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ABSTRACT

Reactive oxygen species (ROS) generate oxidized
bases and single-strand breaks (SSBs), which are
fixed by base excision repair (BER) and SSB repair
(SSBR), respectively. Although excision and repair of
damaged bases have been extensively studied, the
function of the sliding clamp, proliferating cell nu-
clear antigen (PCNA), including loading/unloading,
remains unclear. We report that, in addition to PCNA
loading by replication factor complex C (RFC), timely
PCNA unloading by the ATPase family AAA domain-
containing protein 5 (ATAD5)-RFC-like complex is
important for the repair of ROS-induced SSBs. We
found that PCNA was loaded at hydrogen peroxide
(H202)-generated direct SSBs after the 3'-terminus
was converted to the hydroxyl moiety by end-
processing enzymes. However, PCNA loading rarely
occurred during BER of oxidized or alkylated bases.
ATAD5-depleted cells were sensitive to acute H,O,
treatment but not methyl methanesulfonate treat-
ment. Unexpectedly, when PCNA remained on DNA
as a result of ATAD5 depletion, H,O,-induced repair
DNA synthesis increased in cancerous and normal
cells. Based on higher H,O,-induced DNA breakage
and SSBR protein enrichment by ATAD5 depletion,
we propose that extended repair DNA synthesis in-
creases the likelihood of DNA polymerase stalling,
shown by increased PCNA monoubiquitination, and
consequently, harmful nick structures are more fre-
quent.

INTRODUCTION

DNA synthesis occurs during DNA replication at replica-
tion forks and also during repair of various types of DNA
damage at the final step, termed repair DNA synthesis.
DNA is synthesized by DNA polymerases, which are fre-
quently tethered by a sliding clamp, proliferating cell nu-
clear antigen (PCNA), homotrimer in eukaryotic cells (1-
4). A ring-shaped PCNA homotrimer is opened and loaded
on to DNA at the single-strand DNA (ssDNA)/double-
strand DNA junction with the 3’-hydroxyl (3’-OH) end by
the heteropentameric replication factor complex C (RFC)
complex, which is composed of a large RFCI subunit and
four small RFC proteins, RFC 2-5. During DNA replica-
tion, the PCNA-loadable primer-template junction is pro-
vided by DNA polymerase o/primase. During DNA repair,
a 3-OH end in a nick or a gap, which are formed during
incision/excision processes, or a 3’ overhang, which invades
sister chromatid DNA during homologous recombination
(HR), provides a structure for PCNA loading for DNA syn-
thesis.

After DNA synthesis is complete, PCNA is unloaded
from DNA by the ATPase family AAA domain-containing
protein 5 (ATADS)-RFC-like complex (RLC) (enhanced
level of genomic instability 1 [Elgl]-RLC in budding yeast)
composed of ATADS and RFC 2-5 in human cells (5-
7). The importance of ATADS in maintaining genomic in-
tegrity and suppressing tumorigenesis is supported by a
high level of tumor onset and severe genomic instability in
Atad5 haploinsufficient mice, embryonic lethality in mice
caused by Atad5 homozygous deficiency, and the frequent
observations of somatic mutations in the A7ADS5 gene in
human tumors (5,8-11). Accumulating data suggest that a
deficiency of ATADS (Elgl) causes PCNA to remain persis-
tently on DNA, which can result in defects in DNA repli-
cation and repair (6,7,12,13). In human cells, a defect in
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PCNA unloading reduces the DNA replication rate, in-
hibits fork regression, which is required for fork restart
in replication stress, and causes R-loop formation by in-
creasing collisions between PCNA and transcription ma-
chinery (5,14,15). In budding yeast, alleviating PCNA ac-
cumulation by either disassembly-prone PCNA mutants or
G2/M-specific Elgl expression rescues genome instability,
such as hyper-recombination and telomere lengthening in
elgl A mutants (16). In addition, it was shown that DNA
damage sensitivity and recombination rates correlate with
the extent of PCNA accumulation on DNA, using site-
specific mutations in ELG! with different PCNA-unloading
activities (17).

Endogenous reactive oxygen species (ROS) generate
thousands of oxidative lesions, such as oxidized bases and
single-strand breaks (SSBs), per cell on a daily basis, which
could alter important genetic information by interfering
with replication and transcription. The oxidized bases and
SSBs are repaired by base excision repair (BER) and SSB
repair (SSBR), respectively (18-22). Oxidized bases are re-
moved by DNA glycosylases, and the resulting abasic sites
are processed by apurine/apyrimidine (AP) endonuclease 1
(APE1), which generates a SSB with a 3’-OH moiety on one
end and 5'-deoxyribose phosphate (5-dRP) on the other.
DNA polymerase B (pol B) is recruited by APE1 and in-
corporates a single nucleotide and removes the 5'-dRP, fol-
lowed by ligation with DNA ligase I1I/X-ray repair cross-
complementing protein 1 (XRCC1). This short-patch BER
(SP-BER, also referred as single-nucleotide BER) is the
dominant pathway to repair oxidized, as well as alkylated,
bases.

Alternatively, when pol B-mediated 5'-dRP removal is
not possible, pol §/¢ incorporates 2—13 nucleotides, which
is referred to as long-patch BER (LP-BER) (23,24). Re-
cently, formation of a 9-nucleotide gap at the 5 end of
the lesion site by RECQ1 DNA helicase and ERCCI-
XPF endonuclease, following gap-filling DNA synthesis,
has been suggested as a sub-pathway of LP-BER (25).
ROS-generated direct SSBs are repaired by components of
PCNA-dependent LP-BER in the following manner: strand
displacement synthesis by the cooperation of pol 8 and flap
endonuclease 1 (FENT1) and nick ligation by DNA ligase I.
In the SSBR pathway, recognition of SSBs by poly (ADP)
ribose polymerase 1 and 2 (PARP1/2) and the recruitment
of XRCCI1 to the SSB site by PARP1 or its PARylation ac-
tivity are critical (26). When the 3’-terminus of a SSB, which
is produced directly by ROS or indirectly during the BER
process, is not suitable for gap filling, several end-processing
enzymes bound to the scaffold XRCCI clean the ends to
generate a 3’-OH.

Defects in specific repair pathways, such as double-strand
break (DSB)-induced HR and mismatch repair by ATADS
(Elgl) depletion, were previously reported (11,27,28). Alle-
viating PCNA accumulation was shown to rescue hypermu-
tation associated with a defect of mismatch repair in elg/ A
mutants (28). In the BER/SSBR process for oxidative DNA
damages, PCNA would remain on the DNA after gap-filling
DNA synthesis or strand-displacement synthesis was com-
plete in ATADS-depleted cells. Defects in the regulation
of PCNA loading/unloading and the consequences for the
BER /SSBR process have not been thoroughly investigated.
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ATADS5-depleted cells were reported to be sensitive
to various damaging agents (29,30), which suggests that
ATADS plays a role in DNA damage repair. In budding
yeast, loss of elgl is associated with increased frequency
of spontaneous HR (16,27,31). In addition, in human cells,
long-term depletion of ATADS increases spontaneous HR
and sister chromatid exchange (SCE) (11). SSBs are a well-
known DNA intermediate that promotes SCE, as exempli-
fied by increased SCE in BER/SSBR-defective cells (32).
This suggests a possible role of ATADS in BER/SSBR.
Here, we report that ATADS-RLC is important for the
repair of the ROS-induced direct SSBs. Starting with the
observation that mNeonGreen-ATADS signal accumulates
on chromatin upon oxidative DNA damage in a PCNA-
loading and end-processing-protein-dependent manner in
cells at G1 phase, we find that timely unloading of PCNA by
ATADS is important to properly terminate H,O;-induced
repair DNA synthesis. Otherwise, more DNA is synthesized
resulting in increased DNA breakage and H,O, sensitiv-
ity. We propose that an increased likelihood of polymerase
stalling, which results in increased exposure of nick or flap
structures during extended DNA synthesis, due to ATADS
depletion as a possible mechanism.

