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ABSTRACT

The antitumor activity of poly(ADP-ribose) poly-
merase inhibitors (PARPis) has been ascribed to
PARP trapping, which consists in tight DNA—protein
complexes. Here we demonstrate that the cytotox-
icity of talazoparib and olaparib results from DNA
replication. To elucidate the repair of PARP1-DNA
complexes associated with replication in human TK6
and chicken DT40 lymphoblastoid cells, we explored
the role of Spartan (SPRTN), a metalloprotease as-
sociated with DNA replication, which removes pro-
teins forming DPCs. We find that SPRTN-deficient
cells are hypersensitive to talazoparib and olaparib,
but not to veliparib, a weak PARP trapper. SPRTN-
deficient cells exhibit delayed clearance of trapped
PARP1 and increased replication fork stalling upon
talazoparib and olaparib treatment. We also show
that SPRTN interacts with PARP1 and forms nuclear
foci that colocalize with the replicative cell division
cycle 45 protein (CDC45) in response to talazoparib.
Additionally, SPRTN is deubiquitinated and epistatic
with translesion synthesis (TLS) in response to tala-
zoparib. Our results demonstrate that SPRTN is re-
cruited to trapped PARP1 in S-phase to assist in the
excision and replication bypass of PARP1-DNA com-
plexes.

INTRODUCTION

The genome is constantly subjected to DNA damage,
including DNA-protein crosslinks (DPCs), which are
produced by enzymatic and non-enzymatic mechanisms
(1,2). When DNA topoisomerases, DNA methyltrans-

ferases (DNMT), DNA polymerases (PolB) and poly(ADP-
ribose) polymerase 1 (PARP1) form catalytic intermedi-
ates, such reaction intermediates can become trapped on
DNA, thereby forming tight enzyme-DNA complexes (2—
10). In addition to non-covalent PARP1 trapping (11,12),
crosslinking of PARP1 at the 3"-end of breaks made by AP
endonuclease has been reported (4).

PARPI1 is abundant in chromatin and acts as a multi-
faceted enzyme regulating a range of cellular processes in-
cluding DNA damage sensing, DNA repair, chromatin re-
modeling and transcription (12,13). PARPI is activated af-
ter binding to DNA single- and double-strand breaks (SSBs
and DSBs) to catalyze PARylation of itself and various pro-
teins involved in DNA metabolism especially base excision
repair (BER) enzymes, which facilitates their assembly (13).
PARPI has been reported to be associated with DNA repli-
cation (14,15), to form replication foci in S phase (16) and
to be present at replication forks and interact with proteins
involved in DNA replication (17-19). PARPI has been de-
scribed as a sensor of unligated Okazaki fragments to fa-
cilitate their ligation (20). PARP1 can also affect replica-
tion fork progression on damaged DNA (21), restart stalled
replication forks (22) and stabilize replication forks by in-
hibiting their restart by RECQI helicase (23). A recent
study also identified CARM]1 as a regulator of PARPI ac-
tivity promoting replication fork reversal, thus maintaining
replication fork speed and fidelity (24).

PARP inhibitors (PARPis) including olaparib, tala-
zoparib, niraparib and rucaparib are cancer chemother-
apeutics that kill cancer cells by trapping PARPI
(11,12,25,26). Trapped PARPI appears to be so tightly
bound to DNA that it results in a DPC-like lesion that
requires homologous recombination repair for resolution
(11,12,27-29). These PARPI-DNA complexes interfere
with DNA transactions and may lead to replication fork
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stalling, checkpoint activation and apoptosis (12,30) as a
single unrepaired DSB can activate programmed cell death
pathways (31,32).

Proteolytic degradation of DPCs in replisomes has been
shown to be catalyzed both by proteasomes or SPRTN (33).
SPRTN, a DNA-dependent metalloprotease and a func-
tional homolog of yeast Wssl, proteolyzes DPCs in a
replication-coupled manner (34,35). Germline mutations
in the SPRTN gene cause Ruijs-Aalfs syndrome (RJALS)
characterized by premature aging, early onset hepatocellu-
lar carcinoma and chromosomal instability (36,37). Like-
wise, hypomorphic SPRTN mice recapitulate the RJALS
patient phenotypes, namely progeria and liver tumorige-
nesis (38). Loss of SPRTN causes lethality across a wide
spectrum of mammalian cell lines and embryonic lethal-
ity in mice, which highlights the importance of SPRTN
for handling DNA lesions, and particularly DPCs (38-40).
The catalytic domain (sprT domain) of SPRTN contains a
ZBD subdomain and BR regions responsible for its bind-
ing to DNA (41,42). SPRTN is activated by DNA featuring
both single- and double-stranded segments (34,35,41,43).
SPRTN has a wide range of substrates including his-
tones, topoisomerases and other chromatin-bound proteins
(43,44). Given that SPRTN is a constitutive part of the repli-
some (35), we reasoned that SPRTN might have role in de-
grading PARP-DNA complexes in addition to the protea-
some, which has been shown to repair trapped PARPI in
murine cells (4,45). Considering the redundancy of the DPC
repair pathways (10), it is plausible that different cellular
mechanisms exist to remove trapped PARPs in chromatin.

