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ABSTRACT
Chromatin regulation involves four subfamilies composed 
of ATP-dependent multifunctional protein complexes that 
remodel the way DNA is packaged. The SWItch/Sucrose 
Non-Fermentable (SWI/SNF) chromatin remodeling 
complex subfamily mediates nucleosome reorganization 
and hence activation/repression of critical genes. The SWI/
SNF complex is composed of the BRG-/BRM-associated 
factor and Polybromo-associated BAF complexes, which 
in turn have multiple subunits. Significantly, ~20% of 
malignancies harbor alterations in >1 of these subunits, 
making the genes encoding SWI/SNF family members 
among the most vulnerable to genomic aberrations in 
cancer. ARID1A is the largest subunit of the SWI/SNF 
complex and is altered in ~40%–50% of ovarian clear 
cell cancers and ~15%–30% of cholangiocarcinomas, in 
addition to a variety of other malignancies. Importantly, 
outcome was improved after immune checkpoint blockade 
(ICB) in patients with ARID1A-altered versuss wild-type 
tumors, and this result was independent of microsatellite 
instability or tumor mutational burden. Another subunit—
PBRM1—is mutated in ~40% of clear cell renal cell 
carcinomas and ~12% of cholangiocarcinomas; there 
are contradictory reports regarding ICB responsiveness. 
Two other SWI/SNF subunits of interest are SMARCA4 
and SMARCB1. SMARCA4 loss is the hallmark of small 
cell carcinoma of the ovary hypercalcemic type (and 
is found in a variety of other malignancies); SMARCA4 
germline alterations lead to rhabdoid tumor predisposition 
syndrome-2; SMARCB1 germline alterations, rhabdoid 
tumor predisposition syndrome-1. Remarkable, although 
anecdotal, responses to ICB have been reported in both 
SMARCA4-aberrant and SMARCB1-aberrant advanced 
cancers. This review focuses on the role that SWI/SNF 
chromatin remodeling subunits play in carcinogenesis, 
the immune microenvironment, and in immunotherapy 
responsiveness.

INTRODUCTION
Chromatin remodeling elements refer to a 
group of proteins that remodel the way DNA 
architecture is packaged in order to permit 
access of condensed genomic DNA to the 
transcription machinery and thereby regu-
late gene expression. Chromatin itself is a 
complex of DNA and protein; its primary 
function is to package long DNA molecules 
into more compact structures.1 A primary 

protein component of chromatin is histones. 
Histones bind to DNA and function as 
‘anchors’ around which the strands are 
wound. There are several levels of chromatin 
organization, and one of the important ones 
relate to nucleosomes. A nucleosome is the 
basic repeating unit of eukaryotic chromatin. 
A solitary nucleosome is made up of about 
150 base pairs of DNA sequence blanketed 
around a core of histone proteins. DNA must 
be compacted into nucleosomes to fit into 
the nucleus and each human cell contains 
about 30 million nucleosomes.2

Although humans have four chromatin 
remodeler protein families—SWI/SNF 
(SWItch/Sucrose Non-Fermentable), CHD 
((Chromodomain-Helicase-DNA binding), 
Imitation SWItch 1 and INO80 (inositol 
requiring 80)3–6—the best studied of these 
families of chromatin remodeler proteins 
are the SWI/SNF complexes. SWI/SNF is 
a subfamily of ATP-dependent chromatin 
remodeling complexes that associate to 
remodel the way DNA is parceled. This 
complex possesses a DNA-stimulated ATPase 
activity that can destabilize histone-DNA inter-
actions in nucleosomes in an ATP-dependent 
manner. The SWI/SNF complex mediates 
nucleosome reorganization, allowing genes 
to be activated or repressed.3 6

The SWI/SNF complex is composed of poly-
morphic BRG-associated/BRM-associated 
factor (BAF) and Polybromo-associated 
BAF (PBAF) complexes. BAF is made up 
of SMARCA2 or 4, ACTL6A, SMARCC1, 
SMARCC2, SMARCCE1, DFP1/2/3, 
ARID1A/B, SMARCD1/2/3 and SMARCB1 
subunits; PBAF is made up of SMARCA2 
or 4, ACTL6A, SMARCC1, SMARCC2, 
SMARCCE1, DFP1/2/3, SMARCD1/2/3 
and SMARCB1, ARID2, BRD7, and PBRM1 
subunits (figure  1). Importantly, ~20% of 
malignancies have an aberration in one of 
the genes encoding these subunits.7 Further-
more, abnormalities in SWI/SNF chromatin 
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remodeling complex subunits have shown promise as 
markers for ICB responsiveness (table 1, figure 1).7–48

