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Residual Complexes Containing SMARCA2 (BRM) Underlie the
Oncogenic Drive of SMARCA4 (BRG1) Mutation

Boris G. Wilson,a Katherine C. Helming,a Xiaofeng Wang,a Youngha Kim,a Francisca Vazquez,c,d Zainab Jagani,f William C. Hahn,c,d,e

Charles W. M. Robertsa,b,d,e

Department of Pediatric Oncology, Dana-Farber Cancer Institute, Boston, Massachusetts, USAa; Division of Hematology/Oncology, Boston Children’s Hospital, Boston,
Massachusetts, USAb; Department of Medical Oncology, Dana-Farber Cancer Institute, Boston, Massachusetts, USAc; Cancer Program, Broad Institute of Harvard and
Massachusetts Institute of Technology, Boston, Massachusetts, USAd; Center for Cancer Genome Discovery, Dana-Farber Cancer Institute, Boston, Massachusetts, USAe;
Novartis Institutes for BioMedical Research, Cambridge, Massachusetts, USAf

Collectively, genes encoding subunits of the SWI/SNF (BAF) chromatin remodeling complex are mutated in 20% of all human
cancers, with the SMARCA4 (BRG1) subunit being one of the most frequently mutated. The SWI/SNF complex modulates chro-
matin remodeling through the activity of two mutually exclusive catalytic subunits, SMARCA4 and SMARCA2 (BRM). Here, we
show that a SMARCA2-containing residual SWI/SNF complex underlies the oncogenic activity of SMARCA4 mutant cancers. We
demonstrate that a residual SWI/SNF complex exists in SMARCA4 mutant cell lines and plays essential roles in cellular prolifer-
ation. Further, using data from loss-of-function screening of 165 cancer cell lines, we identify SMARCA2 as an essential gene in
SMARCA4 mutant cancer cell lines. Mechanistically, we reveal that Smarca4 inactivation leads to greater incorporation of the
nonessential SMARCA2 subunit into the SWI/SNF complex. Collectively, these results reveal a role for SMARCA2 in oncogenesis
caused by SMARCA4 loss and identify the ATPase and bromodomain-containing SMARCA2 as a potential therapeutic target in
these cancers.

Growing evidence indicates that subunits of the SWI/SNF
(BAF) complex serve essential roles in the initiation and pro-

gression of cancer. At least eight genes that encode SWI/SNF sub-
units are frequently mutated in a variety of different cancers (1–5).
The SMARCA4 (BRG1) subunit is mutated in 10 to 35% of non-
small-cell lung carcinoma, 15% of Burkitt’s lymphoma, 5 to 10%
of childhood medulloblastoma, and occasionally in pancreatic ad-
enocarcinoma, ovarian clear cell carcinoma, and melanoma (2,
6–10). SMARCA4 has been validated as a bona fide tumor sup-
pressor, as haploinsufficient mice are tumor prone (11–13). Other
SWI/SNF subunits also have potent tumor suppressor functions.
Recently, a comprehensive analysis of whole-exome and whole-
genome sequencing studies revealed that collectively subunits of
the SWI/SNF complex are specifically mutated in one-fifth of all
human cancers (2). Given that SMARCA4 is one of the most
broadly mutated subunits (3), developing an understanding of the
mechanisms by which mutation of SMARCA4 drives cancer and
of the vulnerabilities created carries major disease relevance.

A catalytic ATPase subunit in the SWI/SNF complex, SMARCA4,
has been shown to mediate nucleosome repositioning and to reg-
ulate transcription of its targets. SMARCA2 (BRM), a homolog
75% identical to SMARCA4, is similarly capable of regulating
chromatin structure and is mutually exclusive of SMARCA4 in the
SWI/SNF complex (14–17). These subunits function together
with other core subunits, which include SMARCC1, SMARCC2,
and SMARCB1, as well as with a number of variant lineage-re-
stricted subunits, and collectively contribute to the control of cell
fate and lineage specification (18–20). However, SMARCA4 and
SMARCA2 have important differences in expression and func-
tion. In human and mouse tissues, SMARCA4 and SMARCA2
are often expressed at different stages of development and in dis-
tinct cell and tissue types (21, 22). Homozygous inactivation of
Smarca4 in mice leads to early embryonic lethality, whereas

SMARCA2-deficient mice are viable and survive into adulthood
(11, 23).

