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Abstract

Considerable progress has been made recently toward understanding the processes of
mitochondrial DNA (mtDNA) damage and repair. However, a paucity of information still exists
regarding the physiological effects of persistent mtDNA damage. This is due, in part, to
experimental difficulties associated with targeting mtDNA for damage, while sparing nuclear
DNA. Here, we characterize two systems designed for targeted mtDNA damage based on the
inducible (Tet-ON) mitochondrial expression of the bacterial enzyme, exonuclease 111, and the
human enzyme, uracil-N-glyosylase containing the Y147A mutation. In both systems, damage
was accompanied by degradation of mtDNA, which was detectable by six hours after induction of
mutant uracil-N-glycosylase and by twelve hours after induction of exolll. Unexpectedly,
increases in the steady-state levels of single-strand lesions, which led to degradation, were small in
absolute terms indicating that both abasic sites and single-strand gaps may be poorly tolerated in
mtDNA. mtDNA degradation was accompanied by the loss of expression of mtDNA-encoded
COX2. After withdrawal of the inducer, recovery from mtDNA depletion occurred faster in the
system expressing exonuclease 111, but in both systems reduced mtDNA levels persisted longer
than 144h after doxycycline withdrawal. mtDNA degradation was followed by reduction and loss
of respiration, decreased membrane potential, reduced cell viability, reduced intrinsic reactive
oxygen species production, slowed proliferation, and changes in mitochondrial morphology
(fragmentation of the mitochondrial network, rounding and “foaming” of the mitochondria). The
mutagenic effects of abasic sites in mtDNA were low, which indicates that damaged mtDNA
molecules may be degraded if not rapidly repaired. This study establishes, for the first time, that
mtDNA degradation can be a direct and immediate consequence of persistent mtDNA damage and
that increased ROS production is not an invariant consequence of mtDNA damage.
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1. Introduction

Among the organelles found in the mammalian cell, mitochondria and the nucleus are
unique in that they serve as repositories for genetic information in the form of DNA. The
human mitochondrial genome is a 16,569 bp circular DNA molecule, which encodes 13
polypeptide subunits of the electron transport chain, as well as 22 tRNAs and 2 rRNAs,
which are required for the translation of these subunits on mitochondrial ribosomes using a
genetic code distinct from that used to encode nuclear genes [1]. Therefore, mitochondrial
DNA (mtDNA) integrity is critical for the proper function of the electron transport chain and
ATP production through respiration.

Apart from supplying the bulk of ATP for vitally important cellular processes in most (but
not all [2]) cell types [3], mitochondria serve as a major cellular source of reactive oxygen
species [4, 5], play a pivotal role in the regulation of apoptosis [6, 7], and are involved in
numerous other cellular functions [8]. Therefore, it comes as no surprise that mutations in
mtDNA have been associated with various human pathologies, such as mitochondrial
diseases [9-11], diabetes [12-14], cancer [15-18] and neurodegenerative disorders [19], just
to name a few.

Moreover, it has been established that not only mtDNA mutations, but, also, a reduction in
mtDNA copy number can be either pathogenic [20-22], or can negatively affect the normal
function of the cell in other ways. For instance, depletion of mtDNA can cause a defect in
glucose utilization [23]. Also, mtDNA copy number was strongly correlated with adipocyte
lipogenesis [24]. Furthermore, mtDNA depletion induces radioresistance [25]. Finally, cells
that lack mtDNA (p° cells) have been found to resist apoptosis [26, 27]. Surprisingly,
mutation and depletion of mtDNA also were associated with increased susceptibility to
apoptosis [28].

While significant progress has been achieved in understanding the effects of mutation and
copy number alterations of mtDNA on cellular physiology, the effects of mtDNA damage
remain poorly understood. Available evidence suggests that both acute mtDNA damage
[29-31] and an imbalance in mtDNA repair [32, 33] may be associated with both apoptosis
and mtDNA degradation [34] in different cell types. This uncertainty is further confounded
by the fact that precise targeting of mtDNA by damaging agents remains challenging and
that it is difficult to control for the contribution of incompletely understood off-target
effects. Indeed, externally applied Reactive Oxygen Species (ROS), such as pure H,O», or
H,0, generated extracellularly by enzymatic reactions, such as xanthine oxidase [35] or
glucose oxidase [36], have the capacity to inflict damage upon both nuclear DNA (nDNA)
and mtDNA. Even though mtDNA is preferentially targeted by ROS for strand breaks [37],
it can be argued that nDNA damage is more consequential because of the high redundancy
of the mitochondrial genome, and that it is nDNA damage, rather than mtDNA damage, that
is responsible for the physiological effects following the exposure to ROS . Apart from
indiscriminately targeting all cellular DNA, extracellular ROS may interfere with normal
cellular ROS signaling, thus adding another layer of complexity. Intracellular ROS
generation with the help of redox cyclers such as alloxan (in the cytosol) or menadione (in
mitochondria) also is associated with off-target effects [38]. Similarly, alkylating agents
target both nDNA and mtDNA (and appear to preferentially damage nDNA [39]).
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Moreover, while the repair of alkylation damage to mtDNA is well documented [40, 41], the
observed kinetics of the repair is faster than can be explained by alkylation-mediated
destabilization of the glycosidic bond [42]. The current dearth of knowledge on the
molecular identity of the initiating glycosylase(s), also complicates the interpretation of the
outcomes of experiments with alkylating agents.

The challenges associated with the interpretation of the outcomes of experiments, which
employ conventional DNA damaging agents/protocols and aimed at the clarification of the
effect of mtDNA damage on cellular function highlight the need for novel, targeted
approaches for mtDNA damage with minimal off-target effects. Targeted mtDNA damage
can be achieved by expressing DNA-damaging enzymes in the mitochondrial compartment,
or by suppressing the activity of mitochondria-specific DNA-repair enzyme(s) thus slowing
repair and increasing the steady-state level of mtDNA damage.

