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ABSTRACT

One of the fastest cellular responses to genotoxic
stress is the formation of poly(ADP-ribose) polymers
(PAR) by poly(ADP-ribose)polymerase 1 (PARP1, or
ARTD1). PARP1 and its enzymatic product PAR regu-
late diverse biological processes, such as DNA re-
pair, chromatin remodeling, transcription and cell
death. However, the inter-dependent function of the
PARP1 protein and its enzymatic activity clouds
the mechanism underlying the biological response.
We generated a PARP1 knock-in mouse model car-
rying a point mutation in the catalytic domain of
PARP1 (D993A), which impairs the kinetics of the
PARP1 activity and the PAR chain complexity in
vitro and in vivo, designated as hypo-PARylation.
PARP1D993A/D993A mjce and cells are viable and show
no obvious abnormalities. Despite a mild defect in
base excision repair (BER), this hypo-PARylation
compromises the DNA damage response during DNA
replication, leading to cell death or senescence.
Strikingly, PARP1P993A/D993A mjce are hypersensitive
to alkylation in vivo, phenocopying the phenotype
of PARP1 knockout mice. Our study thus unravels a
novel regulatory mechanism, which could not be re-
vealed by classical loss-of-function studies, on how
PAR homeostasis, but not the PARP1 protein, pro-
tects cells and organisms from acute DNA damage.

INTRODUCTION

Poly(ADP-ribosyl)ation =~ (PARylation) is a  post-
translational modification that is mainly carried out
by poly(ADP-ribose) polymerase 1 (PARPI, also known
as ARTD1). Upon genotoxic stress, PARPI is activated to
catalyse, using NAD™, the formation of poly(ADP-ribose)
polymers (PAR) covalently or non-covalently onto many
proteins, but mainly onto itself (1-3). PARPI1-activating
DNA lesions include primarily single strand breaks (SSBs)
and stalled replication forks, as well as DNA double strand
breaks (DSBs) (1.,4,5). As binding to DNA breaks rapidly
activates PARP1, PARylation is regarded as an early
DNA damage response (DDR). PARylation or PAR can
target a variety of proteins that bind PAR via different
PAR-binding motifs, which are thought to provide a
spatiotemporal interaction scaffold (4,6,7). PAR is short-
lived, because it is rapidly degraded by poly(ADP-ribose)
glycohydrolase (PARG) (2,8).

PARPI activation leads to auto-PARylation of PARPI,
which can aid in the recruitment of the scaffold protein
XRCCI (and others) to conduct the base excision repair
(BER). Thus, PARP1 and PARylation are involved in BER
(see (9) for review). In addition, replication stress or replica-
tion fork stalling can activate PARP1 (6,10-12). In response
to S-phase poisons, PARP1 or PARylation interact with
ATR to induce the S-phase checkpoint (12,13). We recently
showed that PAR binding to Chkl1 is required for a full ac-
tivation of the intra-S checkpoint, independent of ATR (6).
Moreover, PARP1 and PAR can slow down the progres-
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sion of replication forks, thus reducing the generation of
DSBs during S-phase (11,14). As a consequence of the man-
ifold defects in handling DNA damage, PARP1-deficient
cells and mice are hypersensitive to alkylating agents and
exhibit increased genomic instability and deleterious defects
(15-19). We previously showed similar defects in the geno-
toxic stress response in mice and cells lacking the nuclear
isoform of PARG, which exhibit a defective PAR turnover
and, hence, hypo-PARylation (20-22).

The biological function of the PARylation system has
been investigated extensively using chemical inhibitors and,
importantly, animal models in which PAR forming and
degrading enzymes are deleted. These studies have estab-
lished that PARP1 and PARylation regulate chromatin re-
modeling, transcription, replication, genome maintenance
and cell death (as reviewed in (1-3,9,23)). Nonetheless,
the biology of PARylation is still enigmatic, because the
findings and interpretations are often inconsistent. For ex-
ample, studies using Drosophila demonstrated a PARP-
mediated ‘loosening’ of chromatin at the ‘puff’ loci (24),
while nucleosome-PARylation-independent condensation
of chromatin was reported (25). Secondly, it is still un-
der debate whether PARP1 as a co-activator of NF-kB re-
quires its enzymatic activity (26-29). Thirdly, PARPI can
promote (10,30-32) or inhibit homologous recombination
(HR) (15,17,33-35,36-38).

The causes for these discrepancies might well be influ-
enced by the spatiotemporal level of PAR formation during
various experimental and physiological conditions. Also,
the impact of PAR and/or PARPI seems to be dependent
on the type and the intensity of the inflicted damage type
or signaling. More importantly, the PAR readers consist of
numerous proteins, which fulfill a plethora of functions (7).
Unfortunately, reports on the regulation of the PARPI en-
zymatic activity in vivo to date have been very sparse (re-
viewed in (2,39,40)). One technical limitation hinders the
employed genetic and pharmaceutical approaches: While
the knockout (KO) or knock-down of PARP1 eliminates the
PARPI protein together with more than 90% of the gener-
ated PAR (41), PARP inhibitors target unspecifically other
PARP family members, which harbor diversified biochem-
ical and biological functions (42). Another problem is that
other PARP family members (e.g. PARP2) may compen-
sate for some of the functions of PARP1 if the entire pro-
tein is eliminated. Thus, the previous approaches could not
distinguish between the impact of PARP1 and that of its
enzymatic product, i.e. PAR. As a consequence, the inter-
dependent nature of the PARPI protein and the generated
PAR (43), as well as the biological significance of the dy-
namics and the homeostasis of PARylation thus remains
elusive, partially due to the lack of appropriate experimen-
tal models.

In the present study, we sought to clarify the specific
functions of PARPI’s enzymatic activity in vivo by gen-
erating a separation-of-function mutant PARP1 knock-in
(Ki) mouse model mutating Asp (D) 993 to Ala (A) of the
PARPI protein. The D933 A mutation compromises the ki-
netics of the PARylation activity and the complexity of the
PAR chains. This mutation is compatible with the develop-
ment and tissue homeostasis of mice and the viability of
cells under unperturbed conditions. However, homozygous
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PARP1P3A/DINA cells and mice are hypersensitive to alky-
lation or oxidative stress - most likely due to defects in BER
and DDR defects in S-phase, which enhance cell death and
cellular senescence. This PARP1 Kimodel classifies PARP1
functions by its requirement for an acute synthesis of PAR
polymers and differentiates the functions of the PARP1 ac-
tivity in acute DDR and physiological development.

MATERIALS AND METHODS
Generation of PARP1P%93A/D993A 1506

The gene-targeting vector containing the point mutation
in exon 23 (Supplementary Figure S1A) was electropo-
rated into E14.1 embryonic stem (ES) cells. Southern blot
analysis of selected ES clones confirmed targeted (Tg) and
knock-in (Ki) allele mutation in the Adprt locus before and
after transfection with Cre-recombinase, respectively. For
identification of the Tg allele, SB was performed with ge-
nomic DNA from ES cells digested with Xbal and BspH]1
using the probe 6.4 (Supplementary Figure S1A) for hy-
bridization, which yields a fragment of 8.5 kb for the wild
type (WT) allele, and 6.6 kB for the Tg allele (Supplemen-
tary Figure S1B). To verify the Ki allele, genomic DNA
was digested with Xbal and BspH1 and subjected to SB
analysis using the probe 7.6 (Supplementary Figure S1A)
which generates a fragment of 8.5 kb for the WT allele,
and 2.9 kB for the Tg allele and 1.9 kB for the Ki al-
lele (Supplementary Figure S1C). The heterozygous PARP1
Ki (PARP1*/P93A) ES clones were injected into blasto-
cysts to generate chimeras, which were subsequently crossed
with C57BL/6 mice to obtain PARP1*/P93A founder
lines. Genotyping of the animals was performed by poly-
merase chain reaction (PCR) using the following primers.
PARP1 KO: OVLI (GTTGTGAACGACCTTCTGGG)
OVLIR (CCTTCCAGAAGCAGGAGAAG) and NeolIR
(GCTTCAGTGACAACGTCGAG). PARP1 Ki: D993A
F2 (ATGAGTATCCTTTCTTGGCTATG) and D993A:
R2 (CTGAGCAATGGCGTAGACA). All sequences are
given from 5 to 3’ orientation.

Genotoxic treatment of mice

The desired amount of methyl-nitroso-guanidine MNU
(Sigma-Aldrich, Taufkirchen, Germany) was solved freshly
in 0.9% (w/v) NaCl (pH < 5) and sterile filtered prior to
use. The body weight of the animals was measured and the
injection volume was calculated accordingly. The MNU so-
lution or solvent was administered intraperitoneally into
adult, young mice (2-3 months of age).

