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ABSTRACT

PARP1 is a DNA-dependent ADP-Ribose transferase
with ADP-ribosylation activity that is triggered by
DNA breaks and non-B DNA structures to mediate
their resolution. PARP1 was also recently identified
as a component of the R-loop-associated protein-
protein interaction network, suggesting a potential
role for PARP1 in resolving this structure. R-loops are
three-stranded nucleic acid structures that consist
of a RNA-DNA hybrid and a displaced non-template
DNA strand. R-loops are involved in crucial physio-
logical processes but can also be a source of genome
instability if persistently unresolved. In this study, we
demonstrate that PARP1 binds R-loops in vitro and
associates with R-loop formation sites in cells which
activates its ADP-ribosylation activity. Conversely,
PARP1 inhibition or genetic depletion causes an ac-
cumulation of unresolved R-loops which promotes
genomic instability. Our study reveals that PARP1 is
a novel sensor for R-loops and highlights that PARP1
is a suppressor of R-loop-associated genomic
instability.
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INTRODUCTION

PARP1 is a DNA-dependent ADP ribose transferase
(ART) that utilizes NAD" to catalyze the transfer of ADP-
ribose units onto itself, other protein targets and DNA ends
(1-3). PARPI catalytic activity enables the polymerization
of up to 200 units of ADP-ribose leading to the synthe-
sis of a branched poly(ADP-ribose) molecule (PARylation)
(2). ADP-ribosylation is a posttranslational modification
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of proteins that can modulate target protein interactions
and recruitment dynamics in a given pathway. PARPI1 has
a broad DNA substrate specificity (4). Indeed, it has been
found to bind to and be activated by single- and double-
strand breaks (SSBs and DSBs), regardless of their end
termini, and to DNA crosslinks, stalled replication forks,
DNA hairpins, cruciform structures, G quadruplexes and
even some RNAs and snoRNAs (4-11). Large-scale protein
interaction network analysis revealed that PARP1 resides
into complexes of R-loop-interacting proteins (12,13), sug-
gesting a potential role for PARP1 in resolving this nucleic
acid structure.

R-loops are three-stranded nucleic acid structures
that consist of an RNA-DNA hybrid and a displaced
non-template  DNA strand. They mainly form co-
transcriptionally during the promoter-proximal pausing
of RNA polymerase II or when the nascent RNA invades
the DNA duplex and re-anneals to the template strand, in
a mechanism referred to as RNA ‘thread-back’ (14-18).
The susceptibility for a genomic locus to form R-loops is
determined by the negative supercoiling generated behind
the RNA polymerase and by the DNA strand asymmetry in
the cytosine and guanine content, a characteristic known as
GC-skewing. During transcription of GC skews, the G-rich
RNA strand will associate with the C-rich complementary
DNA strand due to the superior thermodynamic stability
of G-rich RNA:C-rich DNA hybrids (19). Therefore,
hotspots for R-loop formation can be found at CpG
island promoters, transcription termination regions and
telomere TTAGGG repeats (20-22). There is also some
evidence for forming of such structures in trans, especially
at very short telomeres or during DSB repair processes
(23-26).

R-loops play various physiological roles in several cellu-
lar processes such as class-switch recombination, transcrip-
tion regulation, mitotic segregation, and epigenetic mech-
anisms (18-20,27-29). However, unwarranted formation,
accumulation, or persistence of R-loops can threaten ge-
nomic stability in several ways, including mutagenesis and
DNA lesions caused by replication-transcription collision
or processing of unstable non-template DNA by various
protein factors. Accordingly, unrestrained R-loop forma-
tion and accumulation are sources of increased genomic in-
stability and chronic inflammation and are linked to several
human neurodegenerative disorders and cancers (16,30,31).
When present at telomeres, in particular, they have been
found to cause telomere fragility and shortening and to be
associated with telomerase-independent cancers (alterna-
tive lengthening of telomere (ALT) pathway) as well as im-
munodeficiency, centromeric instability and facial anoma-
lies syndrome (ICF syndrome) (19,22,25,32-34).

Cells have developed various strategies and factors to
regulate R-loop levels in the genome through their resolu-
tion or to prevent their formation directly. While the fac-
tors involved in nascent RNA surveillance and biogenesis
can directly or indirectly prevent R-loop formation, the re-
moval is mainly ensured by the ribonuclease enzyme RNase
H that digests the RNA strand in the RNA-DNA hy-
brid, and several helicases such as Pif1, Senataxin (SETX)
and many RNA-DNA helicases (12,17,19,34-38). Interest-
ingly, a previous study reported an interaction between the

DEAH-box helicase DHX9 and PARP1 and an enrichment
of both proteins at the 3’ end of the B-actin gene, corre-
sponding to an R-loop-rich region and an increase of R-
loop levels upon PARPI1 depletion (12). More recently, a
study revealed that PARPI activity was found to promote
the association of RNA helicase DDX18 with R-loops (39).
Moreover, ATM-deficient cells were found to accumulate
transcription-dependent R-loops and SSBs upon oxidative
stress, leading to an activation of PARP1 and PARP2 that
was abrogated following overexpression of SETX (40). Fi-
nally, depletion of the exoribonuclease XRN2, involved
in R-loops resolution, triggered cell cytotoxicity in com-
bination with PARPI inhibition (41). While these stud-
ies strongly suggest a role for PARP1 in R-loop biology,
whether PARP1 directly binds R-loops and is activated by
its association with these structures, remains to be deter-
mined.

Herein, we provide evidence that PARP1 binds R-loop
structures in vitro which triggers its enzymatic activity, us-
ing PARP binding activity assays and atomic force mi-
croscopy. We also show that PARP1 is recruited at R-
loop formation sites in cells. Pharmacologic inhibition of
PARP activity and genetic ablation of PARPI gene in
cells increase the genomic R-loop level as evidenced by
immuno-fluorescence and DRIP qPCR assays. Finally, lack
of PARP1 or ADP-ribosylation activity enhances R-loop-
mediated genomic instability. Our data strongly suggest a
direct role for PARP1 in the detection and subsequent res-
olution of R-loop structures.

MATERIALS AND METHODS
Cell culture

To generate doxycycline-inducible U20S cell lines express-
ing GFP-tagged wild-type or catalytically inactive RNase
H1, ~2.2 x 10> HEK293T cells (ATCC) were seeded in
antibiotic-free growth media (DMEM + 10% iFBS) in a 6-
well plate. The next day, the GFP-RNaseH1-M27 plasmids
(500 ng) were used to co-transfect the cells with the VSV-
G envelope (50 ng, Addgene #8454) and psPAX2 pack-
aging (500 ng, Addgene #12260) plasmids in TransIT-LT1
transfection reagent (Mirus Bio #MIR2304) and OPTI-
MEM reduced serum media (Gibco), and the cells were
incubated overnight at 37°C and 5% O,. The media was
then replaced with 2.5 ml high BSA media (DMEM + 10%
iFBS + 1 g/100 ml BSA + 1x pen-strep (Gibco)), and the
cells were incubated for 24 h. In parallel, U20S host cells
were seeded in antibiotic growth media (DMEM + 10%
FBS + 1x pen-strep) in a 6-well plate to be 70-80% con-
fluent at the time of infection. The next day, lentivirus par-
ticles from the HEK293T cells were harvested and filtered
through 0.2 wm filters. The U20S host cells were trans-
duced with a 1:1 ratio of lentivirus to media containing
polybrene (Millipore #TR-1003-G) at 1:1000 concentration
and incubated overnight. The following day, the infection
was repeated with the remaining lentiviral harvest. Cells
were allowed to recover for 8-10 h in standard growth me-
dia before being selected for G418 resistance in selection
media for 1-2 days (DMEM + 10% FBS + 1x pen-strep +
500 pg/ml G418). Bulk populations were treated with doxy-
cycline (DOX; 1 wg/ml, Fisher Scientific #BP26531) for
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24 h to induce RNase H1 expression, diluted to a density
of 5 x 10° cells/ml, and individual GFP-positive cells were
sorted into 96-well plates using a BD FACSMelody™ cell
sorter. Each expanded clone was seeded in glass-bottom
35 mm dishes and then induced with DOX for 24 h. The
next day, the cells were fixed for 10 min on ice in 2%
formaldehyde in PBS (PFA) and then tested for RNHI1-
GFP expression using a Nikon Eclipse Ti2-E microscope.
Clones were also tested for RNH1-GFP expression by west-
ern blot with a standard SDS-PAGE gel (NuPAGE 4-12%
Bis-Tris, ThermoFisher Scientific) using anti-GFP (Gene-
Tex #GTX20290; 1:1000 concentration) and anti-B-actin
(Clone AC15, Sigma-Aldrich #A1978; 1:50,000 concentra-
tion) antibodies after 24 h of DOX treatment. Following
single-cell cloning, cells were cultured in specialized media
for the tetracycline-inducible system (DMEM + 10% TET-
system approved FBS (Gibco) + 1x pen-strep + 500 g/ml
G418).

U20S PARPIlko cells were obtained as previously de-
scribed (39). RNHI1-inducible PARPlko cells were ob-
tained by infection of U20S RNHI-GFP cells with
lentivirus expressing S. pyogenes Cas9 (SpCas9) and a guide
RNA targeting PARPI exon 2 (gRNA 6, sequence GTG-
GCCCACCTTCCAGAAGC). Guide RNAs were designed
and validated to specifically target the human PARP1 gene
by the laboratory of Feng Zhang at the Broad Institute
(Sanjana et al., 2014) and were incorporated into pLenti-
CRISPRvV2 vectors (GenScript). For lentiviral production,
HEK293T cells were seeded in a 6-well plate and the next
day, 500 ng of pLentiCRISPRv2-PARPI1 plasmid was co-
transfected with the VSV-G (50 ng) and psPAX2 (500 ng)
plasmids in TransIT-LT reagent and OPTI-MEM. U20S
RNHI1-GFP cells were transduced twice over two days with
a 1:1 lentiviral harvest to media with polybrene. Cells were
selected for puromycin resistance in selection media for 1-2
days (DMEM + 10% TET-FBS + 1 x pen-strep + 1.5 pg/ml
puromycin (Gibco)). Knockout efficiency was validated in
the bulk cell population by western blot using PARP1 mon-
oclonal (C-2-10, Enzo #BML-SA250-0050; 1:1000 concen-
tration) and anti-B-actin antibodies. Single-cell cloning was
then performed to generate a stable PARP1ko cell line. 400
cells from the bulk population were seeded in a 150 mm
dish, ensuring proper spreading, and the cells were allowed
to grow for 2 weeks or until colonies were visible with the
naked eye. Colonies were carefully transferred into 96-well
plates by trypsinization within an open-ended glass cloning
cylinder (Corning) dipped in high vacuum grease (Dow
Corning) and pressed against the bottom of the dish. Each
expanded clone was tested for PARPI expression by west-
ern blot with the C-2-10 antibody.

For PARPI complementation experiments, U20S
RNHI-GFP cells were seeded in 100 mm dishes in G418
media (DMEM + 10% TET-FBS + 1x pen-strep + 500
pg/ml G418) so that they were 70-90% confluent at the
time of transfection. The pCMV-PARP1-3XFLAG plas-
mid (5 pg) was used to transfect the cells with FuGENE
HD transfection reagent (Promega #E2311) in OPTI-
MEM and the cells were incubated overnight. The next
day, the media was replaced with fresh G418 containing
media and the cells were allowed to recover for 24 h. PARP1
expression was validated by western blot using anti-PARP1
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(C-2-10), anti-DDDDK (FLAG) tag (Abcam #abl162;
1:4000 concentration), and anti-B-actin antibodies.

For siRNA knockdown experiments, Dharmacon™
ON-TARGETplus SMARTPool siRNA for human Sen-
ataxin (SETX) and PARP1 were purchased from Hori-
zon (PARP1 #L-006656-03-0005, SETX #L-021420-00-
0005). Silencer® Select siRNAs for RNase H1 were pur-
chased from Invitrogen (#s48357 (siRNAS57) and #s48358
(siRNASS)). For SETX and RNHI1 knockdowns, U20S
cells were seeded in 60 mm dishes in standard growth me-
dia (DMEM + 10% FBS + 1x pen-strep) so that they
were 70-80% confluent at the time of transfection. Each
siRNA was used to transfect the cells overnight at 50 nM
concentration in serum-free DMEM and DharmaFECT
1 transfection reagent (Horizon #T-2001-02) after a 30
min incubation at RT, during which the cell media was re-
placed with antibiotic-free DMEM + 10% FBS. The next
day, the media was replaced with standard growth media
and the cells were allowed to recover for 24 h. Knock-
down efficiency for RNHI1 siRNA was validated by west-
ern blot on a standard SDS-PAGE gel using the anti-RNase
H1 (H-4, Santa Cruz Biotechnology #sc-376326) and anti-
B-actin antibodies. To validate SETX siRNA efficiency,
western blot was performed with a NuPAGE 3-8% Tris-
acetate gel (ThermoFisher Scientific) using the anti-SETX
(Bethyl Laboratories #A301-104A) and anti-B-actin anti-
bodies. For PARP1 knockdown, RNHI1-GFP cells were
seeded in 100 mm dishes in TET-FBS media. The siRNA
transfection was performed as done for RNH1 and SETX,
scaling up to accommodate the dish size. Knockdown effi-
ciency was validated by western blot using the anti-PARP1
C-2-10 and anti-tubulin antibodies.

