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Abstract 

Following a DNA double strand break ( DSB ) , several nucleases and helicases coordinate to generate single-stranded DNA ( ssDNA ) with 3 ′ free 
ends, facilitating precise DNA repair by homologous recombination ( HR ) . The same nucleases can act on stalled replication forks, promoting 
nascent DNA degradation and fork inst abilit y . Interestingly , some HR factors, such as CtIP and BR CA1, ha v e opposite regulatory effects on 
the two processes, promoting end resection at DSB but inhibiting the degradation of nascent DNA on stalled f orks. Ho w e v er, the reason why 
nuclease actions are regulated by different mechanisms in two DNA metabolism is poorly understood. We show that human HELQ acts as a DNA 

end resection regulator, with opposing activities on DNA end resection at DSBs and on stalled forks as seen for other regulators. Mechanistically, 
HELQ helicase activity is required for EXO1-mediated DSB end resection, while ssDNA-binding capacity of HELQ is required for its recruitment 
to stalled f orks, f acilitating f ork protection and pre v enting chromosome aberrations caused b y replication stress. Here, HELQ synergiz es with 
CtIP but not BRCA1 or BRCA2 to protect stalled forks. These findings reveal an unanticipated role of HELQ in regulating DNA end resection at 
DSB and stalled forks, which is important for maintaining genome stability. 
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NA double strand breaks ( DSB ) constitute a serious form of
NA damage and pose a threat to genome stability. Indeed,

mproper DSB repair can result in the generation of genetic
utations and / or gross chromosomal rearrangements that

an precipitate various pathologies ranging from premature
mbryonic death, aging, immunodeficiency, neurological dis-
rders and cancer ( 1–5 ) . Nonhomologous end-joining ( NHEJ )
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and homologous recombination ( HR ) are the two main path-
ways responsible for DSB repair: NHEJ repairs DSB by direct
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DSB repair that is mediated by HR requires a series
of interconnected molecular processes. During the early
stages, DSB ends are degraded in the 5 
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generate long 3 

′ single-stranded DNA ( ssDNA ) tails. In
mammals, this so-called ‘end resection’ event is driven by
evolutionarily conserved core resection machinery, compris-
ing: MRE11-RAD50-NBS1 ( MRN ) complex, CtIP ( CtBP-
interacting protein ) , Bloom syndrome protein ( BLM ) , DNA
replication helicase / nuclease 2 ( DNA2 ) , and exonuclease 1
( EXO1 ) ( 7–9 ) . Based on studies performed in yeast and in
vitro biochemical data, it seems that end resection is carried
out via two steps: the MRN ( MRE11-RAD50-XRS2, in bud-
ding yeast ) complex and CtIP ( Sae2 in budding yeast ) cat-
alyze the initial processing of DNA ends, while the BLM
helicase / DNA2 and EXO1 constitute two resection motors
that drive extended resection and initiate HR ( 10–13 ) . 

The 3 

′ -ssDNA generated by end resection provides a plat-
form to recruit related protein factors to initiate HR ( 13–19 ) .
First, ssDNA is bound by replication protein A ( RPA ) , which
is then replaced by radiation sensitive 51 ( RAD51 ) recombi-
nase to form a nucleoprotein filament for subsequent strand
invasion. The resulting RAD51-ssDNA filament pairs to com-
plementary ssDNA regions within the homologous duplex.
The 3 

′ invading end on the joint molecular intermediate then
primes DNA synthesis using homologous sequences as tem-
plates to restore missing genetic information at the break site.
The resolution of replication stress-induced Holliday Junction
structures ( formed as a result of fork reversal ) ( 20 ,21 ) and end
ligation completes HR ( 5 , 6 , 22–29 ) . 

Fork reversal occurs when stalled forks anneal to the two
nascent strands behind the stalled fork ( 20 ,21 ) . The annealed
nascent strand of the reversed fork resembles a single-end DSB
that can serve as an entry point for the resection enzymes
to drive nucleolytic degradation. Fork reversal is mainly cat-
alyzed by motor proteins including SMARCAL1, ZRANB3
and HLTF ( 30–35 ) . Human RAD51, BRCA1, BRCA2, and
additional factors harbor DSB repair-independent functions
to protect stalled replication forks by preventing the degrada-
tion of nascent DNA ( 34 ,36–42 ) . In the absence of these ‘fork
protection’ factors, nascent DNA on the reversed fork can
be degraded by resection nucleases such as MRE11, DNA2,
EXO1 and MUS81, causing fork collapse and genome insta-
bility ( 10 ,43–47 ) . RAD51 stabilization on the nascent DNA
of the reversed fork is critical for fork protection-indeed,
most protection factors prevent fork degradation by directly
or indirectly promoting ( and / or stabilizing ) RAD51 recruit-
ment to nascent DNA on the regressed arm of reversed forks
or inhibiting the activities of resection nucleases on stalled
forks. Meanwhile, RAD51 promotes fork reversal, trigger-
ing nuclease degradation at stalled forks, as described earlier
( 30 , 34 , 35 , 48–50 ) . 

Although the molecular mechanisms underlying DSB end
resection and nascent DNA degradation on stalled forks dif-
fer, the two processes involve many of the same nucleases and
regulators. For example, BRCA1 and CtIP promote DSB end
resection but inhibit nascent DNA degradation on reversed
forks ( 38 ,51–54 ) . While DSB end resection always follows
the 5 

′ -3 

′ direction to generate 3 

′ -ssDNA, both strands on the
nascent DNA of the reversed fork are degraded in the absence
of protection. How the same nucleases coordinate the degra-
dation of the two strands of nascent DNA is unclear ( 10 ) . 

Human HELQ is a highly conserved superfamily 2 heli-
case ( 55 ,56 ) that when disrupted in murine or human cells,
causes genomic instability and cancer susceptibility. More-
over, tumor cells that over-express HELQ exhibit low sen-
sitivity to chemotherapy ( 57–60 ) . HELQ acts independently
from the Fanconi anemia pathway to overcome replication 

stress induced by DNA inter-strand crosslinks ( ICLs ) in hu- 
man cells ( 57–59 ) . Downstream from RAD51, HELQ and the 
MCM8 / MCM9 helicase redundantly promote HR ( 61 ) ; but 
HELQ helicase activity can also remove RPA from and anneal 
ssDNA in vitro , allowing for annealing-mediated DSB repair,
such as single-strand annealing ( SSA ) and microhomology- 
mediated end-joining ( MMEJ ) ( 62 ) . It thus seems that HELQ 

is involved in various DSB repair pathways via its intrin- 
sic enzyme activity, but the underlying mechanisms by which 

HELQ plays its role in DSB repair and other DNA metabolic 
processes is poorly understood. In this study, we reveal un- 
expected role of HELQ in regulating DNA end resection 

that occurs at DSBs and stalled replication forks. We show 

that HELQ promotes EXO1-mediated DSB end resection and 

blocks MRE11 / DNA2 / MUS81 nucleases-mediated nascent 
DNA degradation on stalled forks via its DNA binding ca- 
pacity. HELQ functions in parallel with CtIP to protect stalled 

forks, the two genes show synergistic lethal effect. 

Materials and methods 

Cell culture, antibodies and reagents 

Human U2OS cells and HCT116 cells were cultured at 
37 

◦C in Dulbecco’s modified Eagle’s medium with 10% fetal 
bovine serum in the presence of 1% penicillin / streptomycin 

( HyClone, SV30010 ) and 5% CO 2 . Both knockout ( KO ) and 

knockin ( KI ) cell lines were generated using CRISPR / Cas9 

genome-editing technology ( 63 ,64 ) . The following guide RNA 

( gRNA ) sequences targeting the second exon of HELQ 

and the fourth exon of CtIP were designed using an op- 
timized CRISPR design tool ( https://zlab.squarespace.com/ 
guide- design- resources ) and used to edit the target genes: 
sgRNA-KO HELQ GTCGTCAA CTTGA GCT A T AA; sgRNA- 
KO CtIP TC ACC AAAAATC AAC AGCTG; and sgRNA-KI 
HELQ CTCA CGTGA CCTGCCGCGTA (used to knock in an 

N-terminal SFB tag at the HELQ gene locus). The resulting 
cells were designated HELQ K O , CtIP K O and HELQ KI-SFB,
respectively. 

