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Abstract

Inactivation of SMARCA4/BRG1, the core ATPase subunit of mammalian SWI/SNF complexes,
occurs at very high frequencies in non-small cell lung cancers. There are no targeted therapies for
this subset of lung cancers, nor is it known how mutations in BRG1 contribute to lung cancer
progression. Using a combination of gain- and loss-of-function approaches, we demonstrate that
deletion of BRG1 in lung cancer leads to activation of replication stress responses. Single-
molecule assessment of replication fork dynamics in BRG1-deficient cells revealed increased
origin firing mediated by the pre-licensing protein CDC6. Quantitative mass spectrometry and co-
immunoprecipitation assays showed that BRG1-containing SWI/SNF complexes interact with
RPA complexes. Lastly, BRG1-deficient lung cancers were sensitive to pharmacological inhibition
of ATR. These findings provide novel mechanistic insight into BRG1-mutant lung cancers and
suggest that their dependency on ATR can be leveraged therapeutically and potentially expanded
to BRG1-mutant cancers in other tissues.
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Loss of BRG1in lung cancers affects the biochemical landscape of the replisome, with increased origin firing and dependence
on the ATR replication stress pathway.

Introduction

Lung cancer remains the leading cause of cancer related mortality worldwide (1). While
genotype-specific treatments for EGFR, ROS1, and ALK have transformed the landscape of
precision medicine in lung cancer patients, the ability to stratify patients has not yet led to
targeted therapies for patients whose tumors bear other frequent mutations (2). The
mammalian SWI/SNF complexes, also known as BRG1/BRM associated factors (BAF)
complexes (referred to hereafter as SWI/SNF) are multi-subunit protein complexes that use
ATP-dependent processes to mobilize nucleosomes to modulate gene expression and are
mutated in many cancer types (3-8). Mutations in SMARCA4/BRG1, the ATPase core of
SWI/SNF chromatin remodeling complexes, have been found to be prevalent at a high
frequency in lung cancer (9-12). Furthermore, the genomic location of BRGZ on
chromosome 19p13.2 along with key lung cancer genes KEAPI and STK11, has been
associated with loss of heterozygosity events that compound the cases of BRGI mutations
with those which sustain whole chromosome arm deletions and subsequent inactivation (13).
In a recent study in which BRGI mutations were found in 10% of non-small cell lung
cancers (NSCLC), mutations in BRGI commonly occurred with other well-known lung
cancer mutations in KRAS, TP53(14). Clinical outcomes in patients with BRGI-mutant
lung cancer were poor and showed limited efficacy with standard-of-care treatments (14).
Thus, the current understanding of this genotype in lung cancer patients remains limited,
from both a mechanistic and a clinical standpoint.

Functionally, monoallelic or biallelic inactivation of BrgZ during murine embryogenesis
leads to tumors or preimplantation lethality respectively, but certain tissue types including
the lung acquire frequent BRGI mutations during tumorigenesis (15). Moreover, targeted
deletion of Brg1 in carcinogen-induced lung cancer models has been shown to enhance lung
cancer progression and promote metastasis (16, 17). Also notable is the fact that, genetically
engineered murine models (GEMM) of lung adenocarcinoma (LUAD) spontaneously show
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loss of Brg1 focal regions as one of the foremost changes to the murine LUAD progression
landscape (18). At the molecular level, the presence of Brgl in murine embryonic stem cells
promoted decatenation of newly replicated sister chromatids to allow for faithful replication
through mitosis (19). This function was dependent on the ability of Brgl to recruit
topoisomerases to resolve torsional stress in entangled DNA. In murine fibroblasts, loss of
Brgl resulted in aberrant mitosis, linked to its chromatin modifying properties of
heterochromatin states (20). Biochemical interactions between Brgl and Topbpl was
recovered in murine fetal liver cells, suggesting roles for Brgl during S-phase (21). In
BRG1-deficient cancer lines, loss of biochemical interactions between BRG1 and
retinoblastoma have been linked to uncontrolled proliferation mediated by increased
expression of E2F target genes (22). Thus, whereas studies have implicated BRG1 as either
a transcriptional regulator during G1/S or as a substrate that promotes specific interactions
through mitosis, the effects of BRG1 loss on DNA replication during cancer progression is
unknown. In the present study, we sought to address unanswered questions about the
mechanistic implications of BRG1 loss of function in lung cancers that could be clinically
relevant.

Materials and Methods

Human cell lines.

Human lung cancer cell lines used in this study include H460, H2009, Calu6, H441,
Sw1573, Calu3, HCC827, Calul, H520, A549, H522, H2030, H1299, H2126, H157. All cell
lines were maintained in RPMI 1640 media (Invitrogen 11875-119) with 10% fetal bovine
serum (Fisher 35-016-CV), 4mM L-glutamine (Life Technologies 25030-164) and
penicillin/streptomycin (Life Technologies 15140122) at 37°C, 5% CO2. Cell lines were
obtained from the Meyerson laboratory. Cell cultures were routinely tested for and were
negative for mycoplasma. Frozen stocks were made for all cell lines and experiments were
performed within first few passages after each thaw. KRAS-mutant lung adenocarcinoma
PDX-derived cell lines were provided by the Hata laboratory.

Murine cell lines and gene-editing.

Polyclonal Kras/p53 cell lines (23) generated from C57BL/6J mice (Jackson Laboratory)
were used for generation of isogeneic Brgl knockout lines. Cell lines were nucleofected
with pX458 (24) vector encoding Cas9, GFP and a guide against the tomato gene (25) or
Brg1. Cells were sorted to single cells in 96 well plate after gating on GFP-positive cells.
Clones were expanded and screened by western Blot for Brgl expression. Lines with
reduced expression were then sequence confirmed by Topo cloning.

Human cell lines and gene-editing.

