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ABSTRACT

Efficient repair of oxidized DNA is critical for genome-
integrity maintenance. Cockayne syndrome protein
B (CSB) is an ATP-dependent chromatin remod-
eler that collaborates with Poly(ADP-ribose) poly-
merase | (PARP1) in the repair of oxidative DNA
lesions. How these proteins integrate during DNA
repair remains largely unknown. Here, using chro-
matin co-fractionation studies, we demonstrate that
PARP1 and PARP2 promote recruitment of CSB to
oxidatively-damaged DNA. CSB, in turn, contributes
to the recruitment of XRCC1, and histone PARylation
factor 1 (HPF1), and promotes histone PARylation.
Using alkaline comet assays to monitor DNA repair,
we found that CSB regulates single-strand break re-
pair (SSBR) mediated by PARP1 and PARP2. Strik-
ingly, CSB’s function in SSBR is largely bypassed
when transcription is inhibited, suggesting CSB-
mediated SSBR occurs primarily at actively tran-
scribed DNA regions. While PARP1 repairs SSBs at
sites regardless of the transcription status, we found
that PARP2 predominantly functions in actively tran-
scribed DNA regions. Therefore, our study raises the
hypothesis that SSBR is executed by different mech-
anisms based on the transcription status.
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INTRODUCTION

Oxidative  stress underlies numerous pathologies,
including cancer, inflammation, and neurological
disorders/neurodegeneration  (1,2). Reactive oxygen

species (ROS) are constantly generated during normal
cellular metabolism. The hydroxyl radical is the major
cause of ROS-induced DNA damage; it attacks both the
sugar of the phosphodiester backbone and the DNA
bases. These two types of DNA lesions are repaired by
single-strand break repair (SSBR) and base-excision repair
(BER), respectively (3-5). These pathways differ only in
the initial recognition and processing of the DNA lesion,
with subsequent steps being shared. SSBs are sensed by
the Poly(ADP-ribose) polymerases 1 and 2 (PARPI1/2),

*To whom correspondence should be addressed. Tel: +1 505 272 1085; Email: hufan@salud.unm.edu

© The Author(s) 2023. Published by Oxford University Press on behalf of Nucleic Acids Research.

This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial License
(http://creativecommons.org/licenses/by-nc/4.0/), which permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work
is properly cited. For commercial re-use, please contact journals.permissions@oup.com


https://doi.org/10.1093/nar/gkad515
https://orcid.org/0000-0002-2671-1711
https://orcid.org/0000-0003-1790-4041

enzymes that are activated by their binding to SSBs.
Activated PARP1/2 covalently link chains of ADP-ribose
molecules, derived from NAD™, to themselves as well
as additional proteins, an activity termed PARylation.
PARP1 accounts for ~80-90% of DNA damage-activated
PARylation in human cells, with PARP2 contributing most
of the remaining activity (6,7). Histone PARylation Factor
1 (HPF1) alters the substrate specificity of PARP1/2,
from primarily aspartate and glutamate residues to serine
residues. Serine PARylation is most relevant during the
DNA-damage response, with the major substrates being
the histone proteins (8—12). The scaffold protein XRCC1
is then recruited to SSB sites by binding to PARylated
PARPI1 or 2, bringing with it associated SSBR enzymes,
such as PNKP, DNA ligase 3 and DNA polymerase (3, to
repair the breaks (3).

Cockayne syndrome (CS) is a premature aging syndrome.
In addition, individuals with CS suffer from extreme sun
sensitivity and have developmental and neurological abnor-
malities (13-15). Mutations in the gene encoding for the
Cockayne syndrome group B (CSB) protein account for
the majority of Cockayne syndrome cases. CSB is a mem-
ber of the Swi2/Snf2 family of ATP-dependent chromatin
remodelers (16) and interacts with PARPI1; however, the
functional consequences of this interaction are unknown
(17). Swi2/Snf2 chromatin remodelers use the energy from
ATP hydrolysis to alter DNA-histone contacts and regu-
late chromatin access for factor binding (18). Additionally,
some remodelers can alter contacts between non-histone
proteins and DNA, such as transcription factors (19,20).
CSB activity is critical for the relief of genotoxic stress
created by both UV irradiation and oxidizing agents (21—
30). UV irradiation creates transcription-blocking, bulky
DNA lesions that are repaired by a CSB-dependent path-
way called transcription-coupled nucleotide excision repair
(TC-NER) (24,31). In TC-NER, CSB is recruited to DNA
lesion-stalled RNA polymerase II in a manner dependent
upon ATP hydrolysis (22). Once bound to sites of DNA le-
sions, CSB initiates the recruitment of the nucleotide ex-
cision repair proteins (32). In addition, it has been sug-
gested that CSB’s ATP-dependent chromatin remodeling
activity creates a chromatin environment conducive for re-
pair and transcription resumption after repair (23). To date,
there is no evidence indicating that PARP1 participates in
TC-NER.

While CSB also regulates the repair of oxidative DNA
lesions, a process that requires PARP1/2, the role of CSB
in this repair process is largely unknown (26). It remains
controversial as to whether ROS-induced DNA damage is
repaired in a transcription-coupled manner. This may be
explained in part because of the wide spectrum of ROS-
induced DNA lesions that include base modifications and
sugar damage. Interestingly, cells derived from Cockayne
syndrome patients have elevated ROS levels, and CSB-
deficient cells are hypersensitive to oxidative stress (27,33).
Live cell imaging has revealed that CSB rapidly accumu-
lates at sites of locally-induced oxidative DNA damage (34).
Moreover, CSB contains a PAR-binding module (PBM)
with demonstrated PAR-binding activity (35,36). Addition-
ally, purified CSB has been shown to remove PARPI from
DNA, albeit with modest activity (36). We previously found
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PARPI-null mutations rescue the severe sensitivity of CSB
deficiency to oxidative stress (37). Given that prolonged
PARPI retention on chromatin is thought to be more dam-
aging than loss of PARPI activity, as this can lead to NAD*
depletion, these finding suggest the possibility that regula-
tion of PARPI activity is a critical CSB function during
oxidative stress and, in the absence of PARPI, this CSB
activity is no longer needed (37). In support of this hy-
pothesis, we found that CSB recruitment to oxidized chro-
matin is regulated by the PARPI protein and occurs inde-
pendently of ATP hydrolysis by CSB (22,38). This CSB-
recruitment mechanism contrasts with that used during TC-
NER, which requires ATP hydrolysis by CSB and is PARP1
independent (22,38). Therefore, the CSB-chromatin target-
ing mechanisms used during TC-NER and oxidative DNA-
damage repair are fundamentally different.

In this study, we monitored DNA-damage repair, cell vi-
ability, and the association of DNA repair proteins with
chromatin during oxidative stress, to dissect the function of
CSB in SSBR. Our analysis has uncovered a SSBR regula-
tory mechanism that is dedicated to the repair of oxidative
DNA damage in actively transcribed DNA regions and re-
quires the coordination of CSB and PARP1/2 activities.

