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Poly(ADP-ribose)polymerase-1 (PARP-1) is a predomi-
nantly nuclear enzyme that exerts numerous functions in cel-
lular physiology and pathology, from maintenance of DNA
stability to transcriptional regulation. Through a proteomic
analysis of PARP-1 co-immunoprecipitation complexes, we
identified Mitofilin, a mitochondrial protein, as a new PARP-1
interactor. This result prompted us to further investigate the
presence and the role of the enzyme in mitochondria. Using
laser confocal microscopy andWestern blot analysis of purified
mitochondria, we demonstrated the mitochondrial localization
of a fraction of PARP-1. Further, the effects of overexpressing or
down-regulating Mitofilin showed that this protein promotes
and is required for PARP-1mitochondrial localization.We also
report several lines of evidence suggesting that intramitochon-
drial PARP-1 plays a role inmitochondrial DNA (mtDNA) dam-
age signaling and/or repair. First, we show that PARP-1 binds to
different regions throughout themtDNA.Moreover,wedemon-
strated that the depletion of either PARP-1 or Mitofilin, which
abrogates themitochondrial localization of the enzyme, leads to
the accumulation of mtDNA damage. Finally, we show that
DNA ligase III, known to be required for mtDNA repair, partic-
ipates in a PARP-1-containing complex bound to mtDNA. This
work highlights a new environment for PARP-1, opening the
possibility that at least some of the nuclear functions of the
enzyme can be also extended to mtDNAmetabolism.

Poly(ADP-ribose)polymerase-1 (PARP-1)5 is the best char-
acterized member of a 17-protein family. PARP-1 has a highly
conserved structural and functional organization including an

N-terminal zinc finger DNA-binding domain, a nuclear local-
ization signal, a central automodification domain, a Brca1
C-terminal domain involved in protein-protein interactions,
and a C-terminal catalytic domain (1). PARP-1 catalyzes the
polymerization of ADP-ribose units from donor NAD� on
acceptor proteins, leading to the formation of linear or
branched polymers of ADP-ribose (PAR) (2). This post-trans-
lational modification can change the physico-chemical proper-
ties of PARP-1 targets, among which are PARP-1 itself and a
variety of nuclear proteins involved in DNA metabolism and
chromatin structure (2).
PARP-1 plays a key role in different cellular processes, such

as DNA damage signaling (3), mitotic checkpoints (4), tran-
scriptional regulation (5), cell death pathways (6), and cell pro-
liferation (7, 8). The best studied role of PARP-1 is as a DNA
damage sensor because its activity is strongly stimulated by its
binding to damaged DNA (1). PARP-1 can recognize both sin-
gle and double strand breaks (2), and the PAR synthesis that
follows facilitates the initiation of DNA repair at DNA damage
sites. This process involves both the recruitment of repair pro-
teins, which bind to automodified PARP-1 (9, 10), and themod-
ification of a number of DNA-associated proteins, such as his-
tones, topoisomerases, and DNA polymerases (11).
It has long been questioned whether PARP-1, a predominantly

nuclear enzyme, is also localized in other cell compartments, in
particular in mitochondria (12). Mitochondria contain a signifi-
cant proportion of the cellular NAD�, the substrate for PARP
activity (13). Furthermore, increasing evidence indicates that
mitochondrial DNA, which is constantly exposed to oxidative
damage, is efficiently repaired through at least a subset of the
mechanisms involved in nuclear DNA repair (14). A number of
previous works reported the occurrence of intramitochondrial
poly(ADP-ribosyl)ation (15–18). Moreover, it has been recently
established that PARP-1 hyperactivation can cause the release of
apoptosis-inducing factor (AIF) from mitochondria, triggering a
caspase-independent cell death pathway (19). However, despite
the clear involvement of PAR signaling inmitochondrial dysfunc-
tion, it is still debatedwhether theseeffects aremediatedbyamito-
chondrially localized PARP-1. In fact, although some studies pro-
vided evidence for the presence of PARP-1 in mitochondria (18,
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20, 21), others failed to detect the enzyme in this organelle, thus
suggesting that themitochondrial effects of PARP-1 activation are
triggered by the nuclear enzyme (6, 22, 23).
In the course of a proteomic analysis of PARP-1 co-immuno-

precipitating proteins, we identified Mitofilin, a transmem-
brane protein of the innermitochondrial membrane (24, 25), as
a new PARP-1 interactor. Although its function has not been
extensively investigated, Mitofilin has been suggested to con-
trol mitochondrial cristae organization (26) and to participate
in some mechanism of mitochondrial import related to main-
tenance ofmitochondrial structure (27). In this work, we report
that PARP-1 interacts with Mitofilin within mitochondria
and that the mitochondrial localization of PARP-1 is regulated
by the presence and abundance of Mitofilin. Moreover, we
show that PARP-1 is associated with mitochondrial DNA, par-
ticipating in a DNA ligase III-containing complex, and is in-
volved in the maintenance of mitochondrial DNA integrity.