The development of ICB for cancer therapy, with 
several molecules now approved, signals a dynamic 
change in the field of immuno-oncology. Ipilimumab, 
which is anti-cytotoxic T-lymphocyte antigen-4 (CTLA-
4), was the first approved immune checkpoint inhib-
itor for treating patients with advanced melanoma.49 
Pembrolizumab, nivolumab, atezolizumab, avelumab, 
durvalumab, and cemiplimab, all of which are anti-
programmed death 1 (anti-PD1) or anti-programmed 
death ligand 1 (anti PDL1) antibodies, have been subse-
quently approved.50 51 The overall response rates across 
tumors on checkpoint blockade therapy is, however, 
only in the order of 15%–20%, making it imperative to 
develop reliable and biologically based biomarkers to 
predict response.52 Some established biomarkers include 
deficient mismatch repair/microsatellite instability-high 
(dMMR/MSI-H)53 and high tumor mutational burden 
(TMB) (> 10 mutations/megabase),54 55 but there are also 
reports of new markers such as major histocompatibility 

presentation of neoantigens and immune response gene 
signature panels.56–59 Additionally, genomic markers 
such as PDL1 amplification,60 chromosome 9p21.3 
loss,61 and novel markers such as chromatin remodeling 
gene aberrations—ARID1A, PBRM1, SMARCA4, and 
SMARCB114 21 37 46 —may also predict ICB responsiveness. 
Much of this data has just recently emerged and some 
of the clinical linkages between chromatin remodeling 
genes and immunotherapy remain anecdotal or a matter 
of debate. Even so, these linkages merit further under-
standing and exploration because of their high potential 
impact in the patient care setting. Here, we provide an 
overview of the emerging data on the valuable role of 
SWI/SNF chromatin remodeling genes in cancer and in 
immune responsiveness. We also balance the discussion 
with commentary on the pitfalls of using some of the 
chromatin remodeling gene aberrations such as PBRM1 
loss as a marker for immunotherapy response, as the 
linkage may be with other aspects of tumor proliferation 
like angiogenesis.

Figure 1  SWI/SNF complex is an evolutionarily conserved ATP-dependent complex that contains multiple subunits. It has 
a key role in chromatin remodeling and regulation of transcription by recruitment of transcription factors, coactivators and 
repressors and histone modifiers. BRG1-associated or BRM1-associated factors (BAF) and Polybromo-associated BAF (PBAF) 
are two subclasses of this complex and differ in a few subunits as shown. These complexes consist of one of the two mutually 
exclusive catalytic ATPase subunits: SMARCA2 (Brahma or BRM) or SMARCA4 (BRG1), and other subunits such as SMARCB1, 
SMARCC1, and SMARCC2. PBAF complexes can be distinguished from BAF complexes because the former contains PBRM1 
and ARID2 but lack ARID1A/B. SWI/SNF complexes regulate chromatin access by controlling the processes of histone dimer 
ejection, nucleosome ejection, and repositioning of nucleosomes by sliding. ARID1A binds DNA and may regulate the chromatin 
remodeling activity of the SWI/SNF complex through recruitment and binding of transcriptional factors. ARID subunits help with 
binding of the ATPase subcomplex. PBRM1 is essential for the stability of the SWI/SNF chromatin remodeling complex SWI/
SNF-B (PBAF). ACTL6A, an actin domain, SMARCCE1, and DFP1/2/3 are accessory subunits common to both BAF and PBAF 
and are rarely mutated in cancers. SWI/SNF, SWItch/Sucrose Non-Fermentable.
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Table 1  Examples of genes controlling SWI/SNF chromatin remodeling and immune checkpoint blockade (ICB) 
responsiveness

Name of 
gene

% Patients with cancer and 
alterations in the gene

Chromatin remodeling 
complex functions Response to immunotherapy Comment

ARID1A ~3%–7% of all cancers1 7

Highest rates of mutation are 
seen in clear cell cancers of 
the ovary (~50% of patients), 
endometroid tumors (~40%), 
gastric cancers (~30%)7–9

	► Largest subunit in 
SWI/SNF chromatin-
remodeling complex6 10

	► DNA binding subunit

Preclinical studies-treatment with anti-PD-L1 antibody 
show reduced tumor burden and increased survival in 
ARID1A loss mice ovarian tumors versus ARID1A wild 
type.11

ARID1A aberrations resulted in limited chromatin 
accessibility to interferon (IFN) responsive genes causing 
impaired IFN expression, poor T cell response and reduced 
tumor immune response.12

ARID1A is implicated 
in interactions with 
mismatch repair 
gene, MSH2, possibly 
compromising its 
function.18

Pan-cancer patients with ARID1A alterations had 
significantly prolonged OS on ICB13