MATERIALS AND METHODS
Alkaline comet assay

Approximately 8 x 10* cells were seeded on 60 mm dishes.
The following day, cells were treated with 50 puM H,O; in
PBS (Ca’* and Mg?* free) for 15 min on ice. H,O, was then
removed and cells were rinsed once with PBS and allowed to
repair in fresh medium for 30 min in a 37°C incubator with
5% CO,. For all samples, including untreated or no-repair
samples, cells were rinsed with PBS, trypsinized and resus-
pended in PBS at 1 x 10° cells/ml. Cells were then mixed
with 1% low-gelling-temperature agarose (Sigma, cat. no.
A4018, St. Louis, MO, USA) in PBS, warmed to 37°C, at a
ratio of 1: 10 (v/v), and spotted on a 20-well CometSlide in
duplicate (R&D systems, cat. no. 4252-500-01, Minneapo-
lis, MN, USA). After gelling, slides were immersed in Ly-
sis Buffer (2.5 M NacCl, 100 mM EDTA (pH 8.0), 10 mM
Tris—HCI pH 10, 0.1% Triton X-100) for 30 min (CS1AN-
derived cell lines) or 45 min (RPE1-derived cell lines) at 4°C.
Slides were then incubated in Denaturing Solution (0.2 M
NaOH, 1 mM EDTA, pH 8.0) for 30 min. Electrophore-
sis was performed at 21 V for 30 min in Denaturing Solu-
tion. After electrophoresis, slides were washed twice with
water, once with 70% ethanol, and air-dried overnight (pro-
tected from light). The next day, DNA was stained with
SYBR Gold (Invitrogen, cat. no. S11494, Carlsbad, CA,
USA) solution diluted at 1:10 000 in 20 mM Tris—HCI, pH
7.4. Images were captured using an Olympus XI83 fluores-
cence microscope with a DP72 camera and cellSens Dimen-
sion Software (Olympus America; ver. 1.17, Tokyo, Japan).
Comet Analysis Software (Trevigen, Inc. ver. 1.2, Gaithers-
burg, MD, USA) was used to analyze images. 100-150 cells
were scored per experiment, unless otherwise stated. Images
were manually reviewed to exclude overlapping cells as well
as procedural artifacts. The level of DNA breaks was ex-
pressed as tail moment.
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Cell culture and generation of clonal stable cell lines

CS1AN- and RPE-1-derived cell lines were cultured
in DMEM/F12 medium supplemented with 10% FBS
(6,15,22,39). 293T cells were cultured in DMEM supple-
mented with 10% FBS. Flag-tagged CSBWYT and CSBK>384
were expressed from the pBABE-PURO vector (Dr Alan
Weiner, University of Washington). These constructs were
transfected into CS1AN-sv cells with lipofectamine 2000
(Invitrogen) and selected with 250 ng/ml puromycin. Single
colonies were picked to generate clonal cell lines. Western
blot and immunofluorescence analyses were used to charac-
terize the stable cell lines. Clonal cell lines with CSB levels
similar to that of MRCS5, a diploid fibroblast line, were se-
lected for experiments (22). CSIAN-sv cells are referred as
CSB™!! cells. CSTAN-sv cells stably expressing the wildtype
CSB protein are referred to as CSBVT cells.

Cell treatment

Menadione (MP Biomedicals, cat. no. 102259, Solon,
OH, USA) was dissolved in 100% ethanol to make 100
mM stock solution. 30% H,O, (Avantor, cat. no. 2190-
03, Radnor, PA, USA) was freshly diluted in 1x PBS
to final concentrations of 150 wM or 50 wM, and then
directly added to cells. a-amanitin (Cayman Chemical
Co., cat. no. 17898, Ann Arbor, MI, USA) was dis-
solved in water to make a stock solution of 1 mg/ml
and used at 1 pg/ml. 5,6-Dichlorobenzimidazole 1-B-D-
ribofuranoside (DR B) (Sigma-Aldrich, cat. no. D1916) was
used at 50 wM (38). The PARP inhibitor KU-0058948
hydrochloride (Axon Medchem, cat. no. 2001) and EB-
47(dihydrochloride) (MedChem Express, HY-108631) were
dissolved in DMSO to make a stock solution of 10 mM and
used at a final concentration of 1 wM and 10 wM, respec-
tively. a-amanitin, DRB, KU-0058948 or EB47 was added
to cells 1 h before H,O, (or menadione) treatment, during
treatment and during the 30 min recovery.

shRNA-mediated knockdown

Predesigned lentiviral sShRNA expression constructs were
purchased from Sigma-Aldrich (St. Louis, MO, USA): CSB
(TRCN0000016775, CGACAAATCTTCAAGCAGTTT),
HPF1 (TRCN0000136219 and TRCN0000137670), and the
non-mammalian ShRNA control (SHC002). Lentivirus was
produced using the third generation packaging plasmids
as described previously (23). Target cells were plated to
~20% confluence at the time of infection. Fresh medium
was added 24h after infection. Cells were processed for anal-
ysis 72 h (for CSB) or 96 h (for HPF1) post-infection. The
phenotypes associated with CSB KD in RPE-1 cells are
unlikely due to an off-target effect (Figure 3), because the
CSB™! cells displayed similar phenotypes in the alkaline
comet and cell viability assays, as compared to the CSBWT
cells (Figure 1).

Co-immunoprecipitation experiments

The human PARP1 cDNA (GenBank: NC_000001.11) was
purchased from Horizon Mammalian Gene Collection.
The PARP2 cDNA is from John M. Pascal (40). HPF1

cDNA was obtained from AddGene, a gift from Thomas
Muir (Addgene plasmid # 111577; http://n2t.net/addgene:
111577; RRID:Addgene_111577) (41). The PARP1, PARP2
and HPF1 ¢cDNA was PCR amplified and cloned into
a Flag-pcDNA3 expression vector using gateway cloning
technology (ThermoFisher Scientific).

HEK 293T were transfected with mammalian expression
constructs (pHF72-23, HA-tagged CSB in pSVL, and Flag-
tagged PARPI, Flag-tagged PARP2, or Flag-tagged HPF1
in pcDNA3) using PEI. Forty-cight hours post transfec-
tion, cells were treated with a-amanitin (1 wg/ml), and/or
menadione (100 wM) as described above, washed with PBS,
and collected in PBS containing 0.5% Triton X -100 on ice.
Cell lysates were sonicated at 30% amplitude for 1 min us-
ing a Branson sonifier. Sonicated lysates were centrifuged at
~21 000 x g for 10 min at 4°C, to remove insoluble mate-
rial, followed by a 30 min incubation on ice before a final
centrifugation at ~21 000 x g for 30 min at 4°C. The su-
pernatant was incubated with BSA-blocked anti-Flag M2
agarose beads (Sigma, cat. no. A2220, St. Louis, MO, USA)
overnight at 4°C. Beads were subsequently washed three
times with PBS containing 0.5% Triton-X-100 and then col-
lected in 1 x SDS sample buffer.

Survival assays

Cell viability was determined by trypan blue exclusion.
2 x 10° cells were seeded in a 60 mm dish. The following day,
cells were treated with H,O, in PBS for 15 min at room tem-
perature, or menadione for 1 h in growth medium at 37°C.
Cells were then rinsed once with PBS and fresh medium was
added. Cells were placed back in the incubator. After 24 h,
cells were stained with trypan blue and the number of clear,
viable cells were counted using a hemocytometer.