Antibodies used in this study included the following: FLAG 

(F1804, Sigma-Aldrich), HELQ (PA5-65181, Sigma-Aldrich 

and 19436s, Cell Signaling Technology), Biotin (200-002-211,
Jackson Immunoresearch and A150-109A, Bethyl), γH2AX 

(05–636, Millipore), CtIP (A300-488A, Bethyl), RPA2 S4 / 8p 

(A300-245A, Bethyl), RPA2 (A300-244A, Bethyl), BRCA1 

(9010s, Cell Signaling Technology), BRCA2 (10741S, Cell 
Signaling Technology), MRE11 (ab208020, Abcam), RAD51 

(ab133534, Abcam), BrdU (ab6326, Abcam and 347580, BD),
MUS81(ab247136, Abcam), BLM (ab2179, Abcam), DNA2 

(18727-1-AP , Proteintech), EXO1 (16253-1-AP , Proteintech),
HLTF (Ab17984, Abcam), SMARCAL1 (sc-376377, Santa 
Cruze), ZRANB3 (A303-033A, Bethyl). 

Etoposide (E1383), camptothecin (C9911), hydroxyurea 
(H8627), 4-OHT(H7904), IdU (l7125), Biotin-azide (Biotin- 
dPEG®7-azide, QBD10825), and CldU (C6891) were pur- 
chased from Sigma Aldrich. EdU (11590926) was purchased 

from Life Technologies. 

Plasmids, mutagenesis and shRNA 

EGFP-HELQ, EGFP-MRE11, EGFP-NBS1 and EGFP-EXO1 

constructs were gifts from Dr Xiaohua Wu (The Scripps Re- 
search Institute). pBABE-ER-AsiSI, pCS2-mGP and pMD2G 

https://zlab.squarespace.com/guide-design-resources
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lasmids were provided by Dr Tanya T. Paull (The Univer-
ity of Texas at Austin) and Dr Gaëlle Legube (University of
oulouse). HELQ and EXO1 mutants were constructed by
CR-based site-directed mutagenesis according to standard
rocedures. HELQ wild-type and the indicated mutants were
ubcloned into pFastBAC-HTb (Invitrogen) and NBLV0051
Novo Bio) vectors to generate recombinant baculoviruses
nd lentiviruses, respectively. EXO1 wild-type and mutant
ere cloned into a pTXB1vector (New England Biolabs) to
llow for the expression of recombinant protein in bacteria. 

Endogenous gene silencing was achieved via lentiviral
nfection using pDS-124 vectors to express the corre-
ponding shRNAs ( 65 ,66 ). All the shRNA target sequences
ave been previously published and are listed as follows:
RE11, GA UGA GAA CUCU UGGUUUAA C ( 67 ); NBS1,
AA GAAA CGUGAA CUCAA GUU ( 68 );CtIP, GA GCA GA C-
UUUCUC AGU AU A ( 65 ); BRC A2, GAAGAAUGC AGGUU-
 AAU A ( 66 ); RAD51, GACUGCC AGGAU AAAGCUU ( 54 );
XO1,GAA GUUUCGUUA CA UGUGUA U ( 69 ); BLM, GA G-
 AC AUCUGU AAAUU AAUU ( 70 ); DNA2, C AGU AUCUC-
UCU AGCU AG ( 71 ); ZRANB3, GAGUU ACCUU AUUGU-
AAA; HLTF, GGAA UA UAA UGUUAA CGA U; SMARCAL1,
CA GAA GA UCUA CGA CCUA ( 72 ); MUS81, CA GCC-
UGGUGGA UCGA U A ( 73 ); RADX, C AU AGAGGCC AGC-
GU AU A ( 74 ); BRC A1, C AAC AUGCCC AC AGAUC AACU

 66 ); HELQ , C AAA GGAA GA UUUCCUCCAA CUAAA ( 57 ). 

aser-induced microirradiation, live-cell imaging 

nd immunofluorescence (IF) 

2OS cells were grown on a dish with a thin glass bottom and
hen irradiated locally with a 365 nm pulsed nitrogen UV laser
16 Hz pulse, 55% laser output) generated from a Micropoint
ystem (Andor). Images were captured in real time every 20 s
nder a Nikon A1 confocal imaging system directly coupled
o the Micropoint System. IF analyses were performed as pre-
iously described ( 65 ,66 ). 

hromatin immunoprecipitation (ChIP) and 

R-AsiSI resection assay 

ELQ-KI SFB U2OS cells expressing ER -AsiSI ( 75 , 76 ), in
hich the restriction enzyme AsiSI is fused to the estro-

en receptor hormone-binding domain, were treated with
00 nM 4-OHT for 4 h to induce DSBs. Then, a ChIP
ssay was performed as previously described ( 67 ,70 ) us-
ng 200 μg chromatin immunoprecipitated with IgG and
LAG antibodies (2 μg). The immunoprecipitated DNA
nd input DNA were analyzed by qPCR using Taq pro
niversal SYBR qPCR Master Mix (Vazyme). The follow-

ng primers were used for qPCR, as previously described
 76 ): DSB-F 5-GA TTGGCT A TGGGTGTGGAC and DSB-R
-C ATCCTTGC AAACC AGTCCT. The IP efficiency was cal-
ulated as the percentage of the input DNA immunoprecipi-
ated. ER-AsiSI resection assay was performed as previously
escribed ( 65 ,76 ) . 

ecombinant protein purification 

ELQ and the indicated mutants were expressed in Sf9 insect
ells via a Bac-to-Bac Baculovirus Expression System (Invit-
ogen). Briefly, the cDNA encoding human HELQ was con-
tructed in a pFastBacHTb vector, which was then trans-

ormed into DH10Bac Esc heric hia coli to create the recom-  
binant bacmid. After transfecting the resulting recombinant
bacmid into Sf21 insect cells, the virus stock was acquired. A
400 ml spinner flask of Sf21 cells (1 × 10 

6 / ml) was infected
with the HELQ baculovirus, and the infected cells were incu-
bated at 27 

◦C for 72 h with continuous agitation. The cells
were then collected by centrifugation at 500 g for 10 min and
washed with ice-cold PBS. The cells were lysed in 40 ml Buffer
A [50 mM Tris, pH 8.0, 600 mM NaCl,1 mM phenyl methyl
sulfonyl fluoride (PMSF), 0.5% NP-40, 10% glycerol, 20 mM
imidazole, EDTA-free protease inhibitor mixture (Roche)] and
incubated for 45 min with continuous agitation. Insoluble ma-
terial was removed by 16 000 × g centrifugation for 20 min.
Ni-NTA agarose (QIAGEN) was pre-equilibrated with buffer
A and then added to 50 ml tubes containing the soluble ex-
tract before incubating at 4 

◦C for 2 h with continuous rota-
tion. After incubation, the Ni-NTA agarose was washed three
times with 120 ml Buffer B (50 mM Tris, pH 8.0, 600 mM
NaCl, 0.1% NP-40, 10% glycerol, 50 mM imidazole) by cen-
trifugation at 2000 g for 2 min. The protein was eluted from
the Ni-NTA agarose in Buffer C (50 mM Tris, pH 8.0, 150
mM NaCl, 0.1% NP-40, 10% glycerol, 400 mM imidazole),
frozen in liquid nitrogen and stored at –80 

◦C until further use.
Recombinant human EXO1 and the indicated mutants were
expressed in E.coli and purified as previously described ( 77 ). 

