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BSTRACT 

omologous recombination (HR) requires bidirec- 
ional end resection initiated by a nick formed close 

o a DNA double-strand break (DSB), dysregulation 

avoring err or -pr one DNA end-joining pathwa ys. Here 

e investigate the role of the A T AD5, a PCNA un- 
oading protein, in short-range end resection, long- 
ange resection not being affected by A T AD5 defi- 
iency. Rapid PCNA loading onto DNA at DSB sites 

epends on the RFC PCNA loader complex and 

RE11-RAD50-NBS1 nuclease complexes bound to 

tIP. Based on our cytological analyses and on an in 

itr o system f or short-range end resection, we pr o- 
ose that PCNA unloading by A T AD5 is required for 
he completion of short-range resection. Hampering 

CNA unloading also leads to failure to remove the 

U70 / 80 complex from the termini of DSBs hinder- 
ng DNA repair synthesis and the completion of HR. 
n line with this model, A T AD5-depleted cells are de- 
ective for HR, show increased sensitivity to camp- 
othecin, a drug forming protein-DNA adducts, and 

n augmented dependency on end-joining pathways. 
ur study highlights the importance of PCNA regu- 

ation at DSB for proper end resection and HR. 
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RAPHICAL ABSTRACT 
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NTRODUCTION 

NA double-strand breaks (DSBs) are one of the most 
armful DNA lesions. DSBs are mainly r epair ed by canon- 

cal non-homologous end-joining (c-NHEJ) and HR. The 
U70 / 80-dependent c-NHEJ acts throughout the cell cy- 

le and is potentially error prone. HR is largely error 
ree, generally acts during S and G2 phases, and re- 
uires a sister chromatid as a repair template. DSBs can 

lso be mended by DN A pol ymerase theta (POL �) me- 
iated end-joining (TMEJ), the Ku protein-independent 
on-canonical end-joining, and by single-strand annealing 

SSA). Both pathways lead to the loss of genetic infor- 
ation, microhomology being used to join DSBs during 

MEJ while long repeat sequences are used by SSA ( 1 ). 
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HR, TMEJ and SSA all r equir e DNA end resection ( 1–
4 ), which is initiated by an endonucleolytic nick close to
the DSB by the MRE11–RAD50–NBS1 (MRN)-complex
bound to CtIP. End resection then proceeds bidirectionally.
Short-range resection towards the DSB mediated by the
MRN complex produces a short 3 

′ -hydroxyl (3 

′ -OH)-ended
single-strand DN A (ssDN A) and displaces KU70 / 80 het-
erodimers tightly bound to DSB ends, hindering c-NHEJ
and, in particular, being r equir ed for HR ( 5 , 6 ). Concomi-
tant long-range resection in the opposite direction catalyzed
by EXO1 and the DNA2 / BLM complex results into a long
3 

′ -OH ssDN A, w hich is first coated by replication protein
A (RPA), before being replaced by the RAD51 recombi-
nase. RAD51 / ssDNA nuclear filaments facilitate homol-
ogy search and strand invasion into the template DNA, the
invading strand being extended by DNA repair synthesis
( 7 ). 

PCNA plays a critical role as a processivity factor
for DN A pol ymerases and as a binding platf orm f or
multiple proteins involved in DNA replication and re-
pair ( 8 , 9 ). PCNA homotrimers are loaded onto DNA at
ssDN A / double-strand DN A (dsDN A) junctions at the 3 

′ -
OH end, primarily by the pentameric replication factor
C (RFC) complex composed of RFC1-5 ( 10 , 11 ). When
DN A synthesis is completed, PCN A is unloaded by the
ATAD5-RFC-like-complex (RLC) encompassing ATAD5
and RFC2-5 ( 12–14 ). 

The RFC complex, PCNA and ATAD5-RLC wer e r e-
ported to play a role in HR ( 15–18 ). In addition to their
roles in DNA repair synthesis during HR ( 19–21 ), se v eral
reports suggested additional roles of PCNA in regulating
HR right after DSB formation: The RFC complex and
PCN A ra pidl y associate with DSBs ( 22 ). Elg1, the budding
yeast ATAD5 homologue, associates with DSBs sites in-
dependent of Rad52, a key mediator of RAD51 loading
( 18 ). In addition, PCNA has been suggested to promote
EXO1-mediated long-range resection ( 23 ). Those findings
prompted us to ask the followed questions: i) which DNA
structures pertinent to DSB processing are associated with
PCNA? ii) does PCNA loading r equir e the RFC complex?
iii) and does PCNA need to be unloaded by ATAD5-RFC-
like complex (RLC)?, and if so iv) does excessive PCNA lead
to the d ysregula tion of end resection, resulting in defecti v e
DNA repair?. 

ATAD5 (Elg1) is important for the maintenance of ge-
nomic stability ( 24 ), and this is underscored by a high le v el
of tumors in haploinsufficient Atad5 mice, and frequent
soma tic muta tions in A TAD5 in human tumors ( 17 , 25–
27 ). Accumula ting da ta suggests tha t PCNA tha t fails to
be unloaded and remains on DNA might be a primary
cause of defects during DNA replication and DNA repair
( 13 , 24 , 28–33 ). Here, we investigate PCNA loading during
short-range resection, and the requirement for ATAD5 de-
pendent PCNA unloading for faithful HR. 

MATERIALS AND METHODS 

Cell lines and cell culture 

HeLa, U2OS, U2OS-ATAD5 

AID ( 30 ), POLQ 

+ / + and
POLQ 

−/ − DR-U2OS ( 34 ) (kindly provided by Dr Kei-ichi
Taketa), U2OS-DR-GFP , U2OS-EJ5-GFP , U2OS-
EJ2-GFP, U2OS-SA-GFP cells (kindly provided by
Dr Jeremy Stark), U2OS 2–6–5 cells stably expressing
destabilization domain (DD)-estrogen receptor (ER)-FokI
endonuclease-mCherry-Lac r epr essor (LacR) fusion pro-
tein (DD-ER-FokI-mCherry-LacR) (kindly provided by
Dr Roger Greenberg), HeLa-PCNA 

GFP , ATAD5 

+ / + and
ATAD5 

−/ − HEK293AD and U2OS cells ( 35 ) were cultured
in Dulbecco’s modified Eagle medium containing 10% fetal
bovine serum (FBS; GE Healthcare), 100 U / ml penicillin
G (Life Technologies) and 100 �g / ml streptomycin (Life
Technologies) in a humidified atmosphere of 5% CO 2 at
37 

◦C. 

Small interfering RNAs (siRNAs), and transfection 

The following synthetic duplex siRNAs were purchased:
ATAD5 3 

′ UTR (5 

′ -GUA UA UUUCUCGA UGUACA-3 

′ )
( 13 ), PARP1 (5 

′ -CUUCGUUAGAAUGUCUGCCUU-
3 

′ ), RFC1 (#SN-5981-1), MRE11 (#SN-4361-1), XRCC1
(#SN7515-1), BRCA1 (5 

′ -CAGCAGUUUAUUA CUCA C
UAA-3 

′ ), BRCA2 (5 

′ -UUGGAGGAA UA UCGUAGGUA
A-3 

′ ), and control siRNA (#SN-1002) (Bioneer); CtIP (L-
011376–00) (Horizon Dharmacon); KU80 (#SI02663766)
(QIAGEN). Transfection of cells with 20 nM siRNAs was
perfor med using RNAiMAX (Ther mo Fisher Scientific) ac-
cording to the manufacturer’s instructions. Transfection of
plasmid DNA was performed using X-tremeGENE ™ HP
(Roche) or Lipofectamine 3000 (Thermo Fisher Scientific).
Cells were analyzed 48 h after transfection, unless otherwise
specified. 

Reagents and antibodies 

The following chemicals were used in this study:
camptothecin (C9911), etoposide (E1383), b leomy cin
(B1141000), B02 (SML-0364), PFM39 (SML-1839)
and 4-hydro xytamo xifen (tamo xifen) (H7904) (Sigma-
Aldrich); indole-3-acetic acid (IAA, auxin) (87-51-4)
(Millipore); MIRIN (S8096) (Selleckchem); Shiled-1
(632189) (TAKARA). PFM01 and PFM03 were kindly
provided by Dr John Tainer (MD Anderson Cancer
Center). The following antibodies were used: anti-PCNA
(PC10, sc-56), anti-RFC1 (B-5), anti-RFC4 (H-183, sc-
20996) and anti-RAD54 (F-11, sc-374598) (Santa Cruz
Biotechnology); anti-RPA2 (A300-244A) and anti-KU80
(A302-627A) (Bethyl Laboratories); anti-KU80 (MA5-
12933) (Invitro gen); anti-PCN A (ab18197), anti- � tubulin
(a b-15568) and anti-GAPDH (a b181603) (Abcam); anti-
FLAG (F7425) and anti-Actin (A3853) (Sigma-Aldrich);
anti-RAD51 (Cell Signaling Technology); anti-histone
H3 and anti- � actin (BA3R) (Thermo Fisher Scientific);
anti-MRE11 antibody (NB100-142) (Novus Biologicals);
anti-Myc (4A6) and anti- �H2AX (05–636) (Merck Mil-
lipore); anti-BrdU (347580) (BD Biosciences) antibodies.
The anti-human ATAD5 antibody was raised in rabbits
against an N-terminal fragment (1–297 aa) ( 36 ). 