Protein fractionation, quantification and western blotting

For chromatin-enriched protein fractions, cells in a 60 mm
dishes were rinsed once with 1 x PBS and collected by scrap-
ping in 200 ul buffer B on ice (22). Cell lysates were cen-
trifugated at 21 000 x g for 15 min at 4°C. 200 wl 1x
SDS sample buffer with no DTT or bromophenol blue was
added to the cell pellet. Pellets were then sonicated with a
Branson sonifier at 25% amplitude for 1 min. Soluble pro-
tein extracts were obtained by adding 50 pl of 1x SDS
sample buffer to 150 wl of the supernatant obtained af-
ter centrifugation. Whole cell extracts were prepared by
adding 200 pl of 1x SDS sample buffer without DTT
and bromophenol blue directly to the plate of cells, and
lysates were sonicated as described above. Protein concen-
tration was determined using the Pierce BCA Protein As-
say (Thermo Fisher, Waltham, MA, USA). After quantifi-
cation, DTT and bromophenol blue were added to the sam-
ples, and ~25 pg of total protein was resolved in a 4-12%
Bis—Tris SurePAGE gel (GenScript, cat. no. M00653, NJ,
USA) or a 4-12% Bis—Tris NuPAGE gel (ThermoFisiher,
NP0323BOX) using MOPS-SDS buffer. Color Prestained
Protein Standard was purchased from NEB (P7719S, Ip-
swich, MA, USA). Immunoblots were developed using ei-
ther SuperSignal West Pico (ThermoFisher) or Western-
Bright Quantum (Advansta, cat. no. K-12042-D10, San
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Figure 1. CSB regulates oxidative DNA-damage repair in an ATP-dependent manner. (A) Alkaline comet assays measuring SSBs in CSB™!! cells, CSB™!!
cells reconstituted with wildtype CSB (WT) and two clonal cell lines expressing an ATPase-deficient CSB derivative (K538A), after a 1-hour menadione
treatment at the indicated concentrations. Relative levels of DNA lesions are expressed as ‘tail moment’ (43). Each dot represents the tail moment of a
single cell, with 100-150 cells counted per condition. Horizontal bars represent the means + 95% CI. Statistical significance was determined using one-way
ANOVA with Holm-Sidak’s multiple comparison test using a single pooled variance; *P < 0.05, ***P < 0.001, ****P < 0.0001, ns: P > 0.05. (B) Western
blot analysis of cell lines used in the comet assays showing relative CSB expression levels. (C) Menadione survival assays. Two clonal cell lines expressing
an ATPase defective CSB derivative were compared to the CSBWT and CSB™!' cell lines. Shown are means &= SEM of two independent experiments. An
unpaired 7-test was used to calculate the statistical significance. *P < 0.05, expect for CSBWT and CSBK3384#21 4t 30 ,M menadione where P = 0.06.
(D) Alkaline comet assays measuring SSBs after 15 min exposure to H,O, on ice followed by 30 min recovery. (E) Same data as in (D), but with circles
representing the mean tail moment of a single experiment and horizontal bars representing the means of three independent experiments (+ SEM). Statistical
significance was determined by one-way ANOVA with Holm-Sidak’s multiple comparison test, of the means from three independent experiments, using a
single pooled variance; **P < 0.01. (F) H,O; survival assays. Shown are means & SEM of three independent experiments. An unpaired 7-test was used to
calculate the statistical significance. ***P < 0.001, ****P < 0.0001.

Jose, CA, USA) HRP chemiluminescent substrates, ex- (IgG + IgM) (1:10 000, Jackson Laboratory, cat. no. 115-
posed to X-ray film, and imaged with a Konica Processor 035-044, Bar Harbor, ME, USA).
SRX-101A. X-ray films were scanned, and western signals
were quantified using ImageQuantTL (V10.0.261, Cytiva,
Marlborough, MA, USA). RESULTS
CSB regulates SSBR in an ATP-dependent manner

To study the role of CSB in SSBR, we used alkaline comet
assays to directly measure DNA lesions that are strand
Primary antibodies used for western blot analysis were rab- breaks and alkali-labile sites (e.g. apurinic/apyrimidinic
bit polyclonal anti-CSB (C-terminus) (1:2000, a gift from sites), which we collectively refer to as SSBs (42) (Figure
Dr Weiner, University of Washington), PARP1-C (1:3000, 1). We first used varying amounts of menadione to create
Active Motif, cat no. 39561, Carlsbad, CA, USA) and oxidative DNA lesions. After a 1-hour treatment, cells were
XRCCI1 (1:2000, Novus, cat. no. NBP1-87154, Centen- subjected to alkaline comet assays to measure DNA breaks
nial, CO, USA). Lamin B1 (1:1000, cat. no. 13435) and (Figure 1A). Relative levels of DNA lesions are expressed
HPF1 (1:1000, cat. no. 90876) were from Cell Signaling as ‘tail moment’ (43). Each dot in Figure 1A represents the
Technology, Danvers, MA, USA). CTCF (1:2000, cat. no. tail moment of a single cell, and each column of dots repre-
07-729), GAPDH (1:10000, cat. no. MAB374) antibodies senting a single experiment. 100-150 cells were scored per
and the pan ADP-ribose-binding reagent (1:1000, cat. no. experiment. Significantly more DNA lesions were left un-
MABEI1016) were from EMD Millipore (Burlington, MA, repaired in CSB™! cells (red) as compared to CSBWT cells
USA). Secondary antibodies used were HRP-conjugated (blue) after treating with 10 uM and 30 wM menadione,
goat anti-rabbit IgG (1:10 000, Pierce, cat. no. 31460, providing direct evidence that CSB regulates SSBR. After
Rockford, IL, USA) and HRP-conjugated goat anti-mouse treating cells with 100 wM menadione for 1 hour, similar

Antibodies
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Figure 2. PARPI and PARP2 recruit CSB to oxidized chromatin. (A) Representative western blot of chromatin-enriched protein fractions isolated from
the indicated cell lines at different times after menadione treatment. Lamin Bl was used as a loading control. (B) Quantification of data shown in (A).
CSB signals were normalized with the Lamin B1 loading control, and changes in CSB abundance after treatment were determined relative to no treatment
(time 0). Shown are means + SEM of three independent experiment. Statistical significance was determined using one-way ANOVA with Holm-Sidak’s
multiple comparison test, of the means, using a single pooled variance; *P < 0.05. (C) Western blot analysis of whole cell lysates. No significant change in
total CSB levels occurred over the course of treatment (variation was <30% in each cell line).

amounts of DNA lesions were left unrepaired in cells with
or without CSB, suggesting that this treatment generated
more DNA damage than the DNA-repair mechanism can
accommodate.

