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Abstract: Melanoma is an aggressive malignancy that arises from the transformation of melanocytes
on the skin, mucosal membranes, and uvea of the eye. SWI/SNF chromatin remodeling enzymes are
multi-subunit complexes that play important roles in the development of the melanocyte lineage and
in the response to ultraviolet radiation, a key environmental risk factor for developing cutaneous
melanoma. Exome sequencing has revealed frequent loss of function mutations in genes encoding
SWI/SNF subunits in melanoma. However, some SWI/SNF subunits have also been demonstrated
to have pro-tumorigenic roles in melanoma and to affect sensitivity to therapeutics. This review
summarizes studies that have implicated SWI/SNF components in melanomagenesis and have
evaluated how SWI/SNF subunits modulate the response to current therapeutics.

Keywords: SWI/SNF enzymes; chromatin remodeling; melanocytes; melanoma; BAF; PBAF; ncBAF;
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1. Introduction
1.1. SWI/SNF Chromatin Remodeling Complexes

Epigenetics is defined as a process that alters gene activity without changing the
DNA sequence and leads to modifications that can be transmitted to daughter cells [1].
This includes DNA methylation, chromatin structure, and non-coding RNAs. Chromatin
structure is regulated by two classes of enzymes: those that add or remove covalent
modifications on histone proteins and ATP-dependent chromatin remodelers which utilize
energy from the hydrolysis of ATP to relax contacts between histone proteins and DNA,
promoting altered nucleosome conformation, positioning, or changes in higher order
chromatin structure [2].

SWItch/Sucrose NonFermentable (SWI/SNF), the first ATP-dependent chromatin
remodeler to be identified [3], has important roles in transcription, DNA replication, and
repair. SWI/SNF complexes are composed of a central catalytic subunit which is either
SMARCA4 (BRG1) or SMARCA2 (BRM) and 10–13 associated subunits [4]. Heteroge-
neous complexes that have either the SMARCA4 or SMARCA2 catalytic subunit and a
distinct assortment of accessory subunits have been labeled as canonical(c)BAF, PBAF
(Polybromo-associated BAF), or noncanonical (nc)BAF [5,6] (Figure 1). Although we still
do not completely understand the distinct biological roles of these diverse complexes, most
SWI/SNF subunits are essential for organismal development because their deletion in mice
is lethal during embryogenesis [7]. In humans, heterozygous germline mutations in genes
encoding SWI/SNF components are associated with the developmental disorders including
Coffin–Siris and Nicolaides–Baraitser syndromes [8]. Germline mutations in SWI/SNF
genes have also been reported in patients with pediatric rhabdoid tumors [9], small cell
carcinoma of the ovary, hypercalcemic type [10], and clear cell renal carcinoma [11] while
somatic mutations in SWI/SNF genes occur in a diverse array of human malignancies
including endometrioid carcinomas [12], intrahepatic cholangiocarcinomas [13], hepatocel-
lular carcinoma [14], pancreatic ductal carcinoma [15], and melanoma [16,17].
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Figure 1. SWI/SNF chromatin remodeling complexes. All three complexes have a central ATPase, 
various common and unique subunits. (A). Canonical cBAF contains ARID1A or ARID1B and DPF1, 
2, or 3 as signature subunits. The ATPase can be either SMARCA4 or SMARCA2. (B) PBAF com-
plexes contain ARID2, PBRM1, BRD7, and PHF10 as signature subunits and SMARCA4 as the 
ATPase. (C) Noncanonical ncBAF contains BRD9 and BICRA/BICRAL as signature subunits and 
SMARCA4 as the ATPase. 

Structural and biochemical studies have given insight into how SWI/SNF is assem-
bled and how it contacts nucleosomes to remodel chromatin. While both the SMARCA4 
and SMARCA2 ATPases are capable of remodeling nucleosomes in the absence of other 
subunits in vitro, a core complex which also contains SMARCB1, SMARCC1, and 
SMARCC2 has optimum chromatin remodeling activity on assembled nucleosomes [18]. 
High resolution cryo-electron microscopy studies recently showed that SMARCB1 inter-
acts with the H2A/H2B acidic patch of the nucleosome, while SMARCC1/2 provides a 
scaffold needed for proper SWI/SNF assembly. ARID1A plays an important role in deter-
mining SWI/SNF architecture and ability to mobilize nucleosomes [19–21]. Characteriza-
tion of the functional roles of SWI/SNF subunits has provided insight into how disrup-
tions of particular components alter SWI/SNF activity in malignancies and other diseases. 

A function of many of the SWI/SNF subunits is to promote localization of SWI/SNF 
complexes to specific genomic sites. For example, the importance of the ARIDs in regulat-
ing the genome occupancy of SWI/SNF is evidenced by studies showing that loss of 
ARID1A in neuroblastoma leads to altered localization of both cBAF and PBAF complexes 
[22,23]. While haploinsufficiency of ARID1A can drive cancer formation, upon its loss, the 
paralogous subunit, ARID1B, promotes cBAF binding to pro-tumorigenic loci [24]. Thus, 
disruption of ARID subunits in cancer can contribute to dysregulation of transcriptional 
programs, by altering SWI/SNF recruitment throughout the genome to enable tumorigen-
esis. Although ARIDs can facilitate non-specific binding to DNA [25], a primary mecha-
nism for SWI/SNF recruitment to specific genome sites is through interactions with gene-
specific transcriptional regulators, which can be mediated by ARIDs as well as other 
SWI/SNF subunits. Transcriptional regulators shown to interact with SWI/SNF include 
pluripotency factors [7,26], lineage-specific regulators [27,28], nuclear hormone receptors 
[29–31], tumor suppressors such as p53 [32], and oncogenes such as MYC [33]. Thus, 
SWI/SNF has important roles in regulating expression of genes needed for organismal 
development, cell differentiation, and cancer-relevant processes. 

Figure 1. SWI/SNF chromatin remodeling complexes. All three complexes have a central ATPase,
various common and unique subunits. (A). Canonical cBAF contains ARID1A or ARID1B and DPF1,
2, or 3 as signature subunits. The ATPase can be either SMARCA4 or SMARCA2. (B) PBAF complexes
contain ARID2, PBRM1, BRD7, and PHF10 as signature subunits and SMARCA4 as the ATPase.
(C) Noncanonical ncBAF contains BRD9 and BICRA/BICRAL as signature subunits and SMARCA4
as the ATPase.

Structural and biochemical studies have given insight into how SWI/SNF is assembled
and how it contacts nucleosomes to remodel chromatin. While both the SMARCA4 and
SMARCA2 ATPases are capable of remodeling nucleosomes in the absence of other sub-
units in vitro, a core complex which also contains SMARCB1, SMARCC1, and SMARCC2
has optimum chromatin remodeling activity on assembled nucleosomes [18]. High res-
olution cryo-electron microscopy studies recently showed that SMARCB1 interacts with
the H2A/H2B acidic patch of the nucleosome, while SMARCC1/2 provides a scaffold
needed for proper SWI/SNF assembly. ARID1A plays an important role in determining
SWI/SNF architecture and ability to mobilize nucleosomes [19–21]. Characterization of
the functional roles of SWI/SNF subunits has provided insight into how disruptions of
particular components alter SWI/SNF activity in malignancies and other diseases.

A function of many of the SWI/SNF subunits is to promote localization of SWI/SNF
complexes to specific genomic sites. For example, the importance of the ARIDs in regulating
the genome occupancy of SWI/SNF is evidenced by studies showing that loss of ARID1A
in neuroblastoma leads to altered localization of both cBAF and PBAF complexes [22,23].
While haploinsufficiency of ARID1A can drive cancer formation, upon its loss, the par-
alogous subunit, ARID1B, promotes cBAF binding to pro-tumorigenic loci [24]. Thus,
disruption of ARID subunits in cancer can contribute to dysregulation of transcriptional
programs, by altering SWI/SNF recruitment throughout the genome to enable tumorigene-
sis. Although ARIDs can facilitate non-specific binding to DNA [25], a primary mechanism
for SWI/SNF recruitment to specific genome sites is through interactions with gene-specific
transcriptional regulators, which can be mediated by ARIDs as well as other SWI/SNF
subunits. Transcriptional regulators shown to interact with SWI/SNF include pluripotency
factors [7,26], lineage-specific regulators [27,28], nuclear hormone receptors [29–31], tumor
suppressors such as p53 [32], and oncogenes such as MYC [33]. Thus, SWI/SNF has im-
portant roles in regulating expression of genes needed for organismal development, cell
differentiation, and cancer-relevant processes.
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In addition to interactions with transcriptional regulators, functional domains within
some of the subunits promote SWI/SNF association with chromatin by reading the epige-
netic landscape. SMARCA4, SMARCA2, PBRM1, BRD7, and BRD9 have bromodomains
which are evolutionarily conserved 110 amino acid modules that bind acetyl-lysines [34].
Bromodomain-containing subunits of the SWI/SNF complex have been shown to target
SWI/SNF complexes to specific genes in both normal and cancer cells [35,36]. Small
molecules that selectively bind the BRD9/BRD7 bromodomains are being explored as po-
tential anticancer agents. These drugs can disrupt BRD9/BRD7 interactions with acetylated
histones, and presumably promote re-localization of the SWI/SNF complex [37–39].

SWI/SNF enzymes operate within a network of transcription and epigenetic factors
to alter the accessibility of chromatin and regulate gene expression. Early studies showed
that SWI/SNF can enhance binding of transcriptional regulators by making chromatin
accessible [40,41]. SWI/SNF-mediated genome-wide changes in nucleosome positioning
and cooperativity or antagonism with other epigenetic regulators has been the focus
of more recent studies [42,43]. SWI/SNF subunits can cooperate with other epigenetic
regulators such as the BET-bromodomain family member, BRD4, as well as enhancer RNAs,
to increase to activate enhancers in colorectal cancer cells [44]. SMARCA4 also interacts
with BRD4 to promote MYC-driven transcriptional programs in myeloid malignancies and
BRD9 interacts with BRD4 to facilitate ncBAF recruitment to chromatin in embryonic stem
cells [35,42]. Therefore, the pathways that SWI/SNF regulates in a particular cell are likely
to be influenced by the activities of transcription and epigenetic factors.

There is an antagonistic relationship between SWI/SNF and Polycomb Repressor
Complexes (PRC) in the regulation of gene expression. PRC can block SWI/SNF-mediated
chromatin remodeling [45] and both SMARCA4 and SMARCB1 can prevent EZH2, the
catalytic subunit of PRC2, from binding to target promoters [46,47]. EZH2 inhibitors have
recently made it to the clinic for use in some SMARCB1-deficient cancers and are being
explored in a wide range of other cancers [48]. The antagonistic relationship between
SWI/SNF and EZH2, and possibly other transcription and epigenetic factors, may poten-
tially be exploited therapeutically in SWI/SNF disrupted melanoma. In this review we
discuss what is known about SWI/SNF function and dysfunction in melanoma and the
therapeutic implications.

1.2. Melanoma

Metastatic melanoma is a highly aggressive malignancy that responds poorly to
chemotherapeutics and has been increasing in incidence for several decades. It was esti-
mated that in 2020, almost 325,000 new melanoma cases were diagnosed with more than
57,000 associated deaths occurring world-wide and that, by 2040, the incidence is predicted
to be 510,000 new cases with 96,000 associated deaths [49]. While targeted therapy against
oncogenic mutations and immune checkpoint inhibitors have resulted in remarkable im-
provement in patient outcome, many patients do not respond to either therapy or they
develop resistance and ultimately stop responding to the drugs [50–52]. Thus, it is neces-
sary to better predict which tumors will respond to current therapies and to identify new
therapeutic targets for patients who develop resistance.

Melanoma arises from the malignant transformation of melanocytes, cells responsible
for melanin production. Melanin gives skin its characteristic pigmentation and protects
from the damaging effects of ultraviolet (UVR) radiation coming primarily from the sun.
Although melanin has a protective role, inherent features of the melanocyte differentiation
program are also thought to be involved in melanoma aggressiveness and resistance to ther-
apeutics [53,54]. The Melanocyte Inducing Transcription Factor (MITF) is a lineage-specific
factor that specifies and promotes melanocyte differentiation and survival [55]. This pro-
survival function carries over into melanoma, where MITF is a lineage addiction oncogene
that is amplified in 10% of primary and more than 20% of metastatic melanoma tumors [56].
Another lineage-specific transcription factor, SRY-BOX 10 (SOX10), directly regulates MITF
expression and synergizes with MITF to regulate genes encoding melanogenic enzymes,
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Tyrosinase (TYR), Tyrosinase Related Protein 1 (TYRP1), and Dopachrome Tautomerase
(DCT) [57]. SOX10 also plays a role in melanomagenesis and modulates resistance to
therapeutics [58,59]. Therefore, MITF and SOX10 are melanocyte-specific transcription
factors that regulate pigmentation and contribute to protection against UV radiation, but
also play significant roles in promoting aspects of melanoma tumorigenicity.

Exposure to UVR is a major environmental risk factor and is associated with char-
acteristic mutational signatures for melanoma development [60]. Mutations in the BRAF
gene occur most commonly in melanocytes in sun-exposed skin and account for approx-
imately half of all melanomas [61]. However, mutant BRAFV600E (valine to glutamic
acid substitution) in the absence of other disruptions causes senescence, giving rise to
benign nevi (moles) [62,63]. The BRAF oncogene promotes melanoma proliferation and
metastasis by hyper-activating the ERK/MEK Mitogen-Activated Pathway (MAPK) [64].
Patients with these melanomas respond well to combined BRAF/MEK inhibitors, but at
least half the patients develop resistance within a year [65]. Therefore, novel approaches are
needed to combat the occurrence of resistance. NRAS is another commonly mutated gene,
accounting for approximately 20% of cutaneous melanomas, more frequently occurring
on unexposed skin and associated with more aggressive disease. Treatment with MEK
or immune checkpoint inhibitors has demonstrated limited efficacy for NRAS-mutant
melanomas and there is a need to develop more effective approaches [66]. Other frequent
mutations have been detected in genes encoding NF1, KIT, CDKN2A, TP53, PTEN, as well
as components of the SWI/SNF complex. Mutations in genes encoding SWI/SNF subunits
occur in approximately 34% of melanomas and may present vulnerabilities that can be
exploited therapeutically [67].