EXPERIMENTAL PROCEDURES

Cell Culture—Human diploid FB 1329 fibroblasts and HeLa
cells were grown inDulbecco’smodified Eagle’smedium (Invitro-
gen) supplementedwith 10% fetal bovine serum (Cambrex), 2mM

L-glutamine, 1% penicillin/streptomycin solution (v/v). When
indicated, cells were treated with H2O2 400 �M for 1 h in Dulbec-
co’s modified Eagle’s mediumwithout fetal bovine serum.
Western Blot—For Western blot analysis, total cellular ex-

traction was performed in ice-cold RIPA with protease inhibi-
tors, whereas mitochondrial extracts were obtained as de-
scribed below. Proteins were resolved by electrophoresis in
SDS-PAGE and transferred to nitrocellulose membranes by
electroblotting. Membranes were blocked in 1% nonfat dry
milk in phosphate-buffered saline containing 0.05% Tween 20
for 1 h at room temperature and incubated with the primary
antibody overnight at 4 °C, and then membranes were washed
three times and incubated in a 1:10,000 or 1:20,000 dilution
peroxidase-conjugated anti-mouse or anti-rabbit antibodies
(Bio-Rad). Proteins were detected using the ECL chemilumi-
nescence system (Pierce).
The following primary antibodies used forWestern blotwere

purchased from Santa Cruz Biotechnology: PARP-1 H-250 (sc-
7150), Sp-1 (sc-59), and �-tubulin TU-02 (sc-8035). The fol-
lowing primary antibodies used for Western blot were pur-
chased from Alexis Biochemicals: monoclonal anti-PARP-1
(C2-10) andmonoclonal anti-mtHsp70 (JG1). The monoclonal
anti-Mitofilin was fromMitoscience, the polyclonal anti-Mito-
filin (PA1-16918) was from Affinity BioReagents, and the poly-
clonal anti-AIF (2267) was from ProSci Inc. The monoclonal
anti DNA ligase III (6G9) was from Novus Biologicals.
Immunoprecipitation Assay—Immunoprecipitation experi-

ments were performed from 1 mg of cellular lysates in RIPA or
from 200 �g of mitochondrial lysates using 1 �g of primary
antibody. Samples were incubatedwith proteinA/G-Sepharose
(Amersham Biosciences) for 3 h at 4 °C on a rotating platform,
and then the precleared samples were incubated with mono-
clonal (F1-23) or polyclonal (ALX-210-302 PARP-1 antibodies
or polyclonal Mitofilin antibodies (all from Alexis Biochemi-
cals) overnightwith gentle rotation at 4 °C. ProteinA/G-Sepha-
rose was added, and samples were rocked again for 3–5 h prior

to three washes with RIPA. Finally, the immunoprecipitated
proteins were eluted with 1� Laemmli buffer and collected for
Western blot analysis.
Mass Spectrometry (MS)—Large scale immunoprecipitated

proteins were resolved on a 12% T-3.3% C SDS-PAGE separat-
ing gel (1� 18� 18mm), revealed by SYPRORuby staining and
visualized using aTyphoon 9200 laser scanner (GEHealthcare).
Proteins were excised and digested with trypsin as described
previously (28). Proteins were identified by matrix-assisted
laser-desorption ionization (MALDI)-MS andMALDI-MS/MS
(4700 Proteomics Analyzer; Applied Biosystems). Data were
acquired in positiveMS reflectormode. Five peptides (ABI4700
CalibrationMixture; Applied Biosystems) were used as calibra-
tion standards. Mass spectra were obtained from each sample
by 30 subspectra accumulations (50 laser shots each) in a 750–
4000 mass range. Five signal-to-noise best peaks of each spec-
trum were selected for MS/MS analysis. For MS/MS spectra,
the collision energywas 1 keV, and the collision gaswas air. The
interpretations of both the MS and the MS/MS data were car-
ried out by using the GPS Explorer software (Version 1.1,
Applied Biosystems), which acts as an interface between the
Oracle data base containing raw spectra and a local copy of the
MASCOT search engine (Version 1.8). Peptide mass finger-
prints obtained fromMS analysis were used for protein identi-
fication in the Swiss-Prot non-redundant data base. All pep-
tides mass values were considered monoisotopic, and mass
tolerance was set at 30 ppm. One missed cleavage site was
allowed, cysteines were considered carboamidomethylated,
methionine was assumed to be partially oxidized, and serine,
threonine, and tyrosine were assumed to be partially phospho-
rylated. Mascot (Matrix Science) scores greater than 65 were
considered significant (p� 0.05). ForMS/MS analysis, all peaks
with a signal-to-noise ratio greater than 5were searched against
the NCBI data base using the same modifications as the MS
data base, with a fragment tolerance less than 0.3 Da.
Confocal Analysis—For the immunofluorescence analysis, a

