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The ARID1 proteins are mutually exclusive subunits of the BRG1/BRM-associated factor (BAF) complexes
that play an important role in chromatin remodeling and regulate many fundamental cell functions. The
role of ARID1s is well defined as a tumor-suppressive. The cancer cells evolve different mechanisms to
downregulate ARID1s and inactivate their functions. ARID1s are frequently mutated in human cancer.
The recent findings of ARID1A/B downregulation at transcriptional and translational levels along with
their low levels in human cancers indicate the significance of regulatory mechanisms of ARID1s in cancers.
In this review, we present the current knowledge on the regulation and alterations of ARID1 protein
expression in human cancers and indicate the importance of regulators of ARID1s as a prognostic marker
and in potential therapeutic strategies.
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The ARID1A and ARID1B are paralogs with mutually exclusive properties [1] and are members of the ARID family
of DNA-binding proteins (2. They are components of the ATP-dependent SWltch/sucrose non-fermentable
(SWI/SNF) chromatin remodeling complex, which control various processes by modulating the accessibility of
DNA to transcriptional regulators resulting in activation or repression of target genes [3,4].

The SWI/SNF complexes have a highly variable protein composition and consist of 12—15 subunits [3]. These
subunits are encoded by 29 genes and several of them have mutually exclusive characteristics (Table 1). This extensive
diversity of SWI/SNF complexes, generated by different combinations of mutually exclusive subunits, indicates
their distinct roles in human tissues (4. Human SWI/SNF complexes contain one of the two mutually exclusive
ATPase subunits (SMARCA2 or SMARCAA4) that catalyzes a hydrolysis of ATP; several core subunits that contribute
to their catalytic activity; and variable accessory subunits that endow target specificity. Based on their compositions,
SWI/SNF complexes are divided into three groups: canonical BRG1/BRM-associated factor (BAF) complexes,
polybromo-associated BAF (PBAF) complexes and the most recently discovered noncanonical GLTSCR1/1L-
associated BAF (GBAF) [5]. The SWI/SNF complexes frequently localize at enhancers and promoters enriched in
acetylation marks such as H3K27ac, which is associated with an open chromatin site and an active transcription. The
different subfamilies of SWI/SNF complexes differentially target enhancers and promoters with BAF complexes
are enriched at enhancers, while PBAF and GBAF complexes occur most strongly at promoters [6,7].

ARID1A and ARID1B associate with the BAF subfamily of SWI/SNF complexes, and their homolog, ARID2,
with the PBAF subfamily. These ARID-containing proteins are not specific to the ATPases and associate with either
SMARCA2 or SMARCAA4; thus, increasing the number of distinct subunit combinations known to be present in -
cells [1,8). ARID1 proteins are the largest subunits of the BAF complexes and are essential for their assembly [9,10]. |[\:/|uet(lj|’l|2?n.e.
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Table 1. Summary of the BRG1/BRM-associated factor complex subunits.

HUGO symbol Alternative names Function Relationship

Accessory subunits

ARID1A BAF250A Accessory subunit Mutually exclusive
ARID1B BAF2508 Accessory subunit Paralogous

PHF10 BAF45A Accessory subunit Mutually exclusive
DPF1 BAF45B Accessory subunit Paralogous

DPF2 BAF45C Accessory subunit

DPF3 BAF45D Accessory subunit

BCL7A Accessory subunit

BCL7B Accessory subunit

BCL7C Accessory subunit

BCL11A Accessory subunit

BCL11B Accessory subunit

BRD9 Accessory subunit

ATPase module

SMARCA2 BRM ATPase catalytic subunit Mutually exclusive
SMARCA4 BRG1 ATPase catalytic subunit Paralogous
ACTL6A BAF53A Actin-related Mutually exclusive
ACTL6B BAF53B Actin-related Paralogous

ACTB B-Actin Actin-related

SS18/L1 -/CREST

Core module

SMARCB1 BAF47, SNF5, INI1 Core subunit

SMARCC1 BAF155 Core subunit Paralogous
SMARCC2 BAF170 Core subunit

SMARCD1 BAF60A Core subunit Mutually exclusive
SMARCD2 BAF60B Core subunit Paralogous
SMARCD3 BAF60C Core subunit

SMARCE1 BAF57 Core subunit

ARID1A and ARIDIB are often coexpressed, have a predominantly nuclear subcellular localization and a broad
tissue distribution. In cells, the ARID1A/ARIDI1B ratio is approximately 3.5:1, and SMARCA4 is distributed
proportionally between the two ARID1 subunits [1].

The SWI/SNF complexes are frequently disrupted in human diseases, most notably in cancer and neurodevelop-
mental disorders [3,4,11]. Genes encoding subunits of SWI/SNF complexes are collectively mutated in approximately
20% of all human cancers [11]. Mutually exclusive ARID subunits (ARID1A, ARID1B and ARID2) are among the
most frequently mutated subunits in human diseases and they are mutated with different frequencies in different
cancer types [2-4,11-14]. Among them, ARID1A is the most frequently mutated in cancer, while ARID1B is the most
frequently mutated in intellectual disability disorders. Most mutations in genes encoding ARID1 proteins include
nonsense, frameshift and insertion/deletion mutations, and result in the protein loss (Figure 1) [11-16]. Although
mutations in ARID1A and ARID1B can occur within the same tumors, recent studies demonstrated that ARID1B
has synthetic lethality with ARID1A in cancer cell lines and fibroblasts (3. The functional basis for the synthetic
lethal relationship between ARID1A and ARID1B has not yet been determined.