Selected guides, sg7om control and sgBRGI, were cloned into the pLentiCRISPR vector
(26), which was used to produce lentivirus using established protocols (27). H460, H2009,
and Calu6 were infected and after puromycin selection, single cell clones were generated
and verified by western blot. Clones with BRG1 loss were then sequence confirmed by Topo
cloning. Guide sequences: sg7om ccatcgatctcgaactcgtggece, sgBRG1
ccacgtggagagtgggaagatcc, sgBrgl ccacgtggagagtggcaagatcc. The BRG1 overexpression
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plasmid (#19148) from the Massague laboratory (28) was purchased through Addgene. For
BRG1 overexpression experiments, retroviruses were generated and packaged in PlatE cells
using established protocols (29). Cell lines were infected with viral containing supernatant
containing 8 pg/ml polybrene (Sigma TR-1003-G) for a period of 10-18 h. Infected cultures
were selected with hygromycin (Invitrogen 10687-010) 5 days after infection.

DMSO (Sigma D2438-5X10ML), KU-60019 (Selleck KU-60019), MK-8776 (Selleck
S2735), Irinotecan (Selleck S2217), Olaparib (Selleck S1060), VX-680 (Selleck S1048),
Palbociclib (Selleck S1116), VX-970 (Cayman Chemical Co 24198), Hydroxyurea (Sigma
H8627-5G). Pemetrexed and Carboplatin were provided by the Wong lab.

Cytotoxicity assays.

Cell cycle.

Cell viability assays were performed with Cell-Titer Glo (Promega G7572), as previously
described (30). For human dose-dependent experiments, the following doses were used: 0,
0.1,0.3,0.5,0.7, 1, 3, 5, 7, 10, 50 uM; for murine experiments VX-970 was used at: 0, 0.1,
0.5, 1, 5, 10 uM. Combination experiments with irinotecan and hydroxyurea were performed
at 1uM and 1mM, respectively. Following 72 hours of incubation, Cell-Titer Glo was added
per well for 10-15 minutes and ATP-based luminescence was measured on a BioTec plate
reader. Data were averaged over triplicates and normalized to control (DMSO/water) treated
wells. Log (IC50) and S.E.M. values were compared using GraphPad Prism software, and p-
values reported were the sum-of-squares F-statistics.

Cell cycle profiles of human cell lines were determined by BrdU pulse followed by flow
cytometry analysis for BrdU/7-AAD positive cycling cells. Briefly, cells were pulsed with
10uM BrdU for 1-2 hours, and followed by overnight fixation in 100% ethanol. Cells were
stained with BrdU-FITC (BD556028) and 7-AAD for DNA and analyzed by flow cytometry.
Murine cell cycle profiles were determined using the APC BrdU Flow Kit (BD552598) as
per manufacturer’s instructions. Asynchronous cell cycle experiments were performed as
described before. All flow cytometry was performed on the BD Fortessa machine. Data was
subsequently analyzed on FlowJo software and S-phase lengths were determined based on
peak intensity of EdU staining at appropriate time point.

Western Blot.

Protein was taken from whole-cell extracts made in RIPA buffer (0.5% Deoxycholate, 1%
CA630, 0.1% sodium dodecyl sulphate, 150 mM NaCl, 50 mM Tris-8.1). Samples were
quantified using the Pierce 660 nm Protein Assay Kit (Thermo Fisher 22662). Each sample
was denatured in 2x Laemmli buffer (BioRad 1610737) at 95C for 10 minutes. Samples
were run on a 4-15% polyacrylamide gel (BioRad 456-1086) and transferred onto a
nitrocellulose membrane (GE Healthcare 45-004-003) via wet transfer for 1 hour.
Membranes were incubated overnight at 4C in primary antibody. Anti-HRP (Santa Cruz)
secondary antibodies were diluted 1:2000. ECL-based methods (Perkin Elmer
NEL103001EA) was used to visualize the on KODAK BioMax XAR film (Sigma Z370371-
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50EA). The following antibodies were used in this study. CST antibodies — ATR (2790S),
CHK1 (2360S), pCHK1 (2341S), Histone H3 (4499S), BAF155 (11956S), BAF170
(12760S), ARID1A (12354S), CDC6 (3387T), ORC1 (4731T), RPAL (2267S), RPA2
(52448S), BAF47 (91735S), LKB1 (3047S), KEAP1 (8047S). TOPBP1 was purchased from
Bethyl (8047S).

Immunoprecipitation.

Cell pellets were washed in cold 1x PBS, and resuspended in 50/100 puL RIPA buffer (0.5%
deoxycholate, 1% CA630, 0.1% sodium dodecyl sulphate, 150 mM NaCl, 50 mM Tris-8.1)
with protease (Roche 11836170001) and phosphatase inhibitors (Fisher PIA32957). The
samples were lysed on ice for 30 minutes, vortexed every 10 minutes. The lysates were then
centrifuged for 30 minutes at 4C at 14,000g. 100-200 g of lysates were pre-cleared with
specific antibody for 25 minutes by rotation at 4C. Protein A agarose beads (Thermo Fisher
10001D) were washed three times in 1 mL RIPA buffer. Approximately 70 uL of beads were
added to each protein-antibody sample and rotated overnight at 4C. Samples were then spun
down at 2,300 x g for 2 minutes, washed with 1 mL RIPA buffer, rotated for 3 minutes at 4C
three times, followed by western blot.

RNA-sequencing.

