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Abstract 

Aberrant DNA / RNA hybrids ( R-loops ) formed during transcription and replication disturbances pose threats to genome st abilit y. DHX9 is an RNA 

helicase in v olv ed in R-loop resolution, but how DHX9 is regulated in response to genotoxic stress remains unclear. Here we report that DHX9 is 
phosphorylated at S321 and S688, with S321 phosphorylation primarily induced by ATR after DNA damage. Phosphorylation of DHX9 at S321 
promotes its interaction with γH2AX, BRCA1 and RPA, and is required for its association with R-loops under genotoxic stress. Inhibition of ATR or 
expression of the non-phosphorylatable DHX9 S321A prevents DHX9 from interacting with RPA and R-loops, leading to the accumulation of stress- 
induced R-loops. Furthermore, depletion of RPA reduces the association between DHX9 and γH2AX, and in vitro binding analysis confirms a 
direct interaction between DHX9 and RPA. Notably, cells with the non-phosphorylatable DHX9 S321A variant exhibit hypersensitivity to genotoxic 
stress, while those expressing the phosphomimetic DHX9 S321D variant prevent R-loop accumulation and display resistance to DNA damage 
agents. In summary, w e unco v er a ne w mechanism b y which ATR directly regulates DHX9 through phosphorylation to eliminate stress-induced 
R-loops. 
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Introduction 

The DNA damage response ( DDR ) is an intricate and cru-
cial system designed to safeguard the integrity of the con-
tents and organization of genetic materials by countering both
external and internal threats. Central to this defense mecha-
nism are three structurally related phosphoinositide 3-kinase
( PI3K ) -related kinases ( PIKKs ) , A TM, A TR and DNA-PKcs,
which are activated by DNA damage ( 1 ,2 ) . While ATM and
DNA-PKcs primarily respond to and repair DNA double-
stranded breaks ( DSBs ) , ATR is activated by a broad range
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of DNA lesions that induce stalled or terminated DNA syn- 
thesis, termed replication stress. Like many cellular signaling 
cascades, DNA damage signaling is conducted by a series of 
protein phosphorylation events ( 1 ) . While DNA-PKcs primar- 
ily modulates proteins involved in DNA repair through non- 
homologous end joining ( NHEJ ) ( 3 ) , A TM and A TR act as 
master regulators of cellular responses to DNA double-strand 

breaks ( DSBs ) and replication stress, respectively ( 1 ,2 ) . ATM 

and ATR phosphorylate a multitude of target proteins, coor- 
dinating various responses, including DNA damage signaling,
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ell cycle control, apoptosis and DNA repair mechanisms to
ffectively deal with DNA damage. ATM, in conjunction with
ts regulators MRE11-Rad50-NBS1 ( MRN ) , is recruited to
NA DSBs, undergoes activation and phosphorylates H2AX

t Ser 139 and Chk2 at Thr 68, thereby activating the Chk2-
egulated cell cycle checkpoint ( 1 ,4 ) . Conversely, ATR, along
ith ATRIP, is recruited to single-stranded DNA ( ssDNA )

tructures coated with replication protein A ( RPA ) and be-
omes fully activated with the assistance of co-regulators such
s TopBP1, ETAA1, Rad17 and the Rad9-Rad1-Hus1 ( 9-1-1 )
omplex. Activated ATR subsequently phosphorylates Chk1
t Ser 317 and Ser 345, resulting in the activation of Chk1-
ediated cell cycle checkpoints ( 1 ,5 ) . In addition to Chk1 and
hk2, a large number of proteins, including BRCA1, 53BP1,
DC1, RPA32, NBS1 and CtIP, localized to sites of DNA

amage, are phosphorylated by either ATM or ATR to fa-
ilitate DNA repair ( 2 , 6 , 7 ) . Previous large-scale studies have
dentified numerous proteins that undergo phosphorylation
y A TM / A TR after DNA damage ( 7–10 ) . However, the full
nderstanding of their specific functions following phospho-
ylation needs to be further explored. 

In addition to external threats that induce damage to DNA,
he occurrence of unscheduled R-loops resulting from inter-
erence during DNA replication and transcription is a major
ause of DNA damage and genome instability ( 11–15 ) . Typi-
ally, the R-loop is a nucleic acid structure of DNA / RNA hy-
rid with a displaced single-stranded DNA transiently formed
uring RNA transcription ( 11–13 , 16 , 17 ) . R -loop structures
re naturally formed in organisms from bacteria to humans
nd play significant roles in various cellular processes ( 14 ,17 ) .
n human cells, R-loops facilitate class switching when formed
ver switch regions of the immunoglobulin locus ( 18 ) , and
romote efficient transcriptional termination when formed
t the termination regions of genes ( 19 ) . Initially considered
armless within cells, accumulating evidence now suggests
hat the persistence of R-loops detrimentally affects genome
ntegrity. One substantial indication of R-loops causing DNA
amage is the depletion of RNase H1 ( RNH1 ) , an enzyme
esponsible for degrading the RNA strand in DNA / RNA hy-
rids ( 20 ,21 ) . This removal leads to the accumulation of nu-
lear foci composed of DDR proteins and subsequent rear-
angement of the genome. Moreover, when RNH1 is overex-
ressed in cells harboring mutations that promote R-loops,
t effectively represses genomic instability associated with in-
reased R-loop formation ( 22–24 ) . A recent study further con-
rms that RPA complex enhances the association between
NH1 and R-loops and stimulates RNH1 activity in vitro

 22 ) . In addition to RNH1, several RNA binding proteins and
NA processing factors, such as splicing factors and RNA he-

icases, possess functions that suppress R-loop formation ( 11 ) .
roteins involved in DNA repair and the Fanconi Anemia
athway, including BRCA1, BRCA2, F ANCD2 and F ANCM,
re also required for resolving R-loops ( 25–30 ) . Earlier in-
estigations have highlighted the role of Senataxin ( SETX ) ,
 nuclear protein that resolves R-loops to facilitate transcrip-
ion termination and during the conflict of DNA replication
nd transcription in yeast and mammalian cells ( 19 , 31 , 32 ) .
ecent data show that targeting SETX to R-loop requires
RCA1 ( 27 ) . Additionally, Aquarius ( AQR ) , an RNA heli-
ase, has been implicated in R-loop resolution through the un-
inding of DNA / RNA hybrids ( 33 ) . Notably, emerging evi-
ence demonstrates that a specific group of RNA helicases,
uch as DDX17, DDX19 and DDX21 with DEAD-box mo-
tifs, or DHX9 with a DExH-box motif, actively participate in
unwinding DNA / RNA hybrids and effectively suppress the
accumulation of R-loops at specific genomic locations ( 34–
37 ) . However, not all R-loop suppressors are well-studied for
their regulatory mechanisms. 

DHX9, also known as nuclear DNA helicase II ( DNH
II ) and RNA helicase A ( RHA ) , is an evolutionarily con-
served DExH-box RNA helicase ( 38 ) . Like many other R-loop
suppressors that accompany the transcription complex dur-
ing transcription, DHX9 interacts with RNA polymerase II
and contributes to the co-transcriptional processing of pre-
mRNAs ( 39 ,40 ) . Biochemical studies have confirmed that
DHX9 possesses helicase activity and binds to single-stranded
DNA and RNA, similar to BLM and WRN, to resolve ab-
normal secondary structures of nucleic acids that arise during
DNA replication and transcription ( 41 ,42 ) . These structures
include DNA / RNA hybrids, D-loops, as well as RNA and
DNA guanine quadruplexes ( G4-DNA / RNA ) , all of which
are potential sources of genomic instability. Recent investiga-
tions have shed light on the crucial role of DHX9 in RNA pro-
cessing and genome stability. DHX9 also interacts with DDR
proteins such as BRCA1, γH2AX and NHEJ factors, includ-
ing DNA-PKcs and Ku70 ( 43 ,44 ) , implying its involvement
in DNA repair processes. The study of the DNA / RNA hy-
brid interactome has demonstrated that DHX9 interacts with
PARP1, which is critical in repairing single-stranded breaks
and base excision repair. Depletion of DHX9 leads to the ac-
cumulation of R-loops in response to camptothecin ( CPT ) , an
inhibitor of Topoisomerase I. Both DHX9 and PARP1 are nec-
essary to prevent R-loop-associated DNA damage ( 35 ) . Fur-
thermore, recent research indicates that loss of DHX9 impairs
the ATR-Chk1 signaling, and DHX9 is implicated in the ho-
mologous recombination ( HR ) repair of DNA DSBs by re-
cruiting BRCA1 to DSBs and promoting resection ( 43 ) . Nev-
ertheless, whether DHX9 is bound to DSBs in cells and how
DHX9 is specifically regulated in response to genotoxic stress
to resolve R-loops is not understood. 

Here, we uncover that ATR phosphorylates DHX9 to pro-
mote R-loops resolution during genotoxic stress. DHX9 is
phosphorylated at Ser 321 and Ser 688, with Ser 321 phos-
phorylation being induced by ATR in response to DNA dam-
age. DHX9 phosphorylation at S321 promotes its interaction
with γH2AX, BRCA1 and RPA32 and its association with R-
loops in response to DNA damage. More importantly, when
DHX9 phosphorylation at S321 is compromised, cells display
increased R-loops and are hypersensitive to genotoxic drugs.
Conversely, a phosphomimetic mutant prevents the accumu-
lation of unscheduled R-loops and restores viability. These re-
sults establish a connection between ATR, RPA and DHX9
in responding to DNA damage-induced R-loops, highlighting
that ATR directly regulates RNA helicase DHX9 to prevent
genome instability. 

Materials and methods 

Cell culture and inhibitors 

HeLa and U2OS cells were obtained from the ATCC and
cultured in Dulbecco’s modified Eagle’s medium ( DMEM,
ThermoFisher ) supplemented with l -glutamine and 10% fetal
bovine serum ( FBS, ThermoFisher ) and maintained at 37 

◦C
with 5% CO 2 . All cells were routinely monitored for my-
coplasma contamination using MycoAlert PLUS Mycoplasma
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detection assay ( LT07-710, Lonza ) . The following inhibitors
were used where indicated. KU55933, NU7441, VE822, CPT,
olaparib, doxorubicin, cisplatin and gemcitabine ( purchased
from Selleckchem ) . AZD6738 ( MedChemExpress ) ; and caf-
feine and hydroxyurea ( HU ) ( Sigma-Aldrich ) were kindly pro-
vided by Dr Jing-Jer Lin. 

