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Mitochondrial DNA (mtDNA) in adult human heart is characterized
by complex molecular forms held together by junctional mole-
cules of unknown biological significance. These junctions are not
present in mouse hearts and emerge in humans during postnatal
development, concomitant with increased demand for oxidative
metabolism. To analyze the role of mtDNA organization during
oxidative stress in cardiomyocytes, we used a mouse model, which
recapitulates the complex mtDNA organization of human hearts
by overexpression of the mitochondrial helicase, TWINKLE. Over-
expression of TWINKLE rescued the oxidative damage induced
replication stalling of mtDNA, reduced mtDNA point mutation load,
and modified mtDNA rearrangements in heterozygous mitochon-
drial superoxide dismutase knockout hearts, as well as ameliorated
cardiomyopathy in mice superoxide dismutase knockout in a
p21-dependent manner. We conclude that mtDNA integrity influ-
ences cell survival and reason that tissue specific modes of mtDNA
maintenance represent an adaptation to oxidative stress.
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M ammalian mitochondrial DNA (mtDNA) is a 16.5-kb cir-
cular double-stranded molecule that exists in thousands of
copies per cell. It is essential for ATP production in mitochon-
dria because it encodes 13 subunits of the protein complexes
required for oxidative phosphorylation, as well as tRNAs and
rRNAs necessary for mitochondrial protein biosynthesis. Mito-
chondria are especially abundant in the heart, the most energy
demanding tissue in the mammalian body. Efficient mitochon-
drial activity is essential for normal heart function and embryonic
development (1).

The majority of O, in mitochondria is consumed by complex
IV of the electron transport chain (ETC) during controlled re-
duction of O, to water. However, because of electron leaks at
complexes I and III, some oxygen molecules are reduced to su-
peroxide anions (O,"), which, in turn, are converted to H,O, by
mitochondrial superoxide dismutase (SOD2) and further into
water in a reaction facilitated by catalase (2, 3). Both O,™ and
H,O, can react to form highly destructive OH- radicals, and all
three are therefore commonly referred to as reactive oxygen
species (ROS). Mitochondrial ROS directly damage mtDNA,
oxidize disulfides in proteins, and cause peroxidation of mem-
brane fatty acids (4, 5). Oxidative damage has been suggested to
be a major source of somatic mtDNA mutations because it cross-
links DNA and causes nucleotide modifications as well as single-
and double-strand DNA breaks (6). The importance of ROS
damage specifically to the heart is particularly evident in Sod2
knockout mice. Complete lack of SOD2 in homozygous knock-
out mice results in early postnatal lethality, whereas reduction of
SOD?2 activity in heterozygous (Sod2*~) mice causes dilated
cardiomyopathy during aging (7, 8). Other tissues in Sod2™'~
mice are not markedly affected under physiological conditions
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with the exception of an increased rate of tumor formation in
aged mice (9).

Oxidative mtDNA damage increases during postnatal heart de-
velopment in rats when mitochondrial biogenesis is up-regulated
and a metabolic switch from carbohydrate metabolism to p-oxidation
of fatty acids occurs (10). In rodents, the developmental increase
in ROS exposure temporarily elicits mtDNA repair responses but
does not lead to major changes in mtDNA topology or replication
during aging (10). In contrast, human heart mtDNA topology
changes considerably during postnatal development (10). Al-
though adult human heart mtDNA is organized in complex net-
works and shows high levels of junctional molecules, the mtDNA
organization in the hearts of newborn babies is simple, resembling
the situation in rodents (11-13).

Although four-way junctions and complex mtDNA molecules
are not present at detectable levels in normal mouse heart, they
can be induced by transgenic overexpression of the TWINKLE
helicase (12). Besides being necessary for the maintenance of
four-way junctions in human heart (10), TWINKLE also pos-
sesses strand-annealing activity in vitro, making it an attractive
candidate conferring mitochondrial recombination activity (14).