Collection of tissues from mice and histology

Adult mice were sacrificed and the organs were subjected to
RNA isolation or histological analysis. For histology, small
intestines were flushed once with PBS and once with 4%
paraformaldehyde (PFA; Sigma-Aldrich) before fixation at
4°C overnight. For paraffin sectioning, fixed tissues were
washed twice with PBS for 10 min each and then sequen-
tially embedded in paraffin. Tissue sections (7 wm) were
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prepared for H&E staining, which were examined by mi-
croscopy (Axiolmager M1 with AxioCam Mrm camera op-
erated by Axiovision software, Zeiss, Jena, Germany).

RNA isolation, cDNA synthesis and semi-quantitative PCR

RNA isolation, reverse transcription (RT) and semi-
quantitative RT-PCR was carried out as described pre-
viously (44). RNA from tissue was isolated using Trizol
reagent (Thermo Scientific, Darmstadt, Germany) accord-
ing to the manufacturers’ suggestions. First strand cDNA
was then synthesized from 0.5 g of RNA using Affinity
Script Multiple Temperature cDNA synthesis Kit accord-
ing to the manual (Agilent, Waldbronn, Germany). Primer
pairs for GAPDH were GCACAGTCAAGGCCGAGA
AT and GCCTTCTCCATGGTGGTGAA and those for
PARP1 were GGATCCCATCTGGTGTCAAC (forward
primer annealing in exon 22) and GTGCAGAGGCAC
TAGGGAGA (reverse primer annealing in exon 23). The
sequencing primer was TTCACTGGGTTAGAGCATTG.
All sequences are given from 5’ to 3’ orientation.

Purification of PARP1 proteins

The protein baculovirus expression vectors pQE-TriSystem
(Qiagen, Hombrechtikon, Switzerland) and BacPak§
(Clontech, Saint-Germain-en-Laye, France) were used for
the expression of recombinant proteins in Sf2/ insect cells
as described previously (45,46). Wild-type (WT) human
PARPI1 or the D993A mutant were cloned and expressed
as carboxyl-terminal His-tagged proteins. All recombinant
proteins were purified by one step affinity chromatography
using ProBond resin according to the manufacturer’s rec-
ommendations (Invitrogen). Expression and purification
of all recombinant proteins were analysed by SDS-PAGE
followed by Coomassie staining.

ADP-ribosylation assay in vitro

10 pM recombinant His-tagged human WT and D993A
mutant PARP1 were incubated with 150 nM [*>P[NAD*
in the presence of the indicated concentration of unlabelled
NAD® (PerkinElmer, Schwerzenbach, Switzerland) for 2 or
15 min at 37°C in reaction buffer (50 mM Tris—HCI, pH 8.0,
4 mM MgCl,, 0.25 mM DTT,) and 5 pM annealed double-
stranded oligomer (5-GGAATTCC-3'), in a total reaction
volume of 25 pl. The reaction was stopped by adding the
SDS sample buffer and boiling (5 min, 95°C). Samples were
separated on a 8% SDS-PAGE, the protein content was vi-
sualized by coomassie staining and the autoradiographic
signal quantified by using GelEval (http://www.frogdance.
dundee.ac.uk).

PAR synthesis and purification

PAR was synthesized according to Fahrer et al. (47). Briefly,
a reaction mixture including 100 mM Tris—-HCI pH 7.8, 10
mM MgCl,, | mM DTT, 300 wg/ml histone HIIa, 50 pg/ml
oligonucleotide (GGAATTCC), | mM NAD™ and 150 nM
PARP1 was incubated at 37°C for 45 min. The reaction
was stopped by 20% ice-cold trichloro-acetic acid (TCA)

and precipitated PAR was pelleted by centrifugation. To de-
tach PAR from proteins, it was incubated in 0.5 M KOH /50
mM EDTA for 10 min. To stop the reaction the pH was
adjusted to 7.5-8.0. After DNA and protein digestion at
37°C overnight, PAR was purified by phenol-chloroform—
isoamyl alcohol extraction, which was followed by ethanol
precipitation. Finally, PAR was dissolved in water and the
concentration was determined by UV absorbance at 259
nm.

Characterization of PAR chain length and branching

The PAR chain length distribution was analyzed using an
Agilent 1100 HPLC system equipped with a DNA Pac PA-
100 analytical column (4 x 250 mm). 50 nM of the purified
PAR was loaded onto the column equilibrated with buffer
A (25 mM Tris-HCI pH 9.0) and the polymers were eluted
using a multistep gradient of buffer B (25 mM Tris—-HCI pH
9.0, 1 M NaCl). The method was adapted from Fahrer ez al.
(47) and set as follows: 0 min (0% B), 3 min (20% B), 20
min (35% B), 40 min (42% B), 70 min (47% B), 110 min
(53% B), 120 min (61% B), 131 min (70% B), 132 min (100%
B), 152 min (100% B). PAR molecules were detected by UV
absorbance at 259 nm.

Mass spectrometric analysis of PAR branching

Mass spectrometric analysis of PAR branching was per-
formed as reported previously (48,49). Briefly, MEFs were
challenged with 250 wM H,0O, for 10 min and PAR
was sampled for the UPLC-MS/MS analysis. Cells were
washed with ice-cold PBS and lyzed with 1 ml 20% TCA.
The lyzed cells were harvested using a cell scraper and cen-
trifuged for 5 min at 3000 x g and 4°C. The pellet washed
twice with 500 wl ice-cold 70% ethanol, and centrifuged
for 5 min at 3000 x g at 4°C. The pellet was air-dried
at 37°C, resuspended in 255 pl 0.5 M KOH and neutral-
ized with 50 pl 4.8 M MOPS buffer. DNA concentration
was measured with an extinction wavelength of 360 nm
and an emission wavelength of 460 nm utilizing a Var-
ioskanFlash Fluorescence Reader (Thermo Scientific). The
DNA concentration of a sample was calculated using a
standard curve from defined amounts of calf thymus DNA
(Sigma-Aldrich). Heavy-isotope labelled, undigested PAR
(12 pmol) was added as an internal standard. DNA and
RNA were digested for 3 h at 37°C by incubating samples
with 0.1 mg/ml DNase 1 (Roche, Mannheim, Germany),
0.1 mg/ml RNase A (Sigma-Aldrich), 50 mM MgCl, and
100 mM CaCl,. Then, 1.25 pl of 40 mg/ml proteinase K
(Roche) were added and samples were incubated at 37°C
over night. Thereafter, PAR was purified using the High
Pure miRNA Isolation kit (Roche) according to the manu-
facturer’s instructions and was eluted in 100 w1 RNase-free
water and then digested into its subunits with 10 U PDEI1
(Affymetrix, Santa Clara, USA) and 0.5 U alkaline phos-
phatase (Sigma-Aldrich) for 3 h at 37°C. Next, the sam-
ples were filtered through a 10-kD Nanosep filter and subse-
quently dried in a speedvac. The samples were then resolved
in 25 pl MilliQ water and subjected to UPLC-MS/MS
analysis as described in (49).
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Cell culture

Primary mouse embryonic fibroblasts (pMEFs) were iso-
lated from E13.5 embryos derived from intercrosses of
PARP1*/~ and PARPI®/* mice in the 129/Sv/B6 mixed
background, or immortalized following a 3T3 protocol as
described previously (50). MEFs were maintained in Dul-
becco’s modified eagles medium (DMEM), containing 10%
fetal calf serum, 1 mM sodium pyruvate, 2 mM L-glutamine,
100 units/ml penicillin, 100 pg/ml streptomycin and 0.1
mM B-mercaptoethanol (Thermo Scientific) at 37°C and
5% CO,. Cellular experiments were performed with pMEFs
(< passage 4), unless otherwise stated. For immunohis-
tochemistry and HiMAC assays (see below), cells were
seeded on black flat-bottom 96-well plates (Corning, Wies-
baden, Germany) coated with 0.1% gelatin (Sigma-Aldrich)
in PBS.

Inhibitor treatments

PMEFs were pre-treated for 1 h with the respective in-
hibitors prior to the genotoxic treatments at 37°C, 3% O,
5% CO,. The inhibitors were present during the genotoxic
treatments, the damage recovery period as well as the EAU
pulse labeling. The final concentrations of the inhibitors
are: 500 nM Aphidicolin (Sigma-Aldrich); 5 pM PARPi
(Rucaparib, SelleckChem, Houston, TX, USA); 5 mM Caf-
feine (Sigma-Aldrich); 10 pM ATMi (Ku-5593; Abcam,
Cambridge, UK).