Here, we demonstrate that both human and chicken
SPRTN-knockout cells are hypersensitive to PARP in-
hibitors that trap PARP1, exhibit elevated levels of PARP1-
DNA complexes after talazoparib treatment and delayed
repair of PARP1-DNA complexes following withdrawal
of talazoparib. We also show that SPRTN forms nuclear
foci, interacts with PARP1, and prevents slowing down
of replication forks upon PARP trapping. We conclude that
SPRTN facilitates the repair of the bulky PARPI-DNA
lesions generated by PARP inhibitors in chromatin as a
replication-associated protease.

MATERIALS AND METHODS
Cell lines, culture conditions and transfection

Human TK6 B cells were cultured in RPM11640 medium
(Cat# 11-875-093, Gibco, US) supplemented with horse
serum (5%, Gibco, USA), penicillin (100 U/ml), strep-
tomycin (100 wg/ml, ThermoFischer, USA), and sodium
pyruvate (200 mg/ml, ThermoFischer, USA) and main-
tained at 37°C under a humidified atmosphere and CO,
(5%). PARPI~/~ and SPRTN/"TK6 cells were generated by
CRISPR /Cas9 method (46,47). To generate double mutant
of SPRTN~/~/PARPI~/~, two targeting vectors and pX330-
gRNA (the gRNA was inserted into the Bbsl site of pX330
vector (Cat# 42230, Addgene, US) targeting PARP1 (47)
were transfected into SPRTN~/~ TK6 cells. Chicken DT40
cells were cultured as described (48). Deletion of SPRTN
in DT40 cells was carried out as described previously (48).
Transfection of expression vectors (EGFP tagged SPRTN

WT and SPRTN E112A) was carried-out using Lipofec-
tamine 3000 (ThermoFischer, US) reagents as per the pro-
tocol from the manufacturer.

Cell viability assays

To measure the sensitivity of TK6 and DT40 cells, we con-
ducted colony formation assays by counting colony forma-
tion in methylcellulose plates as described (49). Briefly, after
overnight mixing of drugs with methylcellulose-containing
medium overnight at 4°C or for the times indicated in the
figure legends, drug-containing media were plated on 6-
well cluster plates in 5 ml per well. Serially diluted TK6
and DT40 cells were then seeded onto triplicate wells of
six-well cluster plates in 5 ml per well of D-MEM/F-12
(Life Technologies) supplemented with 10% horse serum,
2 mM L-glutamine, 200 pg/ml sodium pyruvate and 1.5%
(w/v) methylcellulose (Sigma). We counted colonies 10-14
days after drug treatments and the percentage of surviv-
ing colonies was expressed relative to the percentage of un-
treated colonies.

Measurement of PARP1 trapping in genomic DNA

The chromatin-bound subcellular fractions were prepared
according to the protocol of Subcellular Protein Fraction-
ation Kit from Thermo Scientific (78840) following im-
munoblotting with PARP1 antibody. Delails of this assay
have been described previously (11).

Western blotting

Cells (1 x 10%) were lysed in 100 pl sodium dodecyl sul-
fate (SDS) buffer containing Tris—HCI (25 mM, pH 6.5),
SDS (1%), B-mercaptoethanol (0.24 mM), bromophenol
blue (0.1%) and glycerol (5%). Whole-cell extracts were sep-
arated by electrophoresis, transferred onto polyvinylidene
difluoride membranes and blocked in 5% skimmed milk
dissolved in Tween-20 (0.1%) containing phosphate buffer
saline (PBS). Membranes were incubated with primary an-
tibodies overnight at 4°C followed by washing in Tween-20
(0.1%) in PBS. Membranes were incubated with appropri-
ate HRP-linked secondary antibodies at room temperature
for 1 h and washed twice, and were developed by chemilu-
minescence with ECL reagent.

