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Abstract

The NF-E2-related factor 2 (referred to as NRF2) transcription factor binds antioxidant responsive
elements within the promoters of cytoprotective genes to induce their expression. Next-generation
sequencing studies in lung cancer have shown a significant number of activating mutations within
the NRF2 signaling pathway. Mutations in components of the SWI/SNF chromatin-remodeling
complex, a general regulator of transcription employing either BRG1 or BRM as the catalytic
subunit, also frequently occur in lung cancers. Importantly, low BRG1 expression levels in
primary human NSCLC correlated with increased NRF2-target gene expression. Here, we show
that loss of SWI/SNF complex function activated a subset of NRF2-mediated transcriptional
targets. Using a series of isogenic NSCLC lines with reduced or depleted BRG1 and/or BRM
expression, we observed significantly increased expression of the NRF2-target genes HMOX1 and
GSTMA. In contrast, expression of the NRF2 target genes NQO1 and GCLM modestly increased
following BRM reduction. Chromatin immunoprecipitation showed that BRG1 knockdown led to
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increased NRF2 binding at its respective ARE sites in the HMOX1 promoter but not in NQO1 and
GCLM. Our data demonstrate that loss of BRG1 or BRM in lung cancer results in activation of the
NRF2/KEAP1 pathway and HMOX1 expression. Therefore, we provide an additional molecular
explanation for why patients harboring BRG1 or BRM mutations show poor prognoses. A better
understanding of this mechanism may yield novel insights into the design of targeted treatment
modalities.
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INTRODUCTION

Lung cancer remains the leading cause of cancer death worldwide(1). The World Health
Organization has divided these tumors into two major groups based on their biology and
treatment: small cell lung cancer and non-small cell lung cancer (NSCLC), the latter
accounting for more than 85% of all cases. Despite advances in early detection and
treatment, NSCLC patients still have a poor five year overall survival. To improve upon this
dismal prognosis, identification and characterization of the key molecular events that fuel
initiation and spread of this disease is imperative. To address this need, recent next-
generation sequencing (NGS) studies in lung cancer have shown a significant number of
activating mutations in the KEAP1/NRF2 signaling pathway (2,3) as well as inactivating
mutations in key members of the SWI/SNF complex(4,5).

The human SWI/SNF complex, a 1.5- to 2-MDa multisubunit complex employing either
BRGL1 or BRM as the catalytic subunit, alters nucleosome arrangement along DNA in an
ATP-dependent manner(6). Previous studies have indicated that the SWI/SNF chromatin
remodeling complex participates in various biological processes, including gene
transcription(7), cell cycle regulation (8) and cell differentiation(7,9). Mutations and
deletions of the BRGI gene, also known as SMARCA4, occur frequently in a variety of
human cancer cell lines, especially in ~35% of those derived from non-small cell lung
carcinoma(10,11). Loss of heterozygosity (LOH) on the short arm of chromosome 19p (50%
in negative BRG1 immunostaining tumors) (12) and loss of BRG1 protein expression
(~10%) (4,13) are present in primary lung cancers as well.

Oxidative stress-response signaling contributes to the development of many human cancers
including NSCLC (14,15). The NF-E2-related factor 2 (NFE2L2, referred to as NRF2)
transcription factor induces the expression of ~200 cytoprotective genes which collectively
combat oxidative stress, including HMOX1 (heme oxygenase (decycling) 1), NQO1
(NAD(P)H dehydrogenase, quinone 1), and GCLM (Glutamate--cysteine ligase regulatory
subunit). NRF2 activates these genes via binding to the antioxidant responsive element
(ARE) sequence. Under a quiescent state, KEAP1/CUL3/RBX1, an E3 ubiquitin ligase,
ubiquitylates NRF2 in the cytoplasm, thus facilitating its degradation by the 26S
proteasome. In the presence of oxidative stress, KEAP1 undergoes a conformational change

Mol Cancer Res. Author manuscript; available in PMC 2021 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Song et al.

Page 3

that results in NRF2 stabilization, NRF2 nuclear translocation and transcriptional activation
of NRF2 target genes like HMOXI1 and GSTMA.

HMOX1 is a rate-limiting enzyme in the catabolism of heme into biliverdin with anti-
inflammatory, anti-apoptotic, and anti-oxidative effects (16). Several groups have reported
that HMOX1 is elevated in a variety of human cancers, including prostate (17,18), pancreas
(19,20), and liver (21). High expression of HMOX-1 is also associated with tumor
invasiveness and poor prognosis in non-small cell lung cancer patients (22). In addition,
HMOX1 expression correlates with advanced stages and lymph node involvement (23).

Previous reports have demonstrated a functional interaction between the SWI/SNF complex
and the KEAP1/NRF2/ARE pathway using colorectal carcinoma and immortalized
embryonic kidney cell lines (24,25). However, functional relationships between chromatin
remodeling and NRF2-dependent transcription have not been examined in lung cancer. We
hypothesized that BRG1 and/or BRM mutations might promote NSCLC progression in part
through regulation of NRF2 target genes. Collectively, our data suggest that loss of
SWI/SNF chromatin remodeling complex activity activates the NRF2 pathway in NSCLC,
providing a mechanism for its role in NSCLC development. Thus, therapeutic approaches
that inhibit NRF2 or NRF2 target genes might benefit BRG1 deficient NSCLC patients.

MATERIAL AND METHODS

Cell culture and chemicals

The H358, H441, H520, H522, and A427 cell lines were obtained from ATCC. All cell lines
were grown in RPMI 1640 with 10% FBS (Gibco, Life Technologies, Grand Island, NY).
All experiments were performed with cell lines within 20 passages of receipt (<3 months) to
ensure the identity of each cell line. Cell lines containing stable BRG1 or BRM knockdown
were maintained in RPMI11640 supplemented with 1 ug/ml puromycin or 0.4mg/ml
neomycin, respectively. Stable BRG1 and BRM double knockdown cell lines were
maintained in RPMI1640 supplemented with 1 pg/ml puromycin and 0.4mg/ml neomycin.
tert-Butylhydroquinone (tBHQ) was purchased from Sigma (St. Louis, MO). All cell lines
were routinely tested for mycoplasma contamination by the UNC Tissue Culture Facility
using a co-culture/DNA staining technique. All cell lines were found to be negative.