Plasmids and inducible cell lines 

To clone the full-length cDNA of DHX9 into an ENTRY
vector for Gateway cloning, human DHX9 cDNA was
amplified using Nested PCR. Nested PCR involved two
sequential PCR reactions using different sets of primers.
The amplified full-length DHX9 cDNA was cloned into the
pENTRY-DHX9 vector using the pENTR / D-TOPO cloning
kit ( 45-0218, ThermoFisher ) . To generate a siDHX9-1
resistant construct, silent mutations were introduced into
the pENTRY-DHX9 vector without altering the protein
sequences. The siDHX9-1 resistant vector, designated as
pENTRY-DHX9-siR, was subsequently used for site-directed
mutagenesis to substitute S321 and S688 on DHX9 with
alanines or aspartic acid using PCR and a KLD enzyme
mix ( M0554, NEB ) following the manufacturer’s protocol.
The primers used are listed below: DHX9 Nested PCR
primers, forward ( 5 

′ -GA GTCA CA CA CGGTCCTAA G-
3 

′ ) and reverse ( 5 

′ -AA CAAA CAAA CTA CA CGGCA-
3 

′ ) . DHX9 entry clone primers, forward ( 5 

′ -
C ACC A TGGGTGACGTT AAAAA TTTTCTG-3 

′ ) and
reverse ( 5 

′ -TT AA T A GCCGCCA CCTCCTCTTC-
3 

′ ) . DHX9 siRNA resistant primers, forward ( 5 

′ -
GTCGTAA CTCA GCCCA GAA GAATC-3 

′ ) and reverse ( 5 

′ -
AA T A TT A CA CTCTGCTGCTCGG-3 

′ ) . S321A primers, for-
ward ( 5 

′ -GTTCGAA CCA GCTCA GCGA CA-3 

′ ) and reverse
( 5 

′ -TGAGCC AATTTGCC AATGTTG-3 

′ ) . S321D primers,
forward ( 5 

′ -GTTCGAA CCA GATCA GCGA CAAAA C-3 

′ )
and reverse ( 5 

′ -TGAGCC AATTTGCC AATG-3 

′ ) . S688A
primers, forward ( 5 

′ -ACCCCTGC ATGCTC AGATTCC-3 

′ )
and reverse ( 5 

′ -AGAA TCTGA T ACCGA TGGC-3 

′ ) . 
To construct different SFB-fused DHX9 variants, the in-

dividual pENTRY-DHX9 clone was subjected to the LR
reaction with the destination vector containing the SFB
tag using Gateway LR Clonase II enzyme mix ( 11791020,
ThermoFisher ) . To generate TetOn-regulated SFB-DHX9,
desired SFB-DHX9 fragments were obtained by PCR us-
ing primers ( forward 5 

′ -A TCCGCT AGCGCT ACCGGA-3 

′

and reverse 5 

′ -T AACCGGTTT AA T AGCCGCCACCTCCTC-
3 

′ ) . The PCR product of SFB-DHX9 fusions contained a NheI
site at the N-terminus and an AgeI site at the C-terminus. The
NheI and AgeI-digested PCR fragment was then ligated into
the pTetOn3G vector ( from Dr. Hsueh-Ping Catherine Chu ) .
To establish inducible cell lines, HeLa cells were transfected
with linearized pTetOn3G-SFB-DHX9 vectors or the corre-
sponding empty vector followed by hygromycin ( 250 μg / ml,
ThermoFisher ) selection for up to 12 days. Each candidate
clone was verified by Western blotting. 

Small interfering RNAs ( siRNAs ) and transfection 

For silencing DHX9, RPA32 and ATR, pre-designed Si-
lencer Select siRNA targeting DHX9 ( DHX9-1, s4019 and
DHX9-2, s4020 ) , RPA32 ( s12132 ) and ATR ( s536 ) and
negative control #1 siRNA ( 4390843 ) were purchased from
ThermoFisher. Typically, 3 nM of siRNA was used for
transfection in HeLa and U2OS cells using Lipofectamine
RNAiMax ( 13778150, ThermoFisher ) according to the 
manufacturer’s protocol. Unless otherwise specified, cells 
were subjected to various downstream experiments after 64 

h. For transient expression of different SFB-DHX9 fusions 
in cells, Lipofectamine 2000 ( 11668019, ThermoFisher ) 
was particularly used for complementary experiments,
while polyethyleneimine ( PEI ) ( Sigma-Aldrich ) was used 

for the rest experiments. The sequences of siRNAs are as 
follows: siDHX9-1 ( GA GUGUAA CA UCGUA GUAAdTdT ) ,
siDHX9-2 ( CCCUGUC ACUUGUC AGAC AdTdT ) , ATR 

( UUGUA GAAA UGGA UA CUGAdTdT ) and RPA32 

( GC ACCUUCUC AAGCCGAAAdTdT ) . 

Antibodies 

The antibodies were used where indicated. pChk1 

S317 ( #12302 ) , pChk1 S345 ( #2348 ) , pChk2 ( #2661 ) , Chk2 

( #3440 ) , [pS / pT] QG ( #6966 ) and γH2AX ( #9718 ) were 
obtained from Cell Signaling Technology; ATR ( A300-138A ) ,
ATM ( A300-299A ) , Rad17 pS645 ( A300-153A ) , RPA32 

( A300-244A ) , pRP A32 S33 ( A300-246A ) and pRP A32 S4 / 8 

( A300-245A ) antibodies were from Bethyl Lab; BRCA1 

( sc-6954 ) , DHX9 ( sc-137232 ) , FLAG ( sc-166355 ) , Chk1 

( sc-8408 ) , PARP1 ( sc-8007 ) , PRP19 ( sc-514338 ) , PCNA 

( sc-56 ) and GAPDH ( sc-47724 ) antibodies from Santa 
Cruz; DHX9 ( ab26271 ) were purchased from abcam; 
FLAG ( F7425 ) , γH2AX ( 05–636 ) , α-Tubulin ( T6074 ) and 

S9.6 ( MABE1095 ) were purchased from Merck; RPA32 

( MA1-26418 ) , goat anti-mouse-HRP ( G21040 ) , goat anti- 
rabbit-HRP ( G21234 ) , goat anti-mouse Alexa Fluor-594 

( A-11005 ) and goat anti-rabbit Alexa Fluor-488 ( A-11034 ) 
were from ThermoFisher; pA TR ( GTX128145 ) , pA TM 

( GTX132146 ) , RPA70 ( GTX108749 ) were obtained from 

GeneTex; HRP conjugated anti-mouse ( 115-035-174 ) and 

anti-rabbit ( 211-032-171 ) , light chain specific antibodies were 
obtained from Jackson ImmunoResearch; affinity-purified 

DHX9 pS321 and pS688 were customized by GeneTex. 

Immunoprecipitation ( IP ) , mass spectrometry and 

Western blotting 

To identify the phosphorylation sites on DHX9, HeLa cells 
treated with UV or left untreated were directly lysed on cul- 
ture dishes in 1 × sample buffer containing 1 × protease and 

phosphatase inhibitor cocktails ( 78440, ThermoFisher ) . The 
lysates were briefly sonicated, followed by denaturing the 
lysates at 95 

◦C for 10 min. Debris was removed by centrifuga- 
tion at 16000 × g for 10 minutes. The resulting supernatants 
were diluted 10-fold in NETN buffer ( 20 mM Tris–HCl pH 

8.0, 0.5 mM EDTA, 150 mM NaCl, 0.5% Igepal, 10% glyc- 
erol, 5 mM NaF ) and mixed with either mouse IgG ( sc-2025,
Santa Cruz ) or anti-DHX9 ( sc-137232, Santa Cruz ) at 4 

◦C for 
overnight to IP endogenous DHX9. The next day 30 μl of pro- 
tein G-conjugated magnetic beads ( 10004D, ThermoFisher ) 
were added to the overnight mixture and incubated for 1 h.
Following IP, the beads were washed three times with NETN 

buffer, and the captured proteins were lysed in 2 × SDS sam- 
ple buffer ( 100 mM Tris–HCl, 2% SDS, 200 mM DTT, 0.04% 

Bromophenol blue and 20% glycerol ) for subsequent assess- 
ment by Western blot and mass spectrometry. 

For the mass spectrometry analysis, the affinity-purified 

DHX9 was separated by SDS-PAGE and subjected to in- 
gel digestion by trypsin. The resulting peptides were purified 

and analyzed by LC–MS / MS. Mass spectrometry data were 
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cquired at the Common Mass Spectrometry Facilities for
roteomics and Protein Modification Analysis, Institute of Bi-
logical Chemistry, Academia Sinica, Taiwan. To determine
he phosphorylation of SFB-DHX9 ( WT, S321A and AA ) by
nti-pS / TQ antibody, HeLa cells were transfected with SFB-
HX9 plasmids by PEI. Two days later, cell lysis and IP were
erformed the same as described above, except for the primary
ntibody / beads replaced with the anti-DYKDDDDK ( anti-
LAG ) magnetic agarose beads ( A36798, ThermoFisher ) . Fol-

owing IP, the beads were washed three times with NETN
uffer, and the captured proteins were lysed in 2 × SDS sample
uffer for subsequent assessment by Western blot. 
To determine the interaction between endogenous DHX9,

FB-DHX9 and RPA proteins in cells after DNA damage, nu-
lear fractions from cells were collected using cellular frac-
ionations as previously described ( 45 ) . In brief, the nu-
lear fractions were resuspended in NETN buffer supple-
ented with 1 × protease and phosphatase inhibitor cock-

ails ( ThermoFisher ) , sonicated and incubated with or with-
ut Universal Nuclease ( 88700, ThermoFisher ) for 30 min at
oom temperature, followed by centrifugation at 4 

◦C, 16000
g for 10 min. The resulting supernatants were divided into

wo parts, with one for the IP of SFB-DHX9 proteins using
nti-FLAG magnetic agarose beads and the other for the IP
f endogenous RPA32 using anti-RPA32 antibody and pro-
ein G-conjugated magnetic beads. After overnight incuba-
ion at 4 

◦C, the beads were washed three times with NETN
uffer, and the captured proteins were eluted in 2 × SDS sam-
le buffer following the final wash. 
For western blotting, cell lysates in 2 × sample buffer were

ubjected to electrophoresis by SDS-PAGE and transferred
nto PVDF membranes ( Immobilon-P, Millipore ) . Mem-
ranes were blocked in TBS-T ( 1 × TBS, 0.1% Tween-20 )
ontaining 5% skim milk for 30 min, followed by incuba-
ion with primary antibodies for 2 h at room temperature
r overnight at 4 