ARID1A alterations were a positive predictor for longer PFS 
after checkpoint blockade (HR (95% CI), 0.61 (0.39 to 0.94), 
p=0.02).14

PFS benefit after ICB was not dependent on MSI or TMB.14

Loss of ARID1A associated with:
High PDL1 in gastric cancers15 and EBV16 (and both EBV 
and PDL1 predict for response in gastric cancer17)

PBRM1 ~3% of diverse cancers19

Highest rates of mutation seen 
in clear cell renal cell carcinoma 
tumor (seen in 40% of patients), 
cholangiocarcinomas (12%).19–21

	► Nucleosome-
recognition subunit in 
the PBAF SWI/SNF 
chromatin-remodeling 
complex.19

Mixed data showing both that PBRM1 predicts response to 
ICB and does not predict response to ICB
ICB response was associated with loss-of-function 
mutations in the PBRM1 gene (p=0.012) in metastatic 
ccRCC, a cancer not associated with MSI or high TMB.22

OS was significantly better with PBRM1 loss in 324 
metastatic clear cell renal cell carcinomas on nivolumab 
(not reached vs 25 mos, p=0.05).23

However, in IMmotion in metastatic ccRCCs showed worse 
outcome for PBRM1-altered tumors in atezolizumab versus 
sunitinib group.24

A recent study with multivariate models of ccRCC patients 
treated with ICB (n=189), loss-of-function (LOF) mutations 
in PBRM1 were not associated with OS (HR=1.24, p=0.47) 
or time to treatment failure (HR=0.85, p=0.44), Pan cancer 
across 11 solid tumors (n=2936), LOF mutations not 
associated with improved OS (HR = 0.9, p = 0.7).25

In an NSCLC retrospective analysis, PBRM1 mutation 
predicted for worse prognosis on ICB regardless of high or 
low TMB (median OS of PBRM1-mutant versus wild-type 
patients was 6 vs 13 months)26

PBRM1 is thought to 
confer resistance to T 
cell–induced apoptosis, 
and a PBRM1 deletion 
in a B16F10 melanoma 
mouse model increases 
chances of response 
to anti–PD-1 and anti-
CTLA4 agents’.12

Enhancement of 
immunostimulatory 
genes which play a role 
in hypoxia response 
and JAK–STAT 
signaling in PBRM1-
mutant ccRCC cell 
lines.27

PBRM1 loss is 
consistent with 
a decreased 
immunogenic tumor 
microenvironment and 
instead upregulated 
angiogenesis.28

SMARCA4 About 5%–7% of all cancers29

Highest rates of mutation seen 
in SCCOHT (close to 100% 
patients)30 and NSCLC (10% 
of patients),31 but also seen in 
undifferentiated endometrial 
sacromas, SMARCA4-deficient 
thoracic sarcoma, gastric 
cancers, and a subset of 
multiple other tumor types32–34

	► SMARCA4 (BRG1) 
is important ATPase 
subunit of the 
mammalian SWI/SNF 
chromatin remodeling 
complex.

	► Uses the energy from 
ATP hydrolysis to 
disrupt nucleosomes at 
target regions.35

SMARCA4 is hallmark of SCCOHT; 4/4 patients with 
objective response include three with durable CRs.36

SMARCA4 mutations were more prevalent in responders to 
PDL1 blockade in Keynote 012 trial in HNSCC.37

SMARCA4-mutated NSCLC was associated with improved 
outcomes with ICB in MSK-IMPACT study.38

Case reports show response to nivolumab or 
pembrolizumab in SMARCA4-mutated NSCLC.39 40

SMARCA4-deficient thoracic sarcoma (SMARCA4-DTS) 
case reports show response to nivolumab in third line 
therapy and another report shows rapid response to 
pembrozilumab in PDL1 positive SMARCA4-DTS.41 42

SMARCA4 alteration 
is sole mutation in 
rare SCCOHT which 
is characterized by 
high PDL-1 expression 
and T-cell infiltrate43; 
these tumors respond 
anecdotally to 
checkpoint blockade43

SMARCB1 Loss of SMARCB1 expression 
is seen in malignant rhabdoid 
tumors and epithelioid 
sarcomas.
renal medullary carcinoma, 
cribriform neuroepithelial tumors, 
malignant mesotheliomas, 
synovial sarcomas, extracellular 
myxoid chondrosarcomas and 
familial schwannomatosis
SMARCB1 loss is at the protein 
and DNA level in most tumors
44 45

	► SMARCB1 (INI1) (part 
of SWI/SNF complex) 
tumor-suppressor gene 
is located at 22q11.2

