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Abstract

Mitochondrial DNA (mtDNA) exists in multiple copies per cell and is essential for oxidative
phosphorylation. Depleted or mutated mtDNA promotes numerous human diseases and may
contribute to aging. Reduced TORC1 signaling in the budding yeast, Saccharomyces cerevisiae,
extends chronological lifespan (CLS) in part by generating a mitochondrial ROS (mtROS) signal
that epigenetically alters nuclear gene expression. To address the potential requirement for
mtDNA maintenance in this response, we analyzed strains lacking the mitochondrial base-excision
repair enzyme Ntglp. Extension of CLS by mtROS signaling and reduced TORC1 activity, but
not caloric restriction, was abrogated in ntgl4 strains that exhibited mtDNA depletion without
defects in respiration. The DNA damage response (DDR) kinase Rad53p, which transduces pro-
longevity mtROS signals, is also activated in ntgl4 strains. Restoring mtDNA copy number
alleviated Rad53p activation and re-established CLS extension mtROS-mediated longevity
signaling, indicating that Rad53p senses mtDNA depletion directly. Finally, DDR kinases regulate
nucleus-mitochondria localization dynamics of Ntglp. From these results, we conclude that the
DDR pathway senses mtDNA instability and regulates Ntglp in response. Furthermore, Rad53p
senses multiple mitochondrial stresses in a hierarchical manner to elicit specific physiological
outcomes, exemplified by mtDNA depletion overriding the ability of Rad53p to transduce an
adaptive mtROS longevity signal.
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1. Introduction

Mitochondrial DNA (mtDNA) encodes essential proteins of the oxidative phosphorylation
system and the non-coding RNAs needed for their translation in the mitochondrial matrix,
making it critical for cellular energy production, redox homeostasis, and signaling (Greaves
et al., 2012; Wallace, 2005). The mitochondrial genome is present in multiple copies in most
eukaryotic cells, with some human cells containing up to 10,000 mtDNA molecules (Robin
and Wong, 1988). The importance of this component of the human genome is manifest by
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the numerous diseases resulting from mtDNA point mutations, deletions, or depletion
(Greaves et al., 2012; Wallace, 2005). Furthermore, single cells can harbor mixtures of wild-
type and mutant mtDNA, and the relative amount of each (degree of heteroplasmy)
influences disease phenotypes (Schon et al., 2012). The accumulation of mtDNA mutations
and reduced copy number is also strongly associated with age and often precedes functional
decline in cells and tissues that accompanies aging (Clay Montier et al., 2009; Cortopassi
and Arnheim, 1990; Trifunovic et al., 2004). Cellular mechanisms that maintain mtDNA
integrity may therefore represent key regulators of longevity and healthspan.

Maintenance of mtDNA represents a balance between replication, repair, segregation to
daughter cells, and degradation. Mitochondria of the budding yeast, Saccharomyces
cerevisiae, have a base-excision repair (BER) pathway and other overlapping systems for
mtDNA maintenance (O'Rourke et al., 2002). Full yeast chronological lifespan, defined as
viability in post-diauxic and stationary phases of growth (Longo et al., 2012), requires a
fully intact mitochondrial BER system under stress conditions, highlighting the importance
of mtDNA repair during yeast aging (Maclean et al., 2003). Several modes of yeast mtDNA
replication have been proposed (Lipinski et al., 2010). During transcription-dependent
replication, short transcripts derived from replication origins serve as primers for initiation
by mtDNA polymerase v, or Miplp (Baldacci and Bernardi, 1982). Alternately, formation of
a double-strand breaks (DSB) and subsequent DNA resection generates short single-
stranded tails, which can hybridize within double-stranded regions and have been proposed
to initiate rolling circle or recombination-mediated replication (Ling et al., 2013; Maleszka
et al., 1991). Importantly, these later mechanisms faithfully duplicate the parental mtDNA
into concatamers, promoting propagation of mtDNA molecules with identical sequence to
decrease heteroplasmy (Ling et al., 2013). Although all of the above modes of replication
contribute to maintenance of normal mtDNA copy number, conditions or signaling
pathways that might promote one form of replication over others and consequences of this
selection on mtDNA stability, mitochondria function, and aging remain largely unknown.