Generation of stable RNAI clones

Two methods are used to establish stable BRG1 knockdown cell lines. (1) H358 Control and
H358 Brgli.1 were generated using RNAI expression vectors: pHTP empty vector and
pHTP-BRG1i, respectively (26,27). H358 parental cells were transfected with each vector
using FUGENE 6 (Promega, Madison, WI). Twenty-four hours post-transfection, cells were
selected with 1mg/ml puromycin. (2) To generate lentiviral particles for infection of H358
cells, DNA for the MISSION BRG1 shRNA (TRCN0000015549) from Sigma (St. Louis,
MO) was co-transfected with packaging plasmids (ANRF, PMDKG64) into 293FT cells by the
calcium phosphate method as previously described (28). H358 cells were incubated with
4ug/ml polybrene for 30 minutes before being exposed to lentiviral particles, and, 24 hours
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later, selected with mg/ml puromycin. We designated the BRG1 knockdown cell lines as
H358 Brgli.2 (TRCN0000015549).

To generate stable H358 Brmi knockdown cell line, H358 parental cells were transfected
with pSR-BRMi using FUGENE 6 (Promega, Madison, WI) (26). Twenty-four hours post-
transfection, cells were selected with 0.4mg/ml neomycin.

To generate stable BRG1 and BRM double knockdowns, puromycin resistant BRG1
knockdown cell lines H358 Brgli.1.25 and H358 Brgli.2.4 were infected with pSR-BRMi
retroviral particles. Retroviral particles were produced using Phoenix cells by the calcium
phosphate method (29). Twenty-four hours post-infection, cells were selected with 1ug/ml
puromycin and 0.4mg/ml neomycin. Stably infected or transfected clones were isolated,
expanded and screened for BRG1 and BRM expression by Q-PCR and western blotting. At
least three clones with the lowest BRG1 and/or BRM expression were combined to generate
pooled cell lines for further analysis. We confirmed reduced BRG1 and/or BRM protein and
MRNA levels in all cell lines by western blotting and qPCR, respectively (Supplemental
Figure 1 and Figure 3).

Generation of stable CRISPR clones

The single guide RNAs (sgRNA) targeting the BRG1 ATPase domain and the BRM ATPase
domain were designed using an online CRISPR design tool (http://crispr.mit.edu/).
LentiCRISPR (pXPR_001) plasmid was used to generate stable CRISPR clones. The target
guide sequence cloning protocol is adopted based on the protocol developed by Feng
Zhang’s group (30,31). Briefly, it was digested with BsmBI enzyme (FD0454, Fermentas)
and gel-purified using QIAquick Gel Extraction Kit (28704, Qiagen, Ipswich, MA). In order
to clone the target sequence into the pXPR_001 backbone, a pair of oligos for BRG1
(oligol: CACCGAGGTACGTGATGAGCGCGA, oligo2:
AAACTCGCGCTCATCACGTACCTC) and for BRM (oligol:
GAATCTTAGCCGATGAAATGGGG, oligo2: AAACATTTCATCGGCTAAGATTC) were
synthesized by IDT (San Jose, CA) and annealed in our lab. The pXPR_001 backbone and
the oligo duplexes were ligated using 2X Quick Ligase Buffer (M2200, NEB, Ipswich, MA).
H358 parental cells were transfected with each ligated vector using FUGENE 6 (Promega,
Madison, WI). Twenty-four hours post-transfection, cells were selected with 1Img/ml
puromycin for three days. Single clones were isolated, expanded and screened for BRG1 and
BRM expression by western blotting. Three clones of H358 with no BRG1 expression or no
BRM expression were combined to generate pooled cell line for further analysis. We
confirmed reduced BRG1 and/or BRM protein levels by western blotting, respectively
(Figure 3).

Protein extracts and immunoblotting

Cell lysates were prepared by whole cell extract buffer (20 mM Tris pH 7.5, 400 mM NacCl,
10% Glycerol, 0.5% NP40, 0.1% SDS) and were subjected to sodium dodecy! sulfate-
polyacrylamide gel electrophoresis (4%-12% Bis-Tris gel) and transferred to PVDF
membrane or nitrocellulose (Figure 2). Protein concentrations were determined by Bradford
or BCA protein assay reagent (Pierce, Rockford, IL). The PVDF membrane was incubated
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in a blocking buffer for 1 hour and then with a primary antibody (1:1000 dilution) overnight
at 4 °C, followed by a HRP-conjugated secondary antibody (1:1000 dilution in blocking
buffer). Proteins of interest were visualized with ECL western blotting substrate according to
manufacturer’s instructions (GE Healthcare, Uppsala, Sweden). The following antibodies
were used: KEAP1 (10503-2-AP, Protein Tech, Chicago, IL), NRF2 (21781, Epitomics,
Burlingame, CA), HMOX1 (ab13243, Abcam, Cambridge, England), NQO1 (11451, Protein
Tech, Chicago, IL), GCLM (sc22754, Santa Cruz Biotechnology, Dallas, TX), BRG1 (G7,
sc17796, Santa Cruz Biotechnology, Dallas TX), BRM (ab15597, Abcam, Cambridge,
England) and B-ACTIN (A2066, Sigma, St. Louis, MO).

Quantitative RT-PCR

Total RNA was extracted using the RNeasy mini kit (Qiagen, Venlo, Limburg) according to
manufacturer’s protocol, and was quantified by nanodrop spectrophotometry. 1 ug was used
for cDNA synthesis and reverse transcription was performed using M-MLV reverse
transcriptase (Invitrogen, Grand Island, NY) with random primers (Invitrogen, Grand Island,
NY) and dNTP mix according to manufacturer’s instructions. We determined cDNA levels
using the ABI 7900HT sequence detection system (Applied Biosystems, Grand Island, NY)
with TagMan Universal PCR Master Mix reagents. Relative quantification was analyzed by
the 2-AACt method with B-ACT/N serving as an endogenous control. The primers used to
detect the expression of S-ACT/N (Hs00357333_g1) GCLC (Hs00155249_m1), GCLM
(Hs00157694 m1), GSTM4 (Hs00426432_m1), HMOX1 (Hs01110250_m1), NFE2L2
(Hs00975961_g1), NQOI (Hs02512143_s1), SMARCAZ (Hs01030846_m1) and
SMARCA4 (Hs00946396_m1) were purchased from Life Technologies, (Grand Island,
NY).

