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Abstract

The SWI/SNF complex was first identified in yeast and named after studies of mutants critical for the mating-type
switch (SWI) and sucrose non-fermenting (SNF) pathways.The SWI/SNF complex plays a pivotal role in regulating
gene expression by altering chromatin structure to promote or suppress the expression of specific genes, maintain
stem cell pluripotency, and participate in various biological processes. Mutations in the SWI/SNF complex are
highly prevalent in various human cancers, significantly impacting tumor suppressive or oncogenic functions and
influencing tumor initiation and progression. This review focuses on the mechanisms by which ARID1A/ARID1B,
PBRM1, SMARCB1, and SMARCA2/SMARCA4 contribute to cancer, the immunoregulatory roles of the SWI/SNF
complex, its involvement in DNA repair pathways, synthetic lethality, and applications in precision oncology.

Background

The SWI/SNF complex was initially discovered in yeast,
where it plays a critical role in chromatin remodeling,
and homologous complexes exist in mammals [1-4].
Chromatin is a highly ordered structure composed of
DNA and proteins that wraps around the DNA, obstruct-
ing the access of transcription factors and other regula-
tory elements [1-4]. The SWI/SNF complex utilizes the
energy generated by ATP hydrolysis to mobilize nucleo-
somes, exposing specific genomic regions from the chro-
matin structure, thereby promoting or repressing gene
expression [5]. It also participates in DNA repair, replica-
tion, maintenance of stem cell pluripotency, and various
other biological processe [1-4].
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Research significance

Mutations in the SWI/SNF complex occur at high fre-
quencies in various human cancers, including breast,
ovarian, colorectal, gastric, and pancreatic cancers.
These mutations significantly impact tumor suppressive
or oncogenic functions, influencing tumor initiation and
progression [6—16].

ARID1A mutations are highly prevalent in breast can-
cer. Loss of ARID1A alters chromatin accessibility, affect-
ing gene expression, which in turn promotes tumor cell
proliferation and endocrine therapy resistance [1, 8]. In
the MCF7 breast cancer cell line, BRD9 regulates cell
proliferation through the TGF-f pathway. Inhibition of
BRD9 significantly reduces the proliferative and migra-
tory capacities of these cells [17].

Studies indicate that ARIDI1A, a critical subunit of
the SWI/SNF complex, is mutated in over 50% of ovar-
ian clear cell carcinomas (OCCC) [11, 18-20], thereby
disrupting chromatin remodeling and promoting tumor
initiation and progression. Furthermore, ARID1A muta-
tions are associated with resistance to conventional ther-
apies, such as platinum-based chemotherapy, in OCCC
[11, 18-20].
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High levels of BRD9 expression have been observed
in tumor tissue samples from colorectal cancer patients.
Knockdown of BRD9 may inhibit colorectal cancer pro-
gression through the Wnt/B-catenin signaling pathway
[21]. Spisak utilized patient-derived organoid (PDO)
models and in vitro organoid xenograft models to evalu-
ate the in vivo function of SMARCBI. The results dem-
onstrated that SMARCB1 loss promotes colorectal
cancer cell differentiation and inhibits tumor growth in
various colorectal cancer cell models [22].

In gastric cancer, mutations in the ARID1A gene are
often accompanied by impaired chromatin remodel-
ing, leading to abnormal gene expression that affects
tumor behavior and prognosis. Loss of ARID1A function
has been associated with poor prognosis in gastric can-
cer patients and may serve as a potential biomarker for
immune checkpoint inhibitor therapies [23, 24].

Historical research progress of SWI/SNF complex

Advances in SWI/SNF complex research encompass
detailed studies of its composition, structure, and func-
tional mechanisms, as well as investigations into its
mutations and therapeutic potential in cancer [4](Fig. 1).

2001-2002 Studies on SMARCB1 in tumor suppression

A significant proportion of rhabdoid tumors exhibit
allelic loss on chromosome 22 [25], where the
SMARCBI1(SNF5/INI1/Baf47) gene frequently under-
goes mutations in these tumors [26]. Studies confirmed
that the loss of Snf5/Inil/Baf47/SmarcB1 (a core subunit
of the SWI/SNF complex) results in high susceptibility to
aggressive cancers [27]. The study by Professor Charles
W. M. Roberts and his team confirmed that heterozygous
deletion of the SNF5 gene in mice led to the development
of tumors resembling human malignant rhabdoid tumors
(MRT). The loss of Snf5 protein in tumor cells provided
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strong evidence supporting Snf5 as a tumor suppressor
gene; however, the incidence rate was low [28].

Two years later, Professor Charles W. M. Roberts’
team generated Snf5-floxed and Snf5-inv mice using an
inducible gene recombination system [27].The results
from Snf5”floxed mice showed that Snf5 deletion led to
extensive apoptosis and irreversible bone marrow failure
[27]. As a result, 90% of the mice died within three weeks,
with almost no tumor formation.In Snf5%inv mice, 100%
developed tumors, and all eventually succumbed to can-
cer [27]0.90% of the mice developed mature CD8"T-cell
lymphoma, while 10% developed malignant rhabdoid
tumors (MRT), with a median onset of only 11 weeks
[27].Immunohistochemistry confirmed the loss of SNF5
protein [27].

2009-2010 Studies on SMARCA2/SMARCA4 in tumor
suppression

The regulation of stem cells partly relies on genetic
pathways frequently dysregulated in tumorigenesis. The
protein component of telomerase, TERT (telomerase
reverse transcriptase), interacts with BRG1 (also known
as SMARCA4) to activate Wnt pathway genes [29].
Telomerase directly regulates the Wnt/p-catenin signal-
ing pathway by acting as a cofactor of the B-catenin tran-
scriptional complex [29]. Pham LV demonstrated that the
transcription factor NFATcl regulates gene expression
in diffuse large B-cell lymphoma (DLBCL) cells through
chromatin remodeling mechanisms. The NFATc1/BRG1
complex induces DNase I hypersensitive sites at pro-
moters and recruits other transcription factors to active
chromatin sites to regulate gene transcription [30].

In pancreatic cancer, SMARCAZ2 often exhibits single-
copy deletions, with homozygous deletions and localized
single-copy losses observed in certain cell lines, such as
Hup-T4 and YAPC [31]. SMARCA2 may act as a tumor
suppressor in pancreatic cancer, and its deletion likely
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Fig. 1 Time line of SWI/SNF research. A brief history of molecular and therapy of SWI/SNF
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impairs chromatin remodeling functions, disrupting the
regulation of gene expression [31].

2010-2012 Studies on ARID1A/ARID1B in tumor suppression
ARID1A is a tumor suppressor gene, with muta-
tions identified in 57% of ovarian clear cell carcinomas
(OCCC) [32, 33] and 30% of endometrioid carcinomas
[33]. In gastric cancer, ARID1A frequently exhibits inacti-
vating mutations or protein loss [34]. ARID1B frequently
undergoes inactivating mutations, such as truncating and
missense mutations, in ER +breast cancer. Its inactiva-
tion may lead to aberrant chromatin closure, preventing
the expression of tumor suppressor genes (CDKN1A and
CDKNZ2A), thereby promoting breast cancer cell prolif-
eration and evasion of apoptotic mechanisms [35].

2013-2014 Studies on PBRM1 in tumor suppression

PBRM1 mutations occur at a high frequency in clear cell
renal cell carcinoma (ccRCC) [36], Tumors smaller than
4 cm with PBRM1 mutations are more likely to exhibit
stage 3 pathological features. Most mutations result in
loss of function, which is associated with advanced stage,
higher tumor grade, and potentially worse cancer-spe-
cific survival [36-38].

2017-2019 Studies on PHF10 and DPF proteins in tumor
suppression

Downregulation of PHF10 in uveal melanoma alters
numerous biological pathways, including those related
to development and adhesion. These findings support
PHF10 as a novel tumor suppressor located on chromo-
some 6q27 [39]. The core SWI/SNF complex associates
with a unique co-repressor complex through DPF family
proteins, DPF1 or DPF3a. Serum-induced glioblastoma
differentiation downregulates endogenous DPF1 and
DPF3a expression, and shRNA-mediated knockdown of
these genes reduces sphere-forming ability and tumori-
genicity in murine xenograft models [40].

2014-2017 Synthetic lethal effect of SWI/SNF complex
ARID1A and ARID1B form a synthetic lethal pair, where
ARID1A loss renders cancer cells dependent on ARID1B
for survival. Targeting ARID1B in ARID1A-mutant can-
cers induces cell death and inhibits tumor growth [41,
42]. Depletion of BRM/SMARCA?2 in BRG1/SMARCA4-
deficient cancer cells results in cell cycle arrest [43].

2018-2022 Tumor microenvironment of SWI/SNF complex

Expression of PBRM1 and ARID?2 is negatively correlated
with the expression of T-cell cytotoxicity genes. Pbrm1-
deficient murine melanomas are more intensely infil-
trated by cytotoxic T cells [44]. Loss of ARID1A induces
the chemotaxis of polymorphonuclear myeloid-derived
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suppressor cells, thereby promoting prostate cancer pro-
gression [45].

2023-2024 Compensatory role of EP400/TIP60 in the SWI/
SNF complex

Most SWI/SNEF-targeted enhancers fail to restore chro-
matin openness after complex loss. However, certain tar-
get regions maintain an open state via the EP400/TIP60
complex. This compensatory mechanism primarily func-
tions at specific enhancers and promoters, allowing par-
tial gene expression to continue in the absence of SW1/
SNF [46].

Structure and function of SWI/SNF complex

The SWI/SNF complex comprises three distinct variants:
BAF (canonical BAF, cBAF; BRG1/BRM-associated fac-
tors), PBAF (polybromo-associated BAF complex), and
the newly identified ncBAF (non-canonical BAF)) [47]
o Each SWI/SNF complex contains only one of the two
ATPases, BRM (Brahma) or BRG1 (Brahma-related gene
1) [47].

BAF Complex: BRG1/SMARCA4 serves as the primary
ATPase subunit, participating in various transcriptional
regulatory processes in most cell types [2].

PBAF Complex: This variant also primarily includes
BRG1/SMARCA4 but associates with distinct auxiliary
subunits to perform specific biological functions, such as
roles in inflammatory responses [2].

ncBAF Complex: BRG1/SMARCA4 and BRM/
SMARCA?2 may exhibit distinct subunit configurations in
certain variants, regulating specific gene expression pat-
terns [2, 48].

Composition of SWI/SNF complex

The SWI/SNF complex exists in three forms: cBAF, PBAF,
and ncBAF. ¢BAF includes ARID1A or ARIDIB and
DPF1, DPF2, or DPF3, which are critical for establishing
enhancers and super-enhancers [49-51]. PBAF is local-
ized to active promoters and is defined by the expres-
sion of three components: PHF10, PBRM1, ARID2, and
BRD7 [51-53]. ncBAF does not include SMARCBI1 or
ARID proteins; instead, BRD9 serves as its specific factor
(Fig. 2) [51].

The SWI/SNF complex consists of ATPases, core sub-
units, and auxiliary subunits. SMARCA4 (BRG1) and
SMARCA2 (BRM) are the two primary ATPases on
which the SWI/SNF complex depends [54]. The SWI/
SNF complex includes multiple core and auxiliary sub-
units, primarily SMARCB1 (BAF47), SMARCD1/2/3,
and ARID1A/B [49, 54] (Fig. 2).

BRG1/SMARCA4 and BRM/SMARCA2
The core components of the SWI/SNF complex are
ATPase subunits, which include two distinct genes:
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Fig. 2 Structure of the SWI/SNF complexs

BRG1 (SMARCA4) and BRM (SMARCA?2) [2, 48, 55].
These subunits play a central role in chromatin remod-
eling and are typically found in mutually exclusive vari-
ants of the SWI/SNF complex [48, 50, 55]. The ATPase
domains of BRG1 and BRM mediate nucleosome bind-
ing and facilitate nucleosome sliding or eviction through
ATP hydrolysis. BRG1 connects to other modules within
the complex via its HSA (helicase-SANT) and ATPase
domains, enabling direct interaction with nucleosomes
to maintain an open chromatin state, which permits
transcription factor binding and gene expression activa-
tion [48]. BRM exhibits specificity in the ncBAF complex,
particularly in the absence of BRG1, where it serves as
the primary ATPase source [46]. Structurally, BRG1 and
BRM are highly similar, but they may exhibit tissue-spe-
cific functions [50].

