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Abstract

Cancer genome-sequencing studies have revealed a remarkably high prevalence of mutations in 

genes encoding subunits of the SWI/SNF chromatin-remodelling complexes, with nearly 25% of 

all cancers harbouring aberrations in one or more of these genes. A role for such aberrations in 

tumorigenesis is evidenced by cancer predisposition in both carriers of germline loss-of-function 

mutations and genetically engineered mouse models with inactivation of any of several SWI/SNF 

subunits. Whereas many of the most frequently mutated oncogenes and tumour-suppressor genes 

have been studied for several decades, the cancer-promoting roles of mutations in SWI/SNF 

genes has been recognized only more recently, and thus comparatively less is known about 

these alterations. Consequently, increasing research interest is being focused on understanding the 

prognostic and, in particular, the potential therapeutic implications of mutations in genes encoding 

SWI/SNF subunits. Herein, we review the burgeoning data on the mechanisms by which mutations 

affecting SWI/SNF complexes promote cancer and describe promising emerging opportunities 

for targeted therapy, including immunotherapy with immune-checkpoint inhibitors, presented by 

these mutations. We also highlight ongoing clinical trials open specifically to patients with cancers 

harbouring mutations in certain SWI/SNF genes.

Introduction

The high prevalence of mutations in genes encoding chromatin regulatory proteins is one 

of the most notable insights into cancer biology that has been revealed by systematic 

sequencing of cancer genomes. Of these aberrations, mutations in genes encoding subunits 

of SWI/SNF chromatin-remodelling complexes are among the most frequent, collectively 

occurring in nearly 25% of all cancers1,2. Whereas most genes that are mutated at such 
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high frequencies in cancer have been studied for many decades, recognition of a prominent 

role for SWI/SNF mutations is much more recent. Bi-allelic inactivating mutations in 

SMARCB1 were identified in 1998 in a rare but highly aggressive type of paediatric soft-

tissue sarcoma termed rhabdoid tumour 3. Subsequently, genetically engineered mice with 

inactivation of SMARCB1 were shown to rapidly develop cancer, with 100% penetrance4. 

However, it was not until the advent of results from cancer genome-sequencing studies 

that it became clear that SMARCB1 was not alone5–7. It is now clear that at least nine 

genes encoding subunits of the SWI/SNF complexes are recurrently mutated in cancer, 

across a wide variety of tumour types1,2. Therefore, key questions emerge: what are the 

mechanisms by which these mutations contribute to cancer development? Do mutations 

affecting SWI/SNF subunits confer vulnerabilities upon these cancers? If so, are the 

vulnerabilities specific to the subunit mutated, or do any apply more broadly to cancers 

with diverse SWI/SNF aberrations? Most importantly, are any such vulnerabilities currently 

therapeutically actionable? In this Review, we provide insights into the mechanisms by 

which SWI/SNF mutations drive cancer and discuss some of the latest discoveries relating 

to therapeutic vulnerabilities, to both small-molecule drugs and immunotherapies, that are 

garnering substantial research and, in some cases, have led to the initiation of clinical trials.

SWI/SNF — a chromatin remodeller

Within cells, DNA does not exist as a naked chain of nucleotides; rather, the ~3 billion 

base pairs of the human genome are tightly associated with histones and other proteins 

in a structure termed chromatin. Within chromatin, organization and compaction of the 

human genome are achieved by wrapping 146 base pairs of DNA around histone protein 

octamers, forming structures termed nucleosomes, thus enabling ~3 meters of DNA to be 

encased within a nucleus with an average diameter of only 5 μm. Additionally, nucleosomes 

have a central role in controlling gene expression, as their presence generally prevents 

the binding of transcription factors, the proteins responsible for activating or inactivating 

the expression of specific genes. Consequently, an elaborate cellular machinery works 

in concert with transcription factors to mobilize nucleosomes in order to control gene 

expression, a process termed chromatin remodelling8,9. The SWI/SNF family of chromatin-

remodelling complexes, also known as BRG1/BRM-associated factor (BAF) complexes 

(BOX 1), are key regulators of nucleosome positioning10. SWI/SNF complexes use the 

energy generated through hydrolysis of ATP to slide or eject nucleosomes11. Belying 

this seemingly straightforward role, SWI/SNF complexes are complicated macromolecular 

assemblies consisting of many diverse and variable subunits. Mammalian SWI/SNF 

complexes belong to three broad subfamilies: canonical BAF (cBAF)8,12; polybromo-

associated BAF (PBAF)13,14; and the GLTSCR1 or GLTSCR1L-containing and BRD9-

containing (GBAF) complex, which was only discovered in 2018 and is also known as 

non-canonical BAF (ncBAF)15–18. All three complexes contain the core subunits including 

SMARCC1, SMARCC2, and either of the ATPases SMARCA4 or SMARCA2, but also 

contain numerous variable subunits that provide each of the complexes with a distinct 

identity19 (BOX 1). Additional heterogeneity occurs within each subfamily owing to the 

differential use of related subunits, which are often encoded by multi-gene families, such 
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that hundreds or even thousands of subtly different SWI/SNF complexes might exist within 

each broad subfamily.

The SWI/SNF complexes are evolutionarily conserved and were first discovered through 

pioneering studies in yeast, in which mutations affecting various component subunits 

were found to result in defective transcriptional control of mating-type switching (the 

SWI phenotype) or, in independent studies, of sucrose fermentation (the sucrose non-

fermenting, or SNF, phenotype)20–23. Mammalian SWI/SNF complexes serve broad roles 

in transcriptional regulation and have been implicated in the facilitation of specific 

transcriptional programs such as in differentiation and lineage specification. Regions of 

the genome where the complexes have a clear role include enhancers, which are short non-

protein-coding DNA elements that form binding sites for transcription factors and thereby 

regulate the transcriptional activity of adjacent genes. Enhancers constitute only a tiny 

percentage of the genome, but SWI/SNF complexes are highly enriched at these sites and 

have essential roles in modulating enhancer accessibility that is required for transcription 

factors to activate gene expression24–28. The functional implications of the hyper-diversity 

of SWI/SNF subunit composition is not entirely clear, but the different subfamilies have 

distinct location profiles across enhancers, promoters and gene bodies (FIG. 1), and their 

distinctive compositions are thought to provide specificity in interactions with transcription 

factors and other chromatin regulators17,19,25,29.

