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ABSTRACT

ATP-dependent chromatin remodelers are commonly mutated in human cancer.
Mammalian SWI/SNF complexes comprise three conserved multi-subunit chromatin
remodelers (cBAF, ncBAF and PBAF) that share the BRG1 (also known as SMARCA4)
subunit responsible for the main ATPase activity. BRG1 is the most frequently mutated
Snf2-like ATPase in cancer. Here we have investigated the role of SWI/SNF in genome
instability, a hallmark of cancer cells, given its role in transcription, DNA replication and
DNA damage repair. We show that depletion of BRG1 increases R-loops and R-loop-
dependent DNA breaks, as well as transcription-replication conflicts. BRG1 colocalizes
with R-loops and replication fork blocks, as determined by FANCD2 foci, with BRG1
depletion being epistatic to FANCD2 silencing. Our study, extended to other
components of SWI/SNF, uncovers a key role of the SWI/SNF complex, in particular
cBAF, in helping resolve R-loop-mediated transcription-replication conflicts; thus,
unveiling a novel mechanism by which chromatin remodeling protects genome

integrity.

Keywords: SWI/SNF, chromatin remodelers, R-loops, transcription-replication conflicts,

BRG1, tumor suppressors, cBAF, Fanconi Anemia
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INTRODUCTION

Transcription is a process that requires tight regulation, as it can become an obstacle
to replication fork progression. Evidence indicates that transcription-replication (T-R)
conflicts are a major spontaneous source of genome instability that in many cases is
linked to R-loops, structures containing a DNA-RNA hybrid and the displaced single-
stranded DNA (ssDNA) %2, Cells use different strategies to counteract harmful R-loop
accumulation and the associated genetic instability by: i) preventing R-loop formation
via factors that assemble onto the nascent RNA “° or control topological changes
associated with transcription'®,**; i) removing R-loops via nucleases such as RNase
H'? or DNA-RNA helicases such as SETX or UAP56 "**** and iii) repairing the
damage or the T-R conflicts generated by R-loops, thus helping to resolve them *>7*8,
Chromatin factors have emerged as relevant players in R-loop homeostasis and
its associated genome instability. These factors include the FACT chromatin
reorganizing complex and the histone deacetylase complex mSin3A in yeast and
human cells*®?, INO80 and sirtuins in yeast*?*, histone H1 in Drosophila and human

2324 the ATRX chromatin remodeling complex at telomeric repeats®, and the

cells
Tip60-p400 histone acetyltransferase complex that is associated with genes harboring
promoter-proximal R-loops and controls the genome-wide occupancy of the PRC2
histone methyl-transferase®®. However, despite the number of reports relating
chromatin factors with R-loop homeostasis, we do not know the molecular basis of this
connection or its biological significance.

ATP-dependent chromatin remodeler genes are among the most commonly
mutated in cancer?’. SWI/SNF is the most mutated with ~20% of human malignancies
presenting alterations in this complex®® and its core subunit, BRG1, the most frequently
mutated ATPase subunit among the 4 main chromatin remodeling families (SWI/SNF,
ISWI, CHD, INO80). SWI/SNF defines a family of highly conserved multisubunit
remodelers, originally discovered in Saccharomyces cerevisiae?*°. Mammalian
SWI/SNF complexes include the BRG1-associated factor (BAF), in its canonical (CBAF)
and non-canonical (hcBAF) subtypes, and the polybromo BRG1-associated factor
(PBAF), all consisting of a central ATPase subunit, a multimeric conserved core and
variant subunits different for each complex. BRG1 is the main ATPase in these
complexes, even though BRM (also known as SMARCAZ?2) can also exert this
function®**?. The complexes remodel chromatin by mobilizing nucleosomes through
sliding and by ejection and insertion of histone octamers*®, and they also contribute to

high-order chromatin structures®.
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Here we show that depletion of BRG1 increases R-loops and R-loop-dependent
DNA breaks, as well as T-R conflicts. Our study unveils a new function of SWI/SNF,
and in particular cBAF, as a key player in the maintenance of genome stability by

helping resolve R-loop-mediated T-R conflicts.

RESULTS

BRGL1 suppresses R-loops and associated genome instability

A total of 1,722 mutations has been identified in BRG1 that accumulate preferentially at
the ATPase and helicase domains and BRG1 mutation frequencies are close to 90% in
some cancer subtypes (The cBio Cancer Genomics Portal)®. Thus, we assayed the
role of BRG1 in DNA damage response (DDR) and genome integrity. Transient
depletion of BRG1 by siRNA in HelLa cells (Extended Data Fig. 1a-c) causes DNA
break accumulation, as seen by alkaline single-cell electrophoresis (comet assay) and
YH2AX foci by immunofluorescence (IF), in comparison with siC control cells (Fig. 1a,b;
Extended Data Fig. 1d).

Since chromatin structure has been shown to control R-loop accumulation and
its associated genome instability, we wondered whether BRG1 depletion increased R-
loops. Analysis of R-loops by IF using the S9.6 anti-DNA-RNA monoclonal antibody
revealed a significant increase of the S9.6 nuclear signal in siBRG1 cells compared to
control siC Hela cells, either using a siRNA pool or individually (Fig. 1c; Extended
Data Fig. 1e). S9.6 foci could be clearly detected in BRG1-depleted cells accumulating
up to 4.5-fold above siC levels. Moreover, a strong increase of S9.6 staining was
observed at nucleoli of sSIBRG1 cells (Extended Data Fig. 1f). In all cases, the increase
in S9.6 signals was suppressed upon RNH1 overexpression (Fig.1c, Extended Data
Fig. 1f), confirming that they detected DNA-RNA hybrids.

Next, we confirmed the IF result by the more accurate method of DNA-RNA
immunoprecipitation followed by gPCR (DRIP-gPCR). DNA-RNA hybrids accumulate
up to 2.5 times more in BRG1-depleted cells than in the siC control in all analyzed
genes (Fig. 1d, Extended Data Fig. 1g). The hybrid signals were removed by in vitro
RNH treatment as a confirmation of the specificity of the assay. The specificity of the
observed effects on siBRG1 was shown by expressing siRNA-resistant wild-type and
catalytically-dead versions of BRG1 in BRG1-depleted cells and analysis of S9.6
reactivity. Consistently, expression of the wild-type, but not mutant, form of BRG1
complemented siBRG1 depletion, seen by a significant decrease in S9.6 nuclear signal
(Extended Data Fig. 1h).



140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

We asked next whether DNA break increase in siBRG1 cells was R-loop-
dependent. We overexpressed RNH1 in siBRGL1 cells and found that the comet tail
moments and YH2AX foci were significantly reduced (Fig. 1b,c; Extended Data Fig. 1d).
Importantly, RNaseH1 overexpression did not alter cell cycle progression either in siC
or siBRGL1 cells, excluding the possibility that rescue of the DNA damage phenotypes
could be attributed to S-phase exit (Extended Data Fig. 1i). Therefore, DNA damage
generated in siBRG1 cells is R-loop-dependent, a conclusion further supported by
other genome instability phenotypes. Anaphase bridges and micronuclei were
increased in siBRG1 cells, consistent with previous data®; both increases were
suppressed by RNH1 overexpression (Fig. 1e,f). These bridges frequently presented a
clear S9.6 staining signal observed as bright dots (Fig. 1f). Moreover, nucleoli
presented aberrant shape and ectopic nucleolin foci, a fraction of which colocalized
with S9.6 foci and were sensitive to RNH1 overexpression (Fig. 1g). Altogether, the
results indicate that BRG1 protects cells from unscheduled R-loops, R-loop-mediated

DNA damage and genome instability throughout the nucleus, including the nucleolus.

BRG1 depletion-induced R-loops block RF progression

R-loop-mediated DNA breaks arise mainly as a consequence of replication fork
stalling, as they pose an obstacle to fork progression’. Consequently, we analyzed
whether R-loops impair DNA replication in siBRGL1 cells as a major mechanism for
damage. First, EdU (5-ethynyl-2’-desoxyuridine) incorporation, used as a measure of
DNA synthesis, was decreased in siBRG1 cells versus siC control cells (Fig. 2a). The
percentage of SiBRG1 cells incorporating EAU and the EdU intake were diminished;
both phenotypes were partially but significantly rescued by RNH1 overexpression (Fig.
2a; Extended Data Fig. 2a). Further, DNA replication analysis by DNA combing using a
double pulse-labelling with two consecutive thymidine analogues (IdU and CldU),
revealed significant decreases in replication fork velocity and increases in replication
fork asymmetry in siBRG1 cells versus the siC control (Fig. 2b). Importantly, both
effects were suppressed by RNH1 overexpression, so that fork velocity and asymmetry
recovered values closer to siC levels, indicating that R-loops accumulated in SIBRG1
cells impair replication fork progression.