Malignant rhabdoid tumors have low TMB across cancers, 
but case reports of 3 patients with SMARCB1-loss 
aggressive pediatric cancers demonstrate evidence of 
response to ICB.46

47% (14/30) of patients with SMARCB1-loss tumors had 
positive PD-L1 staining.45 46

Anecdotal reports show a pediatric renal medullary cancer 
with SMARCB1 loss responding to atezolizumab.47

An adult patient with recurrent SMARCB1-loss renal 
medullary carcinoma had a complete response to 
nivolumab lasting greater than 9 months despite low 
TMB.47

An advanced refractory, SMARCB1-deficient epitheloid 
sarcoma accomplished a complete remission to combined 
ipilimumab and nivolumab48

ARID1A, AT-rich Interactive Domain-containing protein; ccRCC, clear cell renal cell carcinoma; CR, complete remission; EBV, Epstein Barr virus; HCC, hepatocellular carcinoma; 
HNSCC, head and neck squamous cell cancer; Jak-STAT, Janus kinase-signal transducer and activator of transcription; MSI, microsatellite instability; MSK, Memorial Sloan Kettering; 
NSCLC, non-small cell lung cancer; OS, overall survival; PBRM1, polybromo 1; PD-L1, programmed death ligand; PFS, progression-free survival; SCCOHT, small cell cancer ovarian 
hypercalcemic type; SMARCA4, SWI/SNF Related, Matrix Associated, Actin Dependent Regulator Of Chromatin; SMARCA4-DTS, SMARCA4-deficient thoracic sarcomas; SWI/SNF, 
SWItching/Sucrose Non-Fermenting; TIM-3, T-cell immunoglobulin mucin-3; TMB, tumor mutational burden.
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Mutations in chromatin-remodeling SWI/SNF complex genes 
and tumor immunity
Alterations in various subunits of the SWI/SNF chromatin 
remodelers are found in about 20% of human cancers.7 
The literature suggests that the most frequently altered 
subunit gene is ARID1A (BAF250A), which is aberrant in 
up to 7% of cancers, with other subunits such as PBRM1 
and SMARCA4 altered in ~3%–7% of all malignant 
neoplasms.7 18 29

Importantly, tumor immunity may be affected by 
alterations in SWI/SNF chromatin remodeling genes 
in multiple ways: (1) loss of PBRM1(polybromo 1) and 
ARID2 (AT-rich Interactive Domain-containing protein), 
which leads to increased expression of genes that play 
a role in IFNγ (interferon-gamma) signaling and thus 
could increase responses to immunotherapy,12 62 as high 
IFNγ activates Janus kinase (JAK)–signal transducer and 
activator of transcription (STAT), which turns on PD-L1 
expression63; (2) SMARCB1-mutant rhabdoid tumors 
show infiltration by subpopulations of clonally expanded 
T cells, suggesting a tumor-specific immune response 
64; and (3) ARID1A may interact with MSH2, a MMR 
protein. ARID1A alterations are associated with improved 
outcome after checkpoint blockade; these responses 
appear to be independent of TMB and microsatellite 
stability status.11 14 65

ARID1A
ARID1A is the largest subunit of the SWI/SNF complex. It 
is located on chromosome 1p and is involved in chromatin 
remodeling activity via a conserved DNA binding domain, 
which enables binding transcription factors as well as 
transcriptional coactivator/corepressor complexes.1 10 
Germline mutations in ARID1A are associated with trun-
cating mutations that cause a severe form of Coffin-Siris 
syndrome that is characterized by feeding difficulties, 
bowel obstruction, and early severe respiratory problems 
as well as congenital heart disease(table 2).66

ARID1A alterations occur in 3%–7% of cancers 
overall1 7; a variety of malignancies are affected, including 
but not limited to 46–50% of ovarian clear cell cancers,7–9 
15%–27% of cholangiocarcinomas,67 endometrial carci-
nomas,68 colorectal cancers,69 10%–35% of gastric 
cancers,9 and many others.

From a functional viewpoint, as a subunit of SWI/SNF 
chromatin remodeler, ARID1A facilitates target-specific 
binding of SWI/SNF complexes to chromatin, thereby 
modifying the accessibility of chromatin to nuclear 
factors. In malignancies, ARID1A possesses the features 
of a gatekeeper in that it regulates cell cycle progression, 
and of a caretaker in that, it prevents genomic instability.70

Preclinical data in mice models suggest that ARID1A 
may be involved with MMR gene MMR and MSH2 

Table 2  Examples of germline mutations in chromatin remodeling genes and their associated conditions