355-nm UV-laser microirradiation and X-ray irradiation 

For the microirradiation, HeLa-PCNA 

GFP cells plated on
LabTek ™ Chambered Coverglasses (Thermo Fisher Scien-
tific) were pre-sensitized with 10 �M BrdU for 24 h. UV
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icroirradiation was then applied to cells using a Diode 
55-nm laser (100% power) projected through a C- 
pochromat 40 ×/ 1.2 W Korr FCS M27 objecti v e, via a 

leaching module (5 iterations) on a Zeiss LSM880 confocal 
icroscope (Carl Zeiss, Oberkochen, German y) platf orm. 
fter irradiation, li v e cell images were obtained with a time- 

apse setting of ZEN 2.6 (blue edition) (Carl Zeiss) soft- 
are. The signal intensity of GFP signals on the microirra- 
iated strip was quantified using ZEN 2.6 software. Relati v e 

ntensities, adjusted to the baseline of 100 were displayed. 
or X-ray irradiation, cells plated on LabTek ™ chamber 
lides (Thermo Fisher Scientific) or cover slips (Marienfeld) 
ere irradiated using the RS 2000 X-ray irradiator (RAD 

OURCE) following manufacturer’s protocol. 

okI-induced DSB generation 

2OS-LacO reporter cells stably expressing DD-ER-FokI- 
Cherry-LacR were transfected with siRNA or cDNA 

nd, after 48 h, treated with 1 �M tamoxifen (binds to ER 

nd induces nuclear transport of proteins fused to ER) and 

 �M Shield1 (stabilizes proteins tagged with a DD do- 
ain) for 4 h to induce DSBs, and fixed. For chemical inhi- 

ition of RAD51, 20 �M B02 were used for treatment to- 
ether with tamoxifen. For chemical inhibition of MRE11, 
ells were exposed to 500 �M MIRIN and 200 �M PFM39 

or 1 h before DSB induction and maintained throughout 
ncubation. 

mmunostaining 

ells plated on LabTek ™ chamber slides (Thermo Fisher 
cientific) were fixed and stained as described previously 

 13 ) with slight modifications. Briefly, the cells were pre- 
xtracted with cytoskeleton (CSK) buffer (10 mM PIPES, 
00 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 1 mM 

GTA and 0.5% Triton X-100 ™) for 10 min on ice and 

xed with 4% paraformaldehyde (PFA) for 20 min at 
oom tempera ture. For dena tured BrdU staining, cells 
er e tr eated with 2 N HCl for 30 min after fixation. For
AD54 immunostaining, cells were first fixed with 4% 

FA and treated with the CSK buffer. After washing with 

hospha te-buf fered saline (PBS) and incubating in block- 
ng buffer (10% FBS in PBS) for 30 min, cells were in- 
ubated with the indicated antibodies diluted in blocking 

uf fer a t 4 

◦C overnight. After three washes with 0.05% Tri- 
on X-100 in PBS, Alexa Fluor-conjugated secondary an- 
ibodies (Thermo Fisher Scientific) were added and incu- 
ated for 30 min. After washing, cells were mounted using 

roLong Gold antifade reagent with DAPI (Vector Labo- 
 atories, Bur lingame). For KU80 immunostaining, we fol- 
owed a previously reported protocol ( 37 ). Confocal images 
er e acquir ed using a Zeiss LSM880 confocal microscope 
ith a 40 ×/ 1.2 objecti v e. Image acquisition and analysis 
ere performed with ZEN 2.6 (blue edition) software. For 
uclear intensity analysis, nuclei were first masked, and the 
ean intensity within the masked regions was measured. 

ell cycle specific IR-induced DNA repair synthesis 

R-induced DNA repair synthesis at G2 cells was mea- 
ured as described previously ( 19 ) with slight modifica- 
ions. Briefly, Cells wer e tr eated with 10 �M 5-bromo-2 

′ - 
eoxyuridine (BrdU) for 1 h, X-ray irradiated, and incu- 
ated with 10 �M 5-ethynyl-2 

′ -deoxyuridine (EdU) for 8 h. 
ells were then fixed with 4% PFA for 20 min, extracted 

ith CSK buffer, and treated with 2 N HCl for 30 min for 
rdU immunostaining. For EdU detection, cells were then 

rocessed using the Click-iT EdU Imaging kit (Thermo 

isher Scientific) according to the manufacturer’s instruc- 
ions. Br dU-positi v e cells were identified as S-phase cells, 
hile the Br dU-negati v e cells were categorized as either 
1 or G2 based on their DNA content (Supplementary 

igure 6A). 

roximity ligation assay (PLA) 

or the MRE11-PCNA PLA, cells were incubated in CSK 

uffer (10 mM PIPES, 100 mM NaCl, 300 mM sucrose, 3 

M MgCl 2 , 1 mM EGTA and 0.5% Triton X-100 ™) for 10 

in a t 4 

◦C , fixed with 4% PFA for 20 min at room tem-
erature, blocked with 10% fetal bovine serum in PBS for 
 h. After blocking, cells were incubated with primary anti- 
od y overnight a t 4 

◦C with 1:250 rabbit anti-MRE11 anti- 
ody (NB100-142) with 1:250 mouse anti-PCNA antibody 

PC-10). The next day, after washing with 1 × PBS twice, 
ells were incubated with pr e-mix ed Duolink PLA plus and 

inus probes for 1 h at 37 

◦C in a humidity chamber. The 
ubsequent steps in proximal ligation assay were carried 

ut using the Duolink ® PLA Fluorescence kit (Sigma) ac- 
ording to the manufacturer’s instructions. Slides were then 

tained with DAPI and imaged on a Zeiss LSM880 confocal 
icroscope. 

-SceI-induced DSBR assay 

-SceI-induced DSBR assay was performed using U2OS- 
ased reporter cell lines (DR-GFP for HR, EJ5-GFP for 
anonical NHEJ, EJ2-GFP for alternati v e EJ including 

MEJ, and SA-GFP for single-strand annealing) as de- 
cribed previousl y ( 38 ). Briefly, reporter cells were plated 

n a 12-well plate at 1 × 10 

5 cells / well. The following day, 
ach cell line was transfected with 20 nM siRNA. After 24 h, 
ells were transfected again with 0.5 �g of either pCAGGS- 
-SceI (called pCBASce) or empty pCAGGS-BSKX vector, 
nd 0.1 �g of dsRed expression vector. Two days after I- 
ceI transfection, cells were analyzed using a BD FACS- 
erse flow cytometer with BD FACSuite software. Repair 
f ficiency was calcula ted by dividing the percentage of GFP- 
ositi v e cells to the percentage of dsRed-positi v e cells. Data 

nalysis was done using Flowjo software. 

PA retention assay using flow cytometry 

R-induced chromatin RPA2 was measured as described 

reviously ( 39 ) with slight modifications. Cells were irradi- 
 ted and incuba ted for 2 h. 4 �M aphidicolin was added im-
ediately after IR to block S to G2 progression. After incu- 

ation, cells were trypsinized, washed with PBS and perme- 
bilized with 100 �l of 0.2% Triton X-100 in PBS for 10 min 

n ice. Cells were then added with 1 ml of 1 × perm / wash
uffer (0.5% Tween 20 and 0.5% bovine serum albumin in 

BS), centrifuged and fixed with 3% PFA–2% sucrose in 
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PBS for 15 min at room temperature. After washing with
1ml of 1 × perm / wash buffer, cells were incubated with
50 �l of mouse anti-RPA2 antibody (1:100, Calbiochem,
NA19L) in 1 × perm / wash buffer for 45 min each at 37 

◦C.
After washing with 1 ml of 1 × perm / wash buffer, cells were
incubated with 50 �l Alex Flor488-conjugated anti-mouse
secondary antibody (1:500) in 1 × perm / wash buffer for 45
min each at 37 

◦C. After washing with 1ml of 1 × perm / wash
buffer, cells were resuspended in 10 �g / ml propidium io-
dide (Sigma-Aldrich) and 100 �g / ml RNase A (RBC) and
analyzed using a BD FACSVerse flow cytometer with BD
FACSuite software. G2 cells were identified on the basis of
their DNA content assessed by propidium iodide staining.
Data analysis was done using FlowJo software. 

Cell survival assay 

Cells were seeded in 96-well culture plates. After 24 h, cells
wer e tr ea ted with drugs for indica ted period and processed
using the CellTiter-Glo ® 2.0 Assay kit (Promega) accord-
ing to the manufacturer’s instructions. In brief, cells were
lysed with CellTiter-Glo ® reagent and the luminescence
signal was read using a plate r eader. Per cent cell survival
was normalized to that of control cells. For clonogenic sur-
vival assays, control wild type cells and U2OS-ATAD5 

AID 

cells were seeded onto 60 mm plates at a density of 5 × 10 

2

cells / 60 mm. Cells were pre-treated with auxin for 24 h,
treated with Olaparib for 96 h and washed with PBS fol-
lowed by addition of fresh medium and incubation for 14
days. Cells were then washed with PBS and stained with 2%
methylene blue in 70% EtOH for 10 min. 