In tumors with low mutational rates of ARID1 proteins, downregulation of ARID1A and 1B was due to non-
mutational events such as epigenetic regulation, transcriptional regulation and post-translational modifications
(PTMs) (Figure 1). The regulation of ARID1A and ARID1B in cancer and normal tissues is still poorly investigated.
ARID1A is better studied compared with ARID1B. Transcriptional and PTM regulators of ARID1A and 1B levels
can be potentially considered as promising therapeutic targets in the clinical treatment of cancer. This review
will focus on the regulatory mechanisms that alter ARID1-containing proteins and drive tumor development and
progression.
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Figure 1. Regulation of the ARID1-containing proteins in cancer. The downregulation of ARID1 proteins in cancer is
attributed to both mutational and non-mutational events. Most mutations in genes encoding ARID1 proteins include
nonsense, frameshift and insertion/deletion mutations, and result in the protein loss. ARID1 genes are
transcriptionally downregulated by their promoter methylation and repressive histone modifications. P-Stat3
transcriptionally represses ARID1B expression by decreasing H3K4Me3 histone modification. The levels of ARID1
proteins is controlled by ubiquitin-proteasome system. In gastric cancer, the DNA-damage repair signaling promotes
rapid SCF B-TRCP-dependent ubiquitination and subsequent degradation of ARID1A. The phosphorylation of ARID1A
at two serine sites by nuclear kinase ATM is required for its recognition by B-TRCP. In squamous cell carcinoma,
ARID1A stability is regulated by E3 ligase TRIM32 and deubiquitinase USP11. ARID1B is not only a subunit of the BAF
complexes but also a component of E3 ubiquitin ligase complex. ARID1B-harboring mutations in the BC box are less
stable compared with wild-type ARID1B, and undergo autoubiquitination and proteasome-dependent degradation.
In CCA-type ovarian cancer cell lines, p-Ser696-ARID1A levels is reduced compared with non-CCA cells possibly
because of reduced phosphorylation or downregulation.

PTM: Post-translational modifications.
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Structure of ARID1 proteins & their role in the BAF complex assembly

ARID1 proteins share highly similar primary sequences and are mutually exclusive in the BAF complexes, sug-
gesting that ARID1A- and ARID1B-containing BAF complexes are assembled in a similar manner (Figure 2
& Table 1) [1,10,17]. A recent study using complex affinity purification with gradient fractionation coupled with
cross-linking mass spectrometry and mutagenesis provided evidence for the ordered and modular assembly of the
BAF complexes [9]. Based on this study, the BAF complex assembly initiates from homo- or heterodimerization of
SMARCCI and/or SMARCC2 subunits, following by incorporation of SMARCD (mutually exclusive SMARCD1,
SMARCD?2 and SMARCD?3), SMARCE! and SMARCB1 components, building the BAF core module (Figure 2A
& Table 1) [91. Mutually exclusive ARID-containing proteins, ARID1 and ARID2, interact with the fully assembled
core module and branch into the canonical BAF and PBAF complexes, respectively. The intermediate ARID1-BAF
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Figure 2. The ARID1-containing proteins are mutually exclusive subunits of the BRG1/BRM-associated factor
complexes. (A) Scheme of the BAF complex based on the model of Mashtalir et al. [9]. Mutually exclusive ARID1
proteins (ARID1A and ARID1B) play important role in the BAF complex assembly. They bind to subunits of the BAF
core module and recruit subunits of ATPase module to form fully functioning complex. Subunits of the BAF core
module are shown in blue, subunits of the BAF ATPase module are shown in green. ATPase catalytic subunit is either
BRG1 (SMARCA4) or BRM (SMARCA?2). (B) Schematic domain structure of ARID1 proteins was generated using
Illustrator for Biological Sequences tool [82]. Similar motifs and domains are apparent between the amino acid
sequences of ARID1A and ARID1B. Red boxes denote the ARID, vertical pink lines indicate LXXLL motifs, vertical
orange lines indicate nuclear localizing signal.

BAF: BRG1/BRM-associated factor.

core module complexes bind DPF (mutually exclusive DPF1, DPF2 and DPF3) accessory subunit and incorporate
ATPase module, finalizing the canonical BAF complex assembly (Figure 2A & Table 1) [9). The ATPase module
includes catalytic SMARCA (mutually exclusive SMARCA2 and SMARCA3) subunit, ACTB, ACTL6 (mutually
exclusive ACTL6A and ACTL6B), SS18 and BCL7 (mutually exclusive BCL7A, BCL7B and BCL7C) (Figure 2A
& Table 1) p91.

The length of ARIDIA and 1B proteins are 2285 and 2236 residues, respectively (Figure 2B). They share
approximately 50% sequence identity along the length of the proteins, and approximately 80% sequence identity
for their two main functional domains (ARID and BAF250_C) [2,17). The first 600 N-terminal residues are highly
divergent (17].

The DNA-binding ARID domain is a conserved helix-turn-helix-motif-based domain of approximately 100
amino acid residues. Initially, the ARID domain was shown to have DNA-binding preferences for the AT-rich
regions, a behavior that prompted the acronym ARID (AT-rich interactive domain). However, recent studies showed
that ARID-containing proteins bind DNA through the ARID domain in a nonsequence-specific manner [1,18].
Mutations in the ARID domain can disrupt interaction between ARID1-containing proteins and DNA. For
example, mutation of a conserved residue (V1067G) leads to a gross destabilization of the ARID fold and affects
its DNA-binding abilities (19]. The BAF250_C domain is required for the interactions of the ARID1-containing
proteins with other subunits of the BAF complexes, as well as with other proteins [9]. Thus, mutations in the
BAF250_C domain may affect the BAF complex assembly and alter the interaction with different proteins,
including transcriptional factors and histone-modifying enzymes [9,19].

