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Paraspeckles interact with SWI/SNF subunit
ARID1B to regulate transcription and splicing
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Abstract

Paraspeckles are subnuclear RNA–protein structures that are
implicated in important processes including cellular stress
response, differentiation, and cancer progression. However, it is
unclear how paraspeckles impart their physiological effect at the
molecular level. Through biochemical analyses, we show that
paraspeckles interact with the SWI/SNF chromatin-remodeling
complex. This is specifically mediated by the direct interaction of
the long-non-coding RNA NEAT1 of the paraspeckles with ARID1B
of the cBAF-type SWI/SNF complex. Strikingly, ARID1B depletion, in
addition to resulting in loss of interaction with the SWI/SNF com-
plex, decreases the binding of paraspeckle proteins to chromatin
modifiers, transcription factors, and histones. Functionally, the loss
of ARID1B and NEAT1 influences the transcription and the alterna-
tive splicing of a common set of genes. Our findings reveal that
dynamic granules such as the paraspeckles may leverage the speci-
ficity of epigenetic modifiers to impart their regulatory effect, thus
providing a molecular basis for their function.
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Introduction

Membrane-less organelles are phase-separated structures that can

be found in different physiological contexts inside the cell (Gomes &

Shorter, 2019). In addition to organizing and concentrating proteins,

they are believed to fine-tune biochemical processes such as tran-

scription and splicing (Gomes & Shorter, 2019; Zhang &

Rabouille, 2019). They are also physiologically important as struc-

tures such as the P-bodies have been shown to be required for fertil-

ity in adults, while neuronal granules enable a time- and space-

dependent mRNA expression that is critical for neuronal activity

(Formicola et al, 2019; Marnik & Updike, 2019).

Paraspeckles are one such membrane-less organelles in the inter-

chromatin space of mammalian cell nuclei (Fox et al, 2002). They

are formed primarily by the association of long-non-coding RNAs

(lncRNAs) and numerous RNA-binding proteins (Fox et al, 2005).

The core paraspeckle components include the RNA-binding para-

speckle proteins (PSPs) such as PSPC1, SFPQ, and NONO, and the

lncRNA and nuclear enriched abundant transcript 1 (NEAT1; also

known as nuclear paraspeckle assembly transcript 1; Naganuma

et al, 2012). There are two isoforms of NEAT1, NEAT_1 and

NEAT_2, both of which are expressed in various differentiated

mammalian cells. Both the isoforms are part of the paraspeckles,

however, NEAT1_2 is an essential architectural component of these

granules (Kawaguchi & Hirose, 2012; Butler et al, 2019). Assembly

of these nuclear granules occurs as soon as the NEAT1 RNA starts

emerging from its synthesis site and is bound by the PSPs (Clemson

et al, 2009; Isobe et al, 2020). However, NEAT1 accumulation on its

own is insufficient for paraspeckle formation (Naganuma

et al, 2012). This suggests that the protein components of the

paraspeckles are required for its formation. Interestingly, these pro-

teins, although enriched in paraspeckles, are not exclusively local-

ized in them and have a broad nucleoplasmic distribution (Hirose

et al, 2014). Therefore, the PSPs are believed to be exchanged

dynamically between the paraspeckles and the nucleoplasm through

diffusion (Fox et al, 2018).

Paraspeckles have gained interest in recent times as they have

been implicated in the regulation of transcription and alternative

splicing (AS) as well as translation inhibition (Anantharaman

et al, 2016; Pisani & Baron, 2019; Li & Wang, 2021). They were ini-

tially thought to be functionally dispensable as NEAT1 knockout

mice are viable and fertile (Nakagawa et al, 2011). However, subse-

quent studies have revealed that they are important during the

development of the corpus luteum and the mammary gland in mice

(Nakagawa et al, 2014; Standaert et al, 2014). Paraspeckles also

have been shown to alter in size and nuclear distribution in

response to various environmental cues including stresses such as

virus infection, DNA damaging agents, and differentiation signals

(Adriaens et al, 2016, 2019; Wang et al, 2020). Physiologically, this

makes them important as they are involved in diseases such as

cancer and neurodegeneration (An et al, 2018; Pisani &

Baron, 2020). Yet, how these structures impart their function to

affect the wide-ranging cellular processes largely remains unclear.

This has been especially challenging to address as paraspeckles

have numerous protein components such as the HNRNPs, SRSFs,
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and RBPs that are known to exist independent of paraspeckles and

are not essential for their integrity (An et al, 2019). Therefore, a bet-

ter understanding of what the paraspeckles engage with as a com-

plex may shed light on the molecular basis of their function.

Switch/sucrose non-fermentable (SWI/SNF), also known as

brahma associated factors (BAF), is an ATP-dependent chromatin-

remodeling complex that is highly conserved across different organ-

isms (Kadoch & Crabtree, 2015). It makes the underlying DNA

sequence within the chromatin accessible to cellular machinery by

altering nucleosome occupancy by using energy derived from ATP

hydrolysis (Laurent et al, 1991; Hirschhorn et al, 1992; Peterson &

Herskowitz, 1992). In mammalian cells, this multimeric protein

complex is comprised of 10–15 subunits (Ho et al, 2009). Recent

studies have revealed that there are three biochemically distinct

mammalian SWI/SNF complexes—canonical BAF (cBAF),

polybromo-BAF (PBAF), and non-canonical BAF (ncBAF), making

SWI/SNF highly heterogeneous (Mashtalir et al, 2018). These com-

plex subtypes share a common core made up of SMARCC1/2,

SMARCE1, and SMARCD1/2/3 subunits (Mashtalir et al, 2018).

SMARCA2 and SMARCA4 are the mutually exclusive, paralogous,

catalytic ATPase subunits of the complex (Raab et al, 2017). Other

complex-specific subunits like ARID1A/B (cBAF), PBRM1 and

ARID2 (PBAF), GLTSCR1, and BRD9 (ncBAF) are essential for the

proper deposition of the complex onto the chromatin via a direct

association with various transcription factors and/or identification

of a combinatorial histone code (Chandler Ronald et al, 2013; Alver

et al, 2017; Porter & Dykhuizen, 2017; Ahmed et al, 2022). Notably,

the SWI/SNF complex is mutated in approximately 25% of human

cancers and its subunits like SMARCB1 and ARID1A are proposed to

be tumor suppressors (Roberts et al, 2002; Kadoch et al, 2013).

Here, we show that the paraspeckles interact with the SWI/

SNF complex. Notably, the paraspeckles interact only with the

cBAF-type SWI/SNF, and this interaction is mediated by the

DNA-binding ARID1B subunit. Consistent with this, the depletion

of ARID1B disrupts the association of the PSPs with the SWI/SNF

complex components. Moreover, we found that the association

with PSPs is ARID1B specific, revealing a non-redundant role of

the ARID1 paralogs. This interaction is enabled due to the bind-

ing of NEAT1 with ARID1B and hence, the loss of NEAT1 dis-

rupts SWI/SNF association with paraspeckles. Functionally,

NEAT1 and ARID1B coregulate transcription of genes involved in

the regulation of splicing as well as alternative splicing. Overall,

our study uncovers an interplay between the chromatin remodeler

SWI/SNF and paraspeckle components in regulating transcription

and alternative splicing.

Results

Purification of the PSPs reveals novel potential interactors

Paraspeckles have been implicated in important cellular processes,

however, a clear understanding of how they function is lacking.

