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ABSTRACT
DNA double strand breaks (DSBs) are among the most toxic DNA lesions and can be repaired 
accurately through homologous recombination (HR). HR requires processing of the DNA ends by 
nucleases (DNA end resection) in order to generate the required single-stranded DNA (ssDNA) 
regions. The SWI/SNF chromatin remodelers are 10–15 subunit complexes that contain one 
ATPase (BRG1 or BRM). Multiple subunits of these complexes have recently been identified as a 
novel family of tumor suppressors. These complexes are capable of remodeling chromatin by 
pushing nucleosomes along the DNA. More recent studies have identified these chromatin 
remodelers as important factors in DNA repair. Using the DR-U2OS reporter system, we show 
that the down regulation of BRG1 significantly reduces HR efficiency, while BRM has a minor 
effect. Inactivation of BRG1 impairs DSB repair and results in a defect in DNA end resection, as 
measured by the amount of BrdU-containing ssDNA generated after DNA damage. Inactivation of 
BRG1 also impairs the activation of the ATR kinase, reduces the levels of chromatin-bound RPA, 
and reduces the number of RPA and RAD51 foci after DNA damage. This defect in DNA end 
resection is explained by the defective recruitment of GFP-CtIP to laser-induced DSBs in the 
absence of BRG1. Importantly, we show that BRG1 reduces nucleosome density at DSBs. Finally, 
inactivation of BRG1 renders cells sensitive to anti-cancer drugs that induce DSBs. This study 
identifies BRG1 as an important factor for HR, which suggests that BRG1-mutated cancers have a 
DNA repair vulnerability that can be exploited therapeutically.
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Introduction

DNA double strand breaks (DSBs) are among the 
most cytotoxic and carcinogenic forms of DNA 
damage [1,2]. The toxicity of this type of DNA lesion 
is exploited by radiation therapy and the vast major-
ity of anti-cancer agents, which generate an over-
whelming number of DSBs, thus inducing cell death 
[3–5]. DSBs must be repaired promptly in order to 
safeguard genomic integrity. If left unrepaired, these 
lesions can also lead to chromosomal aberrations 
and translocations that could result in cancer.

DSBs are repaired by two different pathways in 
human cells, non-homologous end joining (NHEJ) 
and homologous recombination (HR). NHEJ is the 
fastest and most prevalent DSB repair pathway in 

human cells and entails the joining of two broken 
DNA ends with no requirement for sequence 
homology [6]. HR, on the other hand, is a more 
complex and accurate pathway for the repair of 
DSBs [2]. HR uses a sister chromatid as a template 
in order to repair DSBs and therefore can only occur 
during late stages of S phase and the G2 phase of the 
cell cycle. This repair mechanism entails the initial 
recognition of the break by the MRE11-RAD50- 
NBS1 (MRN) complex and the ATM kinase [7,8], 
followed by the recruitment of the CtIP nuclease. 
MRE11 and CtIP initiate the nuclease-mediated 
degradation of the 50 DNA ends in a process 
known as DNA end resection, which is critical for 
HR [9]. DNA end resection generates long stretches 
of single-stranded DNA (ssDNA) with a free 30 end 

CONTACT Renier Vélez-Cruz rvelez@midwestern.edu
Supplemental data for this article can be accessed here.

CELL CYCLE                                                                                                                                                
2020, VOL. 19, NO. 22, 3096–3114
https://doi.org/10.1080/15384101.2020.1831256

© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License (http://creativecommons.org/licenses/by-nc- 
nd/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited, and is not altered, transformed, or built 
upon in any way.

http://orcid.org/0000-0003-1857-4312
https://doi.org/10.1080/15384101.2020.1831256
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/15384101.2020.1831256&domain=pdf&date_stamp=2020-11-29


that will be coated by the ssDNA binding protein 
RPA. These RPA-coated ssDNA regions activate the 
ATR kinase [10,11]. RPA will then be replaced by the 
RAD51 recombinase, which will form filaments 
along these ssDNA regions and catalyze the homol-
ogy search and strand invasion steps of HR [2]. 
Defects in HR result in increased sensitivity to var-
ious anti-cancer drugs and increased chromosomal 
aberrations likely due to the overuse of the NHEJ 
pathway [3,4,12]. One specific genetic interaction 
identified regarding HR and chemotherapy drugs is 
the discovery that HR-deficient cells are particularly 
sensitive to the inhibition of poly (ADP-ribose) poly-
merase (PARP) [13,14]. Indeed, this lead to the use 
of PARP inhibitors (PARPi) to treat breast and ovar-
ian cancers that bear mutations in the breast cancer 
susceptibility genes (BRCA1/2), both of which play 
important roles in HR [14,15]. The use of PARPi to 
target specifically HR-deficient cells has stimulated 
the search for novel players in the HR pathway that 
would display this synthetic lethality effect and that 
are also mutated in cancers. Identifying new genes 
important for HR that are mutated in cancer could 
lead to the expansion of the number and types of 
cancers that could respond to PARPi therapy.

The importance of chromatin structure in DNA 
repair is now widely recognized [16,17]. Chromatin 
structure seems to be particularly important in the 
case of HR, since it has been proposed that nucleo-
somes must be removed or moved out of the way in 
order for DNA end resection to take place [18,19]. 
SWI/SNF chromatin remodeling complexes are 
potential candidates for this function in mammalian 
cells. These complexes are composed of 10–15 sub-
units with one catalytic ATPase (BRG1 or BRM), 
three core subunits (BAF47, BAF155, BAF170), and 
a group of accessory factors of unknown function 
(Figure 1(a)) [20,21]. In mammalian somatic cells 
there are mainly two forms of the SWI/SNF com-
plexes: BAF (BRG1/BRM-associated factors) and 
PBAF (polybromo-BRG1-associated factors). The 
BAF complex can contain either ATPase, BRG1 or 
BRM, while the PBAF complex can only contain the 
BRG1 ATPase [20]. The PBAF complex also con-
tains two bromodomain-containing proteins, BRD7 
and PBRM1, which bind to acetylated histones [20]. 
Both of these chromatin remodeling complexes have 

been widely studied in the context of transcription 
regulation and are known as activators and repres-
sors that push and slide nucleosomes in order to 
allow or block the binding of transcription factors 
to DNA sequences [21,22]. Multiple subunits of the 
SWI/SNF complexes have been identified as a novel 
family of tumor suppressors mutated at very high 
frequencies in various cancers [23]. The mechanisms 
of tumor suppression for this family of chromatin 
remodelers in poorly understood. In a previous 
study we showed that BRG1 is recruited to DSBs 
through its interactions with a TopBP1-E2F1-RB 
complex and that destabilizing this complex by inac-
tivating RB impaired the recruitment of BRG1 to 
DSBs. These RB-deficient cells displayed a defect in 
DNA end resection and HR [24]. Other groups have 
shown that cells lacking BRG1 display a defect in 
DNA damage signaling in the context of UV- 
induced DNA damage and replication arrest 
[25,26]. Regarding DSB repair, there are reports 
linking BRG1 phosphorylation by the ATM kinase 
and its binding to the phosphorylated histone variant 
H2AX (γH2AX) through acetylated residues on 
γH2AX as important for the repair process [27,28]. 
BRG1 is mutated at very high frequencies in a variety 
of cancers and it is therefore of critical importance to 
define the function of this ATPase and the SWI/SNF 
complexes in the repair of DSBs, as it could have 
important implications in the treatment of BRG1- 
mutated cancers.