Several studies indicate that proteins involved in the nuclear DNA damage response (DDR)
sense mMtDNA stability and regulate mtDNA maintenance. During a canonical DDR in S,
cerevisiae, the kinases Tellp and Meclp (homologs of ATM and ATR in mammals) initially
sense DNA double-strand breaks or stalled replication forks and activate the effector kinase
Rad53p (Chk2 in mammals) (Pellicioli and Foiani, 2005). Rad53p then initiates cell cycle
delay, increased dNTP production, and expression of enzymes involved in DNA repair
(Branzei and Foiani, 2006). In both budding yeast and mammalian cells, DDR kinases
regulate mtDNA copy number and stability. For example, cultured fibroblasts from patients
with Ataxia-Telangiectasia, a disease caused by mutations in the ATM gene, have reduced
mtDNA copy number (Eaton et al., 2007). In contrast, activation of an ATM/CHK2
checkpoint increases mtDNA copy number but also increases the frequency of a common
mtDNA deletion (Niu et al., 2012). In yeast, both cell cycle progression and dNTP levels,
factors regulated by Rad53p, determine mtDNA copy number (Lebedeva and Shadel, 2007;
Taylor et al., 2005). Furthermore, Mec1p regulates sumoylation of many proteins involved
in DNA repair, which may influence their nuclear versus mitochondrial localization and
repair activity (Cremona et al., 2012; Psakhye and Jentsch, 2012). Finally, loss of mtDNA
activates a Rad53p-dependent cell cycle checkpoint and phosphorylation of Rad53p target
proteins (Crider et al., 2012), indicating that communication between the mitochondrial
genome and the DDR pathway is bi-directional.

In addition to sensing nuclear DNA damage and mtDNA maintenance, Rad53p transduces a
mitochondrial ROS (mtROS) signal that can extend yeast chronological lifespan (CLS)
(Schroeder et al., 2013). CLS measures viability in post-diauxic and stationary phases of
yeast growth and models post-mitotic cellular aging in higher eukaryotes (Longo et al.,

Mech Ageing Dev. Author manuscript; available in PMC 2015 January 01.



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

1duasnuey Joyiny vd-HIN

Schroeder and Shadel Page 3

2012). Mitochondrial ROS adaptation is also a key aspect by which reduced signaling
through the conserved Target of Rapamycin (TOR) pathway extends yeast CLS (Pan et al.,
2011). Treatment with a sub-lethal dose of the redox-cycling compound menadione during
the exponential growth phase generates mitochondrial matrix superoxide that initiates
mtROS signaling and mimics the effects of tor14 on lifespan and ROS adaptation (Pan et
al., 2011; Schroeder et al., 2013). One outcome of mtROS pro-longevity signaling is
repression of subtelomeric gene expression mediated by the histone 3 lysine 36 (H3K36)
demethylase Rphlp, which enhances heterochromatin formation at subtelomeres. These
Rad53p-dependent epigenetic changes occur in the absence of canonical DNA damage
response signaling. Rad53p therefore transduces both beneficial (MtROS) and detrimental
(lack of mtDNA) mitochondrial signals to elicit either lifespan extension or cell cycle arrest,
but how multiple signals might be integrated remains unknown. Additionally, given that
complete loss of mtDNA represents a physiologically extreme circumstance that also
induces extensive metabolic and transcriptional reprograming (Butow and Avadhani, 2004;
Traven et al., 2001), it is not known how less severe mtDNA instability influences
longevity. In this study, we used strains lacking the mitochondrial BER enzyme Ntglp to
examine the involvement of mtDNA copy number and stability in aging of budding yeast
and potential intersections of different mitochondrial and nuclear signaling modes to
Rad53p.

2. Materials and Methods

2.1. Yeast growth and chronological lifespan measurement

All yeast strains used in this study are derivatives of DBY2006 (MATa his3-4200
leu2-3,-112 ura3-52 trpl-41 ade2-1) or BY4742 (MATa his341 leu240 lys240 ura340) and
are listed in Table S1. Deletion strains were generated via gene replacement with URA3 or
KanMX6 cassettes and transformed using the lithium acetate method. Ntglp was tagged at
the C-terminus with either GFP-KanMX6 or HA-KanMX®6. Strains overexpressing Rnrlp
were transformed with the plasmid pBAD71-RNR1 (21, URA3) (Lebedeva and Shadel,
2007) or pRS316 (CEN, URA3) as a control empty vector. Chronological lifespan was
determined as described (Schroeder et al., 2013). For adaptive menadione treatment,
saturated cultures from single colonies were diluted to an ODggg of 0.01 in 50 mL fresh
minimal media and grown at 30°C, 200 RPM until the ODgqq reached 0.5. Either menadione
(50 M final concentration for DBY 2006 background, 80 1M final concentration for
BY4742 background) or an equivalent volume of ethanol (no treatment control) was added,
and cultures were grown until the ODggq reached 2.0, approximately 24 hours after
inoculation. At this point, cells were pelleted and resuspended in media from an untreated
parallel culture. For lifespan measurement under caloric restriction (CR), cells were grown
in minimal media supplemented with essential amino acids and 0.5% glucose. CLS
measurements were initiated 24 hours (day 1 of CLS) or 48 hours (day 2 of CLS) following
adaptive menadione treatment and were analyzed in triplicate for all strains.