Additionally, ARID1 proteins contain multiple LXXLL motifs, elongin-binding BC box motif and nuclear
localizing signal (NLS) (Figure 2B) 20,21]. ARID1A has an additional functional domain involved in regulation of
transcription, HIC1 binding domain (Figure 2B).
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Figure 3. Post-translational modification of the ARID1-containing protein in cancer. In gastric cancer, DNA damage
response signaling promotes phosphorylation of 1316 and 1320 serines in DSGXXS canonical degron site for B-TRCP
recognition. Phosphorylation of Serines 1316 and 1320 requires ATM kinase activity. SCF (3-TRCP) interacts with
phosphorylated recognition site via WD40 domain and results in proteasomal degradation of ARID1A. In squamous
cell carcinoma, ARID1A is balanced by TRIM32 and USP11. TRIM32 ubiquitinates ARID1A at lysine 2124 to target for
proteasomal degradation, while USP11 deubiquitinates ARID1A at lysine 1961 to stabilize the protein. In CCA-type
ovarian cancer cell lines, p-Ser696-ARID 1A levels is reduced compared with non-CCA cells possibly because of reduced
phosphorylation or downregulation. Cancer-associated G2087R mutation induces ubiquitin-dependent proteasomal
degradation of ARID1A.

CCA: Clear cell adenocarcinoma; SCF: Skp, Cullin, F-box containing complex.

Regulation of ARID1 proteins

Epigenetic & transcriptional regulation

ARIDIA and ARIDIB genes are located on chromosome 1p36.11 and 6q25.3, respectively. The promoter of
ARID 1A and ARIDIB contains high guanine (G) content and has potential to form alternative secondary structures,
called G4 structures. Recent study confirmed the presence of G4 structures in the ARID1A promoter and showed
that they increase ARID1A expression, suppress DNA replication and reduce cell proliferation [22].

ARIDI genes are transcriptionally downregulated by their promoter methylation and repressive histone mod-
ifications (Figure 1). Low expression levels of ARID1A and ARID1B as a result of promoter hypermethylation
have been reported in squamous cell carcinoma (SCC), invasive breast carcinoma and pancreatic cancer [23-25].
Low expression of ARIDIA in invasive breast carcinoma was associated with high gene occupancy of H3K27Me3
repressive marks [23].

Transcriptional factors that control expression of ARIDI genes are poorly investigated. In mouse neurofibromas,
Arid1b gene is transcriptionally repressed by activated P-Stat3 (Figure 1) [24]. STAT3 is a transcriptional factor
with well-known oncogenic properties and its role in regulation of cell-cycle progression and apoptosis. P-Stat3
binds downstream of transcriptional start site (TSS) of the Arid16 gene and represses its transcription by decreasing
H3K4Me3 histone modification [24]. In future studies, it will be important to address which signaling pathways
and transcriptional factors directly regulate ARID1A and ARID1B transcription.

Post-translational regulation
The detailed mechanisms of the PTMs on ARID1 protein stability and activity remain largely unknown. Among
numerous PTMs, phosphorylation and ubiquitination are best studied (Figures 1 & 3).
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Ubiquitination/ deubiquitination

The ubiquitin-proteasome system controls ARID1A and ARID 1B stability (Figures 1 & 3) [16,20,21,26-28]. Previously,
it has been shown that stability of ARID1A is higher in cytosolic than in nuclear subcellular compartment, and
that proteasomal degradation of ARID1A occurs mainly in the nucleus [16,20. ARID1A has both classic NLS and
leucine-rich NES motifs that are involved in trafficking of ARID1A from cytosol to the nucleus and vice versa from
nucleus to the cytosol, respectively (Figure 2). Leucine-rich NES motif of ARID1A binds XPO1 to form a nuclear
export complex, which mediates the transport of large molecules through the nuclear pores. Pharmacological
inhibition of XPOI retained ARID1A in the nucleus resulting in reduced cytosolic ARIDIA levels. However,
the inhibition of the nuclear export did not increase ARID1A levels in the nucleus due to its rapid proteasomal
degradation. Treatment with a proteasome inhibitor MG132 increased the levels of ARID1A in the nucleus but
not in the cytosol. Moreover, the ARID1A mutants with a defective NES motif showed reduced protein expression
compared with the wild-type ARID1A. These mutants retained in the nucleus with subsequent ubiquitin-dependent
proteasomal degradation [16]. In addition, ARID 1A harboring a mutated NLS, which is localized in both the cytosol
and the nucleus, showed higher stability compared with the solely nuclear localized wild-type ARID1A following
proteasomal inhibition with MG132 treatment [20]. These suggest that enzymes, regulating ARID1A through
ubiquitin-dependent proteasomal degradation, are localized and function in the nucleus. Trafficking of ARIDIA
and its proteasomal degradation play an important role in regulation of ARIDI1A levels in the nucleus, where it
functions as chromatin remodeler, transcriptional regulator and tumor suppressor.

