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Abstract 

Unscheduled R-loops are a major source of replication stress and DNA damage. R-loop-induced replication defects are sensed and suppressed 
by ATR kinase, whereas it is not known whether R-loop itself is actively involved in ATR activation and, if so, how this is achieved. Here, we report 
that the nuclear form of RNA-editing enzyme ADAR1 promotes ATR activation and resolves genome-wide R-loops, a process that requires its 
double-stranded RNA-binding domains. Mechanistically, ADAR1 interacts with TOPBP1 and facilitates its loading on perturbed replication f orks b y 
enhancing the association of TOPBP1 with RAD9 of the 9–1-1 complex. When replication is inhibited, DNA–RNA hybrid competes with TOPBP1 
for ADAR1 binding to promote the translocation of ADAR1 from damaged fork to accumulate at R-loop region. There, ADAR1 recruits RNA 

helicases DHX9 and DDX21 to un wind R-loops, simultaneously allo wing TOPBP1 to stimulate ATR more efficiently. Collectiv ely, w e propose 
that the tempo-spatially regulated assembly of ADAR1-nucleated protein comple x es link R-loop clearance and ATR activation, while R-loops 
crosstalk with blocked replication forks by transposing ADAR1 to finetune ATR activity and safeguard the genome. 
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ntroduction 

eplication stress in dividing cells is a major source of genome
nstability ( 1 ,2 ) . Continuous activation of replication stress
r failure to appropriately respond can induce functional ex-
austion of hematopoietic stem and progenitor cells ( HSPCs ) ,
ausing senescence or apoptosis followed by bone marrow
ailure or malignancies ( 3 ,4 ) . The protein kinase ataxia-
elangiectasia mutated and Rad3-related ( ATR ) , a master reg-
lator of replication stress response, forms a stable complex
ith its obligatory partner ATR-interacting protein ( ATRIP )

n response to accumulation of single-stranded DNA ( ssDNA )
t stalled or collapsed replication forks ( 5 ,6 ) . Once recruited
o sites of stalled replication, ATR is activated by regula-
ors including the RAD9-HUS1-RAD1 ( 9–1–1 ) complex and
NA topoisomerase 2-binding protein 1 ( TOPBP1 ) , a con-

erved multi-BRCA1 C-terminal ( BRCT ) -domain scaffolding
rotein ( 7 , 8 ) . T OPBP1 interacts with phosphorylated RAD9
hrough its N-terminal BRCTs at ssDNA / double-stranded
NA ( dsDNA ) junctions, where it stimulates A TR’ s kinase ac-

ivity ( 8 ,9 ) . ATR then phosphorylates replication protein A2
 RPA2 ) and its effector checkpoint kinase 1 ( CHK1 ) to protect
he genome and orchestrate cell cycle progression ( 10–12 ) . 

Transcription-replication collisions ( TRCs ) are a common
ource of genome instability, causing replication blockage and
ven collapse ( 13–17 ) . When the actively transcribing RNA
olymerase encounters a replication fork on the same DNA
emplate, the nascent transcript may reanneal with the tem-
late DNA behind the RNA polymerase, leaving the non-
oding ssDNA strand unpaired. This three-stranded struc-
ure, dubbed an R-loop, comprises a DNA–RNA hybrid, a
tretch of displaced ssDNA, and a trailing ssRNA overhang
 18 ,19 ) . Tight regulation of R-loop generation, signaling, and
esolution is critical for maintaining the physiological roles
f R-loops ( which include class-switch recombination, DNA
epair, and transcription termination ) and to avoid genome
nstability-associated diseases such as cancer and neurode-
eneration ( 13 , 14 , 18 , 19 ) . Many cellular factors are known
o counteract R-loop accumulation: members of the RNase
 family ( RNH1 and 2 ) that degrade the DNA-hybridized
NA ( 20 ) ; helicases including DExH-box helicase 9 ( DHX9 )
nd DExD-box helicase 21 ( DDX21 ) that unwind DNA–
NA hybrids ( 16 ,21–24 ) ; RNA-processing factors including

erine / arginine-rich splicing factor 1 ( SRSF1 ) ( 25 ,26 ) ; DNA
epair factors ( 27–29 ) ; and chromatin modulators ( 30 ,31 ) . An
ntimate interplay may constantly occur between R-loops and
amaged replication forks – for example, the emergence of
 significant fraction of stalled forks depends on DNA–RNA
ybrids when ATR is depleted ( 32 ) , and aberrant R-loop ac-
umulation induced by splicing defect could activate the ATR-
HK1 pathway to promote replication fork recovery ( 26 ) .
nce replication is perturbed or at difficult-to-replicate re-

ions, R-loops may form ( 13 ,15–17 ,32 ) , whereas it remains
nclear whether the resultant R-loop structure itself directly
ontributes to ATR activation at replication stress sites and
ow perturbed replication forks crosstalk with the concomi-
ant R-loops. 

Adenosine deaminase acting on RNA 1 ( ADAR1 ) is a
biquitously expressed RNA-editing enzyme that conducts
denosine-to-inosine ( A-to-I ) editing, a common RNA mod-
fication ( 33 ) . ADAR1 exists in two different isoforms: a
onstitutively expressed nuclear protein ( ADAR1p110 ) and
n interferon-inducible cytosolic protein ( ADAR1p150 ) ( 34 ) .
They share three repeated copies of a dsRNA-binding domain
( RBD ) and a single deaminase domain at the C-terminus ( 35 ) .
Mounting evidence demonstrates that ADAR1 is critical in
maintaining immunological self-tolerance by editing cytoso-
lic dsRNA ( 36 ,37 ) which would otherwise activate pattern
recognition receptors including melanoma differentiation-
associated gene 5 ( MDA5 ) and protein kinase R ( PKR ) .
ADAR1 may also function independently of its editing ac-
tivity by forming regulatory complexes with RNAs or pro-
teins. For instance, ADAR1 coordinates with Dicer to pro-
mote microRNA processing and RNA-induced gene silenc-
ing ( 38 ) , and it antagonizes Staufen1-mediated mRNA decay
( 39 ) . Although loss of ADAR1 has been reported to decrease
DNA damage response ( 40 ) or cause DNA damage and sen-
sitize tumors to irradiation ( 41 ,42 ) , far less clear is the under-
lying mechanism by which ADAR1 preserves genome stabil-
ity. ADAR1 has been found to regulate R-loop formation at
telomeres by its RNA editing activity ( 41 ) , while it is still un-
known that whether it could function beyond this specialized
chromatin regions. 

Here, we report that nuclear ADAR1 plays a critical,
editing-independent role in sustaining genome integrity in
mouse HSPCs and human cells by linking R-loop suppression
to ATR activation. Once replication stress occurs, ADAR1 ini-
tially favors TOPBP1 loading and sets it in a poised state for
ATR activation. The resultant R-loop from replication block-
age then relocates ADAR1, allowing TOPBP1 to efficiently
stimulate ATR. Consequently, ADAR1 accumulates and pro-
motes R-loop removal by recruiting DNA–RNA hybrid un-
winding factors. Our study reveals that ATR activity and R-
loop homeostasis are coordinately regulated by ADAR1 and
provides mechanistic insight into how R-loops contribute to
ATR activation at replication stress sites. 

Materials and methods 

Antibodies and reagents 

The sources of antibodies against the following proteins
or post-translational modifications were as follows: RPA1
( 2198S, for IF ) , γH2AX ( 9718S, for IF ) , phospho-CHK1
( Ser345 ) ( 2348S, for IB ) , ATM ( 2873, for IB ) and ATRIP
( 2737T, for IF ) from Cell Signaling Technology; and FLAG
( F3165, IB, IF and IP ) from Sigma-Aldrich; CHK2 ( ab47433,
for IB ) and RPA2 ( ab2175, for IF ) from Abcam; TOPBP1
( A300-111A, for IB and IP ) , RAD9 ( A300-890A, for IB ) ,
RPA2 pS33 ( A300-246A, for IB and IF ) , Treslin ( A303-472A,
for IB ) and biotin ( A150-109A, for IB and IF ) from Bethyl
Laboratories; β-actin ( AC004, for IB ) , DHX9 ( A17955,
for IB and PLA ) , DDX21 ( A14820, for IB and PLA ) , PKR
( A19545, for IB ) , FLAG ( AE063, for IF and PLA ) , RAD1
( a1047, for IB ) and HUS1 ( a5407, for IB ) from ABclonal;
RNAPII pSer2 ( NB100-1805, for PLA ) from Novus Biologi-
cals; ATR ( 19787–1-ap, for IB ) , CHK1 ( 25887–1-AP, for IB ) ,
RPA2 ( 10412–1-AP, for IB ) and MDA5 ( 21775–1-AP, for IB )
from Proteintech; ADAR1 ( sc-73408, for IB and IP ) , PRPF19
( sc-514338, for IB ) , PCNA ( sc-56, for PLA ) and TOPBP1 ( sc-
271043, for IF ) from Santa Cruz Biotechnology; IdU / BrdU
( 347580, for IF ) from BD; CldU / BrdU ( MCA2060GA, for IF )
from AbD Serotec; GFP ( YM3124, for IB and IP ) , Myc-tag
( YM3002, for IB ) , His-tag ( YM3004, for IB ) , and H2AX
( YT2155, for IB ) from ImmunoWay; and S9.6 ( ENH001, for
DRIP , IF , and PLA ) from Kerafast. Glutathione Sepharose
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4B ( 10260459 ) was purchased from GE Healthcare.
Biotin-azide ( B10184 ) , Protein G Magnetic Beads ( 10004D )
and Dynabead MyOne Streptavidin T1 ( 65601 ) were pur-
chased from Invitrogen. EdU ( 900584 ) , Anti-FLAG M2
affinity gel ( A2220 ) , 3 × FLAG peptide ( F4799 ) , His-Select
Nickel Affinity Gel ( P6611 ) , CPT ( C9911 ) , HU ( H8627 ) ,
VE-821 ( SML1415 ) , IdU ( I7125 ) , CldU ( C6891 ) , blasti-
cidin ( 15205 ) , puromycin ( P8833 ) and doxycycline ( D9891 )
were purchased from Sigma-Aldrich. Cisplatin ( S1166 ) was
purchased from Selleck. 