◦C. After the incubation, membranes were
ashed three times with TBS-T, incubated with secondary an-

ibodies at room temperature for 1 h and washed three more
imes in TBS-T. The signals were visualized using chemilu-
inescence reagents from ThermoFisher ( #34580 ) and Bio-
ad ( #170562 ) and detected by the ChemiDoc imaging sys-

em ( Bio-Rad ) . 

n vitro DHX9 and RPA binding assay 

o explore a direct interaction between DHX9 and the RPA
omplex, an in vitro binding assay was performed. HeLa cells
ransfected with SFB-DHX9 for 30 h were treated with CPT
 1 μM, 1 h ) , HU ( 4 mM, 2 h ) , or left untreated. Cells were
ysed in NETN buffer supplemented with 1 × protease and
hosphatase inhibitors. After brief sonication, lysates were in-
ubated with Universal Nuclease ( 40 U per sample ) at room
emperature for 15 min before centrifugation at 16000 × g for
0 min at 4 

◦C. The resulting supernatants were used for IP of
FB-DHX9 proteins with anti-FLAG magnetic agarose beads.
fter IP, beads were washed sequentially with NETN buffers
ontaining increasing salt concentrations ( 150, 300, 500 and
50 mM ) , and then in decreasing order. The beads were
hen resuspended in 100 μl NETN buffer and subjected to
DS-PAGE / silver staining ( 24612, ThermoFisher ) and West-
rn blotting to confirm the purification of SFB-DHX9 and en-
ure no residual RPA and other DHX9 interacting proteins
efore the in vitro RPA binding assay. 
To assess the direct interaction between DHX9 and RPA,
10 μl and 30 μl of bead-bound SFB-DHX9 ( approximately
80 and 240 ng of SFB-DHX9, respectively ) were incubated
with 100 ng of the bacterially purified recombinant RPA com-
plex ( RPA70-32-14 ) ( 46 ) at 4 

◦C for 1 h. After incubation, the
beads were washed in regular NETN buffer. The samples were
assessed by Western blot with indicated antibodies. 

Immunofluorescence staining of PCNA and DHX9 

pS321 

HeLa cells on coverslips treated with DMSO or CPT were
permeabilized with 0.5% Triton X-100 in PBS for 3 min on
ice, washed with PBS, fixed in 100% ice-cold methanol at –
20 

◦C for 15 min, followed by PBS wash. Cells were incubated
with a blocking solution ( 3% BSA and 0.05% Tween20 in
PBS ) at room temperature for 30 min. The fixed cells were
then incubated with anti-PCNA and anti-DHX9 pS321 an-
tibodies diluted in blocking solution at room temperature.
Following incubation, coverslips were washed 3 × 5 min
with PBST ( 0.05% Tween20 in PBS ) and incubated with anti-
mouse Alexa Fluor-594 and anti-rabbit Alexa Fluor-488 sec-
ondary antibodies at room temperature in the dark for 1
h. Nuclei were counterstained with DAPI ( D9542, Sigma-
Aldrich ) for 10 min, and coverslips were mounted using Pro-
Long Gold Antifade Mountant ( P36930, ThermoFisher ) , im-
aged with Olympus IX83 inverted microscopy. 

P roximity lig ation assay ( PLA ) 

In situ PLA was performed using the Duolink PLA kit
( Merck ) . Cells grown on round cover glasses ( �15 mm )
were pre-extracted with PBS containing 0.5% Triton X-
100 on ice for 5 min, followed by the fixation in 4%
paraformaldehyde / PBS for 15 min at room temperature plus
an additional 2 min in PBS-0.5% Triton X-100. The cov-
erslips were incubated in a blocking solution ( DUO82007 )
for 1 h at 37 

◦C. After blocking, primary antibodies were
applied to samples for overnight incubation at 4 

◦C. The
next day, samples were washed twice and incubated with
Duolink PLA probes ( anti-rabbit minus ( DUO92005 ) and
anti-mouse plus ( DUO92001 ) ) for 1 h at 37 

◦C. Subsequent
ligation and amplification were carried out using the Detec-
tion Reagents Red ( DUO92008 ) following the manufacturer’s
instructions. Nuclei were stained with DAPI, and images were
collected using the EVOS M7000 microscope ( ThermoFisher ) .
The antibodies used in PLA are listed as follows: DHX9
( ab26271, abcam ) , FLAG ( F7425, Merck ) , S9.6 ( MABE1095,
Merck ) , RPA32 ( MA1-26418, ThermoFisher ) , γH2AX ( 05–
636, Merck ) , BRCA1 ( sc6954, Santa Cruz ) . 

DNA / RNA hybrids immunoprecipitation 

( DRIP ) -qPCR 

To determine whether DHX9 phosphorylation is involved in
the suppression of R-loops under genotoxic stress, DRIP was
performed with some modifications to the protocol as previ-
ously described ( 47 ) . HeLa cells transfected with control and
DHX9 siRNAs for 24 h were introduced with SFB-DHX9
variants ( WT, S321A and S321D ) using lipofectamine 2000.
Two days later, cells were treated with DMSO or CPT ( 10
μM ) for 1 h, harvested by trypsinization, washed with ice-
cold 1 × PBS and centrifuged at 300 × g for 4 min. The result-
ing cell pellets were resuspended in lysis buffer ( 5 mM PIPES
pH 7.4, 80 mM KCl and 0.5% Igepal ) at 4 

◦C for 30 min and
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centrifuged at 1000 × g at 4 

◦C for 10 min to obtain the nuclei
pellets. The nuclei pellets were then resuspended in the nuclear
lysis buffer ( 25 mM Tris–HCl pH 8.0, 5 mM EDTA and 1%
SDS ) , incubated on ice for 30 min, followed by proteinase K
( 60 μg ) digestion at 55 

◦C for 3 h. Nucleic acids were extracted
using phenol / chloroform / isoamyl alcohol ( 25:24:1 ) , applied
to tubes containing phase-lock gel, and centrifuged at 1500
× g for 10 min. The aqueous phase obtained was mixed with
1 / 10 volume of 3M sodium acetate ( pH 5.2 ) and 2 volumes
of ice-cold 100% ethanol for DNA precipitation. 

The purified DNA pellets were resuspended in elution
buffer and sonicated using an ultrasonicator ( Covaris ) to
generate DNA fragments ranging from 200 to 500 bp. Frag-
ment size was confirmed by agarose gel electrophoresis. To IP
DNA / RNA hybrids, 5 μg of sheared nucleic acid was diluted
in 1 × DRIP binding buffer ( 10 mM sodium phosphate, pH
7.0, 0.14 M NaCl and 0.05% Triton X-100 ) and treated
with or without RNH ( M0297, NEB ) at 37 

◦C overnight
before IP using 2 μg of S9.6 antibody. The mixture was
incubated overnight at 4 

◦C and then bound to protein G dyn-
abeads ( ThermoFisher ) for 2 h. Dynabeads were subsequently
washed and incubated with 140 μg of proteinase K in elution
buffer ( 50 mM Tris, pH 8.0, 10 mM EDTA, 0.5% SDS ) at
55 

◦C for 45 min to separate captured DNA / RNA hybrids.
The eluates were extracted with phenol / chloroform / isoamyl
alcohol and DNA was harvested using an ethanol precipi-
tation protocol. To assess the enrichment of R-loops across
the β- actin and γ - actin genes, the purified DNA was uti-
lized for RT-qPCR using specific primer sets as follows:
β- actin gene in1 ( forward 5 

′ -CGGGGTCTTTGTCTGAGC-
3 

′ and reverse 5 

′ -CA GTTA GCGCCCAAA GGA C-3 

′ ) , in3
( forward 5 

′ -TAA CA CTGGCTCGTGTGA CAA-3 

′ and
reverse 5 

′ -AA GTGCAAA GAA CA CGGCTAA-3 

′ ) , in5
( forward 5 

′ -GGA GCTGTCA CATCCA GGGTC-3 

′ and re-
verse 5 

′ -TGCTGATCC AC ATCTGCTGG-3 

′ ) , and 5 

′ pause
( forward 5 

′ -TTA CCCA GA GTGCA GGTGTG-3 

′ and re-
verse 5 

′ -CCCCAA T AA GCA GGAA CA GA-3 

′ ) . γ - actin
gene in1 ( forward 5 

′ -CCGC AGTGC AGACTTCCGAG-
3 

′ and reverse 5 

′ -CGGGCGCGTCTGTAA CA CGG-3 

′ ) ,
A ( forward 5 

′ -TTCGTGGGCTGGTGAGAAAA-3 

′ and
reverse 5 

′ -CTCC AAC ACCC AAACCC ACT-3 

′ ) , and B
( forward 5 

′ -GGGTCAAGGGATCGTTCTG-3 

′ and reverse
5 

′ -GCCTGGA GCTCA GTAA GC-3 

′ ) . RT-qPCR analysis was
conducted with a Bio-Rad CFX Connect instrument and
SYBR-Green reagents ( BP170-8882, Bio-Rad ) . Each assay
was performed in triplicate, and 10% of the sheared nucleic
acid was used as input. The DRIP signal at a specific gene
region was calculated as a percentage of the input and nor-
malized to the in1 sample of the corresponding undamaged
sample. 

Slot blot assay 

To determine whether loss of DHX9 and expressing phospho-
deficient DHX9 in DHX9-depleting cells lead to the accu-
mulation of R-loops in cells under genotoxic stress. The slot
blot assay was performed with some modifications to a pre-
viously described protocol ( 33 ) . In brief, cells treated with
CPT or left untreated were harvested for the preparation of
genomic DNA, which was prepared following the DRIP pro-
tocol, with the exception of IP by the S9.6 antibody. Purified
nucleic acids ( 400 ng ) , treated with or without 5 U RNase H
( M0297L, NEB ) , were applied to a Hybond-N+ hybridization
membrane ( Cytiva ) using a Bio-Dot SF apparatus ( 1706542,
Bio-Rad ) . The membranes were UV cross-linked at 0.12 J / m 

2 

( UVP CL-1000 ) and subsequently blocked in TBS-T contain- 
ing 5% skim milk at room temperature for 1 h. For the de- 
tection of dsDNA, the membrane was stained with methy- 
lene blue ( 50484, Sigma-Aldrich ) at room temperature for 10 

min. To detect DNA / RNA hybrids, the membranes were in- 
cubated with the S9.6 antibody overnight at 4 

◦C, followed by 
three washes with TBS-T. Then, a goat anti-mouse-HRP sec- 
ondary antibody was applied and incubated for 1 h, followed 

by three additional washes in TBS-T. Finally, the chemilumi- 
nescence signal was visualized using the ChemiDoc imaging 
system ( Bio-Rad ) . 