Here, we report that mitochondrial targeting of two different enzymes, each of which can
damage mtDNA by a unique mechanism, results in mtDNA depletion, morphological
abnormalities in mitochondria, suppressed respiration and slowed proliferation in HeLa
cells.

2. Materials and Methods

2.1. Cellsand DNA constructs. HeLa cells and their derivatives were propagated in
Dulbecco’s Modified Eagle Medium (DMEM) containing 10% Fetal Bovine Serum, 50 g/
ml gentamycin, 50 pg/ml uridine, and 1 mM sodium pyruvate in a humidified atmosphere
containing 5% CO, at 37°C. For inducible expression, HeLa cells were modified by
introducing a Tet-On Advanced transactivator with retrovirus rv2641 [43]. Cloning of the
Escherichia coli exonuclease 111 (exolll) gene has been described previously [44]. The wild
type (WT) human uracil DNA glycosylase 1 (UNG1) gene was cloned by RT-PCR from
total RNA isolated from HeLa cells. The first 231bp encoding the matrix targeting sequence
(MTS) were removed from the WT UNG1 gene by PCR and replaced with the MTS from
human ornithine transcarbamylase, followed by a myc-tag. The Y147A mutation was
introduced into UNG1 by overlap extension PCR [45] using primers UNGriF
(gcgaattcgecaccatgggcegtcettetgecttgg), UNGxbaR (gctctagactcacagctecttccagtcaa),
UNGy147aF (gggacaggatccagcccatggacctaatca), and UNGyl147aR
(tgattaggtccatgggctggatcctgteec).

2.2. Production of lentiviral supernatants and infection of target cells. Lentivirus-containing
supernatants were produced by CaPO4-mediated transfection of the HEK293FT cell line,
using established protocols [46]. Gag, Pol and Env functions for lentiviral constructs were
provided in trans by cotransfecting the vector plasmid with two helper plasmids, psPAX2
and pMD2.G. Target cells were infected with lentiviruses in 35-mm dishes at 20%
confluence by incubating them overnight with corresponding supernatant in the presence of
10 pg/mL polybrene (Sigma-Aldrich Corp., St. Louis, MO). The next day, the supernatant
was removed and cells were allowed to recover for 24h in DMEM, after which cells were
trypsinized, transferred into 145-mm dishes, and puromycin selection (4 pg/mL) was
applied for 6 days.

2.3. Western blotting. Protein extracts from treated and control cells were prepared using
lysis solution containing 10 mM Tris-HCI, 1% SDS, 1x EDTA-free protease inhibitor
cocktail (Roche, Indianapolis, IN). Protein concentrations were measured using the BCA
assay (Pierce, Rockford, IL, USA). Proteins were separated by PAAG electrophoresis and
transferred to PVDF membranes, blocked and incubated with primary and secondary
antibodies using standard techniques [47]. Blots were developed with SuperSignal West
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Pico and exposed to CL-Xposure film (both Pierce). Primary antibodies were a-myc tag
(Cell Signaling), a-HSP60 (mitochondrial, BD Biosciences), a-cytochrome oxidase subunit
2 (AbCam).

2.4. Cdllular respiration. in whole attached cells was measured with the help of an XF-24
extracellular flux analyzer (Seahorse Biosciences, Billerica, MA, U.S.A) according to the
manufacturer’s recommendations and expressed as pMol/min/ug protein. ATP-linked
respiration was determined with the help of oligomycin (OLIG, 5 wM), maximal respiration
was induced with Carbonyl cyanide m-chlorophenyl hydrazone (CCCP, 1 uM), and non-
mitochondrial respiration was determined after injection of rotenone and antimycin A (R+A,
1 M each).

2.5. Mitochondrial membrane potential. was measured with TMRM. Briefly, cells were
plated in 12-well plates, allowed to attach overnight and then were incubated with 200 nM
TMRM in DMEM for 10 min at 37°C in an atmosphere of 5% CO,. After treatment, cells
were trypsinized and immediately subjected to flow cytometry on a BD FACS Aria with
excitation at 561 nm and an emission bandpass filter 582/15. Measurements were performed
on three biological replicas. Membrane potential was expressed as arbitrary fluorescence
units.

2.6. Growth curves. were generated by plating 20,000 cells/well in a series of 6-well plates,
and allowing attachment overnight in the presence or absence of 4 pg/ml doxycycline, an
initial cell count (C;) was determined by trypsinization and counting of cells with a Coulter
counter using one plate per series. The remaining plates were grown for another 5 days with
or without 4 pg/ml doxycycline, and cell counts were determined daily using a single 6-well
plate per series as described above. Doubling time was calculated according to the formula
T4=T/l0gy(Ci/Cy), where T4 is doubling time and T is time in hours between initial (C;) and
final (Ct) cell counts.

2.7. Mitochondrial ROS. were measured with MitoSOX Red (Invitrogen, Carlsbad, CA).
For experiments which involved no longer than 24h induction, cells transduced with exolll,
wtUNG1 or mUNGL constructs (Figure 1) were grown in 12-well plates with or without
inductor (doxycycline), after which they were loaded with 5 uM MitoSOX in DMEM for 10
min at 37°C in an atmosphere of 5% CO,. After treatment, cells were trypsinized and
immediately subjected to flow cytometry on a BD FACS Aria with excitation at 561 nm and
an emission bandpass filter 582/15. Measurements were performed on three biological
replicates. The amount of ROS produced was expressed as percent of uninduced control. For
induction longer than 24h cells were grown and induced in 100-mm dishes, and plated in 12-
well plates 24h prior to assay.