Previously, we showed that the association of CSB with
oxidized chromatin occurs independently of its ATPase ac-
tivity (38). Here we asked whether the ATPase activity of
CSB is required for its function in SSBR. Using two in-
dependent cell lines stably expressing an ATPase-defective
CSB mutant (CSBX33%4) we found that similar levels of
SSBs remained in these cells after 1-h treatments with ei-
ther 10 or 30 wM menadione as compared to CSB™! cells,
indicating that CSB promotes SSBR in an ATP-dependent
manner (Figure 1A, B). To determine if the ATPase activity
of CSBis critical to the viability of oxidatively stressed cells,
we performed cell survival assays. As shown in Figure 1C,
while wild-type CSB expression in CSB™!" cells increased
their resistance to oxidative stress, the CSB derivative defec-
tive for ATP hydrolysis failed to complement the decreased
viability. This result demonstrates that the ATPase activity
of CSB is critical to cell survival after oxidative stress in-
duced by menadione.

We next used alkaline comet assays to dissect the role of
CSB in SSBR. Both menadione and H,O, can produce hy-
droxyl radicals through the Fenton reaction and that are
responsible for most of the DNA damage caused by oxida-
tive stress. However, because of redox cycling, hydroxyl rad-
icals are continuously generated by menadione (44), which
is not the case for H,O, treatment, as ROS levels rapidly
drop after H,O, removal. Accordingly, to dissect further the
function of CSB in DNA repair using alkaline comet assays,
H,0, was used as the ROS source. We determined that un-
der our assay conditions, 50 wM H,O, treatment for 15 min
on ice permitted completion of most if not all DNA repair
within 30 min after recovery at 37°C. Shown in Figure 1D
are results from alkaline comet assay, with each dot repre-
senting the tail moment of an individual cell and each col-
umn of dots representing a single experiment. We also show

these data in Figure 1E as circles representing the mean tail
moment of a single experiment, with horizontal bars rep-
resenting the means of the three independent experiments
(£SEM).

As shown in Figure 1D and E, no significant difference in
the basal level of SSBs was observed between CSB™!' and
CSBWT cells. After treating cells with 50 wuM hydrogen per-
oxide for 15 min on ice, we detected a significant increase
in DNA damage with no statistical difference between these
two cells lines. Strikingly, after allowing cells to repair DNA
in fresh medium at 37°C for 30 min, significantly more dam-
age was left unrepaired in CSB™! cells (red) as compared to
CSBWT cells (blue), validating our results using menadione
(Figure 1A) and confirming that CSB regulates SSBR. Im-
portantly, the level of DNA damage remaining in CSBWT
cells after recovery was close to that in untreated CSBWT
cells, indicating that the repair of oxidative DNA damage is
largely completed within 30 min.

Using the two independent cell lines stably expressing
an ATPase-defective CSB mutant (CSB¥33#4) we found
that similar levels of SSBs remained in these cells after 30
min of repair as compared to CSB™! cells. These results
again demonstrate that CSB promotes SSBR in an ATP-
dependent manner. Consistent to our finding using mena-
dione, the CSB derivative defective for ATP hydrolysis failed
to complement the decreased viability associated with loss-
of-CSB function in the presence of H,O,. These results
confirm that the ATPase activity of CSB is critical to cell
survival during oxidative stress. In summary, treating cells
with menadione or hydrogen peroxide generates similar re-
sponses in both DNA repair and cell survival assays.

PARP1 and PARP2 recruit CSB to oxidatively damaged
chromatin in RPE-1 cells

Previously, we showed that CSB is recruited to chro-
matin during menadione-induced oxidative stress in fi-
broblasts, and that PARP1 plays a role in regulating this
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Figure 3. CSB cooperates with PARP1 and PARP2 in oxidative DNA-damage repair. (A—C) SSBs measured by alkaline comet assays in different RPE-1
cell lines with and without CSB KD. Each circle represents the mean from 100-150 cells counted in one experiment. Shown are means + SEM (n = 3 or 4
independent experiments). (A) SSBs measured after 15-min H,O; treatment on ice in cells with or without shRNA-mediated CSB KD. Cells expressing a
non-targeting sShRNA are labeled as control ‘C’. Cells expressing an shRNA targeting CSB are labeled as knockdown ‘KD’. (B) SSBs measured in wildtype
RPE-1, PARPI=/~, and PARPI~/~ /PARP2~/~ double KO cells after 30-min recovery in fresh medium. (C) SSBs measured in PARP2~/~ cells after 30-
min recovery. Wildtype RPE-1 cell data were replotted from (B) to separate PARP2~/~ from PARPI~/~ results for clarity. (D) Representative western
blot showing CSB KD levels in the different RPE-1 cell lines. (E-G) H,O; survival assays. The same survival data from wildtype RPE-1 cells expressing
a control KD or CSB shRNA were used in all three panels. Shown are means + SEM of three independent experiments. An unpaired 7-test was used
to calculate the statistical significance (*:P < 0.05, **P < 0.01). (E) PARP2~/~ cells expressing control or CSB-targeting shRNA. (F) PARPI~/~ cells
expressing control or CSB-targeting SARNA. (G) PARPI~/~/PARP2~/~ cells expressing control or CSB-targeting sShRNA.

recruitment (37,38). Here, we used the near diploid retinal
pigment epithelial (RPE-1) cells that have null mutations
engineered into the PARPI, PARP2 or both PARPI and
PARP?2 genes via the CRISPR /Cas9 system, to examine the
individual and collective impact of PARP1 and PARP2 on
CSB recruitment to oxidatively damaged chromatin (6). Us-
ing chromatin fractionation followed by western blot anal-
ysis, we detected a menadione-induced increase in the level
of CSB co-fractionating with chromatin in wildtype RPE-1
cells (Figure 2A, B) (22,45). This menadione-induced CSB-
chromatin association was attenuated in PARPI~/~ and
PARP2~/~ cells as well as in PARPI=/~/ PARP2 */~ cells
(Figure 2A, B). The observed increase of CSB in the chro-
matin fractions did not result from changes in total CSB lev-
els, as CSB protein levels remained constant under all con-
ditions and in all cell lines assayed (variations were <30%,
Figure 2C). These observations reveal that both PARP1 and
PARP?2 contribute to the recruitment of CSB to oxidatively
damaged chromatin.

CSB works in SSBR-mediated by PARP1 and PARP2

‘We next sought to determine if CSB contributes to PARP1-
and PARP2-mediated SSBR by performing alkaline comet
assays using the RPE-1 cell line and its PARP1/2 null
derivatives. CSB levels were reduced in these cell lines using
shRNA-mediated RNA interference (Figure 3A). As shown
in Figure 3B, after cells were incubated with H,O; on ice for
15 min, DNA damage accumulated in the wildtype RPE-
1, PARPI=/~, PARP2~/~ and the PARPI=/~/PARP2~/~
double knockout (KO) cell lines, with the levels of damage
in the double KO line modestly, but significantly, elevated
as compared to the wildtype RPE-1 line. This observation
is consistent with the notion that PARP1 and PARP2 have
overlapping functions, and when both proteins are absent, a
decrease in oxidative DNA-lesion repair is detectable even
within the 15 min treatment with 50 pM H,O, on ice. A
reduction in CSB level had no further impact on damage
accumulation during the 15 min H,O, treatment.
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After recovery for 30 min, DNA repair was greatly im-
paired in the PARPI=/~ and PARPI=/~/PARP2/~ cell
lines as compared to the wildtype RPE-1 cells (Figure 3C).
Similar to the CSB™! fibroblast cell line, siRNA-mediated
CSB KD in the wildtype-RPE-1 epithelial cell line also re-
duced DNA repair (Figures 3C and 1E). Since reducing
CSB levels in the PARPI KO cell lines did not exacerbate
the DNA repair defect, this result suggests that CSB and
PARPI function in the same repair pathway (Figure 3C).

