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SUMMARY

R-loops are three-stranded structures that can pose threats to genome stability. RNase H1 precisely recognizes
R-loops to drive their resolution within the genome, but the underlying mechanism is unclear. Here, we report
that ARID1A recognizes R-loops with high affinity in an ATM-dependent manner. ARID1A recruits METTL3
and METTL14 to the R-loop, leading to the m6A methylation of R-loop RNA. This m6A modification facilitates
the recruitment of RNase H1 to the R-loop, driving its resolution and promoting DNA end resection at DSBs,
thereby ensuring genome stability. Depletion of ARID1A, METTLS, or METTL14 leads to R-loop accumulation
and reduced cell survival upon exposure to cytotoxic agents. Therefore, ARID1A, METTL3, and METTL14 func-
tionin a coordinated, temporal order at DSB sites to recruit RNase H1 and to ensure efficient R-loop resolution.
Given the association of high ARID1A levels with resistance to genotoxic therapies in patients, these findings
open avenues for exploring potential therapeutic strategies for cancers with ARID1A abnormalities.

INTRODUCTION

The nascent RNA transcript can rehybridize with the DNA tem-
plate, displacing non-template single-stranded DNA and forming
a 3-stranded nucleic acid structure known as an R-loop.'™
R-loops have diverse functions essential for eukaryotic physi-
ology."** The excessive accumulation of R-loops at specific
genomic loci can also pose a significant threat to genomic stabil-
ity and lead to chromosome translocation and ultimately pro-
duce double-stranded breaks (DSBs)."° Excessive R-loop accu-
mulation correlates with the pathogenesis of multiple genomic
instability-based human diseases.®'® As such, to maintain
genome stability, cells have evolved various strategies to resolve
unexpected R-loop formation, including DNA/RNA helicases
that unwind the DNA/RNA hybrid,""'? pre-mRNA processing
factors that bind with mRNA transcripts to prevent the re-hybrid-
ization of the nascent RNA with the template DNA,'*"'* and addi-
tionally, the ribonuclease (RNase) H enzymes that degrade
R-loop RNA chains.'*~'® Yet despite the identification of many
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factors involved in R-loop resolution, it is still unclear how
R-loops are intrinsically recognized and precisely resolved to
maintain genome stability.

RNase H is one of the most important factors contributing to
R-loop clearance and is a conserved endonuclease that hydro-
lyzes the phosphodiester backbone of the RNA moiety in RNA-
DNA hybrids.'® RNase H is divided into two classes, namely
RNase H1 and RNase H2, and both RNase H1 and RNase H2
have a role in suppressing R-loops in the genome.®?° Recent
studies have suggested that RNase H1 overexpression is suffi-
cient to resolve R-loops during genome stress.'®?" RNase H1
recruitment to R-loop-prone sites was recently identified based
on its binding with RPA, a single-stranded DNA (ssDNA)-binding
protein. Purified RPA directly enhances the association of RNase
H1 with RNA-DNA hybrids and stimulates RNase H1 activity on
R-loops in vitro.?? Furthermore, RNase H1 was reported to be re-
cruited by TonEBP.?® Despite these advances, how the R-loop-
processing enzyme RNase H1 recognizes R-loops and how it is
regulated need to be explained.
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Methylation on the N6 position of adenosine (m6A), which is
catalyzed by the methyltransferases METTL3 and METTL14, is
one of the most abundant modifications that occur on
mRNAs.?**® Moreover, growing evidence has demonstrated
that m6A methylation is a critical mediator of DNA damage
repair. m6A RNA methylation serves as a platform to recruit
Pol k to DNA damage sites.”” m6A methylation on R-loop RNA
might also be critical for governing R-loop stability by either
stabilizing or clearing R-loops.?®° The m6A-containing R-loop
accumulates during the G2/M phase and is depleted at the GO/
G1 phase of the cell cycle; the m6A modification promotes
R-loop RNA degradation, suggesting that m6A regulates the
clearance of an R-loop to safeguard genomic stability.”® In addi-
tion, METTL3 phosphorylation by ATM catalyzes the m6A
modification on R-loop RNA as a prerequisite step for R-loop
accumulation at DSBs, which further facilitates homologous
recombination (HR) repair.?® Given the dual role of m6A in regu-
lating R-loop biology, elucidating the precise regulation mecha-
nisms of m6A and R-loop during the DNA damage process is
critical to understanding how DNA repair is uniquely regulated
in a temporal and spatial manner.

AT-rich interactive domain 1A (ARID1A) is an SWI/SNF family
member that regulates gene transcription by altering chromatin
structure via its helicase and ATPase activities.®’ ARID1A is
frequently mutated and is a poor prognostic marker in various
human cancers.*"*?> The mutation frequency of ARID1A ranges
from 10% to 60% across multiple tumor lineages, including
ovarian carcinoma, gastric and pancreatic cancer, and cholan-
giocarcinoma, among others.*>** ARID1A participates in
genome maintenance by rapidly localizing to damaged sites,
clearing nucleosome occupancy, and physically facilitating local
recruitment of DNA repair factors to stress regions.**~*° Despite
previous studies demonstrating the involvement of ARID1A in
genome stability maintenance, there is still a need for a deeper
understanding of the specific mechanisms by which ARID1A
contributes to DNA damage repair pathways. In particular, there
is a lack of knowledge regarding the molecular events that regu-
late the pathogenesis associated with ARID1A deficiency and
the mechanisms by which ARID1A ensures the maintenance of
DNA integrity in response to both endogenous and environ-
mental challenges that lead to DNA damage.

Here we aimed to address the mechanisms underlying the res-
olution of R-loops in response to DNA damage and its significance
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in genotoxic treatments. Specifically, we provide evidence
supporting the hypotheses that ARID1A plays a crucial role in
recognizing R-loops induced by DNA damage and facilitating their
resolution to maintain genome stability, by recruiting METTL3 and
METTL14 to local DNA damage sites to initiate the m6A RNA
methylation. Delineating the precise mechanisms of this process
will further strengthen our understanding on the relevance of
R-loop biology in the context of genotoxic treatment approaches.

RESULTS

RNase H1 preferentially binds m6A-modified R-loops
and catalyzes R-loop resolution

RNA methylation frequently occurs in both nascent messenger
RNA and R-loops.*"**? To understand whether RNA methylation
is involved in DNA damage response, we examined RNA methyl-
ation using specific antibodies against N7-methylguanosine
(m7G), N6-methyladenosine (m6A), and N5-methylcytosine
(m5C) after DNA damage and found that all the three types of
RNA methylation levels were increased in response to DNA dam-
age (Figure S1A). To further explore whether RNA methylations
occurred in the R-loops, we performed a proximity ligation assay
(PLA) to visualize and quantify the in situ interactions. Remark-
ably, we observed increased numbers of PLA foci (red dots) cor-
responding to in situ endogenous interactions between m6A
(Figure 1A) or m5C (Figure S1B) and R-loops in response to
DNA damage. The interaction between the R-loop and m7G
seems to not be related to DNA damage (Figure S1B). These
data suggest that m5C and m6A but not m7G RNA modification
occurred on the R-loop prone in a DNA-damage-dependent
manner. The specificity of these RNA methylation antibodies
was verified by knocking down the methyltransferases NSUN2,
METTLS, and METTLA1, respectively (Figure S1C).

To test whether m6A RNA modification was also involved in
modulating R-loop stability, we synthesized a Cy5-labeled RNA
oligo, m5C, as well as m6A-modified RNA oligos, and we annealed
these oligos with a DNA oligo to generate an R-loop-like structure
comprising two arms of double-stranded DNA (dsDNA, 30 bp), a
bubble of ssDNA (31 nt) in the middle, and an RNA:DNA hybrid
(25 nt, R-loop) in the bubble. This R-loop structure was validated
by S9.6- DNA-RNA immunoprecipitation (DRIP)-gPCR and m6A-
DIP-gPCR analysis (Figures S1D and S1E). After incubating the
Cy5-R-loop products with gradually increasing amounts of purified

Figure 1. RNase H1 preferentially binds m6A-modified R-loops and catalyzes R-loop resolution
(A) In situ PLA of the interaction between S9.6 and m6A in HeLa cells treated with different DNA-damaging agents. The PLA foci were observed after staining with

S$9.6 and m6A antibodies. ***p < 0.001.

(B) The stability of R-loops was measured by native-PAGE. The Cy5-labeled R-loop and R-loop!'

mM8A substrates were incubated with RNase H1"YT or RNase

H1P299N (5 nM) in vitro for the indicated times. The products were subjected to native-PAGE, and the captured images were analyzed using a fluorescence

imaging system. **p < 0.001.

(C) HelLa cells were transfected with siRNA, overexpressed with FLAG-RNase H1M"“! construct, and subjected for DNA:RNA hybrid IP. The table shows the

number of peptides and the percentage coverage of identified candidates.

(D) The above IP products by DNA:RNA hybrids were analyzed by western blotting assay using the indicated specific antibodies (anti-biotin).

(E) The binding affinity of R-loops was measured by EMSA. The Cy5-labeled R-loop and R-loop™® substrates were incubated with RNase H1°2%°N (5 nM) in vitro
for the 20 min. The RNase H1P2°°N:R-loop complex as well as free R-loops were captured and analyzed by a fluorescence imaging system. **p < 0.001.

(F) An MST assay showing the affinity of His-RNase H1 for m6A-modifed and unmodified R-loops. The corrected fraction bound curve was shown.

(G) RNase H1 accumulation dynamics at DSBs was monitored by laser microirradiation-coupled live-cell imaging. The mCherry and GFP fluorescent intensity at

DSBs was quantified by ImageJ.

Each assay was conducted in a minimum of three independent experiments. Data represent the means + SEM for (A). Scale bar: 10 uM for (A) and 20 uM for (G).
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RNase H1 in vitro for 10 min, we observed that m6A- but not m5C-
modified R-loops showed a markedly decreased pattern, suggest-
ing that m6A modification favors the degradation of R-loops (Fig-
ure S1F). We further incubated the m6A-modified R-loop with
RNase H1"T and RNase H1P2%%N (catalytically inactive mutant),
and we found that RNase H1"/" cleaved RNA in the m6A-modified
R-loop more rapidly (Figure 1B).

