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Abstract

Base excision repair (BER) is the most prominent DNA repair pathway in human mitochondria.
BER also results in a temporary generation of AP-sites, single-strand breaks and nucleotide gaps.
Thus, incomplete BER can result in the generation of DNA repair intermediates that can disrupt
mitochondrial DNA replication and transcription and generate mutations. We carried out BER
analysis in highly purified mitochondrial extracts from human cell lines U20S and HeLa, and
mouse brain using a circular DNA substrate containing a lesion at a specific position. We found
that DNA ligation is significantly slower than the preceding mitochondrial BER steps.
Overexpression of DNA ligase 111 in mitochondria improved the rate of overall BER, increased
cell survival after menadione induced oxidative stress and reduced autophagy following the
inhibition of the mitochondrial electron transport chain complex | by rotenone. Our results suggest
that the amount of DNA ligase 111 in mitochondria may be critical for cell survival following
prolonged oxidative stress, and demonstrate a functional link between mitochondrial DNA damage
and repair, cell survival upon oxidative stress, and removal of dysfunctional mitochondria by
autophagy.
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1. Introduction

Mitochondrial DNA (mtDNA) is a ~16.5 kb circular genome that encodes for 22 transfer
RNAs, two ribosomal RNAs, and 13 proteins that are all subunits of the oxidative
phosphorylation system. Studies on human tissues and in animal models have unequivocally
demonstrated the importance of mtDNA integrity for normal cell function and organ
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development [1-3]. MtDNA deletions were first reported in myopathies and Kearns—Sayer
syndrome (KSS) in 1988 [4,5], and mtDNA point mutations have been found in Leber’s
hereditary optic neuropathy (LHON) [6]. Since then, over 200 pathogenic mtDNA mutations
have been identified [2]. Several human diseases are caused by defects in the pathways that
control mtDNA maintenance [7,8]. Moreover, ample evidence suggests that accumulation of
damaged and mutated mtDNA correlate with normal aging as well as with
neurodegenerative diseases [9-11]. Cells contain several hundred to several thousand copies
of mtDNA. The number of copies present in each mitochondrion varies between different
cell types, depending on the energy demand within the tissue [11].

Several mechanisms generate cellular reactive oxygen species (ROS) including controlled
ROS production by NADPH oxidase enzymes in phagocytic cells to defend against
microorganism infection and in non-phagocytic cells such as colon epithelial and endothelial
cells [12,13]. However, mitochondria are overall the primary site of cellular ROS
production. ROS can react with DNA generating a variety of DNA lesions such as oxidized
bases and DNA strand breaks. The close proximity of mtDNA to the oxidative
phosphorylation system in the inner membrane is thought to make mtDNA particularly
vulnerable to damage and mutations from ROS produced as a byproduct of the oxidative
phosphorylation process. This may account for the higher mutation frequency observed in
mtDNA relative to nuclear DNA [14].

Base excision repair (BER) is the major pathway for repair of ROS-induced DNA lesions
that are frequent events in mtDNA [15,16]. Compared with the nucleus, mitochondria have
limited DNA repair capacity. BER is the most prominent DNA repair pathway in
mitochondria. BER is initiated by a DNA glycosylase that removes a damaged base leaving
a baseless site or AP-site. The resulting AP-site is incised on the 5-side by AP-
endonuclease 1 (APE1) followed by 5’-dRP excision and gap filling performed by a DNA
polymerase, and finally sealing of the repaired DNA by a DNA ligase. BER in mitochondria
can proceed through single-nucleotide insertion (short-patch) or via incorporation of several
nucleotides (long-patch) [17-19]. Long-patch BER may result in displacement of the 5-
dRP residue along with several nucleotides. The removal of the 5”-single stranded DNA or
5’-flap requires additional proteins [18-21]. Incomplete BER can give rise to unprocessed
DNA repair intermediates like AP-sites and nicked DNA. These intermediates can be
mutagenic, cause DNA strand breaks, and block DNA replication and transcription, which
all affect mitochondrial function.

Nuclear and mitochondrial DNA ligase |11 are generated from a single gene by alternative
translation initiation [22]. In the nucleus, DNA ligase 111 and XRCC1 are tightly associated
and DNA ligase I11 level and activity has been shown to be dependent on XRCC1 expression
[23,24]. However, DNA ligase 11 activity in mitochondria is independent of XRCC1 [25].
These observations led to the view that DNA ligase 111 is critical for the nuclear and
mitochondrial single-strand DNA repair and BER. However, recently, two reports
demonstrated that DNA ligase 111 is critical for mtDNA integrity and cell survival but not for
nuclear DNA repair [3,26].
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In this study, we show that in mitochondria, DNA ligation is slower than the preceding BER
steps and that overexpression of DNA ligase 111 in mitochondria improves BER and reduces
the cytotoxicity of menadione induced oxidative stress. Moreover, we show that the basal
levels of autophagy are similar in cells overexpressing DNA ligase 111 in mitochondria and
control cells; however, cells overexpressing DNA ligase I11 in mitochondria display lower
rotenone-induced autophagy compared with control cells. Our results indicate that the
ligation step in mtBER is important for cellular survival and suggest that mtDNA repair is a
critical mitochondrial surveillance system.