Immunoprecipitation

Cells pellets were incubated on ice for 15 min in pre-
extraction buffer (25 mM HEPES, pH 7.4, 50 mM NacCl,
1 mM EDTA, 3 mM MgCl,, 300 mM sucrose, 0.5% Triton-
X-100), supplemented with protease and phosphatase in-
hibitors. After centrifugation (5000 g, 5 min) and removal
of the supernatant, chromatin pellets were resuspended in
RIPA buffer (10 mM Tris-HCI pH7.5, 150 mM NacCl, 5
mM EDTA, 0.1% SDS, 1% Triton-X-100, 1% sodium de-
oxycholate) supplemented with protease and phosphatase
inhibitors. Lysates were homogenized and incubated with
benzonase for 1 h on a rotator at 4°C. After centrifugation
(18 000 x g, 10 min), the supernatant was collected and
used for protein concentration measurement. 300 wg of the



extract were resuspended in 200 wl RIPA buffer and 100
pl dilution/washing buffer (10 mM Tris—=HCI pH7.5, 150
mM NacCl, 5 mM EDTA) supplemented with protease and
phosphatase inhibitors. Samples were then incubated with
2 ng of anti-EGFP antibody (Abcam, ab184601) on a rota-
tor overnight at 4°C. Protein G agarose beads were washed
three times for 5 min with washing buffer and incubated
with the samples for 3 h on a rotator at 4°C. After three
washes, proteins were eluted with loading buffer and incu-
bated for 5 min at 95°C on a thermomixer. After centrifu-
gation at 18 000 g (1 min), supernatants were transferred to
new tubes, and the proteins separated by electrophoresis.

Immunofluorescence

To visualize EGFP-tagged SPRTN and CDC45 foci, cells
were plated in 6-well plates on sterilized coverslips and
treated the next day with either DMSO as a vehicle or with
1 pM talazoparib for 1 h. After washing with cold PBS,
pre-extraction was performed with CSK buffer (10 mM
HEPES-KOH pH7.4, 300 mM sucrose, 100 mM NaCl and
3 mM MgCl,) supplemented with 0.5% Triton X-100 for 10
min on ice followed by fixation in 4% paraformaldehyde in
PBS for 15 min at room temperature. Blocking was done in
3% BSA/PBS for 30 min prior to washing with PBS. Cov-
erslips were incubated for 2 h with the primary antibod-
ies (Anti-EGFP antibody, ab184601, mouse, diluted 1:500;
Anti-CDC45 antibody, Cell Signalling 118818, rabbit, di-
luted 1:100) in 3% BSA/PBS in a humid chamber. After
washing with cold PBS, incubation with secondary anti-
bodies (AlexaFluor 568, A11036, goat anti-rabbit, diluted
1:100; AlexaFluor 488, A11029, goat anti-mouse, diluted
1:1000) lasted 1 h in the dark in a humid chamber. Mount-
ing medium with DAPI (VECTASHIELD, Vector Labo-
ratories) was added after the last wash. Images were cap-
tured with a Zeiss LSM 880 super resolution microscope
with 63 x objective lens.

DNA combing

We measured replication fork progression as described with
some modifications (50-52). Briefly, cells were labeled with
100 wM CIdU (Sigma) for 30 min, washed three times with
pre-warmed PBS, and labeled with 100 wM IdU (Sigma)
for an additional 30 min. After labeling with IdU, cells were
immediately washed three times with ice-cold PBS to in-
hibit DNA replication. The IdU labeling was performed
in the absence or presence of 1 uM talazoparib, 10 pM
Olaparib or 10 wM veliparib. Cells were collected, resus-
pended in PBS and lysed with lysis buffer (200 mM Tris—
HCI pH 7.4, 50 mM EDTA, 0.5% SDS). DNA fibers were
extracted in agarose plugs and stretched onto silanized cov-
erslips. Combed DNA was dehydrated in an oven at 60°C
for 2 h and denatured with 0.4 M NaOH for 20 min. Sam-
ples were washed three times with PBS for 5 min each time
on a shaker, dehydrated sequentially in 70, 90 and 100%
ethanol for 2 min each and dried at room temperature for
10 min. Samples were blocked with 0.5% BSA in PBS con-
taining 0.1% TritonX-100 (PBST) for 30 min and incubated
with rat and mouse anti-BrdU antibodies recognizing CldU
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and IdU, respectively at 4°C for overnight. After washing
with PBST, anti-mouse Cy3 and anti-rat Cy5 were used as
secondary antibodies. After washing with PBST, samples
were mounted with ProLong Gold. DNA fibers were pho-
tographed on a Zeiss fluorescent microscope and the length
of CldU and IdU tracts were measured using FiberStudio
2.0 software.

