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Abstract

Base excision repair (BER) removes damaged bases by generating single-strand

breaks (SSBs), gap-filling by DNA polymerase β (POLβ), and resealing SSBs. A

base-damaging agent, methyl methanesulfonate (MMS) is widely used to study

BER. BER increases cellular tolerance to MMS, anti-cancer base-damaging

drugs, temozolomide, carmustine, and lomustine, and to clinical poly(ADP

ribose)polymerase (PARP) poisons, olaparib and talazoparib. The poisons sta-

bilize PARP1/SSB complexes, inhibiting access of BER factors to SSBs. PARP1

and XRCC1 collaboratively promote SSB resealing by recruiting POLβ to SSBs,

but XRCC1�/� cells are much more sensitive to MMS than PARP1�/� cells. We

recently report that the PARP1 loss in XRCC1�/� cells restores their MMS tol-

erance and conclude that XPCC1 facilitates the release of PARP1 from SSBs by

maintaining its autoPARylation. We here show that the PARP1 loss in

XRCC1�/� cells also restores their tolerance to the three anti-cancer base-

damaging drugs, although they and MMS induce different sets of base damage.

We reveal the synthetic lethality of the XRCC1�/� mutation, but not POLβ�/�,

with olaparib and talazoparib, indicating that XRCC1 is a unique BER factor

in suppressing toxic PARP1/SSB complex and can suppress even when PARP1
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catalysis is inhibited. In conclusion, XRCC1 suppresses the PARP1/SSB com-

plex via PARP1 catalysis-dependent and independent mechanisms.
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1 | INTRODUCTION

Glioblastoma multiform (GBM) is the most common pri-
mary malignant brain tumor in adults. Chemotherapeutic
agents, temozolomide (TMZ), carmustine, and lomustine,
are alkylating agents, cross the blood–brain barrier, and are
the standard chemotherapy for GBMs (Desai et al., 2019).
The TMZ-mediated methylation of bases plays a crucial role
in suppressing the proliferation of glioma cells. This view is
supported by the data that O-6-methylguanine DNA meth-
yltransferase counteracts the cytotoxic effect of these
alkylating agents by removing methyl groups from the
O(6)-alkylguanine and other methylated moieties of geno-
mic DNA (Esteller et al., 2000; Kaina et al., 2007; Stupp
et al., 2019; Yu et al., 2019). Derivatives of nitrosourea, car-
mustine and lomustine, seem to kill malignant cells mainly
by chloroethylating O-6-guanine (Penketh et al., 2000). The
three alkylating agents generate different sets of multiple
base lesions in vivo (Figure S1). Base excision repair (BER)
removes various base lesions and significantly increases the
resistance of malignant tumors to the three clinical
alkylating agents (reviewed in Thomas et al., 2017; Kaina &
Christmann, 2019]). Previous studies examined the molecu-
lar mechanism of BER using methyl methanesulfonate
(MMS) as a model alkylating agent (Demin et al., 2021).
However, it is unclear whether the mechanism for
MMS-induced damage repair is relevant to the repair of
DNA lesions induced by clinical alkylating agents for
treating GBM.

A large number of base damages occur daily in every cell
(Figure S2a), and BER is essential for the viability of cells
(Barnes & Lindahl, 2004; Tubbs & Nussenzweig, 2017). BER
initiates by hydrolyzing damaged bases, forming abasic
(AP) sites (Figure S2b). AP-endonuclease incises DNA 50 to
the AP sites, generating single-strand breaks (SSBs) with an
OH group at the 30 end and a deoxyribose phosphate group
at the 50 end (50-dRP) (Figure S2c) (Doetsch et al., 1986;
Doetsch & Cunningham, 1990). SSB repair is a subpathway
of BER and starts with the physical interaction of PARP1
with SSBs (Figure S2d), leading to the robust activation of
PARP1 (Figures S2e and S3a) (Cistulli et al., 2004; Okano
et al., 2003). PARP1 PARylates itself (auto-PARylation) and
chromatin proteins using NAD+ as a substrate (Figure S2e)
(Satoh & Lindahl, 1992), thereby recruiting PAR-interacting
proteins, ALC1/CHD1L (Ahel et al., 2009; Tsuda, Cho,