We have hypothesized previously that enhanced recombi-
nation protects human heart mtDNA from chronic ROS ex-
posure during long lifetime (11, 15). This view is also supported
by the acquisition of complex mtDNA organization in postnatal
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human hearts concomitant with the increase in oxidative metab-
olism (12, 13) and ROS-dependent activation of recombination-
dependent replication (RDR) in yeast (16). To test whether the
mtDNA organization seen in human hearts protects against
ROS, we took advantage of TWINKLE overexpressing (Tw™)
mice, which recapitulate the structural phenotype of human
heart mtDNA and crossed them with heterozygous Sod2*/~
mice. We found that TWINKLE overexpression essentially elim-
inated the elevated mtDNA mutation load in Sod2"'~ mouse
hearts, changed the type of mtDNA rearrangements, and rescued
cardiomyopathy in Sod2*'~ mice, most likely by preventing apo-
ptosis of cardiomyocytes via p21-dependent signaling. Our results
indicate that TWINKLE maintains mtDNA integrity, hence pro-
moting cardiomyocyte survival.

Results

Sod2*'~ Heart mtDNA Shows Oxidative Damage, Replication Stalling,
and Topological Changes. First, we studied whether increased ox-
idative stress alters mtDNA maintenance by analyzing mtDNA
from Sod2*~ hearts. We detected high levels of mitochondrial
8-oxoguanine (8-0x0G), a hallmark of oxidative DNA damage
(9), in mtDNA of Sod2*'~ hearts but not in wild-type (W¢) or Tw*
littermates. Overexpression of TWINKLE did not influence the
8-0x0G levels in compound Sod2*~;Tw™ mice (Fig. 14). Sod2*'~
mice also showed evidence of replication stalling (increased
levels of y forms; see ref. 17) in the noncoding region (NCR). X
forms, suggestive for recombination junctions, were readily de-
tectable in Tw* and Sod2*~;Tw* mice, but absent in Sod2*/~
mice (Fig. 1 B and C). Sod2*~ mice also exhibited altered heart
mtDNA topology. Instead of single, monomeric circles, Sod2"/~
mice carried a distinct high-molecular weight mtDNA structure,
which differed from the more diffuse forms seen in Tw* and
Sod2*~;Tw* mice (Fig. 1 C and D). The high-molecular weight
mtDNA structure found in Sod2"/~ hearts resembled unicircular
mtDNA dimers characteristic for the human heart (11, 18), be-
cause it formed a well-defined band resistant to the decatenating
enzyme Escherichia coli Topoisomerase IV (Topo IV) (Fig. 1D).
The relative mtDNA content in Sod2*/~ hearts was similar to Wz,
whereas the mtDNA content in Sod2*'~;Tw* mice was compa-
rable to the content in Tw* mice (Fig. 1D).

TWINKLE Reverses the Increase in mtDNA Mutations in Sod2*'~ Heart.
ROS has been suggested to be a major source of mtDNA
mutations driving somatic aging (6), although this hypothesis has
not been proven experimentally (19). Therefore, we analyzed
whether the elevated ROS in Sod2™~ mice increases the mutation
load of mtDNA. Single-nucleotide variants (SNVs) from mouse
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heart mtDNA were identified by using MitoSeq, a deep se-
quencing approach developed for enriched mtDNA (20). Al-
though in next generation sequencing (NGS) the true mutation
load might be partially masked by the relatively high false call
rate for transversions compared with transitions (21), we can
assume a consistent error rate in all samples, because they were
sequenced together and the high sequence coverage allowed
reliable determination of differences in SNV loads between
samples. Our data revealed that overexpression of TWINKLE
did not lead to significantly increased SNV loads compared with
Wt mice (Fig. 2 and Fig. S1). In contrast, we observed signifi-
cantly higher levels of SN'Vs in Sod2*'~ mice, including G > C or
C > A transversions, potentially caused by polymerase errors at
8-0x0G. We also noticed a nonsignificant increase in the fre-
quency of base-pair transitions, the predominant type of mtDNA
mutations. Surprisingly, overexpression of TWINKLE rescued the
elevated SNV load in Sod2*~ mtDNA, and levels of transitions
and G > C or C > A transversions returned to normal (Fig. 2).
Baseline levels for error-corrected mtDNA mutation loads in
the human brain are approximately 3.5 x 10> (/21), indicating
a 2- to 3-fold increase in total SNV load in Sod2*'~ mice relative
to Wt. Taken together, the relative increase of 1.6 SNVs per
mtDNA in Sod2*~ mouse hearts was efficiently rescued by
overexpression of TWINKLE.