Bulk RNA-sequencing was performed in triplicates for murine isogenic cells. Bulk RNA-seq
reads that passed quality metrics were mapped to the annotated UCSC mm9 mouse genome
build (genome.ucsc.edu) using RSEM (v1.2.12) (deweylab.github.io/RSEM) (31) using
RSEM'’s default Bowtie (v1.0.1) alignment program (32). RSEM estimated read counts were
used to perform pairwise differential gene expression analysis between experimental
conditions using EBSeq (33) with median-by-ratio normalization (34). Mouse gene symbols
were updated to their most-recent nomenclature using data from the Mouse Genome
Informatics (MGI) batch query utility (www.informatics.jax.org/batch) and subsequently
mapped to orthologous human gene symbols using mouse-human ortholog assignments
(www.informatics.jax.org/downloads/reports/index.html) from MGI (35). Ranked gene lists
by fold change were analyzed through a pre-ranked gene set enrichment analysis (GSEA)
algorithm against Gene Ontology (GO) and Reactome databases using MsigDB (36, 37),
using default conditions. Normalized enrichment scores (“Enrichment Score”) for GO
categories and Reactome pathways were used to generate dot plots.

Kaplan-Meier plots.

Survival analysis in lung cancer patients was performed on KM plotter (https://kmplot.com/
analysis/) (38). Kaplan—Meier survival analyses were implemented for NSCLC patients
(LUAD, n = 866; LSCC, n = 675) using median gene expression values to split patient
group. Cox regression analysis was performed to compute hazard ratios with 95%
confidence intervals and logrank p-values. Survival differences between the two risk groups
were assessed using the Mantel-Haenszel log-rank test.
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1 million cells were injected subcutaneously into the flanks of 8—-12-week-old female
Foxnlnu/Foxnlnu mice (Jackson Laboratory) in a 1:1 ratio with matrigel. Each mouse
received either BRG1 wildtype or knockout cells on the right and left flank, respectively.
Following the establishment of visible tumors, mice were randomized for treatment studies.
VX-970 was administered from day 7-14 at a dose of 60mg/kg/d in 5% DMSO + 45%
PEG300 (Sigma 57668-5G) + H,0 once per day for 5 consecutive days by oral gavage.
Treatments lasted between 25-30 days. Tumor growth was measured every 4 days by caliper
in a non-blinded fashion. Subcutaneous tumor volumes were calculated according to the
following formula: volume (mm3) = (I x b x h) x (1t/6), where | is the largest dimension
followed by b and h. All mouse experiments performed at BCH were approved by the
Animal Care and Use Committee accredited by the Association for Assessment and
Accreditation of Laboratory Animal Care and were performed in accordance with relevant
institutional and national guidelines and regulations.

Immunofluorescence.

Comets.

Cells were prefixed in 4% paraformaldehyde and antigen unmasking was performed using
citrate buffer (Thermo Fisher TA-250-PM1X). Cells were blocked in 10% donkey serum in
0.2% Triton X-100 in PBS and probed with primary antibodies overnight at 4C. Following
washes and incubation with secondary antibodies, slides were mounted using Prolong Gold
with DAPI (Life Technologies P36935). Images were taken with a Nikon 90i camera and
NIS-Elements software. For gamma-H2AX and RPA2 experiments, cells were pre-extracted
with 0.1% Triton X-100 in PBS for 2 minutes on ice before fixation. For DNA fibers, fiber
slides were treated with 2.5M HCI for 30 minutes and blocked in 3% BSA/PBST (PBS +
0.05% Tween20) for 1 hour. Primary antibody incubation was performed for 1 hour with
anti-CldU (Novus NB 500-169, 1:100) and anti-ldU (BD-347580, 1:20). Following 3
washes with PBS, fibers were stained with appropriate secondary antibodies for 30 minutes
and finally washed, dried and mounted with Prolong Gold without DAPI (Life Technologies
P36934). Slides were dried overnight at room temperature in the dark, and then stored at 4C
until imaging.

Alkaline comet electrophoresis was performed based on manufacturer’s instructions
(Trevigen). Briefly, cells were trypsinized, collected in cold 1x PBS, and mixed in 1:10 ratio
with low melting agarose (Bio-Rad 1613111). 30ul of cells/agarose was pipetted and spread
gently on a comet slide (Trevigen 4252-200-01). Following a 10-minute incubation in the
dark at 4C, the comet slides were submerged in lysis solution (Trevigen 4250-050-01) for
overnight incubation at 4C in the dark. The next day, the slides were incubated in alkali
unwinding solution for 60 minutes at 4C and run in an electrophoresis unit at 17 volts for 34
minutes. Following washes with 70% ethanol and distilled water, slides were allowed to
naturally dry in a 37C incubator, before proceeding to staining with SyBr Gold nucleic acid
stain (Thermo Fisher S11494).
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DNA fibers were performed in accordance to published protocols (39). Briefly, cells were
sequentially pulsed with 50uM CldU (Sigma C6891) and 100uM IdU (Sigma 17125) with
PBS washes in between. Cells were then trypsinized and resuspended at a dilution of 1
million cells per ml. 2.5pl of were pipetted on the top of a glass slide. Following an
approximate 4-minute incubation, 7.5l spreading buffer (0.5% SDS, 200mM Tris-HCI pH
7.4, 50mM EDTA, water) was mixed with the cells and allowed to incubate for 2 minutes. 3
glass slides were made per condition per experiment. Slides were tilted at 15 degrees to
allow DNA fibers to evenly spread on the glass slide. Following that, the fibers were air
dried and then fixed in 3:1 methanol: acetic acid solution. Fixed slides were allowed to dry
for 20 minutes and then stored at 4C until immunofluorescence. Measurement of replication
structures was performed using Image J. A total of 150-200 definitively resolved fibers were
quantified per condition per replicate and the percentage of each specific replication
structure was calculated based on total counts observed.

Mass spectrometry.