The HeLa cell lines expressing GFP-RNaseH1-WT-
M27 or GFP-RNaseHI-D2I0N-M27 cells were ob-
tained as previously described (42). A Cas9 sgRNA
targeting exon 2 of the PARPI gene (sgPARPI-1, 5'-
CAGCAGAATTCCCCGATCCG-3’) was cloned into
lentiCRISPRv2 (Addgene #52961) and transformed into
Stbl3 competent cells. The lentiCRISPRv2-sgPARPI1-1 (10
wg) was packaged into lentiviral particles by co-transfecting
the packaging plasmids pCMV-VSV-G (10 pg, Addgene
#8454) and pCMV-dRS8.2 dVPR (10 pg, Addgene #8455)
into HEK293T cells. Viral particles were collected, infected
into HeLa expressing inducible GFP-RNaseH1-WT-M27
cells and selected using puromycin.

Recombinant PARP1 preparation

Human PARPI was expressed in Escherichia coli using ex-
pression vector pET28 (Novagen) with an N-terminal hex-
ahistidine tag and was purified using three chromatography
steps: Ni(I)-affinity, heparin, and gel filtration (43). AFM
assays were performed using recombinant human PARP1
purchased from Trevigen.

pFC53-mAIRN plasmid purification

R-loop substrates were generated using the pFC53-mAIRN
plasmid, a gift from Dr Sara Selig (Israel Institute of Tech-
nology), which forms R-loop when transcribed with T3
RNA polymerase in vitro. Plasmid preparation included a
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cesium chloride purification prior to IVT to remove any
nicked or linear plasmid DNA and to enrich supercoiled
plasmid. Plasmid was digested with the unique cutter en-
zyme HindIII before and after IVT to verify that the linear
plasmid had the predicted size. Plasmid DNA was diluted
in 1x TE buffer (Fisher Scientific) to a volume of 2.5 ml,
weighed on a sensitive scale, and 1.01 g of CsCl (Fisher Sci-
entific) per 1 g of DNA/TE mixture was added. A blank
sample was made by weighing 5 ml of 1x TE buffer and
adding 1.01 g CsCl per 1 g of TE, and this blank was used
to bring the DNA samples up to a final volume of 4.75
ml, which was then transferred into a polypropylene cen-
trifuge tube (Beckman Coulter #362185). Each uncapped
centrifuge tube, along with its respective cap, was weighed
to ensure that the difference in mass between them was as
close to zero as possible. The tubes, caps, centrifuge rotor
(Beckman Coulter VTi 65.2), and EtBr (ThermoFisher Sci-
entific #15585011) were taken into a darkroom and 140
wl of EtBr was carefully added to each tube. The contents
of the tubes were gently mixed with a pipette before being
placed inside the rotor and then the bolts were tightened to
at least 140 psi. The samples were centrifuged at 20°C for
16 h at 45 000 rpm. The next day, the tubes were retrieved
from the rotor and the band corresponding to the super-
coiled plasmid DNA was carefully extracted, in the dark,
by puncturing one side of the tube with an 18-gauge beveled
needle (BD Biosciences #305185) attached to a 3 ml syringe
(BD Biosciences #309657). The DNA was transferred into
15 ml conical tubes wrapped in aluminum foil and the EtBr
was removed with 6-7 additions of 2 ml H,O-saturated 1-
butanol (2:3 ratio of H,O to butanol) by removing the aque-
ous phase until it became clear. The DNA samples were
then transferred into 3 ml dialysis cassettes (ThermoFisher
Scientific #87728), and CsCl was removed by floating the
cassettes in 1 x TE with gentle stirring for 1 h at RT and then
in fresh TE overnight at 4°C. The following day, the DNA
samples were transferred into Eppendorf tubes and either
stored at -80°C or precipitated with 100% ethanol and 3M
sodium acetate, pH 5.2.

In vitro transcription (IVT) for R-loop formation with the
pFC53-mAIRN plasmid

Reactions were prepared by combining 3 pg pFC53-
mAIRN, 1x transcription optimized buffer (Promega
#P1181; 40 mM Tris (pH 7.9), 6 mM MgCl,, 2 mM sper-
midine, 10 mM NacCl) supplemented with 20 mM DTT,
0.05% Tween-20, and 0.25 mM rNTP mix on ice. Transcrip-
tion was initiated by adding 160 U of T3 RNA polymerase
(Promega #P4024). Samples were incubated at 37°C for 30
min and heat-inactivated at 65°C for 10 min. To remove
free RNAs, samples were treated with 0.01 mg/ml RNase A
(Thermo Scientific #EN0531) at 37°C for 30 min. 10 U of
E. coli RNase H (ecRNH; NEB #M0297L) were added to
negative control samples and incubated at 37°C for 30 min
to destroy RNA-DNA hybrid structures. 60 U of RNase T1
(ThermoScientific #EN0541) was also used to degrade free
RNA:s. To verify the presence of R-loop structures, 200 ng
of each sample was run on a 0.9% agarose, 1 x TBE gel at
100V for 1 to 1.5 h and post-stained with EtBr. The gel was
imaged using a GE Healthcare Amersham Imager 600.

Purification and ethanol precipitation of R-loop substrates

After gel verification of R-loop formation, sub-
strates were purified by adding one volume of phe-
nol:chloroform:isoamyl alcohol (25:24:1, v/v, Invitrogen
#15593049) and centrifuging in phase lock gel heavy
centrifuge tubes (Quanta Bio #2302830). DNA was pre-
cipitated from the aqueous phase by adding 2.5 volumes
of 100% ethanol, 0.1 volumes of 3M sodium acetate pH
5.2, and incubating at —20°C overnight. The next day,
DNA was pelleted by centrifugation, washed with 70%
ethanol, air dried, and resuspended in 1x TE buffer.
Sample concentration was then obtained using a DeNovix
DS-11 spectrophotometer.

PARP1 auto-modification assays

For assays performed using R-loop substrates generated
in the pFC53-mAIRN plasmid, samples were prepared
by combining 1x PARPI activity buffer, 125 nM pu-
rified PARP1 protein, and 125 nM purified DNase I-
activated DNA (for positive control, Enzo #A1LX-840-040-
C010) or purified pFC53-mAI/RN plasmid DNA (either
un-transcribed or transcribed). Samples were incubated at
22°C for 10 min, 2.5 uM NAD™" (Enzo #BML-K1282-0500)
was added, and the samples were incubated for another 5
min at 22°C. An equal volume of 2x Laemmli sample buffer
(Bio Rad #1610737EDU) with 0.1M EDTA was added,
samples were boiled at 95°C for 5 min and run on a 10%
polyacrylamide SDS-PAGE gel at 80-120V for ~1.5 h. The
gel was stained with Coomassie brilliant blue in a mixture
of 50% methanol, 10% acetic acid, and 40% H,O for 1 hr at
RT and de-stained in the same mixture without Coomassie
for 1 h at RT. The gel was imaged using a GE Healthcare
Amersham Imager 600.

For the anti-PAR western blot analyses, a PARP1 auto-
modification assay was first performed as described above,
followed by transfer onto nitrocellulose membrane (instead
of staining with Coomassie) at 25 V for 1.5 h at RT. The
membrane was blocked in 5% milk in TBS-Tween (TBS-
T) and incubated with the mouse anti-PAR 10H anti-
body (Enzo #ALX-804-220-R100) at 1:1000 concentration
overnight at 4°C. The next day, the membrane was incu-
bated with a goat anti-mouse secondary antibody at 1:5000
concentration for 1 hr at RT and developed with ECL de-
tection reagents (Amersham/Cytiva). The gels used to ob-
tain the data of Figures 2B and C were imaged using a GE
Healthcare Amersham Imager 600. The gels used to obtain
the data of Figures 2A, I and J were imaged using a Biorad
Gel Doc XR imager. Band signal intensities were quanti-
fied using ImageJ software. for each substrate we set back-
ground with the ‘noNAD’ sample. The signal intensity val-
ues obtained in the ‘noNAD’ sample was subtracted from
the “+NAD’ sample. Then the ‘noDNA’ sample was set as
a baseline (= 1; not displayed on the graphics) for all the
other samples to calculate the fold increase.

Electrophoretic mobility shift assays

For PARP1 EMSA using DNA fragments (related to Sup-
plementary Figure 1C and D), reactions were performed in
buffer containing 25 mM MOPS pH 7.0, 60 mM KCl, 0.2%
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Tween-20, 2 mM DTT, 5 mM MgCl,, 10% glycerol with
100 nM *?P-labeled oligonucleotides and purified PARP-
1 at the indicated concentrations (0-50 nM). The reaction
mixtures were incubated at 37°C for 15 min followed by fix-
ation with 0.2% glutaraldehyde, and then another incuba-
tion for 15 min at 37°C. DNA samples were loaded onto 8%
native polyacrylamide gel and products were separated by
electrophoresis in 1x TBE buffer. The gel was dried using
a vacuum gel dryer (Bio-Rad) for 35 min at 85°C, then re-
vealed using Fujifilm FLA 5100. The DNA substrates were
generated by annealing and purification on native polyacry-
lamide gels. The oligonucleotides used were:

ssDNA: JYM3702 (5GGGTGAACCTGCAGGTGG
GCGGCTGCTCATCGTAGGTTAGTTGGTAGAAT
TCGGCAGCGTC3)

dsDNA: JYM3702 + JYM3703

(5 GACGCTGCCGAATTCTACCAGTGCCTTGCT
AGGACATCTTTGCCCACCTGCAGGTTCACCCY)

Loop: JYM3702 + JYM4358

(5GGGTGAACCTGCAGGTGGGCAAAGATGT CC
TAGCAAGGCACT GGAGAATTCGGCAGCGTCY)

D-Loop: JYM3702 +JYM3703 + JYM3705 (AAAGAT-
GTCCTAGCAAGGCACQ)

R-loop: JYM3702 + JYM3703 + JYM3704 (AAAGAU-
GUCCUAGCAAGGCAQ)

RNA-DNA hybrid: JYM3702 + JYM4358 + JYM3704

ssRNA: JYM3704

dsRNA: JYM3701 + JYM4638 (GUGCCUUGCUAG-
GACAUCUUU)

For PARP1 EMSAs using the pFC53-mA/RN plasmid
(related to Supplementary Figure 1E), reactions were pre-
pared by combining 172 nM purified PARP1 protein, 1x
PARPI activity buffer (500 mM Tris—HCI pH 8.0, 40 mM
MgCl,, 2 mM DTT, 500 wg/ml BSA), and 200 ng pFC53-
mAIRN plasmid (either un-transcribed for control condi-
tion or transcribed for experimental condition). Samples
were incubated at RT for 10 mins and run on a 0.5% agarose
gel in 0.5x TBE and post-stained with SYBR™ Safe DNA
Gel Stain (Invitrogen #S33102). The gel was imaged using
a GE Healthcare Amersham Imager 600.

For S9.6 and BG4 antibody EMSAS, reactions were pre-
pared by combining 200 ng pFC53-mA/RN plasmid DNA
(either un-transcribed or transcribed), 1x PARPI activity
buffer, and 1.4 pmol of primary antibody, either S9.6 to bind
R-loop structures or BG4 (Sigma-Aldrich #MABE917) to
detect G-quadruplex structures. Samples were incubated at
RT for 10 min and run on a 0.5% agarose gel in 0.5x TBE
and post-stained with SYBR™ Safe DNA Gel Stain. The gel
was imaged using a GE Healthcare Amersham Imager 600.

