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Abstract

Transcription-coupled nucleotide excision repair (TC-NER or TCR) is initiated when the ATPase Cockayne syndrome protein B (CSB) recognizes
a DNA lesion stalled RNA polymerase || (RNAPII) and forms a stable complex. Here, we report that poly(ADP-ribose) polymerase-1 (PARP1),
that plays a key role in the lesion recognition step of global genomic NER, also facilitates the earliest step of TCR. PARP1, which is associated
with RNAPII during normal transcription, interacts with and stabilizes CSB on the lesion-stalled RNAPII. CSB stimulates PARP1's activity to
form PAR, and in turn CSB is PARylated mainly at its N-terminal PAR-binding motif (PBM) to promote its stabilization with RNAPII, whereas
its minor PARylation at the C-terminal domain suppresses its ATPase function, thus limiting the window of time for ATP-dependent lesion
recognition by CSB. The loss of PARP1, treatment with inhibitors of PARP or poly(ADP-ribose) glycohydrolase (PARG) to prevent PAR synthesis
or its catabolism to generate free PAR or engineering N-terminal PARylation-resistant CSB decrease the efficiency of cells for TCR. PARP1
mutant Caenorhabditis elegans larvae exhibit a pronounced TCR-deficient phenotype. Our findings uncover an evolutionarily conserved role of
PARP1 and PAR metabolism in the initiation of TCR.
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Introduction tionally active genes [1-3]. Since such DNA lesions cause a
The transcription-coupled nucleotide excision repair (TC-  global shut-down of transcription, TCR prioritizes the repair
NER or TCR) is a sub-pathway of NER that rapidly removes of these lesions to permit resumption of transcription [4]. TCR
bulky DNA lesions from the transcribed strand of transcrip-  is activated when the elongating form of RNA polymerase
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II (RNAPII) in the process of transcription stalls at a DNA
lesion. The Cockayne syndrome protein B (CSB), an autoin-
hibitory SWI/SNF-like translocase, which dynamically probes
RNAPII during normal transcription, recognizes the lesion-
stalled RNAPII and forms a stable complex. After an ATP-
dependent lesion recognition process, CSB initiates TCR by
recruiting the CSA-DDB1-Cul4A-Rbx1 (CRL4“5A) ubiquitin
ligase complex that ubiquitinates CSB and RNAPII [5, 6]. The
UVSSA-USP7 complex is recruited by CSA to perform mul-
tiple functions during TCR. USP7 deubiquitinates CSB, and
thus determines the length of CSB stay at the lesion site [7].
UVSSA together with ELOF1 [8, 9] stabilizes the positioning
of the CSA-ligase complex on RNAPII, resulting in efficient
ubiquitination of RNAPII [10]. The mono-ubiquitination of
UVSSA is required for recruitment and transfer of TFIIH to
the stalled ubiquitinated RNAPII [5, 6]. The newly identified
protein STK19 positions TFIIH on RNAPII and stimulates the
removal of poly-ubiquitinated RNAPII [11-14]. Together, the
cooperative actions of CSB, CSA, ELOF1, STK19, and UVSSA
result in recruitment of the downstream TCR proteins to re-
move a piece of single-stranded DNA containing the lesion,
synthesize a new strand using old undamaged strand as a tem-
plate, seal the gap and restore the DNA to its native state [15].
While the essential steps of the TCR process are known, there
are many gaps in our understanding of this pathway, start-
ing from the mechanism by which CSB recognizes and binds
to DNA damage stalled RNAPII [16]. In this context, a num-
ber of associated factors are being identified that participate
in different steps of TCR resulting in a more efficient repair
and/or restart of transcription, such as PAF1 [17], LEO1 [18],
FACT subunit Spt16 [19], SMARCAS [20], NAP1-like histone
chaperones [21], and DDA1 [22].

In mammalian cells, poly(ADP-ribose) polymerase-1
(PARP1) is among the earliest proteins that binds to and be
activated by a wide variety of DNA lesions [23]. There are
three functional domains in PARP1: the N-terminal DNA-
binding domain (DBD), the automodification domain, and
the C-terminal domain, which includes the WGR domain and
the catalytic domain (CAT) responsible for enzyme activity
[24]. The activated PARP1 utilizes NAD* to make polymers
of ADP-ribose (PAR) which post-translationally modify or
PARylate PARP1 and other PAR-accepting target proteins in
the vicinity of DNA damage [25]. These PARylated proteins
transiently acquire new functions, such as an altered affinity
for DNA and other protein partners, or susceptibility to other
post-translational modifications (PTM) [26, 27]. Several
PAR-binding domains have been identified, including the high
affinity PAR-binding motif (PBM), a 20 aa conserved sequence
containing a cluster rich in hydrophobic and basic residues
[28-30]. Finally, poly(ADP-ribose) glycohydrolase (PARG),
rapidly digests PAR chains by exo- and endo-glycohydrolase
activities [31, 32] to liberate mono-ADP-ribose units as well
as fragments of PAR chains that noncovalently PARylate
additional PAR-acceptor proteins to alter their functions.
This rapid, cascading and reversible PARylation, confers
distinct mechanistic roles to different DNA repair pathways
through its association with different PAR acceptor partner
proteins [33-36].

PARP1 and PARylation have previously been shown by us
and others [37-39] to increase the efficiency of the global
genome sub-pathway of NER (GGR) that repairs the ma-
jority of the genomic lesions. At the ultraviolet (UV)-lesion
site, PARP1 interacts with the early lesion binding protein

DDB2 which in turn stimulates its catalytic activity, resulting
in PARylation of both DDB2 and DDBI1 to promote down-
stream GGR events [40-42]. Furthermore, PARP1 interacts
with XPC in the nucleoplasm and escorts it to the dam-
age site on chromatin [43]. Lastly, XPC stimulates the cat-
alytic activity of PARP1 resulting in recruitment of the PAR-
regulated chromatin remodeler ALC1 which facilitates GGR
[44]. Moreover, PARP1 and PARylation play different roles
in normal transcription [45], such as compete with and re-
place histone H1 at the promoter site of many actively tran-
scribed genes [46], displace core histones from nucleosome to
facilitate in vitro transcription by RNAPII [47] and PARylate
the negative elongation factor NELF to transition from the
promoter-paused into the elongation phase of transcription
[48].

In view of these roles of PARP1 and PARylation in GGR
and normal transcription, we examined whether PARP1 also
plays a role in TCR, which was indicated in previous stud-
ies. PARP-inhibitor (PARPi) was shown to delay repair of UV
lesions in normal cells but not in CS-B cells [49] and PARP1-
knockdown (PARP1-kd) was reported by us to suppresses re-
pair of UV-damaged viral reporter genes in GGR-deficient XP-
Ccells [50]. Hence, PARP1 and CSB, which are already collab-
orating for the removal of a variety of DNA lesions [51] could
also be cooperating in TCR. In a genome-wide CRISPR-Cas9
screens, PARP1 was identified as one of the hits sensitizing the
cells to transcription-blocking lesions [52]. Here, we report a
direct role of PARP1 and PARylation in promoting the key in-
teraction of CSB with the lesion-stalled RNAPII that leads to
the launch of TCR.

Materials and methods

Cell lines, clones, and transient transfection

Parental SV-40-immortalized GM637, CS-B (GM16095,
TCR deficient) and XP-C (GM15983, GGR deficient) human
skin fibroblasts were obtained from Coriell and HEK293 and
U20S cells from ATCC. The creation of the clones PARP1-
replete GMU6 and XPCU6, PARP1-depleted GMshPARP1
and XPCshPARP1, the Bio-ID PARP1 clones [41, 53], follow-
ing U20S clones, namely PARP1-ko [44], CSB-ko, CSA-ko,
and doxycycline-inducible GFP-CSB [54] have all been de-
scribed. To generate knockout cell lines, GM637 were either
transfected with pSpCas9 (BB) 2A puro (pX459, Addgene,
62988) containing the single guide RNA (sgRNA) targeting
PARP1 (5’-CACCGAAGGTGGGCCACTCCATC-3’) or co-
transfected with Cas9-2A-GFP (pX458, Addgene, 48138) and
pLV-U6g-PPB (Sigma—Aldrich) encoding a sgRNA for CSB,
as described [54]. For expression of GFP-PARP1, GFP-CSB
or their fragments, HEK293 PARP1-ko or HEK293 parental
cells were transiently transfected with HEBS-CaCl2 and 48
h after the cells were collected for immunoprecipitation (IP)
studies.

To generate doxycycline-inducible CSB PAR resistant
(PARr-CSB) cell lines, U20S CSB-ko cells were transfected
with pcDNAS/FRT/TO/puro vector encoding the respective
gene-of-interest. Transfected cells were selected on puromycin
(1 ug/ml) for 3 days and plated at low density. Individ-
ual clones were verified for the knockout efficiency and
CSB expression induced with 1 mg/ml doxycycline for 24 h
by western blot. For UDS-TCR studies, XPC was knocked
down in the wt-CSB and PARr-CSB U20S cells, as de-
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scribed [55] using the short hairpin RNA (shRNA) for XPC
cloned in pLKO.1-puro vector targeting XPC mRNA se-
quences 5'-CCCACTGCCATTGGCTTATAT-3" (clone num-
ber TRCN0000083119) that was retrieved from the Sigma
Mission TRC human 1.5 shRNA library (gift from Stéphane
Gobeil, CHU de Québec Laval University Research Center).