Analysis of metaphase chromosomes 

Cells were incubated for 6 h with 0.2 �g / ml colcemid and
then metaphase cells were harvested by trypsinization. The
cells were then swollen in 75 mM KCl for 15 min at 37 

◦C
and fixed with methanol:acetic acid (3:1) twice. Cells were
dropped onto glass microscope slides and stained with 5%
Giemsa stain. Images wer e acquir ed using a fluorescence
microscope (BX53; Olympus). At least 35 metaphase cells
were taken randomly from each condition. 

Cell cycle analysis 

Cells were washed with PBS, fixed with 70% ethanol for 1
h, and then incubated with 0.1 mg / ml RNase A at 37 

◦C for
1 h. DNA was stained with 0.05 mg / ml propidium iodide.
Flow cytometry was performed on a FACSVerse ™ flow cy-
tometer using BD FACSuite ™ software (BD Biosciences).
Data analysis was performed using FlowJo software. 

Sequence analysis of repair product in DR-GFP construct 

U2OS-DR-GFP reporter cells seeded onto a 100 mm
dish were transfected with 20 nM siRNA. After 24 h,
cells were co-transfected again with 5 �g pCAGGS-I-SceI
and 1 �g dsRed expression vector. Two days after I-SceI
transfection, dsRed-positi v e cells were sorted using a BD
FACSAria fusion. Genomic DNA was isolated from the
sorted cells, PCR- amplified using 2 �g of genomic DNA
and the primers P1 (5 

′ - CT GCTAACCAT GTTCAT GCC-
3 

′ ) and P2 (5 

′ - AAGTCGT GCT GCTTCAT GT G- 3 

′ ), pu-
rified, and digested with 10 U of I-SceI (New Eng-
land Biolabs) overnight, as previously described ( 38 ). The
undigested PCR product was gel purified and cloned
into pGEM-T Easy Vector (Promega) and sequence was
analyzed. 

Protein extr action, immunopr ecipitation, and immunoblot
analysis 

Whole cell extracts were isolated by incubating cell pellets
with RIPA buffer (50 mM Tris–HCl, pH 8.0, 150 mM NaCl,
5 mM EDTA, 1% Triton X-100 ™, 0.1% sodium dodecyl
sulfate, 0.5% sodium deoxycholate, 0.1 M phenylmethylsul-
f on yl fluoride and 1 × cOmplete Protease Inhibitor Cock-
tail [Roche]) with Benzonase nuclease for 45 min on ice fol-
lowed by sonication and centrifugation. Isolation of a Tri-
ton X-100–insoluble fraction (chromatin-bound fraction)
was performed as previously described ( 36 ) with slight mod-
ifications. In brief, the soluble fraction was removed by in-
cubating cells in buffer A (100 mM NaCl, 300 mM su-
crose, 3 mM MgCl 2 , 10 mM PIPES, pH 6.8, 1 mM EGTA,
0.2% Triton X-100 ™, phosphatase inhibitors and protease
inhibitors [Roche]) for 5 min on ice followed by centrifu-
gation. Then, the detergent-insoluble fraction was isolated
by resuspending the pellet in RIPA buffer containing Ben-
zonase nuclease, followed by sonication and centrifugation.
For immunoprecipitation, proteins were incubated with
specific antibodies. Then, the complex recognized by an-
tibodies was precipitated with pr otein G-Sephar ose beads.
For immunoblot analysis, proteins were separated by SDS-
PAGE and transferred to a nitrocellulose membrane. Block-
ing of the membranes and blotting with primary anti-
bodies were performed in Tris-buffered saline containing
0.1% Tween ® 20 supplemented with 5% skim milk pow-
der. Proteins were visualized using secondary horseradish
peroxidase-conjugated antibodies (Enzo Life Sciences) and
enhanced chemiluminescence reagent (Thermo Fisher Sci-
entific). Signals were detected using an automated Chemi-
Doc ™ imaging system (Bio-Rad Laboratories). 

Protein purification 

Human MR complex were expressed in sf9 insect cells
(Thermo Fisher Scientific) with the Bac-to-Bac Baculovirus
expression system (Thermo Fisher Scientific). MRE11
and RAD50 cDNAs were cloned into the MultiBac
Baculovirus / Insect Cell Expression Vector, pFL (pFL-
2xStrep-MRE11 RAD50-HA-6xHis) to co-express two
proteins in insect cells. The MR complex was purified as
described previously ( 40 ) with slight modification. Insect
cells e xpressing MR comple x were lysed and sonicated in
0.5 M KCl-buffer S (50 mM KH 2 PO 4 pH 7.5, 10% glyc-
erol, 1 mM DTT with 1 × cOmplete Protease Inhibitor
Cocktail [Roche]). The lysates were cleared by ultracen-
trifugation (36 000 ×g , 60 min) and applied to Strep-Tactin
Sepharose r esin (GE Healthcar e), washed and eluted with
0.05 M KCl-buffer S containing 2.5 mM d-Desthiobiotin.
The eluate was then loaded onto a Hi-Trap SP column
(GE Healthcar e) pr e-equibilized with 0.1 M KCl-buffer SP
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75 mM Tris–HCl pH 8.0, 10% Glycerol, 1 mM DTT), 
ashed, and sequentially eluted with 0.2–0.6 M KCl-buffer 
P. Human PCNA, human RFC1 ( � N554)-RFC, hu- 
an ATAD5 ( � N692)-RLC and human ATAD5 ( � N692, 
1173K)-RLC were purified as described previously ( 12 ). 
urified proteins were analyzed by SDS-PAGE and 

oomassie blue staining. Aliquoted proteins were frozen 

nd stored at −80 

◦C. 

r epar ation of dsDNA substrate for resection assay 

he following synthetic oligomers wer e pur chased from 

ioneer (Daejeon, Korea): Oligomer 1 (5 

′ -AACGTCAT 

GA CGATTA CATTGCTAGGACATCGATTCCAG 

CAGTTTGCCCACGTTG ∗A ∗C ∗C ∗A ∗A-3 

′ ; * indicates 
hosphorothioate bond), Oligomer 2 (5 

′ -GATGTCCTA 

CAATGT AATCGTCT ATGACGTT A-Biotin-3 

′ ), and 

ligomer 3 (5 

′ -[Cy- 5]T[Biotin- dT]GGTCAACGTGGG 

AAACTGACTGGAAT C-3 

′ ). To pr epar e Cy-5 labeled 

sDNA substrates, 10uM of oligomers were annealed in 1x 

nnealing buffer (10 mM Tris–HCl pH 7.4, 50 mM NaCl 
ithout EDTA) by cooling from 95 

◦C to 15 

◦C at a rate of
5 

◦C / 3 min. 

n vitro resection assay 

R r esection assays wer e performed as described previ- 
usly ( 40 ). Protein was diluted in buffer H (25 mM HEPES 

H 7.5, 1 mM EDTA, 1 mM EGTA, 10% glycerol, 1 mM 

TT, 1 mM ATP) containing 5 mM magnesium acetate 
MgOAc) with specific salt concentration (100 mM potas- 
ium acetate [KOAc] for RFC and PCNA and 300 mM KCl 
or MR and ATAD5-RLC). For MR reactions, 1 nM Cy-5 

abeled dsDNA substrates were pre-incubated with 50 nM 

treptavidin, and 1 mM ATP in 1 × MR reaction buffer (25 

M MOPS pH 7.0, 2 mM DTT, 8% Glycerol, 0.2 mg / ml 
SA, 5 mM MnCl 2 and 5 mM MgCl 2 ) in room temperature 

or 10 min (the dsDNA-streptavidin premix). 150 nM MR 

as then directly added to the dsDNA-streptavidin premix 

ith salt concentration normalized by KCl, and the reac- 
ion mixture was incuba ted a t 37 

◦C for 30 min. For load-
ng PCNA onto dsDNA substrates before the MR reac- 
ion, 0.56 nM RFC1 ( � N554)-RFC and 112 nM PCNA 

ere added to the dsDNA-streptavidin premix with salt 
oncentration normalized with KOAc, and incubated at 
7 

◦C for 30 min before MR ad dition. To ad d PCNA un-
oading reaction, 25 nM ATAD5 ( � N692)-RLC or ATAD5 

 � N692, E1173K)-RLC were added with salt concentration 

ormalized with KCl at 15 min after incubation of dsDNA- 
tr eptavidin pr emix with RFC and PCNA, and incubated 

t 37 

◦C for 15 min before MR addition. MR reaction was 
topped with 0.2% SDS and 10 mM EDTA, and protein was 
emoved by incubating with 10 �g proteinase K at 37 

◦C for 
 h. DNA was isolated by chloroform extraction, and the 
solated DNA was lyophilized ov ernight, dissolv ed in for- 

amide, boiled at 95 

◦C for 5 min, loaded on denaturing 

olyacrylamide gel containing 1x TBE, 15% acrylamide and 

 M urea, and separated at 200V for 3 h. Cy-5 labeled DNA 

n the gel was detected by Amersham Typhoon Biomolecu- 
ar Imager (Cytiva). 
To confirm that the dsDNA substrate can load PCNA, 
nnealed DNA substrates were attached to streptavidin- 
oated magnetic beads (Dynabeads M-280 [Invitrogen]), 
nbound DNA substrates were discarded, and the bound 

ubstrates was diluted in buffer H containing 300 mM 

OAc and 0.01% NP40, and PCNA loading reactions were 
erformed using 5 nM DNA substra te a ttached to bead un- 
er the same conditions as in the in vitro resection assay. 
fter the r eaction, beads wer e washed with 0.3 M KCl- and 

.5 M KCl-buffer H, and DNA was digested by 125 U Ben- 
onase at 37 

◦C for 10 min. The eluted protein was then an- 
lyzed by immunoblot analysis. 

tatistical analysis 

rism 8 (GraphPad Softw are) w as used to gener ate gr aphs 
nd analyze data. For all data, two-tailed unpaired Stu- 
ent’s t -tests or ANOVA, along with a post-hoc Tukey test 
ere used; **** P < 0.001, *** P < 0.005, ** P < 0.01, *
 < 0.05 and ns: not significant. Statistical parameters are 
escribed in the figures. 