2.2. ROS measurements and oxygen consumption

Measurements of cellular superoxide were performed as described (Bonawitz et al., 2007;
Bonawitz et al., 2006; Pan et al., 2011). Oxygen consumption was measured using a Clark
electrode (S1130) paired with an oxygen meter (model 782, Stathkelvin Instruments).
Respiration of one mL of cells at either ODggp=0.5 or collected at day one of CLS (48 hours
after inoculation) was measured as %oxygen/minute/ODgqq for biological triplicate samples
and normalized to the wild-type rate, which was set to one.
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2.3. Microscopy

Yeast expressing NTG1-GFP at ODggp=0.5 were visualized with an Olympus 1X-71 inverted
microscope. Prior to image acquisition, one mL of cells were stained with MitoTracker Red
and DAPI for 15 minutes at 30°C at final concentrations of 100 nM and 5 ng/mL,
respectively. Three microliters of 0.2% low melting point agarose in SD medium warmed to
50°C were pipetted onto glass slides and allowed to cool briefly before 3 uL of stained cells
were added, mixed by pipetting, and covered with a glass coverslip. All images were
acquired within 30 minutes of slide preparation using Metamorph software. Merged images
were generated in Adobe Photoshop.

2.4. Subcellular fractionation

Mitochondria and nuclei were isolated from exponentially growing cells (ODgp=0.5) as
described (Daum et al., 1982). The crude nuclear pellet, isolated after the second round of
dounce homogenization, was purified further by resuspension in Ficoll buffer and
centrifugation as described (Mosley et al., 2009).

2.5. Western blotting

Yeast whole-cell extracts were prepared from cells at ODgp=0.5 treated with 0.01% MMS
or water (vehicle control) for 30 minutes (Keogh et al., 2006). Proteins were separated in 6%
SDS-PAGE gels containing 100 pM PhosTAG (Wako Chemicals) and 100 M MnCl; to
resolve phosphorylated forms of Rad53p or 15-8% gradient gels and transferred to PVDF
membranes (Millipore Immobilon). Blocking and antibody incubations were carried out in
TBS-T (10 mM Tris [pH 8.0], 150 mM NacCl, 0.05% Tween 20) containing 5% nonfat dry
milk. Antibodies used were anti-Rad53p (Santa Cruz sc-6749, 1:500), anti-HA (Abcam
ab9110, 1:1000), anti-histone 3 (Abcam ab1791, 1:10,000), and anti-porin (Invitrogen
459500, 1:1000). Primary antibodies were detected with appropriate HRP-conjugated
secondary antibodies. GAPDH conjugated to HRP (Abcam ab9385, 1:1000) was used as a
loading control. Immunoblotting was performed on protein isolated from two independent
experiments. For Rad53p blots, the degree of the Rad53p band shift was approximated using
ImageJ as described (Schroeder et al., 2013).

2.6. Mitochondrial DNA copy number determination

Total DNA was isolated from cells at ODgp=0.5 and at day 1 of CLS (48 hours after
inoculation) using the “smash and grab”method. DNA pellets were resuspended in 100 pL
TE with 10pg/mL RNase and incubated at 65°C for one hour. DNA was then diluted 1:200
in water. Five microliters of diluted DNA was used in each qPCR reaction with 4.6 pL
SYBR Green (Applied Biosystems) and 0.2 pL of each primer listed below (from 25 mM
primer stocks):

Cox1 F: 5-CTACAGATACAGCATTTCCAAGA-3
Cox1 R: 5-GTGCCTGAATAGATGATAATGGT-3’
Actin F 5-GTATGTGTAAAGCCGGTTTTG-¥
Actin R 5-CATGATACCTTGGTGTCTTGG-¥

PCR was performed using a Bio-Rad C1000 thermocycler/CFX96 RT system used the
following program: 1 cycle of 3 min at 95°C, followed by 39 cycles of 30 seconds at 95°C,
30 seconds at 53°C, and 30 seconds at 72°C. Ct values were obtained with Bio-Rad CFX
manger software.

Mech Ageing Dev. Author manuscript; available in PMC 2015 January 01.