Cellular survival assay

Defined number of pMEFs of the indicated genotypes (300
for WT and D993A/D993A, and 400 of —/-) were plated
on black flat-bottom 96-well plates pre-coated with 0.1%
gelatin in PBS and cultured at 37°C, 5% CO,, 3% O,. Forty
eight hours after seeding, pMEFs were treated with the in-
dicated drugs for the indicated durations, and released into
fresh MEF medium. At 6 and 9 days of recovery in the
MNNG and MNU or CPT experiments, respectively, the
cells were subject to the HIMAC assay. Nuclei after DAPI
staining were counted by high content microscopy (Cel-
lomics Arrayscan VTI, Thermo Scientific) and the survival
was calculated as the number of nuclei in each condition
relative to the respective DMSO-treated condition.

Clonogenic survival assay

pPMEFs were seeded on 10 cm dishes (15 000 cells per
dish) 24 h before a 30 min pulse treatment with MNNG or
DMSO and were released into drug-free culture. After 10
days, cells were fixed with 70% EtOH for 30 min and then
stained with 0.5% crystal violet in 1% EtOH for 30 min. The
plates were scanned and the crystal violet signals were quan-
tified with MultiGauge (Fuijifilm, Disseldorf, Germany).
Survival was calculated as the average signal intensity of a
particular condition divided by the average signal intensity
of the respective DMSO-treated condition.

Senescence-associated 3-galactosidase assay (SA-B-Gal)

Twenty thousand pMEFs (< passage 2) were seeded per
well of a six-well dish (Nunc, Sigma-Aldrich) before treat-
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ment with MNNG. A commercially available Sa-B-Gal kit
(Cell Signaling, Danvers, USA) was used according to the
manufacturers” instructions. SA-B-Gal positive cells were
scored by microscopy (Axiovert 40CFL with an AxioCam
MRCcS5 camera, Zeiss, Jena, Germany). Data were expressed
as ratios of positive cells at a certain condition (i.e. MNNG
treatment and genotypes) relative to the untreated WT cells.

High content microscopy-assisted cell cycle phenotyping (Hi-
MACQ)

HiMAC was essentially performed as described previously
(51). Briefly, pMEFs were seeded to gelatin-coated (see
above), black flat-bottom 96-well plates and allowed to
adhere for at least 24 h. For H,O, treatments, culture
medium was removed and cells were treated with 100 wM
H,0; (Sigma-Aldrich) in PBS supplemented with 1 mM
MgCl, (Mg-PBS) for 8 min at 37°C, 5% CO,, 3% O,. After
treatments, H,O, solution was removed, the cells washed
once with fresh culture medium, and then released into
drug-free culture for the indicated durations. Prior to fix-
ation at the indicated time points, the cells were pulse-
labeled with 4 uM EdU (Thermo Scientific) for 45 min.
At time points, pMEFs were fixed in PBS containing 3%
PFA (Sigma-Aldrich), 0.025% glutaraldehyde (Applichem,
Darmstadt, Germany) and 0.1% Triton X-100 (Sigma-
Aldrich). Blocking and antibody incubation was carried
out in 1.5% BSA (Sigma-Aldrich), 0.4% Triton X-100 in
TBS. and secondary antibodies. Primary antibodies applied
over night at 4°C: yH2AX (JBW301, Millipore, Darmstadt,
Germany; 1:300), 53BP1 (NB100-304, Novus Biologicals,
Littleton, USA; 1:300 for Lot A3 and 1:4000 for Lot A4 and
AS). Secondary antibodies incubated for 1 h at RT: anti-
rabbit 1gG-Cy3, anti-mouse IgG-FITC, anti-mouse 1gG-
Cy3 (All from Sigma-Aldrich; used 1:300, 1:200; 1:400, re-
spectively). EAU click reaction was then allowed for 1 h
at RT (51) and the cells were stained with 1 wg/ml DAPI
(Sigma-Aldrich) in PBS for 30 min at RT. Images were ac-
quired in an automated manner using a BD pathway 435
system (Beckton Dickinson, Heidelberg, Germany), data
processing by CellProfiler software (52), and analysis using
the HIMAC analysis template (51).

High content analysis of cell cycle exit

One thousand pMEFs were seeded per well of gelatin-
coated black flat-bottom 96-well plates 24 h before treat-
ment with the indicated doses of MNNG and released into
drug-free culture for the indicated durations. Twenty four
hours before fixation, the cells were labelled with 4 pM
EdU for 24 h. After fixation, the samples were processed
and analysed as described for HIMAC (see above). The an-
tibodies used were: a-Ki67 (SP6, Thermo Scientific; 1:300)
and a-rabbit IgG-Cy3 (Sigma-Aldrich; 1:300). Ki67 inten-
sity thresholds were empirically determined.

High content analysis of poly(ADP-ribose) by immunofluo-
rescence (PAR-IF)

PMEFs were seeded to 96-well plates as described for Hi-
MAC. Genotoxic treatment with 1.5 mM H,O, or the in-
dicated concentrations of MNNG, MNU or CPT for the
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indicated durations were performed as described above. At
time points, the cells were fixed with 100 pl ice-cold 100%
MetOH for 8 min at 4°C. After blocking the cells with 5%
non-fat dry milk in TBS containing 0.01% Tween-20 at 30°C
for 30 min, anti-PAR antibody (10H, Millipore; 1:300) and
anti-mouse IgG-FITC in the H,0O, experiments, or anti-
mouse IgG-Cy3 in the MNNG, MNU and CPT experi-
ments (both from Sigma-Aldrich; 1:200 and 1:400, respec-
tively), were applied in blocking solution for 45 min at 30°C.
Subsequent DAPI staining, microscopy and image analy-
sis was carried out as described above (HIMAC). The nu-
clear intensity of PAR signals was normalized against the
DAPI sum of each individual cell to account for changes
in the DNA content during cell cycle progression. Highly
condensed nuclei were excluded from the analysis.

Alkaline single cell electrophoresis (Comet assay)

The alkaline comet assay was carried out essentially as de-
scribed earlier (53). Briefly, pMEFs were treated for 8 min
at 37°C with 100 pm H,0O; followed by the indicated du-
rations in drug-free culture to allow for DNA repair. At
time points, pM EFs were harvested and suspended at a den-
sity of 1 x 10° cells per ml in PBS and mixed 1:4 with
molten low-melting point agarose (Sigma-Aldrich) at 41°C.
This mixture was overlaid on the pre-warmed frosted mi-
croscope slides with window (Erie scientific, Portsmouth,
USA), which had been coated with 1% Agarose Type 11
(Sigma-Aldrich). Next, the slides were incubated at 4°C
for 60 min in alkaline lysis buffer containing 10% DMSO
(Thermo Scientific) 1% Triton-X-100, 10 mM Tris, 100 mM
EDTA, 2.4 M NaCl, 1% (w/v) N-lauryl-sarcosine (all from
Sigma-Aldrich) at pH 10. The slides were then equilibrated
in electrophoresis buffer (333 mM NaOH, | mM EDTA,
pH 13) at 4°C for 25 min and subsequently electrophoresed
at 4°C at 1 V/cm (480 mA) for 25 min. After neutral-
ization for 5 min in 0.4 M Tris (pH 7.5), washing with
100% EtOH and staining with 2.5 pg/ml propidium iodide
(Sigma-Aldrich) in PBS, the samples were analysed using
an Axioplan 2 microscope (Zeiss) equipped with a stingray
camera (Allied Vision Technologies, Stadtroda, Germany)
operated by Comet Assay IV software (Perceptive instru-
ments, Edmonds, UK).

Recruitment of GFP-XRCC1 following laser damage

For measurement of the recruitment of GFP-XRCCI, cells
were cultured on Nunc™ Lab-Tek® Chamber Slides (Nunc,
Thermo Scientific). One day before laser damage, adher-
ent cells were transfected with GFP-XRCCI vector using
Lipofectamine 2000 (Thermo Scientific) according to the
manufacturers’ instructions. For laser damage induction,
the pulsed UV-A laser was coupled into a confocal laser-
scanning microscope (LSM 510, Zeiss) via epifluorescence
illumination path (53). Cells were maintained in an incuba-
tion chamber supplied with a 5% CO,, 37°C by a Temp-
control 37-2 digital and CTI-Controller 3700 digital (both
Carl Zeiss, Jena, Germany). Automated movement of the
motorized x, y table during procedure caused laser tracks,
irradiating the cells with a 2 pJ single laser pulses every 1.5
wm. No sensitisation was used. Confocal imaging for living

cells was performed using the LSM510 laser scanning mi-
croscope (Zeiss) equipped with a HeNe and an Argon ion
lasers and emission filter set for the detection of FITC sig-
nals (BP530/20). Scanning and the time course of intensity
changes of fusion proteins were recorded via time series of
the Zeiss LSM software version 3.2. Mean fluorescence in-
tensity was measured in three regions of interest (ROIs): ir-
radiated area (/), in the nucleus outside irradiated area for
photobleaching correction (C) and outside the nucleus for
background value (B). Fold change of intensity was calcu-
lated as follows: fold change of intensity = (/ — B)/(C — B).