ESULTS 

CNA is rapidly loaded on DNA at DSB sites by RFC and 

ater unloaded by A T AD5-RLC 

e first investigated whether ATAD5 is localized at DSB 

ites. Both endogenous ATAD5 and mNeonGreen-ATAD5 

ocalized at FokI-induced DSBs (Figure 1 A), upon gener- 
ting localized DSBs at an array of lac operators by teth- 
ring the FokI endonuclease fused to mCherry-LacR ( 41 ). 
e found that RFC1 depletion reduced the localization of 
NeonGreen-ATAD5 at FokI-induced DSBs (Figure 1 B), 

uggesting a dependence on PCNA loaded by the RFC 

omplex. PCNA loading and unloading occur as part of 
he DNA repair synthesis that occurs when the invading 

trand is extended ( 19–21 ). To determine whether ATAD5 

s also r ecruited befor e DNA r epair synthesis, we blocked 

trand invasion by treating cells with the B02 RAD51 re- 
ombinase inhibitor, known to abolish RAD51 filament for- 
ation and DNA repair synthesis (Supplementary Figure 

A) ( 42 ). We found that mNeonGreen-ATAD5 location at 
okI-induced DSBs was not reduced upon B02 treatment, 

rrespecti v e of RFC1 status (Figure 1 B). Similar to ATAD5, 
CN A was ra pidl y recruited to the microirradiated strips, 
ecruitment being reduced by RFC1 depletion (Figure 1 C 

nd D). PCNA also co-localized at FokI-induced DSBs, 
rrespecti v e of B02 treatment (Supplementary Figure 1B). 
onsistently, depletion of BRCA2, which is a key HR fac- 

or r equir ed for RAD51 loading onto ssDNA and subse- 
uent strand invasion ( 1 , 3 ), did not affect PCNA signal on

aser microirradiated strips (Figure 1 E and F). Taken to- 
ether, our results suggest that the rapid PCNA recruitment 
o DSBs is largely dependent on RFC-mediated loading and 

hat this may occur independent of DNA repair synthesis 
hich r equir es strand invasion. 
In line with the PCNA unloading activity of ATAD5, 

CN A hyper accum ulated and remained longer on microir- 
adiated strips in ATAD5-depleted HeLa cells (Figure 1 G- 
) and U2OS cells (Supplementary Figure 1C and D), as 
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Figur e 1. PCN A is ra pidl y recruited to DSBs, and r ecruitment r equir es RFC1 but not DNA repair synthesis. ( A ) U2OS-LacO reporter cells stab ly e xpress- 
ing DD-ER-FokI-mCherry-LacR wer e tr eated with tamoxifen and Shield1 for 4 h to induce DSBs. Endogenous ATAD5 visualized by immunostaining 
(left panels) and mNeonGreen-ATAD5 imaged after transfection 48 h before DSB induction (right panels). The incidence of costaining between FokI 
(red) and ATAD5 is indicated in the upper panels. ( B ) U2OS-LacO reporter cells stably expressing ER-DD-mCherry-LacR-FokI were co-transfected with 
mNeonGreen-ATAD5 cDNA and either control or RFC1 siRNA, and, after 48 h, DSB was induced. Cells were treated with B02 together with tamoxifen 
and Shield1. Error bars r epr esent SD. Statistical analysis: One-way ANOVA. (C–I) HeLa cells stably expressing PCNA fused with enhanced green fluores- 
cence protein (GFP) (HeLa-PCNA 

GFP ) were transfected with RFC1 siRNA ( C, D ), BRCA2 siRNA ( E, F ) or ATAD5 siRNA (G–I) and subjected to UV 

microirradia tion ( C , E, G, H ), and whole cell e xtracts (D, F) or solub le and chr omatin-bound pr otein extracts ( I ) wer e pr epar ed for immunoblotting. (C, E, 
H) Relati v e intensities, adjusted to the baseline of 100 are displayed. Error bars represent SD ( n = 18 for si-Ctrl; n = 17 for si-RFC1 [C], n = 19 [E], n = 10 
[H]). (G) Representati v e images of single cells. (J–L) U2OS-ATAD5 AID cells wer e tr eated with auxin, subjected to X-ray tr ea tment (6 Gy), incuba ted for 30 
min and fixed for immunostaining. ( J ) Representati v e images. ( K, L ) Quantification of PCNA foci (K) and colocalization between PCNA and RPA2 (L). 
G2 cells were identified based on the PCNA foci pattern and DNA content as determined by DAPI staining. Error bars r epr esent SD. Statistical analysis: 
two-tailed unpaired Student’s t -test. (A, G, J) Scale bar 10 �m. 
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ell as in HEK293AD ATAD5 knockout cells (Supple- 
entary Figure 1E and F). Even when image acquisition 

ime was extended to 4 hours, PCNA was still remained 

n microirradiated strips in ATAD5-depleted cells (Supple- 
entary Figure 1G and H). Furthermore, ionizing radia- 

ion (IR)-induced PCNA foci (monitored in cells residing 

n the G2 cell cycle stage) were increased upon auxin treat- 
ent of U2OS cells carrying AID-tagged ATAD5 (U2OS- 
TAD5 

AID ) ( 30 ) (Figure 1 J and K). Under the same con-
itions, IR-induced RPA2 foci, r epr esenting DSB sites un- 
ergoing r epair, wer e not alter ed (Figur e 1 J and Supple-
entary Figure 1I). PCNA foci, some of which were colo- 

alized with RPA2, appeared within 30 min after IR treat- 
ent in G2 cells (Figure 1 J), the number of PCNA foci 

nd colocalization with RPA2 being increased upon auxin- 
ediated ATAD5 depletion (Figure 1 J and L). Taken to- 

ether, PCN A is ra pidl y recruited to DSBs and hyper ac- 
umulates upon ATAD5-RLC depletion, consistent with 

TAD5-RLC dependent unloading. 

CNA recruitment to DNA damage sites largely depends on 

RN-CtIP 

i v en the RFC1 r equir ement for PCNA r ecruitment to 

SBs, we speculated that PCNA might be loaded at nicks 
nd / or short single-str anded gaps, gener ated by MRN- 
tIP endo / e xonuclease acti vity close to DSB sites (Figure 
 A) ( 12 ). Consistent with this hypothesis, the recruitment of 
CNA to microirradiated strips was reduced when CtIP or 
RE11 were depleted (Figure 2 B–E) or when MRE11 en- 

onuclease inhibitors PFM01 or PFM03 wer e tr eated (Fig- 
re 2 F). Conversely, treatment with the MRE11 exonucle- 
se inhibitor PFM39 led to an increase in PCNA signals 
n the microirradiated strips (Figure 2 G), suggesting that 
ontinuous PCNA loading occurs in cases of short-range 
esection defects. Consistent with this, mNeon-ATAD5 lo- 
aliza tion a t FokI-induced DSBs was reduced upon CtIP 

r MRE11 depletion (Figure 2 H and I). Treatment with 

he MRE11 exonuclease inhibitors mirin or PFM39 also re- 
uced mNeon-ATAD5 localization at FokI-induced DSBs 
Figure 2 J), suggesting that there is a mechanism to restrict 
TAD5-RLC access to PCNA that has not completed its 

ask, as exemplified by the inhibition of premature PCNA 

nloading by acetylated histones during DNA replication 

 43 ). 