2.8. Microscopy. For phase contrast imaging, cells were plated into 35 mM glass bottom
MaTek dishes, allowed to attach overnight, and imaged with a Nikon TE200U microscope
(10x objective). For mitochondria visualization, cells were plated as above, loaded with 120
nM MitoTracker Red for 10 min at 37°C in an atmosphere of 5% CO,, after which
mitochondria were imaged with a Nikon A1R confocal microscope using a 60x water
immersion objective.

2.9. Quantitative Southern Blotting. Quantitative Southern Blotting under alkaline
(denaturing) conditions (QSBA) and Quantitative Southern Blotting under non-denaturing
conditions (QSBN) conditions were performed essentially as described earlier [34]. Briefly,
cells were lysed in a solution containing 10 mM Tris, pH7.5, 1 mM EDTA, 0.5% SDS and
300 pg/ml proteinase K, and incubated in this solution overnight at 37°C with shaking. The
next day, the solution was adjusted to 1M NaCl with 5M stock solution in water, and DNA
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was extracted twice with chloroform:isoamyl alcohol (24:1). Then, DNA was precipitated
with 2 volumes of 100% EtOH, collected by centrifugation, washed with 70% EtOH, briefly
dried, and dissolved in H20 overnight at 4°C. The next day, DNA was digested with
restriction enzyme (1.5 unit/pl) in the presence of RNAseA (2.g/ml) overnight at 37°C.
Digested DNA was precipitated with 2 volumes of EtOH, dissolved in TE buffer overnight
at 4°C, and quantitated by fluorometry. After DNA quantitation, a master mix was prepared
containing 10 g of total DNA in 45 pl of TE buffer. 20 wl aliquots of this master mix then
were withdrawn and subjected to either QSBN (gel run in TBE buffer) or QSBA
(electrophoresis employing an alkaline loading buffer (10mM EDTA, 25% Ficoll, 0.25%
Bromcresol purple and 500mM NaOH) and a running buffer containing 23 mM NaOH and 1
mM EDTA). After blotting, the membrane was cut at the level of the 9 kb band of the
lambda/HindI1l marker. The upper portion then was hybridized with the mtDNA probe
(detects 16,569 bp fragment), and the lower portion was hybridized with the 18S rDNA
probe (detects 5,102 bp fragment). In a given experiment, QSBN and QSBA membranes
were hybridized in a single roll bottle with either mtDNA probe or nDNA probe to ensure
uniformity of hybridization conditions. After hybridization, membranes were exposed to an
imaging screen to determine band intensity. The number of pixels per band was determined
by encompassing bands with identical rectangular regions of interest and subtracting the
background.

2.10. mtDNA damage. Hela/2641 cells transduced with either exolll or mMUNG1 constructs
were grown either with or without 4 pg/ml doxycycline for 6h, after which cells were lysed,
total DNA was isolated and subjected to QSBA and QSBN. To determine mtDNA single-
strand lesion frequency (BF), intensities of mtDNA bands on QSBA and QSBN were
normalized using intensities of nDNA bands (since NDNA is not expected to be damaged by
mitochondrially targeted enzymes). After normalization, BF was determined using the
Poisson expression (BF = —In (QSBA/QSBN)), where QSBA and QSBN are adjusted
intensities of mtDNA bands on QSBA and QSBN, respectively. Since QSBA, but not
QSBN, detects single-strand lesions, QSBA/QSBN ratio is indicative of the fraction of
mtDNA molecules free of single-strand lesions. BF was expressed as the number of breaks
per 16,569 bp (the size of mtDNA molecule).

2.11. The percent of mtDNA remaining (a measure of mtDNA degradation) was determined
using QSBN. First, the ratios of intensities of mtDNA to nDNA bands for uninduced and
induced cells were determined as a surrogate for mtDNA copy number. Then, an average
ratio in uninduced cells was determined from the three biological replicas and assigned a
value of 100%. Finally, the percent of remaining mtDNA was expressed as a fraction of this
value.

2.12. mtDNA mutagenesis. mtDNA mutation loads were determined by a PCR-cloning-
sequencing approach. Total DNA was extracted with the help of a Blood and Tissue kit
(Qiagen, Valencia, CA) from uninduced cells and from cells that were induced for 48h and
then allowed to grow without induction for 240h to restore mtDNA levels. To ensure
representativeness of the results, three different ~1 kb regions of mtDNA were amplified
with primers hMT2198-3251F1 (AAAGCGTTCAAGCTCAACACCCAC) plus
hMT2198-3251R1 (TACCGGGCTCTGCCATCTTAACAA), hMT7113-8210F2
(ACCCTAGACCAAACCTACGCCAAA) plus hMT7113-8210R2, and
hMT12534-13612F3 (ACACTGAGCCACAACCCAAACAAC) plus hMT12534-13612R3
(TTCGAGTGCTATAGGCGCTTGTCA). Amplification of mtDNA was performed in
triplicate 100 .l reactions per each independent experimental condition. Each reaction
contained 50 pl of 2x Phusion high fidelity PCR master mix (Thermo Fisher Scientific Inc.,
Waltham, MA), 300 ng of total DNA, 1 uM of each primer, and the balance of water. PCR
parameters were: initial denaturation for 1 min at 98°C, and then 25 cycles of denaturation
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for 10 sec at 98°C, annealing for 5 sec at 55°C, and extension for 30 sec at 55°C. PCR
product was directly purified from the reaction mixture using a PCR purification kit
(Qiagen, Valencia, CA) and ligated to an EcoRV-digested plasmid, pBluescriptll SK+ ,
overnight at 25°C. The ligated mixture was introduced into £. cofi cells, allowed to incubate
for 1h at 37°C and then 25% of the total mixture was diluted 1:4 and 1001 aliquots of this
dilution were plated on LB agar plates containing 200 pg/ml ampicillin, 40 pg/ml X-gal and
1mM IPTG. Typically, no more than 10% of electroporated cells were plated, which ensured
that no duplicates were sequenced. White colonies were picked, inoculated into LB medium
in 96-well deep well plates, grown overnight with shaking at 300 rpm at 37°C, overnight
cultures were mixed with equal volume of 50% glycerol in 96-well plates, frozen, and
submitted for Sanger sequencing to Functional Biosciences (Madison, WI). The resulting
chromatograms were aligned with human mtDNA, with the help of the SeqMan Il program.