In this study we evaluated the role of BRG1 and 
BRM in HR. While both ATPases are recruited to 
DSBs, depletion of BRG1 causes a significant 
reduction in HR efficiency, when compared to 
the modest reduction observed upon depletion of 
the BRM ATPase. Moreover, inactivation of BRG1 
using CRISPR/Cas9 resulted in slower repair of 
DSBs as measured by comet assay and by the 
clearance of γH2AX after camptothecin (CPT) 
treatment. Inactivation of BRG1 also impairs the 
activation of the ATR kinase after the induction of 
DSBs, while the activation of the ATM kinase was 
not affected. Moreover, inactivation of BRG1 
results in impaired DNA end resection when mea-
sured by the generation of ssDNA by BrdU, or 
RPA foci-formation, or the amount of chroma-
tin-bound RPA after CPT treatment. In agreement 
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Figure 1. BRG1 is recruited to DSBs and stimulates HR. (a) SWI/SNF complexes in somatic mammalian cells exist in two combina-
tions: BAF and PBAF. The BAF complex can contain either the BRG1 or BRM ATPase (red), whereas the PBAF complex contains 
exclusively BRG1. Both complexes contain a group of core subunits (BAF47, BAF155, BAF170, orange) and a number of accessory 
factors of unknown function (yellow). Subunits marked with an asterisk (*) are known to be mutated in a variety of cancers [20]. (b) 
U2OS cells were transduced with a retrovirus expressing ER*-HA-I-PpoI. These cells were treated for 12 h with tamoxifen (2 μM, + I- 
PpoI) or not (- I-PpoI), crosslinked, and nuclear extracts were prepared. Chromatin immunoprecipitation was performed for the 
indicated proteins. Quantitative PCR was performed to determine the amount of protein recruited at the specific locus (489 bp 30 to 
the I-PpoI cut site in the rDNA region). Fold enrichment was calculated by dividing the percentage (%) of input of the + I-PpoI by the 
– I-PpoI. The % of input refers to the amount of DNA obtained from the immunoprecipitation of the given factor divided by the total 
amount of DNA (input). (c) HR efficiency was measured using the DR-U2OS system [36]. DR-U2OS cells were transfected with the 
indicated siRNAs and 72 h later cells were transfected with an empty plasmid (-) or a plasmid encoding the I-SceI endonuclease (+). 
After 48 h, the % of GFP positive cells was measured by flow cytometry to assess HR efficiency. Results were normalized as siCTRL 
equal to 100%. All experiments were done in triplicate and graphs represent averages of three independent experiments ± SD (* 
p < 0.05, ** p < 0.01 by student t test).
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with a defect in DNA end resection and HR, 
inactivation of BRG1 also results in decreased 
levels of chromatin-bound RAD51 and RAD51 
foci-formation after CPT treatment. This defect 
in DNA end resection can be explained by the 
finding that cells lacking BRG1 display a defect 
in the recruitment of GFP-CtIP to laser-induced 
DSBs in live cells, and reduced CtIP foci-forma-
tion after CPT treatment. Importantly, the inacti-
vation of BRG1 does not affect MRE11 foci- 
formation. At the chromatin level, we observe 
that while control cells show decreased nucleo-
some density at DSBs, cells lacking BRG1 show 
increased nucleosome density at break sites. 
Finally, inactivation of BRG1 rendered cells sensi-
tive to a variety of anti-cancer agents that induce 
DSBs, including: CPT, etoposide, bleomycin, and 
cisplatin. Our work shows that BRG1 plays an 
important role in HR by stimulating DNA end 
resection through the reduction of nucleosome 
density at DSBs. We propose that this reduction 
of nucleosome density at DSBs may be important 
for the recruitment and/or stabilization of the CtIP 
nuclease and the DNA end resection process. As 
BRG1 is mutated at very high frequencies in a 
variety of cancers, it is possible that this repair 
function contributes to the tumor suppressor 
capacity of this chromatin remodeler. It is also 
possible that this DNA repair vulnerability can be 
exploited for the treatment of tumors bearing 
BRG1 mutations.

Materials and methods

Cell lines

U2OS cells were obtained from ATCC and main-
tained in DMEM media supplemented with 10% 
FBS (X&Y Cell Culture) and antibiotics at 37°C in 
5% CO2. BRG1 knock-down cell lines were gener-
ated by transducing U2OS cells with lentiviral parti-
cles expressing shRNA targeting the SMARCA4 gene 
(human BRG1, Santa Cruz Biotechnology) following 
by selection using puromycin (Sigma). Single cell 
clones were isolated by cell sorting (Bio-Rad S3e 
cell sorter) and knock-down efficiency was con-
firmed by western blot analysis. CRISPR/Cas9 
knock-out (KO) cells were generated using the 

system designed by the Zhang lab [29]. Briefly, single 
guide RNAs targeting exon 3 of the SMARCA4 gene 
(forward guide CACCGGCCGAGGAGTTCCGCCC 
AG, reverse guide AAACCTGGGCGGAACTCCTC 
GGCC) were designed using the Benchling platform 
(www.benchling.com), annealed and cloned into 
the pSpCas9(BB)-2A-Puro(PX459) V2.0 plasmid 
(Addgene ID# 62,988). U2OS cells were transfected 
with the empty plasmid (Cas9) or with the plasmid 
containing the single guide RNA targeting BRG1 
(BRG1-KO). Puromycin selection was performed 
for 7 days following transfection, single clones were 
isolated by cell sorting (Bio-Rad S3e cell sorter), and 
BRG1-KO clones were identified by Western blot 
analysis. IR treatments were performed with RS- 
2000 Biological Irradiator (Rad Source). When indi-
cated, cells were treated with the camptothecin 
(CPT, Cayman Chemical Co.), bleomycin (LKT 
Laboratories), cisplatin (Cayman Chemical Co), eto-
poside (Cayman Chemical Co), or olaparib 
(SelleckChem).

Antibodies

See supplementary table S1.

Chromatin immunoprecipitation (ChIP)

U2OS cells were transduced with a retrovirus expres-
sing HA-ER*-I-PpoI (Addgene ID# 32,565) enzyme 
twice to increase transduction efficiency and treated 
with 2 μM tamoxifen (Sigma) for 12 h [30]. Cells were 
harvested by adding formaldehyde (1% final concen-
tration, 15 min, Sigma), and quenched by glycine 
(1.25 mM final concentration, Sigma) [31]. Nuclear 
extracts were prepared and sonicated (Diagenode 
Bioruptor). Occupancy was measured by qPCR using 
primers for the rDNA locus [30]. Each experiment was 
carried out in triplicate.