 T AD5 is important for HR but not for other DSBR path- 
ays 

TAD5-depleted cells were reported to be defecti v e for HR 

 16 , 17 ). Gi v en our finding that PCNA recruitment to DSBs
 equir es MRN-CtIP, and HR, TMEJ and SSA all being 

nown to r equir e end r esection ( 3 , 4 ), we examined the ef-
ects of ATAD5 depletion on these DSBR pathways, as well 
s on c-NHEJ, using tailored I-SceI-based reporter assays, 
coring for the restoration of GFP expression (Supplemen- 
ary Figure 2A–D) ( 38 ). After I-SceI-induced DSB genera- 
ion, DR-GFP , SA-GFP , EJ2-GFP and EJ5-GFP DNA re- 
ov er GFP e xpr ession when they ar e r epair ed by HR, SSA,
lternati v e EJ including TMEJ and c-NHEJ, respecti v ely. 
tIP depletion reduced the frequency of HR, SSA and 
MEJ, but increased the frequency of c-NHEJ (Figure 3 A), 
s reported ( 44 ). ATAD5 depletion reduced the frequency 

f HR as reported ( 17 ), while other DSBR pathways includ- 
ng c-NHEJ, TMEJ and SSA remained intact (Figure 3 A). 
upporting a role for ATAD5 in the HR pathway, the de- 
rease in HR frequency induced by depletion of BRCA1, a 

ey factor for commitment to the HR pathway ( 1 , 3 ), was
ot further reduced by ATAD5 depletion (Supplementary 

igure 3A). In addition, ATAD5-depleted cells were sensi- 
i v e to the PARP1 inhibitor Olaparib in both acute viability 

ssa ys and colon y survival assa ys (Figur e 3 B–D) as pr evi-
usly reported ( 16 , 45 ). This result is in line with the reported
 equir ement of PARP1-mediated repair for the survival of 
R-deficient cells ( 46 , 47 ). Taken together, our data under- 

ine a HR-specific role of ATAD5 in DSBR. 

 T AD5-depleted cells are sensitive to a drug forming protein- 
NA adducts 

e ne xt e xamined the sensiti vity of ATAD5-depleted cells 
o various DSB-inducing reagents . AT AD5 

−/ − U2OS and 

EK293AD cells were not hypersensiti v e to b leomy cin 

nd X-ray treatment, consistent with breaks induced by 

uch treatment being mainly repaired by c-NHEJ ( 48 ) 
Figure 3 E–G, Supplementary Figure 3B and C). In con- 
rast, we observed a mild hypersensitivity to the DNA 

opoisomerase-1 (TOP-1) inhibitor camptothecin (CPT) in 

oth ATAD5 

−/ − cell lines (Figure 3 H and Supplementary 

igure 3D), with a comparable cell cycle profile indepen- 
ent of the presence of ATAD5 (Supplementary Figure 3E 

nd F). In addition, the number of CPT-induced chromo- 
ome breaks and fragmented chromosomes was increased 

n ATAD5-depleted cells (Figure 3 I and J). CPT traps TOP- 
 cleavage complexes ( 49 ). TOP-1 trapped to single-strand 

r eaks, upon DNA r eplication r esults into DSBs r eported 

o be mainly r epair ed by HR ( 7 ). In support of a role for
TAD5 in the HR pathway, the hypersensitivity to CPT 

nduced by BRCA1 depletion was not further exacerbated 

y ATAD5 depletion (Supplementary Figure 3G and 3H). 
e reasoned that the mild sensitivity of ATAD5 

−/ − cells 
o CPT is due to the compensatory activity of other DSBR 

athways. Consistent with this notion, we found that the de- 
letion of ATAD5 in TMEJ-defecti v e U2OS POLQ 

−/ - cells 
esults in hypersensitivity to CPT (Figure 3 K and L). 

ecruitment of MRN-CtIP and EXO1 to the DSBs and DNA 

amage checkpoint are intact in A T AD5-depleted cells 

e next tried to find the cause of HR defects associated with 

TAD5 deficiency. We first investigated whether ATAD5 

ffects recruitment of nucleases involved in DNA end re- 
ection to the DSBs. As a result, we found that recruitment 
f MRE11, NBS1, CtIP and EXO1 to FokI-induced DSBs 
r laser microirradiated strip was not affected by ATAD5 

epletion (Supplementary Figure 4A–L). 
Elg1, the budding yeast ATAD5 homologue, was re- 

orted be involved in the DNA damage checkpoint sig- 
al ( 50 ). Considering known role of A TM and A TR in
romoting DNA damage response and HR by phospho- 
ylating se v eral key proteins, including CtIP, MRE11 and 

BS1 ( 51 ), we investigated whether ATAD5 depletion af- 
ects DNA damage checkpoint signal. As a result, we found 
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Figur e 2. PCN A and ATAD5 ar e r ecruited to DSBs, and r ecruitment r equir es MRN-CtIP. ( A ) Model of PCNA loading on nicked DNA in proximity to 
DSBs. (B–E) HeLa-PCNA 

GFP cells were transfected with CtIP siRN A ( B , C ) or MRE11 siRNA ( D, E ) and subjected to UV microirradiation (B, D), and 
whole cell extracts were subjected to immunoblotting (C, E). (B , D) Rela ti v e intensities, adjusted to the baseline of 100 are displayed. Error bars r epr esent 
SD ( n = 14 for si-Ctrl; n = 12 for si-CtIP [B], n = 15 for si-Ctrl; n = 14 for si-MRE11 [D]). (F, G) HeLa-PCNA 

GFP cells were pre-treated with 50 �M 

PFM01, 50 �M PFM03 ( F ) or 50 �M PFM39 ( G ) for 30 min and subjected to UV microirradia tion. Rela ti v e intensities, adjusted to the baseline of 100 
are displayed. Error bars represent SD ( n = 21 for DMSO; n = 17 for PFM01; n = 18 for PFM03 [F], n = 21 for DMSO; n = 16 for PFM39 [G]). (H–J) 
U2OS-LacO reporter cells stably expressing DD-ER-FokI-mCherry-LacR were co-transfected with mNeonGreen-ATAD5 cDNA and with CtIP siRNA 

( H ) or MRE11 siRNA ( I ), or treated with MIRIN and PFM39 for 5 h before fixation ( J ). Error bars r epr esent SD. Statistical analysis: one-way ANOVA. 
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tha t IR-induced phosphoryla tion of CHK1, CHK2 and

gamma H2AX was not reduced by ATAD5 depletion (Sup-
plementary Figure 4M). 

Long-r ange r esection is intact in A T AD5-depleted cells 

Ne xt, we e xamined the effect of ATAD5 depletion on DNA
end resection. The extent of end resection was gauged cy-
tolo gicall y by first incorporating Bromo-2 

′ -deoxyuridine
(BrdU) into DNA, BrdU only being detectable in single-
str anded DNA gener a ted by end resection. We found tha t
the intensity of the BrdU signal increased above back-
ground upon IR treatment, the signal intensity not being
affected by ATAD5 depletion (Supplementary Figure 5A
and 5B). In addition, we measured RPA2 loading on re-
sected DNA. Gating G2 cells (Supplementary Figure 5C,
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Figure 3. ATAD5-depleted cells are defecti v e for HR and are hypersensiti v e to camptothecin (CPT) . ( A ) DSBR fr equency was measur ed 48 h after 
transfection with the I-SceI endonuclease using various U2OS reporter cells transfected with ATAD5 or CtIP siRNA. Error bars r epr esent SD ( n = 3 or 
4). Alt-EJ; alternati v e EJ. ( B ) Chr omatin-bound pr otein extracts wer e pr epar ed from A TAD5 + / + and A TAD5 −/ − HEK293AD cells for immunoblotting. 
( C ) A TAD5 + / + and A TAD5 −/ − HEK293AD cells wer e tr eated with Olaparib for 96 h, allowed to recover for 24 h, and subjected to acute viability assays 
Error bars r epr esent SD ( n = 4). ( D ) U2OS-ATAD5 AID cells were pre-treated with auxin for 24 h, then treated with Olaparib for 96 h and subjected to 
colon y f orming assa y. Auxin was also treated during Olaparib trea tment. ( E ) W hole cell extracts wer e pr epar ed from A TAD5 + / + and A TAD5 −/ − U2OS 
cells for immunoblotting. ( F – H ) ATAD5 + / + and ATAD5 −/ − U2OS cells wer e tr eated with drugs as indicated (for b leomy cin, 72 h of treatment and 24 h 
of recovery; for IR, 5 days of recovery; for CPT, 48 h of treatment) and subjected to acute viability assays. Error bars r epr esent SD ( n = 3). (I, J) HeLa 
cells transfected with ATAD5 siRNA were treated with 1 �M CPT for 1 h and subjected to metaphase spreading. ( I ) A r epr esentati v e image. Arrowheads 
point to chromosome breaks. Scale bar 10 �m. ( J ) The number of abnormal chromosomes (chromosome break and fragmented chromosome) per cell was 
counted. Error bars r epr esent SD ( n = 3). ( K, L ) POLQ 

+ / + and POLQ 

−/ − U2OS cells were transfected with ATAD5 or control siRNA. Cells were treated 
with CPT 48 h after transfection, and subjected to acute viability assays (K) or immunoblotting with whole cell extracts (L). (K) Error bars r epr esent SD 