Gene Name of syndrome Features of syndrome

Examples of cancers in 
patients with germline 
mutations Comment

ARID1A Coffin-Siris 
syndrome66

ARID1A alterations were found in 
~7% of Coffin-Siris syndrome66

Features of Coffin-Siris syndrome 
include developmental delays, 
hypoplastic digits, hirsutism, and 
microcephaly66

Cancers not described Coffin-Siris syndrome 
is caused by mutations 
in the ARID1A, ARID1B, 
SMARCA4, SMARCB1 
or SMARCE1 genes.66

ARID1B Coffin-Siris syndrome ARID1B mutations were the most 
common cause of Coffin- Siris 
syndrome (51%–75%)

Cancers not described

PBRM1 Familial renal cell 
carcinoma

A case report showed a family with 
renal cell carcinoma with germline 
mutations of PBRM175

Renal cell carcinoma Germline PBRM1 
truncating mutation 
(p. Asp1333Glyfs) 
associated with renal cell 
carcinoma75

SMARCB1 Coffin Siris syndrome
Rhabdoid tumor 
predisposition 
syndrome (RTPS1)83

Typically, infants and children 
present with cancers, while some 
affected patients present with 
benign schwannomas.96

Rhabdoid tumors,83 96

SMARCA4 Rhabdoid tumor 
predisposition 
syndrome (RTPS2)83

Typically, infants and children 
present with cancers, and 11% 
of Coffin Siris82 syndrome have 
SMARCA4 germline mutations.

Rhabdoid tumors83

SCCOHT30

ARID1A, AT-rich Interactive Domain-containing protein; PBRM1, polybromo 1; SCCOHT, small cell carcinoma of the ovary hypercalcemic 
type; SMARCA4, SWI/SNF Related, Matrix Associated, Actin Dependent Regulator of Chromatin; SWI/SNF, mating-type SWItching (SWI) and 
sucrose fermentation (Sucrose Non-Fermenting - SNF).
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protein.11 65 In ovarian cancer cell lines of a syngeneic 
mice model, there are increased tumor-infiltrating 
lymphocytes, and higher TMB and PDL1 expression.70 71 
Additionally, ARID1A interacts on the carboxy-terminal 
with the Enhancer of Zeste 2 PRC2 subunit (EZH2) that 
functions as a catalytic subunit of the polycomb repres-
sive complex 2 (PRC2). This interaction results in inhibi-
tion of the repressive function of EZH2 in IFN-responsive 
genes in human cancer cell lines.71 Furthermore, in 
gastric cancers, ARID1A aberrations are associated with 
Epstein-Barr positivity and high PDL1 expression which 
also strengthens the responsiveness to ICB.15–17 ARID1A 
is also vital for creating an open chromatin state on DNA 
damage and mediates the non-homologous end-joining 
(NHEJ) pathway.72 ARID1A deficient cells cannot mount 
NHEJ repair and combination treatment with low-dose 
radiation and Olaparib, a PARP inhibitor, elicited tumor 
responses in ovarian cancer mice model.72 These preclin-
ical observations are the basis of the ATARI clinical trial 
with an ATR (Ataxia telangiectasia and Rad3 related) 
inhibitor in combination with a PARP inhibitor in gyne-
cological cancers.73 Finally, alterations in ARID1A activate 
the phosphatidylinositol 3-kinase PI3K/serine-threonine 
kinase AKT/mammalian target of rapamycin mTOR 
pathways.74

In the clinical pan-cancer setting, MSI-H, as well as high 
TMB, were significantly more frequent in ARID1A-altered 
versus ARID1A wild-type tumors (20% vs 0.9%, p<0.001: 
and 26% vs 8.4%, p<0.001, respectively). Median PFS 
after checkpoint blockade immunotherapy was signifi-
cantly longer in the patients with ARID1A-altered tumors 
than in those with ARID1A wild-type tumors (11 months 
vs 4 months, p=0.006). Multivariate analysis showed that 
ARID1A alterations predicted a better outcome after ICB 
and this result was not dependent on MSI or TMB.14 65

PBRM1
PBRM1 is a nucleosome-recognition subunit of the PBAF 
SWI/SNF chromatin-remodeling complex. Polybromo-1 
(PBRM1), found on chromosome 3p21, functions as a 
tumor suppressor gene and is most commonly mutated 
in clear cell cancer of the kidney (~40% of patients) and 
cholangiocarcinomas (~12% of patients).19–21 Recently, a 
germline frameshift mutation in PBRM1 was identified 
as a predisposing factor for renal cell cancer (RCC).75 
Preclinical studies show that PBRM1 itself may confer 
resistance to T cell-induced apoptosis and PBRM1-
deficient murine melanomas had increased infiltration 
by cytotoxic T cells.12 Deletion of PBRM1 in a B16F10 
melanoma mouse model increased susceptibility to anti-
PD-1 and anti-CTLA4 agents.12