Western blotting

Western blotting was carried out as described previously
(44). Briefly, pMEFs treated as indicated were harvested by
trypsinization, washed once in ice-cold PBS containing 1 x
protease and 1x phosphatase inhibitor cocktails (Sigma-
Aldrich) and then lysed in 20 mM HEPES pH 7.6, 20% glyc-
erol, 0.5 M NaCl, 1.5 mM MgCl,, 0.2 mM EDTA pH 8.0,
0.5% NP-40, 1 mM DTT, 1 mM PMSF, 5 mg/ml leupeptin,
2 mg/ml aprotinin, 1 mM B-glycerophosphate, 1 mM
Na3 VO, and 10 mM NaF (Sigma-Aldrich). Following SDS-
PAGE, the membranes were blotted with the following anti-
bodies: rabbit-anti-Cyclin A (Santa Cruz, Heidelberg, Ger-
many; 1:500), mouse-anti-B-actin (Sigma-Aldrich, 1:5000)
and horseradish peroxidase (HRP)-coupled secondary an-
tibodies anti-mouse-IgG-HRP and anti-rabbit-IgG-HRP
(both from DAKO/Agilent, Waldbronn, Germany, 1:5000).

RESULTS
PARP1P?3A/D93A mice develop normally

Using the Cre-loxP gene targeting technology, we generated
a PARPI knock-in (Ki) mouse line harboring an amino acid
exchange from aspartate (D) to alanine (A) in the codon 993
of PARP1 (PARP1P%?34) We constructed a gene-targeting
vector containing the point mutation in exon 23 (Supple-
mentary Figure S1A) and electroporated it into E14.1 ES
cells. Southern blot analysis of selected ES clones verified a
targeted mutation in the Adprt locus (Supplementary Fig-
ure S1A and B) and the subsequent excision of the neo
cassette by Cre-recombinase, generating the PARP1+/P934
ES clones (Supplementary Figure S1C). The PARP1*/Ki ES
cells were used to generate PARP1*/%i mice. Intercrosses of
PARP1*/P93A mice resulted in homozygous Ki mice (des-
ignated PARP1DP993A/D993AY at the expected Mendelian ra-
tio (Supplementary Figure S1D). PARP1DP93A/D993A mjce
were phenotypically normal throughout the observation pe-
riod of two years (data not shown). The presence of the
PARP1P3A mutation was confirmed by sequencing cDNA
isolated from mouse livers (Supplementary Figure SI1E).
Semi-quantitative reverse transcription (RT)-PCR revealed
no difference in the Parpl transcripts of PARP]P9934/D993A
mice compared to wild-type (WT) or PARP1+/P93A litter-
mates (Supplementary Figure S1F).

PARP1P°%A mutation alters the enzymatic kinetics of
PARP1 and PAR chains

To characterize the impact of the PARP1P%%3A mutation on
DNA damage-induced PARylation, we isolated and used
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Figure 1. PARP1P923A mutation slows enzyme kinetics of PARP1 and impairs PAR complexity. (A) Scheme of a PAR formation assay by immunoflu-
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primary embryonic fibroblasts (pMEFs) from embryos of
the respective genotypes, to avoid the consideration that the
immortalization procedure modifies the genotoxic stress re-
sponse, to measure the kinetics and capacity of PARylation.
We challenged the cells with the alkylating agent MNNG
or H,O,, which are well-characterized PAR inducers, and
analysed them by a high-content (HC) immunofluorescence
(IF) microscopy assay (PAR-IF; Figure 1A and B). We
detected a dose-response of the PAR formation capacity
of the pMEFs after 30 min of treatment with MNNG.
PARP1P93A/DIBA sMEFs displayed less PAR compared
to WT in all doses tested, particularly at 50 and 100 pM
(Figure 1C). PARP1~/~ cells expectedly induced negligi-
ble PAR (Figure 1B and C). In addition, the time-course
showed that 200 wM MNNG robustly induced PAR already
at 10 min in the WT pMEFs, while the PARP]DP993A/D993A
PMEFs were almost devoid of PAR in all tested doses at
this time point. Even upon exposure to 200 M MNNG,
the PARP1DP934/D93A s MEFs induced only ~10% of the
WT level at 10 min, although it reached ~80% of WT at 30
min (Figure 1C). Of note, obvious cell death (e.g. floating
cells) was not detected during the given 30 min of treatment
(data not shown). Similarly, PARP1P93A/D93A h MEFs also
showed a lower and decelerated PARylation after treatment
with H,O,, as well as with another alkylating agent, MNU
(Supplementary Figure S2A-C). Because PARP1 can be
activated by damaged replication forks (6,10,54), we next
treated pMEFs with the topoisomerase inhibitor camp-
tothecin (CPT) that induces replication fork damage and
found similar PARylation defects (Supplementary Figure
S2D).

The D993A mutation was reported to inactivate the hu-
man PARPI catalytic activity (55). We performed an in vitro
auto-PARylation assay on the recombinant human WT
and D993A PARPI proteins at different NAD™ concen-
trations. We found that D993A PARPI1 formed less PARs
than WT PARPI in a 2-min reaction time (Figure 1D upper
panel, E). However, a similar amount of PARs was formed
by WT and D993A PARPI at the 15 min reaction time
(Figure 1D lower panel, E). At the same NAD" supply,
D993A PARPI failed to form the same amount of PARs
within a short reaction time, but eventually reached a simi-
lar level later on. We next characterized the quality of PARs

formed by the D993A PARP1 by HPLC and mass spec-
trometry (MS). First, we analysed PARs synthesized by WT
or D993A PARPI1 by HPLC and found that the mutant
PARPI1 formed relatively shorter (HPLC) and less branched
PAR chains (MS) compared to WT PARPI1 (Figure 1F-
H). Similarly, PARP1P?93A/D93A s MEFs challenged with
250 wM H;0, produced less-branched PARs than WT
pMEFs (Figure 11). Taken together, the PARP1P%%3A mu-
tation delays DNA damage-induced PARylation and com-
promises the complexity of the PAR chains (hereof hypo-
PARylation).

PARP1°%3A mutation impairs base excision repair

To investigate the impact of hypo-PARylation in DNA re-
pair, we conducted an alkaline comet assay and monitored
the repair at a 60-min recovery time after 8 min exposure to
H,0,. We observed a slightly higher level of the olive tail
moments in PARP1DP?34/D93A s MEFs compared to WT
controls immediately after the treatment (0 min, Figure 2A
and B). However, the difference was diminished at 30 min
of the repair time. As expected, PARP1~/~ pMEFs main-
tained higher comet tail moments compared to the other
two genotypes even at 60 min of the repair. Apparently,
shortly after damage induction, there was elevated dam-
age in PARP1DP93A/D93A and PARP1/~ cells, which likely
represents a defect in early damage repair. However, this
was compensated for in PARP1P93A/DI3A cells at later time
points. To further examine whether the altered PARylation
of PARPDP993A/DI%A cells has an impact on BER, we ana-
lyzed the behavior of the scaffold protein XRCC1, which
is normally recruited to the damaged site by PARylated
PARPI1 (56). To this end, we engineered 3T3-immortalized
MEFs and transfected them with GFP-tagged XRCC1 and
monitored the chromatin recruitment of GFP-XRCCI to
the sites of laser-induced DNA breaks. As expected, the ac-
cumulation of GFP-XRCCI at laser-induced DNA dam-
age was completely abolished in PARP1~/~ MEFs (Fig-
ure 2C and D). The retention of XRCC1 was significantly
compromised as lower XRCCI signals were detected in
PARP1P993A/D93A MEFs at later time points, compared to
WT (Figure 2D, note the slope of the curves from 100 s
to 180 s). These results argue for an impaired BER after