MATERIALS AND METHODS
Cell lines, cell culture and cell synchronization

HeLa, U20S, HeLa-ATADS™NeonGreen-AID = He] 4.
ATADSAIP | U20S-ATADSAIP, U20S-ATAD5~/~ and
control wild-type cells, HEK293AD, and HEK293AD-
ATADS5~/~ cells were cultured in Dulbecco’s modified
Eagle medium containing 10% fetal bovine serum (FBS;
GE Healthcare, Little Chalfont, UK), 100 U/ml penicillin
G (Life Technologies, Carlsbad, CA, USA) and 100 p.g/ml
streptomycin (Life Technologies) in a humidified atmo-
sphere of 5% CO, at 37°C. MRC-5 cells were cultured in
Minimum Essential Medium with Earle’s Balanced Salts
containing 10% FBS (GE Healthcare), 100 U/ml penicillin
G (Life Technologies) and 100 pg/ml streptomycin (Life
Technologies) in a humidified atmosphere of 5% CO,
at 37°C. To generate HEK293AD-ATADS5~/~—: CLIP
vector and HEK293AD-ATAD5/~: CLIP-ATADS cells,
HEK293AD-ATAD5~/~ cells were infected by lentivirus
generated using pLVX-CMV-CLIP or pLVX-CMV-CLIP-
ATADS5 DNA and selected with puromycin. To enrich
cells at the G1 phase, cells were treated with 1 pM CDK
4/6 inhibitor PD 0332991 for 24 h and 20 uM CDK
7/9 inhibitor PHA-767491 for 1 h before drug treatment.
To obtain mitotic cells, cells were treated with 50 ng/ml
nocodazole for 5 h, and then cells were shaken off the plate,
collected and washed with culture medium. Cells were
then incubated in fresh medium for 4 h (G1) before drug
treatment.

Generation of HeLa-ATAD35mNeonGreen-AID
ATADSAP cells

HeLa cells expressing osTIR1-9xMyc were first generated
by retroviral infection with pBABE-Blast-osTIR1-9xMyc
from Andrew Holland (Addgene plasmid # 80073). To gen-
erate a pair of CRISPR/Cas9 plasmids targeting the en-

and HelLa-
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dogenous ATADS5 locus, we used pSpCas9n(BB)-2A-GFP
from Feng Zhang (Addgene plasmid #48140) according to
the previous protocol (33). Briefly, a pair of complemen-
tary single guide-RNA oligomers targeting the region near
the ATG start codon of the endogenous ATADS5 locus were
annealed and ligated to the Bbsl-digested pSpCas9n(BB)-
2A-GFP vector. To generate a donor plasmid for tag-
ging endogenous ATADS5 with exogenous DNA, genomic
DNA was amplified with homology arms to the target lo-
cus (about 250 bp each) using Phusion DNA polymerase
(New England Biolabs, Ipswich, MA, USA) and cloned
into a pGEM T-easy vector (Promega, Madison, WI,
USA). The mNeonGreen and mini auxin-inducible degron
(mAID) or mAID cassette was then cloned into the donor
plasmid between the ATG codon and the second codon
of the ATADS5 gene. HeLa-osTIR1-9xMyc cells were co-
transfected with a pair of CRISPR/Cas9 plasmids and
donor plasmid by nucleofection (Lonza, Basel, Switzer-
land) (14). Forty-eight hours after transfection, high-GFP-
expressing cells were sorted into 96-well plates using a
FACSAria Fusion (BD Biosciences, San Jose, CA, USA).
PCR of genomic DNA was used to identify positive clones
(Forward primer: GGGTACCGGCGAGAAGAGTGCT
TGTCCT, Reverse primer: ACTGGTCGCAGTTAAAT-
GAACATAC). Indole-3-acetic acid (IAA; 500 wM), a natu-
ral auxin, was added to the culture medium to induce degra-
dation of AID-tagged ATADS.

Plasmids, small interfering RNAs (siRINAs) and transfection

The wild-type ATADS5 cDNA or mutant ATAD5 cDNA
with an E1173K mutation and mNeonGreen cDNA
were cloned into the pcDNAS-FRT-TO vector to ex-
press C-terminal mNeonGreen-tagged ATADS. The
following synthetic duplex siRNAs were purchased
from Bioneer (Daejeon, Korea): ATADS 3 UTR (5'-
GUAUAUUUCUCGAUGUACA-3) (6), ATADS
exon #1 (5-GCGCAAUAAUGUAUACUUU-3),
ATADS exon #3 (5-UGAAUGAUGUGCUAGGAAA-
3), RFC1 (Bioncer #SN-5981-1), RFC4 (Bionecer
#SN-5984-1), XRCC1 (Bioneer #SN7515-1), PNKP
(5-CCGGAUAUGUCCACGUGAA-3), APEl (§-
GUCUGGUACGACUGGAGU-3), 0GGl1 (5-
UCCAAGGUGUGCGACUGCUGCGACA-3) (29),
MYH (5- UCACAUCAAGCUGACAUAUCAAGUA-
3) (29) and control siRNA (Bioneer #SN-1002). Trans-
fection of cells with plasmid DNA was performed using
X-tremeGENE™ HP (Roche, Basel, Switzerland) and
transfection with siRNAs (20 nM) was performed using
RNAIMAX (Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. Cells
were analyzed 48 h after transfection, unless otherwise
specified in the text.

Reagents and antibodies

The following drugs were used in this study: hydro-
gen peroxide (Sigma-Aldrich, St. Louis, MO, USA),
hydroxyurea (Sigma-Aldrich), methyl methanesulfonate
(Sigma-Aldrich), camptothecin (Sigma-Aldrich), cisplatin
(Sigma-Aldrich), CDK4/6 inhibitor (PD 0332991; Sel-
leck Chemicals, Houston, TX, USA), CDC7 inhibitor

(PHA-767491; Selleck Chemicals), nocodazole (Sigma-
Aldrich), poly (ADP ribose) glycohydrolase (PARG) in-
hibitor (PDD00017273; Merck) and indole-3-acetic acid
(Sigma-Aldrich). The following antibodies were used: anti-
mouse-PCNA (PC10, sc-56; Santa Cruz Biotechnology,
Santa Cruz, CA, USA), anti-RFCI (B-5, sc-271656; Santa
Cruz Biotechnology), anti-RFC4 (H-183, sc-20996; Santa
Cruz Biotechnology), anti-LAMIN B1 (sc-20682; Santa
Cruz Biotechnology), anti-CHK1 (sc-8408; Santa Cruz
Biotechnology), anti-FENI1 (sc-28355; Santa Cruz Biotech-
nology), anti-XRCC1 (sc-56254; Santa Cruz Biotechnol-
ogy), anti-RPA2 (A300-244A), anti-pRPA2(S4/S8) (A300-
245A) (Bethyl Laboratories, Hamburg, Germany), anti-
o TUBULIN (T9026; Sigma-Aldrich), anti-rabbit-PCNA
(ab18197; Abcam, Cambridge, UK), anti-DNA Poly-
merase d (ab10362; Abcam), anti-B tubulin (ab-15568; Ab-
cam), anti-GAPDH (ab181603; Abcam); anti-histone H3
(Thermo Fisher Scientific); anti-ubiquityl-PCNA (Lys164)
(D5CT7P), anti-phospho-CHK1 (S345) (133D3) (both Cell
Signaling Technology, Danvers, MA, USA), anti-PAR
(4335-MC-100) (Trevigen, Gaithersburg, MD, USA) and
anti-y H2AX (05-636) (Merck Millipore, Burlington, MA,
USA) antibodies. The anti-human ATADS antibody was
raised in rabbits against an N-terminal fragment (1-297 aa)
(34).

