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Abstract: ATP-dependent chromatin-remodeling complexes can reorganize and remodel chromatin
and thereby act as important regulator in various cellular processes. Based on considerable studies
over the past two decades, it has been confirmed that the abnormal function of chromatin remodeling
plays a pivotal role in genome reprogramming for oncogenesis in cancer development and/or
resistance to cancer therapy. Recently, exciting progress has been made in the identification of genetic
alteration in the genes encoding the chromatin-remodeling complexes associated with tumorigenesis,
as well as in our understanding of chromatin-remodeling mechanisms in cancer biology. Here,
we present preclinical evidence explaining the signaling mechanisms involving the chromatin-
remodeling misregulation-induced cancer cellular processes, including DNA damage signaling,
metastasis, angiogenesis, immune signaling, etc. However, even though the cumulative evidence
in this field provides promising emerging molecules for therapeutic explorations in cancer, more
research is needed to assess the clinical roles of these genetic cancer targets.
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1. Introduction

In eukaryotes, genetic information is stored in the chromatin. Chromatin is orga-
nized into repeated units of nucleosomes, in which DNA is tightly packaged into the
histone octamer. Two copies of histones (that is the core histones, H2A, H2B, H3, and
H4) are linked by histone H1 and comprise the histone octamer, and the assembled hi-
stone octamers are further organized to form higher-order chromatin that has several
additional chromatin-interacting proteins. Due to compositional diversity, chromatin is
highly dynamic and plastic, thereby providing it with high potential to modify genome
topology and to orchestrate gene regulation in many aspects of cellular processes [1]. Dur-
ing DNA methylation, the complex post-translational modifications of chromatin proteins
and chromatin-remodeling activity are the main heritable epigenetic characteristics [2].
Among these, chromatin remodeling has emerged in recent years as an important regulator
for the precise control of the development of tissues and organs, as well as for disease
progression in living organisms.

Studies of the underlying mechanistic alterations during disease progression in chro-
matin remodeling have identified numerous regulatory factors, and have revealed novel
mechanistic and functional insights into the relationships of chromatin-remodeling hetero-
geneity and disease progression, especially in development and treatment of cancer [3].
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Chromatin remodeling links the genome with its functional phenotype through several pri-
mary mechanisms: (1) ATP-dependent chromatin-remodeling complexes ensure the proper
distribution of nucleosomes; (2) remodeling complexes move or eject histones to allow tran-
scription factors to bind to DNA; and (3) remodeling complexes replace the histone with
variants of the histone. Thereby, genome-wide nucleosome positioning and composition
are tailored by specialized remodelers. In recent years, profound advancements have been
made in understanding cancer mechanisms, providing new insights into the molecular pro-
cesses underlying tumor progression and indicating novel treatment strategies. In addition,
the extensively developed molecular biology techniques are allowing a new appreciation of
the role of chromatin remodeling in disease development, particularly in cancer [4]. In this
review, we provide an overview of our current understanding of chromatin remodeling
and its special role in tumor development and treatment, as well as present promising
molecules for targeting chromatin-remodeling factors in cancer.

2. Dysregulation of Chromatin-Remodeling Machines in Cancer

Chromatin can be either packed in the form of accessible euchromatin, or densely
as heterochromatin [5]. Intricately packaged chromatins must be relaxed before the func-
tional complex can be accessed, and the molecular regulatory mechanism of chromatin
accessibility is mainly observed through histone modification and ATP-dependent remod-
elers [6]. Histone enzymes post-translationally modify histone tails and hence alter the
atomic structure of nucleosomes to either inhibit or promote the recruitment of various
chromatin-associated proteins. So far, several histone modifications have been identified
as crucial regulators in cancer progression via controlling chromosomal packing, such as
methylation, acetylation, phosphorylation, ADP ribosylation, ubiquitylation, SUMOylating,
etc. For example, a histone acetylation-based gene signature was found to be significantly
related to the prognosis of ovarian cancer [7]. Histone methylation status can also be
marked at specific sites on chromatin, such as transcriptionally repressed regions with a
high H3K27me3 signal or in active regions with a rich H3K4me3 signal [8]. It is important
to note that aberrant DNA methylation was closely related to cancer development, an
example of which is H3K27me3, which was found to play a paramount role in defining the
tumor-promoting capacities of cancer-associated fibroblasts [9].

ATP-dependent remodeling enzymes are other essential mediators of dynamic chro-
matin and utilize ATP hydrolysis to mobilize nucleosomes, thereby mediating the chromatin
structure and the regulation of gene expression [3]. According to the homology in the cat-
alytic ATPases and associated subunits, ATP-dependent chromatin-remodeling complexes
can be divided into four subfamilies: switch/sucrose non-fermentable (SWI/SNF), imita-
tion switch (ISWI), chromodomain helicase DNA-binding (CHD) and inositol 80 (INO80)
(Figure 1A). The SWI/SNF complex contains a central ATPase domain that includes two
RecA-like lobes and a conserved insertion, a SANT-associated (HSA) domain and an ad-
jacent post-HSA domain at the N-terminus, and AT-hooks and a bromodomain at the
C-terminus which bind the acetylated lysins in histone. The ISWI complex contains a cen-
tral ATPase domain, an autoinhibitory N-terminal (AutoN) domain, a negative regulator of
coupling (NegC) domain that flanks the ATPase domain, and a HAND-SANT-SLIDE (HSS)
domain at the C-terminus that binds nucleosome and inter-nucleosome DNA. The CHD
complex contains a central ATPase domain, arranged in tandem with the chromodomains
at the N-terminus that bind the methylated lysins in histone, a NegC domain, and a SANT-
SLIDE domain at the C-terminus. The INO80 complex contains a central ATPase domain
that includes a large insertion between the RecA-like lobes and an HSA domain at the
C-terminus that binds actin-related components. Among the diverse components, ATPase
subunits function as motivators that display the DNA /nucleosome-dependent ATPase
activity that induces nucleosome assembly and organization, chromatin access, and nucle-
osome editing (Figure 1B). Each of the remodeler subfamilies contains distinct catalytic
ATPases, as well as some associated subunits that collectively generate those who have
the potential to form numerous complexes though combinatorial assembly (Table 1) [10].
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These large multi-subunit complexes commonly contain specific domains and subunits
that are essential for targeting the complex to specific chromatin sites, generally via binding
to DNA, modified histones or histone variants. Additionally, these large multi-subunit
complexes undergo a high degree of transformation to guarantee the dynamic cellular
processes needed to adapt to the changes in the internal and external environments, such
as cancer proliferation signals and chemotherapy-induced damage [11]. Therefore, a bet-
ter understanding of chromatin remodeling is essential for developing new anticancer
therapeutic strategies.
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Figure 1. Domain organization and composition of chromatin-remodeling complex. (A) Domain
organization of four chromatin remodeler complexes. Remodelers can be divided into four subfam-
ilies according to the domain organization in the catalytic ATPases and their associated subunits.
The ATPase domains in all of the remodelers are used to mobilize nucleosomes and comprise two
RecA-like folds, which are separated by an insertion (yellow). Asterisk represents structural similarity.
(B) The main complexes in each subfamily. The ATPase subunits, shared subunits, and variable
subunits of the representative complexes in each of the four families of human chromatin remodelers.
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Table 1. Components of chromatin-remodeling complexes.

gemotileling Gene Symbol .I’r(gein l\llame Brief Descriptions of Their Roles

omplex in Complex

SWI/SNF Family
SMARCA4 BRG1 SMARCA4, as catalytic subunit binds with and pumps DNA along the nucleosome [12].
SMARCA2 BRM fgﬁﬁ;ﬁ; ;si ri Si\fﬁ)RSCI\IZi Egizlﬁgz ind processes helicase and ATPase activities, which is a
ACTL6A /B BAF53A/B ?aCS;HggI[; ; ]f@c(a[r; zfi).rm a heterodimer with ACTB, and bridge the ATPase and
SMARCJ1/2/3 BCL7A/B/C SMARC]J1/2/3 share strong sequence similarity, and bind with SMARCA4 [13].
SMARCD1/2/3 BAF60A/B/C SMARCD1/2/3 facilitate base complex organization [12].

cBAF SMARCB1 BAF47 SMARCBI mediates interaction of the complex with the nucleosome [12].

complex SMARCE1 BAF57 SMARCETI facilitates base complex organization [12].
SMARCC1/2 BAF155/170 SMARCC1/2 serve as scaffold in the base module organization [12].
ACTB [-actin ACTB forms a heterodimer with ACTL6A and bridges the ATPase and base complexes [12].
SMARCL1 ss18 irl\l/([jAsRN?kll{ éSASZC[ifiiS with SMARCA2
DPF1/3/2 BAF45B/C/D DPF1/3/2 are quantitatively associated with SMARCA4 [15].
ARID1A/B BAF250A/B ARID1A/B serve as a structural core in the base complex organization [12].
SMARCM1/2 BCL11A/B SMARCM1/2 bound to the cBAF complex with great stabilities [13].
SMARCA4 BRG1 SMARCAA4 as catalytic subunit binds with and pumps DNA along the nucleosome [12].
SMARCA2 BRM }S&\gﬁl;fﬁri li;rat Slgdﬁigéi ‘l;c[){l;ilog, and processes helicase and ATPase activities which is
ACTL6A /B BAF53A/B S:;;Hggrl; ; ll3e>c(a[? ;irm a heterodimer with ACTB, and bridge the ATPase and
SMARCJ1/2/3 BCL7A/B/C SMARC]J1/2/3 share strong sequence similarity, and bind with SMARCA4 [13].
SMARCD1/2/3 BAF60A/B/C SMARCD1/2/3 facilitate base complex organization [12].