Leica confocal microscope (laser-scanning TCS SP2) equipped
with Ar/ArKr and HeNe lasers was utilized. After the treat-
ments, cells were fixed in 30%methyl alcohol, 70% acetone and
stained with PARP-1 (F1-23, Alexis Biochemicals), Mitofilin
(Affinity BioReagents), or AIF (ProSci Inc.) as primary antibod-
ies. Anti-mouse-Alexa Fluor 488 fluorescein dye and anti-rab-
bit Texas Red 594 rhodamine dye (both from Alexa Fluor,
Invitrogen)were excited by laser light at 488-and 543-nmwave-
length, respectively. The images were acquired utilizing the Leica
confocal software. The images were scanned under a �40 oil
immersionobjective.Toavoidbleed-througheffects, eachdyewas
scanned independently.Foracquisitionofdouble immunofluores-
cence from transfected cells, optical spatial series, each composed
of 10 optical sections with a step size of 1 �m, were performed.
Images were electronically merged using the Leica confocal soft-
ware and stored as TIFF files. Figures were assembled from the
TIFF files using Adobe PhotoShop software.
The intensity correlation analysis of confocal images was

performed usingWCIF ImageJ software (National Institutes of
Health, Bethesda, MD). At least five cytoplasmic areas for each
experiment were analyzed, and the main values of Pearson’s
and Mander’s coefficients were reported.
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Gradient Purification—Mitochondria purification was per-
formed as described before (29). Briefly, mitochondrial extracts
were prepared from the cells (5 � 107) washed in a buffer con-
taining 135 mM NaCl, 5 mM KCl, 25 mM Tris-Cl, pH 7.6 and
allowed to swell for 10 min in ice-cold hypotonic calcium
reticulocyte standard buffer (10mMNaCl, 1.5mMCaCl2, 10mM

Tris-HCl, pH 7.5, plus protease inhibitors). Cells were Dounce-
homogenized with 70 strokes, with the addition of mannitol/
sucrose (MS) buffer (210 mM mannitol, 70 mM sucrose, 5 mM

Tris, pH 7.6) to stabilize mitochondria (2 ml of 2.5� for 3 ml of
homogenate). Nuclear contaminants were removed by centrif-
ugation at 600 � g for 15 min on ice. The supernatants were
centrifuged at 6000� g for 10minutes. The pellet, correspond-
ing to a mitochondrial enriched fraction, was suspended in
RIPA and used for PARP-1-DNA ligase III complex-immuno-
precipitation or suspended in 2ml ofMS buffer 1� and layered
over a 1–1.5 M sucrose step gradient (10 mM Tris, 5 mM EDTA,
pH 7.6, 2 mM dithiothreitol, plus protease inhibitors) for the
purification of mitochondria. This gradient was centrifuged at
110,000 � g for 30 min at 4 °C. Mitochondria sediment at the
interphase between 1 and 1.5 M sucrose. Fractions were col-
lected from the gradient and subjected to dot blot analysis. The
mitochondria-containing fractions were collected and ana-
lyzed for Western blot or used for immunoprecipitation of
mitochondrial PARP-1.
siRNA and Overexpression Assay—siRNA transfection was

performed with a mix containing 7 �l of Lipofectamine 2000
reagent (Invitrogen) plus 130 nM of siRNA oligonucleotides for
Mitofilin and PARP-1. After 72 h, cells were fixed for immuno-
fluorescence analysis and collected for Western blot or for
direct PCR (DPCR). The siRNA oligonucleotide against human
PARP-1 (30) was: 5�-AAGATAGAGCGTGAAGGCGAA-3�
(nucleotides 2671–2691). The siRNA oligonucleotide against
humanMitofilin (26) was: 5�-AAT TGC TGGAGC TGGCCT
TTT-3�.
For Mitofilin overexpression, HeLa cells were seeded in a

35-mmdish and then transfectedwith amix containing 10�l of
Lipofectamine 2000 reagent and 4�g of pCMV6-XL5/Mitofilin
purchased fromOriGene. After 48 h, cells were fixed for immu-
nofluorescence analysis and collected for Western blot.
DPCR—ForDPCRHeLa cells were collected by trypsin treat-

ment and centrifuged at 2000 � g for 5 min. The pellet was
washed twice and suspended in phosphate-buffered saline to
count cells. Amplification products were obtained by PCR of
103 and 5 � 102 whole cells using an Expand high fidelity PCR
kit (Roche Applied Science) following the previously published
method (31). 300 nM of the L2 (5�-GCC CGT ATT TAC CCT
ATA GC-3�) and H3 (5�-GTC TAG GGC TGT TAG AAG
TC-3�) primers (32) was used to amplify the target 5595-bp
product of the humanmitochondrial genome. Template, prim-
ers, and 5 �l of 10� buffer and distilled H2O were mixed and
heated for 7 min at 98 °C. The mixture was immediately placed
on ice, at which time the remaining reagents were added. The
PCR cycling profile was a pre-PCR incubation at 94 °C for 2min
and then 10 cycles of 94 °C for 15 s, 50 °C for 30 s, and 68 °C for
4 min, which was followed by 15 cycles of 94 °C for 15 s, 50 °C
for 30 s, and 68 °C for 4 min, with a 20-s extension per cycle.
PCRswere performed in triplicate for each sample and for three

independent experiments. As a control, a 157-bp fragment
located in theCOXII gene (nucleotides 8465–8621) was ampli-
fied with the following primers designed by Primer3 (33): COX,
forward, 5�-CAC CTA CCT CCC TCA CCA AA-3�, and COX,
reverse, 5�-GGG ATC AAT AGA GGG GGA AA-3�. The PCR
cycling profile was: a treatment of 7 minutes at 98 °C, pre-PCR
of 2 minutes at 94 °C, then 25 cycles of 94 °C for 15 s, 54 °C for
30 s, and 72 °C for 30 s.
Chromatin Immunoprecipitation (ChIP) and Sequential