Murine isogenic cells were scraped in ice-cold PBS, washed twice, and lysed with mild lysis
buffer (150 mM NaCl, 50 mM Tris pH 7.5, 1% IGEPAL-CA-630 with protease inhibitors)
on ice for 30 mins. Lysates were treated with MNase with calcium chloride for 4 mins at
28C. MNase digestion was halted with EGTA. Lysates were then spun at top speed at 4C
using a microcentrifuge followed by protein quantification through BCA. Samples were
diluted with lysis buffer to 1 mg/ml. 60 ug of antibody (anti-BAFA47 or isotype control) was
added to 1 mg of lysate (2 process replicates per condition) and incubated overnight at 4C,
rotating. The following day, Protein G beads (Life Technologies 10003D) were washed 1X
with lysis buffer, resuspended with lysate, and rotated at 4C for 4 hours. Beads were then
washed 3X with wash buffer (150 mM NaCl, 50 mM Tris pH 7.5 with protease inhibitors)
and submitted for proteomics analysis. Sample processing for mass spectrometry analysis
was performed as described previously (40). Briefly, on bead digestion of samples was
performed for 1 hour followed by elution of samples from the beads, reduction, alkylation
and overnight digestion of the supernatant with trypsin. Digested peptides were labeled
using eight channels of tandem mass tag (TMT) 10-plex reagent, mixed, and fractionated on
stage tips packed with strong cation exchange disks. Resulting 6 fractions were analyzed by
nanoflow liquid chromatography tandem mass spectrometry (LC-MS/MS) on Q-Exactive
Plus Mass spectrometer (Thermo Fisher) coupled with EASY-nLC 1200 system (Thermo
Fisher). Data was analyzed on Spectrum Mill Proteomics Workbench (Agilent Technologies)
using Mus Musculus (mouse) database containing 46516 entrees and downloaded from
Uniprot.org on 12/28/2017. The output of Spectrum Mill analysis was a protein level
summary table using “subgroup specific top” settings whereby quantitative information of
shared peptides between the subgroups of each group were used for quantitation of only the
top subgroup, and remaining subgroups used ratios of only subgroup specific unique
peptides to derive protein quantitation values. Statistical analysis was performed using TMT
reporter ion ratios of each channel to the median of all channels for all the proteins identified
with 2 or more peptides. Ratios were median normalized aligning the data from the 1gG
samples separately from the Baf47 samples since the amount of proteins pulled down by 1gG
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was much less than the Baf47. Linear model analysis was used to compare isogenic wildtype
versus mutant samples as described previously (40).

Human patient data.

TCGA, PanCancer Atlas patient data were obtained from cBioPortal (41, 42). For
transcriptomic analysis of wildtype versus mutant patients, differential expression analysis
based on normalized mMRNA expression, RSEM (Batch normalized from Illumina
HiSeq_RNASeqV2) was retrieved from cBioPortal. For LUAD patients, all up- and
downregulated with g-values adjusted by the Benjamani-Hochberg procedure less than 0.05
were classified as differentially expressed. Identical g-value cut offs were used for
downstream analysis of endometrial and stomach carcinoma datasets. Gene ontology and
cancer pathways analysis using differentially expressed genes was performed using the
Panther database (43, 44). Genes with p-value < 0.05, FDR < 0.05 cutoffs were selected, and
gene enrichment ratios were calculated. Gene ratio (“Enrichment ratio”) based on total genes
represented in each pathway was used to generate dot plots. Correlation analysis was
performed on lung TCGA data, using the lung cancer explorer portal (45) (http://
Ice.biohpc.swmed.edu/lungcancer/index.php). For siRNA knockdown studies in Project
DRIVE, ATR RSA scores for topmost and bottommaost 50 cancer cell lines were tabulated.
Cell line genotypes were obtained from published studies using DEPMAP (https://
depmap.org/portal/). Similar analysis was performed for CRISPR loss-of-function screens in
cancer cell lines from Project Achilles CRISPR Avana 20Q1 datasets downloaded from
DEPMAP. ATR and BRG1 gene essentiality were assessed in all lung (n=102) and uterine
(n=22) cancer cell lines). Cell lines with BRG1 CERES scores less than —0.70 were filtered
to account for cell lines where BRG1 might be essential.

Data availability.

The RNA-sequencing data related to isogenic murine Brgl wildtype and knockout cells have
been deposited in the National Center for Biotechnology Information’s Gene Expression
Omnibus (GEO) and is accessible through GEO series accession number GSE154266
(https://www.nchi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE154266). The original Baf47
mass spectrometry data in murine isogenic Brgl wildtype and knockout cells along with the
protein sequence databases used for searches have been deposited in the public proteomics
repository MassIVE (https://massive.ucsd.edu) and is accessible through MassIVE accession
number MSV000085701 (ftp://massive.ucsd.edu/MSV000085701/).

Statistics and reproducibility.

GraphPad PRISM 8, R software, and Tableau was used for statistical and visual analyses.
Sample size and error bars are reported in the figure legends. Exact p-values are shown
where possible. Unless otherwise noted, statistical tests were performed using unpaired two-
tailed Student’s ftest. The number of times experiments were performed with similar results
is indicated in each legend. p-values less than 0.05 were considered significant.
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To identify possible BRG1-dependent functions in lung cancer, we analyzed transcriptomic
profiles in LUAD patients from the TCGA, PanCancer cohorts (46, 47). Upregulated genes
in BRGI-mutant LUAD predominantly belonged to gene ontology (GO) categories
associated with DNA replication, elongation, and chromatin remodeling at the centromere
(Fig 1a, Supplementary Table 1). Analysis of top upregulated cancer reactome pathways
revealed the presence of gene signatures connected to pre-replication and activation of the
ATR pathway in response to replication stress (Fig. 1b, Supplementary Fig. Sla,
Supplementary Table 1). To rule out effects due to background mutations in patient samples,
we utilized the Kras®12P/*; Tp53fl/fl (p53) (KP) murine model of LUAD. This model has
been shown to recapitulate key features of KRAS-driven human LUAD in several studies
(48, 49). We used CRISPR-Cas9-mediated genome-editing with sgRNAs targeting either
Brg1 or tdTomato to develop isogenic KP-derived LUAD cell lines (KPB) that led to loss of
Brgl protein (Fig. 1c; n = 2 lines per genotype). RNA-sequencing in isogenic BrgI wildtype
and knockout cells showed enrichment of DNA replication and replication initiation related
GO categories (Supplementary Fig. S1b, Supplementary Table 2). Strikingly, the pathways
of pre-replication and ATR activation identified in BRGI-mutant patient samples were also
among the top upregulated pathways in an isogenic setting of Brg1 loss (Fig. 1d,
Supplementary Table 2). We evaluated the two pathways for overlapping genes that are
significantly upregulated in both human and murine LUAD and discovered a set of genes
strongly linked to early DNA replication and origin firing (that is, CDC6, CDC7, ORC1,
among others) (Supplementary Fig. S1c). Expression levels of these genes in the TCGA
LUAD data positively correlated with each other and negatively with BRGI expression
(Supplementary Fig. S1d). To assess whether a replication stress related gene signature
would inform future clinical relevance, we combined genes identified in the ATR-related
pathway from figures 1b,d with a comprehensive list of genes discovered to be critical for
this process (50) (Supplementary Table 3). We found that high expression of replication
stress related genes correlated with worse survival in patients with LUAD but not lung
squamous cell carcinoma (LSCC) (Supplementary Fig. Sle). These results suggested that
BRG1 loss leads to clinically relevant gene expression changes related to replication stress
and pre-replication functions.