Totest whether the m6A-modified R-loop enhanced the binding
of RNase H1 to the R-loop and facilitated its degradation, we per-
formed a DNA:RNA hybrid pull-down assay and analyzed its po-
tential interactomes (Figure 1C, left). By mass spectrometry anal-
ysis, we identified many interactors that bind to R-loops, and
RNase H1 was identified to bind with m6A-modified R- loops in
high affinity (Figures 1C, right, and 1D). We performed an in vitro
electrophoretic mobility shift assay (EMSA) and further confirmed
that the binding affinity of RNase H1P2°°N to m6A-modified
R-loops was much higher than unmodified R-loops. Specifically,
we observed increased levels of RNase H1-DNA:RNA complex
formation and decreased levels of free DNA:RNA hybrid (Fig-
ure 1E). The high binding affinity of RNase H1 to m6A-modified
R-loops was further confirmed by the microscale thermophoresis
(MST) assay, as m6A-modified R-loops have a low dissociation
constant (Kd) (Kd = 1.2) value compared with the unmodified
R-loops (Kd = 8.3) (Figure 1F). These results together suggest
that RNase H1 preferentially binds to m6A-modified R-loops.

We next diminished the RNA m6A methylation by expressing a
catalytically inactive METTLS, in which D395 and W398 were
mutated to A (DPPW to APPA) and tested the dynamic of RNase
H1 recruitment to DSBs in a laser-induced DNA damage system.
By co-expressing GFP-METTL3"T or METTL3*PPA with mCherry-
RNase H1, we found that the dynamic recruitment of mCherry-
RNase H1 only occurred in METTL3"T but not in METTL3APPA
cells (Figure 1G). These findings suggest that METTL3-catalyzed
R-loop RNA m6A methylation has a vital role in RNase H1 recruit-
ment and R-loop resolution in DNA damage sites.

ARID1A facilitates damage-induced R-loop m6A
modification on DSB-flanking chromatin in response to
DNA damage

We asked whether ARID1A is involved in R-loop regulation since
ARID1A is a potential binding partner to R-loops (Figure 1C, right).

¢ CellP’ress

OPEN ACCESS

We performed proximity-dependent biotin identification assays to
isolate the potential interactomes of ARID1A using either BirA***
or APEX approaches** that serve as biotin ligase to biotinylate
proteins in close proximity to ARID1A (Figure 2A). After microirra-
diation, we found that ARID1A was efficiently recruited to laser
stripes accompanied by biotin signals (Figures S2A and S2B).
Similar results were also observed with APEX-ARID1A (Fig-
ures S2D and S2E), suggesting that both BirA*-ARID1A and
APEX-ARID1A induce biotinylation of proximal proteins. We
further captured and identified the biotinylated proteins and found
several overlapping proteins in the above-mentioned two inde-
pendent systems (Figure 2B). A functional relationship was
demonstrated by clusters including R-loop processing and m6A
regulation (Figures 2C and 2D). Furthermore, the representative
identified proteins were validated by western blotting, including
MDC1, PARP1, UHRF1, and METTLS3 (Figures S2C and S2F).

We experimentally explored the possible roles of ARID1A on
RNA m6A modification and observed that total m6A levels in
ARID1A-deficient cells markedly decreased (about 85%) in
response to DNA damage (Figures 2E and 2F). We further
stained the m6A levels at the yH2AX tracks in laser stripes and
observed that local mBA levels at DSBs were significantly
decreased upon ARID1A depletion (Figure 2G) This conclusion
was further validated by a quantitative m6A-DNA immunoprecip-
itation (MB6A-DIP) assay in the 4-OHT-induced site-specific DSB
system. We observed that 4-OHT treatment markedly enhanced
(~5-fold) the m6BA levels on DSBs, which was significantly in-
hibited upon ARID1A knockdown in AsiSI-U20S cells (Figure 2I).

We further explored the m6A modification that occurred in the
R-loop-prone sites by PLA analysis, and we observed positive
PLA foci between m6A and R-loops in response to DNA damage,
which was abolished by depletion of ARID1A, the m6A methyl-
transferase METTLs, as well as METTL3 enzymatic inhibitor
STM2457 (Figures 2H and S2G). By a two-round DRIP/DIP assay
(S9.6 DRIP followed by m6A DIP), a quantitative examination of
the levels of m6A on S9.6 at the DSBs further showed that the
m6A levels on S9.6 were enhanced ~9-fold upon 4-OHT treat-
ment, and this increase was reversed upon overexpression of
an RNase H1"T in ARID1A-expressing cells (Figure 2J). These
findings suggest that ARID1A plays an important role in R-loop
RNA m6A modification upon DNA damage.

Figure 2. ARID1A facilitates damage-induced R-loop m6A modification on DSB-flanking chromatin in response to DNA damage

(A) Workflow of the ARID1A interactome analysis by proximity-dependent biotin identification (BiolD) assays.

(B) Overlap and distribution of the ARID1A interactome identified by Apex2-ARID1A and BirA*-ARID1A approaches.

(C) Network analysis of ARID1A interactomes. Individual proteins are shown as nodes, and edges indicate interactions retrieved from the STRING database.
(D) Heatmap of the ARID1A-interacting proteins classified on the basis of their functionality in R-loop processing (upper) and m6A regulation (lower).

(E and F) Dot blot analysis of m6A levels after DNA damage stimulation. The treated cells were produced by lysis, and chromatin-associated RNAs were extracted
and subjected to dot blot analysis using an m6A-specific antibody. Methylene blue staining was used as a loading control.

(G) Immunofluorescence staining showing the m6A and yH2AX signal in laser microirradiation-induced DNA damage sites in HeLa and ARID1A-KO cells. The

m6A density at DSB stripes was quantified using ImageJ. ***p < 0.001.

(H) In situ PLA of the interaction between S9.6 and m6A in HeLa cells transfected with different siRNAs. The PLA foci were observed after staining with S9.6 and

m6A antibodies after MMS (2 mM for 1 h) treatment. ***p < 0.001.

(I) Schematic illustrating the m6A DIP technique (left), showing the enrichment of m6A-modified RNA at DSB sites induced by 4-OHT (500 nM) in the AsiSI-U20S

system after cells were transfected as indicated (right). **p < 0.001.

(J) Schematic illustrating the DRIP (R-loop)-re-DIP (m6A) technique (left), showing the enrichment of m6A-modified RNA of R-loops at DSB sites in the AsiSI-

U20S system. **p < 0.001.

Each assay was conducted in a minimum of three independent experiments. Data represent the means + SEM for (G and H) and means + SD for (I and J). Scale

bar: 10 uM for (G) and (H).
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Figure 3. Chromatin-enriched ARID1A recognizes R-loops and facilitates R-loop resolution at DSBs

(A) R-loop immunoprecipitation analysis of the endogenous interaction between ARID1A and R-loops. The treated cells were produced by lysis, and genomic
DNAs were extracted and pretreated with either RNase H1 enzyme or not, and then the products were subjected to immunoprecipitation using an anti-S9.6
antibody.

(B) In situ PLA of the interaction between S9.6 and ARID1A in Hela cells. The PLA foci were observed after staining with S9.6 and ARID1A antibodies after
treatment as indicated. ***p < 0.001.

(C) Dot blot analysis of R-loop levels at HeLa and ARID1A-deficient cells after DNA damage treatment. The cellular genomic DNA was extracted and subjected to
dot blot analysis. Methylene blue staining was used as a loading control.

(D and E) Dot blot analysis of R-loop levels in HeLa and ARID1A-deficient cells after DNA damage treatment. The cellular genomic DNA was extracted and
subjected to dot blot analysis. Methylene blue staining was used as a loading control.

(legend continued on next page)
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Chromatin-enriched ARID1A recognizes R-loops and
facilitates R-loop resolution at DSBs

We next asked whether ARID1A is recruited to DSBs to exert its
role in mB6A modification. We isolated chromatin and found
ARID1A recruitment occurs in a dose- and time-dependent
manner to DNA damage (Figures S3A and S3B). This finding
was confirmed by co-staining endogenous ARID1A and yH2AX
after laser-generated DNA damage (Figure S3C). Next, we over-
expressed GFP-ARID1A in multiple cancer cell lines and found
that laser microirradiation triggered swift accumulation of GFP-
ARID1A at DNA damage sites (Figure S3D). Thus, we conclude
that ARID1A is recruited to DNA damage sites. We further con-
ducted an R-loop IP and found that ARID1A was pulled down
by R-loops after DNA damage; digestion of the R-loop by RNase
H abolished this interaction (Figure 3A). Of note, we used PARP1
as a positive control.'" This interaction was further confirmed by
PLA (Figure 3B), suggesting that chromatin-bound ARID1A inter-
acts with R-loops in response to DNA damage.

To explore the role of ARID1A in R-loop regulation, we exam-
ined the R-loop levels in WT and ARID1A-deficient cells following
DNA damage. We found that R-loop levels accumulated in
ARID1A-deficient cells (Figure 3C). To monitor the kinetics of
R-loop accumulation, we treated the cells with DNA damage
agents and released them for the indicated times. ARID1A defi-
ciency delayed R-loop clearance (Figures 3D and 3E), suggesting
that ARID1A is important for R-loop clearance. This observation
was further validated by staining of R-loops at laser-induced
DSBs (Figure 3F). We further co-transfected GFP-ARID1A and
mCherry-RNase H1 and tracked the dynamics of GFP-ARID1A
recruitment to laser stripes. GFP-ARID1A recruitment was abol-
ished only in cells co-transfected with mCherry-RNase H1 (Fig-
ure 3G), indicating that clearance of R-loops by RNase H1 dimin-
ished ARID1A loading to DSBs. Moreover, we found that an
ARID1A deficiency abolished GFP-RNase H1 recruitment to laser
microirradiation-induced DSBs (Figure 3H), further supporting the
conclusion that ARID1A is required for R-loop clearance.

Finally, to quantify R-loop levels at DSBs, we reduced ARID1A
levels by siRNA in AsiSI-U20S cells and induced DSBs with
4-OHT. We then quantified R-loop levels by DRIP assay using
the anti-RNA:DNA hybrid S9.6 antibody following the workflow
shown in Figure 3l. As shown in Figure 3J, knockdown of
ARID1A increased the R-loop levels around DSBs by ~2-fold af-
ter DSB induction by 4-OHT treatment, and the enhanced R-loop
levels were resolved by overexpressing WT-RNase H1, but not
Mut-RNase H1, in ARID1A-proficient cells. Furthermore, the
RNase H1-mediated R-loop resolution was remarkedly dimin-
ished in ARID1A-deficient cells, as ARID1A deficiency abolished
the RNase H1 loading to DSBs (Figure 3J). These data together
suggest that chromatin-enriched ARID1A recognizes R-loops
and facilitates R-loop resolution at DSBs.
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Chromatin-enriched ARID1A recruits METTL3/14 to
R-loop to facilitate R-loop RNA m6A modification

We experimentally examined the endogenous interactions
among ARID1A, METTLS, and MELLT14 based on the interac-
tome identification and found that, indeed, ARID1A, METTLS,
and METTL14 interacted with each other in response to DNA
damage (Figures S4A-S4D). We further observed that ARID1A
depletion abolished the METLL3 and METTL14 recruitment to
chromatin by either chromatin fraction isolation (Figure 4A) or
by laser-coupled live-cell imaging (Figures 4B, 4C, S4E, and
S4F). Thus, ARID1A is required for METTL3 and METTL14
recruitment to damage sites.