SMARCAA4 is crucial for early development [51], and
is commonly found in most SWI/SNF complex vari-
ants, particularly in the BAF and PBAF complexes [56].
SMARCA?2 is predominantly expressed in a tissue-
specific manner, such as in the brain and liver, where it
appears in complexes distinct from those containing
BRG1 [56].

ARID1ATIARID1B

ARID1A and ARIDI1B are distinct subunit genes from
the same family, and they are typically not co-present in a
single SWI/SNF complex [46, 48]. Both are core subunits
of the BAF (BRG1/BRM-associated factor) and PBAF
(Polybromo-associated factor) variants within the SW1/
SNF complex. Their role involves promoting transcrip-
tion factor binding by regulating chromatin accessibility
at enhancers and promoter regions, thereby controlling
gene expression [3, 55].

ARID2

ARID?2 is a specific subunit of the PBAF variant of the
SWI/SNF chromatin remodeling complex. ARID2 muta-
tions are highly prevalent in non-small cell lung cancer
(NSCLC), with a mutation frequency of approximately
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7.3%, and are significantly associated with tumor pro-
gression and poor prognosis [57, 58]. Studies indicate
that ARID2 loss significantly accelerates malignant pro-
gression in lung adenocarcinoma (LUAD) models and is
linked to increased proliferation and survival of tumor
cells [58].

SMARCD1/2/3

SMARCD1 (BAF60A), SMARCD2 (BAF60B), and
SMARCD3 (BAF60C) are critical auxiliary subunits of
the SWI/SNF chromatin remodeling complex. These sub-
units are widely present across various SWI/SNF com-
plexes, including cBAF, PBAF, and ncBAF, and regulate
gene expression by binding transcription factors through
their specific domains [59].

GLTSCR1

GLTSCR1, a core subunit of the non-classical BAF
(ncBAF) complex, is a potential tumor suppressor
located on chromosome 19q13.3. It regulates chromatin
structure and gene expression, playing a critical role par-
ticularly in DNA damage repair. In the ncBAF complex,
GLTSCRI1 cooperates with BRD9 to promote homolo-
gous recombination repair (HRR) by regulating the
expression of RAD51 and RAD54 [60]. This mechanism
helps maintain genomic stability, preventing malignant
transformation of tumor cells due to the accumulation of
DNA damage. GLTSCR1 polymorphisms are significantly
associated with the risk of adult gliomas [61]. Mutations
or deletions in the GLTSCR1 gene may result in impaired
DNA repair functions, particularly in the nucleotide exci-
sion repair (NER) pathway, increasing the risk of glioma
development [62].

BRD7

BRD?7, a subunit of the PBAF complex, acts as a tumor
suppressor and exhibits a high mutation and deletion
rate in breast cancer. In breast cancer cells, BRD7 directly
interacts with p53, enhancing p53-mediated transcrip-
tional activation of its target genes (p21 and MDM2),
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thereby inhibiting tumor cell proliferation and inducing
cellular senescence [63, 64]. Following phosphorylation
by ATM kinase, BRD7 is recruited to DNA double-strand
break (DSB) sites, where it interacts with the PRC2 and
NuRD complexes to promote H2AK119 monoubiquiti-
nation. This process suppresses local transcription and
maintains chromatin stability [63].

BRD9

BRDY, a core subunit of the non-classical variant
(ncBAF) of the SWI/SNF chromatin remodeling com-
plex, is widely regarded as being involved in chromatin
remodeling and transcriptional regulation [65, 66]. BRD9
is overexpressed or harbors gain-of-function mutations
in various cancers, including pancreatic cancer, sarco-
mas, gastric cancer, and leukemia. These mutations are
often associated with enhanced tumor cell proliferation,
invasiveness, and therapeutic resistance [65—69].

Studies have shown that targeted degradation of BRD9
in acute myeloid leukemia (AML) suppresses the prolif-
eration of AML cell lines while exhibiting minimal toxic-
ity to normal hematopoietic cells [67]. Moreover, c-MYC
and c-MYB protein levels are reduced in MV4-11 cells
[67].

Three-Dimensional structure and function of the SWI/SNF
complex

Using cryo-electron microscopy (cryo-EM), the team led
by Shuang He revealed the unique ‘sandwich-like’ struc-
ture of the BAF complex, which encases the nucleosome
and consists of the ATPase module, Base module, and
Actin-Related Protein (ARP) module [70].

ATPase module Comprising SMARCA4 (BRG1), this
module binds to nucleosomal DNA and mediates ATP
hydrolysis-driven chromatin remodeling [70].The ATPase
domain is positioned at superhelical location (SHL) 2.5 of
the nucleosome [70]. Upon DNA binding, ATP hydrolysis
facilitates DNA translocation, leading to nucleosome slid-
ing or ejection [70].

Base module Comprising multiple substructures (Head,
Thumb, Palm, Bridge, and Fingers), it adopts a compactly
folded conformation [70].Thumb domain: Consists of the
SANT domain, HSA region, and C-terminal helix. Fin-
gers domain: Features a characteristic Y-shaped five-helix
bundle [70].

Actin-Related protein (ARP) module Connecting the
ATPase and Base modules, it ensures functional coordi-
nation of the complex [70]. It is composed of ACTL6A
(BAF53A) and the long a-helix of the SMARCA4 HSA
domain [70].
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The functional mechanism of the SWI/SNF complex

The SWI/SNF complex is a major epigenetic regulator
that promotes nucleosome incorporation and displace-
ment by sliding or evicting histone octamers, thereby
altering the accessibility of chromatin to transcription
factors [54]. This complex can either displace nucleo-
somes from the DNA strand or slide them to specific
positions, thereby creating space for transcriptional acti-
vation [48]. The ATPase domain of BRG1/SMARCA4
binds to nucleosomes and applies mechanical force, facil-
itating their repositioning on chromatin, which in turn
adjusts the binding sites of transcription factors [3]. For
instance, the loss of BRG1 results in a decreased binding
capacity of crucial transcription factors such as REST,
thereby affecting cellular differentiation and the expres-
sion of specific genes [55]. SMARCBI deletion signifi-
cantly alters the conformation of the SWI/SNF complex,
reducing H3K27ac modification at typical enhancers and
preventing the growth-promoting SWI/SNF complex
from transitioning into the differentiation-inducing com-
plex [71, 72].Studies have found that in MRT cells with
SMARCBI deletion, the binding of typical enhancers to
SWI/SNF is significantly reduced, leading to a decrease
in H3K27ac levels at these enhancers and subsequent
silencing of differentiation-related genes [72]. The bind-
ing of super-enhancers (SEs) to SWI/SNF remains largely
unchanged, which helps maintain the expression of
key genes essential for cancer cell survival (e.g., SPRY1,
SALLA4) [72].

Gene mutations of the SWI/SNF complex and their
impact on cancer

Mutations of the ARID1A subunit and their impact on
cancer

ARID1A is the largest subunit of the BAF complex [70]
and one of the most frequently mutated SWI/SNF sub-
units in cancer, with frequent mutations observed in
lung, liver, ovarian, lymphoma, breast, colon cancers, and
neurooncological tumors [6—15]. Mutations or inactiva-
tion of ARID1A impair chromatin remodeling, thereby
promoting tumor cell proliferation and invasion [6, 7,
13]. ARID1A mutations can lead to uncontrolled cell pro-
liferation by affecting the expression of cell cycle regula-
tory genes [7, 10]. Moreover, the loss of ARID1A is often
associated with epithelial-to-mesenchymal transition
(EMT), which further promotes tumor cell invasion and
metastasis [6, 13]. Jiménez C confirmed that in neuro-
blastoma, ARID1A inactivation impairs cell proliferation
and promotes cell cycle arrest. It reduces adhesion to the
extracellular matrix and invasion, inhibiting neuroblas-
toma metastasis [6]. In breast cancer, ARID1A mutations
regulate the estrogen receptor (ER) signaling pathway,
affecting the proliferation and differentiation of breast
cancer cells [8, 9, 70, 73]. Defects in the complex weaken
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gene expression regulation, promoting tumor growth
and influencing patient responses to hormone therapy
[73, 74]. The loss of ARID1A triggers an increase in the
proliferative transcriptome network but simultaneously
suppresses eukaryotic elongation factor 2 (eEF2), leading
to tumor suppression [12]. Wang Z et al. confirmed that
mutations or deletions of ARID1A are associated with
enhanced proliferation and invasion in colorectal cancer
[15]. Cells with ARID1A loss exhibit synthetic lethality
to the p53 activator RITA (Reactivating p53 and induc-
ing tumor apoptosis), meaning that these cells are more
sensitive to RITA treatment [15].(Table 1).

The synergistic interaction of ARID1A with transcription
factors

ARID1A mutations not only affect chromatin remodeling
but also impair the function of transcription factors [13].
Studies have shown that ARID1A interacts with YAP/
TAZ, important oncogenic transcriptional co-activators,
inhibiting their activity and preventing excessive cell pro-
liferation and tumor formation [13]. ARID1A interacts
with DNA-binding transcription factors such as TEAD to
regulate gene expression, thereby participating in cellu-
lar fate determination and differentiation processes [13].
Moreover, ARID1A has been shown to affect the expres-
sion of estrogen receptors (ERa) and their downstream
signaling pathways in ERa-positive breast cancer [13].
It exerts its effects by binding to ERa and collaborating

Table 1 Signaling pathway and target genes of SWI/SNF subunits

Page 6 of 17

with key factors such as FOXA1, GATA3, HDACI, and
BRD4, promoting cancer cell proliferation and survival
[9, 73]. ARID1A interacts with p53 in colorectal cancer,
influencing the expression of p53 target genes, such as
p21, PUMA, and NOXA [15]. In ARID1A-deficient cells,
p53 activity is increased, leading to a decrease in p21
expression, while the expression of pro-apoptotic genes
PUMA and NOXA is upregulated, further enhanced by
RITA treatment, ultimately inducing apoptosis [15].