The presence of increased ATR-related replication stress gene signatures in human and
murine LUAD prompted us to measure whether components of the ATR pathway were
altered upon BRGL1 loss. To study the effects of BRG1 loss in human lung cancers, we
engineered isogenic BRG1 wildtype (WT) and knockout (KO) cell lines using CRISPR-
Cas9 genome-editing in various NSCLC backgrounds (H460, H2009, and Calu6, n = 3 lines
per genotype; Fig. 1e). Reintroduction of BRG1 in BRG1-deficient isogenic cell lines
rescued expression of BRG1 (Fig. 1e). Expression levels of core components of the
mammalian SWI/SNF complexes including BAF155 and BAF170 were unchanged upon
genome-editing of BRGI (Supplementary Fig. S1f). ARID1A levels were undetectable in
H460 (frameshift mutation), while H2009 and Calu6 showed little to no change between
isogenic cell lines. The paralog of BRG1, BRM, is present in SWI/SNF complexes in a
mutually exclusive manner and has been documented to compensate for BRG1 loss (51).
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BRM protein levels had minimal or no change in H460 and H2009 isogenic cells, whereas
Calu6 knockout cells had reduced levels (Supplementary Fig. S1f). BRM gene expression
levels were reduced in BRGI-mutant LUAD patients compared to that of BRGI-wildtype
patients (Supplementary Fig. S1g). In order to rule out effects due to changes in LKB1 and
KEAP1, we confirmed unchanged levels of these proteins in all isogenic models of BRG1
loss (Supplementary Fig. S1h,i). The integrity of the replication fork is protected in part by
an ATR-CHKZ1-dependent signaling cascade, which is essential for fork stabilization and cell
viability (52, 53). We found that loss of BRGL1 leads to upregulation of ATR and the
activation of the ATR pathway, as measured by phospho-CHK1(Ser345) levels (Fig 1f). In
BRG1-rescued isogenic cells, phospho-CHK1 levels were reduced in a BRG1-dependent
fashion (Fig. 1f). These data support the hypothesis that loss of BRG1 promotes replication
stress related changes leading to activation of ATR-mediated responses.

We next sought to understand how BRG1-deficient cells trigger a replication stress response
using single-molecule DNA fiber spreading to assess fork dynamics (39, 54, 55). It is well
established that deregulated fork speed is linked to replicative stress in cells (56). Ongoing
forks were identified by red-green tracks (Fig. 2a). While BRG1 deficiency did not confer
proliferative advantages in lung cancer cells (Supplementary Fig. S2a,b), there was a
significant reduction in fork speed in BRG1-deficient cells compared to isogenic controls
(approx. 1.5-fold, Fig. 2b,c). Reconstitution with full length BRG1 increased fork speeds;
BRG1 KO rescue cells (+BRG1) exhibited a significant increase in fork speeds compared to
control BRG1 KO cells (+EMP) (Fig. 2d,e). To explore cell cycle changes upon BRGL1 loss,
we analyzed asynchronously cycling isogenic cell lines. As with proliferation indices, there
was no significant impact of BRG1 loss on cell cycle phases across all our models
(Supplementary Fig. S2c,d). For some isogenic pairs, BRG1-deficient lines had more cells in
S-phase, which prompted us to examine S-phase lengths (Supplementary Fig. S2c,d). EAU
pulse-chase experiments (57) showed delays in the completion of S-phases in BRG1-
deficient cells (Supplementary Fig. S2e). Consistent with this, the expression of G1/S and S-
phase related cyclin/CDK genes was increased in BRGI-mutant LUAD patients.
(Supplementary Fig. S2f). To measure whether BRG1-deficient cells harbor efforts to
overcome this increase in replication stress, we used quantitative RT-PCR to analyze gene
expression for genes associated with replication fork reversal (that is, BLM, WRN, BRCA1,
BRAC2, RAD51) and found overall increased gene expression patterns (Supplementary Fig.
S2g). These data suggest that lung cancer cells with BRG1 loss have replication fork defects,
leading to problems in the proper completion of DNA replication.

Next, we tested if replication stress resulting from BRG1 deficiency undermines genome
integrity. We analyzed gamma-H2AX staining patterns to represent less damaged (< 5 foci/
cell), more damaged DNA (>5 foci/cell), and replication stress-associated levels (pan-
nuclear expression/cell). Detection of gamma-H2AX by immunofluorescence showed a
significant increase in the percentage of cells harboring pan-nuclear and high number of
gamma-H2AX foci after BRG1 knockout compared to isogenic controls (Fig. 2f,g). Alkaline
single-cell comet analysis further confirmed that loss of BRG1 is sufficient to induce DNA
damage (Fig. 2h,i). Increased DNA damage is consistent with the observations that BRGI-
mutant lung cancers have higher mutational burdens compared to other common onco- and
tumor suppressors in the lung (46, 47; 58, 59). RPA complexes are linked to the stabilization

Cancer Res. Author manuscript; available in PMC 2021 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gupta et al.