et al., 2017) and X-ray repair cross-complementing
1 (XRCC1) (Figure S2f) (Caldecott et al., 1995; Caldecott
et al., 1996; El-Khamisy et al., 2003), to SSBs (reviewed in
Caldecott, 2014). The auto-PARylation of PARP1 promotes
its release from unrepaired SSBs (Figures S2f and S3b), all-
owing downstream SSB repair enzymes to access the SSBs
(Figure S2g,h) (Satoh & Lindahl, 1992). XRCC1 recruited to
SSBs provides docking sites for the downstream SSB repair
factors, aprataxin, LIG3, PNKP, and polymerase β (POLβ)
(Ali et al., 2009; Caldecott, 2003; Caldecott, 2008; Caldecott
et al., 1994; Caldecott et al., 1996; Cuneo & London, 2010;
Horton et al., 2008; Iles et al., 2007; Kubota et al., 1996;
Marintchev et al., 1999) (reviewed in Caldecott, 2020). While
core factors of BER are conserved between lower and higher
eukaryotes, mammalian cells evolve accessory proteins, such
as PARP1 and XRCC1 (Demin et al., 2021). The critical role
of XRCC1 in BER is supported by the embryonic lethality of
XRCC1-deficient mice (Tebbs et al., 1999; Tebbs et al., 2003).
The genetic deletion of PARP1 partially rescues cerebellar
neurodegeneration in neuron-specific XRCC1-deficient mice
by preventing the depletion of NAD+ in neurons (Hoch
et al., 2017). We recently showed that the inactivation of
PARP1 rescues the hypersensitivity of XRCC1-deficient cells
to an alkylating agent, MMS (Demin et al., 2021). However,
it remains unclear whether this inactivation also reverses
cells deficient in BER factors other than XRCC1. Another
unsolved question is whether the inactivation of PARP1
reverses the sensitivity of BER mutants to anti-cancer
alkylating drugs.

Olaparib and talazoparib selectively kill the malig-
nant tumors carrying mutations in homologous recombi-
nation factors such as BRCA1 and BRCA2 (Bryant
et al., 2005; Farmer et al., 2005; Fong et al., 2009; Murai
et al., 2014; Shen et al., 2013; Yap et al., 2019). Olaparib
and talazoparib are considerably more cytotoxic than the
loss of PARP1 (Figure S3c,d) and the PARP catalytic
inhibitor (Figure S3e,f), and this more potent cytotoxic
effect is due to their PARP poison activity, where they
stabilize the PARP1/SSB complex that blocks the ac-
cess of POLβ and DNA-ligases to unrepaired SSBs
(Figure S3g,h) (Murai et al., 2012; Murai et al., 2014). We
hereafter call the catalytic inhibitor when a drug kills
wild-type and PARP1�/� cells to the same extent, like
veliparib, and define the PARP poison as the drug whose
cytotoxicity to wild-type is greater than to PARP1�/�
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(Horton & Wilson, 2013; Murai et al., 2012; Prasad
et al., 2014; Ray Chaudhuri & Nussenzweig, 2017). The
PARP poison activity (Figure S3g,h), but not the catalytic
inhibition of PARP1 (Figure S3e,f), accounts for the anti-
cancer effect of olaparib and talazoparib (Horton & Wil-
son, 2013; Murai et al., 2012; Prasad et al., 2014; Ray
Chaudhuri & Nussenzweig, 2017). As expected, the
PARP poison sensitizes BER-deficient cells, including
cells deficient in ALC1, POLβ, and XRCC1 (Blessing
et al., 2020; Hewitt et al., 2021; Horton et al., 2014; Juh�asz
et al., 2020; Verma et al., 2021). We recently showed that a
PARP1 inhibitor (KU0058948) significantly increased
the number of MMS-induced PARP1/SSB complexes in
wild-type cells but not XRCC1-deficient cells (Demin
et al., 2021). However, it is unclear whether clinical PARP
poisons have the same effect on XRCC1-deficient cells as
KU0058948, whose poison activity is poorly characterized.

We disrupted the PARP1 gene in ALC1�/�, POLβ�/�,
and XRCC1�/� cells. The disruption in XRCC1�/� cells, but
not ALC1�/� or POLβ�/� cells, reversed their tolerance to
TMZ, and the resulting PARP1�/�/XRCC1�/� cells showed
only modest sensitivity to TMZ. Likewise, the loss of PARP1
reversed the hypersensitivity of XRCC1�/� cells to car-
mustine and lomustine. We, therefore, conclude that
XRCC1 suppresses the toxic PARP1/SSB complexes forma-
tion during BER of DNA damage generated by the three
clinical alkylating agents as well as by MMS (Demin
et al., 2021). We showed that ALC1 and POLβ do not share
this function. XRCC1�/� cells displayed over two ordered
magnitudes higher sensitivities to olaparib and talazoparib
than wild-type, ALC1�/�, and POLβ�/� cells, indicating that
XRCC1 also prevents PARP1 ‘trap’ at SSBs even when the
catalytic activity of PARP1 is inhibited. We previously pro-
posed that XRCC1 prevents the PARP1 trap by maintaining
auto-PARylation (Demin et al., 2021). Thus, XRCC1 inhibits
the toxic PARP1/SSB complexes formation through the
PARP1 catalytic activity-independent mechanism and
dependent one. In conclusion, toxic PARP1/SSB complexes
frequently form during BER of clinical alkylating agents,
and XRCC1 suppresses the toxic effect of PARP1 and coun-
teracts clinical PARP poisons.

