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Abstract

TIMELESS (TIM) in the fork protection complex acts as a scaffold of the replisome to prevent its uncoupling and ensure efficient DNA replication
fork progression. Nevertheless, its underlying basis for coordinating leading and lagging strand synthesis to limit single-stranded DNA (ssDNA)
exposure remains elusive. Here, we demonstrate that acute degradation of TIM at ongoing DNA replication forks induces the accumulation of
ssDNA gaps stemming from defective Okazaki fragment (OF) processing. Cells devoid of TIM fail to support the poly(ADP-ribosyl)ation neces-
sary for backing up the canonical OF processing mechanism mediated by LIG1 and FEN1. Consequently, recruitment of XRCC1, a known effector
of PARP1-dependent single-strand break repair, to post-replicative ssDNA gaps behind replication forks is impaired. Physical disruption of the
TIM-PARP1 complex phenocopies the rapid loss of TIM, indicating that the TIM-PARP1 interaction is critical for the activation of this compen-
satory pathway. Accordingly, combined deficiency of FEN1 and the TIM-PARP1 interaction leads to synergistic DNA damage and cytotoxicity.
We propose that TIM is essential for the engagement of PARP1 to the replisome to coordinate lagging strand synthesis with replication fork
progression. Our study identifies TIM as a synthetic lethal target of OF processing enzymes that can be exploited for cancer therapy.
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Introduction

DNA replication is achieved by the coordinated action of
the replisome that couples the unwinding activity of the
CDC45/MCM2-7/GINS (CMG) helicase complex and in-
corporation of nucleotides complementary to a DNA tem-
plate by replicative polymerases (1). The fork protection
complex (FPC), which consists of TIMELESS (TIM), TIPIN,

CLASPIN and AND-1 in mammalian cells, plays a key role
in maintaining the integrity of the replisome and coupling
its activity, thus enabling efficient replication fork progres-
sion (2). The TIM-TIPIN heterodimer (Tof1-Csm3 in Saccha-
romyces cerevisiae) grips double-stranded DNA (dsDNA) in
front of the CMG to stabilize the association of the replisome
to DNA and facilitate strand separation (3,4). This unique
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positioning of TIM ahead of the replisome is thought to be
necessary to pause replication under replication stress (3).
CLASPIN/Mrc1, which makes extensive contacts with other
components within the replisome, is sufficient to drive replica-
tion fork progression in vitro, while maximal fork elongation
is achieved by the addition of the TIM-TIPIN complex, further
highlighting the role of TIM in supporting DNA replication
(6,7). AND-1/Ctf4 bridges polymerase (Pol) « to the CMG to
promote the initiation of DNA replication at origins of repli-
cation (8,9). Furthermore, TIM-TIPIN directly interacts with
replication protein A (RPA), a single-stranded DNA (ssDNA)-
binding protein complex, at stalled forks to facilitate ATR-
dependent CHK1 phosphorylation and propagate the DNA
damage checkpoint in response to replication stress (10,11).
An additional study shows that TIM is required for protecting
stalled forks from uncontrolled nucleolytic degradation (12).
Together, the FPC plays multifaceted roles in preserving the
integrity of both active and stalled replication forks. While
interactions between the FPC and multiple replication fork-
associated factors, together with their posttranslational mod-
ifications, are expected to collectively govern the process of
DNA replication, how the structure and function of the FPC
is linked to coordinate diverse genome maintenance mecha-
nisms remains largely uncharacterized.

The establishment of a bidirectional replication fork from
an active origin leads to the DNA synthesis of leading and
lagging strands due to the unidirectional nature of nucleotide
incorporation to the 3" ends of both daughter strands. Unlike
Pol e-dependent leading strand synthesis that occurs in a pro-
cessive and continuous manner, discontinuous replication at
lagging strands synthesizes a series of short DNA fragments
named Okazaki fragments (OF) (13). OF synthesis is initiated
with an RNA-DNA primer produced by Pol a-primase, which
is extended by Pol & until it encounters a downstream OF Dis-
placement of the 5" end of the OF generates a single-stranded
RNA flap, which is subsequently processed by the concerted
action of flap endonuclease 1 (FEN1) and DNA2 nuclease, fol-
lowed by DNA nick sealing via DNA ligase 1 (LIG1) to com-
plete OF processing (14). If not properly controlled, the lag-
ging strand maturation process becomes a source of genome
instability as synthesis of short DNA fragments by Pol « is
intrinsically prone to a high incidence of errors, and dysregu-
lated processing of flap structures may cause DNA breakage
and aberrant DNA structure formation. Accordingly, failure
to seal the sheer number of OF, estimated to be over 10 million
per cell cycle in humans, would create persistent single-strand
breaks (SSBs) and gaps near replication forks, thereby leading
to fork stalling and collapse (15).

Emerging evidence indicates that one failsafe mechanism
of OF processing involves poly(ADP-ribosyl)ation, or PARy-
lation, catalyzed mainly by poly(ADP-ribose) polymerase 1
(PARP1). PARP1 recognizes and is activated by DNA lesions,
primarily DNA SSBs and double strand breaks (DSBs), which
triggers the PARylation of PARP1 itself and other proteins in-
volved in DNA damage repair (16). PARylation is transient
by nature, which is short-lived with a half-life of less than 40
seconds, due to PAR glycohydrolase (PARG) activity (17). Im-
portantly, steady levels of PARylation in the S phase of unper-
turbed cells are detected when PARG is inhibited, which is
greatly increased when FEN1 or LIG1 is deficient, indicating
that PARP proteins operate as a backup to fill unligated OF
intermediates that may have escaped the canonical processing
mechanism (18). PARP1-dependent recruitment of the scaf-
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fold protein XRCC1 and its partner DNA ligase III (LIG3) has
been associated with this alternative OF maturation process
for SSB and gap repair (19-21). Consequently, PARP inhibi-
tion impedes the maturation of nascent strands behind repli-
cation forks (22); this indicates that accumulation of OF in-
termediates is likely to be a major source of cytotoxicity asso-
ciated with PARP trapping to DNA, which leads to excessive
accumulation of ssDNA gaps and breaks under BRCAness, a
feature of homologous recombination (HR) deficiency pheno-
copying germline mutations in BRCA1 or BRCA2. How the
PARP1-dependent DNA replication process coordinates with
the lagging strand elongation catalyzed by the replisome is
unknown.

In this study, using an auxin-inducible degron to acutely
degrade TIM during S phase and an FKBP12-derived desta-
bilization domain to disrupt the TIM-PARP1 complex, we
identify that the TIM-PARP1 interaction at DNA replication
forks is essential for the backup processing of OF intermedi-
ates to suppress replication-associated ssDNA gaps. We show
that TIM is necessary for engaging PARP1 and its PARyla-
tion activity to recruit XRCC1 and facilitate the processing of
unligated nascent DNA strands. Our study establishes a new
connection between TIM and PARP1, two essential genome
caretakers known to work at the intersection of DNA replica-
tion and repair, providing a new perspective on the FPC func-
tion to coordinate OF processing with replisome progression.
We propose that combining the disruption of the TIM-PARP1
interaction with the suppression of canonical OF processing
via FENT1 inhibition may be a therapeutic strategy valuable for
cancer therapy by exacerbating replication-associated ssDNA

gaps.

Materials and methods

Plasmid construction

pcDNAS/FRT/TO-Flag-TIM was constructed by sub-
cloning Flag-TIM ¢DNA resistant to siRNA TIM-1 to
pcDNAS/FRT/TO using Kpnl and Notl restriction sites.
EQ/EQ/TD mutations was introduced to full-length Flag-
TIM ¢DNA by site-directed mutagenesis (SDM). pRetroX-
pTuner DD TIM PAB-myc WT and EQ/EQ/TD were
constructed by subcloning C-terminal myc-tagged TIM PAB
(a.a. 882-1132) WT and EQ/EQ/TD (both synthesized by
Genscript) into the pRetroX-pTuner DD backbone derived
from Addgene plasmid #122082 using Xhol and Ncol re-
striction sites. All sequences were verified by Sanger DNA
sequencing (Stony Brook Genomics Core Facility). PCR
primer information can be found in Supplementary Table S1.