Chromatin immunoprecipitation (ChiP)

ChIP was performed as described previously (28). Briefly, H358, H358 Control, or H358
Brgli.2 cells were fixed with 1% formaldehyde in PBS for 15 minutes at room temperature,
whereas H358 Brgli.2Brmi double knockdown cells were fixed for 8 minutes. Crosslinking
was quenched by adding glycine to a final concentration of 125mM for at least 10 minutes.
Cells were then collected in lysis buffer (1% NP40, 0.1% SDS, 5mM EDTA, 50mM Tris, pH
8.0, 150mM NaCl, protease inhibitors cocktail tablet) and cell lysates were sonicated for
5minutes (for 1 cycle:15 sec on/45 sec off, 20 cycles) at 20% amplitude. ChIP was
performed with antibodies specific to NRF2 (H300, Santa Cruz Biotechnology, Dallas, TX),
BRG1 (A300-813A, Bethyl Laboratories, Inc., Montgomery, TX), RNA polymerase 11
(MMS-126-R, Covance, Raleigh, NC) or normal rabbit IgG (SC-2027, Santa Cruz
Biotechnology, Dallas, TX). Precipitated DNA was determined by Q-PCR using gene-
specific primers as listed in Table 1 and normalized against input DNA.

Expression Analyses of Primary Human Lung Adenocarcinomas

Data from the TCGA lung adenocarcinoma project (32) was analyzed in an effort to
determine whether KEAP1-NRF2 signaling activity was associated with low SMARCA4/
BRG1 expression status (33). Samples with non-silent mutations of KEAP1, NFEZLZ, and
SMARCA4/BRGI were identified. Starting with raw read-counts per gene available through
the Broad Firehose Portal, gene expression measurements were computed: First,
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normalization was applied using the EdgeR R package CalcNormFactors() function,
applying the “TMM?” method. Gene expression (LCPM) was then calculated by gene
specific read-counts per million total normalized reads, then applying log, transformation.
We defined a threshold for low SMARCA4/BRG1 expression to be the highest SMARCA4/
BRG1 expression value observed in any of the samples with BRGI nonsense or frameshift
mutations. Relevant NRF2 target genes for LUAD were defined using differential expression
analysis. Briefly, tumors with KEAP1 or NRF2 mutations were compared to those without
any alterations in the NRF2 pathway (mutations or copy number variants effecting KEAP1,
NRF2, or CUL3). Mutations (Varscan) and copy number variants (GISTIC) were accessed
through the Broad Firehose Portal. Expression data was prepared as above and analyzed for
differential expression using the R Limma package as described in (34). A two-sided
Wilcoxon rank sum test was applied to test the null hypothesis that there is association
between NRF2 gene expression and low SMARCA4/BRG1 expression status. R 2.15.1 was
used to perform statistical analysis and generate figures (35).

Gene Sequencing

KEAP1 and NFE2L 2 genotype was validated using targeted capture next generation
sequencing using the Agilent SureSelect Targeted capture protocol and illumina hiSeq 2500
sequencer and chemistry (36).

RNA Sequencing

RESULTS

RNA was extracted using a Zymo QuickRNA Mini Prep. Samples were submitted to
Novogene Corporation, Inc (Sacramento, CA) for library preparation and sequencing using
an Illumina NovaSeq 6000 at a depth of 40 million read pairs. Fastq files were aligned to the
genome (hg38) using STAR version 2.6.0a. BAM files were quantified using salmon version
0.12.0. Differential expression was performed the DEseq2 package in R version 3.6.

Low BRG1 expression levels in primary human NSCLC are associated with
increased KEAP1-NRF2 signaling —We evaluated relationships between the
expression of NRF2 target genes and mutations within KEAPI, NRF2and SMARCA4/
BRG1in 513 primary human adenocarcinoma samples investigated by TCGA. The LUAD
cohort contained 90 (17.6%) samples with KEAPI mutations and 10 samples (2%) with
NFEZL2mutations. Samples (n=20) with inactivating mutations (frame shift, nonsense or
splice site) in SMARCA4/BRG1 were used to define a threshold for low SMARCA4/BRG1
expression (Figure 1A). As expected, the 19 tumors samples harboring missense mutations
in SMARCA4/BRG1 did not show decreased expression (Figure 1A). Interestingly, tumors
with low SMARCA4/BRG1 expression displayed relatively higher NRF2 target gene
expression than wildtype tumors, including tumors without mutations in KEAPI and/or
NRF2 (Figure 1B). Thus, we conclude that decreased SMARCA4/BRG1 expression
positively correlates with increased NRF2 target gene expression in human LUAD tumors.

Reduced SWI/SNF complex activity alters NRF2 signaling-—To validate the
correlations observed in human tumors, we tested whether reduced SWI/SNF complex
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activity affected KEAP1-NRF2 signaling in cultured human lung cancer cell lines. We chose
2 cell lines derived from lung adenocarcinomas, H358 and H441, and 1 cell line derived
from a squamous cell carcinoma of the lung, H520. These cell lines possess wild-type
BRGI1, NRF2and KEAPI genes by exome sequencing (10,36). Two approaches were used
to suppress SWI/SNF function: siRNA-based transient transfection and shRNA-based stable
suppression. First, we measured the effects of transient BRG1 knockdown on KEAP1-NRF2
signaling in each cell by siRNA-based silencing and western blot. As shown in Figure 2A,
we reduced BRGL1 expression by approximately 90% in each cell line as compared to the
non-targeting control. Expression of the consensus NRF2 target, HMOX1, increased in each
cell line after BRG1 reduction. In contrast, protein levels for KEAP1, NRF2 and NQO1,
another consensus NRF2 target, did not increase following BRG1 loss. Therefore, transient
repression of BRG1 expression increased the expression of one key NRF2 target gene,
HMOXZ1, a recently described driver of lung tumor metastasis (37).