Plasmids and cloning

The GFP-PARP1 vector and GFP-PARP1 E988A [56] were
made resistant to RNAI by site directed mutagenesis as pre-
viously described [57]. To create the GFP-PARP1 BRCT-CAT,
the PARP1 ¢cDNA FLAG-hPARP1-RSiP-CMV 7.1 plasmid
[41] was digested with EcoRI and the 2074 bp EcoRI/EcoRI
fragment was blunt ligated into GFP-C1 plasmid digested
with EcoRI/EcolCRI after modification of the DNA ends by
Klenow enzyme. The CAT domain was made by digesting the
above BRCT-CAT ¢cDNA with Pvull and ligation of the 1492
bp fragment into EcoRI/EcolCRI fragment of GFP-C1 plas-
mid. To create BRCT domain, the BRCT-CAT was digested
and the 5276 kb fragment was purified from the agarose
gel and religated. Plasmid transfection was performed using
TurboFect reagent according to the manufacturer’s protocol
(Thermo Fisher Scientific). The GFP-CSB-wt and its fragments
were described [8]. The PAR resistant CSB mutant was gener-
ated by site-directed mutagenesis PCR, as previously described
[58].

Chemicals and antibodies

In the indicated experiments, the following compounds
were used: 2 uM PARPi olaparib (LC Laboratories), 100
nM BMN637 (Cayman Chemical), 2 uM PARPi ABT-
888 (Santa Cruz Biotechnology), 1 pM PARG inhibitor
(PDD 00017273 Tocris), Illudin S (Cayman Chemical), 100
uM 5,6-dichlorobenzimidazole 13 D-ribofuranoside (DRB)
from Sigma-Aldrich, 500 nM flavopiridol hydrochloride
(Sigma—Aldrich). Antibodies are listed in Supplementary Table
S1.

Cell fractionation and co-IP of proteins in the cell
fractions

Cell fractionation to obtain nucleoplasm and chromatin ex-
tract and the co-IP studies were done as described [41]. Where
indicated, DNA damage was induced by UVC (30 J/m2) or
Illudin S (30 ng/ml) and the catalytic activity of PARP1 or
PARG was inhibited by addition of PARPi or PARGI for 15
min or 1 h, respectively, prior to treatment of cells. The protein
content in each fraction was estimated by Bradford assay and
an equal amount of protein from each sample was subjected
to co-IP studies. For the streptavidin—IP, 50 uM biotin was
added in the medium 16-18 h before UV-treatment and Bio-
ID PARP1 cell fractionation, followed by IP with M280 strep-
tavidin beads for 30 min at ambient temperature. The beads
were washed as suggested in the supplier’s manual (Life Tech-
nologies). For RNAPIIS2 IP to study the downstream pro-
teins, the cells were lysed in IP-130 buffer [30 mM Tris (pH
7.5), 130 mM NacCl, 2 mM MgCl;, 0.5% Triton X-100, pro-
tease inhibitor cocktail (Roche)] for 20 min on ice followed
by centrifugation and removal of the supernatant. The pellet
was suspended in IP-buffer with 50 U/ml Benzonase® (Sigma—
Aldrich) and incubated at room temperature (RT) for 30 min
while rotating. An equal amount of protein as estimated by
Bradford was subjected to IP with 2 ng RNAPIIS2 (ab5095,
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Abcam) for 2-3 h at 4°C. Protein complexes were recovered
by incubation with Dynabeads protein G magnetic beads (In-
vitrogen) for 1 h at 4°C.

U20S GFP-CSB cells were mock treated or irradiated with
UVC light (20 J/m?) and harvested 1 h after UV. For the
immunoprecipitation of GFP-tagged proteins, the cell pellets
were solubilized in EBC-150 buffer [50 mM Tris (pH 7.5), 150
mM NaCl, 2 mM MgCl,, 0.5% NP-40, and protease inhibitor
cocktail (Roche, 11836170001)] supplemented with 500 U
Benzonase, without chromatin fractionation, and pull-down
was performed using GFP Trap beads (Chromotek). After in-
cubation, the beads were washed six times with EBC-2 (300)
buffer [SO mM Tris (pH 7.5), 300 mM NaCl, 1 mM ethylene-
diaminetetraacetic acid (EDTA), 0.5% NP-40, and protease
inhibitor cocktail (Roche)]. After final washes, beads were re-
suspended in 20 pl Laemmli-sodium dodecyl sulphate (SDS)
sample buffer. For subsequent analysis by western blotting, the
samples were boiled for 10 min at 95°C.

UV irradiation and immunofluorescence
microscopy studies

Cells were grown on circular 12 mm coverslips in 24-well clus-
ter to 80% confluence. When indicated, the transcription in-
hibitors DRB or flavopiridol, and the PARPi or PARGi were
added in the media 1 h before UVC irradiation of the cells.
For Recovery of RNA synthesis (RRS) studies, global-UVC
irradiated (10 J/m?) or Illudin S treated (30 ng/ml for 3 h)
cells were allowed to recover for the indicated time points and
pulse-labelled 1 h before fixation with 1 mM 5-EU (US Biolog-
ical). Nascent RNA was visualized using Click-iT RNA with
either Alexa Fluor 488 or 594 imaging kit according to the
manufacturer’s protocol (Invitrogen). For Unscheduled DNA
synthesis (UDS)-TCR, the XP-C cells or shXPC U20s wt and
PARr-CSB were locally irradiated with 100 J/m? though a §
um polycarbonate filter (Millipore) and immediately pulse-
labelled with 10 uM ethynyl deoxyuridine (EdU; Abcam) for
3 or 6 h followed by cells fixation and Click-iT chemistry ac-
cording to the manufacturer’s instructions (Invitrogen). After
coupling, the DNA was denatured with 2 N HCI for 5 min
at 37C, followed by blocking with 5% bovine serum albu-
min (BSA; Sigma—Aldrich) in phosphate buffered saline (PBS)-
0.1% triton for 30 min. Next, the coverslips were incubated
for 2 h at RT with an antibody against cyclobutane primi-
dine dimers (CPD), followed by incubation for 30 min with
Alexa488 or 594 conjugated antimouse antibody. The cover-
slips were mounted in Prolong gold antifade mounting media
(Invitrogen). Images of immunostained cells were taken with
Zeiss Axiovert 200 at 40x or 63 x using the AxioCam MRm.

Clonogenic survival assays

Cells were seeded in triplicate in a six-well cluster at 250 cell
per well. The next day, cells were mock treated or exposed to
a dilution series of Illudin S for 24 h. The cells were grown for
7 or 14 days before fixation with Coomassie blue. Colonies
numbers were counted using GeneTools (Syngene).

UV sensitivity assays in Caenorhabditis elegans

UV survival experiments in C. elegans were performed as de-
scribed previously [59]. The wild type strain was Bristol N2
and the mutant alleles were xpc-1(tm3886), csb-1(0k2335),
and PARP1 (0k988). The L1 larvae were seeded in quintuple
for each UV-B dose (and control) on 6 cm HT115 plates and
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irradiated at the indicated UV-B dose using two Philips TL-12
UVB tubes (40 W). The surviving animals that developed 48 h
after UV irradiation beyond the L2 stage and the arrested an-
imals as L1/L2 larvae were counted. The survival factor was
calculated by dividing the numbers of arrested L1/2 larvae by
the number of all larval stages and adult worms. The data
were expressed as mean =+ standard error of the mean (SEM)
from three independent experiments.

Identification of Bio-ID PARP1 interactome by mass
spectrometry

The Bio-ID PARP1 cells were fractionated to obtain nucleo-
plasmic and chromatin-bound protein fraction as described
[43]. The streptavidin IP of the chromatin fraction was car-
ried out for 30 min at RT. The beads (Life Technologies)
were extensively washed and suspended in 2 x volume of Tris-
bufferred saline (TBS) containing 30% glycerol and protease
inhibitors and stored at —30°C. The PARP1 interacting pro-
teins were identified using Liquid chromatography tandem
Mass-spectrometry (LC-MS/MS) and quantified on Dionex
Ultimate 3000 nano high performance liquid chromatography
(HPLC) system as previously described [60]. Data acquisition
was done using Xcalibur version 2.2 SP1.48. Protein identifi-
cation and quantification was performed using the MaxQuant
software package version 1.5.2.8 with the protein database
from Uniprot (Homo sapiens, 16 July 2013, 88 354 entries).
Maximum mass tolerance was set at 7 and 20 ppm for precur-
sor and fragment ions, respectively. The threshold for the false
discovery rate was 5% and protein quantification was set at
minimum of two peptides identified for each protein.

Protein purification

The CSB-wt, CSB-PARr, and CSB fragments 230-1493, 360-
1493, and 447-1493 aa were tagged at the N-terminal do-
main with GST and at the C-terminal domain with HIS10,
expressed in Sf9 insect cells, and purified as described [61].
Proteins were eluted with Talon buffer containing 500 mM
imidazole and dialyzed in storage buffer (20 mM Tris—acetate,
pH 8.0, 200 mM NaCl, 10% glycerol, 1 mM Dithiothreitol
(DTT).