2. SWI/SNF in Melanoma
2.1. SMARCA4

SMARCA4, essential for mouse development [68] and embryonic stem cell pluripo-
tency [26], has also been recognized as a tumor suppressor that is deficient in some cancers
including small cell carcinoma of the ovary hypercalcemic type [10] and non-small cell
lung cancer [69], but also found to be highly expressed and to have oncogenic roles in
other cancers, including breast cancer and acute myeloid leukemia [42,70]. Exome studies
of patient-derived melanomas have revealed mutations in SMARCA4, some of which are
predicted to cause loss of function [16] (Table 1, Figure 2). Melanoma ranks third in its
frequency of SMARCA4 genetic alterations and while several cancers have amplifications
in the SMARCA4 gene, we did not find amplifications in the TCGA cutaneous melanoma
dataset (Figure 3). Thus, there is evidence that SMARCA4 is disrupted in melanoma, such
as it is in several other cancers.
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Table 1. The first column contains the percentages of genetic alterations and, in parentheses, the total
numbers of affected samples. The percentages and, in parentheses, the number of mutations/copy
numbers/structural variants are shown in subsequent columns. The numbers are based on 448 sam-
ples taken from 442 melanoma patients. Subunits are listed in rank order based on number of genetic
alterations. * indicate one sample with multiple genetic alterations and ** indicate two samples with
additional alterations. The data was analyzed using the cBioportal tool [71,72].

Gene Total Truncating
Mutation

Deep
Deletion

Splice
Mutation

Missense
Mutation

In frame
Mutation

Structural
Variant Amplification

ARID2 18% 41% 0 5% 47% 0 1% 8%
(78) (32) * (4) (37) * (1) (6) **

SMARCA4 10% 7% 0 4% 89% 0 0 0
(46) (3) (2) (41)

ARID1A 9% 22% 2% 10% 59% 0 5% 2%
(41) (9) (1) (4) (24) (2) (1) *

SMARCA2 9% 15% 5% 0 74% 0 5% 3%
(39) (6) (2) (29) (2) (1)

ARID1B 9% 26% 15% 0 56% 0 3% 0
(39) (10) (6) (22) (1)

BRD9 8% 3% 5% 5% 41% 0 3% 46%
(37) (1) * (2) (2) (15) (1) (17) *

PBRM1 8% 36% 0 6% 61% 0 6% 3%
(36) (9) (2) (22) (2) (1)

SMARCC2 8% 21% 0 6% 65% 3% 0 6%
(34) (7) (2) (22) (1) (2)

BICRAL 8% 3% 0 0 59% 0 0 38%
(34) (1) (20) (13)

SMARCC1 6% 7% 0 0 89% 0 0 4%
(27) (2) (24) (1)

ACTL6B 6% 4% 0 8% 76% 0 0 12%
(25) (1) (2) (19) (3)

BRD7 5% 41% 14% 5% 41% 0 0 0
(22) (9) (3) (1) (9)

DPF2 5% 0 14% 5% 52% 0 5% 24%
(21) (3) (1) (11) (1) (5)

ACTB 5% 5% 0 5% 43% 0 0 48%
(21) (1) (1) (9) (10)

SMARCD3 4% 6% 6% 0 44% 0 0 44%
(18) (1) (1) (8) (8)

SMARCD2 3% 0 0 7% 40% 0 7% 53%
(15) (1) (6) (1) * (8) *

PHF10 3% 7% 36% 0 57% 0 0 0
(14) (1) (5) (8)

SMARCD1 3% 0 0 15% 53% 0 0 23%
(13) (2) (8) (3)

DPF3 3% 0 15% 8% 77% 0 0 0
(13) (2) (1) 10

BCL7C 3% 8% 0 0 83% 0 0 8%
(12) (1) (10) (1)

BICRA 2% 0 0 0 100 0 0 0
(10) (10)
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Table 1. Cont.

Gene Total Truncating
Mutation

Deep
Deletion

Splice
Mutation

Missense
Mutation

In frame
Mutation

Structural
Variant Amplification

SMARCB1 2% 10% 10% 0 50% 0 0 30%
(10) (1) (1) (5) (3)

ACTL6A 2% 10% 20% 10% 40% 0 0 20%
(10) (1) (2) (1) (4) (2)

DPF1 2% 0 11% 0 67% 0 0 22%
(9) (1) (6) (2)

SS18 2% 11% 0 11% 78% 0 0 0
(9) (1) (1) (7)

SMARCE1 2% 13% 0 13% 63% 0 0 13%
(8) (1) (1) (5) (1)

BCL7B 2% 25% 0 0 50% 0 0 25%
(8) (2) (4) (2)

BCL7A 1% 0 0 17% 50% 0 0 33%
(6) (1) (3) (2)
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dataset is from TCGA and evaluated with the cBioportal tool [71,72]. Stars highlight melanoma data.
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In addition to mutations, there have been variable reports of SMARCA4 protein expres-
sion in patient-derived melanoma tumors. One study found that, SMARCA4 was deficient
in a significant number of primary and metastatic melanomas [73]. However, a different
study showed that SMARCA4 is over expressed at the protein level in both primary and
metastatic melanomas compared to nevi [74]. Other studies that have looked at SMARCA4
mRNA levels have found that SMARCA4 is highly expressed especially in later stages of
metastatic melanoma and that high expression is correlated with poorer survival [75,76].
Thus, SMARCA4 status may be heterogeneous in melanoma, with some tumors exhibit-
ing SMARCA4 loss of function while in other contexts, high levels of SMARCA4 may
promote tumorigenesis.

The first report to characterize SMARCA4 function in the melanocyte lineage was
one that established SMARCA4 as an MITF coactivator [28]. In this study, dominant nega-
tive SMARCA4 was found to inhibit trans-differentiation of fibroblasts to melanocyte-like
cells, interfering with activation of melanogenic enzyme genes. MITF and SMARCA4
were found to physically interact and MITF recruited SMARCA4 to a melanocyte-specific
promoter where it remodeled chromatin [28]. SMARCA4 was found to regulate MITF
expression and to interact with MITF in melanoma cells, thereby promoting expression of
an extensive number of pigmentation genes [77–79]. In mice, inactivation of SMARCA4
disrupts embryonic development of the melanocyte lineage and results in a severe pigmen-
tation phenotype [79,80]. These studies show that SMARCA4 is an essential regulator of
pigmentation and survival of the melanocyte lineage as well as melanoma cells.

Multiple melanocyte-specific transcription factors likely regulate SMARCA4 recruit-
ment to genomic sites. A genome-wide study in melanoma cells confirmed that SMARCA4
cooperates with MITF to remodel chromatin at pigmentation loci and other MITF-target
genes [79]. This study indicated a high level of MITF and SMARCA4 co-localization at
MITF binding sites within both proximal promoters and enhancers. These sites were
configured by MITF binding to nucleosome depleted regions, flanked on both sites by
SMARCA4-bound nucleosomes. Many of the MITF/SMARCA4 co-occupied sites at dis-
tal enhancers were co-occupied by SOX10 and overlapped sites for transcription factors,
YY1 [81] and TFAP2A [82]. While MITF and/or SOX10 are required to recruit SMARCA4 to
MITF/SOX10-dependent loci, SMARCA4 was not required for MITF to bind cognate sites.
A recent report showed that MITF binding depends instead on TFAP2A, which may act
as a pioneer transcription factor by binding nucleosomal DNA and promoting chromatin
accessibility [83]. This suggests that SWI/SNF recruitment to MITF/TFAP2A-dependent
loci indirectly depends on TFAP2A. TFAP2A expression is frequently down-regulated in
advanced melanoma [84]; thus, although advanced melanomas may have high levels of
SMARCA4, it is conceivable that these melanomas may become de-differentiated and inva-
sive due to failure to target SMARCA4 and the SWI/SNF complex to differentiation-specific
loci that are regulated by TFAP2A and MITF. Thus, the repertoire of transcription factors
present in melanoma may dictate whether SMARCA4 has tumor-suppressive or oncogenic
roles by regulating SMARCA4 genomic localization.

The role of SMARCA4 in promoting melanin synthesis likely provides protection
against damage from UVR and could be considered a tumor suppressor role. SMARCA4 can
also promote nucleotide excision repair and thus prevent DNA damage and accumulation
of mutations [85]. Thus, disruption of SMARCA4 function is likely to contribute to the
initiation of melanoma through multiple mechanisms. However, some studies have shown
that SMARCA4 may also promote melanoma proliferation, invasiveness, and response
to therapeutics.

SMARCA4 increases resistance to DNA-damaging agents in melanoma [77]. The
increase in resistance to cisplatin and as well as survival from ultraviolet radiation-induced
damage was associated with activation of BIRC7 (ML-IAP), an MITF-regulated pro-survival
gene [47]. Other studies showed that SMARCA4 is critically required for an extensive
number of MITF as well as MITF-targets that are pro-survival genes in melanoma and
for melanoma survival in vitro [78,79]. SMARCA4 also cooperates with an MITF-target
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and SCF ubiquitin ligase component, FBX032, to promote expression of genes involved
in proliferation and migration [86]. MITF-independent mechanisms by which SMARCA4
promotes melanoma survival and invasiveness have also been reported [75,87,88]. Fur-
thermore, inactivation of Smarca4 delays tumor formation in a mouse melanoma model
driven by oncogenic BRAF/inactivated PTEN [89]. In contrast to these studies which
show a pro-proliferative and pro-invasive role for SMARCA4, one recent study reported
that depletion of SMARCA4 transforms immortalized mouse melanocytes, allowing them
to generate highly pigmented tumors in vivo [90]. Additional studies will be required
to determine the basis for the ambivalent roles SMARCA4 plays in melanomagenesis as
well as differences in reports of SMARCA4 expression levels. Possible explanations for
the discrepancies may be due to different mutational contexts (i.e., BRAF/PTEN status) or
differences in developmental stage and/or SMARCA2 status (see below) in the different
studies. It is also conceivable that SMARCA4 levels change reversibly, depending on signals
from the cancer microenvironment. It will be important to identify the contexts in which
high or low SMARCA4 levels are advantageous to melanoma cells.

2.2. SMARCA2 (BRM)

SMARCA2, the paralog of SMARCA4, is the central ATPase in a subset of cBAF
complexes. Although SMARCA2 is highly homologous to SMARCA4, unlike SMARCA4,
mice with embryonic inactivation of Smarca2 are viable and have not been reported to
have a pigmentation phenotype [68,91]. The observation that inactivation of Smarca4 in
melanocytes during embryogenesis results in loss of melanocytes suggests that SMARCA2
cannot compensate for SMARCA4 during embryonic development of the melanocyte
lineage [79]. Despite this hypothesis, SMARCA2 was shown to interact with MITF and
to partially compensate for SMARCA4 loss in the regulation of MITF-target genes in
melanoma cells [77]. A region near SMARCA2 has also been associated with genetic
variation in pigmentation across African populations [92], suggesting the possibility that
SMARCA2 does have a role in the regulation of melanin synthesis.

SMARCA2 mutations occur at almost the same frequency as SMARCA4 mutations
in patient derived melanomas (Table 1, Figure 2). Melanoma ranks as the fourth most
common cancer with SMARCA2 genetic alterations (Figure 3). High frequency of SMARCA2
mutations also occur in non-melanoma skin cancers and are associated with damage from
UVR [93], suggesting that SMARCA2 has a tumor-suppressive function when skin is
exposed to the sun. A tumor-suppressive function may be attributed to the association
of SMARCA2 with senescence in melanocytic nevi [94]. Interestingly, mechanisms other
than mutations have been shown to inactivate SMARCA2. Oncogenic RAS and RAF
can epigenetically silence SMARCA2 expression and protein acetylation can suppress
SMARCA2 activity [95–97]. These observations suggest a possible tumor-suppressive
function for SMARCA2 in melanoma that should be more closely evaluated.

SMARCA2 and SMARCA4 exhibit a synthetic lethal relationship in cancer that can
be exploited therapeutically. Depletion of SMARCA2 in SMARCA4-deficient melanoma
cells abrogates melanoma tumorigenicity [77] and systematic studies in other cancers have
shown that loss of one subunit renders cells highly dependent on the paralogous sub-
unit [98]. SMARCA4 and SMARCA2 have homologous functional domains that can be
targeted with small molecules. Dual allosteric inhibitors of the SMARCA2/SMARCA4
ATPases simulate synthetic lethality by curbing proliferation of SMARCA4-deficient can-
cers [99]. Furthermore, AADi, an inhibitor specific for the ATPase domains of chromatin
remodeling enzymes also has anti-cancer effects [100]. While bromodomain inhibition
was not as effective as ATPase inhibition at curbing growth of some SWI/SNF mutant
cancers [101], PFI-3, a small molecule selective for the SMARCA4/SMARCA2/PBRM1
bromodomains, sensitized cancer cells to DNA-damaging agents [102–104]. Thus, there is
therapeutic potential in targeting the functional domains of SMARCA2 and SMARCA4 in
some cancer contexts, particularly when there is a deficiency in one ATPase. It will be im-
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portant to further evaluate potential synthetic lethality between SMARCA4 and SMARCA2
in melanoma.

2.3. SMARCB1 (INI1/BAF47/SNF5)

SMARCB1 is a core component of cBAF and PBAF complexes which has been impli-
cated in melanoma and other cancers. Although SMARCB1 is not frequently mutated in
melanoma (Figure 2, Table 1), inactivating mutations in SMARCB1 frequently occur in a
number of other cancers, especially in pediatric rhabdoid tumors, where there is frequent
biallelic SMARCB1 disruption [105–108]. Mechanistically, cancer-associated mutations in
the C-terminal domain of SMARCB1 disrupt interactions with the nucleosome acidic patch
and alter SWI/SNF binding genome-wide [109]. Smarcb1 disruption is early embryonic
lethal and mice with heterozygous disruption of Smarcb1 develop tumors which exhibit
loss of heterozygosity, indicating that SMARCB1 is a bona fide tumor suppressor [110,111].
Furthermore, SMARCB1 functions in nucleotide excision repair [112], which is critically
important to prevent damage from solar UVR. Therefore, it is somewhat surprising that
SMARCB1 is not more frequently mutated in melanoma. However, Smarcb1 is an essential
gene for mouse development and a core subunit in both cBAF and PBAF complexes. While
some cancer cells have bypassed this requirement, SMARCB1 may be still be essential for
melanoma survival, perhaps as a consequence of its lineage-specific functions (described
below). Thus, mis-expression of SMARCB1 could be a more advantageous route toward
disruption of SMARCB1 function.