Analysis of deletion breakpoints by mapping the 3’ and 5’
positions of aligned segments of chimeric reads revealed in-
creased levels of recombined molecules in Tw* and Sod2*'~
mouse hearts (Fig. 3 and Figs. S2 and S3). We found comparable
numbers of rearrangements irrespective of inclusion or exclusion
of replication origins in the NCR. The most striking difference
between Sod2"~and Tw" mice was the overrepresentation
(coverage) of certain sequences adjacent to common breakpoint
regions (Fig. S2). The results from Sod2*~ mice resembled to
some extent the increase in control region coverage generated
by control region multimers (CRMs) occurring in polymerase
y 3’-5" exonuclease-deficient mtDNA mutator mice (20). How-
ever, overrepresented sequences in Sod2™~ mice were spread
around 6-7 hotspots throughout the mitochondrial genome and
not restricted to the control region. Interestingly, these same
regions have a higher H-strand G-content relative to other re-
gions (Fig. S2D). The strand bias indicates that the generation of
these rearrangements was not due to difficulty of DNA polymerases
to replicate GC-rich regions, either in vivo or in vitro, but rather
caused by 8-0xoG lesions during lagging strand synthesis. Over-
expression of TWINKLE reduced the overrepresentation of
specific short sequence stretches adjacent to abundant break-
point regions in Sod2"'~ mice, but had little effect on break-
point frequency.
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Fig. 1. Oxidative damage causes changes in mouse heart
mtDNA replication and topological organization. (A) Mouse
heart mtDNA was cut with Mlul and separated over a 0.4%
agarose gel, stained with EtBr, and subsequently blotted for
detection of 8-oxoG modifications. (B) Two-dimensional AGE
of Clal-digested mouse heart mtDNA. Mouse hearts have few

replication intermediates compared with liver or kidney (11).
Sod2*'~ mouse MtDNA shows distinct accumulation of y
forms (Y), indicative of stalled replication. Molecules with
recombination junctions (X) were detected only in Twinkle
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overexpressing mice (Tw* and Sod2*~;Tw"). (C) Undigested
heart mtDNA with (+) or without (-) decatenating Top-
oisomerase IV treatment. Catenated dimers (open arrow-
head) are sensitive to the enzyme, whereas unicircular dimers
(filled arrowhead) are not. Topo IV relaxes supercoils (fastest
moving band and asterisk). (D) Relative mtDNA content in
the mouse hearts. a and b denote statistically significant
differences between groups (P < 0.05, one-way ANOVA). Two
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to three males and 2-4 females were used per group.
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Fig. 2. ROS increases the incidence of mtDNA point mutations. Frequencies
of single-nucleotide variants (SNVs) per base for Wt, Tw*, Sod2*/~, and
Sod2*'~;Tw* mice. Shown are All SNVs (Left), G > T or C > A transversions
at G or C bases (Center), and all transitions (G > A, A>G,C>T,orT>C
Right). Error bars indicate range by rank of frequency in littermates with
different genotypes. ***P < 0.01, one-way ANOVA.

mtDNA Rearrangement Break Points in Sod2*'~ Mice Correspond to
Regions of Homology. Further analysis of the rearranged mtDNA
molecules revealed that 85% of sequence breakpoints occurred
at regions sharing homology of at least three nucleotides with a
median sequence homology of five nucleotides (Fig. 3 and Fig. S3).
The most common class (14%) were rearrangements containing
a section that had lost more than 16 kb of the genome, where the
rearranged molecules retained only a <300-bp fragment of one
parental molecule (Fig. S3C). It should be noted that determining
whether a rearrangement is a deletion or duplication on a circular
genome is not possible with the used deep sequencing platform.

