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ABSTRACT

Though the effect of the recently identified mito-
chondrial NAD* transporter SLC25A51 on glucose
metabolism has been described, its contribution to
other NAD*-dependent processes throughout the
cell such as ADP-ribosylation remains elusive. Here,
we report that absence of SLC25A51 leads to in-
creased NAD* concentration not only in the cyto-
plasm and but also in the nucleus. The increase is
not associated with upregulation of the salvage path-
way, implying an accumulation of constitutively syn-
thesized NAD™* in the cytoplasm and nucleus. This re-
sults in an increase of PARP1-mediated nuclear ADP-
ribosylation, as well as faster repair of DNA lesions
induced by different single-strand DNA damaging
agents. Lastly, absence of SLC25A51 reduces both
MMS/Olaparib induced PARP1 chromatin retention
and the sensitivity of different breast cancer cells to
PARP1 inhibition. Together these results provide ev-
idence that SLC25A51 might be a novel target to im-
prove PARP1 inhibitor based therapies by changing
subcellular NAD* redistribution.
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INTRODUCTION

The development of a tight bidirectional relationship be-
tween eukaryotic cells and their mitochondria has resulted
in a partial spatio-temporal compartmentalization of cell
metabolism (1). While certain metabolic enzymes reside
solely within mitochondria, others localize to the cyto-
plasm and/or exist in different isoforms or homologues
that are specific to either cellular compartment. Some
metabolic reactions are therefore restricted to either the mi-
tochondria or the cytoplasm and others take place in both
compartments (2). The synthesis of nicotinamide adenine
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dinucleotide (NADY) is an example for a conversion that
is believed to be catalyzed in different compartments
(3-6).

It was shown that most cultured cells depend on the sal-
vage pathway for NAD™ synthesis (7). The rate-limiting step
is the conversion of nicotinamide (NAM) from the medium
to nicotinamide mononucleotide (NMN) catalyzed by
nicotinamide phospho-ribosyltransferase (NAMPT). Fol-
lowing this step, nicotinamide mononucleotide adenylyl-
transferases (NMNATS) catalyze the conversion of NMN
to NAD™. While NAMPT localizes to the nucleus and cyto-
plasm (8) there are three isoforms of NMNAT. NMNATI1
localizes to the nucleus and NMNAT?2 to the cytoplasm.
NMNATS3 was reported to be mitochondrial, cytoplasmic
and lysosomal, possibly depending on the system (6,9).

The connection of the nuclear and cytoplasmic NAD*
pools is not yet fully understood. The human nuclear pore
complex has an estimated width of 120 nm and is gener-
ally expected to allow diffusion of molecules up to at least
30 kDa (10). Thus, small molecules and metabolites, such
as NAD™, are assumed to permeate freely while macro-
molecules must be transported actively (11). In line with
this, similar concentrations of NAD* were reported for nu-
cleus and cytoplasm (3,12). NAD™" diffusion between the
nucleus and cytoplasm has recently been shown by trans-
fection of fluorescently-labeled NAD™, though results from
modified NAD™ might not reflect the biological reality (13).
However, the diffusion limit of the nuclear pore complex is
known to change in response to different conditions (10).
Thus, diffusion of NAD* might not be possible in all sys-
tems. In line with this, earlier reports suggested that NAD*
does not diffuse between the nucleus and cytoplasm (14).
Further investigation is therefore needed to fully elucidate
the regulation of NAD* compartmentalization across the
cell.

Since NAD™ is not membrane permeable, the mitochon-
drial NAD™ pool was long considered to be fully separate
from the other compartments (15). Mitochondrial NADH
shuttles were suggested to be the main link to exchange pro-
tons between those compartments, thus co-regulating mi-
tochondrial oxidative phosphorylation (OXPHOS) activ-
ity and the mitochondrial NAD* pool (3-6,15). The recent
identification of the solute carrier (SLC) 25A51 as a mito-
chondrial NAD" transporter has however provided strong
evidence that, as observed in yeast and plants, a direct ex-
change of NAD* molecules between the cytoplasm and mi-
tochondria is possible and functionally relevant for OX-
PHOS (16-18). Specifically, lack of SLC25A51 decreases
mitochondrial NAD™, which dampens the cell’s oxidative
capacity and increases anaerobic glycolysis. Interestingly,
the total cellular NAD™ levels are not affected. Despite its
strong effects on both mitochondrial NAD* and oxidative
metabolism, lack of SLC25A51 only has a mild effect on
mitochondrial biogenesis and overall mitochondrial load
(17,18). Moreover, SLC25A51 deletion did not induce cell
death but strongly reduced proliferation (17,18). Interest-
ingly, comparison of the SLC25A51 expression levels in 341
cell lines revealed that SLC25A51 was co-essential with the
expression of proteins involved in electron transport chain
function or mitochondrial translation (17).

Since NAD" is also an important co-factor for vari-
ous enzymatic reactions, the observed effects on intracellu-
lar NAD™ pools might affect other intracellular processes
beyond OXPHOS and glycolysis. ADP-ribosyltransferases
(ARTS) are among the most important cellular NAD™ con-
suming enzymes (7). ARTs catalyze ADP-ribosylation by
attaching moieties of ADP-ribose from NAD™ onto either
target proteins or nucleic acids (19-21). The activity of
ARTs depends on NAD" availability (22), tightly linking
the modification to metabolism. The nuclear ART PARP1
has a very high affinity to NAD" and is known to cat-
alyze extensive nuclear ADP-ribosylation following geno-
toxic stress to initiate and coordinate the DNA damage re-
sponse. Based on the synthetic lethality concept, tumors
arising in patients who carry germline mutations in either
BRCAI or BRCA?2 are sensitive to PARP1 inhibition due
to the chromatin trapping of PARP1 at unrepaired DNA
lesions and subsequent replication-induced DSBs (23,24).
Consequently, PARP inhibitors (PARPi) are successfully
used in cancer therapy (25-27).

While nuclear ADP-ribosylation has been exten-
sively studied in the last decades, mitochondrial ADP-
ribosylation was only recently described in more detail
(28,29). Interestingly, nuclear PARPI activity has been
shown to have a strong effect on mitochondrial fitness
since PARP1 knockout enhances mitochondrial biogenesis,
mitochondrial DNA copy number and OXPHOS rate
(30,31). Whether mitochondrial proteins can also directly
or indirectly regulate the activity of nuclear PARP1 in a
reciprocal manner is not currently known. It is thus intrigu-
ing to speculate that controlling subcellular NAD™* levels
via SLC25AS51 could also influence ADP-ribosylation
and ADP-ribosylation-dependent processes in different
subcellular compartments.

MATERIALS AND METHODS
Cell culture

The non-genetically modified cell lines used for this study
were originally purchased from ATCC, grown under ster-
ile conditions and routinely tested for mycoplasma. Hu-
man U20S cells, MDA-MB-436 cells and HEK cells sta-
bly expressing inducible SLC25A51 were cultured in high
glucose containing Dulbecco’s Modified Eagle’s Medium
(DMEM) supplemented with 5% penicillin/streptomycin
(P/S) and 10% (v/v) fetal calf serum (FCS). Human
U20S 3xHA-EGFP-OMP?2S5 cells were grown in high glu-
cose containing DMEM supplemented with 5% P/S and
10% (v/v) FCS in the presence of 15 wg/ml blasticidin
to maintain selection pressure. Stable U20S Flp-In™ T-
Rex™ cells expressing inducible NAD™ sensor constructs
were cultured in high glucose containing DMEM supple-
mented with 5% P/S and 10% (v/v) FCS in the presence of
100 wg/ml hygromycin and 15 pg/ml blasticidin and 200
ng/ml doxycycline was added over-night if sensor expres-
sion was required. HAP1 WT (Haplogen Genomics) and
SLC25A51 knockout cells were grown in Iscove’s Modi-
fied Dulbecco’s Medium (IMDM) supplemented with 10%
(v/v) fetal bovine serum (FBS) and 1% P/S.
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Table 1.  Target sequences for siRNA mediated knockdowns Table 2.  Primer sequences for gPCR
Name Sequence Name Sequence
siSLC25A51-1 ATGAGTTCTTGTTAAAGGTTA RPS12 f GAAGCTGCCAAAGCCTTAGA
siSLC25A51-2 AGGCTCAGATGTCACAGGTTA RPS12r AACTGCAACCAACCACCTTC
siNAMPT ATGGGTTGCAGTACATTCTTA SLC25A51 f TACCGCAACGACTCACAGTGCT
siNMNATI CAGCCTGATCCTATTGTTGCA SLC25A51 r CCACCAATCTGAGACTGTATGCG
sSINMNAT?2 CACGGTGATGCGGTATGAAGA NAMPT f CCCAAGAGACTGCTGGCATAG
siPARP1 GGUGAUCGGUAGCAACAAA NAMPT r TCGCTGACCACAGATACAGG
NMNATI f GTGATCTCCGGTAGCACTCG
NMNATI r ACTGTGTACCTTCCTGTTCCA
D treat t NMNAT?2 f TGCGGAGTATTGAGGAGTGA
rug treatments NMNAT2 r ATCCTGCTGCTGTGTGGTAG
: : _ NMNATS3 f CTATTTCCTGGATGTGCGCA
Unless otherwise stated, cellg were treated Wlth the follow NMNAT3 £ ATGGGAAGAAAGACCTCGCA
ing compounds at the following concentrations and for the PARPI f TCTTTGATGTGGAAAGTATGAAGAA
following amount of time: H,O, (50 wM) for 10 or 30 min; PARPI r GGCATCTTCTGAAGGTCGAT

methyl methanesulfonate (MMS) (0.013%) for 1h; Olaparib
(10 wM) for 24h or as co-treatment with H,O, or MMS; for
viability assays, Olaparib and Talazoparib at the indicated
concentrations for 6 days; and FK866 (100 wM) for 24h.