2. Materials and methods

Synthetic oligonucleotides were from TAG Copenhagen. [y-32P] ATP (3000 Ci/mmol) and
[a-32P] dCTP (3000 Ci/mmol) were from Perkin Elmer. Restriction enzymes were from
New England Biolabs and paramagnetic protein-A beads were from Dynal, Life
Technologies. MitoTracker Red CMXRos was from Life Technologies.

2.1. Cell lines and preparation of mitochondrial extracts

HelLa and U20S cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM-
Glutamax, Gibco), or in DMEM containing galactose instead of glucose as indicated, with
10% fetal calf serum and 0.1 mg/ml gentamicin in 5% CO,. Mitochondrial extracts were
prepared as described previously [17]. Mitochondria were routinely isolated from 35 dishes
(150 mm) at ~95-100% confluence. Cells were detached by trypsination, collected by
centrifugation at 400 x g, resuspended in hypotonic buffer (20 mM HEPES, pH 8.0, 5 mM
KCland 1 mM DTT) and incubated on ice until swollen. 2x MSH buffer (420 mM mannitol,
140 mM sucrose, 20 mM HEPES pH 7.4, 4 mM EDTA, 2 mM EGTA, and 5 mM DTT) was
then added (1:1, v/v) and the cells were broken in a Dounce homogenizer with a B-type
pestle. The homogenate was centrifuged at 1000 x g. This step was repeated until no nuclei
were seen in the pellet (typically 2-3 times). The crude mitochondria were pelleted at
10,000 x g for 30 min, resuspended in 1x MSH/50% Percoll and loaded on top of a 1x
MSH/50% Percoll mixture and centrifuged at 50,000 g for 75 min. Mitochondrial fraction
was removed from the gradient and centrifuged in 1x MSH buffer at 3000 x g for 10 min to
remove Percoll. The mitochondrial pellet was washed once in 1x MSH buffer without EDTA
and EGTA and resuspended in 0.15 ml of the same buffer, and then divided into three or four
tubes and treated with different concentrations of proteinase K at 37 °C for 20 min. Usually,
treatment of isolated mitochondria with ~0.2 mg/ml proteinase K was sufficient to clear
mitochondria of nuclear contamination. Phenyl-methylsulfonyl fluoride (PMSF) was added
at final concentration of 5 mM to inactivate proteinase K. Mitochondria were pelleted at
10,000 x gfor 10 min and washed twice with 0.2 ml of a protease inhibitor mix (Complete
proteinase inhibitor (Roche), 2x MSH buffer (1:1, v/v) and 5 mM PMSF). The mitochondria
were suspended in buffer I (10 MM HEPES, pH 8.0 and 200 mM KCI) and then an identical
volume of buffer 1l (10 mM HEPES, pH 8.0, 2 mM DTT, 40% glycerol, 1% Nonidet P-40,
1% Triton X-100, Complete protease inhibitors, phosphatase inhibitor cocktails 1 and 2, 10
mM PMSF, and 200 mM KCI) and incubated at 4 °C for 90 min and briefly sonicated.
Mitochondrial debris was removed by centrifugation at 16,200 x g for 10 min, and the
supernatant was collected and stored at =80 °C. The protein concentration was measured
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using the Bradford method (BioRad). Mitochondria from mouse brain were isolated as
described before [23]. Briefly, frozen whole brain was thawed in 5 ml of ice-cold 1x MSH,
pH 7.4. The brain was cut into small pieces and homogenized in a Teflon Dounce
homogenizer and centrifuged at 600 x g for 10 min. The supernatant was centrifuged at
7000 x g for 10 min. The supernatant was carefully removed and the pellet was suspended in
1x MSH/50% Percoll and loaded on top of a 1x MSH/50% Percoll mixture and centrifuged
at 50,000 x gfor 75 min. The mitochondrial fraction was removed from the gradient and
mitochondrial extracts were prepared as described above.