Immunohistochemistry on patient-derived melanoma samples indicated there is sig-
nificantly lower SMARCB1 expression in late stage primary and metastatic melanoma,
correlating with poorer patient survival and increased resistance to chemotherapeutics [113].
A screen identified SMARCB1 as a factor required for mutant BRAF-induced senescence,
suggesting a tumor suppressor role for SMARCB1 in melanomas that harbor this onco-
gene [114]. However a different study challenged this finding [115] and it has recently
been reported that loss of SMARCB1 results in senescence by suppressing SOX10 expres-
sion in melanoma cells [116]. The regulation of a melanocyte-specific factor like SOX10
by SMARCB1 indicates that SMARCB1 likely is essential for survival of the melanocyte
lineage and in melanoma. Interestingly, SMARCB1-depleted melanoma cells were more
resistant to BRAF inhibitors but more sensitive to BCL2 inhibitors, providing additional
evidence that SMARCB1 expression can influence sensitivity to therapeutics.

2.4. SMARCD1, 2, 3 (BAF60A, B, C)

SMARCD1, 2, and 3 are paralogues that are incorporated into the SWI/SNF complex
in a mutually exclusive manner and often mediate interactions between SWI/SNF and
gene-specific transcriptional regulators. The genes encoding these subunits are mutated
at low frequency in melanoma, with SMARCD3 being slightly more frequently altered
then the SMARCD1 and SMARCD2 genes (Figure 2, Table 1). SMARCD2 and SMARCD3
alterations include similar frequencies of mutations as amplifications while SMARCD1
alterations are mostly mutations. The following studies have given insight into unique and
overlapping functions attributed to the different SMARCD-paralogues.

SMARCD1 is unique among the SMARCD-paralogues in that it can be a component of
any of the different SWI/SNF complexes (cBAF, PBAF, and ncBAF). It is also a component
of a specialized embryonic stem cell SWI/SNF complex that is associated with bivalent
marks and can be both an activator and repressor [117,118]. SMARCD1 mediates SWI/SNF
interactions with many different transcription factors, including nuclear hormone receptors
and p53 [29,32]. Although SMARCD1 has been more extensively characterized for its
developmental role and interaction with transcription factors, SMARCD2 has been shown
to be required for neutrophil differentiation [119,120] and to preserve cellular identity
through a p53/ATM-mediated mechanism [121].

SMARCD1 and SMARCD2 both interact with MITF and may have important roles in
melanocyte development and melanoma [79,122]. SMARCD1 also interacts with SOX10 in
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other neural crest-derived cells [123]. Depletion of SMARCD1 in differentiating melanoblasts
inhibited melanin synthesis and the expression of MITF target genes [122]. Moreover, it was
shown that MITF recruits SMARCD1 to melanocyte-specific promoters, and SMARCD1 is
required for recruitment of SMARCA4, suggesting that SMARCD1 mediates MITF interac-
tions with the SWI/SNF complex. SMARCD1 and SMARCD2 also co-immunoprecitated
with MITF in melanoma cells; however, the role these paralogues play in regulating
melanoma tumorigenicity is not known [79]. Although SMARCD2 has not been function-
ally characterized in the melanocyte lineage, it potentially co-activates MITF target genes.
It will be interesting to determine if SMARCD1- and SMARCD2-containing complexes
regulate different classes of MITF target genes or whether they are functionally redundant
in this capacity. Because of their demonstrated interactions with MITF, it will be important
to conduct more extensive functional studies of both SMARCD1 and SMARCD2 during
melanocyte development and in melanoma.

While SMARCD3 interacts with MYOD [124] and is critical for muscle differentiation,
it interacts weakly if at all with MITF in differentiating melanoblasts [122]. However, it
remains possible that SMARCD3 could be important for melanocyte differentiation by
interacting with other melanocyte-specific transcription factors. Furthermore, the demon-
strated roles of SMARCD3 in glycolytic metabolism [125] and lipogenesis [126] could have
implications for melanocyte development and melanoma proliferation. Interestingly, it was
reported that high expression of SMARCD3 correlates with poorer patient survival in uveal
melanoma [127]. Therefore, a thorough investigation of SMARCD3 in both cutaneous and
uveal melanoma is warranted.

2.5. ARID1A andARID1B

ARID1A is the most frequently mutated SWI/SNF gene and one of ten most commonly
mutated driver genes in human cancers [128]. In melanoma, ARID1A is the third most
frequently mutated SWI/SNF, occurring in 9% of melanoma tumors within the TCGA
database (Table 1, Figure 2). Cutaneous melanoma ranks 7 among 32 different human
cancers in the observed frequency of genetic alterations in ARID1A (Figure 3). A study
utilizing sequence capture analysis of 114 melanoma patients detected loss of function
mutations in ARID1A which were associated with significantly reduced expression [129].
Interestingly, ARID1A mutations were detected more frequently on the head and extremities,
compared to the trunk, and ARID1A-truncating mutations were associated with later stages
of melanoma progression, correlating with an increase in the expression of an EZH2
transcriptional program [130]. Mutations in ARID1A have also been associated with
melanoma metastasis to the brain [131].

ARID1A loss can have therapeutic implications by modulating the response to im-
munotherapy. Melanoma patients who had tumors with high levels of wild type ARID1A
expression were found to have better responses to immune checkpoint inhibitors while
patients with tumors having mutations in ARID1A had a poorer response [132]. Mecha-
nistically, ARID1A was found to promote interferon γ-regulated genes by antagonizing
EZH2. However, a different report suggested that other cancer types with loss of ARID1A
are more sensitive to immune checkpoint blockade [133]. Tumors with loss of ARID1A
were also found to be more sensitive to immune checkpoint blockade when combined with
glutaminase [134] or ATM inhibition [135]. Loss of ARID1A also increased sensitivity to
EZH2 [136] and BET [137] inhibitors but decreased sensitivity to mTOR inhibitors [138].
Therefore, how ARID1A affects sensitivity to immunotherapy is ambiguous and requires
additional studies.

The frequency of ARID1B mutations in cutaneous melanoma approaches that of
ARID1A (Table 1, Figure 2). Interestingly, both cutaneous and uveal melanomas are among
the cancers with the most frequent ARID1B genetic alterations (Figure 3). ARID1B is approx-
imately 50% identical at the amino acid level with ARID1A and is incorporated into cBAF
complexes in a mutually exclusive manner as ARID1A [139]. A study in which targeted next
generation sequencing was conducted on 38 treatment naive melanoma patients also found
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ARID1B to be mutated at the same rate as ARID1A (13.2%) [140]. Interestingly, mutations in
both ARID1A and ARID1B were associated with a UVB-mutational signature. However, a
meta-analysis of mucosal melanomas suggests that copy number losses in ARID1B (33.3%)
occur more frequently than in ARID1A (8.3%) for this melanoma sub-type [141]. Mucosal
melanoma is a subtype of melanoma that constitutes a greater proportion of melanoma
cases in non-Europeans, developing from non-UV exposed melanocytes on mucosal sur-
faces such as the sinonasal tract, oral cavity, female genital tract, the anus, and urinary
tracts [142]. Thus, in cutaneous, mucosal, and uveal melanomas, there is a strikingly high
frequency of mutations in ARID1B.

Although there have not been any functional studies of ARID1B in melanoma, other
cancer cells with mutations in ARID1A are highly vulnerable to ARID1B loss [24,143]. How-
ever, concurrent loss of ARID1A and ARID1B has also been detected in some cancers [143]
and in mice, dual deletion of Arid1a and Arid1b causes de-differentiation and promotes
liver, squamous cell carcinoma, and endometrial cancers [144]. In combination, these
studies suggest that the outcome of dual ARID1A/ARID1B loss, as being either synthetic
lethal or highly carcinogenic, is context dependent. We did not see frequent concurrent
mutations in ARID1A and ARID1B in melanomas in the TCGA database (Table 1) (only
three melanoma tumors had mutations in both ARID1A and ARID1B out of the 41 ARID1A
mutated samples), suggesting the possibility that in many melanomas, there is a synthetic
lethal relationship between the two paralogues. However, this needs further evaluation.

Several studies indicate that ARID1A/ARID1B have important roles in maintaining
enhancer activity, particularly near genes involved in cell adhesion, development, and
differentiation [22,24]. As of yet, there have not been any studies investigating genomic
occupancy of ARID1A/B in melanocytes and melanoma nor their role in melanocyte
development or differentiation. Melanocyte and melanoma differentiation is critically
dependent on MITF. Although neither ARID1A nor ARID1B were identified as MITF-
interacting proteins in melanoma cells, this does not preclude the possibility that ARID1A
and/or ARID1B are involved in differentiation through interactions with other transcription
factors, such as SOX10 and TFAP2A, which collaborate with MITF, or potentially other
transcription factors that independently promote differentiation. It will be important to
elucidate the functions of ARID1A and ARID1B both during melanocyte development and
in melanoma models, and to elucidate how they regulate enhancer function to regulate
gene expression.

2.6. ARID2 and Other Components of the PBAF Complex

PBAF-specific ARID2 is the most frequently mutated SWI/SNF gene in melanoma [16,17,145]
(Table 1, Figure 2). Moreover, melanoma ranks as the cancer that most frequently displays
genetic alterations in ARID2 (Figure 3). Like mutations in ARID1A and ARID1B, mutations
in ARID2 are associated with a UVB signature [140]. ARID2 has been reported to play a
role in DNA repair and maintenance of genome integrity, as do several other SWI/SNF
subunits [146,147]. As part of the PBAF complex, ARID2 may have a specific role in
transcriptional repression at DNA damaged sites [148]. Still, it is not clear why ARID2
is so frequently mutated in melanoma compared to other SWI/SNF subunits, including
other components of PBAF like PBRM1. Components of the PBAF complex have been
identified as also being components of the MITF interactome [79]. However, a functional
role for ARID2 in the regulation of the MITF transcriptional program or in melanocyte
development has not been determined. In one study looking at the evolution of melanoma,
ARID2 mutations were not detected in benign nevi but instead coincided with the transition
to melanoma in situ, and occurred earlier than ARID1A and ARID1B mutations [130]. This
study provided insight into ARID2 disruption in melanoma, by indicating that ARID2 is
disrupted early during melanomagenesis and suggesting that it may be tied to UVR.

The prevalence of loss of function mutations in ARID2 suggests it is a tumor suppres-
sor in melanoma. However, ARID2 mutations have also been detected in melanocytes from
normal skin subject to high cumulative sun exposure. This suggests that loss of ARID2
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function contributes to progression, but is not sufficient to transform melanocytes [149].
Functional studies suggest that ARID2 does not affect melanoma proliferation but instead
suppresses melanoma invasion in vitro [150]. Consistent with a role in cancer progres-
sion, ARID2 loss was found to suppress metastasis in a mouse model of hepatocellular
carcinoma [151]. Additional in vivo studies are clearly needed to elucidate the function of
ARID2 in melanocyte development and in tumor suppression.

Although the tumor-suppressive functions of ARID2 in melanoma are not completely
understood, loss of ARID2 has been associated with increased sensitivity to immune
checkpoint inhibitors by two independent studies [150,152]. ARID2 was found to be a
transcriptional repressor of STAT1 expression in melanoma cells and depletion of ARID2
enhanced the interferon γ response, resulting in increased STAT1 and STAT1 target gene
expression, including PDL1 as well as several T cell chemokines. ARID2 loss resulted
in greater infiltration of cytotoxic CD8+ T cells and reduced tumor burden in response
to anti-PDL1 antibody in a syngeneic mouse melanoma model [150]. In patient-derived
melanoma tumors, low ARID2 expression was associated with increased patient survival
when tumors had greater CD8+ T cell infiltration, suggesting ARID2 loss enhances tumor
immunity [152].

Other components of the PBAF complex have also been implicated in tumor immu-
nity and sensitivity to immunotherapy. PBRM1 and BRD7, which are mutated at lower
frequency in melanoma than ARID2 (Table 1, Figure 2), were also identified in an unbiased
CRISPR/CAS9 screen as modulators of resistance to T cell-mediated killing and sensitivity
to immunotherapy [152]. Expression of interferon γ inducible genes, including chemokines
that recruit effector T cells, increased in PBRM1-depleted mouse melanoma cells and this
was associated with increased chromatin accessibility at regulatory sites. In fact, there
was extensive overlap in transcriptomic changes between ARID2- and PBRM1-depleted
cells, suggesting coordinated regulation of gene expression by these two members of the
PBAF complex.

PBRM1 is a PBAF subunit that has six tandem bromodomains and the gene is most fre-
quently mutated in renal clear cell carcinoma [153] and at lower frequencies in other cancers,
including melanoma (Table 2). Although not as frequently mutated in melanoma as ARID2
and SMARCA4, PBRM1 protein levels are highly sensitive to the levels of SMARCA4 pro-
tein [47] and incorporation into the SWI/SNF complex requires the presence of ARID2 [154].
Therefore, perturbations in SMARCA4 or ARID2 may also disrupt PBRM1 function if the
genetic alterations result in truncated proteins or loss of protein expression. As a com-
ponent of the MITF interactome, PBRM1 may have a role in melanocyte development,
however, this remains to be determined. While PBRM1 plays an essential role in cardiac
development [155], recent studies suggest that Pbrm1 is dispensable for skeletal muscle dif-
ferentiation [36] and for Schwann development [156]. Thus, its role in lineage specification
and developmental gene expression is likely to be cell specific. In addition to modulation of
melanoma sensitivity to immunotherapy, a study suggests that loss of PBRM1 confers syn-
thetic lethality to inhibitors of DNA repair [157]. Therefore, there are multiple therapeutic
opportunities for exploiting PBRM1 disruptions in melanoma.