To confirm that replication forks stalled at R-loops, as shown by fork
asymmetry, we analyzed the appearance of FANCD2 and BLM*"*® foci, which are
known to accumulate at replication fork stalls. Cells with FANCD2 foci increased from
5.9% in siC control cells to 13.8% in siBRG1 cells (Fig. 2c, Extended Data Fig. 2b), and
cells with BLM foci increased from 7.8% in siC cells to 46.5% in siBRG1 cells (Fig. 2d,

Extended Data Fig. 2c). In both cases, cells accumulating foci were undergoing DNA
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replication, as most of them were EdU-positive (Extended Data Fig. 2d,e). Upon RNH1
overexpression, both FANCD2 or BLM foci and the percentage of cells containing
those foci were significantly reduced in siBRG1 cells to levels close to the siC control
(Fig. 2c¢,d, Extended Data Fig. 2b,c). FANCD2 and BLM foci were often found at lighter
DAPI areas in some cells depleted for BRG1 (Extended Data Fig. 2f,g). These areas
correspond mainly to nucleoli, suggesting that DNA replication is also strongly affected
at nucleoli.

Given the strong R-loop-dependent phenotype of DNA replication, we assayed
R-loop and BRGL1 levels throughout the cell cycle by high-throughput microscope
imaging and flow cytometry. We performed IF using S9.6 and anti-BRG1 antibodies
plus DAPI to identify the specific cell cycle-phase of each cell. The high number of
processed cells allowed us to conclude that the main increase in S9.6 signal occurs
during S-phase in BRG1-depleted cells versus control cells (Fig. 2e, Extended Data
Fig. 2h). Consistently, an increase in S9.6-dependent fluorescence from G1 to S/G2
was also observed for BRG1-depleted cells by flow cytometry (Extended Data Fig. 2i).
We noted that the BRG1 nuclear content was higher during the S-phase in the siC
control cells (Extended Data Fig. 2j). This, together with the S-phase-specific increase
of the S9.6 signal and the R-loop-mediated replication fork stalling caused by BRG1
depletion, prompted us to test whether BRG1 was enriched at replicating sites by
proximity ligation assay (PLA) between BRG1 and PCNA, a key component of the
replisome. Indeed, the use of anti-BRG1 and anti-PCNA antibodies resulted in nuclear
PLA foci (Extended Data Fig. 2k), strengthening the conclusion that BRG1 is enriched
at fork stalls.

Altogether, our results indicate that BRG1 depletion causes an increase in R-
loops during S-phase, causing replication fork stalls that subsequently lead to DNA

breaks throughout the nucleus.

Genome-wide accumulation of DNA-RNA hybrids in siBRGL1 cells

To evaluate how general the role of BRGL1 in protecting the genome from R-loop
accumulation is, we investigated the R-loop profile along the genome in BRG1-
depleted K562 cells, a cell line used as a standard for genome-wide studies™. First, we
tested that immunoprecipitation with S9.6 in these analyses was specific for DNA-RNA
hybrids, i.e. RNH-sensitive, via DRIP-seq and DRIP-qPCRs at different genomic loci
(Fig. 3a, Extended Data Fig. 3a,b). Once we confirmed the reliability of our
immunoprecipitation method, we performed in-depth analysis of R-loop distribution by

DRIPc-seq (DRIP followed by RNA purification and stranded cDNA sequencing), a
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more informative method than DRIP-seq because it provides strand-specific
information, which we recently validated in our systems™*.

DRIPc-seq data in siC control cells identified the R-loop-prone regions along the
genome that largely correlate with RNH-sensitive DRIP-seq data (Fig. 3a; Extended
Data Fig. 3c). Consistent with previous results*’, the median size of R-loop peaks was
~1kb and corresponded largely to genes (Extended Data Fig. 3d,e), concentrating
mainly along the gene body, although they are also present at promoters and
downstream regions. A comparative analysis of our DRIPc-seq data with RNA-seq**
and ChlP-seq data of BRG1 from ENCODE" shows that R-loop-prone genes co-
localize with BRG1 and expressed sequences, consistent with the conclusion that R-
loops are co-transcriptional (Fig. 3b,c).

Comparison of DRIPc-seq of siBRG1-depleted cells with siC cells (Fig. 3d)
identified 3,200 genomic sites with higher R-loop-content in siBRG1 cells versus siC
cells (Extended Data Fig. 3f). 257 regions showed apparent lower R-loop-content in
BRG1-depleted cells due to the high presence of sequenced fragments from the
enriched regions in the total reads, as the seq analysis is based on the same number
or reads per sample. Therefore, BRG1 knock-down induces a genome-wide increase
of R-loops. Among R-loop-enriched sites in siBRG1 cells, 8% appear de novo and 92%
were sites presenting R-loops in the siC control, but at a lower level (Extended Data
Fig. 30).

The sites where R-loops are increased in siBRG1 cells compared to siC control
(R-loop-gain sites) corresponded to protein-coding genes (73.7%), non-codingRNA-
coding sequences (16.8%) and pseudogenes (6.6%), or these are not assigned to a
known class (2.9%) (Fig. 3e; Extended Data Fig. 3e). Gene-metaplot analysis showed
that R-loop-enriched sites mainly corresponded to sense transcripts of gene bodies,
although they were also formed by antisense transcripts at promoter and downstream
regions (Fig. 3e,f; Extended Data Fig. 3e). Such differences were persistent when Alu
sequences were removed, further validating our analysis and DRIPc-seq signals at
genes in siBRGL1 cells, regardless of Alu signals (Extended Data Fig. 3h,i).

R-loop-gain genes in siBRGL1 cells strongly correlate with BRG1-binding genes
observed in K562 control cells (Extended Data Fig. 3j,k). This suggests that BRG1
functions directly at these genes preventing R-loop accumulation, and excludes the
possibility that the genome-wide R-loop increase seen in sSiBRGL1 cells is a
consequence of an off-target effect.

Genes containing R-loop-gain peaks upon BRG1 depletion are not different in
length from the whole-genome average and their expression is not significantly

affected by BRG1 depletion (Extended Data Fig. 3I,m), implying that R-loop increases
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are not determined by changes in transcription levels. However, these genes are
significantly enriched in GC-content and have higher GC-skew and expression levels
(Extended Data Fig. 3n-p). Consistently, substantial R-loop accumulation in SIBRG1
cells occurs towards subtelomeric regions, where GC skew is high, as shown by
metachromosome analysis (Extended Data Fig. 3q, upper panel). R-loops also
accumulated at rDNA (Extended Data Fig. 3q, lower panel), consistent with the IF and
DRIP-gPCR data from Hela cells (Fig. 1c,d; Extended Data Fig. 1f,g).

We note that most genes accumulating R-loops in siBRG1 cells (2,480) do not
show higher R-loops in cells depleted of the UAP56 RNA-binding and helicase factor
(6,035) (Extended Data Fig. 3r)'*. Only 727 genes accumulated R-loops in both
conditions, with 701 genes also being R-loop-prone in control cells. This suggests that
BRGL1 contributes to R-loop homeostasis via a different mechanism from UAP56. Thus,
BRGL1 induces unique genome-wide accumulation of R-loops, with a large impact on

genes at particular chromatin environments, including rDNA and subtelomeric regions.

BRG1 resolves R-loop-mediated T-R conflicts
R-loop homeostasis is regulated by three main mechanisms involving proteins that
prevent the nascent RNA from hybridizing back with the DNA (RNA binding factors
THOC1 and UAP56), proteins that resolve R-loops (RNH1 and SETX), or DNA repair
factors (Fanconi Anemia (FA) pathway)?. To explore the mechanism by which BRG1
controls R-loop homeostasis, we did double depletion of BRG1 and a representative
factor of each of these mechanisms (UAP56, THOC1, SETX, FANCD?2) (Extended
Data Fig. 4a) and assessed R-loop levels and DNA damage by IF with S9.6 and
YH2AX antibodies, respectively. Single depletion of either factor increased R-loops and
DNA breaks (Fig. 4a,b), as expected. Co-depletion of BRG1 with THOC1 or UAP56
resulted in a further increase of both R-loops and DNA breaks (Fig. 4a,b; Extended
Data Fig. 4b,c). Consistent with previous data (Figure 2e), R-loops increased in
THOC1/UAP56 and BRGL1 co-depletions from G1 to S-phase when compared to single
depletions, as determined by high throughput microscope imaging at different cell cycle
stages (Extended Data Fig. 4d,e). In contrast, when BRG1 was co-depleted with
FANCD2 or SETX, R-loops and DNA breaks did not change significantly with respect
to the single depletions (Fig 4a,b; Extended Data Fig. 4b,c). Therefore, BRG1 seems to
function in the same class of mechanisms as FANCD2 and SETX to prevent R-loop
accumulation and associated DNA damage.