DNA unwinding and DNA resection assays 

The helicase unwinding assays were performed in 15 μl he-
licase buffer (25 mM Tris–HCl pH 7.5, 50 mM NaCl, 2
mM ATP, 2 mM MgCl 2 , 0.1 mg / ml bovine serum albumin
(BSA). First, 25 nM FITC-labeled DNA substrate and the in-
dicated concentrations of purified human HELQ were mixed
and incubated at 37 

◦C for 30 min before the reactions were
stopped upon the addition of 5 μl stop buffer (30% glyc-
erol, 150 mM EDTA, 0.1% bromophenol blue, 1 mg / ml pro-
teinase K). To prevent re-annealing, the stop buffer was sup-
plemented with a 20-fold excess of unlabeled oligos with
the same sequence as the FITC-labeled oligo. The products
were resolved on 10% native polyacrylamide gels by elec-
trophoresis for 1 h at 100 V in 0.5 x TBE buffer. The gels
were imaged using a GE Typhoon FLA 9500. The sequences
of oligonucleotides used to generate substrates are indicated
as follows: oligo 1 (5 

′ FITC-AGCT ACCA TGCCTGCACGA
A TT AAGCAA TTCGTAATCA TGGTCA TAGCT); oligo 2 (5 

′ -
AA TTCGTGCAGGC A TGGT AGCT). 

DNA resection assays were performed as previously de-
scribed ( 78 ) with slight modifications. The nicked and
3 

′ overhang substrates were respectively obtained by incubat-
ing the pUC19 plasmid derivative with Nt.BspQI (NEB) and
KpnI (ThermoFisher). The substrates were then purified us-
ing the phenol-chloroform method. Exonuclease activity as-
says were performed in resection buffer (50 mM Tris–HCl
pH 7.5, 2 mM ATP, 50 mM NaCl, 2 mM MgCl 2 and 0.1
mg / ml BSA). First, DNA substrate and the indicated concen-
trations of purified recombinant proteins were mixed and in-
cubated at 37 

◦C. The reactions were terminated upon the ad-
dition of 5 μl stop buffer (30% glycerol, 150 mM EDTA,
0.1% bromophenol blue,1 mg / ml proteinase K). The DNA
products were separated on an 0.8% agarose gel, which were
then stained with Gel-Red (BIORIGIN) and imaged using a
ChemiDoc XRS+ system (Bio-Rad). The sequences of oligonu-
cleotides used to generate substrates are indicated as follows.
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Electrophoretic mobility shift assay (EMSA) 

EMSA was performed in a 15 μl reaction volume contain-
ing 25 nM Cy5 or FITC-labeled DNA substrate in binding
buffer [25 mM Tris–HCl (pH 7.5), 50 mM NaCl, 2 mM ATP,
2 mM MgCl2 and 0.1 mg / ml BSA]. The recombinant pro-
teins and substrate were gently mixed and incubated at 37 

◦C
for 10 min before being supplemented with 5 μl loading buffer
(50% glycerol, 0.1% bromophenol blue). The proteins were
resolved on a 6% native polyacrylamide gel by electrophore-
sis for 45 min at 80 V in 0.5 × TBE buffer and imaged using
a GE Typhoon FLA 9500 system. 

Isothermal titration calorimetry (ITC) 

ITC binding assays for HELQ and ssDNA were performed us-
ing an ITC200 titration calorimeter (MicroCal). Purified pro-
teins were dialyzed overnight against ITC buffer (20 mM Tris–
HCl, pH 7.5, 150 mM NaCl) before ITC testing. Then, 100
μM ssDNA was titrated into the calorimetric cell containing
14 μM wild-type HELQ or the indicated mutant. Titrations
for all reactions were performed at 25 

◦C, and all titrations re-
quired a 0.4 μl pre-injection of ssDNA and 19 consecutive 2
μl injections at 120 s intervals. The data obtained were pro-
cessed with Origin software. 

In situ proximity ligation assay (PLA) 

In situ PLA was performed using Duolink PLA technology
(Sigma-Aldrich), according to the manufacturer’s instructions.
Briefly, the drug-treated cells were washed three times with
PBS at 37 

◦C and fixed in 2% paraformaldehyde for 20 min.
The cells were then permeabilized with 0.5% Triton X-100
for 10 min and blocked with 3% BSA for 30 min at room
temperature. The cells were incubated with two primary anti-
bodies at 4 

◦C overnight and then subjected to the subsequent
procedures following the manufacturer’s instructions. Images
were captured under an Olympus IX81 FL microscope. To
test the binding of proteins to nascent DNA, the cells were
labeled with 10 μM EdU for 20 min at 37 

◦C, and then un-
treated or treated with 2 mM HU for 4 h prior to washing in
PBS. Fixed and blocked cells were subjected to a Click-iT re-
action to attach biotin to EdU. Antibodies against biotin and
specific protein were used for the subsequent PLA assays. 

DNA fiber analysis 

DNA fiber analysis was performed as previously described
( 66 ,79 ). Briefly, cells were first labeled with 40 μM IdU for
30 min, followed by 100 μM CldU for a further 30 min be-
fore incubation with or without the indicated drugs. The cells
were then harvested by trypsinization and then labeled and
unlabeled cells were mixed in a ratio of 1:6 and loaded onto
a slide for 3 min. A cell lysis solution (200 mM Tris–HCl, pH
7.5, 50 mM EDTA and 0.5% SDS) was added then added to
lyse the cells for 3 min. The slide was angled to allow DNA to
spread for 5 min. After air drying, the fibers were fixed in a 3:1
(vol / vol) methanol: acetic acid solution and denatured in 2.5
M HCl at 4 

◦C overnight. Then, the slides were washed twice
with 1 x PBS and blocked with 2% BSA before adding anti-
BrdU and corresponding secondary antibodies. Images of the
slides were captured under an Olympus IX81 FL microscope
and analyzed using Image J software. 
Chromosome analysis by metaphase spreading 

Cells were treated with 2 mM HU for 4 h to induce replica- 
tion stress, and then incubated with nocodazole (200 ng / ml) 
at 37 

◦C for 16 h. Then, 50 mM KCl was used to swell the cells
at 37 

◦C for 15 min before they were fixed in a 3:1 (vol / vol)
methanol: acetic acid solution for 20 min. Finally, the cells 
were dropped onto ice-cold wet glass slides, air dried and 

stained with 10% Giemsa for 10 min. Images of the slides were 
captured under an Olympus IX81 FL microscope. At least 50 

cells were counted in each experiment; the mean values are 
shown. 

Cell viability and colony formation assay 

An MTS Cytotoxicity Assay was performed in accordance 
with the manufacturer’s recommendations (Promega). Briefly,
cells (3000 cells / well) were plated in 96 well plates, treated 

with HU or CPT for 72 h, and then incubated with MTS for 2 

h. The cell viability was determined by measuring the emission 

at 490 nm on an EPOCH2 microplate reader (BioTek). Colony 
formation assays were performed as previously described. For 
these experiments, 5000 cells were plated in 10 cm plates and 

were grown in complete media for 15 days before fixing with 

cold methanol and staining with 1% crystal violet. 

Statistical analysis 

GraphPad Prism 9 and Microsoft Excel software were used 

to perform data analysis, as applicable. Three independent 
experiments were performed in all cases. Significant differ- 
ences between two groups were determined by unpaired Stu- 
dent’s t -test (RT-qPCR, ChIP, and cell viability assays) or a 
Mann–Whitney U test (IF, PLA, DNA fiber). In all cases: 
n.s., P > 0.05, * P < 0.05, ** P < 0.01, *** P < 0.001,
**** P < 0.0001. 