Signaling pathway and target genes involved in ARID1A

The pathways involving ARID1A include the p53 path-
way, DNA damage repair pathway, and Hippo signal-
ing pathway [15]. ARID1A regulates the expression of
multiple target genes through the SWI/SNF complex.
Upstream regulatory factors include cell cycle control
genes and EMT-related genes [6, 7]. Loss of ARIDIA
leads to dysregulation of these target genes, affecting
tumor cell proliferation and invasion [13, 14]. ARID1A
collaborates with histone deacetylases (HDAC1) and
bromodomain-containing proteins (BRD4) to regulate
histone acetylation (H3K27ac), influencing multi-layered
gene expression regulation in breast cancer [73]. This
combination not only affects chromatin state but also
alters key pathways involved in cell differentiation and
proliferation [74]. Downstream target genes of ARID1A
include p21, PUMA, NOXA, and others [15]. Further-
more, ARID1A plays a critical role in cancer development

Subunit Other Subfamily Representative Cancer Types Target Genes/Pathways References
name
SMARCA2(BRM)  BAF190B  CBAF, PBAF,  Thyroid cancer PAX8 Fll FOXE1 [106]
NCBAF
SMARCA4 BAF190A CBAF, PBAF, Lung cancer, endometrial cancer, glioma, HIF2A, GLUT1, TGFB2 Fl SOX2 [12,99, 100,
(BRGT) NCBAF breast cancer, ovarian cancer 107, 108]
SMARCB1 BAF47, CBAF, PBAF  Rhabdomyoid tumors, colorectal cancer — Wnt/{-catenin signaling Pathways [22,77,93]
SNF and pancreatic cancer
PBRM1 BAF180  PBAF Colorectal cancer (CRQ), prostate cancer,  WNT and PI3K/AKT signaling pathways [86, 88,
kidney cancer ATM, ARIDTA and TP53 Chromosome stability 109]
related genes APC and KRAS.
PD-L1 and cGAS/STING pathway related genes
GLTSCR1 BICRA NcBAF Colorectal cancer (CRC), Regulation of alternative splicing of ZO1 [110]
ARIDTA BAF250A  CBAF Ovarian clear cell cancer, endometrial CXCR2 signaling pathway, [8,9,45,
cancer, breast cancer, neuroblastoma, p21, CDK13, HERVH, FOXAT, BRD4, 79, 84,
non-small cell lung cancer, colorectal 111-113]
cancer, prostate cancer,
ARID1B BAF250B  CBAF Neuroblastoma, liver cancer, lung cancer, Wnt/B-catenin signaling Pathways [6,41,78,
endometrial cancer NEAT1 114-117]
ARID2 PBAF Hepatocellular carcinoma, non-small cell  HSPATA
lung cancer
BRD7 PBAF Breast cancer, prostate cancer, non-small  YB1 (Y-box-binding protein-1) inhibition, AR sig-  [63, 64,
cell lung cancer naling Pathways, PRC2 and NuRD complex, p53  118-121]
BRD9 NcBAF Pancreatic cancer, acute myeloid leuke-  TGF/Activin-SMAD2/3 signaling pathway [65,67-69,

mia, multiple myeloma, gastric cancer

TUFT1/AKT/GSK-3 signal axis, 122]
MYC, RRS1, PEST, and BOP1
SOX4, PROM1 (CD133), SNAI2, SMAD1
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by influencing various cell cycle and proliferation-related
genes, such as CCND1 and MYC [7, 10]. The interaction
between ARID1A and YAP/TAZ suppresses the onco-
genic activity of these co-activators, preventing tumori-
genesis caused by their overactivation [13].

ARID1A promotes chromatin loop formation at DSB
sites upon DNA damage [75].The ability of DSBs to
interact with adjacent genomic loci, i.e., the formation
of chromatin loops within the damaged topologically
associating domains (TADs), requires ARID1A and the
ATPase activity of the SWI/SNF complex subunit BRG1
[75].ARID1A regulates the recruitment of RAD21 and
CTCF to maintain TADs [75].

Association of ARID1A with other factors

In the absence of ARID1A, ARID1B can partially com-
pensate for its function [6]. ARID1A acts in concert with
subunits such as SMARCA4 and SMARCBI to regulate
SMARCC2 expression. Mutations in SMARCC2 and
other SWI/SNF-associated subunits typically result in
the disruption of cell cycle regulation, accelerating breast
cancer development [73].

Studies on the broad mechanisms of ARID1A muta-
tions in cancer have revealed their impact on chromatin
remodeling, cell cycle regulation, signaling pathway inte-
gration, and treatment sensitivity, highlighting the poten-
tial of ARID1A as a therapeutic target.

Mutations of the ARID1B subunit and their impact on
cancer
ARIDI1B is an exclusive subunit of the SWI/SNF (BAF)
complex, functioning alongside its parallel counterpar.
Loss of ARID1B has been detected in ovarian, lung, and
pancreatic cancers [76-78]. ARID1B frequently mutates
in breast, ovarian, and lung cancers, contributing to can-
cer onset and progression, affecting tumor cell prolif-
eration, invasiveness, and response to immunotherapy
[79-82]. In breast cancer, ARID1B mutations are asso-
ciated with alterations in DNA repair pathways, poten-
tially leading to a more aggressive cancer phenotype
[81]. Loss of ARID1B alone typically leads to chromatin
remodeling dysregulation, impairing normal gene expres-
sion control and promoting carcinogenesis. High-grade
serous ovarian cancer (HGSOC) frequently exhibits
ARID1B mutations, similar to ARID1A, which promote
tumor invasiveness by altering transcriptional programs
involved in cell cycle regulation and DNA repair [41, 81].
In lung cancer, ARID1B mutations are often associated
with mutations in other chromatin remodeling com-
plex genes, leading to increased tumorigenesis [83]. In
colorectal cancer (CRC), ARID1B mutations may alter
the transcriptional regulation of key oncogenes [84].
ARID1B mutations primarily promote cancer pro-
gression by disrupting chromatin remodeling, impairing
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DNA repair, and deregulating cell cycle control. A
detailed analysis of the complementary functions of
ARID1A and ARID1B provides new therapeutic strate-
gies for cancer treatment.

Mutations of the PBRM1 subunit and their impact on
cancer
PBRM1 is a key subunit of the SWI/SNF complex, play-
ing a critical role in tumor biology by regulating chro-
matin remodeling. Mutations in PBRM1 are associated
with the proliferation, invasion, and immune evasion of
tumor cells in renal cell carcinoma (RCC), prostate can-
cer, colorectal cancer, and pancreatic cancer [54, 85-90].
In gliomas with H3K27M mutations, PBRM1 expres-
sion is higher in mutant cells compared to wild-type cells.
Targeting the PBRM1 subunit with degraders, such as
AU-153, suggests that PBRM1 plays a role in regulating
tumor proliferation genes [54]. In renal cell carcinoma
(RCC), PBRM1 is the second most frequently mutated
gene, with a mutation rate of approximately 40%, and its
inactivation typically promotes tumor proliferation and
invasion [85, 89]. PBRM1 mutations are commonly con-
sidered to activate the NF-«xB pathway, enhancing inflam-
mation, cell survival, and tumorigenesis. Cells lacking
PBRM1 exhibit abnormal activation of this pathway, pro-
moting tumor growth and survival [91]. PBRM1 muta-
tions lead to cell cycle dysregulation, promoting cancer
cell proliferation. Especially in proximal tubular cells,
PBRM1 mutations cause a phenotype resembling renal
tubular cells but lacking terminal differentiation mark-
ers [85, 89]. In prostate cancer, PBRM1 mutations are
associated with tumor cell resistance to certain thera-
pies. Studies indicate that PBRM1, in conjunction with
the degradation regulation of the mSWI/SNF ATPase
complex, plays a critical role in prostate cancer cell pro-
liferation and therapeutic resistance [88]. In pancreatic
ductal adenocarcinoma, PBRM1 mutations and deletions
impact anti-tumor immunity, facilitating the effective-
ness of immunotherapy against tumors [77]. (Table 1)

The synergistic interaction of PBRM1 with transcription
factors

PBRML1 is a key subunit of the PBAF complex and con-
tains a bromodomain that binds to acetylated lysines on
histones (H3K27ac), which are associated with active
transcription regions [85]. Through this interaction,
PBRM1 promotes the repositioning of nucleosomes,
thereby facilitating the transcription of genes associated
with differentiation, cell cycle regulation, and tumor sup-
pression. Studies have shown that in renal cancer cells,
PBRMI collaborates with the transcription factor PAX8
to regulate the expression of proximal tubular genes
[85]. PAXS is a key transcription factor in renal cell fate,
and PBRM1, by collaborating with PAXS8, regulates the
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expression of genes involved in proximal tubular differ-
entiation, inhibiting cancer cell proliferation and invasion
[85]. In addition, PBRM1 mutations are closely associ-
ated with intracellular cotranscription factors, such as
KMT2A and KMT2B, which further influence chromatin
structure and gene expression [85]. In gliomas, FOXO1
expression is downregulated following PBRM1 targeting,
leading to reduced chromatin accessibility and decreased
gene expression, particularly in enhancer regions crucial
for cell survival [54]. PRC2 (Polycomb Repressive Com-
plex 2) typically promotes a repressive chromatin state
through H3K27 methylation. In cancers where PRC2 is
inhibited (gliomas with H3K27M mutations), PBRM1
becomes more critical in promoting chromatin remodel-
ing and transcriptional activation [54, 91].

Signaling pathway and target genes involved in PBRM1
PBRM1 is involved in several important signaling path-
ways, including p21, HIF1A, and c-MYC, where changes
in the expression of these genes lead to abnormal prolif-
eration and drug resistance in tumor cells [90]. Studies
suggest that PBRM1 mutations affect p21 expression,
thereby influencing the sensitivity of renal cancer cells to
CDK4/6 inhibitors [92]. Additionally, PBRM1 mutations
can regulate the Wnt and mTOR pathways, affecting cell
growth and metabolism [92]. PBRM1 mutations activate
the NF-kB pathway in renal cancer, promoting tumori-
genesis through enhanced inflammatory and survival sig-
nals [91].

PBRM1 interacts with various transcription factors,
including PAX8, which is a key regulator of proximal
tubular epithelial fate in RCC. PBRM1 collaborates with
PAXS to regulate differentiation and gene expression in
renal epithelial cells. Loss of PBRM1 results in the sup-
pression of key epithelial differentiation markers, thereby
promoting tumorigenesis [85]. In RCC, PBRM1 loss leads
to the dysregulation of PAX8 target genes and the inhibi-
tion of differentiation programs [85]. (Table 1)

Associations of PBRM1 with other factors

In renal cancer, functional collaboration between
PBRM1 and SMARCA4 is disrupted, exacerbating
tumor invasiveness [85]. PBRMI1 inactivation is often
accompanied by mutations in ARID1A and ARID1B,
which further disrupt chromatin remodeling com-
plex functions, driving tumorigenesis and progres-
sion [85, 89]. Pancreatic cancer with mutations in
ARID1A and PBRM1 shows enhanced responsive-
ness to immunotherapy [77]. When combined with
ARID1A mutations, PBRM1 loss further exacerbates
chromatin remodeling defects [85, 88]. PBRMI, in
conjunction with SMARCA2/4, regulates cellular plas-
ticity. Inhibition of these bromodomains promotes
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mesenchymal-to-epithelial transition (MET), upregulat-
ing the expression of adhesion molecules such as E-cad-
herin, while downregulating extracellular matrix (ECM)
genes, particularly COL11A1, which plays a barrier role
during reprogramming [77].

PBRM1 influences cancer cell proliferation, invasion,
immune evasion, and therapeutic response by regulat-
ing chromatin remodeling, transcription factor binding,
and key signaling pathways. Further functional studies
are needed to explore the relationship between PBRM1
mutations and therapeutic strategies to advance preci-
sion medicine.

Mutations of the SMARCB1 subunit and their impact on
cancer

SMARCBI is a core subunit of the SWI/SNF (BAF)
chromatin remodeling complex, and mutations or
deletions of SMARCBI1 are associated with rhabdoid
tumors, colorectal cancer, and pancreatic cancer [22,
77, 93]. Deletion of SMARCBI1 disrupts chromatin
remodeling, leading to abnormal transcriptional pro-
grams that promote cancer cell proliferation, invasion,
and survival [22, 77, 93] (Table 1).