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

1duasnuey Joyiny vd-HIN

Schroeder and Shadel Page 5

2.7. Quantitative reverse transcription PCR

RNA was extracted using acid phenol and purified with Qiagen RNeasy columns as
described (Bonawitz et al., 2008). RNA was then converted to cDNA using the High
Capacity cDNA Reverse Transcription Kit (Agilent) according to the manufacturer's
instructions. cDNA was diluted 1:10, and PCR was performed as described for copy number
measurement using previously published primers (Schroeder et al., 2013).

2.8. Cell cycle analysis

Analysis of DNA content by propidium iodide staining and flow cytometry was performed
as described (Zhang and Siede, 2004). Briefly, cultures were grown to early exponential
growth phase (ODggp=0.3) and 2 mL of cells were pelleted, washed once in water, and fixed
in 1 mL 100% ethanol. Cells were then treated with RNase A and Proteinase K in sodium
citrate buffer prior to staining with propidium iodide. Fluorescence in the FL2-A channel
was immediately analyzed using a FACS Calibur. The percent of cells with 1N or 2N DNA
content was determined using FloJo software.

2.9. Statistical analyses

All data points represent the mean of biological triplicate samples, and error bars represent
the standard error of the mean. Statistical significance was determined using Student's t test.
In all figures, “*” represents p < 0.05, “**” represents p < 0.01, and “n.s.”indicates “not
significant.”

3. Results

3.1. Lack of the base-excision repair enzyme Ntglp specifically prevents lifespan
extension by adaptive mtROS signaling independently of changes to cellular respiration

In order to examine the contribution of mtDNA maintenance to mtROS-mediated longevity,
we generated yeast strains lacking the homologous DNA repair enzymes Ntglp and Ntg2p.
Both proteins are involved in base-excision repair (BER), the primary repair pathway for
oxidative DNA damage (Alseth et al., 1999). Ntglp and Ntg2p are bi-functional enzymes
that excise damaged bases via N-glycosylase activity and process the resulting apurinic/
apyrmidinic (AP) site, allowing further processing by a 3’ phosphodiesterase before DNA
polymerase and DNA ligase complete BER (Eide et al., 1996; Meadows et al., 2003; You et
al., 1999). Although Ntglp and Ntg2p catalyze similar activities, Ntglp contains both a
mitochondrial-targeting sequence and a nuclear-localization signal, allowing it to function in
both mitochondrial and nuclear DNA repair (Griffiths et al., 2009; Swartzlander et al.,
2010). Ntg2p contains only a nuclear localization signal (Griffiths et al., 2009; Swartzlander
et al., 2010). Importantly, strains lacking Ntglp are respiratory competent and do not exhibit
increased petite formation (a measure of mtDNA instability) compared to wild-type strains
(Doudican et al., 2005; O'Rourke et al., 2002), allowing us to analyze the effects of mtDNA
mutation or instability on lifespan independently of major changes to cellular respiration.
We observed that an ntgl4 strain exhibited a slightly reduced chronological lifespan (CLS)
relative to wild-type (DBY2006) when grown in minimal media, in accordance with
previously published CLS assays in which yeast were aged in water at elevated temperatures
after growth in rich media (Maclean et al., 2003). Furthermore, the ntgl4 strain did not
exhibit extended CLS in response to elevated mtROS induced by menadione treatment (Fig.
1A). However, loss of NTG2 did not shorten lifespan or affect CLS extension following
menadione treatment (Fig. 1B), suggesting that mitochondrial functions of Ntglp are
required to observe an adaptive mtROS longevity response. The requirement for NTG1 in
mtROS adaptation was also observed in the BY4742 background (Fig. S1A), and was not
influenced by the inability of the ntgl4 strains to produce ROS in response to menadione
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treatment or by differences in basal ROS levels during exponential growth (Fig. S1B)
(Doudican et al., 2005). Lifespan extension when TORC1 activity is reduced also requires
mtROS signaling (Pan et al., 2011). Accordingly, we found that ntgl4 completely
eliminated CLS extension observed in a tor14 mutant strain (Fig. 1C). However, the ntgl4
strain exhibited extended CLS under caloric restriction (CR, 0.5% glucose, Fig. 1D),
demonstrating that loss of NTG1 does not generally limit the ability of lifespan to be
extended. Given the different requirements for Ntglp in mtROS- versus CR-mediated
lifespan extension, we examined the effects of combined CR and menadione treatment on
CLS. Menadione treatment did not further extend the median CLS of cells grown in 0.5%
glucose, but combined treatments slightly reduced survival at late time points (Fig. S1C).