Results 

HELQ is quickly recruited to DSBs 

Live-cell imaging of fluorescently tagged proteins permits real- 
time monitoring of DNA repair factor recruitment to DNA 

damage sites. We leveraged this approach to address our first 
aim, to determine whether HELQ plays a role at the early 
stage of DSB repair. Specifically, we used CRISPR-Cas9 tech- 
nology to introduce an EGFP fusion tag at the N terminal of 
endogenous Ku70, a widely studied early DSB response factor 
(Supplementary Figure S1A). As expected, EGFP-Ku70 was 
quickly recruited to laser-induced DSB damage sites, with a 
significant recruitment signal observed after 20 s (Figure 1 A).
Having demonstrated that EGFP-Ku70 is quickly recruited to 

DSBs, we compared these results with the recruitment pattern 

of HELQ, to assess whether HELQ can also be recruited to 

DSBs as quickly as Ku70. Interestingly, we observed that ex- 
ogenously expressed EGFP-HELQ was also quickly recruited 

to DSB sites (Figure 1 A), suggesting that HELQ serves a role 
at DSB sites during the early stages of DSB repair. 

Further analysis showed that individual shRNA-mediated 

depletion of end resection factors (MRE11, NBS1 or CtIP) but 
not recombination factors (RAD51 or BRCA2) significantly 
attenuated EGFP-HELQ recruitment to DSB sites (Figure 1 B).
By contrast, EGFP-MRE11, EGFP-NBS1 and EGFP-CtIP re- 
cruitment was unaffected in HELQ KO #1 cells prepared by 
CRISPR-Cas9 technology (Figure 1 C–E, Supplementary Fig- 
ure S1B), suggesting that HELQ is recruited to DSBs after 
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Figure 1. HELQ is recruited to DSBs at the early stages of DSB repair. ( A ) Time-lapse imaging of EGFP-HELQ and EGFP-Ku70 in U2OS cells before and 
after microirradiation. The red line marks the damage region. ( B ) Time-lapse imaging of EGFP-HELQ in U2OS cells expressing vector control (Ctrl) or 
indicated shRNAs before and after microirradiation. C-E. EGFP-MRE11 ( C ), EGFP- NBS1 ( D ) and EGFP-CtIP ( E ) recruitment was monitored in U2OS (WT) 
and HELQ KO #1 cells. ( F ) Top, schematic of ChIP assay in ER-AsiSI U2OS cells. Bottom, SFB-HELQ enrichment at DSBs induced by AsiSI enzyme. 
ER-AsiSI U2OS cells expressing vector control (Ctrl) or the indicated shRNAs were treated with or without 4-OHT (300 nM, 4 h) to induce DSBs before a 
ChIP assay was performed using an anti-FLAG antibody. In panel A to E, scale bar = 5 μm. In panel F, the data are derived from three independent 
experiments and represent the means ± SD. * P < 0.05; n.s.: not significant. Student’ s t -test was used. 
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esection factors but before recombination factors participate
n DSB repair. 

We next expressed ER -AsiSI ( 75 , 76 ) in U2OS cells, which
ould enable us to create DSBs at specific loci induced by the
siSI restriction enzyme. These U2OS cells were engineered

urther such that endogenous HELQ contained a knocked-
n S-protein-Flag-Streptavidin binding peptide (SFB) fusion
ag (KI-SFB) at its N-terminal (Supplementary Figure S1C).
sing this setup, we could investigate HELQ recruitment to

he induced DSBs by chromatin immunoprecipitation (ChIP).
e saw that SFB-HELQ was efficiently recruited to DSB-

urrounding regions after 4-OHT induction, which induces
he AsiSI enzyme to enter the nucleus and generate DSBs (Fig-
re 1 F). Consistent with our live-cell imaging data, MRE11
r CtIP but not BRCA2 depletion (by shRNA) impaired SFB-
ELQ recruitment to DSBs (Figure 1 F). 

ELQ is required for the DSB end resection 

aving seen that HELQ is rapidly recruited to DSBs, we
imed to determine what role it plays during this early stage
f DSB repair. As discussed, HR-mediated DSB repair begins
ith 5 

′ -3 

′ end resection, with the resulting ssDNA attract-
ng RPA binding and subsequent RPA2 S4 / S8 phosphoryla-
tion ( 52 ). We therefore compared RPA2 phosphorylation lev-
els after DSB induction between wild type and HELQ KO
cells. Consistent with previous reports ( 62 ), long-term ( > 4
h) camptothecin (CPT)- or etoposide (ETO)-induced RPA2
phosphorylation was not affected in HELQ KO #1 cells (Fig-
ure 2 A and B). Surprisingly, however, short term ( < 2 h)
CPT- or ETO-induced RPA2 phosphorylation was affected,
as evidenced by significantly lower phosphorylation levels
in HELQ KO #1 cells than in wild-type cells (Figure 2 A
and B). 

CtIP is a classic DSB end resection factor, and the absence
of CtIP can cause serious end resection defects ( 7 ,52 ). We
prepared CtIP knockout cells (Supplementary Figure S2A) to
compare the effects of deletion HELQ and deletion CtIP on
DSB end resection. As shown in supplementary Figure S2B
and C, knock-out of CtIP (CtIP KO) also only reduced RPA2
phosphorylation induced by short-term drug treatment. We
reason that prolonged drug injury may cause global exhaus-
tion of RPA ( 80 ), resulting in insufficient RPA recruitment
to the DSB. RPA2 phosphorylation thus is no longer a reli-
able indicator for DSB end resection under prolonged drug
treatment. 

To verify this, we next labeled DNA with BrdU and mea-
sured DSB end resection by directly observing ssDNA. As
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Figure 2. HELQ is required for DSB end resection. (A, B) RPA2 phosphorylation was detected by western blotting after the indicated cells were treated 
with 2 μM camptothecin (CPT, A ) or 10 μM etoposide (E TO , B ) for the indicated times. ( C ) The cells were incubated with BrdU for 24 h, then treated 
with 2 μM CPT for the indicated times, fixed and then stained with BrdU and γH2AX antibodies under native conditions. Representative images (left) 
and the quantification of the a v erage number of BrdU foci per γH2AX positive cell (right) are shown. scale bar = 10 μm. ( D ) Indicated cells were treated 
with CPT (2 μM, 1 h) f ollo w ed b y RPA2 f oci f ormation analy sis b y immunostaining with the indicated antibodies. R epresentativ e images (top) and the 
quantification of the a v erage number of RPA2 foci per cell (bottom) are shown. Scale bar = 5 μm. ( E ) Quantification and schematic of qPCR-based end 
resection assay in HELQ KO cells (#2 and #3). The data represent the means ± SD of three independent experiments. * P < 0.05, ** P < 0.01, 
**** P < 0.0 0 01. Mann–Whitney test was used in C and D; Student’ s t -test was used in E. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

predicted, ssDNA generation was significantly reduced in
HELQ KO #1 cells to a comparable level as with CtIP K O ,
both after short-term and long-term drug treatment (Figure
2 C and Supplementary Figure S2D). Next, we examined end
resection after short-term CPT treatment in other two differ-
ent HELQ KO cell lines (Supplementary Figure S1B). Here
we saw that CPT-induced RPA2 phosphorylation was de-
creased in two other HELQ KO cell lines (Supplementary Fig-
ure S2E and F). DSB-induced RPA2 foci formation was also
significantly reduced in these two HELQ KO cell lines (Fig-
ure 2 D). Re-expression of HELQ (but not a vector control)
in HELQ KO #1 cells could fully rescue CPT-induced-RPA2
phosphorylation (Supplementary Figure S2G), RPA2 foci for-
mation (Supplementary Figure S2H) and we could thus con-
fidently rule out the influence of off-target effects during gene 
editing. 

