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Summary

Migration of fragmented mitochondrial DNA (mtDNA) to the nucleus has been shown to occur in
multiple species including yeast, plants, and mammals. Several human diseases, including
Pallister-Hall syndrome and mucolipidosis, can be initiated by mtDNA insertion mutagenesis of
nuclear DNA. In yeast, we demonstrated that the rate of mtDNA fragments translocating to the
nucleus increases during chronological aging. The yeast chronological life span (CLS) is
determined by the survival of non-dividing cell populations. Whereas yeast strains with elevated
migration rates of mtDNA fragments to the nucleus showed accelerated chronological aging,
strains with decreased mtDNA transfer rates to the nucleus exhibited an extended CLS. Although
one of the most popular theories of aging is the free radical theory, migration of mtDNA
fragments to the nucleus may also contribute to the chronological aging process by possibly
increasing nuclear genomic instability in cells with advanced age.
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Reactive oxygen species (ROS) may escape from the mitochondrial respiration process and
contribute to an increase in oxidative stress leading to accelerated aging (Schriner et al.,
2005). Here, we hypothesize that the translocation of fragmented mitochondrial DNA
(mtDNA) to the nucleus also contributes to the aging process.

Mitochondria were once free-living prokaryotes. Many genes have relocated from the
ancestral organellar genomes to the nucleus during the two billion years since eukaryotes
arose (Leister, 2005). Most (>98%) mitochondrial proteins are now encoded by nuclear
DNA, synthesized on cytoplasmic ribosomes and then imported into mitochondria. MtDNA
encodes only few proteins (many of those are members of the respiratory chain), some
transfer RNAs and ribosomal RNAs (Anderson et al., 1981; Foury et al., 1998). The
presence of sequence elements encoding mtDNA at numerous sites in a variety of eukaryotic
nuclear genomes (called nuclear DNA sequences of mitochondrial origin or NUMTS) are
further indications for the evolutionary transfer of mtDNA fragments to the nucleus
(Gherman et al., 2007; Hazkani-Covo et al., 2010; Ricchetti et al., 2004).

However, recent evidence has suggested that the transfer of mtDNA to the nucleus is still an
ongoing process leading to de novo disruptions of nuclear genes (Hazkani-Covo et al., 2010;
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Ricchetti et al., 2004; Shay and Werbin, 1992; Turner et al., 2003). Insertions of mtDNA
fragments into human chromosomal DNA do or may contribute to the development of
several diseases including Pallister-Hall syndrome and mucolipidosis (Borensztajn et al.,
2002; Goldin et al., 2004; Turner et al., 2003; Willett-Brozick et al., 2001). Experiments
with yeast have demonstrated that fragmented mtDNA is captured during the repair of
induced double-stranded DNA breaks in nuclear chromosomal or plasmid DNA
(Decottignies, 2005; Ricchetti et al., 1999; Yu and Gabriel, 1999).

Using Saccharomyces cerevisiae (baker’s yeast) as a model system, we investigated whether
the frequency of mtDNA fragments migrating to the nucleus alters during the chronological
aging process. The chronological life span (CLS) in yeast is defined as the length of time
cells survive after they are driven into a non-dividing state (Gg-arrest) by depletion of
nutrients from the growth medium (Bitterman et al., 2003; Fabrizio and Longo, 2003). The
non-dividing state of nutrient-depleted yeast cells shares features with post-mitotic
differentiated cells in higher eukaryotes. Chronologically aging yeast is a simple system to
investigate how somatic cells are maintained and how spontaneous mutations are induced in
non-dividing cells.

We determined the transfer rate of mtDNA fragments to the nucleus by a genetic assay using
a strain that was constructed in Dr. Tom Fox’s laboratory (Cornell U of Ithaca, NY)
(Thorsness and Fox, 1993). This strain contains the nuclear yeast 7/PI gene inserted into
mtDNA (Figure 1A). The endogenous nuclear 7/RP1 gene is deleted in this strain. The
mitochondrial 7/PI gene becomes only functional after its transfer to the nucleus, because
the required transcription machinery is present in the nucleus, but not in mitochondria. The
cells, in which the mitochondrial 7/RP1 gene has moved to the nucleus, can be selected on
growth medium lacking the amino acid tryptophan (Supplementary Figure 1, bottom row).
In contrast, the control strain without the mitochondrial 7/RPZ gene does not grow in the
absence of tryptophan.