Some clinical studies have shown a response to ICB. For 
example, immunotherapy response was associated with 
loss-of-function mutations in the PBRM1 gene (p=0.012) 
in metastatic clear cell RCC (ccRCC),22 cancer not associ-
ated with MSI-H or high TMB, and overall survival (OS) 
was significantly better with PBRM1 loss in patients with 
metastatic ccRCC on nivolumab versus those not receiving 

nivolumab (not reached vs 25 months, p=0.05).23 
Enhancement of immunostimulatory genes involved in 
hypoxia response and JAK-STAT signaling in PBRM1-
mutant ccRCC lines may elucidate the immunotherapy 
response.27 28 However, contrary to the above, there are 
conflicting reports suggesting that PBRM1 mutations 
correlate with a decreased immunogenic tumor micro-
environment in human RCC lines.24 25 PBRM1-deficient 
mouse subcutaneous renal tumors show resistance to 
ICB.28 Moreover, analysis of the IMmotion150 renal cell 
carcinoma study also suggests that PBRM1 mutations 
correlate with attenuated immunotherapy responsive-
ness.24 28 In multivariate models of ccRCC patients treated 
with ICB (n=189) at Memorial Sloan Kettering, loss-of-
function mutations in PBRM1 were not associated with 
longer OS (HR=1.24, p=0.47) or time-to-treatment failure 
(HR=0.85, p=0.44).25

Similarly, in a non-small-cell lung cancer (NSCLC) 
retrospective analysis, PBRM1 mutations predicted a 
worse prognosis on ICB regardless of high or low TMB 
(median survival of PBRM1-mutant versus wild-type 
patients was 6 versus 13 months).26

There are notable limitations to using PBRM1 as a 
biomarker for immunotherapy response as the positive 
responses are in the setting of antiangiogenic therapy and 
not in the front-line setting. As seen in the IMMOTION 
150 study, PBRM1 mutations are associated with high 
angiogenesis and renal cell carcinomas may benefit more 
from antiangiogenic therapy.76 77 Patients with PBRM1 
mutated tumors had better progression-free survival with 
a multi- receptor tyrosine kinase inhibitor sunitinib than 
with ICB, suggesting that PBRM1 loss may be more useful 
as a marker for anti-angiogenesis therapy.78–80

A recent study of PBRM1 loss in diverse cancer types 
concluded that PBRM1 loss portended worse outcomes 
on ICB in ccRCC, adenocarcinomas of the lung, cuta-
neous melanoma, and bladder cancers even with high 
TMB.81 Thus, immunotherapy must be used with caution 
for these tumors and large-scale trials are needed to 
resolve this conflict.

SMARCA4 and SMARCB1
The SMARCA4 gene is situated on chromosome 19p 
and encodes the BRG1 protein. It belongs to the SWI/
SNF chromatin remodeling complex and functions as an 
ATPase. There are two main categories of cancer-related 
SMARCA4 alterations: class 1 mutations—truncating 
mutations, fusions, and homozygous deletion (loss of 
function); and class 2 mutations—missense mutations 
(dominant-negative/gain of function through loss of 
function can also occur). Protein loss generally occurs 
with class 1 mutations.35

Overall, about 5%–7% of cancers have SMARCA4 alter-
ations.29 Deficiency of SMARCA4 has been implicated in 
oncogenesis in small cell carcinoma of the ovary hyper-
calcemic type (SCCOHT),30 undifferentiated endome-
trial carcinomas, and uterine sarcomas,33 the aggressive 
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SMARCA4-deficient thoracic sarcoma,32 and in some 
non-small-cell lung adenocarcinomas (NSCLCs).31

Germline mutations in SMARC4 have been detected 
in ~11% of those with Coffin-Siris syndrome (table  2). 
In particular, missense mutations with gain-of-function 
or dominant-negative effects are seen; some features of 
the syndrome are microphthalmia, intellectual disability, 
and lack of predisposition to cancers.82 Inactivating 
SMARCA4 mutations are seen in SCCOHT (almost all of 
which have SMARCA4 mutations, with about 40% having 
germline mutations).82 Germline mutations in SMARCA4 
are also associated with the rhabdoid tumor predisposi-
tion syndrome-2 (RTPS2)(table  2).83 Most individuals 
diagnosed with SMARCA4-related RTPS inherited a 
pathogenic variant from an unaffected parent. The hall-
mark of RTPS2 is a notably increased predisposition to 
rhabdoid tumors which are rare but highly aggressive 
tumors arising in children under the age of four. Rhab-
doid tumors can occur in almost any anatomic location 
but occur most frequently in the central nervous system, 
with >50% presenting in the cerebellum. Overall, ~35% 
of rhabdoid tumors are associated with germline SWI/
SNF mutations.84