To quantify the extent of DSB end resection, we gen- 
erated ssDNA by DSB end resection at specific genomic 
AsiSI restriction-enzyme sites and then quantified them by 
q-PCR ( 76 ). To do so, we expressed ER-AsiSI in wild- 
type U2OS cells and our two HELQ KO cell lines (#2 

and #3), generated DSB in these cells by 4-OHT induc- 
tion and measured ssDNA production around two differ- 
ent DSB sites (DSB1 and DSB2). The resection levels at 
both DSB1 and DSB2 sites were reduced in the HELQ KO 

cells compared to the wild-type U2OS cells (Figure 2 E). To- 
gether, these results established a role for HELQ in DSB end 

resection. 
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ELQ and EXO1 epistasis regulate DSB end 

esection 

e next sought to ascertain whether HELQ promotes DSB
nd resection in collaboration with known resection molec-
lar machinery comprising MRN / CtIP, BLM / DNA2 and
XO1. Consistent with previous reports ( 8 ,52 ), we observed
SB end resection defects in CtIP-, BLM-, DNA2-, or EXO1-
epleted U2OS cells, as revealed by diminished RPA2 phos-
horylation (Figure 3 A–D) and RPA2 foci formation (Figure
 E). In HELQ KO #1 cells, CtIP, BLM or DNA2 depletion lead
o a further decrease in RPA2 phosphorylation (Figure 3 A–C)
r RPA2 foci formation (Figure 3 E). Yet notably, EXO1 de-
letion in HELQ KO #1 cells did not result in a further de-
rease in RPA2 phosphorylation (Figure 3 D) or foci forma-
ion (Figure 3 E) beyond the decrease elicited by HELQ alone.
urther, we observed the formation of HELQ and EXO1 in
itu PLA foci in U2OS cells, which significantly increased af-
er DSB induction (Figure 3 F), indicating that more HELQ
nd EXO1 would interact each other after DSB occurrence to
ope with DSB damage. In addition, we observed that HELQ
O impaired EGFP-EXO1 recruitment to DSBs (Figure 3 G).
hese data suggest that HELQ and EXO1 might operate in the
ame pathway to promote DSB end resection. Consistently, we
ound that HR was further reduced when BLM but not EXO1
as inactivated by shRNAs in the context of HELQ KO (Sup-
lementary Figure S2I), indicating that HELQ and EXO1 also
ct on the same pathway to regulate HR. 

ELQ promotes EXO1 resection activity in vitro 

hus far, our data suggest that HELQ promotes EXO1-
ediated DSB end resection. We next probed further to un-
erstand whether HELQ directly affects 5 

′ -3 

′ exonuclease
ctivity, which drives end resection in cells. To do this, we
urified human recombinant EXO1 and HELQ to homo-
eneity (Supplementary Figure S3A). We then monitored 5 

′ -
 

′ EXO1 exonuclease activity using a nicked plasmid DNA
ubstrate, as previously described ( 78 ). We saw that wild-
ype EXO1, but not a catalytically inactive mutant D173A
howed exonuclease activity (Supplementary Figure S3B), in-
icating that there was no contaminant exonuclease activity
n our preparation. We also detected EXO1 exonuclease ac-
ivity on a linear double-stranded DNA substrate with a 3 

′ 

verhang (Supplementary Figure S3C). Consistent with the in
ivo results, adding HELQ protein stimulated EXO1 exonu-
lease activity on both plasmid DNA and linear DNA sub-
trate when compared to EXO1 alone (Figure 4 A and Sup-
lementary Figure S3C). Purified HELQ, but not a helicase-
ead mutant of HELQ (K365M) ( 56 ), showed helicase activ-
ty (Supplementary Figure S3D and S3E). Interestingly, HELQ
365M still promoted EXO1 activity to the same extent as
ild-type HELQ (Figure 4 B), indicating that HELQ can pro-
ote EXO1 activity in a helicase activity-independent manner

n vitro . 
We also performed gel mobility shift assays to investigate

hether HELQ affects EXO1 DNA binding. We saw that both
ELQ and EXO1 alone could bind to the 3 

′ -overhang DNA
Figure 4 C, line 2 and line 7). Upon adding HELQ protein,
ost of the labeled DNA migrated more slowly in the gel,

orming a larger complex that was not observed with either
rotein preparation alone (Figure 4 C, line 3 to line 6). HELQ
hus seems to promote EXO1 binding to DNA and HELQ,
NA and EXO1 can form a complex. 
We reasoned that HELQ binding to DNA may be important
for EXO1 regulation, because we did not observe a strong in-
teraction between purified HELQ and EXO1 protein in vitro .
As no structure of human HELQ protein–DNA complex is
available, we analyzed the binding of HELQ homologous pro-
teins to DNA in other species. The crystal structure of HELQ
from Archaeoglobus fulgidus ( 81 ) and Sulfolobus solfataricus
( 82 ) revealed five domains with a central cavity for ssDNA
binding. Mutations in conserved arginine residues (such as
R255 of HEL308 from Sulfolobus solfataricus ) located in ss-
DNA through the central cavity substantially weakens HELQ
binding to DNA ( 82 ). We modeled the three-dimensional hu-
man HELQ protein structure using AlphaFold 2.0. Superim-
position of this structure and Archaeoglobus fulgidus HEL308
(PDB:2P6R) in PyMOL generated a root mean square devi-
ation (rmsd) of 3.08 Å, indicating that the structure of hu-
man HELQ was similar to that of its homologue. We replaced
HEL308 in the HEL308 / ssDNA complex structure with hu-
man HELQ and obtained a simulated human HELQ / DNA
complex structure from which we could observe HELQ bind-
ing to DNA. In this structure, K587 of human HELQ, corre-
sponding to R252 in Archaeoglobus fulgidus HEL308 (Sup-
plementary Figure S3F), was in close contact with ssDNA (Fig-
ure 4 D), suggesting that K587 is essential for human HELQ
binding to ssDNA. 

We next purified the recombinant HELQ K587A mutant
using the same procedure as the wild type (Supplementary Fig-
ure S3A). The HELQ K587A mutant was unable to function
as a helicase (Supplementary Figure S3G) but showed weaker
binding ability to ssDNA or 3 

′ -overhang DNA than wild type
HELQ, as demonstrated in gel shift assays (Figure 4 E and
Supplementary Figure S3H). We further assessed the ability
of HELQ variants to bind to ssDNA using isothermal titra-
tion calorimetry (ITC). The K D 

values of wild type HELQ and
K587A mutant binding with ssDNA were 0.92 and 6.54 μM,
respectively (Figure 4 F). This finding, consistent with the re-
sults of gel shift assays, indicates that mutating the K587 site
weakens HELQ binding to DNA. Unlike the K365M mutant,
the K587A mutant did not promote EXO1 activity (Figure
4 G), suggesting that DNA binding ability, rather than heli-
case activity, is necessary for HELQ to promote EXO1 activity
in vitro . 