Given that R-loop increase in siBRG1 cells occurs preferentially during S-phase
(Fig. 2e, Extended Data Fig. 2h,i), we wondered whether BRG1's role in R-loop

protection was associated with a putative role in managing T-R conflicts, and whether
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BRGL1 functionally interacted with FANCD2, used as a marker of replication fork stalls.
To evaluate T-R conflicts, PLA was performed using anti-PCNA antibody, as a marker
of replication*’, and the elongating form of RNA polymerase Il (RNAPII) phosphorylated
at Ser2 (P-Ser2-RNAP)*, in pre-extracted cells (Extended Data Fig. 4f). BRG1
depletion significantly increased PLA foci. This was rescued by overexpressing siRNA-
resistant wild-type BRG,1 but not a catalytically-dead BRG1 (Extended Data Fig. 4Q).
We also observed that PLA foci increased synergistically when BRG1 was co-depleted
together with UAP56 or THOC1, but not when it was co-depleted with FANCD2 or
SETX (Fig. 4c, Extended Data Fig. 4h). Thus, these results suggest that BRG1 helps

resolve R-loop-mediated T-R collisions together with the FA pathway.

BRG1 accumulates at R-loop-dependent fork blocks

Given that BRG1 and FANCD2 function in the same pathway to prevent R-loop
accumulation and T-R conflicts (Fig. 4a-c), we assayed whether BRG1 colocalized with
FANCD?2 in an R-loop-dependent manner via PLA using anti-BRG1 and anti-FANCD2
antibodies. PLA-positive foci were enriched in siC cells (Fig. 5a; Extended Data Fig.
5a). Notably, the number of BRG1-FANCD2 PLA foci per cell increased significantly
when R-loop-mediated T-R conflicts were induced by UAP56 depletion, and were
significantly reduced after RNH1 overexpression (Fig. 5a, Extended Data Fig. 5b).
Therefore, BRG1 and FANCD2 associate with each other in an R-loop-dependent
manner.

To assay whether FANCD2-BRG1 association reflected replication fork blocks
that could lead to double-stranded breaks (DSBs), we performed PLA between BRG1
and marks of either replication fork stalling [RPA phosphorylated at serine 4/8 (RPA-
S4/8P)]** or DNA breakage (YH2AX)**. Consistently, we detected PLA foci in siC
control cells for both BRG1-RPA-S4/8P and BRG1-yH2AX interactions (Fig. 5b,c,
Extended Data Fig. 5c,d). Importantly, PLA foci were significantly increased upon
UAP56 depletion (Fig. 5b,c) and disappeared when siUAP56 was combined with
siBRG1, confirming specificity of the signal (Extended Data Fig. 5e,f). This is consistent
with genome-wide BRG1 accumulation at R-loop-prone regions (Fig. 3b,c). Further
confirmation of this was obtained by PLA with anti-BRG1 and S9.6 antibodies (Fig. 5d;
Extended Data Fig. 59). BRG1-S9.6 PLA foci were seen in siC cells, but they were
significantly enhanced upon UAP56 depletion (Fig. 5d, Extended Data Fig. 5h) and
significantly reduced by RNH1 overexpression. Therefore, BRG1 accumulates at

stalled replication forks at T-R conflict regions harboring DNA-RNA hybrids.
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Genome-wide association of BRG1 with T-R conflict regions

To explore the relationship of BRG1 with R-loop-dependent replication fork blocks, we
analyzed the correlation of BRG1 and R-loop-enriched sites with those of DNA
replication, damage and replication fork stalling genome-wide. For this, we integrated
our siBRG1 R-loop data with data of active replication determined by Okazaki fragment
sequencing (OK-seq)*°, data of replication fork stalling detected by FANCD2 ChlIP-
seq”’, and data of DNA breaks detected by YH2AX ChlIP-seq*® in normal K562 cells.
Correlation was observed between R-loops and BRG1, FANCD2 and yH2AX ChIP-seq
data in normal K562 cells (Fig. 6a). Indeed, 5,182 out of 5,419 genes enriched for
FANCD2 marks and 6,095 out of 7,203 of genes presenting YH2AX marks were BRG1-
target genes (Fig. 6b,c), with 2,964 commonly enriched in both features (Extended
Data Fig. 6a). 3,731 of the FANCD2-BRG1 common target genes and 4,771 of the
BRG1-target genes enriched in yH2AX were also R-loop-prone genes.

Next, we analyzed those sites where R-loops encountered replication forks
coming from only one direction, in order to maximize the probability of an S-phase-
specific effect. Notably, BRG1 and yH2AX distribution around R-loop-peaks was
asymmetric, with a sharp decrease upstream and a gradual and extended decrease
downstream of the replication fork. In contrast, FANCD?2 distribution was more
symmetric (Fig. 6d, Extended Data Fig. 6b). Analysis of the ratio of codirectional vs
head-on T-R collisions showed that fork blocks were preferentially associated with
head-on collisions (Extended Data Fig. 6¢). FANCD2 and BRGL1 presented a sharp
asymmetric accumulation at head-on collisions (Fig. 6e, Extended Data Fig. 6d), but a
weaker accumulation at co-directional encounters (Fig. 6f, Extended Data Fig. 6e),
whereas R-loop levels were similar for the head-on and co-directional collisions
analyzed (Extended Data Fig. 6f). This excludes the possibility that the presence of
BRG1 and FANCD2 at head-on collisions is an indirect consequence of higher R-loop
levels. Indeed, BRG1 and FANCD?2 enrichment at head-on versus co-directional
collisions occurs non-specifically at regions with both high and low R-loop levels
(Extended Data Fig. 6g,h), suggesting that their action is linked to resolving T-R
collisions regardless of whether these are mediated by R- loops.

Thus, BRG1, together with the FA factors, has a major function in resolving T-R
conflicts responsible for replication fork blockage and associated DNA breaks genome-

wide.

10
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BRGL1 controls chromatin accessibility at T-R collisions

Several studies have confirmed that BRG1 knockout (KO) results in a global loss of
chromatin accessibility, but accessibility gain is also observed at certain regions***°. To
investigate the role of BRGL1 in R-loop-associated chromatin structure, we integrated
our DRIPc-seq data with genome-wide chromatin accessibility and nucleosome
occupancy data from K562 cells and other similar cell types with BRG1 ChIP-seq data
(Extended Data Fig. 7a-c). Analysis of chromatin accessibility at R-loop-gain sites upon
BRG1 depletion in K562 using the ATAC-seq and DNase-seq data of ENCODE*" and
other publicly available FAIRE-seq*® data in normal K562 cells shows that R-loop-gain
sites have high chromatin accessibility (Fig. 7a). Analysis of MNase-seq data from
ENCODE * showed that nucleosome occupancy drops considerably at R-loop-
enriched regions in BRG1-depleted cells. Therefore, sSiIBRG1 R-loop-gain sites present
an accessible chromatin structure and low nucleosome occupancy in control cells.

To determine chromatin accessibility at those R-loop-gain sites in SiBRG1 cells,
we used the publicly available genome-wide ATAC-seq from HAP1*° and BIN67°* cells
and MNase-seq data from CD36 cells®’. BRG1 ChIP-seq data from these cell lines
correlated strongly with those of K562 (Extended Data Fig. 7a-c), validating the
comparative analysis between them. BRG1-KO HAP1 cells showed higher chromatin
accessibility values than control wild type cells at these sites, whereas shBRG1-treated
CD36 cells showed decreased nucleosome occupancy upon BRGL1 depletion
compared to shLuc control cells (Fig. 7b). Consistently, BRG1-deficient BIN67 cells
presented higher chromatin accessibility values that were rescued by wild type BRG1,
whereas partially inactive (T910M) and fully inactive (K785R) BRG1 had either poor or
no effect (Fig. 7c).

Finally, meta-genomic analysis in control K562 cells showed an open chromatin
structure with low nucleosome occupancy at T-R collision regions (Fig. 7d). BRG1-
deficiency enhanced chromatin accessibility and caused lower nucleosome occupancy
at these regions, as seen in HAP1 and CD36 cells, respectively (Fig. 7e). Again,
chromatin accessibility was rescued by wild type BRG1 but not by the mutant variants,
as shown in BRG1-deficient BIN67 cells (Fig. 7).

These results suggest an active role of BRGL1 in limiting chromatin accessibility

at the regions that upon BRGL1 depletion are enriched in R-loops and T-R collisions.

The SWI/SNF complex helps prevent R-loop-mediated DNA breaks

Next, we asked whether BRG1 protects against R-loops when part of any SWI/SNF
subcomplex, whether BAF or PBAF. Thus, we analyzed R-loop-dependent DNA
damage when depleting BRM and the PBRM1 and ARID1A members specific to each

11
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subcomplex subtype. DNA damage detected by yH2AX foci was increased in cells
depleted of the three subunits assayed. These increases were suppressed by RNH1
overexpression in all cases, with the exception of siBRM (Fig. 8a, Extended Data Fig.
7d). Consistently, R-loops were also significantly increased in siPBRM1 and siARID1A
cells, as detected by IF by S9.6 staining intensity (Fig. 8b, Extended Data Fig. 7e).