SMARCB1 and tumor cell proliferation and invasion

In colorectal and thyroid cancers, SMARCBI deletion
is associated with increased stem cell-like character-
istics and reduced cellular differentiation [7, 22, 70].
For example, in colorectal cancer, CRISPR screening
has identified SMARCBI1 as a negative regulator of
aberrant stem cell-like activity [22]. In thyroid can-
cer, SMARCBI deficiency cooperates with oncogenic
drivers such as BRAFV600E, promoting the progres-
sion of papillary thyroid carcinoma (PTC) to more
invasive forms, such as poorly differentiated thyroid
cancer (PDTC) or anaplastic thyroid cancer (ATC)
[7]. In rhabdoid tumors, SMARCB1 deletion enhances
tumor cell proliferation and promotes invasive char-
acteristics [94]. A study by Yasumichi Kuwahara et
al. demonstrated that SMARCB1 induces the expres-
sion of pl6INK4A and p21CIP1/WAF1 proteins in
MRT cell lines. Reduction of p21CIP1/WAF1 expres-
sion inhibits the G1 arrest induced by SMARCBI re-
expression [95].SMARCB1 deletion reduces NOXA
expression, thereby weakening apoptotic pathway
activity and increasing MRT cell resistance to DOX
chemotherapy [96]. SMARCBI1 mediates sensitivity to
DNA-damaging agents not only through the intrinsic
apoptotic pathway but also by regulating the level of
DNA damage itself [96].These mutations activate stem
cell-related gene programs while inhibiting differentia-
tion-related genes, resulting in a more aggressive can-
cer phenotype [22, 94].
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SMARCBI1-associated transcription factors and gene
regulation

SMARCBI is involved in the regulation of the Wnt/f3-
catenin and Hh-GLI pathways, interacting with various
transcription factors, including thyroid lineage tran-
scription factors such as PAX8, NKX2-1, and FOXE]I,
to collectively regulate gene expression [7, 22]. For
example, in colorectal cancer, SMARCBI participates
in suppressing aberrant stem cell-like activity by regu-
lating the transcriptional activity of the Wnt/B-catenin
pathway [22]. Loss of SMARCBI1 leads to increased
Wnt signaling, which enhances stem cell-like activity
and impairs differentiation [22]. In gliomas, the loss of
SMARCBI leads to the upregulation of GLI1, result-
ing in the aberrant activation of the Hh-GLI pathway
and promoting tumor cell proliferation [97].In thyroid
cancer, SMARCBI1 interacts with thyroid lineage tran-
scription factors such as PAX8, NKX2-1, and FOXE1
[7]. These transcription factors are crucial for main-
taining thyroid cell differentiation [7]. Deletion of
SMARCBI reduces chromatin accessibility at these
transcription factor binding sites, leading to dediffer-
entiation and tumor progression [7].

SMARCBI1 antagonizes the Polycomb Repressive
Complex 2 (PRC2), which is involved in gene silenc-
ing through histone methylation [94]. Furthermore,
SMARCBI mutations are associated with dependency
on other chromatin modifiers, such as EZH2, making
EZH2 a potential therapeutic target for SMARCBI1-
deficient cancers [22, 94].

As a core subunit of the SWI/SNF complex,
SMARCBI1 mutations or deletions disrupt chroma-
tin remodeling, leading to aberrant gene expression
and promoting cancer cell proliferation, invasion, and
dedifferentiation. It exerts its function by regulating
the Wnt/p-catenin and Hh-GLI signaling pathways,
influencing key transcription factors, and counteract-
ing PRC2. Furthermore, SMARCB1 mutations may
render cancer cells sensitive to EZH2 inhibitors, pre-
senting a novel potential target for precision oncology.

Mutations of SMARCA2/4 subunits and their impact on
cancer

The tumor suppressor SMARCA4, as the core ATPase
subunit of the SWI/SNF complex, is mutated in vari-
ous cancers, including prostate, lung, breast, pancre-
atic, osteosarcoma, colorectal, ovarian, oral cancers,
lymphoma, and glioma, affecting the chromatin
remodeling function of SWI/SNE, which leads to
altered transcriptional regulation and promotes tumor
development [10, 14, 54, 77, 78, 98—104]. SMARCA2
exhibits synthetic lethality with SMARCA4. In non-
small cell lung cancer (NSCLC), degradation of
SMARCA?2 induces reprogramming of the enhancer
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landscape in SMARCA4-mutant cells, resulting in the
loss of enhancer chromatin accessibility at cell prolif-
eration-related genes [105] (Table 1).

Effects of SMARCA2/4 on tumor proliferation and invasion
Prostate Cancer: In prostate cancer, dual-target degrada-
tion of SMARCA4 and SMARCA2? significantly reduces
androgen receptor (AR) and FOXAIl-driven prostate
cancer cell proliferation [98]. SMARCA4 co-occupies
enhancer regions with transcription factors such as AR
and FOXA1, maintaining high expression levels of these
key oncogenes. Targeted degradation of SMARCA4
causes dissociation of these transcription factors from
chromatin, significantly weakening the expression of
their regulated oncogenes and slowing prostate cancer
cell proliferation and invasion [88, 98].

In thyroid cancer, SMARCA2 binds to enhancers of
thyroid differentiation transcription factors (TTFs) PAX8
and FOXE1, promoting their expression by enhancing
chromatin accessibility [106].

Lung Cancer: Inactivation of SMARCA4 accelerates
lung cancer progression, particularly in cases with KRAS
and TP53 mutations, leading to increased invasiveness
[99]. In lung adenocarcinoma, SMARCA4 mutations
promote tumor growth by inducing dependency on
oxidative phosphorylation (OXPHOS). In SMARCA4-
deficient tumors, expression of PGC1-« in the OXPHOS
pathway is increased, enhancing tumor cell proliferation
through upregulation of PGC1-a expression [14].

Lymphoma: In B-cell lymphomas, such as follicular
lymphoma and diffuse large B-cell lymphoma, loss of
SMARCAA4 alters germinal center dynamics, causing B
cells to re-enter the germinal center, undergo excessive
proliferation, and evade normal differentiation processes,
thereby promoting lymphoma proliferation and invasion
[10].

The role of SMARCA4 in H3K27M-mutant gliomas
involves regulating chromatin openness to maintain the
proliferative state of tumor stem cells and inhibit cell dif-
ferentiation, thereby promoting glioma proliferation and
invasion. Interaction between SMARCA4 and H3K27M
promotes tumor cell proliferation and prevents differen-
tiation into mature gliocytes, leading to the maintenance
of tumor cells in a progenitor-like state [54, 101].

In triple-negative breast cancer (TNBC), SMARCA4
interacts with the long noncoding RNA (IncRNA)
TGFB2-AS1, inhibiting TGFB2 and SOX2 expression,
thereby enhancing tumor proliferation and invasion
[100].

Interaction of SMARCA4 with Other SWI/SNF subunits and
factors

Loss of SMARCAA4 is often associated with mutations in
other SWI/SNF subunits, such as ARID1A and ARID1B.
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In lung cancer, ARID1A mutations frequently occur in
conjunction with SMARCA4 loss, leading to impaired
enhancer-mediated transcriptional regulation. ARID1B
can compensate for the loss of ARID1A, but concurrent
loss of both subunits severely impairs SWI/SNF function
[3, 14]. SMARCA4 mutations also affect SWI/SNF com-
plex assembly and function by destabilizing other sub-
units, such as PBRM1 and SMARCBI [3, 98].

Research on the role of SMARCA2/4 mutations in
chromatin remodeling, transcriptional regulation, meta-
bolic control, tumor proliferation, and invasion sug-
gests that future strategies could explore SMARCA2/4
degraders or epigenetic therapies targeting the SWI/
SNF complex to develop precision treatments for
SMARCA?2/4-mutant cancers.

SWI/SNF complex and immune regulation

Role of the SWI/SNF complex in macrophages and T cells
Chromatin Remodeling and Regulation in T Cells

In T cells, the SWI/SNF complex collaborates with tran-
scription factors such as PU.1, RUNXI, and BCL11B to
regulate chromatin accessibility at early T cell gene loci,
laying the foundation for effector T cell (Teff) func-
tion [123, 124]. During T cell development, chromatin
is primed for future activation. This priming enables T
cells to establish chromatin accessibility at effector loci,
which is critical for T cell differentiation into functional
subsets [124]. The SWI/SNF complex also regulates the
epigenetic transitions of CD8 + T cells, with PBAF play-
ing a protective role by maintaining a pool of T cells that
are depleted of stem-cell-like progenitors, which is cru-
cial for immune therapy responses [49](Table 2).

Chromatin remodeling and regulation in macrophages

Different variants of the SWI/SNF complex (cBAF,
ncBAF, PBAF) have distinct functions in macrophage
responses to bacterial endotoxins (LPS), regulating chro-
matin accessibility and enhancer activation, thereby
influencing the expression of inflammatory genes [123].
Upon LPS stimulation, BAF, PBAF, and ncBAF com-
plexes are relocalized to chromatin-accessible sites. The

Table 2 The SWI/SNF complex in macrophages and T cells
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BAF complex primarily participates in chromatin open-
ing at potential enhancers and the deposition of H3K27ac
[123], NcBAF complex: Mainly responsible for the acti-
vation of inflammatory response genes, particularly those
that cooperate with transcription factors of the AP-1
and NF-kB families, and associated with the activation
of interferon-stimulated genes (ISGs) [123]. The NcBAF
complex collaborates with STAT family proteins (STAT1,
STAT2) to promote the deposition of H3K27ac and
nascent transcription at active enhancers.

PBAF complex: Typically associated with the repres-
sion of enhancers, particularly in the absence of PU.1
[123](Table 2).

Effect of SWI/SNF mutation on tumor immunotherapy
SWI/SNF mutations, commonly observed in cancer, have
profound implications for cancer immunotherapy.

Loss of PBAF significantly enhances tumor control
when combined with PD-1 blockade therapy. This finding
suggests that targeting the PBAF complex may improve
CD8+T cell immune responses against tumors [49]. The
BAF complex drives Tex Prog cell differentiation into
effector-like Tex cells, while PBAF inhibits this process,
making the balance between BAF and PBAF a key regula-
tory point during Tex subset development [49].

In cancers with SWI/SNF mutations, loss of chroma-
tin remodeling function can impair immune cell recruit-
ment, reduce antigen presentation, and alter tumor
immunogenicity. These changes reduce the effectiveness
of immune checkpoint inhibitors, as tumors with SWI/
SNF deficiencies may evade immune detection. In con-
trast, targeting the PBAF subunit, particularly in the
context of T cell exhaustion, in combination with immu-
notherapy, may improve tumor control [49, 124]. Loss
of PBAF significantly enhances tumor control when
combined with PD-1 blockade therapy [49]. Targeting
the PBAF complex can enhance CD8+T cell immune
responses against tumors. The BAF complex drives Tex
Prog cell differentiation into effector-like Tex cells [49],
while PBAF inhibits this process, making the balance

Subunit Name Immune Cells

Anti-Tumor Immune Signaling

Pathway/Target Gene
MATR3 CD4+T cells Epigenetic Regulation, TOX
PBRM1 CD8Tcell IFN-y, mTORC1
ARID2
SMARCB1 CD8+T cells LSD1
BRD9 Macrophages IFN, STAT1,STAT2,IRFO
DPF2 Macrophages NRF2-dependent anti-inflamma-

tory pathways

Associated Cancer Relevant Drugs/Inhibitors Ref-
er-
ences

Hepatocellular Epigenetic Modulators [125]

Carcinoma

Melanoma o [44]

Ovarian Cancer SP-2577 [103]

Various Cancers BRD9 inhibitors (I-BRD9, BI-9564), [122]

Dexamethasone
Hematopoietic NRF2 activators [126]

Cancers,
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between BAF and PBAF a key regulatory point during
Tex subset development [49].

In summary, SWI/SNF-mutant cancer cells may evade
immune surveillance by reducing antigen presenta-
tion and inhibiting immune cell recruitment. The loss
of the PBAF complex enhances the anti-tumor efficacy
of PD-1 inhibitors and increases CD8 + T cell responses
to tumors. The BAF complex promotes the conversion
of Tex cells into effector-like T cells (Tex Eff), whereas
the PBAF complex inhibits this process, making the
BAF-PBAF balance a critical regulatory point for T cell
exhaustion. Further investigation into the role of the
SWI/SNF complex in different immune cells, combined
with clinical patient data, could provide precise insights
for cancer immunotherapy.

The relationship between SWI/SNF complexes and
DNA repair pathways

SWI/SNF complex in DNA repair pathway

The SWI/SNF complex plays a crucial role in DNA repair
pathways, including base excision repair (BER), nucleo-
tide excision repair (NER), homologous recombination
(HR), and non-homologous end joining (NHEJ).

Base excision repair (BER): BER is responsible for cor-
recting small, non-helical base lesions. The SWI/SNF
complex promotes the removal and replacement of dam-
aged bases by increasing DNA accessibility through its
ATP-dependent nucleosome remodeling function [2]. .