Atomic force microscopy imaging and image analysis

R-loop substrates were generated through in vitro transcrip-
tion using pFC53-mAIRN as described above. The circu-
lar DNA with R-loops and control DNA were linearized
using ApaLl overnight to generate two linear DNA frag-
ments and purified using the Zymo DNA purification kit
(44). Purified linear pFC53-mAIRN DNA with or with-
out R-loops (3 nM) was incubated with PARP1 (Trevigen,
50nM) at 37°C in PARP1 Binding Buffer (50 mM Tris—HCI
pH 8.0, 10 mM MgCl, 1 mM DTT, 12.5 mM NaCl) for 10

Nucleic Acids Research, 2023, Vol. 51, No. 5 2219

min. For activating PARPI1, purified linear pFC53-mAIRN
DNA with or without R-loops (3 nM) was incubated with
PARPI1 (50 nM) in PARP1 Activation Buffer (50 mM Tris—
HCI, pH 8.0, 10 mM MgCl,, 1 mM DTT, 0.3 mM NAD*
and 12.5 mM NaCl) at 37°C or on ice, for 1 min and 10
min, respectively. The reaction mixtures were diluted 16-
fold in Imaging Buffer (20 mM HEPES, pH 7.5, 100 mM
NaCl, 10 mM Mg(OAc),) and immediately deposited onto
a freshly cleaved mica surface (SPI). The samples were then
washed with MilliQ water and dried under a stream of N,
gas. All images were collected using the AC mode on an
MFP-3D-Bio AFM (Asylum Research) using PPP-FMR
probes (Nanosensors, Spring constant (k: ~2.8 N/m). The
images were captured at a scan size of 1-3 wm x 1-3 umata
resolution of 512 x 512-1024 x 1024 pixels and a scan rate
of 1 Hz. Ample time is given for the AFM system to reach
thermal equilibrium to avoid any distortion in AFM im-
ages due to thermal drift. AFM samples were scanned at a
low scan rate (1 Hz), and the feedback parameters were also
adjusted to obtain identical forward and backward profiles
in the cross-section analysis. To minimize the compression
of the sample, AFM imaging was operated with soft ap-
proach (low set point forces and/or low drive amplitudes)
so that the AFM tips exerts only minimum force on the
samples.

The positions of PARP1 and activated PARP1 on DNA
were analyzed using software from Asylum Research. For
images of PARPI binding to DNA containing R-loops, the
threshold for selecting molecules was set at 1 nm height.

RNA-DNA hybrid immunodetection by slot blot

Slot blot experiments were conducted as described pre-
viously in (45). Briefly, nucleic acids were extracted from
U20S cells by SDS and proteinase K treatment at 37°C
overnight, followed by phenol-chloroform extraction and
ethanol precipitation. After nucleic acid quantification us-
ing a NanoDrop™, 1 pg of extract was diluted or not as
indicated and blotted onto Hybond-N nylon membrane in
duplicate using a slot blot apparatus (Schleicher & Schuell).
One half of the membrane was treated with 0.5 N NaOH
and 1.5 M NacCl for 10 min to denature the DNA and neu-
tralized for another 10 min in 0.5 M Tris—HCI buffer (pH
7.0) containing 1 M NaCl. After UV-cross-linking (0.12
J/m?), the non-treated membrane was subjected to western
blot analysis with S9.6, and the treated membrane, served
as loading control, with the single-stranded DNA antibody
(Clone 16-19, Millipore MAB3034). The S9.6 signal was
normalized by the loading control.

For S9.6 dot blot experiments with siRNA knockdown,
cells were harvested from 60 mm dishes approximately 48
h after transfection. For S9.6 dot blot in PARPI comple-
mentation experiment, cells were harvested 72 h after trans-
fection with the plasmid coding for the CRISPR insen-
sitive flag-tagged PARP1. Genomic DNA was extracted
using the Qiagen Blood & Cell Culture DNA Mini Kit
(#13323) following manufacturer instructions for Prepara-
tion of Cell Culture Samples (pages 25-30 of QIAGEN
Genomic DNA Handbook) and then for Isolation of Ge-
nomic DNA from Cultured Cells using Genomic-tip 20/G
(pages 49-52 of handbook). Genomic DNA concentration
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was quantified using a NanoDrop™ One Microvolume UV-
Vis Spectrophotometer (ThermoFisher Scientific). RNase
H treatment was performed with 5 U of ecRNH (NEB)
and incubated at 37°C for 30 min. All samples were then
brought up to a final volume of 200 wl with 2x saline-
sodium citrate (SSC; Fisher Scientific) and spotted onto a
Hybond-N membrane in duplicate using a Minifold I dot
blot apparatus (Schleicher & Schuell). One half of the mem-
brane (for the ssDNA control) was denatured and then neu-
tralized for 10 min each at RT before being crosslinked,
blocked for 1 h at RT in 5% milk, and incubated overnight
in the anti-ssDNA antibody at 1:250 concentration. The
other half of the membrane (for S9.6 detection) was directly
crosslinked after dot-blotting, blocked in 5% milk, and in-
cubated overnight with the S9.6 antibody at 1:1000 concen-
tration. The membranes were developed using ECL detec-
tion reagents and images were acquired, and signals quanti-
fied, using a Biorad Gel Doc XR imager and software. Fold
changes compare to U20S cells were determined after de-
termination of ssDNA volumes used as loading controls.

Sub-cellular fractionation and quantification of chromatin-
bound PARP1

2 x 10° cells were seeded in 6-well plates. The following
day, cells were treated with 0.4 pg/ml of DOX along with
100nM of Talazoparib for 24 h. Cells were then collected
following trypsin treatment, resuspended in 1ml of media
and counted using the automated Invitrogen Countess cell
counter. The subcellular fractionation was performed using
the Subcellular Protein Fractionation Kit (ThermoFisher
Scientific #78840) according to manufacturer instructions.
Buffer volumes were adapted according to the number of
cells counted. The chromatin-bound nuclear extracts were
then resolved on NuPAGE 4-12% Bis—Tris mini protein gel
and transfered onto nitrocellulose membrane for the subse-
quent incubation with anti-PARP1 C-2-10 (Enzo #BML-
SA250-0050) and anti-Histone H3 (1B1-B2, Novus Biolog-
icals #BP2-36468) antibodies. Western blot band volumes
were determine using the BioRad Image Lab software. For
each experiment, Histone H3 signals were used as load-
ing controls and PARPI volumes detected in DOX-only-
treated cells were set as the basal levels of chromatin-bound
PARPI.

Immunofluorescence

RNA-DNA hybrid immuno-detection was conducted as
described in (46). Briefly, coverslips containing U20S-cells
were fixed with 2 ml of ice-cold, 100% methanol for 10 min
at —20°C. Coverslips and cells were then washed once with
PBS before subsequent steps. Coverslips were then incu-
bated in staining buffer (TBS-T + 0.1% BSA) for 10 min
with rocking. Enzymatic treatments were done in staining
buffer supplemented with 3 mM MgCl, with 1:200 dilutions
of RNase T1 (EN0541; Thermo Fisher Scientific), Short-
Cut RNase III (M0245S; New England Biolabs), and/or
ecRNH and incubated for 1 h at 37°C. Coverslips were
subsequently washed by incubating with staining buffer
for 10 min with rocking at RT. For primary immunola-
beling, coverslips were incubated in staining buffer with

1:1000 dilutions of the mouse S9.6 (purified from the HB-
8730 hybridoma cell line), and 1:1000 dilutions of a rab-
bit anti-nucleolin antibody (Abcam #ab50279) from Ab-
cam. Primary antibodies were incubated for a minimum
of 1h at room temperature with rocking. Coverslips were
then washed once with staining buffer and incubated with
1:1000 dilutions of secondary anti-mouse Alexa Fluor®
488 conjugate (Invitrogen Life Technologies #A11001) and
anti-rabbit Alexa Fluor® 568 conjugate (Invitrogen Life
Technologies #A11011) in the same manner as for the pri-
mary antibody incubation, with samples protected from
light from this step onward. Alexa Fluor-conjugated goat
anti-rabbit antibodies and anti-mouse antibodies were from
Invitrogen (Carlsbad, CA). After rinsing with TBS-T for
10 min, coverslips were mounted with Immuno-Mount
(Thermo Scientific) mounting medium containing 1 pg/ml
of 4’,6-diamidino-2phenylindole (DAPI). Images were ac-
quired at 63x magnification on a Leica DMI16000 (Figure 4)
or Nikon Eclipse Ti2-E microscope.

The RNA-DNA hybrid staining in HeLa cells was pro-
cessed as previously described (42) (H.D.N lab). HeLa cells
were trypsinized, pelleted and resuspended in hypotonic so-
lution (75 mM KCl) prewarmed to 37°C while being agi-
tated on a vortex at a low speed. Then cells were incubated
at 37°C for 12 min before adding 5-6 drops of freshly made,
ice-cold fixation solution (methanol/glacial acetic acid 3:1
ratio). Cells were pelleted at 1000 rpm for 5 min, and su-
pernatant was aspirated down to 500 wl. 6 ml of the fix-
ation solution was added to the cells in a drop-wise man-
ner while cells being agitated on a vortex at a low speed.
Cells were fixed for 20 min and washed one more time with
the fixation solution before being spread on a coverslip.
Dried slides were blocked with blocking buffer (1x PBS,
5% BSA, 0.5% Triton X-100) for 1 h at room temperature
and S9.6 antibody (purified from the HB-8730 hybridoma
cell line, 1 pg/pl, 1:500) was incubated overnight at 4°C.
The slides were washed three times with the wash buffer (1 x
PBS + 0.1% Triton X-100) and subsequently incubated with
mouse secondary antibody conjugated with Cy3 for 1 h at
room temperature. Cells were washed three times with the
wash buffer and then stained with DAPI and mounted us-
ing ProLong™ Gold Antifade Mountant (Invitrogen).

For G4 immuno-fluorescence, cells were treated with
DOX as previously or pyridostatin (PDS) at 10 wM con-
centration for 24 h. The next day, cells were washed 2
times with ice-cold 1x PBS and incubated for 2 min in
cytoskeletal extraction buffer (CSK; 10 mM PIPES, 100
mM NaCl, 300 mM sucrose, 2 mM MgCl,, 0.25% Triton-
X100, 1 mM DTT) on ice. Cells were then fixed for 10
min on ice in 2% PFA, permeabilized in 1x PBS + 0.5%
Triton-X100 for 10 min at RT, blocked in Blocking Buffer
(1x PBS + 10% normal goat serum + 1% BSA) for 1 hr
at RT, and incubated with a BG4-FLAG primary anti-
body (Millipore #MABE917) diluted in blocking buffer at
1:500 concentration overnight at 4°C. The following day,
cells were incubated with an anti-FLAG antibody (Abcam
#ab1162) at 1:1000 for 1 h at 37°C and then with an Alexa
Fluor® 647 goat anti-rabbit antibody diluted in blocking
buffer at 1:1000 concentration for 1 h at RT. Cells were
mounted with ProLong™ Gold Antifade Mountant with
DAPI.
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For yH2AX immuno-detection, U20S cells were seeded
on 22 mm coverslips in 6-well plates in specialized media
(DMEM + 10% TET-system approved FBS + 1x pen-
strep + 500 wg/ml G418). Prior to fixation, cells were la-
beled with EAU from the Click-iT™ EdU Cell Prolifera-
tion Kit for Imaging, Alexa Fluor@®) 647 dye (Invitrogen
#C10340) according to manufacturer protocol. Cells were
fixed on ice in 2% PFA in 1x PBS, permeabilized in 1x
PBS + 0.5% Triton-X100 for 10 mins at RT, blocked in
blocking buffer (1 x PBS + 10% normal goat serum + 1%
BSA) for 1 hour at room temperature, and incubated with
vH2AX primary antibody (Abcam #ab11174) diluted in
blocking buffer at 1:500 concentration overnight at 4°C.
The following day, cells were incubated with an Alexa
Fluor@®) 594 goat-anti-rabbit antibody diluted in blocking
buffer at 1:1000 concentration for 1 hour at room tem-
perature. EAU detection was performed with Click-iT™ kit
after yH2AX immunofluorescence staining, using Click-
iT™ EdU cell proliferation kit for imaging, Alexa Fluor
647 (Invitrogen #C10340) following manufacturer proto-
col. Cells were rinsed in PBS and H2O prior to mounting
in ProLong™ Gold Antifade Mountant with DAPI (Invit-
rogen #P36931).

For PAR10H immuno-fluorescence experiments, cells
were seeded on coverslips in 6-well plates in specialized me-
dia to be ~70% confluent the next day, when 10 uM PARG
inhibitor PDD00017273 and 0.4 wg/ml DOX were added
and incubated for 24 h. The following day, cells were fixed
in a 1:1 mixture of ice-cold methanol:acetone on ice for 10
mins, followed by fixation in 2% PFA in 1x PBS on ice for
10 min, permeabilization in 1 x PBS + 0.5% Triton-X100 for
10 min, and blocking in blocking buffer for 1 h at RT. Cov-
erslips were incubated over night with the mouse anti-PAR
10H primary antibody diluted in blocking buffer at 1:1000
concentration and then with an Alexa Fluor® 594 goat
anti-mouse antibody at 1:1000 concentration for 1 h the
next day before being mounted with ProLong™ Gold An-
tifade Mountant with DAPI (Invitrogen #P36931). All im-
ages were acquired using the Nikon Eclipse Ti2-E micro-
scope and deconvolved using NIS Elements software.