BRD7 is a bromodomain-containing subunit of PBAF that is generally regarded
as a tumor suppressor due to its positive role in the regulation of p53-induced senes-
cence [158–160]. However, a recent study which analyzed publicly available datasets found
that BRD7 is over-expressed in melanoma and that expression increases in metastatic
disease [161]. TP-472, a drug that is selective for the highly similar bromodomains of
BRD7 and BRD9, markedly inhibited melanoma growth and invasion. The anti-tumor
effects of TP-422 were associated with changes in the expression of extracellular matrix
and apoptotic genes, suggesting that either BRD7 or BRD9 or both promote tumor growth
and invasiveness. Consistent with a role for BRD7 as pro-tumorigenic in some contexts, a
different study found BRD7 stabilizes MYC and promotes colorectal tumor growth [162].
BRD7 as well as ARID2 were also associated with MYC and MYC target gene expression
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and with poorer prognosis in multiple myeloma [163]. Therefore, there are multiple reports
that challenge the role of BRD7 as a tumor suppressor.

PHF10 is a PBAF subunit with controversial roles in melanoma and other cancers.
A Drosophila study suggests that PHF10 is involved in transcriptional elongation [164].
PHF10 has also been found to activate NF-kb target genes [165]. In uveal melanoma, PHF10
is subject to homozygous deletion and frame shift mutations [166]. We found that PHF10
is not as frequently mutated as other PBAF components in cutaneous melanoma (Table 1,
Figure 2). It has been reported that PHF10 is over-expressed in cutaneous melanoma and
interacts with MYC, to recruit the PBAF complex to pro-proliferative loci, and promote
cell cycle progression [167]. PHF10 also had a pro-proliferative role in gastric cancer
cells [168,169]. These studies on different PBAF subunits suggest that the tumor-suppressive
role of PBAF is not clear cut and warrants further investigation.

Table 2. SWI/SNF subunit function and roles in melanoma and other cancers. A summary of studies
on SWI/SNF subunits that have been implicated in melanoma which were discussed within the text.

Subunit Function in SWI/SNF General Cellular Functions Specific Functions in Melanocytes/Melanoma

SMARCA4
Central ATPase in PBAF, ncBAF,
and a subset of cBAF complexes;
also has a bromodomain [5,6,34].

Required for mouse
development [68], embryonic stem
cell pluripotency [26], promotes
nucleotide excision repair [85].

Has ambivalent roles with some reports
indicating low expression [73] and others high
expression [74–76]. Required for melanocyte
development, melanoma tumorigenicity,
co-activator for MITF and SOX10, promotes
melanin synthesis, increases resistance to
DNA-damaging agents [47,75,77–80]. Promotes
tumorigenesis in BRAFV600E-driven mouse
models [89]. Suppresses tumorigenesis in
orthotopic models of melanoma [90].

SMARCA2
Central ATPase in a subset of cBAF
complexes; also has a
bromodomain [5,6,34].

High frequency of mutations in
sun-exposed non-melanoma skin
cancers [93]. Expression can be
suppressed by oncogenes and
activity inhibited by
acetylation [95,96]. Synthetic lethal
with SMARCA4 [98].

Interacts with MITF and compensates for
SMARCA4 loss in some melanoma cells [77].
Associated with human variation in
pigmentation [92] and with senescent
melanocytes [94].

SMARCB1
Core component of cBAF and PBAF
complexes. Interacts with the acidic
patch of the nucleosome [18–21].

Homozygous disruption is
embryonic lethal; mice with
heterozygous disruption develop
tumors with loss of
heterozygosity [110,111]. Involved
in nucleotide excision repair [112].

Has ambivalent roles. May be required for
mutant BRAF-induced senescence [114]. Loss
also results in senescence, increasing sensitivity
to BCL2 inhibitors and resistance to BRAF
inhibitors [116].

SMARCD1 Component of ncBAF and a subset
of cBAF and PBAF complexes [5,6].

Associated with embryonic stem
cell self-renewal and pluripotency,
bivalent marks, nuclear hormone,
p53, SOX10 (Schwann cell)
interactions [29,32,117,118,123].

Interacts with MITF and SOX10 in melanocytes
and melanoma cells [79,122].

SMARCD2 Component of a subset of cBAF and
PBAF complexes [5,6]

Involved in neutrophil
differentiation, interacts with p53
and ATM to preserve cell
identity [119–121].

Interacts with MITF in melanocytes and
melanoma cells [79,122].

SMARCD3 Component of a subset of cBAF and
PBAF complexes [5,6].

Required for muscle
differentiation [124]. Involved in
glycolytic metabolism and
lipogenesis [125,126].

Correlates with poorer patient survival in uveal
melanoma [127].

ARID1A

Component of some cBAF
complexes. Has important function
in determining SWI/SNF
architecture and ability to mobilize
nucleosomes [19–21].

Most frequently mutated SWI/SNF
gene in cancer [128]. Promotes
expression of interferon γ-regulated
genes [132]. Associated with
lineage-specific enhancers [22,24].

Mutations associated with late stages and EZH2
program. Melanoma patients with tumors that
have high levels correlate with better response to
immune checkpoint inhibitors [132].
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Table 2. Cont.

Subunit Function in SWI/SNF General Cellular Functions Specific Functions in Melanocytes/Melanoma

ARID1B Component of a subset of cBAF
complexes [5,6].

Associated with lineage-specific
enhancer activation [22,24].
Compensates for ARID1A loss in
some cancers and is synthetic lethal
with ARID1A loss [24,143]. Dual loss
of ARID1A/ARID1B can also be
pro-tumorigenic [144].

High frequency of copy-number losses in
mucosal melanomas [141]. High frequency of
deep deletion in uveal melanoma (Figure 3).

ARID2 Component of PBAF complexes [5,6].

Functions in DNA repair and genome
integrity [146,147]. Occupies and
activates lineage-specific enhancers
during osteogenesis [170].

Mutations are associated with UVR exposure
and coincide with the transition to melanoma in
situ [130]. Suppresses invasion in vitro and
modulates response to immunotherapy
in vivo [150,152].

PBRM1 Component of PBAF complexes that has
six tandem bromodomains [5,6,34].

Frequently mutated in renal clear cell
carcinoma 153]. Loss is synthetic
lethal with inhibitors of DNA
repair [157].

Component of MITF interactome [79].
Modulates response to immunotherapy by
regulating interferon γ inducible genes [152].

BRD7 Bromodomain-containing component of
PBAF complexes [5,6,34].

Positive regulator of p53-induced
senescence [158–160]; also interacts
with MYC, promotes colorectal cancer
growth and is associated with poorer
prognosis in multiple
myeloma [162,163].

High expression was associated with poorer
patient survival and anti-tumorigenic response
obtained with TP-772 [161].

PHF10 Component of PBAF complexes [5,6].

In Drosophila, involved in
transcriptional elongation [164].
Activates NF-kβ target genes [165].
Promotes proliferation of gastric
cancer cells [168,169].

Homozygous deletion and frame-shift mutations
in uveal melanoma [166]. Over-expressed in
cutaneous melanoma and interacts with MYC to
promote proliferation [167].

BRD9 Bromodomain-containing component of
ncBAF complexes [5,6,34].

Vulnerability in cancers with
SMARCB1 inactivation [171] and
tumors with SS18-SSX fusion [172].
Inhibition of BRD9 suppresses
tumorigenicity of diverse
cancers [37,38,173,174].

Ambivalent role in melanoma. Over-expressed
in melanoma and associated with the
anti-tumorigenic response to TP-772 [161].
Expression is lost in uveal melanoma due to
mis-splicing and incorporation of a poison exon
as a result of mutations in SF3B1 [90].

2.7. BRD9 and ncBAF

BRD9 is a bromodomain-containing component of ncBAF, which includes SMARCA4
as the ATPase, and a unique subunit, BICRA/BICRAL (Figure 1C). BRD9 is frequently
amplified in cancer (Table 1, Figure 2) and is a vulnerability in cancer cells with inactivation
of SMARCB1 [171] or tumors having an oncogenic SS18-SSX fusion [172]. Recurrent
focal amplifications of BRD9 have been associated with tumorigenicity in several cancers
and inhibition of BRD9 was found to suppress breast, ovarian, gastrointestinal stromal
cancer, and prostate tumor growth [38,173,174] as well as proliferation of acute myeloid
leukemia cells [37]. BRD9 disruptions occur in 8% of TCGA cutaneous melanoma tumors,
approximately half of which are amplifications and half missense mutations (Table 1,
Figure 2). Although BRD9 amplifications occur more frequently in other cancers (Figure 3),
the TCGA dataset indicates that BRD9 is the most frequently amplified SWI/SNF gene
in cutaneous melanoma, closely followed by BICRAL1, which encodes another ncBAF
component (Table 1, Figure 2). It was recently reported that BRD9 is over-expressed in
melanoma and that high expression of BRD9 correlates with poorer survival and that it
may be a therapeutic target [161].

There is also evidence that BRD9 is potentially a tumor suppressor in both uveal and
cutaneous melanoma and possibly other cancers. Loss of BRD9 expression was shown to
occur in uveal and cutaneous melanoma cells by a mechanism involving recurrent muta-
tions in a splicesomal factor, SF3B1 [90]. This study found that mutant SF3B1 disrupted
BRD9 expression by promoting a mis-splicing event that introduces a poison exon, leading
to degradation of BRD9 mRNA. Inhibition of BRD9 was associated with reduced ncBAF
localization to CTCF-associated loci, suggesting a potential requirement for BRD9 in the
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regulation of higher order chromatin structure. Loss of BRD9 promoted melanoma prolifer-
ation in vitro and tumor growth and metastasis in vivo and correction of the poison exon in
BRD9 using antisense oligonucleotides slowed tumor growth. Thus, there is evidence that
in some melanomas with SF3B1 mutations and loss of BRD9, an approach which restores
BRD9 expression may potentially be therapeutically useful.

3. Conclusions

SWI/SNF enzymes are a multi-subunit complexes that play important roles in tran-
scription, organismal development, cellular differentiation, and DNA repair, and are fre-
quently perturbed in cancer. Melanoma is characterized by a high frequency of SWI/SNF
mutations, many of which are predicted to cause loss of function. Tumor suppressor func-
tions for SWI/SNF likely involve regulation of melanin synthesis and DNA repair, two
important processes that protect melanocytes and other cutaneous cells from the damaging
effects of UVR. Studies have also suggested that some SWI/SNF components can suppress
proliferation or invasion. Although the mechanisms by which SWI/SNF exerts tumor
suppression in melanoma have not been clearly delineated, they may involve antagonism
with EZH2, a validated oncogene in melanoma [175,176]. Table 2 highlights some of the
properties and functions of selected SWI/SNF subunits in melanoma and other cell types
which have been discussed in this review.

A remaining gap is our understanding of why mutations in genes encoding some
SWI/SNF subunits, particularly ARID2, are over-represented in melanoma compared to
mutations in genes encoding other subunits with known tumor-suppressor functions such
as SMARCB1. It has been suggested that the special requirement for SWI/SNF complexes
at lineage-specific enhancers underlies SWI/SNF-mediated tumor suppression [177]. In
support of lineage-specific enhancer function, ARID2 and PBAF components, PBRM1 and
BRD7, have recently been reported to occupy osteogenic gene enhancers and to promote
open chromatin during osteogenesis [170]. In melanoma, SMARCA4 binds and is required
for active enhancer function near melanocyte development genes [79]. The contribution of
ARID2 and other PBAF subunits to the regulation of melanocyte-specific gene enhancers is
suggested by the observed interactions with MITF [79], but this remains to be functionally
investigated. If ARID2 is required for melanocyte-specific enhancer function, loss of
function mutations in ARID2 would likely result in melanocyte de-differentiation, a process
that has been associated with susceptibility to oncogene transformation and melanoma
progression [178,179]. Although SMARCA4 and SMARCB1 are also required for SWI/SNF-
mediated chromatin remodeling at lineage-specific enhancers [180], loss of these subunits
may be inconsistent with melanocyte and melanoma viability under most contexts due to
their broader role in the regulation of gene expression. It will be important to investigate
ARID2 loss during development of the melanocyte lineage in vivo and to evaluate its effects
on viability in order to better understand its tumor-suppressive activities. The unique
functions of ARID2 compared to the other ARIDs (ARID1A and ARID1B) will increase
understanding of why ARID2 is more frequently mutated in melanoma.

Some studies have challenged the paradigm that SWI/SNF is strictly tumor sup-
pressive in melanoma. This is supported by the observation that SWI/SNF components
can be over-expressed and interact with oncogenes to promote tumorigenesis. More-
over, mutations in SWI/SNF genes are frequently heterozygous, leaving one allele intact.
Since SWI/SNF regulates many biological processes, it is likely that tumor-promoting or
-suppressive roles are context dependent and possibly influenced by the microenvironment.
In order to resolve ambiguous SWI/SNF functions, it will be important to elucidate the
mechanisms by which individual subunits promote transcriptional programs at different
stages of melanocyte development and during melanomagenesis. In this regard, more
genomic studies are needed. Additional insight into SWI/SNF function in melanocytes and
melanoma could be gained by elucidating the role of SWI/SNF in the regulation of higher
order chromatin structure and the integration of SWI/SNF functions with the activities
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of additional melanocyte/melanoma specific transcription factors and other epigenetic
regulators. Filling these gaps could identify steps that are amenable to drug treatment.

Author Contributions: Conceptualization, data curation, and writing: M.R.D. and I.L.d.l.S.; graphics:
M.R.D. All authors have read and agreed to the published version of the manuscript.

Funding: M.R.D. and I.L.d.l.S. are grateful for the support from the Melanoma Research Foundation.

Data Availability Statement: The data is derived from The Cancer Genome Atlats (TCGA) datasets
using the cBioportal site: https://www.cbioportal.org (accessed on 4 January 2022).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Berger, S.L.; Kouzarides, T.; Shiekhattar, R.; Shilatifard, A. An operational definition of epigenetics. Genes Dev. 2009, 23, 781–783.