We next generated BRG1 and/or BRM-depleted clonal cell lines using stable shRNA in the
human H358 cell line (Figure 2B-C). We then evaluated KEAP1/NRF2 pathway activity in
these cell lines by western blot analysis of NRF2 protein levels, NRF2 target gene
expression, and the presence of SDS-resistant dimeric KEAP1 (KEAP1 dimer). Inactive
KEAP1 forms a SDS-resistant dimer, thus KEAP1 dimer levels serve as a metric for its
activity (38,39). Stable BRG1 reduction resulted in the inactivation of KEAP1 and increased
NRF2 and HMOX1 mRNA and protein levels (Figure 2D-F). In contrast, reduction in BRM
expression in either parental or BRG1 knockdown cells did not strongly alter NRF2 mRNA
levels or NRF2 and KEAP1 dimer protein levels (Figure 2D-E). Similar results were
observed in a second BRG1 shRNA clonal cell line, Brgli.1 (Figure S1). Therefore, stable
inhibition of BRG1-containing SWI/SNF complex activity also significantly increased
dimeric KEAP1, NRF2 and HMOX1 expression.

The impact of BRG1 and/or BRM suppression on four additional NRF2 target genes,
GSTM4, NQO1, GCLMand GCLC, displayed a more complex pattern of expression
(40,41). Similar to HMOX1, both BRG1 knockdown cell lines showed a significant increase
in GSTMA4 transcript levels (Figure 3F). However, the H358 Brgli.2 cells showed a
reduction in mRNA levels for the other three genes (Figure 2H-J). In contrast to BRG1
reduction, cells expressing reduced BRM levels displayed moderately increased NQO1 and
GCLM transcript and protein levels. and increased GCL Ctranscripts levels (Figure 2D, H-
J). HMOX1 protein and mRNA levels and GSTM4 mRNA levels remained unchanged
following BRM reduction (Figure 2D, F-G). Unexpectedly, double silencing of BRGI and
BRM led to increased dimeric KEAP1, NRF2, HMOX1, and GSTM4 expression but
reduced expression of NQOI, GCLM and GCLC, suggesting that BRG1 loss is dominant to
BRM loss (Figure 2D-J).

We also examined the effects of reduced BRGI and/or BRM expression on NRF2-mediated
induction of its target genes following tert-butylhydrogquinone (tBHQ) treatment, an
established KEAP1 antagonist and NRF2 activator (42). NRF2 protein expression increased
in all cell lines following tBHQ treatment (Figure 3D). H358 cells lacking either BRG1
alone or both BRG1 and BRM displayed high levels of SDS-resistant KEAP1 dimer; tBHQ
treatment did not further increase dimer formation in these cells. HMOX1 protein expression
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increased in all cell lines after tBHQ treatment, albeit to different levels given the wide-
range of baseline expression across the cell lines (Figure 3D). GCLM was similarly
responsive to tBHQ treatment, with the notable exception of the BRG1/BRM double
knockdown H358 cells. Thus, despite stabilizing NRF2 protein, decreased SWI/SNF
complex activity differentially impacts the induction of NRF2 target genes by tBHQ.

Reduced SWI/SNF activity impacts NRF2 binding to its ARE sequences-—To
better understand how SWI/SNF chromatin remodeling activity influences NRF2-driven
transcription, we performed a series of chromatin immunoprecipitation experiments on the
HMOX1, GCLM and NQOZI promoters (43-45). We initially characterized the HMOX1
promoter that harbors two enhancers, E1 and E2, located at approximately 4kb and 10kb
upstream from the transcription start site (TSS). These enhancers have been previously
shown to contain functional antioxidant response elements (AREs), and bind NRF2. In
addition, we looked at binding at the TSS and 500bp upstream of the TSS. ChIP analysis
revealed the presence of BRGL1 at both enhancers, the TSS and the +500 sites (Figure 3A).
As expected, the BRG1 signal was reduced 2-3 fold in the BRG1 knockdown cell lines but
not to the level observed with the 1gG controls (Figure 3A). Treatment with tBHQ did not
impact BRG1 loading onto the any of these sites (Figure 3B).

In contrast to BRG1, recruitment of NRF2 to the regulatory regions of the HMOX1
promoter was greatly increased by tBHQ treatment (Figure 3-compare the lanes in panel C
to the corresponding lanes in panel D). In addition, H358 cells deficient for BRG1 or both
BRG1 and BRM displayed increased NRF2 on the HMOX1 enhancers (E1 and E2), both in
the absence and presence of tBHQ (Figure 3C, D). Consistent with increased NRF2 binding,
the recruitment of RNA polymerase 1l (RNA Polll) to the E2, TSS, and +500bp sites within
the HMOX1 gene was also increased significantly by tBHQ and by knockdown of BRG1 or
both BRG1 and BRM (Figure 3E). In contrast, we did not observe a significant change in
NRF2 binding to the consensus NRF2 binding site in MQO1, consistent with the absence of
increased expression following BRG1 loss (Figures 3F and 2D, respectively). However, we
did see a slight but statistically significant reduction in RNA Polll binding that mirrored the
modest reduction in MRNA levels after BRG1 knockdown (Figures 3F and 2H,
respectively). We also examined NRF2 binding at the GCLM promoter where the consensus
NRF2 binding site maps ~50bp upstream of the TSS. We did not find any significant
differences in NRF2 or RNA Polll binding between the H358 and H358 Brmi cell lines
(Figure 3G). Our results demonstrate a correlation between HMOX1 expression and
increased NRF2 binding after BRG1 knockdown to its ARE binding sites. These results
implicate increased NRF2 binding as a mechanism by which mutations in SWI/SNF
complex components contribute to NSCLC development.