We next analyzed genome-wide ChiP-seq data of the three SWI/SNF subunits
in HAP1 cells*, given their high BRG1 ChIP-seq data correlation (Extended Data Fig.
7a-c), together with our DRIPc-seq data. Notably, siBRG1 R-loop-gain genes identified
in our study presented high abundancy of ARID1A, similar to BRG1, and some
amounts of PBRM1 (Extended Data Fig. 7f,g). The same results were observed near
R-loop-forming sites (Extended Data Fig. 7h). In contrast, BRM was absent from these
genes and the from the vicinity of R-loop-forming sites (Extended Data Fig. 7f-h).
ARID1A was also highly prevalent downstream of T-R conflicts, preferentially at head
on collisions, similar to BRG1. PBRM1 was only minimally detected, and BRM was
absent (Fig. 8c). Consistently, chromatin accessibility was also enhanced in ARID1A-
KO HAPL1 cells at siBRG1 R-loop-gain and T-R collision sites identified in our K562
control cells (Extended Data Fig. 7i,j). Therefore, cBAF-specific subunit ARID1A
impacts chromatin and prevents R-loop-dependent DNA damage similarly to BRG1.
PBRML1 also does, but to a lesser extent, suggesting that subunits from other complex
subtypes could also protect against genome instability via similar mechanisms.

Finally, as discussed above, SWI/SNF genes are frequently mutated in cancer,
with BRG1 being the most highly mutated chromatin remodeling ATPase (Extended
Data Fig. 8a,b), and BRG1's ATPase domain being mutated in various cancers
(Extended Data Fig. 8c). The ATPase domain K785R mutation used in our study was
unable to rescue R-loop-dependent phenotypes (Extended Data Fig. 1h,4Q).
Interestingly, BRG1-deficient C-33 A cancer cells®® show higher R-loops levels than
BRG1-proficient HelLa cells, despite both being cervical carcinoma cells (Extended
Data Fig. 8d). R-loops are significantly decreased by overexpressing wild type BRG1 in
C-33 A cells, further supporting the link between BRG1 deficiency and R-loops
(Extended Data Fig. 8d). Notably, BRG1 and ARID1A, the two subunits showing higher
impact on R-loop-dependent genome instability, are among the most frequently altered
SWI/SNF genes in cancer (Extended Data Fig. 8e,f).

Therefore, SWI/SNF protects cells against R-loops and R-loop-mediated DNA

damage via the BRG1 ATPase, which could thus be a tumor suppressor.
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DISCUSSION

Here we show that BRG1, the main ATPase from the SWI/SNF chromatin remodeling
complexes, plays an active role in suppressing R-loop accumulation and genome
instability derived from R-loop-dependent T-R collisions, a result extended to other
members of SWI/SNF subunits, PBRM1 and ARID1A. We show that chromatin
remodeling is a key player in T-R conflict resolution, through a process involving the FA
pathway of repair. As BRGL1 is the most frequently mutated chromatin remodeling
ATPase activity in cancer, our study not only helps to understand T-R conflict
resolution, but suggests a link between unresolved R-loop-mediated T-R conflicts and
cancer propensity.

BRG1'’s contribution to transcription regulation has been extensively analyzed™*,
but less studied for its role in DNA repair and replication®*%, for which its mechanistic
involvement is unclear. BRG1 depletion in HelLa cells significantly increases R-loop-
dependent DNA damage and causes accumulation of R-loops (Fig. 1; Extended Data
Fig. 1). These are accumulated genome-wide when BRG1 is knocked-down in K562
cells, and most R-loop-gain sites map in coding genes (73.7%) (Fig. 3, Extended Data
Fig. 3). This leads to high genome instability detected by micronuclei, anaphase
bridges and ectopic nucleoli (Fig. 1). The observation that R-loops and T-R conflicts
cause DNA damage in siBRG1 cells highlights the importance of remodeling ATPases
in genome integrity, but does not support a direct role of SWI/SNF in DSB repair as
previously suggested®’ %,

Despite evidence showing a role for specific nucleases in the occurrence of
DNA breaks at R-loops®®, R-loop-induced DNA breaks derive mainly from replication
fork progression stalling®. R-loops induced by BRG1 depletion cause replication fork
slow-down and stalling, and factors that process replication fork stalls (e.g. FANCD2
and BLM) accumulate in an R-loop and transcription-dependent manner (Fig. 2).
Notably, BRG1s role in R-loop protection is not related to RNA biogenesis itself, since
co-depletion of BRG1 with THOC1 and UAP56 synergistically increases R-loop-
dependent DNA damage. Also, R-loop-accumulating genes differ between siBRG1 and
siUAP56 cells. In contrast, BRG1 depletion is epistatic with FANCD2 or SETX silencing
(Fig. 4), which supports the model that the role of BRG1, and by extension SWI/SNF,
in R-loop protection is linked to replication rather than transcription. Indeed, most
BRG1 accumulation at chromatin and the higher R-loop increase in siBRGL1 cells occur
in S-phase (Fig. 2), consistent with previous reports indicating that R-loop homeostasis
depends on the DDR®. In contrast, SETX functions in transcription termination’ >,

but also in DNA repair and T-R conflicts®***. Our results support that SETX protects
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against R-loops during replication. This together with the epistasis of BRG1 depletion
with FANCD?2 silencing suggests that BRG1 functions together with the FA pathway to
resolve T-R conflicts.

BRG1 co-IP with members of the FA pathway such as FANCA,
FANCS/BRCAland FANCD2%*°°% which we confirmed by PLA, importantly, depends
on R-loops (Fig. 5, 6). Consistently, FANCD2 and BRGL1 largely colocalize genome-
wide, particularly at R-loop-prone sites. Similarly, BRG1+S9.6 PLA is also positive and
significantly enhanced in an R-loop-dependent manner upon depletion of the DNA-
RNA helicase UAP56/DDX39B. Interestingly, BRGL1 is an interacting player in the
DNA-RNA hybrid interactome® and colocalizes with DNA damage or stalled replication
fork markers such as yH2AX and RPA-S4/8P. These data support the view that BRG1
is enriched at R-loop-mediated replication fork stalling sites.

Head-on T-R conflicts are much more harmful than co-directional collisions®” .
It has been proposed that this is due to a higher accumulation of hybrids at head-on
conflicts and a more efficient removal of co-directional collisions®® " . Genome-wide
analysis shows that for head-on conflicts, the damage is accumulated at higher
frequency, as it happens for BRGL1 recruitment; but this does not relate to higher R-
loop abundancy, as our analysis of a subset of preselected collision sites show that
they accumulate at similar levels regardless of orientation (Fig. 6, Extended Data Fig.
6), consistent with the view that R-loops do not form preferentially at head-on collision
sites’®". Importantly, the increased co-localization of BRG1 and FANCD2 at head-on
sites even in the absence of R-loops strengthens the view that head-on conflicts are
harmful, regardless of R-loops.

Either BRG1 or BRM may perform the ATPase function in SWI/SNF, but their
expression is generally anti-correlated and tissue-specific’*"*. Importantly, BRM
genome-wide binding data did not correlate with siBRG1 R-loop-gain sites, nor did its
depletion cause R-loop-dependent DNA damage. However, depletion of ARID1A, and
to a lesser extent PBRML, did cause R-loop-mediated damage (Fig. 8), consistent with
a role during DNA repair as has been described for ARID1A and PBRM174™"",

Even though BRG1-KO causes a global loss of chromatin accessibility***°,
certain regions gain accessibility, as observed for T-R conflict sites when knocking-out
BRGL1 (Fig. 7). Indeed, BRGL1 functions in chromatin packaging through interaction with
HP1a or the mSin3a/HDAC complex’® . Alternatively, ectopic remodeling activities
may also act in BRG1-deficient cells, increasing chromatin accessibility; however,
additional R-loops may also contribute. Interestingly, ARID1A is also enriched at T-R

collisions and its deletion makes chromatin more accessible (Fig. 8, Extended Data
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Fig. 7). This BRG1-ARID1A correlation suggests that the cBAF subcomplex prevents
R-loop-dependent genome instability, even though PBRM1 may also play a role.

We propose a model in which the joint action of SWI/SNF and FA factors at T-R
conflict sites modulate chromatin structure to allow T-R conflict resolution and repair
(Fig. 8d). An accessible chromatin state might facilitate binding of DNA repair and R-
loop resolution factors such as FA factors, BRCA2, SETX or RNH1. This would be
consistent with reports indicating that other chromatin remodelers (Sin3A, FACT)
regulate R-loop homeostasis™®?°. Such activities would help resolve T-R conflicts,
especially those that are R-loop-mediated, preventing them from causing DNA
damage, replication stress and genome instability, hallmarks of cancer cells®, and
consequently causing retention of R-loops. This impact of SWI/SNF alterations on T-R
conflicts could help explain the prevalence of its mutations in human malignancies®’
and why SWI/SNF factors are more broadly mutated than any other tumor suppressor

or oncogene, except for TP53%,
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802 FIGURE LEGENDS
803
804  Figure 1 - Analysis of DNA damage and genome instability in siBRG1 cells.