genotypes (wild type PARP1 (+/+); PARP1P?934/D993A (D993 A) and PARPI knockout (—/-)) after treatment with 200 wM MNNG or DMSO for 30
min. (C) Quantification of the PAR intensity in individual cells treated for 10 min or 30 min with the indicated doses of MNNG. The DMSO controls
were analysed at both time points and only 30 min is shown. The data are the means + SEM from at least 500 cells per condition normalized against the
maximum wild type (WT) level. Similar results were obtained in three independent experiments using four pMEFs littermate pairs. Asterisks (*) indicate
the difference of PARP1P93A/DIBA yersus WT (+/+); *P <0.05; **P <0.01; ***P <0.001, as determined by a two-way ANOVA with a Tukey's post-test.
(D) In vitro activity assay of recombinant WT and D933A mutant PARP1 proteins incubated for either 2 min or 5 min with oligonucleotides mimicking
DNA strand breaks and the indicated concentrations of NAD™ containing 150 nM 32P-labeled NAD™. At each reaction time, an autoradiography (*2P)
and Coomassie staining of the gel (Com.) are shown. (E) Quantification of the 32P signals of the panel (d) after 2 min or 15 min of reaction time at the
indicated concentrations of NAD" expressed as ratio of D993A to WT. Data are the means + SEM from three independent experiments. P-values were
calculated by the Student’s 7-test. (F) Analysis of the PAR chain complexity by HPLC. HPLC-DAD chromatograms of in vitro synthesized PAR from
recombinant PARP1 proteins (WT and D993A mutant). The individual peaks indicate PAR molecules of different chain lengths. The retention time at 5
min was set as the starting point (‘0 min’). The complexity of PAR increases with the relative retention time. (G) The retention times from the HPLC chro-
matograms in (F) are grouped based on their percentiles. The resulting thresholds in min (X-axis) are plotted against the respective averaged absorbance
(‘mean absorbance’ on the Y-axis). Note that the dotted trend curve of PARP1P93A is shifted to the left, indicative of less PAR complexity. (H) and (I).
UPLC-MS/MS analysis of branching levels of in vitro synthesized PAR from recombinant human PARP1 (WT and D993A mutant) (H) and PAR isolated
from immortalized MEFs of the indicated genotype (I). The ratio of signal intensities from the digestion products di-ribosyladenosine (R2-Ado), which
is specific for PAR branching points, and ribosyl-adenosine (R-ado), which is specific for the linear part of PAR, were used to analyse the degree of PAR
branching. Data are the means + SEM of three biological (H) and five technical replicates (I). The significance is determined by Student’s 7-test. **P <
0.01; ***P < 0.001.
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Figure 2. PARP1P?3A mutation slows base excision repair. (A) Representative images of an alkaline comet assay of pMEFs with the indicated PARP1
genotypes (wild type PARPI (+/+); PARP1P934/D93A (D993A) and PARP1 knockout (—/-)). The cells were treated or not with 100 uM H>O; for 8 min
and analysed after the indicated recovery time. (B) Comet tail moments as quantified using Comet Assay IV software. The data are the means + SEM from
the indicated number of cells of each PARP1 genotype. **P <0.01; ***P <0.001; n.s.: not significant, as determined by a two-way ANOVA with a Sidak’s
post-test at the indicated time points. (C) Representative live-cell micrographs of MEFs of the indicated PARP1 genotype expressing GFP-XRCCI1. The
recruitment of GFP-XRCCI to laser-induced DNA damage tracks at the indicated time. A white dashed frame marks the laser track. (D) Time-course of
the fold change of GFP signals within the laser track normalized to the GFP background within an undamaged region. Color-coded asterisks (*) indicate

the significance versus +/+ (WT) littermates, as determined by a two-way ANOVA with a Tukey’s post-tests. N =

10. The area under the curve (AUC) is

used to compare the full curves. The statistical analysis of AUC was performed using the Student’s r-test. # P < 0.01; ### P <0.001.

PARP1P?3A mutation. We conclude that the level and ki-
netics of PAR formation, and probably also their structure,
are important for the immediate response to base damage,
though being dispensable under unperturbed physiological
conditions.

The hypo-PARylation inflicts replication-coupled DNA
breaks

We next investigated the consequences of a reduced BER
activity in PARylation-deficient cells, using the HIMAC as-
say, which enables tracing of the DDR during cell cycle
progression in WT pMEFs (51,57). To this end, we first
treated WT cells with a pulse of H,O, before releasing them
in fresh culture medium for various durations and labelled
cells with EAU before sampling (see Figure 3A). IF revealed
that in WT cells, oxidative stress induced the DNA dam-
age marker yH2AX predominantly in the S-phase (EdU*
cells) after 1-2 h post-H,O, (Figure 3B and C), which was

accompanied by a progressive decline of DNA synthesis
(EdU incorporation) (Figure 3D), indicating an activated
intra-S checkpoint. A further HHIMAC analysis revealed that
vyH2AX foci were increased in all three sub-phases of S-
phase at 1-2 h post-H,O; treatment (Supplementary Fig-
ure S3A and B). Of note, a high level of y H2AX signals in
mid- and late S-phase coincided with a high DNA synthe-
sis rate (EAU intensity) (Supplementary Figure S3C), sug-
gesting that DNA damage accumulated in mid- and late S-
phase and associated with DNA replication. To test this hy-
pothesis, we treated cells with Aphidicolin that slows DNA
replication, and found complete repression of y H2AX sig-
nals (Figure 3E). Moreover, a chemical inhibition by the
ATM inhibitor and the pan-PIKK inhibitor Caffeine both
abolished yH2AX signals (Figure 3E). These results sug-
gest that DNA replication fork stalling triggered an ATM-
dependent DDR in S-phase. Interestingly, the PARP in-
hibitor resulted in a much higher level of yH2AX foci
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Figure 3. H,0;-induced base lesions trigger PARylation-dependent replication stress. (A) Scheme of the experimental design for a HIMAC analysis in
PMEFs. Briefly, cells were treated or not with 100 wM H,O, for 8 min before recovery in a drug-free culture medium for various time points (marked as
“X). 45 min prior to fixation and HIMAC at the given time points, the cells were pulse-labeled with EAU. (B) HIMAC analysis of WT pMEFs at 1 or 2 h,
treated as described in A. The upper panel shows exemplary pictures. Mid panel: Cell cycle profiles obtained from individual cells from one representative
experiment. Lower panel: yH2AX scatter plots showing a selective induction of yH2AX in S-phase cells. (C and D) Quantifications of yH2AX signal
intensities in the indicated cell cycle phases (C) and of EdU signals of S-phase cells (D). The data are the means = SEM from one representative experiment
with >1000 individual cells analyzed per condition. Similar results were obtained in five independent experiments. (E) Wild type (WT) pMEF were treated
or not with indicated inhibitors and analysed for their yH2AX foci. The data are the means £ SEM. N>1000 cells. * marks the significance, as determined by
a two-way ANOVA with a Tukey’s post-test (C, E) and one-way ANOVA with a Holm-Sidak’s post-test (D). * within the bars in (E) show a comparison to
the respective PBS-treated samples. * P <0.05; **P <0.01; *** P <0.001. n.s.: not significant. The significance indicators inside the bars (E) show comparison
to the respective PBS-treated controls. Similar results were obtained in five (A-D) and two (E) independent experiments in at least duplicates each.

in S-phase cells after H,O, treatment compared to non- oxidative damage by the H,O, treatment. Among all geno-

inhibitor treatment (Figure 3E). Thus, PARylation or PAR
either cleans SSB/base lesions to prevent replication stress
or modulates the repair of damaged replication forks, con-
sistent with the notion of previous studies (6,10,54).

We then examined how the PARylation status would af-
fect DNA damage accumulation in S-phase and subjected
PARP1P993A/D993A "PARP1~/~ and PARP1 WT pMEFs to

types, PARP1~/~ pMEFs showed the highest numbers of
yH2AX foci in the S-phase throughout the time course
(Figure 4A and B). PARP1DP993A/D993A s MEFs contained
a mild, but a significantly higher level of yH2AX foci dur-
ing the early recovery phase after damage (1 and 4 h post-
H,0;) compared to WT controls (Figure 4B). Eventually,
WT and PARP1DP?3A/D93A "4 well as PARP1~/~ pMEFs,
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could fully resolve the yYH2AX foci after 26 h post-H,O;
(Figure 4B). Consistent with previous reports on the in-
volvement of PARP1 and PAR formation in the repair of
damaged replication forks (6,10,54), these data, together
with Figure 3E, suggest that the S-phase-specific DDR un-
der the present treatment regimen is likely ATM-dependent
and triggered by DNA replication fork stalls, which are po-
tently counteracted by proper PAR homeostasis.

To investigate the consequence of accumulated DNA
damage in the S-phase, we also determined the DNA
replication rate by quantifying the EdU incorporation of
these cells. DNA synthesis in WT pMEFs decreased tran-
siently from 1-4 h post-H,0O,, indicating an activation
of the intra-S checkpoint. Of note, the EAU incorpora-
tion rate closely mirrored the DNA damage profile and its
recovery correlated with the decline of the yH2AX foci
(Figure 4B), suggesting that DNA repair allows resump-
tion of DNA replication. Furthermore, when exposed to
MNNG, PARP1P?3A/D93A and PARP1-/~ pMEFs dis-
played a stronger induction of yH2AX signals compared
to WT cells, correlating with a reduction of DNA synthesis,
as judged by the reduction of EAU™ signals (Figure 4C).
We next tested the DDR to S-phase poisoning by treat-
ing pMEFs with 125 nM CPT. This revealed a moderate
increase of yH2AX signals in PARP1P?934/D93A s MEFs
compared to WT and PARP1~/~ cells and a reciprocal
pattern of the EdU incorporation (Supplementary Figure
S4A), suggesting that hypo-PARylation is more sensitive to
S-phase damage. Altogether, a moderate, but consistent, de-
fective response of the PARP1P*3A mutation to different
DNA damaging agents substantiate the importance of the
full spectrum of PARylation to mitigate replication stress.