Homologous recombination assay

DR-U2OS cells (gift from Dr. Maria Jasin, MSKCC) 
were transfected with control-scrambled siRNAs 
smart pool (siCTRL) or siRNAs smart pool against 
different proteins (100 nM, Dharmacon) as indicated, 
using lipofectamine 2000 (Invitrogen). Seventy-two 
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hours post transfection, cells were transfected with 
pCAB-ISceI plasmid (Addgene ID# 26,477) using 
Fugene HD (Promega). Forty-eight hours post-trans-
fection, cells were harvested by trypsinization and 
resuspended in PBS and flow cytometry was per-
formed to monitor GFP positive cells (Beckman 
Coulter CytoFLEX). Analysis was performed using 
Kaluza Analysis 2.0. A fraction of the cells was used 
to perform western blot analysis.

Western blot analysis

Cells were treated with drugs as indicated (or not 
treated) and harvested in cold PBS, followed by 
resuspension in cell lysis buffer (20 mM Tris pH 
7.5, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 
0.5 mM EGTA, protease inhibitor cocktail and 
phosphatase inhibitor cocktail). Protein concentra-
tion of whole cell lysates was measured and 50 µg of 
protein was used for SDS-PAGE. Gels were trans-
ferred to PDVF membranes, blocked for 30 min in 
5% dry milk or BSA (Sigma) and incubated with 
the primary antibodies overnight. Secondary anti-
bodies conjugated to HRP were used and visualized 
by ECL plus (PerkinElmer) and Bio-Rad Chemidoc.

Comet assay

Assay was performed following the manufacturer’s 
directions (Cell Biolabs). Cells were treated with the 
indicated drug for 1 h, and then allowed to repair the 
DNA damage for 2 h or 24 h. Cells were harvested at the 
indicated times by trypsinization, diluted in low melting 
point agarose, lysed in neutral buffer solution, cell elec-
trophoresis was performed, DNA was stained and 
images were acquired (Leica DM5500 B microscope). 
Comet tails were measured (50 comets per cell line, per 
time point, per experiment) using ImageJ and the tail 
moment was calculated by using the Open Comet plu-
gin. Tail moment is defined as the product of the tail 
length and the percentage of DNA in the comet tail.

Histone γH2AX, pATM, RAD51, CtIP nuclear 
foci

Cells were seeded on coverslips 24 h prior to the 
experiment. Cells were treated with the indicated 

drugs for the indicated times, rinsed with cold 
PBS once, fixed 15 min at room temperature in 
3% formaldehyde (Sigma), permeabilized with 
0.5% Triton X-100 (Sigma) in PBS for 5 min, 
and blocked in 10% FCS in PBS for 45 min. 
Then cells were incubated with the appropriate 
primary antibodies for 1 h and rinsed 3X with 
cold PBS, followed by incubation with the 
appropriate secondary antibodies conjugated to 
Alexa fluor 488 and Alexa fluor 596 (Invitrogen) 
for 1 h at room temperature, and rinsed 3X with 
cold PBS. Coverslips were mounted in ProLong 
Gold with DAPI (Invitrogen) and pictures were 
taken using a confocal microscope (60x oil, 
Nikon A1R High-Speed Confocal microscope). 
Foci quantification was performed using ImageJ 
software and at least 50 cells per time point per 
genotype were analyzed per experiment for data 
analysis.

Single-stranded DNA BrdU immunofluorescent 
staining and RPA foci

Briefly, cells were incubated with BrdU (100 μM, 
Sigma) for 36 h, treated with the indicated drug 
and harvested at the indicated times, as previously 
described [32]. In situ extraction protocol was 
employed for the visualization of BrdU, RPA, 
and MRE11 foci. At the indicated times cells 
were rinsed with cold PBS, incubated 5 min in 
pre-extraction buffer (25 mM HEPES pH 7.5, 
50 mM NaCl, 1 mM EDTA, 3 mM MgCl2, 
300 mM Sucrose, 0.5% Triton X-100) at 4°C, 
incubated 5 min in CSK buffer (10 mM Tris pH 
7.4,10 mM NaCl, 3 mM MgCl2, 1 mM EDTA, 
0.5% Triton X-100, 0.5% Na-Deoxycholate) at 4° 
C, fixed 15 min at room temperature in 3% for-
maldehyde (Sigma), permeabilized with 0.5% 
Triton X-100 (Sigma) for 5 min and blocked in 
10% FCS for 45 min and stained with an anti- 
BrdU and anti-cyclin A antibodies (to label S/G2 
cells), or anti-RPA and anti-cyclin A antibodies. 
Images were taken on the confocal microscope 
(60x oil, Nikon A1R High-Speed Confocal micro-
scope) and foci number was measured in cyclin A 
positive cells (late S/G2 phase cells) with ImageJ 
software.
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Chromatin-bound RPA or RAD51 by flow 
cytometry

The protocol was adapted from Forment et al. [33]. 
Briefly, cells were mock treated or treated with camp-
tothecin (CPT, 0.5 μM for 1 h) and harvested by 
trypsinization. Cells were permeabilized 10 min in 
ice with T-PBS (PBS + 0.2%Triton X-100), fixed in 
4% formaldehyde and stained with and anti-RPA 
antibody (1 h), rinsed and incubated with a secondary 
antibody conjugated to Alexa fluor 647. Cells were 
resuspended in and RNAse A/PI solution and FACS 
analysis was performed as previously described [33]. 
The increase in chromatin-bound RPA in S/G2 cells 
upon CPT treatment was measured using Kaluza 
Analysis 2.0. Samples to monitor the increase in chro-
matin-bound RAD51 were treated in the same way, 
except that after the 1 h CPT treatment, cells were 
rinsed with fresh media and allowed 6 h for HR to 
take place and then harvested as above. Immuno 
staining was performed with a RAD51 antibody.

Cell cycle synchronization

Cells were synchronized in late S/G2 phase by 
double thymidine block. Briefly, cells were incu-
bated with media containing 2 mM thymidine 
(Sigma) for 18 h (first thymidine block), rinsed 
twice with warm PBS and incubated with fresh 
media for 9 h (first thymidine release). Then cells 
were incubated again in media containing 2 mM 
thymidine (second thymidine block) for 18 h, 
rinsed twice with warm PBS and incubated in 
fresh media (second thymidine release, cells 
arrested at G1) for 8 h (late S/G2 phases). At this 
point cells were treated with the indicated drugs 
for the indicated times. Cell cycle synchronization 
was verified by flow cytometry.

Cell cycle analysis

Cell cycle analysis was performed by monitoring 
DNA content using flow cytometry. Cells were 
harvested by trypsinization at the indicated times, 
fixed in 70% ethanol solution and incubated over-
night. Cells were then resuspended in PBS staining 
solution (0.5% BSA, 0.5% Tween-20, 1 µg/µL PI, 
20 µg/mL RNAse A). Data collection was 

performed in a Beckman Coulter CytoFLEX and 
analysis was performed in Kaluza Analysis 2.0.