2.13. Statistical analyses. Pairwise comparisons were made using unpaired two-tailed T-test
assuming unequal variance.

3.1. Experimental system

In this study, for targeted damage of mtDNA, we utilized inducible mitochondrial
expression of either £. coliexolll or the Y147A mutant of the human UNG1 gene. The
former protein comes from a prokaryotic host, where it serves as a major apurinic/
apyrimidinic (AP) endonuclease, which also exhibits a 3”-repair diesterase, 3’-->5’
exonuclease, 3’-phosphomonoesterase and ribonuclease activities [48]. Previously, we
demonstrated that mitochondrial expression of this bacterial DNA repair enzyme sensitizes
cells to oxidative damage [44]. UNGL1 is a DNA repair glycosylase that normally excises
uracil from DNA. However, mutation Y147A in the active site of this enzyme has been
shown to extend the specificity of this enzyme to include naturally occurring thymine [49].
Excision of thymine from DNA generates a lesion in the form of an AP site, which is
mutagenic and cytotoxic in £. coli [49]. To achieve regulated expression of these enzymes
in recipient cells, three lentiviral constructs were generated using a previously developed
expression system [43]. Iv2775 encodes exolll fused to the MTS of the human ornithine
transcarbamylase and a myc tag (further referred to as the exolll construct), and Iv3287 and
lv3288 encode Y147A mutant and WT UNG1 genes, respectively fused to the same MTS
and a myc tag (further referred to as mUNG1 and wtUNG1 constructs, Figure 1).

3.2. Mitochondrial expression of either mMUNGL or exolll results in rapid loss of mtDNA

UNGL1 is normally found in mitochondria [50]. Therefore we used overexpression of the
wtUNG1 enzyme in the mitochondrial compartment to control for non-specific effects of
induction. Upon induction of the cells infected with wtUNG1construct, recombinant protein
was detectable in whole cell lysates by 6h after induction (Figure 2 A). However, this had no
effect on the mtDNA content in the induced cells (Figure 2 B and C). In contrast, induction
of the mUNG1, which proceeded with similar kinetics (Figure 3 A), led to a rapid loss of
mtDNA (Figure 3 B and C). This loss was substantial at the earliest time point (6h) at which
expression of the mUNG1was detectable in the whole cell lysates. We were unable to detect
mUNGL1 expression in whole cell lysates at 3h after induction (results not shown). While the
kinetics of the exolll and mUNGL1 induction were similar, the loss of mtDNA upon exolll
induction was not as steep and trailed detectable protein expression by approximately 6h
(Figure 3 D-F). Importantly, the loss of mtDNA in both cases was followed by a reduction
in the cellular levels of the mtDNA-encoded subunit 2 of cytochrome oxidase (COX2, part
of the mitochondrial respiratory complex 1V, see Figure 3). The delay between the loss of
mtDNA and reduction in cellular COX 2 content can be explained by the fact that both the
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COX2 transcripts and the protein need to be degraded and/or diluted by proliferation of the
cells before steady-state levels of this protein in cells decreases.

3.3. mtDNA degradation is associated with increased frequency of single-strand lesions

One important question pertinent to damage-mediated mtDNA degradation is what steady-
state levels of lesions in mtDNA can induce degradation. To address this, exolll or
mUNGZ1were either induced or not for 6h, and steady-state levels of mtDNA lesions were
determined using a combination of QSBA and QSBN as described in the Materials and
Methods. The 6h time point was chosen because preliminary experiments (Figure 3)
suggested that at this time point cells expressing exolll will just begin degrading their
mtDNA, while cells expressing mUNG1will lose more than 40% of their mtDNA, and both
cell lines will be on their way to degrade more mtDNA, i.e. the steady-state level of mtDNA
lesions in cells expressing each enzyme will favor degradation. Indeed, at 6h after induction
cells expressing exolll and mMUNGZ1have lost virtually no and 43% of mtDNA, respectively
despite the fact that exolll was expressed at a higher level at this time point (Figure 4).
Concomitantly, a statistically significant increase in the frequency of single-strand lesions
was observed in both types of cells (Figure 4).