2 | RESULTS

2.1 | XRCC1�/� cells show higher
sensitivity to the alkylating agent in
comparison with ALC1�/�, PARP1�/�,
and POLβ�/� cells

We examined the sensitivity profile of a simple
alkylating agent, MMS, by mining the CRISPR-Cas9
screen data of human retinal pigment epithelial (RPE)
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FIGURE 1 XRCC1�/� cells show higher sensitivity to MMS

and olaparib than ALC1�/�, PARP1�/�, and POLβ�/� cells.

(a,b) Sensitivity profiles of MMS (a) and olaparib (b) in the

selected RPE cells deficient in individual BER and PARP-

related factors were calculated by mining an open database

(Olivieri et al., 2020). The relative sensitivity of each cell

compared to wild-type RPE cells was scored as log2 (LD20% in

indicated mutant cells)/(LD20% in wild-type cells). LD20%

represents drug concentrations that reduce cell survival to 20%

relative to that of untreated cells. Negative (left) and positive

(right) scores indicate that the indicated gene-disrupted cells

are sensitive and resistant to MMS (a) and olaparib (b),

respectively. (c–e) The loss of PARP1 reversed the

hypersensitivity to MMS in XRCC1�/� cells, but not in

ALC1�/� or POLβ�/� cells. TK6 cells carrying the indicated

genotypes were treated with MMS for 72 h. The drug dose is

displayed on the x-axis on a linear scale, while the percentage

of cell survival is displayed on the y-axis on a logarithmic

scale. Error bars represent the SD from three independent

experiments. The p-value was calculated by Student's t-test

(*p < 0.05). BER, base excision repair; MMS, methyl

methanesulfonate; ns, not significant; PARP, poly(ADP ribose)

polymerase; RPE cells, retinal pigment epithelial cells
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cells (Olivieri et al., 2020). We examined cells deficient
in SSB repair factors, including ALC1/CHD1L, APTX,
LIG3, PARP1, PARP2, PNKP, POLβ, and XRCC1. The
loss of XRCC1 causes the most pronounced increases
in the sensitivity of both MMS (Figure 1a) and olaparib
(Figure 1b). Although PARP1 acts upstream of XRCC1 in
SSB repair, the loss of PARP1 increases MMS sensitivity by
several times less than the loss of XRCC1. The loss of
PARP2 does not increase MMS sensitivity (Figure 1a).
We examined the MMS sensitivity of human TK6
B-lymphoblastoid cells, where O-6-methylguanine DNA
methyltransferase is inactive (Danam et al., 2005; Zhang
et al., 1995) (Figure 1c). The list of the analyzed gene-
disrupted clones is shown in Table S1 and Figures S4 and
S5 (Saha et al., 2020; Tsuda, Cho, et al., 2017). Consistent
with Figure 1a, XRCC1�/� cells exhibited a few times
higher MMS sensitivity than ALC1�/�, PARP1�/�, and
POLβ�/� cells (Figure 1c).

To elucidate the functional interaction between
PARP1 and XRCC1, we generated PARP1�/�/XRCC1�/�

TK6 cells. Remarkably, the loss of PARP1 reversed the
MMS hypersensitivity of XRCC1�/� cells to that of
PARP1�/� cells (Figure 1c). By contrast, the loss of
PARP1 reversed the MMS hypersensitivity of neither
ALC1�/� nor POLβ�/� cells (Figure 1d,e). The data sug-
gest that XRCC1 may have a previously unappreciated
role in BER, suppressing the toxic effect of PARP1
on BER.