While SMARCA4 has emerged as a critical tumor suppressor,
the mechanisms by which its mutation contributes to tumorigen-
esis, and whether its mutation creates cellular vulnerabilities, have
been unknown. Given that at least eight SWI/SNF subunits are
recurrently mutated in cancer, one possibility is that each of these
mutations inactivates the SWI/SNF complex, resulting in muta-
tional equivalency. However, based upon distinct associated can-
cer spectra and distinct mutational phenotypes in mice, we hy-
pothesize that cancer driven by SWI/SNF mutations results from
aberrant activity of the remaining subunits, which assemble into a
residual complex. Indeed, we have previously shown that a resid-
ual SWI/SNF complex is essential in SMARCB1 mutant rhabdoid
tumors (24). Here, we evaluate the role of residual SWI/SNF com-
plexes in SMARCA4 mutant cancers.

MATERIALS AND METHODS
Cell culture. NCI-H1299 (CRL-5803) and A549 (CCL-185) cell lines were
purchased from the ATCC. NCI-H2122, H460, and HCC-827 were ob-
tained from Jeffrey Shapiro’s laboratory at Dana-Farber Cancer Institute.
Derivation and manipulation of mouse embryonic fibroblasts (MEFs)
were described previously (25). Transduced cells were selected in puro-
mycin for 48 to 72 h before counting and seeding for colony formation
assays. To evaluate colony-forming ability, cells were seeded at low density
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and incubated under standard conditions for 10 to 14 days before staining
with crystal violet staining solution (0.05% crystal violet, 1% formalde-
hyde, 1% phosphate-buffered saline [PBS], 1% methanol) for 20 min.

shRNA-mediated knockdown of SWI/SNF subunits. Doxycycline-
inducible short hairpin RNAs (shRNAs) targeting SMARCB1 (V3LHS_
367694, ACCAGTGTGACCCTGTTAA; V3LHS_367696, AGACAGCA
GATCGAGTCCT; Open Biosystems), cloned into the pTRIPZ vector
(RHS4750; Open Biosystems) or nonsilencing control shRNA (pTRIPZ-NS;
RHS4743; Open Biosystems), were transduced into SMARCA4 mutant cell
lines (NCI-H1299 and A549) using lentivirus. Expression was initiated by the
addition of doxycycline (2.5 �g/ml; 631311; Clontech). Cell medium was
replaced with fresh medium containing doxycycline every other day. shRNAs
targeting SMARCA2 (TRCN0000358828, GGCCATCGAAGACGGCAA
TTT; TRCN0000330445, CTATATCATCATCGTCTATAA) and a nonsi-
lencing control (TRCN0000072240, TCGTATTACAACGTCGTGACT)
were obtained from the RNA interference (RNAi) screening facility at the
Dana-Farber Cancer Institute and transduced into SMARCA4 mutant cell
lines (NCI-H1299 and A549) and SMARCA4 wild-type cell lines (NCI-
2122, NCI-H460, and HCC827). SMARCA2 and nonsilencing control
shRNAs are in the pLKO lentiviral expression vector backbone.

Project Achilles. Data from Project Achilles were used to identify dif-
ferentially essential genes in SMARCA4 mutant cell lines. Project Achilles
is a systematic approach aimed at determining cancer-specific vulnerabil-
ities in cancer cell lines using genome-scale shRNA screens (http://www
.broadinstitute.org/achilles) (26). We used the Achilles version 2.4 data
set, consisting of 216 cell lines that were screened according to an unpub-
lished method. Briefly, for the Achilles screens, cells were transduced with
pooled shRNA libraries containing 54,020 shRNAs targeting 11,194 genes
and propagated for at least 16 doublings. The abundance of remaining
individual shRNAs was determined at the endpoint relative to an initial
reference pool using next-generation sequencing. The subsequent analy-
sis of Achilles data included the following steps. (i) Gene-level shRNA
scores were derived from individual shRNA scores using ATARiS.
ATARiS is a computational method that enriches for related phenotypic
effects caused by individual shRNAs (27). (ii) The gene mutation status
for SMARCA4 in cancer cell lines was next determined using information
from the Cancer Cell Line Encyclopedia (www.broadinstitute.org/ccle)
and prior publications (Table 1). Cell lines without hybrid capture se-
quencing data were removed from the analysis; thus, 165 of the 216 cell
lines were used in SMARCA4 mutant and SMARCA4 wild-type compar-
isons. These data were used to generate a classifier file that was used in
subsequent comparisons. (iii) Differentially essential genes were identi-
fied using the GenePattern module PARIS, which ranked ATARiS values
based on the mutation status of the cell lines using the mutual informa-
tion-based metric RNMI (rescaled normalized mutual information) (un-
published data; the PARIS GenePattern module will be available at http:
//www.broadinstitute.org/cancer/software/genepattern).