Plasmids 

AD AR1p150 and AD AR1p110 cDNAs were chemically syn-
thesized by You Bio and cloned into the pLenti-Puro-
3 × FLAG-GFP or 3 × FLAG vector. Mutated and deleted
variants of ADAR1 were generated by quick-change point mu-
tation assays and PCR-based DNA recombination ( G712R
represents a variant with glycine replaced by arginine cor-
responding to G1007R in ADAR1p150, H615Q / E617A is
a mutant with histidine to glutamine and glutamate to
alanine substitution corresponding to H910Q / E912A in
ADAR1p150, and EAXXA stands for a variant with the ly-
sine residues of the KKXXK motif in all three RBDs re-
placed by glutamate or alanine ) . The GFP-tagged RNH1 / Wt
and RNH1 / D210N were amplified from V5-tagged RNH1
constructs ( kindly provided by Dr Liang Chen, Wuhan Uni-
versity, China ) and integrated into the pLVX-Tight-Puro-
nuclear localization signal ( NLS ) -GFP vector. The GST-tagged
RBDs / Wt and RBDs / EAXXA were carried by the pGEX-6P-
1 vector. The GFP-tagged wild type and BRCT domain dele-
tions of TOPBP1, including �0–2, �3, �4–5, �6 and �7–
8, were gifts from Pro. Miiko Sokka ( Department of Biol-
ogy, University of Eastern Finland, Finland ) . The 3 × FLAG-
tagged TOPBP1 was amplified from GFP-TOPBP1 and inte-
grated into the pLenti-Puro vector. His-tagged TOPBP1 BRCT
variants were carried by a modified pET-28a-smt vector. 

Cell culture 

HeLa, U2OS, and HEK 293T cells were purchased from
ATCC ( Manassas, VA ) and cultured under the manufac-
turer’s instructions. LacO-LacI U2OS cells were kindly pro-
vided by Dr Roger Greenberg ( University of Pennsylvania,
Pennsylvania ) . Cells with doxycycline-inducible RNH1 ex-
pression were created in two steps. First, cells were infected
with lentivirus carrying rtTA and subjected to blasticidin se-
lection. Subsequently, the established rtTA cells were infected
with a virus carrying a pLenti-Tight-Puro vector that encodes
RNH1 variants, followed by puromycin selection. Cells with
integrated rtTA were cultured in Tet System Approved FBS
and medium from Clontech. All of the cells were authenti-
cated by examination of morphology and growth characteris-
tics and confirmed to be mycoplasma-free. 

Mice 

Adar1 

fl/ fl mice on a C57BL / 6 background bred inhouse ( 43 )
were crossed to B6.Cg-Tg ( CAG-cre / Esr1 ) 5Amc / J ( ER-Cre )
purchased from Jackson Laboratory. c-Kit + hematopoietic
stem and progenitor cells ( HSPCs ) were isolated from 16-
week old mice harboring floxed Adar1 alleles ( Adar1 

fl/ fl) and
ER-Cre and were cultured in the presence of 4-OHT ( 10 μM )
for 2 days to excise the floxed Adar1 alleles. All procedures
involving animals were approved by the Institutional Animal
Care and Use Committees of the State Key Laboratory of Ex- 
perimental Hematology and followed the NIH Guide for the 
Care and Use of Laboratory Animals ( 8th ed. The National 
Academies Press, 2011 ) . 

Colony-forming unit ( CFU ) assay 

HSPCs were cultured in the presence or absence of 4-OHT for 
48 h, then plated on 12-well plates in methylcellulose medium 

( MethoCult GF M3434; STEMCELL Technologies ) at a den- 
sity of 1000 cells / ml. The medium was supplemented with 

1% penicillin / streptomycin ( Gibco / Thermo Fisher Scientific ) .
The cells were incubated at 37 

◦C with 5% CO 2 for 10–14 

days to generate colonies. 

Protein expression and purification 

The His-tagged BRCTs expressed in the BL21 ( DE3 ) strain of 
E. coli were induced with 0.15 mM IPTG at 16 

◦C overnight.
Cells were harvested by centrifugation and sonicated in buffer 
A ( 25 mM Tris-HCl pH 8.0, 500 mM NaCl, 10 mM imi- 
dazole, 1 mM EDTA, 1 mM β-mercaptoethanol ) . Cell debris 
was removed by centrifugation at 4000 g for 40 min at 4 

◦C.
The supernatant of His-tagged proteins was loaded onto a Ni 
Sepharose Excel Column ( Cytiva ) , followed by washing the 
beads with buffer A. The fusion protein was eluted with buffer 
B ( 25 mM Tris–HCl pH 8.0, 500 mM NaCl, 200 mM imida- 
zole, 1 mM EDTA, and 1 mM β-mercaptoethanol ) . The pro- 
tein was then loaded onto a HiTrap SP HP column ( Cytiva ) 
pre-equilibrated with buffer C ( 20 mM MES pH 6.0, 100 mM 

NaCl, 1 mM EDTA, 1 mM β-mercaptoethanol ) and eluted 

with a linear gradient of 0.1–1.0 M NaCl. The eluted protein 

was concentrated by ultrafiltration and further purified us- 
ing a HiLoad Superdex 200 16 / 60 size-exclusion column ( GE 

Healthcare ) in a buffer containing 20 mM MES pH 6.0, 300 

mM NaCl and 1 mM β-mercaptoethanol. High-purity frac- 
tions were pooled, concentrated, and stored in PBS buffer. Sim- 
ilarly, GST-tagged RBDs were purified from BL21 E. coli with 

Glutathione Sepharose 4B ( GE Healthcare ) , and the eluted 

proteins were then concentrated by ultrafiltration and fur- 
ther purified by HiTrap Heparin HP ( Cytiva ) and HiLoad Su- 
perdex 200 16 / 60 columns. 

RNA interference 

All siRNA transfections were performed using Lipofectamine 
RNAi MAX ( Invitrogen ) following the manufacturer’s recom- 
mendations. The final concentration of the siRNA molecules 
was 5 nM, and cells were harvested 72 h later. Control 
siRNA ( ON-TARGETplus Non-Targeting Pool, D-001810–
10 ) was purchased from Dharmacon, and the other siR- 
NAs were chemically synthesized by Sigma-Aldrich ( Shanghai,
China ) . The siRNA sequences are listed in Supplementary 
Table S1. 

Lentiviral production 

The lentivirus vectors encoding ADAR1, RNH1, and their 
corresponding variants were individually co-transfected with 

three assistant vectors – pMDLg / pRRE, pRSV-REV, and 

pVSV-G into HEK 293T cells. Viral supernatants were col- 
lected 48 h later, clarified by filtration, and concentrated by 
ultracentrifugation. The lentivirus was then used to transduce 
cells, followed by antibiotic selection to generate stable lines. 
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( NIH ) . 
o-IP 

ell lysates were prepared by incubating cells in NETN buffer
 50 mM Tris–HCl pH 8.0, 150 mM NaCl, 0.2% Nonidet P -
0, 2 mM EDTA ) in the presence of Protease Inhibitor Cock-
ails ( Roche ) for 20 min at 4 

◦C. This was followed by centrifu-
ation at 14000 g for 15 min at 4 

◦C. For IP, ∼500 μg of pro-
ein was incubated with control or specific antibodies ( 2 μg )
or 12 h at 4 

◦C with constant rotation; 50 μl of 50% protein
 magnetic beads ( Invitrogen ) were then added, and the incu-
ation was continued for an additional 2 h. Beads were then
ashed five times using the NETN buffer. Between washes,

he beads were collected by a magnetic stand ( Invitrogen ) at
 

◦C. The precipitated proteins were eluted from the beads by
e-suspending in 2 × SDS-PAGE loading buffer and boiling for
 min. The boiled immune complexes were subjected to SDS-
AGE followed by immunoblotting with appropriate antibod-
es. When examining the role of phosphorylation in ADAR1-
OPBP1 binding, HeLa cell extracts were pre-treated with λ-
hosphatase ( 8 U / μl ) for 0.5 h at 37 

◦C before IP. 

ST pull-down assays 

ST-fusion RBDs were incubated with His-tagged BRCTs at
 

◦C for 2 h followed by the addition of Glutathione Sepharose
B beads. After incubating with beads for 1 h at 4 

◦C, the beads
ere washed 4 times, then boiled in SDS loading buffer and

ubjected to SDS-PAGE followed by Coomassie brilliant blue
taining or immunoblotting. For the competitive binding ex-
eriment, the preformed RBDs-BRCT 0–2 complex was chal-

enged with different amounts of the hybrids at 4 

◦C overnight
n binding buffer ( 20 mM HEPES pH 7.5, 5 mM magnesium
cetate, 1 mM dithiothreitol, 0.5% NP-40, 10% [v / v] glyc-
rol, 150 mM NaCl, 1 mg / ml BSA ) . After washing, the resul-
ant products were examined by immunoblotting. 

mmunopurification and silver staining 

ysates from HeLa cells stably expressing control vector or
LAG-ADAR1 were collected by incubating the cells in lysis
uffer containing Protease Inhibitor Cocktail ( Roche ) . Anti-
LAG immunoaffinity columns were prepared using anti-
LAG M2 affinity gel following the manufacturer’s sugges-
ions. Cell lysates were obtained from ∼5 × 10 

8 cells and ap-
lied to an equilibrated FLAG column of 1 ml bed volume
o allow for adsorption of the protein complex to the col-
mn resin. After binding, the column was washed with cold
BS + 0.2% Nonidet P -40. FLAG peptide was applied to the
olumn to elute the FLAG protein complex flowing a protocol
escribed by the vendor. The eluents were collected and visu-
lized on SDS-PAGE followed by silver staining with a silver
tain kit ( Pierce ) . 

ass spectrometry ( MS ) analysis and data 

rocessing 

roteins were separated by SDS-PAGE and visualized by sil-
er staining. The corresponding bands were then excised and
ubjected to in-gel digestion. The resulting peptides were de-
alted, redissolved in HPLC buffer A ( 0.1% formic acid in
ater ) , and injected into a Nano-LC system ( EASY-nLC 1200,
hermo Fisher Scientific ) . Peptides were separated using a
eversed-phase analytical column and electrosprayed directly
nto an Orbitrap Q-Exactive Plus mass spectrometer. The MS
nalysis was carried out in a data-dependent mode with an
automatic switch between a full MS scan and an MS / MS
scan in the orbitrap. For the full MS survey scan, the au-
tomatic gain control ( AGC ) target was 1e 6 and scan range
was from 350 to 1750 with a resolution of 70 000. The ten
most intense peaks with charge state 2 and above were se-
lected for fragmentation by higher-energy collision dissocia-
tion ( HCD ) with normalized collision energy of 27%. The
MS2 spectra were acquired with 17 500 resolution. The exclu-
sion duration for the data-dependent scan was 10 s, and the
exclusion window was set at 1.6 Da. The resulting MS / MS
data were searched using Proteome Discoverer software ( v1.4 )
with an overall false discovery rate ( FDR ) for peptides of less
than 1%. Proteins demonstrating the score < 2 and single-
peptide identifications were removed from identification list.
Peptide sequences were searched against the UniProt human
database using trypsin specificity and allowing a maximum
of two missed cleavages. Carbamidomethylation on Cysteine
was specified as fixed modification. Oxidation of methion-
ine and acetylation on peptide N-terminal were set as vari-
able modifications. Mass tolerances for precursor ions were
set at ±10 ppm for precursor ions and ±0.02 Da for MS / MS.