2.2 | Loss of PARP1 in XRCC1�/� cells
reverses their hypersensitivity to TMZ

We next investigated the sensitivity to TMZ. XRCC1�/�

cells showed a few times higher sensitivity than
ALC1�/�, PARP1�/�, and POLβ�/� cells (Figure 2a), and
the loss of PARP1 in XRCC1�/� cells reversed their
hypersensitivity (Figure 2b, left). We prepared
PARP1�/�, XRCC1�/�, and PARP1�/�/XRCC1�/� cells
from MCF-7 human breast cancer cells (Table S1 and
Figure S5). The sensitivity of XRCC1�/� cells to TMZ
was considerably higher than that of PARP1�/� cells
(Figure. 2b, right), and this hypersensitivity was reversed
by the ectopic expression of XRCC1 cDNA (Figure S6a).
Like the B lymphoblastoid cell, the loss of PARP1 in
XRCC1�/� cells reversed their TMZ hypersensitivity to
the level of PARP1�/� cells (Figure 2b, right). In summary,
PARP1�/� and PARP1�/�/XRCC1�/� cells showed very
similar increases in the sensitivity to TMZ compared to
wild-type cells. This result agrees with the previously identi-
fied collaboration between PARP1 and XRCC1 in SSB
repair (Ali et al., 2009; Caldecott, 2003; Caldecott, 2008;
Caldecott et al., 1994; Caldecott et al., 1996; Cuneo &

London, 2010; Horton et al., 2008; Iles et al., 2007;
Kubota et al., 1996; Marintchev et al., 1999). More
importantly, the much higher sensitivity of XRCC1�/�

cells to TMZ compared with PARP1�/�/XRCC1�/� cells
suggests that PARP1 can interfere with BER of TMZ-
induced lesion, and XRCC1 counteracts against this
interference.

We also examined the cellular sensitivity of
XRCC1�/�, PARP1�/�, and PARP1�/�/XRCC1�/� cells to
carmustine and lomustine, alkylating agents for anti-
cancer therapy (Figure S7). XRCC1�/� cells exhibited
higher sensitivity to both carmustine and lomustine than
wild-type and PARP1�/� cells, and loss of PARP1 in
XRCC1�/� MCF-7 cells reversed their sensitivity
(Figure S7). These results suggest that XRCC1 suppresses
the toxic effect of PARP1 on BER of DNA lesions induced
by three clinically relevant DNA alkylating reagents,
TMZ, carmustine, and lomustine.

2.3 | Delayed SSB repair causes the
hypersensitivity of XRCC1�/� cells to TMZ

To measure BER kinetics, we measured the amounts of
SSBs, BER intermediates after a pulse exposure to TMZ
for 60 min, using the alkaline comet assay. Consistent
with the TMZ sensitivity, while XRCC1�/� cells showed
the prominent accumulation of SSBs upon the pulse-
exposure, the loss of PARP1 in XRCC1�/� cells
suppressed this accumulation (Figure 3a and S8a). The
result suggests that XRCC1 protects SSB repair from the
inhibitory effect of PARP1.

To accurately examine the SSB repair kinetics, we
pulse-exposed cells to H2O2 on ice to induce SSBs, then
removed H2O2 and incubated cells at 37�C, monitoring
SSB repair kinetics over time (Figure 3b and S8b)
(Breslin et al., 2006). Note that while the exposure to
H2O2 on ice inhibits SSB repair, the exposure to TMZ
simultaneously induces DNA damage and its repair
reaction, making it impossible to measure the SSB
repair kinetics accurately. The pulse-exposure to H2O2

induced indistinguishable levels of SSBs in all tested
genotypes. At 5 min incubation at 37�C, the length of
tails in wild-type cells decreased by over 80%, while
that in XRCC1�/� cells decreased only 25% (Figures 3b
and S8b), indicating a significant delay in SSB repair in
the absence of XRCC1. The loss of PARP1 in
XRCC1�/� cells restored the SSB repair to the level of
PARP1�/� cells. We, therefore, concluded that PARP1
can block physiological SSB repair, and XRCC1 sup-
presses the toxic effect of PARP1 on SSB repair. Taken
together, the hypersensitivity of XRCC1�/� cells to
TMZ is attributable to the toxic effect of PARP1 on SSB
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repair, similar to the hypersensitivity of XRCC1�/�

cells to MMS (Demin et al., 2021).

2.4 | XRCC1 prevents the accumulation
of toxic PARP1/SSB complex

The loss of XRCC1 causes the accumulation of PARP1
‘trapped’ at unrepaired SSBs in the chromatin-bound
fraction (Murai et al., 2012; Murai et al., 2014) following
exposure to MMS (Demin et al., 2021). We examined the
effect of TMZ on PARP1 trapping. TMZ induced a faint
PARP1 signal (�10% increase at 1 h after TMZ treatment)
in the chromatin fraction in wild-type TK6 cells
(Figure 4). In contrast with wild-type cells, TMZ alone
induced the prominent accumulation of trapped PARP1

in XRCC1�/� TK6 and MCF-7 cells (Figures 4 and S9).
We conclude that XRCC1 prevents the trapping of
PARP1 at TMZ-induced SSBs.