PBAF SMARCB1 BAF47 SMARCBI mediates interaction of the complex with the nucleosome [12].

complex SMARCE1 BAF57 SMARCETI facilitate base complex organization [12].
SMARCC1/2 BAF155/170 SMARCC1/2 serve as scaffold in the base module organization [12].
SMARCL1 5518 irl\l/éAsli/[Ck%{ éSASZC[i]ai]e.S with SMARCA2
ACTB B-actin ACTB forms a heterodimer with ACTL6A, and bridges the ATPase and base complex [12].
SMARCG4 PHF10 SMARCG4 can readily access the H3 tails [16].
ARID2 BAF200 ARID2 acts as the structural core for assembly of the DNA-binding lobe [16].
SMARCI1 BRD7 SMARCI1 plays a role in H3 recognition [16].
PBRM1 BAF180 PBRML1 provides a structural basis for histone tail binding [16].
SMARCA4 BRG1 SMARCA4, as a catalytic subunit, binds with and pumps DNA along the nucleosome [12].
SMARCA?2 BRM }Slll\g}ﬁ;{iAni lisrat Sﬁéfgﬁjf};?\an?gAznﬁ processes helicase and ATPase activities, which is
SMARCJ1/2/3 BCL7A/B/C SMARC]J1/2/3 share strong sequence similarity, and bind with SMARCA4 [13].
SMARCD1/2/3 BAF60A/B/C SMARCD1/2/3 facilitate base complex organization [12].
SMARCB1 BAF47 SMARCBI mediates interaction of the complex with the nucleosome [12].

ncBAF SMARCE1 BAF57 SMARCETI facilitate base complex organization [12].

complex SMARCC1/2 BAF155/170 SMARCC1/2 serve as a scaffold in the base module organization [12].
ACTL6A /B BAF53A/B si"eﬁggﬁl I/D ]1365(&[? 2firm a heterodimer with ACTB and bridge the ATPase and
SMARCL1 sS18 imAsIl{\/?kll{ éfzzc[ifiis with SMARCA2
SMARCI2 BRD9 SMARCI2 contains a bromodomain and a DUF3512 domain, which are essential for the

assembly of the ncBAF complex [17].
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Table 1. Cont.

g(e’nnl(;?:img Gene Symbol iI:(gzl;S:;ne Brief Descriptions of Their Roles
SWI/SNF Family
BICRA /AL GLISCR1/1L BICRA/AL contribute to the function of chromatin targeting and
nucleosome-remodeling [18].
ACTB B-actin ACTB forms a heterodimer with ACTL6A and bridges the ATPase and base complex [12].
ISWI Family
SMARCA1 SNF2L SMARCAL1 is an ATPase which engages nucleosomes and is involved in nucleosome
substrate binding [19].
NURF RBBP4 RBAP4S RBBP4 is a WD40 repeat containing histone binding protein and is a component of the
complex NURF complex [20].
RBBP7 RBAP46 RBBP? shares high sequence identity with RBAP48, and has high affinity for histones [21].
BPTE BPTE BPTEF is Bromodomain and PHD finger containing transcription factor, and a core subunit of
the NURF complex [22].
SMARCA1 SNF2L SMARCAL1 is an ATPase which engages nucleosomes and is involved nucleosome
substrate binding [19].
CHRAC BAZIA ACF1 BAZ1A is ATP-utilizing chromatin assembly and remodeling factor and catalyzes the
complex ATP-dependent assembly of nucleosome arrays [23].
CHRAC1/2 CHRAC-15/17  CHRAC1/2 are histone-fold proteins, and facilitate ATP-dependent nucleosome sliding [24].
SMARCA1 SNF2L SMARCAL1 is an ATPase which engages nucleosomes and is involved in nucleosome
substrate binding [19].
ACF
complex BAZIA ACF1 BAZ1A is an ATP-utilizing chromatin assembly and remodeling factor and catalyzes the
ATP-dependent assembly of nucleosome arrays [23].
CHD/mi-2 Family
CHD3/4 Mi-2a/b CHD3/4 are ATP-dependent remodeling enzymes and catalyze the ATP-dependent
assembly of nucleosome arrays [21].
RBBP7 RBAP46 RBBP?7 ensures a stable platform for binding histones and involves itself in de novo histone
H4 acetylation [21].
NuRD RBBP4 BAP48 RBBP4 is an essential chaperone for histone tetramer deposition on newly
complex replicated DNA [21].
GATAD2A/B pé6/ B GATAD2A /B interact and colocalize with MBD2/3 [21].
HDAC1/2 HDAC1/2 HDAC1/2 participates in the remodeling of chromatin by deacetylating histones [21].
MTA1/2/3 MTA1/2/3 MTA1/2/3 read histone tails and promoters [21].
MBD2/3 MBD2/3 DNA-binding and the connexion to methylation PMID: 25796366
INO80 Family
INO80 INO80 INOB80 is an ATP-dependent enzyme for chromatin remodeling [25].
ACTL6A ARP4 ACTL6A is an actin-related protein, and can hydrolyze or bind ATP [25].
ACTR5 ARP5 ACTRS is an actin-related protein, and interacts with the insertion of the Ino80p
ATPase domain [25].
ACTRS8 ARPS8 ACTRS is an actin-related protein, and binds core histones [25].
UCHL5 INOSOR UCHLS is the deubiquitylating enzyme for histones or other chromatin proteins [25].
INOSO TEPT INOSOF TEPT is a INO80 chromatin-remodeling complex subunit and recruits the complex to
complex regulatory elements of target genes [26].
RUVBL1/2 INO8OH /] RUVBL1/2 have ATPase activity and possess DNA /RNA-binding domain [27].
YY1 INO80S YY1 recruits the INO80 complex to its DNA-binding sites [25].
INO80B/C/D INO80B/C/D INO80B/C/D involve in DNA recombination and DNA repair [25].
p
CCDC95 INOSOE INOBSOE is a INO80 chromatin-remodeling complex subunit and has a
coiled-coil domain [26].
MCRS1 INO80Q MCRS1 is a critical histone acetylation regulator with an FHA domain [28].
NFRKB INO80G NFRKB as nuclear factors related to kB bind specifically to NF-kB DNA-binding sites [25].
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2.1. SWI/SNF Subfamily in Cancer

The SWI/SNF complexes, first discovered in yeast, were named for their two targets:
the homothallic switching endonuclease, which is a mating-type switch (SWI), and the
transforming enzyme sucrose invertase, which is necessary for sucrose non-fermentation
(SNF) [29,30]. The SWI/SNF complex is a multi-component complex and usually consists
of the conserved DNA-dependent ATPase subunits that act as their catalytic subunit
(either Brahma (BRM) or BRM-related Gene 1 (BRG1)), several alternate core subunits
(BAF155, BAF170, BAF47, etc.), and a few selected accessory subunits (BAF57, BAF53A/B,
BAF60A/B/C and B-actin). SWI/SNF complexes are generally divided into three groups:
(1) cBAF complexes containing the BRM/BRG1(SMARCA2/SMARCA4) and associated
factors (BAF250a (ARID1A) or BAF250b (ARID1B)); (2) PBAF (polybromo-associated BAF)
complexes containing the SMARCA4 ATPase in addition to two subunits (BAF180 (PBRM1)
and BAF200 (ARID2)); and (3) non-canonical BAF (ncBAF) complexes (Figure 1B) [31].
Although the biofunction of the SWI/SNF complex is highly dependent on the catalytic
activities of the ATPase and helicase domains, the slight difference in attendant subunits
gives rise to a diversity of molecular functions of SWI/SNF complexes to adapt to diverse
chromosomal functions. The SWI/SNF complex typically promotes chromatin access via
repositioning, ejecting nucleosomes and evicting histone dimers to activate or repress gene
expression and to facilitate DNA damage repair (Figure 2A); thus, the genetic abnormality
of these complexes is closely related to tumor progression and treatment outcomes.