2.2. Western blot analysis (WB)

20-50 pg of the protein extracts were separated in 10% Tris—glycine SDS-PAGE
(Invitrogen). For LC3B, 4-20% Tris—glycine SDS-gel was used. The following primary
antibodies were used: PCNA (sc-56, Santa Cruz), lamin (sc-6215, Santa Cruz), COX IV
(AMB-7487, BioSite), VDAC-1 (sc-58649, Santa Cruz), Ku86 (sc-1485 Santa Cruz), DNA
ligase 111 (611877, BD Transduction Laboratories), LC3B (NB600-1384, Novus
Biologicals), cleaved PARP-1 antibody (1074-1, Epitomics), Poly (ab128899, Abcam),
TFAM (B01P, Abnova). TOPOlla antibody was a home-made rabbit polyclonal antibody.
The secondary antibodies, polyclonal rabbit-mouse 1IgG/HRP or peroxidase-labeled
polyclonal swine-rabbit 1gG were from Dako Cytomation.

For autophagy, the experiments were carried out as described previously [27]. In brief, 1 x
106 cells were seeded on 100 mm dishes. 24 h later, cells were treated with 5 pM rotenone.
Cells were incubated for 24 h, harvested by trypsination and lysed in 0.15 ml lysis buffer (50
mM Tris—HCI, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 1 mM DTT and
protease inhibitor cocktail, Roche) for 30 min on ice. The lysate was briefly sonicated three
times at 5 W for 5 s on ice. The extracts were centrifuged at 16,000 x g for 10 min and the
supernatant collected.

2.3. BER assay

The BER assay was performed as described previously [28,29]. Briefly, an uracil-containing
oligonucleotide (5"-GATCCTCTAGAGTUGACCTGCA-3") was annealed to ssDNA
derived from pGEM-3Zf(+) plasmid containing guanine opposite uracil (supplementary Fig.
S1). DNA synthesis was carried out with T4 gene 32 ssDNA-binding protein, T4 DNA
polymerase, T4 DNA ligase, and dNTPs at 37 °C for 120 min. The covalently closed
double-strand circular DNA was purified from agarose gel. C:G DNA substrate was
prepared using oligo containing C instead of U and used as control.

BER was measured using 30 pg mitochondrial extract in, 40 mM HEPES-KOH pH 7.8, 1
mM DTT, 5 mM MgCly,, 100 mM KCI, 2 mM ATP, 0.36 mg/ml BSA, 20 uM dATP, 20 uM
dTTP, 20 uM dGTP, 10 uM dCTP, 4.5 mM phosphocreatine, 50 ng/ul creatine kinase, 250 ng
DNA substrate, and 80 nCi/ul [a-32P]dCTP at 37 °C for the indicated times in a volume of
25 pl. The reaction was stopped by adding EDTA and further incubated with SDS and
proteinase K at 37 °C for 30 min. DNA was purified with phenol/chloroform extraction and
salt precipitation. DNA was resuspended in 10 mM Tris—HCI pH 8.5 and divided into two
aliquots; one was incubated with 1 pl T4 DNA ligase (Roche) at 37 °C for 60 min and one
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was left untreated. T4 DNA ligase was inactivated at 70 °C for 10 min and DNA was
digested with Xbal and HindlII restriction enzymes and separated in 12% denaturing
polyacrylamide gel at 300 V for 1 h.

2.4. Cloning of YFP fusion constructs and confocal microscopy

C-terminal YFP-tagged DNA ligase 111 lacking the stop codon was prepared by PCR
amplification using a cDNA that contains the entire coding region of DNA ligase Il as
template (SC109386, Origene) and forward primer (F1) 5’-
AGATCTGCTAGCATGTCTTTGGCTTTCAAGATC-3" and reverse primer (R1) 5'-
GGATCCACCGGTCGGCAGGGAGCTACCAGTCTC-3". The PCR products were digested
with Nhe I and Age | and cloned into YFP-N1 vector. Then, the second start codon (M2) in
ligase 111 was changed to ATC using site-directed mutagenesis and oligonucleotides: 5'-
CCCTGTGAGATCGCTGAGCAACGG-3” and 5'-
CCGTTGCTCAGCGATCTCACAGGG-3’. Next, the start codon for YFP was changed to
ATC using oligonucleotides 5'-CCGGTCGCCACCATCGTGAGCAAGGGCG-3” and 5'-
CGCCCTTGCTCACGATGGTGGCGACCGG-3. Finally, the mitochondrial localization
signal from SOD2 (5'-ATGTTGAGCCGGGCAGTGTGCGGCACCAGCAGG CAGCTGG
CTCCGGCTT TGGGGTATCTGGGCTCCAGGCAG-3") was inserted into the Nhel
restriction site in frame with DNA lig I11.