( n = 2). Statistical analysis: two-tailed unpaired Student’s t -test (A, C–D, F–H); one-way ANOVA (J); two-way ANOVA (K). 
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top left panel), the intensity of RPA2 was increased after IR
treatment in wild type cells (top right panel). As reported
previously, RPA2 intensity was decreased upon CtIP de-
pletion ( 7 ), while this was not the case upon ATAD5 de-
pletion (Supplementary Figure 5C). In line with the flow
cytometry-based results, ATAD5 depletion did not affect
RPA2 foci induced by IR or CPT (Supplementary Fig-
ure 5D–G). Our findings contradict a previous report that
showed a reduction of CPT-induced RPA1 foci by ATAD5
depletion ( 16 ). One possible explanation for this discrep-
ancy is that the A2780 cells used in the previous study
had high endogenous le v els of reacti v e oxygen species ( 52 ),
which can result in abundant DNA damage, which may
lead to a shortage of PCNA available to assist with EXO1-
mediated long-range resection ( 23 ). In contrast, RFC1 de-
pletion slightly reduced the IR-induced chromatin RPA sig-
nal (Supplementary Figure 5H), which can be explained
by PCNA increasing long-range end resection by promot-
ing the EXO1 processivity ( 23 ). RFC1 depletion consis-
tently reduced the frequency of HR and SSA (Supplemen-
tary Figure 5I), which both require long-range resection.
RFC1 depletion unexpectedly reduced the frequency of c-
NHEJ (Supplementary Figure 5I), suggesting that RFC1
may have an unknown role in this pathway as well. In sum-
mary, our results suggest that long-range resection by EXO1
and / or DNA2 occurs normally in ATAD5-depleted cells,
cytological methods not being sensiti v e enough to detect
short length resection. 

PCNA unloading by A T AD5 is r equir ed f or MRN-mediated
KU r emo v al from DSB ends 

Ne xt, we e xamined the effect of ATAD5 depletion on short-
range resection. Removal of KU70 / 80 heterodimers from
tightly bound DSB ends occurs mainly by MRN-CtIP-
mediated short-range r esection, r emoval being r equir ed for
HR ( 5 , 6 ). We hypothesized that PCNA remaining at DSB
proximal sites due to ATAD5 depletion may inhibit MRN-
mediated short-range resection and subsequent KU re-
moval (Figure 4 A). In line with compromised KU removal,
we found increased KU80 le v els on microirradiated strips in
auxin depleted U2OS-ATAD5 

AID cells (Figure 4 B and C). 
To corroborate our hypothesis, we assessed KU80 re-

cruitment by counting KU80 foci upon CPT treatment.
CPT treatment led to an increased number of KU80 foci
(Figure 4 D), the number being further increased in either
ATAD5- or CtIP-depleted cells (Figure 4 E–G). Depletion
of both ATAD5 and CtIP did not further increase the num-
ber of KU80 foci upon CPT tr eatment compar ed to the de-
pletion of either protein alone (Figure 4 F), suggesting that
two proteins are involved in the same pathway. We found
that CtIP le v els wer e incr eased in ATAD5-depleted cells,
whereas ATAD5 le v els were increased in CtIP-depleted cells
(Figure 4 G), suggesting that ATAD5 and CtIP are mutu-
ally e xclusi v e in helping to remov e KU heterodimers. It is
possible that the increase in the number of KU80 foci ob-
served in ATAD5-depleted cells could be due to an over-
all increase in the number of DSBs. Howe v er, this possibil-
ity is unlikely because the number of 53BP1 foci, which in-
dicate the presence of DSBs, was similar between control-
and ATAD5-depleted cells upon CPT tr eatment (Figur e 4 H
and I). ATAD5 specificity was confirmed by complemen-
tation upon expressing RNAi resistant wild type ATAD5
(Figure 4 J and K). In contrast, consistent with the model
tha t ATAD5 media ted PCNA unloading activity is r equir ed
for KU80 removal (Figure 4 A), expressing the unloading-
defecti v e ATAD5 E1173K mutant failed to reduce the num-
ber of KU80 foci (Figure 4 J). Consistent with PCNA evic-
tion fr om pr ocessed DSBs being defecti v e upon ATAD5 de-
pletion, we found an increased incidence of MRE11 PCNA
juxtaposition upon IR in ATAD5-depleted cells not resid-
ing in S-phase employing proximity ligation assays (Figure
4 L and M). In addition, the r educed HR fr equency induced
by ATAD5 depletion was significantly r estor ed when KU80
was co-depleted (Figure 4 N and O). Partial recovery may
be due to incomplete KU80 depletion (Figure 4 N and O).
Taken together, these results suggest that MRN-mediated
resection and ensuing KU removal are inhibited in ATAD5-
depleted cells, probably due to PCNA trapped at DSBs. 

PCNA loaded on DNA inhibits MRE11 / RAD50-mediated
resection in vitro 

We next examined whether DNA bound PCNA can in-
hibit MRE11-dependent short-range resection. Because of
the short length of MRN-mediated resection, it is techni-
cally difficult to detect changes in short-range resection us-
ing cell-based assays ( 53 ). We ther efor e employed a well-
established in vitro MRE11 / RAD50 (MR) resection assay
( 40 ), and combined this with PCNA loading and unloading
reactions ( 12 ). We generated a 62 bp double-strand DNA
(dsDNA) substrate mimicking a nicked DSB. Both ends
of the substrate are protected from exonucleolytic degra-
dation, onl y a centrall y located nick with a 3 

′ -OH being
accessible to the MR complex and RFC-PCNA (Figure
5 A, top left panel). We first confirmed the activity of the
purified MR complex on the DNA substrate (Figure 5 A,
top right panel, and bottom panel) and the suitability of
the DNA substrate for PCNA loading by the RFC com-
plex (Figure 5 B). We found that adding both the RFC
and PCNA before addition of the MR complex decreased
MR processing, as observed by the reduced appearance of
a biotin-oligonucleotide species, migrating slightly slower
than the 16 nt marker (Figure 5 C, right-most lane, arrow-
head; Figure 5 D for quantification). Addition of functional
ATAD5-RLC after PCNA loading r eaction partly r estor ed
the subsequent MR-mediated resection, while adding a
PCNA unloading-defecti v e ATAD5(E1173K)-RLC did not
(Figure 5 E and F). The effect of ATAD5-RLC on MR-
mediated resection was minimal, probably due to the con-
current PCNA loading reaction in the reaction tube. Taken
to gether, PCN A loaded on DNA by the RFC complex in-
hibits MR-mediated end resection, consistent with our re-
sults on KU80 removal (Figure 4 J and N). 

DNA repair synthesis is defective in A T AD5-depleted cells 

HR r equir es the generation of RAD51-coated ssDNA to
initiate homology search, and, upon finding a matching se-
quence, strand invasion to form a displacement loop. Con-
comitant with RAD51 remov al, the inv ading strand is then
extended by DNA synthesis ( 54 , 55 ). Based on long-range
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PCNA. (B, C) U2OS-ATAD5 AID cells were treated with auxin for 24 h, UV-microirradiated, fixed after the indicated times and stained for KU80. ( B ) 
Representati v e images. ( C ) Quantification of KU80 signal intensity on microirradiated strips. ( D–G ) U2OS cells were transfected with siRNAs as indicated. 
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immunob lotting (G). (E) Representati v e images. (D, F) Error bars r epr esent SD ( n = 3). ( H, I ) U2OS cells were transfected with ATAD5 siRNA. 48 h after 
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for immunoblotting (K). ( L, M ) U2OS-ATAD5 AID cells were treated with auxin, labeled with EdU for 30 min, irradiated with 4 Gy of X-ray, and fixed for 
MRE11-PCNA PLA after the indicated periods of time. (L) Representati v e images. (M) Foci was quantified in cells not residing in S phase as determined 
by the absence of prominent EdU labeling. ( N, O ) U2OS DR-GFP reporter cells were transfected with the I-SceI endonuclease and ATAD5 or KU80 
siRNA as indicated. 48 h after transfection, HR frequency was measured (N) or whole cell extracts prepared for immunoblotting (O). (N) Error bars 
r epr esent SD ( n = 3). Statistical analysis: two-tailed unpaired Student’s t -test (C, D, M); one-way ANOVA (F, I, J, N). (B, E, H, L) Scale bar 10 �m. 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/19/10519/7280549 by U

lsan N
ational Inst of Science & Technology user on 08 January 2024



10530 Nucleic Acids Research, 2023, Vol. 51, No. 19 

A B

C D E F

250

150

75

100

37

50

(kDa)

RAD50

MRE11MR (nM)

1 mM ATP

1-

+ +

Ex
oI

II

5

+

10

+

25

+

50

+

100

+

150

+ +

16

30
(nt)

+ +
+ +RFC

PCNA

FLAG
(PCNA)

37

50
(kDa)

Bead
Biotin-

-Strep
Biotin-

Strep-

sss5

Bead

62 nt

--
--

MR - + + + +
- - - + +RFC

PCNA - - + - +

16

30
(nt)

*

MR - + + +

- - + +RFC
PCNA - - + +

ATAD5 - - - WT
+

+
+

EK

16

30
(nt)