HELQ prevents resection of stressed replication fork

In response to replication stress, stalled forks undergo fork
reversal, forming a ‘chicken foot’ structure containing a sin-
gle end DSB that is susceptible to degradation by nucleases.
DSB resection factors, such as MRE11, CtIP, BRCA1, partici-
pate in DNA metabolism at reversed forks either as protec-
tive factors or as degrading (non-protective) enzymes ( 10 ).
We thus queried whether HELQ is also involved in degrad-
ing or protecting stalled forks as seen for other DSB resec-
tion factors. We first performed in situ PLA to test whether
HELQ is recruited to stalled replication forks. Using antibod-
ies against HELQ and RPA2, which binds and stabilizes ss-
DNA formed during DNA replication, we observed nuclear
PLA foci in unstressed wild-type U2OS cells, which signifi-
cantly increased in number upon treatment with hydroxyurea
(HU), a drug that arrests replication forks (Supplementary Fig-
ure S4A). We next labeled cells with the thymidine analog EdU
(5-ethynyl-29-deoxyuridine), then repeated the PLA this time
using antibodies against HELQ and biotin, which labeled EdU
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Figure 3. HELQ and EXO1 act on the same pathw a y to regulate DSB end resection. A-E. U2OS cells (WT) and HELQ KO #1 cells were infected with 
lentiviruses encoding the indicated shRNAs or a control vector (Ctrl). RPA2 phosphorylation analysis ( A–D ) and RPA2 foci formation analysis ( E ) were 
performed after CPT (2 μM, 1 h) treatment. Scale bar = 5 μm (E). ( F ) The HELQ-EXO1 interaction was analyzed by PLA in U2OS cells treated with or 
without ETO (10 μM, 1 h). Left, representative images. Right, quantification of the average number of PLA foci per nucleus. Scale bar = 10 μm. ( G ) 
Time-lapse imaging of EGFP -EX O1 in U2OS (WT) and HELQ KO #1 cells before and after microirradiation. The red line marks the damage region. Scale 
bar = 5 μm. In panel E and F, the data represent the means ± SD of three independent experiments. **** P < 0.0001, n.s.: not significant. 
Mann–Whitney test was used. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

by click reaction. HU treatment also increased the number of
HELQ / EdU PLA foci in wild-type U2OS cells (Figure 5 A),
suggesting that HELQ is associated with replication proteins
and nascent DNA during replication stress. 

We probed the RPA2 S4 / S8 phosphorylation levels to mea-
sure the resection on stalled replication forks induced by
HU treatment or replication-associated DSBs induced by CPT
( 52 , 54 , 83 ). In contrast to CPT-induced stress, we saw an un-
expected increase in RPA2 phosphorylation in HELQ KO
(#1 and #2) cells exposed to HU-induced stress (Figure 5 B
and Supplementary Figure S4B). These findings suggest that
HELQ limits DNA resection at stressed replication forks,
which opposes its function in promotion DSB end resection
as revealed earlier (Figure 2 ). 

We next sought to investigate whether newly synthesized
DNA is prone to being degraded by nucleases during repli-
cation stress. To this aim, we utilized a DNA fiber-labeling
approach ( 36 , 49 , 79 ) to monitor the stability of nascent DNA.
After HU treatment, we observed nascent DNA degradation in 

HELQ KO #1 (Figure 5 C), suggesting that HELQ is involved 

in protecting stalled forks. 
The SNF2 family DNA translocases, including ZRANB3,

HLTF, SMARCAL1 and RAD51 ( 45 ,84–86 ), catalyze the re- 
versal of stalled forks. We showed that depletion of each in- 
dividual fork remodeler by shRNA reversed HU-induced fork 

degradation in HELQ KO #1 cells (Figure 5 D and Supplemen- 
tary Figure S4C), indicating that fork reversal is a pre-requisite 
for triggering nascent DNA degradation when HELQ is ab- 
sent. We also silenced individual nucleases by shRNA in 

HELQ KO #1 cells to determine which nuclease is respon- 
sible for fork degradation. Here, down-regulation of MRE11,
DNA2 or MUS81 but not EXO1, restored fork protection 

(Figure 5 E and Supplementary Figure S4D), indicating that 
MRE11, DNA2 and MUS81 nucleases degrade nascent DNA 

in the absence of HELQ. Consistently, using PLA technique,
we found that the binding of MRE11, DNA2 and MUS81 
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Figure 4. HELQ promotes the nuclease activity of EXO1 in vitro . A-B. Nicked plasmid (7 nM) was incubated with purified wild type HELQ ( A ) or a 
helicase-dead HELQ mutant (K365M, ( B )) in the presence or absence of EXO1 (15 nM) for the indicated times and the products were resolved on a 
0.8% agarose gel. ( C ) 3 ′ -o v erhang DNA substrate w as incubated with the indicated concentration of HELQ and analyz ed in 6% nativ e poly acrylamide gel 
in the presence or absence of EXO1 (20 nM). Protein-DNA complexes are indicated. ( D ) A str uct ural model of human HELQ-DNA, constructed by 
superimposing the str uct ure of Archaeoglobus fulgidus HELQ-DNA with human HELQ using AlphaFold2. The enlarged area shows the interaction 
between human HELQ K587 and ssDNA. ( E ) Electrophoretic mobility shift assa y s such as (C) using HELQ variants and ssDNA substrate. The 
quantification of DNA binding capacity is shown in the bottom. ( F ) ITC titration and fitting curves of HELQ variants with ssDNA. ( G ) The effect of HELQ 

K587A on EXO1 nuclease as described in (A) and (B). In panels A, B, E and G, error bars represent means ± SD of three independent experiments. 
** P < 0.01, **** P < 0.0 0 01, n.s.: not significant. Student’s t -test. 
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ucleases to nascent DNA (EdU) was also increased in HELQ
O #1 cells compared to wild-type U2OS cells under replica-

ion stress (Figure 5 F). 
RAD51 recruitment and stabilization at stalled replication

orks is a central mechanism for replication fork protection
 35 ). We thus asked whether HELQ has a role in recruiting
r stabilizing RAD51 at stalled forks, like other fork pro-
ectors. In contrast to the nucleases, RAD51 recruitment to
nascent DNA upon replication stress was reduced in HELQ
KO #1 cells compared with wild-type cells (Figure 5 F). Fur-
ther, depleting anti-recombinase BLM or RADX, which an-
tagonizes RAD51 accumulation at unprotected forks ( 87 ,88 ),
restored RAD51 recruitment to nascent DNA (Supplemen-
tary Figure S4E and F) and fork protection in HELQ KO
#1 cells (Figure 5 G). These data suggest that HELQ mod-
ulates fork stability by suppressing the eviction of RAD51
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Figure 5. HELQ pre v ents e x cessiv e resection of nascent DNA on the stalled f orks. ( A ) Cells w ere labelled with EdU f or 10 min prior to the addition of 2 
mM HU for 4 h. The HELQ-nascent DNA (EdU) interaction was analyzed by PLA. Quantification of the average number of PLA foci per nucleus is shown 
on the right. Scale bar = 10 μm. ( B ) U2OS (WT) and HELQ KO #1 cells were treated with the indicated drugs (HU and CPT for 4 h) followed by RPA2 
phosphorylation analysis by western blotting. ( C ) Fork degradation assays were performed in U2OS (WT) and HELQ KO #1 cells. Left, schematic of the 
assa y s and representative fiber images for the indicated samples. Right, the scatterplot of IdU- / CldU- tract length ratios for individual replication fork 
w as sho wn. ( D and E ) T he same f ork degradation assa y s as in C w ere perf ormed in HELQ KO #1 cells e xpressing v ector control (Ctrl) or indicated 
shRNAs. The scatterplot of IdU- / CldU- tract length ratios for individual replication forks is shown. ( F ) Interactions between the indicated proteins and 
nascent DNA (EdU) were detected as described in A. Representative PLA images and quantification of the average number of PLA foci per nucleus 
detected by the indicated antibodies are shown. Scale bar = 5 μm. ( G ) Fork degradation assa y s as in C were performed in HELQ KO #1 cells expressing 
vector control (Ctrl) or the indicated shRNAs. A scatterplot of IdU- / CldU- tract length ratios for individual replication forks is shown. In panels A, C, D, E, F 
and G, the data are representative of at least three independent experiments. **** P < 0.0 0 01, n.s.: not significant. Mann–Whitney test. 
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rom nascent DNA, which is mediated by an anti-recombinase
r RADX. 