805 (a) Percentage of cells containing >5 yH2AX foci in control (siC) and BRG1-

806 depleted (siBRG1) Hela cells with (+) and without (-) overexpression of RNH1.
807 Data are plotted as mean + SEM (n=4). Scale bar, 2.5um. (Paired Student’s t-
808 test, one-tailed).

809 (b) Alkaline comet assay tail moment quantification in cells treated as in (a). Data
810 are plotted as mean of the medians + SEM (n=3). Scale bar, 40um. (Unpaired
811 Student’s t-test, two-tailed)

812 (c) Quantification of nuclear S9.6 signal intensity in cells treated as in (a). Data
813 presented as scatter plot (n=3). Median values are indicated by red lines and
814 printed in red. Scale bar, 10 um. (Mann-Whitney U test, two-tailed).

815 (d) DRIP-gPCR using S9.6 antibody in siC and siBRG1 Hela cells. Signal values
816 normalized with respect to the siC control and plotted as mean + SEM (n=3).
817 (Paired Student’s t-test, one-tailed).

818 (e) Percentage of cells presenting micronuclei in cells treated as in (a). Data are
819 plotted as mean + SEM (n=3). Scale bar, 5um. (Unpaired Student’s t-test, one-
820 tailed).

821 (f) Percentage of DNA bridge occurrence in cells treated as in (a). Data are plotted
822 as mean + SEM (n=3). Scale bar, 5um. (Unpaired Student’s t-test, one-tailed).
823 (g) Percentage of cells containing >10 nucleolin ectopic foci in cells treated as in
824 (a). Data are plotted as mean + SEM (n=3). nucl.:nucleolin. Scale bar, 5um (left)
825 and 1um (right). (Paired Student’s t-test, one-tailed).

826  Representative images, with nuclear perimeter highlighted (yellow dashed line) are
827  shown. A.U.: Arbitrary Units. P-values are indicated. See also Extended Data Fig. 1.
828

829
830
831
832
833
834
835
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836 Figure 2 — Effect of BRG1 depletion on DNA replication dynamics.

837 (a) Quantification of nuclear EdU signal intensity (left) and percentage of cells

838 incorporating EdU (EdU™) (right) in control (siC) and BRG1-depleted (siBRG1)
839 with (+) and without (-) overexpression of RNH1. Signal intensity data are plotted
840 as box plot (n=3). Center line indicate median value. Boxes and whiskers

841 indicate 25" to 75" and 10" to 90" percentiles, respectively. Points below and
842 above the whiskers are drawn as individual points. (Mann-Whitney U test, two-
843 tailed). For cell percentages, data are shown as mean + SEM (n=3). (Paired
844 Student’s t-test, one-tailed). Scale bar, 10 um.

845 (b) Quantification of replication fork velocity and asymmetry in cells treated as in (a).
846 Data are shown as box plots (n=2). Box plot details as in (a). Scale bar, 10um.
847 (c) Percentage of cells containing >10 FANCD2 foci in cells treated as in (a). Data
848 are plotted as mean + SEM (n=3). (Paired Student’s t-test, one-tailed). Scale
849 bar, 2.5um.

850 (d) Percentage of cells showing BLM faci in cells treated as in (a). Data are plotted
851 as mean + SEM (n=2). (Paired Student’s t-test, one-tailed). Scale bar, 5um.

852 (e) Quantification of nuclear S9.6 signal intensity through cell cycle in siC and

853 siBRG1 Hela cells. Data presented as scatter plot (n=3). Median values are
854 indicated by red lines and printed in red. Scale bar, 5uym. (Mann-Whitney U test,
855 two-tailed).

856  Other details as in Figure 1. P-values are indicated. See also Extended Data Fig. 2.
857
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Figure 3. Genome-wide analysis of R-loop accumulation upon BRG1 depletion.

@

(b)

(©

(d)

(e)

®

Representative screenshot of an R-loop-prone chromosome region in control
K562 cells. DRIPc-seq (green) (n=2) and untreated (dark blue) and RNH-treated
(light blue) DRIP-seq data are shown.

Representative genome-wide screenshot showing colocalization of R-loop,
BRG1 and expression in control K562 cells. DRIPc-seq (green) (n=2), BRG1
ChlIP-seq (yellow) (n=2) and RNA-seq (purple) (n=2) data are shown.

Venn diagram showing genome-wide co-occurrence between R-loop-prone
genes (DRIPc-seq), BRG1 target genes (ChIP-seq) and expressed genes (RNA-
seq) in control K562 cells.

Representative screenshot showing R-loop accumulation upon BRG1 depletion
in K562 cells (n=2). Data are shown according to DNA strand (W:Watson or
C:Crick).

Examples of R-loop-accumulating genes from W (left) and C (right) strands in
siBRG1-transfected K562 cells. DRIPc-seq data in siC (blue) and siBRG1-
transfected (vermillion) K562 cells (n=2) is presented.

Metagene analysis. DRIPc-seq mean coverages in siC (blue) and siBRG1-
transfected (vermillion) K562 cells along the gene body (+/- 2kb) are shown.
Average coverages from 2 biological replicates are shown. TSS, transcription

start site; TTS, transcription termination site.

Genome localization and scale bars are indicated at top left and right corners,
coverage scale at top left in each track and gene tracks (black) below for the

corresponding genome windows. Replicates are also indicated (R1; R2). See also

Extended Data Fig. 3.
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Figure 4 — Epistatic analysis between BRG1 and known R-loop-preventing
factors.

(a) Quantification of nuclear S9.6 signal intensity in HeLa cells double-transfected
with the indicated siRNAs and siC (-) or siBRG1 (+). Data are plotted as scatter
plot (n=3; except for siC, siTHOC1, siTHOC1+siBRG1, siUAP56 and
siUAP56+siBRG1 where n=4). Median values are indicated by red lines and
printed in red. Scale bar, 5um. (Mann-Whitney U test, two-tailed).

(b) Percentage of cells containing >5 yH2AX foci in cells treated as in (a). Data are
plotted as mean + SEM (n=3; except for siC and siFANCD2 where n=4). Scale
bar, 10um. (Paired Student’s t-test, one-tailed).

(c) Quantification of RNAPIIS2P+PCNA PLA in cells treated as in (a). Foci/cell are
plotted as box plot (n=3; except for siC (n=6) and siSETX (n=4)). Box plot
details as in Fig. 2a. Scale bar, 10um. (Mann-Whitney U test, two-tailed).

Other details as in Figure 1. P-values are indicated. See also Extended Data Fig. 4.
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Figure 5 — Evaluation of BRG1 occurrence at replication fork stalling sites.
(a) Quantification of BRG1+FANCD?2 PLA in control (siC) and UAP56-depleted
(siUAP56) HeLa cells with (+) and without (-) overexpression of RNH1.
(b) Quantification of BRG1+yH2AX PLA in siC and siUAP56-transfected HelLa cells.
(c) Quantification of BRG1+ RPA S4/8P PLA in cells treated as in (b).
(d) Quantification of BRG1+S9.6 PLA in cells treated as in (a).
Foci number/cell are plotted as box plot (n=3). Box plot details as in Fig. 2a. Scale bar,
5um. (Mann-Whitney U test, two-tailed). P-values are indicated. See also Extended
Data Fig. 5.

27



994

995

996

997

998

999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028

Figure 6 — BRG1 genome-wide co-localization analysis with R-loop, Replication
fork (RF) stalling and DNA damage sites.

(a) Representative screenshot of a genome region showing accumulation of
FANCD2 (red) and yH2AX (purple) at sites where R-loops (green) and BRG1
(yellow) are present. Arrows indicate RF directionality. RFD: Replication Fork
Directionality.

(b) Venn diagram showing genome-wide co-occurrence between R-loop-prone
genes (DRIPc-seq; green), BRG1 (yellow) and FANCD?2 (red) target genes.

(c) Venn diagram showing genome-wide co-occurrence between R-loop-prone
genes (DRIPc-seq; green), BRG1 (yellow) and yH2AX (purple) target genes.

(d) DRIPc-seq, BRG1, FANCD2 and yH2AX ChlP-seq mean coverage around
transcription-replication (T-R) conflicts (+/-1Mb). Data plotted as heatmap
according to RF direction. Red arrow indicates the site where R-loop
accumulate.

(e) BRG1 and FANCD2 ChlIP-seq mean signal intensity around head-on (HO) T-R
conflicts (+/-1Mb). Data plotted as heatmap according to RF direction. Red
arrow indicates the site where R-loop accumulate.

(f) Asin (e), but around co-directional (CD) T-R conflicts (+/-1Mb).

Average coverages from two DRIPc-seq and BRG1 ChlP-seq biological replicates are
shown. Color scales indicate protein abundancy. Trx:Trancription. Other details as in

Figure 3. See also Extended Data Fig. 6.
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Figure 7 — Chromatin accessibility and nucleosome occupancy analysis at R-

loop-gain sites in BRG1-deficient cells.