Since we showed previously that CLS extension in tor 14 strains requires mitochondrial
respiration (Bonawitz et al., 2007), we speculated that ntg14 might be blocking lifespan
extension by altering respiratory rates. Although loss of NTG1 promotes oxidative damage
to mtDNA and slightly increases point mutation frequency, ntgl4 does not enhance petite
formation, suggesting that sufficient copies of wild-type mtDNA are present to support
respiration (Doudican et al., 2005; O'Rourke et al., 2002). Consistent with this, we observed
no significant growth differences between wild-type and ntgl4 strains in respiratory
(glycerol) medium, using the yeast strain lacking ABF2, a protein required for mtDNA
packaging, inheritance, and expression as a positive control for slow growth due to
respiration deficiency (Zelenaya-Troitskaya et al., 1998) (Fig. S1 D and E). Furthermore,
loss of NTG1 did not affect cellular oxygen consumption during exponential growth under
the CLS conditions used in our laboratory (Fig. 1E), and only reduced oxygen consumption
at day one of CLS to 80% of the wild-type respiration rate (Fig. 1F). The observed
respiration rate in ntgl4 in stationary phase is well above the approximate 40% threshold
documented to influence yeast CLS (Ocampo et al., 2012), suggesting that these subtle
alterations in mitochondrial respiration do not account for the inability of ntg14 strains to
extend CLS.

3.2. Depletion of mtDNA in ntglA strains activates Rad53p checkpoint signaling

Given the minor effects on mitochondrial respiration, we sought alternate consequences of
ntg14 that might account for the observed deficiencies in lifespan extension. In addition to
its function in BER, Ntglp has been proposed to initiate rolling-circle mtDNA replication by
inducing double-strand breaks at sites of oxidative DNA damage within the replication
origin ori5, and is required for mtDNA copy number elevation following hydrogen peroxide
treatment (Hori et al., 2009). Consistent with a role in mtDNA replication or maintenance,
we observed that ntgl4 strains had reduced mtDNA copy number during exponential
growth, which was exacerbated as cells underwent chronological aging (Fig. 2A). However,
the degree of mtDNA depletion observed in ntgl4 does not promote significant changes in
cellular respiration (Fig. 1 E-F), suggesting that an alternate event downstream of mtDNA
depletion is blocking mtROS-mediated CLS extension. The complete absence of mtDNA
was recently shown to induce Rad53p-dependent cell cycle arrest and phosphorylation of
downstream targets (Crider et al., 2012). Adaptive mtROS also induce phosphorylation and
activation of Rad53p to elicit outcomes distinct from those associated with a DNA damage
response (Schroeder et al., 2013). To examine potential crosstalk between these signals, we
examined Rad53p phosphorylation by western blot in wild-type and ntg14 strains with and
without exposure to the DNA-damaging agent methylmethane sulfanote (MMS). In ntgl4
strains, Rad53p phosphorylation was amplified basally and did not exhibit additional
phosphorylation upon MMS treatment (Fig. 2B and S2A). Additionally, Rad53p was
phosphorylated in strains lacking ABF2, which results in mtDNA depletion and an increased
propensity to form rho® petite cells (Lebedeva and Shadel, 2007) (Fig. S2 B and C). Strains
lacking ABF2 also fail to extend CLS following menadione-induced adaptive mtROS
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signaling (Fig. S2D). DNA damage activates Rad53p to induce transcription of many genes
required for cell cycle regulation, nucleotide biosynthesis, and DNA repair (Branzei and
Foiani, 2006). Accordingly, MMS strongly induced expression of the Rad53p-regulated
genes RNR3 and CLN2 (Huang et al., 1998; Travesa et al., 2012) in wild-type cells (Fig.
2C). However, RNR3 and CNL2 transcripts were elevated basally in an ntgl4 strain and
were not elevated further upon MMS treatment, mirroring Rad53p phosphorylation in this
strain.

To determine if ntgl4 was impacting Rad53p activity via mtDNA depletion, we restored
mtDNA copy number in this strain by elevating free dNTP pools. Over-expression of RNRL,
the large subunit of ribonucleotide reductase, or deletion of SML1, a repressor of RNR
activity (Zhao et al., 1998), increased mtDNA copy number by about two fold in wild-type
yeast and restored the low copy number of ntgl4 strains to approximately wild-type levels
(Fig. 3A and Fig. S3A) (Lebedeva and Shadel, 2007; Taylor et al., 2005). Analysis of cell
cycle progression as a readout of active Rad53p signaling in the ntgl4 strain revealed a
slight G1 delay relative to the wild-type (Fig. 3B and C), consistent with the increased CLN2
expression observed in the ntgl4 strain in Figure 2C. However, ntgl4/smi14 cells displayed
cell cycle profiles similar to those of the wild-type and smi14 single-mutant strains,
indicating that sml14 prevents Rad53p-dependent cell cycle checkpoint activation in the
ntg14 strain. Finally, deletion of SML1 reduced the basal level of Rad53p phosphorylation
in the ntgl4 background and restored the phosphorylation response to MMS treatment (Fig.
3D and S3B). Together, these data indicate that mtDNA depletion in ntgl4 strains induces
Rad53p phosphorylation and downstream cell cycle arrest, while blocking DNA damage-
dependent activation of Rad53p.