Interaction assays

In cells: The GFP-tagged PARP1 or its fragments were tran-
siently transfected in HEK PARP1-ko cells, and 72 h later har-
vested in ice-cold 1x PBS (500 x g, 10 min, 4°C). Where in-
dicated, DNA damage was induced by UVC irradiation 30
min prior to harvesting cells. The cell pellet was suspended
in buffer A [50 mM Tris, pH 7.5, 300 mM NaCl, 5 mM
EDTA, 0.5 mM phenylmethyl sulfonyl fluoride (PMSF), 0.2 %
NP-40, 1x complete EDTA-free protease inhibitor (Roche)]
and incubated for 20 min on ice. Cell debris was pelleted at
16 000 x g, 15 min, at 4°C and the lysate was diluted with
buffer A without salt to a final 150 mM NaCl concentration.
An equal protein content was incubated with the appropri-
ate antibody overnight at 4°C under constant rotation. The
protein complexes were pulled down with Dynabeads pro-
tein G magnetic beads (Invitrogen) for 1 h at 4°C under con-
stant rotation. The beads were washed with TBS-T buffer (5
min, 4°C) and eluted with 2x Laemmeli (LB) sample buffer.
The same protocol was followed for performing immuno-
precipitation of endogenous PARP1 in HEK expressing GFP-
CSB or its fragments. In vitro: We used recombinant human

CSB (Origene, TP319020) and its fragments [61], recombi-
nant automodified human PARP1 (Tulip, BioLabs, 2095), hu-
man PARP1 (Enzo Life Sciences, ALX-201-063 and [62] and
its fragments: 1-327 (Creative Biomart, #?PARP1-530H),215-
1014 (Antibodies-online, #2854042), 622-1014 (Antibodies-
online, #666940), and GST tagged 379-494 aa to study the di-
rect interaction of CSB-PARP1 [62]. The CSB or PARP1 was
reacted with an equimolar amount of PARP1 or CSB protein
or fragments at 25°C for 30 min. CSB antirabbit antibody
H-300 (Santa Cruz) or PARP1 antimouse (F1-23) antibody
was bound to Dynabeads Protein G magnetic beads (Invit-
rogen) in TBS-T with constant rotation for 1 h at ambient
temperature. The beads were washed with TBS-T three times
and added to protein reaction for 1 h on ice, mixing intermit-
tently. The beads were washed three times with TBS-T, eluted
with Laemmli buffer, the proteins separated on sodium dode-
cyl sulphate—polyacrylamide gel electrophoresis (SDS-PAGE),
transferred on nitrocellulose, and probed with their antibod-
ies. To study RNAPII-PARP1 interaction, the immunopuri-
fied RNAPIIS2 from HEK PARP1-ko cells was reacted with
PARP1 and its fragments 1-327 (Creative Biomart, #PARP1-
530H), 215-1014 (Antibodies-online, #2854042), 622-1014
(Antibodies-online, #666940), and GST 379-494 aa [62], as
described above.

PAR assays

In vivo: The PARylated proteins in cells were detected as
previously described [63] The cells were globally irradiated
(30 J/m? UVC) or treated with Illudin S (30 ng/ml) and the
whole cells extracts were prepared at specified time points
by lysing the cells in sample buffer. Proteins were separated
by SDS-PAGE, transferred on nitrocellulose membrane and
probed with the indicated primary antibodies. In vitro: The
ability of CSB to stimulate PARP activity was done by per-
forming PARP1 activation assay in absence and presence of
various equimolar ratio of full-length CSB or its fragments.
A master mix with NAD* (Roche), PARP1, and Tris buffer
(100 mM Tris, pH 8.0, 10 mM MgCl,, 10% glycerol, 1.5 mM
DTT) was distributed equally in tubes containing either CSB
or its fragments. UVC-DNA that was prepared by irradiating
3.2 kb PBS-U6 plasmid with 5000 J/m2 UVC was added to
each tube and incubated at 25°C for 30 min. The reaction was
stopped by addition of 2x Laemmli buffer, the proteins sepa-
rated on SDS-PAGE, transferred on nitrocellulose and probed
with their antibodies.

The ability of CSB to bind free PAR was studied by dot-
blot (nondenaturing condition) and South-Western assay (sep-
aration under denaturing conditions followed by renatura-
tion before transfer) as described previously [41]. For the

immune-dot-blot, PARP1, CSB-wt, CSB PARr, GST and BSA

were spotted on a nitrocellulose membrane pre-wetted with
TBS-T (10 mM Tris, 150 mM NacCl, 0.05% Tween 20). For
South-Western blots, PARP1, BSA, CSB or its fragments were

resolved on a 8% SDS-PAGE gel. The PAR resistant GFP-CSB
and its wild-type form were immunopurified from U20S CSB-
ko cells stably expressing these constructs and the GFP-CSB
fragments from HEK293 cells 48 h after transfection. The cells
were lysed for 20 min on a rotating wheel at 4°C in 1 ml of Tri-
ton lysis buffer [25 mM Tris (pH 7.5), 500 mM NaCl, 0.5%
triton, 5 mM EDTA, 0.5 mM PMSE, 10% glycerol and pro-
tease inhibitor cocktail (Roche)], followed by centrifugation
for 15 min at 13 000 rpm at 4°C. The supernatants were trans-
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ferred into fresh tubes and the cell extracts diluted 1:2 with
triton lysis buffer without NaCl. The GFP proteins were im-
munoprecipitated by incubation with 25 ul prewashed GFP-
trap beads (Bulldog bio) for 3 h at 4°C. After incubation, the
beads were washed with 1.5 M NaCl Triton lysis buffer to
disturb protein complexes and eluted proteins were resolved
on a 6% SDS-PAGE. The proteins were renatured by soak-
ing the gel in 20-30 ml of running buffer containing 5% -
mercaptoethanol for 1 h on a rocking platform, at ambient
temperature, before transferring them on nitrocellulose. The
nitrocellulose membranes were washed three times with TBS-
T and incubated for 1 h at room temperature with 10-15 ml
of TBS-T containing 250 nM purified PAR as described. The
membranes were washed three times 10 min with TBS-T, fol-
lowed by three washes with TBS-T containing 500 mM NaCl
to remove the unbound and loosely bound PAR. The mem-
branes were blocked with TBS-T containing 5% (wt/vol) non-
fat milk powder and probed with anti-PAR (10H) antibody.
The membranes were stripped at low pH (25 mM glycine, pH
2.0 with 1% SDS, 15 min at ambient temperature) and probed
for PARP1, GFP, CSB, and GST using antirabbit antibodies.

Binding of proteins to DNA

The binding of PARP1 or CSB to UV-oligos immobilized on
the magnetic streptavidin beads was studied as described pre-
viously [39]. The bead-bound oligos were reacted with PARP1
or CSB at 1:1 molar ratio in Tris buffer (100 mM Tris buffer,
pH 8.0, 10 mM MgCl,, 10% glycerol, 150 mM NaCl, 1.5 mM
DTT, and protease inhibitor) at 25°C for 15 min. To study
the effect of CSB PARylation on its DNA binding capacity,
PAR was added to the DNA-CSB mix at 1:1:1 molar ratio and
the reactions were carried out with or without 2 mM ATP at
30°C for 30 min. The unbound proteins were removed and the
bound proteins were crosslinked to oligo with 1% formalin in
Na-POy reaction mixture for 10 min at ambient temperature.
After quenching formalin with 250 mM Tris—-HCI, pH 8.0,
the beads were washed twice with Tris-reaction mixture and
eluted with LB.

ATP Hydrolysis assay

The CSB-wt and PARr-CSB (50 nM) were mixed with 150 ng
DNA and/or different amounts of PAR in MOPS Buffer (25
mM MOPS, pH 7.0, 100 mM KCl, 0.2% Tween 20, 1 mM
DTT, 5 mM MgCl2, 0.1 uCi y-32 P -ATP) and incubated at
37°C for 30 or 60 min. Where indicated, DNA or PAR were
added 30 min after initiating the reaction. The aliquots of re-
action mix removed at specified time points were quenched
with an equal volume of 0.5 M EDTA. The ATP and inor-
ganic phosphate (Pi) were separated by thin layer chromatog-
raphy for 45 min in formic acid-LiCl buffer. The signals of
ATP and Pi were quantified using phosphor-imager FLA-5100
(Fujifilm) and analysed using Image Reader FLA-5000 v1.0
software.

Statistics

For the RRS studies, three to five independent experiments
were performed and the intensity of fluorescence from at least
200-1000 nuclei were analysed using Image J or with an in
house written program which uses a modified version of IHC
ToolBox plugin within Image J. The in-house program per-
forms automatic detection of all the stained nuclei, automatic
measurement of background stain intensity as well as auto-
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matic detection and intensity measurements of all the positive
nuclei. To calculate the UDS-TCR, the fluorescence intensity
at the damage site (at least 100 spots) was measured by Ax-
iovert 200 (Zeiss) using the program AutoMeasure Plus of
the software Axiovision version 4.7 and expressed as pixel
per area followed by the subtraction of the background in-
tensity detected outside of the spots from an identic area in
the nucleus. For clonogenic survival, the colonies from a six-
well cluster by treatment group of two independent experi-
ments were counted with GeneTools (Syngene). For each cell
line, a pixel cut-off defined as the aria occupied by a colony
formed by at least 35-50 cells in untreated condition was ap-
plied to the treated groups. Results are expressed as mean =+
SEM. The statistical significance of difference was determined
by unpaired two-tailed #-tests and = refers to significant P-
values <.0S5.