siRNA transfection

siRNA mediated knockdowns were performed via reverse
transfection using Lipofectamine RNAIMAX (Thermo
Fisher) according to the manufacturer’s manual. The day
after seeding cells into a 6 cm dish, at roughly 40% con-
fluence, 25 nM siRNA were mixed with 5 pl lipofectamine
in 500 wl serum-free OptiMEM and incubated for 20 min
at room temperature (RT) before being added drop-wise to
the cells. 48 h after siRNA transfection, downstream exper-
iments were performed. A scrambled siRNA (siMock) was
used as control for each experiment. Sequences for all siR-
NAs are detailed in Table 1.

Quantitative real-time PCR (qPCR)

RNA isolation and qPCR were performed as previously
described (63). In brief, RNA extraction was performed
with the NucleoSpin RNA 1II kit (Macherey-Nagel) and
RNA was quantified by NanoDrop. Reverse transcription
was performed using the High-Capacity cDNA Reverse
Transcription Kit (ThermoFisher/Applied Biosystems) ac-
cording to the manufacturer’s instructions. qPCR was per-
formed using KAPA SYBR@® FAST One-Step (Sigma
Aldrich) on a Rotor-Gene Q 2plex HRM system (Qiagen).
Primer sequences for each gene are detailed in Table 2.

Immunostaining

All TF experiments were performed and quantified as re-
cently described (28). Mitochondria were identified as sub-
objects associated to each main object (e.g. nucleus) us-
ing an intensity-based segmentation based on CoxIV co-
staining.

For cell cycle analysis, cells were stained with DAPI and
imaged as described above (3). The cell cycle profile was
plotted based on total and mean DAPI fluorescence inten-
sity and cells were classified into the three cell cycle phases
based on the visible peaks. Number of cells in each cell cycle
phase was normalized to total cell number (%).

For nuclear pre-extraction, cells were co-treated with
PARG inhibitor for the duration of the treatment, and in-

cubated in ice-cold permeabilization solution for 2 min be-
fore fixation. When using the eAF 1521 macrodomain Fc fu-
sion protein as primary binder, DMEM supplemented with
10% FCS was used for blocking and as dilutant. The follow-
ing reagents were used for IF at the following concentra-
tions: mouse anti-CoxIV (Abcam, 1:1000), mouse 1gG2a-
Fc/eAF1521 macrodomain fusion protein (Hottiger labo-
ratory, final concentration 1.64 ng/ul), rabbit anti-CoxIV
(Abcam, 1:1000), rabbit pan anti-ADPr antibody (Hot-
tiger laboratory, final concentration 0.4 ng/p.l), rabbit anti-
ADPr antibody (CST, 1:500), mouse anti-y H2AX (BioLe-
gend, 1:1000), rabbit anti-SLC25A51 (Sigma, 1:100), rab-
bit anti-PARP1 (CST, 1:500), Alexa Fluor 488 goat-anti-
Rabbit 1gG (ThermoFisher Scientific, 1:500), Cy3 goat-
anti-rabbit IgG (Jackson Immunoresearch, 1:250), Alexa
Fluor 488 goat-anti-mouse IgG (Jackson Immunoresearch,
1:250).

Whole cell/tissue lysate preparation, trypsin digestion and
ADPr-peptide enrichment

Cells were lysed in lysis buffer (6 M GndHCI, 50 mM Tris
pH 8.0), sonicated and then stored at —80°C until LC—
MS/MS analysis. Protein disulfide bridges were reduced
with 5 mM Tris (2-carboxyethyl)phosphine (TCEP) and
alkylated with 10 mM 2-chloroacetamide (CAA) in the dark
at 95°C for 10 min.

For whole proteome analyses, 50 g of proteins were pre-
pared for digestion using the filter aided sample prepara-
tion (FASP) methodology (64) and digested with Sequenc-
ing Grade Trypsin (1:25; Promega) overnight at 37°C. The
samples were then acidified with trifluoroacetic acid (TFA)
and salts removed using ZipTip C18 pipette tips (Millipore
Corp.). The peptides were eluted with 15 pl of 60% acetoni-
trile (ACN), 0.1% TFA, dried to completion and then re-
dissolved in 3% ACN, 0.1% formic acid to a final peptide
concentration of 0.5 pg/.l.

For ADP-ribosylome analyses, 10 mg of proteins were
diluted 1:12 with in PARG buffer (39) and digested with
modified Porcine Trypsin (1:25; Sigma) overnight at 37°C.
ADPr-Peptide enrichments were carried out as previously
described (65) with the following protocol modifications.
Following PARG-mediated PAR-to-MAR peptide ADPr-
modification reduction, the peptides were enriched using
Af1521-WT (0.5 ml beads/15 mg lysate; (39)) and eAF1521
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(1.0 ml beads/15 mg lysate; (37)) macrodomain affinity en-
richment for 2 h at 4°C. The enriched samples were then
prepared for MS analysis as described previously (39).

Liquid chromatography and mass spectrometry analysis

Whole proteome LC-MS/MS analyses were performed
either on Orbitrap Fusion Lumos mass spectrometer
(Thermo Fisher Scientific), coupled to ACQUITY UPLC
liquid chromatographs (Waters). Peptides were loaded onto
a commercial MZ Symmetry C18 Trap Column (100 A, 5
pum, 180 pm x 20 mm, Waters) followed by nanoEase MZ
C18 HSS T3 Column (100 A, 1.8 pm, 75 pm x 250 mm,
Waters). Peptides were eluted over 138 min at a flow rate of
300 nl/min. An elution gradient protocol from 2% to 25%
B, followed by two steps at 35% B for 5 min and at 95% B
for 5 min, respectively, was used. The mass spectrometers
were operated in data-dependent mode (DDA) acquiring a
full-scan MS spectra (300—1800 m1/z) at a resolution of 120
000 at 200 m/z after accumulation to a target value of 500
000. Data-dependent MS/MS were recorded in the linear
ion trap using quadrupole isolation with a window of 0.8
Da and HCD fragmentation with 35% fragmentation en-
ergy. The ion trap was operated in rapid scan mode with
a target value of 10 000 and a maximum injection time of
50 ms. Only precursors with intensities above 5000 were se-
lected for MS/MS and the maximum cycle time was set to
3 s. Charge state screening was enabled. Singly, unassigned
and charge states higher than seven were rejected. Precur-
sor masses previously selected for MS/MS measurement
were excluded from further selection for 20 s, and the exclu-
sion window was set at 10 ppm. The samples were acquired
using internal lock mass calibration on m/z 371.1012 and
445.1200.

Identification of ADP-ribosylated peptides was per-
formed on an Orbitrap Fusion Lumos mass spectrometer
(Thermo Fisher Scientific), coupled to ACQUITY UPLC
liquid chromatograph (Waters). The ADP-ribose product-
dependent method called HCD-PP-EThcD (38) was ap-
plied, which includes high-energy data-dependent HCD,
followed by high-quality HCD and EThcD MS/MS when
two or more ADPr fragment peaks (136.0623, 250.0940,
348.07091 and 428.0372) were observed in the initial HCD
scan. A detailed description of the MS parameters can be
found in (38). Solvent compositions in channels A and B
were 0.1% formic acid in water and 0.1% formic acid in
acetonitrile, respectively. Peptides were loaded onto a com-
mercial MZ Symmetry C18 Trap Column (100 A, 5 pm,
180 wm x 20 mm, Waters) followed by nanoEase MZ C18
HSS T3 Column (100 A, 1.8 pm, 75 pm x 250 mm, Wa-
ters). Peptides were eluted over 110 min at a flow rate of
300 nl/min. An elution gradient protocol from 2% to 25%
B, followed by two steps at 35% B for 5 min and at 95%
B for 5 min, respectively, was used. All relevant data have
been deposited to the ProteomeXchange Consortium via
the PRIDE (http://www.ebi.ac.uk/pride) partner repository
with the data set identifier PXD031373.