Fluorescence images of live cells stably expressing MLS-lig 111-YFP and MLS-YFP control
cells preincubated with MitoTracker were produced using a Zeiss LSM 700 microscope
equipped with WN-Achroplan 40x/0.75 M27 objective. Images were taken using the
following settings: YFP excitation at A. = 488 nm, detection at A. = 405/488, MitoTracker,
excitation at A = 555 nm, detection at A = 555/634 nm.

2.5. DNA ligase activity assay

For DNA ligase substrate, oligonucleotide: 5’-
GCTTGGCACTGGCCGTCGTTTTACATTTGAGACGTC
CCAGCTTTTTTGCTGGGACGTCTC-3" was radio-labeled at the 5 end using
[y-32P]ATP and T4 polynucleotide kinase (New England Biolabs) and annealed to
oligonucleotide: 5" -AAATGTAAAACGACGGCCAGTG-3’, by heating at 85 °C for 3 min
and gradual cooling to room temperature. For immunoprecipitation, paramagnetic protein-A
beads were covalently coupled to anti-GFP antibody (ab290, Abcam) according to the
producer’s protocol. Beads were incubated with 0.2 mg mitochondrial extract at 4 °C for 3 h
under constant rotation. The beads were washed in 20 mM HEPES, pH 7.4, 1 mM DTT, 1 M
NaCl, and Proteinase inhibitor cocktail (Roche), and suspended in 20 ul reaction containing
ligase buffer (Roche) and 5 nM DNA substrate and incubated at 37 °C for 1 h. Loading
buffer was added, heated at 85 °C, and the sample was separated in 8% denaturing
polyacrylamide gel. Reactions containing immunoprecipitates from MLS-YFP cells
mitochondrial extract and T4 DNA ligase were used as negative and positive controls,
respectively.
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2.6. Cell survival and colony forming assay

The cell survival assay was performed essentially as described previously [30]. 15,000 cells
were plated in each well in 96-well plates with complete growth medium. Twenty-four hours
later, the cells were washed in PBS and exposed to the indicated concentrations of
menadione (in growth medium without FBS) for 3 h. Then, cells were washed with PBS and
incubated in complete medium for 19 h. Viability was determined by the ability of cells to
reduce the WST-1 dye (Roche). Ten microliters of WST-1 was added to each well and
incubated at 37 °C for 3 h and the absorbance was read (480-595 nm). For colony forming
assay, 2000 cells were seeded on 100 mm growth dishes. After 18 h, the cells were treated
with 10 pM menadione for 3 h washed with PBS and incubated in complete medium for 6
days. Cells were fixed in 3:1 solution of methanol:acetic acid for 1 h and stained in crystal
violet staining solution (1 mg/ml crystal violet in water) overnight.

2.7. Determination of mitochondrial ROS

Cells were incubated in Hank’s balanced salt solution medium containing 5 uM MitoSOX
Red (Molecular Probes, Invitrogen) at 37 °C for 30 min, trypsinized and washed in PBS.
Determination of mitochondrial ROS was carried out using a FACScalibur (BD Bioscience).
MitoSOX Red was excited at 488 nm and data collected at FSC, SSC and 585/42 nm (FL2)
channels. A minimum of 50,000 events was collected. Appropriate color compensation was
applied to distinguish signals from YFP and MitoSOX Red.

2.8. Statistical analysis

3. Results

Data are plotted as mean + SEM. Statistical significance of the changes was determined by
one-way ANOVA followed by Bonferroni post hoc test. Statistical analysis was performed
using Excel software.