Click chemistry and unscheduled DNA synthesis (UDS) as-
say

To distinguish cells in S-phase, cells were labeled with EAU
for 30-60 min. For UDS assay, EAU was added during
H,O, treatment or for 3 h after 10 J/m? 254 nm UV ir-
radiation. After EdU labeling, cells were harvested and
processed using the Click-iT® EdU Imaging kit (Thermo
Fisher Scientific), according to the manufacturer’s instruc-
tions. In brief, cells were pre-extracted with cytoskeleton
(CSK) buffer (10 mM PIPES, 100 mM NacCl, 300 mM su-
crose, 3 mM MgCly, | mM EGTA and 0.5% Triton X-100™)
for 10 min on ice and fixed with 4% paraformaldehyde for
20 min at room temperature before the click reaction.

405-nm UV-laser microirradiation

Cells were pre-incubated with 10 wM Hoechst 33342 for
10 min before microirradiation. UV microirradiation was
applied to cells plated on LabTek™ Chambered Cover-
glasses (Thermo Fisher Scientific) using a Diode 405 nm
laser (100% power) projected through a C-Apochromat
40x /1.2W Korr FCS M27 objective, via a bleaching mod-
ule (5 iterations) on an LSM880 confocal microscope (Carl
Zeiss, Oberkochen, Germany) platform.

CLIP-tag labeling

HEK293AD-ATAD5~/~: CLIP vector or HEK293AD-
ATAD5~/=: CLIP-ATADS cells were labeled with 3
pM  CLIP-Cell TMR-Star (New England Biolabs)
(benzylcytosine-tetramethylrhodamine) for 1 h. Cells were
then washed three times with culture medium and incu-
bated with culture medium for 20 min. H,O, was added to
culture medium during 20 min incubation time.



Immunostaining, image acquisition and image analysis

Cells plated on LabTek™ chamber slides (Thermo Fisher
Scientific) were fixed and stained as described previously
(6) with slight modifications. Briefly, the cells were pre-
extracted with CSK buffer for 10 min on ice and fixed
with 4% paraformaldehyde for 20 min at room tempera-
ture. For PAR immunostaining, PARG inhibitor was added
together with CSK buffer during the pre-extraction step
and cells were fixed with 4% paraformaldehyde followed
by methanol at —20°C for 10 min. After washing with
phosphate-buffered saline (PBS) and incubating in block-
ing buffer (10% FBS in PBS) for 30 min, cells were in-
cubated with the indicated antibodies diluted in blocking
buffer at 4°C overnight. After three washes with 0.05% Tri-
ton X-100"™ in PBS, Alexa Fluor®)-conjugated secondary
antibodies (Thermo Fisher Scientific) were added and in-
cubated for 30 min. After washing, cells were mounted us-
ing ProLong@®) Gold antifade reagent (Vector Laboratories,
Burlingame, CA, USA). Confocal images were acquired us-
ing an LSM880 confocal microscope (Carl Zeiss) with a
40x /1.2 lens objective. Image acquisition and analysis were
performed with Zen 2.6 (blue edition) (Carl Zeiss) software.
For nuclear intensity analysis, nuclei were first masked, and
mean intensity within the masked regions was measured.

Cell survival assay

Cells were seeded in 96-well culture plates. After 24 h, cells
were treated with drugs and cell survival was measured by
the MTT assay or by using the CellTiter-Glo®) 2.0 Assay
kit (Promega) according to the manufacturer’s instructions.
For the MTT assay, MTT reagent was added together with a
different range of H,O; for 4 h, the purple formazan crystal
was dissolved with DMSO, and the colored solution was
quantified using a plate reader. For the CellTiter-Glo®) 2.0
Assay, in brief, cells were lysed with Cell Titer-Glo(®) reagent
and the luminescence signal was read using a plate reader.
Percent cell survival was normalized to that of control cells.

Clonogenic survival assay

Control wild-type cells and U20S ATADS5~/~ cells were
seeded onto 60-mm plates at a density of 5 x 10% cells/60
mm and 5.5 x 10? cells/60 mm, respectively. Cells were
treated with MMS for 1 h and washed with PBS followed 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.

Sister chromatid exchanges

Cells were incubated for 4 h with 0.2 pg/ml colcemid, and
then metaphase cells were harvested by trypsinization. The
cells were swollen in 75mM KCI for 15 min at 37°C
and fixed with methanol:acetic acid (3:1) twice. Cells were
dropped on to glass microscope slides and stained with
5% Giemsa stain. Images were acquired using a fluores-
cence microscope (BX53; Olympus). Images of at least 35
metaphase cells were taken randomly for each condition.
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Alkaline COMET assay (single-cell gel electrophoresis)

The COMET assay was performed using a CometAssay®)
kit (Trevigen) according to the manufacturer’s instructions.
In brief, each cell suspension was mixed with COMET LM
Agarose at 37°C and the mixture was spread on a COMET
slide (Trevigen). After solidification of the agarose, the slide
was immersed in a lysis solution (Trevigen) for 1 h at
4°C. Images were acquired with a fluorescence microscope
(BX53; Olympus, Tokyo, Japan), and the tail moment was
calculated using CometScore software version 2.0.

Flow cytometry

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.

Immunoblot analysis

A Triton X-100™-soluble and insoluble fraction were iso-
lated and subjected to immunoblot analysis according to
the methods described previously (34) with slight modifi-
cations. In brief, the soluble fraction was isolated by incu-
bating cells in buffer A (100 mM NaCl, 300 mM sucrose,
3 mM MgCl,, 10 mM PIPES, pH 6.8, 1 mM EGTA, 0.2%
Triton X-100™, 0.1 M phenylmethylsulfonyl fluoride, phos-
phatase inhibitors, and protease inhibitors [Roche]) for 5
min on ice followed by centrifugation. Then, the detergent-
insoluble fraction was isolated by resuspending the pellet
in RIPA buffer (50 mM Tris-HCI, pH 8.0, 150 mM NacCl,
5 mM EDTA, 1% Triton X-100™, 0.1% sodium dodecyl
sulfate, 0.5% sodium deoxycholate, 0.1 M phenylmethyl-
sulfonyl fluoride, phosphatase inhibitors and protease in-
hibitors) with Benzonase@®) nuclease for 40 min on ice
followed by sonication and centrifugation. Proteins were
separated by SDS-PAGE and transferred to a nitrocellu-
lose membrane. Blocking of the membranes and blotting
with primary antibodies were performed in Tris-buffered
saline containing 0.1% Tween®) 20 supplemented with 5%
skim milk powder. Proteins were visualized using secondary
horseradish peroxidase-conjugated antibodies (Enzo Life
Sciences, Farmingdale, NY, USA) and enhanced chemilu-
minescence reagent (Thermo Fisher Scientific). Signals were
detected using an automated imaging system (ChemiDoc™;
Bio-Rad Laboratories, Hercules, CA, USA).