Annexin V-APC analysis by flow cytometry 

To monitor cell apoptosis, HeLa inducible clones were trans- 
fected with control or DHX9 siRNA for 24 h before induc- 
ing SFB-DHX9 proteins by doxycycline ( 200 ng / ml ) . After 
that, cells were treated with DMSO or 1 μM cisplatin for 
24 h. Floating and attached cells were combined for the An- 
nexin V-APC analysis ( Biolegend ) according to the manufac- 
turer’s instructions. Data acquisition was performed using an 

LSRFortessa Flow cytometer ( BD Bioscience ) . Data analysis 
and plotting were performed using Kaluza software ( Beckman 

Coulter ) . 

ATP-based cell viability assay 

HeLa inducible cell lines transfected with control and DHX9 

siRNA for 48 h were seeded in 96-well plates ( 4000 cells per 
well ) containing vehicle or doxycycline ( 200 ng / ml ) to induce 
SFB-DHX9 proteins. The next day cells were treated with 

DMSO, CPT or HU for 24 h, and the cell viability was deter- 
mined using the Cell Titer-Glo 2.0 luminescent viability assay 
( Promega ) following the manufacturer’s protocol. The values 
were acquired using an ELISA reader ( BioTek ) and normal- 
ized to DMSO samples in each condition. Data are presented 

in mean ± SD. 

Statistical analyses 

For ATP-based cell viability, cell number counting, Annexin 

V staining and DRIP assay, data were analyzed with the two- 
sided, unpaired Student’s t -test. For PLA foci, data were ana- 
lyzed by the two-sided, unpaired Mann–Whitney U test. Sta- 
tistical analyses and data presentations were using Graph- 
Pad Prism 9. A P value < 0.05 was considered statistically 
significant. 

Results 

DHX9 is phosphorylated at S321 and S688, with 

S321 phosphorylation induced by DNA damage 

DHX9 is an RNA helicase implicated in the suppression of 
R-loops due to the interference between replication and tran- 
scription caused by CPT ( 35 ) . However, the precise mecha- 
nisms of how DHX9 is targeted to R-loops at DNA dam- 
age sites remain unclear. We employed proximity ligation as- 
say ( PLA ) to visualize the interactions between endogenous 
DHX9 and DDR proteins in cells. In Figure 1 A and Supple- 
mentary Figure S1A, we observed fluorescent PLA foci pri- 
marily in the nucleus of HeLa cells treated with CPT, rep- 
resenting the close association of DHX9 with γH2AX and 
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Figure 1. DHX9 is phosphorylated at S321 and S688, with S321 phosphorylation induced by DNA damage. ( A, B ) The association between 
DHX9 / γH2AX ( A ) and DHX9 / RPA32 ( B ) in HeLa cells. Cells transfected with control or DHX9 siRNA were treated with DMSO or CPT ( 1 μM, 1 h ) , 
analyz ed b y PLA with indicated antibodies. R epresentativ e images w ere sho wn, and the numbers of PLA f oci w ere obtained from at least 150 nuclei in 
each condition. Data are presented in scatter plots with the black line indicating the median, and statistical significance was assessed by the 
Mann–Whitney test ( two-sided ) . *** P < 0.001. ( C ) A primary str uct ure of DHX9 and sequence alignment of conserved S321 and S688 across human, 
bovine, mouse and Xenopus. ( D ) HeLa cells transiently expressed SFB-DHX9 variants ( WT, S321A and AA ) were subjected to treatment with or without 
HU ( 2 mM ) for 1 h. SFB-DHX9 ( WT, S321A and AA ) w ere immunoprecipitated b y an anti-FLAG antibody under a denaturing condition. L e v els of DHX9 
phosphorylation at S / TQ sites and protein expression were determined by Western blot with indicated antibodies. ( E, F ) Time course of DHX9 
phosphorylation at S321 was determined by a phospho-specific antibody to this site. HeLa cells irradiated by UV ( 20 J / m 

2 ) ( E ) or treated with CPT ( 10 
μM ) ( F ) were collected at a series of time points, and phosphorylation of DHX9 pS321 and Chk1 pS317 after DNA damage was accessed by Western 
blot with indicated antibodies. ( G ) HeLa cells treated with CPT ( 1 μM ) or left untreated were analyzed by Western blot with indicated antibodies. ( H ) 
Validation of the specificity of anti-DHX9 pS321 antibody. HeLa cells de v oid of DHX9 b y siRNA w ere transfected with siDHX9-1 insensitive SFB-DHX9 WT 

or SFB-DHX9 S321A . Cells were treated with or without CPT ( 1 μM, 1 h ) , and the phosphorylation of S321 was determined by Western blot with indicated 
antibodies. ( I ) Phosphorylation at S688 was determined by a phospho-specific antibody to this site. HeLa cells transfected with SFB-DHX9 WT , 
SFB-DHX9 S688A or the corresponding empty vector were analyzed by Western blot with indicated antibodies. 
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BRCA1. To verify the specificity of PLA signals, we depleted
endogenous DHX9 using DHX9-1 siRNA that has been used
in various studies ( 35 ,48 ) . These results confirm the speci-
ficity of PLA signals and provide the first evidence of inter-
actions between DHX9 and γH2AX, as well as DHX9 and
BRCA1, in cells. Furthermore, our findings validate the in-
teractions of DHX9 with these tested proteins, as previously
demonstrated by affinity-purification analysis in other stud-
ies ( 43 ,44 ) . During the DDR, the RPA complex is a crucial
sensor of ssDNA, coordinating the ATR-Chk1 pathway and
DNA repair. In a previous study by Zou’s group, RPA-ssDNA
was used as a bait to identify candidates involved in the DDR
( 49 ) . DHX9 was identified as one of the interacting candi-
dates with RPA-ssDNA. We next asked if DHX9 localizes with
RPA. The PLA analysis revealed that endogenous DHX9 was
closely associated with RPA32 at a basal level, and such inter-
action was profoundly increased following CPT treatment in
HeLa cells ( Figure 1 B ) . Moreover, Supplementary Figure S1B
and S1C demonstrated reproducible associations of DHX9
with γH2AX and RPA32, respectively, in a different cancer
cell line, U2OS cells. Concerning that PLA signals after CPT
treatment were consistently increased in all combination of
antibodies, we further performed a PLA analysis with single
DHX9 antibody in HeLa cells treated with DMSO or CPT,
and examined levels of BRCA1, DHX9 and RPA proteins after
genotoxic stresses using Western blot ( Supplementary Figure
S1D, E ) . The results confirmed that single DHX9 antibody did
not yield positive PLA signals, and CPT used in PLA analyses
as well as other genotoxic stress conditions used in this study
did not increase levels of tested proteins. The above findings
confirm the specificity of PLA signals and suggest that the in-
teraction between DHX9 and RPA after DNA damage might
regulate DHX9’s function at DNA damage sites. 

To further investigate the role of DHX9 in response to
DNA damage, we examined whether DHX9 is a target of
A TM / A TR signaling. Endogenous DHX9 immunoprecipi-
tated from ultraviolet ( UV ) -irradiated or untreated HeLa cells
were analyzed by mass spectrometry to identify phosphory-
lation sites ( Supplementary Figure S1F ) . The analysis identi-
fied that DHX9 was phosphorylated at Ser 321 upon UV ir-
radiation ( Supplementary Figure S1G and Supplementary Ta-
ble S1 ) . Additionally, we looked at PhosphoSitePlus ( https:
// www.phosphosite.org/ ), a comprehensive database of pro-
tein phosphorylation information. Among the thirteen docu-
mented phosphorylation sites of DHX9, we focused on those
located within a consensus S / TQ motif, which is preferentially
phosphorylated by A TM / A TR. S321 and S688 were the only
two S / TQ sites uncovered by at least five high-throughput pa-
pers (Supplementary Figure S1H). Furthermore, the alignment
of DHX9 across different species revealed that Ser 321 and
Ser 688 are highly conserved in many vertebrate species (Fig-
ure 1 C), suggesting their functional importance. Despite be-
ing documented in several large-scale studies ( 7 ,8 ), the func-
tions of phosphorylated S321 and S688 remain uncharacter-
ized. This knowledge gap prompted us to ask whether these
sites are indeed phosphorylated by PIKKs in cells after DNA
damage. To address this question, immunoprecipitated SFB
(S6-FLAG-Streptavidin binding peptide)-tagged DHX9 from
hydroxyurea (HU)-treated HeLa cell lysates were analyzed by
Western blot using an anti-pS / TQ antibody. In Figure 1 D, we
observed a background signal of wild-type DHX9 (DHX9 

WT )
detected by the pS / TQ antibody. However, the pS / TQ signal
of DHX9 

WT was significantly increased after HU treatment.
Ablation of S321 phosphorylation by substituting an alanine 
(DHX9 

S321A ) showed a moderate reduction in the pS / TQ sig- 
nal, while simultaneous substitution of both S321 and S688 

with alanines (DHX9 

AA ) further decreased the pS / TQ signal 
to background levels. These results confirm the phosphoryla- 
tion of DHX9 at S321 and S688. 

To directly characterize DHX9 phosphorylation at S321 

and S688, we generated antibodies specifically targeting phos- 
phorylated S321 and S688. Like Chk1 phosphorylation at 
S317, DHX9 phosphorylation at S321 was quickly detected 

20 min after UV treatment, persisting for up to 120 min (Fig- 
ure 1 E). Similarly, upon treatment with 10 μM CPT, S321 

phosphorylation was detected as early as 10 min and reached 

its maximum level at 60 min (Figure 1 F). Remarkably, not 
only UV and CPT but also genotoxic drugs such as gem- 
citabine, olaparib, doxorubicin and cisplatin, which induce 
DNA damage by diverse mechanisms, triggered S321 phos- 
phorylation (Supplementary Figure S1I). In contrast to S321 

phosphorylation, an intriguing observation emerged when we 
exposed cells to the same aforementioned genotoxic drugs. A 

robust S688 phosphorylation was detected in undamaged cells 
and remained unaffected, implying that S688 phosphorylation 

was not induced by DNA damage (Figure 1 G and Supplemen- 
tary Figure S1I). 