Laser micro irradiation

Cells were seeded in 35 mm glass-bottom dishes on 
day one. Day two cells were transfected with 
pCDNA5-eGFP-CtIP plasmid (0.5 µg, gift from 
Dr. Tanya Paull, UT Austin) using Fugene HD 
(Promega). Day three the media was replaced with 
fresh media containing 10 µM BrdU (Sigma). Day 
four cells were microirradiated using a 405 nm laser 
and images were acquired every 10 seconds for 
10 min. Experiments were performed in 60x oil, 
Nikon A1R High-Speed Confocal microscope. A 
minimum of 20 cells were analyzed per genotype. 
Analysis was performed in ImageJ.

Cell survival assay

Cells (10,000 cells/well) were seeded in 96-well plate 
and 24 h after were treated with the indicated con-
centrations of the indicated drugs for 4 days. On 
day 4 cell survival was assessed using CellTiter96 
(Invitrogen). Experiments were done in triplicate.

Activation of the caspase 3/7 pathway by flow 
cytometry

The activation of the caspase 3/7 was measured by 
the CellEvent Caspase 3/7 green kit (Invitrogen). 
Cells were treated with the indicated drug for 72 h 
and then harvested in cold PBS, incubated with the 
caspase 3/7 fluorescent substrate for 30 min and 
samples were analyzed by flow cytometry using 
Cytox (Invitrogen) as a DNA dye.

Colony forming assay

One thousand cells were seeded per well of a 6 well 
plate and left to attach overnight. Then, cells were 
treated with increasing concentrations of the indi-
cated drug for 10–14 days. After the incubation 
period the media was removed and the wells were 
rinsed with PBS twice, followed by a 30 min incu-
bation in 6% glutaraldehyde (v/v, Sigma) and 0.5% 
crystal violet (v/v, Sigma). Plates are rinsed with 
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water 3 times and air dried. Pictures are acquired 
and colonies are counted using ImageJ.

Statistical analysis

All experiments were carried out in triplicates and 
statistical analysis was performed in GraphPad 
Prism 8 using the unpaired t test analysis when 
comparing two samples and ANOVA when com-
paring more than two samples. Significance was 
determined by p < 0.05 is significant (*), p < 0.01 
(**), p < 0.001 (***), p < 0.0001 (****) is highly 
significant.

Results

BRG1 is recruited to DSBs and stimulates HR

SWI/SNF chromatin remodeling complexes are 
characterized by the presence of one ATPase sub-
unit (BRG1 or BRM), which is stabilized by a 
group of core factors (BAF47, BAF155, BAF170) 
(Figure 1(a)) [20]. The BAF complex can contain 
either BRG1 or BRM, but the PBAF complex 
contains exclusively BRG1 [20]. Both of these 
ATPases are capable of remodeling chromatin 
but the functions of these ATPases do not neces-
sarily overlap. First, we monitored the recruit-
ment of BRG1 and BRM to DSBs. We used the 
I-PpoI system designed by the Kastan lab to 
induce enzyme-mediated DSBs upon treatment 
of U2OS cells, which had been transduced with 
a retrovirus encoding the I-PpoI nuclease fused to 
a modified estrogen receptor (ER), with tamox-
ifen for 12 hours [30]. After treatment with 
tamoxifen, we performed chromatin immunopre-
cipitation (ChIP) using antibodies against BRG1 
and BRM, and primers flanking a break site at the 
rDNA locus (489 bp 30 to the I-PpoI cut site). As 
shown in Figure 1(b), BRG1 and BRM are 
recruited to DSBs. This is in agreement with pre-
vious work in yeast and human cells [24,34,35]. 
We next decided to test whether these ATPases 
played a role in HR. We used the DR-U2OS 
system designed by the Jasin Lab to test the effect 
of these enzymes in HR [36]. We find that BRG1 
stimulates HR, as down regulation of this ATPase 

reduced HR efficiency by ~40-50%, while down 
regulation of BRM had a modest effect on HR 
(15% reduction), in agreement with our previous 
work (Figure 1(c) and Supplementary Fig. S1A) 
[24]. Importantly, the silencing of BRG1 did not 
have a significant effect in cell cycle progression 
(Supplementary Fig. S1B). It is important to note 
that BRM clearly cannot substitute for the func-
tion of BRG1 in HR, as the absence of BRG1 in 
the presence of BRM shows a significant HR 
defect (Figure 1(c)). Together, these data show 
that while BRG1 and BRM are recruited to 
DSBs, BRG1 plays a more prominent role in 
HR, and will be the focus of this study.

Inactivation of BRG1 impairs the repair of DSBs 
and the activation of the ATR kinase

In order to study the function of BRG1 we inacti-
vated this ATPase in U2OS cells using CRISPR/ 
Cas9 technology [29]. Using the CRISPR/Cas9 
system designed by the Zhang lab we targeted the 
exon 3 of BRG1 (SMARCA4 gene) with a single 
guide RNA and the Cas9 nuclease [29]. Cells were 
selected in puromycin for 7 days after the sg+Cas9 
transfection and single cell clones were isolated by 
cell sorting. Inactivation of BRG1 was confirmed 
by western blot and did not result in a significant 
decrease in protein levels of any of the other SWI/ 
SNF subunits we tested, including BRM (Figure 2 
(a)). To confirm that the inactivation of BRG1 
resulted in a defect in DSB repair we performed 
the comet assay in cells lacking BRG1 (BRG1-KO). 
U2OS cells were treated with the topoisomerase I 
poison camptothecin (CPT) for 1 h (1 μM), then 
the drug was washed off and cells were allowed to 
repair the damage for 2 h or 24 h. At the indicated 
times, cells were lysed and subjected to cell elec-
trophoresis where their genomic material would 
migrate. This migration would leave a DNA trace 
(comet tail) that represents the unrepaired (frag-
mented) DNA [37]. Inactivation of BRG1 resulted 
in a DNA repair defect shown by the higher tail 
moment at every time point studied after CPT 
treatment in cells lacking BRG1, when compared 
to control cells (Figure 2(b, c) and Supplementary 
Fig. S2D). A similar repair defect was observed 
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when cells were treated with the radiomimetic 
drug bleomycin (Bleo), which also induces DSBs 
(Supplementary Fig. S2A-C). We also monitored 
the phosphorylation of the histone variant H2AX 
(γH2AX) after CPT treatment. DNA damage- 
induced γH2AX nuclear foci are a known maker 
for DSBs and their disappearance is considered a 
measure of DSB repair [38,39,40]. BRG1-KO cells 
displayed higher levels of γH2AX foci than control 
cells at every time point after treatment with CPT 
and even in the absence of CPT (Figure 2(d) and 
Supplementary Fig. S2E). Altogether, these data 
demonstrate that BRG1 plays a role in the repair 

of DSBs and its inactivation results in a defect in 
the repair of these breaks.