Results

Increased susceptibility to llludin S and inefficient
TCR in PARP1-impaired cells

TCR-deficient cells are sensitive to DNA damage by Illudin S,
while GGR-deficient cells are not [64, 65]. Therefore, to assess
the potential involvement of PARP1 in TCR while excluding
its role in GGR, we compared Illudin sensitivity of GMU6
human skin fibroblasts after treatment with PARP-inhibitor
or with its matched pair of PARP1-knockdown GMshPARP1
cells. To confirm that Illudin S preferentially activates the
TCR pathway in our model, we compared the recruitment of
GGR-specific DDB2 and TCR-specific CSB proteins to chro-
matin fraction of the GMUG6 cells treated with Illudin S or
UVC. These cells respond to UVC by recruiting DDB2 and
CSB to the chromatin fraction but recruit only CSB after Il-
ludin S treatment (Supplementary Fig. S1A). We also con-
firmed that DNA damage by Illudin S treatment resulted in
PARylation of proteins which could be suppressed by PARPi
(Supplementary Fig. S1B). In line with a role in TCR, we found
that PARPi or PARP1-kd by shRNA (shPARP1) significantly
reduced the clonogenic survival of GMU6 cells after Illudin
S (Fig. 1A). The PARP1-ko also strongly sensitized the U20S
cells to Illudin S, albeit not to the same extent as TCR-deficient
U20S CSA-ko cells (Fig. 1B). The increased susceptibility of
PARP1-ko cells to Illudin S has also been reported in previ-
ous genome-scale CRISPR-screens in RPE1 cells [52]. These
results indicate a role for PARP1 and PARylation in facilitat-
ing TCR.

To further investigate this potential role of PARP1 in TCR,
we employed an Recovery of RNA synthesis (RRS) assay that
monitors transcription restart after the initial DNA damage-
induced global transcription arrest [66, 67]. In GMUG6 cells,
a strong signal for RNA synthesis prior to Illudin S treat-
ment was significantly suppressed at 3 h, followed by nearly
full recovery of transcription by 24 h (Fig. 1C). In shPARP1
cells, the transcription was strongly reduced until 6 h and only
partially recovered until 24 h, unlike CS-B deficient cells in
which there was no recovery until 24 h. Treatment with PARPi
also led to a significant reduction in transcription recovery, al-
though milder than that observed after PARP1 knockdown
at 24 h (Fig. 1C). The PARP1-ko in GM637 cells also de-
creased transcription recovery up to 24 h after Illudin S treat-
ment (Supplementary Fig. S1C). Lastly, we used the RRS assay
to monitor TCR after UVC treatment, because this assay re-
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Figure 1. Increased susceptibility to llludin S and inefficient RRS in PARP1-impaired cells. (A, B) PARP1 depletion or inhibition reduces the clonogenic
survival of cells after llludin S. (A) Clonogenic survival of GMUS cells to llludin S (1 ng/ml) for 24 h without or with 2 uM PARPi ABT-888 or PARP1-kd
(GMshPARP1). Bars represent mean + standard deviation (SD; n = 3). Note: In all panels of this and subsequent figures, * denotes statistically
significant difference with unpaired two-tails t-test (P-value <.05). (B) Clonogenicity of U20S cells with indicated genotypes to dose-response of llludin
S (n = 4). (C-E) PARP1-impaired cells exhibit reduced RRS after DNA damage. (C) Images of GMUG cells without or with PARPi, GMshPARP1, and CS-B
cells 1 h after EU labelling at specified time of Illludin S treatment. The data of three biological replicates is expressed as mean =+ standard error (SE) of
relative fluorescence intensity (RFI, arbitrary units). Note that the error bars are smaller than the time point markers. (D, E) As in panel (C), but after UVC
irradiation (10 J/m?) in GMUSG (D) and U20S (E) cells with indicated genotypes.
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flects repair occurring only in the transcribed strand of the
transcriptionally active gene. We noted that even after UVC
treatment, transcription recovery was significantly suppressed
up to 18 h in GMshPARP1 (Fig. 1D), PARP1-ko GM637
cells (Supplementary Fig. S1D), and in PARP1-ko U20S cells
(Fig. 1E). Thus, PARPi or PARP1-knockdown or knockout
in two different cell lines significantly decreased transcrip-
tion recovery after UV, which is a hallmark of defective TCR
[68].

Interaction of PARP1 with RNAPII before and after
UV or llludin S-induced DNA damage

To understand the potential role of PARP1 in TCR, we used
the proximity-dependent biotin identification (Bio-ID) tech-
nique with PARP1 fused to Bio-ID [43] to identify PARP1-
interacting partners in TCR. The MS-MS analyses of strepta-
vidin IP-eluates of chromatin fractions of these cells revealed
that nine out of 12 members of the RNAPII complex were
biotinylated before and after UVC irradiation (Fig. 2A), sug-
gesting their close interaction during normal transcription and
during TCR. In addition, some of the NER proteins and chro-
matin remodelling factors also displayed increased biotinyla-
tion following UVC irradiation. Thus, our Bio-ID approach
revealed that PARP1 is in close contact with RNAPII in un-
damaged cells and is present when RNAPII stalls at DNA le-
sions.

We first examined the mode of interaction between PARP1
and RNAPIL There are two forms of RNAPII, the nonphos-
phorylated RNAPIIa initiates at the transcription start site,
whereas the phosphorylated form of RNAPII (RNAPIIo) is the
elongating form in gene bodies. Using antibody that detects
both forms of RNAPII, we detected only the RNAPIIo be-
fore and after UV irradiation after pull-down of PARP1 from
the chromatin fraction of GMUG6 cells (Supplementary Fig.
S2A). The RNAPIIo fraction consists of promoter-proximally
paused RNAPII phosphorylated at Ser5 (RNAPIISS) or elon-
gating RNAPII carrying additional serine 2 phosphoryla-
tion (RNAPIIS2) [69]. In the BioID-PARP1 cells, the IP with
RNAPIIS2-specific antibody pulled-down PARP1 both be-
fore and after irradiation, but CSB only after UV irradia-
tion (Fig. 2B). Even in the GMUE6 cells expressing endogenous
PARP1, the reciprocal IP for PARP1 and RNAPIIS2 confirmed
their interaction before and after UV irradiation (Fig. 2C and
Supplementary Fig. S2B).

The recruitment of TCR protein complex at the stalled
RNAPII is dependent on CSB, hence we examined whether
CSB plays any role in the interaction between PARP1 and
RNAPII specifically after DNA damage. We used CSB-ko
GMUEG cells (Fig. 2D, top left panel) and confirmed that these
cells were TCR deficient with a severely suppressed capacity
for RRS up to 24 h after UV irradiation (Fig. 2D, bottom left
panel). The absence of CSB in these cells did not decrease the
interaction of PARP1 with RNAPIIS2 before or after UV irra-
diation, indicating that their interaction even after DNA dam-
age is independent of CSB (Fig. 2D, right panel). We also con-
firmed in Illudin S-treated GMUG cells that PARP1 interacts
with RNAPIIo both before and after treatment (Fig. 2E, top
panel) and more specifically with the RNAPIIS2 form (Fig. 2E,
bottom panel).

To gain more insights into the physical interaction of
PARP1 with RNAPIlo, we used PARP1-ko HEK cells
(Supplementary Fig. S2C) to express GFP-tagged PARP1 or its
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fragments as well as the catalytically inactive PARP1 (PARP1-
CI) (Fig. 2F, top panel). The RNAPIIS2-IP revealed a strong
interaction with the full length PARP1 and its N-terminal frag-
ment (1-232 aa), but a weak or no interaction with other
fragments of PARP1 spanning 337-1014 aa or with the GFP-
tag (Fig. 2F, bottom panel). Interestingly, the enzymatically
inactive PARP1-CI also interacted robustly with RNAPIIS2
in the unirradiated cells. Moreover, even after UV irradia-
tion, there was no change in the profile of interaction of
RNAPIIo with the active and inactive PARP1 or PARP1 frag-
ments (Supplementary Fig. S2D). Thus, neither DNA damage
nor the catalytic activation of PARP1 to form PAR were re-
quired for the initial physical interaction between PARP1 and
RNAPIIo in the cells. Finally, in an in vitro assay with puri-
fied PARP1 and its four overlapping fragments, we confirmed
that the immunopurified RNAPIIS2 obtained from PARP1-
ko HEK cells binds strongly with PARP1 and its N-terminal
DBD fragment (1-327 aa), weakly with 215-1014 aa frag-
ment but not with the with fragments after 379 aa (Fig. 2G).
Thus, the interaction of PARP1 mainly via its N-terminal do-
main with RNAPIIo is independent of CSB or catalytic acti-
vation of PARP1.