Proximity ligation assays (PLA)

PLA experiments were performed using the DuoLink®
In Situ Red Starter Kit Mouse/Rabbit (Millipore/Sigma-
Aldrich #DUQO92101-1KT) and following manufacturer
protocol with modifications. Cells were seeded on 18 x 18
mm glass coverslips in a 6-well plate and treated with 0.4
pg/ml DOX for 24 h. For S9.6/PARP1 PLA, cells were
treated with fresh cytoskeletal pre-extraction buffer (CSK;
10 mM PIPES, 100 mM NacCl, 300 mM sucrose, 2 mM
MgCl,, 0.25% Triton-X100, 1 mM DTT) for 2 mins on
ice, fixed in 2% PFA in 1x PBS for 10 min on ice, per-
meabilized in 1x PBS + 0.5% Triton-X100 for 10 min at
RT, blocked in blocking buffer for 1 hr at RT, and incu-
bated with S9.6 (1:1000 concentration) and PARP1 (1:1000)
rabbit primary antibodies (Enzo #ALX-210-302-R100) di-
luted in blocking buffer overnight at 4°C. Alternatively, cells
were processed following the RNA-DNA hybrid immuno-
fluorescence protocol as described above to include the
RNases T1, III and ecRNH controls. The PLA assay was
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performed the next day according to manufacturer proto-
col beginning from Step 3. Following final washes, cover-
slips were mounted with ProLong™ Gold Antifade Moun-
tant with DAPI. Images were obtained using the Nikon®
Eclipse Ti2-E microscope.

For the G4:PARP1 PLA, we followed the G4 immunoflu-
orescence protocol described above prior to PLA staining.
Because the FLAG tag antibody used in our experiment is
a rabbit antibody, we used the mouse PARP1 C-2-10 anti-
body (Enzo #BML-SA250-0050). For each experiment, an-
tibody controls were performed in which one antibody was
incubated without the other. In the case of G4:PARP1 PLA,
the following controls were included: BG4 only, PARPI
only, BG4 + FLAG, BG4 + PARPI (no FLAG).

Population doubling (PD)

1.10 x 10° RNH1-D210N-GFP U20S cells were seeded in
6-well plates. The next day, the cells were induced with 0.4
wg/ml DOX and incubated for 2, 4 or 6 days, with one well
of the 6-well plate being harvested and counted at each time-
point. Cells were counted using a Countess automated cell
counter (Invitrogen). Data and statistical analyses were per-
formed using Graphpad Prism 9 software.

MTT assay

5000, 7500 or 10 000 D210N-RNH1-GFP U20S cells were
seeded in triplicate in 96-well plates. The next day, cells were
induced with 0.4 pg/ml DOX and incubated for 24 h. MTT
assay was then performed using the Abcam MTT Assay
Kit (Cell Proliferation; #ab211091) following manufacturer
protocol. Data and statistical analyses were performed us-
ing Graphpad Prism 9 software.

DRIP-qPCR

DRIP assays were performed as described in (47). Briefly,
DNA containing R-loops was extracted from U20S cells
by SDS/proteinase K treatment at 37°C overnight, followed
by phenol-chloroform extraction using MaXtractTM High
Density (100 x 15 ml from QIAGEN) and ethanol precip-
itation at RT. The harvested DNA was digested for 24 h at
37°C using a restriction enzyme cocktail (50 units/100 pg
nucleic acids, each of BsrGI, EcoRI, HindIII, Sspl, and
Xbal) in the CutSmart buffer (New England Biolabs) with
2 mM Spermidine and 1x BSA. Digested DNAs were
cleaned up by phenol-chloroform extraction using MaX-
tractTM High Density (200 x 2 ml) followed by treat-
ment or not with ecRNH (20 units/100 pg nucleic acids)
overnight at 37°C in ecRNH buffer (New England Biolabs).
RNA-DNA hybrids from 4.4 wg digested nucleic acids,
treated or not with ecRNH, were immunoprecipitated us-
ing 10 pg of S9.6 antibody (purified from the HB-8730 hy-
bridoma cell line) and 50 wl of protein A/G agarose beads
(Sigma-Aldrich) at 4°C for 2 h or overnight in IP buffer (10
mM NaPOy, 140 mM NaCl and 0.05% Triton X-100). The
beads were then washed four times with IP buffer for 10 min
at RT, and the nucleic acids were eluted with elution buffer
(50 mM Tris—HCI, pH 8.0, 10 mM EDTA, 0.5% SDS and
70 g of protease K) at 55°C for 1 hr. Immunoprecipitated
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DNA was then cleaned up by a phenol-chloroform extrac-
tion followed by EtOH precipitation with 20 png glycogen
at 20°C for 1 h. The enriched chromatin was analyzed by
gPCR using the following primers:

JYMS5602 (Actin RB-F: CAACTGGGACGACATG-
GAGAAA),

JYM5603 (Actin RB-R: GAGTCCTACGGAAAACG-
GCAGA),

JYMS5604 (Actin PA-F: TGTACACTGACTTGA-
GACCAGT),

JYM5605 (Actin PA-R: AAGCAGGAACAGAGAC-
CTGACOQ),

JYM5606 (Actin RD-F: TAGGCTTAGGAGAGGC-

CGCAAT),
JYMS607 Actin RD-R: GTCCAGGAGC-
CTGGGTATCTCCO),

JYM5203 (Egrl-F: TTCGGATTCCCGCAGTGT),
JYMS5204 (Egrl-R: TCACTTTCCCCCCTTTATCCA),
FOS-F: CCTGCAAGATCCCTGATGACCT),

FOS-R: AGGGTGAAGGCCTCCTCAGACT),
JYMS124 (RPLI3A-F: AGGTGCCTTGCTCACA-

GAGT),

JYMS5125 (RPLI13A-R: GGTTGCATTGCCCTCAT-
TAC),

EGRI1 Downstream-F: (GAACGTTCAGC-
CTCGTTCTC),

EGR1 Downstream-R: (GGAAGGTGGAAGGAAA-
CACA).

Reverse transcription and real-time quantitative PCR (RT-
qPCR) analysis

Total cellular RNA was isolated from siRNA-transfected
U20S cells using RNeasy Mini Kit (Qiagen) according to
the manufacturer’s instructions. cDNA was synthetized us-
ing ProtoScript@®) II First Strand cDNA Synthesis Kit con-
taining M-MLV Reverse Transcription with randomized
Primer Mix. The cDNA were analyzed by real-time quan-
titative PCR (RT-PCR) using SYBR Green PCR Master
Mix (Applied Biosystems). The primers used: HPRT, B2M
and RPPO were used as housekeeping gene expression for
normalization.

JYM5433 (RPPO-F: TTCATTGTGGGAGCAGACQ),

JYM5434 (RPPO-R: CAGCAGTTTCTCCAGAGCO),

JYM4915 (HPRTI-F: CCTGGCGTCGT-
GATTAGTGA),

JYM4916 (HPRTI-R: TCTCGAGCAA-
GACGTTCAGT),

JYM4913 (B2M-F: TGGGTTTCATCCATCCGACA),
JYM4914 (B2M-R: ATGCGGCATCTTCAAACCTCO),
b-Actin-F: CATGTACGTTGCTATCCAGGC,
b-Actin-R: CTCCTTAATGTCACGCACGAT,
EGRI1-F: GGTCAGTGGCCTAGTGAGC,

EGRI1-R: GTGCCGCTGAGTAAATGGGA.

Microscopy imaging analyses

For images requiring the quantification of foci (yH2AX
and PLA), the Nikon NIS Element software was used. The
quantification process included the isolation of individual
nuclei as regions of interest (ROI) using the DAPI chan-
nel. The intensity threshold tool was used to select the foci

in the appropriate channel (Cy3 for the PLA and yH2AX
foci). This threshold was maintained for all images within
the same replicate experiment. The foci were then qualified
as ‘objects’ and automatically quantified by the software for
each ROI selected. The data were exported into Microsoft
Excel and then imported into GraphPad Prism 9 for graph-
ing and for statistical analyses.

The nuclei were selected as described above for images
requiring the quantification of overall fluorescence signal
intensity (PAR 10H, GFP and S9.6 signals). The resulting
ROIs were exported as ‘new binary layers, and the intensity
of the signal underneath the ROIs was collected for each
channel, exported into Excel and then copied into Graph-
Pad Prism 9 for graphing and statical analyses.

RESULTS
PARP1 associates with R-loops in vitro

To test whether R-loops are a substrate for PARP1, we in-
terrogated the direct binding of PARPI1 to R-loop struc-
tures in vitro. We purified recombinant PARP1 and vali-
dated that it was active by PARP1 auto-modification assay
using DNasel-activated DNA (aDNA) and NAD". PARPI
auto-modification by poly(ADP-ribose) prevents the pro-
tein from entering the gel, which is depicted by a decrease of
Coomassie band intensity at the PARP1 molecular weight
level (Supplementary Figure 1A and B).

We first tested the binding affinity of PARPI by elec-
trophoretic mobility shift assay (EMSA) without NAD™ to
prevent PARPI1 release from the DNA. We prepared ra-
dioactive 61mer ssDNA, 61 bp dsDNA, RNA-DNA hy-
brids, dsDNA containing a loop (Loop) as well as D-loop
and R-loop substrates for which integrity was verified by gel
electrophoresis (Supplementary Figure 1C). Importantly,
the faster migration of both paired RNA-DNA hybrid and
R-loop substrates upon digestion with E.coli RNaseH en-
zyme (ecRNH), which digests the RNA moiety within a hy-
brid, confirmed the presence of the RNA (Supplementary
Figure 1C, right panel). EMSA assays and determination of
affinity binding curves and constants (KD) revealed that, in
our experimental conditions, PARP1 had the highest affin-
ity for ssDNA and the lowest affinity for a paired RNA—
DNA hybrids (Supplementary Figures 1D and 1E; Supple-
mentary Table 1). We also noted a significant increase of
PARPI affinity for R-loops when compared to the hybrids,
suggesting that the displaced ssDNA of the R-loop may
contribute to the recognition of the structure by PARP1. It
is also noteworthy that regardless of the DNA end similar-
ity between the D-loop and the R-loop substrates, PARP1
seemed to bind with more affinity to the R-loops indicating
a role for the RNA component. However, we did not ob-
serve binding of PARP1 to the 22-mer ssRNA and dsRNA
(Supplementary Figure 1F) suggesting that the hybrid com-
ponent is one of the keys to PARP1 binding to this complex
structure rather than the RNA itself. The absence of PARP1
binding to the 22-mer RNA substrates is in line with previ-
ous studies demonstrating poor binding of PARPI to short
RNAs (11). Overall, this assay confirms the high affinity
of PARPI for a variety of DNA substrates, notably DNA
ends as previously shown (4,48), but also brings evidence
for PARPI binding to R-loop structures.
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We next performed atomic force microscopy (AFM) to
directly visualize the binding of PARP1 to R-loops. To do
this, we generated R-loop structures using a plasmid con-
taining the mouse gene mAIRN (pFC-mAIRN) (Figure
1A). The mouse gene AI/RN is a CpG island that harbors
oriented GC skews downstream of a T3 promoter that is
prone to R-loop formation upon in vitro transcription (IVT)
with the T3 RNA polymerase (20,49) (Figure 1A). The plas-
mid was purified by cesium chloride (Supplementary Figure
1G) and digested with the unique cutter HindIII to confirm
that it had the predicted size (Supplementary Figure 1J). Di-
gestion with Exolll, an exonuclease that initiates at nicked
sites present in dsDNA and digests the DNA strand that
carries the nicks, confirmed the absence of nicked molecules
after cesium chloride purification (Supplementary Figure
1H). The formation of R-loops upon IVT was confirmed
by the slower migration of the R-loop-containing plasmid
molecules on an agarose gel (Figure 1B). The slower mi-
gration was not abolished upon RNase A treatment, which
only degrades the free RNAs synthesized during the IVT
process. However, a treatment with the ecRNH restored
the initial electrophoretic mobility of pFC-mAIRN, thereby
indicating that RNA-DNA hybrid formation is respon-
sible for the electrophoretic mobility change of the plas-
mid (Figure 1B). To further confirm the formation of the
R-loops, we performed an EMSA assay using the RNA-
DNA hybrid antibody S9.6 that was demonstrated to bind
RNA-DNA hybrids without binding dsDNA in vitro (50).
While incubation of the S9.6 antibody with non-transcribed
plasmid molecules (pFC-mAIRN) did not yield any band
shift (Figure 1C; compare lane 1 with lane 2), we observed
a band-shift with in vitro transcribed plasmid molecules
(pFC-mAIRN/RL) after their incubation with the S9.6 an-
tibody (Figure 1C; compare lane 3 with lane 4), confirming
the presence of RNA-DNA hybrids in the structure.