We next wanted to test the activation of the 
DNA damage response in cells lacking BRG1. We 
first measured the activation of the ATR kinase, as 
our previous work and that of others in yeast sug-
gest that BRG1 stimulates DNA end resection 
[24,35]. Inactivation of BRG1 resulted in an attenu-
ated activation of the ATR kinase, measured by the 
phosphorylation of Chk1 (pChk1) and RPA 
(pRPA) after CPT treatment (Figure 2(e) and 
S2F). We also observed similar results upon deple-
tion of BRG1 by shRNA and exposing those cells to 

Figure 2. Inactivation of BRG1 impairs the repair of DSBs and the activation of the ATR kinase. (a) Western blot analysis of parental 
U2OS cells (U2OS) that were transfected with an empty CRISPR/Cas9-containing plasmid (Cas9) or with the CRISPR/Cas9 containing a 
single guide DNA sequence targeting the exon 3 of the SMARCA4 gene (BRG1-KO) [29]. Cells were selected with puromycin for 
7 days after transfection and two single cell clones were isolated by cell sorting. (b) Control U2OS cells (Cas9) and U2OS cells lacking 
BRG1 (BRG1-KO) were subjected to the comet assay after treatment with camptothecin (+CPT, 1 μM for 1 h) and allowed to repair 
the damage for the indicated times. Then, cells were lysed, subjected to cell electrophoresis, and their DNA was stained. 
Representative images of the comets at 2 h after 1 h CPT treatment are shown. (c) Comet tail moment were calculated with 
ImageJ using the Open comet plug-in at the indicated times after treatment with CPT (1 μM for 1 h). (d) Control U2OS cells (Cas9) 
and U2OS cells lacking BRG1 (BRG1-KO) were grown in cover slips and treated with CPT (1 μM for 1 h) and allowed to repair their 
DNA for the indicated times. Cells were fixed at the indicated times and stained with an antibody against γH2AX. γH2AX foci images 
were acquired and the foci were counted with ImageJ. (e) Control U2OS cells (Cas9) and U2OS cells lacking BRG1 (BRG1-KO) were 
treated with 0.5 μM CPT for the indicated times, whole cell lysates were prepared, and subjected to SDS-PAGE. The levels of 
phosphorylated Chk1 (S345) and RPA (S4/8) were monitored with the indicated antibodies. GAPDH is used as a loading control. 
Representative images are shown. All experiments were done in triplicate and graphs represent averages of three independent 
experiments ± SD (* p < 0.05, ** p < 0.01, *** p < 0.001 by student t test).
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ionizing radiation (Supplementary Fig. S2G). 
Interestingly, the inactivation of BRG1 did not 
seem to affect the activation of the ATM kinase, 
as observed directly by the phosphorylation of the 
Chk2 kinase, or the number of phosphorylated 
ATM (S1981, pATM) nuclear foci (Supplementary 
Figure S2G-I). Altogether, these data demonstrate 
that BRG1 is important for the repair of DSBs and 
for the activation of the ATR kinase, but not for the 
activation of the ATM kinase.

Inactivation of BRG1 impairs DNA end resection

The ATR kinase is activated by the RPA-coated 
ssDNA regions generated during DNA end resec-
tion, and thus a defective ATR activation often 
stems from a defect in DNA end resection 
[10,11]. In order to test whether the inactivation 
of BRG1 results in a defect in DNA end resection 
we measured resection first by using a BrdU incor-
poration-based method [32]. In this method cells 
are incubated with BrdU for 36–48 h in order for 
the cells to incorporate BrdU into their DNA, then 
cells are treated with DNA damage and resection 
is allowed to take place. After resection has taken 
place, cells are fixed and immunofluorescence is 
performed under non-denaturing conditions using 
antibodies against BrdU and cyclin A. Under non- 
denaturing conditions the BrdU antibody only 
reacts with BrdU contained within ssDNA. Thus, 
following DNA damage the BrdU-containing 
ssDNA that will be detected arose from resection 
and can be used as a measure of resection in late S/ 
G2 cells (cyclin A positive cells) [32]. Inactivation 
of BRG1 results in decreased levels of CPT- 
induced ssDNA when compared to control cells 
(Figure 3(a, b)). These results show that BRG1 
stimulates DNA end resection. These ssDNA 
regions are immediately coated by RPA. CPT- 
induced RPA nuclear foci were measured in these 
cells and were also reduced in cells lacking BRG1, 
when compared to control cells (Figure 3(c, d)), 
thus further confirming the defect in DNA end 
resection in the absence of BRG1.

We can also monitor DNA end resection indir-
ectly by measuring the increase in CPT-induced 
chromatin-bound RPA by flow cytometry [33]. 