(a) ATAC-seq, DNase-seq, FAIRE-seq and MNase-seq mean coverages in control
K562 cells around R-loop-gain peaks (+/- 10kb). Data presented as metaplot.

(b) Average coverages from ATAC-seq in wild-type (WT) or BRG1-KO HAP1 cells
and MNase-seq in shluc or shBRG1-treated CD36 cells at R-loop-gain peaks.
Data plotted as box plot. (Mann-Whitney U test, two-tailed).

(c) ATAC-seq average coverages in BIN67 (BRG1-deficient) cells untreated (-),
expressing WT BRG1 and partially (T910M) or totally inactive (K785R) versions
of BRGL1 at R-loop-gain peaks. Data plotted as box plot. (Mann-Whitney U test,
two-tailed).

(d) ATAC-seq, DNase-seq, FAIRE-seq and MNase-seq mean coverages in control
K562 cells at transcription-replication (T-R) collisions (+/- 1Mb). Data plotted as
heatmap.

(e) Mean coverages from ATAC-seq in WT or BRG1-KO HAP1 cells and MNase-
seq in shluc or shBRG1-treated CD36 cells at T-R collisions. Data plotted as
heatmap.

(f) ATAC-seq mean coverages in BIN67 (BRG1-deficient) cells untreated (-),
expressing wild-type (WT) BRG1 and partially (T910M) or totally inactive
(K785R) versions of BRG1 at T-R collisions (+/- 1Mb). Data plotted as heatmap.

Color scales indicate signal intensity. Box plot details as in Fig. 2a. P-values are
indicated. RF, replication fork; HO, head-on; CD, co-directional, Trx, transcription.
Other details as in Figure 6. See also Extended Data Fig. 7.
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Figure 8 — R-loop and DNA damage study in cells depleted of different SWI/SNF
subunits.

(a) Percentage of cells containing >5 yH2AX foci in HeLa cells transfected with
siRNAs against indicated SWI/SNF subunits with (+) and without (-)
overexpression of RNH1. Data are plotted as mean + SEM (n=3). (Paired
Student’s t-test, one-tailed).

(b) Quantification of nuclear S9.6 signal intensity in HeLa cells treated as in (a).
Data are plotted as scatter plot (n=3). Median values are indicated by red lines
and printed in red. (Mann-Whitney U test, two-tailed).

(c) BRG1, BRM, ARID1A and PBRM1 ChIP-seq mean coverage around head-on
(HO; left) and co-directional (CD; right) transcription-replication (T-R) collisions
(+/- 1Mb). Data presented as heatmap according to replication fork (RF)
direction. Red arrow indicates the site where R-loop accumulate.

(d) Working model. Naturally occurring or unscheduled R-loop formation represents
an obstacle to RF advance that needs to be properly addressed. RF blockage is
sensed by FA pathway and SWI/SNF activity is required at these sites. SWI/SNF
activity might be necessary to modulate chromatin structure and facilitate DNA
damage response. In wild-type conditions, this mechanism would ensure
maintenance of genome integrity. However, this pathway is strongly affected in
SWI/SNF-deficient cells, where genome instability may arise and eventually
result in a transformation phenotype.

Color scales indicate protein abundance. Scale bars, 5um. P-values are indicated. Trx,

transcription. Other details as in Figure 6. See also Extended Data Fig. 7.

30



1109
1110
1111
1112
1113
1114
1115
1116
1117
1118
1119
1120
1121
1122
1123
1124
1125
1126
1127
1128
1129
1130
1131
1132
1133
1134
1135
1136
1137
1138
1139
1140
1141
1142
1143
1144

METHODS

Cell lines

Human female HelLa and K562 cell lines were retrieved from American Type Culture
Collection (ATCC). HeLa (ATCC CCL-2) cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; GIBCO) supplemented with 10% heat-inactivated fetal bovine
serum (Sigma Aldrich, Merck KGaA) and 1% antibiotic-antimycotic (BioWEST) at 37°C
(5% CO,). K562 (ATCC, CCL-243) cells were cultured in Iscove's Modified Dulbecco's
medium (IMDM; GIBCO) supplemented with 10% heat-inactivated fetal bovine serum
(Sigma Aldrich) and 1% antibiotic-antimycotic (BioWEST) at 37°C (5% CO,). C-33 A
cells were kindly provided by Dr. José Carlos Reyes and cultured in Dulbecco’s
modified Eagle’s medium (DMEM; GIBCO) supplemented with 10% heat-inactivated
fetal bovine serum (Sigma Aldrich, Merck KGaA) and 1% antibiotic-antimycotic
(BioWEST) at 37°C (5% CO,).

Protein knock-down

Cells were transfected with 50nM siRNA against desired target using DharmaFECT 1
(Dharmacon), according to the manufacturer’s instructions. When co-depletion was
intended, 25nM siRNA against each target were used. ON-TARGET SMARTpool
siRNAs from Dharmacon against BRG1(L-010431-00), UAP56 (L-003805-00), SETX
(L-021420-00), FANCD2 (L-016376-00), THOC1 (L-016376-00), BRM (L-017253-00),
PBRM1(L-008692-01), ARID1A (L-017263-00) were used to achieve protein depletion.
ON-TARGETplus Non-targeting Control Pool was used as control (siC). ON-
TARGETplus Human SMARCA4 siRNA (Set of 4) (LQ-010431-00-0005) were used to
test siRNA depletion of BRG1 individually. For siRNA-resistant expression of BRG1, 5'-
CAGUGUCACUGGAUGUCAA-3’ siRNA was used. A detailed list of SIRNAs used in
this study is supplied as Supplementary Table 2.

Plasmid transfection

Protein overexpression was performed transfecting cells with expression plasmids at
1pg/mL final concentration using Lipofectamine 2000 (Invitrogen), according to the
manufacturer’s instructions. pcDNA3-RNaseH1, containing the full-length RNH1 cloned
into pcDNA3®! and pEGFP-M27-H1, containing the GFP-fused RNH11 lacking the first
26 amino acids responsible for its mitochondrial localization cloned into pEGFP for
GFP-RNH11 overexpression® were used to overexpress RNH11. pcDNA3 (Invitrogen)

and the pEGFP (Clontech) empty vectors were used as controls.
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For IF, western blot, EAU incorporation and Proximity Ligation assays, cells
from each condition were transfected either with pEGFP or pEGFP-M27-H1 after 48h
of siRNA treatment. For single-cell electrophoresis and DNA combing, transfection was
performed either with pcDNA3 or pcDNA3-RNaseH1 48h after siRNA transfection.
Once transfected with the plasmid, cells were cultured 24h further in all cases to allow
protein expression and assayed. GFP signal was used to determine transfected cells in
IF experiments.

For BRGL1 rescue experiments, pSV2-hSNF2% was used to overexpress wild-
type BRG1 and pTS-CeBRG1 K-R®* was used to overexpress catalytically dead
(K785R mutation) BRG1. pcDNA3 was used as empty plasmid control.

MRNA quantification

RNA purification was performed using RNeasy Mini kit (Qiagen) according to
manufacturer’s conditions. Then, cDNA synthesis was achieved using QuantiTect Rev.
Transcription kit (Qiagen), according to manufacturer’s guidelines. Finally, quantitative
PCR were performed on a 7500 FAST Real-Time PCR system (ThermoFisher
Scientific) and mRNA expression values calculated using the AACt method and HPRT
housekeeping gene as control. A detailed list with primers used in this study is

provided in Supplementary Table 3.

Western Blot

Chromatin fraction was obtained as described®® and subjected to Western blot
following standard procedures. Membranes were incubated with rabbit anti-BRG1
(1:500), anti-THOC1 (1:1000), anti-UAP56 (1:1000), anti-FANCD2 (1:500) or anti-
SETX (1:500). Anti-GAPDH (1:4000) or anti-vinculin (1:5000) antibodies were used as

loading controls. Pounceau S was used to determine loading amount.

Immunofluorescence
S9.6 immunofluorescence was performed essentially as described®. Briefly, cells were
fixed with 100% ice-cold methanol, blocked with PBS-BSA 2% overnight at 4°C and
incubated with S9.6 (1:1000) and anti-nucleolin (1:2000) antibodies overnight at 4°C.
Then, coverslips were washed three times in PBS1X, and then incubated with
secondary antibodies (1:1000) for 1 hour at room temperature. Finally, cells were
washed again, stained with DAPI and mounted in ProLong Gold AntiFade reagent
(Invitrogen).