Although ubiquitination is a PTM that requires the sequential activity of E1 ubiquitin-activating enzymes, E2
ubiquitin-conjugating enzymes and E3 ubiquitin ligases, the substrate specificity of a ubiquitination is mainly
determined by E3 ligases. Two recent studies reported ubiquitination of ARIDI1A in gastric cancer in response
to DNA damage treatment (Figure 3) [26,27]. In gastric cancer, ARIDIA protein is rapidly ubiquitinated and
subsequently degraded in response to DNA damage. ARID1A is a substrate of SCF B-TRCP E3 ubiquitin ligase
complex and interacts with it through WD40 domain of B-TRCP [26]. B-TRCP recognizes a phosphorylated
canonical DSGXXS degron site on ARID1A. The phosphorylation of both serine sites (§1316 and S1320) in the
DSGXXS degron of ARID1A is required for its recognition by 3-TRCP [27].

In SCC, ARID1A is regulated by E3 ligase TRIM32 and deubiquitinase USP11 (Figure 3) [28]. TRIM32 directly
ubiquitinates ARIDIA mainly at the 2124 lysine site to promote its degradation. USP11 directly deubiquitinates
ARIDI1A at the 1961 lysine site to stabilize ARID1A. It was shown that TRIM32 and USP11 could interact with
each other and antagonize for the interaction with ARIDIA. In the nucleus of SCC cells, ARIDIA protein was
negatively correlated with TRIM32 and positively correlated with USP11 [25).

Some disease-associated mutations can affect stability of ARID1 proteins. As previously mentioned, mutations
in the NES and NLS motifs affecting nuclear trafficking alter ARID1A protein stability [16,20. Moreover, it was
found that expression of ARID1A with cancer-associated G2087R mutation at C-terminus was significantly lower
compare to wild-type ARID1A in HEK293T cells. The G2087R mutation resulted in increased polyubiquitination
and decreased stability of the ARIDIA protein without affecting its ability to interact with other subunits of the
BAF complexes [9]. In addition, the bioinformatic MUpro tool predicted decreased stability of ARID1A with gastric
cancer-associated mutation Pro912Thr compared with wild-type ARID1A [29]. The mechanisms underlying the
effects of these mutations on ARID1A polyubiquitination and protein stability remain unknown. The possible
mechanisms might be associated with changes in the protein configuration that affect the recognition of ARIDIA
protein by the substrate-specific factor, such as F-box protein, resulting in enhanced loading of ARID1A protein to
the E3 ubiquitin ligase. The conformational changes caused by these mutations could possibly enhance the activity
of E2 ubiquitin-conjugating enzymes or E3 ubiquitin ligases, which promotes adding up polyubiquitin chain to
the ubiquitination site of ARID1A. It is also possible that G2087R and Pro912Thr mutations generate neodegron
motifs on ARIDIA protein, leading to its enhanced ubiquitination and degradation. Moreover, these mutations
could generate a barrier for binding of deubiquitinating enzymes and result in inefficient deubiquitination of
ARID1A.

It has been shown that ARID1B is not only a subunit of the BAF complexes but also a component of E3
ubiquitin ligase complex. ARID1B-harboring mutations in the BC box are less stable compared with wild-type
ARID1B, and undergo autoubiquitination and proteasome-dependent degradation (Figure 1) [21].

Regulation of ARID1B through PTMs is poorly investigated. It was shown that the treatment of SCC cells
with the proteasome inhibitor MG132 increased ARIDIA protein levels, however, had no significant effects on
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ARID1B protein levels [28). When evaluating ARID1A and ARID1B expression patterns during cell cycle in mouse
embryos, a study showed that ARID1A is upregulated in Gy and downregulated throughout the cell cycle, while
ARIDI1B protein levels did not show significant changes throughout the cell cycle [30]. It still remains unknown
what mechanisms maintain the levels of ARID1B during the cell cycle. Based on these observations, ARID1B
might be more resistant to ubiquitin-dependent proteolysis, or the levels of ARID1B are replenished by increased
protein synthesis, or through both [28,30. ARID1B might be permanently present in the nucleus but at much lower
concentrations compared with ARID1A and be able to bind to DNA when ARID1A is downregulated [30).

Phosphorylation

As was mentioned above, phosphorylation of ARID1A at serine residues 1316 and 1320 in the canonical DSGXXS
degron site is required for B-TRCP recognition in response to DNA damage response (Figure 3) 127]. It was shown
that the phosphorylation of ARID1A is catalyzed by nuclear kinase ATM, which is critical for cellular response to
DNA damage treatment [27].

It is still poorly investigated how phosphorylation impacts ARID1 protein stability and functional activity. It
was previously shown that clear cell adenocarcinoma (CCA)-type ovarian cancer cell lines have reduced levels of
phosphorylated ARID1A at serine 696 (p-Ser696-ARID1a) compared with non-CCA cells (Figure 3). This can be
due to p-Ser696-ARID1A downregulation or reduced phosphorylation of ARIDIA protein [31].

Functions of ARID1 proteins

As a component of SWI/SNF chromatin remodeling complex, ARID1 proteins play an important role in a lot of
fundamental cellular processes, such as transcriptional regulation, DNA replication, DNA-damage repair (DDR),
genomic instability, apoptosis, cell proliferation and cell differentiation (3,4,321.