Immunofluorescence 

Cells were seeded on glass coverslips ( BD Biosciences ) , fixed
with 4% paraformaldehyde, and permeabilized with 0.2%
Triton X-100 in PBS. Samples were blocked in 5% donkey
serum in the presence of 0.1% Triton X-100 and stained with
the appropriate primary and secondary antibodies coupled to
Alexa Fluor 488, 594 or 647 ( Invitrogen ) . The murine c-Kit +

HSPCs were centrifuged onto glass coverslips at 800 g for 5
min, followed by fixation and immunostaining as above. Con-
focal images of regular scan area or broad area were captured
on a Zeiss LSM 900 microscope with a 63 × oil objective. To
avoid bleed-through effects in double-staining experiments,
each dye was scanned independently in a multi-tracking mode.
When inspecting nuclear-wide dispersed RPA2, TOPBP1, or
RPA2 pS33 foci, cells were pre-treated with 0.5% Triton
X-100 for 5 min on ice to extract non-chromatin fractions
and fixed with 3% paraformaldehyde and 2% sucrose for
15 min at room temperature. Cells were then permeabilized
with 0.5% Triton X-100 for 5 min on ice and incubated in
blocking buffer ( 0.1% Triton X-100 and 5% donkey serum
in PBS ) for 1 h at room temperature. For S-phase discrim-
ination, cells were pulsed with 10 μM EdU at 37 

◦C for 1
h before fixation. Incorporated EdU was click-labeled using
keyFluor 647-azide ( Keygen Technologies ) according to the
manufacturer’s instructions. For immunofluorescence with
S9.6 antibody staining, cells were harvested, washed, and
resuspended with PBS. Pre-warmed 75 mM KCl solution was
added dropwise while the cells were gently shaken, followed
by incubation at 37 

◦C for 12 min. Afterwards, freshly made,
ice-cold methanol:acetic acid ( 3:1 ) was added dropwise. Cells
were then fixed on ice in methanol:acetic acid for 20 min
followed by spotting onto slides. Slides were air-dried and
immediately treated with blocking buffer ( 5% BSA and 0.5%
Triton X-100 in PBS ) for 1 h at room temperature. A stan-
dard immunostaining procedure was then performed with the
primary antibody ( S9.6 ) and the appropriate secondary anti-
bodies conjugated with Alexa Fluro 594 ( Invitrogen ) . The foci
number or intensity of R -loops, γH2AX, RPA2, T OPBP1 and
RPA2 pS33 was quantified using ImageJ software
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P roximity lig ation assay ( PLA ) 

Cells on glass coverslips were washed once with cold PBS and
then treated with cold CSK extraction buffer ( 0.2% Triton X-
100, 20 mM HEPES–KOH pH 7.9, 100 mM NaCl, 3 mM
MgCl 2 , 300 mM sucrose, 1 mM EGTA ) on ice for 3 min.
Next, cells were fixed on ice with 4% paraformaldehyde for
5 min, then blocked with 10% FBS in PBS for 1 h at 37 

◦C
in a humidity chamber. Cells were washed with PBS between
each step. Afterward, cells were incubated with the indicated
primary antibodies at 4 

◦C overnight. PLA was performed ac-
cording to the manufacturer’s instructions with Duolink In
Situ Detection Reagents ( DUO92101, Sigma-Aldrich ) . Finally,
coverslips were mounted on slides with Fluoroshield ( Sigma-
Aldrich ) containing DAPI. Images were captured with a Zeiss
LSM 900 microscope using a 63 × oil objective and quantified
using ImageJ. 

In situ analysis of protein interactions at DNA 

replication forks ( SIRF ) 

Cells were grown on glass coverslips and labeled with 125
μM EdU for 8 min before treatment with 1 mM HU for
4 h. Cells were then washed with cold PBS, fixed with 4%
paraformaldehyde, and permeabilized with 0.25% TritonX-
100 for 15 min. After permeabilization, slides were washed
twice with cold PBS and Click-iT assay was performed in re-
action buffer ( 10 μM biotin-azide, 2 mM CuSO 4, and 100
mM sodium ascorbate ) for 1 h at 37 

◦C. The cells were then
washed twice with PBS and incubated with blocking buffer
( 10% BSA and 0.1% Triton X-100 in PBS ) for 1 h at 37 

◦C,
followed by PLA assays with primary antibodies against bi-
otin and proteins of interest. 

Reconstitution of DNA–RNA hybrid and R-loop 

RNA oligos were 5 

′ -labeled with Cy3. RNA and DNA oli-
gos were annealed to generate a hybrid or R-loop structure
by heating to 95 

◦C for 5 min and slow cooling with a touch-
down program over night in buffer H ( 90 mM Tris–HCl pH
7.5, 10 mM MgCl 2 , 50 mM NaCl ) . Annealed substrates were
separated on a 6% native PAGE in 0.5 × TBE buffer ( 45 mM
Tris-borate pH 8.0, 1 mM EDTA ) at 4 

◦C. The gel band corre-
sponding to the annealed substrate was excised, purified, and
finally eluted. The reconstituted substrates were concentrated
and used in gel electrophoresis and competition assays. The
DNA and RNA oligo sequences are listed in Supplementary
Table S2. 

Electrophoretic mobility shift assay ( EMSA ) 

DNA–RNA hybrid ( 90 nt ) or R-loop containing Cy3-labeled
RNA were incubated with GST-tagged RBDs at 4 

◦C overnight
in binding buffer ( 20 mM HEPES pH 7.5, 5 mM magne-
sium acetate, 1 mM dithiothreitol, 0.5% NP-40, 10% glyc-
erol, 150 mM NaCl, 1 mg / ml BSA ) . The resulting protein-
substrate complexes were resolved on 6% polyacrylamide gels
using 0.5 × TBE buffer. Signals were detected with a fluores-
cence image analysis system ( Tanon 5200 Multi ) , and the band
intensities were quantified using ImageJ. 

Nuclear extracts-based ATR activation assay 

Nuclear extracts from HeLa cells were supplemented with re-
action buffer ( 10 mM HEPES, pH 7.6, 50 mM KCl, 0.1 mM
MgCl 2 , 1 mM PMSF, 0.5 mM DTT, 1 mM ATP, 10 mg / ml
creatine kinase, 5 mM phosphocreatine ) . Blocked replication 

fork analogue was incubated with the nuclear extracts for 
15 min at 37 

◦C, after which DNA–RNA hybrid ( 25 nt ) was 
added and the reaction was stopped 1 h later. The reaction 

mixtures were then boiled and analyzed by immunoblotting. 

DNA–RNA Hybrid IP ( DRIP ) and DRIP-seq 

Cells were lysed in 85 mM KCl, 5 mM PIPES pH 8.0, and 

0.5% NP-40 for 10 min on ice. Nuclei pellets were collected 

and resuspended in buffer containing 10 mM Tris–HCl pH 

7.5, 200 mM NaCl, 2.5 mM MgCl 2 , 0.2% sodium deoxy- 
cholate, 0.1% SDS, 0.05% sodium lauroyl sarcosinate, and 

0.5% Triton X-100 to extract chromatins. The chromatins 
were then sonicated to ∼200 bp and diluted five-fold in di- 
lution buffer ( 10 mM Tris–HCl pH 7.5, 200 mM NaCl, 2.5 

mM MgCl 2 , 0.5% Triton X-100 ) . S9.6 antibody was added 

to the fragmented chromatins for immunoprecipitation at 
4 

◦C overnight, and the incubation was continued with pro- 
tein G dynabeads ( Invitrogen ) for 2 h. RNase A ( PureLink,
Invitrogen ) was added during immunoprecipitation at a con- 
centration of 0.1 ng RNase A per μg genomic DNA. The 
dynabead-conjugated chromatins were washed 4 times with 

dilution buffer and twice with washing buffer ( 10 mM Tris–
HCl pH 7.5, 200 mM NaCl, 2.5 mM MgCl 2 ) , followed by 
immunoblotting. For DRIP-seq, the DNA–RNA hybrids were 
fragmented to ∼500 bp on average by enzymatic digestion fol- 
lowed by sonication and purified for library construction with 

a VAHTS Universal DNA Library Prep Kit for Illumina V3 ac- 
cording to the manufacturer’s instructions ( ND607, Vazyme ) .
Finally, the prepared library was used for paired-end sequenc- 
ing ( PE150 ) on a NovaSeq platform. The clean reads of DRIP- 
seq data were aligned to Human genome reference ( hg19 

assembly ) with Bowtie2 ( version 2.4.5 ) , and peak-calling was 
done using MACS2 with a q -value of 0.005. R-loop-gained 

peaks in ADAR1 depleted cells were determined as those with 

a fold-change > 1.5 and P < 0.0001. R-loop levels on intron 1 

of ACTB and control genomic region were analyzed by SYBR 

Green-based ( TransGen Biotech ) quantitative PCR ( qPCR ) .
The qPCR primers with single melting curves are provided 

in Supplementary Table S3. 

Dot blotting 

DNA samples were extracted via QIAamp DNA mini kit 
( QIAGEN ) and digested with RNase H ( NEB ) at 37 

◦C for 
1 h. The equal amounts of DNA was then spotted on a posi- 
tively charged nylon transfer membrane ( Roche ) and dried at 
room temperature. Next, the membrane was UV crosslinked 

( 120 mJ / cm 

2 ) and blocked with 5% milk in PBST buffer 
( 0.1% Triton X-100 in PBS ) at room temperature for 1 h. The 
membrane was incubated with S9.6 antibody or dsDNA anti- 
body in blocking buffer, followed by the addition of secondary 
antibodies coupled with horseradish peroxidase ( HRP ) . Blot 
signals were detected by chemiluminescence. To examine the 
telomeric DNA–RNA hybrids, the DRIP products and 5% of 
input genomic DNA were spotted onto a Hybond N+ nylon 

filter. The membrane with spotted DNA was UV cross-linked 

and washed in 5 × saline sodium citrate ( SSC, B548110-0200 ) 
for 1 min after denaturation with 0.5 M NaOH for 2 min. The 
membrane was then prehybridized with Ultrasensitive Hy- 
bridization Buffer ( Invitrogen, AM8670 ) overnight at 42 

◦C.
Biotin-labeled telomeric probes were incubated with the mem- 
brane for 10–12 h in hybridization buffer at 42 

◦C. After three 
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ashes with 2 × SSC / 0.1% SDS solution for 15 min at 42 

◦C,
he membrane was blocked with 5% skim milk in TBST for
 h at room temperature. The membrane was incubated with
iotin antibody in blocking buffer overnight at 4 

◦C, followed
y incubation with HRP-conjugated secondary antibody and
hemiluminescence detection. The sequences of two types of
elomeric probes are shown in Supplementary Table S4. 