3.4. Recovery of the mtDNA copy number is delayed after the removal of the inducer

To study the recovery of mtDNA levels after degradation induced by mitochondrial
expression of exolll and mMUNGL, cells transduced with corresponding constructs were first
induced for 48h, and then were grown in medium without inducer for up to 168h. In order
for mtDNA copy number to be restored, cellular levels of either exolll or mMUNGL had to
drop below those that induce degradation at rates higher than the mtDNA replication rate. In
the absence of inducer (i.e. in the absence of de novo synthesis of mtDNA-damaging
proteins), this is achieved by turning over both message and protein for exolll or mMUNG1
and by diluting the remaining proteins through cell proliferation. Upon doxycycline
withdrawal, the levels of exolll in whole cell lysates dropped below detection levels by 72h.
In contrast, mMUNGL1 persisted in cells 48h longer (Figure 5 A and D). Since proliferation of
cells expressing these two proteins occurred at similar rates (see below), this observation
indicates higher stability of either mMUNG1 message or the protein, or both. The kinetics of
the recovery of mtDNA-encoded COX2 protein paralleled that of mtDNA recovery
regardless of the protein used to induce depletion (Figure 5). However, this recovery
occurred faster in cells transduced with the exolll construct. This was facilitated by both the
faster loss of exolll protein and by a longer delay between the disappearance of the
damaging enzyme and the initiation of recovery (24h for exolll vs. 48h for mMUNGL1).
Importantly, recovery of mtDNA levels in cells transduced with mUNG1 was incomplete
even after 168h of doxycycline withdrawal.

3.5. mtDNA depletion reduces the rate of cell proliferation

During the first 120h of depletion, the growth rate of induced cells was similar to that of
uninduced cells for all three lentiviral constructs, as evidenced by the growth curves (Figure
6A). Nevertheless, doubling times in cells expressing exolll and mUNGL1, but not wtUNG1,
were statistically greater than in the corresponding uninduced cells, although the difference
was less than 10% (Figure 6B). When cells, which were either induced or not for 120h, were
allowed to recover in medium without inducer, the difference in doubling times between
induced and uninduced cells became dramatic. Cells, which were induced for the expression
of exolll or mMUNG1 were proliferating at half the rate of their uninduced counterparts.
Importantly, the doubling time in cells transduced with a construct for wtUNG1 remained
the same, regardless of prior history of induction, suggesting that the difference in growth
rates is attributable to mtDNA depletion (Figure 6C).
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3.6. Prolonged mtDNA depletion reduces respiration and membrane potential

mtDNA encodes at least one of the subunits of each of the three respiratory complexes
involved in the generation of mitochondrial membrane potential. Therefore, it is reasonable
to expect that mtDNA depletion may result in the reduction of mitochondrial membrane
potential. Nevertheless, the relationship between mitochondrial membrane potential and
mtDNA-encoded subunits of the respiratory chain is not straightforward, as it has been
reported that cells devoid of mtDNA (p° cells) may still maintain either residual [51] or full
[52] membrane potential. In our experimental paradigm, induction of mtDNA — damaging
enzymes did not affect membrane potential for at least 24h after induction (Figure 7 A),
which is consistent with only a slight drop in mtDNA-encoded COX2 protein at 24h after
induction (Figure 3 A and D). However, mitochondrial membrane potential was
significantly reduced in cells expressing exolll and mUNG1, but not in cells expressing
wtUNG1, at 72h and 144h after induction (Figure 7 A), which is consistent with Western
blotting, which shows a reduction of COX2 expression at these time points (Figure 3 and
results not shown). Also, mitochondrial expression of both mtDNA-damaging enzymes, but
not wtUNGL led to a reduction in both baseline and CCCP-induced maximal respiration at
72h and 120h after induction (Figure 7 B-E).

3.7. Effect of mtDNA depletion on mitochondrial morphology and ROS production

In some instances, complete loss of mtDNA may lead to alterations in mitochondrial
morphology [53, 54]. To determine whether mtDNA damage and associated depletion may
lead to similar consequences, we employed a combination of phase contrast microscopy to
evaluate changes in overall cell health, and laser scanning confocal microscopy to evaluate
corresponding alterations in mitochondrial morphology over the time course of induction of
exolll and mMUNGL1. Even though induction led to a rapid loss of mtDNA, no substantial
changes in either cellular or mitochondrial morphology were observed for the first 4 days of
induction. By 120h after induction, cells expressing both constructs remained viable,
although the proportion of elongated cells with smaller, retracted lamellipodia increased
(Figure 8A, black arrows). Correspondingly, an accumulation of cells with fragmented
(shorter) mitochondria was observed. At 240h after induction, cultures of cells expressing
either mtDNA damaging protein displayed substantial number of floating dead cells and
cells displaying membrane blebbing, while elongated cells with retracted lamellipodia
persisted (Figure 8B, black arrows and black arrowheads, respectively). While cells
displaying normal or nearly normal mitochondrial morphology were present in substantial
numbers (Figure 8B, panels a and a’, white arrows), often neighbouring cells with
completely fragmented and rounded mitochondria were observed (Figure 8B, panels a and
a’, white arrowheads). Overall, the proportion of cells with fragmented mitochondria, as
well as cells in which mitochondria failed to take up the dye and, instead, the cytosol was
stained uniformly, was substantially increased at this time point. Finally, the 240h time point
was characterized by the presence of cells with “foamy” mitochondria (Figure 8B, panels b
and b’, magnified in ¢ and ¢’). While the exact mechanism leading to the change in
mitochondrial morphology, which accompanies mtDNA loss remains to be identified,
shortening and rounding up of mitochondria appears to be a general phenomenon associated
with mtDNA loss [55-58].

Recently, it was reported that SSB in mtDNA may lead to increased ROS production [59].

In our experimental system, mUNGL1 is expected to generate mtDNA damage in the form of
abasic sites followed by SSBs, while exolll may generate both SSBs and single-strand gaps.
Therefore, we evaluated ROS production in induced and uninduced cells. Unexpectedly,
mtDNA damage and depletion up to 24h after induction did not result in alterations in ROS
production (Figure 8C and results not shown). However, at 24h after induction, cells
expressing mMUNGL1 and at 72h after induction, cells expressing either exolll or mUNG1, but
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not cells expressing wtUNG1, showed a decrease in ROS production (Figure 8 C).
Temporarily, changes in ROS production by induced and uninduced cells better correlated
with changes in membrane potential (Figure 7A), than with mtDNA loss. As expected, the
cells responded to treatment with 100 .M menadione or with 5 LM rotenone by increasing
ROS production (results not shown). However, this increased ROS production also was
attenuated in cells transduced with exolll or mMUNGL1 and induced for 120h or longer (not
shown).