Furthermore, we found that there was no significant difference
in GFP-ARID1A recruitment to laser-induced DSB stripes in
METTLs-depleted cells (Figure S4G), suggesting that m6A
methylation has no effect on ARID1A recruitment. We then per-
formed a PLA assay to observe in situ ARID1A and R-loop coloc-
alization and found that METTL3 and METTL14 downregulation
also had no significant effect on the number of PLA foci (Fig-
ure 4D). Thus, we presume that R-loop m6A methylation is not
required for ARID1A recognition of R-loops. Furthermore, we
found that the R-loop levels were remarkedly increased, while
the mBA levels showed no significant differences in ARID1A-
depleted cells with overexpression of METTL3 and METTL14
(Figure 4E). This conclusion was further confirmed by a two-
round DRIP-re-DIP assay (Figure 4F), which showed that the
m6A levels on R-loops were not increased in ARID1A-deficient
cells even with overexpression of METTL3 and METTL14.
Together, these data suggest that ARID1A-METTL3/14 function
in a temporal order to regulate R-loop m6A levels at DSBs.

ATM-dependent ARID1A recruitment to DSBs is

required for R-loop resolution

To explore the regulatory signaling that facilitates ARID1A
recruitment to chromatin, we treated cells with multiple inhibitors
and found that chromatin ARID1A was markedly reversed only
with the ATM inhibitor KU-55933, suggesting that ATM kinase
activity is required for ARID1A chromatin recruitment (Fig-
ures S5A-S5C). This conclusion was further confirmed by stain-
ing of endogenous ARID1A at laser stripes (Figure 5A). We further
examined ARID1A phosphorylation using an ATM substrate anti-
body, phospho-S/TQ, and we found that ARID1A phosphoryla-
tion was elevated following DNA damage, which was reversed
upon treatment with an ATM inhibitor (Figures 5B and 5C).
Thus, ARID1A is a potential substrate of ATM kinase. We then
took advantage of the AsiSI-ER U20S platform to dissect the
role of ARID1A phosphorylation in chromatin distribution. We
focused our analysis on Chr 1_6 and Chr 1_12 since these sites
are sensitive to 4-OHT induction and undergo robust DNA dam-
age.*®*% Chromatin immunoprecipitation (ChlP) assays revealed

(F) Immunofluorescence staining showing S9.6 and YH2AX signals at laser microirradiation-induced DSBs in HeLa and ARID1A-KO cells. The S9.6 density at DSB

stripes was quantified with Imaged. ***p < 0.001.

(G and H) The dynamics of ARID1A and RNase H1 accumulation at DSBs was monitored by laser microirradiation-coupled live-cell imaging.

(I and J) Schematic illustrating the R-loop DRIP technique (I). The S9.6 DRIP shows the enrichment of R-loops at DSB sites induced by 4-OHT (500 nM) in the
AsiSI-U20S system after cells were transfected as indicated (J). *p < 0.05, **p < 0.001.

Each assay was conducted in a minimum of three independent experiments. Data represent the means + SEM for (B and F) and means + SD for (I and J). Scale

bar: 10 uM for (B and F) and 20 uM for (G and H).
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Figure 4. ARID1A recruits METTL3/14 to R-loop and facilitates R-loop RNA m6A modification
(A) Hela cells were exposed to different doses of IR. Then, the chromatin fractions were isolated 30 min after treatment, and the cell extracts were analyzed by

western blotting.

(B and C) The dynamics of METTL3 accumulation at DSBs was monitored by laser microirradiation-coupled live-cell imaging in HeLa and ARID1A-KO cells
expressing GFP-METTL3 (B) and GFP-METTL14 (C). The GFP intensity at DSBs was quantified with ImageJ.
(D) In situ PLA of the interaction between S9.6 and ARID1A in HeLa cells transfected with different siRNAs. The PLA foci were observed after staining with S9.6 and

ARID1A antibodies. **p < 0.001.

(E) Dot blot analysis of S9.6 and m6A levels at HeLa and ARID1A-knockdown cells after MMS treatment; the cells were extracted, and samplers were subjected to

dot blot analysis. Methylene blue staining was used as a loading control.

(F) DRIP-re-DIP showing the enrichment of m6A-modified RNA of R-loops at DSB sites induced by 4-OHT (500 nM) in the AsiSI-U20S system after cells were

transfected as indicated. ***p < 0.001.

Each assay was conducted in a minimum of three independent experiments. Data represent the means + SEM for (D) and means + SD for (F). Scale bar: 10 uM for

(D) and 20 pM for (B) and (C).

that 4-OHT treatment induced ~4-fold enrichment of ARID1A
around DSBs up to a distance of 5 kb flanking AsiSI sites
(Chr1_6 and 12), which was significantly suppressed by ATM in-
hibitor treatment (Figure 5D). In accordance with these findings,
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we found the significant and rapid accumulation of GFP-ARID1A
in the laser stripes was decreased in ATM-inactivated cells
following microirradiation (Figure 5E). This conclusion was
further confirmed by the overexpression of ATM mutants that
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mimic activation (K3016Q) and inactivation (K3016R) (Fig-
ure S5D). These results suggest that ARID1A is recruited to chro-
matin in an ATM-kinase-activity-dependent manner.

By overexpressing different regions of ARID1A, we found that
only the constructs that covered 1-595% were phosphorylated in
response to DNA damage (Figure S5E). We then performed an
in vitro kinase activity assay by incubating the recombinant
His-ARID1A with cellular purified FLAG-ATM constructs. The
data showed that only ATM“' could markedly promote
ARID1A phosphorylation (Figures S5F and 5F). Using STRAP
(Structure based Sequences Alignment Program), we generated
multiple sequence alignments of this region from several species
and revealed an evolutionarily conserved region with repeated
S/TQ residues serving as potential ATM substrate motifs (Fig-
ure 5G). After generating an ARID1A%* mutation, we found that
ATM-mediated phosphorylation of ARID1A was abolished both
in vivo and in vitro (Figures 5H and 5I). Moreover, ARID1A-3A mu-
tation prevented ARID1A enrichment at microirradiation-induced
DSBs (Figure 5J). Functional characterization of mutated
ARID1A showed that rescuing ARID1A-deficient cells with
ARID1A%A failed to enhance $9.6 levels (Figure 5K), m6A levels
(Figure 5L), and m6A-modified R-loops (Figures 5M and 5N) at
DSBs. To further characterize whether this mechanism is spe-
cific to R-loop resolution occurring at DSBs, we further induced
R-loop formation by using spliceosome inhibitor Plad-B, and our
results showed that the ARID1A was not recruited to this non-
DSB-induced R-loop (Figure S5G). Thus, ARID1A is a bona
fide ATM substrate in response to DSBs, and ARID1A phosphor-
ylation by ATM is required for its recruitment to chromatin.

ARID1A-mediated R-loop resolution enables end
resection and DNA damage repair

We measured the abundance of ssDNA intermediates, as R-loop
resolution leads to release of the DNA strand. Genomic DNA har-
vested following AsiSl induction was treated with BsrGl, to digest
dsDNAs, and Hind /Il digested product was used as a negative
control (Figure 6A). AsiSI induction resulted in a substantial in-
crease in ssDNA abundance. Meanwhile, disturbing R-loop-
m6A levels by interfering with the ARID1A-METTL3/14 axis
significantly abolished ssDNA abundance at DNA damage sites

Cell Reports

(Chr1_6), similar to CtIP-inactivated cells (Figure 6B). The ssDNA
levels detected near DSB proximal regions were more abundant
than those at distant regions from the damage sites. Accord-
ingly, we observed that overexpression of ARID1A™T, but not
ARID1A,** increased the ssDNA levels near DNA damage sites
6-fold (Figure 6C). Similarly, overexpression of RNase H1"T to
resolve R-loops also increased the ssDNA abundance in
parental cells (Figure 6D). Thus ARID1A-mediated R-loop resolu-
tion seems to have a vital role in DNA end resection.

We then carried out immunostaining to analyze the recruitment
of HR repair factors. ARID1A depletion significantly delayed
RPA70 and RAD51 recruitment to DSBs, suggesting that
ARID1A-mediated R-loop resolution is required for end resection
by controlling the RPA70 and RAD51 loading (Figures 6E and 6F).
We then further monitored the DSB repair efficiency and observed
that inactivation of ARID1A caused a significant delay in the recov-
ery of yYH2AX levels (Figure 6G); however, expression of an RNase
H1"T but not RNase H1M" significantly accelerated DNA damage
repair, indicating that ARID1A-mediated R-loop resolution plays vi-
tal roles in DNA damage repair. We further quantified HR repair ef-
ficiency in an I-Scel-induced DNA damage repair system. Disrupt-
ing the R-loop clearance process by interfering with ARID1A,
METTLS3, and METTL14, in turn, attenuated HR repair efficiency
(Figure 6H). Overexpression of a ARIDTA"T, but not ARID1A%,
rescued the repair efficiency that was abolished by ARID1A inacti-
vation (Figure 6l). Furthermore, RNase H1"T could enhance the
repair efficiency by ~1.8-fold in cells with ARID1A expression,
whereas RNase H1M"! failed to do so (Figure 6J). These data sup-
port that ARID1A facilitates DNA damage repair through R-loop
clearance and accelerates DSB end resection.

ARID1A mediates genome stability maintenance and
resistance to DNA-damaging treatment in cellular and
clinical patients

To understand the biological relevance of ARID1A in cancer cells,
we examined the survival ability of different clones after irradiation.
Colony-formation assays showed that ARID1A-deficient cells ex-
hibited hypersensitivity to infrared (IR) treatment, with an ~40%
slower growth rate observed in ARID1A-deficient cells (Figure 7A).
Next, we found that ARID1A™T but not ARID1A%* rescued the IR

Figure 5. ATM-dependent recruitment of ARID1A to DSB site is required for R-loop resolution

(A) Immunofluorescence staining showing ARID1A and yH2AX signal in laser microirradiation-induced DNA damage sites in Hela cells treated as indicated. The
ARID1A density at DSB stripes was quantified by ImagedJ. ***p < 0.001; ns, no significance.

(B and C) Immunoprecipitation analysis to determine ARID1A phosphorylation status in response to DNA damage. Cell lysates were immunoprecipitated using an
anti-ARID1A antibody and analyzed by western blotting using a p-S/TQ antibody.