As expected, the EMSA assay with PARPI yielded band
shifts for both pFC-mAIRN and pFC-mAIRN/RL (Sup-
plementary Figure 11), due to PARP1’s affinity for dSDNA.
Therefore, to further localize PARP1 on pFC-mAIRN and
pFC-mAIRN/RL substrates, we utilized AFM imaging
that allows for the visualization of proteins on DNA sub-
strates at the single-molecule level (51-53). To facilitate
imaging, the pFC-mAIRN plasmid was digested with the
restriction enzyme Apall after IVT to generate a short
(1246 bp) and a long (2745 bp) linear DNA fragment (Fig-
ure 1A; Supplementary Figure 1J). Upon IVT, we con-
firmed that the 2745 bp-long fragment harbored the ex-
pected R-loops, as illustrated by its slower migration on the
agarose gel (Supplementary Figure 1], compare lane 2 with
lane 4).

After ensuring digestion of the plasmid molecules by
ApalLl, the DNA fragments were incubated in PARP1 as-
say buffer with PARP1 for 10 min at room temperature
without NAD* and deposited on the mica surface for AFM
imaging. We utilized the distinct lengths of the DNA frag-
ments in the AFM images (short: 375.1 £ 21.9 nm; long:
787.6 + 34.6 nm; mean £ SD) to distinguish the short frag-
ments that does not harbor the R-loops from the long DNA
fragments harboring the R-loops. The mouse AIRN gene
was previously shown to form R-loops at two different G-
rich sites (49) located at 38% and 42% from the closest
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DNA end of the 2745 bp fragment (49,52). In agreement
with these previous reports (49,52), we observed different
R-loop shapes at this location, including blobs (40%), spurs
(32%), and loops (28%) (Figure 1D). In addition, R-loops
displayed significantly greater average height (0.82 £ 0.08
nm) (Figure 1G) than dsDNA (0.34 + 0.09 nm; data not
shown) and were positioned at 40.8 £+ 5% from the closest
DNA end on the long DNA fragment (Figure 1H).

Next, to investigate whether PARP1 directly binds to
R-loops, we incubated PARP1 with the DNA fragments
in vitro, either transcribed or not (without NAD") for 10
min at room temperature and deposited them on the mica
surface. Imaging of DNA molecules with PARPI1 revealed
protein-DNA complexes with heights averaging 1.01 4 0.40
nm (Supplementary Figure 1K) that were greater than ds-
DNA and R-loops alone, thereby validating the presence of
PARP1 on DNA. Additionally, regardless of the presence of
R-loops in the dsDNA fragments, we observed the presence
of PARP1 at DNA ends (0% from the closest end), as an-
ticipated due to its strong affinity for DNA ends (4) (Figure
1H). When PARPI was incubated with the dsDNA frag-
ments generated from the un-transcribed plasmid, we ob-
served a random distribution of PARP1 along the dsDNA
(28.40 £+ 13.30%) (Figures 1E and H), thereby confirming
the moderate affinity of PARPI for undamaged DNA pre-
viously documented (54,55). However, upon incubation of
PARPI1 with dsDNA fragments generated from the tran-
scribed plasmid, we noted an enrichment of complexes with
a height distribution higher than PARP1 on un-transcribed
dsDNA (1.38 £ 0.56 nm) (Figure 1G; Supplementary Fig-
ure 1L) at 35.00 & 11.10% from the closest DNA end, corre-
sponding to the R-loop containing region (Figures 1F and
H). In order to verify that the in vitro transcription (IVT)
and purification processes did not introduce modifications
in the DNA substrate that would mediate unspecific PARP1
binding, we also tested the binding of PARPI on dsDNA
fragments generated from plasmid that underwent a ‘mock’
IVT. Consistent with what we reported with fragments from
un-transcribed plasmid, PARPI binding occurred prefer-
entially at the DNA ends as well as randomly along the
dsDNA (Supplementary Figure 1M). Taken together, our
data demonstrate that PARPI can associate preferentially
with R-loop structures in vitro.

PARP1 association with R-loops triggers its ADP-
ribosylation activity

PARPI1 binding to its DNA substrates is responsible for
activating its ADP-ribosylation activity (5). We therefore
asked whether its binding to an R-loop leads to PAR syn-
thesis. To test this, we performed in vitro PARP1 auto-
modification assays. We incubated PARP1 with the pFC-
mAIRN and pFC-mAIRN/RL substrates in the PARP1
activity buffer. DNase I-activated DNA (aDNA) was used
as a positive control and a sample without DNA was added
as a negative control.

First, we verified that the purification process used to ob-
tain pure pFC-mAIRN/RL substrate following IVT (see
Methods section for details) did not generate any DNA
structures that could potentially activate PARP1 activity in-
dependently of the presence of an R-loop. We subjected a
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Figure 1. PARPI associates with R-loops in vitro. (A) Generation of R-loop-containing substrates for in vitro studies using the pFC53-mA/RN plasmid.
For AFM studies, T3 RNAP-transcribed plasmid was linearized with ApaLl to yield an R-loop-containing fragment. For downstream biochemical ex-
periments, transcribed plasmid was treated with RNase A to degrade residual RNAs while preserving R-loop structures. A negative control was generated
by treatment of transcribed plasmid with E. coli RNase H (ecRNH) to degrade R-loops. (B) Agarose gel electrophoresis verifying R-loop formation in
the pFC-mAIRN plasmid following T3 IVT. Migration of un-transcribed plasmid (lane 1), transcribed plasmid (lane 2), transcribed plasmid treated with
RNase A (lane 3), and transcribed plasmid treated with RNase A and ecRNH (lane 4) was analyzed. R-loop formation in the transcribed plasmid is
indicated by a shift in migration. ecRNH treatment degrades R-loops and abrogates this shift. (C) EMSA assay of un-transcribed (lanes 1 and 2) or tran-
scribed pFC-mA/RN plasmid fragments (lanes 3 and 4) incubated with the R-loop antibody S9.6 (lanes 2 and 4). Black arrows indicate the super-shift
caused by S9.6 binding to R-loops. (D) AFM topography images of transcribed, linear 2795 bp pFC-mAIRN plasmid fragments containing R-loops (right
panel, white arrow) and spurs (left panel, white arrow) without PARP1. (E) AFM topography images of un-transcribed, linear 2795 bp pFC-mAI/RN
plasmid fragments (no R-loops) incubated with PARP1 (white arrows depict PARP1 binding). (F) AFM topography images of transcribed, linear 2795
bp pFC-mAIRN plasmid containing R-loops incubated with PARP1 (white arrows depict PARP1 binding). Examples are from samples incubated at RT
for 10 min. XY scale bar = 100 nm. (G) AFM height distribution of R-loops on the linear DNA fragments without PARP1 (0.82 nm =+ 0.08 nm, N = 50)
versus inactive PARP1 bound to R-loops on the linear DNA (1.38 nm + 0.56 nm, N = 57). Numbers reported: Mean + SD. (H) Position distribution
of R-loops on the linear DNA fragments without PARP1 (40.8% =+ 5.0%, N = 50), PARP1 on the linear DNA with R-loops (+R-loop, 35.0% + 11.1%
not counting end binding, N = 55) and PARP1 on linear DNA without R-loops (-R-loop, 28.4% =+ 13.3% not counting end binding, N = 47). Numbers
reported: Mean £ SD. The Box—Whisker plots show 25-75%, median, mean and range within 1.5 IQR.
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plasmid sample to mock IVT in which all components of the
IVT reaction were added except for the rNTPs. The mock
IVT plasmid molecules (pFC-mAIRN/mock) were then
treated with RNase A for degradation of free RNAs and
purified by phenol-chloroform extraction and ethanol pre-
cipitation, similarly to pFC-mAIRN/RL DNA substrates.
We then incubated 125 nM of pFC-mAIRN or 125 nM of
pFC-mAIRN/mock with PARP1 and NAD", along with
no DNA and aDNA controls, and assessed PARP1 activ-
ity by anti-PAR western blot (Figure 2A). We observed
a robust PARP1 activation upon incubation with aDNA,
as expected. PARP1 incubation with pFC-mAIRN also
triggered PARylation above background (noDNA) but we
did not observe any increase of PAR signal in the sam-
ple containing pFC-mAIRN/mock when compared to the
noDNA sample. This data indicates that the R-loop purifi-
cation process does not impact PARP1 activity and can be
included in our assays.

We next set out to test whether the presence of an R-loop
in the pFC-mAIRN plasmid (pFC-mAIRN/RL) was suf-
ficient to trigger PARylation in vitro. We compared PAR
synthesis upon PARP1 auto-modification in samples con-
taining noDNA or 125 nM of aDNA, pFC-mAIRN and
pFC-mAIRN/RL. We quantified the PAR signal intensity
obtained by western blot and estimated the fold increase
over the noDNA control, which we set as the background
PAR level (lane 2; Figures 2B and C). We also quantified the
related Coomassie-stained PARP1 signals on SDS-PAGE
gels by setting the background signal in the noDNA and no
NAD?* sample (lane 1; Supplementary Figures 2A and 2B).
As expected, PARP1 auto-modification was robustly trig-
gered in the presence of aDNA and NAD" as illustrated by
the decrease of PARPI1 signal on the Coomassie stained gel
and the detection of a high molecular weight PAR smear
by western blot (lanes 1 to 4; Supplementary Figure 2A
and B; Figure 2B and C; Supplementary Table 2). The ad-
dition of pFC-mA/RN DNA without R-loop slightly trig-
gered PAR synthesis (lanes 5-6; Figure 2A—C; Supplemen-
tary Figure 2A and B). Most importantly, PARP1 activity
was increased when incubated with pFC-mAIRN/RL when
compared to the non-transcribed pFC-mAZ/RN DNA (lanes
7 and §; Figure 2A-C; Supplementary Figure 2A and B).
Finally, we also treated transcribed pFC-mAIRN plasmid
with the ecRNH1, or with RNase T1 (RNT1), an exori-
bonuclease that degrades single stranded RNAs only (ssR-
NAs) while preserving intact R-loop-containing substrates
as illustrated by agarose gel electrophoresis (Supplemen-
tary Figure 2C). While treatment with RNT1 did not al-
ter PARylation, treatment with ecRNH, prevented PARP1
activation (Supplementary Figure 2D). Taken together, the
PARPI auto-modification assays indicate that PARP1 is ac-
tivated by the R-loops harbored by the plasmid molecules.

We then interrogated the location of activated PARPI
molecules on R-loop-containing dsDNA fragments by
AFM imaging. We first used the same incubation param-
eters described above: PARP1 was incubated with NAD*
and dsDNA fragments generated from the transcribed plas-
mid in the PARP1 assay buffer for 10 min at room tempera-
ture prior to the deposition of the protein/DNA complexes
onto the mica surface for AFM imaging. However, in these
conditions, we noted a strong PARP1 activity that led to
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the formation of aggregates that prevented the evaluation
of PARP1 binding and activation at the individual molecule
level (Supplementary Figure 2E). Conversely, when the
different components were incubated for 10 min on ice
or 1 min at 37°C, we could collect single protein/DNA
molecules. We confirmed that under these special condi-
tions, inactivated PARPI could still bind similarly to what
we observed previously (Compare Supplementary Figure
2F with Figure 1H; 35.3 &+ 7.5 distance from closest DNA
end for fipcubation = 10 min on ice and 33.03 & 13.1% distance
from closest DNA end for #jpcupation = 1 min at 37°C). When
NAD™* was incubated with PARPI1, we noted complexes
showing proteins harboring additional branched chains
that were absent in the samples without NAD* which we
attributed to PAR polymers (Figure 2D). These complexes
had greater height distribution than inactivated PARP1 on
R-loop-containing DNA (Compare Figure 2E with 1H).
Importantly, activated PARP1 molecules with branched
chains were specifically located at the regions corresponding
to R-loop regions (35.00 + 9.70%, N = 36, for tincubation = 10
min on ice; 32.40 £ 12.66%, N = 21, tincubation = 1 min at
37°C) (Figures 2F), demonstrating a preference of activated
PARP1 for R-loops. In summary, both the bulk biochemical
assays and AFM imaging demonstrated that PARP1 asso-
ciation with R-loops triggers its activity.

PARP1 association with R-loops triggers bridging at R-loop
sites

During our observation of our AFM slides, we also de-
tected the formation of complexes containing multiple
DNA molecules bound to PARP1 (15.7% DNA molecules;
Figure 2G). To locate the site of bridging, we measured
the length of the DNA strand short arms from the clos-
est end to the junction point. While R-loops could be
found at 314.00 £ 38.70 nm from the end, the short arm
length measured in these multi-DNA complexes averaged
301.60 £ 79.50 nm, indicating that PARP1 activation pro-
moted bridging at R-loop sites (Figure 2H).