Immunoblots and coimmunoprecipitation experiments. Whole-
cell extracts for immunoblotting were prepared by incubating cells on ice
in 1% NP-40 lysis buffer (50 mM Tris-HCl, pH 7.4, 5 mM EDTA, 12%
glycerol, 50 mM NaCl, 1% NP-40) plus protease inhibitors (11836170001;

Complete, Mini, EDTA-free; Roche) for 30 min. Supernatants were col-
lected following centrifugation (10 min at 17,900 � g) at 4°C in a Legend
17R microcentrifuge (ClickSeal rotor 75003424). Protein concentrations
were determined using the Bradford reagent (Bio-Rad). SDS-polyacryl-
amide gel electrophoresis was used to separate proteins, which were sub-
sequently transferred to polyvinylidene difluoride (PVDF) membranes
(Millipore). Antibodies used for immunoblotting included SMARCC1
(9746; Santa Cruz), ARID1A (A301-041A; Bethyl Laboratories), PBRM1
(A301-591A; Bethyl Laboratories), SMARCA4 (17796; Santa Cruz),
SMARCC2 (A301-039A; Bethyl Laboratories), SMARCD1 (A301-595A;
Bethyl Laboratories), SMARCE1 (A300-810A; Bethyl Laboratories),
SMARCA2 (6889; Cell Signaling Technology), ACTL6A (A301-391A;
Bethyl Laboratories), and actin (5125; Cell Signaling Technology) anti-
bodies. Adobe Photoshop was used to prepare digital images (cropping
and brightness/contrast) for publication.

Nuclear extracts for immunoprecipitation were prepared using the
NE-PER nuclear and cytoplasmic extraction kit (78833; Thermo Scien-
tific). Nuclear extracts (125 �g) were incubated in low-salt IP buffer (50
mM Tris-HCl [pH 7.5], 1 mM EDTA, 10% glycerol, 100 mM NaCl, 0.05%
Tween 20, and protease inhibitors; the total volume was 300 �l) with
antibodies (SMARCC1, 9746; Santa Cruz; SMARCA4, 17796; Santa Cruz;
IgG, 2028; Santa Cruz) overnight at 4°C. Protein G Dynabeads (40 �l;
10004D; Life Technologies) were added and incubated at 4°C for 3.5 h.
Beads were then washed twice with low-salt IP buffer and once with high-
salt IP buffer (50 mM Tris-HCl [pH 7.5], 1 mM EDTA, 10% glycerol, 250
mM NaCl, 0.05% Tween 20). The beads were then resuspended in reduc-
ing SDS gel loading buffer.

Gene expression data. Whole-genome expression data from SMARCA4-
deficient and wild-type mouse embryonic fibroblasts was generated as
previously described (28). Robust multiarray (RMA)-normalized expres-
sion values for Smarca2 in these samples were evaluated using Prism data
analysis software. The P value was calculated using an unpaired t test with
Welch’s correction.