Given that PARP2 accounts for ~10-20% of the cellu-
lar PARylation activity induced by DNA breaks (6,7), we
next sought to determine if the repair of oxidative DNA
damage mediated by PARP2 is impacted by loss of CSB.
As anticipated, DNA repair was less efficient in PARP2~/~
cells as compared to wildtype RPE-1 cells (Figure 3D, com-
pare brown to dark blue), but less severe than the defect ob-
served in PARPI=/~ cells (Figure 3C, dark red). Interest-
ingly, more damage remained unrepaired in wildtype RPE-
1 cells with CSB KD as compared to PARP2~/~ cells (Fig-
ure 3D, compare light blue to brown). Surprisingly, knock-
ing down CSB in the PARP2~/~ cells did not exacerbate
the DNA repair defect of the PARP2~/~ cells, but actu-
ally lead to a repair defect that was less severe than knock-
ing down CSB in the wildtype RPE-1 cells (Figure 3D, yel-
low to light blue). In fact, the DNA repair defect resulting
from CSB KD in PARP2~/~ cells was now similar to that
of the PARP2~/~ alone. Therefore, these data reveal that
loss of PARP2 suppresses the DNA repair defect caused by
reduced CSB levels.

CSB regulates PARP1 and PARP2 function in H,O,-treated
cells

CSB-deficient cells are hypersensitive to oxidative stress. We
next performed cell viability assays to determine the ex-
tent to which PARP2 and PARPI contribute to the hy-
persensitivity of CSB-deficient cells to hydrogen perox-
ide (Figure 3E-G, compare dark blue to light blue). We
found that wildtype RPE-1 cells with CSB KD were sig-
nificantly more sensitive to H,O;-induced cytotoxicity than
the PARP2~/~ cells (Figure 3E, compare dark blue to yel-
low). Strikingly, knocking down CSB in PARP2~/~ did
not make PARP2~/~ cells more sensitive to hydrogen per-
oxide (Figure 3E, compare orange to yellow), indicating
that loss of PARP2 suppresses the hypersensitivity of CSB-
deficient cells to H,O; and suggesting that one critical func-
tion of CSB in oxidatively stressed cells is to regulate PARP2
activity.

We next determined the extent to which PARP1 con-
tributes to the hypersensitivity of CSB-deficient cells to
oxidative stress. As shown in Figure 3F, the PARPI~/~
cells were slightly less sensitive to H,O, treatment than
the wildtype RPE-1 cells with CSB KD (Figure 3F, com-
pare light green to dark blue). Similar to that in PARP2~/~
cells, knocking down CSB in PARPI/~/~ did not make
PARPI~/~ cells more sensitive to hydrogen peroxide (Fig-
ure 3F, compare dark green to light green). Furthermore,
loss of PARPI slightly rescued the inviability of H,O;-
treated CSB KD cells to the level of PARPI~/~ cells ex-
pressing the control shRNA, which was most apparent at
250 wM H,0,, (Figure 3F, compare dark blue to dark

green). This result suggests that, in addition to PARP2, CSB
may also regulate PARPI1 function in oxidatively stressed
cells.

Lastly, we found that PARPI=/~/PARP2~/~ cells were
as sensitive to H,O, as CSB KD cells (Figure 3G, compare
brown to blue), and remarkably, knocking down CSB in
PARPI=/~/PARP2~/~ cells did not further decrease their
viability in response to H,O, (Figure 3G, compare brown to
pink). Altogether, these results support the hypothesis that
CSB works with PARPI and PARP2 to relieve oxidative
stress and suggest that one major CSB function in oxida-
tively stressed cells is to regulate PARP1 and PARP2 func-
tion.

CSB-mediated SSBR is associated with active transcription

Given the well-documented role of CSB in coupling nu-
cleotide excision repair to transcription, we next asked
whether transcription impacts CSB-mediated repair of ox-
idative DNA damage (Figure 4A). We observed no signif-
icant difference in DNA damage accumulation after 15-
min of H,O, exposure in cells with or without prior treat-
ment with the transcription inhibitor a-amanitin, which
prevents ribonucleotide incorporation (Figure 4B). After
recovery for 30 min in fresh medium, significantly less dam-
age remained in CSBWT cells as compared to CSB™!' cells
(Figure 4C, compare dark blue to red) without a-amanitin
treatment. Transcription inhibition by a-amanitin treat-
ment had an inhibitory effect on DNA damage repair, as
the level of damage remaining in CSBWT cells was greater
with a-amanitin treatment Figure 4C, compare light blue to
dark blue), indicating that transcription is a component of
SSBR. Strikingly, a-amanitin treatment abolished the dif-
ference in DNA damage levels observed between CSBWT
and CSB™! cells after recovery (Figure 4C, compare light
blue to orange). This result reveals that CSB is required for
efficient repair of oxidative DNA damage when cells are ac-
tively transcribing DNA, and transcription inhibition by-
passes the requirement for CSB permitting partial restora-
tion of SSBR (Figure 4C, compare red to orange).

To complement the above study, we treated cells with the
transcription elongation inhibitor 5,6-dichloro-1-beta-D-
ribofuranosylbenzimidazole (DRB) (Figure 4D). We found
that DRB, like a-amanitin, also dampened oxidative DNA-
damage repair (Figure 4D, compare light green to blue) and
bypassed CSB function (Figure 4D, compare pink to light
green). Together, these results support the hypothesis that
oxidative DNA lesion repair contains both transcription-
dependent and independent components, and CSB largely
regulates oxidative DNA-damage repair in a transcription-
dependent manner.

If the increased H»O» sensitivity of CSB™! cells relative
to CSBWT cells resulted from a defect in the repair of ac-
tively transcribed DNA regions, we reasoned that inhibit-
ing transcription in CSBWT cells with a-amanitin would de-
crease CSBWT cell survival upon oxidative stress to a level
similar to untreated CSB™! cells. On the other hand, a-
amanitin treatment would have no significant impact on the
survival of CSB™! cells after H,O, treatment. As shown in
Supplementary Figure S1, this turned out to be the case:
treating CSBWT cells with a-amanitin resulted in an H,O,
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sensitivity at 50 wM that was similar to CSB™! cells, while
the sensitivity of CSB™! cells with a-amanitin treatment re-
mained unchanged. These results further support the hy-
pothesis that CSB-mediated repair of oxidative DNA dam-
age is associated with actively transcribed DNA regions.