This lack of understanding arises partly because of our limited

knowledge of what the paraspeckles interact with as a complex.

Based on the limited studies aimed at biochemical identification of

the protein interactions of paraspeckles, the RNA-binding proteins

PSPC1, SFPQ, and NONO have been described as their bonafide

components (Naganuma et al, 2012; Mannen et al, 2016; An

et al, 2019). SFPQ and NONO have been shown to heterodimerize

and are deemed essential for the formation of paraspeckles (Knott

et al, 2016). Although PSPC1 is a non-essential component of the

paraspeckles, it can interact with SFPQ as well as NONO (Sasaki

et al, 2009). Hence, we decided to purify these three proteins and

look for their common interactors to understand the interactome of

the paraspeckles.

For this, Halo-FLAG-tagged PSPC1, SFPQ, and NONO proteins

were affinity purified using Halo ligand-conjugated magnetic resin

from HEK293FRT nuclear extracts. Elution of the proteins purified

this way involves cleaving off the Halo tag with TEV protease. To

visualize the purified proteins, silver staining was performed

(Fig 1A). For protein identification, the purified complexes were

subjected to multi-dimensional protein identification technology

(MudPIT) mass spectrometry (Dataset EV1). Ingenuity pathway

analysis (IPA) of the proteins that were copurified with each of the

PSPs revealed that they are predominantly involved in RNA process-

ing, consistent with the known role of PSPC1, SFPQ, and NONO in

these pathways (Kaneko et al, 2007; Peng et al, 2002; Wang

et al, 2017; Fig EV1A). Purification of Halo-tag from cells stably

expressing pcDNA5-Halo vector was used as a mock control.

Notably, a common set of 685 proteins (log fold change > 1, Z-

score > 2 over mock) were identified in the purifications of the three

baits (Fig 1B). Not surprisingly, the GO term analysis of these 685

common interactors showed enrichment in RNA processing and

splicing-related pathways (Fig 1C). Consistent with previous reports,

all three proteins were copurified with one another (Fig 1D) (Knott

et al, 2016). Furthermore, numerous constituents of the paraspeck-

les that were previously reported, such as FUS, PABPC4/1, YBX3,

and PTBP1, were also copurified (An et al, 2019) (Fig 1D). Other

proteins that populated this list of common interactors include the

HNRNPs, SRSFs, snRNPs, and RBMs which are known to bind RNA

molecules and regulate their splicing (Fig 1D). Interestingly, a closer

▸Figure 1. Paraspeckle proteins interact with canonical BAF-type SWI/SNF complex.

A Silver-stained gel image of the affinity-purified complexes of PSPC1, SFPQ, and NONO. The respective proteins are marked along with AcTEV protease used for the
elution of purified proteins.

B Venn diagram showing the overlap between the proteins copurified in the mass spectrometry.
C GO-term analysis of common 685 interacting proteins using ShinyGO (http://bioinformatics.sdstate.edu/go/) identified by MudPIT in the affinity purification of

PSPC1, SFPQ, and NONO.
D, E Heat map showing the enrichment (dNSAFavg*1000) of proteins normalized to the bait (PSPC1, SFPQ, and NONO) focusing on (D) RNA processing and (E) SWI/SNF

complex subunits.
F Western blotting of affinity-purified complexes of PSPC1, SFPQ, and NONO with SWI/SNF antibodies. cBAF-, PBAF-, and ncBAF-specific, as well as common, subunits

are marked.

Source data are available online for this figure.
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inspection of the proteins that copurified with the bonafide PSPs

revealed numerous transcription and chromatin-associated proteins

including the mediator complex subunits, histones, DNA repair fac-

tors, proteasome subunits, as well as various SWI/SNF complex

subunits (Fig 1E and Dataset EV1).

To conclude, the purifications of the PSPs—PSPC1, SFPQ and

NONO—, in addition to validating some of the known interactions,

revealed potential novel interactions of the paraspeckles. It has to

be considered, although some of these interactions may not repre-

sent the interactome of the paraspeckle granules necessarily and

might be exclusive to the PSPs.

Paraspeckle components interact with the cBAF-SWI/SNF
complex

SWI/SNF has previously been found to colocalize with RNA-

dependent bodies like nuclear stress bodies and paraspeckles

(Kawaguchi & Hirose, 2015; Kawaguchi et al, 2015). However, the

functional relevance of the possible paraspeckle–SWI/SNF interac-

tion is not clear. Moreover, the subunit composition of the

paraspeckle-localized SWI/SNF complex remains unknown. This

becomes especially important to address as recent studies have

revealed that there are at least three biochemically distinct mam-

malian SWI/SNF complexes—cBAF, PBAF, and ncBAF (Mashtalir

et al, 2018). Hence, as both paraspeckles and SWI/SNF are multi-

subunit entities, a comprehensive biochemical analysis is needed to

better understand the significance of their possible interaction.

For this, we first wanted to understand which type of SWI/SNF

complex associates with the paraspeckles. We found that many SWI/

SNF subunits—including the core subunits—SMARCD1/2, SMARCC1,

and SMARCE1, and the accessory component ACTL6A, were identi-

fied in all three purifications (Fig 1E). The ATPases—SMARCA2 and 4

—, and other subunits, such as SMARCB1, SMARCC2, and BCL7A/C,

were also detected in PSPC1 and SFPQ purifications. Notably, we

found that the cBAF-specific subunits, ARID1B and DPF2, were copu-

rified with all three PSPs that we purified (Fig 1E). Additionally, the

lack of other SWI/SNF complex subtype-defining subunits like ARID2

and PBRM1 (of the PBAF complex) or GLTSCR1 and BRD9 (of the

ncBAF complex) suggests that PSPs specifically interact with the

cBAF-type SWI/SNF complex (Fig 1E).

Remarkably, ARID1B was markedly enriched over its paralog

ARID1A in purifications of all three PSPs (Fig 1E). The MuDPIT

results were validated by performing western blotting of the purified

complexes with antibodies against the endogenous SWI/SNF sub-

units. As can be seen in the western blot data, ARID1B was detected

in PSPC1, SFPQ, and NONO purifications unlike ARID1A (Fig 1F).

Corroborating our mass spectrometry data, the SWI/SNF subunits—

SMARCD1 and SMARCC1, which are essential for the formation of

the cBAF complex—, were also detected in all three purifications

(Mashtalir et al, 2018) (Fig 1F). Furthermore, the PBRM1 compo-

nent of PBAF type and BRD9 and GLTSCR1 subunits of ncBAF-type

SWI/SNF complexes were not detected in these purifications

(Fig 1F).

We, therefore, conclude that the PSPs copurify the cBAF-type

SWI/SNF complex.

The PSPs preferentially interact with ARID1B over ARID1A

Our results suggest that not only PSPs interact with the cBAF SWI/

SNF complex but surprisingly they also appear to prefer to bind

ARID1B over ARID1A. This is interesting as, although ARID1A and

1B are paralogs, their non-redundant function has been proposed

(Trizzino et al, 2018; Pagliaroli et al, 2021). Especially their oppos-

ing roles in regulating the cell cycle and distinct expression pattern

has been previously described (Nagl et al, 2005; Flores-Alcantar

et al, 2011). Hence, we wanted to confirm the association of

paraspeckles with the ARID1B-SWI/SNF complex and explore the

possible non-redundancy of the ARID1 paralogs.