Cell culture and cell lines

U20S and HEK293T cell lines were acquired from the Amer-
ican Tissue Culture Collection (ATCC). The HCT116 Os-
TRI1 F74G TIM-mAID cell line was previously described
(23). Cells were cultured in Dulbecco’s Modified Eagle’s
Medium (U20S and HEK293T) or McCoy’s SA medium
(HCT116 OsTIR1 F74G TIM-mAID) supplemented with
10% fetal bovine serum and 1% penicillin/streptomycin, fol-
lowing standard culture conditions and procedures. U20S
Flp-In T-REx TIM WT and EQ/EQ/TD cell lines were gener-
ated by co-transfecting pcDNAS/FRT/TO Flag-TIM and the
pOG44 plasmid encoding the Flp recombinase (Invitrogen)
into the host U20S cell line stably expressing the Tet-repressor
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(T-REx) and carrying a single FRT locus, followed by hy-
gromycin selection and recovery of stably transfected cells
after 4 weeks. Doxycycline was used at 100 ng/ml to drive
cDNA expression following siRNA transfection. U20S DD-
PAB-myc TIM WT and EQ/EQ/TD cell lines were established
by retroviral transduction of pRetroX-pTuner DD TIM PAB-
myc, followed by 2 ug/ml puromycin selection.

DNA and siRNA transfection

Plasmid transfection was performed using GeneJuice (Milli-
pore Sigma) according to the manufacturer’s protocol. Trans-
fection for the pRetroX-pTuner DD retrovirus production
was performed using X-tremeGENE™ HP DNA transfection
reagent (Millipore Sigma). siRNA duplexes were transfected
at 20 nM using Lipofectamine RNAIMAX (Thermo Fisher).

Drug treatments

5-Phenyl-1H-indole-3-acetic acid (5-Ph-IAA) was dissolved in
DMSO to 10 mM stock and treated at 1 pM. LNT1 (FENi)
was dissolved in DMSO to 10 mM stock and treated at 10, 3,
or 1 uM. PDD 00017273 (PARGi) was dissolved in DMSO
to 10 mM stock and treated at 10 uM. Shield-1 (Shld1) was
dissolved in DMSO to 1 mM stock and treated at 1 uM.

Cell lysis and western blotting

Cells were trypsinized, washed once in ice-cold phosphate-
buffered saline (PBS) and lysed in NETN300 (50 mM
Tris-HCl [pH 7.5], 300 mM NaCl, 0.2 mM EDTA, 1%
NP40) lysis buffer complemented with EDTA-free protease in-
hibitor cocktail (Millipore Sigma) and phosphatase inhibitor
(Thermo Fisher) for 40 min on ice. For visualization of PAR
signals, cells were lysed in modified RIPA buffer (50 mM Tris—
HCI [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1% NP-40, 0.5%
SDS and 0.5% sodium deoxycholate) complemented with
EDTA-free protease inhibitor cocktails and 10 uM PARGi.
Following lysis, lysates were then clarified by centrifugation
at 14,000 rpm at 4 °C for 10 min. Supernatant was collected
and transferred into a microcentrifuge tube, and protein con-
centration was determined by Bradford assay. Thirty to 50 pg
of protein was mixed with 2x sodium-dodecyl sulfate (SDS)
containing 5% R-mercaptoethanol and boiled at 95 °C for
5 min. Samples were then subjected to SDS-polyacrylamide
gel electrophoresis (PAGE) and transferred onto PVDF mem-
brane. Membranes were blocked in 5% milk/bovine serum
albumin (BSA) and then incubated with primary antibodies in
tris-buffered saline (TBS) containing 0.1% Tween 20 (TBS-T)
at 4 °C overnight. Following three washes in cold TBS-T, mem-
branes were incubated with horseradish peroxidase (HRP)-
conjugated secondary antibodies. The HRP signals were de-
tected by enhanced chemiluminescence (ECL) western blot-
ting substrates (Thermo Fisher) using the iBright Imaging Sys-
tem (CL1000; Thermo Fisher).

DNA fiber analysis

Exponentially growing cells were labeled with 50 uM 3-
chloro-2"-deoxyuridine (CldU) for 30 min, washed three
times with PBS and then labeled with 250 uM 5-iodo-2"-
deoxyuridine (IdU) for 30 min prior to harvesting. Media was
pre-equilibrated overnight at 37 °C in 5% CO,. Cells were
then permeabilized with CSK-100 buffer (100 mM NaCl,
10 mM MOPS [pH 7.0], 3 mM MgCl,, 300 mM sucrose,
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0.5% Triton X-100) for 10 min at room temperature (RT)
and then washed once with PBS. Nuclei were then equilibrated
with S1 endonuclease buffer (30 mM sodium acetate, 10 mM
zinc acetate, 5% glycerol, 50 mM NaCl; final pH 4.6) for §
min at RT and then treated with S1 endonuclease (20 U/ml)
at 37 °C for 30 min. S1 endonuclease buffer was aspirated
and, nuclei were precipitated with 0.1% BSA in PBS and col-
lected using a cell scraper. The nuclei suspension was cen-
trifuged at 7,000 rpm for § min at 4°C, and the supernatant
was aspirated. The pellet was then resuspended in PBS such
that ~3000 nuclei could be lysed per sample. Two pl of the
solution was dropped onto a positively charged glass slide,
and fiber lysis solution (200 mM Tris-HCI [pH7.5], 50 mM
EDTA, 0.5% SDS) was added on top of the drop followed
by gently stirring with the pipette tip and incubation for 5—
8 min. Slides were then carefully tilted by 15° to allow DNA
fibers to spread along the slide and carefully placed horizon-
tally to air dry for 10-15 min in the dark. DNA was fixed
by immersing the slides in freshly prepared methanol/acetic
acid solution (3:1) for 5 min at RT. Slides were allowed to dry
and then washed twice in PBS for 5 min at RT. DNA was de-
natured in a 2.5 mM HClI solution for one hour at RT. Slides
were washed three times in PBS for 5 min and placed horizon-
tally. Slides were blocked with 5% BSA in PBS for 30 min, fol-
lowed by incubation with rat monoclonal anti-BrdU (1:200)
for CldU and mouse monoclonal anti-BrdU (1:20) for IdU, di-
luted in 1% BSA in PBS containing 0.025% Tween 20 (PBS-T)
and incubated for 1.5-2 h at room temperature in a dark hu-
midified chamber. Following three washes in PBS-T for 5 min
each, two secondary antibodies (Alexa Fluor 594 goat anti-
rat and Alexa Fluor 488 goat anti-mouse, 1:400 each) were
diluted in 1% BSA in PBS and incubated for one hour at RT
in a dark humidified chamber. Slides were washed three times
in PBS-T for 5 min each and allowed to dry completely in the
dark. Coverslips were placed on top of the slides coated with
ProLong™ Gold Antifade Mountant (Thermo Fisher) and al-
lowed to cure overnight at RT. DNA fibers were imaged with
an Eclipse Ts2R-FL inverted fluorescence microscope (Nikon)
equipped with a Nikon DSQi2 digital camera and analyzed
using NIS-Elements, Research BR software (Nikon).