A Chromatin access B Nucleosome assembly
’} 1)
A ‘
#) ) 5 8 % & %
Prenucleosomes
¢ SWI/SNF Iswi Nucleosome assembly
CHD . and spacing

Ll T

. l" [3
r‘) .‘) ’i) ) OR c Nucleosome editing

Nl oo eject O b sy el
histone ejection ! ’.J '.z
& &) 6y

, )ﬂ ) "}, ﬂ’ 2 - J{ Histone exchange

#) ) W) ) 1
Histone dimer ‘#) ‘¢
@ eviction Addition or removal of

alternative histones

Figure 2. Brief classification of the functions of chromatin remodelers. (A) Chromatin access: Primar-
ily SWI/SNF subfamily remodelers restructure chromatin coupling ATP hydrolysis via repositioning
nucleosomes, ejecting histone octamers or evicting nucleosomes histone dimers. (B) Nucleosome
assembly: In particular, ISWI, INO80 and CHD subfamily remodelers re-establish chromatin archi-
tecture by the random deposition of histones, the physiological spacing of nucleosomes, and the
maturation of nucleosomes. (C) Nucleosome editing: INO80 subfamily remodelers alter nucleosome
composition via canonical and variant histone exchange, such as histone variants, as marked in blue.
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Owing to the rapidly developing tumor genome sequencing technology, mutations in
the genes encoding SWI/SNF subunits have been widely detected in multiple tumors, from
inactivated biallelic mutations of SMARCB1(BAF47) being present in nearly all rhabdoid
tumors to the discovery that ARID1A is mutated in nearly 50% of all ovarian clear cell
carcinomas (OCCCs) and ovarian endometrioid carcinomas (OECs) [32,33], and the finding
of approximately 40% of clear-cell renal cell carcinoma (ccRCC) cases possess PBRM1
mutations (Table 2) [34]. Collectively, SWI/SNF gene mutations are found in nearly 25% of
all cancers. In addition to cancer-related mutations, the aberrant expression of SWI/SNF
subunits was also found to be closely linked to tumor initiation and development. Ex-
pression of SMARCAA4 is silent in 15% up to 50% of human non-small-cell lung cancer
(NSCLC) tissues. Additionally, its high mutation rate has been identified in 35% of NSCLC
cell lines [35,36]. BRD?, a specific subunit in the PBAF subgroup, is frequently aberrant in
breast cancers that possess wild-type instead of mutant p53 [37]. The aberrant expression
of SWI/SNF subunits was also found to be closely linked to drug response. For example,
SMARCA4 loss shows synthetic lethality with CDK4/6 inhibition in NSCLC [38] and
causes a long-lasting major response after pembrolizumab treatment in thoracic malignant
rhabdoid-like tumors [39]. Thus, understanding how the SWI/SNF complex contributes to
the tumorigenesis process sparks a booming interest in finding SWI/SNF-based therapies
for cancer.

Table 2. Genomic alteration of ATP-dependent chromatin-remodeling factors in cancer.

Tumors Genomic Alteration Molecular Functions Refs.
. . ARID1A ARID1A mutations induce early transformation of
Ovarian carcinomas . .. [32]
mutations endometriosis into cancer.
Ovarian clear cell carcinoma  ARID1A mutations Aberrant ARID1A contributes to the pathogenesis [33]
of OCCC.
. PBRM1/BAF180 truncating Truncating mutations of PBRM1 contribute to aberrant
Clear cell carcinoma . Lo [34]
mutations chromatin biology.
Concomitant loss of . . .
Lung cancer BRG1/BRM Loss of BRG1/BRM is correlated with poor prognosis.  [35]
Rhabdoid tumors SMARCBI biallelic mutations Inactivation Of. SMARCBI upregulates cell [40]
cycle progression.
. SMARCA4 inactivating Inactivation of SMARCAA4 contributes to the
Lung primary tumor . . [41]
mutations development of lung primary tumor.
Breast tumor Low BRD? expression Low BRD?7 expression promotes tumorigenicity. [37]
SMARCA4 loss exhibits a synthetic lethality with
Non-small-cell lung cancer SMARCAA4 loss CDK4/6 inhibition. [38]
Malignant thabdoid tumor ~ SMARCA4 inactivation SMARCAd-deficient causes long-lasting response to 55,
pembrolizumab treatment.
. SMARCA4/BRG1 Inactivation of SMARCA4 promotes transformation
Lung adenocarcinoma .. . [42]
Inactivation and early metastasis.
. SMARCD2/ BAF60b Loss-of-function mutations of SMARCD2 promote
Leukemia . . . . [43]
loss-of-function mutations acute myeloid leukemia.
Glioblastoma SMARCB1/BAF47 A SMARCB1 mutgtlon predisposes to earlier [44]
development of glioblastoma.
SWI/SNF complex mutations promote thyroid tumor
Thyroid Tumor SWI/SNF complex mutations  progression and resistance to [45]
redifferentiation therapies.
Lung cancer Inactivation of SMARCA?2 SMARCA2 promoter hypermethylation plays an [46]

oncogenetic role.
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Tumors Genomic Alteration Molecular Functions Refs.
SMARCE1 mutations cause spinal and cranial clear
o . cell meningioma.
Clear cell meningioma SMARCE1/BAF57 mutations Germline SMARCE] mutations were found in familial [47,48]
pediatric clear cell meningioma.
. ACTL6A /BAF53A ACTL6A is co-amplified with p63 and acts as an
Squamous Cell Carcinoma . . L . [49]
co-amplified with p63 oncogenic driver in squamous cell carcinoma.
Synovial sarcomas SS18: SSX fusion S518: SSX fusion acts as an oncogenic driver in [50]
synovial sarcomas.
Endometroid and ovarian ARID1A/BAF250A ARID1A mutations impacts numerous signals 51]
clear cell cancers loss-of-function mutations important in oncogenesis.
Colorectal cancer ARI];)lB / BAF250].3 ARIDlB inactivation mutation may play a role in [52]
inactivation mutation microsatellite unstable colorectal cancer.
Lung cancer ARID2/BAF200 mutations ARID?2 deficiency increases tumor progression and [53]
chemotherapy resistance in lung cancer.
. PBRM1 mutation may be a negative predictive
Lung cancer PBRM1/BAF180 mutation biomarker for immunotherapy in NSCLC. [54]
Ewing sarcoma/primitive EWSR1-SMARCA5/ EWSR1-hSNF2H may act as an oncogenic [55]
neuroectodermal tumor SNF2H fusion chromatin-remodeling factor.
Lung adenocarcinoma SMARCA1/ SNF2L mutations SMARCA1 mutations were associated with metastasis.  [56]
Soft-tissue sarcoma SMARCA1 SMARCAL1 loss affects the differentiation process [19]
Gastric cancer SMARCA.l aberrant SMARCAL1 loss promotes cancer cell growth [57]
methylation
Breast cancer, gastric cancer,
acute rnyeloml . SMARCAS overexpressed Overexpressmnlof SMARCADS promotes [58-61]
leukemia, pancreatic cancer progression.
ductal adenocarcinoma
Bladder cancer, circ-SMARCADS silent circ-SMARCADS acts as a potential prognostic marker.  [62,63]
breast cancer,
Prostate cancer CHD1 deletion CHD1 shows a key role in prostate cancer biology, [64-66]
Metastatic prostate cancer CHDI1 loss CHDI1 loss is a cause of antiandrogen resistance. [67]
Prostate cancer CHDI1 deletions CHD1 deletions were co'rrelated with disease [66]
phenotype and progression.
Breast implant-
associated anaplastic CHD2 mutation CHD2 mutation is an oncogenic event. [68,69]
large-cell lymphoma,
mantle-cell lymphoma
Acute myeloid leukemia CHD4 mutation CHD4 mqtatlons em.‘lch 11 primary [70]
chemoresistance patients.
Spinal schwannoma CHD4 mutation CHD4 is a frequently mutated cancer-related gene in (71]
spinal schwannoma.
Human cancer CHDS5 deletion CHD?5 deletion controls proliferation, apoptosis, [72]
and senescence.
Neuroblastoma CHD5 and ARID1A deletion CHD5 and ARID1A deletion links to poor prognosis 73]
of neuroblastoma.
Bladder cancer CHD6 aberration CHDE6 aberration might be a hallmark of [74]
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Table 2. Cont.

Tumors

Genomic Alteration Molecular Functions

Colorectal carcinomas

Mutations in CHD7 and CHDS occurred frequently in
CpG island methylator phenotype 1 [75]
colorectal carcinomas.

CHD? and CHDS8 mutation

Recurrently rearrangement of CHD? occurs in

Lung cancer CHD7 rearrangement tobacco-smoking small-cell lung cancer patients. (76l
Human cancers CHD7 gained/amplified and =~ CHDY is associated with poor prognosis in [77]
mutated human cancer.
Pancreatic cancer INOSOC deletion INOS(?C deletion is associated with worse prognosis 78]
of patients.
Burkitt-like lymphoma NFRKB aberration NFRKB aberrat}on sa [79,80]
positional candidate.
Colorectal cancer INOSO variants INOB80 is candidate gene with a higher risk for [81]

colorectal cancer.

Hepatosplenic . INO80 and ARID1B mutations linked to
T-cell lymphoma INO80 and ARID1B mutation Hepatosplenic T-cell lymphoma pathogenesis. [82]
Colon cancer INO80 haploinsufficiency INOBO hap 101'nsuff1c'1ency suppresses colon [83]
cancer tumorigenesis.
. INO80 promotes oncogenic transcription and
Non-small-cell lung cancer ~ INO80 highly expressed NSCLC tumorigenesis [84]
Melanoma INOB8O elevated Elevated INOS80 induces melanoma progression. [85]

2.2. ISWI Subfamily

The ISWI gene, which was first discovered in Drosophila, is highly conserved across all
species, indicating its essential role in organisms. In humans, there are two ISWI orthologs,
hSNF2L (SMARCA1) and hSNF2H (SMARCADJ5), which have distinct functions. SNF2H is
a widely expressed protein and is essential for early embryonic development [86], whereas
SNEF2L is found at greater levels in terminally differentiated testes, ovaries, and neurons,
and delivers tissue-specific effects. In Drosophila, the ISWI subfamily were identified in
three different complexes: NURF (nucleosome-remodeling factor), CHRAC (chromatin
assembly complex), and ACF (ATP-utilizing chromatin assembly and remodeling factor)
(Figure 1B) [87,88]. The ISWI subfamily generally induces the initial prenucleosomes to
assemble into canonical octameric nucleosomes, as well as mediating nucleosomes to space
themselves at relatively fixed distances (Figure 2B). In humans, both the hSNF2L and
hSNF2H ATPase subunits can form stable complexes with all of the accessory subunits
that expand the functional ISWI complex members; meanwhile, this takes place with low
genetical redundancy. Owing to the functional diversity, the ISWI complex is involved in
multiple aspects of cell physiology and pathology, including malignant transformation
and progression.