SCCOHT is a rare but aggressive monogenic tumor 
characterized by a low TMB, but still, exhibits a highly 
immunogenic tumor microenvironment with high PDL1 
expression and infiltration by T cells.36 43Anecdotally, 
there are case reports of a sustained clinical response to 
anti-PDL1 therapy in patients with SCCOHT, suggesting 
that SMARCA4 mutations, even in the setting of low muta-
tional burden can lead to an immunogenic tumor envi-
ronment.36 85

Despite associations with aggressive disease, class 1 
SMARCA4 mutations in NSCLC were associated with 
response to ICB.38 39 SMARCA4 genomic alterations are 
found in ~10% of all NSCLC.86 Recently a case report 
showed a more than 14-month sustained response when 
treated with nivolumab in a SMARCA4-deficient NSCLC 
with a high tumor mutation burden.39 Similarly, case 
reports of sustained tumor regression have been seen 
with nivolumab in SMARCA4-deficient thoracic sarcoma 
(SMARCA4-DTS) in third-line therapy after prior cyto-
toxic therapy.41 In another case report, there was a rapid 
response to pembrolizumab in a SMARCA4-deficient 
thoracic sarcoma overexpressing PDL1 .40 Taken together 
these observations suggest that SMARCA4-deficient 
tumors merit prospective evaluation in clinical trials for 
their ICB responsiveness.

SMARCB1 (SWI/SNF-related matrixassociated actin-
dependent regulator of chromatin subfamily B member 
1) or INI1 (integrase interactor 1) is located at chromo-
somal position 22q11.2 and functions as a core subunit 
protein in the SWI/SNF complex.44 46 Loss of SMARCB1 
expression/altered SMARCB1 is predominantly seen 
in pediatric renal and extrarenal malignant rhabdoid 
tumors (almost all of which show SMARCB1 alterations), 
epithelioid sarcomas, atypical central nervous system 
teratoid/rhabdoid tumors; renal medullary carcinoma, 

synovial sarcomas malignant mesotheliomas, sinonasal 
carcinomas, and cribriform neuroepithelial tumors.44 45 
In particular, loss of SMARCB1 is present in a high number 
of epithelioid sarcomas.87 Interestingly, loss of SMARCB1 
results in high expression of EZH2 leading to upregula-
tion of several oncogenic pathways including Wnt/beta-
catenin, Myc, and the Sonic Hedgehog pathways.88 89 
Recent studies have shown promising results for EZH2 
inhibitors in many cancer types including epithelioid 
sarcoma (which have SMARCB1 aberrations).90 Indeed, 
tazemetostat, an EZH2 inhibitor was granted acceler-
ated approval in 2020 for use in metastatic and locally 
advanced epithelioid sarcomas.91

Additionally, recent studies point to other ways a 
SMARCB1 deficiency can modulate tumor immunoge-
nicity, that is, by selecting for de-repression of endoge-
nous retroviral elements (ERV). ERV de-repression can 
cause the accumulation of double-stranded RNA in the 
cytoplasm, which can stimulate a cell’s innate immune 
response through the IFN-α and IFN -λ pathways.92 
DNA methyltransferase inhibitors have been shown to 
upregulate a cell’s immune signaling through a type 
1 interferon response which is accompanied by ERV 
expression in many cancers, including ovarian cancer. 
Furthermore, ERV expression, especially expression 
of ERV3-2, is associated with ICB response in clear cell 
renal carcinomas.93 94 Additionally, association with DNA 
transposase, a piggyBac transposable element derived 5 
(PGBD5) gene, can cause genetic rearrangements in 
lethal rhabdoid tumors. There is evidence to suggest that 
PGBD5 expression can cause SMARCB1 somatic inactiva-
tion in these tumors; this includes PGBD5-specific signals 
(PSS) sequences found in SMACRB1 deficient rhabdoid 
tumors.95

The archetype of a SMARCB1-deficient tumor is the 
malignant rhabdoid tumor, initially described in the 
kidney but also is seen in soft tissue, viscera, and the 
brain (where it is designated as an atypical teratoid rhab-
doid tumor). These cancers are overwhelmingly diag-
nosed in the very young, and most have a fatal course. 
Pathologically, most but not all contain a population of 
‘rhabdoid’ cells, typically cells with vast cytoplasm, eccen-
tric vesicular nuclei, perinuclear spherical inclusions, 
and large inclusion-like nucleoli.96 Germline mutations 
occur as part of the RTPS and are of two subclasses. 
RTPS1 is caused by alterations in SMARCB1 and RTPS2 
is caused by alterations in SMARCA4. Most cases are due 
to SMARCB1, but the features of RTPS1 and RTPS2 are 
clinically similar. In comparison to sporadic isolated rhab-
doid tumors, the syndromic form is associated with an 
increased risk of developing multiple tumors at younger 
ages and schwannomas (benign nerve sheath tumors) 
that present primarily in adulthood.83 RTPS is inherited 
in an autosomal dominant manner. Many individuals 
have the disorder as the result of a de novo germline 
SMARCB1 pathogenic variant.83 96 Rhabdoid tumors are 
among the least mutated tumors with very low TMB but 
surprisingly have significant PDL1 expression and, in a 