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

Total RNA was extracted using a TRIzol®) Reagent (In-
vitrogen) protocol. Total RNA (1.5 pg) was used to syn-
thesize cDNA using the SuperScript®) IV First-Strand
Synthesis System (Invitrogen) according to the manufac-
turer’s instructions. RT-qPCR was performed using SYBR
Green Master Mix (Applied Biosystems, Foster City, CA,
USA) in a QuantStudio 7 Flex system (Applied Biosys-
tems) according to the manufacturer’s instructions. Gene
expression was normalized to GAPDH expression. The
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following primers were used: PNKP-forward (For) (5'-
CTGACCCAGGTTACGGACC-3), PNKP-reverse (Rev)
(5- TCCCGGTAGTTGAGGGGTT-3'), APEI-For (5-
CAATACTGGTCAGCTCCTTCG-3), APE1-Rev (5-TG
CCGTAAGAAACTTTGAGTGG-3'), OGGI-For (5-AC
CCTGGCTCAACTGTATCACCAC-3), OGGI1-Rev (5-
CCGCTCCACCATGCCAGTGATG), MYH-For (5-GT
ATATGGGCTGGCCTTGGAAG-3), MYH-Rev (5-CT
GTTGGCCCTGATACACACG-3'), GAPDH-For (5- AG
CCACATCGCTCAGACAC-3), GAPDH-Rev (5-GCCC
AATACGACCAAATCC-3).

Statistical analysis

Prism 8 software (GraphPad, San Diego, CA, USA) was
used to generate graphs and analyze data. For all data, two-
tailed paired Student’s #-tests were used.

RESULTS

Generation of a cell line endogenously expressing fluorescent-
protein-tagged ATADS

To investigate the effects of DNA-damaging agents on cel-
lular localization and movement of endogenous ATADS
protein, we generated a cell line endogenously expressing
mNeonGreen fluorescent protein-tagged ATADS (Figure
1A and Supplementary Figure S1A). For this purpose,
we inserted the mNeonGreen and auxin-inducible degron
(AID) sequences at the N-terminus of the ATADS5 gene lo-
cus immediately after the ATG start codon using a Cas9
nickase mutant with paired guide RNAs in HeLa human
cancer cells (35). We used the mini AID sequences to mini-
mize the unwanted effects of the tagged peptide on ATADS
protein functionality (7). Through genomic DNA PCR and
sequencing of the PCR product, we confirmed that the
targeting DNA was inserted in the correct position (Sup-
plementary Figure S1B). The insertion occurred in one
allele of the ATADS locus, whereas deletions and indels
before and within the ATG start codon, respectively, oc-
curred in two other alleles (Supplementary Figure S1C and
1D). In the HeLa-ATAD35™NeonGreen-AID ¢el|s protein level
of mNeonGreen-AID-tagged ATADS was slightly higher
than that of endogenous ATADS in parental cell (Supple-
mentary Figure S1E). However, cell cycle profile between
two cells were comparable (Supplementary Figure S1F). In
addition, when the HeLa-ATADS5™NeonGreen-AID ¢olfg were
treated with auxin, the mNeonGreen signal disappeared
and mNeonGreen-AID-tagged ATADS was degraded (Fig-
ure 1B and C), and the amount of chromatin-bound PCNA
and monoubiquitinated PCNA were concomitantly in-
creased (Figure 1C and Supplementary Figure S1G), which
verifies that the mNeonGreen-AID-tagged ATADS is well
expressed and functional, at least for unloading PCNA and
facilitating PCNA deubiquitination (6,34). Therefore, we
used the microscopic mNeonGreen signal to track the en-
dogenous ATADS protein.

ATADS accumulates on DNA upon oxidative DNA damage

Using the HeLa-ATADS3™NeonGreen-AID cel|s we checked
effects of various DNA-damaging agents on endogenous

ATADS protein by examining the mNeonGreen signal in
fixed cells where detergent-soluble cytoplasmic and nu-
cleoplasmic proteins had been removed. The remaining
detergent-insoluble proteins include chromatin-associated
proteins and nuclear matrix proteins and proteins associ-
ated with the nuclear matrix. Each treatment generates a
different type of DNA damage as follows: H,O, induces
oxidative DNA damage; hydroxyurea (HU) depletes intra-
cellular nucleotide pools, which leads to replication fork
stalling or fork breakage; methyl methanesulfonate (MMYS)
is a DNA alkylating agent; 254-nm-wavelength ultraviolet
(UV)-C radiation generates DNA photoadducts; cisplatin
induces DNA intra- and inter-strand crosslinks; and camp-
tothecin (CPT), a DNA topoisomerase I inhibitor, traps the
topoisomerase I cleavage complex on DNA, which leads
to DNA breaks. We found that H,O, treatment increased
detergent-insoluble mNeonGreen and XRCC1 signals in
most cells (Figure 1D); however, total mNeonGreen signal
was not changed after H,O, treatment (Figure 1D). Other
DNA-damaging agents did not increase the detergent-
insoluble mNeonGreen signal under our treatment condi-
tions (Figure 1E). These results suggest that ATADS is re-
cruited to sites of oxidative DNA damage, which consists
of oxidized bases, SSBs, or double-strand breaks (DSBs).
H;0,-generated mNeonGreen signal in most regions of the
nucleus suggests that SSBs may be the main cause for ac-
cumulation of ATADS5 on chromatin because ROS, such as
H,0,, were reported to induce 2000-fold more SSBs than
DSBs (36). The alkylated base formed by the MMS treat-
ment is removed by SP-BER generating an intermediate
SSB (20). The absence of an increase in detergent-insoluble
mNeonGreen signal upon MMS treatment (Figure 1E) sug-
gests that ATADS specifically accumulates on DNA with
SSBs generated by ROS.

ATADS is a replication fork-associated protein whose
roles are known to be important in S-phase (6,14). ROS-
generated DNA lesions are repaired differently depending
on the stage of cell cycle. Therefore, to examine the ef-
fect of H,O, treatment on ATADS in phases other than S-
phase, cells were incubated with 5-ethynyl-2'-deoxyuridine
(EdU), a thymidine homologue, which is incorporated into
DNA during DNA replication and thus labels cells in S-
phase with a strong EdU signal. We found that H,O,
treatment under three different treatment conditions in-
creased detergent-insoluble mNeonGreen signal in most
EdU-negative cells (Figure 1F). The same three different
H,O,; treatment conditions did not lead to cell death, de-
termined by acridine orange and propidium iodide staining
(Supplementary Figure S1H). This suggests that ATADS is
recruited to sites of oxidative DNA damage in cells in G1
phase.

We examined H,O»-induced accumulation of ATADS5
on chromatin using a different system, HEK293AD-
ATADS5/~ cells stably expressing CLIP-tagged ATADS.
The CLIP-tag is derived from O°-alkylguanine-DNA alkyl-
transferase and can be covalently labeled in living cells us-
ing O2-benzylcytosine derivatives conjugated to chemical
dyes (37). CLIP-tagged ATADS reduced the amount of
chromatin-bound PCNA and monoubiquitinated PCNA
that was increased by ATADS deficiency (Supplemen-
tary Figure S1I), proving the functionality of CLIP-
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tagged ATADS. H,O, treatment increased CLIP-tag-
bound tetramethylrhodamine (TMR) signal (Supplemen-
tary Figure S1J and K).

We also performed 405-nm UV laser microirradiation ex-
periments. Laser microirradiation generates a mixture of
DNA lesions, such as photoadducts, base lesions, SSBs and
DSBs (38). We found that ATADSmNeonGreen-AID giona] was
increased on the microirradiated strip and co-localized with
BER/SSBR proteins such as PAR, XRCC1, RFC4 and
PCNA (Figure 1G). Taken together with the H,O,-specific
increase in mNeonGreen signal, this result suggests that
ATADS accumulates around oxidative DNA damage le-
sions.