Transcription is not the only cellular process that requires access to specific stretches 

of DNA, and SWI/SNF complexes have been implicated in several mechanisms of DNA-

damage repair (DDR)30. Different SWI/SNF family members have been shown to have 

distinct roles in DDR, ranging from modifying chromatin structure around sites of DNA 

damage to directly recruiting proteins required for DDR31–33. cBAF and PBAF complexes 

have been implicated in both non-homologous end joining (NHEJ) and homologous 

recombination (HR) repair processes31,34,35. Indeed, both SMARCA4 and the cBAF-

specific subunit ARID1A have been shown to be recruited to sites of DNA damage and 

assist in HR-mediated DNA repair and NHEJ at double-strand breaks32,36. SMARCA4 has 

been reported to interact with poly(ADP-ribose) polymerase 1 (PARP1) at sites of DNA 

damage and to remodel chromatin in order to reduce nucleosome density at such sites, as 

well as to induce phosphorylation of histone H2AX (to produce the γH2AX mark) that 

promotes DNA double-strand break (DSB) repair33,37. Similarly, the authors of another 

report identified a role for ARID1A in promoting DSB repair38. Furthermore, the loss 

of either SMARCA4 or ARID1A expression has been associated with delayed mitosis 

and abnormal chromosomal segregation, linked to roles in DNA decatenation or telomere 

cohesion39,40. The PBRM1 subunit of PBAF has also been implicated in DDR, with 

evidence suggesting a function for this protein in transcriptional silencing at DSBs, which 

facilitates the repair of these DNA lesions, as well as in the maintenance of centromeric 

cohesion that is important for the maintenance of genomic stability41,42. As discussed 

further below, the degree to which the tumour-suppressor activity of SWI/SNF complexes is 

derived from their roles in transcriptional regulation versus DDR is the subject of ongoing 

debate and continued investigation.
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SWI/SNF subunit mutations in cancer

SWI/SNF complexes were first implicated in oncogenesis upon the discovery that 

SMARCB1 (also known as INI1, SNF5 and BAF47; BOX 1) is inactivated by biallelic 

mutations in nearly all cases of rhabdoid tumour (FIG. 2)3,43,44. Rhabdoid tumours typically 

develop in children <3 years of age, often before the age of 1 year, and have a notably 

poor prognosis, with patients often surviving for <1 year after diagnosis 45. Studies in 

genetically engineered mouse models (GEMM) demonstrated that Smarcb1 is a bona-fide 

tumour-suppressor gene, with 10–30% of heterozygous mice developing cancers, mostly 

nervous-system and soft-tissue sarcomas (consistent with rhabdoid tumours), at a median 

age of 11 months46–48. Although germline homozygous inactivation of Smarcb1 results in 

early embryonic lethality46–48, induced somatic homozygous inactivation results in the rapid 

onset of lymphomas and sarcomas in 100% of mice at a median of only 11 weeks, which is 

less than half the time required for cancer to form following Tp53 inactivation4. Similarly, 

inactivation of Smarcb1 in the brain of developing mice results in nearly all mice rapidly 

developing intracranial rhabdoid tumours49. In children, two-thirds of rhabdoid tumour arise 

in CNS sites (termed atypical teratoid rhabdoid tumor (ATRT), with the remainder being 

in kidney (termed malignant rhabdoid tumor (MRT)), or in soft tissues at other anatomical 

locations (sometimes termed extra-renal extra-cranial rhabdoid tumours (EERT)). 45 These 

findings clearly linked SMARCB1 to cancer; however, as mentioned previously, not until the 

dawn of systematic cancer genome-sequencing studies was the breadth of SWI/SNF subunit 

mutations recognized.

In 2010, ARID1A was discovered to be mutated in nearly 50% of all ovarian clear 

cell carcinomas (OCCCs) and ovarian endometrioid carcinomas (OECs)5,6. Similarly, 

PBRM1 mutations were identified in 41% of patients with clear-cell renal cell carcinoma 

(ccRCC)7. Subsequently, myriad cancers were found to harbour mutations in genes that 

encode SWI/SNF subunits. In total, at least nine different SWI/SNF subunits have been 

identified as being recurrently mutated in various cancers (FIG. 2), and such mutations 

are collectively found in nearly 25% of all cancers1,2. Interestingly, SWI/SNF subunit 

mutations are not randomly distributed across cancer types but rather exhibit patterns of 

association. For example, >95% of rhabdoid tumours have SMARCB1 mutations, with the 

other 5% harbouring SMARCA4 mutations50,51. Conversely, >90% of cases of small-cell 

carcinoma of the ovary, hypercalcemic type (SCCOHT), a rare form of ovarian cancer 

that predominantly occurs in young women with a median onset around 25 years of 

age52,53. SCCOHTs have been referred to as malignant rhabdoid tumour of the ovary and 

are the most common type of ovarian cancer in women aged <40 years. SCCOHTs are 

often characterized by biallelic SMARCA4 inactivating mutations but rarely SMARCB1 
mutations53. Of note, SMARCA2 is either epigenetically silenced and/or transcriptionally 

inactive in both rhabdoid tumour and SCCOHT, and transcriptional reactivation of this gene 

inhibits the proliferation of cell lines derived from these two tumour types52,54. Whether the 

absence of SMARCA2 expression is pathogenic or simply a reflection of a non-SMARCA2-

expressing cell of origin is unclear. Overall, ARID1A is the most frequently mutated 

SWI/SNF subunit across cancer types; however, PBRM1 mutations are much more common 

than ARID1A mutations in ccRCC (FIG. 2). Mutations affecting components of the ncBAF 
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complex have been less frequently identified in cancer, although focal amplifcations of 

BRD9 have been identified in several cancer types55–57. Owing to the fact that mutations 

in SMARCB1 were identified in cancer more than a decade before mutations in genes 

encoding other SWI/SNF subunits, and because Smarcb1 inactivation leads to the rapid 

onset of genomically simple cancers in mice, preclinical models with SMARCB1 mutation 

have been central to the study of SWI/SNF function in cancer.

Mutations in genes encoding SWI/SNF subunits, which include nonsense, frameshift and 

deletion mutations, are often suggestive of loss-of-function phenotypes. Missense mutations 

might be the most common type of mutation and are preferentially located in conserved 

domains of SWI/SNF subunits, for example, within the enzymatic ATPase domain of 

SMARCA4 58. A substantial body of data from in vitro and in vivo studies supports the 

notion that SWI/SNF subunit mutations are indeed tumour-promoting. For example, studies 

in GEMMs have shown that inactivation of Smarcb1, Arid1a, Smarca4 or Pbrm1 results in 

cancer phenotypes24,59,60. Thus, these genes clearly qualify as tumour suppressors, but the 

cancer-driving mechanism involved might be somewhat complicated. For example, although 

genetic mutations result in the absence of SMARCB1 protein in rhabdoid tumours, residual 

SWI/SNF complexes are present and are essential for the survival of rhabdoid tumour cell 

lines15,17,18. This finding raises the possibility that SMARCB1-mutant cancers, rather than 

being driven by the absence of SMARCB1 protein per se, are driven by aberrant functioning 

of residual SWI/SNF complexes, thereby blurring the line between loss-of-function and 

gain-of-function phenotypes. Further adding to this complexity, SWI/SNF aberrations 

that result in gain-of-function chromatin phenotypes have also been identified; one such 

aberration is the SS18–SSX fusion found in synovial sarcoma, which confers SWI/SNF 

complexes with increased nucleosome mobilization activity61,62.

Within the spectrum of human disease, the pathogenic role of SWI/SNF subunit mutations 

is not confined to cancer. Germline heterozygous mutations of genes encoding specific 

SWI/SNF subunits form the aetiological basis of the rare neurodevelopmental disorders 

known as Coffin-Siris-syndrome (CSS; OMIM #135900) and Nicolaides-Baraitser syndrome 

(OMIM #601358). Patients with CSS harbour mutations in an array of genes belonging 

to the cBAF subfamily of SWI/SNF complexes: the most commonly mutated subunit is 

ARID1B, followed by ARID1A, SMARCB1, SMARCA4, SMARCA2 and SMARCE163. 