3.8. Persistent mtDNA damage has low mutagenicity

A quick and dramatic reduction in mtDNA copy number indicates a fairly uniform
accessibility of the majority of mtDNA molecules to damaging enzymes. In our previous
study, we proposed that mtDNA degradation is induced when mtDNA repair machinery is
overwhelmed with damage [34]. Many DNA polymerases are able to bypass an abasic site
by inserting predominantly (but not exclusively) an A across from the lesion [60]. However,
yeast DNA polymerase Revl inserts predominantly a C [61, 62], DNA polymerase | (pol |)
prefers a G [63]. Another study reported that pol n preferentially inserts T and A, pol |
inserts T, G, and A, and pol « inserts C and A across from the abasic site [61].
Mitochondrial pol -y, in vitro, conforms to the A-rule (inserts predominantly an A) [64]. So
far, in vivo adherence of pol -y to this rule has not been tested. Therefore, we induced cells
transduced with mUNGL for 48h to inflict damage, and then grew these cells without
induction for 240h to allow for a slow turnover and dilution of the damaging enzyme by cell
proliferation followed by restoration of mtDNA levels. After that, the mtDNA mutation
loads were determined in induced and uninduced cells by PCR-cloning-sequencing using
high-fidelity Phusion DNA polymerase. The baseline mtDNA mutation load in uninduced
cells was found to be 0.37 mutations/mtDNA molecule, similar to that reported earlier [34].
In cells, which underwent induction and recovery, this load increased 2.5 fold, to 0.94
mutations/mtDNA molecule. However, this increase was not statistically significant
(P=0.4444, two-tailed paired t-test assuming unequal variance, n=3), a finding consistent
with previous observations in vivo [65]. Mutation load in uninduced cells transduced with
the exolll construct was 0.56 mutations/mtDNA molecule. Surprisingly, no mutations were
detected among 94,810 bp sequenced from these cells after inducion-recovery (mutation
load below 0.17 mutations/mtDNA molecule). However, in this case, too, the increase was
not statistically significant (P=0.1861), two-tailed paired t-test assuming unequal variance,
n=3).

4. Discussion

While the effects of total loss of mtDNA (p° phenotype) on cellular physiology are
relatively well described, the effects and consequences of persistent mtDNA damage remain
poorly understood. This is due, in part, to difficulties associated with targeting damage to
mtDNA, while sparing nuclear DNA. In previous studies, this specificity has been achieved
with the expression of mitochondrially targeted restriction endonucleases. The reported
effect was, invariably, either a shift from heteroplasmy to a mtDNA species, which is not
recognized by the restriction endonuclease [66, 67], or a total loss of mtDNA if such species
do not exist [58]. However, double-strand breaks are rarely induced in mtDNA under
physiological conditions. The predominant types of physiological mtDNA damage are to
bases, the sugar phosphate backbone, and single-strand breaks, which can be either directly
induced in mtDNA, or can arise in the course of cellular processing of base or sugar
phosphate backbone damage.

Recently, Lauritzen et al. used regulated expression of the mitochondrially targeted mMUNG1
to induce abasic sites in the mitochondrial genome in mouse brain neurons in vivo [65].
However, the kinetics and extent of mtDNA loss in those studies could not be fully

DNA Repair (Amst). Author manuscript; available in PMC 2014 July 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Shokolenko et al.

Page 10

characterized [68], due in part to the intrinsically low temporal resolution of the in vivo
systems and in part to the fact that the brain represents a complex mixture of neuronal
(expressing mUNG1) and glial (not expressing mUNG1) cells [69], whose separation was
not achieved in that study.

In the present study, we employed regulated mitochondrial targeting of two unrelated
enzymes, bacterial exolll and the Y147A mutant of the UNG1, to study the effects of
persistent mtDNA damage on cellular physiology. mtDNA damage induced a rapid loss of
mtDNA with 43% of the mtDNA lost by 6h after induction of mMUNGL1. In contrast, mtDNA
levels were reduced by only 31% after 12h of induction in cells expressing exolll. This
slower kinetics for mtDNA loss in cells expressing exolll may reflect differences in the
mechanism of induction of mtDNA damage. While mUNG1 can attack virtually any
accessible region of mtDNA and induce damage by cleaving off thymines thus creating
abasic sites, exolll can only act at the sites of existing damage (SSB or abasic sites), or by
antagonizing mitochondrial pol -y at SSBs thus creating single-strand gaps. Therefore,
mUNG1 may be more efficient at depleting mtDNA, due to the higher availability and
number of targets. In both cases, initiation of mtDNA double-strand breaks (and, therefore,
degradation [34]) can be mediated either by closely apposed single-strand lesions on
complementary DNA strands, or by stalled DNA or RNA polymerase.

With both exolll and mMUNGL1 the rate of mtDNA loss was faster than what would be
expected to occur through a damage-induced mtDNA replication block followed by a
dilution of the remaining mtDNA molecules in the process of cell proliferation. Indeed, the
doubling time in cells expressing exolll and mMUNGL is at least 24h (Figure 6B). However,
less than 25% and 5% of mtDNA remained in cells after 24h induction of exolll and
mUNGL, respectively (Figure 3). Therefore, mtDNA degradation is responsible, at least in
part, for the reduction in cellular mtDNA copy number following induction of exolll and
mUNGL.