Chromatin Immunoprecipitation—Cells were treated with
formaldehyde (1% final concentration), added directly to the
culture dishes, to cross-link protein complexes to the DNA.
The reaction was stopped by adding glycine to a final concen-
tration of 0.125 M for 5 min at room temperature. Cells were
washedwith cold phosphate-buffered saline, scraped, lysed in 5
mM EDTA, 50 mM Tris-HCl (pH 8.0), SDS 1% supplemented
with protease and phosphatase inhibitors, and rocked on ice for
10 min. Total lysates were sonicated to obtain chromatin frag-
ments of an average length of 200–800 bp and centrifuged at
10,000 rpm for 10 min at 4 °C. The sonicated supernatant frac-
tions were diluted 10-fold with dilution buffer (5 mM EDTA, 50
mM Tris-HCl (pH 8.0), 0.5% Nonidet P-40, 200 mM NaCl sup-
plemented with protease and phosphatase inhibitors). After
determining theDNAconcentrations, 150�g of chromatinwas
incubated with protein A/G-Sepharose for 3 h at 4 °C on a
rotating platform. Saturation with salmon sperm was avoided
due to its high content of mitochondrial DNA. The precleared
chromatin samples were centrifuged at 14,000 rpm for 5 min
and incubated with PARP-1 or DNA ligase III antibodies or
without antibody overnight with gentle rotation at 4 °C. Before
washing, an aliquot of the supernatant of the no antibody con-
trol was taken as input sample. After washing with a low salt
wash buffer (0.1% SDS, 1% Triton, 2 mM EDTA, 20 mM Tris-
HCl, pH 8.0, 150mMNaCl), high salt wash buffer (0.1% SDS, 1%
Triton, 2 mM EDTA, 20 mM Tris-HCl, pH 8.0, 500 mM NaCl),
LiCl wash buffer (1% Nonidet P-40, 1 mM EDTA, 10 mM Tris-
HCl, pH 8.0, 250 mM LiCl, 1% sodium deoxycholate), and Tris-
EDTA 1� buffer (10 mM Tris-Cl, pH 7.4, and 1 mM EDTA),
pellets were dissolved in 300 �l of elution buffer (1% SDS, 0.1 M

NaHCO3). In the sequential chromatin immunoprecipitation
experiments, pellets were eluted with 50 �l of 10 mM dithio-
threitol, 20-fold diluted in ReChIP buffer (1% Triton, 2 mM

EDTA, 20mMTris-HCl (pH 8.0), 150 mMNaCl), and immuno-
precipitated with the second antibody. The samples treated
with RNase A for 10 min at room temperature were incubated
at 67 °C overnight to reverse the protein-DNA cross-linking.
Then NaHCO3 was neutralized with 6 �l of Tris-HCl 1 M (pH
6–7.5). After treatment with proteinase K, the DNA was
extracted with phenol-chloroform, precipitated with isopropyl
alcohol, and suspended in distilled water. The following prim-
ers were used for amplification a 284-bp (nucleotides 16,248–
16,544) fragment of the D-loop region (34) (d-loop forward,
5�-CCCCTCACCCACTAGGATAC-3�, and d-loop, reverse,
5�-ACG TGT GGG CTA TTT AGG C-3�); a 157-bp fragment
located in the COXII gene and a 225-bp fragment in the ND2
gene (nucleotides 4563–4777); and ND2, forward, 5�-GCC
CTA GAA ATA AAC ATG CTA-3�, and ND2, reverse,
5�-GGG CTA TTC CTA GTT TTA TT-3� (35).
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RESULTS

PARP-1 Interacts with the Mitochondrial Protein Mitofilin—
Searching for new PARP-1-interacting proteins, we carried out
the immunoprecipitation of endogenous PARP-1 from whole
cell extracts of human diploid fibroblasts. PARP-1 was specifi-
cally immunoprecipitated utilizing different antibodies (see
“Experimental Procedures”). Unexpectedly, only a few bands
were detectable after immunoprecipitation with the mono-
clonal antibody F1-23. Instead, a complex protein profile, con-
sistent with the ability of PARP-1 to interact with a variety of
partners (5), was revealed by the polyclonal antibody (data not
shown). This finding, likely explained by the ability of the
monoclonal antibody to select for a few specific interactions,
gave us the chance to undertake the identification of selected
PARP-1 interactors. The immunoprecipitated complex and the
relative negative control were resolved by SDS-PAGE, visual-
ized by Sypro-Ruby staining, and analyzed by MALDI-TOF/
TOF (tandem time-of-flight) mass spectrometry. In particular,
a combined approach using peptide mass fingerprint and tan-
demmass spectrometry was performed to identify the interact-
ing proteins (Fig. 1A). Through this analysis, a doublet of near
85 kDawas recognized as the twopreviously described isoforms
of the mitochondrial inner membrane protein Mitofilin (25)
(supplemental Table 1). The ability of PARP-1 andMitofilin to
interact with each other was validated by immunoprecipita-
tion/Western blot analysis. The use of aMitofilin-specific anti-
body confirmed the presence of the protein in PARP-1 immu-
noprecipitates with both monoclonal antibodies (Fig. 1B) and
polyclonal antibodies (data not shown). Moreover, as shown in
the same figure, the reverse immunoprecipitation revealed the
presence of PARP-1 in Mitofilin immunoprecipitates, thus
proving the in vivo association of the two proteins.
PARP-1 and Mitofilin Interact within Mitochondria—The