By contrast, Nicolaides-Baraitser syndrome is exclusively associated with missense 

mutations in SMARCA264. Notably, specific missense mutations in SMARCA4 (R885H 

and L921F) and SMARCB1 (K364del and R377H) are found in both patients with CSS 

and those with cancer, suggesting that the CSS phenotype can provide insights into the 

functional consequences of the cancer-driving mutations55,65.

Tumorigenic mechanism of aberrant SWI/SNF

Whether the tumour-suppressive effect of SWI/SNF complexes is a consequence of aberrant 

transcriptional regulation or impaired DDR, or both, has been the subject of longstanding 

debate. Understanding the central mechanism of tumour suppression is important because 

this knowledge can inform therapeutic approaches. The contributions of defective DDR 

to oncogenesis have been widely recognized, from Boveri’s original reports of rearranged 
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chromosomes in cancer, to discoveries that defective telomere maintenance leads to both 

genome instability and cancer, followed by demonstration of the integral roles of genes 

encoding components of various DDR machineries in tumour suppression66–68. Given 

the identified roles of SWI/SNF complexes in DDR, a simple model can be postulated: 

SWI/SNF complexes are essential for the maintenance of genome integrity and, thus, 

dysfunction of these complexes leads to high rates of genetic mutations, which in turn 

drive cancer development. Numerous findings, however, are not easy to reconcile with such 

a model. Notably, rhabdoid tumors that result from germline SMARCB1 mutation, despite 

being highly aggressive and lethal, have remarkably simple diploid genomes69,70. The same 

is true for SCCOHTs, which are often associated with germline SMARCA4 mutations, and 

for ccRCCs with PBRM1 mutations71,72. Some cancers with SWI/SNF subunit mutations do 

indeed have high mutational burdens, but in these cases, the SWI/SNF gene mutations are 

rarely, if ever, germline. Consequently, it is difficult to determine in these cases whether the 

SWI/SNF gene mutation predisposed cells to genomic instability or whether a pre-existing 

genomically unstable neoplastic cell subsequently acquired a SWI/SNF gene mutation that 

facilitated clonal expansion and cancer progression. Clear evidence of the latter scenario has 

been reported, with mutation of ARID1A being identified as one of the few genes that is 

more commonly mutated in metastatic than in primary endometrial or breast cancers73,74.

An additional finding that is challenging to reconcile with DDR as the central tumour-

suppressive mechanism of SWI/SNF complexes relates to reports that restoration of 

SWI/SNF subunits in mutant cell lines typically results in cell-cycle arrest or death of 

the cells52,75. Expanding on this paradox, if aberrations of SWI/SNF subunits simply 

enable the generation of cancer-promoting mutations in DNA owing to genetic instability, 

such mutations would not be reversed upon restoration of SWI/SNF expression, and the 

cancer cells should continue to grow. Indeed, ongoing genetic instability can confer toxicity 

and negative selection on cancer cells, as illustrated in cancers driven by telomerase 

mutations wherein, after cancer development, the cancer cells often evolve mechanisms 

that restore telomerase function and maintain genome integrity67. Additionally, whereas 

agents that cause non-specific genomic toxicity, such as radiation, can result in many 

types of cancer, mutations in SWI/SNF subunits are often associated with remarkably 

specific cancer phenotypes. For example, inactivation of SMARCB1 is largely confined 

to the aforementioned rare paediatric rhabdoid tumours and a few other rare types of 

cancer (FIG. 2). Consistent with such specificity, Smarcb1 inactivation in mice results in 

the rapid development of lymphomas that are derived from a highly specific subset of 

memory CD8+ T cells76. Notably, loss of SMARCB1 expression does not give rise to 

cancers derived from CD4+ T cells, immature T cells, B cells or myeloid cells — only 

from CD8+ memory cells76. Thus, although cancers that occur after SMARCB1 inactivation 

arise rapidly, they are derived from exquisitely specific cell types, which argues against a 

non-specific promotion of cancer through genomic instability. Also inconsistent with DDR 

being the central tumour-suppressive function of SWI/SNF complexes, rhabdoid tumours 

caused by SMARCB1 mutation are largely restricted to children aged < 3 years50. In older 

children, the risk of rhabdoid tumours decreases precipitously, 50.

Although DDR defects are often assumed to be a central cause of cancer, the links 

between defective transcriptional control and malignant transformation are remarkably 
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strong. Studies reported in the 1980s and 1990s revealed that recurrent chromosomal 

translocations in acute leukaemias do not perturb DDR or alter genome integrity, but 

rather cause aberrant expression of lineage-specifying master transcription factors77. Such 

cancers typically have simple genomes, suggesting that, in the setting of perturbation of the 

transcriptional control of lineage specification, chromosomal instability is not required — 

and might even be selected against — for cancer formation70,78,79. Moreover, mouse models 

of several cancers have been used to demonstrate that the disruption of transcriptional 

regulation can lead to remarkably rapid cancer onset, faster than that of cancers driven by 

mutations in genes encoding mediators of DDR80–83. Collectively, these findings allude 

to the power of dysfunctional transcriptional regulation in promoting cancer. Although 

SWI/SNF complexes have been linked to DDR pathways, their links to transcriptional 

regulation are more extensive25,84. Ultimately, the activities of SWI/SNF in DDR and 

transcriptional regulation both have the potential to suppress cancer, and disruption of each 

function might contribute to SWI/SNF subunit-mutant cancers; however, supported by the 

rationale described above, in our view, the evidence seems most consistent with disruption 

of the function of lineage-specifying transcription factors as the central mechanism.

Prognosis of SWI/SNF-defective cancers

With mutations in SWI/SNF gene being found in nearly 25% of cancers, the question 

naturally arises whether such mutations have prognostic significance. These mutations have 

indeed been linked to a worse prognosis across several cancer types85. Of note, not only 

mutations but also overall changes in the expression of specific SWI/SNF subunits are 

implicated as prognostic markers for survival. In patients with hepatocellular carcinoma 

or cervical cancer, for example, loss of SMARCA2 and ARID1A expression, respectively, 

is associated with unfavourable overall survival86,87. However, the association between 

reduced expression and a poor prognosis is not universal: low expression of SMARCA4 and 

ARID1A proteins is associated with favourable outcomes in both patient with breast cancer 

and those with bladder cancer88–90. Conversely, high expression of SMARCA4 is associated 

with an unfavourable prognosis in patients with hepatocellular carcinoma86,90,91. These 

findings suggest that the effects of SWI/SNF abberations on prognosis are subunit-specific 

and/or context-specific.

One of the starkest examples of the context-specific effects of SWI/SNF aberrations is 

provided by the distinct phenotypes of tumours associated with SMARCB1 mutations92. 

SMARCB1-deficient rhabdoid tumours are among the most aggressive and lethal paediatric 

cancers; however, mutations in SMARCB1 — although probably hypomorphic — also 

form the aetiological basis of familial schwannomatosis, which is characterized by a 

predisposition to benign tumours3,93,94–96. Thus, distinct mutations in the same gene can 

lead to markedly different tumour types and prognoses65,85,97,98.