At 6h after induction, mtDNA degradation was under way in cells expressing exolll or
mUNGL1. This indicates that steady-state levels of mtDNA lesions were higher than those,
which can be tolerated without degradation. Indeed, single-strand lesion frequency was
increased in both types of cells. However, the low magnitude of this increase (0.07 and 0.19
lesions per mtDNA molecule for exolll and mUNGL, respectively) indicates that the lesions
induced in our experimental system are poorly tolerated if not rapidly repaired, and
efficiently channel mtDNA for degradation.

After the removal of the inducer, exolll and mUNG1 persisted in cells for extended periods
of time delaying the restoration of mtDNA levels. In the first five days, the damage and loss
of mtDNA had a small, but statistically significant effect on cell proliferation. However,
when cells were allowed to recover 120h without doxycycline, the doubling time increased
twofold. This can be explained by both depletion of the mtDNA - encoded polypeptides and
by increased cell death during this period.

A recent report employed downregulation of EXOG to induce persistent SSB in mtDNA.
That study suggested that a fairly modest persistent mtDNA damage may lead to a
substantial increase in the production of ROS and apoptosis in HeLa cells [59]. In the
present report, mtDNA damage and degradation had no effect on ROS production for up to
72h, after which ROS production, mitochondrial membrane potential, and cellular
respiration were all significantly decreased. Increased cell death was observed in both
studies. However, in our experimental system, it became substantial much later than the
latest time point examined in the previous report. Further studies are needed to establish the
reason for this discrepancy. Nevertheless, several differences stand out. First, in our system
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damage occurred earlier during treatment. Moreover, the chemical nature of the lesions is
different in these two systems. Finally, EXOG, like other components of the mtDNA repair
machinery [70], may play a role in more than one cellular process. Reported examples of
“eclipsed” subcellular distribution of proteins [71] leave open the possibility that a fraction
of the EXOG may still be localized to another cellular compartment, e.g. the nucleus.
Finally, the eventual reduction in ROS production in our experimental system was likely
caused by reduced expression of mtDNA-encoded subunits of the respiratory chain, which
led to an overall reduction in the cellular abundance of respiratory complexes.

While mtDNA damage and degradation in this study were associated with both reduced
viability and alterations in mitochondrial morphology, the substantial delay between the loss
of the bulk of mtDNA and the onset of these events suggests that they are not an immediate
consequence of mtDNA damage, but rather are secondary to the loss of expression of
mtDNA encoded genes.

DNA repair is an error-prone process. We have reported previously that acute oxidative
damage to mtDNA is associated with both repair and degradation of damaged mtDNA
molecules, while mutagenic consequences appear to be minimal [34]. Here, we report that in
a very different experimental paradigm of mtDNA damage and repair using mUNGL1 the
mutagenic outcome is still modest (2.5-fold increase over the baseline), considering that
mtDNA was subjected to persistent damage over at least 9 days. The magnitude of damage
varied over this period in parallel with the changing cellular content of mutagenic enzymes
thus providing “optimization” of the damage. This low mutagenicity has at least three
possible explanations. First, pol -y in vivo may strictly adhere to the A-rule. Therefore,
abasic site bypass may not lead to a mutation because a correct residue (A) is inserted
opposite an abasic site generated by the cleavage of a T. This notion is consistent with
observations in vitro [64]. The second explanation is that regardless of how strictly the A-
rule is observed in mitochondria, pol -y fails to efficiently extend the nascent DNA strand
beyond the lesion, and terminates either before the abasic site, or at it. The inability of the
pol -y to synthesize DNA beyond the lesion may result in the degradation of the damaged
mtDNA molecule. This explanation is also supported by observations in vitro [64]. The third
possibility is that once mUNG1 gains access to the mtDNA molecule, it inflicts so much
damage (because of the abundance of the substrate), that the affected mtDNA molecule
degrades. These three mechanisms are not mutually exclusive, and may operate
concomitantly.

In contrast to MUNG1, lesions induced in mtDNA by exolll (single-strand gaps) are not
promutagenic. This may explain our observation that mtDNA mutagenesis is not increased
upon induction-recovery of cells transduced with exolll construct.

In general, despite substantial differences in the experimental systems, our findings with
mUNGL are in a very good agreement with those of Lauritzen et al. [65, 68]. Differences in
the kinetics and amplitude of changes notwithstanding, the loss of mtDNA, cell death, the
lack of mtDNA mutagenesis, reduced respiration, and the reduction in expression of
mtDNA-encoded subunits were observed in both studies.

Conclusions

Our data from two different enzymatic systems indicate that persistent damage can lead to
mtDNA degradation in the absence of increased ROS production. Persistence of both abasic
sites and single-strand gaps in mtDNA is poorly tolerated, and a small increase in the
steady-state levels of these lesions channels mtDNA to degradation. In spite of persistent
and, as judged by degradation, substantial mtDNA damage, mutagenicity of abasic sites in
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mtDNA vivo appears to be low. The changes in the membrane potential, mitochondrial
morphology, doubling time and cell viability are secondary to the reduced expression of the
mtDNA-encoded polypeptides as a result of mtDNA damage and degradation. Overall,
regulated mitochondrial expression of mMUNG1 and exolll provides a unique system for
targeted mtDNA damage, while sparing nDNA, and enables precise elucidation of the
physiological effects of persistent mtDNA damage and of mtDNA depletion. Although not
shown here explicitly, persistent mtDNA damage may provide a novel approach to
generating mtDNA-less (p°) cells.
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CCCP carbonyl cyanide m-chlorophenyl hydrazine
COX2 cytochrome oxidase subunit 2
exol | Escherichia coli exonuclease 11
HSP60 mitochondrial heat shock protein, 60 kDa
MtDNA mitochondrial DNA
MTS matrix targeting sequence
MUNG1 mutant Y147A human uracil DNA glycosylase 1
nDNA nuclear DNA
OLIGO oligomycin
pol DNA polymerase
QSBN Quantitative Southern Blotting under the non-denaturing conditions
R+A rotenone and antimycin A
ROS reactive oxygen species
SSB single strand breaks
wtUNG1 wild type human uracil DNA glycosylase 1
WT wild type
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Figurel. Vector maps