ATADS accumulation upon oxidative DNA damage depends
on RFC1

Next, we investigated the mechanism underlying ATADS
accumulation at sites of oxidative DNA damage. Oxidative
DNA damage is repaired by the BER/SSBR pathway; LP-
BER and SSBR are completed by repair DNA synthesis fol-
lowing RFC-mediated PCNA loading (18-22). Because the
main function of ATADS is PCNA unloading, we reasoned
that ATADS-RLC is recruited to oxidative damage sites to
unload PCNA that has completed its task. As expected, de-
pletion of RFCI, a large subunit of the RFC complex for
PCNA loading, by small interfering RNA (siRNA) signif-
icantly decreased mNeonGreen signals induced by treat-
ment (Figure 2A—C). Depletion of RFC4, a small sub-
unit shared by the RFC and ATADS-RLC, also decreased
H;0;-induced mNeonGreen signals. This was also repeated
under lower H,O, treatment conditions (Supplementary
Figure S2A and B). This result suggests that ATADS-RLC
moves to sites of oxidative DNA damage in a manner de-
pendent on RFC-mediated PCNA loading.
UV-C-generated DNA photoadducts and CPT-
generated DSBs are repaired by nucleotide excision
repair (NER) and HR pathways, respectively, using repair
DNA synthesis as the final step. However, the detergent-
insoluble mNeonGreen-ATADS signal was not increased
by DNA-damaging agents other than H,O, (Figure 1E).
We speculated that the different amount of PCNA loaded
on the DNA by each treatment could be the cause of the
difference. Because large amounts of PCNA are already
associated with chromatin for DNA replication during
S-phase, we investigated this by using cells enriched at
G1 phase by releasing from nocodazole arrest for HeLa
cells (Figure 2D and E) or by treatment with the cyclin-
dependent kinase (CDK) 4/6 inhibitor PD 0332991 for
U20S cells (Supplementary Figure S2C). The firing of new
replication origins was also blocked by the CDK?7 inhibitor
PHA-767491, which excluded cells that escaped from Gl
arrest (Figure 2F). Both G1 enrichment procedures greatly
reduced the detection of cells with chromatin-bound
PCNA signal in immunostained images (Figure 2D and E)
and chromatin-bound PCNA level in immunoblots (Figure
2F), suggesting that most cells were in G1 phase. When the
G1l-enriched cells were treated with DNA-damaging agents
under the same conditions, the level of chromatin-bound
PCNA was dramatically increased by H,O, treatment as
shown in both immunostaining (Figure 2D and E) and im-

munoblot assays (Figure 2F). The H,O;-induced increase
in chromatin-bound PCNA was observed by different
treatment conditions that include 0.25 mM H,0, for 1h
(Supplementary Figure S2D and E). Although a slight
increase in chromatin-bound PCNA was observed with
MMS treatment and UV-C irradiation, it was much lower
than that induced by H,O; treatment (Figure 2F). These
data are consistent with the increase in mNeonGreen-
ATADS signal only upon H,O; treatment (Figure 1D and
E). We concluded that other DNA-damaging agents used
did not lead to detectable PCNA loading, at least under
the treatment conditions in our experiments. Contrary to
the mNeonGreen signal from the immunostaining data
(Figure 1F), the increase in detergent-insoluble ATADS
protein level with H,O, treatment was not observed in
immunoblots (Figure 2F). This could be the result of the
cross-linking step during slide preparation for microscopy,
which allows for the detection of a weak association of
ATADYS with detergent-resistant structures.

When a replication fork is stalled by DNA lesions or
intrinsic replication blocks, PCNA is monoubiquitinated
by the E2-E3 RAD6-RADI8 complex and the resulting
monoubiquitinated PCNA recruits translesion synthesis
(TLS) polymerases to bypass the DNA lesions (39,40).
Consistent with previously reported cell-cycle-independent
and RADI18-dependent PCNA monoubiquitination upon
H,0; treatment (41-43), PCNA monoubiquitination was
also markedly increased under our H,O, treatment condi-
tions (Figure 2F and Supplementary Figure S2E).

Accumulation of PCNA and ATADS upon oxidative DNA
damage depends on 3'- terminal-processing enzymes

A PCNA homotrimer is loaded at a ssDNA /double-strand
DNA junction with a 3’-OH end or even on to single-nicked
DNA (2). SSBs generated by ROS are damaged at the 3'-
terminus, regardless of whether SSBs are directly gener-
ated or formed as intermediates during BER of oxidized
bases. The core scaffolding protein XRCCI engages several
end-processing proteins to help generate the 3’-OH that al-
lows PCNA loading by the RFC complex (44). Consistently,
XRCCl depletion reduced both detergent-insoluble PCNA
and mNeonGreen signals induced by H,O, treatment in
non-S phase cells (Figure 3A—C). This was also repeated un-
der lower H,O, treatment conditions (Supplementary Fig-
ure S3A and B). The majority of direct SSBs result in 3'-
phosphate and 3’-phosphoglycolate ends and are converted
to 3’-OH by polynucleotide kinase 3’-phosphatase (PNKP)
(45,46) and APEI (47-50), respectively. XRCCI has been
reported to interact with PNKP and stimulate its enzy-
matic activity (51). In line with this, PNKP depletion re-
duced detergent-insoluble PCNA and mNeonGreen signals
induced by H,O, treatment at levels similar to XRCC1 de-
pletion (Figure 3D-F). Although the interactions between
XRCCI1 and APEI are still unclear, APE1 depletion also
reduced detergent-insoluble PCNA and mNeonGreen sig-
nals induced by H,O, treatment (Figure 3G-I). This was
repeated under lower H,O, treatment conditions (Supple-
mentary Figure S3C and D).

APEI plays a role in repairing oxidized bases as a core
BER protein. 7,8-Dihydro-8-oxo-guanine (8-0xoG) is pri-
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marily removed by two DNA glycosylases, 8-oxoguanine
DNA glycosylase (OGG1) and MutY homolog DNA gly-
cosylase (MYH). Although bifunctional glycosylase OGG1
has a lyase activity to generate a break at the AP site, APE1
also participates in SSB generation and processing of 3'-
termini. Therefore, it is possible that the reduction in H,O;-
induced chromatin PCNA signals by APE1 depletion may
result from reduced PCNA loading during the BER pro-
cess (Figure 3G). However, depletion of either OGG]1 or
MYH and depletion of both proteins did not reduce H,O,-
induced detergent-insoluble PCNA and mNeonGreen sig-
nals in cells at G1 phase (Figure 3J-M). This suggests that
PCNA loading upon H;O, treatment primarily occurs dur-
ing repair of direct SSBs but not in the BER process to re-
pair oxidized bases. According to a previous report, an §-
oxoG-containing plasmid was primarily processed by LP-
BER in cells (52). It is possible that the effects of LP-BER
deficiency can be masked by extensive generation of direct
SSBs and followed PCNA loading under our H,O, treat-
ment conditions (53,54).

Repair of oxidative damage-induced DNA breaks is defective
in ATADS-depleted cells

Next, we examined the effects of ATADS depletion on H,O,
sensitivity. Because long-term ATADS depletion causes
many cellular defects (13), we used a U20S cell line endoge-
nously expressing mini AID-tagged ATADS (ATADS5AID)
to rapidly deplete endogenous ATADS by short auxin treat-
ment (14). We found that cell survival upon acute H,O,
treatment was reduced in ATADS5-depleted cells (Figure
4A). PCNA and ATADS increased their association with
chromatin upon H,O; treatment (Figures 1D and 2D-F)
and SSBs with 3’-OH ends were used as PCNA-loadable
structures (Figure 3). Therefore, we speculated that aug-
mented H,O, sensitivity induced by ATADS depletion re-
sults from defects in repair of SSBs generated by oxida-
tive DNA damage. We tested this possibility using the alka-
line COMET assay (single-cell gel electrophoresis), which
detects DNA strand breaks at the single-cell level (Figure
4B-E). H,0,; treatment increased alkaline tail moment in
both U20S and HelLa cells, as previously reported (53),
which was further increased when ATADS was depleted by
auxin treatment or siRNA. This suggests that SSBs gener-
ated by oxidative DNA damage are not properly repaired in
ATADS-depleted cells.