To this end, we affinity-purified Halo-FLAG-tagged ARID1A and

ARID1B from HEK293FRT nuclear extracts. The purified complexes

were resolved on a 4–12% gradient gel, visualized by silver stain-

ing, and subjected to MuDPIT analysis (Fig 2A; Dataset EV2). Pro-

teomic analysis revealed a significant enrichment (log-fold

change > 2 and Z-score > 4 over mock) of 129 and 181 proteins

with ARID1A and ARID1B, respectively. Purification of Halo-tag

from cells stably expressing pcDNA5-Halo vector was used as a

mock control. The GO term analysis of the top interactors (Z-

score > 4) suggests that both the ARID1 paralogs are involved in

chromatin-related processes and nucleosome disassembly, and are

part of SWI/SNF complexes as expected (Fig 2B and C). Both the

proteins also copurified various SWI/SNF subunits belonging to the

cBAF complex (Fig 2C).

Strikingly, the IPA analysis of the top interactors of the ARID1 par-

alogs revealed a preferential association of ARID1B with RNA-splicing

processes as compared to ARID1A (Fig 2B and D). Importantly, consis-

tent with the purifications of PSPs, all three proteins—PSPC1, SFPQ,

and NONO—were markedly enriched in ARID1B purifications as com-

pared to that of ARID1A (Fig 2E). Further, we also found a greater

enrichment of other PSPs including the HNRNPs, RBMs, DDX39A,

CPSF7, PABPC1/4, PTBP1, and RAVER1 in the ARID1B purifications

(Fig 2E). The interaction of the bonafide PSPs with ARID1B was further

confirmed by performing western blotting of the purified complexes.

Consistent with our MuDPIT data, PSPC1, SFPQ, and NONO were

readily detected in ARID1B purification but not in ARID1A (Fig 2F).

SMARCA4, the catalytic SWI/SNF subunit was copurified with both

the ARID1 paralogs as expected.

▸Figure 2. ARID1B SWI/SNF complex interacts with various paraspeckle components.

A Silver-stained gel image of the affinity-purified complexes of ARID1A and ARID1B. The bait and a few other SWI/SNF subunits are marked as per their molecular
weight.

B GO-term analysis (Biological Process) of the interacting proteins using ShinyGO identified by MudPIT in the affinity purification of ARID1A and ARID1B.
C–E Heat maps showing the enriched proteins (dNSAFavg*1000) normalized to the bait identified in MudPIT analysis focusing on various (C) SWI/SNF subunits and (E)

PSPs. (D) Graph showing the topmost processes picked up in the Ingenuity Pathway Analysis (IPA).
F Western blotting of affinity-purified complexes of ARID1A and ARID1B with bonafide paraspeckle components. SMARCA4 was used as a positive control for purification.

Source data are available online for this figure.
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For all the purifications performed thus far, we used the

HEK293FRT cells. To test whether the ARID1B–PSP interaction also

occurs in other cell types, Halo-FLAG-ARID1B was purified from the

nuclear extracts of HeLa and HCT116 cells. Next, the purified

ARID1B complexes were subjected to western blotting. Copurifica-

tion of SMARCD1 was tested as a positive control for the purifica-

tions. Importantly, ARID1B copurified all three PSPs—PSPC1, SFPQ,

and NONO—from these cell lines as well (Fig EV1B). The interac-

tion was further confirmed by performing the reciprocal purification

of Halo-FLAG-PSPC1 and testing its interaction with endogenous

SWI/SNF subunits—ARID1B and SMARCD1—by western blotting

(Fig EV1C).

Taken together, we conclude that the ARID1B-specific cBAF com-

plex preferentially interacts with the PSPs.

The association of ARID1B SWI/SNF with the PSPs is NEAT1
dependent

To test whether the interaction of PSPs with ARID1B is affected by

the presence of nucleic acids, we performed Halo purification of

ARID1B in the absence and presence of a salt-active nuclease

(SAN), which degrades both DNA and RNA. On performing western

blotting of the purified complexes, it was observed that the interac-

tion of ARID1B with PSPs—PSPC1, SFPQ, and NONO—persists

(Fig EV1D). Considering that NEAT1 RNA is an integral component

of the paraspeckles, we tested the status of NEAT1 in our nuclear

lysates used for purification upon SAN treatment. For this, post-SAN

treatment RNA isolation was performed from nuclear lysates. As

expected, a marked reduction in the total nucleic acid content was

observed upon loading equal volumes of SAN-treated and untreated

lysates. Next, to check NEAT1 levels, cDNA synthesis was per-

formed followed by PCR. Strikingly, the analysis suggests that

NEAT1 levels remain unchanged upon SAN treatment, unlike

GAPDH and 18 s rRNA (Fig EV1E). The distinct stability of NEAT1

upon nuclease treatment has been previously reported (An

et al, 2019). NEAT1 is likely protected against nuclease treatment

due to its interaction with numerous proteins within the paraspeckle

granule.

To understand which paraspeckle component mediates the inter-

action with ARID1B cBAF, we first depleted PSPC1, SFPQ, NONO,

and NEAT1 in 293FRT cells. The western blotting of input revealed

that the siRNAs used were highly specific and resulted in the

marked depletion of their target without much affecting the levels of

other proteins of interest (Fig 3A). The pool of siRNA used for

depleting NEAT1 targets both its isoforms and this was confirmed

by qPCR as well as loss of NEAT1 signal in single-molecule FISH

(smFISH; Fig EV2A and B).

Next, affinity purification of Halo-FLAG-ARID1B was performed

and the purified complexes were subjected to western blotting to

look for interaction with paraspeckle components (Fig 3A). Notably,

only the depletion of NEAT1 resulted in the loss of interaction of

ARID1B with all three PSPs—PSPC1, SFPQ, and NONO (Fig 3A).

This suggests that the PSPs interact with ARID1B only in the pres-

ence of NEAT1.

To test the possibility that NEAT1 depletion might affect the

SWI/SNF complex, first, the expression of various SWI/SNF sub-

units was tested upon NEAT1 depletion by western blotting

(Fig EV2C). No striking changes were observed. ARID1B has previ-

ously been shown to associate with the SWI/SNF core by direct

interaction with SMARCD1 (Mashtalir et al, 2018). Notably, there

was no change in the interaction between ARID1B and SMARCD1 as

well as with the ATPase subunit—SMARCA4—, upon depletion of

PSPs or NEAT1, suggesting that they are not required for the incor-

poration of ARID1B into the SWI/SNF complex (Fig 3A).