PARP1 and PARylation promote the interaction of
CSB with RNAPII to initiate TCR

The stabilization of CSB with the lesion-stalled RNAPII is es-
sential for the initiation of TCR. Since PARP1 is also present
with RNAPII at the DNA lesion site, we examined by co-
IP studies if CSB recruited to DNA lesion-stalled RNAPII
also interacts with PARP1. The pull-down of PARP1 from
the chromatin fraction of GMU6 cells revealed its interac-
tion with CSB only after UV irradiation, unlike its damage-
independent interaction with RNAPIIo (Fig. 3A). The identi-
fication of a DNA damage-induced interaction of CSB with
PARP1 by co-IP but not by Bio-ID-PARP1 approach is due to
the limitation of the Bio-ID method that requires long biotin
labelling time which often excludes proteins that react briefly
with PARP1 after DNA damage, as we noted earlier for the
DDB2-PARP1 interaction during GGR [43]. The pull-down
of GFP-tagged CSB from U20S cells confirmed its interaction
with RNAPIIS2 as well as with PARP1 only after UV irradia-
tion (Fig. 3B).

We next used purified proteins to explore a direct interac-
tion of CSB in vitro with PARP1 and PARylated PARP1, and
observed that CSB-IP pulls down both native and PARylated
PARP1 (Fig. 3C), indicating that auto-PARylation of PARP1
would not disrupt its interaction with CSB. To identify the
domains of PARP1 involved in this interaction, we reacted
PARP1 or its four overlapping fragments with full length CSB
(Fig. 3D). The IP of CSB showed its interaction with full-
length PARP1 as well as a fragment spanning aa 215-1014.
In contrast, fragments spanning 1-327 aa (DBD), 379-494 aa
(BRCT domain), or 622-1014 aa (catalytic domain) did not
interact with CSB. Thus, PARP1 interacts with CSB via its cen-
tral region of 495-621 aa containing the WGR domain. These
results suggest that PARP1 can simultaneously interact with
RNAPII via its N-terminal DBD and with CSB via its WGR
domain.

Next, we examined whether the interaction of CSB with
lesion-stalled RNAPII is influenced by PARP1 and PAR forma-
tion (Fig. 3E). The pull-down of RNAPIIS2 revealed that both
PARPi and shPARP1 decreased the UV-induced interaction be-
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Figure 2. PARP1 interacts with RNAPIlo before and after DNA damage. (A) Bio-ID-PARP1 screen identifies the interaction of PARP1 with multiple
subunits of RNAPII, NER, and chromatin remodeling factors. The chromatin fraction of mock and UVC (30 J/m?) irradiated Bio-ID-PARP1 cells were
subjected to streptavidin-IP followed by MS-MS analyses for detection of biotinylated partner proteins (n = 2). (B, C) DNA-damage independent
interaction of PARP1 with RNAPIlo. (B) IP for RNAPIIS2 in control and UVC-treated Bio-ID-FLAG-PARP1 chromatin fractions before or 30 min recovery
after UVC (30 J/m2). (C) Reciprocal IP for PARP1 and RNAPIIS2 in the chromatin fractions of GMUS cells before and 30 min after UVC (30 J/mZ2). (D)
Interaction of PARP1 with RNAPIIS2 in the absence of CSB. The GMUG CSB-ko cells (left panel) were irradiated with UVC (30 J/m?) and PARP1-IP was
carried out before and 30 min after irradiation (right panel). The ratio of RNAPIIS2/PARP1 was calculated from immunoblots of four independent

experiments. (E) PARP1 interacts with RNAPIlo form: The chromatin fractions of GMUG cells treated with llludin S (30 ng/ml, 30 min) were subjected to
reciprocal IP for PARP1, and RNAPIIS2 followed by detection of specified target proteins. (F, G) RNAPIlo interacts with the N-terminal DBD of PARP1. (F)

The whole cell extracts of HEK293 PARP1-ko cells transiently transfected with GFP-tagged PARP1 or its fragments (pictogram) were subjected to
RNAPIIS2-IP and probed for GFP and RNAPIlo. (G) The bead-bound RNAPIIS2 obtained by IP-purification from HEK293 PARP1-ko cells was reacted for
20 min with purified full-length PARP1 and its fragments (pictogram) followed by immunoblotting with indicated antibodies.

tween RNAPII and CSB. Interestingly, CSB was present in the
chromatin fraction in both PARPi or shPARP1 cells, as seen in
the input lanes of these samples (Fig. 3E) and in a 24 h time-
course following CSB movement to the chromatin fraction of
UV-irradiated GM cells (Supplementary Fig. S3A and B). Fur-
thermore, PARP1-ko in GM cells also reduced the UV-induced
interaction of RNAPIIo with CSB (Supplementary Fig. S3C).

Thus, despite the presence of CSB in the chromatin fraction,
its UV-induced interaction with RNAPIIS2 was reduced in the
PARP1-knockout or knockdown cells or in cells treated with
PARP;i. To support this observation made with UV-irradiated
cells, we treated GMUG cells with Illudin S, and the reciprocal
IP for RNAPIIS2 and CSB confirmed that PARPi treatment
significantly suppressed the interaction of CSB with RNAPII
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Figure 3. PARP1 and PARylation mediate CSB interaction with RNAPIlo after DNA damage. (A, B) PARP1 interaction with CSB only after DNA damage.
(A) IP of PARP1 in the chromatin fractions of GMUG cells prepared before or after UVC (30 J/m?). (B) U20S CSB-ko cells rescued with GFP-CSB-wt were
irradiated with UVC (20 J/m?) and the chromatin fractions subjected to GFP-IP (C, D) Direct interaction of CSB with WGR domain of PARP1. (C) CSB
interacts with both PARylated and unmodified PARP1 in vitro. Purified CSB was reacted with unmodified or PARylated PARP1 and subjected to CSB-IP
(D) The PARP1 and its four partially overlapping fragments (pictogram) were reacted in vitro with purified CSB followed by CSB-IP. (E-H) PARP1 depletion
or inhibition reduces the interaction of CSB with RNAPIlo resulting in an inefficient recruitment of downstream TCR proteins. (E) IP of chromatin-bound
RNAPIIS2 following treatment with UVC (30 J/m2) of GMUB cells with or with 2 uM PARPI (olaparib) treatment and PARP1-depleted GMshPARP1. (F)
GMUEG cells with or without PARPI (olaparib 2 M) were treated with 30 ng/ml Illudin S, and the chromatin fractions were subjected to IP for RNAPIIS2,
CSB, and PARP1. (G, H) PARP1-ko or PARP1-kd or treatment with 100 nM PARPi BMN637 decreases recruitment of downstream TCR proteins in GMU6
(G) or U20S cells (H). The chromatin fractions from these cells 1 h after exposure to UVC (30 J/m2) were subjected to RNAPIIS2-IR The ratios in panels
(E) and (F) were calculated from the given experiment, and is representative of three independent experiments with similar result.

(Fig. 3F, left and middle panel). Moreover, PARP1-IP revealed
that PARPi also suppressed the interaction of CSB with PARP1
(Fig. 3F right panel). To ascertain that PARylation formed
by PARP1 plays a key role in the CSB-RNAPII interaction,
we rescued HEK PARP1-ko cells with wild type or catalyt-
ically inactive (CI) PARP1 (Supplementary Fig. S3D). After
exposure to UVC, the RNAPII-IP revealed a reduced inter-

action of CSB with RNAPII in CI-PARP1 expressing cells
(Supplementary Fig. S3E). Thus, PARP1 and its catalytic ac-
tivity play a key role in stabilizing the interaction of CSB
with lesion-stalled RNAPII. A consequence of the reduced in-
teraction between RNAPII and CSB in PARP1-impaired cells
would be an inefficient recruitment of downstream TCR pro-
teins. The pull-down of RNAPIIS2 in GMU6 (Fig. 3G) and
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U20S (Fig. 3H and Supplementary Fig. S3F) revealed that
PARPi and knockdown or knockout of PARP1 reduced the
UV-dependent interaction of RNAPIIo with key TCR down-
stream proteins, such as DDB1, CSA, XPB, and XPD. Thus,
PAR formed by PARP1 plays a key role in promoting the in-
teraction between RNAPII and CSB, which is essential for re-
cruitment of downstream TCR proteins.

CSB stimulates PARP1 activity and PARylation of
CSB leads to efficient TCR

Having found that PARP1 and PARylation regulate the inter-
actions of CSB with RNAPIIo, we next explored the underly-
ing mechanism. The WGR domain of PARP1 is implicated in
stimulating PAR synthesis by PARP1 following DNA damage
[70]; hence, we examined whether the interaction of CSB with
this domain regulates the catalytic activity of PARP1. Knock-
out of CSB in GMUG cells significantly reduced the signal for
PAR-modified proteins after Illudin S or UVC treatment, sug-
gesting that the CSB-PARP1 interaction stimulates PARyla-
tion (Fig. 4A). To understand how CSB stimulates the catalytic
activity of PARP1, we examined whether PARP1 or CSB could
alter each other’s capacity to bind to UV-damaged DNA such
as a biotinylated 60-mer oligonucleotide with a defined CPD
lesion [39]. Interestingly, the inherent capacity of PARP1 to
bind to the CPD oligo was increased in the presence of CSB
(Fig. 4B), which coincided with a stimulation of PARP1’s cat-
alytic activity with increasing dose of CSB to form more PAR
in the presence of UV-damaged circular plasmid DNA at mo-
lar ratio from 0.5:1 to 2:1 (Fig. 4C). In contrast, an earlier
study showed that CSB suppresses PARP1 activation by UV-
irradiated double-stranded DNA in vitro; and that CS-B cells
have very high levels of PAR even without any DNA damage
[58]. Therefore, differences in our results could be due to use
of cellular models with different levels of endogenous PAR
formation and different type of DNA used for activation of
PARP1 in vitro.