Immunofluorescence

Cells were transfected and/or treated with the specified drugs
and then seeded onto a glass coverslip. TIM-mAID cells were
seeded onto coverslips pre-coated with poly-L-lysine. Cells
were pulse-labelled with 10 uM EdU for 30 min prior to fix-
ation with 4% paraformaldehyde at RT for 10 min and then
permeabilized with 0.3% Triton X-100 in PBS on ice for 3
min. For visualizing XRCC1 foci, cells were pre-extracted with
0.5% Triton X-100 in PBS on ice for 5 min before fixation.
Coverslips were blocked with 5% BSA in PBS-T at RT for 1h.
Coverslips were then incubated with primary antibodies di-
luted in 1% BSA in PBS-T for 1.5-2 h at 37 °C. Coverslips
were then briefly washed with PBS-T and then incubated with
the indicated secondary antibodies for 1 h at RT. For EdU-
labelled cells, click reaction was performed with Alexa Fluor
647 azide using the Click-iT reaction cocktail according to
the manufacturer’s protocol (Thermo Fisher) for 30 min at
RT. Coverslips were mounted in VECTASHIELD mounting
media with DAPI and sealed with clear nail polish. At least
250 nuclei were analyzed for each condition with an Eclipse
Ts2R-FL inverted fluorescence microscope.
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Proximity ligation assay (PLA)

Exponentially growing cells were seeded onto coverslips and
treated with the specified drugs. Coverslips were washed once
with PBS and then fixed with 4% paraformaldehyde at RT for
10 min followed by permeabilization with 0.3% Triton X-100
in PBS on ice for 3 min. Coverslips were blocked with blocking
buffer (Duolink I7 situ PLA Probe kit) for 1 h at 37 °C. Cover-
slips were then incubated with primary antibodies diluted to
the desired concentrations in antibody diluent (Duolink I7 situ
PLA Probe kit) for 1 h at 37 °C. Coverslips were then washed
three times with RT wash buffer A for 5 min each and then in-
cubated with 1x PLA MINUS and PLUS probes diluted in an-
tibody diluent (Duolink I situ PLA Probe kit) for 1 h at 37°C.
Coverslips were washed three times with wash buffer A for §
min each and incubated with ligase diluted 1:80 in 1x liga-
tion buffer (Duolink I7 situ Detection Reagents) for 30 min
at 37 °C. Coverslips were then washed and incubated with
polymerase diluted 1:40 in 1x amplification buffer (Duolink
In situ Detection Reagents) for 1 h 40 min at 37 °C. Cov-
erslips were then washed three times with RT wash buffer B
for 10 min each. All the reactions were performed in in a hu-
midified chamber. Coverslips were then mounted in mounting
media containing DAPI. To visualize the proximity to EdU-
labeled replication forks, cells were pulse-labeled with 125
uM EdU and pulsed with 1 mM thymidine before harvest.
After washing and blocking, biotin azide was conjugated to
EdU via click reaction using the Click-iT reaction cocktail ac-
cording to the manufacturer’s protocol (Thermo Fisher), fol-
lowed by antibody incubation. For multicolor PLA to detect
the TIM-PARP1 interaction at EdU-labeled replication forks,
fixed cells after click reaction were incubated with mouse anti-
PARP1 (1:500) and goat anti-biotin (1:8000) primary anti-
bodies diluted in antibody diluent (Duolink I7 situ PLA Probe
kit) for 1 h at 37 °C for green PLA. For far red PLA, rabbit
anti-TIM and goat anti-biotin antibodies were first conjugated
to oligo H and oligo I respectively using Duolink PLA Mul-
ticolor Probemaker Kit, Far Red, according to the manufac-
turer’s protocol, followed by incubation of TIM-oligo H and
biotin-oligo I conjugated PLA probes diluted to the desired
concentrations in 1x probe diluent. Amplification of specific
PLA probe pairs was performed using Duolink I Situ Detec-
tion Reagents, Green for the PARP1-EdU PLA and Duolink
PLA Multicolor Reagent Pack for the TIM-EdU PLA (far red).
An additional detection step was carried out by incubating
the coverslips in Duolink PLA Multicolor detection buffer di-
luted in high purity water for 30 min at 37 °C. All wash
steps were performed for twice the length of time as pre-
viously discussed to eliminate extensive background signal.
Proximity of two overlapping PLA foci results in white PLA
signals.

Cell synchronization

Cells were synchronized at the G1/S boundary using double
thymidine block. Thymidine was dissolved in PBS at 100 mM
stock and treated at 2 mM. Cells were seeded at 30% con-
fluency, allowed to attach for 24 h and then treated with 2
mM of thymidine in cell culture media for 17 h. Cells were
washed three times with warm PBS and replenished with fresh
thymidine-free media for 9 h. Cells were subsequently treated
with a second dose of 2 mM thymidine for 17 h before being
released into fresh media as indicated. For all steps, media was
pre-equilibrated overnight at 37 °C in 5% CO,.
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Flow cytometry

Cell cycle analysis was performed by flow cytometry on expo-
nentially growing cells treated with the drugs as specified. To
measure EdU incorporation, exponentially growing cells were
treated with 10 uM EdU for 30 min and washed once before
harvest. After one PBS wash, cells were washed with 1% BSA
in PBS, vortexed briefly and centrifuged at 500 g for 5 min at
RT. Cells were resuspended into a single-cell solution in PBS
and fixed with 70% ethanol for 2 h on ice in the dark. Ethanol
was removed by centrifugation at 500 g for 5 min and one PBS
wash. Cells were subjected to EdU-click reaction using Alexa
Fluor 488 picolyl azide and click-iT plus EAU flow cytometry
assay kit (Thermo Fisher) following the manufacturer’s pro-
tocol. To detect YH2AX levels, harvested cells were permeabi-
lized using 0.5% Triton X-100 at 4 °C for 10 min. Cells were
washed with 1% BSA in PBS and fixed in Foxp3/transcription
factor fixation solution (Thermo Fisher) for 1 h at RT. Cells
were then washed with Foxp3/transcription factor permeabi-
lization buffer, centrifuged at 400 g for 5 min, and incubated
with Alexa Fluor 488-conjugated yYH2AX (1:100; CR55T33,
Thermo Fisher) for 1 h at RT in the dark. Cells were washed
once with PBS and resuspended in PBS containing 200 pg/ml
PureLink™ RNase and eBioscience ™ 7-AAD viability stain-
ing solution (Thermo Fisher) and incubated at 37 °C for 30
min. Samples were analyzed with the Attune NxT acoustic fo-
cusing cytometry (Thermo Fisher) and the Attune NxT soft-
ware v2.7 (Thermo Fisher).

Cell survival and colony formation assays

To measure cell viability, cells were seeded in 96-well plates
and allowed to attach for 24 h. Drugs were treated as spec-
ified, and cell viability was determined using the CellTiter-
Glo luminescent cell viability assay (Promega) four days
later. ATP-derived luminescence was measured by the Glo-
Max Explorer microplate reader (Promega). To assess colony
formation, cells were seeded in 6-well plates and treated
with the specified drugs for the indicated times. On day
12, cells were washed once with cold PBS and fixed with
ice-cold methanol for 10 min at —20 °C. Cells were then
washed with PBS and incubated in 0.5% crystal violet solu-
tion for 10 min at RT in the dark. Crystal violet was solu-
tion was removed, and the excess stain was washed off gen-
tly with deionized water. Once dried, colonies were counted
manually.

Isolation of proteins on nascent DNA (iPOND)

One hundred million of exponentially growing TIM-mAID
cells were treated with the drugs as specified. Cells were in-
cubated with 10 uM PARGi for 20 min and pulse-labeled
with 10 uM EdU during the last 12 min. Following one wash
with PBS, DNA-protein complexes were crosslinked with 1%
formaldehyde for 20 min and quenched with 0.125 M glycine.
Following harvest, cells were permeabilized with 0.25% Tri-
ton X-100 in PBS for 30 min at RT and washed three times
with PBS. To conjugate EdU with biotin azide, click reac-
tion was carried out following the manufacturer’s protocol
(Thermo Fisher) for 2 h at RT. Cells were washed three times
with PBS and resuspended with modified lysis buffer (50 mM
Tris-HCI [pH 8.0] and 1% SDS) supplemented with protease
inhibitors and 10 pM PARGi. DNA was fragmented by son-
ication using a microtip sonicator 550 Sonic Dismembrator
(Thermo Fisher) for 3 min (30 s on, 60 s off x2) at 4°C
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followed by centrifugation at 13 000 rpm for 10 min. 0.1%
of the supernatant was collected as input and the remaining
sample was diluted 1:1 with PBS supplemented with protease
inhibitors and 10 uM PARGi and incubated overnight with
streptavidin agarose beads at 4°C. Beads were washed twice
with low salt buffer (1% Triton, 20 mM Tris-HCI [pH 8.0], 2
mM EDTA, 150 mM NaCl), twice with high salt buffer (1%
Triton, 20 mM Tris-HCI [pH 8.0], 2 mM EDTA, 500 mM
NaCl), and twice with lysis buffer. Proteins were eluted by
boiling beads in 2x Laemmli buffer for 30 min at 95°C. The
samples were centrifuged at 14,000 pm for 15 min and the su-
pernatants were loaded onto SDS-PAGE gels for western blot
analysis.