Transcription is a significant component of SSBR mediated
by PARP1 and PARP2

Given that PARP1/2 recruit CSB to oxidized chromatin
(Figure 2) and CSB-mediated SSBR largely occurs at re-
gions with active transcription (Figure 4), we next ex-
amined the extent to which SSBR-mediated by PARPI
and PARP2 is associated with active transcription. If
transcription-associated SSBR and PARPI/2-associated
SSBR are independent processes, then we would expect that
the combined effect of transcription inhibition and loss of
PARPI1 or PARP2 activity would be additive during SSBR.
On the other hand, if transcription-associated SSBR and
PARP1/2-associated SSBR are interdependent, then we ex-
pect that the combined effect of transcription inhibition and
loss of PARP1/2 activity would be similar to their indepen-
dent effects.

As shown in Figure 5A, transcription inhibition by a-
amanitin did not change the level of DNA damage that ac-
cumulated in the different RPE cell lines after 15-min H,O»
treatment on ice, similar to what we observed in fibroblasts
(Figure 4B). Notably, treatment of wildtype RPE-1 cells
with a-amanitin resulted in a statistically significant reduc-
tion in damage removal, indicating that a fraction of ox-
idative DNA-damage repair in RPE-1 cells requires active
transcription (Figure 5B, middle two data columns). Loss
of PARPI resulted in a substantial increase in the number
of unrepaired DNA lesions, and transcription inhibition did
not alter the DNA repair defect associated with PARPI~/~
cells, indicating that transcription is a significant compo-

nent of PARP1-mediated SSBR (Figure 5B, left two data
columns). Furthermore, when transcription was inhibited,
the level of DNA damage left unrepaired in PARP1~/~ cells
was still significantly greater than that observed in wildtype
RPELI cells treated with a-amanitin (Figure 5B, yellow),
indicating that PARPI1 also functions in SSBR indepen-
dent of transcription. These observations, therefore, reveal
that PARP1 initiates SSBR regardless of the transcription
status.

PARP2 cooperates with CSB in oxidative DNA repair largely
at regions with active transcription

Transcription inhibition by a-amanitin treatment also did
not change the level of DNA damage remaining in the
PARP27/~ cells after recovery (Figure 5B, right two data
columns). Remarkably, however, the level of damage re-
maining in PARP2~/~ cells treated with a-amanitin was
very similar to that remaining in wildtype RPE-1 cells
treated with a-amanitin (yellow), suggesting that the ma-
jority of SSBR mediated by PARP2 is associated with active
transcription.

To test if CSB participates in transcription-associated
SSBR by PARPI and PARP2, we used alkaline comet as-
says to examine the impact of transcription inhibition on
DNA repair in wildtype RPE-1, PARPI=/~ and PARP2~/~
cells with and without CSB KD (Figure 5C, D). As ob-
served in fibroblasts (Figure 4C), transcription inhibition by
a-amanitin had an inhibitory effect on DNA repair in wild-
type RPE-1 cells, but rescued a part of the DNA repair de-
fect associated with CSB KD in wildtype RPE-1 cells (Fig-
ure 5D, compare orange to red triangles). While transcrip-
tion inhibition alone did not significantly alter the DNA re-
pair defect associated with loss of PARP1 (Figure 5D, com-
pare light blue to dark blue circles), transcription inhibition
did rescue part of the DNA repair defect associated with
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CSB KD in PARP1~/~ cells (Figure 5D, compare orange to
red circles), suggesting that PARP1 is not obligatory for the
transcription inhibition-induced bypass of CSB function.
However, as shown in Figure 5D (squares), transcription in-
hibition did not significantly alter the DNA repair defect as-
sociated with loss of PAPR2 cells with or without CSB KD.
Together, these results further support the hypothesis that
PARP2 and CSB work together in oxidative DNA-lesion
repair at regions with active transcription.

Ocxidative stress enhances the CSB-PARP1/2 interaction
and o-amanitin attenuates this enhancement

CSB is known to interact with PARPI1, both in vitro and
in cells (17). We therefore wished to determine if oxida-
tive stress alters this interaction. Flag-tagged PARP1 and
HA-tagged CSB were co-transfected into 293T cells. Forty-
eight hours post transfection, the cells were treated with
menadione for 1 h and immunoprecipitation was carried
out using an anti-Flag antibody. As shown in Figure 5E
and F, more CSB co-immunoprecipitated with Flag-tagged
PARPI in menadione treated cells, revealing that oxidative
stress enhances the interaction of CSB with PARP1. We
next tested if transcription inhibition by a-amanitin altered

the menadione induced CSB-PARP1 interactions. Strik-
ingly, a-amanitin reduced the menadione-stimulated CSB—
PARPI interaction, strengthening the notions that CSB and
PARPI cooperate in the repair of SSBs and active gene tran-
scription is important for coupling CSB and PARPI activ-
ities in SSBR.

We next determined if CSB interacts with PARP2 and
if this interaction is altered by oxidative stress. As shown
in Figure 5G and H, PARP2 also interacted with CSB,
and this interaction was enhanced by menadione treat-
ment. Remarkably, transcription inhibition also abolished
the menadione-induced CSB-PARP?2 interaction, support-
ing the hypothesis that CSB works with PARP2 dur-
ing oxidative DNA-lesion repair at regions with active
transcription.

Histone PARylation factor 1 (HPF1) functions in CSB-
mediated SSBR

HPF1 expands the substrate specificity of PARP1/2 to
promote serine PARylation, the major PARylation event
that occurs during SSBR repair (10,11). Thus, we asked
whether HPF1 integrates into CSB-mediated repair of ox-
idative DNA damage by performing alkaline comet assays
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with cells expressing HPF1-targeting shRNAs. Two differ-
ent shRNAs targeting HPF1 were used, both showing sig-
nificant HPF1 KD (Figure 6A). CSBWT cells expressing
either HPF1 shRNA displayed a significant DNA-repair
defect as compared to CSBWT cells expressing a control
shRNA, consistent with the role of HPF1 in DNA-break
repair (Figure 6A, compare dark green to dark blue). How-
ever, HPF1 KD in CSB™! cells did not exacerbate the DNA
repair defect associated with loss of CSB alone, reveal-
ing that HPF1 activity is a significant component of CSB-
mediated oxidative DNA lesion repair (Figure 6A, com-
pare red to brown columns). Interestingly, we found that
transcription inhibition by a-amanitin did not exacerbate
the DNA repair defect observed in CSBWT cells with HPF1
KD, indicating that transcription is also a significant com-
ponent of HPF1-mediated SSBR (Figure 6A, dark green to
light green). Although a-amanitin rescued the severe DNA
repair defect associated with loss of CSB, we did not ob-
serve a statistically significant difference in the level of res-
cue between cells expressing HPF1 shRNA or a control
shRNA. Together, these observations indicate that HPF1
participates in CSB-mediated SSBR and likely functions
downstream of CSB.

Oxidative stress promotes CSB-HPF1 interaction

Given the association between CSB and HPF1 functions in
SSBR (Figure 6A), we next sought to determine if CSB in-
teracts with HPF1. 293T cells were transfected with Flag-
tagged HPF1 and HA-tagged CSB. Forty-eight hours post
transfection, HPF1-interacting proteins were immunopre-
cipitated using an anti-Flag antibody. As shown in Figure
6B, Flag-HPF1 interacted with CSB in cells treated with
menadione, while no detectable CSB was pulled down by
Flag-HPF1 in cells without menadione treatment. More-
over, transcription inhibition by a-amanitin did not sig-

nificantly alter the menadione induced HPFI and CSB
(Figure 6B).