The survival rates (CLS) were determined by spreading out appropriate numbers of cells on
plates containing rich growth medium (Supplementary Figure 1, top row). The
mitochondrial 7/PI-containing strain and the control strain showed similar CLS (Figure
1B, left panel), indicating that the presence of the nuclear 7/RPI marker gene in mtDNA
does not influence the CLS. To determine the mtDNA transfer rates on the same days, equal
numbers of cells were spread on plates lacking tryptophan (Supplementary Figure 1, bottom
row). The numbers of colonies that could grow on the plates lacking tryptophan were
normalized to the total living cell count (survival rate). We observed an about 30-fold
increase of the mtDNA transfer rate during the CLS (day 3 compared to day 29; Figure 1B,
right panel). These results suggest that during the CLS the number of mtDNA fragments
migrating to the nucleus increases. Whereas in Figure 1B the CLS of cells grown in rich
medium (YEPD) are shown, similar trends were obtained with the same strains grown in
synthetic growth medium (YC; Figure 1C). We also analyzed the nuclear mtDNA- 7RP1
molecules of individual transfer events by Southern technique (Supplementary Figure 2).
The sizes of the DNA molecules decreased in the terminal phase of the CLS suggesting that
increased mtDNA fragmentation occurs in later phases of the CLS (Supplementary Figure 2,
graph). Further we used the two-dimensional agarose gel electrophoresis technique to
demonstrate that the nuclear mtDNA- 7/P1 molecules are primarily present as circular
molecules as previously suggested (Supplementary Figure 3) (Ivessa et al., 2000; Thorsness
and Fox, 1993). Although the nuclear mtDNA- 7/RP1 molecules appear to exist mostly as
extrachromosomal circles throughout the CLS, we can demonstrate by using the pulse-field-
gel-electrophoresis technique that a fraction of the mtDNA fragments that enter the nucleus
integrate also into chromosomal DNA (Supplementary Figure 4). The frequency of the
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insertion events of mtDNA fragments into nuclear DNA is elevated in later phases of the
CLS.

To determine whether the observed increase in the migration rate of mtDNA fragments to
the nucleus during chronological aging has a direct effect on aging, we used mutant yeast
strains with known increased or decreased mtDNA translocation rates to the nucleus.
Whereas the yme (yeast mtDNA escape) mutants exhibit elevated translocation frequencies,
the ynt100-1 mutant shows a lower migration frequency compared to wild type (WT) cells
(Shafer et al., 1999; Thorsness and Fox, 1993). The ymeand ynt100-1 mutant strains are all
respiratory efficient and can grow on glycerol-containing growth medium at 30°C (Shafer et
al., 1999; Thorsness and Fox, 1993). We used the ymeI-1and ymeZ2-1 mutant strains in our
analyses. Both Ymelp, which is a protease, and Yme2p are mitochondrial proteins
(Hanekamp and Thorsness, 1996; Thorsness et al., 1993). The identity of the ynt100-1
mutant is currently unknown. In Figure 2, we demonstrated that the ymel-1and yme2-1
mutant strains have an about 50% and 25%, respectively, shorter CLS, and an average 77-
fold and 17—fold, respectively, higher translocation rate of mtDNA fragments to the nucleus
compared to WT. As previously reported the ymeZ-1 mutation causes also shortening of the
CLS in the BY4741 strain background (Palermo et al., 2007). In contrast, the ynt100-1
mutant strain, which has a lower mtDNA translocation rate to the nucleus, exhibited a
slightly extended CLS in the terminal phase (Figure 2, panel D). These results suggest that
the increased mtDNA translocation rate to the nucleus, as observed in Figure 1, promotes
aging. All mutant strains had respiration efficiencies throughout the CLS that were
comparable to WT (Figure 2, panels C and F).