3.1. DNA ligation is slower than the preceding mtBER steps

Nuclear genes can encode both nuclear-targeted and mitochondrial-targeted forms of BER
proteins either by alternative splicing or by use of alternative sites of translation initiation
[9,31]. Thus, preparation of mitochondrial extracts free of nuclear BER proteins is critical
for mitochondrial BER (mtBER) analysis. We have demonstrated previously that a mild
treatment of isolated mitochondria with proteinase K provides a rapid and simple method to
make mitochondrial extracts free of nuclear protein contaminants [17]. Fig. 1 shows results
of a typical Western blot analysis of mitochondria after treatment with 0.2 mg/ml proteinase
K at 37 °C for 20 min. Total cell extract was used as a positive control for the antibodies.
The apparent absence of abundant nuclear proteins TOPO Ila, Ku 86, lamin and PCNA
strongly suggests that, under our experimental conditions, we were able to prepare
mitochondrial extracts free of nuclear contaminants. Proteinase K treatment slightly
degraded voltage-dependent anion channel 1 (VDAC-1) protein (which is located at the
outer mitochondrial membrane), TFAM and Poly, but had little or no detectable effect on
the inner membrane protein COX V. Altogether, these results suggest that proteinase K
treatment did not cause significant degradation of mitochondrial proteins.
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Mitochondria BER analyses were carried out using a DNA substrate containing a lesion
(uracil) at a specific position (Supplementary Fig. S1). The DNA was incubated in the
mitochondrial extracts, and then purified from the extracts by phenol/chloroform purification
and divided into two aliquots, one was incubated with T4 DNA ligase (to determine the level
of unligated but ligatable BER intermediates after repair) and one was left untreated. T4
DNA ligase treatment of the DNA resulted in ~2-fold increase in the intensity of the fully
repaired 24 nucleotide band at the 40 and 60 min incubation times, indicating the presence
of substantial amounts of unligated, but ligatable, BER intermediates in the samples (Fig. 2A
and B). These results suggest that the DNA ligation reaction is less efficient than the
preceding mtBER steps. Next, we carried out BER analysis in mitochondrial extracts from
mouse brain. Western blot analysis showed that these mitochondrial extracts were not
contaminated with the nuclear proteins Ku 86, lamin and PCNA (Supplementary Fig. S2).
Similar to HeLa and U20S cells, incubation of the repaired DNA substrate with T4 DNA
ligase resulted in ~1.6 and 1.85 fold more ligated products after 40 and 60 min incubation,
respectively (Fig. 2C), indicating the presence of a substantial amount of unligated, but
ligatable, BER intermediates in the sample. Altogether, these results suggest that DNA
ligation is the kinetic “bottleneck” in BER in mitochondrial extracts from HeLa, U20S cells
and mouse brain.

3.2. Overexpression of DNA ligase lll in mitochondria

To test whether the low DNA ligase activity observed could be compensated for by
increasing the concentration of DNA ligase 11 in mitochondria, we transfected U20S cells
with a construct encoding DNA ligase 111, C-terminally fused with yellow fluorescent
protein (YFP). The human DNA ligase Il gene encodes both a nuclear and a mitochondrial
form of the protein by alternative translation initiation [22]. We had difficulty obtaining cells
that stably expressed the longer form of DNA ligase 111 (which contains a mitochondrial
localization signal (MLS) at its N-terminus), in mitochondria. Over time the protein was
localized to both the nucleus and mitochondria (not shown). However, by utilizing an
additional MLS from superoxide dismutase 2 (SOD2) to DNA ligase 11, we were able to
prepare cells stably overexpressing DNA ligase Il in mitochondria (henceforward denoted
as MLS-lig I11-YFP). The mitochondrial localization of the fusion protein was confirmed
using MitoTracker, a fluorescence dye that specifically labels mitochondria in live cells (Fig.
3l and I1). Cells stably expressing MLS-YFP without ligase |11 were also prepared (Fig. 3111
and IV) and were used as a control in the following experiments.

Overexpression of DNA ligase 111 in mitochondria did not cause detectable levels of
apoptotic cell death as determined by Western blot analysis of total cell extracts for PARP-1
(indicator of apoptosis) (Supplementary Fig. S3), nor any increase in mitochondrial ROS
production (Supplementary Fig. S4). Altogether, these results indicate that overexpression of
DNA ligase I11-YFP in mitochondria does not induce apoptosis or increase mitochondrial
ROS production.
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3.3. Overexpression of DNA ligase lll in mitochondria enhances BER in mitochondrial

extracts

Western blot analysis of mitochondrial extract from MLS-lig 11-YFP cells detected an
additional DNA ligase I11 band that corresponded to the predicated size of DNA ligase 111
and YFP combined (Fig. 4A). Proteinase K treatment of mitochondria from MLS-lig I11-
YFP cells did not cause detectable levels of degradation of endogenous DNA ligase I11 or
MLS-lig HI-YFP 111 (Supplementary Fig. S5). The amount of DNA ligase 111 in the
mitochondria in MLS-lig 111-YFP cells was ~1.5-2 fold higher than the endogenous ligase
I11. First, we tested whether the fusion protein was catalytically active. We
immunoprecipitated (IP) MLS-ligase I11-YFP from mitochondrial extracts using anti-GFP
(also recognizes YFP) coupled beads and tested it for DNA ligase activity. The result
showed that the fusion protein had DNA ligase activity (Fig. 4B). Next, we carried out BER
analysis in mitochondrial extracts from MLS-lig 111-YFP cells under the same conditions as
shown in Fig. 2, and found that over-expression of DNA ligase I11 in mitochondria improved
BER activity in mitochondrial extracts (Fig. 4C). Incubation of repaired DNA with T4 DNA
ligase only slightly increased the intensity of the upper bands (Fig. 4C and the diagram),
indicating that overexpression of DNA ligase 111 in mitochondria enhanced overall mtBER.
BER analysis of mitochondrial extracts from MLS-YFP cells was included as a control (Fig.
4D).