CSB facilitates recruitment of HPF1 and the SSBR machin-
ery to oxidized chromatin

To dissect the mechanisms by which CSB regulates SSBR-
mediated by PARP1/2 at actively transcribed DNA regions,
we next examined the recruitment of CSB and compo-
nents of the SSBR repair machinery to oxidized DNA us-
ing chromatin co-fractionation approaches (Figure 7). As
shown in Figure 7A and B, CSB demonstrated menadione-
induced chromatin association in a time-dependent man-
ner, as we demonstrated previously (25,38). However, treat-
ing cells with the transcription inhibitors a-amanitin and
DRB, or the PARP inhibitor KU-0058948 that inactivates
both PARP1 and PARP2, did not change the kinetics of
menadione-induced CSB-chromatin association. These re-
sults indicate that transcriptional or PARylation activity
have no significant impact on the CSB recruitment to ox-
idized chromatin. To test if PARP trapping would alter the
menadione-induced CSB-chromatin association, we used
the pro-retention PARP1 inhibitor EB47 (46). As shown in
Supplementary Figure S2, EB47 treatment did not alter the
level of CSB that co-fractionated with chromatin after a 30-
min menadione treatment.

Like CSB, HPF1 also demonstrated menadione-induced
chromatin association (Figure 7A). In addition, treating
cells with transcription or PARP inhibitors did not alter
the kinetics of menadione induced HPF1-chromatin asso-
ciation (Figure 7A, and supplementary Figure S3A). Strik-
ingly, loss of CSB drastically impeded the recruitment of
HPF1 to oxidized chromatin (Figure 7C, D), indicating that
CSB plays a critical role in HPF1 recruitment.

Given that histone PARylation is the major function
of HPF1, we next sought to determine if CSB impacts
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Figure 7. CSB facilitates DNA repair protein recruitment and histone PARylation. (A) Representative western blot of chromatin-enriched proteins isolated
from CSBWT cells at different times of menadione treatment, in the absence or presence of PARP and transcription inhibitors. (B) Plot showing changes in
CSB-—chromatin association as a function of treatment time. CSB signals were normalized to CTCF signals, which remained largely unchanged. Data were
quantified from three independent experiments and plotted as means (£ SEM). (C) Representative western blot of chromatin-enriched proteins isolated
from CSB™! cells at different times of menadione treatment, in the absence or presence of PARP and transcription inhibitors. (D) Plot showing changes
in HPF I-chromatin association in CSBYT and CSB™!! cells. Data were quantified and normalized as in (B). (E) Plot showing changes in PARylation of
proteins in the size range of histones, in CSBWT and CSB™!! cells. (F) Plot showing changes in XRCC1-chromatin association in CSBVT and CSB™! cells.
(G) Western blot analysis of total cellular proteins isolated from CSBWT cells under the indicated conditions. (H) Western blot analysis of total cellular
proteins isolated from CSB™! cells under the indicated conditions. Statistical significance was determined unpaired z-test. *P < 0.05 and **P < 0.01.

histone PARylation by assaying for CSB-mediated effects
on poly(ADP-ribose) (PAR) signals in the size range of his-
tone proteins. While we observed a menadione-induced in-
crease in PAR-signal in the size range of histone proteins,
this signal was not significantly altered by transcription in-
hibition through either a-amanitin or DRB treatment (Fig-
ure 7A and Supplementary Figure S3B), but it was dimin-
ished by a PARP inhibitor (Figure 7A, E, and Supplemen-
tary Figure S3B), validating that this PAR signal resulted
from PARP1/2 activity. Strikingly, we observed a substan-
tial decrease in histone PARylation in CSB™! cells (Fig-
ure 7C and E, and supplementary Figure S3B) as com-
pared to CSBWT cells. Again, the remaining PARylation sig-
nal was significantly decreased by PARP activity inhibition,
while transcription inhibition did not significantly alter this
signal. Moreover, loss of CSB also decreased the levels of
PARP1/2 autoPARylation (Supplementary Figure S4). To-
gether, these results are consistent with the hypothesis that
CSB facilitates the recruitment of HPF1 to oxidized chro-
matin to promote histone PARylation.

XRCCI is a scaffolding protein critical for SSBR and
is recruited to oxidized chromatin in a PARP1/2 activity-
dependent manner. Previously, we showed that CSB also
promotes the recruitment of XRCCI1 to oxidized chromatin.
Here we sought to determine if CSB and PARP1/2 activ-
ity are two independent machineries that recruit XRCCI to
oxidized chromatin. As shown in Figure 7A, C and F, and
supplementary Figure S3C, the decrease in XRCCI1 recruit-
ment resulting from simultaneous loss of the CSB protein
and PARP1/2 activity is greater than that from their in-

dividual loss. Figure 7G and H reveals that total XRCCl1
levels were not significantly altered in whole cell extracts.
Therefore, the recruitment of XRCC1 to oxidized chro-
matin is mediated by both CSB and PARP1/2 activity. Al-
together, the results of this study reveal that the CSB chro-
matin remodeler regulates the repair of oxidative DNA le-
sions by promoting the recruitment of SSB signaling and
repair factors to oxidized chromatin.

DISCUSSION

In this study, we demonstrate that PARP1 and PARP2 re-
cruit CSB to oxidatively damaged DNA (Figure 2) and that
CSB is critical for enhancing HPF1 association with oxi-
dized chromatin, which occurs independently of the enzy-
matic activity of PARP1/2 (Figure 7). Furthermore, our
study indicates that CSB is important for the regulation of
histone PARylation during SSBR (Figure 7). Using alka-
line comet assays, we provide the first direct evidence that
the CSB ATP-dependent chromatin remodeler plays a sig-
nificant role in the repair of SSBs resulting from oxidative
stress (Figure 1). Strikingly, the requirement for CSB activ-
ity in SSBR is largely bypassed when transcription is inhib-
ited, indicating that SSBR mediated by CSB occurs mostly
at actively transcribed DNA regions (Figure 4). Further-
more, while PARP1 can initiate SSBR independently of the
local transcription status, we show that transcription inhi-
bition or CSB depletion does not alter the DNA repair de-
fect associated with loss of PARP2, indicating that PARP2
largely initiates SSBR at actively transcribed DNA regions
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chinery, such as XRCC1 and DNA ligase 3. Execution of SSBR requires
the ATP-dependent chromatin remodeling activity of CSB, which may be
used to facilitate PARP1/2 dissociation and/or alter chromatin structure
at actively transcribed DNA regions to promote efficient repair.

(Figure 5). Our work, therefore, reveals that SSBR employs
different regulatory mechanisms at regions of active tran-
scription compared to regions that are not undergoing tran-
scription.