Alkaline-comet assays

Alkaline-comet assay (also known as the single-cell gel elec-
trophoresis assay) was used to quantify SSBs, as described
(53). The quantification of tail moments was done with the
CometScore software.

Quantification and statistical analyses

Western blots were quantiied using ImagelJ (Fiji) and sta-
tistical analyses were carried out using GraphPad prism §
software. Test methods are described in each figure legend.
*P < 0.05, ¥*P < 0.01, ¥**P < 0.001, ****P < 0.0001 was
considered significant and ns = not significant.

RESULTS
DNA replication-dependent cytotoxicity of talazoparib

To determine whether PARPI cytotoxicity is dependent on
DNA replication, first we performed colony survival assays
using human lymphoblastoid TK6 cells after short-term (30
min) treatments with talazoparib, over a wide concentra-
tion range (0.01-100 nM) (Figure 1A). Under these con-
ditions, TK6 cells showed minimal (10%-15%) cytotoxic-
ity in response to pharmacological concentrations of tala-
zoparib (Figure 1A). To test the potential role of replication
fork collisions in the cytotoxicity of talazoparib, we next
performed the colony survival assays following exposure to
fixed therapeutic concentration (10 nM) of talazoparib for
different times. Cell killing increased with the time of ex-
posure to talazoparib (Figure 1B), which is reminiscent of
the replication-dependent cytotoxicity of topoisomerase I
inhibitors (54).

We next asked whether replication inhibition could af-
fect the cellular cytotoxicity to PARPis. To this end, we
pretreated cells with the DNA polymerase inhibitor aphidi-
colin for a short time (10 min) followed by up to two hours
co-treatment of talazoparib and aphidicolin. Aphidicolin
protected the cells from talazoparib (Figure 1C). These ex-
periments suggested that the cytotoxicity of talazoparib re-
quires active DNA replication.

SPRTN/ cells are selectively hypersensitive to potent PARP
trappers

As SPRTN repairs DPCs in a DNA replication-coupled
manner (33,35), we hypothesized that SPRTN might re-
pair the DPC-like lesions produced by PARP-DNA com-
plexes. To evaluate this possibility, we performed colony
survival assays in SPRTN ~/~ TK6 cells (46). As expected,
the SPRTN ~/~ TK6 cells were hypersensitive to the classi-
cal DPC-inducing agents; the crosslinking agent cisplatin,
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Figure 1. Time- and replication-dependent cytotoxicity of talazoparib in human lymphoblastoid TK6 cells measured by colony formation assays. (A)
Limited cytotoxicity of 30-min talazoparib treatments. The concentration of talazoparib is displayed on the x-axis and the fraction of surviving cells
on the y-axis in a logarithmic scale. (B) Time-dependent cytotoxicity of talazoparib. Cells were treated with 10 nM talazoparib for the indicated times.
(C) Treatment protocol for the experiments shown in panel D. TK6 cells were pretreated with aphidicolin (APH) for 10 min followed by talazoparib
treatment for the indicated times while keeping APH in the culture. (D) Aphidicolin prevents talazoparib-induced cytotoxicity. Cells were either treated
with talazoparib alone or talazoparib plus APH (1 wM). Error bars indicate SD of mean for three independent experiments.

the topoisomerase I (TOP1) poison camptothecin and the
TOP2 poison etoposide (Supplementary Figure S1A-C)
(35,43,59).

We next tested the sensitivity of our SPRTN ~/~ TK6
cells to PARP inhibitors with differential PARP trapping
ability (11,12). SPRTN ~/~ cells were hypersensitive to tala-
zoparib and olaparib (Figure 2A & B) but not to veliparib, a
weak PARP trapper (11) (Figure 2C). To verify that the ob-
served phenotype was not restricted solely to this cell line,
we repeated the colony survival assays with DT40 chicken
lymphoblast cells, in which SPRTN was knocked-out using
CRISPR-Cas9. Like TK6 cells, the SPRTN ~/— DT40 cells

were hypersensitive to both talazoparib and olaparib (Fig-
ure 2D and E) but not to veliparib (Figure 2F). The pheno-
typic similarity between SPRTN ~/~ TK6 and DT40 cells
suggests the implication of SPRTN in the cellular tolerance
to PARP trappers.