Collectively, these findings indicate that the consequences of mutations and alterations of 

SWI/SNF subunit expression are highly context-specific and do not universally confer a 

poor prognosis. Such complexities are not unique to cancers with SWI/SNF aberrations. 

For example, mutation of the gene encoding enhancer of Zeste homologue 2 (EZH2), 

which is the catalytic histone-lysine N-methyltransferase subunit of the Polycomb repressive 
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complex 2 (PRC2) and thus another chromatin-remodelling factor, is also associated with 

cancer in discrepant contexts. Loss-of-function mutations of EZH2 are found in T cell acute 

lymphoblastic leukaemia (T-ALL), whereas gain-of-function EZH2 mutations are found 

in diffuse large B cell lymphoma (DLBCL)99,100. Mutations in EZH2 also constitute the 

aetiological basis of Weaver syndrome (OMIM# 277590), a rare overgrowth syndrome that 

is reported to be associated with cancer predisposition101. Together, these data suggest that 

mutations affecting chromatin-remodelling factors, such as SWI/SNF complexes, do not 

directly dictate the level of aggressiveness or prognosis of cancers. Rather, we propose a 

model in which SWI/SNF gene mutations simply impair transcriptional control, and the 

variable consequences of that impairment are largely dictated by the underlying biology 

of cell in which the mutation arises and, in particular, the transcription factors expressed 

therein.

Emerging therapeutic vulnerabilities

The fact that genes encoding SWI/SNF components are widely mutated in cancer raises 

several key questions, including whether such mutations, despite promoting cancer growth, 

result in synthetic lethal dependencies and, if so, are these dependencies therapeutically 

tractable. If tractable, defining whether any such dependencies are specific to the particular 

subunit that is mutated and/or the tissue of origin, or whether the mutations confer shared 

synthetic lethal dependencies regardless of which subunit is mutated, will be important. 

Emerging data indicate that mutations in SWI/SNF gene do indeed result in vulnerabilities 

in cancers, some of which are subunit and/or cell-type specific, although others are 

potentially more broadly applicable. The pursuit of therapeutic translation is underway for 

several of these vulnerabilities (FIG. 3), with a number of treatment approachs being tested 

in ongoing clinical trials involving patients whose cancers harbour SWI/SNF aberrations 

(TABLE 1).

Directly targeting SWI/SNF complexes

One type of vulnerability has been clearly recognized based on findings that mutations 

in certain genes encoding SWI/SNF subunits often create specific dependencies on genes 

encoding other SWI/SNF subunits. Such data suggests a model whereby subunit mutations 

do not fully inactivate SWI/SNF function but rather result result in aberrant cell function 

owing to a reliance on the activity of alternative residual SWI/SNF complexes102,103. For 

example, screens revealing that ARID1A-mutant cell lines are specifically dependent on 

its paralogue, ARID1B102 were among the first studies to illustrate a broader concept of 

paralogue dependencies. Similarly, SMARCA4-mutant cell lines have been shown to be 

enriched for dependence on its paralogue, SMARCA2102,104,105. These findings suggest 

a mechanism whereby loss of a SWI/SNF subunit is partially compensated for by a 

paralogue, making the paralogue a particular vulnerability. Such intra-complex dependencies 

are not restricted to paralogous subunits, as SMARCB1-mutant cell lines have been shown 

to have an increased dependence on the non-paralogous SWI/SNF subunit BRD9 17,18. 

Indeed, the identification of this dependency contributed to the recent discovery of the 

third subfamily of SWI/SNF complexes, that is, the BRD9-containing ncBAF complexes 

that lack SMARCB1 15. Thus, disruption of the two SMARCB1-containing subfamilies of 
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SWI/SNF complexes (cBAF and PBAF) might increase dependence on this third subfamily. 

Collectively, the discovery of these dependencies has led of testing of whether they can be 

exploited therapeutically.

Several molecules capable of inhibiting SWI/SNF ATPase activity have been identified. 

For example, an orally available allosteric inhibitor of both SMARCA2 and SMARCA4 

has been discovered and has demonstrated antiproliferative activity in a mouse xenograft 

model of SMARCA4-mutant lung cancer106. Protein degraders are being pursued as another 

means of targeting SMARCA2 and SMARCA4107 (FIG. 3). In particular, the development 

of proteolysis targeting chimeras (PROTACs) has enabled targeting of previously intractable 

targets108–110. PROTACs are bifunctional molecules that use either the Von Hippel-Lindau 

(VHL) or celebron E3 ubiquitin ligases, covalently linked to a target-binding ligand, to 

directly target the protein of interest for proteosomal degradation108–110. The structure-based 

design of a PROTAC targeting bromodomains present in SWI/SNF components resulted in 

the development of ACBI1, which binds to and mediates the degradation of SMARCA4, 

SMARCA2, and PBRM1 and has demonstrated anti-proliferative effects in SMARCA4-

mutant cancer cell lines in vitro at concentrations ranging from 30 nM to 400nM107. 

PROTACs as a class of drugs have entered clinical trials in 2019, and, therefore, much 

remains unknown about their potential for therapeutic translation.

Importantly, the development of therapeutic strategies to target aberrant residual SWI/SNF 

complex warrants consideration since some SMARCA4-mutant cancers, such as SCCOHTs 

and a subset of non-small-cell lung carcinomas, lack expression of SMARCA2 and can, 

therefore, grow in the absence of both ATPase subunits52,111. Given the high degree 

of context-specificity in the association of SWI/SNF aberrations with specific types of 

cancer, further study will be required to determine whether cancers deficient in one subunit 

paralogue are addicted to that state and thus vulnerable to agents targeting the other 

paralogue, or whether they can evolve paralogue independence and adapt to a dual-deficient 

state. Notably, however, a dual-deficient state might in turn result in specific dependencies, 

as a demonstrated preclinically by the high sensitivity of lung and ovarian cancers lacking 

both SWI/SNF ATPases to bromodomain inhibitors112.

Similar to targeting of the residual SWI/SNF in other cancers, the potential to target BRD9 

in SMARCB1-mutant cancers is also of interest, particularly as small-molecule inhibitors 

of BRD9 (such as BI-7273 and I-BRD9), with half maximal inhibitory concentrations 

of <50 nM, have been developed and have anticancer activity in models of AML113,114. 

Given the finding of preferential dependence upon BRD9 in SMARCB1-mutant cancers, 

these molecules have been tested in rhabdoid tumour and synovial sarcoma cell lines. 