TWINKLE Overexpression Ameliorates the Hypertrophic Cardiomyopathy
in Sod2*'~ Mice. Next, we investigated whether the reduced rate of
mtDNA mutations in Sod2*~;Tw* compound mice was function-
ally relevant and improved the cardiac phenotype of Sod2™~ mice.
MRI and morphological analysis was performed with 8-mo-old
Sod2*'~ mice, in which cardiomyopathy manifests by gradual loss
of cardiomyocytes and subsequent replacement fibrosis (8). One of
the hallmarks of the Sod2*'~ phenotype is the continuous thick-
ening of the left ventricle, leading to increased end diastolic mass
(Fig. 4 A and C and Fig. S4). This pathological phenotype was
absent in aged Sod2*'~;Tw* mice (Fig. 4 A and C and Fig. S4).
Furthermore, morphological analysis revealed a significantly re-
duced amount of fibrosis in Sod2*'~;Tw™ compared with Sod2*'~
hearts, although collagen III deposition remained increased com-
pared with Wt mice (Fig. 4 B and D). These results indicate that
TWINKLE overexpression significantly improves the cardiomyo-
pathy in Sod2*'~ mice.

Up-Regulation of the DNA Damage Response Gene p21 Corresponds
to Improvement of Cardiomyopathy in Sod2*'~;Tw™ Mice. It seemed
unlikely that normalization of SNV accumulation and a change
in the organization of mtDNA rearrangements directly improve
the cardiomyopathy in Sod2™~;Tw™ mice. Rather, improved
mtDNA integrity might affect retrograde cellular survival path-
ways that prevent the gradual loss of cardiomyocytes. Therefore,
we analyzed transcriptional changes evoked in Tw™ and Sod2*'~;
Tw* compared with W¢ and Sod2*/~ mice. For these experi-
ments, we used 14-wk-old mice to avoid indirect effects caused
by the emerging cardiomyopathy.

We observed no significant transcriptional changes by DNA
microarray analysis in the 7w* mouse hearts compared with con-
trols, with the exception of an eightfold increase in TWINKLE
(Peol), confirming overexpression of the transgene (Fig. S5).
In contrast, we detected significant changes in the expression
of nearly 5,000 genes (>1.5-fold change) in Sod2*'~ compared
with Wt hearts (Fig. S54). Importantly, 60 genes were differen-
tially regulated between Sod2™'~ and Sod2*~;Tw™ mouse hearts,
with fold change of >1.5 (P < 0.05), including an eightfold
increase of TWINKLE expression. In addition, we detected
a significant up-regulation of Cdknla (p21) (Fig. 5 A4 and B). p21
is a key regulator of cellular responses under stress conditions,
controlling cell cycle and inhibiting apoptosis to facilitate re-
pair of DNA damage or to promote cellular senescence (22).
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Moreover, we observed an up-regulation of p53 (7rp53), one of
the main regulators of p21, in Sod2™~;Tw™ and, to a lesser de-
gree, in Sod2*'~ mouse hearts. In contrast, other genes, which
mediated p53-dependent apoptosis such as Trp63, Trp73, Bax,
and Bad, were either down-regulated or not altered in Sod2*'~;
Tw" compared with Sod2*'~ mice (Fig. 5 4 and B) (23). Similar
results were obtained for other apoptosis-inducing factors such
as E2f1, which is activated by mitochondrial ROS stress in cul-
tured cells (24) and extrinsic apoptosis factors like Fas and Tnfrsf10b
(or DRS5/KILLER). To test whether TWINKLE overexpressing
cells are more resistant to ROS-induced apoptosis, we exposed
isolated cardiomyocytes to 100 nM H,0, for 6 h. TWINKLE
overexpressing cardiomyocytes showed increased p21 and Bcl-2
expression, but diminished PARP and Caspase 3 activation in
contrast to control cells (Fig. 5C).