Page 12

of single-strand DNA (ssDNA) intermediates to allow for efficient replication and ATR
activation (52, 53). RPA foci were assessed similarly as described for gamma-H2AX. A
higher proportion of cells with pan-nuclear RPA2 and high number of foci were found in
BRG1-deficient cells (Fig. 2j,k). This indicated the presence of increased amounts of RPA-
bound ssDNA, a canonical substrate for the activation of the ATR pathway, in BRG1-
deficient cells. Overall, these experiments demonstrate that replication stress and related
chromosomal instabilities are major features of BRG1-deficient lung cancer cells.

Next, to uncover differences in replication dynamics in lung cancers due to BRG1 loss, we
evaluated the abundance of ongoing replication intermediates through the visualization of
DNA fibers (Fig. 3a). Analysis of fiber structures revealed a 2-3-fold increase in green-red-
green tracks representative of bidirectional activation of new origins of replication in BRG1-
deficient cells (Fig. 3b—d). Interestingly, there was no change in numbers of stalled forks.
(Fig. 3b—d, Supplementary Fig. S3a). At the molecular level, replication origins in
eukaryotic DNA are identified by the formation of a pre-licensing complex comprised of
ORC1-6, CDCS6, CDT1, and MCM2-7 proteins. Following pre-licensing complex assembly
in G1, origins are activated through S-phase kinases to initiate the duplication of DNA (60,
61). The presence of deregulated origin firing has been previously shown to promote fork
replication defects and increase chromosomal breakage (62). Restoring BRGL1 levels,
however, was sufficient to reduce the presence of new origins of replication to control levels
(Fig. 3e—g). Both RNA (Supplementary Fig. S3b,c) and protein (Fig. 3h,i) levels of essential
pre-licensing proteins, including CDC6, were upregulated in BRG1-deficient cells and in
human BRGI-mutant LUAD patients. High CDC6 expression also correlated with poor
survival in LUAD patients (Supplementary Fig. S3d). ORC1 was heterogeneously expressed
in human isogenic models (Fig. 3h,i). BRGI expression negatively correlated with pre-
replication related gene expression (Supplementary Fig. S3e). Rescue of BRG1 in BRG1-
deficient cells lowered overall levels of CDC6 suggesting specific transcriptomic regulation
between BRGI and origin firing (Fig. 3h,i). Analysis of patient-derived xenograft (PDX)
cell lines recapitulated pre-replication defects observed in the human isogenic models
(Supplementary Fig. S3f). These data suggest that the replication stress related to the loss of
BRGL1 in lung cancers could be a consequence of excessive and uncontrolled origin firing
and fork response mechanisms, albeit at the cost of increasing amounts of chromosomal
instability.

Since BRG1-deficiency causes replication stress, we hypothesized that BRG1-containing
SWI/SNF complexes may be engaged in protein interactions at forks to allow for efficient
replication progression. To explore the proteome associated with SWI/SNF complexes in a
defined system, we turned to our isogenic murine models. We performed co-
immunoprecipitations in KP and KPB cells, using a core component of the complex, Baf47/
Smarchbl, as bait. Baf47 is part of two major classes of mammalian SWI/SNF complexes,
canonical BAF (cBAF) and polybromo-associated BAF (PBAF), while the recently
characterized non-canonical BAF (ncBAF) complexes were shown to lack Baf47
incorporation (3-8). We quantified the abundance of Baf47 protein interactors using
quantitative mass spectrometry (Fig. 4a and Supplemental Table 4). Quantification of
SWI/SNF subunit compositions showed that residual complexes in Brgl-deficient cells were
enriched for subunits Brm, Ss18I1, Dpf2, and Smarcdl. Mammalian SWI/SNF ATPase-
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dependent subunits including Ss18, Pbrm1, Actl6a, Bcl7 were identified predominantly in
Brgl wildtype cells, as also shown by others (63) (Supplementary Fig. S4a). Enrichment of
Baf47 between KP and KPB cells was approximately equal with an overall fold change of
-0.065 (Fig. 4b). Compared to proteins enriched at the fork (64), proteins enriched in Brgl
wildtype cells were associated with the GO category pre-replicative complex assembly (Fig.
4c). In Brgl-deficient cells, the top GO categories were associated with sSDNA repair and
DNA damage response, consistent with our findings of increased RPA2 foci and presence of
replication stress in human isogenic BRG1-deficient cells (Fig. 4c). The detection of known
and expected interactions with Baf47 motivated us to look further into tumor-specific
interactions dependent on Brgl expression in lung cancer cells, particularly those that
functioned in the context of replication stress. Interestingly, Rpal, the largest protein of the
heterotrimeric RPA complex, and MCM-related proteins (Mcm6, Mcm7) were strongly
depleted in the Brgl-deficient setting (Fig. 4b, Supplementary Fig. S4a). Since the RPA
heterotrimer is critical for the protection of ssSDNA during physiological DNA processes
such as replication, repair, and has been shown to be involved in replication initiation and
elongation (65, 66), we hypothesized that BRG1 might associate with the RPA complex
during DNA replication.