NEAT1_2 has been shown as an essential component required

for paraspeckle integrity and its depletion also leads to the loss of

PSP–ARID1B interaction, emphasizing its role in governing

paraspeckle–protein interactions. Hence, we wanted to understand

in more detail how the loss of paraspeckle integrity changes the

interactome of the PSPs. For this, Halo affinity purification of

PSPC1, SFPQ, and NONO was performed from NEAT1-depleted

293FRT nuclear extracts. Silver-staining analysis of the purified

complexes suggests that NEAT1 depletion does not have a promi-

nent effect on the interaction of PSPC1, SFPQ, and NONO with one

another (Fig EV2D). This was confirmed upon performing MuDPIT

analysis where the data showed that these three proteins continue

to be the most abundant in each other’s purification despite

NEAT1’s absence (Fig 3B; Dataset EV3). This is interesting as it sug-

gests that the bonafide PSPs can continue to interact with one

another without being part of the paraspeckles. However, of the 685

proteins that we found to interact with the three PSPs, almost half

of the proteins (338) lost interaction upon NEAT1 depletion

(Fig EV2E). This includes the RNA-binding proteins such as

FAM98A, CPSF7, and FUS which have been previously shown to be

part of paraspeckles (Fig 3B). Not surprisingly, the GO-term analysis

of the proteins that lose interaction with the PSPs upon NEAT1

depletion revealed that they are enriched in pathways belonging to

RNA processing (Fig 3C). These proteins among others likely

require NEAT1 to assemble with the complex of PSPC1, SFPQ, and

NONO to form the paraspeckle granules.

Importantly, corroborating our earlier results, the proteins that

lost interaction with the three PSPs upon NEAT1 depletion include

ARID1B (Fig 3D). Further, the interaction of the PSPs with other

SWI/SNF subunits, including the core subunits (SMARCD1 and 2),

▸Figure 3. SWI/SNF interacts with PSPs in a NEAT1-dependent manner.

A Halo purification was performed from nuclear extracts of scramble and various knockdown HEK293FRT cells expressing Halo-FLAG-tagged ARID1B. Input and eluted
samples were resolved on a gel followed by western blotting with various antibodies. Western with SWI/SNF subunits—SMARCA4 and SMARCD1—were used as
the control for purification, while beta-actin was used as a loading control.

B–D (B) Heat map of the dNSAF (*1000) values of PSPs and (D) various SWI/SNF subunits in control (C) and NEAT1-depleted (KD) cells for PSPC1, SFPQ, and NONO
purification from MudPIT analysis. (C) GO-term analysis was performed for interactions lost post-depletion of NEAT1.

E, F (E) RIP qPCR and (F) PCR analysis was performed for monitoring NEAT1_2 levels, using an antibody against endogenous ARID1B. RIP with NONO and IgG was used
as a positive and negative control, respectively. GAPDH levels were also assessed in the assay. Data are expressed as a percent of input. Error bars represent the
standard error of three technical repeats (two-tailed t-test ****P < 0.0001).

Source data are available online for this figure.
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ATPase subunits (SMARCA2 and 4), and cBAF-specific component

(DPF2), was markedly reduced upon NEAT1 depletion (Fig 3D).

This suggests that NEAT1 mediates the interaction of PSPs with the

ARID1B–cBAF complex.

Next, we investigated whether ARID1B directly associates with

NEAT1_2. To this end, we performed an RNA immunoprecipitation

(RIP) assay using an antibody against endogenous ARID1B. The RNA

thus obtained was subjected to cDNA synthesis and qPCR was per-

formed. RIP with NONO was used as a positive control as it is known

to directly bind NEAT1_2. Notably, NEAT1_2 was detected in RIP of

both ARID1B and NONO by both qPCR and PCR analyses (Fig 3E and

F). Further, the specificity of the RIP assay was confirmed by the lack

of binding to a random, yet abundant transcript GAPDH (Fig 3E). We,

therefore, conclude that ARID1B binds NEAT1_2.

ARID1B mediates the interaction of the cBAF-SWI/SNF complex
with the PSPs

We found that the association of ARID1B—cBAF SWI/SNF complex

with the PSPs is NEAT1 dependent. Our data also suggest that this is

specific to the ARID1B protein. To test whether the interaction of PSPs

and the SWI/SNF complex is mediated by ARID1B, we first generated

stable ARID1B knockdown in HEK293FRT cells. Western blotting of the

whole-cell lysates confirmed the specific depletion of ARID1B without

affecting the expression of ARID1A (Fig EV2F). Next, we expressed and

purified Halo-FLAG-SFPQ and Halo-FLAG-NONO from ARID1B-

depleted cells. Silver-stained gel analysis of the purified complexes sug-

gested that SFPQ and NONO were still copurified with one another

(Fig EV2G). The band corresponding to PSPC1 could also be seen

(Fig EV2G). This was further confirmed by MuDPIT analysis of the puri-

fied complexes (Dataset EV4). Remarkably, the depletion of ARID1B

resulted in the loss of interaction of PSPs with other SWI/SNF subunits

(Fig 4A). Notably, the non-existence of ARID1A in PSP purifications

upon depletion of ARID1B indicates the non-redundancy between the

ARID1 paralogs in mediating PSPs–SWI/SNF interaction (Fig 4A).

Interaction with ARID1B cBAF enables paraspeckles to engage
chromatin-associated proteins

The loss of PSPs–SWI/SNF interaction upon ARID1B depletion

prompted us to check whether this also affects paraspeckle forma-

tion. For this, we analyzed our MuDPIT data to look for changes in

the interaction between the paraspeckle proteins. The interaction of

the various NEAT1-dependent PSPs with SFPQ and NONO that we

identified earlier did not show a significant change upon ARID1B

depletion, suggesting that ARID1B is not essential for paraspeckle

formation (Fig 4B). To further validate this, paraspeckles were visu-

alized under the microscope by performing NEAT1 SmFISH. Consis-

tent with our proteomics data, ARID1B depletion did not have a

noticeable effect on the number of paraspeckle puncta (Fig 4C). In

comparison, the depletion of NONO, which is known to be impor-

tant for paraspeckle formation, resulted in a significant reduction in

the number of paraspeckle puncta as expected (Fig 4C).

ARID1B depletion did not result in a change in the association of

PSPs with one another (Fig 4B). However, our proteomics data

revealed that in addition to losing interaction with the SWI/SNF

complex, ARID1B depletion also results in the loss of interaction of

SFPQ and NONO with numerous transcription and chromatin-

associated proteins (Fig 4D). This includes chromatin-modifying

enzymes like JMJD6 and KMT2B; histone chaperones—ANP32B

and NPM1; transcription factors—EP400, ERCC2, ATXN2L, and

CTCF; the mediator complex subunits; and histones (Fig 4D).

Notably, a few of these proteins were also copurified with ARID1B

(Dataset EV2). This suggests that the interaction with ARID1B not

only enables PSPs to interact with the SWI/SNF complex but also

may provide them with means to gain access to the chromatin pro-

teins including transcription factors.

ARID1A and 1B have non-redundant outcomes on the
transcriptome

The biochemical characterization performed by us revealed interest-

ing findings regarding the interaction between PSPs and the SWI/

SNF complex and the importance of NEAT1 and ARID1B in mediat-

ing these interactions. Next, we wanted to understand the functional

consequence of these associations. First, we wanted to focus on the

ARID1 paralogs.

ARID1A and ARID1B are the mutually exclusive paralogous sub-

units of the cBAF complex (Raab et al, 2015). Both have the DNA-

binding ARID domain and are often considered functionally inter-

changeable (Wang et al, 2004). We found that the PSPs preferen-

tially bind to ARID1B over ARID1A. Moreover, we found that even

in the absence of ARID1B, ARID1A does not mediate the interaction

between SWI/SNF and PSPs. These observations support the possi-

bility of non-redundant roles for the ARID1 paralogs.

To explore this idea further, RNA-seq was performed post-

specific depletion of ARID1A and ARID1B in HEK293FRT cells to

look for changes in the transcriptome. The depletion of the target

transcripts was first validated using gene-specific primers (Fig 5A).