ADP-ribosylome data analysis

MS and MS/MS spectra were converted to Mascot generic
format (MGF) using Proteome Discoverer, v2.1 (Thermo

Fisher Scientific, Bremen, Germany). The multiple frag-
mentation techniques HCD and EThcD were utilized, sep-
arate MGF files were created from the raw file for each type
of fragmentation. Mascot searches were carried out as pre-
viously described (38) with the following protocol modifi-
cations. The MGFs were searched against the UniProtKB
human database (taxonomy 9606, version 20190709), which
included 24’905 Swiss-Prot, 34 616 TTEMBL entries, 59 783
decoy hits and 262 common contaminants. Cysteine car-
bamidomethylation was set as a fixed modification, protein
N-terminal acetylation and methionine oxidation were set
as variable modifications. Finally, S, R, K, D, E, H, C, T and
Y residues were set as variable ADP-ribose acceptor amino
acids. The neutral losses of 347.0631 Da and 583.0829 Da
from the ADP-ribose were scored in HCD fragment ion
spectra (66).

Alkaline comet assays

Cells were treated with 200 wM H,O; for 30 min and left to
recover in complete medium for the indicated time points.
Following treatment, cells were collected by trypsinization.
Harvested cells were embedded in 0.8% SeaPlaque low-
melting point agarose (Lonza) on 2-well comet slides (Trevi-
gen) and lysed overnight at 4°C in lysis buffer: 2.5 M NaCl,
100 mM EDTA and 10 mM Tris (pH10), supplemented
with 10% DMSO and 1% Triton X-100. For alkaline comet
assays, slides were washed after overnight lysis and incu-
bated 40 min in denaturation buffer (300 mM NaOH, | mM
EDTA) followed by electrophoresis for 20 min at 18 V and
300 mA. Afterward, all slides were washed with PBS, fixed
inice-cold ethanol for 10 min and dried at 37°C. DNA stain-
ing was done with SYBR gold (ThermoFisher Scientific) for
10 min, followed by washing with PBS and drying at 37°C.
Samples were imaged using the IN Cell Analyzer 2500 HS
(GE Healthcare Life Sciences) and analyzed using the Open
Comet plugin for Fiji (ImagelJ).

Western blotting

For WB analysis, proteins were separated via SDS-page on a
12%-SDS-polyacrylamide gel at 130V. A wet-transfer onto
a PVDF membrane was performed at 30 V over-night and
membranes were blocked with 5% milk in TBS-T for 1h at
RT. Primary antibodies were diluted in 1% milk in TBS-T
and incubated at 4°C over night. After three washes, the
secondary antibody, diluted in TBS-T, was incubated for
1 h at RT. After another 3 washes, specific proteins/bands
were visualized with the Odyssey infrared imaging system
(LI-COR).

For SLC25A51 analysis, the membrane was blocked with
10% milk in TBS-T for 2h at RT, followed by a second block-
ing step in 5% milk in TBS-T for 1 h at RT. The primary anti-
body was diluted in 5% milk in TBS-T and incubated at 4°C
over night. After three washes, the membrane was blocked
in 5% milk in TBS-T again for 1 h. The secondary antibody
was diluted in 5% milk in TBS-T and incubated for 1h at
RT. After another three washes, bands were visualized as
described above. The following primary and secondary an-
tibodies were used for WB analysis at the following concen-
trations: mouse anti-CoxIV (Abcam, 1:1000), rabbit anti-
ADPR (CST, 1:1000), IRDye 800 CW goat anti-rabbit IgG
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(LI-COR, 1:15000) and IRDye 680RD goat anti-mouse
IgG (LI-COR, 1:15000).

Resazurin assay

Cells were seeded to opaque-walled 96-well plates. Follow-
ing siRNA transfection and/or drug treatment, cell viabil-
ity and mitochondrial function was assessed by resazurin
assay. Cells were washed with PBS and incubated in 100
wl DMEM containing 0.015 mg/ml resazurin sodium salt
for 0.5-1.5 h until sufficient fluorescence was reached. Flu-
orescence was recorded at 560 nm excitation with a 590
nm emission filter. Blank values were subtracted before
normalization.

Cell proliferation assay

For Hapl cells, 100 000 cells were seeded to 24-well plates in
duplicates and counted every 24 h for four sequential days
using a Countess II FL Automated Cell Counter. For U20S
cells, 50 000 cells were seeded to 24-well plates following re-
verse siRNA transfection and counted in the same manner.

Measurement of compartmentalized, relative NAD™ levels
using NAD™-Shifit

Measurements of relative intracellular NAD™ levels were
performed as previously described using the semisynthetic
fluorescence biosensor NAD™-Snifit (32). In short, one day
after siRNA transfection or at the same time as plas-
mid transfection, sensor expression (targeted to either cy-
toplasm, nucleus or mitochondria) in stable U20S Flp-
In™ cells (18) was induced via administration of 200 ng/ml
doxycycline. 12 h later, cells were labeled with 500 nM CP-
MaP555-PPT (Supplementary Figure S1B) and 500 nM
SiR-Halo for 10-12 h. CP-MaP555-PPT is a derivative of
the previously described fluorescent substrate used for la-
beling of the sensor with better labeling performance and
increased sensitivity for NAD*. After labeling, cells were
washed at least three times with DMEM to thoroughly re-
move any excess of the 2 dyes. Cells were trypsinized and
the FRET ratio, as a proxy for NAD™ levels, was analyzed
via flow cytometry using the LRS II Fortessa or BD FAC-
Symphony™. The following laser and filter combination was
used: 405 nm to acquire foreword- and sideward scatter, 561
nm (586/15 nm) to acquire the donor signal (CP-MaP555-
PPT), 561 nm (635 nm LP, 670/30 nm) to acquire the FRET
signal (SiR-Halo) and 640 nm (670/14 nm) to acquire the
acceptor (SiR-Halo) only. The data were analyzed using
FlowJo. The FRET ratio was calculated by dividing the
FRET signal by the donor signal.

Statistical analysis

For statistical analysis of immunofluorescence quantifica-
tion, the normalized mean fluorescence intensity values of
three to five independent experiments were compared. For
each experiment, the control mean was arbitrarily set to
30 before log transformation. For NAD* measurements
and qPCR, the control mean was arbitrarily set to 1. For all
experiments with two groups, P values were determined by
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Student’s #-test with * P < 0.05; **P < 0.005; *** P < 0.0005.
For all experiments with groups of three or more, P values
were determined by one-way ANOVA with multiple com-
parisons analysis. The exact method for multiple compar-
isons analysis is detailed in the figure legends.

RESULTS

Knockdown of SLC25A51 results in a redistribution of sub-
cellular NAD* pools

While lack of SLC25A51 strongly reduced mitochondrial
NAD™ levels, whole cell NAD™ levels remained unchanged
(16-18), pointing towards a redistribution of subcellular
NAD™ to potentially promote cytoplasmic ATP synthesis
and other compensatory NAD*" dependent cellular pro-
cesses. To analyze subcellular NAD* redistribution, we
knocked down SLC25A51 and measured subcellular, rel-
ative NAD™" levels using organelle-specific FRET-based
NAD™ sensors (Supplementary Figure SIA (32)) labelled
with SiR-Halo (32) and the new, improved substrate CP-
MaP555-PPT (Supplementary Figure S1B, unpublished
data). To verify sensor functionality, the NAMPT inhibitor
FK866 was used as a control for reduction of NAD™ levels
in all compartments (Supplementary Figure SIC-E). Tran-
sient knockdown of SLC25A51 in U20S cells, confirmed
by qPCR and immunofluorescence (IF) (Supplementary
Figure SIF-H), reduced mitochondrial NAD* levels as
previously reported (Supplementary Figure S11, (16-18)).
Conversely, NAD" accumulated in the cytoplasm follow-
ing knockdown of SLC25A51, when it can no longer be
transported into the mitochondria (Figure 1A). Interest-
ingly, not only cytoplasmic but also nuclear NAD™* levels
were increased after knockdown of SLC25A51 (Figure 1B),
pointing towards a direct connection between the NAD*
pools in these two compartments.