*

sss

Biotin
-Strep

Biotin
-Strep

5
29 nt33 nt

62 nt

MRE11
RAD50

0.0

0.2

0.4

0.6

pr
od

uc
t/s

ub
s t

ra
t e

ra
ti o

MR
RFC

PCNA - - +-
+- +-
+- +

-
++

+

n.s
n.s

****
****

********

0.0

0.1

0.2

0.3

0.4

0.5

pr
od

uc
t/s

ub
st

ra
te

ra
t io

MR

RFC
PCNA

ATAD5-RLC
- + + + +

- - + + +
- - + + +

- - - WT EK

n.s
****

****
* ***

****

Figur e 5. PCN A loaded on DN A blocks MR-media ted resection in vitr o . ( A ) MR in vitro nuclease assay conducted on a substra te tha t carries a 62-base 
oligonucleotide (nt) at the top strand, paired to a Cy-5 (red asterisk) and biotin end-labeled 29-base oligonucleotide and a biotin end-labeled 33-base 
oligonucleotide at the bottom strand. The arrow indicates the direction of the MRE11-RAD50 (MR) exonuclease complex. Both ends of the dsDNA 

substrate are protected from the exonucleolytic degradation. The 3 ′ end of bottom strand are protected by streptavidin bound to biotin. The 3 ′ end of 
top strand is protected by the incorporation of phosphorothioate bonds (indicated as “sss”). Binding of streptavidin to the 5 ′ end of the bottom strand 
is used to mimic KU binding. The assay was conducted with concentration gradient (0–150 nM) of purified human MR (right panel, for Coomassie 
staining). Nuclease activity was measured by PAGE under denaturing conditions (bottom panel). The arrowhead indicates a resected product. ( B ) A 

PCNA loading reaction was performed with the same dsDNA substrate, bound to magnetic beads. After washout, proteins on DNA were eluted and 
subjected to immunoblotting. ( C–F ) in vitro MR assay with or without prior RFC-mediated PCNA loading. (E, F) Nuclease assays, on in vitro substrate 
after RFC / PCNA treatment and ensuring incubation with wild type (WT) or PCNA unloading defecti v e ATAD5 (EK, E1173K). (C, E) The Asterisk 
indicates a partially processed product. (D, F) Error bars r epr esent SD ( n = 3). Statistical analysis: one-way ANOVA. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/51/19/10519/7280549 by U

lsan N
ational Inst of Science & Technology user on 08 January 2024
resection being intact in ATAD5-depleted cells, while KU80
remains on the site of the initial DSB breakage, we spec-
ula ted tha t strand invasion might occur ( 56 ), w hile DN A
synthesis might be physically blocked by KU70 / 80 bound
to the initial DSB site (Figure 6 A). We therefore measured
HR-associated DNA repair synthesis by counting the num-
ber of repair foci labeled via the incorporation of the thymi-
dine analog 5-ethynyl-2 

′ -deoxyuridine (EdU) into DNA af-
ter IR treatment of G2 cells. We found that the number of
EdU foci was reduced upon ATAD5 depletion (Figure 6 B,
C, For technical detail relating to determining G2 cells, see
(Supplementary Figure 6A ( 19 )). We next hypothesized that
the blockage of DNA repair synthesis led to an increased
stead y sta te of earlier stage HR intermediates stably asso-
ciated with the RAD51 recombinase, or the RAD54 AT-
Pase needed for RAD51 removal ( 57 , 58 ). Consistent with
this hypothesis, we found increased numbers of RAD51
and RAD54 foci in ATAD5-depleted cells (Figure 6 D–G),
the mean intensity of RAD51 foci being equally increased
((Supplementary Figure 6B). Consistent with KU residence
by PCN A tra pped at DSBs in ATAD5-depleted cells, KU80
depletion r estor ed the number of IR-induced DNA repair
synthesis and RAD51 foci to a le v el of control (Figure 6 H
and I). In addition, decr eased HR fr equency upon ATAD5
depletion was not r estor ed by PCNA unloading-defecti v e
ATAD5 (Figure 6 J). 

Unprocessed DSB ends resulting from A T AD5 depletion are
partially r epair ed by TMEJ 

We next aimed to directly test if TMEJ might bypass the
HR repair defect associated with the blockage of DNA
end resection due to ATAD5 depletion. We adapted the
DR-GFP r eporter system, wher e r estoration of a functional
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Figur e 6. DN A repair synthesis is defecti v e in ATAD5-depleted cells. ( A ) Graphic description for unprocessed DSB ends in ATAD5-depleted cells. ( B, 
C ) U2OS-ATAD5 AID cells wer e tr eated with auxin, pr e-labeled with BrdU, irr adiated with X-r a ys (4 Gy), labeled with EdU f or 8 h and fixed. (C) Error 
bars r epr esent SD ( n = 3). ( D–G ) U2OS-ATAD5 AID cells wer e tr ea ted with auxin, irradia ted with X-rays (4 Gy), r ecover ed for indicated time and fix ed 
for RAD51 (D, E) or RAD54 immunostaining (F, G). (E, G) Error bars r epr esent SD ( n ≥ 4 [E], n = 4 [G]). ( H ) U2OS-ATAD5 AID cells were transfected 
with KU80 siRNA, treated with auxin, pre-labeled with BrdU, irradiated with X-rays (4 Gy), labeled with EdU for 8 h and fixed. Error bars represent SD 

( n = 3). ( I ) U2OS-ATAD5 AID cells were transfected with KU80 siRNA, treated with auxin, irradiated with X-rays (4 Gy), r ecover ed for indicated time and 
fixed for RAD51 immunostaining. Error bars r epr esent SD ( n = 5). ( J ) HR frequency was measured 48 h after transfection with the I-SceI endonuclease 
using U2OS DR-GFP reporter cells transfected with a combina tion of A TAD5 siRNA and wild type or PCNA unloading-defecti v e E1173K (EK) ATAD5 
cDNA. Error bars r epr esent SD ( n = 5). ( K ) DNA repair substrate (top panel). HR leads to the restoration of GFP by gene conversion ( iGFP ) (middle 
panel), while end-joining results in small deletions or insertions (bottom panel). The positions of PCR primers are indicated (triangles labeled 1 and 2). ( L ) 
Amplified repair products of more than 100 were analyzed by sequencing and the proportion of products resulting from HR activity, or end-joining with 
or without microhomology is displayed ( n = 2). All HR products, including those with amber mutations, were included for quantification. ( M ) Examples 
of end-joining products with microhomology (red line) around I-SceI cut sites (blue triangles). Statistical analysis: one-way ANOVA (C, H–J); two-tailed 
unpaired Student’s t -test (E, G). (B, D, F) Scale bar 10 �m. 
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GFP gene is dependent on MRE11 and CtIP ( 7 ). To score
for the relati v e incidence of HR and DNA end-joining
e v ents, we co-transfected the I-SceI nuclease with texas red
cDN A w hich served as a tr ansfection marker. Fr agments
corresponding to individual GFP loci were amplified and
treated with I-SceI and uncut fragments were cloned and se-
quenced (Figure 6 K). By sequencing ∼100 such fragments
deri v ed from mock depleted cells, we found that an aver-
age of 78.5% of the fragments were likely r epair ed by HR
because the GFP open reading frame was restored (Fig-
ure 6 L). Amongst fragments where a functional GFP was
not r estor ed and ther efor e generated by end-joining mecha-
nisms, 15.6% (3.4% in total) showed evidence for microho-
mology at the breakpoint. In contrast, amongst the ∼100
clones deri v ed from ATAD5 depleted cells, an average of
59.2% resulted from HR, while 33.1% of end-joining-related
fragments (13.5% in total) showed microhomology at their
br eakpoints (Figur e 6 L and M). Thus, consistent with the
weak effect of CPT on the survival of ATAD5 deficient
cells (Figure 3 H), and the synergistic sensitivity associated
with combined POL � deficiency (Figure 3 K), end-joining
pathways, particularl y TMEJ a ppears to bypass the HR de-
fects associated with defecti v e end processing in ATAD5-
deficient cells. 

DISCUSSION 

In this study, we show that PCN A is ra pidl y recruited to
laser-induced DSBs in human cell lines. The r equir ement of
RFC1 for the recruitment of PCNA and ATAD5 to DSBs,
and the increase of PCNA signal at DSBs upon ATAD5
depletion strongly suggests that PCNA is loaded to DSBs
by RFC (Supplementary Figure 6C, iii). Gi v en that PCNA
and ATAD5 recruitment to FokI-induced DSBs was not af-
fected by the inhibition of the RAD51 recombinase (Figure
1 B and Supplementary Figure 1B) and that recruitment of
PCNA to laser microirradiated strips was not affected by
BRCA2 depletion (Figure 1 E), we propose a role of ATAD5
in removing PCNA, upstream or concomitant with strand
invasion. Such a role is in line with the reported association
of the budding yeast ATAD5 homolog near DSB sites, inde-
pendent of the Rad52 mediator protein ( 18 ). Based on our
genetic analysis combined with in vitro experiments, we fa-
vor a model where a nick or DNA undergoing initial short-
range resection, both catalyzed by MRN-CtIP, are the sub-
strates for PCNA loading (Figure 2 and (Supplementary
Figure 6C, ii). Since activation of nick-initiated resection
r equir es CtIP phosphorylation by cyclin-dependent kinases
(CDK) ( 2 , 3 ), the CtIP- and RFC-dependent PCNA loading
probably occurs only at the S / G2 phases. 