Transcriptional regulation
ARID1 proteins bind to DNA in a nonsequence-dependent manner and sustain chromatin accessibility to transcrip-
tional complexes and regulators [33,34]. They regulate access of RNA polymerase II to TSSs. For example, ARIDIA
inhibited the recruitment of RNA polymerase II to the TSS of the 7ERT promoter [35]. They can directly interact
with gene-specific transcriptional regulators and be recruited to promoter sites to either coactivate or corepress gene
transcription (3,17,33,36-38]. For example, HIC1 directly binds ARID1A through the HIC1-binding domain and
recruits it to the promoter sites for a transcriptional repression of some HICI target genes, including £2F1 and
ATOH]1 (17). Additionally, ARID1A functions as a coactivator of the GATA4/FOXA1 master transcription factor
and induces expression of hepatocyte epithelial-differentiation genes [38]. ARID1 proteins have been also linked
to steroid hormone receptor-induced transcription [3,36] and expression of cell cycle regulators through association
with transcriptional factors, such as E2F [33,37). ARID1A binds to CDKNIA and SMAD3 promoters and recruits
p53 through C-terminus (amino acids 1759-2285) to collaborate in transcriptional activation of these genes [39].
ARID1 proteins collaborate with histone-modifying enzymes to regulate gene expression. They interact with
different HTACs and HDAC:s and recruit them to transcription sites. ARID1A regulates gene expression through
interaction with SIN3A HDAC corepressor complex including HDACI and HDAC2, while ARID1B interacts
with HDAC3 and histone acetyltransferase Tip60 [33,35,40,41]. ARIDIA binds to the TERT regulatory element
and recruits SIN3A complex to repress TERT transcription [35]. Binding of ARID1A to the TERT regulatory
element resulted in increase of transcriptional H3K9me3 repressor marks and decrease of H4H12Ac activation
marks [35]. ARID1A inhibits TERT expression and its enzymatic activity resulting in shortening of telomeres. Loss
of ARID1A causes reactivation of TERT transcription activity and confers a survival of tumor cells by maintaining
their telomeres [35].

Cell proliferation & differentiation

The expression of ARID1 proteins varies during the cell cycle and they play an essential role in cell cycle regula-
tion [33,37). ARID1A is upregulated in Gy phase and is downregulated throughout the cell cycle, whereas ARID1B
is expressed at comparable levels at all phases [30]. /2 vitro studies showed that ARID1A and ARID1B play distinct
roles in the MC3T3-E1 preosteoblasts in regulation of the cell cycle. They produce BAF complexes with an-
tiproliferative (ARID1A) and proproliferative (ARID1B) properties [33]. Both ARID1A- and ARID1B-containing
complexes bind to promoters of cell cycle-specific genes, including e-Mye, cde2, cyclin E and cyclin A (33). The
occupancy of promoter regions of these genes by ARIDIA and ARID1B was different during cell cycle. ARIDIA
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binds to the promoter regions during Gy phase and represses expression of cell cycle-specific genes, resulting in cell
cycle arrest. ARID1A is required for normal cell cycle arrest in differentiating cells and during DDR process. It has
been shown that ARID1A dissociates from promoters of cell cycle-specific genes in proliferating cells 33]. ARID1B
was observed at the promoter regions of cell cycle-specific genes at all phases during cell cycle [30]. Inactivation or
loss of ARIDIA results in suppression of cell differentiation and increased proliferation 33,57. ARID1A plays an
important role in FAS-mediated apoptosis, while ARID1B binds Smad2/3 in response to TGF-f [42].

DNA damage repair

SWI/SNF complexes play an important role in the maintenance of genome integrity and their role in DDR
includes modification of chromatin structure around sites of DNA damage and direct recruitment of proteins
required for DDR [¢]. During DNA damage, SWI/SNF complexes rapidly bind to chromatin surrounding DNA
damage through interaction with y-H2AX (43]. Canonical BAF and PBAF complexes have been shown to be
involved in both nonhomologous end joining and homologous recombination repair processes. ARID1 proteins
recruit the BAF complexes to DNA damage sites, assist in homologous recombination-mediated DNA repair
and nonhomologous end joining at double-strand breaks, and required for cellular resistance to various types of
DNA damage [44]. It was shown that ARID1A regulates DNA double-strand break repair through interaction with
DNA damage checkpoint kinases ATR and ATM [27,45]. Moreover, ARID1A interacts with TOP2a that resolves
newly replicated sister chromatids linked by catenated strands of DNA and prevents DNA entanglements during
mitosis [46]. In addition, ARID1A induces expression of a subunit of the cohesion complex STAG1, which plays an
important role in telomere cohesion and stabilization [47). Inactivation of ARIDIA results in mitotic defects such
as anaphase bridges and chromosomal lagging, leading to genomic instability and polyploidy (46-48]. ARID1A was
also found to interact with the mismatch repair (MMR) protein MSH2 and recruit it to chromatin during DNA
replication to induce MMR [49].

E3 ubiquitin ligase

ARID1B protein interacts with elongin C via BC box motif and together with cullin 2 and Roc1 form E3 ubiquitin
ligase complex that targets histone H2B at lysin 120 for monoubiquitination. H2BK120 monoubiquitination is an
upstream event of H3K4 trimethylation associated with gene activation [21]. Although E3 ubiquitin ligase activity
was mapped to the ARM-repeat containing BAF250_C domain of both ARID1 proteins, this activity has not been
experimentally validated for ARID1A [21].

Despite sharing high similarity in domain architecture, ARID1A and ARID1B of the BAF complexes showed
functional distinction. There are some evidences that ARID 1A and ARID 1B might play opposing roles in osteoblast
differentiation [s0. ARIDIA and SMARCA2-containing complexes are associates with repression, while ARID1B
and SMARCA4-containing complexes with activation of osteocalcin promoter [50]. It is still not known what factors
regulate the incorporation of either ARID1A or its paralog ARID1B into the BAF complexes and what specific
roles are carried by ARID1A and ARID1B-containing complexes. The functions of ARID1 proteins are context
dependent and their detailed mechanisms and physiological roles should be further investigated.