Nucleotide excision repair (NER): NER repairs
large, helix-distorting lesions, such as thymine dimers
induced by ultraviolet light. The SWI/SNF complex
aids in nucleosome removal, preventing its obstruction
at damaged sites and facilitating the binding of repair

Table 3 The SWI/SNF complex in DNA repair

Subunit DNA repair Signaling Associated DNA Ref-
pathway  Pathway/Tar- Cancer, Dam- er-
get Gene, age enc-
Type es.
ARID1A NHEJ,HR  RAD21,CTCF, osteosarco- DSBs [
HDAC1-RSF1  ma, breast
cancer
ARID1A/B,  HR Promotes Osteosarco- DSBs 1128
BRG1 end resection ma-U20S,
of DNA to colon
facilitate cancer-
RAD51 bind-  HCT116
ing to DNA to
promote HR.
SWI/SNF - HR RPA, ATR Lympho- ~ DSBs 17
blastic
Lymphoma
ARID1a HR P53BP1, cervical Dsgs %9
PARP1 cancer
ARID2 HR NHEJ  BRCAI1, Hepato- DSBs 1131
RAD51,53BP1  cellular
Carcinoma
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proteins for excision and synthesis. Specifically, the
BRG1 (SMARCA4) subunit of SWI/SNF is crucial for the
recruitment of NER factors [13, 127]. .

Homologous recombination (HR): In HR, the SWI/
SNF complex promotes the repair of DNA double-strand
breaks (DSBs) by enhancing chromatin relaxation at the
break sites. Subunits such as SMARCA4 and ARID1A are
recruited to DNA damage sites, facilitating HR-mediated
repair and reducing nucleosome density at the damage
site. SMARCA4 also promotes chromatin remodeling to
allow the recruitment of HR proteins, such as BRCA1 [2].

Non-homologous end joining (NHE]): NHE] requires
rapid access to DNA ends, and SWI/SNF facilitates the
binding of NHE] factors, such as Ku70/80, by displacing
nucleosomes from the DNA ends [2, 127](Table 3).

The SWI/SNF complex maintains genomic stability

The SWI/SNF complex suppresses cancer by participat-
ing in DNA damage repair and regulating the accessi-
bility of transcription factors. Mutations in SMARCBI,
SMARCA4, and ARIDIA are commonly found in rhab-
doid tumors, ovarian cancer, and clear cell renal cell car-
cinoma [2]. Loss of function of SMARCA4, ARIDI1A, or
PBRM1 leads to impaired DNA repair, accumulation of
DNA damage, and increased genomic instability [13, 98].
ARID1A mutations disrupt HR, leading to increased reli-
ance on NHE], which in turn results in error-prone DNA
repair, chromosomal instability, and uncontrolled cell
proliferation [2, 13].

In cancer, SWI/SNF mutations confer vulnerability,
including increased sensitivity to DNA-damaging agents
such as PARP inhibitors, particularly in ARID1A-mutant
tumors, as these mutations exacerbate DNA repair
defects [2, 98].

Mutations in the SWI/SNF complex lead to genomic
instability, homologous recombination (HR) repair
defects, and increased sensitivity to PARP inhibitors,
offering potential strategies for DNA repair-targeted
therapy.Future research should integrate patient data and
combination therapy strategies to optimize treatment for
SWI/SNF-mutant cancers.

SWI/SNF complexes in precision medicine

Targeted strategies in cancer treatment

Different subunits of the SWI/SNF complex, such as
ARID1A and ARID1B, provide precise targeting path-
ways in cancer therapy. By exploiting the deletion or
mutation of these subunits in cancer cells, highly selec-
tive anti-tumor therapies can be achieved, thereby reduc-
ing the impact on normal cells [15, 114].

In lung cancer, SWI/SNF mutations, particularly in
SMARCAA4, enhance dependence on oxidative phosphor-
ylation (OXPHOS), making OXPHOS inhibitors a poten-
tial therapeutic target [14]. Furthermore, tumors with
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ARID1A mutations may exhibit increased sensitivity to
drugs such as PARP inhibitors, and ARID1A mutations
could serve as predictive biomarkers for targeting DNA
damage repair pathways [51, 132].

Small molecule inhibitors Novel small molecule inhibi-
tors targeting mutations in core members of the SWI/
SNF complex, such as SMARCA4 and ARID1A, are under
development. These drugs may inhibit the proliferation and
invasiveness of cancer cells by altering chromatin structure
or regulating downstream signaling pathways associated
with the SWI/SNF complex [2].BRD9 is associated with
immune responses, suggesting its potential application in
enhancing tumor immune responses [21]. Targeting the
interaction between POU2AF2 and the SWI/SNF com-
plex in small cell lung cancer may pave the way for new
therapeutic approaches [22, 139]. In preclinical models,
the selective SMARCA2 degrader PRT3789 exhibits strong
synthetic lethality in SMARCA4-mutant cancers. Studies
indicate that combining PRT3789 with immunotherapies,
such as pembrolizumab, can enhance immune responses
and further improve treatment outcomes [14, 51].

Synthetic lethality of SWI/SNF mutations

The principle of synthetic lethality is that when one
gene is inactivated, the activity of another related gene
becomes critical. Inhibiting the related gene simultane-
ously results in cell death.

Synthetic lethal effect of BRM/SMARCA2 and BRG1/SMARCA4
SMARCA?2 (BRM) and SMARCA4 (BRG1) are function-
ally similar and exhibit functional redundancy in many
cell types. In lung adenocarcinoma and ovarian cancer,
SMARCA4 mutations are prevalent, and cancer cells
rely on SMARCA2 to maintain chromatin remodeling
and gene expression. Inhibition of SMARCA?2 prevents
these cancer cells from remodeling chromatin, leading
to gene expression dysregulation and cell death [14, 43,
51, 93]. Targeting this dependency in therapy is known as
the “synthetic lethality” strategy. Depletion of SMARCA?2
in SMARCAA4-deficient cancer cells leads to selective
tumor cell death while sparing normal cells, causing cell
cycle arrest, senescence induction, and elevated overall
H3K9me3 levels [43, 51, 93]. Sasikumar Kotagiri devel-
oped YD23 through structure-activity relationship (SAR)
studies, a potent and selective proteolysis-targeting chi-
mera (PROTAC) targeting SMARCA?2 [105]. It was found
that YD23 exhibits potent tumor growth inhibition in
SMARCA4-mutant xenografts [105].

Synthetic lethal effect of ARID1A and ARID1B

ARID1A and ARIDI1B are complementary subunits of the
SWI/SNF complex, involved in regulating gene expres-
sion, particularly by modulating the interaction between
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promoters and enhancers to control gene transcription
[41]. Under normal conditions, these two subunits can par-
tially compensate for each other. If ARID1A is inactivated
by mutation, cells rely on ARID1B to maintain the chroma-
tin remodeling function of the complex [41, 132]. Wang Z
has shown that in ARID1A-mutant cancer cells, targeting
ARID1B effectively inhibits the function of the SWI/SNF
complex, disrupting the regulation of gene expression and
ultimately inducing cell death [41]. This phenomenon forms
the basis for synthetic lethality, where the simultaneous loss
of ARID1A and ARIDI1B leads to irreversible damage in
cancer cells [41]. ARID1B-targeting inhibitors selectively
inhibit ARID1B activity in ARID1A-mutant cancer cells,
resulting in cancer cell death. In gastric and endometrial
cancers, inhibition of ARID1B has shown significant anti-
tumor effects [41, 93]. In breast cancer, ARID1B mutations
are associated with increased dependence on ARIDIA,
where the loss of ARID1A promotes uncontrolled tumor
growth. ARID1B deficiency impairs chromatin accessibility
and transcriptional regulation of tumor suppressor genes,
conferring invasive proliferation to cancer cells [1, 70]. In
ARID1A/ARID1B double-knockout liver and skin, aggres-
sive carcinogenesis occurs following dedifferentiation and
excessive proliferation [41].Co-mutations of ARID1A and
ARID1B are more common in endometrial, gastric, and
ovarian cancers, leading to synthetic lethality and chroma-
tin remodeling disruption [41, 133].

Clinical trials of SWI/SNF complexes

FHD-286 [8] targets BRM/BRG], leading to impaired
chromatin remodeling and subsequent suppression
of oncogene transcription [8] [134].FHD-286 exhib-
its potent antiproliferative activity in models of acute
myeloid leukemia (AML) and uveal melanoma [8, 134]].A
Phase I clinical trial (NCT04891757) primarily evaluates
the safety and tolerability of FHD-286 in AML patients
[36, 134]. While full trial results are yet to be released,
preliminary data suggest that FHD-286 holds promise
as a potential targeted therapy [8] [134].In SMARCBI1-
deficient solid tumors (e.g., rhabdoid tumors and chor-
domas), EZH2 sustains the dedifferentiated state of cells
by antagonizing the SWI/SNF complex [9, 10, 135, 136].
Functional mutations or loss of the SWI/SNF complex
enhance EZH2 dependency, rendering tumors sensitive
to EZH2 inhibitors [9, 10, 135, 136].

Cancers with SWI/SNF complex mutations exhibit
specific metabolic or genetic dependencies, which can
serve as critical breakthroughs for precision therapy.The
synthetic lethality strategy is the central mechanism of
SWI/SNEF-targeted therapy, offering a novel approach
for selective tumor eradication.Targeted small-molecule
inhibitors of the SWI/SNF complex have demonstrated
promising therapeutic potential but require further opti-
mization and clinical validation.These findings provide
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new research directions for SWI/SNF-targeted cancer
therapy and may pave the way for future advancements in
precision medicine.

Conclusion and perspectives

Mutations in SWI/SNF subunits are closely associated
with various cancers, making drugs targeting these muta-
tions potential therapeutic strategies.

Studies have shown that SWI/SNF inhibitors, such as
BRMO14, can enhance sensitivity to standard chemo-
therapy in certain cancer types, particularly through
significant effects on the G1 checkpoint, which is asso-
ciated with cell cycle regulation [137]. The combination
of OXPHOS inhibitors with other metabolic pathway
inhibitors targets the energy metabolism vulnerabil-
ity in SWI/SNF-mutant tumors [14]. This combination
therapy helps overcome resistance and improves overall
treatment efficacy. Mutations in the SWI/SNF complex
often lead to genomic instability, providing a poten-
tial opportunity for the use of DNA repair inhibitors
or immunotherapies. The ability of the SWI/SNF com-
plex to regulate the tumor immune microenvironment,
particularly in modulating immune cell infiltration and
immune evasion, enhances its potential as a target for
immunotherapy [138]. DNA damage-associated immune
activation triggered by ARID1A loss suggests its potential
application in enhancing the efficacy of immune check-
point inhibitors, providing a foundation for the develop-
ment of personalized treatment strategies. The synthetic
lethality between ARID1A and ARID1B, as well as the
synthetic lethality between BRM/SMARCA2 and BRG1/
SMARCA4, offers new possibilities for future precision
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medicine and combination therapies [41, 93]. More-
over, BRD9 is critical for the survival of tumors driven
by SMARCB1 mutations. BRD9 inhibitors have shown
effective anti-tumor activity in these cancers [93].

Although studies have demonstrated that mutations in
key SWI/SNF subunits are associated with cancer pro-
gression, the feasibility of targeting PBRM1, the sensitiv-
ity of SMARCBI1-deficient cancers to EZH2 inhibitors,
and the synthetic lethality of SMARCA2/4 lack clinical
validation, making it difficult to assess their potential
applications in precision medicine.Current research on
SWI/SNF-related immunotherapy primarily focuses on T
cells and macrophages, with limited exploration of other
immune cells such as NK cells, dendritic cells (DCs), and
myeloid-derived suppressor cells (MDSCs).

Many cancer therapies, including targeted therapies,
face challenges related to drug resistance. For instance,
cancer cells may evade SWI/SNF-targeted therapy by
upregulating alternative chromatin remodelers. However,
this study does not explore resistance mechanisms or
potential counterstrategies, which could impact the long-
term efficacy of these novel therapies.