RESULTS
Residual SWI/SNF complexes are present in SMARCA4 mutant
cell lines. As SMARCA4 is widely mutated in cancer and is an
essential and core ATPase of the SWI/SNF complex, we sought
to investigate the nature of the SWI/SNF complex following
SMARCA4 mutation. We first evaluated the integrity of the SWI/
SNF complex using human cancer cell lines that contain biallelic
inactivating mutations in SMARCA4. We utilized SMARCC1 to
purify the complex because it is present in all known variants
of the SWI/SNF complex. Despite the absence of SMARCA4,
SMARCC1 coprecipitated all 11 tested SWI/SNF subunits in the
SMARCA4 mutant cell lines A549 and H1299 (Fig. 1A). Immuno-
precipitation with antibodies to either SMARCA4 itself or control
IgG did not yield SWI/SNF subunits, indicating that these associ-
ations are not due to nonspecific binding. Collectively, these find-

TABLE 1 Cell lines with inactivating SMARCA4 mutations used in vulnerability screen

Cell line Tissue SMARCA4 protein change Variant classification Heterozygosity

A549a Lung p.L728fs Frame shift deletion Homozygous
HEC1A Endometrium p.V268fs Frame shift insertion Heterozygous
NCIH23a Lung p.1598_1599KE�Na Nonsense mutation Homozygous
NCIH661a Lung p.G1159fs Frame shift deletion Homozygous
NCIH1299a Lung p.Tyr560fs Frame shift Homozygous
JHOC5b Ovary Large focal deletion Deletion Homozygous
SK-MEL-5b Skin p.F1053fs Frame shift Heterozygous
TYKNU Ovary Large focal deletion Deletion Homozygous
a A previously reported SMARCA4 mutant (9).
b Previously reported to be SMARCA4 deficient (29, 30).
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FIG 1 Residual SWI/SNF complexes exist in SMARCA4 mutant cells and are essential for proliferation. (A) SMARCC1 associates with other SWI/SNF subunits
in SMARCA4 mutant cancer cell lines. Immunoblots of SWI/SNF subunits before (input, 10%) and after precipitation (IP) with SMARCC1, SMARCA4, and IgG
antibodies. Nuclear extracts used in these experiments are derived from the SMARCA4 mutant cell lines NCI-H1299 and A549. (B) SMARCB1 knockdown
impairs proliferation of SMARCA4 mutant cancer cells. shRNA-mediated knockdown of SMARCB1 in SMARCA4 mutant NCI-H1299 and A549 cell lines is
shown. Immunoblotting was used to determine the efficiency of knockdown. Cell proliferation was determined by cell count. Data are represented as means �
SEM from three biological replicates. (C) Reexpression of SMARCB1 rescues the growth defect. Shown is a colony formation assay following reexpression of a
mouse derivative of SMARCB1 (mSMARCB1) that is not targeted by human SMARCB1 shRNAs. Images are from duplicate biological replicates. Immunoblot-
ting was used to determine the efficiency of SMARCB1 knockdown.

Wilson et al.
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ings establish that in SMARCA4 mutant cancer cell lines, other
SWI/SNF subunits exist in a residual complex.

Residual SWI/SNF complexes are essential in SMARCA4
mutant cell lines. We next investigated whether residual SWI/
SNF complexes were contributing to the growth of SMARCA4
mutant cancer cell lines. Using two different shRNAs, we
knocked down the core SWI/SNF subunit, SMARCB1 (SNF5/
INI1/BAF47), in SMARCA4 mutant cancer cell lines. We rea-
soned that since SMARCB1 is found in all variants of the SWI/SNF
complex and is itself a tumor suppressor, reducing its levels would
allow us to determine whether residual SWI/SNF complexes have
a role in the viability of SMARCA4 mutant cancers. Using two
different shRNAs targeting SMARCB1, we first tested the effects of
SMARCB1 knockdown in two separate SMARCA4 mutant non-
small-cell lung carcinoma cell lines. In both cases, reduced
SMARCB1 levels markedly decreased proliferation, and the mag-
nitude of effect correlated with the degree of knockdown (Fig. 1B).
Reexpression of a mouse derivative of SMARCB1 not recognized
by the human SMARCB1 shRNAs rescued the growth defects
caused by SMARCB1 loss, indicating that the effect was on target
(Fig. 1C). This finding establishes that SMARCB1 remains essen-
tial in the absence of SMARCA4.