Dysregulation of ARID1 proteins in cancer
Tumorigenesis is a multistep process, involving both genetic mutations and alterations in regulatory mechanisms,
including epigenetic regulation, transcriptional regulation and PTMs. Alterations of ARID1 proteins play an impor-
tant role in cancer development, progression and therapy resistance. The tumor-suppressive function of ARIDIA
has been well defined (2,11,39,51,52]. As a tumor suppressor, ARID 1A decreases cell proliferation [25,39,53,54], promotes
differentiation, induces apoptosis [42] and plays an essential role in maintenance of genome integrity [2,26,27,44,45].
As we showed above, ARID1A is required for normal cell cycle arrest and it substantially explains its suppressive
effects on proliferation of cancer cells (33,371. ARID1A regulates the expression of SDC2, a transmembrane heparan
sulfate proteoglycan, involved in cell proliferation, cell migration and cell matrix interactions. The depletion of
ARIDIA decreases the association between Brgl and the promoter region of SDC2. This dissociation activates
SDC2 expression at the transcriptional level through chromatin remodeling-mediated gene activation [28]. ARIDIA
has been shown to interact and cooperate with other tumor suppressors, such as p53 and HIC1, in suppression of
tumor growth [17,39].

ARIDIA expression is downregulated or lost in various cancer cell lines [55] and in various human cancers. Its
downregulation in cancer is attributed to both mutational and non-mutational events including DNA methylation
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and ubiquitin-dependent proteasomal degradation (Figure 1). It is noteworthy that although ARID1A is more
frequently mutated in cancer, its paralog ARID1B is more frequently mutated in neurodevelopmental disorders,
which suggest their differential expression and distinct functions in different cell lineages. Loss of ARID1A has
been shown in numerous human malignancies [11,12,15,53,56-59]. ARIDIA gene is located at Ch1p36.11, which
is also frequently deleted in human cancers (https://www.cbioportal.org/). In cancer, ARID1B expression does
not compensate loss of ARID1A. Moreover, ARIDIB displays lower expression than ARID1A in most tumor
samples. ARID1A is constitutively more highly expressed in the tissues of origin for different cancers as well as in a
variety of cancer cell lines, which raises the question as to whether dosage insufficiency upon loss of the dominant
paralog, or a unique, paralog-specific functions that cannot be compensated by the remaining paralog, promote
tumorigenesis [4,55].

Somatic mutations in ARID1A and ARID1B occur in 7.6 and 3.1% of all cancer samples, respectively (https:
/Iwww.cbioportal.org/). They are disproportionately skewed to the C-terminal and map to both ARID and
BAF250_C domains, likely interrupting binding to DNA and interactions with the BAF complex components
and other proteins [9,19] (https://www.cbioportal.org/). ARIDI1A and ARID B gene mutations affect transcriptional
regulation with different consequences, which are determined by the cell type and when during the tumorigenesis
the mutation was originated.

Dysregulation of ARID1 proteins & genomic instability

Loss of ARID1 proteins and disruption of SWI/SNF complexes impair one of the critical DDR mechanisms,
DNA MMR pathway, leading to high levels of microsatellite instability and high tumor mutational burden, which
in turn drive cancer development and can predict responsiveness to immune checkpoint inhibitors [11,15,60-63]. In
colorectal carcinoma, ARID1A deficiency led to MMR deficiency due to MLHI promoter hypermethylation [64].
Depletion of ARIDI1A is associated with downregulation of DDR pathway in cancer cells [65]. It also has been
demonstrated that DDR-inducing reagents downregulate ARID1A in gastric cancer cells [26]. It is well known
that checkpoint molecules can pause the cell cycle in response to DDR, which allows to fix errors and maintains
genomic stability. G2/M checkpoint is defective in ARID1A-deficient cells exposed to DNA-damaging agents such
as ionizing radiation [45].

Although loss of ARID1A is associated with genome instability, some ARID1A-inactivated cancer was shown to
be able to maintain genomic stability through negative selection against cells with mitotic defects. ARID1A binds
to promoter of STAG! gene and induces its expression. STAG1, a component of the cohesin complex, is critical for
chromatin cohesion at telomeres and maintenance of mitotic integrity [32,47]. It is considered as a tumor suppressor,
which is mutated in various malignances and its loss induces genomic instability [32,47]. ARID1A deficiency results
in STAGI loss and is associated with impaired telomere cohesion and telomere loss leading to mitotic defects and
genomic instability [32,47). However, severe mitotic defects in ARID1A-deficient cells were selectively eliminated
during mitosis through induction of apoptosis. This can lead to survival of ARID1A-deficient cells lacking genomic
instability and increased resistance to mitosis-targeting compounds, such as paclitaxel (32,47).

Dysregulation of ARID1 proteins & treatment resistance

ARIDI1A deficiency is associated with higher grade tumors, more malignant phenotypes and with high risk or poor
outcomes of various cancers (2,25,51,53,58,59,63,66,67]. Loss of ARID1A was correlated with a higher grade of cancer
in gastric cancer, breast cancer, bladder cancer and ovarian clear cell carcinoma [53,59]. However, the association
between low expression and a poor prognosis is not universal. In some cancer patients, ARID1A was accumulated
in primary tumors but not in distant metastatic sites, suggesting that ARIDIA can be downregulated through
various mechanisms after initiation and play an important role in disease progression [68]. ARID1A and ARID1B
mutations have been identified among a few genes that are more frequently mutated in metastatic than in primary
human cancers [25,69-73].