DNA damage assessment by YH2AX immunostaining was performed mainly as

previously described™* with minor modifications. Briefly, cells were pre-extracted and

32



1182
1183
1184
1185
1186
1187
1188
1189
1190
1191
1192
1193
1194
1195
1196
1197
1198
1199
1200
1201
1202
1203
1204
1205
1206
1207
1208
1209
1210
1211
1212
1213
1214
1215
1216
1217
1218

fixed with Triton X-100 0.1% + PBS 1X + formaldehyde (methanol-free) 4% for 10
minutes at RT, washed with PBS, permeabilized with PBS + 0.5% Triton X-100 for 5
minutes at RT and blocked with TBS 1X+ BSA 3% + Tween-20 0.1% for 30 minutes at
RT. Then, cells were incubated overnight at 4°C with anti-yH2AX (1:1000) (Merck
Cat#05-636 in Fig.1; Abcam Cat#ab2893 in others) in blocking solution, washed, and
incubated again with the corresponding secondary antibodies (1:1000) for 1 hour at
RT. Finally, coverslips were washed again, stained with DAPI and mounted in ProLong
Gold AntiFade reagent (Invitrogen). Same methodology was also used when
performing IFs against BRG1, FANCD2 and BLM. In this case, mouse anti-BRG1
(1:100), anti-FANCD2 (1:100) and anti-BLM (1:250) antibodies and PBS 1X+ BSA 3%
+ Tween-20 0.1% as blocking solution were used.

IF images were acquired with a Leica DM6000 microscope equipped with a
DFC390 camera (Leica) at 63X magnification and LAS AX image acquisition software
(Leica). FIJI (ImageJ) image processing package®’ was used for IF analysis. Nuclear
mean grey value for S9.6, after subtraction of nucleolar signal, was measured for each
condition. When indicated, S9.6 nuclear foci were also quantified. In the case of
YH2AX, FANCD2 and BLM, foci per cell were quantified. IF signal profile along
specified sketches was obtained using RGB profiler plug-in for FIJI%’.

Single-cell electrophoresis

Alkalyne single-cell electrophoresis or comet assay was performed using a commercial
kit (Trevigen) following manufacturer’s protocol. Comet slides were stained with
SYBRGreen, and images were captured with a Leica DM6000 microscope equipped
with a DFC390 camera (Leica) at 10X magnification. Analysis of comet assay images
was performed using OpenComet plug-in®® for FIJ1*”. Tail moment was measured for

each cell in each condition.

DNA:RNA immunoprecipitation (DRIP) assays

DNA-RNA hybrids were immunoprecipitated using the S9.6 antibody on purified
genomic DNA enzymatically digested with Hindlll, EcoRlI, Xbal, Sspl and BsrGl
restriction enzymes. As control, samples were in vitro treated with RNH1 (New England
Biolabs) as described®®. Finally, eluted DNA was subjected to quantitative PCR (or
sequencing) and immunoprecipitation rate expressed as Input %. When considered,
relative values respect siC without RNH were also calculated and plotted. A detailed

list with primers used in this study is provided in Supplementary Table 3.
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Library construction and sequencing

DRIPc-seq was performed by sequencing RNA moieties from K562 DRIP samples
purified as described®. RNA was fragmented and size checked on a 2100 Bioanalyzer
(Agilent) and libraries constructed using TruSeq Stranded Total RNA Library Prep
(lumina) as determined by the company.

DRIP-seq was performed by sequencing DNA from K562 DRIP samples as
described™®. DNA elutes were sonicated and size checked on a 2100 Bioanalyzer
(Agilent) and libraries constructed using the ThruPLEX DNA-Seq 6S kit (Rubicon
Genomics) according to manufacturer’s guidelines.

Stranded total RNA-seq was performed from K562 purified RNA as reported™”.
RNA was purified, fragmented and size checked on 2100 Bioanalyzer (Agilent).
Libraries were built using TruSeq Stranded Total RNA Library Prep (lllumina) after
ribosomal RNA depletion according to producer protocol as in previous reports™.

In all cases, samples were 2x75bp pair-end (PE) sequenced on NextSeq500

platform (lllumina).

Genome-wide data downstream analysis

Paired-end sequencing reads were subjected to quality control pipeline using the
FASTQ Toolkit v.1.0.0 software (lllumina) and uploaded to the Galaxy web platform for
data analysis®™. We used the public servers at usegalaxy.org and usegalaxy.eu., as
well as a locally installed version. First, reads were mapped to the canonical version of
human reference genome hg38 using Bowtie2®* except for DRIP-seq and RNA-seq
where BWA® and HISAT2% were used, respectively. Then, PCR duplicates were
removed and reads assigned to Watson and Crick strand when stranded libraries were
built (DRIPc-seq and RNA-seq) using SAMTools*. For DRIPc-seq analysis without
Alus, reads mapping to Alu sequences were filtered out using BAM filter option from
NGSUTtils*.

DRIPc-seq peak calling was performed using MACS2 package®® without input
file with a FDR<0.01 and allowing broad region detection with a 0.1 cutoff. Regions
covered by peaks in both replicates were retained and merged when closer than 5kb
using BEDtools®’. For comparative purposes, siC and siBRG1 resulting peaks were
merged using BEDtools®” and counts per peak calculated using FeatureCounts® for
each condition and replicate. Then, counts were RPKM normalized and values
subjected to differential analysis with limma-voom®. Differentially R-loop accumulating
peaks upon BRG1 depletion were determined as those with a |FC|>1.5 and p-
value<0.01. Those with a FC>1.5 and p-value<0.01 were designated as R-loop-gain

peaks. Inside this category, peaks with an average RPKM value from both replicates
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<=0 in siC were established as de novo appearing peaks upon BRG1 knock-down,
whereas those presenting an average RPKM=>0 in siC were designated as increasing
peaks.

K562 BRG1 ChlP-seq, ATAC-seq, DNase-seq and MNase-seq data were
obtained from ENCODE database. K562 FANCD2 ChlP-seq, YH2AX ChIP-seq, FAIRE-
seq and OK-seq, HAP1 ChlP-seq and ATAC-seq, CD36 MNase-seq and BIN67 ATAC-
seq reads were gathered from publicly available data. Reads were aligned to the
human reference genome hg38 using Bowtie2°* and PCR duplicates removed using
SAMTools™. For OK-seq, reads were also assigned to Watson and Crick strand using
SAMTools™. BRG1 ChlIP-seq peaks for both replicates were retrieved from ENCODE
project**. Only those peaks appearing in both replicates were further considered for this
study. FANCD2 and yH2AX ChlP-seq peak calling was performed using MACS2 with a
p-value<0.01 and allowing broad region detection with a 0.001 cutoff.

Genome and gene annotation of peaks were performed with ChiPseeker'® and
genes retrieved from Ensembl release 94 2018'”*. Gene annotation was performed
only on protein coding genes considering as promoter the region ranging from TSS to
2kb upstream and termination from TTS to 2kb downstream. With regard to RNA-seq,
counts were assigned to every gene as mentioned and RPKM normalized for each
replicate. After entire population analysis, those ones with an RPKM average from both
replicates >0.001 were considered as expressed genes.

DeepTools2'°* was used to calculate average coverages, generate RPKM-
normalized coverage profiles and metaplot images. RF directionality (RFD) track
values were calculated as described previously for OK-seq data*®®. RFD values were
measured for each R-loop peak to stablish R-loop (or gene when considered)
orientation with respect to the RF. For our purposes, assays involving RFD were
performed only those sites (R-loops or genes) were |RFD|>0.75 ensuring a high

chance of collision in a specific orientation.

EdU incorporation and detection

Click-iT™ EdU Cell Proliferation Kit for Imaging (ThermoFisher Scientific) was used to
assay DNA replication through EdU incorporation. First, cells were cultured in complete
medium supplemented with 10uM EdU for 30 minutes. Then, samples were fixed,
permeabilized and Click-iT reaction performed according to manufacturer’s guidelines.
Finally, nuclei were stained with DAPI and mounted in ProLong Gold AntiFade reagent
(Invitrogen). Images were acquired with a Leica DM6000 microscope equipped with a
DFC390 camera (Leica) at 63X magnification and LAS AX image acquisition software

(Leica). F1JI image processing package® was used for image analysis and
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guantification. EdU entire population nuclear intensity and % of cells incorporating EdU
were determined. EdU intensity was also determined only for those cells that

incorporated EdU.

DNA combing

DNA combing was performed as previously described**?°. Thymidine analogues
(iododeoxyuridine (IdU) and chlorodeoxyuridine (CldU)) were added in two consecutive
15 min pulses. DNA molecules were counterstained with an anti-ssDNA antibody
(1:500) and an anti-mouse IgG coupled to Alexa 647 (1:50). CldU and IdU were
detected using BU1/75 (1:20) and BD44 (1:20) anti-BrdU antibodies, respectively. Goat
anti-mouse IgG Alexa 546 (1:50) and chicken anti-rat Alexa 488 (1:50) were used as
secondary antibodies. DNA fiber images were acquired using a Leica DM6000
microscope equipped with an automated plate, a DFC390 camera and LAS AX
software (Leica). Large-field images were ensembled using LAS AX software (Leica)
and processed as described'®. RF velocity (kb/min) was determined by measuring
second analogue track length on individual ongoing RFs and multiplying this value by 2
and dividing by analogue incubation time to convert it into kb/min. Replication
asymmetry was calculated by dividing the shortest second analogue track by the

longest in divergent forks.