identification of a mitochondrial protein as a PARP-1 interac-
tor prompted us to investigate whether PARP-1 and Mitofilin

co-localize into mitochondria. For
this purpose, we performed double
immunofluorescence staining and
confocal laser analysis of the two
proteins both in HeLa cells and in
human diploid fibroblasts. Repre-
sentative images are reported in Fig.
2A. PARP-1 (visualized in green)
shows, as expected, the maximum
of fluorescence in the nuclei but
also a less intense extranuclear
staining. In both cell types, the
Mitofilin fluorescence (stained in
red) appeared with the rod-shaped
feature that is typical of mitochon-
drial morphology. The merged
images show that the majority of
extranuclear PARP-1 co-localizes
with Mitofilin (orange-yellow fluo-
rescence). Additional co-immuno-
staining analysis (supplemental Fig.
1) revealed that the enzyme also co-
localizes with the mitochondrial

transcription factor A (36). These results strongly support the
mitochondrial localization of a fraction of PARP-1. To better
investigate this issue, we analyzed the presence of PARP-1 in
purified mitochondria. Human fibroblasts were lysed by hypo-
tonic buffer, and the cytoplasmic fraction was separated from
nuclei by differential centrifugation. Subsequently, mitochon-
dria were purified by density sedimentation with a two-step
sucrose gradient. The gradient was fractionated and analyzed
by dot blot with antibodies againstMitofilin or PARP-1 to iden-
tify themitochondria-containing fractions and the enzyme dis-
tribution. mtHsp70 was used as a further mitochondrial
marker. As shown in Fig. 2B,Mitofilinwas strictly located in the
two mitochondrial fractions, whereas PARP-1 showed a distri-
bution defining three peaks, one of which coincided with the
two Mitofilin-containing fractions. The two PARP-1-positive/
Mitofilin-negative peaks likely reflect the association of
PARP-1 with other cytoplasmic structures. This hypothesis is
consistent with the observation that a small proportion of the
cytoplasmic enzyme shows an extramitochondrial localization,
as also observed in Fig. 2A. The two PARP-1-positive fractions
that were also positive to Mitofilin were pooled together and
analyzed by Western blot, in parallel with the nuclear sam-
ples obtained from the cellular lysis. As shown in Fig. 2C, this
assay confirmed the presence of PARP-1 in mitochondria.
The analysis of subcellular markers indicated that the mito-
chondrial fraction, positive for mtHsp70 and Mitofilin, was
negative for Sp1 and �-tubulin, used as nuclear and cytoplas-
mic markers, respectively, thus allowing us to exclude the
contamination with other cellular compartments. Finally,
we performed PARP-1 immunoprecipitation from purified
mitochondria, and the Western blot analysis for the pres-
ence of Mitofilin revealed a strong signal, further confirming
that just the mitochondrial PARP-1 is interacting with Mito-
filin (Fig. 2D).

FIGURE 1. Interaction of PARP-1 with Mitofilin. A, PARP-1 immunoprecipitation was performed from human
fibroblasts FB1329 using the monoclonal antibody F1-23 and SYPRO Ruby staining for proteomic analysis of
co-immunoprecipitated proteins. Arrows indicate the protein identified by mass spectrometry. Bands marked
with asterisks were identified as degradation products of IgG. No Ab, total cellular extracts incubated with
protein A/G-Sepharose without antibody; IP, immunoprecipitation with the corresponding antibodies.
B, PARP-1 and Mitofilin Western blots (W.B.) on PARP-1 and Mitofilin immunoprecipitates. TCE, total cellular
extract.
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Mitofilin Regulates the Mitochondrial Localization of PARP-
1—It has been previously shown that Mitofilin associates with
outer membrane proteins implicated in mitochondrial import
(27). In light of this finding, we askedwhether the interaction of
PARP-1 with Mitofilin could be relevant in regulating its mito-
chondrial localization. To investigate this hypothesis, we first
analyzed the effects of Mitofilin knockdown on PARP-1 local-

ization. HeLa cells were transfected
with siRNA specific for Mitofilin or
with nonspecific siRNAas a control.
Western blot on total cellular
lysates, collected 72 h after transfec-
tion, confirmed a good efficiency
of Mitofilin depletion (more than
10-fold decrease; supplemental Fig.
2). To investigate the PARP-1 local-
ization, we analyzed siRNA-trans-
fected cells by double fluorescence
staining and confocal laser micros-
copy (Fig. 3A). We used AIF as
a mitochondrial marker in the
absence of Mitofilin. Remarkably,
cells in whichMitofilin was silenced
presented a clear difference in the
PARP-1 localization. Indeed, the
extranuclear PARP-1 was signifi-
cantly reduced, and its co-localiza-
tion with AIF was suppressed, in-
dicating a loss of mitochondrial
localization for PARP-1. It is impor-
tant to notice that the mitochon-
drial localization of AIF is pre-
served, thus allowing us to exclude a
general alteration in mitochondrial
trafficking.
To obtain further evidence of

