bins with at least one peak. All ratios 
were then mean-centered, and the average for each chromosome was 
used as a measure of CAPH2 redistribution.

For in situ Hi-C data analysis, 76-bp paired-end  reads were separately 
aligned to the human genome (hg19) using bowtie2 (32) with iterative align-
ment strategy. Redundant paired reads derived from a PCR bias, reads 
aligned to repetitive sequences, and reads with low mapping quality (MapQ 
< 30) were removed. Reads potentially derived from self-ligation and 
undigested products were also discarded. Hi-C biases in contact maps 
were corrected using the iterative correction and eigenvector (ICE) method 
(38). The ICE normalization was repeated 30 times. For compartment 
calculation, the ratio of observed and expected score of ICE-normalized 
contact matrices were calculated using a resolution of 200 kb. Converted 
matrices were subjected to the principal components analysis (PCA). 
The signs of PCA score were determined by gene density. A PCA 

Table 1. Coordinates for the indicated paints for chr18, chr19, and 
chr22 used in the current study. 

Chromosome Start End Total oligos

18 14,921,486 78,016,661 88,197

19 238,392 59,093,250 49,788

22 16,054,663 51,220,472 38,360
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score with positive values were defined as A-compartment, and negative 
values were defined as B-compartment, as previously described (10). 
PCA values were upper quartile–normalized and used to estimate 
the significance of compartment A-to-B or B-to-A switch with 
Bioconductor limma package (39). Enrichment of peaks within 
significantly switched compartments was estimated by Fisher’s 
exact test. TADs were identified according to Van et al. (40) on 
ICE-normalized contact matrices at a resolution of 40 kb, and the 
significance of change of boundary strength determined by insulation 
score was tested using limma package (39). Significance of difference 
of interchromosomal interactions was estimated using DESeq2 on 
raw counts, and P values were adjusted for multiple testing using 
Bonferroni correction. An FDR of <5% was used as a significance 
threshold. Average interchromosomal interaction values for each 
chromosome were used for analysis of association with chromosome 
sizes and NCAPH2 redistribution. Gene set enrichment analysis for 
enrichment of gene ontology biological processes, molecular functions, 
and pathways (KEGG and BIOCARTA) was done using DAVID 
software, and enrichments of at least twofold that passed the FDR 
cutoff of <5% were considered significant.

Statistical analysis and reproducibility
Statistical analysis was performed using GraphPad Prism 7 (GraphPad) 
for macOS. Experiments were repeated three times unless otherwise 
stated. The representative images were shown unless otherwise stated. 
Quantitative data were expressed as means ± SEM unless otherwise 
stated. Analysis of variance (ANOVA) with Fisher’s least significant 
difference was used to identify significant differences in multiple 
comparisons.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/5/5/eaaw5294/DC1
Fig. S1. The SWI/SNF complex colocalizes with the condensin II complex at enhancers.
Fig. S2. ARID1A loss does not affect the interaction between the SWI/SNF and condensin II 
complexes.
Fig. S3. ARID1A loss redistributes condensin II complex binding at enhancers to regulate gene 
expression.
Fig. S4. ARID1A suppresses insulation of TADs.
Fig. S5. ARID1A partitions chromosomal territories.
Fig. S6. ARID1A loss increases chromosome and nuclei volume and promotes small 
chromosome intermixing in trans.
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