Whereas knockdown or deletion of BRD9 impaired proliferation, inhibitors that bind to the 

bromodomain had no effect17,18,113,114. By contrast, a ‘degron’ compound that causes the 

degradation of BRD9 (dBRD9) was effective in such models16,17. Together, these findings 

indicate that simply blocking the bromodomain of BRD9 might be sufficient for anticancer 

activity against AML, but degradation of BRD9 is likely to be required in SMARCB1-

mutant cancers perhaps suggesting a need for structural disruption of ncBAF in the latter 

case (FIG. 3).
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Targeting PRC2 via EZH2

The relationship between SWI/SNF complexes and Polycomb repressive complexes and, 

in particular, whether cancers with mutations affecting select SWI/SNF subunits are 

sensitive to inhibition of EZH2, the enzymatic subunit of PRC2, have been the subjects 

of a substantial body of research. Upon the discovery of the tumour-suppressor activity 

of SWI/SNF, the Polycomb repressive complexes became of immediate interest because 

earlier genetic studies in fruit flies had revealed that SWI/SNF complexes and Polycomb 

repressor complexes have opposing gene-regulatory functions (FIG. 1)115,116. Subsequent 

investigations of this phenomenon in mammalian systems and models of cancer revealed 

that the functional antagonism between SWI/SNF and Polycomb repressive complexes 

was evolutionarily conserved117. For genes bound by SWI/SNF complexes, inactivation of 

SMARCB1 was shown to result in increased levels of histone H3 lysine-27 trimethylation 

(H3K27me3), which is a repressive chromatin mark written by PRC2118. Elegant work 

in model systems subsequently elucidated the mechanism involved, with recruitment of 

SWI/SNF complexes resulting in rapid displacement of both PRC2 and PRC1 that was 

abolished by mutation of SMARCB1 (REF.119). In some models, mutations in SWI/SNF 

genes also resulted in increased sensitivity to EZH2 inhibition120,121 (FIG. 3). Additional 

complexity of this relationship was unveiled when a study of human SMARCB1-mutant 

primary rhabdoid tumour specimens revealed that levels of H3K27me3 were increased at 

SWI/SNF-target genes, but were extremely low elsewhere in the tumour genome118. This 

finding suggests that SMARCB1 mutation results in the hyper-deposition of Polycomb 

repressive complexes locally but, potentially as a consequence, leads to the downregulation 

of the overall activity of these complexes as the cells attempt to restore a balanced gene-

expression profile. Thus, tumour cells might have hyper-repression at some genes but hypo-

repression at others, a finding that complicates prediction of the effects of EZH2 inhibition 

in these cancers.

The EZH2 inhibitor tazemetostat is currently being tested in several phase I–II trials 

involving adults with DLBCL or SMARCB1-negative or SMARCA4-negative solid tumours 

and in phase I−II trials involving paediatric patients with rhabdoid tumours, synovial 

sarcoma, epithelioid sarcomas or other cancers harbouring SMARCB1, SMARCA4 or 

EZH2 mutations (TABLE 1)120,122–126. One trial is in patients with epithelioid sarcomas, a 

cancer type in which nearly all tumors have homozygous deletion of SMARCB1127. Interim 

data from this trial demonstrated an overall response rate of 15% with 1.6% (2 of 43) of 

patients having a complete response and 13% (8 of 62) a partial response. Of the patients 

who responded, 67% had a response lasting six months or longer. In January of 2020, based 

in part on these data, FDA accelerated approval was granted for the use of tazemetostat 

in patients aged ≥16 years with metastatic or unresectable epithelioid sarcomas. Additional 

clinical studies evaluating alternative strategies to inhibit PRC2 with either a novel allosteric 

inhibitor of EED or with a compound capable of dually inhibiting both EZH2 and its 

paralogue, EZH1 are currently ongoing128,129.

Separately from the investigation of specific hypothesized dependencies of SWI/SNF-

aberrant cancers, several broad screening endeavours have been pursued with the goal of 

identifying either genetic or pharmacological vulnerabilities of these cancer. Although still 
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in their early stages, these projects have yielded mechanistic insights into SWI/SNF function 

and have identified several novel avenues for therapeutic investigation.

Targeting downstream vulnerabilities

Given the findings that SWI/SNF complexes contribute to the regulation of enhancer 

function and, as part of this role, facilitate the acetylation of H3K27 (FIG. 1), investigation 

of compounds that alter histone acetylation levels are obviously of interest in the context of 

SWI/SNF-aberrant cancers25–27. Several studies have demonstrated the activity of histone 

deacetylase (HDAC) inhibitors LAQ824, SAHA and trichostatin A in ATRT cell lines130,131 

(FIG. 3).

In 2016, Torchia et al.130 and Johann et al.132 independently demonstrated that ATRT can 

be classified into three major groups according to their distinct epigenetic and molecular 

profiles: ATRT-MYC, ATRT-Sonic hedgehog (SHH) and ATRT-tyrosinase (TYR)133. In the 

same year, Chun et al.134 reported that extra-CNS RTs could similarly be stratified into 

two main subgroups. Mechanistically, several independent lines of investigation have linked 

the loss of SMARCB1 expression with aberrant activation of the MYC or non-canonical 

Hedgehog (GLI1) signalling pathways, consistent with the molecular characterization 

of ATRT subgroups135,136. These findings have generated interest in applying targeted 

therapies according to the dominant molecular networks of each particular subgroup, 

including the bromodomain and extra-terminal motif (BET) protein inhibitor JQ1 for the 

MYC subgroup and Smoothened (SMO) inhibitors for the ATRT-SHH subgroup137.

Drug screens coupled with functional genomic depletion screens in rhabdoid tumour, 

SCCOHT and non-small-cell lung carcinoma cell lines have identified specific dependencies 

on kinases involved in the cell cycle, such as cyclin dependent kinase 4 and/or 6 (CDK4/6) 

and Aurora A, owing to disrupted transcriptional control of these pathways upon mutation of 

SWI/SNF genes (FIG. 3)138–141. Data from a phase I trial of the CDK4/6 inhibitor ribociclib 

has shown some benefit, in the form of stable disease, in paediatric patients with rhabdoid 

tumours142,143, and the Aurora A kinase inhibitor alisertib is being testing in an ongoing 

phase II trial involving children and young adults with such tumours (TABLE 1)142,143.

Similar to the cell-cycle kinases, studies have revealed the dependency of rhabdoid tumours 

and ARID1A-mutant ovarian clear cell carcinomas on several receptor tyrosine kinases 

(RTKs), including platelet-derived growth factor receptors (PDGFRs), fibroblast growth 

factor receptor 1 (FGFR1) and MET130,144–147. Thus, co-targeting of multiple RTKs using 

either a single multi-kinase inhibitor, such as dasatinib or ponatinib, or a combination of 

inhibitors might also hold promise in patients with rhabdoid tumours, SCCOHT or OCCC 

(FIG. 3)144,146–148. A phase II trial of dasatinib in patients with ovarian cancer, including 

ARID1A-mutant disease, is ongoing (TABLE 1).

Loss-of-function mutations in ARID1A often co-occur with activating mutations in PI3K, 

AKT or mTOR or with loss of PTEN, which all result in upregulation of PI3K–AKT 

signalling149,150. Several independent lines of investigation, including initial genome-wide 

RNA interference dropout (negative-selection) screens conducted as part of Project Achilles 

and mutational analyses of OCCC and OEC specimens, have revealed PIK3CA, which 
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encodes the PI3K catalytic subunit α isoform, to be one of the most predominant 

vulnerabilities of ARID1A-mutant cancers151–153. Consistent with these findings, data from 

drug screens demonstrate increased sensitivity to PI3K and AKT inhibitors in subsets 

of breast and endometrial cancers harbouring loss-of-function ARID1A mutations152,154. 