ARID1A/B deficiency is associated with treatment resistance in cancer patients [74]. ARID1A increases sensi-
tivity of gastric cancer cells to DNA damage reagents [26]. Depletion of ARID1A is significantly correlated with
chemoresistance in ovarian clear cell carcinoma [75]. ARID1A and ARID1B, as well as other BAF components were
identified in CRISPR screening to be essential for response of estrogen receptor positive (ER™) breast cancer cells
to ER-targeted drugs, tamoxifen and fulvestrant [41]. The ARID1A depletion resulted in drug resistance to both
compounds. In contrast, loss of ARID1A sensitized cells to BET inhibitors that disrupt binding of BET proteins
to chromatin and subsequently results in transcriptional repression of different oncogenes [41]. It was shown that
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ARID1A recruits the BAF complex to ER cis-regulatory elements through a pioneer transcriptional factor FOXA1.
It facilitates recruitment of HDACI that removes acetylation marks resulting in transcriptional repression. Loss
of ARID1A prevents HDACI binding and facilitates recruitment of BET proteins to ER cis-regulatory elements
resulting in induction of target genes that promote tumor growth (41].

Dysregulation of ARID1 proteins & tumor immunity

ARID1A/B plays an important role in regulation of tumor immunity [63,65]. ARID1A deficiency limited chromatin
accessibility to interferon (IFN) responsive genes and suppressed their expression in murine cancer models as
well as in human cancers [63]. In patients with metastatic urothelial carcinoma, response to immune checkpoint
blockade treatment correlated with ARID1A mutations [65]. Moreover, depletion of ARID1A induced expression
of IFN responsive genes in malignant cells (65]. Thus, ARID1A loss may enhance the immunogenicity of cancer
cells. However, in the recent study, ARIDIA had different effect on expression of IFN responsive genes and
responsiveness to immune checkpoint blockade. Wild-type ARID 1A interacts with EZH2 of PCR2 and antagonizes
its function resulting in induction of Th1-type chemokines (CXCL9, CXCL10) and IFN responsive genes expression
leading to high CD8" T-cell tumor infiltration, potent effector T function and high immunotherapy response. In
contrast, in case of ARID1A mutation, EZH2 of PRC2 catalyzes methyltransferase reaction converting H3K27
to H3K27me3 on Th1-type chemokine and IFN responsive gene promoters, suppressing their expression, which
results in limited CD8™ T-cell tumor infiltration, weak effector T-cell function and low immunotherapy response.
Notably, correlation of ARID1A status with immune status, patient survival and responses to immune checkpoint
blockade treatment in several types of cancer does not associate with tumor mutational burden [63]. In cancer cells,
ARIDI1A knockdown results in downregulation of angiogenesis pathways [65].

Current state of literature suggests a possibility for protumorigenic roles of ARIDIA in certain contexts. In
murine liver cancer model, Arid1la promoted tumor initiation by inducing CYP450-mediated oxidative stress [68].
In contrast, in established tumors, ARID1A suppressed tumor progression and metastasis through decrease in
chromatin accessibility and reduction of gene expression involved in cancer cell invasion and migration [41]. Although
a tumor-suppressive role of ARID1A was well established in colorectal cancer, the presence of ARID1A is crucial
for proliferation of KRAS-mutated colorectal cancer cells due to its role in KRAS/AP1-mediated enhancer activity
in the MEK/ERK pathway (76]. A number of laboratories reported identical driver mutations in ARIDIA in the
epithelium of endometrial tissue within the uterus and also in ovarian and extraovarian pelvic endometriosis tissue
as well as in ovarian cancers associated with endometriosis (i.e., clear cell and endometrioid type) (77]. The proposed
underlying mechanism is that pelvic endometriosis occurs primarily as a result of backward menstruation (through
the uterine tubes) and implantation of endometrial tissue fragments in ovarian inclusion cysts or extraovarian
peritoneal sites [77). Thus, intrauterine endometrial epithelial cells with ARID 1A mutations may provide a survival
and oncogenic potential for the tissue fragments that travel to the ovaries and serve as the origin of cancer [77).

Conclusion

ARID1 proteins are mutually exclusive subunits of the canonical BAF chromatin remodeling complex that are
essential for the complex assembly, its binding to DNA and interaction with other proteins. As components of
the BAF chromatin remodeling complex, they play an important role in regulation of gene expression and other
fundamental cellular processes. ARID s are frequently mutated in human cancers. In addition to mutations that
mostly lead to loss of ARID1s, there are other transcriptional and post-translational regulation mechanisms that
downregulate ARID1s in cancers. The ARIDIA and ARIDIB genes are frequent targets of epigenetic alterations
including promoter hypermethylation and other pathways that negatively regulate transcription. The recent studies
report that ARID s are targets of various post-translational modifications, including phosphorylation and ubiqui-
tination that affect protein stability and lead to proteasomal degradation in cancers. Novel discoveries of regulators
that affect stability and activity of ARID1s would provide new potent therapeutic strategies to manage cancer and
intellectual disability disorders.

Future perspective: ARID1 proteins with potential therapy implications

Uncovering regulatory proteins effectively targeting tumor suppressors and oncogenes provides promising oppor-
tunities for the early diagnosis and high efficacy treatment of malignancies. The alterations in PTM can lead to
conformational changes of ARID1 proteins and affect their interaction with other proteins, resulting in protein
dysfunction. The conformational changes of ARID1 proteins may regulate the chromatin accessibility and tran-
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scription of many cancer-related genes. Targeting post-translational modifiers or blocking sites of PTM of ARID1s
could be a potential strategy in cancer therapy. While extensive work has been done to dissect ARID1A, future
studies on ARID1B could lead to in-depth and entire understanding of the BAF complexes in normal cells and
disease status.