7Krishnamurthy N, et al. J Immunother Cancer 2022;10:e004669. doi:10.1136/jitc-2022-004669

Open access

small case series, patients showed responses to anti-PDL1 
therapies.46 92

Renal medullary carcinoma is a rare but aggres-
sive cancer characterized by balanced translocations 
that disrupt the tumor suppressor role of SMARCB1.97 
There are anecdotal reports of responses to anti-PDL1 
therapy in renal medullary cancers in both pediatric 
and adult patients but there are also reports of a lack 
of response.47 98 In a mouse model of rhabdoid tumors, 
there was complete tumor regression in 67% to 80% of 
treated mice on anti-PDL1 therapy.64 Additionally, there 
was clear evidence of tumor-infiltrating CD8+ T cells which 
had high expression of clinically targetable inhibitory 
immune-checkpoint receptors, including PD-1, LAG-3, 
and TIM-3.64 Finally, an advanced refractor, SMARCB1-
deficient epithelioid sarcoma had a complete remission 
after taking a combined anti-PD1 immune checkpoint 
inhibitor therapy and anti-CTLA4 agent.48

CONCLUSIONS
The SWI/SNF chromatin-remodeling complex is vital for 
transcriptional activation of genes normally repressed 
by chromatin. The role that these complexes play in 
responses to commonly used immune checkpoint inhib-
itors is still being delineated, but recent data points to 
improved outcomes in patients with ARID1A-altered 
malignancies (across tumor types) even in the absence 
of traditionally used markers of immunotherapy response 
such as PDL1 and TMB.14 Some of the underlying mech-
anisms may include inhibition of the repressive function 
of EZH2 in IFN-responsive gene function,71 increased 
tumor-infiltrating lymphocytes,64 and interaction with 
MMR genes such as MSH2 .11 While ARID1A loss has 
been posited as a reliable biomarker for ICB response,14 65 
there are contradictory reports regarding PBRM1 loss, 
with some studies showing response and other pan-cancer 
trials showing a lack of response to ICB.25 26

SMARCA4 alterations are seen in rare but aggres-
sive cancers such as SCCOHT, and SMARCA4-deficient 
thoracic and uterine sarcomas. SMARCA4 alterations 
are also seen in ~10% of NSCLC. Anecdotal studies 
suggest that some of these cancers may be responsive 
to ICB administration.36 37 The DART prospective clin-
ical trial, which combines nivolumab and ipilimumab in 
rare tumors, also has a cohort that specifically addresses 
SCCOHT (NCT02834013). SMARCB1-deficient tumors 
have also been reported anecdotally to respond to ICB, 
including with compete for remissions in advanced 
diseases such as epithelioid sarcoma.48

Germline mutations in SMARCB1 and SMARCA4 
are responsible for the rhabdoid tumor predisposition 
syndromes (RTPS1 and RTPS2, respectively) and there 
are reports of response to ICB in pediatric tumors that 
arise in patients with these cancers.83 96

A very recent study looked at nine patients with meta-
static pancreatic cancer who harbored SWI/SNF alter-
ations and found that 8/9 showed responsiveness to ICB 

even though only three were microsatellite unstable, and 
pancreatic cancers are usually resistant to ICB.99 These 
findings suggest a role for prospective clinical trials using 
SWI/SNF alterations as a predictive marker for ICB.

In conclusion, the SWI/SNF chromatin-remodeling 
complex is responsible for a multitude of functions that 
play an important role in gene transcription. The various 
subunits are mutated in a substantial subset of patients 
with malignancy (~20% of human cancers overall); germ-
line mutations predisposing individuals to tumors also 
occur. The SWI/SNF chromatin remodeling complex has 
unique effects on the tumor immune microenvironment, 
translating to both preclinical and early clinical data 
suggesting responsiveness to commonly used immune 
checkpoint inhibitors across a variety of cancer types. 
Further prospective studies of immunotherapy in patients 
with SWI/SNF chromatin remodeling subunit gene aber-
rations and malignancies are urgently warranted.
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