To verify the specificity of phospho-antibodies, we ex- 
pressed SFB-DHX9 

WT and SFB-DHX9 

S321A in cells with en- 
dogenous DHX9 depletion using DHX9 siRNA. The SFB- 
DHX9 constructs contained three silent mutations in DHX9,
which did not alter the protein sequences and rendered them 

insensitive to siDHX9-1 siRNA. In cells treated with CPT,
the anti-pS321 antibody specifically recognized DHX9 

WT but 
not DHX9 

S321A confirming its specificity (Figure 1 H). Sim- 
ilarly, the anti-pS688 antibody detected DHX9 

WT but not 
DHX9 

S688A when SFB-DHX9 variants were expressed in cells.
(Figure 1 I). Taken together, our results provide compelling ev- 
idence that DHX9 undergoes phosphorylation at both S321 

and S688. Importantly, only S321 phosphorylation is trig- 
gered by DNA damage, while S688 phosphorylation appears 
to be constant and unrelated to DNA damage. 

ATR phosphorylates DHX9 at S321 in response to 

genotoxic stress 

A TM, A TR and DNA-PKcs are kinases that conduct the DDR 

by phosphorylating numerous target proteins. We next aimed 

to identify the specific kinases involved in DHX9 phospho- 
rylation following DNA damage. To do this, we treated cells 
with inhibitors that selectively target certain kinases, followed 

by treatment with either CPT or HU (Figure 2 A). We used 

phosphorylation of Chk1 at S317, Chk2 at T68 and RPA32 

at S4 / 8 as indicators of activated A TR, A TM and DNA-PKcs,
respectively. Pre-treatment with caffeine, a pan-inhibitor of all 
three kinases, largely abolished CPT-induced phosphorylation 

of Chk1 pS317 and RPA32 pS4 / 8, indicating the effectiveness 
of caffeine in inhibiting DDR kinases. In parallel, we also ob- 
served that the phosphorylation of DHX9 at S321 was signif- 
icantly diminished (Figure 2 B). We then employed inhibitors 
selectively targeting individual DDR kinases to characterize 
the kinase responsible for S321 phosphorylation. Our find- 
ings revealed that the ATR inhibitor VE822 strongly inhibited 

S321 phosphorylation, while the ATM inhibitor KU55933 

and the DNA-PKcs inhibitor NU7441 had negligible effects 
on S321 phosphorylation (Figure 2 B). In addition to CPT 

https://www.phosphosite.org/
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Figure 2. ATR phosphorylates DHX9 at S321 in response to genotoxic stress. (A–C) A schematic diagram illustrated the experimental sequence 
designed to in v estigate the kinase responsible for DHX9 phosphorylation. All indicated inhibitors (caffeine 5 mM, VE822 1 μM, KU55933 10 μM, 
NU7441 10 μM) were administered for 30 min prior to CPT (1 μM) or HU (2 mM) treatments, except for caffeine, which was administered for 1 h ( A ). 
The impact of different inhibitors on the CPT-induced ( B ) and HU-induced ( C ) phosphorylation of DHX9 S321 in U2OS cells was assessed by Western 
blot with indicated antibodies. (D, E) Knockdown of ATR impeded DNA damage-induced S321 phosphorylation. HeLa cells transfected with control and 
ATR siRNA were treated with CPT (1 μM), CPT plus KU55933 (10 μM) or left untreated for 1 h. Phosphorylation of DHX9, ATM and Chk2 was 
determined by Western blot ( D ). The status of S321 phosphorylation in HU-treated cells was determined by Western blot with indicated antibodies ( E ). 
(F–H) Immunostaining of PCNA and DHX9 pS321 demonstrated the phosphorylation of DHX9 S321 in S phase. HeLa cells treated with DMSO or CPT (1 
μM, 1 h) were subjected to pre-extraction in PBS containing 0.5% Triton X-100, f ollo w ed b y MeOH fixation and immunostaining with indicated 
antibodies. ( F ) R epresentativ e images of immunostaining. (G, H) Quantification results of PCNA positive cells ( G ) and PCNA positive cells with DHX9 
pS321 signal ( H ). At least 500 nuclei were quantified and data are presented as the mean ± SD of three independent experiments. Statistical 
significance was assessed by the Student’s t -test (two-sided). *** P < 0.001. 
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treatment, we applied a 2-h exposure of 2 mM HU to HeLa
cells, which primarily activated the ATR-Chk1 signaling path-
way but not the ATM and DNA-PKcs. Phosphorylation of
S321 was markedly diminished in cells pre-treated with caf-
feine and VE822, while KU55933 and NU7441 had no im-
pact (Figure 2 C). Consistently, in UV-irradiated U2OS cells,
both VE822 and another selective ATR inhibitor AZD6738,
but not KU55933 and NU7441, substantially inhibited S321
phosphorylation, similar to the effects of caffeine (Supplemen-
tary Figure S2A). These findings strongly suggest that ATR is
likely the primary kinase responsible for S321 phosphoryla-
tion under genotoxic stress. 

To further test if ATR is responsible for S321 phospho-
rylation, we used siRNA to deplete endogenous ATR before
the induction of DNA damage. As shown in Figure 2 D, S321
phosphorylation induced by CPT was partially suppressed
in siControl cells treated with KU55933. Conversely, S321
phosphorylation was drastically suppressed in cells with ATR
depletion and almost completely abolished when KU55933
was additionally administered. Given that CPT treatment ac-
tivates both ATM and ATR, and that suppression of ATM by
KU55933 also affects ATR activation, we next treated cells
with HU for 1 h, during which ATM was not activated (Figure
2 E). Our results showed a near absence of S321 phosphory-
lation in ATR-depleted cells (Figure 2 E). In contrast to S321
phosphorylation, we found no impact on S688 phosphoryla-
tion in cells devoid of ATR, regardless of the treatment with
KU55933 (Supplementary Figure S2B, C). To understand if
levels of DHX9 S321 phosphorylation vary under different
stresses, we compared the S321 phosphorylation triggered by
CPT, HU and UV (Supplementary Figure S2D). While UV in-
duced the highest phosphorylation at S321, HU-induced phos-
phorylation was the lowest. The observed difference in lev-
els of DHX9 pS321 between examined genotoxic agents indi-
cates that timing and dosing of various types of DNA damage
influence the level of DHX9 phosphorylation. Furthermore,
since CPT-induced damage is S-phase specific and our data
indicate that ATR is responsible for DHX9 S321 phosphory-
lation, we investigated whether the phosphorylation of DHX9
at S321 is cell cycle regulated by co-staining DHX9 pS321 and
PCNA, a DNA replicating protein with well-studied cell cycle-
dependent features ( 50 ). The results confirmed that DHX9
pS321 signal predominantly exists in PCNA positive cells
after CPT treatment (Figure 2 F–H). In summary, our find-
ings strongly suggest that DHX9 phosphorylation at S321
after DNA damage is primarily mediated by ATR in the
S phase. 

Phosphorylation of DHX9 promotes its interaction 

with RPA 

Hence DHX9 was associated with DDR proteins and phos-
phorylated by ATR under genotoxic stress, we next asked the
role of DHX9 phosphorylation in its interaction with γH2AX
and RPA. PLA analysis revealed a close association between
DHX9 pS321 and γH2AX, as well as RPA32 after CPT treat-
ment (Figure 3 A and B). To examine whether DNA damage
promotes the interaction between DHX9 and RPA, we im-
munoprecipitated endogenous RPA32 from a nuclear fraction
of HeLa cells transfected with SFB-DHX9 or a corresponding
empty vector. We found that a small fraction of SFB-DHX9
was coimmunoprecipitated by RPA32, with the coprecipita-
tion notably enhanced after CPT treatment (Figure 3 C). Like-
wise, by IP of endogenous DHX9 from HeLa nuclear extract,
our data demonstrated that the interaction between DHX9 

and RPA32 was increased in response to UV irradiation (Sup- 
plementary Figure S3A), indicating a DNA damage-dependent 
enhancement of the DHX9–RPA32 interaction. 

To determine whether the association between DHX9 and 

DDR proteins depends on ATR-mediated phosphorylation in 

cells, we treated HeLa cells with VE822 either 30 min be- 
fore or after CPT treatment and analyzed the association 

of DHX9 / RPA32 using PLA. The results showed that pre- 
incubation of VE822 markedly inhibited the CPT-induced as- 
sociation of DHX9 / RPA32, while addition of VE822 30 min 

after CPT treatment had a mild effect (Figure 3 D). A similar 
finding of DHX9 / γH2AX interaction was observed by PLA 

analysis (Supplementary Figure S3B), suggesting that DHX9 

interacts with DDR proteins in an ATR-dependent manner.
To further confirm if DHX9 phosphorylation is critical for 
its interaction with RPA32, we used phospho-deficient DHX9 

for PLA analysis. Initially, we examined whether transiently 
expressed SFB–DHX9 interacts with RPA32 in cells. Like 
endogenous DHX9, ectopically expressed SFB-DHX9 exhib- 
ited an interaction with RPA32 after CPT treatment, which 

was significantly reduced by pre-incubation with VE822 (Sup- 
plementary Figure S3C). Subsequently, we used PLA to an- 
alyze the interaction between phospho-deficient DHX9 

S321A 

and RPA32 in cells treated with CPT. Figure 3 E showed that 
DHX9 

S321A failed to interact with RPA32 efficiently com- 
pared to DHX9 

WT . Although phosphorylation at S688 was 
not induced by DNA damage, we explored if pS688 also con- 
tributed to the association with RPA. Surprisingly, DHX9 

S688A 

showed a similar extent of impairment in association with 

RPA32 as DHX9 

S321A . Further examination of the DHX9 

AA 

mutant revealed an additional reduction in the association 

with RPA32 (Figure 3 E). Our observations suggest that DHX9 

phosphorylation at S321 and S688 is equally crucial for inter- 
acting with RPA after DNA damage. However, since there is 
limited information available regarding the kinase responsible 
for S688 phosphorylation, our focus in the following investi- 
gations will be on elucidating the role of S321. 