2.5 | XRCC1 avoids quick depletion of
cellular NAD+ during BER

The auto-PARylation of PARP1 promotes its release from
unrepaired SSBs (Figures S2e,f and S3a,b) (Satoh &
Lindahl, 1992), and XRCC1 prevents toxic PARP1/SSB
complex by maintaining auto-PARylation level during
MMS treatment (Demin et al., 2021). We then asked
whether this is also the case in the repair of TMZ-induced
DNA damages. We assessed the extent of auto-
PARylation, its chain length, and/or branching
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complexity over time after exposing cells to TMZ using
an anti-poly(ADP-ribose)-specific antibody (Figure 5a).
We evaluated the extent of PARP1 auto-PARylation by

detecting the retarded electrophoretic mobility of poly-
ribosylated proteins. By comparing wild-type and
PARP1�/� TK6 cells, we found that slow migrating signal
around 250 kb is non-specific signal (Figures S10 and 5a,
indicated by asterisk). The addition of TMZ induced
slow-migrating signals, �150 kDa, in wild-type and
XRCC1�/� TK6 cells to a similar extent at an initial time
point, 10 min post-TMZ treatment, indicating the initia-
tion of auto-PARylation in the absence of XRCC1
(Figure 5a, wide-open parentheses). Constant PARylated
PARP1 signals were detectable over 60 min in wild-type
cells (Figure 5a, wide-open parentheses). By contrast, the
intensity of PARylated PARP1 signals significantly
dropped at 20 min in XRCC1�/� cells with a band
corresponding to the molecular size of PARP1, 116 kDa,
increasing in its relative intensity at 20–60 min
(Figure 5a, small open parenthesis). Thus, TMZ-induced
auto-PARylation rapidly dropped in the absence of
XRCC1, as seen in MMS-treated XRCC1�/� cells (Demin
et al., 2021).
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The absence of XRCC1 causes the excessive catalysis of
PARP1, depletes NAD+, and reduces auto-PARylation in
MMS-treated cells (Demin et al., 2021). We then measured
the cellular concentration of NAD+ during exposure cells to
TMZ (Figure 5b). The concentration of NAD+ gradually
reduced over time in wild-type, ALC1�/�, and POLβ�/�

cells in a very similar manner (Figure 5b). As expected,
PARP1�/� cells showed only a modest decrease in the
NAD+ concentration. Strikingly, the concentrations of
NAD+ in XRCC1�/� cells were reduced to a basal level at
30 min (Figure 5b), more rapid when compared with MMS-
treated XRCC1�/� cells (Demin et al., 2021). These data
indicate that XRCC1 prevents the rapid depletion of cellular
NAD+, thereby maintaining the auto-PARylation and facili-
tating the release of PARP1 from SSBs. Collectively, XRCC1
inhibits the prolonged formation of toxic PARP1/SSB com-
plex by maintaining the auto-PARylation.

2.6 | Synthetic lethality of clinical PARP
poisons in XRCC1�/� cells

We investigated whether or not clinical PARP poisons
were synthetic lethal to XRCC1-deficient cells. The loss
of XRCC1 decreased the plating efficiency of TK6 and
MCF-7 cells only by 85% and 38%, respectively. A clini-
cally relevant concentration of olaparib, 0.1 μM (Sun
et al., 2018) had no detectable effect on the viability of
wild-type, ALC1�/�, and POLβ�/� cells (Figures 6a,b and
S11). By sharp contrast, 0.1 μM olaparib reduced the via-
bility of XRCC1�/� by more than 10 times (Figure 6b).
Similarly, XRCC1�/� MCF-7 cells exhibited 100 times
higher sensitivity than wild-type as judged by LD50%, the
dose of olaparib reduces the viability by 50% relative to
nontreated cells (Figure 6c,d). The ectopic expression of
XRCC1 reversed the olaparib sensitivity of XRCC1�/�

cells (Figure S6b). The inactivation of XRCC1 also
increased the sensitivity to talazoparib by 10–100 times
compared to wild-type in both TK6 and MCF-7 cells
(Figures 6e–h and S6c). As a result, talazoparib at 1 nM,
a clinically relevant concentration (de Bono et al., 2017)
significantly killed only XRCC1�/� cells but not wild-type.
Collectively, the clinical PARP poisons are synthetic
lethal in the absence of XRCC1. XRCC1 is a crucial
player in cellular tolerance to clinical PARP poisons.