3.3. A mtDNA copy number threshold supports adaptation to mtROS

Since the results so far demonstrate mtDNA depletion activates Rad53p checkpoint
signaling, we hypothesized that activation of this mode of signaling in ntgl4 strains prevents
Rad53p from transducing a pro-longevity mtROS signal. To test this hypothesis, we
examined CLS extension and subtelomeric silencing (Schroeder et al., 2013) following
mtROS signaling in ntgl4 strains with or without mtDNA depletion restored by RNR
manipulation. We measured transcriptional repression of three subtelomeric genes in wild-
type, ntgl4, smi14 and ntgl4/smi14 twenty-four hours after menadione treatment during
exponential growth. The ntgl4 strain failed to repress transcription of all three genes in
response to menadione treatment, and for COSL and YELO77C, gene expression was reduced
in the absence of menadione treatment (Fig. 4A). The sml14 strain exhibited a
transcriptional response comparable to wild-type. For all genes examined, combined
deletion of SML1 and NTG1 restored mtROS-dependent repression of subtelomeric
transcripts, and in the case of YELO77C restored the basal expression to wild-type levels.
Finally, both sml14 and RNR1 overexpression rescued CLS extension following menadione
treatment in the ntg14 strain background (Fig. 4B and Fig. S3C). We therefore conclude that
reduced mtDNA copy number blocks the ability of mtROS to extend CLS via convergent
signaling to the DNA damage response kinase Rad53p.

3.4. DNA damage response kinases regulate the subcellular localization of Ntglp

Multiple lines of evidence suggest that the DNA damage response senses mtDNA loss and
depletion. However, this signaling pathway also regulates mtDNA copy number. Ntglp can
dynamically localize to both nuclei and mitochondria, presumably to facilitate BER where
oxidative DNA damage is expected or experienced (Griffiths et al., 2009). We showed here
that Ntglp also maintains mtDNA copy number, and speculated that altered localization of
this protein, possibly regulated by DDR kinases, might represent an additional level at which
the DDR influences mtDNA copy number. To determine how the major DDR kinases affect
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the abundance of Ntglp in mitochondria or nuclei, we examined localization of Ntg1p-GFP
in strains lacking RAD53, MEC1, and TEL1. The rad534 and mec14 strains also lacked
SMIL1 to suppress the lethality of these deletions (Zhao et al., 1998). During exponential
growth in the wild-type and sml14 strains, Ntg1-GFP primarily co-localized with a
mitochondrial marker. However, deletion of any DDR kinase increased the nuclear
localization of Ntglp (Fig. 5A and B). Similarly, subcellular fractionation of strains lacking
DDR kinases demonstrated increased nuclear and decreased mitochondrial abundance of
Ntglp-HA relative to the wild-type control (Fig. 5C). Together, these results demonstrate
that, in the absence of a DNA-damage signal, an intact DDR signaling pathway is required
to promote mitochondrial localization of Ntglp. The predominant nuclear localization of
this protein in cells lacking Meclp, Tellp, or Rad53p may contribute the observed
mitochondrial genomic instability in these backgrounds (Lebedeva and Shadel, 2007; Taylor
et al., 2005).

4. Discussion

Impaired mtDNA maintenance correlates with aging and may precipitate age-related disease
onset and tissue functional decline (Greaves et al., 2012; Wallace, 2005). Although there is
strong evidence that mtDNA maintenance supports healthy lifespan, few studies have
investigated the role of mitochondrial genome integrity or copy number in longevity. Here,
we show that the base excision repair enzyme Ntglp, previously shown to initiate mtDNA
replication following oxidative stress (Hori et al., 2009), maintains mtDNA copy number
under normal laboratory growth conditions. Reduced mtDNA copy number in ntg14 strains
blocks lifespan extension and adaptive responses to mtROS signaling (Fig. 4). Both mtROS
signaling (Schroeder et al., 2013) and reduced copy number activate the DDR kinase
Rad53p. However, our results show that Rad53p activation by mtDNA depletion blocks the
ability of this kinase to respond to either nuclear DNA damage or mtROS signaling. Loss of
NTGL1 slightly decreases CLS in a wild-type strain background when analyzed in minimal
media (Fig. 1A) or after initial growth in rich media followed by aging in water at elevated
temperatures (Maclean et al., 2003). The modest effect of ntgl4 on lifespan suggests that
aberrant activation of Rad53p, rather than some significant functional consequence of
mtDNA depletion, blocks mtROS-mediated lifespan extension. Rad53p is therefore a key
convergence point for multiple mitochondrial and nuclear stress signals, and orchestrates
hierarchical and specific cellular responses to these conditions.