Statistics and reproducibility

All statistical analyses were performed using Prism (Graph-
Pad), where n.s., P > 0.05; *, P < 0.05; **, P < 0.01; ***,
P < 0.001; **** P < 0.0001. All of the statistical details of
experiments can be found in the figures and figure legends.
Unpaired Student’s t-tests were performed with a 95% con-
fidence interval, using two-tailed P-values, unless otherwise
specified. For DNA fiber assays, DNA track lengths were mea-
sured by Fiji, and a two-side Mann—-Whitney U test was con-
ducted with a 95% confidence interval on a set of DNA fiber
samples over 150. Dot plots depict a representative result of
at least two independent biological replicates and analysis by
Mann-Whitney U test. Western blotting, cell survival assay,
clonogenic assay, immunofluorescence, PLA and flow cytom-
etry experiments were representative of at least two, mostly
three, biologically independent experiments, to demonstrate
reproducibility.

Results

siRNA-mediated TIM depletion leads to
accumulation of ssDNA gaps and increased
PARylation

In order to determine the impact of TIM loss in replication-
associated ssDNA gap accumulation, we first knocked down
TIM and incorporated the ssDNA-specific S1 nuclease into
a DNA fiber assay (24), which cleaves the gap generating a
shorter 1dU track in the CIdU/IdU-labeled DNA in compar-
ison to S1 non-treated control (Figure 1A). Knocking down
TIM using two independent siRNAs (Figure 1B) led to short-
ening of DNA replication tracks as previously noted (12),
which decreased significantly upon treatment of S1 nuclease,
indicating that ssDNA gaps are accumulating while fork pro-
gression is being impaired in the absence of TIM (Figure 1C).

The phenotype of TIM loss in ssDNA gap accumulation
is shared by the loss of PARP1 or PARP1 inhibition, which
leads to an increase in post-replicative single-strand nicks
or gaps caused by the accumulation of unligated OF dur-
ing replication fork progression (18,22). Of note, previous
structural and biochemical studies demonstrated that the C-
terminus of TIM directly interacts with PARP1 (25,26). We
therefore reasoned that the TIM-PARP1 interaction at DNA
replication forks may play an important role in replication
fork progression, especially for lagging strand synthesis by
controlling the processing of OFs. Using a multicolor prox-
imity ligation assay (PLA) that we modified from in situ
protein interactions at nascent and stalled replication forks
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(SIRF), we confirmed that TIM and PARP1 colocalize at
ongoing replication forks labeled with a thymidine analog,
EdU (Supplementary Figure S1A). A series of electrostatic
interactions that are required for the TIM-PARP1 interac-
tion were revealed by X-ray crystallography (25); based on
this information, we previously established a TIM mutant
(E1049Q/E1056Q/T1078D; hereinafter EQ/EQ/TD) that is
unable to interact with PARP1 (Supplementary Figure S1B)
(27). A co-immunoprecipitation assay confirmed that the
Flag-tagged TIM EQ/EQ/TD mutant fails to interact with
endogenous PARP1 (Supplementary Figure S1C). This mutant
maintains its interaction with other interacting partners TIPIN
or SDE2, indicating the overall replisome integrity is not com-
promised (12,27). Using the Flp-In T-REx system, siRNA-
resistant wild-type (WT) or the EQ/EQ/TD mutant was re-
constituted into TIM knocked-down cells in a doxycycline-
dependent manner (Supplementary Figure S1D). Our initial
analyses demonstrated that cells expressing the EQ/EQ/TD
mutant exhibit impaired replication fork progression and
stalled fork protection (27). Here, we further showed that
while re-expression of WT TIM in TIM-depleted Flp-In cells
suppressed the ssDNA gaps, thus confirming specificity of
the phenotype observed in TIM knockdown (Supplementary
Figure S1E), cells expressing the TIM EQ/EQ/TD mutant
failed to counteract the effect of S1 treatment, suggesting that
the TIM-PARP1 interaction is required for suppressing ss-
DNA gap accumulation (Figure 1D). Notably, ssDNA gap for-
mation was still evident in PRIMPO L-knockout cells, indicat-
ing that repriming only partially accounts for the ssDNA gaps
manifested by the absence of TIM (Supplementary Figure

S1F).

Since the catalytic activity of PARP1 at DNA replication
forks is associated with preventing ssDNA gaps by support-
ing lagging strand synthesis, we evaluated how cellular PARy-
lation is affected without TIM. Notably, depletion of TIM
resulted in a drastic increase in PAR signals as revealed by
anti-PAR immunofluorescence, which was more readily ob-
served when PARG activity was inhibited as a means to cap-
ture transient PARylation engaged for OF processing during
DNA replication (Figures 1E, F). Analysis of cellular PARyla-
tion by anti-PAR immunoblotting exhibited a similar increase
when TIM was knocked down (Figure 1G). In S phase cells
marked by EdU, the EQ/EQ/TD mutant was not able to fully
suppress the elevated PAR levels resulting from TIM deple-
tion, underscoring the importance of the TIM-PARP1 inter-
action in the process (Supplementary Figure S1G). However,
the increase of PARylation was noted in both EdU-positive
and negative cell populations, suggesting that elevated PAR
signals are not necessarily DNA replication-dependent; rather,
it may represent the non-specific cytotoxicity caused by long-
term TIM knockdown and impairment of overall DNA repli-
cation fork integrity (Figure 1F). Indeed, cells depleted of
TIM by siRNA exhibited elevated pKAP1 S824 and yYH2AX
signals, which represent DNA damage and breaks, and ac-
cumulation of cleaved PARP1 (cPARP1), which is a sign of
apoptosis (Figures 1H, STH). Together, while TIM deficiency
greatly elevates the level of ssDNA gaps, it is accompanied by
a significant increase in cellular PARylation. Therefore, its ef-
fect may not be directly related to DNA damage stemming
from normal DNA replication processes; instead, excessive
PARylation may represent global DNA breakage and genomic
damage.
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Figure 1. siRNA-mediated TIM knockdown results in increased DNA damage and ssDNA gap accumulation. (A) Schematic of the DNA fiber assay with
S1 endonuclease. (B) Western blotting (WB) confirming the knockdown of TIM in U20S cells using two independent siRNA oligonucleotides (versus
negative control, Ctrl). (C) Dot plot of the DNA fiber IdU track lengths from U20S cells depleted of TIM by siRNA. Where indicated, 20 U/ml S1 nuclease
was treated for 30 min. 10 uM olaparib was treated for 2 h as a positive control to induce DNA gaps. Red bars indicate the median value of at least 150
tracks. n =3, ****P < 0.0001, **P < 0.01, Mann-Whitney. (D) Dot plot of the DNA fiber IdU track lengths from Flp-In cells reconstituted with
Flag-tagged TIM WT or EQ/EQ/TD via siRNA-mediated TIM knockdown and doxycycline (dox)-dependent expression of siRNA-resistant cDNA. Where
indicated, cells were treated with 20 U/ml S1 nuclease for 30 min. Red bar: median, n =3, ****P < 0.0001, **P < 0.001, ns: not significant,
Mann-Whitney. (E) Representative images of poly(ADP-ribose) or pADPr signals in U20S cells knocked down of TIM using two independent siRNA.
Where indicated, cells were treated with 10 uM PARGi for 30 min before fixation. Scale bar: 10 um. (F) Quantification of pADPr immunofluorescence
signals in either EAU negative or EdU positive cells. At least 250 cells were analyzed in each condition. Red bar: median, n =3, ****P < 0.0001, ns: not
significant, Mann-Whitney. (G) WB analysis of cellular pADPr levels in U20S cells transfected with siRNA TIM (versus Ctrl) in the presence or absence
of 10 uM PARG inhibitor (PARGI). (H) WB analysis of DNA damage in U20S cells transfected with siRNA TIM (versus Ctrl) for 72 h.
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Acute TIM degradation causes ssDNA gap
accumulation accompanied by a decrease in PARP1
activity