(D) ChIP-PCR analysis showing the binding of ARID1A to damaged DNA after ATM inhibition.

(E) Dynamics of ARID1A accumulation at DNA damage sites monitored by laser microirradiation-coupled live-cell imaging. The fluorescent intensity at DSBs was

quantified with Imaged.

(F) In vitro phosphorylation assay using bacterially purified His-ARID1A in the presence or absence of ATM kinase and ATP. ARID1A phosphorylation was

monitored by western blotting using an anti-p-S/TQ antibody.

(G) Sequence alignment of potential ATM substrate motifs in ARID1A among different species; key residues are shown in red.
(H and 1) Validation of ARID1A phosphorylation at S514/519/523 in response to DNA damage in vivo and in vitro. ARID1A phosphorylation was monitored by

western blotting using a p-S/TQ motif antibody.

(J) Dynamics of WT-ARID1A and 3A-ARID1A accumulation at DNA damage sites monitored by laser microirradiation-coupled live-cell imaging.

(K-M) The S9.6 DRIP (K), m6A-DIP (L), and DRIP (S9.6)-re-DIP (m6A) (K) showing the enrichment of R-loops, m6A, and m6A-modified R-loops at DSB sites
induced by 4-OHT (500 nM) in the AsiSI-U20S system. **p < 0.01; ***p < 0.001.

(N) In situ PLA of the interaction between S9.6 and m6A in HelLa cells after inducing an ARID1A phosphorylation mutation. ***p < 0.001.

Each assay was conducted in a minimum of three independent experiments. Data represent the means + SEM for (A) and (N) and means + SD for (K-M). Scale bar:
10 uM for (A) and (N) and 20 uM for (E) and (J).
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sensitivity induced by ARID1A deficiency (Figure 7B), and overex-
pressing a WT-RNase H1in ARID1A-deficient cells failed to rescue
the IR sensitivity (Figure 7C). We further used comet assay and
observed a higher proportion of ARID1A knockout (ARID1A-KO)
cells contained residual DSB lesions, as indicated by the longer
tail moment 8 h after DNA damage (Figure 7D). Rescuing of
ARID1A™T but not ARID1A®* in ARID1A-KO cells enhanced the
DNA damage repair efficiency (Figure 7E). Moreover, by assessing
the chromosomal breaks in ARID1A-deficient cells following IR
treatment, we found that ARID1A deficiency abolished the repair
of IR-induced chromosomal breaks, as indicated by the reduced
amount of chromosome aberrations (Figures 7F and 7G). We
further examined the genome aberrations (deletions and muta-
tions) arising during the repair of AsiSl-induced DSBs at the
RBMXL1 locus, a transcriptionally active gene in the U20S-
AsiSI-ER system. Based on a TA-cloning assay presented in
the diagram, we found that the aberration sizes around the AsiSI
site were higher in ARID1A-depleted cells (quartiles ~4) than
WT cells (quartiles ~1) (Figure 7H), suggesting that ARID1A defi-
ciency impairs the DNA damage repair and genome stability
maintenance.

Finally, we characterized the biological relevance of ARID1A in
cancer cell resistance to DNA-damaging therapies. We assessed
the clinical relevance of the ARID1A/R-loop/m6A axis in cervical
cancer tissues taken from patients who had received chemo-/ra-
diotherapies. We collected tissues from 35 clinical patients and
extracted cell lysates for western blotting as R-loop signals are
not stable in paraffin-embedded sections. We analyzed the inten-
sity of ARID1A/R-loop/m6A signals in each sample (Figures 71 and
7J). ARID1A expression levels negatively correlated with R-loops
(R? = 0.3122 and p = 0.0005) but positively correlated with m6A
signals (R = 0.5682 and p < 0.0001). High S9.6 levels were asso-
ciated with low m6A levels (R? = 0.1421 and p = 0.00256) in those
tissues. By analyzing the overall survival of various cancer patients
who received chemotherapy using the Kaplan-Meier Plotter data-
base (https://kmplot.com/analysis/), we found that high ARID1A
expression indicated reduced overall survival in patients with
breast cancer (hazard ratio = 1.58; log rank p = 0.035), ovarian
cancer (hazard ratio = 1.35; log rank p < 0.001), and lung cancer
(hazard ratio = 1.75; log rank p = 0.042) who received genotoxic
treatment clinically (Figure 7K). Specificity, high ARID1A expres-
sion showed reduced overall survival for ovarian cancer patients
who received Taxol, Platin, and Taxol plus Platin treatment
(Figures S7A-S7C), as well as 5-FU-treated gastric cancer pa-
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tients (Figure S7D), suggesting ARID1A has key clinical relevance
in genotoxic treatment resistance. Taken together, all these ob-
servations suggest that ARID1A is a critical mediator of genome
stability maintenance and cellular resistance to DNA-damaging
treatment.

DISCUSSION

The precise regulation and resolution of R-loops during the DNA
damage response are still not fully understood. We demon-
strated that ARID1A plays a crucial role in recognizing R-loops
and facilitating their resolution to maintain genome stability, by
recruiting the METTLS3 to local DSBs to initiate the R-loop m6A
modification. In this context, m6A modification determines the
fate of R-loops by efficiently recruiting RNase H1 in a timely
and efficient manner during DNA damage repair (Figure 7L).
Our findings suggest that patients with high levels of ARID1A
exhibit resistance to genotoxic therapies. These discoveries pro-
vide avenues for exploring therapeutic strategies in cancers
characterized by ARID1A abnormalities.

Several studies have reported a connection between R-loops,
RNase H1, and the DNA repair machinery.'"%*" RNase H1 is re-
cruited to DSBs to resolve R-loops in cells.'®*8 This recruitment is
dependent on transcriptional activity at damaged loci, as inhibiting
transcription abolishes RNase H1 recruitment.””*° Interestingly,
studies suggest that purified RNase H1 directly binds to RPA and
stimulates its enzyme activity.?>>° Our study characterized an
approach for RNase H1 recruitment via binding to m6A-methylated
R-loop, which is required for R-loop resolution and DSB repair. This
preferential binding of RNase H1 to m6A-modified R-loops accel-
erates their timely and precise clearance, thus safeguarding chro-
matin homeostasis. Additionally, m6A-modified R-loops have
been reported to recruit other factors such as YTHDC1 and
YTHDF2 to secure genomic stability.”>°' Our data thus expand
our knowledge of R-loop resolution in DNA damage repair.

Recent studies have highlighted the importance of RNA modifi-
cationsinthe DNA damage repair process. RNA methyltransferase
TRDMT1 catalyzes the m5C modification at DSBs, promoting
HR.52°% Although the role of m6A in R-loop biology remains poorly
characterized,>*°® itis known that METTL3 catalyzes m6A modifi-
cation on RNAs involved in the DNA damage repair (DDR).?%27:29:5"
Yet contradictory findings on the impact of METTL3-mediated
R-loop m6A RNA methylation on R-loop resolution have been re-
ported. m6A modification increases R-loop accumulation and

Figure 6. ARID1A-mediated R-loop resolution facilitates end resection and DNA damage repair
(A) Schematic of the quantitative DNA resection assay based on the AsiSI system.

(B-D) Quantitative measurement of ssDNA generation by 5’ end resection at AsiSI-induced DSBs. AsiSI-U,OS cells pretreated with the indicated siRNAs were
incubated with 4-OHT (500 nM) for 4 h (B) or transfected with an ARID1A dephosphorylation mimic (C) or RNase H1 enzymatic-dead mutant (D). Genomic DNA
was extracted and digested with either BsrG/ or Hind Ill. The percentage of ssDNA intermediates at the indicated sites was measured by gPCR after restriction
enzyme digestion. *p < 0.05; **p < 0.01; **p < 0.001.

(E and F) Immunofluorescence staining showing the kinetics of RPA70 (E) and RAD51 (F) foci formation and disappearance from WT and ARID1A-deficient HeLa
cells exposed to 5 Gy IR. *p < 0.05; *p < 0.01; **p < 0.001.

(G) Immunofluorescence staining showing the kinetics of YH2AX foci at different time points from WT and ARID1A-deficient Hela cells exposed to 5 Gy IR.
***p < 0.001.

(H-J) Flow cytometric analysis of HR repair efficiency in DR-U20S cells transfected with different siRNAs (H) or transfected with an ARID1A dephosphorylation
mimic (I) or RNase H1 enzymatic-dead mutant (J) for overexpression. **p < 0.01; ***p < 0.001.

Each assay was conducted in a minimum of three independent experiments. Data represent the means + SEM for (E-G) and means + SD for (B-D and H-J). Scale
bar: 10 uM for (A), (F), and (G).
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stabilization at DSBs by recruiting m6A reader YTHDC1,%® while
others suggest that it enhances the binding affinity of R-loops to
YTHDCH1, promoting their clearance.’®>" We found that the
ARID1A-METTL3 axis promotes R-loop m6A methylation, ulti-
mately leading to R-loop resolution and DSB repair. These
opposing observations may be context dependent and related
to the different stages of R-loop generation during DNA damage.
Although R-loops might have a protective role before resec-
tion,%*°° they can interfere with RPA binding to ssDNA and must
be removed after HR commitment.’%°°%® Regardless of their na-
ture, all R-loops generated during DNA damage need to be
resolved for precise repair of damaged chromatin. Because
R-loop formation and resolution are quite dynamic in a context-
dependent manner,®*°° studies aimed at dissecting the context
of R-loop generation, and their intersection in the period of DSB
repair, will be important to further delineate the role of R-loops in
genome stability maintenance.

ARID1A helps to resolve R-loop-mediated transcription-repli-
cation conflicts to maintain genome stability.*>*%” Here, we
identified two epigenetic regulators that are involved in RNA
methylation modification, METTL3 and METTL14, which are
loaded onto R-loops dynamically in an ARID1A-dependent
manner. While METTL3 is recruited to chromatin to drive DSB
repair through ATM->° or PARP1®-mediated post-translational
modifications (PTMs), our findings suggest that ARID1A-mediated
METTL3 recruitment to R-loops has pivotal roles beyond PTM-
mediated recruitment. First, overexpression of METTL3 in
ARID1A-deficient cells has no additive effect, implying that
ARID1A’s role in METTLS3 recruitment extends beyond PTM. Sec-
ond, the ARID1A-mediated recruitment of METTL3 specifically
occurs at R-loops on DSBs rather than randomly at DSBs, indi-
cating a more precise spatial involvement in R-loop biology. Third,
ARID1A deficiency abolishes METTL3 loading, while depletion of
METTL3 does not affect ARID1A’s recognition of R-loops, sug-
gesting a temporal role of ARID1A-METTLS3 in R-loop regulation.
Although the complexity of protein PTMs on kinase/enzymatic ac-
tivity and cellular distribution is known, it is currently unclear
whether the METTL3 PTMs cooperate to facilitate the DNA dam-
age response after recruitment to R-loops by ARID1A. Therefore,
further investigation is warranted to dissect the interactions be-
tween ARID1A-mediated METTLS recruitment and its PTMs aim-
ing to elucidate the potential coordination of METTL3 in R-loop
regulation and DNA damage repair.