omet assay 

he CometAssay kit ( Trevigen, Gaithersburg, MD, USA ) was
sed to monitor damaged DNA according to the manufac-
urer’s instructions. Briefly, cells were re-suspended in ice-cold
BS at a concentration of 1 × 10 

5 cells / ml. Cells ( 5 μl ) were
ixed with 50 μl of warm low-melting agarose and evenly

pread onto the comet slides. Slides were then incubated in a
re-chilled lysis solution for 60 min at 4 

◦C. Next, the slides
ere incubated with neutral unwinding solution for 60 min
t room temperature. The slides were transferred to an elec-
rophoresis tank containing a pre-chilled neutral electrophore-
is solution, and the system was run at 1 volt / cm, 300 mA for
0 min at 4 

◦C. The slides were immersed twice in deionized
ater for 5 min and washed in 70% ethanol for 5 min. Cells
ere then stained with 100 μl propidium iodide for 20 min in

he dark and analyzed using an Olympus IX71 inverted fluo-
escence microscope. Olive tail moment was calculated with
he formula: ( tail mean-head mean ) × % of DNA in the tail. 

ell survival assay 

ells were plated into 96-well plates at a density of 2000
ells / well. After 24 h, cells were treated with various doses
f genotoxic agents for 72 h. CellTiter AQueous One Solu-
ion ( Promega ) was then added to each well according to the
anufacturer’s instructions. Cell survival was determined af-

er 1 h incubation by measuring the absorbance at 490 nm
sing a Bio-Rad plate-reader ( Model 550; Bio-Rad ) . 

tatistics 

ata from biological triplicate experiments are presented
s means ± SDs. Two-tailed unpaired Student’s t -test was
sed for comparing two groups of data. Analysis of variance
 ANOVA ) with the Bonferroni correction was used to com-
are multiple groups of data. For values not normally dis-
ributed, Mann–Whitney U test or Kruskal–Wallis test was
sed. P < 0.01 was considered statistically significant. All sta-
istical analyses involved using Statistical Product and Service
olutions ( SPSS, version 19.0.0 ) . Before statistical analysis,
ariation within each group of data and the assumptions of
he tests were checked. 

esults 

uclear ADAR1 is required for genome integrity 

rroneous response to replication stress is believed to be a
otent driver of functional loss in HSPCs ( 4 ) , and we pre-
iously found that apoptosis increases in ADAR1-deficient
SPCs ( 43 ) . To determine whether this phenomenon is due

o genome instability, we generated Adar1-knockout HSPCs
rom ER-Cre; Adar1 

fl/ fl mice ( Figure 1 A and S1A ) and con-
rmed that ADAR1 deletion significantly inhibited HSPC
olony formation ( Figure 1 A ) . Immunoblotting showed that
H2AX, a chromatin marker that reflects endogenous genome
instability ( 44 ) , was upregulated in Adar1-knockout HSPCs
( Supplementary Figure S1B ) , which also accumulated dam-
aged DNA as evidenced by the alkaline comet assay ( Figure
1 B ) . Next, to evaluate the role of ADAR1 in actively repli-
cating HSPCs, we examined the formation of γH2AX foci
in EdU-labeled cells, finding a marked increase in the num-
ber of γH2AX foci in Adar1-knockout EdU-positive HSPCs
( Figure 1 C ) . EdU fluorescence intensity ( though not the overall
fraction of EdU-positive cells ) was also diminished in Adar1-
knockout cells, suggesting DNA replication defects ( Figure
1 D ) . These results indicate that ADAR1 plays a role of im-
portance in preserving genome stability in actively replicating
HSPCs. 

We next knocked down ADAR1 using distinct siRNAs
against all ADAR1 isoforms in HeLa cells, finding similar ef-
fects on γH2AX foci formation compared to mouse HSPCs
( Supplementary Figure S1C-S1E ) . Since ADAR1p150 is en-
coded by an inducible transcript of ADAR1 gene and is pre-
dominantly cytosolic ( 45 ) , we hypothesized that ADAR1’s
genome-protective effects are attributable to its constitutively
expressed nuclear form, ADAR1p110. Indeed, ADAR1p150
overexpression was less effective than ADAR1p110 in sup-
pressing γH2AX accumulation and DNA damage in ADAR1-
depleted cells expressing siRNA against the ADAR1 5 

′ UTR
( Figure 1 E–H ) . To investigate whether the enzymatic ac-
tivity of ADAR1p110 ( hereinafter referred to as ADAR1
unless otherwise specified ) is involved in this process, we
generated HeLa cells stably expressing wild type ADAR1
( ADAR1 / Wt ) , its RNA-editing defective variants G712R and
H615Q / E617A ( 36 ,46 ) , or a mutant devoid of dsRNA bind-
ing ( EAXXA ) ( 38 ,47 ) . All but not ADAR1 / EAXXA signifi-
cantly reduced the level of DNA damage in ADAR1-depleted
cells ( Figure 1 E–H ) . Interestingly, ADAR1 lacking its catalytic
domain ( ADAR1 / �CD ) behaved similarly to ADAR1 / Wt
( Figure 1 E–H ) . Furthermore, co-depletion of ADAR1 and
MDA5 or PKR, which senses unedited dsRNA in ADAR1-
deficient cells, could not neutralize ADAR1 ablation-induced
effects ( Figure 1 I ) . These data raise the possibility that the
dsRNA-binding domain, but not the catalytic activity, of nu-
clear ADAR1 is indispensable for genome integrity. 

ADAR1 is physically associated with TOPBP1 

To understand how ADAR1 controls genome stability, we
used affinity purification and mass spectrometry to iden-
tify the interactome of ADAR1 with cellular extracts from
HeLa cells stably expressing FLA G-ADAR1. T OPBP1, a well-
defined activator of ATR ( 7 ) , was one of the top candi-
dates among proteins that copurified with FLAG-ADAR1
( Figure 2 A and Supplementary Table S5 ) . Since ATR signal-
ing is essential for the maintenance of HSPC genome in-
tegrity and survival during hematopoietic progenitor expan-
sion ( 48 ,49 ) , we next performed co-immunoprecipitation ( co-
IP ) to examine the interaction of ADAR1 with TOPBP1. We
found that ADAR1 could be efficiently immunoprecipitated
by FLA G-tagged T OPBP1 in HeLa cells, and vice v er sa ( Figure
2 B ) . Moreover, we confirmed that endogenous ADAR1 and
TOPBP1 form a protein complex in both U2OS cells and
HSPCs ( Figure 2 C ) . Importantly, DNase or intercalating agent
treatment did not change ADAR1–TOPBP1 binding, while
benzonase, a pan nuclease that digests DNA and RNA, and
RNase markedly enhanced the interaction ( Figures 2 D and
S2A ) . These data suggest that the TOPBP1–ADAR1 complex
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Figure 1. Nuclear ADAR1 is required for genome integrity. ( A ) Colony formation of control ( Adar1 fl/ fl) and Adar1-knockout ( Adar1 �/ �) HSPCs. A schematic 
illustrating the generation of A dar1-knock out HSPCs ( c-Kit + bone marrow cells ) is also shown. ( B ) Analysis of damaged DNA accumulation by alkaline 
comet assay in control and Adar1-knockout HSPCs. Olive tail moment in single cell gel electrophoresis was calculated according to the tail length and 
the fraction of total DNA in the tail ( n > 220 from 5 mice ) . Scale bars, 100 μm. ( C ) Immunostaining f ollo w ed b y conf ocal microscop y analy sis of γH2AX 
f oci f ormation in EdU-labeled control and A dar1-knock out HSPCs. Cells w ere labeled with EdU f or 1 h bef ore collection. T he number of γH2AX f oci per 
cell is shown ( n > 160 from 5 mice ) . Scale bars, 10 μm. ( D ) Quantification of EdU intensity and the percentage of EdU-positive cells in control and 
A dar1-knock out HSPCs. The same data in ( C ) were re-analyzed. ( E ) A schematic of ADAR1 domains and its mutation or deletion mutants. ZBD, Z DNA 

binding domain; RBD, double-stranded RNA binding domain; CD, catalytic domain. ( F ) Immunostaining f ollo w ed b y conf ocal microscop y analy sis of 
γH2AX foci formation in HeLa cells expressing ADAR1 5 ′ UTR siRNA and the indicated stably integrated ADAR1 variants ( n > 200 ) . Scale bars, 10 μm. 
( G ) Immunoblotting analysis of γH2AX levels and expression levels of the indicated proteins in HeLa cells expressing ADAR1 5 ′ UTR siRNA and the 
stably integrated ADAR1 variants. ( H ) Analysis of damaged DNA accumulation by alkaline comet assay in HeLa cells expressing ADAR1 5 ′ UTR siRNA 

and the indicated stably integrated ADAR1 variants ( n > 100 ) . Scale bars, 100 μm. ( I ) Immunostaining f ollo w ed b y conf ocal microscop y analy sis of 
γH2AX foci formation in HeLa cells expressing the indicated siRNAs ( n > 110 ) . Scale bars, 10 μm. Data are mean ± SDs for ( A–D ) , ( F ) and ( H, I ) from 

biological triplicate experiments. ** P < 0.01; NS, not significant; t wo-t ailed unpaired Student’s t -test for ( A ) and ( D, lower ) , Mann–Whitney test for ( B ) 
and ( D, upper ) , and Kruskal–Wallis test for ( C ) , ( F ) and ( H, I ) . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

is unlikely bridged by nucleic acids, while TOPBP1 may com-
petes with RNA moieties for ADAR1 binding. 

To further understand the interaction details between
ADAR1 and TOPBP1, we generated FLAG-tagged do-
main deletion mutants of ADAR1. Co-IP showed that the
three RBDs are required for ADAR1 binding to TOPBP1
( Figure 2 E ) . Interestingly, the dsRNA-binding defective mu-
tant ADAR1 / EAXXA was unable to bind TOPBP1 ( Figure
2 F ) , and KKXXK motif of the third RBD contributes most
to the interaction ( Supplementary Figure S2B ) . Immunopre-
cipitation with domain deletion mutants of TOPBP1 revealed
that BRCT 0–2 is responsible for TOPBP1 association with
AD AR1 ( Figure 2 G ) . AD AR1 phosphorylation is apparently
not required for this interaction, as λ-phosphatase treatment
did not abolish this binding ( Supplementary Figure S2C ) .
We next purified GST-tagged RBDs of ADAR1 and His-
tagged BRCTs of TOPBP1 from bacteria. GST pull-downs 
with these recombinant proteins demonstrated that BRCT 0–
2 was specifically responsible for TOPBP1 interaction with 

ADAR1’s RBDs, while EAXXA mutation nearly abolished this 
binding ( Figure 2 H ) . These results suggest that ADAR1 and 

TOPBP1 interact via their RBDs and BRCT 0–2 domains, re- 
spectively, while RNAs do not contribute to the formation of 
ADAR1–TOPBP1 complex. 