Cells were treated with CPT for 1 h (0.5 μM), 
followed by a pre-extraction of non-chromatin- 
bound RPA, followed by fixation and immunola-
beling of RPA. As shown in Figure 3(e) (and 
Supplementary Fig. S3A), cells lacking BRG1 dis-
played lower levels of chromatin-bound RPA after 
CPT treatment, when compared to control cells, 
once again demonstrating a defect in DNA end 
resection in the absence of BRG1. Next, we 
adapted this method to measure the amount of 
chromatin-bound RAD51 after CPT treatment. 
During HR the RPA protein coating these 
ssDNA regions produced during resection is 
replaced by the RAD51 recombinase, which will 
help with the homology search and strand-inva-
sion steps of HR [2]. If DNA end resection is 
impaired, then a reduced amount of chromatin- 
bound RAD51 should be observed. Cells were 
treated with CPT for 1 h (0.5 μM) and allowed 
to recover for 6 h, then cells were permeabilized to 
extract the non-chromatin bound RAD51, fol-
lowed by fixation and immunolabeling of 
RAD51. Once again, cells lacking BRG1 displayed 
reduced amounts of chromatin-bound RAD51 
after CPT treatment, when compared to control 
cells (Figure 3(f)). We next decided to analyze the 
formation of CPT-induced RAD51 nuclear foci in 
cells lacking BRG1. In order to analyze RAD51 
foci-formation we synchronized cells at the G2 
phase of the cell cycle by double thymidine block 
(Supplementary Fig. S3B). As shown in Figure 3 
(g-h), inactivation of BRG1 results in a reduction 
of RAD51 foci-formation after CPT treatment, in 
agreement with a defect in DNA end resection. 
Altogether, these findings demonstrate that inac-
tivation of BRG1 impairs DNA end resection, 
which explains the defect in HR in cells lacking 
BRG1. It is also likely that BRM cannot replace 
BRG1 for this function in DNA end resection, as 
BRG1-KO cells, which show a defect in resection, 
express normal levels of BRM (Figure 2(a)). It 
should be noted that in an attempt to further 
confirm this defect in resection is due to BRG1, 
we transfected BRG1-KO cells with a plasmid 
expressing WT-BRG1 to correct this repair defect. 
Unfortunately the re-introduction of WT-BRG1 
in these cells induced a strong G1 arrest, which 
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Figure 3. Inactivation of BRG1 impairs DNA end resection. (a) Inactivation of BRG1 impairs the generation of ssDNA after DNA 
damage. Control U2OS cells (Cas9) and U2OS cells lacking BRG1 (BRG1-KO) were grown on coverslips, incubated with BrdU (100 μM) 
for 48 h, then were not treated (NT), or treated with CPT (+CPT, 1 μM for 1 h), and allowed to perform repair for 4 h [32]. Cells were 
then incubated with pre-extraction and extraction buffers and fixed with formaldehyde. Cells were immuno-labeled with antibodies 
against cyclin A and BrdU. The generation of ssDNA was measured by quantifying BrdU foci in cyclin A positive cells (late S/G2 cells), 
as the antibody only recognizes BrdU contained within ssDNA regions, which in this case arose due to DNA end resection after CPT 
treatment. The DNA was stained using DAPI. Images were acquired using a confocal microscope (60X oil). Quantification of ssDNA 
regions was performed using ImageJ and approximately 50 cells were counted by time point, per experiment. (b) Representative 
images are shown of control cells (Cas9) and cells lacking BRG1 (BRG1-KO) stained with a BrdU antibody following no treatment (NT), 
1 h CPT treatment (+CPT, 1 µM), and 1 h CPT treatment followed by 4 h recovery (+CPT + 4 h, 1 µM). (c) Inactivation of BRG1 also 
impairs RPA foci-formation after DNA damage. Cells were treated as in (A) and stained with antibodies against cyclin A and RPA. 
CPT-induced RPA foci in cyclin A positive cells were quantified using ImageJ and approximately 50 cells were counted by time point, 
per experiment. (d) Representative images of RPA foci are shown of control cells (Cas9) and cells lacking BRG1 (BRG1-KO) as in (B). 
(e) Inactivation of BRG1 reduces the amount of CPT-induced chromatin-bound RPA. Chromatin-bound RPA was monitored by flow 
cytometry as a measure of DNA end resection [33]. Cells were treated with CPT (0.5 μM for 1 h), followed by extraction of non- 
chromatin-bound RPA by cell permeabilization, followed by fixation with formaldehyde and immuno-labeling with an antibody 
against RPA. The DNA content of the cells was labeled with PI. Quantification of CPT-induced chromatin-bound RPA measured by 
flow cytometry in control cells (Cas9) and cells lacking BRG1 (BRG1-KO). Fold-increase is the ratio of the %+CPT/%NT as shown in 
Supplementary Figure S3A. (f) Quantification of CPT-induced chromatin-bound RAD51. Cells were treated with CPT as in (E) and 
allowed to repair the damage for 6 h, followed by permeabilization to remove the non-chromatin-bound RAD51, followed by 
fixation with formaldehyde. Chromatin-bound RAD51 was measured by flow cytometry. (g) Inactivation of BRG1 results in a decrease 
in RAD51 foci after CPT treatment. Cells were synchronized at late S/G2 phase by double thymidine block and 8 h after releasing the
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impeded our efforts to study resection and recom-
bination as these events occur in late S/G2 phases 
of the cell cycle. This cell cycle arrest has been 
previously documented and is mediated, at least 
in part, through its interaction with RB [41].

BRG1 promotes the recruitment of CtIP and 
reduces nucleosome density at DSBs

DNA end resection is initiated by the MRE11 
and CtIP nucleases [9,42]. In order to further 
define the DNA end resection defect observed 
in BRG1-KO cells, we tested whether the recruit-
ment of these nucleases was affected by the inac-
tivation of BRG1. Cas9 and BRG1-KO cells were 
treated with CPT for 1 h and then MRE11 
nuclear foci were analyzed at different times 
after treatment (Supplementary Fig. S4A-B). 
Inactivation of BRG1 did not impair MRE11 
foci-formation after CPT treatment. This finding 
is in agreement with the fact that inactivation of 
BRG1 did not impair the activation of the ATM 
kinase, which requires MRE11 recruitment 
(Supplementary Fig. S2H, I). We then tested 
whether CtIP recruitment to DSBs was affected 
by the inactivation of BRG1. Live cell laser micro 
irradiation experiments showed that cells lacking 
BRG1 were unable to recruit GFP-CtIP to laser- 
induced DSBs within 10 minutes, as observed for 
control cells (Figure 4(a, b)). Moreover, foci-for-
mation analysis of G2-synchronized cells also 
showed a reduced number of CtIP foci after 
CPT treatment in cells lacking BRG1, when com-
pared to control cells (Figure 4(c, d)). The defec-
tive recruitment of CtIP to DSBs in cells lacking 
BRG1 explains their defect in DNA end resection 
and HR.

We next wanted to interrogate the function of 
BRG1 at DSBs in terms of chromatin structure. 
SWI/SNF complexes are known to push and slide 
nucleosomes in order to modulate access to 

certain genomic loci [21]. Using the I-PpoI sys-
tem we monitored the nucleosome density at 
DSBs by measuring histone H3 occupancy at 
these sites. We observed that while in control 
cells there was a reduction in nucleosome density 
at DSBs, cells lacking BRG1 showed an increase 
in nucleosome density at the break site (Figure 4 
(e)). It is important to note that the basal levels of 
histone H3 were very similar at this site prior to 
the induction of the break and that the levels of 
damage at the site is comparable between cell 
lines, as indicated by the amount of γH2AX 
induced at this site (Supplementary Fig. S4C-D). 
This data is in agreement with our previous work 
showing that blocking the recruitment of BRG1 
to DSBs by inactivating RB resulted in an increase 
in nucleosome density at the break sites [24]. These 
findings suggest that BRG1 actively reduces nucleo-
some density at DSBs. It is likely that this change in 
chromatin structure at the break site helps in the 
recruitment or the retention of the CtIP nuclease at 
the break site, thus stimulating DNA end resection 
and HR.

BRG1 inactivation sensitizes cells to DNA 
damage

SWI/SNF chromatin remodeling complexes are 
characterized by the presence of one ATPase sub-
unit (either BRG1 or BRM) [20]. Downregulation 
of BRM however, seems to play a less pronounced 
role in HR (Figure 1(c)) [24]. As we have shown 
that BRG1 plays an important role in the repair of 
DSBs and HR, and HR-deficient cells often show 
sensitivity to DNA damage, we tested whether the 
inactivation of BRG1 resulted in sensitivity to che-
motherapeutic agents that induce DSBs. As shown 
in Figure 5(a-d), inactivation of BRG1 sensitized 
U2OS cells to bleomycin, camptothecin, cisplatin, 
and etoposide. The sensitivity of cells lacking 
BRG1 to these chemotherapeutic agents is in 