Importantly, ARID1A depletion did not significantly alter the tran-

script level of ARID1B and vice versa (Fig 5A). We observed a simi-

lar specificity of depletion in our RNA-seq datasets as well

(Fig EV3A). The data from these knockdowns revealed a global per-

turbation in transcription upon ARID1A and ARID1B depletion

(Fig 5B). The depletion of ARID1A led to 853 up- and 137 downreg-

ulated (FDR < 0.05, fold change > 2) genes, while ARID1B knock-

down had a more pronounced effect on the transcriptome with

1,263 up- and 230 downregulated genes (Fig EV3B and C;

▸Figure 4. ARID1B subunit mediates the interaction of paraspeckles with SWI/SNF and numerous chromatin-associated proteins.

A, B, D Heat map showing the enrichment of (A) SWI/SNF subunits, (B) PSPs, and (D) chromatin-associated proteins in MudPIT analysis. C is control and KD is ARID1B-
depleted cells.

C smFISH analysis was performed to detect NEAT1 signal in the nucleus. The scale bar corresponds to 10 lm. Graph showing the FISH signal quantification across
the knockdowns in comparison to scramble control. The number of nuclei (n) used for quantification is mentioned. The error bars represent the standard error of
three biological experiments (two-tailed t-test **P < 0.0043, ns > 0.05)

Source data are available online for this figure.
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Dataset EV5). Interestingly, a significant fraction of the genes regu-

lated by ARID1A and ARID1B were non-overlapping suggesting a

non-redundancy (Figs 5C and D, and EV5D). As the SWI/SNF

complex is generally associated with transcriptional coactivation,

we next focused on the downregulated genes. The GO term analysis

of the unique 184 downregulated genes revealed that ARID1B

Figure 4.
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regulates processes involved in the RNA, ncRNA, and tRNA process-

ing pathways (Fig 5E). This was not observed for ARID1A-specific

genes (Fig 5F).

Next, the RNA-Seq data were analyzed using the rMATS algo-

rithm to look for alternative splicing (AS) changes. Changes in 639

and 1838 (FDR < 0.001) AS events were identified upon the deple-

tion of ARID1A and ARID1B, respectively, as compared to the

scramble siRNA-treated cells (Fig 5G; Dataset EV6). Different types

of AS changes were observed with skipped exon (SE) events being

the most affected. Notably, ARID1B depletion resulted in a markedly

higher number of AS aberrations as compared to ARID1A and is

consistent with our proteomic analysis which revealed enrichment

of RNA-processing proteins in ARID1B purification (Fig 2). Further,

the AS events were highly specific for ARID1A and ARID1B as irre-

spective of the type of AS event affected, only a meager overlap

between them was observed (Figs 5H and EV5E).

Taken together, ARID1B not only interacts with PSPs but is also

predominantly involved in the regulation of transcription and AS of

various splicing-associated genes.

NEAT1 and ARID1B coregulate RNA-processing pathways

Paraspeckles are enriched in proteins such as the HNRNPs, SRSFs,

and RBMs that are involved in RNA processing. Moreover, NEAT1

depletion not only leads to the loss of interaction of ARID1B with

PSPs but it also has been linked with the regulation of the splicing

of various genes involved in neuronal homeostasis in mice

(Kukharsky et al, 2020). Considering that these two multi-subunit

entities associate with one another, it is reasonable to speculate that

they might regulate a common subset of genes.

To test this, a high-throughput RNA-seq analysis was performed

post-depletion of the essential architectural component of the

paraspeckles, NEAT1. NEAT1 depletion caused a global

perturbation in transcription, with 1,135 up- and 1,040 downregu-

lated genes (FDR < 0.05, fold change > 1.5) (Fig 6A). Notably, the

transcription of 327 genes that were differentially expressed upon

ARID1B knockdown also showed significant changes upon the

depletion of NEAT1 (Fig EV4A). Interestingly, the GO-term analysis

of the commonly downregulated genes revealed that they are

enriched in pathways corresponding to ncRNA, rRNA, and other

RNA-processing pathways (Fig 6B).

Next, we performed rMATS analysis to look for AS changes. This

revealed that NEAT1 depletion affected a total of 3,053 splicing

events (Fig 6C). We then categorized all the AS events obtained as

up- or downregulated using the positive and negative inclusion dif-

ference values obtained by performing the rMATS analysis

(Dataset EV5). This revealed that the majority of the altered AS

events (69%) are downregulated upon NEAT1 depletion in compar-

ison to scramble siRNA treatment (Fig 6D).

Next, we followed a similar template of analysis as previously

published to understand the overlap between ARID1B and NEAT1

depletion (Huang et al, 2012; Bhattacharya et al, 2021a, 2021b). For

this, using the inclusion-level parameters, we looked for an overlap

between the individual up- and downregulated events (Fig EV4B).

Strikingly, 70% of the overlapping events regulated by ARID1B and

NEAT1 occur in the same direction (62% up- and 8% downregu-

lated) (Fig 6E). This type of change in AS was prominent, especially

for overlapping A5SS and RI types of events (Fig 6E). Further, a GO-

term analysis of the total overlapping AS events revealed enrich-

ment in pathways corresponding to RNA splicing (Fig EV4C). These

AS changes can be visualized by looking at the genome browser

tracks of genes such as PRPF39 and METTL17 for RI, and RBM5 and

PRRC2C showing SE-type splicing events (Fig 6F, H, J, and L).

Depletion of either NEAT1 or ARID1B led to the retention of intron

3 for PRPF39 and intron 9 for METTL17. It also affects the inclusion

of exon 12 for RBM5 and exon 13 for PRRC2C.

◀ Figure 5. ARID1 paralogs govern expression and AS of non-overlapping sets of genes.

A RNA was isolated from HEK293FRT cells transfected with scrambled, ARID1A, or ARID1B siRNA, and qPCR was performed to check transcript levels. Values were
normalized to GAPDH expression. Error bars represent the standard error of three different biological experiments performed in biological triplicates (two-tailed
t-test ****P < 0.0001, ns > 0.05).

B Heat map showing the widespread expression changes upon depletion of ARID1A or ARID1B.
C, D Venn diagrams show the overlap of up- and downregulated genes upon ARID1A and ARID1B depletion as compared to scramble siRNA-treated cells.
E, F Pathway analysis was performed for the specific genes downregulated upon ARID1B or ARID1A depletion.
G Table showing the number of alternative splicing defects observed upon depletion of either ARID1A or ARID1B.
H Venn diagram depicting the overlap between various splicing events in ARID1A and ARID1B.

▸Figure 6. NEAT1 and ARID1B coregulate AS.