Phosphorylation of DHX9 is critical for R-loop 

association in cells 

One of the primary functions attributed to DHX9 is its role 
in suppressing the accumulation of R-loops during genotoxic 
stress. Based on the above findings that DHX9 was associ- 
ated with RPA following DNA damage, we hypothesized that 
the phosphorylation of DHX9 might play a crucial functional 
role in the elimination of R-loops during genotoxic stress.
We performed a slot blot assay to examine whether loss of 
DHX9 leads to the accumulation of DNA / RNA hybrids in 

cells. HeLa cells transfected with control or DHX9 siRNAs 
were treated with CPT, followed by genomic DNA extraction 

and transfer to a nylon membrane. DNA / RNA hybrids on 

the membrane were assessed using the S9.6 antibody, which 

exhibited a high affinity for DNA / RNA hybrids ( 35 ,51 ). As 
shown in Figure 4 A, cells lacking DHX9 showed a significant 
increase in DNA / RNA hybrids after CPT treatment, consis- 
tent with previous studies ( 35 ,43 ). Analyzed by PLA, we next 
observed a close association between endogenous DHX9 and 

DNA / RNA hybrids during CPT treatment. Intriguingly, pre- 
treating cells with VE822 remarkably diminished the asso- 
ciation between DHX9 and DNA / RNA hybrids after CPT 
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Figure 3. Phosphorylation of DHX9 promotes its interaction with RPA. (A, B) The association between DHX9 pS321 / γH2AX ( A ) and DHX9 
pS321 / RPA32 ( B ) in HeLa cells treated with CPT (1 μM, 1 h) or left untreated were analyzed by PLA with indicated antibodies. Representative images 
w ere sho wn, and numbers of PLA f oci per cell w ere counted from at least 1 50 nuclei in eac h condition. Data are presented in scat ter plots with the 
black line indicating the median, and statistical significance was assessed by the Mann–Whitney test (two-sided). *** P < 0.001. ( C ) Interaction between 
RPA and DHX9 was enhanced after DNA damage. HeLa cells transfected with SFB-DHX9 or the corresponding empty vector were treated with DMSO 

or CPT (1 μM, 1 h). The nuclei were extracted, followed by the IP of nuclear RPA32 using the anti-RPA32 antibody. Co-purification of SFB-DHX9 and 
RPA70 by RPA32 was determined by Western blot with the designated antibodies. The levels of SFB-DHX9 co-purified were quantified and data are 
presented as the mean ± SD of three independent experiments. Statistical significance was assessed by the Student’s t -test (two-sided). * P < 0.05. 
( D ) The impact of ATR-mediated DHX9 phosphorylation on the DHX9 / RPA32 association was analyzed by PLA. HeLa cells either treated with 1 μM of 
VE822 30 min before or 30 min after CPT (1 μM) treatment were analyzed by PLA with indicated antibodies. ( E ) Substitution of phosphorylated serine 
with alanine for single or double mutations (S321A, S688A, AA) impeded the DHX9 / RPA32 interaction after CPT treatment. HeLa cells transfected with 
the corresponding empty vector (Vect) or SFB-DHX9 variants (WT, S321A, S688A and AA) were treated with CPT (1 μM) for 1 h, and the PLA signal was 
determined. R epresentativ e images w ere sho wn, and numbers of PLA f oci per cell w ere counted from at least 1 50 nuclei in eac h condition. Data are 
presented in scatter plots with the black line indicating the median, and statistical significance was assessed by the Mann–Whitney test (two-sided).*** 
P < 0.001. 
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Figure 4. Phosphorylation of DHX9 is critical for R-loop association in cells. ( A ) Depletion of DHX9 led to the accrual of DNA / RNA hybrids in cells. HeLa 
cells transfected with Control or DHX9 siRNA were treated with DMSO or CPT (1 μM) for 1 h. Genomic DNA extracted from treated cells was analyzed 
using slot blot assay with the S9.6 antibody. The relative S9.6 signal was quantified, and the data are presented as the mean ± SEM of three 
independent experiments. *** P < 0.001. (B–D) The inhibition of ATR resulted in the disassociation of endogenous DHX9 from DNA / RNA hybrids. HeLa 
cells were subjected to different treatments, including CPT (1 μM) alone, 1 μM of VE822 administered 30 min prior to CPT treatment ( B, D ), or RNH 

applied after CPT treatment ( C ). These treated cells were evaluated using PLA with the designated antibodies. (E, F) Replacing phosphorylated serine 
with alanine (S321A) or asparagine (S321D) had different impacts on the interaction between DHX9 and DNA / RNA hybrids after CPT treatment. HeLa 
cells depleted with DHX9 were transfected with the corresponding empty vector (Vect) or SFB-DHX9 variants (WT, S321A and S321D). Cells were 
treated with CPT (1 μM) or left untreated, f ollo w ed b y the PLA analy sis ( E ). L e v els of SFB-DHX9 variants (WT, S321A and S321D) in cells w ere e xamined 
by Western blot using indicated antibodies ( F ). (B–E) Representative images were shown, and the numbers of PLA foci were quantified by analyzing at 
least 150 nuclei in each condition. Data are presented in scatter plots with the black line indicating the median, and statistical significance was assessed 
by the Mann–Whitney test (two-sided). *** P < 0.001. 
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reatment (Figure 4 B), suggesting a critical involvement of
TR in the interaction between DHX9 and DNA / RNA
ybrids. 
To verify the specificity of DHX9 / S9.6 PLA signal and the

9.6 antibody in detecting DNA / RNA hybrids formed after
PT treatment, we repeated PLA analysis with the S9.6 sin-
le antibody in HeLa cells or a combination of DHX9 / S9.6
ntibodies in siDHX9 transfected cells (Supplementary Fig-
re S4). The data validated the specificity of the DHX9 / S9.6
LA signal, as shown in Figure 4 B. To further confirm that
he PLA signals from DHX9 / S9.6 were specific to R-loops,
e treated cells with RNH ( 35 ). The PLA signal indicating

he association of DHX9 / S9.6 in CPT-treated cells signifi-
antly decreased upon RNH introduction (Figure 4 C), thereby
onfirming the interaction of DHX9 and R-loops. Next, we
sked whether the phosphorylation of DHX9 at S321 is nec-
ssary for its interaction with R-loops. We repeated the PLA
xperiment using antibodies specific to phosphorylated S321
nd R-loops. As shown in Figure 4 D, cells treated with CPT
isplayed a notable increase in PLA foci, indicating the as-
ociation between DHX9 pS321 and DNA / RNA hybrids. In
ontrast, cells pre-treated with VE822 before CPT treatment
arely detected PLA signal. Furthermore, we expressed SFB–
HX9 variants in HeLa cells lacking endogenous DHX9 to
irectly examine whether DHX9 pS321, induced by DNA
amage, is crucial for its association with R-loops. Consis-
ent with endogenous DHX9, we observed a robust PLA
ignal of DHX9 

WT / S9.6 but not the corresponding empty
ector / S9.6 after CPT treatment (Figure 4 E). Pre-treating cells
ith VE822 before CPT treatment noticeably abolished the
LA signal of DHX9 

WT / S9.6. Unlike DHX9 

WT , DHX9 

S321A

ailed to interact with DNA / RNA hybrids efficiently. Inter-
stingly, the phosphomimetic mutant DHX9 

S321D displayed
 strong interaction with DNA / RNA hybrids comparable to
hat of DHX9 

WT . To rule out the possibility that the differ-
nces in PLA signals between cells expressing WT and mu-
ant DHX9 were due to uneven protein expression, we deter-
ined the protein levels in the duplicated cells used for PLA.
he results in Figure 4 F confirmed that the DHX9 variants

ntroduced into cells were expressed at similar levels, thereby
alidating that the observed PLA data were not influenced by
ariations in DHX9 protein expression. Overall, these findings
rovide evidence supporting the compromised interaction of
HX9 

S321A with R-loops. 

hospho-deficient DHX9 fails to suppress R-loops 

nder genotoxic stress 

e next asked whether cells expressing phospho-deficient
HX9 that fail to associate with RPA are defective in re-

olving R-loops. To address this, we established cell lines that
tably expressed DHX9 

WT and phospho-deficient DHX9 

AA 

nder the control of the doxycycline-regulated Tet-On sys-
em and assessed R-loop accumulation using slot blot assay.
s shown in Figure 5 A, compared to control siRNA trans-

ected cells carrying the empty vector (Vect), silencing en-
ogenous DHX9 in the Vect clone resulted in increased R-
oops after CPT treatment. Upon doxycycline induction in
HX9-depleted stable lines, DHX9 

WT , but not DHX9 

AA ,
ttenuated CPT-induced R-loops. Since S321 phosphoryla-
ion is specifically regulated by DNA damage, we next asked
hether the S321A mutation alone impairs the resolution
f R-loops. HeLa cells transfected with SFB-DHX9 

WT , SFB-
DHX9 

S321A or the corresponding empty vector were used to
analyze the R-loop profiles of the β-actin gene following the
knockdown of DHX9. The DNA / RNA immunoprecipitation
(DRIP)-qPCR results revealed that R-loops across tested re-
gions of the β-actin gene (in3, in5 and 5 

′ pause) in the DHX9-
depleted cells carrying the corresponding empty vector were
moderately enriched before CPT treatment and profoundly in-
creased after CPT treatment. This observation is consistent
with the findings in a previous study ( 35 ). Additionally, we
observed that DHX9 

WT effectively suppressed R-loop accu-
mulation after CPT treatment, while DHX9 

S321A did not dis-
play the same suppressive effect. Introducing DHX9 

S321D re-
duced R-loop accumulation to levels similar to those seen with
DHX9 

WT (Figure 5 B), highlighting the importance of S321
phosphorylation in R-loop suppression. To ascertain that the
elevated DRIP signal in DHX9 

S321A was R-loop dependent, we
executed another DRIP analysis focusing on the in5 region of
the β-actin gene. Here, purified R-loops underwent treatment
with or without RNH prior to RT-qPCR for DRIP signal de-
tection (Figure 5 C). The data revealed that RNH treatment
completely eliminated the augmented R-loop signal, confirm-
ing that the DRIP-qPCR signal specifically originated from
R -loops. Furthermore, we investigated R -loop accumulation
at the γ−actin gene, another R-loop forming gene being well
studied previously. The results mirrored those seen in Figure
5 B and C (Figure 5 D). In summary, our findings confirm that
DHX9 phosphorylation is crucial for the effective suppression
of CPT-induced R-loops. 