To gain further insight into the role of TWINKLE in the
prevention of cardiomyopathy, we studied the p21-related cellular
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Fig. 3. Rearrangement hotspots in mouse heart mtDNA correspond to regions
of homology. (A) Scatter plots showing nucleotide coordinates of 3'- (y axis) and
5’-ends (x axis) of recombined molecules sequenced from the different mice.
Gene loci are shown next to each axis. Black squares indicate tRNAs, red bars
rRNA, and blue bars polypeptide encoding loci. Canonical deletions or mol-
ecules still retaining the 16299/1 numbering origin and, hence, the NCR are
marked with red dots; noncanonical deletions, which lack 16299/1 are marked
in black. Color intensity indicates rearrangement frequency. The similarity in
the distribution of breakpoints arises from the regions of homology on mouse
mtDNA (Fig. S3). rRNA and tRNA loci show lower levels of recombination. (B) An
example of a rearrangement hotspot at the ND2 gene. The end of the ND2
sequence shows high levels of recombination with the ND6 gene locus but also
with ND4, NDA4L, and ND5. The few breakpoints at the NCR region are close
to the replication origin (15). Sequence comparisons of homologies at the
common breakpoints 4,521:13,695 and 4,821:13,948 are shown.
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pathways controlling stress responses and looked for signs of
cellular senescence. We observed a significant increase in the
expression of Tgfb2 and Akt3 and of the cellular senescence
marker B-galactosidase 1 (GIbI), in both Sod2™"~ and Sod2"~;Tw™*
mouse hearts, although the response was augmented in the latter
(Fig. 54, Fig. S5B, and SI Results and Discussion).

Taken together, our results indicate that overexpression of
TWINKLE adds very little on the cellular stress responses ac-
tivated in the Sod2*'~ mouse heart. More likely, TWINKLE-
dependent changes in mtDNA seem to restrict via p21 some p53-
dependent responses and activate cell survival factors, such as
Bcl-2, improving the capability of Sod2*~ ;Tw™ hearts to deal
with increased oxidative stress.

Discussion

In the present study, we mimicked the organization of mtDNA in
human heart in mice by transgenic overexpression of the helicase
TWINKLE and found that the altered mtDNA maintenance mode
protected the heart from increased oxidative stress. Compound
Sod2"'~;Tw* hearts showed improvement of cardiomyopathy,
associated with decreased mtDNA point mutation load, alter-
ations in the type of mtDNA rearrangements, and activation of
a cell survival involving p21.

Maintenance of mtDNA Under Enhanced Oxidative Stress Is Improved
by Increased Levels of TWINKLE. Our results demonstrate that the
reduced expression of Sod2 expression causes increased oxida-
tive damage, resulting in a striking mtDNA phenotype charac-
terized by replication stalling and formation of unicircular
dimers (Fig. 1). We thereby confirm that mtDNA is an impor-
tant target for ROS, underscoring the importance of SOD2 in
mtDNA maintenance and supporting its role in the mitochon-
drial nucleoid (25). Sod2*~ mice showed increased levels of
overall SNVs, G > A and C > T transversions, and transitions in
heart mtDNA, which confirms that ROS generated in mito-
chondria are a major source of mtDNA mutations. The SNV
mutation loads in Sod2*'~ mice are approximately 10-fold lower
than in the PolG mtDNA mutator mouse expressing an error-
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Fig. 4. Twinkle overexpression ameliorates the
heart phenotype in the aged Sod2*~ mice. (A) End
systole MRI of Wt, Tw", Sod2*'~, and Sod2*/;,Tw*
hearts. The cardiomyopathy in Sod2*~ mice is in-
dicated by the thickened left ventricle and reduced
lumen size. TWINKLE overexpression attenuated the
phenotype. (B) Immunofluorescence staining for
collagen type Il reveals high level of replacement
fibrosis in Sod2*'~ mouse hearts, which is partially
rescued by TWINKLE overexpression. (Scale bar:
50 pm.) (C) Quantitative assessment of cardiac func-
tion. (D) Quantification of collagen Ill levels. ED, end
Wt diastolic; EDV, end diastolic volume; EF, ejection frac-
tion; ES, end systolic; ESV, end systolic volume; SV,
systolic volume. Results are presented as mean =+ SD.
P values were calculated by using one-way ANOVA
with Tukey’s multiple comparison test.