second thymidine block, cells were treated with CPT (1 μM for 1 h) and RAD51 foci were analyzed at the indicated times. Cells were 
fixed and immuno-labeled with an antibody against RAD51, and nuclei were stained with DAPI. Images were acquired and RAD51 
nuclear foci were counted using ImageJ and approximately 50 cells were counted by time point, per experiment. (h) Representative 
confocal microscopy images of RAD51 foci are shown at the indicated times. All experiments were done in triplicate and graphs 
represent averages of three independent experiments ± SD (* p < 0.05, ** p < 0.01, *** p < 0.001 by student t test).
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Figure 4. Inactivation of BRG1 impairs the recruitment of CtIP to DSBs. (a) Live cell confocal microscopy was used to monitor the 
recruitment of GFP-CtIP to laser-induced DSBs. Control cells (Cas9) and cells lacking BRG1 (BRG1-KO) were transfected with GFP-CtIP 
and 24 h post-transfection cells were incubated with BrdU (10 μM for 24 h). Laser micro irradiation experiments were performed 
using a 405 nm laser. Images were collected before laser irradiation and every 10 sec after irradiation for 10 min. Representative 
images are shown. (b) Quantification of the recruitment of GFP-CtIP was performed using ImageJ. A minimum of 20 cells were 
measured per genotype. Graph represent averages ± SD. (c) Inactivation of BRG1 impairs CtIP foci formation after CPT. Control cells 
(Cas9) and cells lacking BRG1 (BRG1-KO) were synchronized at late S/G2 phase of the cell cycle by double thymidine block. Cells were 
released from the second thymidine block and allowed cell cycle progression for 8 h (late G2). Cells were then treated with CPT 
(1 μM for 1 h). Cells were fixed and immuno-labeled with an antibody against CtIP, and nuclei were stained with DAPI. Images were 
acquired and CtIP nuclear foci were counted using ImageJ and approximately 50 cells were counted by time point, per experiment. 
(d) Representative confocal microscopy images of CtIP foci are shown at the indicated times. (e) Control cells (Cas9) and cells lacking 
BRG1 (BRG1-KO) were transduced with a retrovirus expressing ER*-HA-I-PpoI. These cells were treated for 12 h with tamoxifen (2 μM, 
+ I-PpoI) or not (- I-PpoI), crosslinked and nuclear extracts were prepared. Chromatin immunoprecipitation was performed for 
histone H3. Quantitative PCR was performed to determine the amount of histone H3 present at the specific locus (489 bp 30 to the I- 
PpoI cut site in the rDNA region). Fold enrichment was calculated by dividing the percentage (%) of input of the + I-PpoI by the – I- 
PpoI. The % of input refers to the amount of DNA obtained from the immunoprecipitation of the given factor divided by the total 
amount of DNA (input). All experiments were done in triplicate and graphs represent averages of three independent experiments ± 
SD (* p < 0.05, ** p < 0.01, *** p < 0.001 by student t test).
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agreement with BRG1 playing a role in HR. 
Indeed, inactivation of CtIP has also been shown 
to result in sensitivity to these chemotherapeutic 
agents [9]. We did not, however, observe that 
BRG1-KO cells were sensitive to the PARPi 
Olaparib by using the MTT-like assay. We then 
assessed colony formation ability of these cells in 
increasing concentrations of Olaparib and also 
observed no difference, when compared to control 
cells (Supplementary Fig. S5A). Next, we treated 
cells with CPT for 72 h or with Olaparib for 72 h 
and tested the activation of caspase 3/7 as a mar-
ker of cell death. We observed, first that a larger 
proportion of BRG1-KO cells initiated caspase 3/ 
7 activation pathways upon CPT treatment, in 
agreement with their sensitivity to CPT. Second, 
we observe that there was no difference in cas-
pase 3/7 activation between BRG1-KO cells and 
control cells upon olaparib treatment 
(Supplementary Fig. S5B). Taken together these 

findings show that inactivation of BRG1 results 
in cells that are sensitive to DSB-inducing 
agents, but not to the PARPi olaparib.

Discussion

HR is a critical DNA repair pathway for maintain-
ing genome integrity [2,43,44]. Moreover, studies 
show that cancers deficient in HR are sensitive to a 
number of DNA damaging anti-cancer drugs and 
specifically to PARPi [4,12–14]. It is therefore of 
critical importance to identify new players in the 
HR pathway in order to test their feasibility as 
potential targets in the treatment of cancers. SWI/ 
SNF complexes have been identified as a novel 
family of tumor suppressors [23]. These complexes 
contain 10–15 subunits and multiple subunits 
within these complexes are mutated at very high 
frequencies in a variety of cancers, but the function 
of the majority of these subunits and their 

Figure 5. Inactivation of BRG1 renders cells sensitive to chemotherapeutic agents. Control cells (Cas9) and cells lacking BRG1 (BRG1- 
KO) were treated with increasing concentrations of (a) bleomycin, (b) camptothecin, (c) cisplatin, or (d) etoposide for 4 days and cell 
viability was measured by the MTT assay. All experiments were done in triplicate and each point represents averages of three 
independent experiments ± SD (* p < 0.05, ** p < 0.01, *** p < 0.001 by student t test).
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mechanism of tumor suppression is still unclear 
[20,21,23]. Identifying subunits within the SWI/ 
SNF complexes as important for HR, would also 
unveil DNA repair vulnerabilities in cancers bear-
ing mutations in these subunits.

SWI/SNF chromatin remodelers have been pri-
marily thought of as transcriptional regulators, but 
more recent studies have placed these complexes 
at the center of genome integrity [24,26,35,45–50]. 
Indeed, BRG1 itself is mutated at high frequencies 
in lung and skin cancers and has been shown to be 
important for the repair of UV-induced DNA 
damage [25,45]. In this study we investigated the 
role of the BRG1 ATPase in the repair of DSBs 
through HR and showed that BRG1 stimulates 
HR, while BRM seems to play a lesser role 
(Figure 1(c)). Downregulation of both ATPases 
simultaneously did not further reduce HR effi-
ciency, but it did cause cell cycle arrest and cell 
death. These findings are in agreement with our 
previous work, which showed that a BRG1-con-
taining complex is important for HR [24]. 
Moreover, we showed that the inactivation of RB 
and thus the destabilization the TopBP1-E2F1-RB 
complex responsible for the recruitment of BRG1 
to DSBs, results in a DSB repair defect [24]. We 
also recently showed that this TopBP1-E2F1-RB 
complex is also important for histone acetylation 
at DSBs and for the preservation of genome integ-
rity [51]. The function of BRG1 in HR that we 
demonstrate in this study is further supported by 
studies where testes-specific BRG1 inactivation in 
mice results in male-sterility, which suggests that 
BRG1 plays a role in meiotic recombination, 
which is analogous to HR [52,53]. Moreover, our 
observation of the minor role of BRM in HR is 
also supported by the fact that inactivation of 
BRM in mice results in normal mice (albeit some-
what heavier) that are fertile [54]. The specific role 
BRM and the mechanism by which it affects HR 
must be the subject of a future study.