Abbreviations: exolll, Escherichia coliexonuclease 111 gene; HIV RRE, human
immunodeficiency virus rev response element; LTR, lentiviral long terminal repeat; MTS,
mitochondrial matrix targeting sequence of human ornithine transcarbamylase [72];
mUNGL1, mutant human UNG1 Y147A gene; myc, myc tag epitope; PAC, puromycin
resistance gene; Pgy49, SV40 promoter; P, doxycycline-regulated promoter; wtUNG1,
wild type human UNG1 gene; wPRE, woodchuck hepatitis virus posttranscriptional
regulatory element.
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Figure 2. Overexpression of thewtUNG1 in mitochondria has no effect on mtDNA content

The time course (TC) of the wtUNG1 (A) induction visualized by Western blotting for the
myc tag, mtDNA content in induced cells visualized with QSBN (B), and quantitation of
these changes as ratio of intensities of mMtDNA/nDNA bands (C). HSP60, mitochondrial heat
shock protein 60 kDa; myc, myc tag; Mito, mtDNA; 18S, 18S (nuclear) DNA.
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Figure 3. Targeting of both mMUNG1 and exol Il to mitochondriaresultsin therapid loss of

MtDNA
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The time course of MUNG1 (A) and exolll (D) induction, corresponding changes in mtDNA
content in induced cells visualized with QSBN (B and E, respectively), and quantitation of
these changes (C and F, respectively). Quantitative data from separate QSBNs
corresponding to 0-24h and 24-120h time courses were combined in a single graph in C.
HSP60, mitochondrial heat shock protein 60 kDa; myc, myc tag; COX2, mitochondrial
complex IV (cytochrome oxidase) subunit 2 encoded by mtDNA,; Mito, mtDNA,; 18S, 18S
(nuclear) DNA.
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Figure 4. mtDNA degradation is associated with increased frequency of single-strand lesions
Cells transduced with exolll or mUNGL1 constructs were either induced or not for 6h, total
DNA was extracted, and subjected to QSBN (A) and QSBA (B). Unind, uninduced; 6h, cells
induced for 6h; Mito, mtDNA band; 18S, 18S rDNA (nuclear) band. C, mtDNA degradation
in cells expressing either exolll or mUNG1 constructs with and without induction for 6h. D,
Frequency of mitochondrial single-strand lesions in induced (6h) or uninduced (Unind) cells
transduced with either exolll or mMUNGL1 constructs. Error bars, SEM. *, P<0.05; **,
P<0.01; ***, P<0.001, unpaired T-rest assuming unequal variance with Holm-Sidak
correction for multiple comparisons.
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Figure 5. Recovery of the mtDNA copy number after removal of theinducer

Cells transduced with either exolll or mMUNG1 constructs were first induced with 4 pg/ml
doxycycline for 48h, and then grown without inducer. A and D, changes in protein levels.
B,C,E and F, changes in mtDNA content. Labels are as in the Figure 3.
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Figure 6. mtDNA depletion reducestherate of cell proliferation

Growth curve during depletion (A) and doubling time during depletion (B) and repletion (C)
in cells transduced with exolll, wtUNG1, or mUNG1 constructs. A, cells were plated at
20,000/well in 6-well plates, and grown with or without 4 pg/ml doxycycline for up to 5
days. Cell counts were determined daily by trypsinization. B, doubling time is average over
96h of depletion; C, doubling time is average over 120h repletion after 120h depletion. Error
bars, SEM. *, P<0.05; **, P<0.01; ***, P<0.001; ns, not significant.
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Figure 7. Effect of mtDNA depletion on mitochondrial membrane potential and respiration

A, mitochondrial membrane potential in cells transduced with three different constructs and
induced or not for indicated periods of time. Error bars, SEM. Significant changes as
compared to uninduced control are designated as follows: *, P<0.05; **, P<0.01; n=3. B-E,
respiratory profiles of the cells transduced with three different constructs and induced or not
for 72h (B and C) or 120h (D and E) as measured by XF-24 analyzer. Oxygen consumption
expressed in pMoles Oy/min/g protein. UN, uninduced; IND, induced; Olig, ATP synthase
(complex V) inhibitor oligomycin, 5 wM; CCCP, uncoupler carbonyl cyanide m-
chlorophenyl hydrazine 1 wM; R+A, rotenone (complex I inhibitor) plus antimycin A
(complex 11 inhibitor), 1 .M each.
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Figure 8. Effect of mtDNA depletion on cellular and mitochondrial morphology, and on the
production of ROS
A and B, cellular and mitochondrial morphology in uninduced cells and in cells induced for

various periods of time. Black arrows at 120h, elongated cells with retracted lamellipodia.
Black arrowheads, floating cells and cells undergoing membrane blebbing. White arrows,
normal elongated mitochondria. White arrowheads, fragmented and rounded mitochondria.
White boxes in b and b’ are areas with “foamy” mitochondria magnified in c and c’. C,
effect of mtDNA damage and depletion on ROS production. MitoSOX fluorescence
intensities of induced cells expressed as percent of the corresponding uninduced controls.
Error bars, SEM. Significant changes as compared to uninduced control are designated as
follows: *, P<0.05; **, P<0.01; n=3.
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