prone mtDNA polymerase (20). Surprisingly, TWINKLE over-
expression abolished the increase in mutation load caused by
reduced SOD2 levels, indicating improved mtDNA repair. A
possible mechanism is recombination-mediated repair, based on
the assumption that the abundant mtDNA X forms in the
TWINKLE mice reflect recombination, as they do in many other
systems (26-28). In the nucleus, such forms strictly depend on
recombinase activity (29), although further mechanistic studies
are clearly necessary to unveil the exact function of TWINKLE
for mtDNA reorganization. To further demonstrate this point,
we also provide evidence of human heart mtDNA recombi-
nation, detectable by using rare molecular markers (Fig. S6).
Previous evolutionary studies have also suggested that recombi-
nation is required for purging de novo mtDNA mutations in
different species (30). Alternatively, increased dNTP incorpo-
ration into mtDNA, which has been seen in the skeletal muscles of
Tw* mice (31), might indicate that increased mtDNA replication
and turnover overcomes the ROS-induced mutations. However,
because mtDNA in Sod2*'~;Tw* mice is equally exposed to ROS
at all times, turnover alone seems insufficient (Fig. 14). Increased
replication, without enhanced replication fidelity, should result in
a higher chance of introducing mutations due to replication errors,
especially when maintaining a constant mtDNA copy number.
This effect has been observed to a limited extent in mtDNA mutator
mice overexpressing PGCla, which have an increased mtDNA
mutation load despite enhanced mitochondrial biogenesis (32).

Sod2*"~ mice also exhibited an impressive amount of rearranged
molecules (Fig. 3 and Figs. S2 and S3). More than 85% of all rear-
rangements occurred between homologous sequences, suggesting
that illicit intramolecular or intermolecular recombination events
were involved in the generation of rearranged mtDNA molecules.
As a result, the breakpoints in rearranged mtDNA correlated with
the overall sequence identity of mouse mtDNA (Fig. S3).

A major difference between mtDNA rearrangements in Tw*
mice and Sod2*'~ mice was indicated by the differential sequence
coverage coinciding with rearrangement breakpoints (Fig. S24).
In comparison with Tw*, Sod2*~ mice showed higher sequence
coverage adjacent to the breakpoints. Peaks and breakpoint
hotspots correlated with the H-strand G content (Fig. S2D),
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Fig. 5. Overexpression of Twinkle in Sod2*~ mice increases p21 and elicits
antiapoptotic signaling. (A) Expression levels of selected transcripts involved in
protective responses or apoptosis in Sod2*~ and Tw* mice. p21 (Cdkn1a) ex-
pression was significantly higher in Sod2™~;Tw" mice compared with other
groups, whereas expression of p53 (Trp53), Akt (Akt3), TGFB (Tgfb2), and Bcl2
did not differ statistically between Sod2*~ and Sod2"~Tw*. Expression of the
proapoptotic factors Bax and Bad were lower in Sod2*~ and Sod2*~;Tw* hearts
compared with controls. (B) Western blot analysis to confirm p21 and Bcl-2 up-
regulation in Sod2"~;Tw* hearts as detected by the transcriptome analysis.
Actinin was used as loading control. (C) Isolated adult mouse cardiomyocytes
were exposed to 100 nM H,0, for 6h. Tw* cardiomyocytes showed significant
increase in p21 and antiapoptotic Bcl-2 levels but lack PARP and caspase 3 acti-
vation as seen in the wild-type cells. Values are normalized against untreated
samples of the same genotype, except for the cleaved PARP and caspase, which
are normalized against treated wild-type. The cleaved caspase 3 is marked by an
asterisk. P values were calculated by using one-way ANOVA with Tukey’s multiple
comparison test. Two to three male and 2-4 female mice were used per group.