Cell Reports

Loss of ARID1A impairs enhancer-mediated gene regulation
and drives tumorigenesis,®'®® and it potentially influences
genome stability.*>*%¢%7% Our study sheds light on these ob-
servations by directly demonstrating that ARID1A recognizes
the R-loop and promotes R-loop resolution in an ATM-depen-
dent manner, thus promoting HR-mediated DNA repair. Previ-
ous data have shown that excessive R-loop accumulation at
the genome threatens DNA damage repair and leads to
genome instability.**®%®” Qur data also show that loss of prox-
imity ligation between RNase H1 and S9.6, along with reduced
ARID1A binding at R-loop-prone sites, hinders the clearance of
R-loops at DSB sites, ultimately leading to genome instability.
Considering this, we propose that ARID1A-deficiency-driving
tumorigenesis may be due, partly, to perturb R-loop clearance
and chromatin homeostasis. ARID1A deficiency ultimately re-
sults in HR defects, making it a potentially effective target for
many small molecules, including PARP1i,>**® HDACSi,”"
EZH2i,”> and ATM/ATRi.”®> We show that low ARID1A expres-
sion correlates with an improved response to genotoxic treat-
ment in clinical cancer patients. This effect occurs because
high ARID1A expression in these tissues leads to R-loop reso-
lution and facilitates DNA damage repair induced by chemo-
therapeutics, thus reducing therapy efficacy. Therefore, the
expression levels of ARID1A could be a potential biomarker
for the development of combination therapy in various cancer
treatments.

In conclusion, our findings show that ARID1A-METTL3-medi-
ated m6A RNA modification occurs on R-loops, contributing to
R-loop resolution to safeguard genome stability. In this context,
m6A modification of R-loop RNA determines the fate of R-loops
by efficiently recruiting RNase H1 in a timely and efficient manner
during DNA damage repair. This ARID1A-METTL3-m6A axis in
R-loop resolution and genome stability opens avenues to
explore therapeutic strategies in cancers characterized by
ARID1A abnormalities.

Limitations of the study

Our study characterized the role of the ARID1A-METTL3-m6A
axis in regulating the R-loops stability by recruiting RNase H1
to DSB sites in response to DNA-damaging agent treatment
and highlighted its potential roles in cancer chemo-/radiother-
apies in clinical patients. We have described the binding
of RNase H1 to m6A-modified R-loops in a high affinity

(D and E) Comet assay showing the DSB repair efficiency in WT and ARID1A-KO Hela cells (D) or HeLa-ARID1A-KO cells stably expressing ARID1AYT and
ARID1A®” (E) after 3 Gy IR for the indicated time. Relative tail moments of > 100 cells were quantified with ImageJ. *p < 0.01; **p < 0.001.

(F and G) Chromosome aberration analysis showing the genome stability of WT and ARID1A-KO Hela cells (E) or WT and HeLa-ARID1A-KO cells stably ex-
pressing 3A (F) after 3 Gy IR for the indicated time. At least 50 metaphases were counted, and the results were plotted.

(H) A schematic representation of the deletion analysis at a transcriptionally active locus using AsiSI-U,OS cells (left). This was after DSB induction by 4-OHT
(500 nM) for 4 h. The cells were left for repair, and the genomic DNA was extracted and subjected for TA cloning. The effect of ARID1A depletion on the de-
letions within the transcriptionally active RBMXL1 locus at chromosome 1 was analyzed by sequencing.

(I) The expression levels of ARID1A, R-loop, and m6A from 35 cervical cancer tissues obtained from patients who received radio-/chemotherapy were analyzed by
western blot/dot blot.

(J) Dot plot showing the correlation between ARID1A, R-loop, and m6A levels in different tissue samples. The correlation coefficient R? and the p value were
obtained from linear regression analysis.

(K) Kaplan-Meier analysis of ARID1A expression and its correlation with overall survival in cancer patients who received genotoxic treatment. The hazard ratio and
95% confidence interval values are shown. In each case, the p values were obtained from the log rank test.

(L) Working model of ARID1A-METTL3-mediated R-loop m6A modification to resolve R-loop formation during the DNA damage response. Each assay was
conducted in a minimum of three independent experiments. Data represent the means + SD for (A)-(E). Scale bar: 5 uM for (D) and (E) and 20 uM for (F) and (G).
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biochemically in vitro. However, it was still not clear how m6A-
modified R-loops recognize RNase H1 structurally in a timely
and efficient manner. Furthermore, since our ARID1A interac-
tome data suggest that ARID1A interacts with the RNA methyl-
transferase complex in the context of DNA damage, even
though we have characterized that ARID1A is required for
METTLS3 recruitment to DSB sites and the possible in vivo bind-
ing ability, it will be interesting to fully characterize the binding
between ARID1A and METTL3 by mapping the possible do-
mains based on their structure, which will provide insights
into exploring therapeutic strategies in cancers by disrupting
their interactions.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Biotin SANTA CRUZ Cat.# sc-53179
RAD51 SANTA CRUZ Cat.# sc-398587
YH2AX Cell Signaling Technology Cat.# 9718S
YH2AX Cell Signaling Technology Cat.# 80312S
ARID1A Cell Signaling Technology Cat.# 12354S
ARID1A SANTA CRUZ Cat.# sc-32761
m6A Synaptic Systems Cat.# 202003
m5C Abcam Cat.# ab10805
m7G MBL International Cat.# RNO16M
Rabbit (DA1E) mAb IgG Cell Signaling Technology Cat.# 3900S

H3 ProteinTech Cat.# 17168-1-AP
H4 ProteinTech Cat.# 16047-1-AP
AARS1 ProteinTech Cat.# 67909-1-Ig
B-actin ProteinTech Cat.# 66009-1-1g
METTL3 ProteinTech Cat.# 67733-1-Ig
METTL3 ABclonal Cat.# AB370
DDX21 ABclonal Cat.# A4277
METTL14 ProteinTech Cat.# 26158-1-AP
RNH1 ProteinTech Cat.# 66028-1-Ig
NAT10 ProteinTech Cat.# 67465-1-Ig
S9.6 Millipore Cat.# MABE1095
HA MBL Cat.#M180-3

Flag MBL Cat.# pm020

Flag Sigma-Aldrich Cat.#F1804
V5-Tag R&DMAB8926 Cat.# MAB8926
VeriBlot for IP Detection abcam Cat.# ab131366
UHRF1 Cell Signaling Technology Cat.# 12378S
P-S/TQ Cell Signaling Technology Cat.# 5883S
pPATM-Ser1981 Cell Signaling Technology Cat.# MAB3082(M)
RPA70 Cell Signaling Technology Cat.# 2267S
Anti-FLAG M2 agarose beads Biomake Cat.#B23102
HRP-conjugated anti-rabbit IgG antibody Zhongshan Jingiao Cat.# ZB-2301
HRP-conjugated anti-mouse IgG antibody Zhongshan Jingiao Cat.# ZB-2305

Alexa Fluor 488 goat anti-Rabbit
Alexa Fluor 488 goat anti-Mouse
Alexa Fluor 555 goat anti-Rabbit
Alexa Fluor 555 goat anti-Mouse
Alexa Fluor 647 goat anti-Rabbit
Alexa Fluor 647 goat anti-Mouse

Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies
Life Technologies

Cat.# A11034
Cat.# A11029
Cat.# A27039
Cat.# A28180
Cat.# A32733
Cat.# A32728

Bacterial and virus strains

Trans DH5a
Trans BL21(DEJ)

TransGen Biotech
TransGen Biotech

Cat.#CD201-01
Cat.#CD601-02

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Biological samples

Human cervical cancer samples received Affiliated Hospital of N/A

with chemo/radio-therapies

Shenzhen University

Chemicals, peptides, and recombinant proteins

UltraFection 3.0 4A Biotech Cat.# FXP135-020
Camptothecin Medchemexpress Cat.# HY-16560
Methylene blue Medchemexpress Cat.# HY-14536
G418 InvivoGen Cat.# Ant-gn-1
Puromycin InvivoGen Cat.# Ant-pr-1
Hindlll Thermo Scientific™ Cat.# FD0504
BsrGl Thermo Scientific™ Cat.# ER0932
RNase H1 Thermo Scientific™ Cat.# EN0201
RNase Il Thermo Scientific™ Cat.# AM2290
INTERFERIn® transfection reagent Polyplus Cat.# 409-10
Etoposide Sigma-Aldrich Cat.#E1383-100MG
In situ Proximity Ligation Assay Sigma-Aldrich Cat.# DUO92002
Nicotinamide Sigma-Aldrich Cat.# 72340
Polybrene Sigma-Aldrich Cat.# TR-1003-G
Dimethyl Sulfoxide (DMSO) MP Biomedicals Cat.# 219141880
MMS Selleckchem Cat.#E0609
4-Hydroxytamoxifen (4-OHT) Selleckchem Cat.#S7827
KU55933 Selleckchem Cat.#51092
Nu-6027 Selleckchem Cat.#S7114
UNCO0638 Selleckchem Cat.#S8071
VE-821 Selleckchem Cat.#S8007
Olaparib Selleckchem Cat.#S1060
Trichostatin A Selleckchem Cat.#S1045

TBB Selleckchem Cat.#S5265

ATP Selleckchem Cat.#S5260

DAPI Solarbio Cat.#C0065

Mut Express |l Fast Mutagenesis Kit Vazyme Biotech Cat.#C214
ClonExpress®Il One Step Cloning Kit Vazyme Biotech Cat.#C112

2x SYBR Green qPCR Master Mix Bimake Cat.#B21203
Comet Assay Kit 96 Samples Trevigen Cat.# 4253-096-K
Protein A-Sepharose CL-4B 1.5G Cytiva Cat.# 17078001
Protein G-Sepharose 4 FF, 5 ML Cytiva Cat.# 17061801
Experimental models: Cell lines

HelLa ATCC Cat.# CCL-2
HCT116 ATCC Cat.# CCL-247
HEK293T ATCC Cat.# CRL-11268
EJ5-U20S Hou et al.”* PMID: 31970415
DR-U20S Hou etal.”® PMID: 31970415
AsiSI-ER-U20S-AID Aymard et al.”® PMID: 24658350