3.4. Overexpression of DNA ligase Ill in mitochondria enhances viability of the cells after
menadione treatment

3.5. MLS-lig

Menadione treatment leads to the accumulation of ROS in the mitochondria that attack
mtDNA and proteins and cause mitochondrial dysfunction and cell death [32]. To investigate
whether MLS-lig I11-YFP cells were more resistant to ROS-induced cell death, we exposed
the cells to different concentrations of menadione. MLS-lig 111-YFP cells showed a
significantly higher rate of survival compared with U20S and MLS-YFP control cells (Fig.
5A). To substantiate these findings, we used colony forming ability as a cytotoxic assay and
assessed the sensitivity of the cell lines to menadione treatment. Both U20S and MLS-YFP
control cells showed similar sensitivity to menadione treatment, while MLS-lig 111-YFP cells
were significantly more resistant to this agent (Fig. 5B). Replacing media glucose with
galactose forces cells to use OXPHOS for ATP production [33]. We cultured U20S cells in
media with high glucose (25 mM), low glucose (5 mM), or 10 mM galactose. Cells grew
with comparable viability and growth rate in all three media indicating U20S cells have
functional mitochondria and use OXPHOS for ATP production. Next, we examined
sensitivity of the cells grown in the galactose containing medium to menadione treatment.
Also under these conditions, the cell lines showed a rate of cell survival comparable to that
shown in Fig. 5A (Supplementary Fig. S6). These results indicate that U20S cells rely on
mitochondrial OXOPHOS for ATP production and that overexpression of DNA ligase 111 in
mitochondria protects cells against menadione induced oxidative stress.

llI-YFP cells show lower rotenone-induced autophagy

Autophagy is a process for clearance of damaged cytosolic components including
mitochondria, and may in that regard act as a backup repair mechanism when mtBER fails.
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Next, we examined whether overexpression of DNA ligase Il in mitochondria could affect
the extent of autophagy. Inhibition of the mitochondrial electron transport chain complex I
with rotenone results in the release of superoxide to the matrix side of the inner membrane
(in close proximity to mtDNA), and induces autophagy [34]. We monitored autophagy by
Western blotting and by measuring the ratio of conversion of the cytosolic LC3B (LC3B-I,
18 kDa) to the autophagic membrane-bound form of LC3 (LC3B-Il, 16 kDa) as described
before [27,35,36]. We found that the basal autophagy was similar in MLS-lig I11-YFP and
MLS-YFP control cells, but rotenone-induced autophagy was significantly reduced in MLS-
lig H1-YFP cells (Fig. 6). Altogether, these results show that improving mtBER by
overexpression of DNA ligase 111 reduces autophagic signaling during excessive ROS
production (which also takes place in damaged mitochondria) and thus links mtDNA
damage and repair to removal of dysfunctional mitochondria by autophagy.

4. Discussion

Mitochondria play a critical role in cellular bioenergetics, and the integrity of mtDNA is
essential for proper mitochondrial function. In the past two decades, a number of inherited
mitochondrial diseases have been identified that are caused by mutations of mtDNA or of
nuclear genes that encode proteins for mtDNA maintenance [8,37]. Acquired, somatic
mtDNA mutations have also been implicated in the process of aging and the incidence of
age-related diseases [11,38-42]. Most somatic mtDNA mutations are thought to be
generated by DNA replication and repair errors followed by clonal expansion of the mutated
mtDNA [11,43-45]. BER is the most prominent DNA repair pathway in mitochondria.
There is evidence that mtBER activity changes with age [10,46—48], which in part may be
related to a decline in the capacity of mitochondria to import BER proteins [48]. Altogether,
these studies suggest that alterations in mtBER capacity over time might be a potential
source of somatic mtDNA mutations. The oxidative environment of mitochondria makes
mtDNA more susceptible to damage than nuclear DNA. Moreover, BER in mitochondria
lacks the diversity and complexity of nuclear BER [31,49], which involves many proteins
that are not strictly required in BER, but enhance its efficiency and fidelity [50,51]. It
appears that hydrogen peroxide-induced DNA lesions persist longer in mtDNA than in
nuclear DNA [52], suggesting that mtBER is less efficient than nuclear BER in repairing
oxidative DNA lesions and/or mtDNA is more vulnerable to damage than nuclear DNA.
However, this might also depend on the type of DNA damage [53], because removal of 8-
oxoG (a major product of oxidative base damage) from nuclear DNA was reported to be
slower than from mtDNA [54]. Previous studies have investigated the effect of
overexpression of DNA glycosylases in mitochondria on mitochondrial function and cell
survival with some apparent contradictory results. Thus, whereas in some studies
overexpression of OGG1 improved cell survival upon stress [55,56], others found that it
resulted in mtDNA deletions, increased intracellular levels of ROS and cell death [57,58].
BER is a multistep process and incomplete BER results in the generation of DNA repair
intermediates that can lead to mutations, DNA strand breaks, and disruption of DNA
replication and transcription, which can all potentially lead to mitochondrial dysfunction.
MtDNA deletions are highly prevalent in neurons of the substantia nigra, the primary site of
neurodegeneration in Parkinson disease (PD), compared with other brain areas [59-61]. This
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is probably because of high ROS generation through the metabolism of dopamine [62].
Excision of adenine opposite 8-0xoG in mtDNA by DNA glycosylase MUTYH in the
absence of OGGL1 resulted in the accumulation of the SSB BER intermediate, which
triggered cell death and neurodegeneration [63,64]. Thus, imbalanced concentration of
mMtBER proteins can be lethal, especially under chronic and acute stress conditions [64].