We next used co-immunoprecipitation (co-1P) to test the idea that BRG1-containing
SWI/SNF complexes associate with RPA complexes for fork progression and to prevent
DNA breakage. Consistent with our hypothesis, we observed that RPA1 and RPA2
immunoprecipitated with BRG1 in human BRG1 wildtype cells (Fig. 4d, Supplementary
Fig. S4b). In isogenic models of BRGL1 loss, the interaction between the SWI/SNF
complexes and RPA complex was lost (Fig. 4d). This suggested that the interaction between
the two complexes is dependent on BRG1. Furthermore, BRG1 reconstitution restored these
interactions, confirming they depend on intact BRG1 (Supplementary Fig. S4c). Interactions
between BRG1-containing SWI/SNF complexes and RPA were also confirmed with
antibodies against BAF47 and BAF170 in isogenic BRG1 contexts (Fig. 4e,f, Supplementary
Fig. S4d,e). Co-IP also showed evidence for interactions between residual SWI/SNF
complexes and ORC1, important for selecting replication origin sites (Supplementary Fig.
S4f). These interactions were however found to be independent of BRG1. We were unable to
detect any interactions between BRG1 and TOPBP1 (21) (Supplementary Fig. S4g). Taken
together, these findings suggest that BRG1-containing SWI/SNF complexes associate with
ssDNA-bound RPA complexes and origin recognition protein ORC1, and loss of these
interactions upon BRGL1 loss could lead to defective fork progression.

Lastly, we investigated whether the increased reliance on the ATR pathway in BRG1-
deficient lung cancers could be exploited as a therapeutic vulnerability. We screened a set of
small molecule compounds targeted towards proteins involved in regulating aspects of DNA
damage response and repair (Supplementary Fig. S5a). Isogenic BRG1-deficient cells were
only sensitive to the treatment with either an ATR inhibitor (VX-970/M6620 (67)) or an
inhibitor targeting its downstream effector kinase CHK1 (MK-8776 (68, 69)). The
indistinguishable responses in viability between isogenic BRG1 proficient and deficient cells
to ATM or PARP inhibition suggested that the DNA repair responses were largely unaffected
despite the absence of BRGL1 in lung cancer cells (Supplementary Fig. S5a,b). Responses to
aurora kinase A inhibitor VX-680 (70) and CDK4/6 (71) inhibitor palbociclib were also
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identical between BRGL1 proficient and deficient cells (Supplementary Fig. S5a,c). These
experiments suggest that inhibition of the ATR pathway suppresses tumor growth in BRG1-
deficient lung cancers by targeting the replication stress response.

We used several experimental systems to explore the ATR-inhibitor sensitivity of BRG1-
deficient lung cancer cells. Human BRG1-deficient cells showed a robust 3—6-fold higher
sensitization to ATR inhibition compared to isogenic BRG1 wildtype cells, and
reconstitution with BRG1 was able to restore this sensitivity back to control levels (Fig. 5a).
Using a panel of human NSCLC cell lines, reduced values of VX-970 IC50s were observed
in BRGI-mutant NSCLC cell lines which predicted sensitivity to ATR inhibition
(Supplementary Fig. S5d). Murine isogenic KPB cells were 3-5-fold more sensitive to ATR
inhibition (Fig. 5b). Further /in vitro validation with cell lines derived from KRAS mutant
LUAD PDX models showed that BRGI mutations was sufficient for a 7-fold reduction in
cell viability upon treatment with ATR inhibitors (Fig. 5¢). To determine if additional
replication stress could further enhance responses to ATR inhibition, we combined ATR
inhibition with topoisomerase | inhibitor irinotecan to induce sSDNA breaks or hydroxyurea
to cause deoxyribonucleotide depletion. Combinatorial treatment experiments further
suppressed growth at nanomolar range concentrations of ATR inhibitors (Supplementary
Fig. S5e,f). These findings demonstrate that loss of BRG1 creates a targetable dependence
on the ATR pathway and the replication stress response in lung cancers.

We hypothesized that the replication dynamics in BRG1-deficient cells could be altered by
the inhibition of ATR, given its role in replication stress responses. ATR inhibition further
increased origin firing in BRG1-deficient cells and led to accumulation of stalled forks, as
indicated through the presence single red track fibers (Fig. 5d,e). Single-molecule comet
analysis of human isogenic cells treated with ATR inhibition revealed increased DNA breaks
only in BRG1-deficient cells (Supplementary Fig. S5g—i). This suggests that ATR activation
serves as an important molecular barrier to prevent further genomic instability to allow
BRG1-deficient cancer cells to survive.

To investigate the therapeutic efficacy of targeting BRG1-deficient lung cancer cells with
ATR inhibition in vivo, we transplanted human isogenic BRG1 wildtype and knockout cells
subcutaneously into immunodeficient mice. Following the establishment of tumors, we
initiated treatment with either vehicle or VX-970. While BRG1 wildtype tumors exhibited
no changes in tumor growth dynamics, BRG1-deficent tumors showed robust reductions in
overall tumor size after treatment with ATR inhibition (Fig. 5f, Supplementary Fig. S5j).

Thus, in vitroand in vivo susceptibility of BRG1-deficient lung cancers to ATR inhibitors
provides a possible therapeutic path based on defects in replication.

Finally, we wondered if other cancers with BRGI mutations behave similarly to lung
cancers. Data from cancer datasets showed that mutation of BRG1 is also linked to other
carcinoma types including endometrial (15%), stomach (8%), and rare ovarian cancers (72)
(100%) (Supplementary Fig. S6a,b). Gene expression and pathway analysis confirmed a
conserved replication stress response in other cancer types with BRGI mutations
(Supplementary Fig. S6c—€). An upregulated gene signature of 66 genes derived from lung,

Cancer Res. Author manuscript; available in PMC 2021 March 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gupta et al.