Long-term depletion of ATADS by short hairpin RNA
increases spontaneous HR and SCE in human cells (11).
In budding yeast, elg/ loss shows increased spontaneous
HR frequency (16,27,31). Because SSBs are well known to
promote SCE (32), the increased SSBs induced by ATADS
depletion might be the reason for the increased sponta-
neous HR and SCE. However, reduced DNA replication
and delayed S-phase progression, which is observed in yeast
elgl mutants and in human cells depleted of ATADS by
siRNA (6,7,12), were also reported to increase SCE fre-
quency (55,56). Therefore, we checked the effects of ATADS
depletion on SCE under conditions in which the effect
of ATADS depletion on S-phase progression is minimized
by using the U20S-ATADSAIP cells and newly generated
HeLa-ATADSAIP cells (Supplementary Figure S4A and B).
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Auxin-mediated ATADS depletion increased SCE in both
HeLa and U20S cells (Figure 4F and G). This suggests
that impaired repair of endogenously generated SSBs by
ATADS depletion can lead to increased spontancous HR
and SCE.

Alkylated bases formed by MMS exposure are removed
by monofunctional glycosylases, and the subsequent coor-
dinated activity of APE1, Pol 3, and DNA ligase 3-XRCCl1
completes BER (20). Consistent with a relay mode of the
BER process (57-59), MMS treatment did not increase de-
tection of detergent-insoluble ATADS and PCNA (Figures
1E and 2D-F), although APE1 generates an intermedi-
ate SSB with a 3'-OH moiety, which is PCNA-loadable. In
line with this result, ATADS-depleted cells did not show
any change in sensitivity to acute MMS treatment (Fig-
ure 4H). Previous reports showed higher MMS sensitiv-
ity in ATADS-depleted cells by a clonogenic survival as-
say (11,29,30). Using ATAD5-knockout U20S cells (60),
we also observed the same result (Supplementary Figure
S4C). As previously suggested (29), MMS sensitization of
ATADS-depleted cells, which was observed in the clono-
genic survival assay, might reflect HR defects rather than
BER defects induced by ATADS depletion.

PCNA accumulates on DNA upon oxidative damage in
ATADS-depleted cells

ATADS depletion causes PCNA accumulation on DNA
during DNA replication (6). Because DNA synthesis is
the last step of the SSBR and LP-BER pathway for re-
pairing oxidative DNA damage, we reasoned that PCNA
would remain or accumulate on DNA at the damaged sites
by ATADS depletion due to defects in PCNA unloading.
As expected, ATADS depletion increased chromatin-bound
PCNA signal on 405 nm UV-microirradiated strips (Fig-
ure 5A). Next, we examined effects of ATADS depletion
on PCNA level on DNA in response to H,O; treatment
using U20S-ATADSAP cells. We found that chromatin-
bound PCNA levels increased under various H,O, treat-
ment conditions, which was further increased by ATADS
depletion (Figure 5B and C). We confirmed this result un-
der conditions in which cells undergoing DNA replication
are maximally excluded by enriching for cells in G1 phase
by treatment with PD 0332991 and PHA-767491 (Figure
SD-F). Under these conditions, chromatin-bound PCNA
levels were increased upon H,O, treatment, and they were
further increased by ATADS depletion (Figure 5D and E).
Immunoblotting analysis showed the same result. Upon
H,0, treatment, PCNA accumulated on chromatin and
further increased after ATADS depletion by auxin treat-
ment (Figure 5F). When ATADS was depleted by siRNA,
both U20S and HeLa cells enriched at G1 phase showed
the same results (Figure 5G and H). Taken together, these
data indicate that PCNA accumulates on DNA upon oxida-
tive DNA damage in ATADS-depleted cells. Interestingly,
PCNA monoubiquitination was also further increased in
ATADS5-depleted cells upon H,O, treatment (Figure 5F-
H), which suggests that DNA polymerase stalling is also
increased by ATADS depletion.
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Unscheduled DNA synthesis is increased in ATADS-depleted
cells

Considering conventional DNA replication process, PCNA
unloading would occur after repair DNA synthesis is
completed as the last step in the BER/SSBR process. This
raises the question of how a defect in PCNA unloading in-
duced by ATADS depletion led to the increase in tail mo-
ments in the alkaline COMET assay and H,O, sensitiv-
ity (Figure 4). We checked whether unscheduled DNA syn-
thesis (UDS) after H,O, treatment is affected by ATADS
depletion by measuring EdU incorporation in cells at G1
phase released from nocodazole arrest. As previously re-
ported, H,O, treatment increased the EAU signal (61) (Fig-
ure 6A and B), and chromatin-bound PCNA and DNA Pol
d signals were also increased upon H,O; treatment (Figure
6A, C and D). Unexpectedly, the H,O;-induced EdU sig-

nal was further increased by ATADS depletion (Figure 6A
and B), which was accompanied by an increase in PCNA
and Pol & signals in the same cells. When ATADS was de-
pleted by siRNA, both U20S and HeLa cells enriched at
G1 phase showed the same results (Supplementary Figure
S5A-I). We investigated whether this is cancer-cell-specific
by using a human lung fibroblast cell line, MRC-5. Like
U20S cells, H,O; treatment increased EAU and PCNA sig-
nals, and these signals were further increased by ATADS
depletion in MRC-5 cells (Figure 6E-G). Taken together,
these results suggest that repair DNA synthesis induced by
oxidative DNA damage is prolonged by ATADS depletion
and that this may be a common phenotype occurring in
ATADS-depleted human cells.

Prolonged repair DNA synthesis would not inhibit com-
pletion of the repair process in the BER /SSBR pathways if
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PCNA immunostaining; scale bar: 10 pm. (B-F) Asynchronous U20S-ATAD5*IP cells (B and C) or U20S-ATADSAIP cells Gl-enriched by treatment
with PD 0332991 and PHA-767491 (D-F) were treated with auxin for 16 h and then treated with H,O; as indicated. (B-E) After H,O,; treatment, cells
were detergent-pre-extracted, fixed and immunostained with anti-PCNA antibody. (B and D) Representative images of PCNA immunostaining; scale bar:
20 pm. (C and E) Quantification of chromatin-bound PCNA signal intensity. Three independent experiments were performed and one representative result
is displayed. Red bar indicates mean value. Statistical analysis: two-tailed unpaired Student’s z-test; ****P < 0.001. (G and H) U20S cells (G) or HeLa
cells (H) transfected with A74D5 siRNAs were enriched at G1 phase by treatment with PD 0332991 and PHA-767491 (G) or by releasing cells from
nocodazole arrest (H), and then treated with 0.5 mM H,O, for 1 h. #1 and #3: siRNAs targeting an exon region of ATADS5 gene. (F-H) After H,O,
treatment, detergent-insoluble proteins were isolated and subjected to immunoblotting.
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t-test; ****P < 0.001, **P < 0.01.



the repair DNA synthesis is properly followed by flap re-
moval and nick ligation. However, because DNA breaks
and H,O,; sensitivity are increased upon H,O, treatment
in ATADS-depleted cells, we hypothesized that prolonged
repair DNA synthesis is associated with defects in the
post-DNA-synthesis processes. It has been reported that
Okazaki fragments incompletely processed during DNA
replication accumulate PARP1 and XRCCI1 to repair nicks
or gaps (62). We found that detergent-insoluble FEN1 sig-
nal increased upon H,O, treatment in both control and
ATADS-depleted cells (Supplementary Figure S6A and B).
This suggests that FENT1 is normally recruited to the dam-
aged sites in ATADS-depleted cells. However, it cannot be
excluded that FEN1 stays at the damaged sites by binding to
PCNA remaining or accumulated on DNA and that FEN1
does not act on its substrate in ATADS-depleted cells. We
found that the H,O,-induced XRCC1 signal on the 405-nm
UV-microirradiated strip was increased by ATADS deple-
tion (Figure 6H). In addition, detergent-insoluble XRCC1
signal induced by H,O, treatment was further increased
by ATADS depletion (Figure 61 and Supplementary Fig-
ure S6C). In line with the dependence of XRCCI recruit-
ment on PARP activity, detergent-insoluble PAR signal in-
duced by H,0O; treatment was also further increased by
ATADS depletion (Figure 6J and Supplementary Figure
S6D). These data suggest that nick or flap structures are
exposed more frequently due to the extended repair DNA
synthesis as a result of ATADS depletion, and consequently,
more PARP and XRCCl are recruited.