The core ATPase subunit SMARCAI1 is ubiquitously expressed in human tissues,
but distinct functional roles of SMARCALI, as an oncogenic or tumor suppressor, were
observed depending on the tumor types. For example, mutations of SMARCA1 were
found to be closely related to NSCLC metastasis. A higher SMARCALI level was associated
with poor overall survival in NSCLC [56]. The oncogenic effects of SMARCA1 were
additionally identified in lung and cervical cancer and were found to result in survival
and cell cycle progression [89]. On the contrary, SMARCA1 was also identified as a tumor
suppressor, probably “for which loss of expression was found in soft tissue sarcoma [19]
and silenced in gastric cancer cells due to aberrant methylation [57]”. SMARCAS5, the
other core ATPase subunit, is frequently overexpressed in various tumors, including in
breast cancer [58], gastric cancer [59], acute myeloid leukemia (AML) [60], and pancreatic
ductal adenocarcinoma (PDAC) [61]. In addition, the chromosomal translocation t (4; 22)
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(931; q12) occurring in the genomic locus of SMARCAS, which generates an EWSR1-
SMARCADS fusion protein via the in-frame fusion of EWSRI to the last exons of SMARCAbS
in extraskeletal Ewing sarcoma/PNET, was identified as having tumorigenic potential [55].
Recent studies found that a circRNA derived from of the SMARCAD5 gene (circ-SMARCAD)
is involved in the occurrence of several cancers [90], such as circ-SMARCADS in bladder
cancer, which was found to be a potential prognostic marker correlated with advanced
tumor features and poor survival [62], and circ-SMARCAS in breast cancer, which was
observed to be silent and correlated with the drug sensitivity of breast cancer cell lines [63].
In addition to these core subunits, noncatalytic subunits are also found to be dysregulated
in tumor progression (Table 2).

2.3. CHD Complex

Originally discovered in Drosophila, chromodomains were found to promote the for-
mation of heterochromatin [91]. The CHD complex is characterized by two chromodomains
arranged in tandem and an ATPase/helicase domain near the N-terminus [92]. The CHD
complex comprises at least nine members. Among these, CHD1 and CHD?2 are the only
ones in this subfamily that possess a DNA-binding domain in their C-terminus that endows
CHD1 and CHD2 with direct DNA binding ability [93]. In contrast to CHD1 and CHD?2,
the subunits CHD3 and CHD4 have a coiled-coil domain in their C-terminus to promote
protein—protein interactions, and they can form a complex—namely, the nucleosome-
remodeling deacetylase (NuRD) complex—which is the most well-studied member of this
subfamily (Figure 1B) [94]. The NuRD complex is a transcriptional repressor that has been
extensively investigated due to its important role in cancer progression, particularly in
DNA damage response [95-97]. The remaining members of this subfamily, CHD6, CHD?,
CHDS, and CHD?Y, are distinguished by tandem Brahma and Kismet (BRK) domains within
the C-terminus, which is often associated with chromodomains [98]. In summary, due to
the important domains in the CHD family subunits, emerging studies have indicated that
the CHD complex is a vital player, encompassing several regions of functional importance.

Multiple studies have shown that genetic and expressional alterations to CHD genes
might be strongly correlated with cancer pathogenesis (Table 2). CHD1 has been doc-
umented as an essential tumor suppressor and has a strong association with prostate
cancer [64]. Mutations and homozygous deletions in CHD1 have been identified in prostate
cancers [65], particularly in Chinese patients, where the deletion state was identified in 18%
of the cohort [66]. Zhang et al. identified that the loss of CHD1 enables the emergence of
antiandrogen resistance in metastatic prostate cancer [67]. Recently, whole-exome sequenc-
ing showed that recurrent mutations occurred in the epigenetic modifier molecule CHD2
in 15% of breast implant-associated anaplastic large-cell lymphoma (BI-ALCL) cases [68].
Additionally, Hill et al. conducted a meta-analysis to identify the change in the mutational
status from baseline samples to samples of disease progression, and found that CHD2
was one of the present mutations of interest in mantle-cell lymphoma (MCL) [69]. NuRD
complex is the most well-studied member of this subfamily, and the disruption of the
NuRD function has also been shown to be implicated in oncogenesis. For example, CHD4,
an important member of the NuRD complex, has been confirmed to play an essential role in
chemoresistance via the sequencing analyses of chemoresistant pediatric AML patients [70].

Another study that analyzed spinal schwannomas and paired blood samples using
whole-genome sequencing found that CHD4 was in the gene list and had the highest
mutation frequency of cancer-related genes [71]. CHD5 was also discovered to be frequently
lost or silenced in high-risk glioma [72] and linked to poor prognosis in neuroblastoma (NB)
and several adult cancers [73]. Moreover, genomic aberration was also observed in other
CHD genes, such as CHD6 mutation in transitional cell carcinoma (TCC) [74], high mutation
rates of CHD7 and CHDS in CpG islands of methylator phenotype 1 subgroups of colorectal
carcinomas (CRCs) [75], and in the recurrent rearrangement of CHD? in tobacco-smoking
small-cell lung cancer patients [76]. Thus, the observation of the genetic alterations harbored
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in the genes encoding the CHD complex in cancer makes this chromatin-remodeling
complex worthy of attention.

2.4. The INO80 and SWR1 Family

Similar to most chromatin-remodeling complexes, the INO80 complex is highly evolu-
tionarily conserved, with high homology in the ATPase subunit, and is relatively conserved
in the composition of individual complexes [99]. SWR1 is an ATP-dependent chromatin-
remodeling complex that is closely related to INO80, which shares several subunits. Gener-
ally, the INO80 and SWR1 complex are composed of a heterohexamer of RuvB-like protein
that functions as ATPase, nuclear actin and actin-associated proteins, and a few specific
accessory subunits (Figure 1B) [100]. For instance, the mammalian INO80 complex is com-
posed of INO80, p400, and Snf2-related CBP activator protein. The ATPase subunits of the
INOB80 subfamily are characterized by a spacer region that separates the conserved ATPase
domain, whose activity was proved to be stimulated by DNA and nucleosomes [101].
INOB80 mainly binds to the nucleosome-free regions around the promoter and transcrip-
tional start sites (TSS) and participates in organizing the chromatin architecture through
shifting nucleosomes and exchanging histone variants (Figure 2B,C) [102,103]. Due to the
crucial role of chromatin organizing activity in DNA processing pathways, many studies
have shown that the INO80 subfamily complexes play a vital role in directly regulating
DNA replication, repair, and transcription regulation. For example, the INO80 complex
acts as an essential coactivator during transcription, controlling the biofunction of the YY1
transcription factors in mammals [104].

In recent years, many studies have identified the genome atlas in the INO80 and SWR1
family locus (Table 2) in cancer patients. The publicly funded project, Cancer Genome
Atlas (TCGA), which deposits genomic profiles of cancers, was used to analyze the PDAC-
associated genomic alterations and found a high frequency of deletions in the gene encoding
INOS80C observed in PDAC samples. Consistent with these observations, INO80C deletion
was identified to be closely associated with a worse prognosis of patients with KRASMUYT
PDAC and CRC [78]. Wagener et al. demonstrated that the INO80 complex-associated
gene NFRKB is a positional candidate in 11q24.3 through copy-number and whole-exome
sequencing analysis of MYC-negative Burkitt-like lymphoma with 11q aberration (mn-
BLL,11q,) which is a subtype of Burkitt-like lymphoma that is based on a new provisional
lymphoma category [79,80]. Germline and paired germline somatic comparative analysis of
serrated polyposis syndrome (SPS) with a higher risk for CRC found that INO80 was one of
the candidate genes with the germline predisposition to this syndrome [81]. Hepatosplenic
T-cell lymphoma (HSTL) is a rare and fatal lymphoma, and INO80 mutation was found
to be predominant in HSTL with a high mutation rate (21%) [82]. Furthermore, a high
expression of INO80 was frequently found in cancer cell lines and tumor tissues, including
in lung cancer, colon cancer, and melanoma [83-85]. Although many genetic atlases in the
INO80 and SWR1 family locus have been revealed in cancer, it remains a contentious issue
to study the underlying regulatory mechanisms.

2.5. Mechanisms of ATP-Dependent Chromatin-Remodeling Complexes Dysregulation

Given the evidence of dysregulated ATP-dependent chromatin remodelers in cancer,
it is worth considering the mechanisms of the upstream regulator of ATP-dependent
chromatin-remodeling complexes first.