To overcome the limitation of long-term TIM knockdown,
which causes DNA breaks and thus genome-wide PARP acti-
vation, we turned to implement the TIM auxin-inducible de-
gron (AID) system that we previously established in HCT116
cells (a.k.a. HCT116-TIM mAID) (23) (Figure 2A). In this
system, treatment with an auxin-derivative, 5-Ph-IAA, rapidly
triggers TIM degradation from DNA replication forks within
an hour, enabling us to specifically monitor the effect of
acute TIM loss without non-specific toxicity of long-term
TIM knockdown (Figure 2B). The cellular levels of TIPIN,
the heterodimeric partner of TIM within the FPC, remained
unchanged, indicating that the overall integrity of the repli-
some has not been compromised. Accordingly, after admin-
istration of 5-Ph-IAA for 6 h, pCHKI1 activation, which
requires TIPIN within the FPC, still occurred under hy-
droxyurea (HU)-induced replication stress (Supplementary
Figure S2A). Induction of complete TIM degradation within
3 h did not cause any major DNA replication damage sig-
nals in contrast to 48 h, a time point that essentially mim-
icked the phenotypes manifested in siRNA-mediated TIM
knockdown (Supplementary Figure S2B). Incorporation of
EdU was largely unaffected upon administration of 5-Ph-
IAA for 3 h, indicating that DNA replication forks have
not yet experienced considerable stalling yet (Supplementary
Figure S2C). In this condition, DNA fiber tracks obtained
from cells treated with 5-Ph-IAA were comparable to the
untreated, while S1 treatment in the DNA fibers revealed
that ssDNA gaps rapidly accumulated within 3 h upon
acute loss of TIM (Figure 2C). The S1-sensitive ssDNA gaps
were further evident in later time points when the progres-
sion of DNA replication forks starts to become compro-
mised (Supplementary Figure S2D). Therefore, we conclude
that acute TIM degradation at ongoing forks results in ss-
DNA gap accumulation without a major impact on fork
progression.

Interestingly, acute TIM degradation led to a progressive
decrease of PARylation that was detectable by PARG inhi-
bition under immunofluorescence at 2 and 4 h post 5-Ph-
IAA, whereas prolonged 5-Ph-IAA treatment for 24 and 48
h resulted in a massive increase in PARylation even in EdU-
negative cells (Figures 2D, E). Long-term depletion of TIM in
parental HCT116 cells by siRNA also resulted in ssDNA gap
accumulation and a dramatic increase of cellular PARylation
as noted in siRNA-treated U20S cells (Supplementary Figure
S2E and S2F). Our TIM degron model therefore suggests that
TIM is required for steady-level PARylation at sites of DNA
synthesis and further supports the previous notion that long-
term loss of TIM leads to non-specific PARP activation. To
further substantiate our results, we synchronized HCT116-
TIM mAID cells at the G1/S boundary and released cells into
S phase in the presence or absence of 5-Ph-IAA to monitor S
phase-specific PARylation. Again, rapid TIM degradation sup-
pressed the PAR levels that were progressively increased dur-
ing DNA replication in control cells when captured by PARG
inhibition (Figure 2F). We were also able to observe a decrease
in PARylation at ongoing replication forks by immunoblot-
ting upon acute TIM degradation (Figure 2G). Together, our
TIM degron system identified a unique role of TIM in pro-
moting PARylation and suppressing ssDNA gaps at ongoing
DNA replication forks.
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TIM promotes PARP1-dependent backup Okazaki
fragment processing

Previous studies established the role of PARP1 in lagging
strand synthesis by filling unligated OF intermediates that es-
cape the canonical OF maturation process mediated by FEN1
and LIG1 (18,22,28). Therefore, we examined whether pos-
itive regulation of PARylation by TIM during DNA replica-
tion is linked to the backup OF processing promoted by the
PARP1 activity at DNA replication forks. Consistent with pre-
vious reports, we observed a dramatic elevation of PAR sig-
nals when the canonical OF processing is inhibited by either
LIG1 knockdown or FEN1 inhibition, and this increase was
suppressed when TIM was rapidly depleted by 5-Ph-IAA, in-
dicating that TIM is required for the PARP activity neces-
sary for engaging the backup OF processing pathway (Fig-
ure 3A). A massive accumulation of PARylation upon LIG1
knockdown was also visualized by immunoblotting, which
was suppressed by 5-Ph-IAA (Figure 3B). Accordingly, ssDNA
gaps were further accumulated when FEN1 was inhibited and
TIM was degraded by 5-Ph-IAA simultaneously (Figure 3C).
In contrast, the elevated PARylation caused by genome-wide
SSB accumulation upon methyl methanesulfonate (MMS) was
not suppressed by TIM degradation, indicating that the role
of TIM to support PARylation is specific to DNA replication
(Supplementary Figure S3A). Furthermore, FENTi-induced
PARylation was moderately decreased by Pol « inhibition,
supporting that PARP activation originates from defective lag-
ging strand synthesis (Supplementary Figure S3B). Modifi-
cation of PARP1 or other nearby proteins with PAR leads
to the recruitment of the XRCC1 SSB repair protein part-
nering with LIG3 to repair ssDNA gaps as well as flaps or
nicks (29,30). We used a pre-extraction protocol to visualize
XRCC1 foci that became obvious upon FENT inhibition in
HCT116 TIM-mAID cells (Supplementary Figure S3C). Sim-
ilarly, LIG1 knockdown increased the XRCC1 foci forma-
tion, and 5-Ph-TAA treatment was sufficient to abrogate the
XRCC1 foci, indicating that the PARP1-dependent backup
SSB repair pathway is defective in the absence of TIM (Fig-
ures 3D, E). Collectively, our results indicate that TIM is re-
quired for the PARP1 activity toward unligated OF processing
to support lagging strand synthesis.

The TIM-PARP1 interaction is required for
PARP1-dependent OF processing and ssDNA
suppression

To further understand the mechanism through which TIM
promotes the PARP1 activity necessary for unligated OF pro-
cessing at DNA replication forks, we determined whether the
physical interaction between TIM an PARP1 is required for
this process. Since our Flp-In system shown in Figure 1 may
exhibit non-specific DNA damage that is generated during the
process of siRNA-mediated TIM depletion and re-expression
of ¢cDNA encoding TIM WT or the PARP1-binding mutant,
we wished to implement a system that allows us to acutely dis-
rupt the endogenous TIM-PARP1 interaction without com-
promising the role of TIM in supporting the replisome. To
this end, we employed inducible expression of a fragment de-
rived from the C-terminus of TIM to compete with its bind-
ing to endogenous PARP1. Here, the TIM C-terminal PARP1-
binding region (PAB) is fused to a myc tag and a FKBP12-
derived destabilization domain (DD), referred to as DD-PAB-
myc. Expression of DD-PAB-myc in cells enforces the PAB


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae445#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae445#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae445#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae445#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae445#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae445#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae445#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae445#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae445#supplementary-data