PARP1 association with R-loops is not mediated by the for-
mation of G4 structures in the displaced ssDNA

R-loops are prevalent at GC-rich loci due to enhanced sta-
bility between the C-rich DNA and the G-rich RNA of the
hybrid (49,56). Thus, R-loops formation can correlate with
the appearance of G quadruplexes (G4s) within the dis-
placed G-rich non-template DNA (57,58). PARP1 has been
described to bind to and be activated by G4 structures in
vitro and in cellulo (6-9). Thus, we verified whether PARP1
binding to R-loops in vitro could be mediated by G4 forma-
tion within the displaced DNA strand. The mAIRN locus
is a CpG island with high G content in the non-template
DNA that is predicted to form G4s when transcribed in
the physiological orientation (T3 RNAP; Supplementary
Figure 2G). However, the probability of G4 formation
drops significantly when mAIRN is transcribed in the anti-
physiological orientation (T7 RNAP; Supplementary Fig-
ure 2G), which can be accomplished using the T7 promoter
harbored by the pFC-mAIRN plasmid, downstream of the
mAIRN coding sequence (Figure 1A). We therefore per-
formed IVT using the T7 RNAP. The formation of R-loops

€202 Joquiaydas 6z U0 1sanb AQ £16110./G122/S/LG/aI0IE/IeU/W0D dNO"lWSpED.//:SANY WOI) PAPEOJUMOQ



2226 Nucleic Acids Research, 2023, Vol. 51, No. 5

A pFC- F
no pFC- mAIRN
DNA aDNA mAIRN Mock | Ice | 37C | W25%~75%
- - - - 60 T Range
NAD* - + - + - + - + o within 1.5IQR
< — — Median Line
o, ©® Mean
. o %40 cchi e © Outliers
& £ EaCC Ch S
o
=20
12 3 456 7 8 e
B 2
o e
FC- = 0 )
no pFC- n?AIRN
DNA aDNA mAIRN  RL 10min 1min
NAD'- 4+ - + - + - +
- G
. | Activated PARP1 bridging
Anti-PAR 1 R-loop-containing DNA
10H
1. 2 3 4 5 6 7 8
Cc

N
=]

scale bar = 100nm _

[ Reloop. Multi-DNA complexes | [ 25%~75%
I 5%~95%
5004 . — Median Line
- ® Mean

o

00203

Fold stimulation
over no DNA
>

I

o

o

aDNA
FC-
AIRN
FC.
AIRN
B
o
=]

O

p

m,

p

m,

Short arm length (nm
]
@
a %

RL

Activated PARP1 on R-loop I'

N=48 N=70

scale bar = 100nm

pFC-
no FC-  mAIRN
DNA aDNA rT?AIRN r'?7-RL
NAD'-_+ - + - + - +

E Anti-PAR g I .

10H
3.004 ° 1 2 3 4 5 6 7 8
Object |N |Gaussian-| R? | Average
. peak (nm) (nm)
E 225 Reloop+ [57|1-1820.4 [0.99[1.25:048| J
= PARP1+ 25
= NAD*
% 20
T1soq P
8515
£2
0.754 3 510
o O
w

o

R-loop+PARP1
+NAD*

o

aDNA
FC

z

S

<
£

-
o
g

FC-
RAIRN

Figure 2. PARP1 association with R-loops triggers ADP-ribosylation activity. (A) Anti-PAR 10H western blot following PARP1 auto-modification assay
demonstrating that the IVT process does not induce modifications in pFC-mA/RN DNA that mediate unspecific PARP1 binding, indicated by a lack
of increase in PAR signal when PARPI is incubated with plasmid that underwent the mock IVT process compared to the no DNA control. DNase I-
activated DNA (aDNA) fragments were used as a positive control for PARP1 activation. A sample without DNA (no DNA) was used as a negative
control. (B) Anti-PAR 10H western blot following PARPI auto-modification assay demonstrating activation of purified PARP1 upon incubation with
un-transcribed or T3 RNAP-transcribed pFC-mAIRN plasmid.(C) Quantification of fold stimulation of PARP1 activity over no DNA control observed
by anti-PAR western blot illustrated in (B). Data are from 3 independent experiments, indicated by colored data points. P value was obtained using an
unpaired student’s t-test assuming 95% confidence. (D) Representative AFM topography images of a linear, transcribed 2795 bp pFC-mAIRN fragment
containing R-loops incubated with activated PARP1. White arrows indicate PAR branched chains on PARP1. XY scale bar = 100 nm. (E) AFM height
distribution of linear, transcribed pFC-mAJRN molecules containing R-loops incubated with activated PARP1. (F) Position distribution of activated
PARPI on linear, transcribed pFC-mA/RN fragments containing R-loops (position distribution on ice = 35.0% =+ 9.7%, N = 36; position distribution
at 37°C = 32.4% =+ 12.6%, N = 21). Numbers reported: mean £ SD. The Box—Whisker plots show 25-75%, median, mean, and range within 1.5 IQR.
(G) AFM topography images of PARP1 bridging transcribed pFC-mA/RN fragments at R-loop sites. XY scale bar = 100 nm. (H) Measurement of short
arm length of the bridged pFC-mA/RN molecules in (G) from the closest end to the junction point. Short arm lengthg.joop = 314 & 38.7 nm, short arm
lengthpyli-DNA complex = 301.6 £ 79.5 nm, N = 50, P > 0.05) Numbers reported: mean & SD. The Box-Whisker plots show 25-75%, 5-95%, median,
and mean. (I) Anti-PAR western blot following PARP1 auto-modification assay demonstrating activation of purified PARP1 upon incubation with un-
transcribed or T7-transcribed pFC-mAI/RN DNA. (J) Quantification of fold stimulation of PARP1 activity over no DNA control observed by anti-PAR
western blot illustrated in (I). Data are from five independent experiments, identified by colored data points. P values was obtained using an unpaired
Student’s z-test assuming 95% confidence.
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was confirmed by a band shift, which was prevented upon
ecRNH treatment (Supplementary Figure 2H). The plas-
mid molecules obtained after T7 IVT (pFC-mAIRN/T7-
RL) were then tested in a PARP auto-modification assay
along with pFC-mAIRN plasmid or aDNA and noDNA
controls. Like previously, we confirmed a robust PARPI
activation upon incubation with aDNA and NAD" and a
light activation upon incubation with pFC-mAIRN (Fig-
ure 21 and J; Supplementary Table 1). Importantly, incuba-
tion of PARP1 with NAD" and pFC-mAIRN/T7-RL also
led to an increase of auto-PARylation compared to non-
transcribed plasmids (Figure 21 and J). This data suggests
that PARPI association to R-loop and its subsequent acti-
vation is not mediated solely by potential formation of G4
structures within the displaced DNA.

PARP1 associates with R-loop-forming sites in cells

PARPI has already been reported in the R-loop protein
interactome (12). However, its association with R-loop-
forming sites in cells has not yet been tested. Because our
biochemical assays reveal a direct association of the en-
zyme with R-loops, we next asked whether PARP1 is local-
ized at R-loop-forming sites in cells. We established stable
U20S cell lines from clones in which the expression of GFP-
tagged wild-type or the catalytically inactive human RNase
H1 enzyme (RNH1-WT-GFP and RNH1-D210N-GFP, re-
spectively) is driven by a tetracycline-inducible promoter.
Accordingly, treatment of these cells with doxycycline for
24 h induced RNH1-WT-GFP and RNHI1-D210N-GFP
expression, detected by fluorescence microscopy and west-
ern blot using a GFP-specific antibody (Supplementary
Figures 3A and 3B). The RNH1-D210N-GFP mutant can
recognize and bind to RNA-DNA hybrids but, unlike the
wild-type enzyme, cannot cleave the RNA moiety within
the hybrid. Its over expression slows down R-loop resolu-
tion in cells and increases R-loop stability and basal levels.
RNase H1 was shown to fulfill other functions distinct from
R-loop resolution, such as mitochondrial DNA replication
(59,60). It was also suggested to play a role in the removal
of RNA primers of the RNA-DNA hybrids in Okazaki
fragments (61-63). Because of these other functions, we
verified that the overexpression of both RNH1-WT-GFP
and RNH1-D210N-GFP did not impact cell growth, repli-
cation, and cell viability. The measurement of population
doubling (PD) times of cells treated with doxycycline dur-
ing a period of 6 days indicated that overexpression of
RNHI-WT-GFP and RNHI1-D210N-GFP did not signif-
icantly impact overall cell growth (Supplementary Fig-
ure 3C). Additionally, RNH1-D210N-GFP-expressing cells
did not display a replication defects, as illustrated by the
number of cells incorporating EAU (Supplementary Fig-
ure 3D). Finally, an MTT assay demonstrated that RNH1-
WT-GFP and RNH1-D210N-GFP overexpression for 24 h
did not alter cell viability (Supplementary Figures 3E
and 3F).

To test the association of PARP1 at R-loop sites, we used
proximity ligation assay (PLA) coupling a rabbit PARP1
antibody with the mouse RNA-DNA hybrid monoclonal
antibody S9.6 in RNHI-WT-GFP and RNHI1-D210N-
GFP expressing U20S cells (64). We observed very few

Nucleic Acids Research, 2023, Vol. 51, No. 5 2227

PLA foci in untreated or doxycycline-induced RNH1-WT-
GFP-expressing cells due to the resolution of the struc-
tures. In contrast, we noted an 8-fold increase of PLA foci
in RNHI1-D210N-GFP-expressing U20S cells (Figure 3A
and B), suggesting that PARP1 is within the proximity of
R-loops. To ensure the specificity of the PLA staining, we
confirmed that the staining of doxycycline-treated RNH1-
D210N-GFP cells with only one of the antibodies did not
yield any PLA foci (Supplementary Figure 3G). In addi-
tion, we also assessed the formation of PLA foci in U20S
cells transiently transfected with siRNAs against RNH1 or
Senataxin (SETX), another RNA-DNA helicase involved
in R-loop resolution (38). We verified the knock down of
both proteins by western blot (Supplementary Figure 3H)
and the subsequent increase of RNA-DNA hybrids by
dot blot using the S9.6 antibody (Supplementary Figure
3I). Due to a poor knockdown of RNH1 using siRNAS57,
we only performed PLA staining on cells transfected with
RNH1 siRNAS58 and SETX siRNA. Both the knock down
of RNHI1 and SETX led to a significant increase of PLA
foci between the PARP1 and S9.6 antibodies when com-
pared to un-transfected U20S cells (Figure 3C and D). Our
data confirm that an increase in unresolved R-loops cor-
relates with increased PARPI association with R-loop site
formation.

PARP1 association with R-loop-forming site in cells triggers
its activity

Simultaneous treatment of cells with DNA damaging
agents and PARPI inhibitors was shown to trigger PARP1
retention at the DNA damage sites and subsequent en-
richment of the inactive enzyme on chromatin (65-67).
Because our in vitro data suggests that R-loops are sub-
strates for PARP1 that also trigger its activity, we hypoth-
esized that their accumulation leads to PARP1 chromatin
accumulation upon inhibition of PARPI activity when
RNHI1-D210N-GFP is overexpressed. To do this, we first
verified that PARPI1 activity was triggered upon RNH1-
D210N-GFP overexpression by immuno-fluorescence us-
ing the 10H anti-PAR antibody. As a positive control, we
used the replication inhibitor aphidicolin (APH), which
triggers replication stress, fork breakage and subsequent
PARPI1 activity (Figure 3E and F) (68). The quantifica-
tion of the nuclear PAR signal mean intensity revealed that
PARylation was significantly increased in RNHI1-D210N-
GFP-expressing cells when compared to un-induced cells
(Figure 3E and F). Next, we used the RNHI-WT-GFP
and RNHI1-D210N-GFP-expressing U20S cells and iso-
lated the chromatin-bound protein fractions upon treat-
ment with doxycycline and the PARP inhibitor talazoparib
(PARPi™), found to slow down PARPI release from the
DNA (67). Only the RNH1-D210N-GFP-expressing cells
displayed a significant enrichment of PARP1 on the chro-
matin upon inhibition (Figure 3G and H). Accordingly,
the number of PLA foci formed between the S9.6 and
PARP1 antibodies increased significantly upon doxycycline
and PARPi™ treatment as compared to doxycycline alone
(Figure 31 and J). Our single antibody control staining did
not yield foci (Supplementary Figure 3J) confirming the
specificity of the PLA staining. Taken together, these data
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Figure 3. PARPI associates with R-loop-forming sites in cells. (A) Representative images of S9.6:PARP1 PLA in RNHI1-WT-GFP and RNH1-D210N-
GFP U20S cells untreated or induced with DOX. PLA foci (red) are observed due to PARP1 antibody association within a 40 nm distance of the S9.6
antibody. White scale bars represent 10 wm. (B) Quantification of the number of PLA foci per nucleus for each experimental condition illustrated in (A).
Orange bars represent the mean. Data are from three independent experiments with 75 to 100 cells counted per experiment. P values were obtained using
ordinary one-way ANOVA. (C) Representative images of S9.6:PARP1 PLA analysis in U20S cells transfected with siRNA for RNH1 or SETX. White scale
bars represent 10 pm. (D) Quantification of the number of PLA foci per nucleus for each experimental condition illustrated in (C). Orange bars represent
the mean. Data are collected from 100 to 170 nuclei. P values were obtained using ordinary one-way ANOVA. (E) Representative images of ant-PAR
immunofluorescence in RNH1-D210N-GFP U20S cells. PAR signal is shown in red and RNH1-D210N-GFP expression in green (middle row). DNA
is shown in blue after DAPI staining. Aphidicolin (APH) (0.4 wM) was used as a positive control. White scale bars represent 10 wm. (F) Quantification
of relative PAR signal intensity as shown in (E). Orange bars represent median PAR intensity. Data are from three independent experiments in which
100150 nuclei were counted for each experiment. P values were obtained using one-way ANOVA analysis. (G) Western blot analysis of chromatin-bound
protein fractions isolated from RNH1-WT-GFP and RNHI1-D210N-GFP U20S cells before and after induction with DOX and treatment with 100 nM
talazoparib (PARPi) for 24 hrs. (H) Quantification of relative fold change in chromatin PARP1 signal over non-PARPi-treated conditions. Data are from
three independent experiments. P values were obtained using Student’s z-tests. (I) Representative images of S9.6:PARP1 PLA analysis in RNH1-D210N-
GFP U20S cells treated with PARPi. RNH1-D210N-GFP expression is shown in green and DNA in blue after DAPI staining. It is to be noted that the
dimmer GFP signal is due to the pre-extraction and PLA staining processes (second and bottom row). White scale bars represent 10 pm. (J) Quantification
of the number of PLA foci per nucleus for each experimental condition illustrated in (I). Orange bars represent the mean. Data are from 100 to 200 nuclei.
P values were obtained using ordinary one-way ANOVA.
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strongly suggest that PARP1 associates with unresolved
R-loop structures in cells.