SMARCA2 is differentially essential in SMARCA4 mutant
cancer cell lines. Independent of these experiments, we per-
formed a large-scale screen to search for cancer-specific vulnera-
bilities created by SMARCA4 mutations. To do this, we used data
from Project Achilles, a large-scale effort to identify essential genes
in human cancer cell lines. Specifically, using data from the Can-
cer Cell Line Encyclopedia and prior publications (Table 1), we
identified 21 cell lines in the Project Achilles screen that harbored
mutations in SMARCA4 (http://www.broadinstitute.org/achilles)
(26). We compared dependencies identified by screening 54,020
shRNAs targeting 11,194 genes in these 21 cancer cell lines to 144
SMARCA4 wild-type cell lines and identified SMARCA2 as the
ninth most differentially essential gene in cancer cell lines contain-
ing mutations in SMARCA4 (P � 0.00069; false discovery rate
[FDR], 0.69). As it is difficult to know whether individual mis-
sense mutations are driver or passenger changes, we next reana-
lyzed the data using only those cell lines that contained clear inac-
tivating SMARCA4 mutations (frameshift, nonsense, and large
focal deletions). When we compared dependencies in these 8
cell lines to the remaining 157 cell lines, SMARCA2 was the most
differentially essential gene (P value � 7.366 � 10�06; FDR,
�0.001) (Fig. 2A). Consistent with this, cell lines with inactivating
SMARCA4 mutations were more sensitive to reduced levels of
SMARCA2 than cell lines that have missense or noninactivating
mutations (Fig. 2B). Using data from the Cancer Cell Line Ency-
clopedia, we next evaluated whether cell lines contained monoal-
leleic or biallelic inactivating mutations in SMARCA4. In six of the
eight cell lines, mutations were biallelic (Table 1). In SK-MEL-5,
only one allele has been found mutated, but this cell line has pre-
viously been shown to lack SMARCA4 expression, suggesting
complete loss of function (29). In HEC1A, only one allele was
mutated, and this cell line has previously been shown to express
the SMARCA4 protein (30). Notably, HEC1A was the sole cell line
with an inactivating SMARCA4 mutation that did not score as
sensitive to SMARCA2 depletion. The SMARCA4 mutant cell
lines used in these analyses were from various lineages (lung,
ovary, endometrium, and skin), suggesting the dependency upon
SMARCA2 is not a lineage-specific effect but occurs broadly in

SMARCA4 mutant cancers. To verify the finding that SMARCA4
mutant cell lines were dependent upon SMARCA2 expression, we
used independently derived shRNAs to suppress SMARCA2 levels
in three SMARCA4 wild-type cell lines and two SMARCA4 mutant
cell lines. While reduced SMARCA2 levels led to modest/no effects
on the proliferation of SMARCA4 wild-type cell lines, SMARCA4
mutant cell lines were exquisitely sensitive to reduced SMARCA2
levels, as detected by colony formation assays (Fig. 2C and D).
Despite reduced proliferation, we detected no significant change
in apoptosis, senescence, or cell cycle (not shown), suggesting that
combined loss of the ATPase subunits causes defects in multiple
phases of the cell cycle. Indeed, the SWI/SNF complex has previ-
ously been shown to have functions during all four cell cycle
phases (31–35).

SMARCA2 is largely dispensable for assembly of the SWI/
SNF complex in SMARCA4 mutant cells. To gain insight into the
specific vulnerability for SMARCA2 in SMARCA4 mutant cells,
we next investigated whether knockdown of SMARCA2 affected
the integrity of the residual SWI/SNF complex. Using coimmuno-
precipitation of SMARCC1, we evaluated complex assembly fol-
lowing depletion of SMARCA2 in the A549 SMARCA4 mutant
lung cancer cell line. Reduced levels of SMARCA2 had virtually no
effect on the association between SMARCC1 and other SWI/SNF
subunits, with a single exception (Fig. 3A). ACTL6A (BAF53) is a
subunit of the SWI/SNF complex previously shown to bind di-
rectly to SMARCA4 (36). Following suppression of SMARCA2,
ACTL6A no longer associated with SMARCC1. As a negative con-
trol to evaluate the specificity of these interactions, we evaluated
BMI1, a subunit of the Polycomb chromatin complex not known
to interact with the SWI/SNF complex, and found no association
with SMARCC1 (Fig. 3B).