To determine whether the observed aging phenotypes are indeed dependent on mtDNA we
used WT and mutant strains lacking mtDNA (rho®). Whereas the yme-1and yme2-1 rho®
mutant strains had similar short CLS as a WT rho? strain, the ynt100-1 rho® mutant strain
had an even slightly shorter CLS compared to the WT rho? strain (Figures 2G and H). These
results suggest that the shortening or extension of the CLS as observed in the yme and the
ynt100-1 strains, respectively, is dependent to a large part on the presence of mtDNA.
Consistent with our results others also demonstrated that depletion of mtDNA shortens the
CLS and explained this phenotype that yeast cells lacking mtDNA have difficulties in the
switch from fermentation to respiration during the diauxic shift (Buttner et al., 2008).
Mitochondrial dysfunction decreases the CLS as it has been reported for both baker’s and
fission yeast (Aerts et al., 2009; Zuin et al., 2008). Mice expressing a proof-reading domain
defective mtDNA polymerase -y gene exhibit also a decreased life span (Kujoth et al., 2005;
Trifunovic et al., 2004). Although these reports suggest that mitochondrial dysfunction and
loss of mtDNA lead to a shortening of the lifespan, there are also reports that WT yeast cells
lacking mtDNA exhibit a longer CLS compared to cells containing mtDNA (Mazzoni et al.,
2005). The authors explained the lengthening of the CLS that the lowering of the cellular
concentration of ROS as a result of the lack of mtDNA results in lower oxidative stress
levels and a longer CLS. In fact, rhoC strains are resistant to ROS-generating agents and
have lower amounts of ROS (Davermann et al., 2002; Rasmussen et al., 2003).

Future studies will determine whether the insertions of mtDNA fragments into nuclear DNA
increase nuclear genomic instability and promote aging. However, the extrachromosomal
mtDNA circles in the nucleus may also contribute to the aging process by, for example,
binding nuclear proteins which are normally required for maintaining the stability of
chromosomal DNA. Since the nuclear mutation rate including base substitutions, frame shift
mutations, and gross-chromosomal rearrangements increase during chronological aging,
there is the possibility that mtDNA fragments migrating to the nucleus also contribute to this
increase (Madia et al., 2008).
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Figure 1. The migration frequency of mtDNA fragmentsto the nucleusincreases during the
yeast chronological life span

(A) Scheme explaining the assay for the measurement of the mtDNA transfer frequency to
the nucleus in yeast.

(B) Yeast cells were grown in rich, glucose-containing YEPD medium. To determine the
total number of viable cells in the aging culture (CLS), appropriate dilutions of cells were
spread on YEPD plates at the indicated days (left panel). To determine the mtDNA transfer
frequency (right panel), 5x107 cells were plated on plates lacking tryptophan on the same
days. The numbers of colonies obtained from those plates were then normalized to the
numbers of viable cells. The average migration frequency of mtDNA to the nucleus
increases from 2.6 (day 3) to 77 (day 29) events per 10° viable cells. The control strain
lacked the mitochondrial 7/P1 gene. Standard errors of three independent experiments are
shown.

(C) Yeast cells were grown in defined, synthetic glucose-containing medium (YC). The CLS
and the mtDNA transfer frequency were determined as explained in panel B. The average
migration frequency of mtDNA to the nucleus increases from 2.5 (day 3) to 15.3 (day 14)
events per 108 viable cells. The control strain lacked the mitochondrial 7RPZ gene. Standard
errors of three independent experiments are shown.
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Figure 2. Thetrandocation of mtDNA fragmentsto the nucleus affects the yeast chronological
life span

The strains were grown in defined, synthetic glucose-containing medium. To determine the
total numbers of viable cells during the CLS, appropriate dilutions of cells were spread on
plates containing rich medium (YEPD) at the indicated days (panels A, D, G, and H). To
determine the mtDNA transfer frequency, 5x107 cells were plated on plates lacking
tryptophan on the same days (panels B and E). The numbers of colonies obtained from those
plates were then normalized to the numbers of viable cells. The respiration efficiency is
expressed as a ratio of the number of colonies obtained from glycerol-containing plates
(respiring cells) to the number of colonies obtained from glucose-containing plates (total
viable cells) (panels C and F). The strains shown in panels A to F contain functional mtDNA
(rho™), whereas the strains shown in panels G and H lack mtDNA (rho?). Standard errors of
three independent experiments are shown. The significance in the difference in the CLS was
determined by a Student’s #test (P < 0.005 (*) for day 6 in panel A, < 0.01 (**) for day 13
in panel D, P< 0.4 (***) for day 2 in panel G, and P< 0.01 (****) for day 4 in panel H).
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