indicating that 8-oxoG lesions induced replication stalling and
repair at the lagging strand, which requires the nascent H strand
as a template. In contrast, PolG mutator mice display an increase
in the mtDNA sequence coverage between NCR and Oy clusters
(33) caused by linear deletions without recombination break-
points (34). The sharp peaks in sequence coverage of Sod2*'~
mtDNA assemblies might represent a signature of small linear
fragments. Such fragments most likely arise from stalled repli-
cation intermediates or turnover of damaged mtDNA.

Death Before Dishonor: mtDNA Integrity Influences Cell Survival.
TWINKLE overexpression did not only influence the type of
mtDNA rearrangements and reduce the load of point mutations,
but also ameliorated cardiomyopathy in Sod2*'~ mice. However,
the early postnatal lethality of Sod2~~ mice was not rescued (n =
8 litters). Absence of rescue is not surprising because the high
concentrations of ROS in Sod2~~ mice, resulting in multisystemic
pathologies including growth failure, metabolic abnormalities, and
central nervous system damage (7, 35), cannot be influenced by
mtDNA maintenance factors such as TWINKLE.

Our genome-wide transcriptional profiling analysis revealed that
TWINKLE overexpression alone, despite the changes in mtDNA
maintenance (Fig. 1), had little effect on global gene expression and
no effect on gene expression related to the mitochondrial com-
partment (Fig. S5). In contrast, numerous transcriptional changes
were found both in Sod2*'~ and Sod2*'~;Tw* mice, apparently
caused by the increased oxidative stress.
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Interestingly, senescence marker GIb! (22) was more pro-
nounced in TWINKLE overexpressing hearts (Fig. S4B). This
observation can be explained by up-regulation of p21, which can
inhibit apoptosis via factors such as Bcl-2 and induce cellular
senescence by a stress response program (22).

The increase of p21 expression in Sod2*'~;Tw* mice is most
likely a consequence of altered mtDNA maintenance, such as
efficient rescue of stalled replication intermediates, because
TWINKLE itself is unlikely to have independent functions out-
side of mitochondria. The implicated link between mtDNA in-
tegrity and apoptotic signaling might also explain the increased
rate of apoptosis in PolG mutator mice, which show high levels
of linear mtDNA deletions without increased ROS production
(36, 37). Sod2*'~ cardiomyocytes are more sensitive to apoptosis
caused by cellular stress during myocardial infarction (38) or
other adverse conditions (8, 39), although it is difficult to score a
measurable increase of apoptotic cardiomyocytes because of the
gradual development of the age-dependent cardiomyopathy in
Sod2*'~ mice. Furthermore, aged Tw* mouse hearts accumulate
cytochrome oxidase negative cardiomyocytes (Fig. S7), indicating
that cardiomyocytes with impaired mitochondrial function are
maintained in aging mutant mice. Interestingly, a recent study (40)
described that TWINKLE protects against cardiomyopathy caused
by pressure overload, which is well in line with our findings.

Our study provides direct experimental evidence that ROS cause
mtDNA mutations. It also demonstrates that increased helicase
availability improves mtDNA integrity and protects cardiomyocytes
from chronic oxidative stress. Although our model offers an ex-
planation for the physiological relevance of the unusual mechanism
of mtDNA maintenance in adult human hearts, the mechanistic
role of TWINKLE in mtDNA modification and the retrograde
mtDNA damage signaling pathways remain a challenge.