Oligonucleotides

Human ARID1A-sgRNA #1:
CACCGAGCAACAGCAGAATTACAAG

Human ARID1A-sgRNA #2:
CACCGCAGCAGAACTCTCACGACCA

Human ARID1A-sgRNA #3:
CACCGCCATGGCCAACAATTCTGCA
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REAGENT or RESOURCE SOURCE IDENTIFIER
Primers sequence for siRNAs are provided This manuscript N/A

in Table S1

Primers sequence for gPCR analysis are This manuscript N/A
provided in Table S2

Primers sequence for in vitro R-Loop This manuscript N/A

makeup are provided in Table S3

Recombinant DNA

I-Scel
p3xFlag-CMV-10
pcDNA3.1-3HA
pET-28a
PGEX-4T-1
pEGFP-C1
psPAX2

PMD2.G
LentiCRISPR V2
BirA-ARID1A
mCherry-RNaseH
GFP-ARID1A
GFP-ARID1A-3A
GFP-METTL3
GFP-METTL3-APPA
GFP-RNaseH1

HIS-ARID1A
HIS-ARID1A-3A
HIS-ARID1A-1-595
HIS-ARID1A-591-1190
HIS-ARID1A-1191-1758
HIS-ARID1A-1-1758
HIS-ARID1A-1759-2285
Flag-METTL3
Flag-METTL14
GST-METTL3
pcDNAG-ARID1A
pcDNAG-ARID1A-1-1758
pcDNAG-ARID1A-1759-2285
pcDNAG-ARID1A-3A
Flag-ATM
Flag-ATM-K3016R
Flag-ATM-K3016Q

q D209N

Hou et al.”*

Hou et al.”*

Zhang et al.”®
Addgene
Addgene
Clontech
Addgene
Addgene
Addgene

This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
This manuscript
addgene
addgene
addgene

This manuscript
This manuscript
This manuscript
This manuscript

PMID: 31970415
PMID: 31970415
PMID: 30745576
Cat.# 69864-3
Cat.# 27458001
Cat.# 6084-1
Cat.# 12260
Cat.# 12259
Cat.# 52961
Cat.# 124814
N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

N/A

Cat.# 39311
Cat.# 39475
Cat.# 39476
N/A

N/A

N/A

N/A

Software and algorithms

ImageJ

Cytoscape (v.3.5.1)
BioRad ChemiDoc XRS*
NIS ELEMENTS

GraphPad Prism 8

Adobe lllustrator CS6

NIH
NIH
BioRad
Nikon

Graphpad

Adobe

https://imagej.nih.gov/ij/
https://www.cytoscape.org/
https://www.bio-rad.com/

https://www.microscope.
healthcare.nikon.com/

https://www.graphpad.com/
scientific-software/prism/

https://www.adobe.com/

(Continued on next page)
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RESOURCE AVAILABILITY

Lead contact
Correspondence and requests for materials should be addressed to and will be fulfiled by the lead contact, Wei-Guo Zhu
(zhuweiguo@szu.edu.cn).

Materials availability
Plasmids and cell lines generated in this study are available without restrictions and will be fulfilled by the lead contact upon request.
Antibodies and reagents were procured from commercial sources as detailed in the key resources table.

Data and code availability
® All data in this paper will be available from the lead contact upon request.
® This paper does not report original code.
® Any additional information required is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

Hela, HCT116, U20S and human embryonic kidney (HEK) 293T cells were obtained from the American Type Culture Collection (USA)
and cultured in Dulbecco’s modified Eagle’s medium (M&C Gene Technology, China) supplemented with 10% fetal bovine serum (FBS;
Gibco, USA) and 1% penicillin/streptomycin antibiotics (M&C Gene Technology, China). AsiSI-ER-U20S-AID cells were obtained from
Dr Gaélle Legube (Université Paul Sabatier, Toulouse, France) and cultured in DMEM supplemented with 10% FBS and 500 pg/mL
G418.”° The two DSB repair reporter cell lines (EJ5-U20S, DR-U20S) were obtained from Professor Xingzhi Xu (Shenzhen University,
Shenzhen, China) and cultured in DMEM supplemented with 10% FBS.”* ARID1A-KO cells used in this study were generated using the
CRISPR-Cas9 gene targeting approach, in which the cells were infected with the gRNA-harbored lentivirus and single clones were
selected with puromycin (2 ug/mL). All cell lines were maintained in a humidified incubator at 37°C under 5% CO..

Patient specimens

A total of 35 human cervical cancer samples (female, aged 32-69 years and the average age is 49 years) were obtained from clinical
patients who were diagnosed and received with chemo/radio-therapies. Studies using human specimens were approved by the Clin-
ical Research Ethics Committee of Shenzhen University. The patients provided signed informed consent forms acknowledging the
use of their resected tissues for research purposes.

METHOD DETAILS

Cell treatment

For AsiSI-dependent DSB induction, the AsiSI-ER-U20S-AID cells were treated with 500 nM 4-OHT for 4 h, wherein DSBs are
induced at AsiSI-target sequences across the human genome. For DSB induction by chemicals, cells were treated with 10 uM
CPT or 2 mM MMS for 1 h or as mentioned specificity. For inhibitors treatment, cells were pretreated with inhibitors for 1 h before
DSB induction. Chemicals concentration used for cell treatment are listed below: ATMi (KU-55933, 10 uM), ATRi (VE-821, 10 uM),
PARP1i (Olaparib, 2 uM), CK2i (TBB, 50 uM), G9ai (UNCO0638, 100 uM), GLPi (Bix-01294, 10 puM), PKAi (H-89, 10 uM), HDACsi
(TSA, 100 nM and NAM, 100 pM).

Plasmids and transfection

The I-Scel expression construct was a gift from Prof. Xingzhi Xu. The V5-tagged ARID1A construct was obtained from Addgene.
METTLS3 and 14 full-length genes or fragments were amplified by PCR from cDNA (amplified from HEK293T mRNA) and cloned
into 3xFlag-CMV-10, pEGFP-C1, or pET-28b vectors. All mutant constructs were generated with a Mut Express Il Fast Mutagenesis
Kit (Vazyme Biotech Co., Nanjing, China) based on their WT construct as the template, according to the manufacturer’s protocols. All
gRNAs were cloned into a LentiCRISPR-V2 vector according to the manufacturer’s protocols’”; the sequences are listed in key re-
sources table. Plasmids were introduced into target cells using UltraFection 3.0 reagent (4A Biotech) according to the manufacturer’s
instructions, and all siRNAs were transfected into the target cells using INTERFERIn in vitro siRNA/miRNA transfection reagent
(Polyplus).
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Lentivirus packaging and infection

Lentiviral particles were produced by transiently co-transfecting HEK293T cells with the lentiviral-based expression constructs and
packaging plasmids psPAX2 and pMD2.G at a ratio of 4:3:1 using UltraFection 3.0 reagent. The viral supernatants were collected and
filtered using a 0.45 um filter (Millipore) 48 h after transfection. The virus was stored at —80°C and used to infect recipient cell lines in
the presence of 8 ng/mL polybrene (Sigma).

Protein extraction and immunoblotting analysis

For whole cell protein extraction, equal numbers of cells were scraped into PBS, pelleted, and lysed in RIPA buffer (50 mM Tris-HCI,
pH 8.0, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS, and 1 mM EDTA) supplemented with proteinase in-
hibitors (Sigma) on ice for 15 min. After the addition of an equal volume of 2 x sample buffer (950 uL of Laemmli buffer +50 pL p-mer-
captoethanol), the lysates were then boiled for 10 min at 99°C. For chromatin fraction isolation, cells were harvested and washed in
PBS by centrifugation at 1,000 xg for 5 min at 4°C. The cell pellet was resuspended in 500 pL buffer | (150 mM NaCl, 50 mM HEPES
[pH 7.5], 1 mM EDTA, 0.1% Triton X-100) with proteinase inhibitors and incubated for 3 min on ice before centrifugation at 13,000 xg
at 4°C for 3 min. The detergent-extractable supernatant was collected as the Dt fraction. The insoluble pellet was washed twice in
buffer | without Triton X-100 and centrifuged at 13,000 xg for 3 min at 4°C. Then, the remaining pellet containing the chromatin sam-
ple was resuspended in SDS loading buffer as the chromatin fraction, and the samples were boiled at 99°C for 10 min. For western
blot analysis, the boiled samples were separated by SDS-PAGE, transferred to nitrocellulose membranes (Millipore), and incubated
with the indicated primary and secondary antibodies. For the dot blot assay, the freshly prepared samples were spotted to the PVDF
membrane (Millipore) after treatment with DNase | or RNase H, the membranes were activated and blocked with 3% BSA, followed by
incubation with associated antibodies.

Immunoprecipitation

For immunoprecipitation experiments, cells were scraped into PBS and pelleted, and the cell pellet was resuspended in lysis buffer
(20 mM Tris-HCI pH 8.0, 137 mM NaCl, 10% glycerol, 1% NP-40, 2 mM EDTA with a protease inhibitor cocktail). For the denaturing
immunoprecipitation, the cells were lysed with RIPA denaturing buffer (50 mM Tris-HCI [pH 8.0], 5 mM EDTA, 150 mM NaCl, 0.5%
Nonidet P-40, 0.5% deoxycholate, 0.5% SDS). After sonication, the samples were centrifuged at 13,000 xg for 10 min at 4°C. The
supernatant was then collected and incubated with primary antibodies or normal IgG overnight at 4°C. Protein A or Protein G Sephar-
ose beads were added to the samples and incubated for 2 h at 4°C. The beads were then washed with lysis buffer, and the eluate was
subjected to western blotting after boiling with SDS loading buffer.

For the R-Loop-associated Biotin pulldown assay, the biotin-conjugated m6A-modified and unmodified RNA oligos were mixture with
DNA oligos to make up the RNA: DNA hybrid. HelLa cells transfected with siRNase H1 were re-transfected with Flag-RNase H1 P20%N
construct. The cells were extracted using NP40 buffer and cell lysates were subjected to biotin-pulldown assay by incubation of the
cell lysates with the above made Biotin-R-Loops overnight at 4°C. Then the mixture was immunoprecipitated with Biotin-beads. After
washing the beads with NP40 buffer for 3 times, the samples were then used for either mass spectrum or western blot analysis.

Proximity-dependent biotinylation identification assay (BiolD)

Hela cells were infected with BirA*-ARID1A lentivirus for 48 h. After confluency, cells were either left untreated or treated with 10 Gy
of IR and then subjected to incubate with 0.5 ug/mL biotin for 4 h and then harvested. After incubation, the chromatin extracts were
isolated as above mentioned. Cell lysates were sonicated three times at 35% power using a cup sonicator following a cycle of 30 s on
and 30 s off. Lysates were boiled for 10 min and vortexed every 3min. The lysates were then diluted in NETN lysis buffer (20 mM Tris at
pH 8.0, 150 mM NaCl, 0.5% NP-40, 10% glycerol), precleared with protein A-conjugated magnetic beads, and then subjected to
biotin pull-down with streptavidin-conjugated magnetic beads (M-280). Pull-downs were washed three times with NETN buffer.
Pull-downs were then boiled in sample buffer and subjected to mass spectrometry analysis or Western blot.