Here, we investigated the efficiency of mtBER in mitochondrial extracts from human cell
lines U20S and Hel.a and mouse brain, using a covalently closed circular double-strand
DNA substrate containing a uracil opposite a guanine at a defined position. We identified
DNA ligation to be kinetically less efficient than the preceding mtBER steps.
Overexpression of DNA ligase 111 in U20S cell mitochondria enhanced mtBER, suggesting
that the concentration of DNA ligase Il in mitochondria is the rate-determining factor in
these cells. Interestingly, the increased concentration of DNA ligase 111 in mitochondria also
improved cell survival after a short exposure time of the cells to menadione, suggesting a
functional relationship between mtDNA repair and cell survival upon acute oxidative stress.

Selective removal of abnormal mitochondria by autophagy is an important quality control
mechanism that maintains a functional population of mitochondria [65]. Overexpression of
the mitochondrial antioxidant manganese-superoxide dismutase (SODZ2) reduced rotenone-
induced autophagy and conversion of LC3-1 to LC3-11 [34], indicating that this approach can
be used to directly assess the effect of different factors on mitochondrial damage and their
removal by autophagy. Our observation that overexpression of DNA ligase 111 in
mitochondria enhances mtBER capacity and reduces autophagy activity in cells treated with
autophagy-inducer rotenone suggest that mtDNA damage and repair may play a role in a
mitochondrial surveillance system.

In a previous report, antisense-mediated reduction of DNA ligase I11 expression was shown
to result in reduced cellular mtDNA content and increased mtDNA single-strand breaks [66].
In a very recent report, however, cells severely depleted of DNA ligase 11l maintained
normal mtDNA copy number [67], but showed increased mtDNA degradation following
H,0, exposure [67], suggesting a critical role for DNA ligase |11 in mtBER. Accordingly,
our results show that DNA ligase 111 plays an important role in mtBER.

The baseline autophagy activity of MLS-Lig I11-YFP was comparable to that of control cells
(Fig. 6. DMSO treated control cells). Moreover, the survival rate of MLS-lig I11-YFP and the
control cells was comparable at lower menadione concentrations, and was only significantly
different at 40 uM and higher concentrations (Fig. 5A). This suggests that the endogenous
amount of DNA ligase 111 in mitochondria was sufficient to repair mtDNA damage
generated by menadione at those concentrations. Notably, we found that the exposure of
cells to 10 uM menadione for one hour resulted in ~15-20% increase in cellular ROS
production (not shown), suggesting that mtBER is somewhat able to repair DNA damage
that is generated following acute ROS production.

Altogether, our results suggest that under normal conditions, mtBER is able to maintain
genome integrity; however, under conditions that cause abnormal and persistent levels of
mitochondrial ROS (e.g. in dysfunctional mitochondria), the level of mtDNA damage may
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exceed the capacity of mtBER, resulting in the accumulation of BER intermediates and
mtDNA instability.