the role of Mitofilin in regulating
PARP-1 mitochondrial localization,
we analyzed the effect of Mitofilin
overexpression. HeLa cells were
transfected with a pCMV6-XL5
vector containing the human full-
length Mitofilin cDNA. Also, in this
case, the protein levels were deter-
mined by Western blot on total
cellular lysates (supplemental Fig.
3), confirming a significant increase
of Mitofilin protein levels (about
2.5-fold) when compared with
control cells. As reported in Fig.
3B, the analysis of double immu-
nofluorescence-stained cells by
confocal laser microscopy clearly
showed that Mitofilin overexpres-
sion causes an increase of PARP-1
in the extranuclear compartment.
Taken together, these results dem-
onstrated that the localization of

PARP-1 in mitochondria is dependent on the presence and
abundance of Mitofilin.
Mitochondrial PARP-1 Is Necessary for mtDNA Integrity—

On the basis of the well established nuclear functions of the
enzyme,we hypothesized a possible role formtPARP-1 inmito-
chondrial DNA (mtDNA)metabolism. At first, we investigated
whether PARP-1 was associated with mtDNA. To this end, we

FIGURE 2. PARP-1 interacts with Mitofilin within mitochondria. A, confocal laser scanning microscopy of
double immunofluorescence staining performed on HeLa (upper panel) or FB 1329 (lower panel) cells. Fixed
cells were labeled with �-PARP-1 (green) and �-Mitofilin (red). Bars indicate 20 �m. Rectangle-marked areas of
each merge were enlarged in the zoom panels. Cytoplasmic co-localization was measured as described under
“Experimental Procedures.” Rr, Pearson’s correlation coefficient; Mred, Mander’s co-localization coefficient for
red; Mgreen, Mander’s co-localization coefficient for green. B, mitochondria were purified from FB 1329 cells by
a two-step sucrose gradient. The distribution of PARP-1, Mitofilin, and mtHsp70 in the gradient fractions was
analyzed with the corresponding antibodies by dot blot. C, the nuclear fraction (N), obtained from differential
centrifugation, and the mitochondrial fraction (M), obtained after sucrose gradient, were analyzed by Western
blot with the listed antibodies. D, Mitofilin and PARP-1 Western blot (W.B.) on PARP-1 immunoprecipitates
obtained from purified mitochondria. No Ab, mitochondrial extracts incubated with protein G-Sepharose with-
out antibody; IP, immunoprecipitation with �-PARP-1 antibody.
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employed a modified ChIP assay (see “Experimental Proce-
dures”). DNA, extracted from PARP-1 immunoprecipitates
and control samples, was analyzed by PCR with primer sets
specific for three different fragments of mtDNA: one com-
prised in the regulatory D-loop region, another in the ND2
gene, and another one in COXII gene. As shown in Fig. 4A, the
amplification of all the fragments in the PARP-1 cross-linked
sample indicated that the enzyme contacts mtDNA at least in
three different regions. As expected, this binding is significantly
reduced after Mitofilin knockdown, which prevents the mito-

chondrial localization of PARP-1
(Fig. 4B). This finding, denoting that
PARP-1 binds to both regulatory
and coding sequences throughout
themitochondrial genome, suggests
that the enzyme may exert a global
role in mtDNA organization and/or
stability.
mtDNA is prone to accumulate

damage due to the lack of protective
histones and to the presence of high
levels of reactive oxygen species
(37). To explore the hypothesis that
PARP-1 was required for the main-
tenance of mtDNA integrity, we
examined the effects of depleting
the enzyme or preventing its mi-
tochondrial localization through
Mitofilin knockdown. The mtDNA
state was analyzed by DPCR from
whole cell lysates. This technique,
which avoids the damaging mani-
pulation of DNA during isolation
(31), allows us to detect DNA dam-
age by examining the efficiency
of Taq/Tgo DNA polymerase mix
in amplifying long fragments of
mtDNA.Decreased amplification of
long fragments indicates accumula-
tion of DNAdamage that causes po-
lymerase stalling (31, 32). In partic-
ular, we amplified two mtDNA
fragments corresponding, respec-
tively, to a 5-kbp region extending
from the ATPase 8 gene to the ND5
gene or to a 157-bp region in the
COXII gene (to normalize the
mtDNA). We performed DPCR on
cells transfected with PARP-1 or
Mitofilin siRNAs. As shown in Fig.
5, PARP-1 knockdown results in a
significantly decreased amplifica-
tion of the 5-kbp fragment, indica-
tive of DNA damage accumulation,
within 3 days from transfection. A
similar effect is evident when Mito-
filin is depleted, and consequently,
the mitochondrial localization of

PARP-1 is specifically abrogated. This result indicates that the
presence of PARP-1 within mitochondria is necessary for pro-
tecting mtDNA from damage or for promoting its repair.
It has been recently recognized that mtDNA can be effi-

ciently repaired through several mechanisms, among which
base excision repair is the best characterized. Moreover, a sub-
set of the proteins involved in nuclear DNA repair has been
isolated from mitochondria (14).
The activity of DNA ligase III, necessary for joining the free