Materials and Methods

Animals. Sod2 knockout (8) and TWINKLE transgenic (41) mice have been
described. All animal experiments were performed in accordance with Max
Planck institutional and German national ethical regulations (permission no.
V54-19¢20/15-B2/250) and with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health. Both male and
female mice were used as indicated in the results.

Cardiomyocyte Isolation, Culture, and Exposure to ROS. Isolation and the
culture of adult mouse cardiomyocytes were performed by using standard
procedures (42). Isolated cardiomyocytes are highly intolerant to H,O,
treatment. We found a concentration of 100 nM (using PBS as vehicle) to be
optimal in our hands, enabling cardiomyocytes survival during a 6-h exper-
iment, which is in line with other published studies (43).

mtDNA Analyses. Fourteen-week-old mice were used for the analyses. Total
heart DNA and enriched mtDNA were isolated as described (11). Relative
mouse heart mtDNA copy number was determined by Southern blot analysis
using Mlul digested total DNA (cleaves mouse mtDNA once at nucleotide
1771) separated on 0.4% 1x Tris-Borate-EDTA agarose gels and quantified
with a probe covering nucleotides 14,783-15,333 while using the nuclear 185
rDNA as an internal loading control (see S/ Materials and Methods for
details). Two-dimensional agarose gel electrophoresis, mtDNA topology
analysis, and Southern blotting were performed by following standard
procedures (44). Oxidative mtDNA damage was estimated by Southwestern
blot analysis by using an antibody against 8-oxoG as described (10).

Deep Sequencing Analysis. Analysis was done by using mtDNA from 14-wk-old
Wt, Tw', Sod2*~, and Sod2*~;Tw" mouse hearts. mtDNA from two mice of
each group was sequenced. Deep sequencing was carried out by using the
MitoSeq workflow (20) and as indicated in S/ Materials and Methods.

Transcriptome Analysis. Three 14-wk-old female mice per each group were
used for transcriptome analyses. Hearts were collected immediately after
killing the animals, and total RNA was isolated from left ventricle sections
with TRIzol (Invitrogen). Analyses were performed by using Affymetrix
GeneChip Mouse Genome 430 2.0 Array following the manufacturer’s pro-
tocol and scanned by using standard procedures (45). The microarray data
have been submitted to ArrayExpress Archive (www.ebi.ac.uk/arrayexpress,
accession no. E-MEXP-3983).
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SDS/PAGE and Western Blotting. SDS/PAGE (Laemmli) gels [7.5 and 12% (wt/
vol)] as well as NUPAGE 3-12% (wt/vol) Bis-Tris and Tris-Acetate gels (Invi-
trogen) were used by using standard conditions. Heart muscle samples were
homogenized in 4% (wt/vol) SDS and 10 mM Tris at pH 7.4 by using an Ultra-
Turrax and sonicated to reduce viscosity. DTT was added to a final sample
concentration of 1 mM, and samples were boiled for 5 min after mea-
surement of protein content. Western blotting and immunodetection
were carried out by using standard procedures and peroxidase-coupled
secondary antibodies.

The primary antibodies used were as follows: Rabbit anti-pan-actin (4968),
rabbit anti-a-actinin (3134), rabbit anti-p53 (9289), mouse anti-p21 (2946),
rabbit anti-caspase 3 (9662), rabbit anti-cleaved caspase 3 (9661), rabbit
anti-cleaved PARP (5625) from Cell Signaling Technology. Mouse anti-Bcl-2
(610538) was purchased from BD Transduction Laboratories.

Mouse Heart Magnetic Resonance Imaging and Immunohistochemistry. MRI
was performed on 32-wk-old male mice essentially as described (46). Six mice
were included in each group (Wt, Tw*, Sod2*~, and Sod2*'~;Tw"). The same
animals were used for immunohistochemical analysis of replacement fibro-
sis. Briefly, the heart was removed immediately after sacrificing and frozen
in Tissue-Tek (Sakura) on dry ice. Hearts were cut into 10-um sections by using
a Leica CM 1950 cryostat and fixed in acetone for 10 min. Sections were washed
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