To pinpoint the domain of CSB that is required for bind-
ing to PARP1 under cellular conditions, we expressed GFP
tagged full-length CSB and three nonoverlapping fragments
representing the N-terminal domain (1-455 aa), the middle re-
gion (455-1221 aa) and the C-terminal domain (1221-1493
aa) in HEK293 cells. The PARP1-IP of total cell extracts re-
vealed that all proteins associated with PARP1 except the N-
terminal fragment of CSB (Fig. 4D). However, Thorsland et
al. [71] had earlier shown that N-terminal domain of CSB in-
teracts with PARP1. This led us to examine the interaction
of CSB with PARP1 using an alternative approach. We re-
acted in vitro purified PARP1 with purified CSB or its three
N-terminal deletion fragments starting at 230, 360, and 447
aa. The PARP1-IP revealed that all three CSB fragments bind
to PARP1, indicating that the ability of CSB to bind to PARP1
is not dependent on its N-terminal domain from 1-447 aa
(Fig. 4E, left panel). Moreover, all three N-terminal deletion
fragments could not only bind to but also increased PARyla-
tion activity of PARP1, with the strongest activation seen with
fragment 447-1493 (Fig. 4E, right panel). Thus, using two
different series of fragments of CSB and their reaction with
PARP1 in vitro and in cells, we show that CSB does not bind
to PARP1 via its N-terminal domain, but through its regions
in 455-1493 aa, which also results in stimulation of catalytic
activity of PARP1 to form more PAR.

The CSB was earlier shown to be PARylated in vitro, and
this was shown to play a role in oxidative damage responses
[71]. This led us to examine whether the interaction of CSB
with PARP1 leads to its PARylation during TCR. In Illudin
S-treated GM cells, the PAR-IP of chromatin extract pulled-
down both PARP1 and CSB among the PARylated proteins
(Fig. 4F, top panel). To confirm direct PARylation of CSB, we
reacted purified CSB, PARP1, BSA, and GST spotted on a ni-
trocellulose membrane with purified PAR and noted that free
PAR strongly binds to PARP1 and CSB but not to control BSA
and GST tag (Fig. 4F, bottom panels), confirming that CSB
can noncovalently bind to PAR. Moreover, we also noted that
the full-length CSB and its fragment from 230-1493 strongly
bind to PAR, whereas the fragment 360-1493 was a weak
acceptor of PAR (Fig. 4G, left panel). Finally, we reacted im-
munopurified GFP-CSB and three nonoverlapping fragments
(1-455, 456-1221, and 12211493 aa) with free PAR in a
SouthWestern assay and observed that PAR-binding affinity
was strongest for the N-terminal 1-455 aa fragment followed
by weaker binding by the C-terminal 1221-1493 aa fragment
(Fig. 4G, right panel). Our results show that CSB associates
noncovalently with PAR mainly through the N-terminal do-
main from 230-360 aa, with minor PARylation occurring in
the C-terminal domain from 1221-1493 aa.

Two PBM have been identified in the N-terminal domain
of CSB [30, 58]. We mutated two key Lys residues to Ala in
each of the two PBMs of CSB from 292-299 and 333-340
aa (Fig. 4H, top panel); and created stable clones expressing
this mutant CSB in U20S CSB-ko cells. The PAR-acceptance
capacity of the mutant and wild type CSB immunopurified
under stringent conditions from their respective U20S cells
using a SouthWestern assay confirmed that mutant CSB was
resistant to accept free PAR (Supplementary Fig. S4A, left
panel). Furthermore, using insect cells, we expressed and pu-
rified the mutant and wild type CSB proteins and confirmed
using a dot-blot assay that the mutant CSB was a weak ac-
ceptor of PAR, confirming the N-terminal domain of CSB
as a major PAR-acceptor site (Supplementary Fig. S4A, right
panel).

Next, we examined whether the TCR events would un-
fold differently in response to UV in the cells expressing N-
terminal PAR-resistant-CSB (PARr-CSB). The RNAPIIS2-IP
from chromatin revealed decreased association of PARr-CSB
with RNAPII as compared to CSB-wt, which culminated in a
reduced recruitment of downstream TCR proteins (Fig. 4H,
bottom panel). Interestingly, PARP1-IP in these cells showed
that the wt-CSB and the PARr-CSB were equally proficient
in interacting with PARP1 (Supplementary Fig. S4B). Thus,
the inefficient interaction of the N-terminal PARr-CSB with
RNAPII was not due to its inability to associate with PARP1
but due to its resistance to accept PAR in its N-terminal do-
main.

Finally, we measured TCR efficiency through RRS assays
in U20S CSB-ko cells rescued with either CSB-wt or PARr-
CSB (Fig. 41). At 18 h, both PARr-CSB clones had significantly
suppressed recovery of RRS compared with CSB-wt cells, al-
beit slightly less severely than CSB-ko cells. Lastly, we exam-
ined whether the reduced TCR capacity of PARr-CSB cells
would render them sensitive to Illudin S. Indeed, expression
of PARr-CSB caused strong sensitivity to Illudin S, although
not to the same extent as CSB-ko cells (Fig. 4]). Thus, after
DNA damage, CSB associates with and stimulates the cat-
alytic activity of PARP1, leading to PARylation of CSB at the
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Figure 4. CSB stimulates PARP1 and PARylation of CSB improves TCR-efficiency. (A-C) Binding of PARP1 to damaged DNA and its catalytic activation is
improved by CSB. (A) GMUG and CSB-ko GMUS cells were mock or treated with 30 ng/ml llludin S (left panel) or 30 J/m? UVC (right panel), and whole
cell extracts at specified time points were immunoblotted for PAR, CSB, and PARP1. (B) Purified PARP1 and CSB were reacted individually or together
with biotin-tagged 60-mer UV-oligonucleotide bound to streptavidin-beads. (C) Purified PARP1 was reacted with CSB in specified ratios and subjected to
in vitro PARylation assay. (D, E) CSB domains that interact with PARP1 in cells and in vitro. (D) HEK293 cells were transiently transfected with GFP-CSB
and its nonoverlapping fragments for 48 h and whole cell extracts were subjected to PARP1-IP. # refers to nonspecific binding. (E) The purified CSB and
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N-terminal domain, which facilitates the stable interaction of
CSB with RNAPII, resulting in efficient TCR and survival of
cells.

PAR suppresses ongoing DNA-dependent ATPase
activity of CSB but not its binding to DNA

For lesion recognition, CSB binds to DNA behind RNAPII,
and pulls the template strand in an ATPase-dependent manner,
pushing RNAPII forward. When CSB fails to push RNAPII
beyond the lesion site, it initiates TCR [10]. Considering the
important role of PARylation of CSB in stabilizing the CSB-
RNAPII interaction in cells, we examined the impact of PAR
on the ATPase activity of CSB in an in vitro assay. The ad-
dition of DNA strongly stimulated the ATPase activity of
CSB, which was significantly suppressed by addition of free
PAR (Fig. SA and Supplementary Fig. S5A). Moreover, we
noted that CSB that was reacted with free PAR at the be-
ginning of the ATPase assay was unable to hydrolyse ATP
when DNA was added after 30 min, whereas PAR addition at
30 min in the reaction of CSB with DNA suppressed further
ATPase activity of CSB (Fig. 5A). We confirmed using a strep-
tavidin bead-bound 60-mer DNA with a defined CPD lesion
that the reduction in ATPase function of CSB was not due to
the interference in binding of CSB to DNA by PAR and/or
ATP (Supplementary Fig. S5B). Interestingly, the addition of
PARP1 or PARP1 + NAD that would result in catalytic ac-
tivation of PARP1 and formation of autoPARylated PARP1
did not inhibit the DNA-stimulated ATPase function of CSB
(Supplementary Fig. S5C). Together these results indicate that
the cellular conditions that favour the availability of free PAR
in the vicinity of DNA damage would suppress the ATPase
activity of CSB.