Full PARylation activity prevents replication restart-
associated DSBs

To study whether these yH2AX foci were indeed converted
to and thus represented DSBs, we analyzed by HIMAC the
cells for 53BP1, an authentic marker for DSBs. PARP1~/~
and PARP1DP934/D93A nMEFs displayed elevated 53BP1
foci from 9 h post-H,O,, following the yH2AX foci (Fig-
ure 4D and E). Interestingly, these 53BP1 foci started to ap-
pear when the replication had been stalled for a long time
(4 h) and was just about to be resumed (compare at 4 and
9 h, Figure 4B and E). These observations suggest that the

DSBs are either derived from a collapse of prolonged repli-
cation fork stalls or inflicted by replication restart. There-
fore, we sought to distinguish which one of both processes
caused DSBs. To this end, we performed correlation analy-
ses to dissect the relationship between replication rate and
the induction of the yH2AX and 53BP1 foci by monitoring
the trend as to whether DNA damage evolution is coupled
to DNA synthesis at 4 and 9 h post-H,O; (Supplementary
Figure S5).

As described in Supplementary Figure S5A, we first gated
S-phase cells using EQU and DAPI signals (Supplementary
Figure S5A(1)) and then classified these by their replication
rates based on the EAU signal intensity and by re-scaling
them from the lowest to the highest (Supplementary Figure
S5A(ii), B-D). Of note, because of a global replication fork
stall, much lower EAU signal intensities were measured at
4 h than at 9 h post-H,O,. Thus, we set up different gat-
ing strategies for both time points to gate for similar sub-
sets of cells: At 4 h, we defined the population of cells with
replication rates in the lower 30% range (0.3) as the ‘stalled’
replication, because their EQU signals were lower than most
of the cells at 9 h post-H,O,. In addition, these cells con-
tained less than one third of the EdU signals of untreated
early S-phase cells (Supplementary Figure S5D). Accord-
ingly, at 4 h, cells with EAU signal intensities at and slightly
above that threshold underwent ‘replication restart’, while
those far above exhibited ‘replication progression’ (Sup-
plementary Figure S5A(ii), B and D). In contrast, at 9 h,
we defined cells as replication ‘progression’ if their replica-
tion rate exceeded the lower 40% (0.4, Supplementary Fig-
ure S5A(i1)), because the EAU signals from this population
were higher than those of untreated early S-phase cells and
higher than in the subset of cells with ‘stalled’ replication at
4 h post-H,0O,. Thus, the potential replication restart at 9
h post-H,O; had to occur in cells with EAU signals below
that threshold of the lower 40% (0.4, Supplementary Fig-
ure S5A(ii)). Then, we plotted the EAU signals of the indi-
vidual cells against the DNA damage markers (i.e. yH2AX
signal or the number of 53BP1 foci) and then smoothened
the curves (Supplementary Figure S5A(iii), dark line). Fig-
ure 4F(i) shows the entire cell populations at 4 h post-
H,0; whereas Figure 4F(ii), (iii) and (iv) only depict the
indicated subset of the cells in Supplementary Figure S5D.
With this analysis, we found that the yH2AX induction first

with 100 puM H,O, for 8 min, released into fresh medium for the indicated durations and pulse labeled with EAU for 45 min before sampling (see Figure
3A for a schematic treatment regimen). (B) Quantification of y H2AX foci (upper panel) at the indicated time points and of EdU intensities (lower panel)
in S-phase pMEFs (EdU"). (C) pMEFs of the indicated PARP1 genotype were treated or not with 20 wM MNNG for 30 min, released into fresh medium
for the indicated durations and pulse labeled with EQU for 45 min before sampling. Quantification of the yH2AX signal intensities and the EdU intensities
of pMEFs at the indicated time points are normalized against the respective DMSO controls. At least 400 EAU™ cells from +/+ and D993A, and 200
EdU™ cells from —/— per condition were scored and their mean yH2AX and EdU intensities plotted + SEM. (D) Representative images of pMEFs with
the indicated PARP1 genotypes treated as described in (A). (E) Quantification of the 53BP1 foci per cell at the indicated time points in S-phase cells from
D. Color-coded asterisks (*) indicate the significance versus +/+ littermates, as determined by a two-way ANOVA with Tukey’s post-tests in (B, E) and
with Bonferroni’s post-tests in (C). *P < 0.05; **P < 0.01; ***P < 0.001. Data from (B) and (E) are the means - SEM of at least three independent
(PBS, H>03, until 9 h post-H,0O,) and two independent (16 and 26 h) experiments, using at least two littermate pairs of pMEFs in at least duplicates. (F)
Correlation analysis of DNA synthesis (EdU) with yH2AX signals (top) and 53BP1 foci (bottom) of pMEFs with the indicated PARP1 genotypes at 4
h (left) and 9 h (right) post-H,O; are shown. Single graphs are X/Y scatterplots (X: Re-scaled EdU; Y: DNA damage marker). The indicated percentiles
of the EAU signals within the population are shown, based on the total EAU intensities of the individual cells (see also Supplementary Figure S5). Dark
colored ‘smoothened curves’ show the corresponding single-cell data on the damage markers after smoothening by moving averages with a period of 40 to
facilitate trend identification. Light-colored curves flanking the dark-colored smoothened curves represent the SEMs from at least 500 cells per condition.
As PBS-treated cells showed no correlation, they were not presented here. For the full ranges of the EdU signals and of the corresponding DNA damage
markers, please refer to Supplementary Figure S5.



appeared in cells with marginal EdU signals in all geno-
types (‘Stalling’ in Figure 4F(i)), indicating DNA damage
induction occurs preferentially at stalled replication forks.
While WT cells reached the plateau of the yH2AX induc-
tion already at low-to-intermediate EAU levels, PARP1~/~
and, to some extent, PARP1P?934/D93A pyMEFs displayed
a further increase of yH2AX signals (Figure 4f(i)). To test
whether the failure to successfully (re-) initiate DNA repli-
cation triggered DSBs in PARP1~/~ and PAR P]P?9934/D9934
pMEFs, we focused the subsequent analyses to cells po-
tentially undergoing replication restart (indicated as ‘Repli-
cation restart’ in Figure 4F, Supplementary Figure SSA—
C). Consistent with the yH2AX induction (Figure 4F(i)),
DSBs, judged by the 53BP1 foci, were at higher levels in the
subset of PARP1P?93A/D93A and PARP1~/~ cells undergo-
ing a replication restart at 4 and 9 h (Figure 4F(ii), (iv)). No-
tably, this DSB induction in turn saturated (Figure 4F(i1)),
or even decreased in cells that reached the intermediate-to-
high replication rate (Figure 4F(iv); note the slopes of the
curves), suggesting the damage-free progression of replica-
tion forks, once the replication restart was successful. No-
tably, the induction of 53BP1 fociin PARP1~/~ pMEFs cor-
related with DNA replication only at 9 h (Figure 4F(iv)).
Collectively, DSBs apparently occurred mainly in cells that
intend to resume replication, but not in those cells that
remain in a replication-arrested state. Thus, these correla-
tion analyses indicate that the DSBs likely arose from a
failed restart of replication forks, rather than being a conse-
quence of prolonged replication fork stalling. In summary,
these data suggest that the full activity of WT PARPI is
required to prevent DNA damage accumulation in the S-
phase, which otherwise would progress to DSBs when the
cells resume DNA synthesis.