Depletion of PARP1 in wild-type and SPRTN ~/~ TK6
cells (Supplementary Figure S2B) conferred resistance to
both talazoparib and olaparib (Figure 2G and H), indi-
cating that the hypersensitivity of the SPRTN /- TK6
cells is dependent on PARP trapping. Conversely, ectopic
expression of SPRTN in SPRTN ~/~ TK6 cells (Supple-
mentary Figure S2A) restored the talazoparib sensitiv-
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Figure 2. Hypersensitivity of mammalian SPRTN/~ cells to PARP trappers. Colony survival of human TK6 (A-C and G-T) and chicken DT40 cells
(D-F) carrying the indicated genotypes following exposure to PARPis: talazoparib (A and D), olaparib (B and E) and veliparib (C and F). The drug
concentrations are displayed on the x-axis on a linear scale, and the percentage of surviving cells displayed on the y-axis in logarithmic scale. Error bars
show the SD of mean for three independent experiments. Percent survival was calculated as the percentage of drug-treated surviving cells relative to the

untreated surviving cells.

ity to a similar level as in wild-type cells whereas expres-
sion of SPRTN E112A (Supplementary Figure S2A) that
is deficient of its metalloprotease activity failed to pro-
tect the cells from talazoparib (Figure 2I). These data
indicate that the catalytic activity of SPRTN determines
the cellular resistance to PARP trappers in the cell lines
examined.

Accumulation and persistence of PARP1-DNA complexes in
SPRTN KO TK6 and DT40 cells

To test whether PARPI-DNA complexes caused the hy-
persensitivity of SPRTN "/~ cells, we measured the levels of
PARP1-DNA complexes (PARP1 trapping) by fractionat-
ing cell lysates into chromatin-bound fractions after pulse-
exposure of cells to talazoparib in the presence of methyl
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methanesulfonate (MMS), which enhances and facilitates
the quantitation of PARP trapping (11). Wild-type and
SPRTN/~ TK6 and DT40 cells both exhibited enhanced
PARPI trapping (Figure 3A & B). Chromatin trapping of
PARP1 was observed as early as 10 min in talazoparib-
treated cells, and accumulation of PARPI1 in chromatin
fractions was higher (~2-fold) both in the SPRTN /- TK6
and DT40 cells than in their wild-type counterparts (Figure
3A and B).

To assess the implication of SPRTN in the removal of
PARP1-DNA complexes, we monitored the repair kinet-
ics of PARP1I-DNA complexes after pulse-exposure of
wild-type and SPRTN /- cells with talazoparib and MMS
and followed the recovery of PARP1-DNA complexes in
drug-free medium. Almost 90% of the talazoparib-induced
PARPI-DNA complexes were removed within 1 hour in
wild-type TK6 cells (Figure 3C). However, SPRTN/~ TK6
cells showed delayed removal of PARP1-DNA complexes
in comparison with wild type cells (Figure 3C). A similar
phenotype was observed in chicken DT40 cells (Figure 3D).
These data indicate that SPRTN is required for the elim-
ination of PARP1-DNA complexes and in mitigating the
toxicity of PARPis. To eliminate the possibility that the in-
creased PARP1 trapping in SPRTN /- cells could be due
to increased levels of MMS-induced SSBs that could in-
duce more PARPI1 trapping, we performed alkaline comet
assay to measure MMS-induced SSBs and their recovery af-
ter washing out MMS. The wild-type and SPRTN~/~ TK6
cells both displayed similar SSBs, excluding the possible
role of SPRTN in BER (Supplementary Figure S3A). These
data suggest that the increased induction and delayed re-
pair of trapped PARP1 in SPRTN /- cells are dependent
on SPRTN for the processing of trapped PARP1.

To examine how much trapped PARPI1 is processed by
SPRTN, we compared the levels of trapped PARPI1 af-
ter subcellular cell fractionations in wild-type and SPRTN
KO TK6 cells relative to the total nuclear abundance of
PARPI in these cells. After 30-min treatments with 10 nM
talazoparib, wild-type cells showed that ~30% of nuclear
PARPI1 was trapped whereas SPRTN-deficient cells showed
the trapping of ~45% of its total nuclear PARP1 (Sup-
plementary Figure S3B). These data suggest that ~15% of
trapped PARPI is processed by SPRTN.