NAMPT knockdown, in addition to SLC25A51 knock-
down (Supplementary Figure S1J), reduced NAD™ levels
in both cytoplasm or nucleus to the same extent as in con-
trol cells (Figure 1A/B), implying that the increase in cy-
tonuclear NAD™ is indeed due to a simple redistribution
of NAD". To further strengthen this conclusion, the ex-
pression of important NAD" synthesizing enzymes (i.e.
NAMPT, NMNATI, NMNAT?) was analyzed by qPCR
upon SLC25A51 knockdown. Since the contribution of
NMNAT3 to the whole-cell NAD* pool is not well un-
derstood (17,18,33), the third isoform of NMNAT was ex-
cluded from the analysis. Neither the expression of NAMPT
nor NMNATI and NMNAT? significantly changed follow-
ing SLC25A51 knockdown (Supplementary Figure S1K).
Interestingly, immunofluorescence for NAMPT in U20S
cells showed an exclusively nuclear localization (Supple-
mentary Figure S2A), suggesting that in this cell type,
NMN is synthesized in the nucleus and may then be con-
verted to NAD™ in the nucleus but could also diffuse to
the cytoplasm via the nuclear pore complex (Supplemen-
tary Figure S2B, (34)).

Since nuclear and cytoplasmic NAD* both increased
after SLC25A51 knockdown, we next assessed if the nu-
clear and cytoplasmic NAD™ pools are connected via dif-
fusion of NAD™ in addition to diffusion of NMN, pre-
sumably through the nuclear pore complex. To this end,
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Figure 1. Knockdown of SLC25A51 increases nuclear and cytoplasmic NAD™ levels without affecting the salvage pathway. (A and B) SLC25A51 was
knocked down alone or together with NAMPT in stable U20S Flp-In™ T-Rex™ cells expressing either an inducible cytoplasmic (A) or nuclear (B) NAD™*
sensor and NAD™ levels in the respective compartments were analyzed by flow cytometry 48 h after knockdown. P values were determined by one-sample
t-test for siMock, or unpaired, two-tailed Student’s 7-test for the siNAMPT group. (C and D) NMNAT1 and NMNAT2 were knocked down alone or
together, or NAMPT was knocked down in stable U20S Flp-In™ T-Rex™ cells expressing either an inducible cytoplasmic (C) or nuclear (D) NAD*
sensor and NAD™ levels in the respective compartments were analyzed by flow cytometry 48 h after knockdown. P values were determined by one-way
ANOVA with multiple comparisons analysis using Dunnett’s method. (E and F) HA-tagged SLC25A51 was transiently overexpressed in U20S Flp-In™ T-
Rex™ cells expressing either an inducible cytoplasmic (E) or nuclear (F) NAD" sensor and NAD™ levels in the respective compartments were analyzed
by flow cytometry 24 h after transfection. Cells were co-transfected with GFP and GFP-positive cells were selected to ensure successful overexpression. *

P < 0.05, ** P < 0.005, *** P < 0.0005, ns (not significant) not shown.

we knocked down the nuclear NMNATI1 and cytoplas-
mic NMNAT?2, separately or together (Supplementary Fig-
ure S2C), and quantified nuclear and cytoplasmic NAD*
levels. Knockdown of NMNATI1 or NMNAT?2 alone as
well as both isoforms together reduced NAD* levels in
both analyzed compartments (Figure 1C, D), implying that
both isoforms are required in U20S cells to maintain the
NAD™* pool in the nucleus and cytoplasm under steady
state conditions, and that like NMN, NAD™ too can dif-
fuse from one compartment to the other. Lastly, to con-
firm that these effects are directly mediated by the mito-
chondrial NAD™ transporter, HA-tagged SLC25A51 was
overexpressed in order to assess compartmentalized NAD*
levels. HA-SLC25A51 overexpression induced a clear HA

signal (Supplementary Figure S2D/E) which co-localized
with the mitochondrial marker CoxIV (Supplementary Fig-
ure S2B), validating overexpression and correct localization
of the overexpressed SLC25A51. Overexpression was fur-
ther confirmed by a strong increase in SLC25A51 expres-
sion for cells transfected with HA-SLC25A51 (Supplemen-
tary Figure S2F /G). This was previously shown to increase
mitochondrial NAD™ levels (17,18), which was confirmed
here (Supplementary Figure S2H). In line with this, over-
expression of SLC25A51 severely reduced cytoplasmic as
well as nuclear NAD™ levels (Figure 1E, F). These findings
suggest that lack of SLC25A51 does indeed prevent import
of NAD™" synthesized in the cytonuclear compartment into
the mitochondria without affecting the import of NAD*
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precursors into the cell, thus resulting in an overall increase
of cytoplasmic and nuclear NAD™ levels. They further un-
derline that SLC25A51 integrates into the classical view of
NAD™ synthesis via the salvage pathway rather than pre-
senting an additional or alternative metabolic route (Sup-
plementary Figure S2B).

Absence of SLC25A51 leads to increased nuclear and reduced
mitochondrial ADP-ribosylation

Given the observed increase in cytoplasmic and nuclear
NAD? levels, it seemed intriguing to investigate if NAD*-
dependent processes, specifically protein ADP-ribosylation,
were affected by the absence of SLC25A51. To see if the
observed redistribution of NAD™ would affect intracellular
ADP-ribosylation levels, we quantified ADP-ribosylation
by IF using a recently developed pan anti-ADP-ribose
antibody following both knockdown and knockout (KO)
of SLC25A51 in U20S and Hapl cells, respectively (28).
Organelle-specific co-staining, such as CoxIV and DAPI,
were included to define concise masks in which differ-
ent subcellular ADP-ribosylation signals could be indi-
vidually measured and quantified as previously described
(28,35,36). Similar to the observed changes in NAD®,
knockdown of SLC25AS51 resulted in a clear increase in
nuclear ADP-ribosylation, while reducing the mitochon-
drial associated signal (Figure 2A—C). Similarly altered sig-
nal intensities were observed when analyzing SLC25A51
KO Hapl cells (Figure 2D-F). Comparable changes af-
ter knockdown or knockout of SLC25A51 were also
observed using other ADP-ribosylation specific antibod-
ies and detection tools, including a commercially avail-
able pan anti-ADP-ribose antibody (CST) or an engi-
neered macrodomain-Fc fusion protein (37) (Supplemen-
tary Figure S3A-E and S3F, G, respectively). Importantly,
the signal intensities of the mitochondrial marker CoxIV
remained comparable after knockdown or knockout of
SLC25A51 (Supplementary Figure S3H/I), confirming that
the observed decrease in the mitochondrial signal is un-
likely due to a reduction of the overall mitochondrial
load.

To confirm that the observed changes in signal intensities
were due to a process directly regulated by SLC25A51, we
tested whether overexpression of SLC25A51 would increase
the mitochondrial signal detected by the anti-ADPR anti-
body (CST). To this end, we stably integrated doxycycline
(DOX)-inducible SLC25A51 in Jump-In HEK cells and
quantified mitochondrial ADP-ribosylation signals by IF
using the above-described tools after induction with DOX.
In agreement with the loss of function results, overexpres-
sion of SLC25A51 significantly increased the mitochondrial
associated signal detected by CST (Figure 2G, H), suggest-
ing that NAD™ availability is indeed an important factor for
the detected mitochondrial signal intensities. As expected,
nuclear ADP-ribosylation remained low when overexpress-
ing SLC25A51 in WT cells (Figure 2G, I).

To investigate whether the observed IF signal inten-
sities associated with different compartments correlate
with altered protein ADP-ribosylation, we identified ADP-
ribosylated proteins by mass spectrometry-based ADP-
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ribosylome analyses on WT and SLC25A51 KO Hapl
cells, as previously described (38,39). The overall number
of ADP-ribosylated peptide spectral matches (PSM) iden-
tified in WT and SCL25A51 KO Hapl cells was quite
similar (Supplementary Figure S3J). Nevertheless, we did
note that the overall number of ADP-ribosylated proteins
identified in the SLC25A51 KO sample was slightly re-
duced (Supplementary Figure S3K). Moreover, we found
that a fraction of the unique ADP-ribosylated proteins
identified in each sample were only modified in either
the SLC25A51 KO or WT Hapl cells (Supplementary
Figure S3K and Supplementary Table S1), demonstrating
that loss of SLC25A51 and the redistribution in cellular
NAD" induced shifts in cellular protein ADP-ribosylation,
likely dependent on the ADP-ribosyltransferases expressed
in the respective compartments. Furthermore, we found
that, based on UniProt subcellular localization annota-
tions, the proportion of modified mitochondrial proteins
was higher in WT Hapl cells compared to SLC25A51
KO Hapl cells (Figure 2J). Indeed, very few mitochon-
drial ADP-ribosylated proteins were identified in the ADP-
ribosylome in SLC25A51 KO cells (Supplementary Figure
S3L). In contrast, most proteins that were more strongly
ADP-ribosylated in SLC25A51 KO Hapl cells localized to
the nucleus, with a clear increase in total nuclear modified
proteins (Figure 2K). Taken together, these data support the
conclusion that the redistribution in subcellular NAD™" in-
duced by loss of SLC25A51 results in altered protein ADP-
ribosylation in the analyzed compartments. Furthermore,
this highlights that mitochondrial ADP-ribosylation is de-
pendent on NAD™ import.