Targeted therapy of chromatin remodeling factors may
affect gene regulation in normal cells, increasing the risk
of side effects. Long-term use of SWI/SNEF-targeting drugs
may lead to the development of resistance or affect chroma-
tin regulation in normal cells, necessitating further studies
to balance efficacy and safety [75, 114, 137, 138]. The diver-
sity of roles played by different SWI/SNF subunits in vari-
ous cancer types adds complexity to targeted therapies. It is
crucial to further investigate the specific functions of these
subunits in tumors to optimize treatment strategies.(Fig. 3).

[ arpiB > ARDIA >
[ Permt > swarcas >
[ ew > >

BRG1

3 4
S ot
Lo ;% RGBS

’9

ARID1IA

Gene g (uricor )
mutations in [> E (Parur ) ‘ hcm @
the SWISNF i
complex and =
cancer & (=) (==

- 7 JM‘?CBI ~f

\ T (¢ m

OXPHOSIHI7]
PARP#I17)



Hao et al. Epigenetics & Chromatin (2025) 18:22

Author contributions
Feng-Xiang Hao and Bin Zhao took the lead in writing the manuscript. Ying
Zhang and Jia-Yi Hou discussed the contents and edited the manuscript.

Funding
This work was supported by the National Natural Science Foundation Youth

Science Fund project of china (Nos. 82202622).

Data availability
No datasets were generated or analysed during the current study.

Declarations

Competing interests
The authors declare no competing interests.

Received: 12 December 2024 / Accepted: 15 April 2025
Published online: 23 April 2025

References

1.

Li K, Wang B, Hu H. Research progress of SWI/SNF complex in breast cancer.
Epigenetics Chromatin. 2024;17(1):4.

Mittal P, Roberts C. The SWI/SNF complex in cancer - biology, biomarkers and
therapy. Nat Rev Clin Oncol. 2020;17(7):435-48.

Mashtalir N, Suzuki H, Farrell DP, et al. A structural model of the

endogenous human BAF complex informs disease mechanisms. Cell.
2020;183(3):802-e81724.

Kadoch C, Crabtree GR. Mammalian SWI/SNF chromatin remodeling com-
plexes and cancer: mechanistic insights gained from human genomics. Sci
Adv. 2015;1(5):1500447.

Kadoch C, Hargreaves DC, Hodges C, et al. Proteomic and bioinformatic
analysis of mammalian SWI/SNF complexes identifies extensive roles in
human malignancy. Nat Genet. 2013;45(6):592-601.

Jiménez C, Antonelli R, Nadal-Ribelles M, et al. Structural disruption of BAF
chromatin remodeller impairs neuroblastoma metastasis by reverting an
invasiveness epigenomic program. Mol Cancer. 2022;21(1):175.

Saqcena M, Leandro-Garcia LJ, Maag J, et al. SWI/SNF complex mutations
promote thyroid tumor progression and insensitivity to redifferentiation
therapies. Cancer Discov. 2021;11(5):1158-75.

Xu G, Chhangawala S, Cocco E, et al. ARIDTA determines luminal identity and
therapeutic response in estrogen-receptor-positive breast cancer. Nat Genet.
2020;52(2):198-207.

Nagarajan S, Rao SV, Sutton J, et al. ARID1A influences HDAC1/BRD4 activity,
intrinsic proliferative capacity and breast cancer treatment response. Nat
Genet. 2020;52(2):187-97.

Sievers Q, Abdel-Wahab O. SWI/SNF regulation of germinal center fate and
lymphomagenesis. Cancer Cell. 2024;42(4):507-9.

Zhou W, Liu H, Yuan Z, et al. Targeting the mevalonate pathway sup-
presses ARID1A-inactivated cancers by promoting pyroptosis. Cancer Cell.
2023;41(4):740-€75610.

Jana S, Brahma S, Arora S, et al. Transcriptional-translational conflict is a
barrier to cellular transformation and cancer progression. Cancer Cell.
2023;41(5):853-87013.

Chang L, Azzolin L, Di Biagio D, et al. The SWI/SNF complex is a mechano-
regulated inhibitor of YAP and TAZ. Nature. 2018;563(7730):265-9.

Lissanu Deribe Y, Sun'Y, Terranova C, et al. Mutations in the SWI/SNF complex
induce a targetable dependence on oxidative phosphorylation in lung
cancer. Nat Med. 2018;24(7):1047-57.

Wang Z, Zhang X, Luo Y, et al. Therapeutic targeting of ARID1A-deficient
cancer cells with RITA (Reactivating p53 and inducing tumor apoptosis). Cell
Death Dis. 2024;15(5):375.

Hayashi A, Hong J, lacobuzio-Donahue CA. The pancreatic cancer genome
revisited. Nat Rev Gastroenterol Hepatol. 2021;18(7):469-81.

Wang X, Song C, Ye Y, et al. BRD9-mediated control of the TGF-B/Activin/
Nodal pathway regulates self-renewal and differentiation of human
embryonic stem cells and progression of cancer cells. Nucleic Acids Res.
2023;51(21):11634-51.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 14 of 17

Karakashev S, Fukumoto T, Zhao B, et al. EZH2 Inhibition sensitizes CARM1-
High, homologous recombination proficient ovarian cancers to PARP Inhibi-
tion. Cancer Cell. 2020;37(2):157-e1676.

XiaoY, Lin FT, Lin WC. ACTL6A promotes repair of cisplatin-induced DNA
damage, a new mechanism of platinum resistance in cancer. Proc Natl Acad
SciUS A 2021;118(3):22015808118.

Wang Y, Hoang L, Ji JX, Huntsman DG. SWI/SNF complex mutations in
gynecologic cancers: molecular mechanisms and models. Annu Rev Pathol.
2020;15:467-92.

ChenY, Gao Z, Mohd-lbrahim |, et al. Pan-cancer analyses of bromodomain
containing 9 as a novel therapeutic target reveals its diagnostic, prognostic
potential and biological mechanism in human tumours. Clin Trans| Med.
2024;14(2):21543.

Spisak S, Chen D, Likasitwatanakul P, et al. Identifying regulators of aberrant
stem cell and differentiation activity in colorectal cancer using a dual endog-
enous reporter system. Nat Commun. 2024;15(1):2230.

Zhang X, Zhang Y, Zhang Q, et al. Role of AT-rich interaction domain TA in
gastric cancer immunotherapy: preclinical and clinical perspectives. J Cell
Mol Med. 2023;28(5):e18063.

LuS, Duan R, Cong L, Song Y. The effects of ARID1A mutation in gastric
cancer and its significance for treatment. Cancer Cell Int. 2023;23(1):296.
Schmitz U, Mueller W, Weber M, Sévenet N, Delattre O, von Deimling A. INI1
mutations in meningiomas at a potential hotspot in exon 9. Br J Cancer.
2001;84(2):199-201.

Weber M, Stockhammer F, Schmitz U, von Deimling A. Mutational analysis of
INIT in sporadic human brain tumors. Acta Neuropathol. 2001;101(5):479-82.
Roberts CW, Leroux MM, Fleming MD, Orkin SH. Highly penetrant, rapid
tumorigenesis through conditional inversion of the tumor suppressor gene
Snf5. Cancer Cell. 2002;2(5):415-25.

Roberts CW, Galusha SA, McMenamin ME, Fletcher CD, Orkin SH. Haploinsuf-
ficiency of Snf5 (integrase interactor 1) predisposes to malignant rhabdoid
tumors in mice. Proc Natl Acad Sci U S A. 2000;97(25):13796-800.

Park JI, Venteicher AS, Hong JY, et al. Telomerase modulates Wnt signalling by
association with target gene chromatin. Nature. 2009;460(7251):66-72.
Pham LV, Tamayo AT, Li C, Bueso-Ramos C, Ford RJ. An epigenetic chromatin
remodeling role for NFATCT in transcriptional regulation of growth and sur-
vival genes in diffuse large B-cell ymphomas. Blood. 2010;116(19):3899-906.
Shain AH, Giacomini CP, Matsukuma K, et al. Convergent structural alterations
define switch/sucrose nonfermentable (SWI/SNF) chromatin remodeler as a
central tumor suppressive complex in pancreatic cancer. Proc Natl Acad Sci U
S A.2012;,109(5):E252-9.

Jones S,Wang TL, leM S, et al. Frequent mutations of chromatin remodeling
gene ARIDTA in ovarian clear cell carcinoma. Science. 2010;330(6001):228-31.
Wiegand KC, Shah SP, Al-Agha OM, et al. ARIDTA mutations in endometriosis-
associated ovarian carcinomas. N Engl J Med. 2010;363(16):1532-43.

Wang K, Kan J, Yuen ST, et al. Exome sequencing identifies frequent
mutation of ARIDTA in molecular subtypes of gastric cancer. Nat Genet.
2011;43(12):1219-23.

Stephens PJ, Tarpey PS, Davies H, et al. The landscape of cancer genes and
mutational processes in breast cancer. Nature. 2012;486(7403):400-4.
Cancer Genome Atlas Research Network. Comprehensive molecular charac-
terization of clear cell renal cell carcinoma. Nature. 2013;499(7456):43-9.
Hakimi AA, Chen YB, Wren J, et al. Clinical and pathologic impact of select
chromatin-modulating tumor suppressors in clear cell renal cell carcinoma.
Eur Urol. 2013;63(5):848-54.

Kapur P, Pena-Llopis S, Christie A, et al. Effects on survival of BAP1 and PBRM1
mutations in sporadic clear-cell renal-cell carcinoma: a retrospective analysis
with independent validation. Lancet Oncol. 2013;14(2):159-67.

Anbunathan H, Verstraten R, Singh AD, Harbour JW, Bowcock AM. Integrative
copy number analysis of uveal melanoma reveals novel candidate genes
involved in tumorigenesis including a tumor suppressor role for PHF10/
BAF45a. Clin Cancer Res. 2019;25(16):5156-66.

Hiramatsu H, Kobayashi K, Kobayashi K, et al. The role of the SWI/SNF chro-
matin remodeling complex in maintaining the stemness of glioma initiating
cells. Sci Rep. 2017,7(1):889.

Wang Z, Chen K, Jia Y, et al. Dual ARID1A/ARID1B loss leads to rapid
carcinogenesis and disruptive redistribution of BAF complexes. Nat Cancer.
2020;1(9):909-22.

Kelso T, Porter DK, Amaral ML, Shokhirev MN, Benner C, Hargreaves DC.
Chromatin accessibility underlies synthetic lethality of SWI/SNF subunits in
ARIDTA-mutant cancers. Elife. 2017;6:230506.



Hao et al. Epigenetics & Chromatin

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

(2025) 18:22

Hoffman GR, Rahal R, Buxton F, et al. Functional epigenetics approach
identifies BRM/SMARCA2 as a critical synthetic lethal target in BRG1-deficient
cancers. Proc Natl Acad Sci U S A. 2014;111(8):3128-33.

Pan D, Kobayashi A, Jiang P, et al. A major chromatin regulator deter-

mines resistance of tumor cells to T cell-mediated killing. Science.
2018,359(6377):770-5.

LiN, LiuQ HanY, et al. ARID1A loss induces polymorphonuclear myeloid-
derived suppressor cell chemotaxis and promotes prostate cancer progres-
sion. Nat Commun. 2022;13(1):7281.

Ertl H. SWI/SNF function compensated by another chromatin remodeller. Nat
Rev Genet. 2024;25(1):5.

Eustermann S, Patel AB, Hopfner KP, He Y, Korber P. Energy-driven genome
regulation by ATP-dependent chromatin remodellers. Nat Rev Mol Cell Biol.
2024,25(4):309-32.

Han'Y, Reyes AA, Malik S, He Y. Cryo-EM structure of SWI/SNF complex bound
to a nucleosome. Nature. 2020;579(7799):452-5.

Baxter AE, Huang H, Giles JR, et al. The SWI/SNF chromatin remodeling
complexes BAF and PBAF differentially regulate epigenetic transitions in
exhausted CD8(+) T cells. Immunity. 2023;56(6):1320-e134010.