The NER pathway also utilizes repair DNA synthesis as a
final step. Therefore, we examined whether ATADS deple-
tion affects repair DNA synthesis upon photoadduct for-
mation. Both chromatin-bound PCNA and EdU signals
were increased by UV-C irradiation (Figure 6K and L).
Whereas the level of chromatin-bound PCNA was further
increased by ATADS depletion, the EAU signal was not in-
creased (Figure 6K and L and Supplementary Figure S6E).
This suggests that PCNA, which is loaded on DNA dur-
ing the NER process, is retained on DNA by an ATADS-
depletion like SSBR/LP-BER process, but the PCNA re-
maining on DNA does not result in prolonged repair DNA
synthesis during NER.

PCNA unloading-defective ATADS fails to restore defects in
ATADS5-depleted cells

PCNA loaded on DNA upon oxidative DNA damage re-
mains at the damaged sites in ATADS-depleted cells (Fig-
ure 5). We checked whether the PCNA remaining or accu-
mulated on DNA is a cause of defects observed in ATADS-
depleted cells using a recovery experiment. For this purpose,
we expressed mNeonGreen-tagged wild-type or PCNA-
unloading-defective ATADS5 E1173K ATPase mutant in
U20S-ATADSAP cells and depleted endogenous ATADS
by auxin treatment (5). Cells transfected with each DNA
showed a similar mean value and distribution of mNeon-
Green signal (Figure 7A and B). We found that H,O; treat-
ment increased chromatin-bound PCNA and EdU signals,
and both signals were further increased by ATADS deple-
tion in non-transfected mNeonGreen-negative cells (Figure
7C and D). The increased H,O;-induced chromatin-bound
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PCNA and EdU signals by ATADS depletion were reduced
by wild-type ATADS, marked by a positive mNeonGreen
signal, but not by the PCNA-unloading-defective ATADS.
In addition, we found that the wild-type ATADS, but not
the PCNA-unloading-defective ATADS, reduced H,0;-
induced tail moment, which was increased by ATADS de-
pletion (Figure 7E and F). Taken together, these results sug-
gest that PCNA remaining on DNA as a result of ATADS
depletion caused prolonged repair DNA synthesis and in-
creased SSBs under conditions of oxidative stress.

DISCUSSION

When ATADS (Elgl) is depleted in cells, PCNA accumu-
lates and stays longer behind replication forks (6,7), and this
is the primary cause of defects in DNA replication/repair
and resulting genomic instability (13). Here, we find that
timely unloading of PCNA by ATADS5-RLC is also impor-
tant for the repair of the ROS-induced direct SSBs. Our re-
sults strongly suggest that when proper unloading of PCNA
does not occur, DNA is synthesized over longer distances,
and this may increase the likelihood of DNA polymerase
stalling that occurs at the oxidized DNA lesions, leading
to more frequent exposure of nick or flap structures (Fig-
ure 7G). This can explain the increased DNA breakage and
H, 0, sensitivity of ATADS-depleted cells (Figure 4).

An increase in ROS-induced EdU signal in ATADS-
depleted cells (Figure 6) can represent either an increased
number of repair events or extended repair DNA synthesis
with the same number of DNA damage sites. BER pathway
choice between SP-BER and LP-BER for a given oxidized
DNA lesion can affect the events of repair DNA synthesis.
Several mechanisms have been suggested to regulate BER
pathway choice, including cell cycle stage, type of DNA gly-
cosylase and nucleosomal location of the DNA lesion (63—
65). However, these effects can be ruled out because our re-
sults were obtained using cells at G1 phase and the choice of
DNA glycosylase and location of lesion formation are de-
termined before PCNA participates in the repair process. In
addition, the PCNA-dependent pathway does not appear to
be meaningfully related to the BER process initiated by two
main DNA glycosylases for 8-0xoG under our experimental
conditions (Figure 3J and K).

The increased EdU signal induced by ATADS depletion
may be related to the extended repair DNA synthesis as-
sociated with altered nucleosome deposition (Figure 7G, b
and c¢). PCNA-dependent repair DNA synthesis during LP-
BER/SSBR is similar in many respects to Okazaki frag-
ment maturation; both utilize strand-displacement synthe-
sis carried out by the co-operation of Pol 8 and FENI, and
both processes are coupled to chromatin assembly. Poly-
merases can invade nucleosomes, but they stall and dissoci-
ate when they approach the dyad due to increased resistance
(66,67). During Okazaki fragment maturation in budding
yeast, chromatin assembly factor 1 (CAF-1)-mediated rapid
histone deposition constrains Pol d extension, and therefore,
loss of CAF-1 significantly increases the average length of
Okazaki fragments (68). According to two recent reports,
PCNA retention on DNA can lead to defects in replication-
coupled nucleosome assembly in elg/ A mutants (69,70). A
reduction in nucleosome compaction was also reported in
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synthesis is terminated.



human cells depleted of ATADS or a CAF-1 complex sub-
unit (71). This suggests that PCNA remaining on DNA
physically inhibits nucleosome assembly, which can lead to
extended Okazaki fragment maturation. Rapid recruitment
of CAF-1 to SSBs in Gl-phase cells also suggests that re-
pair DNA synthesis during LP-BER /SSBR is coordinated
with nucleosome assembly (72). Multiple rounds of repair
can occur around clustered DNA damages upon oxidative
damage, and therefore PCNA signals and EdU signals are
composite ones from all repair events (42), which might ex-
plain higher PCNA and ATADS signals by H,O, compared
to other DNA damage treatment. The multiple rounds of
repair may accumulate more PCNAs around DNA lesions
with each round of DNA synthesis when ATADS is de-
pleted, which may lead to loose nucleosome compaction,
consequently contributing to extending repair DNA syn-
thesis (Figure 7G, b). A slight increase in ROS-induced
EdU signal by ATADS depletion (Figure 6B) suggests that
strand-displacement synthesis proceeds slightly further due
to reduced nucleosome compaction, but it soon stops due
to nucleosomal resistance.

Previous reports showed the requirement of CAF-1 for
NER-associated chromatin formation in vitro and colocal-
ization of CAF-1 and NER subunits in UV-induced re-
pair foci of human cells (73,74). However, in contrast to
LP-BER/SSBR and Okazaki fragment maturation, NER
utilizes PCNA-dependent gap-filling DNA synthesis, and
repair patch size is determined by a dual incision process
(75,76). Consistently, the UV-C-induced chromatin PCNA
signal, but not the EdU signal, was increased in ATADS-
depleted cells (Figure 6K and L).