Increased nuclear ADP-ribosylation in absence of

SLC25A51 is mediated by PARP1

Only three ARTs (PARP1, PARP8 and PARP12) were iden-
tified in our mass spectrometry-based ADP-ribosylome of
HAPI1 cells, with PARP1 being the only writer that was
more ADP-ribosylated in SLC25A51 KO cells (Figure 3A).
Most of the ADP-ribose acceptor sites with increased modi-
fication localize to the auto-modification domain of PARP1
(Supplementary Figure S4A), suggesting that its activity
is enhanced in cells lacking SCL25A51. To elucidate the
possibility that PARP1 is responsible for the increased nu-
clear ADP-ribosylation observed previously (Figure 2), we
knocked down SLC25A51 alone or together with PARP1
and quantified nuclear ADP-ribosylation by IF. In con-
trast to the single knockdown of SLC25A51, double knock-
down together with PARP1 completely abolished any nu-
clear ADP-ribosylation signal (Figure 3B, C). Thus, the
observed increase in nuclear ADP-ribosylation indeed de-
pends mainly on PARP1 in U20S cells, while other nuclear
ARTs are unlikely to contribute to the observed increased
nuclear ADP-ribosylation. This was further strengthend by
gPCR data of all ARTs, revealing that PARPI is by far the
most highly expressed ART in U20S and HAP1 (Supple-
mentary Figure S4B and C). Moreover, Western blotting
of Hapl WT and SLC25A51 KO cells further confirmed
that PARPI is more modified in SLC25A51 KO cells com-
pared to WT cells, since the band corresponding to PARP1
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Figure 2. Knockdown or knockout of SLC25AS51 decreases mitochondrial and increases nuclear ADP-ribosylation. (A-C) SLC25AS51 was knocked
down in U20S cells and ADP-ribosylation was analyzed by IF 48 h after siRNA transfection using a pan anti-ADPR antibody. CoxIV (green) was
used as a mitochondrial marker. Representative images are shown on the left (A) and mitochondrial (B) and nuclear (C) quantification on the right.
(D-F) ADP-ribosylation was analyzed in HAP1 SLC25A51 knockout cells by IF using a pan anti-ADPR antibody; representative images are shown on
the left (D) and mitochondrial (E) and nuclear (F) quantification on the right. (G-I) ADP-ribosylation was analyzed in JumpIn HEK DOX-inducible
SLC25A51 wildtype overexpressing cells by IF using a pan anti-ADPR antibody; representative images are shown on the left (G) and mitochondrial (H)
and nuclear (I) quantification on the right. IF quantifications show one representative result of at least three independent experiments. P values were
determined by unpaired, two-tailed Student’s ¢-test comparing means from at least three independent experiments. (J and K) ADP-ribosylated peptides in
HAP1 SLC25A51 knockout cells were identified using liquid chromatography-tandem mass spectrometry (LC-MS/MS). Number of modified peptides
of proteins localized to the mitochondria (J) and the nucleus (K) are shown. * P < 0.05, ** P < 0.005, *** P < 0.0005, ns (not significant) not shown; scale
bars indicate 20 pm.
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Figure 3. Increased nuclear ADP-ribosylation and DNA damage response in cells lacking SLC25A51 is dependent on PARPI. (A) The ADP-ribosylome
of HAP1 SLC25A51 knockout cells was identified using LC-MS/MS. Number of modified peptides of different writers of ADP-ribosylation are shown. (B
and C) SLC25A51 was knocked down alone and with PARP1, and ADP-ribosylation was analyzed by IF 48 h after siRNA transfection using a pan anti-
ADPR antibody; representative images are shown on the left (B) and nuclear (C) quantification on the right. One representative result of three independent
experiments is shown. P values were determined by one-way ANOVA with multiple comparisons analysis using Sidak’s method, using means from three
independent experiments. (D) PARP1 was knocked down in Hapl WT and SLC25A51 KO cells. Cells were lysed 48 h after siRNA transfection and ADP-
ribosylation as well as PARP1 expression were analyzed by Western blot. One representative result of three independent experiments is shown. (E) Hapl
WT and SLC25A51 KO cells were treated with 1 uM FK866 for 24 h and ADP-ribosylation as well as PARP1 expression were analyzed by western blot.
One representative result of three independent experiments is shown. * P < 0.05; scale bars indicate 20 pwm.

showed stronger modification in SLC25A51 KO cells and
was reduced upon PARP1 knockdown (Figure 3D). PARP1
knockdown also reduced ADP-ribosylation of other pro-
teins that were modified in SLC25A51 KO cells (e.g. below
100 or 15 kDa), indicating that not only the automodifi-
cation of PARP1, but also transmodification of target pro-
teins is affected. Since neither PARPI1 expression nor pro-
tein abundance was increased in SLC25A51 KO cells (Sup-
plementary Figure S4D, E), the increased nuclear ADP-
ribosylation observed in cells lacking SLC25A51 is likely ex-
plained by higher substrate availability due to the increased
nuclear NAD" levels. To test this, Hapl WT and SLC25A51
KO cells were treated with the NAMPT inhibitor FK866
to reduce overall NAD™ levels and ADP-ribosylation was
assessed by Western blot. FK866 treatment fully reversed
the increased ADP-ribosylation observed in cells lacking
SLC25A51 (Figure 3E), confirming that the effect is depen-

dent on NAD" availability. Taken together, these data high-
light that the higher nuclear NAD™ levels in cells lacking
SLC25A51 lead to an enhanced PARPI activity even under
basal conditions.

DNA damage-induced PARP1-mediated ADP-ribosylation
is enhanced upon knockdown of SLLC25A51

Many of the proteins identified to be stronger ADP-
ribosylated in SLC25A51 KO cells by our mass
spectrometry-based ADP-ribosylome are known me-
diators of the DNA damage response (Figure 4A). To
assess which cellular processes are associated with the
increased nuclear ADP-ribosylation in SLC25A51 KO
HAPI1 cells, we performed an overrepresentation analysis
of all proteins that were at least 5-fold stronger modified
in SLC25A51 KO cells compared to Hapl WT cells
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Figure 4. The increase in nuclear ADP-ribosylation in cells lacking SLC25A51 is associated with the DNA damage response. (A) ADP-ribosylated peptides
in HAP1 SLC25A51 knockout cells were identified using liquid chromatography—tandem mass spectrometry (LC-MS/MS). GO overrepresentation analy-
sis of proteins that were 5-fold more ADP-ribosylated in SLC25A51 KO cells is shown; the enrichment score is displayed to the right and the corresponding
P-values to the left. (B and C) Following knockdown of SLC25A51, U20S cells were pre-treated with 10 wM Olaparib for 1 h and treated with 50 uM
H>0O; in PBS for 10 min (in presence of Olaparib). Nuclear ADP-ribosylation dynamics were monitored by IF (B) and quantified (C). One representative
result of four independent experiments is shown. P values were determined by unpaired, two-tailed Student’s z-test comparing siSLC25A51 to siMock for
each time point, using means from four independent experiments. (D) Following SLC25A51 knockdown, stable U20S Flp-In™ T-Rex™ cells expressing
an inducible nuclear NAD" sensor were treated with | mM H»O; in PBS and nuclear NAD™" levels were measured by flow cytometry after 0, 10 and 30
min. MFI was normalized to untreated siMock cells. P values were determined by unpaired, two-tailed Student’s 7-test comparing siSLC25A51 to siMock
for each time point, using means from three independent experiments. (E and F) HA-tagged SLC25A51 was transiently overexpressed in U20S. 24 h after
transfection, cells were treated with 50 uM H,O, for 10 min. ADP-ribosylation was analyzed by IF; representative images (E) and nuclear quantification
(F) are shown. One representative result of three independent experiments is shown. P values were determined by unpaired, two-tailed Student’s z-test
comparing empty vector (EV) transfected and SLC25A51 overexpression (OE) for each timepoint, using means from five independent experiments. (G)
Hapl WT and SLC25A51 KO cells were treated with 1 .M FK866 for 24 h followed by treatment with 50 wM H,O; for 10 min. ADP-ribosylation as well
as PARPI expression were analyzed by western blot. One representative result of three independent experiments is shown. * P < 0.05, ns (not significant)
not shown; scale bars indicate 20 pm.