The levels of the core ATP-dependent chromatin remodelers vary substantially during
development, and from one tissue or cell type to another. Recent work has uncovered
several regulatory mechanisms of expression, including gene point and frameshift muta-
tions, deletions, copy number variants (CNVs), and protein activity, as well as expression
operating at the transcriptional, post-transcriptional and post- translational levels. For
example, the gene encoding the hSNF5 subunit in the SWI/SNF complex was identified
as harboring bi-allelic loss-of-function mutations in nearly all early childhood malignant
rhabdoid tumors (MRTs). A similar scenario has been identified in MRT cell lines [105].
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Furthermore, the activity of ATP-dependent chromatin remodelers is regulated by extra-
cellular and cytoplasmic signals. For instance, the ATPase activity and the associated
nucleosome mobilization potential can be aroused by the DNA damage response [106].
Evidence of post-transcriptional regulation was proved by the demonstration that MiR-221
and miR-222 inhibit the SWI/SNF complex subunit ARID1A [107]. Additionally and more
importantly, LncRNA CASC15 competes with miR-221 and thereby reverses the repression
effect by miR-221 on ARID1A [108]. Similarly, LncRNA DLEU1 influences the expression
of SMARCD1 through interaction with miR-490-3p in epithelial ovarian carcinoma [109].
Accumulating evidence also indicates the involvement of post-translational mechanisms
in the dysregulation of remodelers in cancer. For instance, the SWI/SNF complex ATPase
SMARCAA4 is under the control of ubiquitination-mediated degradation, regulated by the
SCFFBW?7 E3 ubiquitin ligase complex, inducing gastric cancer metastasis repression [110].
In the case of the SWI/SNF complex subunits BAF155 and BAF57, it was observed that
BAF57 was stabilized by BAF155, which blocks the binding of E3 ubiquitin ligase TRIP12 to
BAF57, thereby inhibiting ubiquitination-mediated degradation [111]. The DNA damage
response is a tightly controlled process and is crucial to cancer onset and progression. The
INO80 complex undergoes phosphorylation mediated by the Mecl/Tell kinases when
exposed to DNA-damaging agents and modulates checkpoint responses, thereby activating
significant DNA repair processes [112]. Together, this information indicates that the levels of
remodeler complex vary during cancer progression and treatment, and subsequent studies
will be critical for refining our understanding of the upstream regulatory mechanisms.

3. Effects of Chromatin Remodeler Deregulation on Cancer Progression

The chromatin-remodeling complex is an important regulator that influences various
cell function and pathological processes. The important role of the chromatin-remodeling
complex in tumorigenesis and development has gradually emerged. Genomic alterations
or activity deregulation in the chromatin-remodeling complex components may alter the
progression of tumor cells completely. In general, chromatin-remodeling signaling can
impact DNA damage response and repair, DNA replication stress, senescence, metastasis,
angiogenesis, and tumor immunity (Figure 3).

DNA damage
response and repair

DNA replication

Senescence
stress

Chromatin remodelers
ON cancer progression

Metastasis Angiogenesis

Tumor Immunity

Figure 3. Effects of chromatin remodeler deregulation on cancer progression. Dysregulation of chromatin
remodelers impact cancer progression through cellular processes such as DNA damage response and
repair, DNA replication stress, senescence, metastasis, angiogenesis, and tumor immunity.
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3.1. DNA Damage Response and Repair

DNA damage induced by chemicals and natural genotoxic agents, such as y-radiation
and UV light in the environment, may lead to gene mutations, whose accumulation is an
important process in carcinogenesis. Therefore, upon the onset DNA damage, the DNA
damage response (DDR) and repair machinery can sense and activate damage signaling
and can then recruit repair factors and trigger cell senescence or programmed cell death,
which is essential for DNA damage repair and for impeding the propagation of corrupted
genomic information. ATP-dependent chromatin remodelers have been implicated in DDR
through a mechanism that depends on increasing nucleosome mobility via ATPase activity.
In recent years, a study from our team found that a chromatin remodeler known as MORC2
(microrchidia family CW-type zinc finger 2) played an emerging role in DDR. Upon DNA
damage, MORC2 was recruited to the damage site and was PARylated by PARP1, resulting
in the activation of the ATPase and chromatin-remodeling activities of MORC2 and the
stimulation of the DNA damage response [113]. Notably, we uncovered a new role for
acetylated MORC?2 in DNA damage-induced checkpoint control [114]. Emerging evidence
has shown that chromatin remodelers play a central role in checkpoint control during
the damage response. For example, the chromatin remodeler ALC1 (Amplified in Liver
Cancer 1, also known as CHDI1L) was identified as a key player in catalyzing PARP1-
stimulated nucleosome sliding and in controlling checkpoint regulation in response to
DNA damage [115]. It was also found that ALC1 deficiency reduced chromatin accessibility
as well as the associated repair factors around the damage site, therefore resulting in
PARP1 sensitivity [116]. ATRX is a chromatin remodeler, and its deficient cells were found
to exhibit a defect in DNA repair synthesis and sister chromatid exchange formation at
exogenously induced DSBs [117]. The discovery that cancer cells rely on ATRX-mediated
DNA repair provides a potential therapeutic strategy to sensitize cancer cells to genotoxic
chemotherapy and radiotherapy. Similarly, the SWI/SNF subfamily ATPase SMARCA4 is
brought to the broken DNA ends upon DNA damage and is subsequently deacetylated by
SIRT1. This stimulates ATPase activity to remodel chromatin and increases the associated
homologous recombination (HR) process [118].

3.2. DNA Replication Stress

Tumor cells generally show enhanced replicative stress, triggering a specific stress
response. Genome instability is commonly associated with tumorigenesis. DNA replication
stress, generally triggered by DNA damage or premature mitosis, is now a well-established
link with genomic instability, especially during tumorigenesis and progression induced
by oncogenes [119,120]. Chromatin remodelers are just beginning to emerge as important
regulators in the replication stress response, as nuclear organization dynamics are key de-
terminants of the replication stress response [121]. Transcription—replication (T-R) conflicts,
which occur between replication machinery and co-transcriptional R-loops, impede DNA
synthesis and thereby induce DNA breaks, which are detrimental to highly proliferated
cells [122]. The INO80 complex has been confirmed to promote the resolution of R-loops
and thus prevents replication-induced DNA damage in cancer cells [123]. Similarly, Tsai and
colleagues found that the core DNA-binding subunit of the BAF complex ARID1A had a
profound impact on DNA replication stress management, indicating the potential treatment
strategy of targeting ARID1A-deficient cancers [124]. Given the crucial role of the SWI/SNF
complex in transcription and DNA replication, Aleix and colleagues testified the effects of
the subunit ATPase SMARCA4 on the regulation of R-loop-dependent DNA breaks [125].
Their results showed that depletion of SMARCA4 impaired chromatin-remodeling activity,
thereby inhibiting the resolution rate of R-loop-mediated transcription—replication conflicts,
resulting in an increased number of R-loop-dependent DNA breaks and genome instability.
Given the important role of telomere integrity in genome stability, the alternative length-
ening of the telomere (ALT) pathway that promotes telomere elongation is essential for
genome stability. The SWI/SNF-related subunit SMARCAL1 was recently demonstrated
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to be important for ALT telomere maintenance, indicating the potential crucial role of
SMARCALL in genome stability maintenance [126].

3.3. Senescence

Genomic damage, including replicative stress, the hyperactivation of oncogenes
(oncogene-induced senescence, OIS), genotoxic drugs, etc., can cause severe damage unless
properly managed by cellular stress responses, such as cellular senescence. Senescence
can trigger irreversible cell cycle arrest to limit the proliferation of damaged cells that
can propagate corrupted genomic information. Senescent cells are characterized by the
senescence-associated secretory phenotype (SASP), producing many proinflammatory cy-
tokines and extracellular enzymes such as matrix metalloproteinases [127]. Senescent cells
and SASP from senescent cells have been found to be implicated in tumor progression,
and cancer therapy-induced senescence has also been proven to drive tumorigenesis and
therapy resistance [128]. Chromatin remodelers, which functionally govern chromatin
organization and genome accessibility, are prone to be profoundly altered in aging and
damaged organisms [129]. For instance, through the analysis of several senescence models,
it was found that BAZ1A, an accessory subunit of the chromatin-remodeling complex, was
inhibited in senescence cells. Therefore, BAZ1A may act as a crucial modulator in cellular
senescence and may represent a potential target in cancer treatment [130]. Furthermore,
the deletion or loss-of-function mutation in ISW2 has been implicated in extending the
replicative lifespan of yeast, similar to the longevity effect caused by calorie restriction [131].
This important role of the ISWI complex in aging could also represent a valid anticancer
strategy. Given that the genomic alteration of SWI/SNF components has been reported to
be associated with various types of human cancers, emerging evidence has confirmed the
relationship between SWI/SNF complex dysregulation and oncogene-induced senescence.
Oncogene-induced senescence generally functions in a potent tumor-suppressive role. In
recent years, the SWI/SNF subunit ARID1B was found to be an important regulator of this
type of senescence. A study from Luca et al. has shown that the knockdown of the ARID1B
could prevent OIS and induce liver tumors though cooperating with oncogene RAS [132].
Soshnikova and colleagues found that the PHF10 subunit in the PBAF complex of SWI/SNF
family interacted with MYC and augmented the MYC-induced genes involved in cell cycle
motivation. The depletion of PHF10 induced cell cycle arrest and a senescence-like pheno-
types [133]. Recently, ARID1A, a paralog of ARID1B, whose deficiency is implicated in the
promotion of cancer progression, was identified as being able to induce senescence and
the progression of pancreatic intraepithelial neoplasia (PanIN) [134]. Moreover, the loss of
function of the SWI/SNF complex via the deletion of specific subunits such as BRD7, SNF5,
or PBR1 resulted in a senescence bypass and was relevant to tumorigenesis [37,135,136].
This indicates that a chromatin remodeler could affect senescence in tumor progression, sug-
gesting that prosenescence therapies could be employed by targeting functional chromatin
remodeler-inactivated cancers.