DNA ends, is the final step in the base excision repair pathway

FIGURE 3. Mitofilin is required for mitochondrial localization of PARP-1. A, HeLa cells were transfected with
Mitofilin-specific (MITO-siRNA) or with nonspecific (NS-siRNA) siRNAs. After 72 h, cells were fixed for �-PARP-1/
�-Mitofilin or �-PARP-1/�-AIF double immunofluorescence and confocal laser scanning analysis. AIF staining
was shown as a mitochondrial marker in the absence of Mitofilin. B, HeLa cells were transfected with the
pCMV6-XL5 vector containing the full-length human Mitofilin cDNA (OriGene) or with the empty vector. After
48 h, cells were fixed and labeled with �-PARP-1 and �-Mitofilin for confocal laser scanning microscopy. Bars
indicate 20 �m. Cytoplasmic co-localization was measured as described under “Experimental Procedures.” Rr,
Pearson’s correlation coefficient; Mred, Mander’s ccoefficient for red; Mgreen, Mander’s co-localization coeffi-
cient for green.
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(14). It has been previously reported thatDNA ligase III is local-
ized to mitochondria and that its depletion through antisense
strategy affects mtDNA maintenance (38). Using the modified
ChIP protocol described above, we have found that DNA ligase
III is bound to mtDNA (supplemental Fig. 4), thus supporting
its role in mtDNA repair. It is worthy of note that the recruit-
ment of DNA ligase III on DNA strand breaks during nuclear
DNA repair involves its interaction with PARP-1 (10). On the

basis of these observations, we investigated whether PARP-1
and DNA ligase III interact within mitochondria. To this end,
we performed immunoprecipitation/Western blot analysis
from mitochondrial extracts. As shown in Fig. 6A, DNA ligase
III was efficiently co-immunoprecipitated with PARP-1 not
only in the presence of oxidative stress, known to induce high
levels of mtDNA damage (39), but also in basal conditions.
Next we determined whether the two proteins participate in

the same protein complex associated with mitochondrial DNA
by performing sequential ChIP experiments. The PARP-1-
bound chromatin was immunoprecipitated with a specific anti-
body against DNA ligase III. The result shown in Fig. 6B indi-
cates that PARP-1 and DNA ligase III co-occupy the D-loop
region in the mtDNA. Moreover, reversal of the order of anti-
bodies in sequential ChIP yielded equivalent results. Again,
Mitofilin depletion prevented the association of the PARP-1-
DNA ligase III complex to mtDNA (Fig. 6C). Interestingly, sin-
gle-step ChIP assays showed that the absence of Mitofilin, and
thus of mitochondrial PARP-1, impaired the binding of DNA
ligase III to mtDNA (supplemental Fig. 4). These observations
support the conclusion that mitochondrial PARP-1 function-
ally interacts with DNA ligase III, most probably regulating its
association with mtDNA and promoting mtDNA repair.

DISCUSSION

Using mass spectrometry analysis of PARP-1 co-immuno-
precipitating proteins, we identified Mitofilin as a novel
PARP-1 interactor. To our knowledge, this is the first time that
PARP-1 is found to associate to a mitochondrial protein. This
finding prompted us to reinvestigate the subcellular localiza-
tion of PARP-1 because, despite several evidences, there is a

FIGURE 4. Mitochondrial PARP-1 is associated to mitochondrial DNA.
A, PCR analysis after chromatin immunoprecipitation with an antibody
against PARP-1 showed the amplification of the desired product size in a
different region of the mtDNA. DNA sample lane descriptions are as follows.
Input, samples isolated from total lysates prior to antibody pulldown as an
internal positive control; No Ab, samples isolated after pull down with no
antibody; PARP-1, samples isolated after PARP-1 pull down; H2O, PCR negative
control. B, HeLa cells were transfected with Mitofilin siRNA or control siRNA
and analyzed as in A. The densitometric analysis of band intensity (ImageJ
software) indicated that immunoprecipitation of Mitofilin-specific siRNA
(MITO-siRNA)/nonspecific (NS-siRNA) siRNA � 0.5.

FIGURE 5. Mitochondrial PARP-1 is required for maintenance of DNA sta-
bility. HeLa cells were mock-transfected (Mock) or transfected with Mitofilin
(MITO), PARP-1 (PARP-1), or nonspecific (NS) siRNAs and collected after 72 h
for DPCR from whole cells. Two different amounts of cells (1000 and 500) were
employed to ensure the reliability of the assay. Two pairs of primers were
used to amplify two fragments of mtDNA corresponding, respectively, to a
157-bp region (used to normalize the mtDNA content) or to a 5-kbp region.
The relative amplification efficiencies, calculated by densitometric analysis
(ImageJ software) are shown as percentages of the control (Mock). The graph
reports the mean values from three independent experiments.