Characterization of BRG1 and BRM knockout cell lines

We used CRISPR/Cas9 genome engineering to genetically ablate the BRG1 locus or the
BRM locus in H358 lung cancer cells (Figure 4A). Similar to the BRG1i.2 and Brmi shRNA
stable clones, BRG1-knockout (BRG1 KO) cells displayed increased levels of dimeric
KEAP1 and HMOX1 proteins while BRM-knockout (BRM KO) cells showed no alterations
(Figure 4A). In contrast to the stable shRNA cell lines neither the BRG1 KO nor the BRM
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KO cells displayed altered NQO1 levels (Figure 4A). We then examined global gene
expression by RNA-seq to compare the changes in gene expression associated with either
BRG1 and BRM knockout (Supplementary Figure 2). As shown in Figure 4B&C, we
observed ~ 21% of genes in the BRG1 KO cells and ~17% of genes in the BRM KO cells
with a significant change in expression (log2FC <-1 or >1; padj <0.05) compared to the
H358 parental cells. Of interest, we saw similar numbers of genes with significantly altered
expression (padj <0.05) with increased expression and decreased expression in both cell
lines (Figure 4B & C). We also found about 50% of the genes with altered expression
overlap in the 2 cell lines (Figure 4D). However, many of these genes changed expression in
the opposite direction (Supplementary Table 1). We also carried out GSEA analyses to
determine whether NRF2 signaling appeared altered in either knockout cell line. While we
did not observe a significant enrichment for NRF2 signaling in the BRG1 KO cell line, we
observed a trend towards increased NRF2 signaling in the BRM KO cells (Figure 4E).
Finally, we compared expression of genes that changed in the primary LUADs shown in
Figure 1B with the same genes in the BRG1 KO and BRM KO cell lines. We found a good
correlation between the gPCR data and the RNA-seq for HMOX1, GSTM4and GCLM gene
expression (Figure 3 and Figure 4F). We also saw an increase in gene expression in either
the BRG1 KO and/or the BRM KO cell lines for 7 of the 13 genes that showed increased
expression in the SMARCA4-low LUADs (Figure 1B and 4F). As with the H358 shRNA
knockdown cell lines, we also saw 5 genes with decreased expression in the BRG1 KO and
BRM KO cells.

A recent publication showed that increased HMOX1 expression in a genetically engineered
mouse model increased the metastatic properties of lung tumors through stabilization of the
BACH1 transcription factor (37). We had previously shown a significant gain of invasive
capability in the H358 Brg1li.2 cell line after inoculation in the lungs of nude mice (46).
Therefore, we looked at BACH1 expression in the BRG1 and BRM KO cell lines. Despite
the increased expression of HMOX1 in these cell lines after BRG1 knockdown or the tBHQ
treatment, we did not observe any change in BACH1 protein levels (Figure 4A).

DISCUSSION

Recent next-generation sequencing studies have identified recurrent mutations in key
SWI/SNF complex members, including BRG1/SMARCA4, ARID1A, PBM1 and SNF5/
INI1 across a broad range of human tumors (47). This observation has proved especially true
for human NSCLCs where mutation frequencies for BRG1 and ARID1A have ranged from
10-20% (48,49). Therefore, the significant number of these mutations emphasizes the need
to understand the effects of loss of SWI/SNF complex activity during progression of
NSCLC.

Multiple studies have established a role for oxidative stress in the development of cancer
(50). High levels of ROS are detrimental to normal cells and could lead to tumor
development by inducing DNA damage and oncogenic mutations. In a complementary
fashion, malignant transformation further increases ROS production. Activation of the
KEAP1/NRF2 pathway presumably protects cells against the harmful effects of oxidative
stress by inducing the expression of a battery of cytoprotective proteins. Alleviating reactive
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oxidative species (ROS)-mediated damage by constitutive NRF2 activation should prove
beneficial for tumor cells. Our results indicate that mutations in the SWI/SNF complex could
also maintain a favorable redox balance in cancer cells and promote their survival by further
activating key downstream targets of the KEAP1/NRF2 pathway.

A previous report by Ge and colleagues found BRG1 and NRF2 functionally interacted with
each other to regulate hepatic ischaemia/reperfusion injury via propofol post-conditioning
(24). They found that NRF2 mediated control HMOX1 expression was BRG1-dependent.
Another report (25) by Yamamoto and colleagues demonstrated inhibition of HMOX1
induction in the absence of BRG1 in a human colorectal carcinoma cell line, SW480.
Interestingly, they also noted an increase in DEM-inducible NRF2 expression in SW480
cells with stable knockdown of BRG1 using 2 different sShRNAs. They also found similar
results in that BRG1 loss did not significantly affect NQO1 expression. The differences
between this study and our own raise the exciting possibility that BRG1 could play different
or even opposing roles in NRF2 signaling in different tissues. Indeed, overexpression of
SMARCA4 occurs more frequently in colorectal cancers than deletions or mutations (51).

We previously demonstrated that 10% of lung cancers show concomitant loss of BRG1 and
BRM expression with a statistically significant correlation with poorer prognosis (13). The
knockdown of both proteins in the H358 cell line also led to the strong induction of the
NRF2 targets HMOX1 and GSTM4. While we saw similar results with our BRG1 and BRM
knockout cell lines, we could not isolate a double knockout cell line. This failure may reflect
a previous report showing a synthetic lethality for BRM in BRG1-deficient cell lines (52).
The fact that we could isolate BRG1/BRM double knockdown cell lines supports the notion
that cells only require low levels of SWI/SNF complex activity for continued proliferation. It
also limits the application of CRISPR technology for characterizing dual loss of the
SWI/SNF ATPase subunits in cell lines.