ELQ ssDNA-binding ability is required for DSB 

nd resection and stalled fork protection 

hus far, we have shown that HELQ is involved in DSB end
esection and replication fork protection, but the biochemi-
al activities through which HELQ plays a role in these pro-
esses remained unclear. To address this gap, we first per-
ormed live-cell imaging to examine the recruitment of EGFP-
agged HELQ variants to DSBs upon laser microirradiation.
ELQ K365M (helicase-dead) mutant, recruitment to DSBs
as comparable to HELQ WT, but HELQ K587A (ssDNA
inding deficient) mutant recruitment was significantly re-
uced (Supplementary Figure S5A). We then expressed FLAG-
agged HELQ wild-type, HELQ K365M or HELQ K587A
utants in HELQ KO #1 cells and based on CPT-induced
PA2 phosphorylation analysis (Figure 6 A), RPA foci forma-

ion (Figure 6 B), saw that DSB end resection was defective
n the HELQ K365M and HELQ K587A mutant cells. Con-
istently, we introduced FLAG-tagged HELQ variants into
GFP-HR-HELQ KO cells and found that re-expression of
ELQ-WT but not HELQ K365M or HELQ K587A mutant

n HELQ KO cells could rescue HR defects (Supplementary
igure S5B). These data indicate that ssDNA-binding abil-

ty, but not helicase activity, is necessary for HELQ to recruit
o DSB and promote DSB end resection and subsequent HR.

eanwhile, HELQ helicase activity promotes DSB end resec-
ion and HR. Thus while HELQ helicase is not necessary to
romote EXO1 activity in vitro (Figure 4 B), it is required to
romote DSB end resection in cells. While the direct effects
f HELQ on EXO1 can be revealed in vitro , some regulatory
echanisms may still affect EXO1 activity and end resection

n vivo . We reason that HELQ helicase activity might promote
nd resection in cells through other indirect mechanisms. 

We next determined the roles of HELQ variants in fork
rotection. We found that HELQ K587A recruitment to
talled forks also significantly reduced while the recruitment
f HELQ K365M to stalled forks was comparable to that of
ELQ WT (Figure 6 C). HU induced RPA2 S4 / S8 phospho-

ylation and nascent DNA degradation in HELQ KO #1 cells
ould be suppressed upon the re-expression of either HELQ

T or HELQ K365M but not HELQ K587A (Figure 6 D and
). These data indicate that ssDNA-binding ability, but not
elicase activity, is necessary for HELQ to recruit to stalled
orks and suppress nascent DNA degradation. 

Consistently, HELQ KO #1 cells expressing HELQ K587A
utant exhibited strong sensitivity to both HU and CPT, while
ELQ KO #1 cells expressing HELQ K365M mutant exhib-

ted strong sensitivity to CPT but similar HU sensitivity with
ELQ KO #1 cells expressing HELQ-WT (Figure 6 F). Fur-

her, knocking down HELQ (by CRISPR / Cas9) in HCT116
ell elevated chromosome aberrations induced by HU, while
e-expression of HELQ-WT and HELQ K365M mutant but
ot HELQ K587A mutant suppressed chromosome aberra-
ions (Supplementary Figure S5C). 

Collectively, our data suggest that the ssDNA binding abil-
ty of HELQ is important for HELQ recruitment to stalled
orks, protecting stalled forks from degradation and avoid-
ng chromosome aberrations during replication stress. Mean-
hile, HELQ helicase activity does not contribute to fork pro-

ection, differing from its roles in DSB end resection. 
HELQ synergizes with CtIP to protect stalled forks 

We finally sought to determine whether HELQ cooperates
with other reported fork protectors in safeguarding stalled
forks. Knocking down (by shRNA) BRCA1 or BRCA2 in
HELQ KO #1 cells did not further aggravate the degradation
of stalled forks, while knocking down of CtIP in HELQ KO
#1 cells resulted in a further reduction of the CIdU- / IdU-tract
length ratio (Figure 7 A, Supplementary Figure S6A and B).
Consistently, we observed that CtIP synergistically increased
stalled forks resection in HELQ KO #1 cells (Figure 7 B) and
HELQ synergistically increased the extent of chromosome
aberrations in CtIP KO cells upon replication stress (Figure
7 C and Supplementary Figure S6C). These findings imply an
additive genetic interaction between HELQ and CtIP, but not
between HELQ and BRCA1 or BRCA2, in protecting stalled
forks. 

We also observed that knock down of CtIP (by shRNA) in
wild-type U2OS cells attenuated RAD51 binding to nascent
DNA under replication stress, as revealed by RAD51 / EdU
PLA foci formation. This finding is consistent with a recent re-
port showing that CtIP protects stalled forks against enhanced
fork degradation by promoting RAD51 nucleofilament stabil-
ity ( 89 ). Knock down of CtIP in HELQ KO #1 cells further ex-
acerbated the reduction of RAD51 / EdU PLA foci caused by
HELQ depletion (Figure 7 D). These data support that HELQ
functions in parallel with CtIP to stabilize RAD51 nucleofila-
ments on stalled forks, thereby protecting forks from nuclease
degradation upon replication stress. Co-depletion of HELQ
and CtIP lead to a higher sensitivity to HU (Figure 7 E) and a
significant reduction in clonogenic survival (Figure 7 F) com-
pared with cells depleted of either factor alone during unper-
turbed growth. These data indicate that HELQ and CtIP act
on the different pathways to counteract endogenous replica-
tion stress. 

Discussion 

Dysregulated end resection at DSBs and stalled replication
forks cause genome instability. In this study, we aimed to de-
lineate the roles of HELQ in DSB end resection and replica-
tion forks protection. To do so, we conducted a series of in
vitro and in vivo experiments. To this end, we demonstrated
that HELQ has two opposing regulatory roles in DNA end re-
section occurring at DSB damage sites and stalled replication
forks. We show that while HELQ promotes DSB end resection
via modulating EXO1 nuclease activity, it also prevents fork
degradation by stabilizing RAD51 binding to nascent DNA
on reversed forks (Figure 8 ). Our findings are therefore con-
sistent with previous demonstrations that DNA metabolism
on DSB and stalled forks differ greatly in their regulation and
underlying mechanisms. 

By performing live-cell imaging analyses, we showed that
HELQ is recruited to DSB damage sites during the early stage
of DSB repair where it promotes EXO1-mediated end resec-
tion and HR. EXO1 possesses 5 

′ -3 

′ exonuclease activity that
degrades 5 

′ -terminated DNA strands within dsDNA to expose
ssDNA ( 78 ). Human EXO1 is a processive nuclease ( 90 ), and
its DSB end resection activity can be promoted by its interact-
ing proteins such as MRN complex ( 9 ), BLM ( 9 ) proliferat-
ing cell nuclear antigen (PCNA) ( 91 ) or by the single-stranded
DNA-binding protein sensor of single-stranded DNA complex
1 (SOSS1) ( 92 ). Although earlier reports suggested that RPA
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Figure 6. The ssDNA binding activity of HELQ is important for DSB end resection and fork protection. A-B. HELQ KO #1 cells expressing vector control 
or the indicated HELQ variants were subjected to CPT (2 μM, 2 h) induced RPA2 phosphorylation ( A ) and RPA2 foci formation ( B ) assays. Scale bar = 5 
μm (B). (C–E) HELQ-EdU PLA assay, RPA2 phosphorylation ( D ) and fork degradation assay ( E ) (C-E: 2 mM HU for 4 h,) were performed in HELQ KO #1 
cells expressing the indicated HELQ variants. Scale bar = 5 μm ( C ). F. HELQ KO #1 cells expressing vector control or the indicated HELQ variants were 
treated with the indicated concentrations of CPT (left) or HU (right) for 48 h, then a cell viability assay was performed. In panels B, C, E and F, data 
represent the means ± SD from three independent experiments. * P < 0.05, ** P < 0.01, **** P < 0.0 0 01. n.s.: not significant. Mann–Whitney test was 
used in B, C and D; Student’s t -test was used in F. 