Bayona-Feliu A, Barroso S, Mufioz S, Aguilera A. The SWI/SNF chromatin
remodeling complex helps resolve R-loop-mediated transcription-replication
conflicts. Nat Genet. 2021;53(7):1050-63.

Malone HA, Roberts C. Chromatin remodellers as therapeutic targets. Nat Rev
Drug Discov. 2024;23(9):661-681.

Huang C, Zhou S, Zhang C, et al. ZC3H13-mediated N6-methyladenosine
modification of PHF10 is impaired by Fisetin which inhibits the DNA damage
response in pancreatic cancer. Cancer Lett. 2022;530:16-28.

Soshnikova NV, Tatarskiy EV, Tatarskiy VV, et al. PHF10 subunit of PBAF
complex mediates transcriptional activation by MYC. Oncogene.
2021,40(42):6071-80.

Mota M, Sweha SR, Pun M, et al. Targeting SWI/SNF ATPases in

H3.3K27M diffuse intrinsic Pontine gliomas. Proc Natl Acad Sci U S A.
2023;120(18):22221175120.

Barisic D, Stadler MB, lurlaro M, Schiibeler D. Mammalian ISWI and SWI/

SNF selectively mediate binding of distinct transcription factors. Nature.
2019,569(7754):136-40.

Jancewicz |, Siedlecki JA, Sarnowski TJ, Sarnowska E. BRM: the core ATPase
subunit of SWI/SNF chromatin-remodelling complex-a tumour suppressor or
tumour-promoting factor. Epigenetics Chromatin. 2019;12(1):68.

Ricciuti B, Elkrief A, Alessi J, et al. Clinicopathologic, genomic, and immuno-
phenotypic landscape of ATM mutations in Non-Small cell lung Cancer. Clin
Cancer Res. 2023;29(13):2540-50.

Wang X, Wang Y, Fang Z, et al. Targeting HSPATA in ARID2-deficient lung
adenocarcinoma. Natl Sci Rev. 2021;8(10):nwab014.

Ertl IE, Brettner R, Kronabitter H, et al. The SMARCD family of SWI/SNF
accessory proteins is involved in the transcriptional regulation of androgen
Receptor-Driven genes and plays a role in various essential processes of
prostate Cancer. Cells. 2022;12(1):124.

Seving K, Seving GG, Cavga AD, et al. BRD9-containing non-canonical BAF
complex maintains somatic cell transcriptome and acts as a barrier to human
reprogramming. Stem Cell Rep. 2022;17(12):2629-42.

Wrensch M, Kelsey KT, Liu M, et al. ERCC1 and ERCC2 polymorphisms and
adult glioma. Neuro Oncol. 2005;7(4):495-507.

Rajaraman P, Hutchinson A, Wichner S, et al. DNA repair gene polymorphisms
and risk of adult meningioma, glioma, and acoustic neuroma. Neuro Oncol.
2010;12(1):37-48.

Hu K, Li Y, Wu W, et al. ATM-Dependent recruitment of BRD7 is required for
transcriptional repression and DNA repair at DNA breaks flanking transcrip-
tional active regions. Adv Sci (Weinh). 2020;7(20):2000157.

Burrows AE, Smogorzewska A, Elledge SJ. Polybromo-associated BRG1-
associated factor components BRD7 and BAF180 are critical regulators of p53
required for induction of replicative senescence. Proc Natl Acad Sci U S A.
2010;107(32):14280-5.

Mu J, Sun X, Zhao Z, Sun H, Sun P.BRD9 Inhibition promotes PUMA-depen-
dent apoptosis and augments the effect of Imatinib in Gastrointestinal
stromal tumors. Cell Death Dis. 2021;12(11):962.

Zhou Q, Huang J, Zhang C, et al. The bromodomain containing protein BRD-9
orchestrates RAD51-RAD54 complex formation and regulates homologous
recombination-mediated repair. Nat Commun. 2020;11(1):2639.

Weisberg E, Chowdhury B, Meng C, et al. BRD9 degraders as chemosensitizers
in acute leukemia and multiple myeloma. Blood Cancer J. 2022;12(7):110.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Page 15 of 17

Kurata K, Samur MK, Liow P, et al. BRD9 degradation disrupts ribosome
biogenesis in multiple myeloma. Clin Cancer Res. 2023;29(9):1807-21.

Feng Y, Cai L, Pook M, et al. BRD9-SMAD2/3 orchestrates stemness and
tumorigenesis in pancreatic ductal adenocarcinoma. Gastroenterology.
2024;166(1):139-54.

He S,Wu Z Tian Y, et al. Structure of nucleosome-bound human BAF com-
plex. Science. 2020;367(6480):875-81.

Wei D, Goldfarb D, Song S, et al. SNF5/INIT deficiency redefines chromatin
remodeling complex composition during tumor development. Mol Cancer
Res. 2014;12(11):1574-85.

Wang X, Lee RS, Alver BH, et al. SMARCB1-mediated SWI/SNF complex func-
tion is essential for enhancer regulation. Nat Genet. 2017;49(2):289-95.
Bhat-Nakshatri P, Kumar B, Simpson E, et al. Breast Cancer cell detec-

tion and characterization from breast Milk-Derived cells. Cancer Res.
2020;80(21):4828-39.

Yang PB, Hou PP, Liu FY, et al. Blocking PPARy interaction facilitates Nur77
interdiction of fatty acid uptake and suppresses breast cancer progression.
Proc Natl Acad Sci U S A. 2020;117(44):27412-22.

Bakr A, Corte GD, Veselinov O, et al. ARIDTA regulates DNA repair through
chromatin organization and its deficiency triggers DNA damage-mediated
anti-tumor immune response. Nucleic Acids Res. 2024;52(10):5698-719.
Tessier-Cloutier B, Kommoss F, Kolin DL, et al. Dedifferentiated and undif-
ferentiated ovarian carcinoma: an aggressive and molecularly distinct ovarian
tumor characterized by frequent SWI/SNF complex inactivation. Mod Pathol.
2024;37(1):100374.

Botta GP, Kato S, Patel H, et al. SWI/SNF complex alterations as a biomarker of
immunotherapy efficacy in pancreatic cancer. JCl Insight. 2021,6(18):e150453.
[piil.

Zhu G, ShiR, LiY, et al. ARIDTA, ARID1B, and ARID2 mutations serve as poten-
tial biomarkers for immune checkpoint Blockade in patients with Non-Small
cell lung Cancer. Front Immunol. 2021;12:670040.

Sun D, Tian L, Zhu Y, et al. Subunits of ARID1 serve as novel biomarkers for
the sensitivity to immune checkpoint inhibitors and prognosis of advanced
non-small cell lung cancer. Mol Med. 2020;26(1):78.

Li M, Gao X, Wang X. Identification of tumor mutation burden-associated
molecular and clinical features in cancer by analyzing multi-omics data. Front
Immunol. 2023;14:1090838.

Serio P, de Lima Pereira GF, Katayama M, Roela RA, Maistro S, Folgueira M.
Somatic mutational profile of High-Grade serous ovarian carcinoma and
Triple-Negative breast carcinoma in young and elderly patients: similarities
and divergences. Cells. 2021;10(12):3586.

Da Cruz Paula A, Delair DF, Ferrando L, et al. Genetic and molecular subtype
heterogeneity in newly diagnosed early- and advanced-stage endometrial
cancer. Gynecol Oncol. 2021;161(2):535-44.

Musolf AM, Simpson CL, Moiz BA, et al. Genetic variation and recurrent haplo-
types on chromosome 6g23-25 risk locus in Familial lung Cancer. Cancer Res.
2021;81(12):3162-73.

Yu C, Lei X, Chen F, et al. ARID1A loss derepresses a group of human endog-
enous retrovirus-H loci to modulate BRD4-dependent transcription. Nat
Commun. 2022;13(1):3501.

Gu X, Enane F, Tohme R, et al. PBRM1 loss in kidney cancer unbalances the
proximal tubule master transcription factor hub to repress proximal tubule
differentiation. Cell Rep. 2021;36(12):109747.

Tang J, Peng W, Tian C, et al. Molecular characteristics of early-onset com-
pared with late-onset colorectal cancer: a case controlled study. Int J Surg.
2024;110(8):4559-70.

Astier C, Ngo C, Colmet-Daage L, et al. Molecular profiling of biliary tract
cancers reveals distinct genomic landscapes between Circulating and tissue
tumor DNA. Exp Hematol Oncol. 2024;13(1):2.

HeT, Cheng C, Qiao Y, et al. Development of an orally bioavailable mSWI/SNF
ATPase degrader and acquired mechanisms of resistance in prostate cancer.
Proc Natl Acad Sci U S A. 2024;121(15):2322563121.

Kelly AD, Murugesan K, Kuang Z, et al. Pan-cancer landscape of CD274 (PD-
L1) rearrangements in 283,050 patient samples, its correlation with PD-L1
protein expression, and immunotherapy response. J Immunother Cancer.
2021;9(11):e003550.

He X, Xu J, Niu N, et al. PBRM1 presents a potential prognostic marker

and therapeutic target in duodenal papillary carcinoma. Clin Transl Med.
2022;12(10):e1062.

Yao X, Hong JH, Nargund AM, et al. PBRM1-deficient PBAF complexes target
aberrant genomic loci to activate the NF-kB pathway in clear cell renal cell
carcinoma. Nat Cell Biol. 2023;25(5):765-77.



Hao et al. Epigenetics & Chromatin

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

111

115.

(2025) 18:22

LiuW, Zhang B, Zhang D, et al. The RBPJ/DAPK3/UBE3A signaling axis induces
PBRM1 degradation to modulate the sensitivity of renal cell carcinoma to
CDK4/6 inhibitors. Cell Death Dis. 2022;13(4):295.

Michel BC, D'Avino AR, Cassel SH, et al. A non-canonical SWI/SNF complex is
a synthetic lethal target in cancers driven by BAF complex perturbation. Nat
Cell Biol. 2018;20(12):1410-20.

Sasaki M, Kato D, Murakami K; et al. Targeting dependency on a paralog

pair of CBP/p300 against de-repression of KREMEN2 in SMARCB1-deficient
cancers. Nat Commun. 2024;15(1):4770.

Kuwahara Y, Charboneau A, Knudsen ES, Weissman BE. Reexpression of
hSNF5 in malignant rhabdoid tumor cell lines causes cell cycle arrest through
a p21(CIP1/WAF1)-dependent mechanism. Cancer Res. 2010;70(5):1854-65.
Ouchi K, KuwaharaY, lehara T, et al. A NOXA/MCL-1 imbalance under-

lies chemoresistance of malignant rhabdoid tumor cells. J Cell Physiol.
2016;231(9):1932-40.

Jagani Z, Mora-Blanco EL, Sansam CG, et al. Loss of the tumor suppressor
Snf5 leads to aberrant activation of the Hedgehog-Gli pathway. Nat Med.
2010;16(12):1429-33.

Xiao L, Parolia A, Qiao Y, et al. Targeting SWI/SNF ATPases in enhancer-
addicted prostate cancer. Nature. 2022,601(7893):434-9.

Concepcion CP, Ma S, LaFave LM, et al. Smarca4 inactivation promotes
Lineage-Specific transformation and early metastatic features in the lung.
Cancer Discov. 2022;12(2):562-85.

Zhou C,Wang D, Li J, et al. TGFB2-AS1 inhibits triple-negative breast cancer
progression via interaction with SMARCA4 and regulating its targets TGFB2
and SOX2. Proc Natl Acad Sci U S A. 2022;119(39):e21179881109.
Panditharatna E, Marques JG, Wang T, et al. BAF complex maintains glioma
stem cells in pediatric H3K27M glioma. Cancer Discov. 2022;12(12):2880-905.
Jin X,You L, Qiao J, Han W, Pan H. Autophagy in colitis-associated colon
cancer: exploring its potential role in reducing initiation and preventing IBD-
Related CAC development. Autophagy. 2024,20(2):242-58.