Another group (53) has shown that increased expression of NRF2 and decreased expression
of KEAP1 by immunohistochemistry are associated with a poor outcome in NSCLC. In
addition, increased expression of HMOX1, one the consensus NRF2 target genes, has been
found in various tumor types (54). HMOX-1 up-regulation is implicated in chemoresistance
and inhibition of HMOX1 by siRNA or a specific inhibitor ZnPP can sensitize lung cancer
cells to cisplatin (55). Therefore, the higher levels of HMOX1 observed in BRG1-deficient
NSCLC cell lines, +/- tBHQ, could lead to greater resistance to chemotherapeutic drugs. In
addition, a recent report demonstrated a correlation in human LUADs between KEAP1
mutations and high levels of HMOX1 by IHC (37). This report also proposed that LUADs
with high expression of HMOX1 may prove more aggressive via upregulation of the BACH1
transcription factor, a known drive of cancer metastasis (37). The increased BACH1
expression results from the high HMOX1 levels that would scavenge free heme and inhibit
proteasome-dependent degradation of BACH1. However, we did not observe increased
BACH1 expression in our BRG1 KO cell line, even with the high HMOX1 levels induced by
tBHQ treatment (Figure 4A). Whether this disparity reflects a difference between mouse and
human cells and/or cell lines and genetically-engineered mouse models remains unclear.
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We propose that expression of NRF2 target genes after BRGL1 loss is regulated by altered
nucleosome occupancy at NRF2 binding sites (see model in Figure 5). Our study appears
consistent with the recent reports by ourselves and Tolstorukov et al. that inactivation of
SWI/SNF leads to reduced nucleosome occupancy at regions surrounding TSS (46,56).
Thus, reduced BRGL1 expression leads to changes in nucleosome occupancy surrounding
NRF2 binding sites. Ultimately, our data suggest that the “relaxed” nucleosome positioning
results in increased expression of some NRF2 targets and decreased expression of others, i.e.
a significant increase in the levels of HMOX1, GSTM4 and PIR with a concomitant decrease
in SLC7A11, GSR and PGD. In contrast, BRM loss led changes in expression of different
NRF2 targets including increased G6PD and GSR and decreased TRIM16L. The
identification of the mechanisms underlying the differences between the effects of BRG1
and BRM loss on gene expression will require further experiments.

Our study establishes a link between SWI/SNF complex function and the KEAP1-NRF2-
ARE pathway in NSCLC. Intriguingly, we also found that loss of BRG1 affects KEAP1/
NRF2 signaling differently than BRM loss in NSCLC cell lines, further functionally
distinguishing these SWI/SNF complexes. Our investigation also emphasizes the importance
of personalized medicine: patients with BRG1 and/or BRM deficient NSCLC may need
different therapeutic approaches compared to individuals with wild-type expression (57,58).
Studies to identify drugs that specifically target SWI/SNF complex loss or inactivate NRF2
signaling will prove critical to the treatment of this population of NSCLC patients.
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Refer to Web version on PubMed Central for supplementary material.
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Implication:

Our study identifies a novel mechanism for how mutations in the SMARCA4 gene may
drive progression of human lung adenocarcinomas.
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Figure 1. Analysis of TCGA Lung Adenocarcinoma Cohort.
(A) Density plot of SMARCAA4 expression amongst LUAD tumors in TCGA. Contributions

of tumors with mutated vs. unaltered SMARCAA loci are color coded. blue - no alteration.
grey - missense or splice site mutation. orange - nonsene or frame shift deletion. dashed
line - highest expression of SMARCA4 in a LUAD tumor with SMARCAA4 nonsense
mutation (6 LCPM). (B) Expression of NRF2 regulatory and target genes by SMARCA4
status. Displayed target genes include the top 15 (by p-value) differentially expressed genes,
comparing LUAD tumors with and without NRF2/KEAP1 mutations. Standard NRF2 target
genes HMOX1 and GSTM4 were also added for comparison with experimental data. orange
- low SMARCA4 expression as defined by range of expression seen in tumors with non-
sense mutations in SMARCA4, below 6 LCPM. blue - normal range of SMARCA4
expression, above 6 LCPM.
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Figure 2. BRG1 deficiency activatestranscription of a subset of NRF2 tar get genes.
BRG1 and/or BRM were knocked down in H358 cell line using a lentiviral system or

transfection to deliver shRNA. The A427 and H522 lung cancer cell lines possessing
inactivating mutations of BRGI and epigenetic silencing of BRM were used as controls. (A)
The indicated human NSCLC cell line was transfected with either a non-targeting siRNA
(siCONTROL) or a siRNA targeting BRG1 (siBRG1). 72h after transfection, the indicated
proteins were detected and quantified by western blot analysis from whole cell lysates.
Relative protein abundance was quantified by densitometry from linear-range film
exposures. (B) mRNA levels were determined by qPCR for each gene normalized to B-
ACTIN. *P-value< 0.05, (Student T test) and error bars represent + SEM. gPCR results are
representative of two independent experiments and assayed twice. (C) Whole cell lysates
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were separated by 4-12% SDS-PAGE and probed with the indicated antibodies. (D) Clonal
H358 cells stably expressing BRG1 and/or BRM shRNAs were treated with tBHQ for 16h
before protein extraction and western blot analysis. Protein abundance was quantified by
densitometry from linear-range film exposures. B-actin-normalized values are presented. (E-
J) Transcript abundance for the indicated MRNAs was determined by gPCR. B-ACTIN was
used for normalization. Data represent two independent experiments, assayed in technical
duplicate. * P-value < 0.05 (Student T test) and error bars represent + SEM.
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Figure 3. BRG1 knockdown leadsto a significant increasein NRF2 binding to the HM OX1

promoter.

ChIP assays were carried out using cross-linked chromatin from H358, H358 control, H358
BRG1 knockdown (H358 Brgl.2) and H358 BRG1 and BRM knockdown (H358Brgli.2/
Brmi) cells treated with 100% ethanol (vehicle control) or tBHQ (75uM) for 6h.
Nucleoprotein complexes were immunoprecipitated with antibodies against BRG1, NRF2,
RNAP I, or a rabbit IgG control and the amount of precipitated DNA was determined by
gPCR with oligonucleotide primers complimentary to the ARE, TSS and +500bp sequences
of HMOX1 promoter region and the NRF2 ARE binding sites (BS) of the NQO1 and GCLM
promoter regions. (A) BRG1 binding is reduced to the 4 sites within the HMOXZ1 promoter
region after knockdown in the H358 Brg1.2 and H358Brg1li.2/Brmi cell lines (B) tBHQ
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treatment (75uM) for 6h does not affect BRG1 association with 4 sites within the HMOX1
promoter region (C) Differential NRF2 binding to its regulatory regions in the HMOX1
promoter among the H358, H358 control, H358 BRG1 knockdown and H358 BRG1/BRM
knockdown cell lines. (D) In response to tBHQ treatment, NRF2 binding was increased ~10
fold to its regulatory regions in the HMOX1 promoter in the H358, H358 control, H358
BRG1 knockdown and H358 BRG1/BRM knockdown cell lines. (E) The recruitment of
RNA polymerase 1l to EN2, TSS, and +500bp was increased in H358 cells after BRG1 loss
and/or tBHQ treatment. (F) and (G) Nucleoprotein complexes were immunoprecipitated
with antibodies against NRF2, RNAP Il, BRG1 or a rabbit 1gG control and the amount of
precipitated DNA was determined by gPCR with oligonucleotide primers complimentary to
the ARE sequences of NQOI (F) and GCLM (G). Data are representative of one experiment
(NRF2-ChlIP) and two independent experiments (RNAPII-ChIP, BRG1-ChlIP and IgG-ChlP)
and assayed twice. *P-value < 0.05, (Student T test) and error bars represent + SEM.
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Figure 4. Characterization of H358 BRG1 and BRM knockout cell lines.
CRISPR/Cas9 engineering was used to delete BRG1 or BRM from H358 cells. (A) Western