3.4. Metastasis

Tumor metastases are the greatest lethal factors for cancer patients. Beginning with
the invasion of the tissues surrounding the primary tumor, cancer cells then enter into
the bloodstream and finally move to progressively colonize distant organs. Recent stud-
ies have revealed the complex involvement of chromatin remodeler in the regulation of
tumor metastases. Chromatin remodeler dysfunction has been observed during tumor
metastases, and there have also been extensive functional and mechanistic studies on
chromatin remodelers in recent years. For example, one of two mutually exclusive ATPase
subunits from the mammalian SWI/SNF subfamily, SMARCA4, was proven to be a tu-
mor suppressor in the lung cancer. The inactivation of SMARCA4 was found to promote
lineage-specific transformation and early metastatic features [42]. Wang and collogues
demonstrated that decreased SMARCA4 promotes colorectal cancer metastasis, depending
on the Wnt/ 3-catenin signaling pathway [137]. However, the functional role of SMARCA4
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seems to be rather complicated in tumorigenesis, as both tumor-suppressive and oncogenic
roles have been revealed during different stages of pancreatic tumorigenesis [138,139].
Therefore, SMARCA4 may exhibit pivotal roles in a cellularly context-dependent manner.
For example, SMARCA4 promotes cell migration and invasion through activating the tran-
scription of the oncoprotein transmembrane glycoprotein Mucin 1 (MUC1) and stimulating
the TNF-«/IFN-y pathway in breast cancer [140]. Additionally, SMARCA4 can induce
migration and invasion potential of prostate cancer cells [141]. SMARCA?2, the other of
two mutually exclusive ATPases subunits of the mammalian SW1/SNF subfamily, was also
identified as a key mediator in breast cancer metastasis [142].

ARIDI1A is another essential subunit in SWI/SNF subfamily, whose deficiency pro-
motes cell migration and invasion in lung adenocarcinoma (LUAD) [143] as well as in
breast cancer cells [144]. In addition, Shang et al. demonstrated that ARID1A knockdown
drives the metastasis of liver cancer cells by weakening SMARCA4-RAD?21 interaction [145].
Notably, Sun et al. found that ARID1A has context-dependent tumor-suppressive and
oncogenic roles. Briefly, ARID1A is required for tumor initiation in the early stages of
hepatocellular carcinoma, while in later stages, such as in established tumors, ARID1A
inhibits tumors progression and metastasis [146]. These observations indicate complex
roles of ARID1A in human cancer, and directionally opposite effects should be considered
when specifying a treatment strategy. Chromatin-remodeling factor ARID2, which belongs
to the PBAF complex in the SWI/SNF subfamily, was found to be expressed at a lower
level in metastatic hepatocellular carcinoma tissues and to suppress HCC metastasis via
the DNMT1-5nail axis, indicating the great therapeutic potential of targeting the DNMT1-
Snail axis in ARID2-deficient HCC [147]. The NuRD complex in the CHD subfamily is an
important mediator of epithelial-mesenchymal plasticity, which induces tumor metastasis
in breast cancer [148]. Consistently, CHD4, an ATPase subunit of the NuRD complex,
was also identified in colorectal cancer as a cancer cell motility regulator [149]. In recent
years, studies from our lab have found that the chromatin-remodeling protein MORC2
acts as a crucial oncoprotein and promotes breast cancer metastasis. In addition, we iden-
tified a gain-of-function mutation of MORC?2 that was associated with cancer metastasis
and that revealed a post-translational modification of MORC2, namely GlcNAcylation
at threonine 556, which enhances breast cancer cell migration and invasion [150-152].
These pivotal roles of chromatin remodelers in tumor metastasis may provide insights into
therapeutic translation.

3.5. Angiogenesis

Angiogenesis, a multi-step process that forms new capillaries via the pre-existing vas-
culature, is pivotal for the growth and development of solid tumors via supplying oxygen
and nutrients to tumor tissues [153]. Chromatin remodeling is an important epigenetic
event for regulating angiogenesis in tumor progression and drug resistance, indicating
the important potential implications for antiangiogenic agent treatment in chromatin
remodeler-controlled tumors. Chromatin remodelers have been known to be involved in
hematopoiesis, and the emerging roles in hematopoietic activity in cancer are just beginning
to be characterized [154]. Recent studies have demonstrated that Baf200, a subunit of the
PBAF complex in the SWI/SNF subfamily, plays a crucial role in malignant hematopoiesis,
as the deletion of Baf200 can accelerate tumor progression and shortens the survival of the
MLL-AF9-driven leukemogenesis mouse model [155]. Additional evidence shows that the
SWI/SNF subfamily is essential for malignant hematopoiesis. Loss of the SWI/SNF subfam-
ily subunit ARID1A was observed in advanced human HCCs and was found to be closely
associated with vessel density. Mechanically, ARID1A deficiency causes the epigenetic acti-
vation of Ang?2; therefore, antiangiogenic therapies against Ang2 in ARID1A-deficient HCC
may have good therapeutic effects [156]. Moreover, an analysis of breast cancer xenograft
mouse models showed that the SWI/SNF subfamily component of SMARCEI can protect
cells against anoikis and can promote the metastasis of luminal B and basal-like subtypes
of breast tumors. This was further underscored by the discovery of the mechanism where
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SMARCE1 activates the HIF1A /PTK2 pathway, thereby exhibiting an oncogenic role [157].
There is also some evidence that the JARID1B/LSD1/NuRD complex increases cell mi-
gration and angiogenesis through the CCL14 chemokine pathway, providing additional
knowledge of chromatin remodeler activity in malignant hematopoiesis [158]. As such,
there is particular interest in antiangiogenesis for cancer treatment.

3.6. Tumor Immunity

In previous studies, it has become clear that our own immune system can be exploited
to defend against tumor cells. Immunotherapy has become one of the most prominent
cancer treatment strategies in the last decade [63]. In the tumor microenvironment, there
are intricate interactions between tumor cells that can, in some cases, manipulate malignant
development, and that play an important role in the treatment of tumor patients. Recent
evidence has suggested that the epigenetic alterations caused by chromatin mediators,
such as chromatin remodelers, cooperatively drive tumor progression and immunotherapy
resistance [159]. For instance, the mutations in several of the chromatin remodeler encoding
genes, such as ARID1A, ARID1B, and ARID2, have been confirmed to be more likely to
benefit from immune checkpoint blockade therapy for NSCLC patients [160,161]. Another
recent study has further delineated the tumor-promoting role of the SWI/SNF compo-
nent SMARCCI1 in HCC. SMARCC is significantly positively associated with immune
infiltration [162]. A CRISPR-Cas9 screen analysis found that ARID2, BRD7, and PBRM]1,
components of the PBAF complex, sensitized mouse melanoma cells to T-cell cytotoxicity,
and PBRM1-deficient murine melanomas were found to be infiltrated by more cytotoxic
T cells [163]. Long non-coding RNAs (IncRNAs) represent a subclass of RNAs without
coding potential and that are longer than 200 nt. They are widely expressed and play a key
role in responding to various cellular functions, ranging from tumor proliferation to tumor-
associated inflammation. Chromatin remodelers, in cooperation with IncRNAs, are closely
involved in tumor-associated inflammation, such as in the disruption of IncRNA MALAT1,
which impairs the recruitment of the chromatin remodeler catalytic subunit SMARCA4
to the promoter regions of IL-6 and CXCLS, resulting in NF-«kB pathway activation and
HCC progression [164]. The NF-«kB pathway is generally considered to be constitutively
activated in many cancer types, and to exert protumorigenic functions. For example, the
chromatin-remodeling factor SMAR1 was found to transcriptionally upregulate proangio-
genic chemokine IL-8, which was dependent on the NF-«B pathway in breast cancer [165].
A recent study illustrated the mediation of the CHD4/NuRD complex on human hepato-
cellular carcinoma through the regulation of complement gene expression and CD8 T-cell
infiltration [166]. From the findings taken together, it can be determined that chromatin re-
modelers play crucial roles in tumor-associated immunity, and further studies are required
to investigate how chromatin remodelers act on the chromosome function-dependent
transcriptional act and on the immunomodulation of the tumor microenvironment.

4. Targets for Cancer Therapy
4.1. Directly Targeted Therapies

Due to the fact that the aberration of the gene-encoding chromatin remodelers are
widely observed in a wide array of cancers, drugs that target these genomic aberrations and
that are utilized in combination regimens that are able to further enhance anticancer treat-
ment effectiveness provide new insights for the therapeutic strategies in cancer treatment.
This has therefore been a focus on the development of the practice of targeting aberrant
chromatin remodelers as anticancer agents since the identification of the direct effects
on cancer cells in the past two decades (Table 3). Additionally, the chromatin remodeler
complex-containing ATPase catalytic subunits make them susceptible to inhibitor strate-
gies via competitive ATP inhibitors and allosteric agents. Other strategies that similarly
target catalytic subunits directly by disrupting the protein—protein interaction interfaces,
such as stapled peptides and molecules that stabilize or preclude binding to co-regulators,
are underway.
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Table 3. Targeted therapies that directly target the aberrant chromatin remodelers as anticancer agents.