ADAR1 is an essential regulator of ATR activation 

To assess whether ADAR1 plays a role in ATR activation, we 
cultured HSPCs in the presence of the topoisomerase inhibitor 
camptothecin ( CPT ) to arrest replication forks. Immunoblot- 
ting indicated that Adar1 knockout significantly decreased 

the phosphorylation of CHK1 S345 and RPA2 S33, which 
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Figure 2. ADAR1 is ph y sically associated with TOPBP1. ( A ) Analysis of FLAG-ADAR1-associated proteins. Differential protein bands of the 
immunoprecipitates from HeLa cell extracts were retrieved from silver-stained SDS-PAGE, digested with trypsin, and analyzed by mass spectrometry. 
The parameters of the representatively top 10 candidates are shown. ( B ) Immunoprecipitation ( IP ) followed by immunoblotting ( IB ) with cellular extracts 
from HeLa cells expressing FLA G-T OPBP1 or FLA G-AD AR1. ( C ) Co-IP analysis of the interaction between TOPBP1 and ADAR1 with cellular extracts from 

U2OS cells and mouse HSPCs. ( D ) Co-IP analysis of the association of TOPBP1 with FLAG-ADAR1 in the absence or presence of different nucleases as 
indicated. ( E , F ) Co-IP analysis of the association of T OPBP1 with the indicated FLA G-tagged AD AR1 mutants in HeLa cells. A schematic of AD AR1 
domains and its deletion mutants is shown in ( E ) . ( G ) Co-IP analysis of the interaction of ADAR1 with GFP-tagged TOPBP1 deletion mutants. A 

schematic of TOPBP1 domains is shown. BRCT, BRCA1 C-terminal; AAD, ATR activation domain. ( H ) GST pull-down assays with recombinant ADAR1 
RNA-binding domains ( GST-RBDs / Wt or GST-RBDs / EAXXA ) and TOPBP1 BRCT domains ( His-BRCT 0–2, His-BRCT 4–5 and His-Sumo-BRCT 7–8 ) . High 
salt and heparin column was used to remove contaminating RNAs for RBD purification. The recombinant proteins were examined by Coomassie brilliant 
blue staining and immunoblotting. The pulled-down protein is marked by a red asterisk. 
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re canonical substrates of ATR ( 6 ) ( Figure 3 A ) . Similar re-
ults were observed in HeLa cells transfected with ADAR1
iRNAs ( Supplementary Figure S3A ) . The intensity of RPA2
33 foci in ADAR1-depleted cells was also significantly re-
uced, while RPA2 foci formation was essentially unchanged
 Supplementary Figure S3B ) . Furthermore, ATR kinase ac-
ivity toward RPA2 S33 was markedly impaired when nu-
lear extracts from ADAR1-depleted cells were incubated with
 replication fork analogue carrying a hairpin-like ssDNA-
sDNA with 5 

′ junction, a compatible structure for TOPBP1
oading ( 50 ) ( Supplementary Figure S3C ) . These results sug-
est that ADAR1 is required for ATR activation in the repli-
ation stress response. 

To determine whether ATR activation relies on ADAR1-
OPBP1 binding or ADAR1’s enzymatic activity, we exam-

ned CHK1 and RPA2 phosphorylation in HeLa cells ex-
pressing ADAR1 variants and siRNA against the 5 

′ UTR of
ADAR1 . Immunoblotting and immunofluorescence revealed
that only the EAXXA mutant was unable to revert A TR’ s
kinase activity and restore RPA2 pS33 foci formation in
ADAR1-depleted cells ( Figure 3 B, C ) . Consistently, ADAR1
lacking the C-terminal catalytic domain ( �CD ) , but not the
variant devoid of RBDs ( �RBDs ) , also stimulated ATR ac-
tivity ( Figure 3 D ) . Co-depletion of ADAR1 and MDA5 or
PKR caused effects similar to ADAR1 knockdown ( Figure 3 E ) .
These data indicate that ADAR1-mediated ATR activation re-
quires ADAR1’s RBDs, but not its RNA editing activity. 

We then investigated whether ADAR1 regulates the re-
covery of DNA synthesis after transient replication block,
which requires intact ATR kinase activity ( 51 ) . To this end,
we analyzed the effect of ADAR1 loss on the status of
replication forks via DNA fiber assays at single-molecule
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Figure 3. ADAR1 is an essential regulator of ATR activation. ( A ) Immunoblotting analysis of ATR kinase activity in Adar1-knockout HSPCs. Cells were 
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resolution. Newly synthesized DNA was labeled with 5-iodo-
2 

′ -deoxyuridine ( IdU ) , treated with hydroxyurea ( HU ) , an
inhibitor of the ribonucleotide reductase, and then labeled
with 5-chloro-2 

′ -deoxyuridine ( CldU ) after removing the in-
hibitor. Individual replication tracts were visualized by im-
munofluorescence microscopy. ADAR1 knockout or knock-
down significantly reduced replication strand lengths ( CldU-
labeled replication tracts ) , increased the fraction of stalled
replication forks ( IdU-only tracts ) , and reduced replication
fork restart ( IdU-CldU tracts ) ( Figures 3 F and S3D ) , indicating
that ADAR1 is required for appropriate fork restart and pro-
gression in the replication stress response. Furthermore, over- 
expression of wt or G712R ADAR1 efficiently compensated 

for the replication defects induced by ADAR1 depletion, while 
EAXXA did not ( Figure 3 G ) . These observations suggest that 
RBDs’ integrity is necessary for DNA synthesis recovery and 

replication fidelity. Cisplatin or CPT treatment consistently re- 
duced the viability of ADAR1-depleted cells, and rescue exper- 
iments showed that these defects could not be overcome by 
ADAR1 / EAXXA ( Figure 3 H ) . Collectively, we propose that 
the genome-protective role of ADAR1 depends on its func- 
tional RBDs rather than A-to-I editing activity. 
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DAR1 controls the recruitment of TOPBP1 to 

eplication stress sites 

o understand how ADAR1 regulates ATR activation, we
xamined whether ADAR1 is required for the recruitment
f TOPBP1 to replication stress sites. First, the distribu-
ion of TOPBP1, reflected by its foci formation at per-
urbed replication forks was monitored in cells expressing
DAR1 siRNAs. The recruitment of TOPBP1, but not ATRIP,
as significantly disrupted by ADAR1 knockdown in CPT-

reated cells ( Figure 4 A, B ) . By contrast, ADAR1 depletion
id not affect TOPBP1 foci formation at nuclease FokI-
enerated double-strand breaks ( DSBs ) around LacO sites
 52 ,53 ) ( Supplementary Figure S4A ) or the chromatin-binding
ffinity of TOPBP1 in native cells ( Supplementary Figure
4B, C ) . Next, we examined whether ADAR1-TOPBP1 bind-
ng is involved in TOPBP1 loading onto replication stress
ites. We found that ADAR1 / EAXXA- and ADAR1 / �RBDs-
xpressing cells exhibited severe TOPBP1 loading failure
 Figure 4 C, D ) . Enhanced recruitment of TOPBP1 triggered
y ADAR1 overexpression provides a possible explanation
or the increased ATR activity observed in ADAR1 / Wt- and
DAR1 / G712R-expressing cells ( Figure 3 B, C ) . Collectively,

hese results indicate that ADAR1 directs TOPBP1 engage-
ent at damaged replication forks. 
Since phosphorylated RAD9 is a primary docking sig-

al for TOPBP1 at replication stress sites, we hypothesized
hat ADAR1 controls TOPBP1 deposition through its im-
act on RAD9-TOPBP1 binding. Indeed, we found that
DAR1 depletion weakened the interaction of RAD9 with
OPBP1 ( Figure 4 E ) . This was reversible by overexpression
f ADAR1 / Wt, but not ADAR1 / EAXXA ( Figure 4 F ) . Next,
n vitro pull-down experiments with recombinant proteins
evealed that wt RBDs ( GST-RBDs / Wt ) enhanced TOPBP1
RCT 0–2 binding to the RAD9 pS387 peptide, while mu-

ated RBDs ( GST-RBDs / EAXXA ) failed to do so ( Figure 4 G ) .
onsidering that some A-to-I editing events can also impact
rotein expression ( 45 ) , we re-analyzed the ADAR1 editome
n human and mouse cells with GEO datasets GSE99249 and
SE142216 ( 36 ,54 ) . Although gene ontology analysis identi-
ed ADAR1 editing sites in a cluster of genes related to DNA
epair and replication ( Supplementary Figure S4D and Supple-
entary Table S6 ) , the majority of proteins encoded by these

enes were essentially unchanged in ADAR1-deficient cells
 Supplementary Figure S4E ) . These results further reduce the
ossibility that ADAR1-regulated replication stress response
s a secondary effect of RNA recoding. We propose instead
hat ADAR1 may orchestrate TOPBP1 binding to phosphory-
ated RAD9, thus facilitating TOPBP1 loading on chromatin
t damaged replication forks. 

DAR1 protects the genome against R-loops 

he requirement of ADAR1 in ATR activation may pro-
ect against endogenous replicative stress, but this does not
ully explain the phenotypes observed in ADAR1-deficient
ells. Given that ADAR1 loss-induced DNA damage predom-
nantly occurs in the S phase of the cell cycle and that R-loops
re a major source of replication stress and genome insta-
ility ( 13 ) , we hypothesized that ADAR1 is involved in R-

oop homeostasis. To test this, we performed immunoprecip-
tation with fragmented chromatins ( ∼200 bp ) followed by
mmunoblotting, finding that ADAR1 and the R-loop regu-
ator DHX9 ( 16 , 24 , 55 ) could be efficiently immunoprecipi-
tated by the S9.6 antibody against DNA–RNA hybrid struc-
tures ( Figure 5 A ) . Unlike ADAR1, TOPBP1 was not efficiently
pulled-down by fragmented DNA–RNA hybrids ( Figure 5 A ) ,
suggesting that TOPBP1 is not involved in R-loop formation
as previously reported ( 32 ) . Furthermore, we demonstrated
that ADAR1’s RBDs and key dsRNA-binding residues are re-
sponsible for its interaction with DNA–RNA hybrids ( Figure
5 A ) . We observed similar results using proximity ligation as-
says ( PLAs ) , which allow in situ detection of protein-protein
or protein-nucleic acid interactions ( 56 ) , to monitor the in vivo
association of ADAR1 variants with R-loop structures ( Figure
5 B ) . In agreement with the binding theme for dsRNA ( 47 ) , the
variant bearing deaminase domain while lacking RBDs ex-
hibited quite weaker affinity to DNA–RNA hybrids ( Figure
5 A-B ) . Treatment with the RNA polymerase II inhibitor DRB
or RNH1 / Wt nearly eliminated the PLA signals, further in-
dicating that ADAR1 specifically localizes to transcription-
coupled R-loops ( Supplementary Figure S5A, B ) . Meanwhile,
we found that the PLA signals between R-loops and FLAG-
tagged AD AR1 / Wt, AD AR1 / G712R, or AD AR1 / �CD were
stronger in EdU-positive cells than those in EdU-negative cells
( Supplementary Figure S5C ) , suggesting that the interaction
of R-loops and ADAR1 is not specific to S-phase, but TRCs
in actively cycling cells stimulate more R-loop formation and
thus ADAR1 binding. To validate the ability of RBDs to recog-
nize DNA–RNA hybrids, we performed electrophoretic mo-
bility shift assays ( EMSAs ) with annealed ssDNA and ssRNA
molecules and recombinant RBDs / Wt or its EAXXA-mutant
counterpart. RBDs / Wt shifted the DNA–RNA hybrids in a
dose-dependent manner, while RBDs / EAXXA did not ( Figure
5 C ) . Similar results were observed when a reconstituted R-
loop mimetic structure with displaced ssDNA was used as
the substrate ( Figure 5 D ) . Consistent with the functional re-
quirement of RBDs in telomeric R-loop resolution ( 41 ) , these
data strongly suggest that ADAR1 can directly interact with
R-loops via its RBDs. 