blots showing the effects on CRISPR knockouts of BRG1 and BRM on NRF2, KEAP1 and
downstream targets. (B) Volcano plot results of RNA-seq differential gene expression (H358
BRG1_KO/Parent) for protein coding genes using DESeqg2 (n = 19,879 genes total).
Significantly upregulated genes (padj < 0.05 and Log2FoldChange > 1) are colored in red (n
= 2,082 genes). Significantly downregulated genes (padj < 0.05 & Log2FoldChange < -1)
are colored in blue (n = 2010 genes). Non-significant genes are colored in grey (n = 15,787
genes). SMARCA4/BRG1 and NRF2 target genes are identified. (C) Volcano plot results of
RNA-seq differential gene expression (H358 BRM_KO/Parent) for protein coding genes
using DESeq2 (n = 19,879 genes total). Significantly upregulated genes (padj < 0.05 and

Mol Cancer Res. Author manuscript; available in PMC 2021 June 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Song et al.

Page 23

Log2FoldChange > 1) are colored in red (n = 1,785 genes). Significantly downregulated
genes (padj < 0.05 & Log2FoldChange < -1) are colored in blue (n = 1,531 genes). Non-
significant genes are colored in grey (n = 16,653 genes). SMARCA2/BRM and NRF2 target
genes are identified. (D) Venn diagram showing the number of genes that change relative to
the H358 parental cell line exclusive to the H358 BRG1 KO cell line (n = 2792 genes),
exclusive to the H358 BRM KO cell line (n = 3,518 genes) and the number of genes that
change in both cell lines (n = 3, 487 genes). (E) Enrichment plot for NRF2 HALLMARK
terms in RNA-seq data (LCPM normalized TPMs) using GSEA (MSigDB GO gene set - C5
all v6.0). (F) mRNA expression of NRF2 target genes derived from the H358 parent, H358
BRG1 KO and the H358 BRM KO cell lines. Poly A capture RNAseq was performed in
biological triplicate. Raw counts as quantified by Salmon were normalized by the trimmed
means method and Log?2 transformed. Indicated g-values were estimated using DESeq2,
comparing parental H358 to the indicated knock out cell lines.
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Figure 5. Schematic mechanism for KEAP1-NRF2 activation caused by SWI/SNF chromatin
remodeling loss.

BRG1 loss induced KEAP1-NRF2 activation is shown through ROS production and altered
nucleosome occupancy.
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List of PCR primers used to determine ChIP enrichment of ARE sites in HMOX1, NQO1 GCLM.

Table 1.