A Volcano plot showing the widespread gene expression changes observed upon knockdown of NEAT1 along with specific numbers.
B Pathway analysis pertaining to biological function for the overlapping set of downregulated genes for NEAT1 and ARID1B.
C Tabulated number of the alternative splicing events observed upon NEAT1 depletion in comparison with scramble-treated sample with a conservative FDR of

< 0.001.
D Pie chart showing the overall direction NEAT1-regulated splicing changes with percentage. The chart was plotted using the inclusion-level values obtained after

rMATS analysis.
E Pie charts depicting the direction of overlapping NEAT1 and ARID1B coregulated total, RI, and A5SS-type AS events. UP and DOWN represent the increase or

decrease in AS events, respectively, based on the inclusion-level changes of exons or intron based on rMATs analysis.
F–M Genome browser view showing (F, H) retention of introns 3 and 9 for PRPF39 and METTL17 (J, L) inclusion of exons 12 and 13 for RBM5 and PRRC2C, respectively,

upon NEAT1 and ARID1B depletion in comparison to scramble-treated control. Exon and intron numbers are marked. (G, I, K, M) PCR validation of the AS changes
seen upon knockdown of NEAT1 and ARID1B in comparison to scramble. For PRPF39, primer pair was designed against exons 3 and 4, encompassing intron 3 and
for METTL17, primers against exons 9 and 10 were used. For SE-type AS changes, primers against exons 11, 13, 12, and 14 were for RBM5 and PRRC2C, respectively.

Source data are available online for this figure.
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Next, we validated a few of the AS changes observed in our

RNA-seq analysis by performing PCR in an independent knockdown

experiment by using specific primers encompassing the retained

intron or skipped exon (Fig 6G, I, K, and M). Collectively, these

results suggest that NEAT1 and ARID1B can regulate overlapping

sets of transcription and AS events.

To understand if the transcriptomic changes mediated by the loss

of ARID1B/NEAT1 are direct targets, ARID1B ChIP was done in

replicate and this along with input was subjected to sequencing. A

total of 1,451 ARID1B peaks corresponding to 1,381 genes were

identified using macs2 with a q-value of 0.05. Annotation of these

peaks and genome distribution analysis suggest that around 30% of

the peaks occupy intronic regions (Fig EV5A). This unique genomic

distribution of ARID1B has been previously reported (Raab

et al, 2015). Next, the GO-term analysis of the ARID1B-occupied

genes (1381) suggests they correspond to pathways related to tran-

scription, in agreement with the known role of ARID1B–SWI/SNF as

a transcription coactivator (Fig EV5B). Notably, pathways related to

RNA biosynthesis and metabolism were also enriched (Fig EV5B).

Next, we could detect the overlap of 38 genes between AS changes

coregulated by ARID1B/NEAT1 and the ARID1B ChIP genes

(Fig EV5C). Further, GO-term analysis of the 38 genes reveals they

pertain to pathways corresponding to RNA processing and splicing

(Fig EV5D). The limited overlap obtained suggests that probably,

ARID1B/NEAT1 largely regulates AS indirectly via regulating the

expression/splicing of various genes involved directly in splicing.

This is in corroboration with the GO analysis of the AS genes post-

ARID1B/NEAT1 depletion which corresponds predominantly to

splicing pathways (Fig EV4C).

Collectively, these results suggest that NEAT1 and ARID1B can

regulate not only the transcription but also AS of genes associated

with splicing.

Discussion

Two primary mechanisms have been proposed to explain how

paraspeckles can influence cellular functions: (i) they can act as a

molecular sponge to limit the interaction of various PSPs with their

respective targets (Macias et al, 2012; Hirose et al, 2014) and (ii)

trap mRNA and inhibit downstream processes such as nuclear

export and translation (Prasanth et al, 2005). However, recent evi-

dence suggests that binding with paraspeckles enables proper tar-

geting of proteins like SRSF2 to certain genomic loci to bring about

gene expression changes (Li & Wang, 2021). Further, NEAT1 also

binds to chromatin and this is receptive to the transcriptional sta-

tus of its genomic targets (West et al, 2014). Additionally, NEAT1

has also been shown to associate with numerous transcription

repressors and coactivators like EZH2, CARM1, ASXL1, and ISWI,

including SWI/SNF complexes (Kawaguchi et al, 2015; Hupa-

lowska et al, 2018; An et al, 2019; Wang et al, 2019; Yamamoto

et al, 2021). In agreement with these reports, we show that the

loss of interaction with ARID1B–SWI/SNF led to reduced interac-

tion of PSPs with various chromatin and transcription factors.

Together, this evidence presents a third possible mechanism of

functioning of paraspeckles, where paraspeckles can impart their

effect by associating with chromatin. Maybe NEAT1 acts like a

cargo carrier to which various RNA-processing factors bind

resulting in their enrichment. This arrangement likely acts as a

hub to influence the synthesis or processing of the emerging RNA

from large chromatin domains in its proximity and also enables

the paraspeckles to dynamically respond to various external sig-

nals. The association with chromatin-remodeling complexes like

SWI/SNF might be required for their specific targeting near gene

loci and transcripts (Fig 7). Interestingly, the SWI/SNF-dependent

regulatory activity of paraspeckles largely regulates AS of genes

involved directly in splicing. Further, recent hybridization-based

studies performed to understand the direct targets of NEAT1 using

rat pituitary cells have shown that it can bind directly to the tar-

gets involved in RNA splicing (Torres et al, 2016; Jacq et al, 2021).

However, the limited overlap between NEAT1 and ARID1B coregu-

lated events also suggests that depending on the gene and the con-

text, NEAT1 may probably rely on other transcription and

epigenetic regulators for their targeting. This might also explain

the previously observed DNA and RNA sequence-independent

NEAT1 interaction (West et al, 2014; Torres et al, 2016; Jacq

et al, 2021). One such protein which has been previously reported

and observed in our study is SMARCA5, an ISWI chromatin

remodeler (An et al, 2019).

The biochemical heterogeneity of the SWI/SNF complex can

provide specific functions to the complex, which might result in

greater regulatory control over transcriptional networks. Accord-

ingly, cBAF, PBAF, and ncBAF complexes have been shown to colo-

calize with distinct transcription factors, at different genomic

locations in various cellular contexts (Michel et al, 2018). cBAF is

the most abundant complex and has been shown to perform a wide

variety of functions attributed to the SWI/SNF complexes (Michel

et al, 2018). The function of the other two complexes is relatively

not well studied, but PBAF has been shown to maintain genome

integrity during mitosis while ncBAF is essential during immune cell

development (Brownlee et al, 2014; Loo et al, 2020). One interesting

finding from our study is that the interaction with paraspeckles is

specific to cBAF-type SWI/SNF complex. cBAF is the most abundant

complex that is known to bind extensively at enhancers and pro-

moters (Michel et al, 2018). This possibly makes it the best suited

among the SWI/SNF complexes to bring paraspeckles near active

chromatin sites. SWI/SNF subunits, especially SMARCA2, have

been previously shown to regulate AS by modulating exon inclusion

through transcription elongation rates and by direct interaction with

the splicing factors such as Sam68 in mammalian cells (Batsch�e

et al, 2006). A recent paper also noted that SMARCA4 binds to a

greater proportion of primary transcripts as compared to well-

known RNA-binding proteins (Raab et al, 2019). Further, BRM has

also been shown to interact with pre-mRNPs in flies (Tyagi

et al, 2009). All this evidence and our study suggest that SWI/SNF

not only regulates the transcription of genes but also can influence

their splicing outcome.