Hypo-PARylation compromises the recovery from DNA
damage

To investigate the cell fate response of PARP1DP93A/D993A
pMEFs to DNA damage, we exposed pMEFs to MNNG
for 30 min and analyzed their survival at 6 days
of recovery. We found an intermediate cell survival
of PARP1P3A/DIBA compared to WT and PARP1—/~
pMEFs at doses of 5-10 M MNNG (Figure 5A). Simi-
larly, the MNU treatment also induced an intermediate cell
death of PARP1P3A/D93A MEFs compared to WT con-
trols and PARP1~/~ pMEFs (Figure 5B). Moreover, we an-
alyzed the cellular response after the CPT treatment and
found that similar to the MNNG and MNU treatment, the
CPT treatment resulted in an intermediate level of cell death
of PARPP993A/D93A MEFs, between WT and PARP1—/~
pMEFs (Figure 5C). To substantiate these findings, we em-
ployed a sensitive colony formation assay using 10 and 20
wM MNNG to monitor the survival capacity of the cells.
The clonogenic survival assay revealed a dramatically re-
duced colony formation of PARP1DP?93A/D93A s MEFs af-
ter MNNG when compared to WT, albeit not as strong as
the PARP1~/~ pMEFs (Figure 5D and E). These results
demonstrate that a fully coordinated PARylation is required
to protect cells from acute DNA alkylation damage.
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PARP1P?93A/D993A ) MEFs undergo senescence in response to
low doses of alkylation

The reduced colony formation was not due to a prolifer-
ation defect, because PARP1P3A/D93A s MEFs prolifer-
ated normally during long-term passaging in culture (Sup-
plementary Figure S6A and B). However, it could be at-
tributed to a combination effect of cell death and cytosta-
sis. We next tested whether senescence in PARP1P%934/D993A
and PARP1~/~ pMEFs could have contributed to the re-
duced colony forming ability. To this, we treated cells
with 10 wM MNNG. PARP1~/~ and PARP]P%3A/D993A
PMEFs gradually lost the Ki67 positive cells (cycling cells)
as well as the EdU incorporation (Supplementary Figure
S7A and B). We also analysed the senescence-associated
B-Galactosidase (SA-B-Gal) activity in pMEFs at 3 days
post-MNNG and found a higher number of SA-B-Gal pos-
itive cells in PARP1P?3A/D93A genotypes as compared to
WT (Figure 5F and G). Interestingly, MNNG also induced
more senescence in PARP1~/~ cells compared to WT cells,
but much less compared to PARP1P?3A/D93A cels (Fig-
ure 5G). To complete the analysis of cellular senescence, we
measured the cell cycle exit index of pMEFs after MNNG
exposure (Figure SH). To this end, we labelled cells with
EdU for 24 h after 2 days of recovery, and analysed the
cells positive for both EAU and Ki67 among all EQU™ cells
(Figure 5H). In line with the increased SA-B-Gal activ-
ity, PARP17/~ and PARP1P93A/D993A exhibited a higher
cell cycle exit after alkylation as compared to WT (Figure
51, J and Supplementary Figure S7A and B). Consistently,
the downregulation of the S-phase Cyclin A was stronger
in PARP1P?3A/D93A and PARP1~/~ pMEFs compared to
WT controls (Supplementary Figure S7C). These data indi-
cate that hypo-PARylation renders cells very susceptible to
senesce whereas the absence of PARylation in PARP1 KO
cells may rather induce cell death.

PARP1P?*3A mutation sensitizes mice to DNA alkylation

The poor long-term recovery of PARP1DP934A/D93A ang
PARP1~/~ pMEFs from base lesions prompted us to as-
sess the impact of the PARP1P?3A mutation on the tis-
sue homeostasis of mice upon acute genotoxic stress. We
monitored the survival of PARP1P?3A/D93A and control
cohorts (WT and PARP1*/7) after a single intraperitoneal
(i.p.) injection of the alkylating agent MN'U. Homozygous
PARP1~/~ mice, which are known to be hypersensitive to
MNU (15,20), were included as a control. While 80% of
the MNU-injected control mice survived for several weeks
without any signs of sickness, like solvent-treated (sham)
animals, strikingly, all PARP1P934/D93A mice died after
six days, similar to PARP1~/~ mice (Figure 6A). We noted
that PARP1~/~ and PARP1P3A/D993A mjce exhibited signs
of colitis, such as diarrhoea. Histological analyses of the
small intestine of these mice revealed that at 2 days af-
ter the MNU injection, the villi-crypt structure of the in-
testine in all genotypes appeared to be dispersed (Figure
6B). In contrast to control mice, which had fully restored
the villi after 5 days, the PARP1~/~ and PARP]DP?934/D993A
mice displayed a complete loss of the villi (Figure 6B).
Notably, this was accompanied by the loss of crypts in
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Figure 5. PARPIP%?3A mutation sensitizes cells to MNNG induced cell death and senescence. (A—C) Survival assay. pMEFs of the indicated PARP1
genotypes (wild type PARP1 (+/+); PARP1DP9934/D993A (D993 A) and PARPI knockout (—/—)) were treated or not with the indicated concentrations of
MNNG for 30 min (A), MNU for 60 min (B), or CPT for 60 min (C), released into fresh medium and then subjected to high-content microscopy-assisted
cell counting at day 6 (A) and day 9 (B, C). ‘Survival’ fraction is calculated as % of DMSO-treated cells. The data are shown as a number of cells +
SEM of four (A) and three replicates (B, C). (D) Representative scans of clonogenic survival assays using pMEFs with the indicated PARP1 genotypes 10
days after 30 min-exposure to the indicated doses of MNNG. (E) Quantification of clonogenic assays. ‘Survival’ fraction is calculated as % of the signal
intensities of DMSO-treated cells. The data are the means + SEM derived from two independent experiments using two independent littermate pairs of
PMEFs in duplicates. (F) Representative micrographs of senescence-associated--Galactosidase (SA-B-Gal) activity (blue) in the pMEFs of the indicated
PARPI genotypes at three days post-30 min exposure (3 dp) to 10 uM MNNG. Red arrowheads mark SA-B-Gal positive (+) cells. (G) Quantification of
SA-B-Gal+ cells as induction (ratio) versus DMSO-treated +/+ littermates. (H) Scheme presents the experimental design of the cell cycle exit index (CCE)
assay. (I) Representative images from the CCE assay. (J) Quantification of CCE relative to DMSO-treated controls according to the formula provided in
(H). The data in (G) and (J) are the means = SEM derived from three independent experiments using three (G) and two different pMEFs littermate pairs
(J). Asterisks (*), color-coded in (A, B, C, E), indicate the significance. *P <0.05; **P <0.01; ***P <0.001, as determined by a two-way ANOVA with
Bonferroni’s post-tests (A, B, C) and with Tukey’s post-tests (E, G, J).
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PARP1~/~ and PARP1P?3A/D93A mjce. These results indi-
cate that hypo-PARylation caused an exhaustion of intesti-
nal stem cell pools and the loss of differentiated cells. These
effects indicate that the intestinal atrophy in PARP1~/~ and
PARP1P3A/DI3A mice was probably among the primary
causes of lethality in response to DNA alkylation. These
data demonstrate that in contrast to a modest compromise
of cell survival after DNA damage under culture conditions,
hypo-PARylation completely abrogates tissue integrity in
response to acute alkylating DNA damage. Strikingly, a dis-
turbance of the PARylation dynamics and complexity ap-
parently equals a complete elimination of PARP1 in vivo.

DISCUSSION

In the current study, we engineered a novel PARP1 mutant
mouse model, in which the PARP1 protein is intact, but
its catalytic capacity is impaired. Similar to the PARP1~/~
knockout mice (15,50,58), PARP1P3A/DIBA mice are vi-
able and phenotypically normal. We showed that a moder-
ate modulation of the kinetics of the PARPI activity and a
reduction of the PAR chain complexity is sufficient to sen-
sitize mice to alkylating agents, but does not affect normal
tissue development and homeostasis. Neither the PARP1
protein, nor its full activity, is essential for the development
and adult life under physiological conditions. Thus, a deli-
cate PARylation is a molecular stress sensor in vivo, which
is essential for the maintenance of tissue homeostasis under
conditions of genotoxic stress.

The kinetics of the PAR formation by the D993A mutant
PARPI is strongly compromised, characterized by a sub-
stantial delay of PARylation in response to DNA damage
in vitro (at 2 min, Figure 1D and E) and in vivo (Figure 1C,
Supplementary Figure S2B-D). Although the PARP1P934
mutant can catch up the WT PARylation capacity in the in
vitro assay (Figure 1D and E), the maximal PARylation of
mutant PARP1 is compromised in vivo (Figure 1C, Supple-
mentary Figure S2B-D). Importantly, the structure of the
PAR chains (i.e. length, branching, complexity) formed by
PARP1P%34A s also affected. Notably, these defects are as-
sociated with an impairment of BER and result in DNA
damage accumulation in S-phase.