Since PAR binds to CSB mainly in its N-terminal domain
and to a lesser extent in the C-terminal domain, we used pu-
rified wild type CSB and N-terminal PARr-CSB to examine
which of the two PARylation sites play a role in suppress-
ing ATPase function of CSB. In an vitro assay we observed
that ATPase function of both wt and PARr-CSB were equally
suppressed by addition of free PAR in a dose-dependent man-
ner (Fig. 5B), indicating that the inhibition of CSB’s ATPase
activity was not induced via predominant PARylation of N-
terminal domain but via minor PARylation at C-terminal do-
main of CSB. Moreover, the PAR-dose dependent increase
in inhibition of ATPase activity of CSB, indicates that a sig-
nificant accumulation of free PAR is required to fully sup-
press ATPase function of CSB. Collectively, these results in-
dicate that the major PARylation of CSB at its N-terminal
domain is important for stabilization of CSB with RNAPII

and for downstream events of TCR and cell survival (Fig. 4),
whereas the minor PARylation of CSB in the C-terminal do-
main suppresses the ATPase activity of CSB (Fig. 5A and B,
and Supplementary Fig. S5A), which is necessary to launch
TCR after ATP-dependent lesion recognition step is completed
by CSB.

PAR catabolism by PARG is required for the
CSB-RNAPII interaction and efficient TCR

The influence of PAR binding to CSB in promoting its inter-
action with RNAPII and in inhibiting its ATPase function led
us to examine whether PARG, the major PAR-catabolizing
enzyme that releases free PAR from initially PARylated sub-
strates influences TCR. We first confirmed that PARGi signifi-
cantly enhanced the signal for PARylated proteins after UV ir-
radiation, which was absent in shPARP1 cells (Supplementary
Fig. S5D), indicating the major role of PARP1 and PARG
in synthesis and catabolism of PAR, respectively, in these
cells. More importantly, PARGi treatment suppressed the UV-
induced interaction of CSB with RNAPIIS2 (Fig. 5C), simi-
lar to that seen when PAR formation was blocked by PARPi.
The reduced interaction between RNAPII and CSB by PARGi
has functional consequence for TCR, since we noted a similar
defect in transcription recovery in both PARPi and PARGi-
treated cell at 18 h after UVC irradiation (Fig. 5D).

PARP1, PAR and PARylation of CSB are required for
efficient UDS-TCR in human cells

Finally, we examined the influence of PARP1 and PAR
metabolism on TCR-dependent DNA repair. To this end, we
measured TCR-related unscheduled DNA synthesis (UDS-
TCR) that replaces the excised damaged single-strand contain-
ing the DNA lesion [66, 72]. To measure DNA synthesis only
after TCR, we locally UV-irradiated [37, 73] XP-C cells fol-
lowed by incubation with Click-iT EdU [74]. The specificity
of the method was validated with GGR- and TCR-deficient
cell lines and with transcription inhibitors (Supplementary
Fig. SE-H). To study the influence of PARP1 in this process,
we generated shPARP1 XP-C cells. We observed an inefficient
RRS (Supplementary Fig. SSI) and a significantly decreased
UDS-TCR in these cells as compared to wild-type XPCU6
clones (Fig. SE). Furthermore, the UDS-TCR from 3 to 6 h
in XP-C cells depleted for PARP1 or in the presence of PARPi
or PARGI also exhibited decreased UDS-TCR after irradia-
tion (Fig. SF). Lastly, we examined the effect of PARr-CSB
expression on UDS-TCR after UV irradiation. We knocked
down XPC from the earlier described U20S CSB-ko cells that
were rescued with the expression of CSB-wt or PARr-CSB

its N-terminal deletion fragments (pictogram) were reacted in vitro with purified PARP1 followed by PARP1-IP (left panel) or the in vitro PARylation assay
(right panel). (F, G) CSB domains that accept PAR. (F) Top panel: PAR (10H)-IP pulled-down PARylated CSB and PARP1 from chromatin fraction of GM
cells treated with llludin S (30 ng/ml, 3 h). Bottom panels: Purified PARP1, CSB and control proteins GST and/or BSA were spotted on nitrocellulose
membrane and reacted with free PAR followed by detection of PAR and the proteins. (G) Left panel: Purified PARP1, CSB, and its N-terminal deletion
fragments [shown in panel (E) pictogram] and BSA were resolved on SDS-PAGE, blotted on membrane and reacted with free PAR followed by detection
of PAR and proteins. Right panel: N-terminal domain of CSB is major PAR binding domain. HEK293 cells were transiently transfected with GFP tagged
CSB and its nonoverlapping fragments [shown in panel (D) pictogram] for 48 h and subjected to GFP-IP followed by blotting on membrane and reaction
with free PAR in SouthWestern assay followed by detection for PAR (10H) and GFP # refers to nonspecific binding. (H-J) Mutations of key amino acids
of PBM of CSB reduces the TCR and clonogenic survival after DNA damage. (H) The four Lys residues in the N-terminal PAR binding motif of CSB were
mutated to Ala to create PAR-resistant—i.e. PARCSB (pictogram). The U20S CSB-ko cells rescued with wild type CSB or PAR-CSB were exposed to
UVC (30 J/m?) and the chromatin extracts prepared after 1 h were subjected to RNAPIIS2-IP followed by detection of CSB and the downstream TCR
proteins. The ratio of CSB/RNAPIIS2 was calculated for the immunoblot shown here, which is representative of three independent experiments. (I) The
RRS was monitored for 18 h after UVC irradiation (10 J/m?) in the indicated cell lines and expressed as RFI as described in Fig. 1 (n = 2). (J) Clonogenic
survival after 24 h treatment with llludin S for the indicated cell lines was expressed as mean + SD (n = 12).
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Figure 5. PAR suppresses ATPase activity of CSB and PARP1-depletion, inhibitors of PARP or PARG or N-terminal PAR-resistant CSB reduce TCR
efficiency. (A) PAR abolishes the ATPase activity of CSB. The CSB was reacted individually or sequentially with 150 ng DNA and/or PAR, followed by
quantification of the % of total ATP hydrolysed as Pi and expressed as mean =+ SD (n = 3). (B) PAR dose-dependent inhibition of ATPase activity was
identical for the wild type CSB and PAR~CSB. The purified CSB N-terminal PARr CSB and the wild-type form were reacted with 150 ng DNA and/or 15,
375, 75, and 150 ng PAR. The ATPase activity was quantified and presented, as described for above panel. (C) PARG inhibitor suppresses UVC (30
J/m?)-induced interaction of CSB with RNAPII in the chromatin of GMUS cells. (D) Identical suppression of RRS in GMUS cells treated with PARPi or
PARGiI. Quantification of EU intensity in untreated or 3 and 18 h after 10 J/m? UV in GMUS cells with or without PARPi or PARGI. Data derived from more
than 100 nuclei from different fields and from two independent experiments are expressed as mean + SE. Note that in all panels of this Fig., * denotes
statistically significant difference with unpaired two-tails t-test (P-value <.05). (E) PARP1-kd (shPARP1) clones in XP-C cells exhibit reduced TCR-specific
UDS after local UVC irradiation (100 J/m?). Local DNA damage identified by CPD staining. Data expressed as mean 4 SE (n = 3). (F) As in panel (E), but
also showing the effect PARPi or PARGI on the progression of UDS-TCR from 3 to 6 h. (G) The XPC-kd U20S CSB-ko cells expressing wild type or
PARFCSB were locally irradiated to UVC (100 J/m?) and monitored for UDS-TCR at 3 h. Data was expressed as mean =+ SE from two independent
experiments (n = 200-300 local irradiated spots). (H) Role of PARP1 in TCR is evolutionally conserved. Survival curve of C. elegans L1 larvae depleted
for indicated genes in response to UVB. Data expressed as mean + SE (n = 3). (I) Model for the roles of PARP1 and PARylation in stabilizing CSB with
RNAPII in TCR.
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(Supplementary Fig. S5]); and noted an impaired UDS-TCR
capacity of PARr-CSB cells (Fig. 5G), which further confirmed
that PARylation of N-terminal domain of CSB plays a key
role in the progression of TCR. Collectively, these results re-
veal that PARP1 (shPARP1 model), PAR synthesis by PARP1
(PARPi model), PAR catabolism by PARG to release free PAR
(PARGi model), PARylation of N-terminal domain of CSB
(PARr-CSB model), and PARylation of C-terminal domain of
CSB (ATPase assay with wt and PARr -CSB) contribute to-
wards an efficient repair by TCR.

Loss of PARP1 reduces survival of TCR-dependent
C. elegans L1 larvae to UV

Lastly, we examined the role of PARP1 in TCR in a whole
organism by using C. elegans survival assays after exposure
to UVB [59]. In nematodes, the resistance to UV is depen-
dent on GGR in the germ cell and embryo state, whereas it
depends on TCR in the L1 larvae stage of the worm. Using
L1 larvae with loss of function mutations in PARP1, CSB, or
XPC orthologs, we observed that while 75% of wild-type and
GGR-deficient XPC-mutant larvae survived a 120 J/m? UVB
irradiation, none of the PARP1 or CSB mutant larvae survived
at that dose (Fig. SH). Thus, a significantly increased suscep-
tibility to UV due to inefficient TCR in PARPI-mutant and
the known TCR-deficient CSB mutant larvae, support an evo-
lutionarily conserved role of PARP1 in TCR from worms to
human cells.