FIGURE 6. Mitochondrial PARP-1 is associated with DNA Ligase III on
mtDNA. A, PARP-1 was specifically immunoprecipitated from a mitochon-
dria-enriched fraction of HeLa cells treated or not with 400 �M H2O2. Western
blot (W.B.) analysis was performed with �-PARP-1 and �-DNA ligase III anti-
bodies. mt, mitochondrial extract; No Ab, mitochondrial extracts incubated
with protein G-Sepharose without antibody; IP, immunoprecipitation with
�-PARP-1 antibody. B, sequential ChIP analysis of mtDNA from HeLa cells.
Soluble chromatin was prepared from HeLa cells and divided into two chro-
matin aliquots, which were immunoprecipitated (first round of ChIP) with
antibodies to PARP-1 and DNA ligase III, respectively. Immunocomplexes
from PARP-1 and DNA ligase III were reimmunoprecipitated (second round of
ChIP) with reciprocal antibodies (P/D and D/P). A fragment of the D-loop
region was amplified by PCR. Input, samples isolated from total lysates prior to
antibody pulldown as an internal positive control; No Ab, samples isolated
after pulldown with no antibody; H2O, PCR negative control. C, sequential
ChIP analysis of mtDNA from HeLa cell transfected with Mitofilin siRNA or
control siRNA and analyzed as in B.
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general “skeptical attitude” toward the mitochondrial localiza-
tion of the enzyme (12). The results of both confocal micros-
copy and cell fractionation experiments clearly indicated that
PARP-1 and Mitofilin interact within mitochondria.
Mitofilin is anchored to the mitochondrial inner membrane,

with a small N-terminal domain protruding in the mitochon-
drial matrix and a long coiled-coil domain in the intermem-
brane space (25). The finding that Mitofilin is complexed with
some proteins of the outer membrane, known to be implicated
in mitochondrial import, suggested its possible involvement in
protein translocation across the twomitochondrialmembranes
(27). In support of this hypothesis, we have observed (data not
shown) that Mitofilin co-immunoprecipitates with the mito-
chondrial matrix ATPase mtHsp70, a key regulator of protein
import (40). Interestingly, preliminary results also indicated
that PARP-1 interacts with mtHsp70, leading to the suggestion
that the enzyme could be translocated into the mitochondrial
matrix through a mechanism involving its interaction with
Mitofilin. Consistently with this assumption, we found that the
localization of PARP-1 in mitochondria of human cells is
dependent on the presence and abundance ofMitofilin. Further
investigation is necessary to clarify the mechanism by which
PARP-1, which has no canonical mitochondria-targeting se-
quence, is imported in these organelles. In this regard, it has
to be noted that more than 50% of the mitochondrial pro-
teins do not use the classical import pathway that requires
the recognition of a specific sequence (41). Furthermore, many
nuclear proteins and transcription factors, such us NF-�B and
AP-1, have been detected in mitochondria despite lacking
canonical mitochondria-targeting sequences, indicating the
existence of still unknownmechanisms of intracellular traffick-
ing (42).
We report several lines of evidence suggesting that intrami-

tochondrial PARP-1 plays a role in mtDNA damage signaling
and/or repair. First, we have demonstrated that PARP-1 binds
to different regions throughout themtDNA.Most importantly,
we have found that DNA ligase III, involved in the sealing of
strand breaks, participates in the PARP-1-containing complex
bound to mtDNA. It has been previously shown that DNA
ligase III preferentially associates with active PARP-1 (10).
Consistently, it has been reported that mitochondria contain a
basal PARP enzymatic activity higher than that found in nuclei
(18). This finding, together with our results, would be in agree-
ment with a role of mitochondrial PARP-1 as a sensor of per-
sistent DNA damage, a natural condition suffered by mtDNA
even in the absence of genotoxic stimuli. Our observation that
the depletion of mitochondrial PARP-1 causes the accumula-
tion ofmtDNAdamage strongly supports that the enzymeplays
a direct role in themaintenance of mtDNA integrity. This find-
ing is in line with previous works indicating an involvement of
poly(ADP-ribosyl)ation in protecting mtDNA against damage
after exposure to genotoxic stimuli (43, 44). However, because
genotoxic treatments also lead to extensive nuclear DNA dam-
age, which in turn causes mitochondrial dysfunction and
mtDNAdamage, theseworks did not exclude an indirect role of
nuclear PARP-1 in maintaining the integrity of mtDNA.
Instead, we found that just mtPARP-1, as demonstrated

through its specific depletion, is responsible for mtDNA
stability.
In light of the numerous PARP-1 nuclear functions, we do

not exclude that the enzyme can be involved inmultiple aspects
of mtDNA metabolism. In particular, considering its co-local-
ization with transcription factor A, amultifunction component
of mitochondrial nucleoids, and its association with the D-loop
region, it is tempting to hypothesize additional roles of PARP-1
in regulating transcription and/or replication of mtDNA.
This work highlights the existence of a functional link

between Mitofilin, DNA ligase III, PARP-1, and mtDNA. A
growing amount of evidence suggests thatMitofilin can play an
essential role in neurodegenerative disorders because de-
creased protein levels have been found in fetal Down syndrome
brains (45) and in a series of models of human disease (46). In
line with this evidence, we observed that Mitofilin depletion,
through the abrogation of mitochondrial localization of
PARP-1, causes an accumulation of mtDNA damage that is a
critical event in neurodegeneration. Our present finding that
Mitofilin regulates PARP-1 mitochondrial localization may
open a newway to look for functional determinants responsible
for the accumulation of mtDNA damage, suggesting new fields
of future investigation and therapeutic approaches in many
human disorders.
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