SPRTN prevents replication fork stalling by PARP inhibitors

Because SPRTN is localized at replication forks and plays
an important role in maintaining replication (35), we em-
ployed DNA combing assays (50) and examined the acute
effects of PARPis on replication fork movement. Nascent
DNA was sequentially labeled with CldU and IdU for 30
min each with the PARPis (talazoparib, olaparib and veli-
parib) with differential PARP trapping ability, were added
during the IdU pulse (Figure 4A). Consistent with previous
studies (35,56), in the absence of PARPis, reduced fork pro-
gression was observed in SPRTN~/~ TK6 cells as evidenced
by decreased CldU tract lengths in SPRTN /- TK6 cells in
comparison with wild-type cells (Figure 4B). Low dose of
talazoparib for a short time (30 min) caused a significant
reduction of replication fork progression in wild-type cells
as evidenced by reduced ratios of IdU- and CldU-labeled
tract lengths (Figure 4C, compare lanes 1 and 4). A mod-

erate but significant defects of replication fork progression
was also observed in wild-type cells after short term ola-
parib, a less potent PARP trapper than talazoparib, treat-
ment (12,25) (Figure 4C, compare lanes 1 and 3). Notably,
the weak PARP trapper veliparib (12) did not impact repli-
cation fork progression in wild-type cells (Figure 4C, com-
pare lanes 1 and 2).

SPRTN "/~ cells displayed a stronger reduction (1.8-fold)
in replication fork progression in response to talazoparib
in comparison with wild-type cells (Figure 4C, compare
lanes 4 and 8), while olaparib had a milder impact and veli-
parib did not affect replication fork progression in SPRTN-
deficient cells (Figure 4C, compare lanes 5 and 6,7). These
data show that replication fork stalling is correlated with
the trapping potential of PARPis. Furthermore, the addi-
tive effects of SPRTN and talazoparib on replication fork
suppression were eliminated by PARP1 deletion in SPRTN-
deficient cells (Figure 4D), consistent with the conclusion
that acute replication fork stalling in SPRTN-deficient cells
upon PARPis treatment results from PARP1 trapping.

We next assessed whether the metalloprotease activity of
SPRTN is important for maintaining replication fork pro-
gression upon talazoparib treatment. Ectopic expression
of SPRTN WT rescued replication progression in SPRTN-
deficient cells whereas expression of catalytic-dead SPRTN
E112A was ineffective (Figure 4E). These results demon-
strate the importance of SPRTN in preventing the stalling
of replication forks by PARP trapping during replication.

We also performed DNA combing assays in wild-type and
SPRTN KO cells in which forks were completely blocked
using a prolonged exposure with hydroxyurea (HU) (2 mM
for 2 h), followed by removal of HU and release in fresh
medium in the presence and absence of talazoparib (Supple-
mentary Figure S4A). SPRTN KO TK6 cells showed simi-
lar fork restart when compared to wild-type (~80%) indicat-
ing that SPRTN alone had no effect on the resumption of
DNA synthesis. Upon talazoparib treatment, wild-type cells
displayed a marked decrease in the extent of fork restart
(~60%) and SPRTN depletion had no additional impact on
fork restart (Supplementary Figure S4B).

SPRTN recruitment and interaction with PARP1 upon
PARP trapping

Given that ectopically expressed SPRTN has been shown to
form nuclear foci in response to UV and formaldehyde (57—
59), we examined the recruitment of EGFP-tagged SPRTN
upon talazoparib treatment by immunofluorescence mi-
croscopy in U20S cells, which are amenable to this type
of experiments. Significant accumulation of SPRTN foci
was seen after treatment with talazoparib (Figure 5SA and
B), although the level of SPRTN expression in the nucle-
oplasm was similar in cells before and after talazoparib
treatment (Supplementary Figure SSA). Notably, replica-
tion inhibition by aphidicolin during talazoparib treatment
reduced significantly the SPRTN-EGFP foci (Figure 5B).
Also, consistent with the coupling of SPRTN with repli-
cation, EGFP-SPRTN nuclear foci colocalized with the
replication marker CDC45 (52) in S-phase cells upon tala-
zoparib treatment (Figure 5C).

We next asked whether SPRTN interacts with PARPI1.
Chromatin immunoprecipitation experiments revealed that
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ectopically expressed EGFP-tagged SPRTN interacted with
PARPI in the presence of talazoparib (Figure 5D). In addi-
tion, pretreatment with aphidicolin abolished talazoparib-
induced interaction of SPRTN with PARP1 (Figure
5D), suggesting that SPRTN interacts with PARP1 via
replication-dependent mechanisms.