£20Z Jaquiardes 0 uo 1senb Aq 951 EHZ2/659PEYB/IBU/SE01 "0 | /I0P/a|0IIB-80UBAPE/IBU/WO0D dNO"dIWapEI.//:Sd)1Y WOl POPEOJUMO(]



(Figure 4A). All identified GO terms were associated with
the DNA damage response, implying that the increase
in ADP-ribosylation may contribute to DNA damage
repair in SLC25A51 KO cells. Interestingly, all processes
identified in the overrepresentation analysis of proteins
to be more highly modified in Hapl WT compared to
SLC25A51 KO cells, were associated with ribosomes and
translation (Supplementary Figure S5A), indicating that
compartment-specific processes were regulated. We thus
hypothesized that the increase in nuclear ADP-ribosylation
following the increased nuclear NAD™ levels in absence
of SLC25AS51 might affect the DNA damage response in
these cells.

To further investigate this aspect, U20S cells were treated
with 50 pM H,O, for 10 min to induce DNA damage,
and cellular ADP-ribosylation was monitored by IF as
described above. Knockdown of SLC25A51 significantly
increased the amount of nuclear ADP-ribosylation both
in untreated cells and following H,O; treatment (Figure
4B and C), suggesting that the absence of NAD™ trans-
port into the mitochondria allows for a higher induc-
tion of nuclear ADP-ribosylation. Nuclear NAD* mea-
surements after knockdown of SLC25AS51 further con-
firmed an increase in nuclear NAD™ availability even af-
ter 30 min of H,O, compared to control cells (Figure
4D). Olaparib treatment inhibited the induction of nuclear
ADP-ribosylation both in control and SLC25A51 knock-
down cells (Figure 4B/C), comparable to PARP1 knock-
down (Supplementary Figure S5B/C) which is in agree-
ment with earlier findings (Figure 3B, C). To investigate
whether overexpression of SLC25A51 would reduce the
H,0; induced ADP-ribosylation, SLC25A51 was overex-
pressed in U20S cells and cells again treated with H,O,
to induce DNA damage. Consistent with decreased nu-
clear NAD™ levels in cells overexpressing the mitochon-
drial NAD" transporter, ADP-ribosylation was signifi-
cantly lower in SLC25A51 OE cells (Figure 4E, F). Compa-
rably to the results in U20S cells with transient SLC25A51
knockdown, 10 min H,O, treatment of Hapl cells in-
duced modest ADP-ribosylation in WT cells, but much
stronger ADP-ribosylation in SLC25A51 KO cells when an-
alyzed by Western Blot (Figure 4G) and Immunofluores-
cence (Supplementary Figure S5D, E). As previously shown
in untreated cells, this increase in ADP-ribosylation was
dependent on NAD™ availability since FK866 treatment
fully reversed the effect (Figure 4G). Moreover, the ob-
served ADP-ribosylation was again reduced upon knock-
down of PARPI in SLC25A51 KO cells (Supplementary
Figure SSF). To confirm that these observations are not an
H,0,-specific effect, U20S cells were treated with the alky-
lation damage-inducing agent methyl methanosulfonate
(MMS) and nuclear ADP-ribosylation was monitored by
IF. Again, SLC25A51 knockdown significantly increased
nuclear ADP-ribosylation following MMS treatment that
was reduced by Olaparib (Supplementary Figure S5G/H),
suggesting that the increased nuclear NAD™ levels regulate
genotoxic stress responses induced by different compounds.
Taken together, these data show that SLC25A51, by reg-
ulating nuclear NAD* availability, controls nuclear ADP-
ribosylation catalyzed by PARP1 independently of the type
of genotoxic stress.
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H;,0;-induced phosphorylation of H2AX is reduced and re-
covery from single-strand breaks improved in absence of
SLC25A51

To analyze if the increased PARPI-mediated ADP-
ribosylation observed in absence of SLC25A51 contributes
to a more efficient DNA damage response, alkaline comet
assays were performed to analyze single-strand (SSB) DNA
breaks in U20S cells lacking the transporter. Consistent
with an increase in nuclear ADP-ribosylation in SLC25A51
depleted cells even in untreated conditions, SLC25A51
knockdown cells had fewer lesions (Figure SA and Sup-
plementary Figure S6A), indicating a better baseline repair
of damage by constant stressors of endogenous and exoge-
nous origin. Thus, we assessed if SLC25A51 overexpres-
sion would have the opposite effect. Upon replication, un-
repaired SSBs can lead to the formation of double-strand
breaks (DSBs) (40). A critical signal of the DSB response is
the phosphorylation of H2AX at Ser139 (yH2AX), which
serves as a platform for the recruitment of DNA repair fac-
tors at DSBs and can therefore be used as a DSB marker
(41-44). Following treatment with SSB inducing agents like
H;0, and MMS, a lower yH2AX signal therefore implies
a faster SSB response, resulting in a decreased incorpora-
tion of SSBs. Strikingly, overexpression of the transporter
in U20S cells was sufficient to induce a clearly detectable
vH2AX signal even in absence of a DNA damage stimu-
lus (Figure 5B, C), underlining the importance of nuclear
NAD™ for repair of inherent DNA damage even under
basal conditions.

Next, we investigated if SLC25A51 would also affect the
DNA damage response following a direct DNA damage
stimulus. Following SLC25A51 knockdown, U20S cells
were treated with H,O, and harvested either directly or
after recovery in complete medium for 2 or 4 h (Figure
5D and Supplementary Figure S6A, B). While cells lack-
ing SLC25A51, immediately following H,O; treatment,
showed a comparable number of lesions to the control, they
had significantly fewer lesions after 2 and 4 h of recovery,
respectively (Supplementary Figure S6B). To account for a
slight trend towards fewer lesions in SLC25A51 knockdown
cells even directly following H,O, treatment, lesions after
2 and 4 h recovery were normalized to the first timepoint,
H,;0, treatment without recovery. Strikingly, SLC25A51
knockdown cells not only had significantly fewer lesions
than siMock cells after 2 h but even showed a comparable
number of lesions after 2 h of recovery as control cells af-
ter 4 h (Figure 5D), suggesting that the repair kinetics are
indeed faster in SLC25A51 knockdown cells.