Several mechanisms of mtDNA replication have been proposed, but little is known about the
relative contribution of each mechanism under various growth or stress conditions. One
exception is the recent finding that Ntg1lp might initiate rolling-circle replication in response
to oxidative mtDNA damage by inducing a DSB at the site of damage (Hori et al., 2009).
Our findings suggest an important role for Ntg1p in copy number maintenance during
normal growth and chronological aging. Due to its close proximity to the electron transport
chain, mtDNA experiences a high volume of oxidative DNA damage (Richter et al., 1988).
We propose that physiological amounts of ROS are sufficient to initiate Ntglp-mediated
replication to sustain mtDNA copy number throughout exponential growth and especially
into stationary phase, where ROS levels increase and mitochondrial function becomes
essential (Werner-Washburne et al., 1993). Alternately, lack of Ntglp slightly increases
mtDNA oxidative damage (Doudican et al., 2005), and damaged mtDNA molecules may be
degraded in the mitochondrial matrix or removed by autophagy, resulting in the observed
mtDNA depletion. Lifespan extension in tor14 strains requires elevated mtROS, and we
show that ntgl4 blocks CLS extension in this background (Fig. 1C). Although we believe
this is largely due to Rad53p activation by mtDNA depletion, Ntglp may also regulate
mtDNA replication and mitochondria biogenesis downstream of elevated mtROS or another
aspect of TORC1 signaling to support CLS extension (Bonawitz et al., 2007; Pan and
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Shadel, 2009). In contrast, ntgl4 does not alter lifespan extension in response to caloric
restriction, suggesting either that mtDNA copy number maintenance is less critical for CLS
extension under these conditions or that copy number is regulated by an Ntglp-independent
mechanism. The effects of combined menadione and CR on yeast CLS (Fig. S1C) indicates
potentially complex interactions between these two mechanisms of lifespan extension.
Increased respiratory rates and ROS levels during exponential growth have been observed
under CR (Goldberg et al., 2009; Lin et al., 2002) suggesting that mtROS signaling may
contribute to CR-mediated lifespan extension. However, respiratory thresholds and altered
metabolism, which are known to determine CLS extension under CR (Ocampo et al., 2012),
may occur independent of mtROS signaling. Additional experiments will be required to
fully understand the many facets of CR and mtROS signaling, including pathways that
regulate mtDNA copy number, that influence longevity.

Complete lack of mtDNA was previously shown to activate Rad53p-dependent cell cycle
arrest and protein phosphorylation (Crider et al., 2012), and our results demonstrate that
Rad53p is also sensitive to less severe reductions in mtDNA copy number that do not impact
mitochondrial respiration. The mechanism by which Rad53p senses mtDNA content remains
unclear. During a canonical DNA-damage response, Tellp and Mec1p sense nuclear DNA
damage and activate Rad53p. Both upstream kinases have been identified in mitochondrial
fractions in proteomic studies (Sickmann et al., 2003), suggesting that they may also
communicate mitochondrial genome integrity to Rad53p. Alternately, these proteins may
monitor mitochondrial processes that are sensitive to mtDNA levels. For example, mild
mtDNA depletion may affect the efficiency of respiratory complex assembly or function,
resulting in subtle effects on respiration that signal to sensor proteins. As the list of cytosolic
and nuclear proteins involved in mitochondria signaling grows, it will be important to
determine the initiating and intermediate mitochondrial outputs that directly regulate sensor
protein activity or signaling.