2.7 | The loss of XRCC1 delays SSB repair
kinetics even when the PARP1 catalytic
activity is inhibited

The synthetic lethality of clinical PARP poisons in
XRCC1�/� cells suggests that XRCC1 suppresses the
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formation of toxic PARP1-SSB complexes even in the
absence of PARP1 activity. Olaparib of 0.1 μM represses
90% of PARylation (Murai et al., 2012; Murai et al., 2014),
and we added 1.0 μM olaparib immediately after the
exposure to H2O2 (Figure 3b). This addition delayed the
completion of SSB repair from 15 to 90 min in wild-type
cells and from 30 to 240 min in XRCC1�/� cells (compare
Figure 3b and Figures 7a and S8c). We concluded that
XRCC1 significantly contributes to SSB repair even when
PARP1 catalytic activity is suppressed.

We next performed a pulse-exposure to MMS and
olaparib for 1 h, comparing wild-type and XRCC1�/�

cells. The addition of olaparib synergistically increased
the amount of MMS-induced stable PARP1-SSB com-
plexes in the absence of XRCC1 (Figure 7b), which data
agree with the synthetic lethality of clinical PARP poi-
sons in XRCC1�/� cells (Figure 6). These data indicate
that XRCC1 promotes the resolution of PARP1-SSB com-
plexes even when the PARP1 catalytic activity is
inhibited. Collectively, the loss of XRCC1 synergistically
increased the sensitivity of PARP poisons (Figure 6), and
olaparib enhanced trapped PARP1 delaying SSB repair
(Figure 7). These data indicate that XRCC1 significantly
promotes the removal of trapped PARP1 independent of
its catalytic activity. In conclusion, XRCC1 removes
trapped PARP1 independent of its catalytic activity
(Figure 7c, iv–iv) and also by inhibiting its excessive
catalysis (Figure 7c, i–iii).

3 | DISCUSSION

In this study, we uncovered the significant toxic effect of
PARP1 on the repair of base damage induced by TMZ,
carmustine, and lomustine (Figures 2 and S7). This
endogenous poison activity of PARP1 has been previously
unappreciated because XRCC1 completely prevents it
(Figures 2 and S7). These results with the clinical
alkylating agents agree with the analysis of MMS-treated
XRCC1�/� and PARP1�/�/XRCC1�/� RPE and TK6 cells
(Demin et al., 2021). We also demonstrated the synthetic
lethality between the clinical PARP poisons and the
XRCC1 inactivation (Figure 6), which is in sharp contrast
with virtually no effect of KU0058948 on the ‘trapping’ of
PARP1 in the absence of XRCC1 (Demin et al., 2021). The
inhibition of the PARP1 trapping by XRCC1 promotes
SSB repair (Figure 3), presumably by allowing SSB repair
factors access to SSBs. In summary, our previous work
(Demin et al., 2021) and the current study revealed the
endogenous poison activity of PARP1 and the complete
suppression of the poison activity by XRCC1. This sup-
pression significantly increases cellular tolerance to TMZ,
carmustine, lomustine, and the clinical PARP poisons.
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It has been believed that XRCC1's key role in BER is to
recruit the SSB repair effectors, including aprataxin, LIG3,
PNKP, and POLβ, to unrepaired SSBs (Ali et al., 2009;
Caldecott et al., 1994; Cuneo & London, 2010; Iles
et al., 2007; Kubota et al., 1996; Marintchev et al., 1999)
(reviewed in Caldecott, 2020). However, the inactivation of
PARP1 in XRCC1�/� cells dramatically increases their toler-
ance to TMZ (Figure 2), indicating that the role of XRCC1
in recruiting SSB repair factors does not explain the very
severe phenotype of XRCC1�/� cells. We demonstrated that
XRCC1 promotes BER by inhibiting the endogenous poison
activity of PARP1 during exposure to the clinical alkylating
drugs. PARP1�/�/XRCC1�/� MCF-7 cells showed only
modest sensitivity to TMZ, carmustine, and lomustine
(Figures 2b and Figure S4), as PARP1�/�/XRCC1�/� RPE
cells exhibit mild MMS sensitivity (Demin et al., 2021). Col-
lectively, XRCC1 is dispensable for BER of base damage
generated by these anti-cancer alkylating drugs in the
absence of PARP1.