[CrossRef] [PubMed]
2. Li, B.; Carey, M.; Workman, J.L. The Role of Chromatin during Transcription. Cell 2007, 128, 707–719. [CrossRef]
3. Winston, F.; Carlson, M. Yeast SNF/SWI transcriptional activators and the SPT/SIN chromatin connection. Trends Genet. 1992,

8, 387–391. [CrossRef]
4. Middeljans, E.; Wan, X.; Jansen, P.W.; Sharma, V.; Stunnenberg, H.G.; Logie, C. SS18 Together with Animal-Specific Factors

Defines Human BAF-Type SWI/SNF Complexes. PLoS ONE 2012, 7, e33834. [CrossRef] [PubMed]
5. Mashtalir, N.; D’Avino, A.; Michel, B.C.; Luo, J.; Pan, J.; Otto, J.E.; Zullow, H.J.; McKenzie, Z.M.; Kubiak, R.L.; Pierre, R.S.; et al.

Modular Organization and Assembly of SWI/SNF Family Chromatin Remodeling Complexes. Cell 2018, 175, 1272–1288.e20.
[CrossRef] [PubMed]

6. Innis, S.M.; Cabot, B. GBAF, a small BAF sub-complex with big implications: A systematic review. Epigenet. Chromatin 2020,
13, 48. [CrossRef] [PubMed]

7. De La Serna, I.L.; Ohkawa, Y.; Imbalzano, A.N. Chromatin remodelling in mammalian differentiation: Lessons from ATP-
dependent remodellers. Nat. Rev. Genet. 2006, 7, 461–473. [CrossRef]

8. Alfert, A.; Moreno, N.; Kerl, K. The BAF complex in development and disease. Epigenet. Chromatin 2019, 12, 19. [CrossRef]
9. Biegel, J.A.; Zhou, J.Y.; Rorke, L.B.; Stenstrom, C.; Wainwright, L.M.; Fogelgren, B. Germ-line and acquired mutations of INI1 in

atypical teratoid and rhabdoid tumors. Cancer Res. 1999, 59, 74–79. [PubMed]
10. Ramos, P.; Karnezis, A.N.; Craig, D.W.; Sekulic, A.; Russell, M.L.; Hendricks, W.P.; Corneveaux, J.J.; Barrett, M.T.; Shumansky, K.;

Yang, Y.; et al. Small cell carcinoma of the ovary, hypercalcemic type, displays frequent inactivating germline and somatic
mutations in SMARCA4. Nat. Genet. 2014, 46, 427–429. [CrossRef] [PubMed]

11. Cancer Genome Atlas Research Network. Comprehensive molecular characterization of clear cell renal cell carcinoma. Nature
2013, 499, 43–49. [CrossRef] [PubMed]

12. Wiegand, K.C.; Wiegand, K.C.; Shah, S.P.; Al-Agha, O.M.; Zhao, Y.; Tse, K.; Zeng, T.; Senz, J.; McConechy, M.K.; Anglesio, M.S.;
et al. ARID1A mutations in endometriosis-associated ovarian carcinomas. N. Engl. J. Med. 2010, 363, 1532–1543. [CrossRef]
[PubMed]

13. Jiao, Y.; Pawlik, T.M.; Anders, R.A.; Selaru, F.M.; Streppel, M.M.; Lucas, D.J.; Niknafs, N.; Guthrie, V.B.; Maitra, A.; Argani, P.; et al.
Exome sequencing identifies frequent inactivating mutations in BAP1, ARID1A and PBRM1 in intrahepatic cholangiocarcinomas.
Nat. Genet. 2013, 45, 1470–1473. [CrossRef] [PubMed]

14. Guichard, C.; Amaddeo, G.; Imbeaud, S.; Ladeiro, Y.; Pelletier, L.; Ben Maad, I.; Calderaro, J.; Bioulac-Sage, P.; Letexier, M.;
Degos, F.; et al. Integrated analysis of somatic mutations and focal copy-number changes identifies key genes and pathways in
hepatocellular carcinoma. Nat. Genet. 2012, 44, 694–698. [CrossRef] [PubMed]

15. Biankin, A.V.; Waddell, N.; Kassahn, K.S.; Gingras, M.-C.; Muthuswamy, L.B.; Johns, A.L.; Miller, D.K.; Wilson, P.J.; Patch, A.-M.;
Wu, J.; et al. Pancreatic cancer genomes reveal aberrations in axon guidance pathway genes. Nature 2012, 491, 399–405. [CrossRef]
[PubMed]

16. Hodis, E.; Watson, I.R.; Kryukov, G.V.; Arold, S.T.; Imielinski, M.; Theurillat, J.-P.; Nickerson, E.; Auclair, D.; Li, L.; Place, C.; et al.
A Landscape of Driver Mutations in Melanoma. Cell 2012, 150, 251–263. [CrossRef] [PubMed]

17. Krauthammer, M.; Kong, Y.; Ha, B.H.; Evans, P.; Bacchiocchi, A.; McCusker, J.P.; Cheng, E.; Davis, M.J.; Goh, G.; Choi, M.; et al.
Exome sequencing identifies recurrent somatic RAC1 mutations in melanoma. Nat. Genet. 2012, 44, 1006–1014. [CrossRef]

18. Phelan, M.L.; Sif, S.; Narlikar, G.J.; Kingston, R.E. Reconstitution of a Core Chromatin Remodeling Complex from SWI/SNF
Subunits. Mol. Cell 1999, 3, 247–253. [CrossRef]

19. Han, Y.; Reyes, A.A.; Malik, S.; He, Y. Cryo-EM structure of SWI/SNF complex bound to a nucleosome. Nature 2020, 579, 452–455.
[CrossRef]

20. He, S.; Wu, Z.; Tian, Y.; Yu, Z.; Yu, J.; Wang, X.; Li, J.; Liu, B.; Xu, Y. Structure of nucleosome-bound human BAF complex. Science
2020, 367, 875–881. [CrossRef]

https://www.cbioportal.org
http://doi.org/10.1101/gad.1787609
http://www.ncbi.nlm.nih.gov/pubmed/19339683
http://doi.org/10.1016/j.cell.2007.01.015
http://doi.org/10.1016/0168-9525(92)90300-S
http://doi.org/10.1371/journal.pone.0033834
http://www.ncbi.nlm.nih.gov/pubmed/22442726
http://doi.org/10.1016/j.cell.2018.09.032
http://www.ncbi.nlm.nih.gov/pubmed/30343899
http://doi.org/10.1186/s13072-020-00370-8
http://www.ncbi.nlm.nih.gov/pubmed/33143733
http://doi.org/10.1038/nrg1882
http://doi.org/10.1186/s13072-019-0264-y
http://www.ncbi.nlm.nih.gov/pubmed/9892189
http://doi.org/10.1038/ng.2928
http://www.ncbi.nlm.nih.gov/pubmed/24658001
http://doi.org/10.1038/nature12222
http://www.ncbi.nlm.nih.gov/pubmed/23792563
http://doi.org/10.1056/NEJMoa1008433
http://www.ncbi.nlm.nih.gov/pubmed/20942669
http://doi.org/10.1038/ng.2813
http://www.ncbi.nlm.nih.gov/pubmed/24185509
http://doi.org/10.1038/ng.2256
http://www.ncbi.nlm.nih.gov/pubmed/22561517
http://doi.org/10.1038/nature11547
http://www.ncbi.nlm.nih.gov/pubmed/23103869
http://doi.org/10.1016/j.cell.2012.06.024
http://www.ncbi.nlm.nih.gov/pubmed/22817889
http://doi.org/10.1038/ng.2359
http://doi.org/10.1016/S1097-2765(00)80315-9
http://doi.org/10.1038/s41586-020-2087-1
http://doi.org/10.1126/science.aaz9761


Epigenomes 2022, 6, 10 17 of 23

21. Mashtalir, N.; Suzuki, H.; Farrell, D.P.; Sankar, A.; Luo, J.; Filipovski, M.; D’Avino, A.R.; Pierre, R.S.; Valencia, A.M.;
Onikubo, T.; et al. A Structural Model of the Endogenous Human BAF Complex Informs Disease Mechanisms. Cell 2020, 183,
802–817.e24. [CrossRef] [PubMed]

22. Mathur, R.; Alver, B.; Roman, R.M.A.K.S.; Wilson, B.G.; Wang, X.; Agoston, A.T.; Park, B.H.A.P.J.; Shivdasani, A.A.K.S.R.R.;
Roberts, R.M.B.G.W.X.W.C.W.M. ARID1A loss impairs enhancer-mediated gene regulation and drives colon cancer in mice. Nat.
Genet. 2017, 49, 296–302. [CrossRef] [PubMed]

23. Shi, H.; Tao, T.; Abraham, B.J.; Durbin, A.D.; Zimmerman, M.W.; Kadoch, C.; Look, A.T. ARID1A loss in neuroblastoma
promotes the adrenergic-to-mesenchymal transition by regulating enhancer-mediated gene expression. Sci. Adv. 2020, 6, eaaz3440.
[CrossRef] [PubMed]

24. Kelso, T.; Porter, D.K.; Amaral, M.L.; Shokhirev, M.N.; Benner, C.; Hargreaves, D.C. Chromatin accessibility underlies synthetic
lethality of SWI/SNF subunits in ARID1A-mutant cancers. eLife 2017, 6, e30506. [CrossRef] [PubMed]

25. Wilsker, D.; Patsialou, A.; Zumbrun, S.D.; Kim, S.; Chen, Y.; Dallas, P.B.; Moran, E. The DNA-binding properties of the
ARID-containing subunits of yeast and mammalian SWI/SNF complexes. Nucleic Acids Res. 2004, 32, 1345–1353. [CrossRef]

26. Saladi, S.V.; de la Serna, I.L. ATP dependent chromatin remodeling enzymes in embryonic stem cells. Stem. Cell Rev. 2010,
6, 62–73. [CrossRef]

27. de la Serna, I.L.; Ohkawa, Y.; Berkes, C.A.; Bergstrom, D.A.; Dacwag, C.S.; Tapscott, S.J.; Imbalzano, A.N. MyoD targets chromatin
remodeling complexes to the myogenin locus prior to forming a stable DNA-bound complex. Mol. Cell Biol. 2005, 25, 3997–4009.
[CrossRef]

28. de la Serna, I.L.; Ohkawa, Y.; Higashi, C.; Dutta, C.; Osias, J.; Kommajosyula, N.; Tachibana, T.; Imbalzano, A.N. The
microphthalmia-associated transcription factor requires SWI/SNF enzymes to activate melanocyte-specific genes. J. Biol. Chem.
2006, 281, 20233–20241. [CrossRef]

29. Hsiao, P.-W.; Fryer, C.J.; Trotter, K.W.; Wang, W.; Archer, T.K. BAF60a Mediates Critical Interactions between Nuclear Receptors
and the BRG1 Chromatin-Remodeling Complex for Transactivation. Mol. Cell. Biol. 2003, 23, 6210–6220. [CrossRef]

30. Belandia, B.; Orford, R.L.; Hurst, H.C.; Parker, M.G. Targeting of SWI/SNF chromatin remodelling complexes to estrogen-
responsive genes. EMBO J. 2002, 21, 4094–4103. [CrossRef]

31. Inoue, H.; Furukawa, T.; Giannakopoulos, S.; Zhou, S.; King, D.S.; Tanese, N. Largest Subunits of the Human SWI/SNF Chromatin-
remodeling Complex Promote Transcriptional Activation by Steroid Hormone Receptors. J. Biol. Chem. 2002, 277, 41674–41685.
[CrossRef]

32. Oh, J.; Sohn, D.H.; Ko, M.; Chung, H.; Jeon, S.H.; Seong, R.H. BAF60a Interacts with p53 to Recruit the SWI/SNF Complex. J. Biol.
Chem. 2008, 283, 11924–11934. [CrossRef] [PubMed]

33. Cheng, S.W.; Davies, K.P.; Yung, E.; Beltran, R.J.; Yu, J.; Kalpana, G.V. c-MYC interacts with INI1/hSNF5 and requires the
SWI/SNF complex for transactivation function. Nat. Genet. 1999, 22, 102–105. [CrossRef]

34. Filippakopoulos, P.; Picaud, S.; Mangos, M.; Keates, T.; Lambert, J.-P.; Barsyte-Lovejoy, D.; Felletar, I.; Volkmer, R.; Müller, S.;
Pawson, T.; et al. Histone Recognition and Large-Scale Structural Analysis of the Human Bromodomain Family. Cell 2012, 149,
214–231. [CrossRef] [PubMed]

35. Gatchalian, J.; Malik, S.; Ho, J.; Lee, D.-S.; Kelso, T.W.R.; Shokhirev, M.N.; Dixon, J.R.; Hargreaves, D.C. A non-canonical
BRD9-containing BAF chromatin remodeling complex regulates naive pluripotency in mouse embryonic stem cells. Nat. Commun.
2018, 9, 5139. [CrossRef] [PubMed]

36. Sharma, T.; Robinson, D.C.L.; Witwicka, H.; Dilworth, F.J.; Imbalzano, A.N. The Bromodomains of the mammalian SWI/SNF
(mSWI/SNF) ATPases Brahma (BRM) and Brahma Related Gene 1 (BRG1) promote chromatin interaction and are critical for
skeletal muscle differentiation. Nucleic Acids Res. 2021, 49, 8060–8077. [CrossRef]

37. Hohmann, A.F.; Martin, L.J.; Minder, J.L.; Roe, J.-S.; Shi, J.; Steurer, S.; Bader, G.; McConnell, D.; Pearson, M.; Gerstberger, T.; et al.
Sensitivity and engineered resistance of myeloid leukemia cells to BRD9 inhibition. Nat. Chem. Biol. 2016, 12, 672–679. [CrossRef]
[PubMed]

38. Alpsoy, A.; Utturkar, S.M.; Carter, B.C.; Dhiman, A.; Torregrosa-Allen, S.E.; Currie, M.P.; Elzey, B.D.; Dykhuizen, E.C. BRD9 Is a
Critical Regulator of Androgen Receptor Signaling and Prostate Cancer Progression. Cancer Res. 2021, 81, 820–833. [CrossRef]
[PubMed]