These findings raise the possibility of clinical benefit from PI3K and/or AKT inhibition in 

patients with ARID1A-mutant cancers. Importantly, this approach is likely to be clinically 

feasible considering that >30 different inhibitors of the PI3K pathway are currently being 

tested in clinical trials155. However, the finding that the small-molecule SMARCA4/2 

inhibitor PFI-3 has promising therapeutic activity in preclinical models of PTEN-deficient 

prostate cancer suggests additional complexity in the relationship between the PI3K–AKT 

axis and SWI/SNF function156.

MDM2 has been identified as another, probably rhabdoid tumour-specific, vulnerability: 

although rhabdoid tumours are typically p53 wild type, a heightened dependence on MDM2 

has been demonstrated in SMARCB1-mutant cancers157. The mechanism of dependence 

remains unclear, but might relate to the role of p53 in proteostasis in SMARCB1-deficient 

cancers, as evidenced by the sensitivity of rhabdoid tumours to the proteasome and 

autophagy inhibitors bortezomib and chloroquine, respectively158 (FIG. 3).

Inhibitors of DNA damage repair

Therapeutic vulnerabilities relating to the role of SWI/SNF complexes in facilitating DDR 

have also been identified. Preclinical data demonstrate the synergy between ARID1A loss 

and VX-970)159, an inhibitor of the DNA damage-checkpoint kinase ATR, as well as the 

efficacy of PARP inhibitors in concert with radiation in ARID1A-mutant tumours38 (FIG. 

3). Indeed, long-term remissions of ARID1A-mutant patient-derived xenograft tumours in 

mice after combined treatment with radiation and PARP inhibition support the translation of 

this approach into clinical studies160. PARP or ATR inhibitors are currently being evaluated 

in several trials involving patients with ARID1A-mutant cancers (TABLE 1). Data from 

these trials will be key to understanding the feasibility and efficacy of this therapeutic 

strategy across different ARID1A-mutant cancers. Further study is required to determine 

whether vulnerabilities derived from impairment of DDR extend to other forms of SWI/SNF 

aberration.

Immune-checkpoint inhibition

One of the most exciting vulnerabilities associated with mutations in SWI/SNF genes that 

has emerged to date relates to sensitivity to immune-checkpoint inhibition (ICI). In a clinical 

trial involving 35 patients with metastatic ccRCC who underwent ICI with anti-programmed 

cell death 1 (PD-1) or anti-programmed cell death 1 ligand 1 (PD-L1) antibodies, loss-

of-function mutations in the PBAF-specific gene PBRM1 were correlated with clinical 

benefit, defined as an complete or partial response, or a smaller reduction in tumour burden 

lasting >6 months (odds ratio (OR) 12.93, 95% confidence interval (CI) 1.54–190.8; P = 

0.012)161. This finding was validated in an independent expansion cohort of 63 patients 

treated with anti-PD-1 or anti-PD-L1 antibodies alone or in combination with anti-cytotoxic 

T lymphocyte protein 4 (CTLA-4) antibodies (OR 6.10, 95% CI 1.42–32.64; P = 0.0071)161. 

Accompanying in vitro studies demonstrated that loss of PBRM1 expression facilitates 
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broad transcriptional changes of genes involved in the JAK–STAT and other immune-related 

signalling pathways, as well as hypoxia-responsive genes, that might underlie the improved 

responsiveness to ICI161. Separately but contemporarily, a genome-scale CRISPR screen 

revealed that inactivation of Pbrm1 or either of two other genes of the PBAF SWI/SNF 

subfamily, Arid2 and Brd7, sensitized mouse melanoma cells to T cell-mediated cytotoxicity 

in vitro162. These mutations were also associated with enhanced chemokine secretion by the 

tumour cells in response to IFNγ, as well as higher levels of cytotoxic T cell infiltration 

into tumours and sensitivity to ICI with anti-PD-1 plus anti-CTLA-4 antibodies in mouse 

models162. PBRM1 is mutated in 40% of patients with ccRCC7, at lower frequencies in a 

range of other tumour types, and ARID2 mutations occur in cancers including urothelial 

carcinoma and melanoma (FIG. 2); thus, a substantial number of patients could potentially 

benefit from ICI.

In a preclinical study, mice bearing Arid1a-deficient ovarian cancers treated with an 

anti-PD-L1 antibody had substantially reduced tumour burdens and prolonged survival 

compared with mice treated with a control antibody163. Additionally, such effects were 

not observed in treatment of Arid1a-wild-type tumors with anti-PD-L1 antibody, although 

those tumors were inherently less aggressive. Similar to the Pbrm1-deficient tumours, the 

Arid1a-mutant tumours contained increased numbers of cytotoxic T cell, when compared 

with Arid1a-wild-type tumours, as well as higher levels of PD-L1 expression, with similar 

association observed in patient-derived ovarian cancer specimens163. However, the reported 

mechanisms underlying the sensitivity to ICI differ between Pbrm1-mutant and Arid1a-

mutant tumours. Whereas Pbrm1 mutation enhances the immunogenicity of tumour cells 

via increased expression of immune-related genes. ARID1A was found to interact with the 

mismatch repair protein MSH2 and inactivation of Arid1a compromising DNA mismatch 

repair, resulting in increases in tumour mutational load, cytotoxic T cell infitration and 

PD-L1 expression163. Other studies have revealed that levels of PD-L1 are increased in 

patient-derived ARID1A-mutant gastric cancer specimen and in ARID1A-mutant cell lines, 

relative to their wild-type counterparts, and have linked this finding to observed benefits 

of ICI164–166. Of note, the link between ARID1A mutation and immune activation may be 

context dependent rather than universal as a 2020 analysis found that ARID1A mutations 

correlated with markedly higher immune infiltrates in endometrial, stomach and colon 

cancer but dramatically lower CD8+ T cell infiltrations in renal clear cell carcinoma167.

The association between SWI/SNF aberrations and immunogenicity has been extended with 

the finding that human SMARCB1-mutant rhabdoid tumours are infiltrated by clonally 

expanded subpopulations of T cells, suggesting a tumour-specific immune response168–170. 

Moreover, ICI resulted in tumour regression in up to 70% mice harbouring Smarcb1-mutant 

rhabdoid tumours168. In this model, the implicated mechanism was somewhat distinct from 

those proposed for other SWI/SNF aberrations. Loss of SMARCB1 caused expression of 

endogenous retroviruses triggering double-stranded RNA-sensing pathway and subsequent 

induction of interferon signalling168. Another study in four patients with SMARCA4-mutant 

SCCOHT showed that these tumours also have an immune-active microenvironment and are 

responsive to ICI, despite having a low mutational burden171.
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Thus, emerging and increasing evidence links mutations in several genes encoding SWI/SNF 

subunits with sensitivity to ICI. However, in the context of treatment of current patients, it 

should be kept in mind that almost all of the studies involved small cohorts of patients, that 

not all of the preclinical findings have been corroborated clinically and that the proposed 

mechanisms do not clearly align172,173. Further evidence from experimental models and 

clinical studies will be required to determine the extent to which mutations in SWI/SNF 

genes correlate with, and confer, susceptibility to ICI.