To further analyze the effect of SLC25A51 on the ef-
ficiency of the DNA damage response, we investigated
whether H,O, induced yH2AX would be affected by
SLC25A51 as well. H,O, induced a robust yH2AX sig-
nal after 30 min of treatment followed by 2 h of recov-
ery (Figure SE/F). Knockdown of SLC25A51 significantly
reduced the extent of yH2AX (Figure 5E, F). A reduc-
tion in yH2AX could either be caused by fewer lesions,
indicative of better repair, or impaired signaling, imply-
ing reduced repair capacity instead. To assess if the reduc-
tion in H,O,-induced yH2AX apparent in cells lacking
SLC25A51 is dependent on ADP-ribosylation, SLC25A51
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Figure 5. SLC25A51 knock-down improves DNA damage repair. (A) SLC25AS51 was knocked down in U20S cells, cells were harvested and analyzed by
alkaline comet assay. One representative experiment is shown. P values were determined by Kruskal-Wallis test due to non-gaussian distribution of points.
(B and C) HA-tagged SLC25AS51 was transiently overexpressed in U20S. 24 h after transfection, cells were treated with 50 uM H,O, for 10 min and
subsequently incubated in complete medium for 2 h of recovery. yH2AX was analyzed by IF; representative images (B) and quantification (C) are shown.
One representative result of three independent experiments is shown. P values were determined by unpaired, two-tailed Student’s z-test, using means from
four independent experiments. (D) Following knockdown of SLC25A51, U20S cells were treated with 200 uM H> O, in PBS for 30 min and subsequently
incubated in complete medium for 0, 2 or 4 h of recovery. Cells were harvested and analyzed by alkaline comet assay. Olive Tail Moment was normalized
to 0 h recovery. Medians of four independent experiments are shown. P values were determined by Welch’s z-test, comparing siSLC25A51 to siMock for
each time point. (E and F) Following knockdown of SLC25A51, U20S cells were pre-treated with 10 wM Olaparib for 1 h and then treated with 200 .M
H,0; in PBS for 30 min (in presence of Olaparib) and subsequently incubated in complete medium for 2 h of recovery (in presence of Olaparib). yH2AX
formation was analyzed by IF (E) and quantified (F). One representative result of four independent experiments is shown. P values were determined by
unpaired, two-tailed Student’s z-test comparing siSLC25A51 to siMock for each time point, using means from four independent experiments. * P < 0.05,
** P < 0.005, #*** P < (0.00005, ns (not significant) not shown; scale bars indicate 20 pwm.
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knockdown cells were treated with the PARPi Olaparib to-
gether with H,O,, and yH2AX was analyzed by IF. Ola-
parib clearly increased H2AX phosphorylation in cells lack-
ing SLC25A51 to levels comparable to the control (Fig-
ure S5E, F), indicating that ADP-ribosylation is required
for the improved DNA damage response in cells lacking
SLC25A51. In line with this, though SLC25A51 knockout
or longer-term knockdown reduces proliferation (Supple-
mentary Figure S6C, D), which can also dampen the forma-
tion of yH2AX, no effect on proliferation was observed 48 h
after knockdown (Supplementary Figure S6D), at which
point H2AX phosphorylation was assessed. Furthermore,
SLC25A51 KO or knockdown did not induce cell cycle ar-
rest (Supplementary Figure S6E, F). Taken together, these
data show that the improved DNA damage response ob-
served in cells lacking SLC25A51 is not purely a prolifera-
tion effect but instead depends on ADP-ribosylation, and
that the overall repair capacity is not affected by the knock-
down of SCL25A51. A similar effect was observed follow-
ing treatment with MMS as another DNA damage induc-
ing agent. Knockdown of SLC25AS51 in U20S reduced
vH2AX after MMS treatment, and Olaparib again reversed
this (Supplementary Figure S6G/H). This was further con-
firmed in Hapl SLC25A51 KO cells (Supplementary Figure
S6I). MMS treatment increased yH2AX levels in WT but
not SLC25A51 KO cells (Supplementary Figure S61), im-
plying that the single-strand damage induced by MMS is
repaired faster in Hapl cells lacking SLC25A51. As previ-
ously published, Olaparib treatment alone already induced
a strong yH2AX signal (45), underlining a general depen-
dence on PARPI1 for ongoing DNA repair, even in absence
of a direct genotoxic stress (Supplementary Figure S61).
Taken together, these results show that SLC25A51 regu-
lates the DNA damage response by limiting PARP1 activity.

PARP1 chromatin retention and sensitivity to PARP in-
hibitors are reduced in absence of SLC25A51

In presence of a DNA damage stimulus, PARP1 binds to
damage sites and automodifies itself. The resulting PAR
chains function as a scaffold for the recruitment of repair
factors and lead to release of PARP1 from the chromatin
once a high enough level of modification is reached (46).
In the presence of PARP inhibitors, PARP1 still binds to
damage sites but is unable to modify itself, thus remain-
ing tightly bound on the chromatin (Supplementary Fig-
ure S7A). PARP1 chromatin retention is therefore inversely
correlated to its activity. Since PARP1 activity is increased
in cells lacking SLC25A51, we next tested if this would
affect PARPI chromatin retention. Following SLC25A51
knockdown, U20S cells were co-treated with MMS to in-
duce DNA damage, and Olaparib to induce PARPI chro-
matin retention. Cells were analyzed by IF following chro-
matin pre-extraction. As expected, MMS alone had no ef-
fect on PARP1 chromatin retention in either control or
SLC25A51 knockdown cells (Figure 6A, B). While treat-
ment of cells with MMS/Olaparib increased the amount
of chromatin-bound PARPI1, knockdown of SLC25A51
reduced the amount of chromatin-bound PARP1 (Figure
6A, B). These findings indicate that the increased nuclear
NAD™ does indeed compete with Olaparib and thus, al-
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lows PARPI1 to be released from the chromatin. Increas-
ing the PARPi concentration 5-fold however restored the
observed chromatin retention to control levels, confirming
that NAD* compartmentalization and intracellular avail-
ability regulated by SCL25A51 modulate nuclear PARP1
chromatin retention (Figure 6A, B).

PARPI like Olaparib and Talazoparib are used as treat-
ments in different cancer subtypes including breast cancer
with BRCA mutations where monotherapy with PARPi has
shown promising results in patient cohorts (47-49). Mech-
anistically, PARPi sensitivity is explained by an increase in
PARPI1 chromatin retention that leads to DNA SSBs which
cannot be repaired in cells where BRCA is missing or mu-
tated (23,24). Due to the reduced PARP1 chromatin reten-
tion observed in cells with knockdown of SLC25A51, we
hypothesized that SLC25A51 knockdown would also de-
crease sensitivity of BRCA1-deficient cell lines to PARPI.
SLC25A51 was knocked down in Talazoparib-sensitive
MDA-MB-436 cells (Supplementary Figure S7B, (50)), fol-
lowed by treatment with different concentrations of Tala-
zoparib for 6 days. SLC25A51 knockdown clearly increased
the ICsy of Talazoparib (Figure 6C), which is likely ex-
plained by the higher nuclear NAD™" levels competing with
the PARPI. As a control, Talazoparib insensitive U20S cells
were treated with the same range of Talazoparib concen-
trations for 6 days. Cell viability was reduced by very high
Talazoparib concentrations of Talazoparib but not to the
same extent as MDA-MB-436 siSLC25A51 cells (Supple-
mentary Figure S7C), showing that SLC25A51 knockdown
does not confer complete resistance. To assess if the effect
observed in MDA-MB-436 is a cell-specific effect or a gen-
eral effect of SLC25A51 on PARPI sensitivity, SLC25A51
was knocked down in two other PARPI sensitive cell lines,
Olaparib-sensitive MCF7 and MDA-MB-231 (Supplemen-
tary Figure S7B). Cells were treated with different concen-
trations of Olaparib for 6 days. Again, SLC25AS51 knock-
down reduced Olaparib sensitivity (Supplementary Figure
S7D, E), confirming that lack of SLC25A51 affects PARPi
sensitivity in a cell type-independent manner. These results
suggest that the increased nuclear NAD™ concentration in-
duces PARPI activation and subsequently leads to reduced
chromatin retention in presence of PARPI, thus partially
overcoming the synthetic lethality concept normally ob-
served in BRCA deficient cell lines.

DISCUSSION

SLC25A51 was recently identified as a mitochondrial
NAD™ transporter and its effect on mitochondrial oxida-
tive metabolism was extensively characterized by three inde-
pendent groups (16-18). However, potential effects on the
remaining cellular compartments were not investigated so
far. Here, we demonstrate that SLC25A51 knockdown leads
to a redistribution of mitochondrial NAD™ to the nuclear
and cytoplasmic compartment and provide evidence that
this redistribution has functional consequences beyond af-
fecting glucose metabolism, by increasing PARP1 activity,
improving the DNA damage response and reducing PARP1
efficacy.

Most cultured cell lines generate NAD* predominantly
via the salvage pathway and synthesis of NAD™ from its
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Figure 6. SLC25A51 knockdown decreases PARP1 chromatin retention and sensitivity to PARP inhibitors. (A and B) 48 h after knockdown of SLC25A51,
U20S cells were treated with 0.01% MMS and the indicated concentrations of Olaparib for 2 h and the chromatin retention of PARP1 was assessed by IF
following pre-extraction (A) and quantified (B). One representative result of five independent experiments is shown. P values were determined by unpaired
(for untreated cells) or paired (for treated cells), two-tailed Student’s t-test comparing siSLC25A51 to siMock for each time point, using means from four
independent experiments. (C) Following knockdown of SLC25A51 for 24 h, MDA-MB-436 cells were treated with Talazoparib for 6 days and cell viability
was analyzed by resazurin assay. Relative cell numbers were normalized to DMSO-treated cells for siMock and siSLC25AS51 respectively. P value was
determined by comparing ICsys calculated from two independent experiments by unpaired, two-tailed Student’s 7-test. *** P < 0.0005, **** P < (0.00005,
ns (not significant) not shown; IF quantifications show one representative result of at least three independent experiments; scale bars indicate 20 pm.