DHX9 phosphorylation at S321 enhances its 

interaction with RPA 

The RPA complex is demonstrated as a sensor for R-loops
( 22 ). Given the importance of DHX9 phosphorylation in its
association with RPA and R-loops, we speculated that RPA-
ssDNA might serve as a platform for recruiting DHX9 to
counter DNA damage-induced R-loops. Cells transfected with
control or RPA32 siRNA were treated with CPT or left un-
treated, and PLA was used to assess the association between
DHX9 and γH2AX. While the interaction between endoge-
nous DHX9 and γH2AX remained consistent in response to
CPT, cells lacking RPA32 exhibited a significant reduction in
PLA foci of DHX9 / γH2AX (Figure 6 A). To further examine
if DHX9 phosphorylation contributes to its interaction with
RPA, we performed coimmunoprecipitation (Co-IP) to cap-
ture endogenous RPA32 from nuclear extracts of cells trans-
fected with DHX9 

WT or DHX9 

S321A after CPT treatment.
In contrast to PRP19, which was coprecipitated at a similar
level between cells expressing DHX9 

WT and DHX9 

S321A by
RPA32, we found efficient coprecipitation of DHX9 

WT but
not DHX9 

S321A with RPA32 (Figure 6 B). Similarly, when SFB-
DHX9 variants were captured using the anti-FLAG antibody,
efficient coprecipitation of RPA32 was observed only with
DHX9 

WT but not DHX9 

S321A (Figure 6 C). Previous studies
have demonstrated that DHX9 possesses the ability to asso-
ciate with dsRNA, DNA / RNA hybrids and dsDNA. To de-
termine whether the interaction between DHX9 and RPA is
mediated by nucleic acids, we repeated the same Co-IP ex-
periments as described in Figure 6 B and C, but included ad-
ditional treatments with Universal Nuclease, same as Ben-
zonase, to remove DNA and RNA before the IP of RPA32
or SFB-DHX9. In Figure 6 D, we observed efficient copre-
cipitation of DHX9 

WT , but not DHX9 

S321A , with RPA32.
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Figure 5. Phospho-deficient DHX9 fails to suppress R-loops under genotoxic stress. ( A ) Disruption of DHX9 phosphorylation hindered R-loop 
suppression. HeLa stable lines were transfected with control siRNA or siDHX9 to silence endogenous DHX9, followed by the induction of SFB-DHX9 WT , 
SFB-DHX9 AA or the corresponding empty vector using doxycycline (200 ng / ml). The cell lines were treated with DMSO or CPT (1 μM) for 1 h. Genomic 
DNA extracted from treated cells was analyzed using slot blot assay with the S9.6 antibody. The relative S9.6 signal was quantified, and the data are 
presented as the mean ± SEM of three independent experiments. ** P < 0.01; *** P < 0.001. ( B ) Phosphomimetic DHX9 S321D suppressed the 
accumulation of R-loops in HeLa cells de v oid of DHX9 after CPT treatment. Cells transfected with control or DHX9 siRNA were transiently expressed 
with SFB-DHX9 (WT, S321A and S321D), f ollo w ed b y CPT treatment (10 μM, 1 h). DNA / RNA h ybrids purified using the S9.6 antibody w ere analyz ed b y 
R T-qPCR f or the abundance of R-loops o v er β−actin gene. Values relativ e to in1 in each condition w ere plotted as the mean ± SEM of three 
e xperiments. Statistical significance w as assessed b y the Student’s t -test (two-sided). * P < 0.05; ** P < 0.01; *** P < 0.001. ( C ) R-loop le v els at the in5 
of β−actin gene were suppressed by RNH. Experiments followed the protocol from (B) with the addition of RNH treatment to confirm that the 
increased DRIP signal was derived from R-loops. Values relative to in1 under each condition were plotted as the mean ± SEM of three experiments. 
Statistical significance was assessed by the Student’s t -test (two-sided). *** P < 0.001. ( D ) Phosphomimetic S321D reduced R-loop accumulation over 
the γ -actin gene. Experiments were repeated as in (B), and RNH treatment was incorporated. Values relative to in1 in each condition were plotted as the 
mean ± SEM of three experiments. Statistical significance was assessed by the Student’s t -test (two-sided). * P < 0.05; ** P < 0.01. 

 

 

 

 

 

 

 

 

Interestingly, the IP of RPA32 from HeLa nuclear extracts
containing SFB-DHX9 

S321D treated with Universal Nucle-
ase successfully coprecipitated DHX9 

S321D . On the other
hand, when SFB-DHX9 variants were purified from nuclear
extracts treated with Universal Nuclease using anti-FLAG
beads, RPA32 was coprecipitated with both DHX9 

WT and
DHX9 

S321D , but not with DHX9 

S321A (Figure 6 D and E).
These results suggest that the interaction between DHX9 and
RPA is not mediated by the binding of DNA or RNA. 
To elucidate whether DHX9 directly interacts with RPA, we 
immunoprecipitated SFB-DHX9 from cells treated with vehi- 
cle, CPT or HU using anti-FLAG magnetic beads in NETN 

buffers supplemented with Universal Nuclease. After IP, sev- 
eral rounds of stringent washes were performed to ensure the 
purity of SFB-DHX9. Western blot analysis confirmed that 
the purified SFB-DHX9 did not associate with either RPA 

or PARP1, a previously known DHX9 interactor ( 35 ) (Fig- 
ure 6 F and Supplementary Figure S5). Next, the bead-bound 
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Figure 6. DHX9 phosphorylation at S321 enhances its association with RPA. ( A ) Depletion of RPA impeded the association between DHX9 and γH2AX. 
HeLa cells transfected with control or RPA32 siRNA were then treated with DMSO or CPT (1 μM) for 1 h. The association between DHX9 and γH2AX 
was assessed by PLA using the indicated antibodies. Representative images were shown, and numbers of PLA foci were quantified from at least 150 
nuclei in each condition. Data are presented in scatter plots with the black line indicating the median, and statistical significance was assessed by 
Student’s t -test (two-sided). *** P < 0.001. (B, C) Ablation of S321 phosphorylation attenuated the interaction between DHX9 and RPA. HeLa cells 
transfected with SFB-DHX9 WT and SFB-DHX9 S321A were treated with CPT (1 μM) for 1 h. Endogenous RPA32 and SFB-DHX9 were immunoprecipitated 
from nuclear extracts with anti-RPA32 and anti-FLAG antibodies, respectiv ely. P roteins coprecipitated b y RPA32 ( B ) and SFB-DHX9 ( C ) were assessed by 
Western blot with indicated antibodies. (D, E) The interaction between DHX9 and RPA was not dependent on DNA or RNA. As in (B) and (C), nuclear 
e xtracts w ere pre-incubated with Univ ersal Nuclease bef ore IP of RPA32 ( D ) and SFB-DHX9 ( E ). P roteins coprecipitated b y RPA32 (D) and SFB-DHX9 (E) 
were assessed by Western blot with indicated antibodies. ( F ) A workflow of SFB-DHX9 purification and in vitro SFB-DHX9 / RPA binding analysis. ( G, H ) 
Purified SFB-DHX9 directly interacted with recombinant RPA. HeLa cells transiently expressing SFB-DHX9 were treated with vehicle, CPT (1 μM, 1 h) or 
HU (4 mM, 2 h) prior to the purification of SFB-DHX9 using anti-FLAG beads. The purified SFB-DHX9 proteins were incubated with 100 ng of the RPA 

comple x f or in vitro binding assa y. T he interaction betw een SFB-DHX9 and RPA w as determined b y Western blot with indicated antibodies. 
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SFB-DHX9 was mixed with RPA complex (RPA70-32-14),
which was purified from E. coli for in vitro binding assays
( 46 ). Notably, the results showed that SFB-DHX9 purified
from both undamaged and CPT-treated cells coprecipitated
RPA, with the interaction being stronger for the SFB-DHX9
from CPT-treated cells (Figure 6 G). A consistent result was ob-
served with SFB-DHX9 purified from HU-treated cells (Figure
6 H). While our results suggest that SFB-DHX9 can directly
engage with RPA, the efficiency of this binding was not par-
ticularly high. It remains unknown whether other mediators
or modifications to DHX9 and RPA play roles in the interac-
tion between the two. Collectively , these observations strongly
suggest that DHX9 can directly interact with RPA and that
this interaction is significantly enhanced upon DHX9 phos-
phorylation after DNA damage. 

Cells expressing phospho-deficient DHX9 are 

hyper sensiti ve to DNA damage 

DHX9 plays a pivotal role in suppressing R-loops and main-
taining genome stability. Since phospho-deficient DHX9 fails
to associate with RPA and R-loops in response to DNA dam-
age, we next investigated whether cells expressing phospho-
deficient DHX9 exhibit defects in cell proliferation. In Fig-
ure 6 A, consistent with previous studies, we found that cells
carrying the corresponding empty vector showed viability
defects when DHX9 was depleted. In marked contrast to
DHX9 

WT , DHX9 

S321A failed to rescue the viability defects
even when DNA damage was absent. Interestingly, the expres-
sion of phosphomimetic DHX9 

S321D in cells effectively sup-
ported cell viability, approaching the level of DHX9 

WT , indi-
cating its ability to compensate for the absence of endogenous
DHX9. Moreover, compared to DHX9 

S321A , we did not ob-
serve a further reduction in cell viability when cells expressed
DHX9 

AA , suggesting that phosphorylation of S321 and S688
might function in the same pathway . Notably , the findings sug-
gest that DHX9 phosphorylation at S321 might be important
for supporting cell proliferation even in the absence of geno-
toxic stress. 