We next used genetically engineered Smarca4 conditional
murine embryonic fibroblasts to evaluate the consequences of
Smarca4 deletion upon expression of Smarca2 and incorporation
of SMARCA2 into residual SWI/SNF complexes in primary cells.
While the expression of other core SWI/SNF components was not
affected by Smarca4 inactivation, SMARCA2 levels increased fol-
lowing Smarca4 inactivation, and SMARCA2 was incorporated in
larger amounts into SWI/SNF complexes (Fig. 4A). This was due,
at least in part, to increased transcription of the Smarca2 gene (P �
0.029) (Fig. 4B). Conversely, in SMARCA4 wild-type cells, knock-
down of SMARCA2 led to a reciprocal effect of increased expres-
sion of SMARCA4, as well as increased assembly of SMARCA4
into the SWI/SNF complex (Fig. 4C). Collectively, these results
indicate reciprocal expression and assembly of SMARCA2 and
SMARCA4 into SWI/SNF complexes.

DISCUSSION

One-fifth of all human cancers have mutations in genes encoding
subunits of the SWI/SNF chromatin remodeling complex (2). As
SMARCA4 is recurrently mutated in several cancer types, the
identification of cancer-specific vulnerabilities created by muta-
tions in the SMARCA4 subunit carries substantial relevance to
human disease. Given that many SMARCA4 mutations are clearly
inactivating, a key question is whether mutations in SMARCA4
lead to a complete loss of function of the SWI/SNF complex or
whether the remaining SWI/SNF subunits assemble into residual
complexes that can serve as therapeutic targets in SMARCA4 mu-
tant cancers. Here, we demonstrate that SMARCB1, a core SWI/
SNF subunit found in all variant SWI/SNF complexes, is essential
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FIG 2 SMARCA2 is differentially essential in SMARCA4 mutant cancer cells. (A) Achilles shRNA screen identifies SMARCA2 as the number one vulnerability in
SMARCA4-inactivated cancer cell lines. Gene scores from comparison of inactivating SMARCA4 mutant cancer cell lines to SMARCA4 wild-type cell lines are shown. (B)
Cell lines with inactivating mutations in SMARCA4 are most sensitive to reduced levels of SMARCA2. Waterfall plot of Achilles SMARCA2 shRNA scores. Cell lines
containing all SMARCA4 mutations are displayed in the left panel, and cell lines with inactivating SMARCA4 mutations (nonsense, frameshift, and large focal deletions)
are displayed in the right panel. Red columns indicate SMARCA4 mutant cancer cell lines. (C) Reduced levels of SMARCA2 do not affect the growth of SMARCA4
wild-type cell lines. SMARCA2 knockdown in SMARCA4 wild-type cell lines HCC827, NCI-H2122, and H460. Immunoblotting is used to determine the efficiency of
knockdown. Cell proliferation is evaluated using colony formation assays. Representative images are shown from one of two biological replicates for each cell line. (D)
Reduced levels of SMARCA2 impair the growth of SMARCA4 mutant cell lines. SMARCA2 knockdown in SMARCA4 mutants NCI-H1299 and A549 leads to decreased
proliferation. Immunoblotting is used to determine efficiency of knockdown. Cell proliferation is evaluated using colony formation assays. Representative images are
shown from one of two biological replicates for each cell line.
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in SMARCA4 mutant cancer cells, suggesting important roles for
residual complexes in the tumorigenesis of SMARCA4 mutant
cancers. We further demonstrate a specific dependency upon the
mutually exclusive SWI/SNF subunit SMARCA2 in these cancers,
implicating SMARCA2-containing residual complexes as essen-
tial for tumorigenesis following SMARCA4 loss. As we were pre-
paring our manuscript, a study that tested the hypothesis that

SMARCA2 takes over for SMARCA4 in cancer cells was pub-
lished, and it similarly concluded that SMARCA2 was specifically
essential in SMARCA4 mutant cancer cells (37). Notably,
SMARCB1 depletion did not score as differentially essential for
SMARCA4 mutant cell lines in our vulnerability screen, consistent
with its essential role in early mouse development and its essential
role in most normal lineages (25, 38–40). Collectively, our work
identifies SMARCA2-containing residual complexes as a specific
vulnerability in SMARCA4 mutant cancers and implicates
SMARCA2 as a therapeutic target in these cancers. In future
experiments, it will be of interest to investigate the mechanism
underlying the oncogenic drive. Is it loss of some aspect of
SMARCA4 function and SMARCA2 simply rescues the loss of
viability that would otherwise be caused by SMARCA4 loss, or
does the expression of SMARCA2 bring neomorphic protransfor-
mation activity to the complex?