Page 15

endometrial, and stomach adenocarcinoma patients predicted poor prognosis in patients with
LUAD (Supplementary Fig. S6f,g). Furthermore, analysis of synthetic lethality RNAI
screening data from Project DRIVE (73) uncovered a high correlation between sensitivity to
ATR knockdown and mutations in SWI/SNF ATPases BRG1/BRM across cancer cell lines
representing different tissue types (Fig. 6a,b). While BRGI was the predominant SWI/SNF
ATPase mutated in all lines, BRM alone was mutated in only 4/50 of most sensitive cell
lines (Supplementary Table 5). Cancer cell lines with different kinds of BRG1/BRM
mutations were found to be vulnerable to ATR knockdown (Fig. 6¢). Interestingly, cell lines
that had missense mutations — NCIH-1435 (lung), NCIH-2126 (lung), NCIH-23 (lung) are
among the most sensitive to ATR knockdown (Supplementary Table 5). These findings
provide novel insight into the synthetic lethal relationship between BRG1 and ATR in lung
as well as other cancer types with mutations in BRG1.

We corroborated these findings in CRISPR knockout screens using dependency data from
Project ACHILLES (74, 75). We assessed ATR and BRG1 gene essentiality scores (CERES)
in lung and uterine cancer cell lines. Among lung cancer lines with ATR CERES scores less
than median gene essential score of -1, 40% of lung cell lines had mutations in BRG1/
BRM, and 63% in uterine cancer lines (Fig. 6d—i, Supplementary Table 5). ATR was
essential in cell lines bearing both missense and truncating mutations. These findings further
support the conclusion that mutations in BRGI can predict ATR dependency.

Discussion

This study provides novel insight for the role of BRGZ and mammalian SWI/SNF
complexes in lung cancer progression. We found that BRG1 plays an important role in
preventing replication stress and that BRG1 may regulate origin firing in lung cancers. Our
data suggest that BRG1-containing SWI/SNF complexes interact with ssDNA-binding
protein RPA; thus, BRG1 may impact the function of RPA at replication forks. Our data
further suggest a link between SWI/SNF complex and ORC1, suggesting a potential role for
BRGL1 in licensing or firing of origins. Knockout of BRG1 in lung cancer isogenic models
led to slowing of replication, induction of replication stress, increased origin firing, and
activation of the ATR checkpoint pathway. The replication defects and the ATR dependence
we observed provide a possible explanation for how lung cancer cells tolerate BRG1 loss
and survive in the presence of genome instability.

Our studies revealed novel potential protein interactions of SWI/SNF complexes that depend
on BRGL1 in lung cancers. It is important to note that loss or mutation of BRG1 in lung
cancers may alter compositions of residual SWI/SNF complexes, such as cBAF, PBAF, and
ncBAF; our study did not address this question. Further interrogation of how subcomplex
identity affects replication stress responses will be important in future studies. We observed
RPA complex interactions by co-1P with complex subunits BRG1, BAF47, and BAF170 in
BRG1 wildtype lung cancer cells. The RPA heterotrimer is linked to the protection of
ssDNA during replication and also serves to recruit ATR/ATRIP during events of replication
stress (52, 53). We speculate that loss of BRG1 disrupts the binding of SWI/SNF and RPA,
thereby allowing RPA to bind ssDNA at replication forks more efficiently. We suggest that
this interaction leads to activation of ATR at stressed replication forks, creating a
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dependency on ATR to protect such forks. It is also likely that loss of BRG1 promotes
changes at the nucleosome accessibility level, which could in turn affect the replisome
landscape (76). Thus, reduced interactions between SWI/SNF and RPA complexes and
increased chromatin compaction could contribute to replicative stress and ATR dependence
in BRG1-deficient lung cancer cells.

We hypothesize that loss of BRG1 function leads to reduced fork speeds in lung cancer cells,
providing an opportunity for increased origin firing to compensate for fork defects. We
uncovered increased origin firing and increased CDC6 levels in BRG1-deficient lung cancer
cells, consistent with this hypothesis. Firing of ongoing and dormant origins of replication is
often an important compensatory mechanism to prevent fork stress-related defects from
causing damage in cells (77, 78). The slowing or stalling of replication forks provides an
opportunity for dormant origins to fire, which could also be assisted by the increased levels
of CDC6 in BRG1-deficient cells. Elevation of origin firing in BRG1-deficient cells could
also increase the number of replication forks slowed or stalled by compacted chromatin,
increasing the consumption of dNTPs in cells and further promoting replication stress and
genomic instability. This model could explain why BRG1 loss leads to a significant increase
of replication stress and genomic instability in lung cancer. Thus, our data suggests that
rather than simply promoting increased proliferation rates, mutations in BRGI may serve as
a driving mechanism for advancing tumorigenesis by increasing genomic instability visa vie
replicative stress.

Mutations in BRG1 account for at least 10% of all NSCLC, with no currently approved
precision medicine available for these patients. Clinicopathologic features of lung cancers
have linked BRG1-deficiency with primary resistance to standard treatments (14). Our
results suggest that ATR activity is a critical barrier to prevent eventual mitotic catastrophe
in BRGI-mutant lung cancers, revealing a new potential vulnerability for therapeutic
targeting. Our findings show that loss of BRG1 might be an important biomarker in lung
cancer patients that could benefit from ATR inhibition therapy. Interestingly, deletion of
ARIDIA, another member of the SWI/SNF complex, in colon cancer cells has been
connected to sensitivity to ATR inhibitors (79). Of note, the lung cancer cell line H460 used
in this study has an AR/D1A mutation with undetectable levels of ARID1A protein.
Deletion of BRG1 in this ARID1A mutant lung cancer background increased sensitivity to
ATR inhibitors. Our data in lung cancer cells, combined with our analysis of ATR
dependency screens in multiple cancer types, suggests that targeting ATR may represent a
broad therapeutic strategy for patients with mutations in subunits of SWI/SNF complexes.
ATR inhibitors are currently being tested in the clinic for other cancers (80). We suggest that
it will be particularly fruitful to test ATR inhibition as therapy for patients with BRGI-
mutant lung cancers and other BRG1-deficient cancers that exhibit replication stress
responses.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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