Nucleic Acids Research, 2024, Vol. 52, No. 11 6431

A C D

UPS Cldu Idu Cldu IdUu $1 *kKk
) & " 30 min 30 min 30 min 30 min 30 min — krkk
Lagging mAID Kkkk
- ® € 15+ ns 20000 kkk
}TIM- _’ ﬁ = e
d 5-Ph-IAA = € ! — —
Leading el . g 3 15000
£ = =
B . : :
& 5 2 10000
kD O 1 2 3 4 8 5PhIAA(h) é % e
fae [0
150- s ~<TIM-mAID hat = 2
- p—p—— 2 3 < 5000
— - e}
50 - - T\ -
7- . 4 —
3 ———— P C N A 0 0- 0
5-Ph-IAA(h) 0 15 3 5PhlIAA(h) 0 15 3 5Ph-IAA(h) - - 2 4 24 48
S1 + + + PARGiI - + + + + +
Thy Thy PARGI (20 min)
—_— 5-Ph-IAA
02 4 (h)
*kkk
20000 — *kkk khkkk *kkk *kkk
*kkk
- L—
=
i‘5/15000—
S
c
i=)
2
a
a
<
o
0
DMSO As As Oh Oh - - 2h - 4h -
5Ph-IAA- - - - - 0h Oh - 2h - 4h
= PARGI -+ -+ -+ o+ o+ o+
0]
% 3 h pre-incubation Release
G1/S » Release to S
2 - 0 - 2 - 4 5PhAA()
kD + + + + + + + PARGI
250-
-'!I.' 5
i a
<
75- e
150- — — — -<TIM
- v - =K 3

37- ' ——ewempy ~<-PCNA

Figure 2. Acute TIM degradation results in a failure to activate S-phase specific PARylation. (A) Top: Schematic depicting auxin (5-Ph-IAA)-inducible
acute degradation of endogenous TIM tagged with a mini-AID (mAID) degron by ubiquitin-dependent proteasome system (UPS) at an ongoing DNA
replication fork. (B) WB to demonstrate rapid degradation of TIM-mAID in HCT116 cells upon treatment of 1 uM 5-Ph-IAA for the indicated times.
Specific loss of TIM without depleting its heterodimeric partner TIPIN suggests that the overall replisome integrity is not compromised at early time
points of TIM loss. (C) Dot plot of the DNA fiber IdU track lengths of TIM-mAID cells treated with 1 uM 5-Ph-IAA for the indicated times in the presence
and absence of S1 endonuclease. Red bar: median, n =2, *P < 0.05, ns: not significant, Mann-Whitney. (D) Dot plot representing the quantification of
total pADPr intensity in TIM-mAID cells following treatment with 1 uM 5-Ph-IAA (vs. DMSO) for the indicated times. Where indicated, 10 uM PARGI
was treated for 20 min before fixation. Red bar: median, n =3, ****P < 0.0001, Mann-Whitney. (E) Representative images of pADPr
immunofluorescence staining. Scale bar: 10 um. (F) Dot plot representing the quantification of total pADPr intensity in TIM-mAID cells in S phase. Cells
were synchronized at the G1/S boundary by double thymidine block and incubated with either DMSO or 1 uM 5-Ph-IAA for 3 h before release into fresh
media in the presence of DMSO or 5-Ph-IAA for 0, 2 and 4 h. Where indicated, cells were treated with 1 uM PARGi for 20 min before fixation. Red bar:
median, n =2, ****P < 0.0001, Mann-Whitney. (G) WB to visualize cellular pADPr levels in TIM-mAID cells synchronized at the G1/S boundary and
released to S phase with or without 1 uM 5-Ph-IAA. Cells were treated with 10 WM PARGi for 20 min before harvest.
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quantified from EdU-positive cells to determine the XRCC1 foci intensity. Red bar: median, n =2, ****P < 0.0001, ns: not significant, Mann-\Whitney.

to undergo rapid proteasomal degradation unless its stabil-
ity is preserved by the addition of Shield-1 (Shld1), a FKBP
ligand (31); stabilized TIM PAB would compete with endoge-
nous TIM for the binding interface of PARP1, thereby rapidly
disrupting the TIM-PARP1 interaction (Figure 4A). We also
introduced EQ/EQ/TD mutations into DD-PAB-myc to use
as a control polypeptide that cannot disrupt the TIM-PARP1
interaction. Stable expression of both DD-PAB-myc WT and
EQ/EQ/TD mutant in U20S cells revealed that both frag-
ments are barely expressed due to rapid proteolysis, while
they are readily induced at comparable levels upon treat-
ment with Shld1 (Figure 4B). The induction of DD-PAB-myc
WT was dose-dependent and time-dependent, which was de-
tectable as early as 2 h post Shld1 and plateaued around 24
h (Supplementary Figures S4A, S4B). The inducible expres-
sion of DD-PAB-myc by Shld1 was comparable to the tran-
sient transfection of cDNA encoding full-length myc-tagged
TIM, substantiating the robust induction of DD-PAB-myc in
our system (Supplementary Figure S4C).

We next validated the DD-PAB-myc system as a means
to disrupt the TIM-PARP1 interaction. The proximity lig-
ation between TIM and PARP1 revealed that induction of
DD-PAB-myc WT by Shld1 for 8 h results in a decrease in
the PLA foci which is abrogated within 24 h; DD-PAB-myc
EQ/EQ/TD mutant failed to do so, indicating that the TIM~-
PARP1 interaction is disrupted specifically by the PAB frag-
ment (Figures 4C, D). Similarly, Shld1 decreased multicolor
TIM and PARP1 PLA at EdU-labeled replication forks in cells
expressing the WT, but not the EQ/EQ/TD mutant, PAB frag-
ment (Supplementary Figure S4D). Importantly, expression of
DD-PAB-myc WT, but not the EQ/EQ/TD mutant, was suf-
ficient to induce ssDNA gap accumulation, suggesting that
the TIM-PARP1 interaction is required for suppressing ss-
DNA gap formation (Figure 4E). Furthermore, the PARyla-
tion at DNA replication forks, as detected upon PARG inhi-
bition, was specifically suppressed by DD-PAB-myc WT, but
not by the mutant, indicating that the TIM-PARP1 interac-
tion during DNA replication contributes to PARP1 activity
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median, n =2, ****P < 0.0001, *P < 0.05, ns: not significant, Mann-Whitney.
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(Figures 4F, Supplementary Figure S4E). Disruption of the
TIM-PARP1 interaction by DD-PAB WT, but not by the
EQ/EQ/TD mutant, also rendered cells unable to elevate
PARylation in response to FENT1 inhibition or LIG1 deficiency,
as revealed by immunoblots and immunofluorescence, sup-
porting the notion that the TIM-PARP1 interaction is nec-
essary for engaging PARP1 to the backup pathway to re-
pair unligated OF intermediates (Figures 4G, H; for quan-
tification, see Supplementary Figure S5A). Consequently, cells
in which DD-PAB-myc WT was induced exhibited shorter
DNA tracks in comparison to cells with or without induc-
tion of the EQ/EQ/TD mutant, indicating that a defect in
lagging strand synthesis is linked to impaired fork progression
(Supplementary Figure S5B). Likewise, induction of DD-PAB-
myc WT, but not the mutant, was sufficient for abrogating the
XRCC1 foci formation that was elevated when the canoni-
cal OF processing process was inhibited by LIG1 knockdown
(Figures 41, Supplementary Figure S5C).