precursors occurs in different cellular compartments (7).
While it was previously reported that the NAD™ precursor
NMN can diffuse between the nucleus and cytoplasm (34),
the shuttling of endogenous NAD™ between the two com-
partments has never been shown before. NAD* diffusion
through the nuclear pore complex has recently been shown
by transfection of fluorescently-labeled NAD*, however,
the diffusion limit is known to change in response to dif-
ferent conditions, thus, a modified NAD™* might not reflect
the biological reality (13). However, our results support the
notion that endogenous NAD™ can freely diffuse between
cytoplasm and nucleus. In case of high NAD* demands due

to PARP1 hyperactivation, NMNAT]1 binds to PAR and
stimulates PARPI activity (51). Further, NMNAT1 knock-
out alone was previously shown to inhibit PARP1 activity
under conditions of genotoxic stress, resulting in increased
yH2AX formation and reduced repair capacity (52). Thus,
NMNATI is thought to directly resynthesize NAD* which
is immediately utilized by PARP1. The direct interaction be-
tween NMNAT1 and PARPI creates a microdomain which
might separate nuclear and cytoplasmic NAD™ under these
conditions. Outside of an extreme activation like this, how-
ever, the cytoplasmic and nuclear NAD™ pools are likely
connected via the nuclear pore.
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The finding that SLC25A51 knock-down could not re-
store the NAD™" levels after NAMPT knock-down indi-
cates that the increase in cytonuclear NAD™ levels is in-
deed due to an accumulation of constitutively synthesized
NAD" rather than a compensatory increase in salvage path-
way activity. Furthermore, the decrease in mitochondrial
NAD™ levels in absence of SLC25A51 implies that most mi-
tochondrial NAD" is synthesized in the nucleus and cyto-
plasm and subsequently taken up by the mitochondria via
SLC25A51. Thus, we identified in cultured U20S cells a
flux of NAD" from the nucleo-cytoplasmic compartment
to the mitochondria. While the contribution of NMNATSs
is undoubtedly important for the local synthesis of NAD*
from NMN, already synthesized NAD* may well be able
to move between compartments and be consumed without
prior reconversion.

We could further demonstrate that absence of SLC25A51
and concomitantly decreased mitochondrial NAD™ levels
led to reduced mitochondrial ADP-ribosylation. These re-
sults are in line with a previous study where we showed
that pharmacological manipulation of NAD™ levels also
dampens mitochondrial ADP-ribosylation (28). Together,
both results suggest that mitochondrial ADP-ribosylation
is at least partially dependent on nucleo-cytoplasmic NAD*
availability and prove that ADP-ribosylation takes place
within mitochondria even though the responsible mito-
chondrial writers are still not known. In contrast to mito-
chondrial ADP-ribosylation, nuclear ADP-ribosylation in-
creased following knockdown or knockout of SLC25A51.
Moreover, knockdown of SLC25A51 resulted in stronger
nuclear ADP-ribosylation following either H,O, or MMS
treatment which likely results from delayed exhaustion of
NAD?* due to inhibited mitochondrial uptake of regener-
ated NAD" and storage. This is supported by NAD* mea-
surements showing that in contrast to control cells, nuclear
NAD" levels of SLC25A51 knockdown cells remained high
after H,O, treatment. Since H,O, and MMS induce differ-
ent types of DNA damage, this is likely to be a general ef-
fect of SLC25A51 on the SSB DNA damage response. Fur-
thermore, cells lacking SLC25A51 repaired DNA damage
faster not only under stress but also under baseline con-
ditions, as evidenced by the reduced number of DNA le-
sions in resting cells. To our knowledge, such steady-state
ADP-ribosylation and its involvement in the DNA dam-
age repair in unstressed cells has not been shown before.
In the context of single-strand damage, yH2AX is induced
when SSBs induced by agents like H,O, and MMS are in-
corporated as DSBs during replication (40,53). SLC25A51
depleted cells showed lower yH2AX signals following dif-
ferent DNA damage stimuli in a PARP1-dependent man-
ner. Since DSBs are the most toxic type of DNA lesion,
the faster SSB repair observed with SLC25A51 knockdown
prevents the incorporation of DSBs during replication and
provides a significant advantage.

The increase in nuclear ADP-ribosylation in cells lack-
ing SLC25A51 depends on PARP1, which is not surprising
given that PARP1 has the highest affinity for NAD* among
the nuclear NAD™" converting enzymes (54) and was shown
here to be the most highly expressed ART in HAPI and
U20S cells. Since PARP1 functions upstream of yH2AX
in the DNA damage response, a full knockdown or knock-
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out of PARPI1 would directly affect y H2AX accumulation,
leading to a decreased signal which is not indicative of better
repair but of impaired signaling (55). We therefore used Ola-
parib to show that the observed improvement in SSB repair
is dependent on ADP-ribosylation. Since Olaparib also in-
hibits other members of the ART family, especially PARP2,
an involvement of PARP2 or another ART in the improved
DNA damage response in cells lacking SLC25A51 cannot
be excluded. However, only PARP1 is required for the in-
crease in nuclear ADP-ribosylation and it is therefore likely
that PARPI is also responsible for the improved DNA dam-
age response. NAD™ is known to play a crucial role in the
DNA damage response because it is utilized by the PARPs,
especially PARPI, but also the Sirtuins and potentially cer-
tain DNA ligases (56). Reduced NAD™ levels were shown
to reduce XRCCl1 recruitment, a PARPI1 target, and lead-
ing to an accumulation of DNA damage and reduced re-
pair capacity (57). Conversely, increased NAD™ levels and
increased PARP1 activity likely allow PARPI to be evicted
from chromatin by rapidly recruited XRCCI1 and, thus, al-
low XRCCI1 to induce the repair of the DNA lesion (58).
In line with our findings, increasing NAD™ levels by sup-
plementing cells or mice with different types of NAD™ pre-
cursors including nicotinamide and nicotinamide riboside
also increased DNA repair efficiency in response to various
DNA damage inducing agents both in healthy models and
under conditions of neurodegeneration and aging, where
NAD™ levels are reduced (59,60).

While the higher nuclear NAD™ levels in SLC25A51 de-
ficient cells allow for a better DNA damage response, ab-
sence of SLC25A51 almost entirely abolishes OXPHOS
and strongly reduces TCA intermediate levels (16-18) and
therefore compromises cellular energy generation as well
as synthesis of important small molecules, such as ATP
or acetyl-CoA, resulting in a clear proliferation defect.
It is intriguing to speculate that SLC25A51 might be in-
volved in regulating NAD" distribution into different cel-
lular compartments, effectively balancing the cell’s need for
NAD* for its different functions. However, how the trans-
porter’s expression and activity are regulated is not fully un-
derstood. Here, we show that the DNA damage response
can be improved at the expense of mitochondrial function
and proliferation. It is possible that different stressors that
lead to higher NAD" requirements in specific compart-
ments could regulate SLC25AS51 in a similar way. Given
that ADP-ribosylation in the nucleus was shown to be in-
volved in various processes beyond the DNA damage re-
sponse, e.g. gene expression, replication and the circadian
rhythm (61), it would be interesting to determine if and
how any of the involved pathways are affected by ADP-
ribosylation in SLC25A51-deficient cells. Several metabolic
enzymes have previously been shown to be regulated via
ADP-ribosylation (e.g. hexokinase or GAPDH (3)), high-
lighting ADP-ribosylation as a candidate process that could
contribute to the metabolic changes that occur in the ab-
sence of SLC25A51. Furthermore, once structurally impor-
tant residues of SLC25A51 are determined, point mutations
that specifically disrupt transporter function could be tested
in regards to cytoplasmic and nuclear NAD™ levels.

In addition to its direct effect on ADP-ribosylation,
knockdown of SLC25A51 also decreased PARPI
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chromatin retention following co-treatment with PARP
inhibitors and DNA alkylating agents. As increased con-
centrations of PARP inhibitors were able to restore the
chromatin retention of PARPI, the observed reduction
was very likely a result of increased nuclear NAD™ levels
outcompeting the inhibitor and thus allowing for PARP1
to auto-modify itself. To highlight that nucleo-cytoplasmic
NAD" levels might be relevant in PARPi therapy, we tested
the PARPI sensitivity of triple negative MDA-MB-436 cells
while modifying nuclear NAD" levels by knockdown of
SLC25A51 and found reduced PARPI sensitivity in ab-
sence of SLC25A51. Some tumors overexpress SLC25A51
(62), which may imply that mitochondrial NAD* is
more important for excessive proliferation compared to
a faster DNA damage response. This makes SLC25A51
an intriguing target for pharmacological inhibition, which
would likely result in decreased cancer cell proliferation.
However, whether the improved DNA repair in absence
of SLC25A51 is an advantage for cancer cells would have
to be clarified in vivo. For cancer treatments based on
PARP inhibitors, the additional inhibition of SLC25A51
would likely reduce their effect as shown here. Cancers that
overexpress SLC25A51, on the other hand, may have lower
nuclear NAD™ levels because more NAD?" is transported
into the mitochondria, which could increase sensitivity to
PARP inhibitors.
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