Because formaldehyde-induced DPCs result in the deu-
biquitination of monoubiquitinated SPRTN allowing its re-
cruitment to chromatin (43), we examined the deubiquiti-
nation of endogenous SPRTN in U20S cells in response
to talazoparib and observed it upon talazoparib treatment
(Figure 5E, top panel, F). Because the unmodified frac-
tion of SPRTN was also increased by talazoparib, we ex-
amined the levels of SPRTN without and after talazoparib
treatment using chromatin fraction of wild-type cells where
only the unmodified SPRTN was detected (Figure 5E, bot-
tom panel), Increased SPRTN levels were observed upon
talazoparib treatment (Figure SE, bottom panel and G),
suggesting that regulatory mechanisms control SPRTN ac-
tivity or access to chromatin upon PARP trapping. A re-
cent report also suggests that USP7 is the deubiquitylating
enzyme (DUB) inducing the chromatin access of SPRTN
upon DPC induction (60). Considering the essentiality of
USP7 for DNA replication, we tested the effect of USP7 in-
hibition on SPRTN recruitment to chromatin after PARPi
treatment and found that USP7 inhibition partially sup-
pressed the chromatin recruitment of SPRTN upon tala-
zoparib treatment (Supplementary Figure S5B). Taken to-
gether, these data support the involvement of SPRTN in re-
sponse to PARPI trapping.

SPRTN and the TLS pathway are epistatic in response to
PARP inhibitor treatment

Translesion DNA synthesis (TLS) is important to bypass
DPC-induced bulky DNA lesions (1,44). The TLS pathway-
related proteins have also been shown to be produce cellu-

lar tolerance to PARPis in vertebrate cells as evidenced by
the hypersensitivity of DT40 RAD18- and POLH-deficient
cells to PARPi (11). The cellular sensitivity of RADIS /-
DT40 cells to PARPi has been proposed to be derived
from the trapping of PARP-DNA complexes (11). In ad-
dition to its DPC protease activity, SPRTN has been im-
plicated as a regulator of TLS (61). This led us to ask
whether SPRTN and TLS proteins such as RADI18 act in
the same pathway by performing colony survival assays.
SPRTN/~/RADIS8/~ double KO cells exhibited similar ta-
lazoparib sensitivity as the SPRTN /~or RADI18 '~ single
KO cells (Figure 6A), suggesting that SPRTN and RADI8
are epistatic. SPRTN/~/POLH /" cells also displayed sim-
ilar talazoparib sensitivity as the SPRTN /- cells although
POLH /~cells showed mild sensitivity to talazoparib (Fig-
ure 6B). These results suggest an epistatic relationship be-
tween SPRTN and TLS in addition to the proteolytic func-
tion of SPRTN for the removal of trapped PARP1.

DISCUSSION

SPRTN has recently been implicated as a replication-
associated protease for the repair of DPCs induced by
formaldehyde and by the trapping of TOP1 and TOP2
by anticancer drugs and DNA alterations (10,35,38,43,55).
Here we report that SPRTN is also involved in the repair
of PARP1-DNA complexes induced by the clinically used
anticancer PARPis talazoparib and olaparib. We show in
two cell line models (human TK6 and chicken DT40 cells)
that the removal of trapped PARP1 is dependent on SPRTN
as evidenced by the slower repair kinetics of PARPI-
DNA complexes in the chromatin fraction of SPRTN KO
cells and the complementation by SPRTN transfection.
We propose a model (Figure 7) for the role of SPRTN in
the completion of replication in PARP1-DNA complexes-
containing chromatin and for the role of SPRTN in confer-
ring resistance of cancer cells to PARPis.
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DNA fiber analyses revealed that loss of SPRTN leads to
a significantly reduction of replication fork movement even
in the absence of drug treatment (Figure 4B), which high-
lights the importance of SPRTN for normal replication and
for potentially eliminating endogenous DPCs at replication
forks. Reduced fork progression could also be detected af-
ter acute treatment with PARP trappers with ~2-fold short-
ening of the mean second track length in the SPRTN KO
cells (Figure 4C), suggesting the role of SPRTN in resolv-
ing PARP1-DNA complexes associated with replication.
This observation is consistent with the previous finding
that SPRTN-deficient cells exhibit reduced replication fork
progression when challenged by the DPC-inducing agents
formaldehyde and camptothecin (35). Notably, we find that
the negative impact of PARPis on replication fork exten-
sion is correlated with the trapping potency of three clinical
PARPis (talazoparib, olaparib and veliparib) (11,12,25) in
wild-type and SPRTN-deficient cells (Figure 4C), suggest-
ing that trapped PARP can act as a source of replication
blockage and/or stress. Together, our results suggest that

SPRTN regulates replication fork progression and prevents
the accumulation of abortive PARP1-DNA complexes at
sites of DNA replication. Consistently, we found greater ac-
cumulation of trapped PARPI in the chromatin in SPRTN
KO lymphoblastoid TK6 and DT40 cells after PARPi treat-
ment (Figure 3 and Supplementary Figure S3).