39. Hugle, M.; Regenass, P.; Warstat, R.; Hau, M.; Schmidtkunz, K.; Lucas, X.; Wohlwend, D.; Einsle, O.; Jung, M.; Breit, B.; et al.
4-Acyl Pyrroles as Dual BET-BRD7/9 Bromodomain Inhibitors Address BETi Insensitive Human Cancer Cell Lines. J. Med. Chem.
2020, 63, 15603–15620. [CrossRef]

40. Imbalzano, A.N.; Kwon, H.; Green, M.R.; Kingston, R.E. Facilitated binding of TATA-binding protein to nucleosomal DNA.
Nature 1994, 370, 481–485. [CrossRef] [PubMed]

41. Kwon, H.; Imbalzano, A.N.; Khavari, P.A.; Kingston, R.E.; Green, M.R. Nucleosome disruption and enhancement of activator
binding by a human SW1/SNF complex. Nature 1994, 370, 477–481. [CrossRef] [PubMed]

42. Shi, J.; Whyte, W.A.; Zepeda-Mendoza, C.J.; Milazzo, J.P.; Shen, C.; Roe, J.-S.; Minder, J.L.; Mercan, F.; Wang, E.;
Eckersley-Maslin, M.A.; et al. Role of SWI/SNF in acute leukemia maintenance and enhancer-mediated Myc regulation.
Genes Dev. 2013, 27, 2648–2662. [CrossRef] [PubMed]

43. Mahmood, S.R.; Xie, X.; Hosny El Said, N.; Venit, T.; Gunsalus, K.C.; Percipalle, P. beta-actin dependent chromatin remodeling
mediates compartment level changes in 3D genome architecture. Nat. Commun. 2021, 12, 5240. [CrossRef] [PubMed]

http://doi.org/10.1016/j.cell.2020.09.051
http://www.ncbi.nlm.nih.gov/pubmed/33053319
http://doi.org/10.1038/ng.3744
http://www.ncbi.nlm.nih.gov/pubmed/27941798
http://doi.org/10.1126/sciadv.aaz3440
http://www.ncbi.nlm.nih.gov/pubmed/32832616
http://doi.org/10.7554/eLife.30506
http://www.ncbi.nlm.nih.gov/pubmed/28967863
http://doi.org/10.1093/nar/gkh277
http://doi.org/10.1007/s12015-010-9120-y
http://doi.org/10.1128/MCB.25.10.3997-4009.2005
http://doi.org/10.1074/jbc.M512052200
http://doi.org/10.1128/MCB.23.17.6210-6220.2003
http://doi.org/10.1093/emboj/cdf412
http://doi.org/10.1074/jbc.M205961200
http://doi.org/10.1074/jbc.M705401200
http://www.ncbi.nlm.nih.gov/pubmed/18303029
http://doi.org/10.1038/8811
http://doi.org/10.1016/j.cell.2012.02.013
http://www.ncbi.nlm.nih.gov/pubmed/22464331
http://doi.org/10.1038/s41467-018-07528-9
http://www.ncbi.nlm.nih.gov/pubmed/30510198
http://doi.org/10.1093/nar/gkab617
http://doi.org/10.1038/nchembio.2115
http://www.ncbi.nlm.nih.gov/pubmed/27376689
http://doi.org/10.1158/0008-5472.CAN-20-1417
http://www.ncbi.nlm.nih.gov/pubmed/33355184
http://doi.org/10.1021/acs.jmedchem.0c00478
http://doi.org/10.1038/370481a0
http://www.ncbi.nlm.nih.gov/pubmed/8047170
http://doi.org/10.1038/370477a0
http://www.ncbi.nlm.nih.gov/pubmed/8047169
http://doi.org/10.1101/gad.232710.113
http://www.ncbi.nlm.nih.gov/pubmed/24285714
http://doi.org/10.1038/s41467-021-25596-2
http://www.ncbi.nlm.nih.gov/pubmed/34475390


Epigenomes 2022, 6, 10 18 of 23

44. Rahnamoun, H.; Lee, J.; Sun, Z.; Lu, H.; Ramsey, K.; Komives, E.A.; Lauberth, S.M. RNAs interact with BRD4 to promote enhanced
chromatin engagement and transcription activation. Nat. Struct. Mol. Biol. 2018, 25, 687–697. [CrossRef] [PubMed]

45. Shao, Z.; Raible, F.; Mollaaghababa, R.; Guyon, J.R.; Wu, C.-T.; Bender, W.; Kingston, R.E. Stabilization of Chromatin Structure by
PRC1, a Polycomb Complex. Cell 1999, 98, 37–46. [CrossRef]

46. Wilson, B.G.; Wang, X.; Shen, X.; McKenna, E.S.; Lemieux, M.; Cho, Y.-J.; Koellhoffer, E.; Pomeroy, S.L.; Orkin, S.H.; Roberts,
C.W. Epigenetic Antagonism between Polycomb and SWI/SNF Complexes during Oncogenic Transformation. Cancer Cell 2010,
18, 316–328. [CrossRef] [PubMed]

47. Saladi, S.; Wong, P.G.; Trivedi, A.R.; Marathe, H.G.; Keenen, B.; Aras, S.; Liew, Z.; Setaluri, V.; La Serna, I.L. BRG 1 promotes
survival of UV-irradiated melanoma cells by cooperating with MITF to activate the melanoma inhibitor of apoptosis gene.
Pigment. Cell Melanoma Res. 2013, 26, 377–391. [CrossRef]

48. Fillmore, C.M.; Xu, C.; Desai, P.T.; Berry, J.M.; Rowbotham, S.P.; Lin, Y.-J.; Zhang, H.; Marquez, V.E.; Hammerman, P.S.;
Wong, K.K.; et al. EZH2 inhibition sensitizes BRG1 and EGFR mutant lung tumours to TopoII inhibitors. Nature 2015, 520,
239–242. [CrossRef] [PubMed]

49. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]

50. Ugurel, S.; Röhmel, J.; Ascierto, P.A.; Flaherty, K.T.; Grob, J.J.; Hauschild, A.; Larkin, J.; Long, G.; Lorigan, P.; McArthur, G.A.; et al.
Survival of patients with advanced metastatic melanoma: The impact of novel therapies–update 2017. Eur. J. Cancer 2017, 83,
247–257. [CrossRef]

51. Holderfield, M.; Deuker, M.M.; McCormick, F.; McMahon, M. Targeting RAF kinases for cancer therapy: BRAF-mutated
melanoma and beyond. Nat. Cancer 2014, 14, 455–467. [CrossRef] [PubMed]

52. Patel, H.; Yacoub, N.; Mishra, R.; White, A.; Yuan, L.; Alanazi, S.; Garrett, J.T. Current Advances in the Treatment of BRAF-Mutant
Melanoma. Cancers 2020, 12, 482. [CrossRef] [PubMed]

53. Gupta, P.B.; Kuperwasser, C.; Brunet, J.-P.; Ramaswamy, S.; Kuo, W.-L.; Gray, J.W.; Naber, S.P.; Weinberg, R.A. The melanocyte
differentiation program predisposes to metastasis after neoplastic transformation. Nat. Genet. 2005, 37, 1047–1054. [CrossRef]

54. Johannessen, C.M.; Johnson, L.A.; Piccioni, F.; Townes, A.; Frederick, D.T.; Donahue, M.K.; Narayan, R.; Flaherty, K.T.; Wargo, J.A.;
Root, D.E.; et al. A melanocyte lineage program confers resistance to MAP kinase pathway inhibition. Nature 2013, 504, 138–142.
[CrossRef] [PubMed]

55. Steingrímsson, E.; Copeland, N.G.; Jenkins, N.A. Melanocytes and the Microphthalmia Transcription Factor Network. Annu. Rev.
Genet. 2004, 38, 365–411. [CrossRef] [PubMed]

56. Garraway, L.A.; Widlund, H.; Rubin, M.; Getz, G.; Berger, A.J.; Ramaswamy, S.; Beroukhim, R.; Milner, J.D.A.; Granter, S.R.; Du, J.;
et al. Integrative genomic analyses identify MITF as a lineage survival oncogene amplified in malignant melanoma. Nature 2005,
436, 117–122. [CrossRef]

57. Harris, M.L.; Baxter, L.L.; Loftus, S.K.; Pavan, W.J. Sox proteins in melanocyte development and melanoma. Pigment. Cell
Melanoma Res. 2010, 23, 496–513. [CrossRef] [PubMed]

58. Cronin, J.C.; Watkins-Chow, D.E.; Incao, A.; Hasskamp, J.H.; Schonewolf, N.; Aoude, L.G.; Hayward, N.K.; Bastian, B.C.;
Dummer, R.; Loftus, S.K.; et al. SOX10 ablation arrests cell cycle, induces senescence, and suppresses melanomagenesis. Cancer
Res. 2013, 73, 5709–5718. [CrossRef] [PubMed]

59. Sun, C.; Wang, L.; Huang, S.; Heynen, G.J.J.E.; Prahallad, A.; Robert, C.; Haanen, J.; Blank, C.; Wesseling, J.; Willems, S.M.; et al.
Reversible and adaptive resistance to BRAF(V600E) inhibition in melanoma. Nature 2014, 508, 118–122. [CrossRef] [PubMed]

60. Sample, A.; He, Y.-Y. Mechanisms and prevention of UV-induced melanoma. Photodermatol. Photoimmunol. Photomed. 2018,
34, 13–24. [CrossRef]

61. Ottaviano, M.; Giunta, E.; Tortora, M.; Curvietto, M.; Attademo, L.; Bosso, D.; Cardalesi, C.; Rosanova, M.; De Placido, P.;
Pietroluongo, E.; et al. BRAF Gene and Melanoma: Back to the Future. Int. J. Mol. Sci. 2021, 22, 3474. [CrossRef] [PubMed]

62. Dhomen, N.; Reis-Filho, J.S.; Dias, S.D.R.; Hayward, R.; Savage, K.; Delmas, V.; LaRue, L.; Pritchard, C.; Marais, R. Oncogenic
Braf Induces Melanocyte Senescence and Melanoma in Mice. Cancer Cell 2009, 15, 294–303. [CrossRef]

63. Michaloglou, C.; Vredeveld, L.C.W.; Soengas, M.S.; Denoyelle, C.; Kuilman, T.; Van Der Horst, C.M.A.M.; Majoor, D.M.; Shay, J.W.;
Mooi, W.J.; Peeper, D.S. BRAFE600-associated senescence-like cell cycle arrest of human naevi. Nature 2005, 436, 720–724.
[CrossRef] [PubMed]

64. Davies, H.; Bignell, G.R.; Cox, C.; Stephens, P.; Edkins, S.; Clegg, S.; Teague, J.; Woffendin, H.; Garnett, M.J.; Bottomley, W.; et al.
Mutations of the BRAF gene in human cancer. Nature 2002, 417, 949–954. [CrossRef]

65. Lorusso, P.M.; Schalper, K.; Sosman, J. Targeted therapy and immunotherapy: Emerging biomarkers in metastatic melanoma.
Pigment. Cell Melanoma Res. 2020, 33, 390–402. [CrossRef] [PubMed]

66. Khaddour, K.; Maahs, L.; Avila-Rodriguez, A.M.; Maamar, Y.; Samaan, S.; Ansstas, G. Melanoma Targeted Therapies beyond
BRAF-Mutant Melanoma: Potential Druggable Mutations and Novel Treatment Approaches. Cancers 2021, 13, 5847. [CrossRef]

67. Shain, A.H.; Pollack, J.R. The Spectrum of SWI/SNF Mutations, Ubiquitous in Human Cancers. PLoS ONE 2013, 8, e55119.
[CrossRef] [PubMed]

68. Bultman, S.; Gebuhr, T.; Yee, D.; La Mantia, C.; Nicholson, J.; Gilliam, A.; Randazzo, F.; Metzger, D.; Chambon, P.; Crabtree, G.; et al.
A Brg1 Null Mutation in the Mouse Reveals Functional Differences among Mammalian SWI/SNF Complexes. Mol. Cell 2000, 6,
1287–1295. [CrossRef]

http://doi.org/10.1038/s41594-018-0102-0
http://www.ncbi.nlm.nih.gov/pubmed/30076409
http://doi.org/10.1016/S0092-8674(00)80604-2
http://doi.org/10.1016/j.ccr.2010.09.006
http://www.ncbi.nlm.nih.gov/pubmed/20951942
http://doi.org/10.1111/pcmr.12088
http://doi.org/10.1038/nature14122
http://www.ncbi.nlm.nih.gov/pubmed/25629630
http://doi.org/10.3322/caac.21660
http://doi.org/10.1016/j.ejca.2017.06.028
http://doi.org/10.1038/nrc3760
http://www.ncbi.nlm.nih.gov/pubmed/24957944
http://doi.org/10.3390/cancers12020482
http://www.ncbi.nlm.nih.gov/pubmed/32092958
http://doi.org/10.1038/ng1634
http://doi.org/10.1038/nature12688
http://www.ncbi.nlm.nih.gov/pubmed/24185007
http://doi.org/10.1146/annurev.genet.38.072902.092717
http://www.ncbi.nlm.nih.gov/pubmed/15568981
http://doi.org/10.1038/nature03664
http://doi.org/10.1111/j.1755-148X.2010.00711.x
http://www.ncbi.nlm.nih.gov/pubmed/20444197
http://doi.org/10.1158/0008-5472.CAN-12-4620
http://www.ncbi.nlm.nih.gov/pubmed/23913827
http://doi.org/10.1038/nature13121
http://www.ncbi.nlm.nih.gov/pubmed/24670642
http://doi.org/10.1111/phpp.12329
http://doi.org/10.3390/ijms22073474
http://www.ncbi.nlm.nih.gov/pubmed/33801689
http://doi.org/10.1016/j.ccr.2009.02.022
http://doi.org/10.1038/nature03890
http://www.ncbi.nlm.nih.gov/pubmed/16079850
http://doi.org/10.1038/nature00766
http://doi.org/10.1111/pcmr.12847
http://www.ncbi.nlm.nih.gov/pubmed/31705737
http://doi.org/10.3390/cancers13225847
http://doi.org/10.1371/journal.pone.0055119
http://www.ncbi.nlm.nih.gov/pubmed/23355908
http://doi.org/10.1016/S1097-2765(00)00127-1