XRCC1 suppresses the PARP1 trapping through two
mechanisms (Figure 7c, i–iii and iv–vi). First, our previous
study (Demin et al., 2021) and the present one indicated
that XRCC1 maintains auto-PARylation (Figure 5a), which
facilitates the release of PARP1 from unrepaired SSBs
(Satoh & Lindahl, 1992), by suppressing both the excessive
catalysis of PARP1 at SSBs and the resulting depletion of
cellular NAD+ (Figure 5b). It is unclear how XRCC1 sup-
presses the excessive activation (Figure 7c, iii). Second, the
current study uncovered the synthetic lethality of the
XRCC1�/� mutation and the clinical PARP poisons
(Figure 6), suggesting that XRCC1 prevents the PARP1
trapping even when PARP poisons inhibit the auto-PAR-
ylation. This idea is verified by the data that the loss of
XRCC1 significantly delayed SSB repair and synergistically
increased the number of PARP1/SSB complexes in the
presence of olaparib (Figure 7a,b). Thus, XRCC1 is effi-
ciently recruited to unrepaired SSBs without PARylation
(Figure 7c, v) and significantly contributes to SSB repair by
inhibiting the trapping of PARP1 at SSBs (Figure 7c, vi).
A crucial future question is how XRCC1 prevents the
PARP1 trapping independent of its catalytic activity
(Figure 7c, iv–vi). A recent report suggested PIAS4-
mediated SUMOylation followed by RNF4-mediated
ubiquitination of PARP1 removes trapped PARP1 in the
absence of its auto-PARylation (Krastev et al., 2022).
XRCC1 plays a more important role in removing trapped
PARP1 since the loss of XRCC1 increased the olaparib sen-
sitivity more significantly than that of PIAS4 and RNF4
(Figure 1b). The first and second mechanisms (Figure 7c,
i–iii, iv–vi) can collaboratively exacerbate the PARP1 trap.
The lack of the catalysis-independent mechanism
(Figure 7c, iv–vi) may account for the abnormal PARP1
trapping and the over-catalysis of PARP1 during treatment

of XRCC1�/� cells with TMZ alone. The following deple-
tion of NAD+ suppresses auto-PARylation (Figure 5), lead-
ing to the prominent accumulation of toxic PARP1-SSB
complexes in XRCC1�/� cells.

A question is whether or not XRCC1 suppresses the
trapping of PARP2, which has overlapping roles with
PARP1 (Hanzlikova et al., 2016). Clinical PARP inhibi-
tors cause the trapping of both PARP1 and PARP2
(Murai et al., 2012; Verma et al., 2021). In agreement
with the PARP2 trapping, the addition of olaparib del-
ayed the SSB repair of PARP1�/� and PARP1�/�/
XRCC1�/� cells by 45 min (compare Figures 3b and 7a).
Nonetheless, the very similar sensitivities between
PARP1�/� and PARP1�/�/XRCC1�/� cells to TMZ
(Figure 2), MMS (Demin et al., 2021), and the clinical
PARP poisons (Figure 6) suggest that the PARP2 trapping
has no detectable impact on their cytotoxicity. Essentially
the same SSB repair kinetics between PARP1�/� and
PARP1�/�/XRCC1�/� cells in the presence of olaparib
indicated that XRCC1 may not prevent the trapping of
PARP2.

We showed that the loss of XRCC1 causes PARP1 to
exert its intrinsic poisoning activity, leading to the rapid
NAD+ depletion during treatment with TMZ
(Figure 5b). NAD+ depletion is seen in various diseases,
including the postischemic injury of the heart, brain,
liver, and kidney, neurodegeneration, and cancer
(Adamowicz et al., 2021; Gujar et al., 2016; Hoch
et al., 2017; Pieper et al., 2000). NAD+ depletion by its
biosynthesis blockade is used to treat cancers and inter-
feres with BER of TMZ-induced base damage (Goellner
et al., 2011; Touat et al., 2018). Inhibitors of poly(ADP-
ribose) glycohydrolase also deplete NAD+ and exacer-
bate replication stress of cancer cells (reviewed in
Hanzlikova & Caldecott, 2019; Slade, 2020). Our discov-
ery of PARP1's intrinsic poisoning activity will provide
an insight into the molecular mechanism underlying the
dysregulation of this activity caused by the loss of
XRCC1 and clinical PARP poisons. The mechanism for
the dysregulation is an important future question
because excessive PARP1 catalysis and resulting NAD+

depletion have a profound impact on the viability of can-
cer cells.

4 | EXPERIMENTAL PROCEDURES

4.1 | Cell culture, measurement
of cellular sensitivity, and measurement
of chromosome aberrations

MCF-7 and TK6 cells were obtained from JCRB Cell Bank
(https://cellbank.nibiohn.go.jp/english/). These cells were
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cultured as described previously (Sasanuma et al., 2018;
Tsuda, Terada, et al., 2017). To measure sensitivity to
alkylating drugs in TK6, we employed a methylcellulose
colony-formation assay, as described previously (Ooka
et al., 2016), with slight modifications. Briefly, TK6 cells
were treated with alkylating reagents (TMZ, carmustine,
and lomustine) for 24 h in medium and seeded in a drug-
free medium containing 1.5% methylcellulose then cultured
at 37�C for 14 days. MCF-7 cells were similarly treated with
alkylating reagents for 24 h in medium, and then the
treated cells were further cultured in medium without
methylcellulose for 14 days. To measure sensitivity to
olaparib or talazoparib, we seeded cells in a medium con-
taining olaparib or talazoparib, cultured them for 14 days,
and counted the number of colonies. To measure cellular
sensitivity to MMS in TK6 cells, we employed a liquid-
culture cell survival assay as previously described (Hirota
et al., 2015; Hirota et al., 2016).