Our studies also indicate a reciprocal assembly of SMARCA2
into SWI/SNF complexes following genetic inactivation of
SMARCA4, providing insight into the mechanisms driving tu-
morigenesis. Previous studies have suggested compensatory roles
for SMARCA2 and SMARCA4 (23, 24, 41, 42). Our studies
similarly implicate a reciprocal regulation of SMARCA2 and
SMARCA4 that contributes to tumorigenesis. However, we also
demonstrate distinct roles for SMARCA2 and SMARCA4 dur-
ing oncogenic transformation by showing essential roles for
SMARCA2 in SMARCA4 mutant cancers. Further highlighting
functional differences between SMARCA4 and SMARCA2, ho-
mozygous inactivation of SMARCA4 is embryonic lethal, whereas
SMARCA2-deficient mice are viable (11, 23). SMARCA2 and
SMARCA4 are also expressed differentially during development
and have distinct chromatin binding profiles and differential ef-
fects on gene regulation (21, 43). SMARCA4 also associates with
transcription factors that are distinct from those that associate
with SMARCA2 (43). Unlike SMARCA4, missense mutations of
SMARCA2 that have unknown functional impact, whether gain of
function, loss of function, or dominant negative, occur in Nico-
laides-Baraitser syndrome (44–46). Lastly, during osteoblast dif-
ferentiation, SMARCA2 and SMARCA4 have been shown to serve
opposing functions with respect to differentiation (47). Collec-
tively, our work demonstrates reciprocal regulation and assembly
of SMARCA4 and SMARCA2 and demonstrates partial redun-
dancy such that SMARCA2 becomes a specific vulnerability in
SMARCA4 mutant cancers.

SMARCA4 is frequently mutated in cancer. Inactivating SMARCA2
mutations are rare in cancer, but cell lines and primary cancers
have been identified that contain little or no SMARCA2 (48, 49). It
is unclear whether there are low but essential levels of SMARCA2
in these cases, contributing to vulnerability, or whether in some
cases cancers can adapt to the complete absence of both
SMARCA4 and SMARCA2. Future studies are needed to deter-
mine whether functional residual complexes exist in these cancers
and whether they contribute to tumorigenesis. Further work is
also needed to uncover the mechanisms driving tumorigenesis in
cells that may have become resistant to SMARCA2 loss despite the
absence of SMARCA4.

Therapeutic targets for SMARCA4 mutant cancers have re-
mained elusive. Our studies suggest that therapeutic inhibition of
SMARCA2-containing residual complexes is a promising ap-
proach for the treatment of SMARCA4 mutant cancers. Notably,
SMARCA2-deficient mice are viable, suggesting that SMARCA2

FIG 3 SWI/SNF complex assembles in the absence of SMARCA2 and
SMARCA4. (A) SMARCC1 associates with other SWI/SNF subunits following
SMARCA2 knockdown in SMARCA4 mutant cells. Immunoblots of SWI/SNF
subunits before (input, 10%) and after precipitation (IP) with SMARCC1 and
IgG antibodies are shown. Nuclear extracts used in these experiments are de-
rived from the SMARCA4 mutant cell line A549 treated with SMARCA2
shRNAs or nonsilencing control shRNAs. A representative image from dupli-
cate biological replicates is shown. (B) SMARCC1 does not associate with the
Polycomb-group protein BMI1. Immunoblots of inputs (input, 5%) and
SMARCC1 and IgG precipitates (IP) following SMARCA2 knockdown in the
SMARCA4 mutant cell line A549 are shown.
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generally is not required for cellular proliferation. SMARCA2 har-
bors at least two potentially targetable domains, an enzymatic
ATPase domain and a bromodomain. Bromodomains have re-
cently emerged as particularly good targets for anticancer therapy
(50). Collectively, these studies identify SMARCA2 as a viable
therapeutic target in SMARCA4 mutant cancers.
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