Epigenomes 2022, 6, 10 19 of 23

69. Orvis, T.; Hepperla, A.; Walter, V.; Song, S.; Simon, J.; Parker, J.; Wilkerson, M.D.; Desai, N.; Major, M.B.; Hayes, D.N.; et al.
BRG1/SMARCA4 inactivation promotes non-small cell lung cancer aggressiveness by altering chromatin organization. Cancer
Res. 2014, 74, 6486–6498. [CrossRef] [PubMed]

70. Wu, Q.; Madany, P.; Akech, J.; Dobson, J.R.; Douthwright, S.; Browne, G.; Colby, J.L.; Winter, G.E.; Bradner, J.E.; Pratap, J.; et al.
The SWI/SNF ATPases Are Required for Triple Negative Breast Cancer Cell Proliferation. J. Cell. Physiol. 2015, 230, 2683–2694.
[CrossRef] [PubMed]

71. Cerami, E.; Gao, J.; Dogrusoz, U.; Gross, B.E.; Sumer, S.O.; Aksoy, B.A.; Jacobsen, A.; Byrne, C.J.; Heuer, M.L.; Larsson, E.; et al.
The cBio cancer genomics portal: An open platform for exploring multidimensional cancer genomics data. Cancer Discov. 2012,
2, 401–404. [CrossRef]

72. Gao, J.; Aksoy, B.A.; Dogrusoz, U.; Dresdner, G.; Gross, B.E.; Sumer, S.O.; Sun, Y.; Jacobsen, A.; Sinha, R.; Larsson, E.; et al.
Integrative Analysis of Complex Cancer Genomics and Clinical Profiles Using the cBioPortal. Sci. Signal. 2013, 6, pl1. [CrossRef]
[PubMed]

73. Becker, T.M.; Haferkamp, S.; Dijkstra, M.K.; Scurr, L.L.; Frausto, M.; Diefenbach, E.; Scolyer, R.A.; Reisman, D.N.; Mann, G.J.;
Kefford, R.F.; et al. The chromatin remodelling factor BRG1 is a novel binding partner of the tumor suppressor p16INK4a. Mol.
Cancer 2009, 8, 4. [CrossRef] [PubMed]

74. Lin, H.; Wong, R.P.C.; Martinka, M.; Li, G. BRG1 expression is increased in human cutaneous melanoma. Br. J. Dermatol. 2010,
163, 502–510. [CrossRef]

75. Saladi, S.V.; Keenen, B.; Marathe, H.G.; Qi, H.; Chin, K.-V.; de la Serna, I.L. Modulation of extracellular matrix/adhesion molecule
expression by BRG1 is associated with increased melanoma invasiveness. Mol. Cancer 2010, 9, 280. [CrossRef] [PubMed]

76. Peng, L.; Li, J.; Wu, J.; Xu, B.; Wang, Z.; Giamas, G.; Stebbing, J.; Yu, Z. A Pan-Cancer Analysis of SMARCA4 Alterations in
Human Cancers. Front. Immunol. 2021, 12, 762598. [CrossRef] [PubMed]

77. Keenen, B.; Qi, H.; Saladi, S.; Yeung, M.; De La Serna, I. Heterogeneous SWI/SNF chromatin remodeling complexes promote
expression of microphthalmia-associated transcription factor target genes in melanoma. Oncogene 2009, 29, 81–92. [CrossRef]
[PubMed]

78. Vachtenheim, J.; Ondrušová, L.; Borovanský, J. SWI/SNF chromatin remodeling complex is critical for the expression of
microphthalmia-associated transcription factor in melanoma cells. Biochem. Biophys. Res. Commun. 2010, 392, 454–459. [CrossRef]
[PubMed]

79. Laurette, P.; Strub, T.; Koludrovic, D.; Keime, C.; Le Gras, S.; Seberg, H.; Van Otterloo, E.; Imrichova, H.; Siddaway, R.;
Aerts, S.; et al. Transcription factor MITF and remodeller BRG1 define chromatin organisation at regulatory elements in melanoma
cells. eLife 2015, 4, e06857. [CrossRef] [PubMed]

80. Marathe, H.G.; Watkins-Chow, D.E.; Weider, M.; Hoffmann, A.; Mehta, G.; Trivedi, A.; Aras, S.; Basuroy, T.; Mehrotra, A.;
Bennett, D.; et al. BRG1 interacts with SOX10 to establish the melanocyte lineage and to promote differentiation. Nucleic Acids
Res. 2017, 45, 6442–6458. [CrossRef] [PubMed]

81. Li, J.; Song, J.S.; Bell, R.J.A.; Tran, T.-N.T.; Haq, R.; Liu, H.; Love, K.T.; Langer, R.; Anderson, D.G.; LaRue, L.; et al. YY1 Regulates
Melanocyte Development and Function by Cooperating with MITF. PLoS Genet. 2012, 8, e1002688. [CrossRef]

82. Seberg, H.E.; Van Otterloo, E.; Loftus, S.; Liu, H.; Bonde, G.; Sompallae, R.; Gildea, D.E.; Santana, J.F.; Manak, J.; Pavan, W.; et al.
TFAP2 paralogs regulate melanocyte differentiation in parallel with MITF. PLoS Genet. 2017, 13, e1006636. [CrossRef] [PubMed]

83. Kenny, C.; Dilshat, R.; Seberg, H.; Van Otterloo, E.; Bonde, G.; Helverson, A.; Steingrimsson, E.; Cornell, R.A. TFAP2 paralogs
pioneer chromatin access for MITF and directly inhibit genes associated with cell migration. bioRxiv 2021. [CrossRef]

84. Hallberg, A.R.; Vorrink, S.U.; Hudachek, D.R.; Cramer-Morales, K.; Milhem, M.M.; Cornell, R.A.; Domann, F.E. Aberrant
CpG methylation of the TFAP2A gene constitutes a mechanism for loss of TFAP2A expression in human metastatic melanoma.
Epigenetics 2014, 9, 1641–1647. [CrossRef] [PubMed]

85. Zhao, Q.; Wang, Q.-E.; Ray, A.; Wani, G.; Han, C.; Milum, K.; Wani, A.A. Modulation of Nucleotide Excision Repair by Mammalian
SWI/SNF Chromatin-remodeling Complex. J. Biol. Chem. 2009, 284, 30424–30432. [CrossRef]

86. Habel, N.; El-Hachem, N.; Soysouvanh, F.; Hadhiri-Bzioueche, H.; Giuliano, S.; Nguyen, S.; Horák, P.; Gay, A.-S.; Debayle, D.;
Nottet, N.; et al. FBXO32 links ubiquitination to epigenetic reprograming of melanoma cells. Cell Death Differ. 2021, 28, 1837–1848.
[CrossRef]

87. Ondrušová, L.; Vachtenheim, J.; Réda, J.; Žáková, P.; Benková, K. MITF-Independent Pro-Survival Role of BRG1-Containing
SWI/SNF Complex in Melanoma Cells. PLoS ONE 2013, 8, e54110. [CrossRef]

88. Zhou, X.; Rao, Y.; Sun, Q.; Liu, Y.; Chen, J.; Bu, W. Long noncoding RNA CPS1-IT1 suppresses melanoma cell metastasis through
inhibiting Cyr61 via competitively binding to BRG1. J. Cell. Physiol. 2019, 234, 22017–22027. [CrossRef] [PubMed]

89. Laurette, P.; Coassolo, S.; Davidson, G.; Michel, I.; Gambi, G.; Yao, W.; Sohier, P.; Li, M.; Mengus, G.; LaRue, L.; et al. Chromatin
remodellers Brg1 and Bptf are required for normal gene expression and progression of oncogenic Braf-driven mouse melanoma.
Cell Death Differ. 2020, 27, 29–43. [CrossRef]

90. Inoue, D.; Chew, G.-L.; Liu, B.; Michel, B.C.; Pangallo, J.; D’Avino, A.R.; Hitchman, T.; North, K.; Lee, S.C.W.; Bitner, L.; et al.
Spliceosomal disruption of the non-canonical BAF complex in cancer. Nature 2019, 574, 432–436. [CrossRef]

91. Reyes, J.C.; Barra, J.; Muchardt, C.; Camus, A.; Babinet, C.; Yaniv, M. Altered control of cellular proliferation in the absence of
mammalian brahma (SNF2α). EMBO J. 1998, 17, 6979–6991. [CrossRef]

http://doi.org/10.1158/0008-5472.CAN-14-0061
http://www.ncbi.nlm.nih.gov/pubmed/25115300
http://doi.org/10.1002/jcp.24991
http://www.ncbi.nlm.nih.gov/pubmed/25808524
http://doi.org/10.1158/2159-8290.CD-12-0095
http://doi.org/10.1126/scisignal.2004088
http://www.ncbi.nlm.nih.gov/pubmed/23550210
http://doi.org/10.1186/1476-4598-8-4
http://www.ncbi.nlm.nih.gov/pubmed/19149898
http://doi.org/10.1111/j.1365-2133.2010.09851.x
http://doi.org/10.1186/1476-4598-9-280
http://www.ncbi.nlm.nih.gov/pubmed/20969766
http://doi.org/10.3389/fimmu.2021.762598
http://www.ncbi.nlm.nih.gov/pubmed/34675941
http://doi.org/10.1038/onc.2009.304
http://www.ncbi.nlm.nih.gov/pubmed/19784067
http://doi.org/10.1016/j.bbrc.2010.01.048
http://www.ncbi.nlm.nih.gov/pubmed/20083088
http://doi.org/10.7554/eLife.06857
http://www.ncbi.nlm.nih.gov/pubmed/25803486
http://doi.org/10.1093/nar/gkx259
http://www.ncbi.nlm.nih.gov/pubmed/28431046
http://doi.org/10.1371/journal.pgen.1002688
http://doi.org/10.1371/journal.pgen.1006636
http://www.ncbi.nlm.nih.gov/pubmed/28249010
http://doi.org/10.1101/2021.11.23.469757
http://doi.org/10.4161/15592294.2014.988062
http://www.ncbi.nlm.nih.gov/pubmed/25625848
http://doi.org/10.1074/jbc.M109.044982
http://doi.org/10.1038/s41418-020-00710-x
http://doi.org/10.1371/journal.pone.0054110
http://doi.org/10.1002/jcp.28764
http://www.ncbi.nlm.nih.gov/pubmed/31111478
http://doi.org/10.1038/s41418-019-0333-6
http://doi.org/10.1038/s41586-019-1646-9
http://doi.org/10.1093/emboj/17.23.6979


Epigenomes 2022, 6, 10 20 of 23

92. Martin, A.R.; Lin, M.; Granka, J.M.; Myrick, J.W.; Liu, X.; Sockell, A.; Atkinson, E.; Werely, C.J.; Möller, M.; Sandhu, M.S.; et al. An
Unexpectedly Complex Architecture for Skin Pigmentation in Africans. Cell 2017, 171, 1340–1353.e14. [CrossRef]

93. Moloney, F.J.; Lyons, G.; Bock, V.L.; Huang, X.X.; Bugeja, M.J.; Halliday, G.M. Hotspot Mutation of Brahma in Non-Melanoma
Skin Cancer. J. Investig. Dermatol. 2009, 129, 1012–1015. [CrossRef] [PubMed]

94. Bandyopadhyay, D.; Curry, J.L.; Lin, Q.; Richards, H.W.; Chen, D.; Hornsby, P.J.; Timchenko, N.A.; Medrano, E.E. Dynamic
assembly of chromatin complexes during cellular senescence: Implications for the growth arrest of human melanocytic nevi.
Aging Cell 2007, 6, 577–591. [CrossRef] [PubMed]

95. Glaros, S.; Cirrincione, G.M.; Muchardt, C.; Kleer, C.G.; Michael, C.W.; Reisman, D. The reversible epigenetic silencing of BRM:
Implications for clinical targeted therapy. Oncogene 2007, 26, 7058–7066. [CrossRef] [PubMed]

96. Muchardt, C.; Bourachot, B.; Reyes, J.; Yaniv, M. ras transformation is associated with decreased expression of the brm/SNF2alpha
ATPase from the mammalian SWI-SNF complex. EMBO J. 1998, 17, 223–231. [CrossRef]

97. Mehrotra, A.; Saladi, S.V.; Trivedi, A.R.; Aras, S.; Qi, H.; Jayanthy, A.; Setaluri, V.; de la Serna, I.L. Modulation of BRAHMA
expression by the mitogen-activated protein kinase/extracellular signal regulated kinase pathway is associated with changes in
melanoma proliferation. Arch. Biochem. Biophys. 2014, 563, 125–135. [CrossRef]

98. Hoffman, G.R.; Rahal, R.; Buxton, F.; Xiang, K.; McAllister, G.; Frias, E.; Bagdasarian, L.; Huber, J.; Lindeman, A.; Chen, D.; et al.
Functional epigenetics approach identifies BRM/SMARCA2 as a critical synthetic lethal target in BRG1-deficient cancers. Proc.
Natl. Acad. Sci. USA 2014, 111, 3128–3133. [CrossRef]

99. Papillon, J.P.N.; Nakajima, K.; Adair, C.D.; Hempel, J.; Jouk, A.O.; Karki, R.G.; Mathieu, S.; Mobitz, H.; Ntaganda, R.; Smith, T.; et al.
Discovery of Orally Active Inhibitors of Brahma Homolog (BRM)/SMARCA2 ATPase Activity for the Treatment of Brahma
Related Gene 1 (BRG1)/SMARCA4-Mutant Cancers. J. Med. Chem. 2018, 61, 10155–10172. [CrossRef] [PubMed]