Conclusions

The discovery that genes encoding subunits of SWI/SNF complexes are mutated at high 

frequency across a wide variety of cancers was largely unanticipated at the time when 

these complexes were identified. In contrast to mutations in classical oncogenes and 

tumour-suppressor genes, such as MYC, RAS and TP53, the roles of which have been 

studied in cancers for >40 years, the discovery of widespread SWI/SNF gene mutations 

in cancer is only a decade old. Consequently, our understanding of the mechanisms and 

any corresponding therapeutic implications remains in its infancy. Although it is now 

clear that inactivating mutations affecting individual SWI/SNF subunits can confer specific 

dependencies on other genes or pathways, whether any broad dependencies extend across all 

SWI/SNF cancers remains a key question and an active area of research.

With repeated discoveries that mutations in SWI/SNF subunits often increase dependencies 

on other components of residual SWI/SNF complexes, growning interest surrounds the 

possibility to therapeutically target the SWI/SNF complex itself. The potential for such 

an approach is enhanced by the existence of domains within these proteins, such as 

bromodomains and enzymatic ATPase domains, that can be targeted using small molecules. 

A point of caution relates to the fact that these complexes have bona fide tumour-suppressor 

activity and, specifically, whether inhibiting certain subunits could actually promote cancer 

development and/or growth, rather than suppressing these processes. Although tumour-

promoting effects are likely to be reversible with cessation of therapy, this risk needs to 

be monitored in trials of such agents, particularly with long-term use.

The discovery of vulnerabilities, both genetic and pharmacological, has been accelerated 

by the advances in high-throughput screening assays. Such assays have proved powerful 

for the identification of synthetic lethality and other similar relationships; however, whether 

dependencies identified using cell lines will be sufficiently robust to translate into true 

therapeutic vulnerabilities in clinical trials remains to be determined.
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Key points

• At least nine different genes encoding subunits of the SWI/SNF family of 

chromatin-remodelling complexes are recurrently mutated in cancer and these 

mutations are collectively present in nearly 25% of cancers.

• Mutations in specific SWI/SNF genes are enriched in particular cancer types, 

suggesting differential roles for individual SWI/SNF components; consistent 

with this hypothesis, different SWI/SNF gene mutations confer distinct cancer 

vulnerabilities in mouse models.

• The tumour-suppressor activity of the SWI/SNF chromatin-regulatory 

complexes is most likely attributable to their roles in facilitating transcription 

factor function, which is central to cell-fate specification; however, roles of 

the complexes in facilitating DNA repair might also contribute.

• The identification of potential therapeutic vulnerabilities that arise from 

SWI/SNF gene mutations is leading to new areas of clinical investigation, 

including studies of immunotherapy in addition to kinase inhibitors and 

agents targeting mediators of DNA damage repair.

Mittal and Roberts Page 24

Nat Rev Clin Oncol. Author manuscript; available in PMC 2022 January 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Box 1 |

Nomenclature of SWI/SNF complexes

The numerous nomenclature systems currently in use for the switch/sucrose non-

fermentable (SWI/SNF) complexes and their subunits can create substantial challenges 

for neophytes. The SWI/SNF name itself is derived from original discoveries that 

orthologous complexes in yeast are required for mating-type switching and sucrose 

fermentation (with mutations affecting the complex leading to a sucrose non-fermenting 

phenotype). As the composition of SWI/SNF complexes becomes more diverse 

with evolution to higher-order organisms, the BRG1/BRM-associated factor (BAF) 

nomenclature was developed (BRG1 and BRM are core ATPases of SWI/SNF 

complexes). Subsequently, the SWI/SNF-related, matrix-associated, actin-dependent 

regulator of chromatin (SMARC) naming system was developed and became part 

of official Human Genome Organisation (HUGO) nomenclature, although evidence 

supporting matrix association of the complexes is limited. Consequently, owing to 

the varied evolutionary biology, compositional diversity and myriad different proposed 

functions of SWI/SNF complexes, the nomenclature remains problematic and is 

often variably used throughout literature. Commonly used HUGO gene names and 

interchangeable synonyms of SWI/SNF components are indicated below, with the 

subunits listed according to the SWI/SNF complexes subfamilies- canonical BAF 

(cBAF), polybromo-associated BAF (PBAF) and non-canonical BAF (ncBAF) -with 

which they are most frequently associated, although additional variability exists.

Shared subunits

• SMARCC1 (BAF155)

• SMARCC2 (BAF170)

• SMARCA4 (BRG1 or BAF190A)

• SMARCA2 (BRM, BAF190B or SNF2L2)

• SMARCB1 (BAF47, INI1 or SNF5)

• SMARCE1 (BAF57)

• SMARCD1, SMARCD2 and SMARCD3 (BAF60A, BAF60B and BAF60C, 

respectively)

• ACTB

• ACTL6A and ACTL6B (BAF53A and BAF53B, respectively)

• BCL7A, BCL7B and BCL7C

• SS18 (SYT or SSXT)

cBAF subunits

• ARID1A (BAF250A or SMARCF1)

• ARID1B (BAF250B)
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• DPF2 and DPF3 (BAF45D and BAF45C, respectively)

• BCL11A and BCL11B

PBAF subunits

• ARID2 (BAF200)

• PBRM1 (BAF180)

• BRD7

• PHF10 (BAF45A)

ncBAF subunits

• BRD9

• BICRA and BICRAL (GLTSCR1 and GLTSCR1L)

cBAF, canonical BAF; ncBAF, non-canonical BAF; PBAF, polybromo-associated BAF.
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Fig. 1|. Function of SWI/SNF chromatin-remodelling complexes.
Illustration of SWI/SNF complex subfamilies and their genomic localization with respect 

to gene promoters and enhancers in nonmalignant cells. SWI/SNF complexes frequently 

localize at sites marked by histone H3 lysine 27 acetylation (H3K27ac), which is associated 

with active transcription, and cooperate with transcription factors to establish an open 

chromatin state25,26. This activity can be opposed by that of the Polycomb repressor 

complexes (PRCs), particularly PRC2 that places the repressive H3K27 trimethylation 

(H3K27me3) mark via its enzymatic subunit, enhancer of Zeste homologue 2 (EZH2)115,117. 

Canonical BAF (cBAF), polybromo-associated BAF (PBAF) and the most recently 

discovered non-canonical BAF (ncBAF, also known as GLTSCR1-containing BAF (GBAF)) 

are the three major SWI/SNF complex subfamilies17,18,29. cBAF activity might occur most 

strongly at enhancers, whereas PBAF and ncBAF are reported to be enriched at promoters, 

although also bind to some enhancers18,26,29,174. Understanding of the distinct functions of 

these three SWI/SNF subfamilies is limited and requires further study.
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Fig. 2. Frequency and pattern of SWI/SNF subunit mutations across human cancers.
The heatmap depicts the frequency of non-synonymous mutations and deletions in select 

genes encoding components of SWI/SNF complexes across cancer types. Overall, the 

figure depicts the high prevalence of mutations affecting nine SWI/SNF subunits and the 

context-specificity of these mutations, with most being highly enriched in certain paediatric 

and adult malignancies. ARID1A is the most frequently mutated SWI/SNF complex gene, 

followed by SMARCA4 and PBRM1. The heatmap was compiled using data generated by 

the The Cancer Genome Atlas (TCGA) Research Network, accessible through cBioPortal55, 

as well as datasets sourced from various publications1–3,5,6,35,56. The white background 

color indicates tumors in which less than 2.5% of tumors had mutations in the subunit.
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Fig. 3. Translational science of cancers with SWI/SNF complex aberrations.
Illustration of reported vulnerabilities of cancers with loss-of-function mutations in SWI/