We next sought to verify whether ADAR1 functions in R-
loop homeostasis. Dot blotting analysis of total DNA revealed
that R-loop levels, reflected by S9.6 signals, were elevated in
ADAR1-deficient cells ( Figure 5 E and S5D ) . Similar to SRSF1
depletion ( 26 ) , ADAR1 knockdown significantly increased the
S9.6 nuclear immunofluorescence signal ( Figure 5 F and S5E ) .
To confirm specificity, we removed the S9.6 signals by in vitro
treatment with RNH1 ( Figure 5 E,F ) . We next examined the
R-loop profile along the genome in ADAR1-depleted HeLa
cells via DNA–RNA immunoprecipitation ( DRIP, here called
S9.6 DRIP ) coupled with high-throughput sequencing. The re-
sults confirmed the predisposition of ADAR1-deficient cells to
accumulate DNA–RNA hybrids at the gene body, promoters,
and downstream regions, while RNH1 treatment efficiently
degraded R-loop-prone regions along the genome ( Figure 5 G,
H ) . Furthermore, we identified about 1800 genomic sites with
higher R-loop content in ADAR1-depleted cells, and the ma-
jority of changes ( ∼82% ) occurred within the genic regions
( Supplementary Table S7 ) . Based on these data, we propose
that ADAR1 functions directly to prevent genome-wide R-
loop accumulation. 

Co-transcriptional R-loops could aggravate TRCs by cre-
ating an additional barrier to replication forks ( 13 ,14 ) —
therefore, we assessed whether ADAR1-regulated R-loop
homeostasis is also involved in TR C suppression. W e first
measured the collisions between transcription and repli-
cation machineries via PLA with antibodies against the
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elongating form of RNA polymerase II ( RNAPII pS2 ) and
PCNA. ADAR1 depletion significantly augmented PLA sig-
nals, which were in turn reduced by CDC7 inhibitor
( XL413, which suppresses replication origin firing ) and
RNAPII inhibitor ( DRB, which inhibits Pol II travel )
( Supplementary Figure S5F ) . To test whether R-loops
are involved in TRCs, we transfected RNH1 variants
into ADAR1-knockdown cells. Only wild type RNH1
( RNH1 / Wt ) , but not its catalytically inactive mutant D210N
( RNH1 / D210N ) ( 57 ) , could reduce PLA foci of TRCs as-
sociated with ADAR1 depletion ( Figure 5 I ) . Along with the
increased TRC formation observed in ADAR1-knockdown
cells ( Supplementary Figure S5F ) , ADAR1 depletion led
to more R-loop accumulation compared to ATR inhibi- 
tion ( Supplementary Figure S5G ) . These results suggest that 
ADAR1-promoted R-loop clearance is required for TRC 

suppression. 
Finally, we asked whether R-loops are responsible 

for the increased DNA damage observed in ADAR1- 
deficient cells. Indeed, overexpression of RNH1 / Wt, but 
not RNH1 / D210N, significantly reduced ADAR1 depletion- 
associated comet tail and γH2AX foci formation ( Figures 
5 J and S5H ) . Furthermore, in DNA fiber assays, Adar1 

knockout or ADAR1 knockdown decreased fiber lengths by 
∼35% compared to controls and compromised the symme- 
try of bidirectional replication forks ( Figures 5 K and S5I ) .
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Figure 5. ADAR1 protects the genome against R-loops. ( A ) IP analysis of R-loop-associated factors, using S9.6 antibody followed by IB. ( B ) PLA analysis 
of the localization of FLAG-GFP-tagged ADAR1 variants on R-loops in HeLa cells. The PLA signals of FLA G-AD AR1 and S9.6 were quantified ( n > 210 ) . 
Scale bars, 10 μm. ( C ) Evaluation of the binding of RBDs to DNA–RNA hybrid. EMSAs were performed with 50 nM Cy3-labeled DNA–RNA hybrid ( 90 nt ) 
and an increasing amount of recombinant RBDs. The proportion of RBDs-bound DNA–RNA hybrid was quantified. ( D ) Analysis of the binding of RBDs to 
R-loop as in ( C ) . ( E ) Examination of R-loops in control and A dar1-knock out HSPCs via dot blotting. Total DNA were extracted and stained with S9.6 
antibody in the presence or absence of recombinant RNH1. The level of R-loops in each sample was quantified and normalized to that of the input DNA. 
( F ) Immunostaining and confocal microscopy analysis of R-loop levels in ADAR1-depleted HeLa cells. Cells were untreated or treated with RNH1 for 4 h 
before immunostaining with S9.6 antibody. The intensity of nuclear S9.6 signal in each cell was quantified ( n > 100 ) . Scale bars, 10 μm. ( G ) Metaplots of 
R-loop signals detected by S9.6 DRIP-seq in HeLa cells under the indicated treatments. The color of each line represents the average density of reads 
for different groups from biological duplicate data. ( H ) Track examples of DRIP-seq for R-loop alterations around the indicated genes. ( I ) Analysis of TRCs 
in HeLa cells expressing ADAR1 siRNA and the indicated stably integrated RNH1 variants. The PLA signal between RNAPII pS2 and PCNA in each cell 
was quantified ( n > 200 ) . Scale bars, 10 μm. ( J ) Examination of damaged DNA accumulation by alkaline comet assay in HeLa cells expressing ADAR1 
siRNA and the indicated stably integrated RNH1 variants ( n > 100 ) . Scale bars, 100 μm. ( K ) DNA fiber assay analysis of the tract lengths and replication 
fork symmetry in control and Adar1-knockout HSPCs. Fork length ( n > 300 ) and symmetry ( n > 55 ) were determined by measuring CldU tract length. 
R epresentativ e results of altered fork length and symmetry are shown. Scale bars, 5 μm. ( L ) DNA fiber assay analysis of the tract lengths ( n > 390 ) and 
replication fork symmetry ( n > 55 ) in HeLa cells expressing ADAR1 siRNA and the indicated stably integrated RNH1 variants. Data are mean ± SDs for 
( B ) , ( E, F ) and ( I–L ) from biological triplicate experiments. ** P < 0.01; NS, not significant; Kruskal–Wallis test for ( B ) , ( F ) , ( I–J ) and ( L ) , one-w a y ANO V A for 
( E ) and Mann–Whitney test for ( K ) . 
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Consistent with the R-loop dependency of fork elongation
control ( 32 , 58 , 59 ) , replication defects including slower fork
velocity and asymmetry in ADAR1-deficent cells were signifi-
cantly ameliorated in RNH1 / Wt-expressing cells ( Figure 5 L ) .
Taken together, these data indicate that ADAR1 plays a criti-
cal role in protecting the genome from R-loops. As abnormal
R-loop accumulation can lead to TOPBP1-dependent ATR
activation ( 26 ) , we speculate that ADAR1 depletion-
associated genome instability is attributable to a synergistic
effect from increasing R-loops and decreasing ATR activity. 

ADAR1 suppresses R-loop formation in an RNA 

editing-independent manner 

We next aimed to address how ADAR1 protects genomes from
R-loop formation. First, we determined the ability of ADAR1
variants to suppress R-loops generated in ADAR1-depleted
cells. Consistent with Shiromoto’s study ( 41 ) , DRIP exper-
iments followed by telomeric probe hybridization revealed
that ADAR1 depletion resulted in an increased formation of
DNA–RNA hybrids at telomeric repeats, and this effect could
be rescued by ADAR1 / Wt, but not its RNA editing-defective
mutant G712R and R-loop binding failure mutant EAXXA
( Supplementary Figure S6A, B ) . By contrast, quantitative PCR
analysis of the DRIP products with primers covering the
intron 1 region of ACTB revealed that both ADAR1 / Wt
and ADAR1 / G712R, but not ADAR1 / EAXXA, were able
to suppress R-loop accumulation induced by ADAR1 deple-
tion ( Supplementary Figure S6C ) . Similar to R-loop alter-
ations on ACTB gene, nuclear-wide S9.6 stainings showed
that ADAR1 / G712R reduced R-loop levels as efficiently as
AD AR1 / Wt, while AD AR1 / EAXXA did not ( Figure 6 A ) . This
is consistent with the R-loop binding profile of the ADAR1
variants ( Figure 5 A, B ) and their genome protection roles
( Figure 1 E-G ) . Remarkably, we found that ADAR1 / �CD, but
not ADAR1 / �RBDs, could also efficiently suppress R-loop
formation ( Figure 6 A ) , suggesting that the deaminase activ-
ity of ADAR1 is dispensable for global R-loop suppression.
In agreement with these findings, co-depletion of ADAR1 and
MDA5 or PKR was not able to revert ADAR1 knockdown-
associated R-loop formation ( Figure 6 B ) . Collectively, these
results argue for a non-telomeric R-loop-resolving function of
ADAR1 independent of its RNA editing activity but depen-
dent on R-loop recognition. 