100. Rakesh, R.; Chanana, U.B.; Hussain, S.; Sharma, S.; Goel, K.; Bisht, D.; Patne, K.; Swer, P.B.; Hockensmith, J.W.; Muthuswami, R.
Altering mammalian transcription networking with ADAADi: An inhibitor of ATP-dependent chromatin remodeling. PLoS ONE
2021, 16, e0251354. [CrossRef] [PubMed]

101. Rago, F.; Rodrigues, L.U.; Bonney, M.; Sprouffske, K.; Kurth, E.; Elliott, G.; Ambrose, J.; Aspesi, P.; Oborski, J.; Chen, J.T.; et al.
Exquisite Sensitivity to Dual BRG1/BRM ATPase Inhibitors Reveals Broad SWI/SNF Dependencies in Acute Myeloid Leukemia.
Mol. Cancer Res. 2022, 20, 361–372. [CrossRef]

102. Vangamudi, B.; Paul, T.A.; Shah, P.K.; Kost-Alimova, M.; Nottebaum, L.; Shi, X.; Zhan, Y.; Leo, E.; Mahadeshwar, H.S.;
Protopopov, A.; et al. The SMARCA2/4 ATPase Domain Surpasses the Bromodomain as a Drug Target in SWI/SNF-Mutant
Cancers: Insights from cDNA Rescue and PFI-3 Inhibitor Studies. Cancer Res. 2015, 75, 3865–3878. [CrossRef] [PubMed]

103. Lee, D.; Lee, D.Y.; Hwang, Y.S.; Seo, H.R.; Lee, S.A.; Kwon, J. The Bromodomain Inhibitor PFI-3 Sensitizes Cancer Cells to DNA
Damage by Targeting SWI/SNF. Mol. Cancer Res. 2021, 19, 900–912. [CrossRef] [PubMed]

104. Yang, C.; Wang, Y.; Sims, M.M.; He, Y.; Miller, D.D.; Pfeffer, L.M. Targeting the Bromodomain of BRG-1/BRM Subunit of the
SWI/SNF Complex Increases the Anticancer Activity of Temozolomide in Glioblastoma. Pharmaceuticals 2021, 14, 904. [CrossRef]
[PubMed]

105. Versteege, I.; Sevenet, N.; Lange, J.; Rousseau-Merck, M.F.; Ambros, P.; Handgretinger, R.; Aurias, A.; Delattre, O. Truncating
mutations of hSNF5/INI1 in aggressive paediatric cancer. Nature 1998, 394, 203–206. [CrossRef] [PubMed]

106. 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, 199–201. [CrossRef]

107. Hadfield, K.D.; Newman, W.G.; Bowers, N.L.; Wallace, A.; Bolger, C.; Colley, A.; McCann, E.; Trump, D.; Prescott, T.; Evans, D.G.R.
Molecular characterisation of SMARCB1 and NF2 in familial and sporadic schwannomatosis. J. Med. Genet. 2008, 45, 332–339.
[CrossRef]

108. Schaefer, I.-M.; Dong, F.; Garcia, E.P.; Fletcher, C.D.M.; Jo, V.Y. Recurrent SMARCB1 Inactivation in Epithelioid Malignant
Peripheral Nerve Sheath Tumors. Am. J. Surg. Pathol. 2019, 43, 835–843. [CrossRef] [PubMed]

109. Valencia, A.; Collings, C.K.; Dao, H.T.; Pierre, R.S.; Cheng, Y.-C.; Huang, J.; Sun, Z.-Y.; Seo, H.-S.; Mashtalir, N.; Comstock, D.; et al.
Recurrent SMARCB1 Mutations Reveal a Nucleosome Acidic Patch Interaction Site That Potentiates mSWI/SNF Complex
Chromatin Remodeling. Cell 2019, 179, 1342–1356.e23. [CrossRef] [PubMed]

110. Guidi, C.J.; Sands, A.T.; Zambrowicz, B.P.; Turner, T.K.; Demers, D.A.; Webster, W.; Smith, T.W.; Imbalzano, A.N.; Jones, S.N.
Disruption of Ini1 Leads to Peri-Implantation Lethality and Tumorigenesis in Mice. Mol. Cell. Biol. 2001, 21, 3598–3603. [CrossRef]

111. Roberts, C.; Galusha, S.A.; McMenamin, M.E.; Fletcher, C.D.M.; Orkin, S.H. Haploinsufficiency of Snf5 (integrase interactor 1)
predisposes to malignant rhabdoid tumors in mice. Proc. Natl. Acad. Sci. USA 2000, 97, 13796–13800. [CrossRef] [PubMed]

112. Ray, A.; Mir, S.N.; Wani, G.; Zhao, Q.; Battu, A.; Zhu, Q.; Wang, Q.-E.; Wani, A.A. Human SNF5/INI1, a Component of the
Human SWI/SNF Chromatin Remodeling Complex, Promotes Nucleotide Excision Repair by Influencing ATM Recruitment and
Downstream H2AX Phosphorylation. Mol. Cell. Biol. 2009, 29, 6206–6219. [CrossRef]

113. Lin, H.; Wong, R.P.C.; Martinka, M.; Li, G. Loss of SNF5 Expression Correlates with Poor Patient Survival in Melanoma. Clin.
Cancer Res. 2009, 15, 6404–6411. [CrossRef] [PubMed]

114. Wajapeyee, N.; Serra, R.W.; Zhu, X.; Mahalingam, M.; Green, M.R. Oncogenic BRAF Induces Senescence and Apoptosis through
Pathways Mediated by the Secreted Protein IGFBP7. Cell 2008, 132, 363–374. [CrossRef] [PubMed]

115. Scurr, L.L.; Pupo, G.M.; Becker, T.M.; Lai, K.; Schrama, D.; Haferkamp, S.; Irvine, M.; Scolyer, R.A.; Mann, G.J.; Becker, J.C.; et al.
IGFBP7 Is Not Required for B-RAF-Induced Melanocyte Senescence. Cell 2010, 141, 717–727. [CrossRef]

http://doi.org/10.1016/j.cell.2017.11.015
http://doi.org/10.1038/jid.2008.319
http://www.ncbi.nlm.nih.gov/pubmed/18923443
http://doi.org/10.1111/j.1474-9726.2007.00308.x
http://www.ncbi.nlm.nih.gov/pubmed/17578512
http://doi.org/10.1038/sj.onc.1210514
http://www.ncbi.nlm.nih.gov/pubmed/17546055
http://doi.org/10.1093/emboj/17.1.223
http://doi.org/10.1016/j.abb.2014.07.004
http://doi.org/10.1073/pnas.1316793111
http://doi.org/10.1021/acs.jmedchem.8b01318
http://www.ncbi.nlm.nih.gov/pubmed/30339381
http://doi.org/10.1371/journal.pone.0251354
http://www.ncbi.nlm.nih.gov/pubmed/33999958
http://doi.org/10.1158/1541-7786.MCR-21-0390
http://doi.org/10.1158/0008-5472.CAN-14-3798
http://www.ncbi.nlm.nih.gov/pubmed/26139243
http://doi.org/10.1158/1541-7786.MCR-20-0289
http://www.ncbi.nlm.nih.gov/pubmed/33208498
http://doi.org/10.3390/ph14090904
http://www.ncbi.nlm.nih.gov/pubmed/34577604
http://doi.org/10.1038/28212
http://www.ncbi.nlm.nih.gov/pubmed/9671307
http://doi.org/10.1054/bjoc.2000.1583
http://doi.org/10.1136/jmg.2007.056499
http://doi.org/10.1097/PAS.0000000000001242
http://www.ncbi.nlm.nih.gov/pubmed/30864974
http://doi.org/10.1016/j.cell.2019.10.044
http://www.ncbi.nlm.nih.gov/pubmed/31759698
http://doi.org/10.1128/MCB.21.10.3598-3603.2001
http://doi.org/10.1073/pnas.250492697
http://www.ncbi.nlm.nih.gov/pubmed/11095756
http://doi.org/10.1128/MCB.00503-09
http://doi.org/10.1158/1078-0432.CCR-09-1135
http://www.ncbi.nlm.nih.gov/pubmed/19808872
http://doi.org/10.1016/j.cell.2007.12.032
http://www.ncbi.nlm.nih.gov/pubmed/18267069
http://doi.org/10.1016/j.cell.2010.04.021


Epigenomes 2022, 6, 10 21 of 23

116. Wang, L.; de Oliveira, R.L.; Wang, C.; Neto, J.M.F.; Mainardi, S.; Evers, B.; Lieftink, C.; Morris, B.; Jochems, F.; Willemsen, L.; et al.
High-Throughput Functional Genetic and Compound Screens Identify Targets for Senescence Induction in Cancer. Cell Rep. 2017,
21, 773–783. [CrossRef] [PubMed]

117. Alajem, A.; Biran, A.; Harikumar, A.; Sailaja, B.S.; Aaronson, Y.; Livyatan, I.; Nissim-Rafinia, M.; Sommer, A.G.; Mostoslavsky, G.;
Gerbasi, V.R.; et al. Differential Association of Chromatin Proteins Identifies BAF60a/SMARCD1 as a Regulator of Embryonic
Stem Cell Differentiation. Cell Rep. 2015, 10, 2019–2031. [CrossRef] [PubMed]

118. Ho, L.; Jothi, R.; Ronan, J.L.; Cui, K.; Zhao, K.; Crabtree, G.R. An embryonic stem cell chromatin remodeling complex, esBAF, is an
essential component of the core pluripotency transcriptional network. Proc. Natl. Acad. Sci. USA 2009, 106, 5187–5191. [CrossRef]

119. Witzel, M.; Petersheim, D.; Fan, Y.; Bahrami, E.; Racek, T.; Rohlfs, M.; Puchałka, J.; Mertes, C.; Gagneur, J.; Ziegenhain, C.; et al.
Chromatin-remodeling factor SMARCD2 regulates transcriptional networks controlling differentiation of neutrophil granulocytes.
Nat. Genet. 2017, 49, 742–752. [CrossRef] [PubMed]

120. Michel, B.C.; Kadoch, C. A SMARCD2-containing mSWI/SNF complex is required for granulopoiesis. Nat. Genet. 2017, 49,
655–657. [CrossRef] [PubMed]

121. Ji, S.; Zhu, L.; Gao, Y.; Zhang, X.; Yan, Y.; Cen, J.; Li, R.; Zeng, R.; Liao, L.; Hou, C.; et al. Baf60b-mediated ATM-p53 activation
blocks cell identity conversion by sensing chromatin opening. Cell Res. 2017, 27, 642–656. [CrossRef] [PubMed]

122. Aras, S.; Saladi, S.V.; Basuroy, T.; Marathe, H.G.; Lorès, P.; de la Serna, I.L. BAF60A mediates interactions between the
microphthalmia-associated transcription factor and the BRG1-containing SWI/SNF complex during melanocyte differenti-
ation. J. Cell. Physiol. 2019, 234, 11780–11791. [CrossRef] [PubMed]

123. Weider, M.; Küspert, M.; Bischof, M.; Vogl, M.R.; Hornig, J.; Loy, K.; Kosian, T.; Müller, J.; Hillgärtner, S.; Tamm, E.; et al.
Chromatin-Remodeling Factor Brg1 Is Required for Schwann Cell Differentiation and Myelination. Dev. Cell 2012, 23, 193–201.
[CrossRef] [PubMed]

124. Simone, C.; Forcales, S.; Hill, D.A.; Imbalzano, A.N.; Latella, L.; Puri, P.L. p38 pathway targets SWI-SNF chromatin-remodeling
complex to muscle-specific loci. Nat. Genet. 2004, 36, 738–743. [CrossRef] [PubMed]

125. Meng, Z.-X.; Li, S.; Wang, L.; Ko, H.J.; Lee, Y.; Jung, D.Y.; Okutsu, M.; Yan, Z.; Kim, J.K.; Lin, J.D. Baf60c drives glycolytic
metabolism in the muscle and improves systemic glucose homeostasis through Deptor-mediated Akt activation. Nat. Med. 2013,
19, 640–645. [CrossRef] [PubMed]

126. Wang, Y.; Wong, R.H.; Tang, T.; Hudak, C.S.; Yang, D.; Duncan, R.E.; Sul, H.S. Phosphorylation and Recruitment of BAF60c in
Chromatin Remodeling for Lipogenesis in Response to Insulin. Mol. Cell 2012, 49, 283–297. [CrossRef] [PubMed]

127. Zhao, D.-D.; Zhao, X.; Li, W.-T. Identification of differentially expressed metastatic genes and their signatures to predict the
overall survival of uveal melanoma patients by bioinformatics analysis. Int. J. Ophthalmol. 2020, 13, 1046–1053. [CrossRef]
[PubMed]

128. Mendiratta, G.; Ke, E.; Aziz, M.; Liarakos, D.; Tong, M.; Stites, E.C. Cancer gene mutation frequencies for the U.S. population. Nat.
Commun. 2021, 12, 5961. [PubMed]

129. Ticha, I.; Hojny, J.; Michalkova, R.; Kodet, O.; Krkavcova, E.; Hajkova, N.; Nemejcova, K.; Bartu, M.; Jaksa, R.; Dura, M.; et al.
A comprehensive evaluation of pathogenic mutations in primary cutaneous melanomas, including the identification of novel
loss-of-function variants. Sci. Rep. 2019, 9, 17050. [CrossRef] [PubMed]

130. Shain, A.H.; Joseph, N.M.; Yu, R.; Benhamida, J.; Liu, S.; Prow, T.; Ruben, B.; North, J.; Pincus, L.; Yeh, I.; et al. Abstract NG07:
Genomic and transcriptomic analysis reveals incremental disruption of key signaling pathways during melanoma evolution.
Bioinform. Syst. Biol. 2018, 78, NG07. [CrossRef]

131. Váraljai, R.; Horn, S.; Sucker, A.; Piercianek, D.; Schmitt, V.; Carpinteiro, A.; Becker, K.; Reifenberger, J.; Roesch, A.; Felsberg, J.;
et al. Integrative Genomic Analyses of Patient-Matched Intracranial and Extracranial Metastases Reveal a Novel Brain-Specific
Landscape of Genetic Variants in Driver Genes of Malignant Melanoma. Cancers 2021, 13, 731. [CrossRef] [PubMed]
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