Discussion

In mammalian cells, PARP1 is among the first responders to
DNA damage with mechanistic roles in multiple DNA repair
pathways, including GGR of UV-damaged DNA. Here, we de-
scribe a key early role for PARP1 and PARylation in signifi-
cantly increasing the efficiency of TCR. We show that TCR is
inefficient under the following circumstances: the absence of
PARP1, inhibition of formation of PAR, inhibition of PARG-
mediated degradation of PAR to form free PAR fragments that
can noncovalently modify PAR-acceptor proteins, and the ex-
pression of CSB that is mutated at the PAR-acceptor sites in
its N-terminal domain. Each of these circumstances indepen-
dently decreased TCR at the earliest stage of stabilization of
CSB with lesion stalled RNAPIIo that is required to initiate
TCR. Lastly, in C. elegans L1 larvae, we identified PARP1 as
a TCR-related gene, confirming an evolutionarily conserved
role of PARP1 in TCR.

Based on our data and previous studies, we propose a model
for the dual roles of PARP1 and PARylation in stabilization of
CSB with the lesion stalled RNAPII to facilitate TCR (Fig. 51,
and Graphic summary). During normal transcription (step a),
CSB dynamically probes but does not stably associate with
the moving RNAPIIo that is transcribing the gene [54, 75].
For these normal housekeeping conditions, PARP1 associated
with RNAPII would be basally stimulated to maintain low lev-
els of PAR sufficient for its chromatin remodelling function,
which is unlike the enhanced PARP1 activation and PARyla-
tion of specific proteins that occur at the DNA damage site
[76]. When RNAPIIo stalls at the DNA lesion (step b), our
co-IP and in vitro studies reveal that CSB interacts not only
with RNAPII but also with PARP1. The interaction of differ-
ent domains of PARP1 with CSB and RNAPII would result
in the initial stabilization of all three proteins at the lesion

site. The binding of CSB to DNA initiates its ATP-dependent
lesion recognition by pulling the DNA (step b). Our model
remains inclusive that CSA recruitment to the lesion site at
this stage would further stimulate ATPase activity of CSB,
as shown by Kokic et al. [77]. The CSB would increase the
binding of PARP1 to damaged DNA and further stimulate
its catalytic activity, resulting in additional auto-PARylation
of PARP1. The accumulation of PAR recruits PARG resulting
in the release of free PAR-fragments at the lesion site which
would PARylate CSB (step c). The initial PARylation of CSB
would occur preferentially at the N-terminal PBM of CSB,
which has much higher affinity for PAR than its C-terminal
domain. The N-terminal PAR-resistant CSB studies reveal that
N-terminal PARylation of CSB further stabilizes the interac-
tion of CSB with RNAPII, while still permitting the ATPase
activity of CSB for lesion recognition. The continuing activity
of PARG at the lesion site results in accumulation of free PAR
in sufficient concentrations to bind to the C-terminal domain
of CSB and completely suppress its ATPase activity (step d).
Thus, PARP1 and PARG activity together at the lesion site de-
fine the short window of time for CSB to complete the lesion
recognition step. This state permits CSB to maintain a stable
interaction with RNAPII while being involved in the recruit-
ment of downstream TCR proteins to lesion-arrested RNAPIIL.

Our results highlight similarities between the roles of
PARP1 and PARylation in the initiation of both NER sub-
pathways [78]. First of all, PARP1 interacts with two key pro-
teins that act early in each sub-pathway: DBB2 and XPC in
GGR; and CSB and RNAPII in TCR. Interestingly, in each
case, PARP1 already stably interacts with one partner even
in undamaged cells, which is XPC in GGR and RNAPII in
TCR. Whereas, it interacts with the second partner, DDB2
in GGR and CSB in TCR, only after it has arrived indepen-
dently from PARP1 at the DNA lesion site. The interaction
of PARP1 with DDB2 or CSB stimulates its catalytic activ-
ity to form more PAR at the lesion site resulting in PARyla-
tion of these two partners, which facilitates the recruitment
of downstream proteins for repair. The two step involvement
of PARP1 with different partners further ensures that the re-
pair is launched only when required. Interestingly, the absence
of PARP1 or PARylation delays but not completely block the
repair process by both GGR and TCR, yet the inefficient re-
pair has long term consequence of decreased survival of the
cells after DNA damage that is repaired by these two NER
sub-pathways.

Our results add PARylation among other PTMs, such as
ubiquitination, sumoylation, and phosphorylation that con-
tribute significantly to facilitate and regulate TCR. The CSB
binds to free PAR in vitro and in cells after Illudin S or UVC
treatment (Fig. 4 and [71]). Mutating four Lysine residues to
Alanine in the highly positively charged PBMs of CSB [30]
abolishes its PAR-binding capacity at this site, reduces its in-
teraction with RNAPII resulting in an inefficient TCR. Inter-
estingly, these key Lys residues are conserved in higher organ-
isms from chicken to humans, and their mutation has been
shown to not influence the initial recruitment but to reduce
the retention of CSB at the zone of local irradiation induced
DNA damage [58]. This is an agreement with our results that
although initial CSB recruitment to the chromatin fraction is
PARP1 and PAR-independent, its interaction with RNAPII is
facilitated by PAR binding to its N-terminal PAR binding mo-
tif. It will be interesting to examine whether PARylation and
dePARylation of the multifunctional CSB could be broadly ex-
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ploited in repair of different types of DNA damages in which
CSB is known to be involved [51].

It is noteworthy that altering the cellular capacity for other
PTMs [79], such as ubiquitination [80, 81], sumoylation [81,
82], and phosphorylation [83] also result in impaired TCR,
despite having normal PARP1 and PARylation activities. For
example, deleting the ubiquitin-binding domain does not re-
duce the initial interaction of CSB with stalled RNAPIIL, but it
still decreases TCR and sensitizes the cells to UVC irradiation
[80, 82]. Unlike other PTMs that are dependent on CSB at the
lesion site, the role of PARP1 in TCR starts even before CSB ar-
rives at the lesion site. Thus, our results strongly indicate that
PARylation would be the earliest PTM to confer efficiency in
TCR at the level of stabilization of CSB-RNAPII complex to
launch TCR. In GGR, different PTMs have been shown to col-
laborate with or exhibit inter-dependence on each other [84];
therefore, it will be interesting to explore whether PARylation
works collaboratively with other PTMs at the same or differ-
ent steps of TCR to orchestrate an efficient repair.

Our results also highlight that PARylation is a flexible tool
to control activity of ATPase function of various proteins. For
example, PARylation upregulates ATPase function of chro-
matin remodeler ALC1 [85], but inhibits that of the nucle-
osome remodeling ISWI [86], as well as CSB as shown here.
Earlier report by Thorsland ef al. [71] revealed that PARyla-
tion of CSB blocks ATPase function. Our studies now clearly
define that only the minor PARylation of C-terminal domain
blocks ATPase, while major PARylation of CSB at N-terminal
domain promotes the interaction of CSB with RNAPIL It has
also been shown that deletion of 245-365 aa in CSB that in-
cludes the PARr mutation sites in our study, does not alter
its ability to bind to chromatin or prevent DNA-stimulated
ATPase function of CSB [21], which is in agreement with our
results obtained with PARr-CSB model. In addition, our data
shows that C-terminal PARylation by free PAR arising from
the action of PARG requires a substantial build-up of PAR
to completely suppress ATPase function of CSB. Thus, a sig-
nificant difference in affinity for PAR by two ends of CSB
and time required for PARG-mediated accumulation of free
PAR together provide the window of time for lesion recogni-
tion step to be completed by CSB followed by shutdown of
ATPase function which permits initiation of TCR. We suggest
that if CSB is not degraded after its release form the lesion
site, then its ATPase activity could be derepressed by eventu-
ally complete dePARylation of CSB permitting its recruitment
to RNAPII stalled at other lesion sites.

Apart from PARylation, phosphorylation of CSB has also
been shown to control ATPase activity of CSB. Christianssen
et al. [87] demonstrated in an in vitro assay that CSB de-
phosphorylation stimulates its ATPase activity. However, they
also showed that dephosphorylation of CSB takes several
hours in cells. This also requires that CSB arrives at the le-
sion site in a phosphorylated and inactive ATPase state. In
this respect, CSB was shown to be phosphorylated by ca-
sein kinase 2 in complex with ARK2N, but its impact on the
ATPase activity of CSB was not examined [83] and the role
of ARK2N in this process needs further clarification [88, 89].
Thus, phosphorylation-dephosphorylation is potentially a sec-
ond mechanism for controlling the ATPase function of CSB
for lesion recognition. However, this would require more stud-
ies to fully understand the kinetics and the state of phospho-
rylation and dephosphorylation of CSB before and after UV
irradiation in the cells.
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Our model remains inclusive for the discovery of additional
roles of PARP1 and PARylation in facilitating downstream
TCR events based on our Bio-ID proteomic profile and known
PARylation of subsequent NER proteins, such as XPA [90]
and DDB1 [40]. It will be interesting to verify whether PAR
metabolism mediated transient control of ATPase activity of
CSB is also implicated in other CSB-dependent DNA repair
pathways; as well as in the ATPase activity of other proteins
that are implicated in diverse responses to DNA damage apart
from repair, such as chromatin remodelling. Finally, our re-
sults highlight the importance of timely and rapid completion
of TCR, because even a partial suppression and a delay in
this process, such as due to the absence of PARP1 and PAR
metabolism, comes at a cost of increased sensitivity of the cell
to a DNA damage that is repaired by TCR.
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