Given that RNA helicases DHX9 and DDX21, which act
as R-loop suppressors by unwinding DNA–RNA hybrids
( 16 , 22 , 23 ) , are potential interactors of ADAR1 ( Figure 2 A )
( 60–63 ) , we hypothesized that ADAR1 may rely on these
helicases to resolve R-loops. We first examined the recruit-
ment of these helicases at R-loop regions in ADAR1-depleted
cells and demonstrated that ADAR1 depletion significantly
impaired the PLA signals between DNA–RNA hybrid and
DHX9 or DDX21, regardless of the presence or absence of
exogenous replication stress ( Figures 6 C and S6D, E ) . The ex-
pression of DHX9 and DDX21 was not altered in ADAR1-
depleted cells ( Supplementary Figure S6F ) . Overexpression
in ADAR1-deficient cells of ADAR1 / Wt, ADAR1 / G712R or
ADAR1 / �CD, but not of R-loop binding failure mutants
AD AR1 / EAXXA and AD AR1 / �RBDs, significantly pro-
moted the relocation of DHX9 and DDX21 to R-loops, al-
beit to different extents ( Figure 6 D ) . The PLA signals in these
cells were comparable to those for S9.6 and ADAR1 vari-
ants in Figure 5 B, supporting the sufficiency and necessity of
ADAR1 in recruiting these helicases. When ADAR1 was co- 
depleted with DHX9 and DDX21, R-loops and DNA damage 
did not change significantly compared to ADAR1 depletion 

alone ( Figure 6 E-F and S6G ) , implying that ADAR1 and these 
helicases function in the same pathway to prevent R-loop ac- 
cumulation. Taken together, these results suggest that ADAR1 

resolves R-loops by physically engaging RNA helicases DHX9 

and DDX21. 

R-loop-induced ADAR1 redistribution favors ATR 

activation in replication stress response 

Replication errors or defects may block transcription and gen- 
erate genome-destabilizing R-loops and TRCs ( 15–17 ) . For in- 
stance, genome-wide mapping of FANCD2 and ATR reveals 
that a number of stalled replication forks under HU treat- 
ment are located close to the pausing RNAPII upstream of 
transcription start sites ( 64 ) . Therefore, we asked whether 
ADAR1-promoted R-loop resolution is functionally linked 

with ATR activation in the context of replication stress. Co- 
IP assays demonstrated that either HU or CPT treatment 
markedly reduced ADAR1–TOPBP1 binding ( Figure 7 A and 

S7A ) while increasing the interaction between ADAR1 and 

DHX9 or DDX21 ( Figure 7 A ) . Importantly, this alteration 

could be reverted by either DRB treatment or forced expres- 
sion of RNH1 ( Figure 7 A ) , implying that ADAR1-nucleated 

protein complexes are dynamically regulated and that R-loops 
play an important role in controlling ADAR1 redistribution 

in response to replication stress. To further test this hypoth- 
esis, we co-incubated DNA–RNA hybrids with recombinant 
TOPBP1 BRCT 0–2 and ADAR1 / RBDs. GST pull-down anal- 
ysis ( Figure 7 B ) and co-IP with cellular extracts ( Figure 7 C ) 
indicated that DNA–RNA hybrid addition impaired TOPBP1 

binding to ADAR1 in a dose-dependent manner . Moreover ,
compared to RNH1 / D210N, its wild type counterpart en- 
hanced the colocalization of ADAR1 and TOPBP1 at repli- 
cation stress sites and weakened ADAR1 and S9.6 PLA sig- 
nals at R-loops ( Figure 7 D ) . In agreement with the immuno- 
precipitation data in Figure 5 A, only a residual amount of 
TOPBP1 over nuclear background was found to be associated 

with DNA–RNA hybrids in HU-challenged cells ( Figure 7 D ) ,
confirming that the enhanced interaction of TOPBP1-ADAR1 

in RNH1 / Wt-expressing cells specifically occurs at blocked 

replication forks. These observations were further consoli- 
dated by in situ analysis of protein interactions at DNA repli- 
cation forks ( SIRF ) using proximity ligation coupled with EdU 

click chemistry in HU-treated cells ( 65 ) , from which we can 

see that RNH1 / Wt, but not RNH1 / D210N, enhanced EdU- 
ADAR1 interaction, whereas no apparent changes were ob- 
served for the PLA signals of EdU-TOPBP1 ( Supplementary 
Figure S7B-S7C ) . Altogether, these results raise the possibility 
that replication stress-associated R-loops crosstalk with and 

actively extract ADAR1 from perturbed replication forks. 
To address the biological significance of the redistribu- 

tion of ADAR1, we examined whether R-loops contribute 
to ATR activation at perturbed replication forks. Immunos- 
taining revealed that DRB treatment significantly reduced 

RPA2 pS33 levels in HU- or CPT-challenged cells ( Figures 
7 E and S7D ) . Meanwhile, overexpression of RNH1 / Wt, but 
not RNH1 / D210N, markedly decreased RPA2 pS33 levels 
( Figures 7 F and S7E ) but did not significantly affect RPA2 or 
TOPBP1 loading at replication stress sites ( Figures 7 E, F and 

S7D, E ) . These data imply that R-loops promote ATR acti- 
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Figure 6. ADAR1 suppresses R-loop formation in an RNA editing-independent manner. ( A ) Immunostaining and confocal microscopy analysis of R-loop 
le v els in HeLa cells expressing ADAR1 5 ′ UTR siRNA and the indicated stably integrated ADAR1 variants. HeLa cells were fixed and stained with S9.6 
antibody, and the intensity of nuclear S9.6 signal in individual cells was quantified ( n > 100 ) . Scale bars, 10 μm. ( B ) Examination and quantitative analysis 
of R-loop le v els in HeLa cells expressing the indicated siRNAs ( n > 100 ) . Scale bars, 10 μm. ( C ) Examination and quantitativ e analy sis of the localization of 
DHX9 and DDX21 on R-loops by PLA in ADAR1-depleted HeLa cells in the presence or absence of CPT ( 1 μM, 1 h ) . The PLA signal between R-loops and 
DHX9 ( n > 340 ) or DDX21 ( n > 220 ) in each cell was quantified. Scale bars, 10 μm. ( D ) Examination and quantitative analysis of the localization of DHX9 
and DDX21 on R-loops by PLA in HeLa cells expressing ADAR1 5 ′ UTR siRNA and the indicated FLAG-tagged ADAR1 variants. The PLA signal between 
R-loops and DHX9 ( n > 210 ) or DDX21 ( n > 200 ) in each cell was quantified. Scale bars, 10 μm. ( E ) Immunostaining and confocal microscopy analysis of 
R-loop le v els in HeLa cells expressing the indicated siRNAs. The intensity of nuclear S9.6 signal in individual cells was quantified ( n > 11 0 ) . Scale bars, 1 0 
μm. ( F ) Examination and quantitative analysis of damaged DNA accumulation by alkaline comet assay in HeLa cells expressing the indicated siRNAs 
( n > 100 ) . Scale bars, 100 μm. Data are mean ± SDs from biological triplicate experiments. ** P < 0.01; NS, not significant; Kruskal–Wallis test. 
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ation at these sites. Since ADAR1 dissociates from TOPBP1
t perturbed replication forks due to competitive binding
y R-loops, we proposed that the re-localization of ADAR1
elps TOPBP1 reduce ADAR1’s steric hindrance that may re-
trict ATR activity. Indeed, we found that overexpression of
D AR1 / Wt, but not AD AR1 / EAXXA, increased ATR activ-

ty in RNH1 / D210N expressing cells, while this effect was
ot observed in RNH1 / Wt-expressing cells ( Figure 7 G ) . This
aises the possibility that the sustained ADAR1-TOPBP1 in-
eraction in the absence of R-loops creates a less permis-
ive microenvironment for ATR activation. Similarly, the el-
vated ATR activity evoked by ADAR1 was not observed in
RB-treated cells, though these cells still exhibited stronger
TOPBP1 loading ( Figure 7 H ) . The behavior of ADAR1 in cells
bearing higher level of R-loops could be due to enhanced re-
cruitment of TOPBP1 at replication stress sites ( Figure 7 H )
and, synergistically, an active redistribution of ADAR1. 

To further corroborate these findings, we incubated a
blocked replication fork analogue with nuclear extracts, fol-
lowed by addition of excess DNA–RNA hybrid ( Figure 7 I ) .
Although this in vitro system could not truly reflect the regu-
latory architecture of R-loop-coupled replication forks, it en-
abled us to monitor the molecular events upon replication
stress during which R-loops emerge after fork blockage or
arise at fork-distal chromatins even from different chromo-
somes. Compared to replication fork alone, the presence of
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Figure 7. R-loop-induced ADAR1 redistribution f a v ors ATR activation in replication stress response. ( A ) Co-IP analysis of the interaction of ADAR1 with 
TOPBP1, DHX9, and DDX21 in HeLa cells stably expressing FLAG-ADAR1 under the indicated treatments. DRB-treated or RNH1-o v ere xpressing HeLa 
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NA–RNA hybrid led to a reformation of ADAR1-nucleated
omplexes ( Figure 7 J ) , similar to the observations in Figure
 A, and stimulated ATR activity to a greater extent ( Figure
 K ) , while ADAR1 depletion decreased ATR activity regard-
ess of the presence or absence of DNA–RNA hybrid ( Figure
 K ) . ADAR1’ s A TR-stimulating activity was also detected in
he context of a reconstituted replication fork along with a
ead-on R-loop, implying that R-loop could act in cis to fa-
ilitate ADAR1 redistribution and subsequent ATR activa-
ion ( Figure 7 L ) . Taken together, we propose that, although
DAR1 is initially required for TOPBP1 loading, replication

tress-associated R-loops, derived from a non-negligible pro-
ortion of fork-proximal ones or fork-distal ones on actively-
ranscribed chromatins, concomitantly promote ADAR1 dis-
lacement from perturbed replication forks to switch TOPBP1
rom a less permissive intermediate state to a competent con-
ormation. This activates ATR and relocates more ADAR1
o R-loops for resolution by recruiting DHX9 and DDX21
 Graphical Abstract ) . 