PARPI1 can associate with G4 structures formed at R-loop
sites in cells

Although our data in vitro suggest that G4 structures are
not necessary for PARP1 binding to R-loops, such inter-
action between G4s formed within the displaced ssDNA
may still occur in cells. Thus, we asked whether PARP1
could also associate with G4s that could potentially form
on the displaced ssDNA within R-loop structures in cells.
We first used the G4 antibody BG4-FLAG for immuno-
fluorescence in cells overexpressing the RNH1-D210N-
GFP mutant. We also treated cells with pyridostatin (PDS),
a G4 ligand that stabilizes G4 structures. We observed that
addition of doxycycline yielded an increase of BG4 stain-
ing intensity that was exacerbated when PDS was added
(Supplementary Figure 3K and L). Next, to test the associ-
ation of PARP1 with G4 structures in cells, we performed a
PLA assay using the BG4-FLAG antibody in combination
with a PARPI antibody. The quantification of the nuclear
PLA foci revealed an association of PARP1 to G4 structures
in cells that was 1.8-fold increased upon R-loop formation
(Supplementary Figures 3M and 3N). To ensure the speci-
ficity of the PLA staining, we included controls where the
PARPI1, BG4 or FLAG antibodies were omitted (Supple-
mentary Figure 30). Our data confirm previous work show-
ing that PARP1 can bind G4 structures in cells (9) and show
that this association can occur in the context of R-loop for-
mation.

PARP1 prevents R-loop accumulation

To test a role of PARP1 in the R-loop biology mecha-
nisms, we measured the formation of genomic R-loops in
PARPI1-depleted U20S cells (PARP1ko; Figure 4A). First,
we extracted the DNA from both PARP1-proficient and -
deficient U20S cells and detected the presence of RNA-
DNA hybrids by immuno-slot blot using the S9.6 antibody
(Figures 4B and C). Increasing amounts of RNA-DNA hy-
brids were observed as a function of DNA content for both
cell lines while ecRNH treatment eliminated these signals.
Importantly, RNA-DNA hybrid levels were significantly
higher upon PARP1 knock out (Figures 4B and C).

Next, we detected RNA-DNA hybrids in cells by im-
munofluorescence. Because the S9.6 antibody can recog-
nize double-stranded RNA (dsRNA) (69) and to ensure the
specificity of the signal, the fixed cells were treated with
RNase III and RNase T1 which degrade dsRNAs and ss-
RNAg, respectively, or ecRNH which specifically degrades
RNA-DNA hybrids. We first observed an increase in the
S9.6 signal intensity in PARP1ko cells (Figures 4D and E).
Although the overall S9.6 signal was decreased by a treat-
ment of the cells with RNase III and RNase T1, it remained
significantly higher in cells lacking PARP1 (Figures 4D and
E). However, the S9.6 signal reached below-background lev-
els following a treatment with the ecRNH in both cell lines
(Figures 4D and E), indicating the specificity of the sig-
nal. To verify to direct implication of PARPI in this over-
all R-loop increase, we complemented PARP1ko cells with
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a Cas9-insensitive Flag-tagged PARP1 construct (Figure
4F) and performed an S9.6 immuno-dot blot. Our data in-
dicate that PARP1 expression in PARP1ko cells restored
the RNA-DNA hybrid amount to a level consistent with
the one measured in U20S cells (Figure 4G). In addition,
we also observed an increase of R-loop levels by immuno-
fluorescence in PARP1ko HeLa cells (Supplementary Fig-
ure S4A-C), demonstrating that the impact of PARP1 de-
pletion is not cell line-specific.

To look more closely into PARPI1-dependent regulation
of R-loop levels, we performed RNA-DNA immunoprecip-
itation (DRIP) in U20S cells and used qPCR to verify the
presence of specific loci that have been identified as prone
to R-loop formation, therefore making them suitable for
R-loop accumulation analyses. We noted an enrichment of
R-loops in PARP1ko cells at the three R-loop-rich regions
tested within the beta-actin locus ACTB (Figures 4H) and
in EGRI, FOS and RPLI3A genes (Figure 41-K). Impor-
tantly, when the samples were treated with ecRNH, the lev-
els of R-loops dramatically decreased, confirming that the
signal detected was specific for RNA-DNA hybrids (Fig-
ure 4H-K). As a negative control, we performed DRIP-
gPCR using a probe that binds in a non-R-loop-rich region
of the EGRI gene, which did not yield any R-loop enrich-
ment in both cell lines (Supplementary Figure 4D). More-
over, R-loop enrichment in PARP1ko cells could not be at-
tributed to an increase in the overall level of transcription
in these cells because we did not observe any increase in
mRNA levels for each target (Supplementary Figure 4E).
Finally, to verify that the increases in R-loop levels were
not an artifact of the stable knock out of PARPI, we per-
formed DRIP-qPCR with the same sets of probes in cells
transfected with an siRNA against PARP1 (Supplementary
Figure 4F), 48 h after transfection. In these conditions, al-
though transcription at the FOS gene locus was slightly
increased, we did not note an increase in transcription in
all the other regions tested (Supplementary Figure 4G). In
line with our observations in PARP1ko cells, PARP1 deple-
tion by siRNA triggered an increase in R-loop levels (Sup-
plementary Figures SH-K). However, this increase did not
reach significance for the probes binding to the Poly(A) and
Termination sites of the ACTB gene, most likely due to the
background level of PARPI remaining in the cells. Taken to-
gether, these data demonstrate that the lack of PARP1 leads
to an accumulation of RNA-DNA hybrids specifically and
suggest a role for PARP1 in the prevention of their forma-
tion or their resolution.

PARP1 depletion or inhibition triggers R-loop-mediated ge-
nomic instability

During DNA damage induction, PARPI activity is neces-
sary to recruit DNA repair protein factors to mediate DNA
damage resolution, thereby preventing genome instability.
Because our data show that PARP1 binds to R-loops which
leads to its activation, we asked whether the lack of PARP1
or its activity would be responsible for genomic instability.

First, we tested the effect of PARP inhibition on R-
loop levels, by treating the RNH1-D210N-GFP-expressing
U20S cells with PARPi™! for 24 h followed by immuno-
detection of R-loops by fluorescence microscopy. Fixed
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cells were treated by RNases T1 and III prior to their in-
cubation with the S9.6 antibody to ensure antibody S9.6
binding specificity (Figure 5A). As expected, Doxycycline-
induced RNH1-D210N-GFP expression increased R-loop
signal intensity. Notably, PARPi™ treatment also increased
R-loops in untreated and doxycycline-treated cells (Fig-
ure 5SA and B). Moreover, treating fixed cells with ecRNH1
abolished S9.6 signal, confirming that the increased S9.6 in-
tensity in PARPi™ -treated cells arose from R-loops (Fig-
ure 5B). To test whether this impact of PARPI inhibi-
tion could be reproduced in another cell line, we used the
HeLa cells expressing RNH1-WT-GFP or RNH1-D210N-
GFP upon doxycycline treatment (Supplementary Figure
SA and B). R-loop accumulation was also observed in
these cells when treated with the PARPI inhibitor Olaparib
(PARPi®?) (Supplementary Figure 5C and 5D). However,
this increase was prevented by the overexpression of RNH1-
WT-GFP (Supplementary Figure 5C and D). Finally, con-
sistent with what we reported with U20S cells, treatment
of RNH1-D210N-GFP-expressing cells with PARPi®® fur-
ther increased R-loop levels (Supplementary Figure SE and
F). Our data indicate that PARP1 inhibition prevents R-
loop resolution independently of the cell line tested.

To next assess the impact of PARP1 inhibition on genome
stability, we followed the gamma H2AX foci (y H2AX) for-
mation by immunofluorescence, an indicator of DNA dam-
age. Although R-loop-associated DDR mechanisms remain
elusive, several studies have attributed it to transcription-
replication conflicts (18,70-72). Thus, we also pulsed the
cells with the nucleotide analogue EAdU, 15 min prior to fix-
ation to identify the cells undergoing replication. Because
of the various roles played by PARP1 in cells, treatment
with PARPi™ led to a rise in yH2AX foci regardless of
the cell replication status (Figure 5C and D). Doxycycline-
dependent expression of RNHI1-D210N-GFP, however, led
to a significant rise in DNA damage only in replicating cells
(Figure 5D, pink box). Interestingly, combining PARPi !
and doxycycline, triggered an increase in the number of
vH2AX foci in both non-replicating and replicating cells.
Genomic instability in these cells was also accompanied
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by an augmentation of the average number of micronu-
clei (Supplementary data 5I). We also noted an increase
of yH2AX foci in HeLa cells when expressing the RNH1-
D210N-GFP and/or when treated with PARPi®" (Supple-
mentary Figure 5G and H). Our data indicate that PARP1’s
role in the prevention of R-loop-associated genome instabil-
ity is not solely limited to the conflicts between the R-loop
and the replication machinery.

To further confirm a direct role for PARP1 in prevent-
ing R-loop associated genomic instability we knocked out
PARPI in the RNH1-D210N-GFP expressing U20S cells.
After the isolation of a stable clone, we transfected the cells
with our plasmid allowing the expression of the Cas9 in-
sensitive Flag-tagged PARP1 construct (Figure 4F). Con-
sistent with our data obtained upon PARPI inhibition,
PARPI depletion led to a significant rise of yH2AX foci in
DOX-treated cells (Figure 5E and F). We observed a simi-
lar increase of y H2AX fociin RNH1-D210N-GFP express-
ing cells upon transient depletion of PARP1 with siRNA
(Supplementary Figure 5J-L). Importantly, the expression
of Flag-PARPI1 in PARPI1ko cells significantly reduced the
number of yH2AX foci (Figure SE and F). Taken together,
these data confirm that PARPI1 and its activity can play a
role in preventing R-loop associated genomic instability.

DISCUSSION

In this study, we demonstrate that the DNA-dependent
ART enzyme PARPI1 associates with R-loop structures in
vitro and at R-loop formation sites in cells. Moreover, we
show that both genetic deletion and inhibition of PARP1
are responsible for an accumulation of RNA-DNA hybrids
in both U20S and HeLa cells and the subsequent genomic
instability that is enhanced when R-loops accumulate. Our
data reveal a crucial role for PARPI in R-loop homeostasis
and expand the number of DNA substrates that PARP1 can
recognize.