Strikingly, the interaction with paraspeckles is unique to the

ARID1B subunit. ARID1A and 1B are often presumed to be redun-

dant, and because of this, ARID1B has been proposed as a synthetic

lethal target in ARID1A-mutated cancers (Helming et al, 2014). Con-

trary to this, evidence has emerged that suggests a non-redundant

role of the ARID1 paralogs. Depletion of ARID1A leads to cell cycle

arrest, unlike ARID1B (Wang et al, 2004). Additionally, ARID1A has

been shown to regulate Poll II pausing, which cannot be replaced by

ARID1B for a subset of genes in ovarian cancer cells (Trizzino
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et al, 2018). Further, a global genomic analysis in HepG2 cells

revealed that ARID1 paralogs may have antagonistic functions, with

ARID1B acting as a repressor, as opposed to ARID1A, which mostly

functions as an activator (Raab et al, 2015). Further, comparative

genomic analysis has also shown that ARID1B uniquely associates

with introns (Raab et al, 2015). More recently, ARID1B-containing

cBAF has been shown to uniquely regulate neuroectoderm lineage

specificity (Pagliaroli et al, 2021). Our findings not only add to the

body of evidence that reveals a non-redundancy between the ARID1

paralogs but also reveals a greater insight into the basis of their

non-redundancy. Notably, such functional specificity is not just

restricted to the ARID1 paralogs. SMARCD2 has been shown to

uniquely interact with the transcription factor, CEBPE, unlike its

paralogs SMARCD1 and 3 to regulate granulocyte development

(Priam et al, 2017). The molecular basis of the non-redundancy of

SWI/SNF paralogs remains to be understood. It may arise due to the

differences in interactions caused by variations in low-complexity

sequences or intrinsically disordered regions, post-translational

modifications, stretches of charged or polar amino acid residues,

etc. (Hennig et al, 2015; Strzyz, 2018). More than 75% of the

sequence of ARID1 paralogs is predicted to be disordered and this

might enable them to have specific interactions (El Hadidy & Uver-

sky, 2019). However, more studies are needed to understand the

basis of paralog specificities in detail.

It is noteworthy that mutations in ARID1B are associated with

neurodevelopmental disorders and cancers like neuroblastoma (Sim

et al, 2015). Accordingly, ARID1B-haploinsufficient mice display a

wide variety of neuronal disarray, impaired social behavior, and

growth (Celen et al, 2017; Jung et al, 2017). Interestingly, NEAT1

knockout mice also show a deficit in social interaction, and NEAT1

can regulate AS of genes involved in synaptic regulation (Kukharsky

et al, 2020). The role of other PSPs in neuropathological conditions

like Alzheimer’s is also well recognized (Kamelgarn et al, 2018;

Huang et al, 2020). It will be interesting to explore the possibility of

ARID1B and NEAT1 in regulating neuronal development and disor-

ders together in the future.

Figure 7. A hypothetical model showing the function of paraspeckle–SWI/SNF interaction.

An illustration speculating a possible mechanism of cross-talk between ARID1B cBAF-type SWI/SNF complex and paraspeckles. See text for details.
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Materials and Methods

Plasmids

ARID1B human ORF was procured from Promega. ARID1A, PSPC1,

SFPQ, and NONO plasmids were obtained from Addgene. All these

were then subcloned into a pcDNA5FRT-Halo CMVD2 vector using

AsiSI and PmeI enzymes. All constructs generated were confirmed

by sequencing. ARID1A, ARID1B, NEAT1, and scramble-siRNA

sequences were procured from Dharmacon. The catalog ID of the

plasmids and siRNA sequences are provided in Table EV1.

Cell line maintenance and drug treatment

HEK293FRT cells were purchased from Invitrogen and maintained

in DMEM with GlutaMAX and 10% FBS. Stable expression cell lines

were generated using the Flp-In System (Invitrogen) according to

the manufacturer’s instructions. All stable expression cell lines used

in this study were generated in HEK293FRT cells and maintained in

DMEM with GlutaMAX, 10% FBS, and 100 lg/ml hygromycin B.

For transient expression, FuGene6 (Promega) or polyethyleneimine,

Linear, MW 25000 (polysciences), was used to transfect the expres-

sion vector into cells. All cells were maintained at 37°C in a 5%

humidified incubator. Transfection of siRNAs was performed using

Lipofectamine RNAi Max (Thermo Fisher) at 40% cell confluency.

Affinity purification

Stable cell lines were cultured in 150 mm dishes and expanded

according to assay requirements and bait expression levels. Cells

were scraped from plates and washed with cold PBS. The suspension

was centrifuged at 3,000 rpm for 5 min at 4°C and pellets were resus-

pended in hypotonic buffer (10 mM Tris–HCl pH 7.5, 10 mM KCL,

1.5 mM MgCL2, 1 mM DTT, and 1 mM PMSF) and incubated on ice

for 5 min. The suspension was centrifuged at 5,000 rpm for 5 min at

4°C, and pellets were resuspended in five volumes of fresh HB-

containing protease inhibitor cocktail and homogenized using a glass

Dounce homogenizer. The suspension was layered onto an HB

sucrose cushion containing 30% sucrose w/v, centrifuged at

5,000 rpm for 1 h at 4°C, and the cytosol-containing layer was dis-

carded. The nuclei were lysed by resuspending in lysis buffer

(50 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, 0.1% Na-

deoxycholate, and a protease inhibitor cocktail) and incubated on a

rocker for 20 min at 4°C. The lysed cells were centrifuged at 16,000 g

for 20 min. The supernatant was collected and diluted 1:3 by adding

dilution buffer (1× PBS, pH 7.5 with 1 mM DTT, and 0.005% NP40).

The diluted lysate was added to pre-equilibrated Magne� HaloTag�
Beads (Promega, G7282) and incubated overnight on a rotator at

4°C. The beads were then washed with wash buffer (50 mM Tris–

HCL, pH 7.5, 300 mM NaCl, 0.005% NP40, and 1 mM DTT). AcTEV

(Thermo Fisher, 12575015) protease was used for elution.

Mass spectrometry analysis

Protein samples were analyzed by Multidimensional Protein Identifi-

cation Technology (MudPIT), as described previously (Florens &

Washburn, 2006). Briefly, precipitated proteins were resuspended in

30 ll of 100 mM Tris pH 8.5 with 8 M urea to denature proteins.

Cysteines were reduced and alkylated before digestion with recom-

binant LysC and modified trypsin. Reactions were quenched by the

addition of formic acid to the final concentration of 5%. After diges-

tion, peptide samples were pressure loaded onto 100 lm fused silica

microcapillary columns packed first with 9 cm of reverse-phase

material, followed by 3 cm of 5 lm Strong Cation Exchange mate-

rial, and followed by 1 cm of 5 lm C18 RP. The loaded microcapil-

lary columns were placed in line with a 1260 Quartenary HPLC. The

application of a 2.5 kV distal voltage electrosprayed the eluting pep-

tides directly into LTQ linear ion-trap mass spectrometers equipped

with a custom-made nano-LC electrospray ionization source. Full-

MS spectra were recorded on the eluting peptides over a 400 to

1,600 m/z range, followed by fragmentation in the ion trap on the

first- to fifth-most intense ions selected from the full-MS spectrum.

Dynamic exclusion was enabled for 120 s (Zhang et al, 2009). Mass

spectrometer scan functions and HPLC solvent gradients were con-

trolled by the XCalibur data system.