TIM is necessary for engaging PARP1 to ssDNA
gaps behind DNA replication forks

We further sought to determine how TIM promotes the func-
tion of PARP1 in the backup OF processing pathway. First,
we captured replication fork-associated proteins by the isola-
tion of proteins on nascent DNA (iPOND) to visualize PARP1
localization at active replication forks from HCT116-mAID
cells (32). We observed that PARP1 is co-purified with EdU-
labeled nascent DNA, which was dramatically increased upon
the treatment of FENT inhibitor (Figure SA). Importantly,
rapid TIM degradation by 5-Ph-IAA abrogated the increased
association of PARP1 and its downstream effector XRCC1
upon FENT1 inhibition, indicating that TIM is necessary for
the efficient engagement of PARP1 at active replication forks
when the canonical OF processing is impaired. We then rea-
soned that the PARP1 activity modulated by TIM is specif-
ically located behind DNA replication forks where OF pro-
cessing and maturation occurs in order for TIM to help en-
gage PARP1 to recognize a series of unprocessed OFs. We
therefore determined the localization of PARP1 and XRCCl1
by their proximity to EdU-labeled tracts of nascent DNA
immediately after pulse labeling and following a chase by
thymidine (22). To specifically disrupt the TIM-PARP1 in-
teraction while keeping the replisome intact, we utilized the
U20S DD-PAB-myc cells with Shld1 application. FEN1 inhi-
bition led to a significant increase in the proximal localization
of PARP1 to EdU-labeled DNA behind ongoing replication
forks, which was abrogated upon Shld1 treatment, suggesting
that the TIM-PARP1 interaction is necessary for the proper
engagement of PARP1 to ssDNA gaps that accumulate behind
ongoing replication forks, presumably at the sites of unligated
OF processing (Figures 5B, C). Subsequently, the increased re-
cruitment of XRCC1 to EdU-pulsed and chased nascent DNA
was also dependent on the TIM-PARP1 complex (Figures
5D, E). By contrast, the Shld1-stabilized EQ/EQ/TD mutant
peptide failed to antagonize the association of PARP1 and
XRCC1 to DNA replication forks (Supplementary Figures

S5D, SSE). Together, these results underscore the role of the
TIM-PARP1 interaction within the replisome in guiding the
PARP1 activity required for counteracting the accumulation
of OF intermediates and thus ensuring proper lagging strand
synthesis.
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Disruption of the TIM-PARP1 interaction triggers
synergistic replication damage in cells deficient in
the canonical OF processing pathway

Thus far, we have demonstrated that the TIM-PARP1 inter-
action is essential for compensating a defect in the matura-
tion of OF intermediates; we therefore determined whether
disruption of both the TIM-PARP1 complex and the canon-
ical OF processing pathway results in synergistic fork insta-
bility and cellular lethality. Indeed, while single treatment of
5-Ph-TAA or FENT1 inhibitor in HCT116-mAID-TIM cells did
not cause major cytotoxicity, combination of the two led to
a severe loss of cellular viability as measured by intracellu-
lar ATP levels (Figure 6A). Similarly, their clonogenic survival
was impaired in a synergistic manner when TIM was degraded
and FEN1 was inhibited (Figures 6B, C). Furthermore, dis-
rupting the interaction between TIM and PARP1 using Shid1
in U20S DD-PAB-myc WT cells was sufficient to cause a syn-
ergistic loss of cellular viability (Figure 6D) and clonogenic-
ity (Figures 6E, F). Mechanistically, we observed a substan-
tial increase of DNA replication damage markers, including
pKAP1 S824 and yH2AX, in cells deficient in both TIM and
FEN1, indicating that compound ssDNA gap accumulation
leads to DNA strand breakage (Figure 6G). Inhibition of the
MRET11 nuclease activity by mirin was sufficient for suppress-
ing not only pKAP1 $824, RPA32 S4/S8, and YH2AX lev-
els, but also cleaved PARP1, suggesting that unrepaired ss-
DNA gaps are expanded by uncontrolled nuclease activities,
ultimately becoming a source of genome instability and cell
death (Figure 6H). Similar synergistic DNA replication dam-
age was observed when FEN1i and Shld1 were combined in
U20S DD-PAB-myc WT cells (Figure 6I). Taken together, our
results define TIM as a synthetic lethal target of OF processing
enzymes. The TIM-PARP1 interaction is essential for prevent-
ing the catastrophic fork collapse and cell death via supporting
the processing of OF intermediates and timely lagging strand
synthesis.

Discussion

By implementing both a degron that rapidly degrades en-
dogenous TIM and an inducible polypeptide that disrupts the
TIM-PARP1 interaction, we have determined that the TIM-
PARP1 complex is an essential element of the DNA replication
machinery necessary for efficient DNA replication fork elon-
gation. As a key constituent of the FPC, TIM, together with
its obligate heterodimer TIPIN, tethers the CMG helicase and
replicative polymerase activities to maintain the integrity of
the replisome (2,33,34). Positioning of TIM on dsDNA at the
leading edge of CMG stabilizes the replisome and facilitates
the separation of leading and lagging strands (3,4). In both
yeast and human, TIM augments the function of CLASPIN to
stimulate the rate of template unwinding and leading strand
progression (6,7). In this study, we show that TIM plays an-
other critical role for DNA replication by helping PARP1 en-
gage a backup OF processing pathway for seamless lagging
strand synthesis (Figure 7). Accordingly, rapid TIM loss or dis-
ruption of the TIM-PARP1 interaction impairs the PARP1 ac-
tivity behind DNA replication forks, resulting in an increase of
daughter-strand ssDNA gaps and DNA breakage. Its impact
is further exacerbated in the absence of LIG1 or FEN1 activity
that supports the canonical OF maturation processing, caus-
ing synergistic fork instability and loss of cell viability. Insuffi-


https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae445#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae445#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae445#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae445#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae445#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkae445#supplementary-data

Nucleic Acids Research, 2024, Vol. 52, No. 11

6435

PARP1-
EdU Thy EdUPLA  PLA+DAPI
Shid1 (24 h) 12 min10 min
—
Input (0.1%) iPOND FEN1i (6 h) s é
X x
2 .+ -+ £ .+ . 4 5PhAA e
kD S L+ 4 2 . - + + FENf 807 *kkk A
150- - =  <TIMmAD 8 5
< 604 <
a P %]
. S e = ;" mew - + <<PARP1 o —
100- > 0]
3 40 EY
75- e ———— — -« XRCC1 s g
T — < Tubulin & p=
< 204 ]
37- s é .
—— — — — — — — - PCNA * * g
st s
io- - ag
DD-PAB-WT
DD-PAB-WT
XRCC1-
EdU Thy EdUPLA  PLA+DAPI

Shid1 - + -
FEN1i - - +

Shid1 (24h) 12 min10 min
—— — °
FEN1i (6 h) s ?
=
o
*kkk
50 —_— *kkk
5 -
8 40 - 2
< [%]
i —
3301 2
i &
< 20 - =
Q
e i
- g
0
N
.

FEN1i
Shid1

DD-PAB-WT

DD-PAB-WT

Figure 5. The TIM-PARP1 interaction is necessary for engaging PARP1 to ssDNA gaps behind replication forks. (A) HCT116-mAID cells were treated
with 10 pM FENTi for 6 h and/or 1 uM 5-Ph-IAA for 6 h. Following 125 uM EdU pulse and click reaction to conjugate EdU-labeled forks with biotin,
replication fork-associated proteins were isolated by iPOND and analyzed by WB. (B) Quantification of the numbers of PARP1-EdU PLA foci from cells
containing more than two PLA foci. U20S DD-PAB WT cells were treated with 1 uM Shlid1 for 24 h and 10 uM FENT1i for 6 h followed by a brief pulse
with 125 uM EdU for 12 min and chase with 1 mM thymidine for another 10 min to label DNA behind replication forks. 10 uM PARGI was treated during
the last 20 min of FEN1i incubation and during the EdU pulse. Dashed lines indicate Q1, median, and Q3. n = 2, ****P < 0.0001, Mann-Whitney. (C)
Representative images of the PARP1-EdU PLA foci. Scale bar: 10 um. (D) Quantification of the numbers of XRCC1-EdU PLA foci. Cells were treated as
(B). Dashed lines indicate Q1, median, and Q3. n= 2, ****P < 0.0001, Mann-Whitney. (E) Representative images of the XRCC1-EdU PLA foci. Scale

bar: 10 pum.

cient PARP1 activity in the absence of TIM will lead to the un-
coupling of leading and lagging strand synthesis; asymmetric
DNA synthesis is expected to cause frequent fork stalling and
ssDNA exposure that will further compromise DNA replica-
tion fork stability, which has previously been observed upon
Pol « inhibition or in a replication checkpoint-deficient yeast
strain (35,36). Therefore, we propose that TIM coordinates
the leading and lagging strand synthesis as a scaffold of the
replisome to stimulate its activity and as a regulator of PAR-
dependent maturation of nascent DNA strands.