Directly Targets Associated Cancers Directly Targeted Agents
. PFI-3 targets the essential bromodomain and blocks
SMARCA4 and SMARCA2 Glioblastoma SWI/SNF’s chromatin binding [167,168].
SMARCA4-deficient A dual allosteric small-molecule inhibitor targets ATPase
SMARCA2 and SMARCA4 lung-cancer; uveal melanoma activity of SMARCA2 and SMARCA4 [169].
AR/FOXA1l-driven AU-15330 is a proteolysis-targeting chimera degrader of the

SMARCA2 and SMARCA4 prostate cancer SMARCA?2 and SMARCA4 [170].
SMARCA?2 and SMARCA4 SMARCA4-mutant lung cancer =~ SMASh degron-mediated SMARCA?2 depletion [171].
SMARCA2, SMARCA4, Unknown GNE-064 is a chemical probe targeting the bromodomains
and PBRM1 SMARCA2, SMARCA4, and PBRM1 [172].

LM146 targets the PBAF complex component by blocking the
PBAF complex Unknown specific bromodomains within the complex [173].

Compounds LP99 is selective inhibitor of the BRD7 and
BRD7/9 Unknown BRD9 bromodomains [174].

VZ185 is a selective and rapid degrader of BRD9 and of its
BRD7/9 Unknown close homolog BRD? [175].
BRD7/9 Unknown GSK6776 as a soluble and selective BRD7/9 inhibitor [176].

BI-7273 and BI-956456 are potent and selective BRD9
BRD9 AML xenograft model bromodomain inhibitors [177].

GNE-375 is a small-molecule inhibitor of the
BRD9 Unknown BRD9 bromodomain [178].
BRD9 Human AML I-BRD9Y is BRD9 bromodomain inhibitor [179].

Compound dBRD9 bridges the BRD9 bromodomain and the
BRD9 Human AML E3 ubiquitin ligase complex for degradation [180].
BPTF Breast cancer cells Compound BZ1 targets the BPTF bromodomain [181].
BPTE Lung cancer cells Compounds Cpd8 and Cpd10 are highly potent and selective

inhibitors of the BPTF bromodomain [22].

Due to the high mutation rate of the SWI/SNF complex in human cancer, numerous
studies have focused on developing specific inhibitors to target this complex with precise
therapeutic roles. For example, PFI-3, which selectively targets the essential bromodomain
of the SMARCA4 and SMARCAZ2 subunits in BAF complex, has been shown to lower the
binding affinity for target gene promoters [168]. Unfortunately, PFI-3 has shown few effects
on many cancer types. Additionally, Vangamudi et al. demonstrated that the function of
the BAF complex on tumor cells is highly reliant on catalytic ATPase activity, but not on
the bromodomain [182]. Therefore, Julien et al. screened the small-molecule inhibitors for
ATPase activity of SMARCA?2. Fortunately, they found the compound 14, a dual allosteric
small-molecule inhibitor that can block both SMARCA?2 and SMARCA4 ATPase activity,
thus exhibiting striking effects on SMARCA4-deficient lung-cancer models [169]. Further
studies have confirmed the antitumor effect by these compounds in uveal melanoma [183].
In addition, Mélin and colleagues recently identified a compound called LM146, which
targets the PBAF complex component PBRM1. Further examination of its effects on PBAF-
dependent function in tumor development is necessary to fully decipher [173]. Other
selective inhibitors that target BRD7/9 have emerged recently, such as the compounds
LP99 [174], BI-7273 and BI-956456 [177], GNE-375 [178], and I-BRD9 [179]. BI-7273 and
I-BRD9 have been developed and further proven to have an anticancer effect in AML
models [179,184]. These highly selective inhibitors that expand the chemical antitumor
toolbox will be important for the translational implications of targeting the chromatin-
remodeling complex and may be a potent therapeutic strategy in tumors.
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However, further progress in targeted cancer therapy has been limited, as not all of
the functional genetic alterations are druggable with current conventional approaches. In
recent years, targeted protein degradation has been pursued as another targeting strategy
because of its great potential to degrade proteins that were previously considered “un-
druggable”. Briefly, a proteolysis-targeting chimera (PROTAC) molecule harnesses the
ubiquitin—proteasome system (UPS), which consists of two ligands joined by a linker that
brings the protein of interest to the E3 ubiquitin ligase and induces its ubiquitylation and
subsequent degradation, to precisely target the protein for degradation [185,186]. Given
the great progress made by academia in recent years, targeted protein degradation offers
new options to target the aberrant chromatin remodeler complex in cancers. In recent years,
research on compounds that degrade the ATPase and BRD7/9 subunits of SWI/SNF has de-
veloped rapidly [170,175,180,187]. For instance, David Remillard created a BRD9-directed
degrader (dBRD9) and confirmed the activity of dBRD9 in cellular models of human
AML [180]. Then, Zoppi et al. developed a highly selective and rapid degrader, namely
VZ185, which dually targets BRD9 and BRD7, indicating that it may be an important tool for
the exploration of therapeutic strategies [175]. Due to the concept that SMARCA4-mutant
cancers are vulnerable to SMARCA?2 inhibition [188], selectively degrading SMARCA?2
has been an important therapeutic strategy. A recent study by Farnaby developed an
optimized chemical ACBI1 that cooperatively targets SMARCA2, SMARCA4, and PBRM1,
exhibiting significant antiproliferative and cell death-inducing effects in SMARCA4-mutant
cancer cells [187]. Recently, a new PROTAC degrader targeting SMARCA2 and SMARCA4,
called AU-15330, was found to have great preferential cytotoxicity at low concentrations
in AR/FOXA1-driven prostate cancer [170]. These findings exemplify the potential of
PROTAC-based targeting approaches that enable the selective targeting of previously in-
tractable targets. Additionally, molecular glue compounds are an emerging technique
that target protein degradation but that have also undergone extensive development in
recent years [189]. These compounds can rapidly degrade previously inaccessible targets,
which may act as a viable cancer therapeutic strategy. However, the chromatin-remodeling
complexes applied context-dependent roles and exhibited variable expression patterns in
several human tumors, such as SMARCAZ2, which showed context-dependent oncogenic
and tumor suppressor roles and lost its expression in SCCOHTs and in a subset of NSCLC.
Therefore, a high degree of context-specificity should be taken into consideration when
conducting therapeutic approaches using such molecules.

4.2. Indirectly Targeted Therapies

Although the target approach has been extensively developed, since directly restoring
the function of the tumor suppressor is currently difficult to achieve, specific vulnerabilities
in cancer cells caused by loss-of-function in a tumor suppressor might be targeted for
cancer therapy. About 20 years ago, Hartwell and colleagues proposed a genetic concept of
synthetic lethality based on genetic information of a disease to drive drug discovery [190].
Since then, applying functional genomic screens to find novel vulnerabilities in cancer cells
in line with the defined genetic defects has become a widely used approach to identify
novel targets, as well as in the field of combination regimens (Figure 4). For example,
ARID1A is identified as frequently harboring loss-of-function mutations across a wide
variety of human tumors. Using the functional genomic screen of the vulnerabilities
conferred by ARID1A mutation, Helming et al. found that a paralog of ARID1A called
ARID1B, which encodes for mutually exclusive BAF subunits, was preferentially required
for the proliferation of cancer cell that harboring mutant ARID1A [191]. Mechanistically,
the inactivation of ARID1A resulted in the defective control of targeting the BAF complex
to a range of genomic regions, but the ARID1B-containing BAF complex still remained
intact in the ARID1A-mutant cells, thereby conducting some of the functions to maintain
a complex function. Thus, ARID1B is required for chromatin accessibility regulation in
ARID1A-deficient colorectal carcinoma cells and OCCCs [192]. Similarly, as we mentioned
above, SMARCA4-mutant cancers are vulnerable to SMARCA?2 inhibition [188].
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Figure 4. Overview of indirectly targeted therapies that exploit aberrant chromatin remodeling in
cancer. Specific vulnerabilities in cancer cells caused by loss-of-function in a chromatin-remodeling
situation might be targeted for cancer therapy. Available inhibitors for each target involved in the
genetic defect’s vulnerabilities conferred by aberrant chromatin remodeling are listed.

4.2.1. DNA Damage Repair Associated Inhibitor

Previous studies have suggested potential roles for chromatin remodelers in DNA
repair, such as loss of ARID1A resulting in compromising DNA damage repair. Recent
studies have revealed the feasibility of PARP inhibitors in treating patients with ARID1A-
defective cancers (Figure 4) [193]. In addition, loss of ARID1A renders cancer cells highly
sensitive to combined therapy with PARP inhibitors and ionizing radiation [194]. More-
over, as tumorigenesis in ARID1A-deficiency was also dependent on activation of the
PI3K/AKT pathway, the PI3K/AKT inhibitors in combination with PARP inhibitors are a
promising strategy for patients with ARID1A-mutant tumors. The inactivation of PBRM1
has been reported to occur frequently in cancers. Roman et al. found that replication
stress is greatly elevated in PBRM1-defective cancers cells, and thereby, they treated PARP
and ATR inhibitors via a PBRM1-defective ccRCC model. Synthetic lethality effects were
observed in this xenograft model [195]. Similarly, a recent study from Hagiwara demon-
strated that PARP1 has a good prediction effect as a biomarker to predict PD-L1 blockade
response in PBRM1-mutated ccRCC patients, showing good prediction effect [196]. In
addition to PBRM1, BRD7 and BRD9 were also identified as potential therapeutic markers
to predict synthetic lethality under the treatment with chemotherapeutic drugs and PARP
inhibitors [197,198]. Furthermore, the DNA damage repair-associated inhibitors ATR/ATM
in combination with ARID1A-deficiency or BAF complex -inhibition functionally synergize,
suggesting a potential synthetic lethal strategy to target tumor cells [199,200]. Together,
these studies provide important indications of the synergy between chromatin remodeler
inhibitors and DNA damage repair-associated inhibitors, especially in combination with
chemotherapeutic agents.