Chromosome aberration assay

Chromosomal aberrations were analyzed by chromosome metaphase spreading.’® First, cells were exposed to IR (3 Gy) and after
recovery for 12 h, were pretreated with colchicine (0.4 ng/mL) for 3 h before harvesting. The collected cells were incubated in 0.8%
sodium citrate for 15 min at 37°C and then fixed in a 3:1 methanol/acetic acid solution (three washes). The cells were resuspended in a
small volume of fixative solution and dropped onto alcohol-cleaned slides and air dried. The cells were stained with DAPI before
mounting and then images were captured under a confocal imaging system (Andor). More than 50 mitotic chromosomes were
randomly analyzed.

Comet assay

A comet assay was performed as previously described.”®° Briefly, cells were either treated with etoposide (10 uM for 1 h) or irra-
diated with 3 Gy IR. After recovery, cells were harvested, counted, and resuspended in ice-cold PBS at a density of 5 x 10° cells/ml.
The cells were then mixed with 37°C molten low-melting point agarose at a ratio of 1:10 (v/v) and the cell suspensions (50 plL) were
transferred to prewarmed comet slides. The slides were kept at 4°C in the dark for 30 min and immersed in prechilled lysis buffer
(2.5 M NaCl, 100 mM EDTA, 10 mM Tris-HCI, 1% N-lauroylsarcosine sodium, and 1% Triton X-100) for 1 h at 4°C followed by further
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immersion in freshly prepared alkaline buffer for 30 min. Then, the slides were washed twice with 1x TBE buffer (90 mM Tris, 90 mM
boric acid, and 3 mM EDTA) and subjected to TBE electrophoresis at 1.0 VV/cm for 20 min. The slides were fixed in 100% ethanol for
5 min, air dried, and stained with 5 pg/mL propidium iodide at room temperature in the dark for 10 min. Images were captured under
an Olympus BX51 fluorescence microscope (20 X objective) and the tail moments of comets were quantified by ImageJ software with
the OpenComet plugin.

Immunofluorescent staining

Cells were fixed with 4% paraformaldehyde and permeabilized with 0.5% Triton X-100. The cells were then incubated with blocking
solution (3% BSA in PBS), followed by incubation overnight at 4°C with the primary antibody (yH2AX, 1:1,000; S9.6, 1:1,000; m6A,
1:3000; ARID1A,1:1000). The cells were then washed three times with cold PBS, and exposed to the appropriate Alexa Fluor 488-,
594-, or 647-conjugated secondary antibodies for 1 h at room temperature. After washing the cells three times with cold PBS, DAPI
was used to stain nuclear DNA. Immunofluorescent images were captured under a Nikon confocal microscope.

In situ proximity ligation assay (PLA)

The R-Loop complexes PLA upon DNA damage were performed according to a described previously procedure.®” Briefly, HeLa cells
grown on confocal plates and treated with or without IR (5 Gy) were fixed with 4% (v/v) PFA in PBS for 15 min. After three washes in
PBS, the cells were permeabilized with 0.5% Triton X-100 in PBS for 15 min followed by blocking with 3% (v/v) BSA in PBS for 1 h at
room temperature. Cells were then double-stained with anti-S9.6 and anti-m6A primary antibodies for 2h at room temperature. PLA
staining was then performed using a Duolink /n Situ Red Starter Kit (mouse/rabbit) by which the cells were stained with Duolink In Situ
PLA Probe Anti-Rabbit PLUS [affinity-purified donkey anti-rabbit IgG (H + L)] and Duolink /n Situ PLA Probe Anti-Mouse MINUS [af-
finity-purified donkey anti-mouse IgG (H + L)] for 1 h at 37°C. After washing, the samples were incubated with the ligation-ligase so-
lution for 30 min at 37°C to hybridize with the oligonucleotide-tagged probes. After two short wash steps, the cells were incubated
with the amplification POL solution for 100 min at 37°C to amplify the hybridized oligonucleotides and ensure fluorescent labeling of
the amplification products. The plates were then covered with Duolink /n Situ Mounting Medium with DAPI. Imaging was performed
under a Nikon confocal microscope and automated quantification of PLA foci was performed with Imaged software.

Laser microirradiation-coupled live-cell imaging and IR

Laser micro-irradiation was performed as previously descried.”*®? Briefly, cells were seeded into a glass-bottomed plate, and trans-
fected with GFP-tagged plasmids for 24 h. The cells were then irradiated locally with a 365-nm pulsed nitrogen UV laser (16 Hz pulse,
41% laser output) generated by a MicroPoint Dye Laser System (Andor). This system was coupled directly to the epifluorescence
path of the Nikon A1 confocal imaging system, and time-lapse images were captured every 10 s for 10 min. The signal intensity
of the irradiation path from >30 cells was calculated using Imaged software. For IR, the cells were exposed to an RS-2000pro
X-ray irradiator (Rad Source Technologies) at a dose rate of 1.67 Gy/min.

$9.6 DRIP and m6A DIP
The S9.6 DRIP and m6A DIP were performed following a previous reported protocol.”® Briefly, genomic DNA was isolated from Hela
cells by SDS/Proteinase K treatment at 37°C followed by incubation with 100 ng/mL RNase A/T1 for 30 min in lysis buffer, phenol-chlo-
roform extraction and ethanol precipitation. gDNA of the control samples was treated with 10 U of RNase H (NEB, no. M0297S) in 1x
RNase H buffer overnight at 37°C before immunoprecipitation. gDNA (10 pg) was used for immunoprecipitation. S9.6 DRIP was carried
out using S9.6 antibody and anti-mouse magnetic Dynabeads. m6A DIP was performed using anti-m6A rabbit polyclonal antibody and
magnetic anti-rabbit Dynabeads. The corresponding primary IgG-only and secondary IgG-only (Dynabeads-only) DRIP reactions were
used in control immunoprecipitations. For the two-round (S9.6 DRIP followed by m6A DIP) DRIP/DIP, approximately 500 ng of the nu-
cleic acids recovered from multiple DRIP reactions, performed in parallel, was used for m6A DIP followed by gPCR analysis.

Isolation of chromatin fractionation RNA

Chromatin associated RNA were isolated as described previously.®® Briefly, the cells were treated as indicated and harvested for
nuclear fraction isolation. The isolated nuclei were resuspended in 250 uL glycerol buffer, and then add the same volume of Urea
buffer immediately. The mixture was incubated in ice for 2 min, followed by centrifuge the lysate at 13,000 g for 5 min, the pellet
was briefly rinsed with PBS-EDTA solution, and then extracted with Trizol reagent and quantified by nanodrop.

Dot blots analysis

For the dot-blot analysis of R-Loops, the above-mentioned extracted genomic DNA was spotted onto Hybond N* membranes (GE
Healthcare) and subjected to dot blotting with the anti-S9.6 antibody; For the m6A analysis, the above extracted chromatin-associ-
ated RNA was used as samples and spotted onto the membrane and subjected to dot-blot analysis using m6A antibody.

Microscale thermophoresis (MST) assay

Microscale thermophoresis was employed to study the interaction of RNase H1 with modified or unmodified RNA and the RNA: DNA
hybrid synthetic substrates used in EMSA experiments. MST experiments were performed on a NanoTemper Monolith NT.115 with
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fluorescence filters (NanoTemper Technologies GmbH, Munich, Germany). The His-RNase H1P2°°N was bacterially-purified from the

E. coli, and the different R-Loops were made up in vitro after oligos synthesized. Samples were prepared in the different buffers listed
in the MST buffer section and loaded into standard/premium treated capillaries. Measurements were performed at 22°C using 20%
MST power with laser off/on times of 5 s and 30 s, respectively, and 60% MST power with laser off/on times of 5 s and 20 s. All ex-
periments were repeated three times for each measurement. Data analyses were performed using the NanoTemper analysis soft-
ware. The Kd constants between the His-RNase H1°2°°N and R-Loops were calculated using the saturation binding curve at
equilibrium.

Chromatin immunoprecipitation (ChIP) and qPCR analysis

ChIP experiments were performed according to a described previously procedure.®* Briefly, cells were crosslinked with 1.42% form-
aldehyde for 15 min at room temperature and quenched by the addition of glycine to a final concentration of 125 mM for 5 min. The
fixed cells were washed twice with cold PBS and pelleted after scraping. The cell pellet was resuspended in IP buffer [150 mM NaCl,
50 mM Tris-HCI (pH 7.5), 5 mM EDTA, 0.5% NP-40, 1% Triton X-100] containing protease inhibitors and fragmented by sonication.
For immunoprecipitation, the diluted chromatin was incubated with control or specific antibodies immobilized on Protein A/G Se-
pharose beads for 12 h at 4°C with constant rotation. The beads were washed five times with IP buffer and mixed with 100 uL
10% chelex (BioRad). The samples were boiled for 10 min and centrifuged for 1 min at 4°C, and the supernatants were transferred
to new tubes. The pellets were washed again with 120 pL MilliQ water, mixed by vertexing for 10 s, and centrifuged to pellet the
beads. The supernatants were combined and used as the template for follow-up qPCR analysis. PCR analysis was performed on
a qTOWERS3G touch Real-Time PCR Detection System (Analytik Jena AG) using SYBR Green Supermix (Vazyme, China) according
to the manufacturer’s instructions. All samples were analyzed in duplicate. The primers used for gPCR analysis are listed in key re-
sources table.

TA colon-based deletion assay

AsiSI-U20S cells were transfected with siNC and siARID1A using UltraFection 3.0 reagent for 2 days. Then, 4-OHT (500 nM) was
added to cells to induce DSBs for 4 h, after which, the 4-OHT was removed and the cells were cultured for a further 2 days. Genomic
DNA was extracted and used as the template for PCR as demonstrated in the diagram, and the PCR products were purified and
cloned into a TA-vector. After LacZ selection, the PCR-amplified inserted products were analyzed by sequencing using the RBMXL1
forward primer to determine the deletion size.

Flow cytometry

EJ5-GFP or DR-GFP U20S cells were seeded in 6-well plates, treated as indicated and then infected with an I-Scel lentivirus. After
48 h, the cells were trypsinized and the percentage of GFP-positive cells was determined on a BD flow cytometer. The percentage of
GFP-positive cells, which indicated the HR-mediated or NHEJ-mediated DSB repair efficiency, was determined.