The PCNA unloading activity of yeast Elgl-RLC can be
inhibited by several replisome proteins in vitro (5). This sug-
gests that competition between the PCNA-interacting repli-
some proteins and ATADS/Elgl-RLC for PCNA binding
suppresses PCNA unloading until DNA replication is com-
pleted. However, according to two reports (77,78), ATADS
mutant protein with a defect in interaction with BET family
proteins, the acetyl-histone-binding chromatin reader, dis-
played reduced chromatin PCNA level and DNA replica-
tion rate. This suggests that there might be a mechanism
that negatively regulates PCNA unloading by ATADS-
RLC, otherwise, PCNA is prematurely unloaded during
DNA replication. According to a previous report, histone
acetylation mark is changed upon H;O, treatment (79).
This suggests that the PCNA unloading by ATADS-RLC
can be also regulated via a similar mechanism during repair
DNA synthesis.

ROS-induced DNA breakage is increased in ATADS-
depleted cells (Figure 4). We propose that extended re-
pair DNA synthesis can be a cause of the increased breaks
and H,0; sensitivity induced by ATADS depletion. H,O,
treatment increased monoubiquitinated PCNA in cells at
G1 phase (Figure 2F). This is consistent with cell cycle-
independent, but RAD18-dependent, PCNA monoubiqui-
tination and accumulation of TLS Polr in the chromatin
upon H,O; treatment (41-43). This suggests that when Pol
d encounters oxidized DNA lesions, such as 8-0xoG and AP
sites, on the template strands during repair DNA synthe-
sis, it stalls and is replaced by Polr, which can bypass 8-
0x0G, one of the most abundant oxidized bases, and AP
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sites (80,81) (Figure 7G, a). DNA lesions that have been
bypassed will be repaired in the next rounds of the repair
process. Different from budding yeast, human Pol & was re-
ported to maintain a loose association with PCNA while
replicating DNA, and therefore, human Pol § rapidly disso-
ciates from PCNA upon stalling and leaves PCNA on DNA
(82). This strongly suggests that extended strand displace-
ment synthesis may increase the chance of nicks being ex-
posed by dissociation of Pol 8, either spontaneously or upon
stalling, in ATADS5-depleted cells (Figure 7G, b and ¢). Aug-
mented H,O5-induced PCNA monoubiquitination as a re-
sult ATADS depletion supports increased events of DNA
polymerase stalling (Figure 5F). In addition, PAR /XRCC1
signals, increased by ATADS depletion upon H,O, treat-
ment (Figure 6H-J), may represent a situation in which the
SSBR proteins bind to the nick. It has been reported that
mismatch repair proteins play a replication-independent
role against clustered DNA lesions and the role might be a
prerequisite for PCNA monoubiquitination (42,83). There-
fore, further studies will be needed to elucidate the involve-
ment of the noncanonical mismatch repair process in the
increase in H,O;-induced PCNA monoubiquitination by
ATADS depletion.

Monoubiquitinated PCNA recruits error-prone TLS
polymerases to bypass the DNA lesions (39,40). Termi-
nation of the potentially mutagenic TLS is performed in-
dividually or cooperatively by ubiquitin-specific protease
1 (USP1), USP7 and/or USP10, depending on the cell-
cycle stage and the type of damage (41,84,85). USPI-
associated factor 1 (UAF1) is required for the optimal ac-
tivity and protein stability of USP1 (86). Because ATADS
interacts with UAF1 and this interaction is important for
many cellular processes, including USP1-mediated PCNA
deubiquitination (14,15,34,60), in ATADS5-depleted hu-
man cells, monoubiquitinated PCNA increases without
exogenous DNA damage (34). Therefore, it is possible
that the augmented H;O,-induced PCNA monoubiqui-
tination induced by ATADS depletion represents a de-
fect in USP1-mediated PCNA deubiquitination, and fur-
ther, this can contribute to defects observed in ATADS-
depleted cells upon H,O, treatment. However, it has been
reported that USP7 primarily contributes to the deubig-
uitination of H,0O;-induced monoubiquitinated PCNA;
whereas, USP1 primarily suppresses replication-coupled
PCNA monoubiquitination and UV-induced mutagenesis
(41). Even in G1 phase, the contribution of USP1 to PCNA
deubiquitination under conditions of oxidative stress can-
not be completely ruled out and functional interactions be-
tween ATADS and USP7 for USP7-mediated PCNA deu-
biquitination remain to be investigated. However, we think
that increased DNA-polymerase-stalling events is a more
probable explanation for the augmented PCNA monoubiq-
uitination in ATADS-depleted cells.

Detergent-insoluble PCNA and mNeonGreen-ATADS
signal were correlatively increased upon H,O, treatment at
the G1 cells. In contrast, detergent-insoluble mNeonGreen-
ATADS signal was not increased in the S-phase cells where
PCNA was abundant in chromatin for DNA replication
(Figure 5B). In addition, detergent-insoluble mNeonGreen-
ATADS signal was detected in all unperturbed cells (Figure
1D). Consistently, endogenous ATADS protein was primar-
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ily detected in detergent-insoluble protein fraction (Sup-
plementary Figure S1E). This suggests that localization of
ATADS is differently regulated during DNA repair and
replication. Additionally, this suggests that a majority of
ATADS is associated with chromatin and/or nuclear ma-
trix throughout the cell cycle although further detailed anal-
ysis is required. Previous reports showed that replication
along each replication domain occurs in a spatially sta-
tionary fashion in living cells (87,88). In addition, a study
in budding yeast showed that DNA is replicated by pass-
ing through a stationary replication factory (89). Based
on these findings, DNA replication machinery including
ATADS-RLC probably performs whole genome duplica-
tion in a distributive, ordered and stationary manner via
a replication timing program which was temporally and
spatially established at G1 phase (90). In the contrast, be-
cause DNA damages might occur anywhere in the genome,
translocation, redistribution and/or local concentration of
repair proteins are required, which, in case of ATADS, can
lead to more tight chromatin association at the damage
sites. However, how detergent-insoluble signals of ATADS
increases upon DNA damage while associating with
protein-dense chromatin or nuclear matrix requires further
investigation.

We observed MMS sensitivity of ATADS-depleted cells
using a clonogenic survival assay but not with an acute sur-
vival assay (Supplementary Figure S4C and Figure 4H). Us-
ing the clonogenic survival assay, higher MMS sensitivity
was also reported in ATADS-depleted cancer cells (11,29).
In addition, a recent genome-scale CRISPR-CASY screen
against various DNA-damaging agents in a non-cancer cell
line reported sensitivity of 4TAD5-knockout cells to alky-
lating agents (30). In the same report, genes that promote
survival against alkylating agents were more enriched in
the HR and Fanconi anemia groups than the BER/SSBR
group. When the replication fork collides with an unre-
paired SSB or nick on DNA, a one-ended DSB is gener-
ated, which could be repaired by the HR pathway (91).
Therefore, the MMS sensitization phenotype of ATADS-
depleted cells observed in the clonogenic survival assay may
reflect HR defects. Several previous reports strongly suggest
arole of ATADS (Elgl) in HR: (i) ATADS-depleted cells are
sensitive to bleomycin and CPT, both of which can gener-
ate DSBs (29); (i) DSB-induced HR is reduced by deple-
tion of ATADS (Elgl) in both budding yeast and human
cells (11,27) and (iii) ATADS5-depleted cells are highly sen-
sitive to PARP inhibitors (29,92), which is consistent with
the requirement of PARP-mediated repair for survival of
HR-deficient cells (93,94). Collectively, the positive role of
ATADS (Elgl) in HR is evident but its molecular mecha-
nism remains to be elucidated.

Altogether, we have described a new role of the replisome
protein ATADS in maintaining genomic stability beyond
its role in PCNA regulation at replication forks, which can
contribute to the tumor-suppressive function of ATADS. In
addition, although the effect of cell-cycle-specific ATADS
depletion on genomic stability, which was studied in bud-
ding yeast (16,28), was not investigated here, our data pro-
vide another example of PCNA accumulation on chro-
matin causing defects in DNA metabolism and genomic
integrity.
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