Q-PCR Primersused in ChlP

Gene: Position

sequence

HMOX1:EN2

HMOX1: EN1

HMOX1: TSS

HMOX1: +500

NQO1BS

GCLMTSS

F: TCGCTAAGTCACCGCCCCGA
R: AGCGAAAACAGACACCGGGACC

F: TGCGTCATGTTTGGGAGGGGG
R: AGCTGAGGAGGCACTGGTGA

F: CCAGAAAGTGGGCATCAGCT
R: GTCACATTTATGCTCGGCGG

F: GTCCGCAACCCGACAGGCAA
R: GGTGGGGCTAGGACGCAAGC

F: CAGGATTCAGGCGTTGGGT
R: ATATATCCTGTCCGGCCCGT

F: TCTCGGCTACGATTTCTGCT
R: GCGGGAGAGCTGATTCCAAA

For each primer set, the forward (F) and reverse (R) primers are indicated in the center column.
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	RESULTS
	Low BRG1 expression levels in primary human NSCLC are associated with increased KEAP1-NRF2 signaling –—We evaluated relationships between the expression of NRF2 target genes and mutations within KEAP1, NRF2 and SMARCA4/BRG1 in 513 primary human adenocarcinoma samples investigated by TCGA. The LUAD cohort contained 90 (17.6%) samples with KEAP1 mutations and 10 samples (2%) with NFE2L2 mutations. Samples (n=20) with inactivating mutations (frame shift, nonsense or splice site) in SMARCA4/BRG1 were used to define a threshold for low SMARCA4/BRG1 expression (Figure 1A). As expected, the 19 tumors samples harboring missense mutations in SMARCA4/BRG1 did not show decreased expression (Figure 1A). Interestingly, tumors with low SMARCA4/BRG1 expression displayed relatively higher NRF2 target gene expression than wildtype tumors, including tumors without mutations in KEAP1 and/or NRF2 (Figure 1B). Thus, we conclude that decreased SMARCA4/BRG1 expression positively correlates with increased NRF2 target gene expression in human LUAD tumors.Reduced SWI/SNF complex activity alters NRF2 signaling-—To validate the correlations observed in human tumors, we tested whether reduced SWI/SNF complex activity affected KEAP1-NRF2 signaling in cultured human lung cancer cell lines. We chose 2 cell lines derived from lung adenocarcinomas, H358 and H441, and 1 cell line derived from a squamous cell carcinoma of the lung, H520. These cell lines possess wild-type BRG1, NRF2 and KEAP1 genes by exome sequencing (10,36). Two approaches were used to suppress SWI/SNF function: siRNA-based transient transfection and shRNA-based stable suppression. First, we measured the effects of transient BRG1 knockdown on KEAP1-NRF2 signaling in each cell by siRNA-based silencing and western blot. As shown in Figure 2A, we reduced BRG1 expression by approximately 90% in each cell line as compared to the non-targeting control. Expression of the consensus NRF2 target, HMOX1, increased in each cell line after BRG1 reduction. In contrast, protein levels for KEAP1, NRF2 and NQO1, another consensus NRF2 target, did not increase following BRG1 loss. Therefore, transient repression of BRG1 expression increased the expression of one key NRF2 target gene, HMOX1, a recently described driver of lung tumor metastasis (37).We next generated BRG1 and/or BRM-depleted clonal cell lines using stable shRNA in the human H358 cell line (Figure 2B–C). We then evaluated KEAP1/NRF2 pathway activity in these cell lines by western blot analysis of NRF2 protein levels, NRF2 target gene expression, and the presence of SDS-resistant dimeric KEAP1 (KEAP1 dimer). Inactive KEAP1 forms a SDS-resistant dimer, thus KEAP1 dimer levels serve as a metric for its activity (38,39). Stable BRG1 reduction resulted in the inactivation of KEAP1 and increased NRF2 and HMOX1 mRNA and protein levels (Figure 2D–F). In contrast, reduction in BRM expression in either parental or BRG1 knockdown cells did not strongly alter NRF2 mRNA levels or NRF2 and KEAP1 dimer protein levels (Figure 2D–E). Similar results were observed in a second BRG1 shRNA clonal cell line, Brg1i.1 (Figure S1). Therefore, stable inhibition of BRG1-containing SWI/SNF complex activity also significantly increased dimeric KEAP1, NRF2 and HMOX1 expression.The impact of BRG1 and/or BRM suppression on four additional NRF2 target genes, GSTM4, NQO1, GCLM and GCLC, displayed a more complex pattern of expression (40,41). Similar to HMOX1, both BRG1 knockdown cell lines showed a significant increase in GSTM4 transcript levels (Figure 3F). However, the H358 Brg1i.2 cells showed a reduction in mRNA levels for the other three genes (Figure 2H–J). In contrast to BRG1 reduction, cells expressing reduced BRM levels displayed moderately increased NQO1 and GCLM transcript and protein levels. and increased GCLC transcripts levels (Figure 2D, H–J). HMOX1 protein and mRNA levels and GSTM4 mRNA levels remained unchanged following BRM reduction (Figure 2D, F–G). Unexpectedly, double silencing of BRG1 and BRM led to increased dimeric KEAP1, NRF2, HMOX1, and GSTM4 expression but reduced expression of NQO1, GCLM and GCLC, suggesting that BRG1 loss is dominant to BRM loss (Figure 2D–J).We also examined the effects of reduced BRG1 and/or BRM expression on NRF2-mediated induction of its target genes following tert-butylhydroquinone (tBHQ) treatment, an established KEAP1 antagonist and NRF2 activator (42). NRF2 protein expression increased in all cell lines following tBHQ treatment (Figure 3D). H358 cells lacking either BRG1 alone or both BRG1 and BRM displayed high levels of SDS-resistant KEAP1 dimer; tBHQ treatment did not further increase dimer formation in these cells. HMOX1 protein expression increased in all cell lines after tBHQ treatment, albeit to different levels given the wide-range of baseline expression across the cell lines (Figure 3D). GCLM was similarly responsive to tBHQ treatment, with the notable exception of the BRG1/BRM double knockdown H358 cells. Thus, despite stabilizing NRF2 protein, decreased SWI/SNF complex activity differentially impacts the induction of NRF2 target genes by tBHQ.Reduced SWI/SNF activity impacts NRF2 binding to its ARE sequences-—To better understand how SWI/SNF chromatin remodeling activity influences NRF2-driven transcription, we performed a series of chromatin immunoprecipitation experiments on the HMOX1, GCLM and NQO1 promoters (43–45). We initially characterized the HMOX1 promoter that harbors two enhancers, E1 and E2, located at approximately 4kb and 10kb upstream from the transcription start site (TSS). These enhancers have been previously shown to contain functional antioxidant response elements (AREs), and bind NRF2. In addition, we looked at binding at the TSS and 500bp upstream of the TSS. ChIP analysis revealed the presence of BRG1 at both enhancers, the TSS and the +500 sites (Figure 3A). As expected, the BRG1 signal was reduced 2–3 fold in the BRG1 knockdown cell lines but not to the level observed with the IgG controls (Figure 3A). Treatment with tBHQ did not impact BRG1 loading onto the any of these sites (Figure 3B).In contrast to BRG1, recruitment of NRF2 to the regulatory regions of the HMOX1 promoter was greatly increased by tBHQ treatment (Figure 3-compare the lanes in panel C to the corresponding lanes in panel D). In addition, H358 cells deficient for BRG1 or both BRG1 and BRM displayed increased NRF2 on the HMOX1 enhancers (E1 and E2), both in the absence and presence of tBHQ (Figure 3C, D). Consistent with increased NRF2 binding, the recruitment of RNA polymerase II (RNA PolII) to the E2, TSS, and +500bp sites within the HMOX1 gene was also increased significantly by tBHQ and by knockdown of BRG1 or both BRG1 and BRM (Figure 3E). In contrast, we did not observe a significant change in NRF2 binding to the consensus NRF2 binding site in NQO1, consistent with the absence of increased expression following BRG1 loss (Figures 3F and 2D, respectively). However, we did see a slight but statistically significant reduction in RNA PolII binding that mirrored the modest reduction in mRNA levels after BRG1 knockdown (Figures 3F and 2H, respectively). We also examined NRF2 binding at the GCLM promoter where the consensus NRF2 binding site maps ~50bp upstream of the TSS. We did not find any significant differences in NRF2 or RNA PolII binding between the H358 and H358 Brmi cell lines (Figure 3G). Our results demonstrate a correlation between HMOX1 expression and increased NRF2 binding after BRG1 knockdown to its ARE binding sites. These results implicate increased NRF2 binding as a mechanism by which mutations in SWI/SNF complex components contribute to NSCLC development.
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