4.2 | Generation of PARP1�/� TK6 cells

PARP1 was disrupted with KO constructs prepared
using primers 50-GCGAATTGGGTACCGGGCCTGGGG
AGTAGTGCTTTGTTT-30 and 50-CTGGGCTCGAGGGGG
GGCCCTGGAGAATCAAACAGACAG-30 for the left arm
and 50-TGGGAAGCTTGTCGACTTAAGTAAGATCTT
GGGGGCCCAG-30 and 50-CACTAGTAGGCGCGCCTTAA
CTTAAATTCCAAATGGCTGG-30 for the right arm. The
PCR-amplified left and right arms were inserted in marker-
gene plasmids (above described DT-ApA/NEOR-based plas-
mids) digested with ApaI and AflII using the GeneArt
Seamless Cloning & Gibson Assembly system (Thermo
Fisher Scientific, Pittsburgh, PA) to KO construct. The
resultant KO plasmids express diphtheria toxin from
outside of the homologous arms to suppress random
integration events. The CRISPR expression vector for
the CRISPR-Cas9 system was designed to recognize
50-GAAGTACGTGCAAGGGGTGTATGG-30 (Figure S1).
The loss of the PARP1 expression was confirmed by western
blot using antibodies, anti-PARP antibody (Santa Cruz Bio-
technology, sc-8007), and anti-histone H3 antibody (Abcam,
ab1791) for the loading control.

4.3 | Disruption of PARP1 and XRCC1
gene in MCF-7 cells

PARP1 and XRCC1 genes were disrupted with the same
knockout constructs used for the gene disruption in TK6
cells (Demin et al., 2021; Saha et al., 2020).

4.4 | Isolation of chromatin-bound
fractions from TK6 and MCF-7 cells

Chromatin-bound fraction samples were prepared as
described previously (Ooka et al., 2018). Briefly, we
harvested 5 � 106 TK6 or MCF-7 cells and isolated the
chromatin-bound fraction from TK6 cells using a subcel-
lular protein fractionation kit for cultured cells (Thermo
Fisher Scientific). PARP1 was detected using an anti-
PARP antibody (Santa Cruz Biotechnology, sc-8007).
Histone was probed as a loading control using an anti-
histone H3 antibody (Abcam, ab1791).

4.5 | Alkaline comet assay

TK6 cells were treated with 80 μM H2O2 on ice for
30 min and subsequently released in a drug-free,
prewarmed culture medium. For the measurement of
TMZ-induced SSBs, cells were pulse-exposed to the
complete medium containing 0, 150, and 450 μM of
TMZ for 37�C for 60 min. We performed alkaline-
comet and single-cell gel electrophoresis assays as
described previously (Tsuda, Cho, et al., 2017). Electro-
phoresis was carried out by applying 25 volts at 4�C for
50 min using a submarine gel electrophoresis machine
(Cat. NB-1012, Nihon Eido Co. Ltd.) filled with
1850 ml running buffer (0.3 M NaOH, 1 mM EDTA). A
Comet Analysis System was used to quantify the comet
tails (Comet analyzer, Youworks Co. Ltd). We scored
over 100 cells per sample.

4.6 | Determination of intracellular
NAD+ concentration

The cellular NAD+ level was determined by the
enzyme cycling assay as previously described
(Nakamura et al., 2003). Briefly, exponentially growing
culture was diluted to 1 � 105 cells/ml and incubated
with TMZ (1 mM) for indicated time. A value of
0.5 mL of culture was harvested and the cellular
NAD+ concentration were measured by its reduction
to a yellow colored formazan dye using cell counting
kit-8 (Dojindo Molecular Technology, Kumamoto,
Japan) which consisted of a water-soluble
2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,-
4-disulfophenyl)-2H-tetrazolium monosodium salt
(WST-8, 5 mM) and 1-methoxy-5-methylphenazinium
methylsulfate (0.2 mM) as an electron mediator
tetrazolium salt.
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4.7 | The PARylation assay

A value of 5 � 106 of TK6 cells were boiled in standard
sodium dodecyl sulfate (SDS) sample buffer for 5 min,
and the resultant total protein samples were analyzed by
western blot with anti-PAR polyclonal antibody
(4336-BPC-100, Trevigen)
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