iscussion 

TR kinase is a master regulator of the replication stress re-
ponse, and its activation requires TOPBP1 loading to RPA-
oated ssDNA ( 6 , 66 , 67 ) . Here, we found that ADAR1 in-
eracts with TOPBP1 and facilitates its binding to RAD9,
lthough the mechanisms underlying ADAR1’s control of
OPBP1 engagement at perturbed replication forks remain
nclear. Unlike most of the known interactors of TOPBP1
 52 ,68–71 ) , ADAR1 phosphorylation appears to be dispens-
ble for its binding to TOPBP1 BRCT 0–2 domains, while R-
oops arising from a road block by replication inhibition im-
airs TOPBP1-ADAR1 complex formation. In this scenario,
NA–RNA hybrid competes with TOPBP1 for ADAR1 bind-

ng by occupying the same molecular interface in ADAR1’s
BDs. The functionality of ADAR1 in ATR activation relies
n its dynamic complexing with TOPBP1, which can be ar-
ificially divided into two stages: first, ADAR1 promotes the
oading of TOPBP1 onto damaged replication forks but limits
TR activation to low levels. Later, this restriction is amelio-
ated by R-loops that coexist with blocked replication forks.
lthough we have identified critical residues for ADAR1 bind-

ng to TOPBP1 or R-loops, structural studies of ADAR1’s in-
eractions with these factors are required to provide a bet-
er understanding of its role in sustaining genome stability. It
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
ells were cultured in HU ( 2 mM ) for 4 h before collection. ( B ) GST pull-down a

ncreasing amount of DNA–RNA hybrid or blunt-ended DNA ( 25 nt ) as indicated
nteraction between ADAR1 and TOPBP1 in the presence of an increasing amo
ompetition effect was quantified. ( D ) Examination and quantitative analysis of 
U-treated HeLa cells that stably expressed the indicated RNH1 variants. PLA 

o w er: FLA G-T OPBP1 and S9.6 ) in each cell was quantified ( n > 200 ) . Scale bar
S33 and RPA2 foci formation in HU- and DRB-treated HeLa cells ( n > 210 ) . Sc
PA2 pS33 and TOPBP1 foci formation in HeLa cells stably expressing the indi
nalysis of ATR kinase activity in HeLa cells under the indicated treatments. He
DAR1 / Wt or ADAR1 / EAXXA and treated with HU ( 2 mM ) for 4 h before colle

n HeLa cells under the indicated treatments. HeLa cells stably expressing ADA
ollection ( n > 200 ) . Scale bars, 10 μm. ( I ) A schematic of immunoprecipitation
f nucleic acids as indicated. ( J ) Co-IP analysis of the composition of ADAR1-nu
DAR1-o v ere xpressing HeLa cells in the presence of the indicated nucleic acid
xtracts from ADAR1-overexpressing or -knockdown HeLa cells in the presence
inase activity with nuclear extracts from ADAR1-overexpressing HeLa cells in 
 H ) from biological triplicate experiments. ** P < 0.01; NS, not significant; two-w
ruskal–Wallis test for ( F ) and ( H ) . 
would be interesting to see whether other protein complexes
in replication stress response are affected by R-loops, and
to what extent, ADAR1 redistribution could stimulate ATR
activity. 

ADAR1p110 has been reported to edit A:C-mismatched
base pairs via its A-to-I editing activity in telomeric DNA–
RNA hybrids, the resolution of which depends on RNH2
( 41 ) . However, our DRIP-seq analysis showed that ADAR1
controls genome-wide R-loop levels, and S9.6 immunostain-
ing in cells expressing enzyme-dead ADAR1 mutant revealed
that ADAR1’s catalytic activity is dispensable for R-loop sup-
pression. This discrepancy may be the result of different R-
loop detection methods, siRNA sequences, and ADAR1 ex-
pressing constructs. An alternative yet more likely interpre-
tation is that ADAR1 utilizes different molecular machiner-
ies to control R-loop formation at a defined genomic region,
where the extent of A:C mismatches in DNA–RNA hybrid
may guide the mode of ADAR1’s actions toward R-loop clear-
ance. This hypothesis is supported by the evidence that A:C
mismatches at the editing site of both RNAs and telomeric
DNA–RNA hybrids could more efficiently accommodate sub-
strate recognition and modification of ADAR family proteins
( 41 ,72–74 ) . ADAR1 has been identified as a candidate of
DNA–RNA hybrid-binding proteins from mass spectrometry-
based screenings ( 75 ) , and RBDs were shown to be essen-
tial for its editing capacity toward telomeric DNA–RNA hy-
brids ( 41 ) . However, there is still a lack of experimental ev-
idence showing that ADAR1 can directly occupy or sense
R-loops. In our study, PLAs with different ADAR1 variants
demonstrated that ADAR1’s RBDs are responsible for its ac-
cumulation at R-loop regions, and EMSAs with recombinant
RBDs and different R-loop-mimetic nucleic acid structures
confirmed that the conserved KKXXK motifs among RBDs
are essential for R-loop binding. We further found that the
ADAR1-bound R-loop serves as a scaffolding platform for
RNA helicases DHX9 and DDX21, both of which unwind
DNA–RNA hybrids via their ATPase activity ( 16 , 22 , 23 ) . It ap-
pears that numerous RNA helicases including aquarius ( AQR )
and DDX57 may also be associated with ADAR1, but their
contributions to ADAR1-directed R-loop removal await in-
depth exploration in the future. Nevertheless, this study ad-
vances our understanding of how ADAR1 recognizes and re-
solves non-telomeric R-loops and provides a molecular basis
for R-loops triggering ADAR1 redistribution upon replication
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
ssays with recombinant RBDs and BRCT 0–2 in the presence of an 
. The competition effect was quantified. ( C ) Co-IP analysis of the 
unt of DNA–RNA hybrid or blunt-ended DNA ( 25 nt ) as indicated. The 
the distribution of ADAR1 and TOPBP1 on blocked forks or R-loops in 
signal ( upper: FLA G-AD AR1 and T OPBP1; middle: FLA G-AD AR1 and S9.6; 
s, 10 μm. ( E ) Immunostaining and conf ocal microscop y analy sis of RPA2 
ale bars, 10 μm. ( F ) Immunostaining and confocal microscopy analysis of 
cated RNH1 variants ( n > 150 ) . Scale bars, 10 μm. ( G ) Immunoblotting 
La cells stably expressing RNH1 variants were transfected with 

ction. ( H ) Immunostaining and microscopy analysis of ATR kinase activity 
R1 were treated with DRB ( 100 μM ) and HU ( 2 mM ) for 4 h before 
 and immunoblotting experiments with nuclear extracts and various types 
cleated protein complexes with nuclear extracts from 

s as shown in ( I ) . ( K ) Examination of ATR kinase activity with nuclear 
 of the indicated nucleic acids as shown in ( I ) . ( L ) Examination of ATR 

the presence of reconstituted R-loop. Data are mean ± SDs for ( B–F ) and 
ay ANO V A for ( B, C ) , Mann–Whitney test for ( D ) and ( E ) , and 
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Unlike the recently proposed function of ADAR1 in ovarian
cancer cells wherein it prevents ATR activation by suppress-
ing R-loop accumulation ( 76 ) , we could not detect an evident
decrease of ATR activity in ADAR1-knockout HSPCs in the
absence or presence of replication inhibitor stimulation. In ad-
dition to the different cell types and depletion approaches we
used, the discrepancy may arise from the fact that the regu-
latory mechanism of ATR activation in response to replica-
tion stress is different from that challenged by R-loops in un-
stressed cells. By contrast to SRSF1 and AQR that prevent R-
loop formation and ATR activation ( 26 ) , ADAR1 deficiency
leads to R-loop accumulation but weakens ATR activity upon
replication stress. This unique function of ADAR1 enables us
to separate the activity of RBD domains in promoting ATR
activation and R-loop resolution. 

Aberrant R-loops block the progression of replication ma-
chinery and elicit TRCs ( 13 ,14 ) . Reciprocally, replication
stress or deregulated origin firing could also disturb transcrip-
tion, thus stimulating DNA–RNA hybrid formation and TRCs
( 15–17 ,64 ) . Our study highlights the importance of R-loops
in stimulating ATR activity at replication inhibitor-challenged
forks and demonstrates an ADAR1-mediated feedback sig-
naling circuitry that safeguards the genome against replica-
tion stress-associated TRCs. This argument is supported by
the following evidence that ( 1 ) either transcription inhibi-
tion or RNH1 overexpression overtly reduced ATR activity,
and ( 2 ) once R-loops were degraded, ADAR1 was trapped
at replication stress sites, and ATR was not fully activated
by ADAR1-bound TOPBP1. It appears that ADAR1 is a crit-
ical intermediate that links R-loops to damaged replication
forks at TRCs in the cellular response to replication inhibi-
tion. ADAR1 likely prepares TOPBP1 in a poised state, while
R-loops behave as an agonist that transpose ADAR1 and
thereby free TOPBP1 at replication stress sites. ADAR1 trans-
position may be controlled by conformational changes of R-
loops or perturbed replication forks. This could take place at
stalled replication fork-proximal R-loops at TRCs or possi-
bly the spatially close ones emerging on the same or differ-
ent chromosomes. There are multiple recent reports that R-
loops at TRC sites can form behind a stalled replication fork
( 77 ,78 ) . It is likely that ADAR1 could be translocated from
a stalled fork to the DNA–RNA hybrids forming at lagging
strand, while an in-depth study needs to be launched to test
this possibility. Beyond the beneficial effects of R-loops on
gene expression ( 79 ) , transcription termination ( 80 ) , and DSB
repair ( 81–83 ) , our study illustrates their biological function
in directly optimizing ATR activity and thus fork stability in
replication stress response. Since numerous factors regulate
both R-loop suppression and replication fork stability ( 13 ,27–
29 , 84 , 85 ) , it is worth investigating whether and how these
factors coordinately regulate replication fidelity and R-loop
homeostasis. 

It is well-documented that ADAR1 restricts overactivation
of dsRNA-sensing pathways by A-to-I editing of dsRNAs to
avoid an autoinflammatory response ( 36 ,86 ) , and mutations
or dysfunction of ADAR1 are often associated with type I
interferon-triggered immune disorders ( 46 ) , neurological dis-
eases ( 36 ) , and anti-tumor immunity ( 42 ) . However, RNA
editing alone could not explain all of the phenotypes asso-
ciated with ADAR1 loss ( 87 ) , suggesting that additional roles
for ADAR1 must exist. Recently, A-to-I editing-independent
functions have been reported to be responsible for ADAR1-
mediated optimization of microRNA processing ( 38 ) and sup-
pression of cellular senescence ( 88 ) or stress-induced apopto- 
sis ( 39 ) , and recent studies in mice and Drosophila suggest 
that these editing-independent roles are conserved ( 89 ) . These 
data imply that binding of dsRNA or ADAR1-scaffolded pro- 
tein complexes could elicit distinctively yet essentially im- 
portant influences beyond RNA editing. Our study demon- 
strates that ADAR1’s genome-protective role is decoupled 

from its dsRNA-editing function but is highly dependent 
on its temporo-spatially regulated protein complex forma- 
tion and its transposition from blocked replication forks to 

R-loops. However, dsRNAs that are bound but not edited 

by ADAR1 may also contribute to genome surveillance, and 

this awaits further exploration. Since multiple cellular be- 
haviors including senescence, cell survival, and homeostasis 
of hematopoiesis are tightly associated with DNA damage 
response ( 90 ) , it is likely that ADAR1’s genome-protective 
activity may be involved in these processes. Given the im- 
portance of ADAR1 in controlling genome stability, small 
molecule inhibitors that abolish the binding of RBDs to R- 
loops and TOPBP1 may be a promising avenue for new 

chemotherapeutics. 
In summary, our study underscores the importance of 

ADAR1’s RBD-mediated scaffolding activity, including R- 
loop recognition and protein complex reassembly, in genome 
surveillance. We present a proof-of-concept for a beneficial 
role of R-loops in stimulating ATR activity, thereby helping 
cells resolve replication defects and suggesting the potential 
of targeting ADAR1’s DNA–RNA hybrid-binding surface for 
antitumor interventions. 
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