Flow Cytometry

For cell cycle analysis after RNH1 overexpression cells were treated and analyzed as
described in**. Briefly, cells were harvested, fixed with PBS 1X+4% formaldehyde for
10 min at room temperature (RT) and permeabilized with PBS 1X+0,2% Triton X-100
during 10 min at RT. Finally, DNA was stained with DAPI (1 pg/ml) 4°C overnight in
PBS. Cells were analyzed in a BD influx sorter. Plasmid-transfected cells were
identified with GFP signal and cell cycle was evaluated with DAPI signal.

For S9.6 analysis, samples were processed as described in®® with minor modifications.
Prior to harvesting, cells were treated with EdU (10 uM) for 30 min, then cells were
fixed with methanol 100% at -20°C for 7 minutes, washed with PBS 1X and treated with
RNAse Il (40 U/ml) for 30 min at 37°C. Samples were washed with PBS 1X and
blocked for 1 hour at RT with PBS 1X+3% BSA+0,05% Tween 20. After that, Click-it
reaction (ThermoFisher Scientific) was performed following manufacturer instructions.
Finally, cells were stained with S9.6 antibody in suspension as previously describe®.
DNA was stained with 1 pg/ml of DAPI at 4°C overnight in PBS 1X. Cells were

analyzed in a BD influx sorter and data were analyzed in FlowJo 9.3.2 (Tree Star).
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Proximity Ligation Assay

Proximity Ligation Assay was performed using Duolink PLA Technology (Merck) as in
previous reports®. First, samples were pre-extracted, fixed, permeabilized and
incubated with primary antibodies as described for immunofluorescence assays. Then,
secondary antibody binding, ligation and amplification reactions were performed
according to manufacturer guidelines. Duolink in situ PLA probe anti-rabbit PLUS,
Duolink in situ PLA probe anti-mouse MINUS and Duolink-Detection Reagents Red
(Merck) were used to perform PLA reaction. Finally, nuclei were stained with DAPI and
mounted in ProLong Gold AntiFade reagent (Invitrogen). For PLA reactions requiring
rabbit BRG1, PCNA or RNAPII S2P antibodies, 1:500 dilution of these antibodies was
used. Finally, images were acquired with a Leica DM6000 microscope equipped with a
DFC390 camera (Leica) at 63X magnification and LAS AX image acquisition software
(Leica). FIJI image processing package (Schindelin, J et al, Nat Medicine 2012) was
used for image analysis and quantification. PLA foci number per cell were quantified for
all conditions.

High-throughput immunofluorescence analysis

Cell cycle distribution of S9.6 reactivity was achieved using wide-field images acquired
using automated plate on microscope Leica DM6000 as recently reported*. Cells were
immunostained using S9.6 antibody as described and large images containing high
amounts of cells (>1000) to ensure enough cell quantity in all phases of cell cycle were
obtained with the mentioned microscope equipped with a DFC390 camera (Leica) at
63X magnification and LAS AX image acquisition software (Leica). Then, cells were
associated to the corresponding cell cycle phase according to its DAPI content using
DNA cell cycle plug-in (MBF collection) on FIJI®’. In vivo validations of this plug-in with
EdU staining and H3S10P immunofluorescence were already reported™. Finally, S9.6
nuclear intensity was determined for each cell in every condition as for
immunofluorescence.

The same procedure was used to determine BRGL1 signal distribution through cell cycle
(>800 cells).

Image processing

Images were acquired with a Leica DM6000 microscope equipped with an automated
plate, a DFC390 camera (Leica) and LAS AX image acquisition software (Leica). FIJI
image processing package®’ was used for image analysis and quantification. DNA cell
cycle (MBF collection for ImageJ; https://imagej.nih.gov/ij/plugins/mbf/index.html), RGB
profiler (ImageJ Plug-in site; https://imagej.nih.gov/ij/plugins/index.html) and
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OpenComet®® plug-ins were added to the package to perform cell cycle-dependent IF
and comet assay analysis. Nuclear mean intensity and foci quantification were
performed using FIJI homemade generated macros, available upon request. Mean
nuclear S9.6 signal was quantified after subtracting nucleolar signal, considered as that
signal colocalizing with nucleolin. When indicated, S9.6 nuclear foci or nucleolar mean
S9.6 reactivity were also determined. In the case of YH2AX, FANCD2 and BLM, foci
per cell were always quantified. Regarding genome instability phenotypes, % of cells
presenting micronuclei, bridges/cell expressed as % or nucleolin foci number were
calculated. Mean EdU nuclear intensity was also measured when cells were treated
with EdU. PLA foci/cell were measured when PLA were performed. In all cases,
nuclear mean GFP signal was obtained and used to determine transfected cells.

In representative images, DAPI (4',6-Diamidino-2-phenylindole dihydrochloride) nuclear
staining is shown in blue, GFP in green and IF/EdU/PLA in red, except in BLM IF and
YH2AX IF in Fig. 4 and Extended Data Fig. 4 were IF is shown in green.

Statistics & Reproducibility

Statistical parameters including the number of biological replicates (n), standard error
of the mean (SEM) and statistical significance are reported in the figure legends. All
results presented in this manuscript were obtained from a minimum of 3 independent
biological replicates, except for genome-wide analysis and BLM IF. BLM IF, DRIPc-
seq, DRIP-seq, siC RNA-seq and BRG1 ChiIP-seq data resulted from 2 independent
biological replicates. sSiBRG1 RNA-seq data comes from one biological replicate.
YH2AX and FANCD2 ChIP-seq and OK-seq data were retrieved from external
database repositories and one replicate was used. Control PLAs were realized only
once.

For data represented as histograms, Student’s t-test was used. When data was
presented as box plot or scatter plot, Mann—Whitney U-test was performed. Test
details indicated in figure legends. For box plots, boxes and whiskers indicate 25—-75
and 10-90 percentiles, respectively, and median values are indicated. In scatter plots
and DNA combing box plots, median values are indicated and printed in red.
Hypergeometric test and Pearson correlation were calculated for 2D Venn diagram and
correlation analysis, respectively. In Venn diagrams, numbers represent genes co-
occurring between conditions. In screenshots from genome-wide experiments, scales
are adjusted so that background signal is low for better visualization of the results.

For IF experiments, >100 cells per replicate were measured (S9.6; BRG1),
while at least 50 cells were considered when selecting subpopulations expressing GFP

(YH2AX; FANCD2; BLM). A minimum of 50 cells was also measured in each comet
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assay replicate. In EJU experiments, >100 cells per replicate were analyzed. For DNA
combing analysis, 100 tracks per replicate were measured to determine fork velocity,
while >45 asymmetries per replicate were analyzed. In RNAPIIS2P+PCNA PLA box
plots >240 total cells were measured in double knockdown experiments and >340 cells
in BRGL1 rescue experiment. In FANCD2+BRG1 and S9.6+BRG1 PLA box plots >350
total cells are represented, while in RPA S4/8P+BRG1 and yH2AX+BRG1 PLA box
plots >200 total cells are represented from at least 35 cells per replicate. In high-
throughput IF analysis >1200 (S9.6) and >800 (BRG1) total cells were measured. >500
cells were analyzed when it was applied to compare single and double knockdowns.
When comparing S9.6 IF in HeLa and C-33 A cancer cells, box plots were built using
50 cells per replicate.

Graphs were generated with Prism (GraphPad Software, Inc.), genome-wide

screenshots obtained from Integrative Genome Viewer (IGV)'%

and coverage profile
graphs were generated using Galaxy platform®.

P-values are indicated in figures, and statistical tests applied described in figure
legends. Analyzed samples were randomly chosen and data acquisition automatically

performed by analysis software to ensure unbiased results.

Data and Code Availability
siBRG1 DRIPc-seq and RNA-seq, the first siC DRIPc-seq replicate and one DRIP-seq
replicate datasets have been deposited at Gene Expression Omnibus (GEO) repository
and are available under accession code GSE154631. Original data for another DRIP-
seq replicate, siC RNA-seq and the second siC DRIPc-seq replicate datasets are
available at the same database under accession code GSE127979*, even though all
experiments were performed in parallel. Other publicly available genome-wide data
used in this study are listed in Supplementary Table 1.

Cancer-related information for SWI/SNF genes was retrieved from cBio Cancer

Genomics Portal (www.cbioportal.org)®***°” and Integrative Onco Genomics

(www.intogen.org)**®1% databases.

Software and algorithms source and links are listed in Supplementary Table 1.

Resources details

For more information on reagents and resources used, see Supplementary Table 1.
Lead Contact
Further information and requests for resources and reagents should be directed to and

will be fulfilled by the Lead Contact, Andrés Aguilera (aguilo@us.es).
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