Previous studies suggested that the cell killing mecha-
nisms by PARP inhibitors is primarily due to PARP trap-
ping and DNA damage rather than catalytic inhibition of
PARP (11,12,25). In this study, we show that inhibiting
ongoing DNA replication by aphidicolin protected against
the cytotoxicity of talazoparib. This highlights the implica-
tion of active replication is as a DNA damaging determi-
nant of PARP trapping with DNA (Figure 1D). Accord-
ingly, we could detect PARP1 in chromatin fractions af-
ter SPRTN pull-down following talazoparib treatment and
found that trapped PARPI was reduced upon replication
inhibition by aphidicolin (Figure 5D).

A recent study implicated the serine protease FAM111A
(FAMily with sequence similarity 111 member A), and
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not SPRTN for the repair of PARPI-DNA complexes
to ensure replication fork progression in human haploid
leukemia HAP1 cells (62). Consistently, another study by
the same group reported that SPRTN hypomorphic murine
embryonic fibroblast (MEF) cells were not hypersensitive
to PARPis (38). The apparent discrepancy regarding the
implication of SPRTN between our results and these ob-
servations might be explained by cell-type specific differ-
ence as SPRTN and FAMI111A are not equally expressed
in different cell lines and some cancer cell lines fail to ex-
press SPRTN or FAMI111A (https://discover.nci.nih.gov/
cellminercdb/); also, residual level of SPRTN protein in
hypomorphic SPRTN cells might be sufficient to resolve
trapped PARP-DNA complexes.

The chromatin remodeling helicase ALC1/CHDIL has
also been reported as regulating the removal or release
of chromatin-bound PARPI, and as a determinant of
PARPi cytotoxicity in HR-deficient cells (63,64). More-
over, PARPis have been shown to modulate ALCI level
by decreasing its ubiquitination (65). Yet, a recent report
concluded that ALCI catalyzes the release of PARP2, not
PARPI, which in turn affects the DDR and PARPi potency
(66). Hence, further studies are warranted to determine the
potential interactions of ALC1 and SPRTN with respect to
PARP trapping.

In summary, we propose a model in which the encounter
of SPRTN with trapped PARP1 at replication forks leads
to SPRTN activation and to the debulking of chromatin-
trapped PARP1 to ensure replication fork progression (Fig-
ure 7). In addition, we provide evidence (11,29) that TLS
pathway-related mutants in mammalian cells are sensitive
to PARPis (Figure 6A and B). If the remnant PARP1 was
still bound to DNA after proteolytic digestion by SPRTN,
an important question is how cells process DNA-peptide
complexes resulting from the proteolytic degradation or de-
bulking of PARP1-DNA complexes. Previous studies in
yeast and Xenopus egg extracts suggest the involvement
of TLS polymerase { to bypass remaining DNA-peptide
crosslinks after DPC proteolysis in vivo and in vitro, re-
spectively (67,68). Moreover, it was reported that SPRTN
and RADI18 work together in protecting human cells TLS
against formaldehyde induced DPCs (34). Here, we provide
genetic evidence of epistasis of SPRTN- and TLS-related
pathway proteins in vertebrate cells for cellular tolerance to
PARPis.

We also observed a potential link of USP7 and SPRTN
upon PARP trapping (Supplementary Figure S5B). How-
ever, future studies will be required to understand how
SPRTN is deubiquitinated and activated by PARP trap-
ping. Also, whether and how SPRTN itself helps in recruit-
ing TLS polymerases remains to be investigated. Indeed,
previous studies indicated that SPRTN can facilitate the re-
cruitment of Polm in the replication fork (59,69). Perhaps
DNA polymerase € can be exchanged by TLS polymerases
for the bypass of PARPI-DNA complexes lesions where
short peptides of PARP1 still remain attached to DNA (Fig-
ure 7), which is the case for formaldehyde-induced DPCs
(34). In conclusion, our study extends the role of SPRTN
to a wide range of chromatin-bound proteins targeted by
anticancer agents such as PARP and topoisomerases.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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