To validate whether the decreased cell viability observed
above was due to increased cell death, we conducted Annexin
V-APC analysis to detect apoptotic cells. We noticed a signif-
icant fraction of apoptotic cells in stable cell lines express-
ing DHX9 

S321A and DHX9 

AA upon deletion of endogenous
DHX9 (Figure 6 B). Additionally, when we treated inducible
cell lines with cisplatin, which causes DNA damage and R-
loop accumulation, the cell lines carrying DHX9 

S321A and
DHX9 

AA exhibited hypersensitivity to cisplatin treatment,
suggesting that cancer cells expressing phospho-deficient
DHX9 might be more susceptible to DNA damage. To ex-
tend this finding, we examined the sensitivity of inducible cell
lines to different genotoxic drugs. Without doxycycline, all
inducible cell lines with DHX9 knockdown displayed simi-
lar sensitivity in cell viability after CPT treatment. Whereas
the cell line expressing DHX9 

S321A failed to complement the
loss of DHX9 in terms of cell viability, the cell line express-
ing DHX9 

S321D effectively restored cell viability to the level
of DHX9 

WT (Figure 6 C). In addition, similar results were ob-
served when we treated the inducible cell lines with HU (Fig-
ure 6 D). Collectively, our findings demonstrate that phospho-
rylation of DHX9 at S321 promotes the elimination of R-
loops after DNA damage, thereby ensuring genome stability
and enhancing resistance against genotoxic agents. 
Discussion 

In this study, we present compelling evidence of the phospho- 
rylation of DHX9 at S321 and S688, with S321 phosphory- 
lation primarily induced by ATR in response to DNA dam- 
age. We reveal that DHX9 relies on its association with RPA 

and phosphorylation by ATR to suppress aberrant R-loops 
formed during genotoxic stress. The DDR is orchestrated by 
three key PIKKs, including A TM, A TR and DNA-PKcs, which 

phosphorylate substrate proteins involved in diverse cellular 
responses. Based on the association between DHX9 and DDR 

proteins such as BRCA1 and RPA32 after CPT treatment, we 
hypothesized that DHX9 could be a potential substrate of 
the PIKKs. Upon examining data from the PhosphoSitePlus 
website, we observed the top thirteen phosphorylated sites on 

DHX9 from system-wide studies, with S321 and S688 located 

within S / TQ motifs (Supplementary Figure S1H). However,
the functional roles of these phosphorylated sites in the DDR 

remain uncharacterized. Notably, using phospho-specific anti- 
bodies, non-phosphorylatable mutants, and siRNA targeting 
ATR, we provide the first evidence demonstrating that S321 

phosphorylation is primarily conducted by ATR in response 
to a variety of genotoxic agents in HeLa and U2OS cancer cell 
lines. On the other hand, the regulatory mechanisms govern- 
ing S688 phosphorylation remain to be elucidated. It is worth 

noting that phosphorylated S688 is in immediate proximity to 

histidine, a basic residue that typically acts as a negative de- 
terminant for targeting by PIKKs ( 52 ). This may explain why 
the phosphorylation of S688 is not regulated by DNA dam- 
age. Additionally, a recent study suggested that oxaliplatin in- 
duces phosphorylation of DHX9 at S279 and S321 in colorec- 
tal cancer cell lines ( 53 ). However, direct evidence of DHX9 

phosphorylation at S279 and S321 was lacking in that study.
Emerging evidence suggests that oxaliplatin, rather than tar- 
geting DNA, plays a more direct role in affecting ribosomal 
RNA biogenesis ( 54 ,55 ). Nevertheless, whether the phospho- 
rylation at S279 exists under different contexts or in different 
cell types needs further investigation. 

DHX9 plays a crucial role in pre-mRNA processing dur- 
ing transcription and is essential for suppressing RNA pro- 
cessing defects including the occurrence of unscheduled R- 
loops ( 35 , 43 , 48 , 56 , 57 ). Our results propose a model in which
activated ATR, by replication stress or other DNA damage,
phosphorylates DHX9 at S321, thereby enhancing DHX9’s 
interaction with RPA32. This enhanced interaction promotes 
DHX9 to suppress genotoxic stress-triggered R-loops effec- 
tively. RPA senses DNA replication stress and DNA damage 
and binds to ssDNA serving as a platform for recruiting and 

activating ATR ( 5 ). Recent studies have unveiled an additional 
role of RPA as a sensor for R -loops ( 22 , 58 ), contributing to the
recruitment and activation of RNH1 ( 22 ). Although RNH1 

has been identified as an R-loop suppressor associated with 

RPA, previous mass spectrometry analysis showed that the 
RPA-ssDNA complex pulled down both RNH1 and DHX9,
with DHX9 exhibiting a higher number of identified peptides 
( 49 ). This raises questions about the relative affinity of DHX9 

compared to RNH1 for RPA, and whether DHX9 and RNH1 

work together to suppress R-loop accumulation requires fur- 
ther investigation. The phosphorylation of DHX9 at S321 oc- 
curs rapidly following DNA damage (Figure 1 E and F), sug- 
gesting that DHX9 may swiftly bind to R-loops as it emerges 
and / or before the threats progress into deleterious DSBs. On 

the other hand, the observation of sustained S321 phosphory- 
lation for up to 2 h following UV irradiation suggests that the 
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Figure 7. Cells expressing phospho-deficient DHX9 are h ypersensitiv e to DNA damage. ( A ) Cells expressing phospho-deficient DHX9 sho w ed defects in 
cell survival. HeLa cells devoid of endogenous DHX9 by siRNA were transiently expressed with SFB-tagged DHX9 (WT, S321A, S321D and AA) or the 
corresponding empty vector. Viable cell numbers were counted and expressed as the ratio of cell survival relative to DHX9 WT . Data are presented as the 
mean ± SD of three independent experiments. *** P < 0.001. ( B ) Cells expressing phospho-deficient DHX9 led to increased apoptotic cells. HeLa 
inducible cell lines were transfected with control or DHX9 siRNA, and the expression of SFB-DHX9 (WT, S321A and AA) was induced with doxycycline. 
Cells treated with DMSO or 1 μM cisplatin for 24 h were collected for Annexin V analysis using Flow cytometry. Data are presented as the 
mean ± SEM of three independent experiments. * P < 0.05; ** P < 0.01. ( C, D ) Ablating S321 phosphorylation sensitized cells to DNA damage agents. 
HeLa inducible cell lines were transfected with DHX9 siRNA to deplete endogenous DHX9. The expression of SFB-DHX9 (WT, S321A and S321D) was 
induced with do xy cy cline. T he cell lines w ere incubated with CPT (C) or HU (D) at the indicated concentrations f or 24 h, and the cell viability w as 
determined using Cell TiterGlo 2.0. Values of cell viability are relative to vehicle-treated cells and presented as the mean ± SD. All statistical significance 
was determined by Student’s t -test (two-sided). *** P < 0.001. 
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ephosphorylation mechanism that removes pS321 may not
e activated until the R-loops are fully resolved. Moreover, in
he absence of DNA damage, the basal level interaction be-
ween DHX9 and RPA32 implies a weak or unstable associ-
tion. However, upon treatment with CPT, this interaction is
rastically enhanced, as depicted in Figure 3 B and C, suggest-

ng that phosphorylation on DHX9 stabilizes its interaction
ith RPA. This assumption gains further support from the ob-

ervation that the ablation of S321 phosphorylation markedly
ttenuates the association of DHX9 with RPA32 and R-loops
Figures 3 E, 4 E, 6 B–E). In contrast, the S321D mutation mim-
cking phosphorylation at S321 maintains the interaction of
DHX9 with RPA32 and R-loops in cells, thus effectively sup-
pressing aberrant R-loops formation following DNA damage
(Figures 4 E and 5 B–D). Taken together, these results support
the notion that DHX9 is not targeted to damage sites by the
R-loop, but instead relies on its phosphorylation status for a
strong association with RPA and R-loop. 

Interestingly, similar defects to DHX9 

S321A are observed in
the DHX9 

S688A mutation. Furthermore, the double mutations
of S321 and S688 to alanines (DHX9 

AA ) lead to almost com-
plete disruption in RPA32 association (Figure 3 E), suggesting
that phosphorylation on both S321 and S688 is equally critical
for the interaction with RPA32. Although DHX9 

AA exhibits
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more profound defects in interacting with RPA compared to
any single mutant, the cell viability and Annexin V analyses
of DHX9 

AA cells are comparable to those of DHX9 

S321A . It is
possible that the ablation of any phosphorylation site is suf-
ficient to disrupt the majority of the interaction with RPA,
leaving R-loops unresolved. However, due to the limited in-
formation available regarding the kinase responsible for S688
phosphorylation and a fully resolved structure of hDHX9, it
remains challenging to speculate on how the phosphorylation
of S321 and S688 on DHX9 spatiotemporally affects its inter-
action with RPA32. More experiments will be needed to eluci-
date the kinase responsible for S688 phosphorylation and the
role of pS688 in RPA association. A yeast study has demon-
strated that DNA damage-induced phosphorylation circuit on
Ddc2 (hATRIP) facilitates the recruitment of Mec1-Ddc2 to
RPA-ssDNA, enabling the assembly of higher-ordered macro-
molecules of Mec1-Ddc2-RPA for cell cycle checkpoint acti-
vation ( 59 ). Additionally, the recruitment of PRP19 to RPA
depends on PIKKs-mediated phosphorylation on RPA, which
may stably interact through a positively charged pocket in
PRP19 ( 60 ). In contrast, the recombinant RPA complex used
in our in vitro DHX9 and RPA interaction assay was purified
from E. coli , lacking critical post-translational modifications
(PTMs) induced by DNA damage. Whether PTMs on RPA
also play a crucial role in its interaction with phosphorylated
DHX9 remains an open question. Further investigations are
required to determine if the association between phosphory-
lated DHX9 and RPA is enhanced or stabilized via charge-
charge interactions or in conjunction with different types of
PTMs on both DHX9 and RPA. It is also important to con-
sider that additional factors such as RNA processing factors
or RPA-interacting partners, may be involved in the interplay
between phosphorylated DHX9 and RPA32 following DNA
damage. Such complexities cannot be simply recapitulated by
in vitro binding analysis. 

One fundamental function of DHX9 in preserving genome
stability is to eliminate the aberrant R-loops. Upon treatment
with CPT, DHX9 and PARP1 work in concert to counteract
R-loop-associated DNA damage ( 35 ). In BRCA1 / 2-deficient
breast cancer cells, RNF168 ubiquitylated DHX9 to facili-
tate its recruitment to R-loop-prone genomic loci, prevent-
ing the accumulation of R-loops, thereby promoting tumor
growth ( 61 ). In line with the previous studies, we add an ad-
ditional regulatory mechanism on DHX9. Cancer cells ex-
pressing phospho-deficient DHX9 not only fail to associate
with R-loops but also display growth defects, increased apop-
tosis and hypersensitivity to genotoxic drugs (Figure 7 A–D).
Apparently, the R-loop suppressing function of DHX9 can be
regulated by different PTMs. It is not known whether different
PTMs on DHX9 affect each other or work together to pro-
mote R-loop resolution. In summary, RNA helicase DHX9 is
a versatile protein that plays pivotal roles in RNA metabolism
and genome stability. Understanding the molecular mecha-
nisms underlying DHX9 function and its dysregulation in dis-
eases could provide valuable insights into the development of
targeted therapeutic interventions and diagnostic approaches.
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