Given a massive PARylation by wildtype PARPI in re-
sponse to DNA damage, it might be surprising to note
that a hypo-PARylation and delayed PAR formation does
not affect XRCCI recruitment kinetics. This might have
been expected because XRCCI1 can bind low levels of PAR,
which is apparently sufficient for the XRCCI recruitment
to damage sites (59). The precise function of PARP1 or
PAR in BER is still debatable: While PARP1 knockout

cells show proficient BER (50,60,61), others demonstrate
a PARP1/PARylation dependence in BER (59,62,63). It
is possible that the contribution of PARP1/PARylation in
BER may involve an interconnectivity of repair proteins,
e.g. of PARP1 and PARP2, in a feedback loop (64,65). In-
terestingly, when compared to WT cells, the retention of
XRCC1 is impaired in PARP1P93A/D993A cells (Figure 2D).
Although the recruitment of XRCC1 to the DNA lesion
has been well studied, the meaning of its retention is poorly
understood. Our data suggest that a high degree of the
PAR chain complexity likely prevents the premature fall of
XRCCI from the damaged site, which is required for a full
efficiency of BER/SSB repair. It seems that the full speed
and the complexity of the PAR formation are important for
BER efficiency, which probably affects the ensuing coordi-
nation of the DDR with the DNA replication machinery.
Indeed, XRCC1-deficient cells and PARP inhibitor-treated
cells display a higher level of replication-associated y H2AX
foci when exposed to the alkylating agent MMS (54). In
line with this, XRCCI has been reported to be recruited
to stalled replication forks by PARylation to conduct BER
and, importantly, an effective replication restart (66).
Consistent with a previous study showing that
PARPI-deleted cells acquire S-phase yH2AX foci
following alkylation-induced replication stress (54),
PARPDP3A/D3A sMEFs exhibit an increased DNA
damage in S-phase when challenged with oxidative and
alkylating damage, although not as high as in PARP1~/~
cells (Figure 4B). These are in line with the requirement
of PARPI1 and the PARP activity for intra-S checkpoint
activation (6,10,12,13). The oxidized bases and alkylating
damage are primarily repaired by BER, and can stall repli-
cation forks, if remain unrepaired. Notably, the BER defect
is relatively mild in the PARP1P?3A/D93A nMEFs, which
nevertheless correlates well with the increased yH2AX foci
in the S-phase. The high level of S-phase-associated DNA
damage could be due to a deficient BER in these hypo-
PARylation mutant cells. BER components are known to
physically and functionally interact with replication forks,
being engaged in their repair during replication stress by
HU or DNA base lesions (66-68). It is conceivable that
the impaired assembly of the BER complex by slow or
low PAR formation delays the repair of replication forks,
which hinder their stabilization and subsequent restart.
Although the basal BER defect is rather mild, the rapid
repair of oxidative lesions and alkylation damage is critical
specifically during S-phase to avoid that a replication fork
meets a DNA lesion or an active repair site, causing fork
stalling and collapses. Indeed, we find the emergence of
highly toxic DSBs during the S-phase under oxidative

solvent (sham) or at the indicated time points after MNU (100 mg/kg of body weight). C: crypts, V: vili. (C) The working model on PARylation-dependent
cell fate decision. In response to acute base damage (step 1), a normal PARylation response, like in PARP1-WT cells, is critical for DNA repair and the
clearance of potential obstacles for replication forks to prevent cell death. When PAR formation in response to genotoxic stress is compromised (hypo-
PARylation) with regards to the timing of PARylation, a total level or the complexity of PARs (step 2), elevated replication stress due to compromised
clearance of base lesions by BER in S-phase occurs (step 3). Null-PARylation of cells by either PARP1 deletion (—/—) or PARP inhibitors (PARPi) (step
2) additionally accumulate replication-independent DNA breaks as well as replication stress (step 3), leading to excessive DNA damage progression. As a
consequence of the elevated genotoxicity in S-phase (step 3), cells with hypo-PARylation preferentially undergo senescence (step 4). In contrast, PARP1
deletion (—/—) or PARP inhibitors (PARPI) cause excessive cell death due to DNA damage overload (step 4). Eventually, both cellular phenotypes, i.e.
senescence and cell death, dictate a striking organismal recovery defect (step 5). Notably, the PARylation acceptors, such as PARPI (as a major target),
and the binding partners of PAR would probably participate in the cell fate determination.



stress. The replication-coupled DNA damage (yH2AX
foci) and DSBs (53BP1 foci) were severely aggravated in
the absence of the PARP1 protein (PARP1~/~; Figure 4B
and E).

Consistent with the notion that a disturbed restart of
DNA synthesis following base lesions could entail DSBs
(69), PARP1~/~ and PARPIP3A/DIBA cells showed a
moderate, but a significant increase in DSBs, coinciding
with replication restart (Figure 4B and E). It is perhaps un-
expected that just a modest reduction of PAR formation
is sufficient for accumulating DNA damage and DSBs, al-
beit at a relatively lower level compared to complete PARP
inhibition by inhibitors. Thus, the full speed of PARyla-
tion by PARP1 and the PAR structures (length and branch-
ing) are critical for preventing a replication fork collapse
and for mitigating the rise of replication-restart-associated
DSBs during the recovery from DNA base lesions. Indeed,
PARPI1 and PARylation are involved in replication restart
at various levels. Firstly, PARPI can promote replication
restart by recruiting MREI11 to facilitate the end-resection
of stalled replication forks for a homology-directed repair
(10). Secondly, PARP activity inhibits the replication fork
restart by stabilizing them in their regressed state via inhibi-
tion of their RECQ1-mediated reactivation (70). Taken to-
gether, it seems that the rapid activity of PARP1 upon acute
DNA damage is most likely less critical in other cell cycle
phases, but it is essential for the repair of DNA base lesions
in the S-phase.

As a major outcome of the defective BER and increased
replication-associated DSBs, the PARPDP3A/D993A
mutation changes the cells’ fate following an expo-
sure to genotoxic stress. In this regard, PARP1~/~ and
PARP1P3A/DIBA - cells displayed a poor survival in
cellular survival assays (Figure 5). Nevertheless, the
survival of PARP1P3A/DIBA cells always displays an
intermediated degree in between WT and PARP1~/~ cells,
correlating with the extent of the PARylation impair-
ment of D993A mutant PARP1 in DDR. Interestingly,
a low dose of MNNG induces senescence particularly in
PARP1DP3A/DINBA and. to a lesser extent, in PARP1~/~
pMEFs (Figure 5G). Using different doses of MNNG
allows visualizing that while the absence of PARPI and
its PAR formation (e.g. in PARP1~/~) aggravates cell
death and does not strongly drive senescence in response to
alkylation, hypo-PARylation rather renders cells exquisitely
prone to senesce but less to undergo cell death.

We propose that a timely PARylation on target proteins
(including PARP1) in response to DNA damage primes
cellular and organismal outcome by safeguarding cell fate
choice. Intriguingly, the slowing of DNA damage-induced
PAR formation and a moderate alteration of the PAR struc-
tures are sufficient to change cell fate (Figure 6C). A de-
ficiency in PARylation impairs BER, which impedes the
repair and restart of replication forks eventually leading
to SSBs and DSBs and, causing cellular senescence under
hypo-PARylation, or cell death under null-PARylation. It
is conceivable that PAR binders may participate in this re-
sponse by being orchestrated by the accurate kinetics and
the level of the PAR complexity, which provide the spa-
tiotemporal context for PAR binders and downstream re-
sponses, for example, the faithful repair of damaged repli-
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cation forks (Figure 6C). Altogether, we conclude that both
the dynamics of PARylation and the complexity level of
PARs are decisive for cell fate in response to DNA damage.

Despite a relative protective action of PARP1DP?93A/D993A
cells on cell death compared to the PARP1~/~ counter-
part, the alkylating agent MNU inflicts gastrointestinal
cell death resulting in colitis in PARP1P934/D93A qpi.
mals, completely phenocopying PARP1~/~ mice (Figure
6A; (15,71)). Of note, similar to PARP1~/~ mice (15,17,20)
PARPP?3A/DIBA mjce are also sensitive to whole body
ionizing radiation (2). These in vivo results are striking,
given the modest reduction of the PAR complexity and the
slow PARylation in biochemical and cellular assays. Several
possibilities can account for this striking phenotype: (i) The
effect in MEFs and in culture conditions can be compen-
sated for by other pathways. (i) In vivo, there are mixtures
of different cell types, which each have different responses
and interactions with each other. (iii) A compromised com-
plexity of PARs may engage different PAR binders, which
in turn trigger different signalling cascades in tissues, which
cannot be assessed in cell cultures. Thus, it is plausible that
a tissues response may reflect a synergistic effect of various
cellular responses, which may amplify a DDR from only a
modest compromise of PARylation leading to a severe bio-
logical outcome after DNA damage. It is interesting to note
that the polymorphism of PARP1 at V762A imposes a very
mild difference on the PARPI activity in human tissues and
cells, which, however, shows an association with cancer risks
(72-75), indicating that a delicate modulation of the PARP1
activity would have a biological impact in organisms. How-
ever, the importance of the PARPI protein and PAR home-
ostasis in other biological pathways, for example in chro-
matin remodelling, or as a cofactor to control transcription
(23,26-29) have not been investigated in the current study.

The present study documents that a minor disturbance
in the homeostasis of PAR, exemplified here by a muta-
tion causing hypo-PARylation, can amplify the mild sur-
vival or senescence response at the cellular level up to a
detrimental lethality of the whole organism. The dynamics
of PAR formation is hence critical for cells and organisms
to cope with acute DNA damage. Collectively, we conclude
that PARP1’s full activity is dispensable under unperturbed
physiological conditions, whereas the proper PARylation
response is essential for organismal survival upon genotoxic
stress.

SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
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