Colony-formation assay
After 2 h of irradiation treatment, HelLa cells were seeded into a 6-well plate at a density of 500 cells/well and cultured for 2 weeks
under normal conditions. The cells were then stained with crystal violet, and the number of colonies with >50 cells was counted.

Patient specimens treatment

The samples were thawed from liquid nitrogen and protein samples were isolated with RIPA lysis buffer. The extracts were centri-
fuged at 14,000 x g for 30 min and the supernatant was collected for further analysis. The concentration of each sample was quan-
tified and equal amount of proteins were then subjected to western/dot blotting analysis using indicated antibodies.

Kaplan-Meier survival analysis

For each patient, Kaplan-Meier analysis was conducted to evaluate correlations of survival with ARID1A expression. A log rank test
was applied to compare the survival distribution of patients with relatively high ARID1A expression and those with relatively low
expression based on the lower quantile of all acquired expression data of various cancer patients who received chemotherapy using
Kaplan-Meier Plotter database (https://kmplot.com/analysis/).

QUANTIFICATION AND STATISTICAL ANALYSIS
All data are presented as the means + SD or means + SEM as mentioned in the Figure legends. All experimental data were analyzed
using GraphPad Prism 8. Significant differences between groups were evaluated by two-tailed, unpaired Student’s t-tests, and dif-

ferences were considered statistically significant at *p < 0.05, **p < 0.01, and ***p < 0.001. At least three independent replicates were
performed in all experiments.
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(A) Dot blot analysis of RNA methylation levels in HeLa cells after DNA damage stimulation. Cells
were exposed to IR (5 Gy/5 min), CPT (10 uM for 1 h) and MMS (2 mM for 1 h). The cell lysates

were subjected to dot blot analysis using specific antibodies. Methylene blue staining was used as a

loading control. The relative intensity of each dot was quantified using Image J. The data represent

the means =+ SD. ***p< 0.001.

(B) In situ PLA of the interaction between S9.6 and m5C or m7G in HeLa cells treated with different

DNA damaging-agents. The PLA foci was observed after staining with specific antibodies. Image

shows an example of the in situ interaction betwe

en S9.6 and m6A visualized as red fluorescent dots

(left) and quantification (n>30 cell per group) of PLA dots per nucleus (right). The data represent
the means = SEM. **p< 0.01; ***p< 0.001. Scale bar: 10 uM.



(C) Validation of the specificity of RNA methylation antibodies by knockdown of their
corresponded methyltransferases. HelLa cells were transfected with the indicated siRNAs and
followed by treatment with 2 mM MMS for 1 hour. Cells were then lysated and analyzed using the

indicated antibodies.

(D-E) The in vitro R-Loop make-up efficiency was analyzed by S9.6-DRIP-qPCR and m6A-DIP-
qPCR assay.

(F) The stability of un-modified or methylated-R-Loops was measured by Native-PAGE. The Cy5-
labelled R-Loop, R-Loop™¢ and R-Loop™® substrates were incubated with increasing doses of
RNase HIVT (from 0 to 5 nM) in vitro for the 10 mins. The products were subjected to Native-
PAGE, and the captured images were analyzed using a Fluorescence Imaging System. Image

represents one of the three independent experiments. ***p< 0.001; ns, no significance.
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Figure S2, ARID1A facilities damage-induced R-Loop m6A modification on DSB-flanking

chromatin in response to DNA damage.

(A-B) DNA damaged was induced in HeLa cells stably expressing BirA*-ARIDIA by either
microirradiation (A) or IR (5 Gy) (B). The cells were left to recover for 4 h in the presence or
absence of exogenous biotin, and subjected to immunofluorescence to analyze colocalization of HA
(BirA*-ARID1A) and biotin at sites of DNA damage. The fluorescent intensity of Biotin at DSB

site was quantified with Image J. Image shows an example of the indicated antibodies staining, the



statistical quantification (n>30 cells for each group) were performed from three independent

experiments. The data represent the means + SEM. ***p<0.001. Scale bar: 10 uM.

(C) BirA*-ARID1A expressing cells were incubated with biotin, treated or untreated with 5 Gy of
IR, and then left to recover for 4 h. Cells were lysated and subjected to pulldown with streptavidin-
conjugated beads. The indicated proteins in input extracts and IPs were analyzed by western blotting

using the indicated antibodies.

(D-E) Localized protein biotinylation at DNA damage sites were identified using an APEX2-
ARIDIA labeling system. DNA damage was induced in HeLa cells by either microirradiation (D)
or IR (5 Gy) (E). The cells were left to recover for 4 h in the presence or absence of exogenous
biotin and subjected to immunofluorescence to analyze colocalization of ARID1A and biotin at sites
of DNA damage. The fluorescent intensity of biotin at DSB site was quantified with Image J. Image
shows an example of the indicated antibodies staining, the statistical quantification (n>30 cells for
each group) were performed from three independent experiments. The data represent the means +
SEM. **p< 0.01; ***p<0.001. Scale bar: 10 uM.

(F) APEX2-ARID1A-labeled proteins were extracted and subjected to pulldown with streptavidin-
conjugated beads. The indicated proteins in the input extracts and IPs were analyzed by western

blotting using the indicated antibodies.

(G) Validation of the knockdown efficiency of the indicated factors using western blot. HeLa cells
were transfected with the indicated siRNAs and followed by treatment with 2 mM MMS. Cells were

then lysated and subjected to western blot analysis using the indicated antibodies.
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Figure S3, Chromatin-enriched ARID1A recognizes R-loops and facilities R-loop resolution at
DSBs.

(A-B) Western blot showing specific antibody signals in the chromatin fractions from HeLa cells

treated with different doses of IR (0.5 h) (A) or different time releases post 3 Gy IR (B).

(C) Immunofluorescence staining showing the ARIDIA and yH2AX signal at laser
microirradiatiation-induced DSBs in HeLa cells. The nuclei were counterstained with DAPI. Scale
bar: 10 pM.

(D) The dynamics of ARID1A accumulation at DNA damage sites was monitored by laser
microirradiation-coupled live-cell imaging of HeLa, HCT116 and U20S cancer cell lines. GFP-
ARID1A accumulation intensity at DSBs was quantified by Image J (n >30). Scale bar: 20 uM.
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Figure S4, ARID1A recruits METTL3/14 to R-Loop and facilities R-Loop RNA m6A

modification

(A-B) Immunoprecipitation analysis of the endogenous interaction between ARID1A and METTL3
and METTL14. HeLa cells were treated with IR (5 Gy/5 min), CPT (10 uM for 1 h) or MMS (2
mM for 1 h), respectively, before the cell lysates underwent co-immunoprecipitation using anti-
ARIDI1A (A) or Anti-METTL3 (B) antibodies. The immunoprecipitated products were analyzed by

western blotting with the indicated antibodies.

(C-D) Immunoprecipitation analysis of the interaction between ARIDIA and METTL3 and
METTL14. HeLa cells overexpressing either Flag-METTL3 (A) or Flag-METTLI14 (B) were
treated with IR (5 Gy/5 min), CPT (10 uM for 1 h) and MMS (2 mM for 1 h), respectively. The cell
lysates were subjected to co-immunoprecipitation using an anti-Flag antibody, and the

immunoprecipitated products were analyzed by western blotting using the indicated antibodies.

(E-F) Immunofluorescence staining showing METTL3 and METTL14 recruitment at yYH2AX
signals at microirradiatiation-induced DSBs in HeLLa and HeLa-ARID1A-deficient cells. The nuclei
were counterstained with DAPI. Image shows an example of the indicated antibodies staining, the
statistical quantification (n>30 cells for each group) were performed from three independent

experiments. The data represent the means = SEM. ***p< 0.001. Scale bar: 10 uM.



(G) Dynamics of GFP-ARIDIA accumulation at DNA damage sites in siNC, siMETTL3 and
siMETTL14 transfected cells monitored by laser micro-irradiation-coupled live-cell imaging. The

fluorescent intensity at DSB site was quantified with Image J. Scale bar: 20 pM.
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Figure S5, ATM-dependent recruitment of ARIDIA to DSB site is required for R-Loop

resolution.

(A) Western blot showing specific ARID1A signals in the chromatin and whole cell lysate fractions

from HeL a cells treated with different kinase/enzyme inhibitors, as indicated.

(B) Small molecule inhibitor screen. U,0S-265 DSB reporter cells were transfected with GFP-
ARIDI1A. Then, the cells were preincubated with the indicated inhibitors for 1 h, followed by the
introduction of site-specific DSBs. Representative images after DNA damage are shown. Image

shows an example of the indicated antibodies staining. Scale bar: 20 uM.

(C) The GFP-ARIDI1A relative mean fluorescence intensity was quantified and calculated with
Image J software. The statistical quantification (n>30 cells for each group) were performed from

three independent experiments. The data represent the means = SEM. *p< 0.05; ***p< 0.001.

(D) HeLa-ATM-KO cells overexpressing WT, K3016R or K3016Q constructs were subjected to the
indicated doses of IR and then released for 30 mins. The cells were then either extracted for IP assay
using anti-ARID1A antibody, or cellular fractions were isolated for western blotting using the

indicated antibodies.



(E-F) HeLa cells overexpressing different ARIDA fragments were treated with Etoposide (10 pM
for 1 h). Then, the cells were lysed and subjected to immunoprecipitation using an anti-V5 antibody.

The phosphorylation status of ARID1A was analyzed using a p-S/TQ antibody.

(G) HelLa cells were treated as indicated, the cells were harvested and lysated. Then cell lysates

were introduced to analysis using the indicated antibodies.



2 h post IR (5 Gy) 4 h post IR (5 Gy)

lerge/ Nerge/
mcherr!

yH2AX

) DAPI RAD51 H2AX mcherr DAPI

mcherry-RNase H
<
S

Figure S6, ARID1A mediated R-loop resolution facilities end resection and DNA damage
repair.
(A) IF staining showing YH2AX and RADS51 foci formation kinetics and disappearance from

mCherry-RNase H1 WT and enzymatic-dead mutant expressing HeLa cells exposed to 5 Gy IR.
Representative YH2AX and RADS1 foci are shown. Scale bar: 10 uM.
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Figure S7, ARIDI1A is a critical mediator of genome stability maintenance and cellular

resistance to DNA-damaging treatment.

Kaplan—Meier analysis of ARID1A expression and its correlation with overall survival in patients
with ovarian cancer treated with Taxol (A), Platin (B) or Taxol plus platin (C), or gastric cancer
treated with 5-FU (D). Analysis was performed using the Kaplan-Meier Plotter database
(https://kmplot.com/analysis/). The hazard ratio and 95% confidence interval values are shown. In

each case, the P-values were obtained by log-rank test.
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