In conclusion, we have shown that DNA ligation is kinetically the “bottleneck™ step in
mtBER and that overexpression of DNA ligase 111 in mitochondria improves mtBER and
enhances cell survival after oxidative stress. Our results demonstrate a functional link
between mtBER, cell survival and autophagy, and provide supporting evidence that an
accumulation of mtBER intermediates may lead to the generation of sporadic mitochondrial
genome instability in somatic cells. Given the importance of mtDNA maintenance in normal
cell and tissue function, our findings may have important implications for understanding the
mechanisms underlying human aging and disease.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Rgpresentative image of Western blot analysis of mitochondrial extracts prepared from
proteinase K treated, purified mitochondria. 20 ug total cell extracts and 50 pg mitochondrial
extracts were used in each experiment. Antibodies against TOPO lla, Ku 86, lamin and
PCNA were used to assess contamination of the mitochondrial extracts with nuclear
proteins. VDAC-1 and COX IV were used as the marker of the outer- and the inner-
mitochondrial membrane proteins, respectively, and Poly and TFAM as the core
mitochondrial nucleoid proteins.
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BER analysis of mitochondrial extracts. BER analysis was carried out in duplicate using two
independently prepared mitochondrial extracts from HeLa (A) and U20S (B) cell lines. The
increased level of the upper band after T4 DNA ligase treatment relative to the untreated
samples indicates the presence of unligated DNA repair intermediates (rep. int.) in the
sample. (C) BER analysis of mitochondrial extracts from mouse brain as per panels A and
B. The bar charts show the relative intensity of the upper band (fully repaired 24
nucleotides) to the lower bands (repair intermediates) in each lane. The error bars show
standard deviation of the mean. Absence of detectable repair products in G:C control DNA

substrate indicates site specific repair of uracil in U:G DNA substrate.
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YFP MitoTracker Merged

1)

Fig. 3.

Overexpression of DNA ligase 111 in mitochondria. U20S cells stably expressing DNA
ligase 111 fused with YFP and the mitochondrial localization signal of SOD2 (MLS-lig I1l-
YFP, panels | and I1) or MLS-YFP alone as control (I11 and 1V), were established.
Representative images of live MLS-lig I1I-YFP and MLS-YFP cells pre-incubated with
MitoTracker Red showing mitochondrial localization of the fusion proteins (see merged
images). Panels Il and 1V are high magnification, z-stacked image of the mitochondrial
network in a MLS-lig I1I-YFP and a MLS-YFP cell, respectively.
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Mitochondrial extracts from MLS-lig 111-YFP cells show increased rate of BER compared
with control cells. (A) Western blot analysis of mitochondria isolated from MLS-lig 111-YFP
cells using antibody against DNA ligase Il1. (B) To test whether MLS-lig 111-YFP fusion
protein is catalytically active, MLS-ligase 111-YFP was immunoprecipitated (IP) from
mitochondrial extracts using an antibody against GFP (also recognizes YFP). The IP was
assayed for DNA ligase activity for 1 h, and DNA was separated in denaturing
polyacrylamide gel. T4 DNA ligase and the IP from mitochondrial extracts of MLS-YFP
cells were used as positive and negative controls, respectively. Upper band corresponds to
the fully ligated 82 nucleotides substrate (82 nt), and the lower band are unligated 60
nucleotide end-labeled substrate. (C) BER analysis of mitochondrial extracts from MLS-lig
I11-YFP, and (D) MLS-YFP cells.
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Overexpression of DNA ligase 111 in mitochondria enhances cell survival following

MLS-YFP

%
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menadione-induced oxidative stress. (A) Sensitivity of the cells to menadione was measured
using a WST-1 assay after treatment for 3 h. Cells were allowed to recover for 19 h before

WST-1 analysis. (B) Colony forming ability assay. Cells were treated with 10 uM

menadione for 3 h. After six days, cells were fixed and stained with crystal violet and the

colonies were counted. Colony forming ability of the MLS-lig 111-YFP cells following

menadione treatment was significantly higher than the control U20S and MLS-YFP cells.

The experiment was performed three times, and each experiment was carried out in
triplicate. Data are presented as mean +SEM. *p < 0.05 one-way analysis of variance

(ANOVA) followed by Bonferroni’s post hoc test.
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Fig. 6.

Rgtenone—induced autophagy is lower in MLS-lig I11-YFP cells. Western blots of MLS-YFP
and MLS-lig 111-YFP cells for the autophagosome marker LC3B. Cells were treated with 5
UM rotenone (rot. autophagy inducer) or mock treated with DMSO (<0.1%). The experiment
was carried out in triplicate. The ratio of the lower band (LC3B I1) to the upper band (LC3B
1) was used to calculate the rotenone-induced autophagy activity. Data are presented as mean
+ SEM. *p < 0.05 one-way ANOVA with Bonferroni’s post hioc test. Autophagy activity in
MLS-lig HI-YFP cells treated with rotenone was significantly lower than the control cells
exposed to rotenone.
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