SNF-complex genes, depicting both therapeutic opportunities supported only by preclinical 

evidence and treatments currently being evaluated in ongoing clinical trials (TABLE 1). The 

therapeutic targets include: residual SWI/SNF complexes17,18,102,104; Polycomb repressive 

complex 2 (PRC2), mainly its enzymatic subunit, enhancer of Zeste homologue 2 (EZH2), 

and predominantly in SMARCB1-mutant or SMARCA4-mutant120,122; components of 

the DNA damage repair pathway, in particular, poly(ADP-ribose) polymerase (PARP) 

and ATR in ARID1A-mutant cancers159,160; and receptor tyrosine kinases (RTKs) in 

several cancers enriched for mutations in SWI/SNF-complex genes, in a context-specific 

manner144,145,147,148. Targeting of Aurora A or CDK4/6 (cell-cyle kinases), MDM2 (a 

negative regulator of the tumour suppressor p53), autophagy or the proteasome could 

also be of potential therapeutic benefit in patients with cancers harbouring particular 

SWI/SNF-complex abberations138,142,157,158. Additionally, mutations in several genes 

encoding SWI/SNF-complex subunits have been associated with sensitivity to immune-

checkpoint inhibitors targeting programmed cell death 1 (PD-1) or programmed cell 

death 1 ligand 1 (PD-L1)161,163–166,168,172. ARID1A, AT-rich interactive domain-containing 

protein 1A; bromodomain-containing protein 9, BRD9; FGFR1, fibroblast growth factor 

receptor 1; HDACs, histone deacetylases; PDGFR, platelet-derived growth factor receptor; 

SMARCA2/4, SWI/SNF-related matrix-associated actin-dependent regulator of chromatin 

subfamily A member 2 or 4.
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Table 1 ׀

Ongoing interventional clinical trials involving cancers harbouring mutated SWI/SNF components

Interventional 
agents (targets)

ClinicalTrial.gov 
ID

Disease setting Study 
phase

Enrolment 
target

End points or 
objectives

SMARCB1-mutant, SMARCA4-mutant or SS18–SSX rearranged cancers

Tazemetostat 
(EZH2)

NCT01897571 Adults with advanced-stage solid 
tumours or B cell lymphomas, 
including DLBCL

I/II 420 MTD, bioavailability, 
DDI, efficacy and 
safety of monotherapy 
or combination with 
prednisolone.

NCT02601937 Children with R/R MRT, ATRT, 
RTK and other selected tumours 
with rhabdoid features and loss of 
SMARCB1 or SMARCA4, other 
SMARCB1-negative tumours, or 
synovial sarcoma with SS18–SSX 
rearrangement,

I 82 Dose escalation to MTD 
and dose expansion at 
MTD

NCT03213665 Children with R/R advanced-
stage solid tumours, non-Hodgkin 
lymphoma or histiocytic disorders 
with EZH2, SMARCB1 or 
SMARCA4 mutations

II 49 ORR, PFS, tolerability 
of tazemetostat in 
children with R/R 
cancer

NCT02601950 Adults with MRT, ATRT, RTK and 
other selected tumours with rhabdoid 
features and loss of SMARCB1 or 
SMARCA4 (including SCCOHT), 
SMARCB1-negative tumours or 
tumours with with an EZH2 
gain-of-function mutation, refractory 
synovial sarcoma with SS18–SSX 
rearrangement, renal medullary 
carcinoma, epithelioid sarcoma, or 
poorly differentiated chordoma

II 250 ORR, DoR, PFS, and 
effect of tazemetostat on 
immune priming

NCT02875548 Adults with various cancers 
(including MRT, ATRT, RTK, 
synovial or epitheliod sarcoma,
mesothelioma and DLBCL) who 
have completed an antecedent 
tazemetostat study

II 300 Long-term safety 
profile, TTF and OS

Alisertib (Aurora A) NCT02114229 Children and young adults (aged <22 
years) with newly diagnosed or R/R 
ATRT and/or extra-CNS MRT (with 
loss of SMARCB1 or SMARCA4)

II 180 Sustained ORR, PFS, 
and PK and PD of 
alisertib in paediatric 
patients142,143

ARID1A-mutant cancers

Niraparib (PARP) NCT03207347 Adults with BAP1-mutant and other 
DDR-deficient neoplasms, including 
tumours with ARID1A mutation

II 57 ORR, PFS and OS

Olaparib (PARP) NCT04042831 Adults with billiary tract cancer with 
DDR gene aberrations, including 
ARID1A mutations

II 36 ORR, DoR and OS

Olaparib
(PARP) + 
capivasertib (also 
known as 
AZD5363; AKT)

NCT02576444 Adults with cancer containing 
mutations in homologous DNA repair 
or other DDR genes, including 
ARID1A

II 64 ORR

Olaparib
(PARP)
+ Ceralasertib 
(also known as 
AZD6738; ATR)

NCT04065269 Adults with relapsed gynaecological 
cancers with or without loss of 
ARID1A

II 40 ORR, PFS, TTP and OS
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Interventional 
agents (targets)

ClinicalTrial.gov 
ID

Disease setting Study 
phase

Enrolment 
target

End points or 
objectives

Berzosertib (also 
known as VX-970 
and M6620; ATR)

NCT03718091 Adults with advanced-stage solid 
tumours, including an ARID1A-
mutant cohort

II 223 Validation of anticancer 
effect of VX-970 
observed in preclinical 
studies: changes 
in Phospho-CHK1, 
γH2AX levels and DCR

Dasatinib (various 
tyrosine kinase)

NCT02059265 Adults with recurrent or persistent 
ovarian, fallopian tube, endometrial 
or peritoneal cancer with and without 
loss of ARID1A

II 35 ORR, PFS, OS and 
toxicity profile

Dasatinib + PD-1 NCT04284202 Adults with advanced NSCLC with 
ARID1A mutation as the third line of 
treatment.

I 30 PFS, ORR, OS and 
toxicity profile

Information on the clinical trials was obtained from https://clinicaltrials.gov on 15/03/2020. γH2AX, phosphorylated histone H2AX; ATRT, 
atypical teratoid rhabdoid tumour; CNS, central nervous system; DCR, disease control rate; DDI, drug–drug interactions; DDR, DNA damage 
response and/or repair; DLBCL, diffuse large B cell lymphoma; DoR, duration of response; EZH2, enhancer of Zeste homologue 2; MRT, 
malignant rhabdoid tumour; MTD, maximum tolerated dose; ORR, objective response rate; OS, overall survival; PD, pharmacodynamics; PFS, 
progression-free survival; PK, pharmacokinetics; R/R relapsed and/or refractory; RTK, rhabdoid tumour of kidney; SCCOHT, small cell carcinoma 
of the ovary, hypercalcemic type; TTP, time to progression; NSCLC, non-small cell lung cancer
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