We propose a model that incorporates the roles of
PARPI1, PARP2, and CSB in the repair of SSBs (Figure
8). First, the binding of PARP1 and PARP2 to SSBs at
actively transcribed DNA regions leads to CSB recruit-
ment (Figure 2). CSB recruitment occurs independently of
its ATPase activity as well as the PARylation activity of
PARP1/PARP2 (Figure 7 and supplementary Figure S2)
(38). Once bound, CSB facilitates the recruitment or sta-
bilizes the association of HPF1 with oxidized chromatin,
which expands the PARP1/PARP?2 substrate targets to in-
clude histone serine PARylation. Histone PARylation can
lead to chromatin decompaction (47), which may promote
CSB-mediated SSBR. Once bound, CSB, along with PARy-
lated PARP1/2, promotes the recruitment of the SSBR fac-
tors (Figure 7 and supplementary Figure S3). A limitation
of this study is that chromatin-cofractionation experiments
do not demonstrate that CSB is recruited to SSBs. Nonethe-
less, collectively, our results reveal that CSB plays a critical
role in the repair of oxidative stress-induced DNA lesions.

Although CSB recruitment to SSBs does not require
ATP hydrolysis, we found that the ATP-hydrolysis activ-
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ity of CSB is required for the execution of SSBR (Fig-
ure 1). It remains to be determined how ATP-dependent
chromatin remodeling activity of CSB facilitates SSBR.
PARP1 and PARP2 bind to SSBs to initiate SSBR but
then need to be removed from damaged DNA to allow
repair to ensue. Evidence indicates that auto-PARylation
leads to the dissociation of PARP proteins from damaged
DNA, presumably by electrostatic repulsion (48). However,
HPF1 has been shown to decrease the level of PARP1 auto-
modification, and in vitro fluorescence polarization exper-
iments reveal that HPF1 decreases the dissociation con-
stant of PARP1 from DNA (49). Together, these observa-
tions suggest that additional mechanisms may be needed to
promote PARP1/2 dissociation from chromatin. CSB may
fulfill this role to promote efficient SSBR at actively tran-
scribed DNA regions. Previously, we found that the loss
of PARPI rescues the hypersensitivity of CSB KD cells
to menadione-induced oxidative stress (37). In the present
study, we reveal that the loss of PARP1 as well as loss of
PARP2 rescue the hypersensitivity of CSB KD cells to H,O,
treatment to the levels of PARPI~/~ and PARP2~/~, re-
spectively (Figure 3). These findings are consistent with a
model whereby CSB facilitates PARP1/PARP2 dissociation
from chromatin to promote SSBR (Figure 8). Given that
loss of PARP2 rescues the severe defect associated with CSB
KD to a greater degree than loss of PARPI1, this suggests
that CSB has a more significant role in regulating PARP2
than PARP1 function during oxidative DNA repair. In the
absence of CSB, PARP2 (and PARP1) might have a pro-
longed residence time at lesions in transcribed DNA region,
which would prevent efficient repair.

ATP-dependent chromatin remodelers use ATP as en-
ergy to alter DNA/histone contacts. In addition, some
chromatin remodelers can also dissociate nonhistone pro-
teins from chromatin (18). Interestingly, the activity of the
ALCI chromatin remodeler is stimulated upon binding to
PARylated proteins through its macrodomain (19,50-52).
Using live cell imaging and micro-irradiation, ALC1 was
shown to dissociate PARP2, but not PARPI1, from sites of
DNA lesions, and this dissociation occurred in an ATP-
dependent manner (19). CSB has been shown to facilitate
PARPI dissociation from DNA in vitro, albeit with mod-
est activity (36). The ATP-dependent chromatin remodel-
ing activity of CSB can be significantly enhanced through
direct interaction with other proteins, such as the histone
chaperones NAPIL1 or NAPIL4 (23). CSB contains a
PAR-binding modules (PBM) (35,36) that reside within the
NAPIL1/4 binding region (23). It is tempting to speculate
that CSB, like ALCI1, may also be activated by its inter-
action with PARylated proteins to promote the removal of
PARP1/PARP2 from SSBs, allowing for the efficient repair
of transcribed DNA regions.

Using chromatin co-fractionation assays, we found
that CSB recruitment to oxidized chromatin still occurs
when transcription is inhibited (Figure 7A-B), indicat-
ing that CSB-chromatin association largely occurs inde-
pendent of the transcription status in cells with wildtype
PARP1 and PARP2. It remains possible that a fraction
of CSB co-fractionating with chromatin is transcription-
dependent, but is masked by transcription-independent
CSB-chromatin interactions, and the global chromatin
approach that we employed does not offer the necessary
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resolution. Previously, using CSB ChIP-qPCR, we found
that transcription inhibition by «-amanitin and DRB
reduced the level of CSB recruitment to the top four
menadione-induced CSB binding sites we identified by
more than 50% (38), supporting the notion that CSB re-
cruitment to specific genomic regions is transcription de-
pendent. Alternatively, but not mutually exclusive, the re-
cruitment of CSB to oxidized chromatin may be primarily
independent of transcription status, but the steps post CSB
recruitment are transcription dependent in SSBR. Using
laser micro-irradiation in conjunction with a photosensi-
tizer to specifically generate local 8-0x0-7,8-dihydroguanine
(8-0x0G) lesions, Menoni et al. observed that the recruit-
ment of CSB to these sites is sensitive to transcription in-
hibition (34). The difference in transcription dependence
could be reconciled by the existence of different sens-
ing mechanisms for oxidized guanine versus ROS-induced
SSBs: the former requiring CSB interacting with §-oxoG
paused RNA polymerase, as was proposed, and the latter
requiring PARP1/2 interactions (Figure 2). However, the
results presented in this current study, using PARP1 and
PARP2 KO cell lines, clearly demonstrate that efficient CSB
recruitment to oxidized chromatin requires the PARP1 and
PARP?2 proteins but not their activity (Figures 2 and 7 and
Supplementary Figure S2) (38). Therefore, it would be in-
teresting to see how loss of PARP1 and PARP2 proteins, as
compared to activity inhibition, impact CSB recruitment to
laser-generated 8-0xoG lesions.

Why would CSB activity be predominantly needed at
SSBs that occurs at actively transcribed DNA regions?
When transcription is active, RNA polymerase II constrains
chromatin movement, exemplified by liquid droplet forma-
tion of transcription-related factors or classic transcrip-
tion factories. Transcription inhibition can release this con-
straint, causing partial chromatin reorganization and dis-
persal of some chromosomal domains (53,54). Such chro-
matin reorganization might bypass the need for CSB in
transcription-associated SSBR. Alternatively, transcription
inhibition may activate another DNA repair mechanism
upon oxidative stress. Indeed, transcription inhibition has
been shown to potentiate other DNA repair mechanisms
(55-57). For example, transcription inhibition by DRB po-
tentiates recombinational repair of UV lesions. To deter-
mine if this might be the case for H,O; created DNA le-
sions, we probed for yH2AX accumulation using our ex-
perimental conditions (Figure 4C, D); however, we did not
observe any change in yH2AX levels within 2 h of the on-
set of oxidative stress. Stoimenov et al. observed increased
vyH2AX foci after 24-h treatment with 20 wM DRB (57).
In our assays, however, cells were only treated with DRB
for <2 h. Future experiments with different markers for
DNA repair machinery might provide insights into alter-
native DNA repair mechanisms that might be activated
by transcription inhibition and bypass the requirement
for CSB in transcription-associated oxidative DNA lesion
repair.
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