PCNA at DSBs has been reported to facilitate EXO1-
mediated long-range resection ( 23 ). Our results suggest that
PCNA loaded at DSBs has the potential to hamper short-
range resection and subsequent KU removal unless it is not
unloaded by ATAD5-RLC ((Supplementary Figure 6C, v).
We favor a model where PCNA molecules loaded at DSBs
for increasing EXO1 processivity during long-range resec-
tion can become a roadblock hampering MRN-mediated
short-range resection. Consistent with this model, PCNA
loaded on dsDNA mimicking a nicked DSB inhibits MR-
mediated resection in vitro (Figure 5 ), and impeding short-
range resection by ATAD5 depletion leads to an increased
proximity of MRE11 and PCNA as measured by proximity
ligation assays. According to our model, impeding short-
range end resection also a ttenua tes the removal of KU70 / 80
bound to the original DSB end, in line with our cytolog-
ical results in ATAD5 deficient cells. Our results indicate
that long-range resection proceeds normally in ATAD5 de-
ficient cells (Supplementary Figure 5), and that foci possi-
b ly indicati v e of invading ssDNA-RAD51 filaments appear
to form (Figure 6 D and (Supplementary Figure 6C, b, vi).
It is concei vab le that strand invasion occurs despite the 3 

′
end of the invading strand being double-stranded and be-
ing bound to KU70 / 80, both due to the failure to complete
end resection. The terminal 3 

′ -OH of the invading strand
being block ed w ould inhibit DNA repair synthesis needed
for the completion of HR, in line with the reduced EdU in-
corpora tion, indica ti v e of DNA repair synthesis, observed
upon IR treatment of ATAD5 deficient cells (Figure 6 B and
C). There is direct evidence that strand invasion by ssDNA-
RAD51 can be nucleated from internal sites, not requiring
a free terminal 3 

′ -OH ( 56 ), in line with a single ssDNA-
RAD51 filament being able to invade multiple donor DNA
sites sim ultaneousl y in yeast cells ( 59 ). All in all, we spec-
ula te tha t the ssDNA-RAD51 filaments in ATAD5 defi-
cient cells engage in strand invasion despite KU70 / 80 being
terminally bound to the invading strand ((Supplementary
Figure 6C, b, vii). 

A pr evious r eport also showed that PCN A ra pidl y accu-
mula ted a t laser-induced DNA dama ge in human cells, b ut,
in this study, the association was independent of RFC1 ( 22 ),
which is different from our results (Figure 1 E). PCNA may
be recruited to laser-induced DNA damage which include
DSB, SSB and other forms of DNA damage, and being
loaded by repair proteins such as XRCC1 ( 34 ). In addition,
differences in irradiation sources or doses can also affect
the way PCNA is r ecruited, r esulting in differ ential RFC
dependencies ( 22 ). At DSBs, pathways partially redundant
with PCNA loading by RFC may exist. PCNA might also
be loaded by alternati v e clamp loaders such as CTF18-RLC
( 12 , 60 ), or via interacting with repair proteins. Our data is
consistent with such redundancy as ATAD5 localization at
FokI-induced DSBs is only reduced by half upon RFC1 de-
pletion (Figure 1 B). 

Gi v en the dual role of MRN in nick generation and sub-
sequent exonucleolytic resection, it is not clear if PCNA
is loaded at the nick, or if loading r equir es initial exonu-
cleolytic resection, and if PCNA is loaded between MRN
and the DSB end, or to the 5 

′ of the resecting MRN
complex. MRN changes its conformation between open
and closed upon ATP binding and hydrolysis, and each
conforma tion af fects the endo- or exonuclease activity of
MRE11 differently ( 53 ). In addition, structural studies of
MR-like complexes in bacteria suggested that MRE11 takes
up a different position relati v e to RAD50 at DSBs depend-
ing on whether it generates an endonucleolytic nick or re-
sects DNA ( 61 ). These suggest that nick generation and
subsequent resection might be carried out not by a sin-
gle MRN complex, the r equir ement of two or more com-
plexes with dif ferent conforma tions tailored for endonucle-
olytic attack, or end resection being more likely. It will re-
quire further investigation to decide if nick generation and
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hort-range resection are catalyzed by distinct complexes 
nd if PCNA may be loaded between the nick generation 

nd end resection. 
ATAD5-depleted cells are sensiti v e to drugs forming 

rotein-DNA adducts at the DSB (Figure 3 ), MRN-CtIP 

eing r equir ed for adduct r emoval. We propose that defec- 
i v e end processing and the failure to form a free 3 

′ -OH
nd due to PCN A tra pped at nicked DSBs is the underly- 
ng mechanism for HR defects and the drug sensitivity in 

TAD5-deficient cells. The TMEJ pathway has the poten- 
ial to repair resected DSBs not processed by HR. A backup 

ole of TMEJ is also evident in BRCA1 or BRCA2 defi- 
ient cells ( 62 ), these cells becoming critically dependent on 

MEJ for survival ( 63 , 64 ). Consistent with this idea, we 
bserved a high level of end-joining products with micro- 
omology using the DR-GFP reporter system in ATAD5- 
epleted cells (Figure 6 L). Furthermore, the synergetic CPT 

ensitivity conferred by the co-depletion of ATAD5 and 

OL � supports TMEJ as an alternati v e mechanism for re- 
airing DSBs with unprocessed ends (Figure 3 K). 
In EJ2-GFP DNA, which detects TMEJ, the microho- 
ology domain is just adjacent to the I-SceI-induced DSB 

nds and is ther efor e likely to be covered by KU het-
rodimers (Supplementary Figure 2C). In addition, the end- 
oining-related fragments of DR-GFP DNA showed micro- 
omology at the breakpoints (Figure 6 M), which could be 
overed by KU heterodimers. We maintain that the KU 

eterodimer-mediated inhibition upon ATAD5 depletion 

ill not affect TMEJ frequency for EJ2-GFP DNA and 

he use of TMEJ for unprocessed DSB ends of DR-GFP 

NA, at least in the S / G2 phase, because TMEJ is already 

locked by HR proteins such as BRCA2 and RPA bound 

o long resected DNA in this cell cycle phase ( 62 , 65 ). HR is
nhibited in mitosis by CDK-dependent BRCA2 phospho- 
ylation and following disruption of the BRCA2–RAD51 

nteraction ( 66 ). Although, according to the same study, 
R is r estor ed by suppr ession of CDK activities medi- 

ted by DNA damage checkpoint activation, this is un- 
ikely to apply to the I-SceI-based system, as it was reported 

hat an I-SceI-induced break at one locus did to not cause 
heckpoint activation ( 67 ). A recent research has shown 

hat ssDNA-RAD51 filaments do not inhibit the DNA 

olymerase activity of POL � ( 62 ). The same report also 

howed that TMEJ-mediated repair of the long resected 

NA takes place during mitosis, although it was studied in 

ells that were deficient in BRCA2. Taken together, TMEJ 
ay act primarily in the mitosis. If this is the case, what is 
issing from our study is whether and how the KU het- 

rodimers bound to DSB ends are ultimately removed for 
MEJ to occur in ATAD5-depleted cells. We speculate that 
 phosphorylation- or ubiquitination-mediated dissociation 

f the KU heterodimer from the DNA ends ( 68 , 69 ), just at
he time when TMEJ is acti v e, ma y be in volved. Although
his r equir es further analysis, our results strongly suggest 
hat intact long-range resection and usage of TMEJ for un- 
rocessed ends may occur sim ultaneousl y. 
Unlike TMEJ, c-NHEJ does not appear to be used to 

epair unprocessed DSB ends of the DR-GFP reporter in 

TAD5-depleted cells (Figure 6 L). In addition, the repair 
requency of the EJ5-GFP reporter, which detects c-NHEJ 
Supplementary Figure 2D), was not altered by ATAD5 
epletion (Figure 3 A). This suggests that in both reporter 
NAs broken in the S / G2 phase, the remaining KU het- 

rodimers at DSB ends due to ATAD5 depletion did not 
ead to an increase in c-NHEJ. We speculate that the DSBR 

athwa ys f or fixing either r eporter DNA ar e alr eady com-
itted to ones accompanying end resection following I- 

ceI expression in the S / G2 phase. Ther efor e, although the 
SB ends of both reporter DNAs remain bound to KU 

eterodimers, the repair pathwa y ma y not be r edir ected to 

-NHEJ. 
In summary, we propose that PCNA loading and unload- 

ng are tightly regulated when DSB breaks are bidirection- 
lly processed during DNA end resection. PCNA unloading 

 y ATAD5-RL C is r equir ed to facilitate the completion of 
hort-range resection to ensure a free 3 

′ -OH group needed 

o prime DNA synthesis to extend the invading strand. We 
pecula te tha t the role of ATAD5 in DSB repair, in conjunc- 
ion with its role in mediating DNA replication fork stability 

nd the pre v ention and resolution of R-loops ( 30 , 33 ), pro-
ides a molecular mechanism that contributes to the tumor- 
uppressi v e function of ATAD5. 
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