Exactly how TIM promotes the action of PARP1 at sites
of OF processing is not clear. Given the ability of PARP1 to
recognize DNA nicks and ssDNA gaps, PARP1 is expected
to gain access to DNA replication forks, however we show
that TIM is required for the proper engagement of PARP1 to
nascent DNA behind ongoing replication forks. In contrast to

the N-terminal rigid a-solenoid helical repeats of TIM that
are bound to the MCM subunits, the C-terminus of TIM that
mediates its interaction with PARP1 is flexible and not stably
positioned within the replisome (3,4). The accommodating na-
ture of the TIM tail region may help PARP1 capture a lagging
strand DNA template from a DNA replication fork. A recent
cryo-EM structure revealed that the Pol o-primase complex
binds directly to the leading edge of CMG in close proximity
to TIM, thereby positioning the primase activity right above
the exit channel for a lagging strand template (37). This loop-
like configuration of a DNA replication fork occupied by the
CMG in complex with TIM may allow for the efficient recog-
nition of ssDNA gaps between OF intermediates by PARP1
while TIM enables the flexible tethering of PARP1 to sites
of discontinuous DNA replication. The binding interface of
PARP1 to the C-terminus of TIM is opposite to the catalytic
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treated with 50 uM mirin for 12 h before harvest. (I) U20S DD-PAB WT cells were first treated with 10 uM FEN1i for 24 h and then replenished with
media containing 1 uM Shlid1 for additional 48 h. Cell lysates were analyzed by WB.
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pocket of PARP1, and TIM does not appear to affect the cat-
alytic activity of PARP1 at least in vitro (25). However, we do
not exclude the possibility that a local conformational change
of PARP1 induced by its interaction with TIM specifically at
DNA replication forks may fine-tune PARP1 catalytic activity.
PARylation of histone H3 by HPF1-dependent PARP1 activa-
tion was shown to support the backup OF processing, and
whether TIM controls the association of HPF1 to PARP1 re-
mains to be determined (28). TIM may also regulate proteins
at stressed forks, such as TPX2, a newly identified protein that
is known to modulate PARP1 activity (38) The sheer number
of OF intermediates generated during lagging strand synthe-
sis would require constant action of PARP1 to efficiently rec-
ognize ssDNA gaps and recruit downstream SSB repair fac-
tors along with the players involved in canonical OF matu-
ration. TIM, via its direct interaction with PARP1, is well-
positioned to bring DNA replication and repair together at
ongoing replication forks. We thus propose that PARP1 is an
essential constituent of the DNA replication machinery sup-
ported by the FPC. Notably, TIM only interacts with PARP1,
not PARP2 or PARP3 (25), indicating that TIM may have
evolved to recognize PARP1-specific sequences to bring the
major PAR-conjugating enzyme, PARP1, to the replisome.
Our study uncovers a physiological role of the TIM and
PARP1 interaction for the coordination of DNA replication
and repair processes, focusing on OF processing. Besides its in-
teraction with the core MCM subunits and CLASPIN as part
of the FPC, TIM has been shown to directly interact with quite
a few proteins at DNA replication forks, including DDX11, a
DNA helicase, and SDE2, a regulatory element that supports
TIM stability and localization (12,39,40). Its heterodimeric
partner TIPIN is specialized to interact with RPA to propa-
gate the ATR checkpoint response at stalled forks (41). Anal-

ogous to monoubiquitinated PCNA, the C-terminus of TIM
may act as a docking hub in the replisome, thereby control-
ling the access of several key genome surveillance proteins at
ongoing replication forks. Such plasticity may not only sup-
port the processivity of replication fork elongation via MCM
interactions, but also help mitigate different DNA replication
problems. On the other hand, several proteomics studies re-
ported TIM PARylation under DNA damage (42,43). Indeed,
our recent study identified TIM as a substrate of the HPF1-
PARP1 complex to be PARylated and demonstrated that PAR-
dependent TIM degradation is necessary for stalled fork pro-
tection (27). Therefore, an intricate interplay between TIM
and PARP1 exists at the replisome to safeguard the integrity
of DNA replication forks.

Our work defines the interface of the TIM and PARP1 inter-
action as a potential therapeutic target for cancer treatment.
We devised a way of inducing a TIM polypeptide that can
compete with endogenous PARP1 as a proof-of-principle to
disrupt the TIM-PARP1 interaction, thereby impeding DNA
replication processes and elevating DNA replication stress. We
demonstrate that this approach triggers a synthetic lethal in-
teraction with a defect in the canonical OF processing path-
way caused by FENT1 inhibition, suggesting that the dysfunc-
tional lagging strand synthesis is incompatible with cell sur-
vival. Notably, small-molecule inhibitors targeting FEN1 are
being developed for cancer therapy, and identifying small
compounds or peptides that can dock to the binding pocket
of TIM or PARP1 may allow for a combination therapy that
can exacerbate such a replication vulnerability of cancer cells
(44.,45).

Indeed, cytotoxicity stemming from a problem in lagging
strand synthesis has been linked to extensive ssDNA gap ac-
cumulation, which underlies the exquisite sensitivity of PARP
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inhibition under BRCAness (46). PARP inhibitors produce
longer but discontinuous DNA replication tracks, indicating
that ssDNA gaps are accumulated without PARP activities
(47). At the same time, deficiency in the BRCA1-RADS1 path-
way results in PARP1 hyperactivation and renders cells more
likely to rely on XRCC1 and LIG3 in the backup OF pro-
cessing thus supporting the role of BRCA1 in suppressing gap
formation (48). 53BP1 counteracts this process; in turn, the
loss of LIG3 enhances the cytotoxicity of PARP inhibitors
in BRCA1- and 53BP1-deficient cells, suggesting that backup
OF processing becomes an acquired determinant of PARP in-
hibitor sensitivity (48,49). This is distinct from the canonical
function of BRCA1 and 53BP1 in controlling DSB repair, and
ssDNA gap is therefore considered a better prediction of PARP
inhibitor sensitivity. Rather than a mere precursor to fork col-
lapse and DSBs, ssDNA gaps may constitute a unique toxic
structure that can be extended and degraded by nucleolytic
processing. BRCA1/2 proteins are known to limit the gap pro-
cessing by MRE11 and promote gap filling (50,51). TIM was
shown to protect stalled forks from nucleolytic degradation
(12). Whether TIM shares the function of BRCA1/2 in con-
trolling nuclease activities and post-replicative gap repair, in-
cluding translesion DNA synthesis (TLS), remains uncharac-
terized. Perhaps, the FPC and the associated PARP1 activity
may be involved in the dynamic fate control of DNA repli-
cation forks, including PRIMPOL-dependent repriming and
fork reversal which are known to modulate the extent of gap
induction. It was shown that 53BP1-deficiency decreases TLS-
dependent mutagenesis while it restores template switching
(TS), a gap filling process at reversed forks, indicating that
TS may be associated with gap suppression (52). In this sense,
a variety of synthetic lethality exploiting ssDNA gap accumu-
lation during DNA replication is being considered for cancer
therapy and has already been applied through the combina-
tory loss of LIG1 and XRCC1/BRCA2, PARP1 and XRCC1,
or PARP1 and ubiquitinated PCNA (51,53,54). Intriguingly,
DNA secondary structures that frequently form during DNA
replication, such as the G-quadruplex (G4) structure, was
shown to resensitize cells with acquired PARP inhibitor resis-
tance through the loss of 53BP1 in BRCA1/2-deficient back-
grounds (55). It is thus tempting to speculate that G4-forming
ligands may further induce replication-associated gap accu-
mulation on lagging strands by impairing backup OF pro-
cessing (56), and the unique role of TIM and PARP1 in the
resolution of G4s may further contribute to efficient lagging
strand synthesis (57,58). Indeed, G4 ligands are being used as
a targeted therapeutic agent in cancer (59). A better under-
standing of the compensatory OF maturation pathway and
gap suppression mechanisms will help develop a strategy to
target specific determinants of lagging strand synthesis, thus
increasing the efficacy of PARP inhibitors and checkpoint in-
hibitors that destabilize DNA replication forks.
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