Our study brings two major questions on the PARP1
binding mechanisms on R-loops: where on this complex
structure does PARP1 bind and which PARP1 domains are

degrade R-loop structures. The anti-ssDNA antibody was used as a loading control. White scale bars represent 10 wm. (C) Quantification of relative S9.6
signal on immuno-slot blot in (B) measured from 0.5 g DNA. Data are from 3 independent experiments. P value was obtained using a Student’s -test.
(D) S9.6 immunofluorescence in U20S and PARP1ko cells. S9.6 signal is shown in green and a nucleolin control is shown in red. RNases T1 and 11
were used to degrade ss- and dsRNAs and increase specificity of S9.6 signal. RNH1 treatment was used as a negative control to degrade R-loop struc-
tures. White scale bars represent 10 wm. (E) Quantification of relative S9.6 signal observed in (D). Orange bars represent mean S9.6 intensity. Data are
from 3 independent experiments. P values were obtained using ordinary one-way ANOVA. (F) Western blot analysis of RNH1-D210N-GFP U20S cells
either with PARP1ko and/or PARPI re-expression by transfection with the 3x-FLAG-PARPI plasmid. The PARP1 antibody was used to show efficient
knockout of PARPI followed by efficient re-expression upon complementation. The FLAG antibody was used to confirm the presence of FLAG-tagged
PARPI after complementation. (G) Anti-S9.6 immuno-dot blot of genomic DNA extracted from U20S, PARP1ko or PARP1ko cells complemented with
Cas9-insensitive Flag-tagged PARP1. ecRNH was used as a negative control to degrade R-loop structures. The anti-ssDNA antibody was used as a loading
control. (H) (Bottom panel) schematic showing three regions of theB-actin (ACTB) locus that are prone to R-loop formation. (Top panel) qPCR output
of R-loop levels in the three ACTB loci regions chosen in U20S and PARPI1ko cells, demonstrating an increase in R-loop levels upon PARP1ko in all
three regions. RNH1 was used as a negative control to degrade R-loop structures. Data are from eight independent experiments. Statistical analysis was
performed using a Student’s z-test. (I) (Bottom panel) schematic showing region of the EGRI locus that is prone to R-loop formation. (Top panel) gPCR
output of R-loop levels in the EGRI locus in U20S and PARP1ko cells, demonstrating an increase in R-loop levels upon PARP1ko. RNH1 was used as a
negative control to degrade R-loop structures. Data are from 8§ independent experiments. P value was obtained using a Student’s z-test. (J) (Bottom panel)
schematic showing region of the FOS locus that is prone to R-loop formation. (Top panel) qPCR output of R-loop levels in the FOS locus in U20S and
PARPI1ko cells, demonstrating an increase in R-loop levels upon PARP1ko. RNH]1 was used as a negative control to degrade R-loop structures. Data are
from 8 independent experiments. P value was obtained using a Student’s 7-test. (K) (Bottom panel) schematic showing region of the RPL13A4 locus that is
prone to R-loop formation. (Top panel) qPCR output of R-loop levels in the RPLI3A locus in U20S and PARP1ko cells, demonstrating an increase in
R-loop levels upon PARP1ko. RNHI1 was used as a negative control to degrade R-loop structures. Data are from 8 independent experiments. P value was
obtained using a Student’s 7-test.
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Figure 5. PARP1 depletion or inhibition triggers R-loop-mediated genomic instability. (A) Representative images of anti-S9.6 immuno-fluorescence in
RNHI-D210N-GFP-expressing U20S cells treated with DOX and/or PARPi™!. RNases T1 and IIT were used to degrade unspecific RNAs. S9.6 signal is
shown in red, RNH1-D210N-GFP in green, and DNA in blue after DAPI staining. White scale bars represent 10 pm. (B) Quantification of relative S9.6
signal intensity from S9.6 immuno-fluorescence shown in (A). Data in black are from cells treated with RNases T1 and I1I and data in grey are from cells
treated with RNases T1, III and H1. Orange bars represent mean S9.6 intensity. Data were collected from three independent experiments in which 100—
200 nuclei per condition were counted. Statistical analyses were performed using ordinary one-way ANOVA. (C) Representative images of anti-y H2AX
immunofluorescence in RNH1-D210N-GFP-expressing U20S cells treated with DOX and/or PARPi for 24 h and pulsed with EdU for 15 min prior to
fixation. yH2AX foci are shown in red, DNA is shown in blue after DAPI staining, and EdU signal is shown in grey. EdU-negative nuclei are outlined in
white. White scale bars represent 10 pm. (D) Quantification of the number of yH2AX foci per nucleus for each experimental condition shown in (C). The
pink box represents EdU-positive nuclei. Orange bars represent the mean. Data are from three individual experiments in which 80150 nuclei were counted
per condition. Statistical analyses were performed using ordinary one-way ANOVA. (E) Representative images of anti-y H2AX immunofluorescence in
RNH1-D210N-GFP-expressing U20S cells, RNH1-D210N-GFP-expressing PARP1ko U20S cells and RNH1-D210N-GFP-expressing PARP1ko U20S
cells complemented with Cas9-insensitive Flag-PARP1. yH2AX foci are shown in red, DNA is shown in blue after DAPI staining. White scale bars
represent 10 pm. (F) Quantification of the number of yH2AX foci per nucleus for each experimental condition shown in (E). Data were collected from
three independent experiments in which 300-500 nuclei per condition were counted. Statistical analyses were performed using ordinary one-way ANOVA.
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involved? PARP1 is well known to bind SSBs and DSBs as
well as a variety of non-B DNA structures such as cruci-
forms, hairpins, DNA overhangs, stalled replication forks
and G4s (6,7,9,73-75). PARPI1 also binds to undamaged
DNA, however, unlike broken DNA or non-B DNA struc-
tures, this does not trigger its activity (76-78). In agree-
ment with this, we show that PARP1 can bind plasmid
molecules but auto-PARylation is only triggered when they
harbor R-loop structures. Moreover, it also suggests that
PARPI binding to R-loop structures enables the confor-
mational change that is necessary to promote its catalytic
activation. This conformational change was shown to in-
volve the zinc fingers 1 and 3 (ZN1 and ZN3) as well as the
WGR domain. Binding to DNA breaks via these domains
results in the unfolding of the helical subdomain which fa-
cilitates access of NAD™ to the active site (54,79,80). How-
ever, the binding mechanisms of PARPI to non-B DNA
structures are less documented. So far, one study suggested
that PARPI binding to G4s may involve its ZN1 domain
(6). Although, R-loops harbor a displaced non-template
single-stranded DNA that can form G4s (57,58), our data
demonstrated that G4s are not necessary for PARP1 asso-
ciation with R-loops and for its activation. However, our
EMSA assays revealed that the displaced ssDNA may be
an important factor in PARP1 binding. One limitation of
our assay resides in the presence of similar dsDNA ends in
the dsDNA, Loop, D-loop and R-loop substrates for which
PARPI has a strong affinity. Nonetheless, statistical anal-
yses demonstrated that PARP1 binds with a greater affin-
ity to an R-loop than to a paired RNA-DNA hybrid or
RNA alone. Furthermore, PARPI showed more affinity to
an R-loop than a D-loop while showing higher affinity to
ssDNA and loop substrates. Altogether, this suggests that
PARPI that the displaced ssDNA of the R-loop contributes
to the recognition of the structure by PARP1. Moreover,
R-loops can adopt a wild range of sizes and their stability
varies depending on the site or context of formation (pro-
moters, gene bodies or DSBs) (18) which can potentially im-
pact and modulate the binding of PARPI. Verifying the na-
ture specific or unspecific of the type of R-loop enriched in
PARPI1ko cells, would require a whole genome R-loop map-
ping. Clearly, more studies are needed to fully understand
the binding mechanisms of PARP1 to the R-loop structures.

One of the primary roles of PARP1 when binding to
DNA breaks and associating with a stalled replication fork
or even a G4 is to facilitate the PAR-dependent recruitment
of downstream proteins involved in the repair and resolu-
tion of these breaks and structures (8,74,81). Here, we re-
port that PARP1 inhibition or depletion using CRISPR or
siRNA trigger R-loop accumulation and is responsible for
an increase in R-loop associated genomic instability. Be-
cause our data show that PARP1 binds R-loops, our work
suggests that PARP1 may be involved in one of the mech-
anisms that can mediate the resolution of these structures
in cells. In line with our data, a recent study has also re-
ported an increase of R-loop levels in PARP1-depleted cells
(39). Interestingly, several ATP-dependent RNA helicases
harboring an RNA-DNA unwinding activity such as the
Bloom syndrome helicase (BLM), the DEAD-box helicases
DDXI1, DDX5, DDX39 (UAP56) or the DExH-Box heli-
case DHX9 (45,82-84) have been identified in various in-
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dependent mass spectrometry analyses of PAR interacting
proteins (85-88). This could suggest that the non-covalent
PAR-binding and/or ADP-ribosylation of these helicases
to PAR may impact their recruitment at R-loop sites and/or
their unwinding activities. In support with this hypothesis,
PARPI activity was shown to promote the recruitment of
the RNA helicase DDX18 at R-loop formation sites via
DDX18 interaction with the PAR polymers. Interestingly,
this DDX18 interaction with PARylated PARP1 was associ-
ated to both the prevention of R-loop associated replication
defects and R-loop-mediated DNA break resolution (39).

The increase in yH2AX foci formation upon RNHI1-
D210N-GFP-dependent R-loop accumulation that we re-
port here, confirms previous observations showing that R-
loops are sources of DNA damage and overall genome
instability (89-91). R-loops can impact genomic stability
in several ways. For instance, the single-stranded DNA
formed by the displaced non-template DNA is highly sus-
ceptible to the activity of nucleases including FENI or
XPG and XPF (83,92) which eventually leads to the for-
mation of DSBs. Additionally, the ssDNA can be targeted
by activation-induced deaminase (AID) that converts cy-
tosines into uracil which are in turn removed by the BER
glycosylase UNG (93), inducing SSBs that are substrates
for PARP1. The displaced ssDNA was also shown to be
coated by the ssDNA proteins RPA necessary for recruit-
ment of RNase H1 at R-loop sites (42). It is noteworthy
that PAR was found to favor the recruitment of RPA pro-
teins in cells and in vitro (94). R-loops can also cause colli-
sions between the transcription and the replication machin-
ery and the stalling of a replication fork at an unresolved
R-loop can trigger replication stress and the formation of
DSBs. PARPI and PAR metabolism have been extensively
described as crucial factors in the replication stress manage-
ment and replication fork restart mechanisms (74,94-96).
Thus, while our data clearly demonstrate that R-loops are
PARPI targets, the recruitment of PARP1 and subsequent
PARylation activity observed in U20S cells, could be also
attributed to these various mechanisms through which R-
loops impact the genome.

Besides an apparent involvement of R-loops in genomic
instability, many studies report that DNA breaks can lead
to the formation of R-loops to promote the repair of the
break. For instance, the treatment of cells with camp-
tothechin (CPT) induces the persistence of topoisomerase
I-DNA cleavage complexes, leading to an increase in DNA
breaks and also of R-loop levels (97). Interestingly, PARP1
has been associated with R-loop-mediated DSB forma-
tion upon CPT treatment (83,98). A consequence of CPT-
dependent R-loop accumulation is the PARylation and re-
cruitment of TonEBP for the mediation of R-loop resolu-
tion (98). A direct interaction between DExH-Box helicase
DHX9 and PARPI1 was also described in this context, yet
the recruitment of the helicase was independent of this in-
teraction (83). More recently, a study reported that ATM-
deficient cells accumulate transcription-dependent R-loops
and single-stranded DNA breaks upon oxidative stress,
leading to an activation of PARP1 and PARP2 that is ab-
rogated following overexpression of the RNA-DNA heli-
case SETX (40). Very interestingly, in this work, the authors
observed that PAR promotes protein aggregation. PAR-
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seeded liquid-demixing of intrinsically disordered proteins
has been shown to be the biological process underlying pro-
tein aggregation (99). Several proteins involved in R-loop
processing promote the assembly of liquid-liquid phase sep-
aration (LLPS)-mediated membrane-less R-loop foci (100).
Similarly, our AFM data revealed that activated PARP1
could form complexes with multiple R-loop molecules
bridged by the protein. These data were collected by incu-
bation for 10 min on ice because the regular 5-min room
temperature incubation led to the formation of aggregates.
It is therefore possible that the protein aggregates found in
ATM-deficient cells are formed via PARPI1 binding to the
R-loop structures found abundantly in these cells (40).

In conclusion, our study uncovers R-loops as novel phys-
iological substrates that drive PARP1 activation. We high-
light that PARP1 binds to R-loops and that its activa-
tion can potentially mediate their resolution. Our work
also suggests a role for PARP1 in the management of
R-loop-associated genomic instability. R-loops are cru-
cial for various cellular processes but harmful if unsched-
uled or unresolved. Unbalanced R-loop homeostasis can
be at the origin of several human diseases including can-
cers and neurodegenerative diseases (90,91). Understanding
how PARPI can prevent, mediate, or resolve these struc-
tures will prove crucial in the therapeutic management of
these human diseases. PARPi are currently used for the
treatment of many cancers including breast, ovarian, and
prostate cancers and are being tested in more than 500 clin-
ical trials. Thus, our findings have direct implications for the
clinical use and effectiveness of PARP inhibition in the clin-
ical treatment of various malignancies.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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