 

 

 

 

 

 

 

 

 

 

 

 

could also promote EXO1 resection activity in vitro ( 9 ), more
recent studies have indicated that RPA is more likely to act
as an EXO1 suppressor, reducing EXO1 recruitment to DSBs
and inhibiting its DSB end resection activity ( 90 , 93 , 94 ). The
DSB end resection activity of EXO1 thus seems to be modu-
lated either by direct contact with the enzyme and substrate
or by the removal of RPA. Consistent with this notion, plant
homeodomain finger 11 (PHF11) can promote EXO1 activity
only in the presence of RPA ( 93 ). As the HELQ K587A mu-
tant, with no ssDNA binding ability, cannot stimulate EXO1
activity in vitro or in vivo (Figures 4 G and 6 A to B), our data
support that HELQ represents another EXO1 cofactor that
similar to SOSS1, binds to ssDNA and helps EXO1 perform 

efficient DSB end resection. 
Interestingly, however, we saw that the HELQ K365M mu- 

tant, which loses helicases activity ( 56 ), behaves differently be- 
tween in vitro and in vivo contexts. This mutant promoted 

EXO1 activity as efficiently as wild-type HELQ in vitro (Fig- 
ure 4 B), but in cells, it only partially restored DSB end resec- 
tion activity that was lost due to HELQ KO (Figure 6 A and 

B). This finding suggests that HELQ helicase activity is still 
required for intracellular DSB end resection, but it might act 
through some indirect mechanism. Others have reported that 
wild-type HELQ but not the K365M mutant can strip RPA 
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Figure 7. HELQ functions in parallel to CtIP to preserve fork integrity. ( A ) Fork degradation assays were performed in HELQ KO #1 cells expressing the 
indicated shRNAs. ( B ) HU (2 mM, 4 h) induced RPA2 phosphorylation assa y s w ere perf ormed in wild type (WT) and HELQ KO #1 cells expressing shCtIP 
or vector (Ctrl). ( C ) HCT116 cells (WT) and HCT116 CtIP KO cells (CtIP KO) expressing shHELQ or vector (Ctrl) were treated with 2 mM HU for 4 h and 
subjected to metaphase spread assay. The chromosomal aberrations per chromosome spread are plotted. ( D ) The HU (2 mM, 4 h) induced 
RAD51-nascent DNA (EdU) interaction w as analyz ed b y PLA in U2OS cells (WT) and HELQ KO #1 cells expressing shCtIP or v ector (Ctrl). R epresentativ e 
images and quantification of the a v erage number of PLA foci per nucleus are shown. Scale bar = 5 μm. ( E ) WT and HELQ KO #1 cells expressing shCtIP 
or vector (Ctrl) were treated with the indicated concentration of HU for 48 h, then a cell viability assay was performed. ( F ) The viability of WT and HELQ 

KO #1 cells expressing shCtIP or vector (Ctrl) was analyzed by colony formation assay. Representative images (left) and quantifications of the relative 
survival (right) relative to vector (Ctrl) infected wild type U2OS cells (WT), which was arbitrarily set to 100%, are shown. In panels A, C, D, E and F, the 
data represent the means ± SD from at least three independent experiments. * P < 0.05, *** P < 0.001, **** P < 0.0001, n.s.: not significant. 
Mann–Whitney test was used in A, C and D; Student’s t -test was used in E and F. 

f  

f  

a  

t  

p  

p  

d  

p
 

n  

s  

t  

w  

 

 

 

 

 

 

 

 

 

 

 

 

 

rom ssDNA in the presence of ATP in vitro ( 62 ). It is there-
ore reasonable to speculate that HELQ helicase activity might
lso be able to strip some RPA from DSB sites in cells to reduce
he restriction of RPA on EXO1 activity. HELQ thus seems to
romote EXO1-mediated end resection through two different
athways. Further work is now warranted to clarify how the
ifferent EXO1 regulators coordinate DSB end resection and
romote genome stability. 
Unlike for DSB end resection, the mechanisms underlying

ascent DNA degradation at stalled forks are poorly under-
tood. Our results shed light on this mechanism, showing
hat HELQ is recruited to DSBs and stalled replication forks,
here like CtIP and BRCA1, it has opposing regulatory ef-
fects. This finding further demonstrates that DNA resection at
the two types of damage sites are mediated by different mech-
anisms. Fork reversal is a pre-request for the degradation of
forks that have lost protection. DSBs assembled by the anneal-
ing of nascent DNA on reversed forks attract nucleases and
trigger DNA degradation. We saw that there is still substan-
tial fork degradation in HELQ KO cells, and that silencing any
one of several fork reversal enzymes (including SMARCAL1,
ZRANB3, HLTF and even RAD51) restores fork protection to
HELQ KO cells (Figure 5 D). Thus, fork remodelling persists
in HELQ KO cells and HELQ is not required for fork rever-
sal. The formation of stable RAD51 nucleoprotein filaments
on the regressed arm of reversed forks is essential for fork
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Figure 8. A model illustrating the roles of HELQ in DSB end resection and fork protection. ( A ) HELQ promotes EXO1-mediated DSB end resection. In 
the presence of HELQ, EXO1 drives extensive end resection, which is necessary for HR. Without HELQ, EXO1 activity is not fully stimulated, and the 
ssDNA generated by end resection is insufficient to initiate HR. Both HELQ helicase activity and ssDNA binding ability are needed to promote EXO1 
activity in cells. ( B ) HELQ pre v ents degradation of nascent DNA on re v ersed replication forks. HELQ stabilizes RAD51 at reversed forks and limits fork 
resection by nucleases. Loss of HELQ or its ssDNA binding capacity leads to fork degradation and genomic inst abilit y. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

protection. HELQ KO resulted in increased ssDNA on stalled
forks (Figure 5 B) but significantly reduced RAD51 binding to
nascent DNA (Figure 5 F), indicating that HELQ could pro-
tect forks by stabilizing RAD51 nucleoprotein filaments. This
effect is similar to that of other known fork protectors such as
CtIP ( 89 ), BOD1L ( 95 ) and FANCD2 ( 36 ). Moreover, inacti-
vating RADX or BLM, which destabilizes RAD51 nucleopro-
tein filaments ( 87 ,88 ), restored fork protection in HELQ KO
cells further confirming that HELQ protects forks via RAD51
in vivo . Interestingly, however, our data also show that HELQ
KO increases the binding of MRE11, DNA2 and MUS81 to
nascent DNA on stalled forks (Figure 5 F), suggesting that
HELQ could also protect forks directly by preventing nuclease
attack. Notably, the helicase activity of HELQ is not required
for fork protection (Figure 6 D and E) indicating that HELQ
protects stalled forks through ssDNA binding activity or other
biochemical activities related to ssDNA binding rather than
through helicase activity. 

Both DSB end resection and fork protection play a criti-
cal role in genome maintenance and tumor suppression. As
such, our findings are useful in explaining how HELQ acts
as a ‘caretaker’ ( 96 ) to reduce the incidence of mutations and
tumors. It will now be interesting to identify which germline
mutations in the HELQ gene are associated with cancer and
determine whether these mutations affect DSB end resection
and / or fork protection. This information will help us to clar-
ify the underlying mechanisms by which HELQ suppresses
tumorigenesis. So far, our data reveal functionally synergis-
tic effects between HELQ and CtIP in reducing genomic in- 
stability and increasing cell viability upon replication stress 
(Figure 7 C–F); this information will be helpful for developing 
new clinical therapeutic strategies for breast cancer contain- 
ing CtIP mutations that do not affect DSB end resection effi- 
ciency, but lead to reduced fork protection ( 89 ). We posit that 
inhibitors that target HELQ-induced replication fork protec- 
tion but not HELQ helicase activity would render such tumors 
more sensitive to chemotherapeutic agents that serve to induce 
replication stress. By the same principle, the development of a 
specific CtIP inhibitor should also facilitate the clinical treat- 
ment of patients with HELQ mutations. 
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