4.2.2. Proliferation-Associated Targets

Owing to the essential roles of the chromatin-remodeling complex in the survival
and proliferation of cancer cells, the loss of function or dysregulation of several subunits
that disrupt the chromatin-remodeling function could lead to genetic vulnerabilities in
proliferation-associated signaling pathways. For instance, cyclins and cyclin-dependent
kinases (CDKs) are inessential for cell proliferation, and cyclin D-CDK4/6 plays important
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roles in the uncontrolled cell proliferation of many tumors. The Cyclin D-CDK4/6 pathway
was found to be impaired in SMARCA4-defective SCCOHT cells, leading to the therapeutic
vulnerabilities to CDK4/6 inhibitors (Figure 4) [201]. Consistent with this effect, SMARCA4-
defeciency showed synthetic lethality in CDK4/6-inhibited NSCLCs [38]. Based on the
mechanism of the preclinical efficiency of CDK4/6 inhibitor acting on SMARCA4-defective
tumors, a phase I study of the CDK4/6 inhibitor Ribociclib (LEE011) was conducted in
pediatric patients with rhabdoid tumors harboring SWI/SNF subunits with a high mutation
rate [202]. Moreover, the kinase inhibitor ponatinib was found to be synthetically lethal
when targeting the SMARCA4-mutant SCCOHT through its inhibition of multiple targets
in the receptor tyrosine kinase (RTK) family [203], and the inhibitor dasatinib was also
confirmed as an effective agent for ARID1A-defective ovarian clear cell tumors based on
the abnormal regulation of the cell cycle [204]. In addition, kinase A has been identified
as having a synthetic lethal interaction with ARID1A. ARID1A is required for G2/M
transition and mitotic entry, and pharmacological perturbations of AURKA have been
found to selectively limit the growth of ARID1A-deficient CRC cells [205]. However, a
phase 2 trial of kinase A inhibitor alisertib conducted in pediatric patients showed little
antitumor activity when using a single agent [206]. This problem may be improved by
adopting genetic context-dependent patient selection for druggable targets, or by using it
in combination with other therapeutic agents.

4.2.3. Epigenetic Targets

Given the important role of chromatin remodelers in the epigenetic regulation of
human cancers, the combination of chromatin remodeler-associated agents with epigenetic
therapy may display clinical benefits for patients. Epigenetic therapies that target aberrant
DNA methylation and the post-translational modifications of histones have been well-
developed. The recurrent loss-of-function mutations in the genes encoding SMARCA4 have
been recently identified to have significant relevance to the sensitivity of HDAC (histone
deacetylase), DNMT (DNA methyltransferase), and EZH2 (enhancer of zest homolog 2)
inhibitors in SCCOHT patients (Figure 4) [207]. SAHA is a pan-HDAC inhibitor, and it
was found to significantly inhibit the progression of ovarian cancer-harboring ARID1A
mutations and to significantly prolong the survival of tumor-inoculated mice. This study
provided preclinical rationales for pan-HDAC inhibitors in the treatment of ARID1A-
mutated tumors [208]. In addition, investigations about the SWI/SNF complexes and
polycomb-repressive complexes in cancer have indicated that cancers that harbor SWI/SNF
subunits mutations or deletions are sensitive to the inhibition of EZH2. For example,
SMARCA4-deficient ovarian small-cell carcinomas and SMARCB1-deficient malignant
rhabdoid tumors display sensitivity to EZH2 inhibitors [209]. Additional study found that
ATRX alterations, such as in-frame fusion, which occur frequently in neuroblastoma, can
promote neuroblastoma development. Neuroblastoma-harboring SWI/SNF complexes
undergoing genetic alteration have been found to be sensitive to EZH2 inhibitors [210].
NUT midline carcinoma (NMC) is a rare and aggressive squamous carcinoma subtype
that is mainly driven by the BRD4-NUT fusion oncoprotein, and BET (bromodomain extra-
terminal) inhibitors were found to have a high efficacy in treating NMC [209]. Therefore,
epigenetic-targeting drugs, which have been used in selected patient populations, such as
in SWI/SNF-defective cancers, may be the key to broadening its application in cancers.

4.2.4. Immunotherapy

The past decade has seen the emergence of cancer immunotherapies in multiple solid
and hematologic malignancies. Knowledge of chromatin remodeling in the regulation of
immunotherapies, especially the immune checkpoint inhibitors (ICIs) in cancer, has yielded
several promising therapeutic strategies that show great benefits to patients. Genetic
alterations in ARID family members have been revealed to be related to sensitivity to ICI
therapy in cancer [211], such as in NSCLC [160], EBV-positive gastric cancers [212], and
ovarian cancer (Figure 4) [213,214]. For example, ARID1A alters sensitize tumors to immune
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checkpoint blockade, suggesting a potential candidate for immunotherapy [215]. Studies
by Shen and colleagues have revealed that treatments with the anti-PD-L1 antibody on
ARID1A-deficient ovarian tumors demonstrate promising therapeutic activity in preclinical
models [213]. Another study by Fukumoto observed that combined treatments with the
HDACS6 inhibitor and anti-PD-L1 in ARID1A-mutated cancers showed efficient antitumor
effects caused by improved cytotoxic T-cell activity [216]. In addition, SMARCA4-mutant
tumors were more sensitive to ICIs, and treatment with ICIs was associated with improved
outcomes. SMARCA4 alterations in NSCLC were found to boost higher response rates to
anti-PD-L1 treatment [217]. Furthermore, a novel small molecule, namely IACS-010759,
which is an inhibitor of OXPHOS undergoing clinical development, showed a potent
antitumor efficacy in SMARCA4-mutant lung cancers [218]. Bai et al. identified mutant-
SMARCAA4 as a predictive biomarker of ICB efficacy in EBV-associated gastric cancer [219].
Additionally, methylated-BAF155 [220], PBRM1 [221,222], and CHD1 [223] have been
reported to be closely related to immunotherapy responses and may act as potential targets
in clinical applications. Thus, studies focusing on the mechanisms and applications of
chromatin-remodeling alterations in cancer immunotherapy should provide mechanism
references and broaden the application of immune checkpoint blockade to patients with
the selected subtypes based on the genomic defects of chromatin remodeling.

5. Outlook

In this review, we have summarized the composition of ATP-dependent chromatin-
remodeling complexes and have provided a detailed description of the genomic alterations
to the subunit complexes, as well as their associated dysfunction in cancer development.
This will provide new insights into cancer progression and will offer novel therapeutic
strategies for chromatin remodeling in defective cancers. Notably, with the emerging tech-
nology for screening for new small inhibitors and immune therapy, combination treatments
targeting malfunctioning molecules or pathways based on patient selection strategies may
achieve more effective and fewer side effects over conventional chemotherapy.

ATP-dependent chromatin remodelers are large chromatin-remodeling machines that
are connected to chromatin and nucleosome function, and thus contribute greatly to many
chromosomal associated functions and various aspects of the cellular process. Thanks to
the rapid development of large-scale sequencing technology, a new class of the somatic and
inherited genomic variants that encode the chromatin remodelers have been identified as
risk factors of cancer. Various altered chromatin-remodeling subunits in tumors have been
confirmed to contribute to cancer phenotype, such as resistance to DNA damage repair,
DNA replication stress, senescence, angiogenesis, metastasis and tumor immunity, etc.
Additionally, the high flexibility of the composition and conformation of the remodeling
complex in cancer could lead to interactome dynamics that affect the chromatin-remodeling
function in a context-dependent way. Therefore, it will be meaningful to determine the onco-
genic genomic alterations and delineate their biological functions in a context-dependent
way, and to thus uncover additional novel drug targets.

The concept of therapies that are based on synthetic effects have broadened the ap-
plication of currently available drugs with monotherapy or combination therapies. Thus,
revealing the interplay of chromatin remodeling associated with oncogenic pathway sig-
naling and determining the genomic alterations that cause tumor vulnerabilities may
provide new guidelines for synergistic drug combination strategies for cancer therapy. New
small-molecule drugs such as PROTAC molecules and molecular glues that induce the
degradation of targets that are intractable by conventional pharmacological methods are
emerging strategies for targeted therapy in cancer. Furthermore, as the improvements in
sequencing technologies such as single-cell sequencing enable us to detect genomic features
from single cells, data with high resolution and richness can be acquired to uncover the new
roles of the chromatin-remodeling complex in tumor initiation and development. With pre-
dictive biomarkers for patient selection, precision medicine based on chromatin-remodeling
dysfunction will provide new therapeutic avenues for cancer therapy.
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