We show that the inactivation of BRG1 impairs 
the repair of DSBs and the activation of the ATR 
kinase (Figure 2(a-e)). The attenuated activation of 
the ATR kinase is likely due to the defect in DNA 
end resection displayed by cells lacking BRG1. 
This attenuated activation of the ATR kinase was 

previously reported in cells lacking both ATPases 
simultaneously, BRG1 and BRM [26]. A previous 
study also reported that BRG1 stimulates the acti-
vation of the ATM kinase, but we observed ATM 
activation in multiple ways including γH2AX, 
pATM and pChk2 in cells lacking BRG1 either 
by shRNA or Cas9-mediated inactivation (Figure 
2(d) and Supplementary Fig. S2H,I) [27,28]. In 
this study we show that BRG1 stimulates DNA 
end resection by promoting the recruitment of 
the CtIP nuclease (Figure 4(a-d)), while the 
recruitment of MRE11 was unaffected in the 
absence of BRG1. We still do not know exactly 
how does BRG1 stimulate the recruitment of CtIP 
to DSBs, as we did not detect a direct or indirect 
interaction between BRG1 and CtIP by co- 
immuno precipitation experiments. We propose 
that the removal of nucleosomes at DSBs is 
enough to stimulate or stabilize the recruitment 
of the CtIP nuclease (Figure 6), as multiple studies 
have shown that nucleosomes block nucleases at 
DNA ends [18,19]. We do not know at this point 
whether BRM plays a role in the recruitment of 
CtIP or the reduction of nucleosome density at 
DSBs, but these repair defects that we report here 
occur in cells that express BRM. Future studies 
should aim to describe the specific function of 
BRM in HR.

Multiple subunits of the SWI/SNF complexes 
have been implicated in DNA repair. Qi et al. 
found that BRG1 is important for HR, and pro-
posed that BRG1 is responsible for the replacement 
of RPA by RAD51 [49]. Although we did not 
observe sustained levels of RPA in the absence of 
BRG1 as they did, it is possible that the sustained 
RPA signal in their studies could also represent 
slower repair in the absence of BRG1. A BRG1- 
mediated reduction in nucleosome density at 
DSBs has been shown by us, and others including 
studies in yeast [24,35,55]. This type of chromatin 
remodeling was also the proposed function for an 
ARID1A-containing SWI/SNF complex at DSBs 
[46,47]. The BAF200/ARID2 subunit of the SWI/ 
SNF chromatin remodeler has also been shown to 
play a role in DSB repair [48]. In this study de 
Castro et al. showed that inactivation of BAF200/ 
ARID2 results in the impairment of RAD51 
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Figure 6. Proposed model for BRG1 function in DNA end resection and HR. First, the DSB is recognized by the MRN complex and the 
ATM kinase. This step also activates the ATM kinase, which phosphorylates the Chk2 kinase and histone H2AX (red). This step is 
followed by the recruitment of a SWI/SNF chromatin remodeling complex containing BRG1 (blue) that reduces nucleosome density 
at the DSB. After this chromatin remodeling step, the CtIP nuclease is recruited to the DSB and DNA end resection occurs. DNA end 
resection generates ssDNA, which is coated by RPA (green) and this structure activates the ATR kinase, which phosphorylates the 
Chk1 kinase. These ssDNA regions are later coated by RAD51 (light blue), which mediates the homology search and strand invasion 
steps of HR. Inactivation of BRG1 impairs the recruitment of the CtIP nuclease, and thus DNA end resection, ATR activation, RAD51 
foci-formation, and HR.
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recruitment and defective HR. This is particularly 
interesting, in light of the fact that BAF200/ARID2 
has been shown to be critical for the assembly of the 
canonical PBAF complex [56]. Another study also 
showed that BRG1 and BAF180 were important for 
a different aspect of DSB repair, the silencing of 
transcription during DSB repair in the context of 
NHEJ [50]. Future studies will aim to reconcile 
these differences and identify which complex 
(BAF vs. PBAF) and which subunits specifically 
within these complexes are important for the repair 
function of SWI/SNF complexes.

The requirement for chromatin remodeling of 
DNA ends for the process of DNA end resection 
has been widely proposed and multiple ATPases 
(INO80, p400, CHD4) have been identified as 
important for this function [18,19,57,58,59,60,61]. 
It is still unclear why the cell would need several 
different chromatin remodelers to perform what is, 
in essence, the same function of remodeling chro-
matin at DNA breaks, but this seems to be the case. 
It is possible that there is a “chromatin code” that 
determines which chromatin remodeling complex 
acts at a specific genomic locus. If chromatin remo-
delers work in non-overlapping breaks or have 
non-overlapping functions, inactivation of multiple 
remodelers may display a much stronger defect in 
HR. It is important to note that while chromatin 
remodelers seem to play an important role in HR, 
they seem to play a less important role in the repair 
of DSBs mediated by NHEJ [48,55].

The inactivation of BRG1 also rendered cells 
sensitive to various chemotherapeutic agents that 
induce DSBs (Figure 5). We did not find BRG1- 
KO cells to be hypersensitive to PARPi alone 
(Supplementary Fig. S5A). The lack of hypersensi-
tivity to PARPi is puzzling, but can be explained in 
multiple ways; first, BRG1 may be required for the 
recruitment of CtIP of a particular set of DSBs and 
not all breaks. While we observe barely any recruit-
ment of CtIP to DSBs within 10 minutes in our 
laser microirradiation experiments, there is lower 
levels of recruitment at much later time points. This 
delayed recruitment could explain why we still 
observe CtIP and RAD51 foci in BRG1-KO cells, 
albeit at much lower number than in control cells. 
This finding also suggests that BRG1 may not be an 

integral part of the HR pathway, but rather an 
ancillary factor that can be employed under certain 
chromatin conditions that would require it. Second, 
it is also possible that BRG1 may play two different 
roles in the repair process; one role in the recruit-
ment of CtIP for a subset of breaks, and another 
role related to DDR signaling that may have a 
significant impact in cell viability after DNA 
damage. Third, and related to DDR signaling, 
BRG1 and other SWI/SNF subunits are known to 
play a role in the transcriptional response to DNA 
damage through p53 and controlling cell death and 
senescence pathways [62,63]. It is possible that the 
inactivation of BRG1 may impair the ability of cells 
to trigger cell death pathways upon PARPi treat-
ment. All these possibilities could explain the lack 
of sensitivity of BRG1-KO cells to PARPi and will 
need to be further explored in the future.

The identification of BRG1 as a player in HR 
constitutes an important finding when considering 
that multiple components of the SWI/SNF com-
plexes have been identified as a novel family of 
tumor suppressors [20,23]. The mechanism of 
tumor suppression of these genes is still unknown 
and it is possible that the defect in DNA repair 
that we demonstrate in this study contributes to 
the tumor suppressor capacity of this ATPase. 
Moreover, the fact that BRG1 is highly mutated 
in multiple cancers suggests that these cancers 
have a DNA repair vulnerability that can be 
exploited by radiotherapy or chemotherapy. 
Finally, this study will now allow us to identify 
which other SWI/SNF subunits are important for 
this function in HR, and which complex (BAF or 
PBAF) mediates this repair function. These future 
studies will advance our knowledge of the biology 
of these complexes and their functions as it relates 
to HR and genome stability.
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