Soldi R, Ghosh Halder T, Weston A, et al. The novel reversible LSD1 inhibitor
SP-2577 promotes anti-tumor immunity in SWitch/Sucrose-NonFermentable
(SWI/SNF) complex mutated ovarian cancer. PLoS ONE. 2020;15(7):e0235705.
Xu M, Zhang J, Lu X, Liu F, Shi S, Deng X. MiR-199a-5p-Regulated SMARCA4
promotes oral squamous cell carcinoma tumorigenesis. Int J Mol Sci.
2023,24(5):4756.

Kotagiri S, Blazanin N, Xi Y et al. Enhancer reprogramming underlies thera-
peutic utility of a SMARCA2 degrader in SMARCA4 mutant cancer. Cell Chem
Biol. 2024;31(12):2069-2084.e9.

Zhang W, Ruan X, Huang Y, et al. SETMAR facilitates the differentiation of
thyroid Cancer by regulating SMARCA2-Mediated chromatin remodeling.
Adv Sci (Weinh). 2024;11(32):2401712.

Alessi JV, Ricciuti B, Spurr LF, et al. SMARCA4 and other switch/sucrose
nonfermentable family genomic alterations in NSCLC: clinicopathologic char-
acteristics and outcomes to immune checkpoint Inhibition. J Thorac Oncol.
2021;16(7):1176-87.

Zhu X, Fu Z, Chen SY, et al. Alanine supplementation exploits glutamine
dependency induced by SMARCA4/2-loss. Nat Commun. 2023;14(1):28%4.
Nyman J, Denize T, Bakouny Z, et al. Spatially aware deep learning reveals
tumor heterogeneity patterns that encode distinct kidney cancer States. Cell
Rep Med. 2023;4(9):101189.

. Han F,Yang B, Zhou M, et al. GLTSCR1 coordinates alternative splicing and

transcription elongation of ZO1 to regulate colorectal cancer progression. J
Mol Cell Biol. 2022;14(2):mjac009.

ShiH,Tao T, Abraham BJ, et al. ARID1A loss in neuroblastoma promotes the
adrenergic-to-mesenchymal transition by regulating enhancer-mediated
gene expression. Sci Adv. 2020;6(29):eaaz3440.

. Yu ZG, LiT, Tully E, et al. Temozolomide sensitizes ARID1A-Mutated cancers to

PARP inhibitors. Cancer Res. 2023;83(16):2750-62.

. ZhuT, LiQ Zhang Z et al. ARID1A loss promotes RNA editing of CDK13 in an

ADART-dependent manner. BMC Biol. 2024;22(1):132.

. Mermet-Meillon F, Mercan S, Bauer-Probst B et al. Protein destabilization

underlies pathogenic missense mutations in ARID1B. Nat Struct Mol Biol.
2024;31(7):1018-1022.

Tessier-Cloutier B. ARID1B immunohistochemistry is an important test for the
diagnosis of dedifferentiated and undifferentiated gynecologic malignancies.
Cancers (Basel). 2023;15(17):4229.

117.

119.

121

123.

124.

126.

130.

132.

134.

136.

Page 16 of 17

. Reddy D, Bhattacharya S, Levy M, et al. Paraspeckles interact with SWI/

SNF subunit ARID1B to regulate transcription and splicing. EMBO Rep.
2023;24(1):e55345.

Moffat JJ, Smith AL, Jung EM, Ka M, Kim WY. Neurobiology of ARID1B haplo-
insufficiency related to neurodevelopmental and psychiatric disorders. Mol
Psychiatry. 2022,27(1):476-89.

. NiuW, LuoY, Zhou Y, et al. BRD7 suppresses invasion and metastasis in breast

cancer by negatively regulating YB1-induced epithelial-mesenchymal transi-
tion. J Exp Clin Cancer Res. 2020;39(1):30.

Karim RM, Chan A, Zhu JY, Schénbrunn E. Structural basis of inhibi-

tor selectivity in the BRD7/9 subfamily of bromodomains. J Med Chem.
2020,63(6):3227-37.

. LiX, Wang Y, Deng S, et al. Loss of SYNCRIP unleashes APOBEC-driven muta-

genesis, tumor heterogeneity, and AR-targeted therapy resistance in prostate
cancer. Cancer Cell. 2023;41(8):1427-e144912.

Ordonez-Rubiano SC, Maschinot CA, Wang S, et al. Rational design and
development of selective BRD7 bromodomain inhibitors and their activity in
prostate Cancer. J Med Chem. 2023,66(16):11250-70.

. Ahmed NS, Gatchalian J, Ho J, et al. BRD9 regulates interferon-stimulated

genes during macrophage activation via Cooperation with BET protein BRD4.
Proc Natl Acad SciU S A. 2022;119(1):e2110812119.

Liao J, Ho J, Burns M, Dykhuizen EC, Hargreaves DC. Collaboration between
distinct SWI/SNF chromatin remodeling complexes directs enhancer
selection and activation of macrophage inflammatory genes. Immunity.
2024;57(8):1780-1795.€9.

Liao J, Hargreaves DC. Coordination of transcription factors and SWI-SNF
complexes regulates chromatin priming in developing T cells. Nat Immunol.
2024;25(5):725-7.

. Wang S, Meng L, Xu N et al. Hepatocellular carcinoma-specific epigenetic

checkpoints bidirectionally regulate the antitumor immunity of CD4+T cells.
Cell Mol Immunol. 2024;21(11):1296-1308.

Mas G, Man N, Nakata Y, et al. The SWI/SNF chromatin-remodeling subunit
DPF2 facilitates NRF2-dependent antiinflammatory and antioxidant gene
expression. J Clin Invest. 2023;133(13):e158419.

. Wilson BG, Roberts CW. SWI/SNF nucleosome remodellers and cancer. Nat

Rev Cancer. 2011;11(7):481-92.

. Davo-Martinez C, Helfricht A, Ribeiro-Silva C, et al. Different SWI/SNF

complexes coordinately promote R-loop- and RAD52-dependent
transcription-coupled homologous recombination. Nucleic Acids Res.
2023;51(17):9055-74.

. Alvarez S, da Silva Aimeida AC, Albero R, et al. Functional mapping of PHF6

complexes in chromatin remodeling, replication dynamics, and DNA repair.
Blood. 2022;139(23):3418-29.

Stubbs FE, Flynn BP, Rivers CA, et al. Identification of a novel GR-ARID1a-
P53BP1 protein complex involved in DNA damage repair and cell cycle
regulation. Oncogene. 2022;41(50):5347-60.

. He DD, Shang XY, Wang N, et al. BRD4 Inhibition induces synthetic lethality

in ARID2-deficient hepatocellular carcinoma by increasing DNA damage.
Oncogene. 2022;41(10):1397-409.

Andrades A, Peinado P, Alvarez-Perez JC, et al. SWI/SNF complexes in hemato-
logical malignancies: biological implications and therapeutic opportunities.
Mol Cancer. 2023;22(1):39.

. Courtet K, Laizet Y, Lucchesi C, Bessede A, Italiano A. Inactivating mutations in

genes encoding for components of the BAF/PBAF complex and immune-
checkpoint inhibitor outcome. Biomark Res. 2020;8:26.

Vaswani RG, Huang DS, Anthony N, et al. Discovery of FHD-286, a First-in-
Class, orally bioavailable, allosteric dual inhibitor of the Brahma homologue
(BRM) and Brahma-Related gene 1 (BRG1) ATPase activity for the treatment
of switch/sucrose Non-Fermentable (SWI/SNF) dependent cancers. J Med
Chem. 2025,68(2):1772-92.

. lzutsu K, Ando K, Nishikori M, et al. Phase Il study of Tazemetostat for relapsed

or refractory B-cell non-Hodgkin lymphoma with EZH2 mutation in Japan.
Cancer Sci. 2021;112(9):3627-35.

Gounder MM, Zhu G, Roshal L, et al. Immunologic correlates of the abscopal
effect in a SMARCB1/INI1-negative poorly differentiated Chordoma after
EZH2 Inhibition and radiotherapy. Clin Cancer Res. 2019;25(7):2064-71.



Hao et al. Epigenetics & Chromatin (2025) 18:22

137. Cermakova K, Tao L, Dejmek M, et al. Reactivation of the G1 enhancer
landscape underlies core circuitry addiction to SWI/SNF. Nucleic Acids Res.
2024,52(1):4-21.

138. Chaudhri A, Lizee G, Hwu P, Rai K. Chromatin remodelers are regulators of the
tumor immune microenvironment. Cancer Res. 2024;84(7):965-76.

139. Szczepanski A, Tsuboyama N, Lyu H, et al,, et al. A SWI/SNF-dependent
transcriptional regulation mediated by POU2AF2/C110rf53 at enhancer. Nat
Commun. 2024;15(1):2067.

Page 17 of 17

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Chromatin remodeling and cancer: the critical influence of the SWI/SNF complex
	﻿Abstract
	﻿Background
	﻿Research significance
	﻿Historical research progress of SWI/SNF complex
	﻿2001–2002 Studies on SMARCB1 in tumor suppression
	﻿2009–2010 Studies on SMARCA2/SMARCA4 in tumor suppression
	﻿2010–2012 Studies on ARID1A/ARID1B in tumor suppression
	﻿2013–2014 Studies on PBRM1 in tumor suppression
	﻿2017–2019 Studies on PHF10 and DPF proteins in tumor suppression
	﻿2014–2017 Synthetic lethal effect of SWI/SNF complex
	﻿2018–2022 Tumor microenvironment of SWI/SNF complex
	﻿2023–2024 Compensatory role of EP400/TIP60 in the SWI/SNF complex


	﻿Structure and function of SWI/SNF complex
	﻿Composition of SWI/SNF complex
	﻿BRG1/SMARCA4 and BRM/SMARCA2
	﻿ARID1A和ARID1B
	﻿ARID2
	﻿SMARCD1/2/3
	﻿GLTSCR1
	﻿BRD7
	﻿BRD9


	﻿Three-Dimensional structure and function of the SWI/SNF complex
	﻿The functional mechanism of the SWI/SNF complex
	﻿Gene mutations of the SWI/SNF complex and their impact on cancer
	﻿Mutations of the ARID1A subunit and their impact on cancer
	﻿The synergistic interaction of ARID1A with transcription factors
	﻿Signaling pathway and target genes involved in ARID1A
	﻿Association of ARID1A with other factors


	﻿Mutations of the ARID1B subunit and their impact on cancer
	﻿Mutations of the PBRM1 subunit and their impact on cancer
	﻿The synergistic interaction of PBRM1 with transcription factors
	﻿Signaling pathway and target genes involved in PBRM1
	﻿Associations of PBRM1 with other factors

	﻿Mutations of the SMARCB1 subunit and their impact on cancer
	﻿SMARCB1 and tumor cell proliferation and invasion
	﻿SMARCB1-associated transcription factors and gene regulation

	﻿Mutations of SMARCA2/4 subunits and their impact on cancer
	﻿Effects of SMARCA2/4 on tumor proliferation and invasion
	﻿Interaction of SMARCA4 with Other SWI/SNF subunits and factors

	﻿SWI/SNF complex and immune regulation
	﻿Role of the SWI/SNF complex in macrophages and T cells
	﻿Chromatin Remodeling and Regulation in T Cells
	﻿Chromatin remodeling and regulation in macrophages


	﻿Effect of SWI/SNF mutation on tumor immunotherapy
	﻿The relationship between SWI/SNF complexes and DNA repair pathways
	﻿SWI/SNF complex in DNA repair pathway
	﻿The SWI/SNF complex maintains genomic stability

	﻿SWI/SNF complexes in precision medicine
	﻿Targeted strategies in cancer treatment
	﻿Synthetic lethality of SWI/SNF mutations
	﻿Synthetic lethal effect of BRM/SMARCA2 and BRG1/SMARCA4
	﻿Synthetic lethal effect of ARID1A and ARID1B


	﻿Clinical trials of SWI/SNF complexes
	﻿Conclusion and perspectives
	﻿References