RAW files were extracted into .ms2 file format using RawDistiller

v. 1.0, in-house developed software (McDonald et al, 2004; Zhang

et al, 2011). RawDistiller D(g, 6) settings were used to abstract MS1

scan profiles by Gaussian fitting and to implement dynamic offline

lock mass using six background polydimethylcyclosiloxane ions as

internal calibrants. MS/MS spectra were first searched using

ProLuCID with a mass tolerance of 500 ppm for peptide and frag-

ment ions (Xu et al, 2015). Trypsin specificity was imposed on both

ends of candidate peptides during the search against a protein data-

base containing 44,080 human proteins (NCBI 2019-11-03 release),

as well as 426 common contaminants such as human keratins, IgGs,

and proteolytic enzymes. To estimate false discovery rates (FDR),

each protein sequence was randomized (keeping the same amino

acid composition and length) and the resulting “shuffled” sequences

were added to the database, for a total search space of 89,038 amino

acid sequences. Masses of 57 Da were differentially added to cys-

teine residues to account for alkylation by CAM and that of 16 Da

were differentially added to methionine residues.

DTASelect v.1.9 was used to select and sort peptide/spectrum

matches (PSMs) passing the following criteria set: PSMs were only

retained if they had a DeltCn of at least 0.08; minimum XCorr values

of 1.8 for singly-, 2.1 for doubly-, and 2.5 for triply-charged spectra;

peptides had to be at least 7 amino acids long. Results from each

sample were merged and compared using CONTRAST (Tabb

et al, 2002). Combining all replicate runs, proteins had to be

detected by at least two peptides and/or two spectral counts.

Proteins that were subsets of others were removed using the parsi-

mony option in DTASelect on the proteins detected after merging all

runs. Proteins that were identified by the same set of peptides (in-

cluding at least one peptide unique to such protein group to distin-

guish between isoforms) were grouped, and one accession number

was arbitrarily considered representative of each protein group.

NSAF7 was used to create the final reports on all detected pep-

tides and non-redundant proteins identified across the different runs

(Zhang et al, 2010). Spectral and peptide-level FDRs were, on aver-

age, 0.52 � 0.41% and 0.39 � 0.1%, respectively. QPROT was used

to calculate a log-fold change and Z-score for the samples compared

to the mock control (Choi et al, 2015). Purification of Halo from

cells expressing empty Halo vector was used as a mock.

For instances where there was more than one replicate analyzed

by MudPIT, proteins with log-fold change > 1 and Z-score > 2 or 4
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were further analyzed in IPA (Qiagen) to determine pathways

enriched by the bait proteins. For proteins with only one replicate, a

ratio was calculated of dNSAF values between the sample and

mock. For those to be further analyzed in IPA or Shiny GO, the

dNSAF ratio had to be > 2 compared to mock. Pathways were con-

sidered significantly enriched with P-value < 0.05 (�log10(P-

value) > 1.3).

Isolation of total RNA and PCR

Total RNA was extracted from cells as per the manufacturer’s (Qia-

gen) instructions. It was further treated with DNaseI (NEB) for

30 min at 72°C to degrade any possible DNA contamination. RNA

(2 lg) was subjected to reverse transcription using QScript cDNA

synthesis mix according to the manufacturer’s instructions. cDNAs

were then amplified with the corresponding gene-specific primer

sets. For RT–PCR, PCR was conducted for 24 cycles using the condi-

tion of 30 s at 94°C, 30 s at 60°C, and 30 s at 72°C. The PCR products

were analyzed on 1% agarose gels containing 0.5 lg/ml ethidium

bromide. The sequence of oligos used is provided in Table EV2.

Antibodies

ARID1A (CST D2A8U, dilution 1:2,000), ARID1B (Abcam ab57461,

dilution 1:3,000) FLAG (Sigma-Aldrich A8592, dilution 1:10,000),

Halo (Promega G9211, dilution 1:5,000), PSPC1 (Sigma,

SAB4200503, 1: 5,000), SFPQ (Abcam, ab38148, 1:2,000), NONO

(Santa Cruz, sc-166,702 X, 1:8,000), SMARCA4 (ab110641, Abcam,

1: 2,000), SMARCD1 (Santa Cruz, sc-135,843, 1:1,000), SMARCE1

(Bethyl laboratories, A300-810A, 1:5,000), SMARCB1 (Abcam,

ab58209, 1:1,000), SMARCC1 (CST, 11956S, 1: 2,000), and b-actin
(Abcam ab8224, dilution 1:2,500).

High-throughput sequencing

Sequencing libraries were prepared using High Throughput Library

Prep Kit (KAPA Biosystems) following the manufacturer’s instruc-

tions. The library was sequenced on an Illumina HiSeq platform

with paired reads of 75 bp for RNA-seq.

RNA-seq analysis

Raw reads were demultiplexed into FASTQ format allowing up to

one mismatch using Illumina bcl2fastq2 v2.18. Reads were aligned

to the human genome (hg38 and Ensembl 96 gene models) using

STAR (version STAR_2.6.1c). TPM expression values were gener-

ated using RSEM (version v1.3.0). edgeR (version 3.24.3 with

R 3.5.2) was applied to perform differential expression analysis,

using only protein-coding and lncRNA genes. To perform differen-

tial splicing analysis, we used rMATs (version 4.0.2) with default

parameters (Shen et al, 2014). FDR cut-off of 0.001 was used to

determine statistical significance.

smFISH

A commercially available NEAT1 probe (Stellaris FISH probe for

human NEAT1, 50 segment; Biosearch Technologies) was used as

per the manufacturer’s protocol. Briefly, cells were fixed with 4%

PFA for 15 min, followed by permeabilization with 0.5% Triton X-

100 for 5 min. Cells were incubated in 10% formamide/2× SSC for

10 min at RT followed by hybridization at 37°C for 16 h. Samples

were mounted in ProLong Diamond antifade reagent (Thermo

Fisher). Quantification was performed using ImageJ software

(National Institutes of Health).

RIP assay

Cross-linking RIP assay was performed using Magna Nuclear RIP kit

(Millipore) as per manufacturer’s instructions using ARID1B and

NONO antibody. Briefly, cells were cross-linked by 1% formalde-

hyde for 10 min and then quenched in 125 mM glycine for 5 min.

After washing with cold 1× PBS thrice, cells were harvested by

scraping and pelleted down by centrifugation. The nuclei isolated

were then lysed in a complete RIP lysis buffer. A total of 100 ll of
the extract was incubated with RIP buffer containing protein G

agarose beads conjugated with antibodies against ARID1B, NONO,

or control IgG antibodies (Millipore) for 6 h at 4°C. The beads were

washed with wash buffer, and then the complexes were incubated

with 0.1% SDS/0.5 mg/ml proteinase K (30 min at 55°C) to remove

the proteins. Finally, the immunoprecipitated RNA was purified and

analyzed by qRT–PCR.

Data availability

The RNA seq datasets are available in the Gene Expression Omnibus

(GEO) database under the accession number GSE199631 (http://

www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE199631), while

ChIP-seq data are under GSE214879 (http://www.ncbi.nlm.nih.gov/

geo/query/acc.cgi?acc=GSE214879). The mass spectrometry pro-

teomics data are available at the ProteomeXchange Consortium with

the dataset identifier PXD032988 (http://www.ebi.ac.uk/pride/

archive/projects/PXD032988) via the MassIVE repository and may

be accessed at ftp://msv000089198@massive.ucsd.edu. Original

data underlying this manuscript can be accessed from the Stowers

Original Data Repository at http://www.stowers.org/research/

publications/libpb-1749. Source data are provided with this paper.

Expanded View for this article is available online.
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