Several recent studies reported effects of cancer-associated mutations on stability of ARID1 proteins [9,16,20,29],
however, the mechanisms underlying these effects remain unknown. Further validation of the impacts of ARID1A/B
mutations in regulating their protein stability, assembly of the BAF complexes, interaction with other proteins,
DNA-binding ability and chromatin remodeling function is required. In cancers with ARID1 inactivating muta-
tions, a better understanding of the mechanisms leading to disease progression can help in developing novel disease
preventive strategies. Indeed, several recent studies showed that ARID1A alterations, in particularly ARID1A defi-
ciency, may sensitize tumors to drugs targeting ATR (48], EZH2 (78], PI3K, PARP (45], HDACG (79 and ARID1B (so].
Thus, promoting ARID1A downregulation by inducing degradation or suppressing stabilization can be beneficial
in combination treatment based on synthetic lethal properties of ARIDIA.

From PTM angle, we could consider two strategies: downregulating ARID1A for combination therapy using
knowledge about synthetic lethality, or stabilizing ARID1A that acts as tumor suppressor. Currently, there are no
effective treatments clinically available to selectively fight ARID1A-deficient tumors and there is a high need in
development of novel therapeutic strategies [81]. Since ARID1A protein stability is regulated by the ubiquitin-
mediated proteasome system in the nucleus, it would be interesting to investigate whether stabilizing nuclear
ARID1A with specific ubiquitin-proteasome inhibitors will have anticumor effects. Depletion of TRIM32 in SCC
cells led to inhibition of cell proliferation, cell migration, cell invasion and increased their sensitivity to cisplatin
(or DDP) treatment through ARID1A stabilization [28]. In contrast, depletion of USP11 significantly promoted
SCC cell proliferation, chemoresistance, migration and invasion by promoting ARIDIA degradation [28]. No
therapy targeting alterations and PTM has been approved yet. It is important to develop specific inhibitor that
could prevent etiological signaling-induced proteolysis of ARID1A and ARID1B for therapeutic purposes.

The status of ARID1 proteins in cancer patients can help develop precise therapeutic strategy tailored to a
specific patient. Development of antibodies that specifically detect various PTMs of ARIDIA and/or ARID1B
could potentially be used as diagnostic biomarkers. Future studies evaluating functions of ARID1 proteins and
potential therapeutic strategies should consider stage of disease progression, dose and tissue context.

Executive summary

Structure of the ARID1-containing proteins & their role in the BAF complex assembly

e The ARID1A and 1B proteins are the largest mutually exclusive subunits of the canonical BRG1/BRM-associated
factor (BAF) chromatin remodeling complexes. They share high sequence similarity and have two main functional
domains (ARID and BAF250_C). The ARID domain is required for the DNA binding, while the BAF250_C domain is
required for interactions with other subunits of the BAF complexes, as well as with other proteins. ARID1 proteins
are essential for the assembly of the BAF complexes.

Regulation of ARID1 proteins

e ARID1 genes are transcriptionally downregulated by their promoter methylation and repressive histone
modifications. P-Stat3 transcriptionally represses ARID1B expression by decreasing H3K4Me3 histone
modification.

e The stability of ARID1 proteins is controlled by ubiquitin-proteasome system and can be affected by
disease-associated mutations. The proteasomal degradation of ARID1A occurs mainly in the nucleus, where it
functions as a chromatin remodeler, transcriptional regulator and a tumor suppressor.

e In gastric cancer, the DNA-damage repair (DDR) signaling promotes rapid SCF B-TRCP-dependent ubiquitination
and subsequent degradation of ARID1A. The phosphorylation of ARID1A by nuclear kinase ATM is required for its
recognition by B-TRCP. In squamous cell carcinoma, ARID1A stability is regulated by TRIM32 and USP11.

Functions of ARID1 proteins

e ARID1 proteins regulate chromatin accessibility to RNA polymerase Il and transcriptional regulators. They can
directly interact with transcriptional factors and histone-modifying enzymes to coactivate or corepress gene
transcription.

e ARID1A represses expression of cell cycle-specific genes resulting in cell cycle arrest in differentiating cells and
during DDR process.

e The role of ARID1 proteins in DDR process includes recruitment of the BAF complexes to DNA damage sites and
recruitment of other proteins required for DDR.

e ARID1B is not only a subunit of the BAF complex but also functions as a substrate recognition module of
EloB/C-Cul2-Roc1 E3 ubiquitin ligase complex that monoubiquitinates histone H2B.
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Dysregulation of ARID1 proteins in cancer

e In cancer, ARID1A functions as a tumor suppressor and is frequently mutated or downregulated due to
non-mutational events, such as promoter methylation and ubiquitin-dependent proteasomal degradation.

e Loss of ARID1 proteins impairs DDR mechanisms and is associated with genome instability. However, in
ARID1A-mutated cancers, the genomic integrity could be preserved by negative selection against cells with severe
mitotic defects.

e In cancer patients, ARID1A deficiency is associated with higher grade tumors, poor outcomes and treatment
resistance.

e ARID1A antagonizes EZH2 resulting in increased expression of Th1-type chemokines (CXCL9, CXCL10) that leads
to high CD8" T-cell tumor infiltration and better response to immunotherapy.

ARID1 proteins with potential therapy implications

e The understanding of regulatory mechanisms of ARID1 proteins will help to develop novel anticancer therapeutic
strategies.
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