Depletion of mtDNA, mtROS signaling, and nuclear DNA damage all activate Rad53p, but
with different consequences for cellular longevity. Several hypotheses could explain how
these diverse stimuli achieve unique outcomes despite converging on the same effector
protein. First, different kinases upstream of Rad53p could sense specific stresses, as Tellp
activates Rad53p during mtROS signaling (Schroeder et al., 2013). Second, varying degrees
of Rad53p phosphorylation under each condition suggests that unique phosphorylation sites
or combinations of sites may be targeted in response to different stimuli. These different
phosphorylation profiles may alter the ability of Rad53p to activate or inhibit downstream
proteins, supporting the different outcomes of Rad53p signaling under mtDNA depletion,
mtROS signaling, and nuclear DNA damage (Lee et al., 2003). The mammalian homolog of
Rad53p, Chk2, is also phosphorylated at multiple residues in a DNA damage or stress-
dependent manner to facilitate activation of specific downstream targets or binding to other
checkpoint proteins (Stracker et al., 2009). Detailed characterization of stress-specific, post-
translational modifications of Rad53p and Chk2 would provide insight into how these
homologous proteins integrate diverse stimuli into specific responses that influence genomic
stability, cellular transformation, and lifespan.

Although Rad53p is activated in response to mtDNA depletion in ntgl4 strains, it and the
DDR kinases Tellp and Mec1p also regulate Ntglp localization, with potential
consequences on mtDNA replication or repair. How these proteins cooperate to determine
Ntglp localization is not yet clear. Many DNA repair proteins, including Ntglp, are
sumoylated following DNA damage, and absence of Meclp causes these proteins to retain
higher levels of sumoylation even in the absence of damage (Cremona et al., 2012).
Furthermore, sumoylated Ntglp accumulates in nuclear fractions (Griffiths et al., 2009). We
propose that a functional DDR pathway maintains a pool of unmodified Ntglp, promoting
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its mitochondrial localization. Additional characterization of Ntglp modification in tel14,
rad534, and mecl4 strains would describe possible cooperation among the DDR kinases to
regulate Ntglp localization and mtDNA repair or replication activity.

Together, these findings support complex functions for DDR kinases as both sensors and
regulators of mitochondrial genome integrity. In budding yeast, the DDR is at the nexus of
mitochondria stress, mtDNA stability, and nuclear genome integrity, and coordinates these
diverse signals into specific DNA repair, cell cycle delay, or pro-longevity outcomes. Future
studies to investigate the conservation of these sensing and regulatory functions in the
mammalian DDR should elucidate how this essential pathway integrates multiple stresses
and signals to determine health, disease and lifespan.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Lack of Ntglp prevents adaptive mtROS-mediated lifespan extension and elicits mild
and conditional effects on respiration

A. Chronological lifespan (CLS) analysis of wild-type DBY2006 and ntg14 following
treatment with 50 .M menadione (MD) or ethanol (nt) during exponential growth. In all
graphs, data points represent the average viability of three biological replicates and error
bars represent the standard error of the mean. B. CLS of wild-type and ntg24 as in A. C.
CLS of wild-type, tor14, and ntgld/torld. D. CLS of wild-type and ntgl4 grown in 20%
glucose (nt) or 0.5% glucose (CR). E-F. Analysis of mitochondrial oxygen consumption in
wild-type DBY2006 and ntgl4 strains during exponential growth (OD=0.5, E) and at day
one of CLS (48 hours after inoculation, F). Oxygen consumption was measured as %05/
min/OD600, and the wild-type values were set to one. In all graphs, data points represent the
mean of three biological replicates and error bars the SEM.
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Figure 2. Lack of Ntglp causes mtDNA depletion and Rad53p activation

A. Analysis of mtDNA copy number in wild-type DBY2006 and ntgl4 during exponential
growth (OD=0.5) and at day one of CLS (48 hours after inoculation). The copy number of
the wild-type samples was set to one. B. Western blot of Rad53p phosphorylation in wild-
type DBY2006 and ntg14 strains treated with 0.01% methylmethane sulfate (MMS, +) or
water (-) for 30 minutes during exponential growth. C. Expression of two Rad53p-regulated
genes in wild-type DBY2006 and ntgl4 strains treated with MMS as described in B.
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Figure 3. Restoring mtDNA copy number in ntgl4 alleviates Rad53p activation

A. Mitochondrial DNA copy number in wild-type DBY 2006, ntg1A, smi14, and ntgl4/
sml14 measured at OD=0.5. B. Cell cycle analysis by FACS of asynchronous cultures in
early exponential growth (OD=0.2-0.3). The first peak indicates cells in G1, and the second
indicates cells in G2. Representative histograms of three biological replicates are shown C.
Quantification of cell cycle profiles determined by FACS. D. Western blot of Rad53p
phosphorylation in sml14 and ntgl4/sml1A4 strains treated with 0.01% methylmethane
sulfate (MMS, +) or water (-) for 30 minutes during exponential growth.
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Figure 4. An mtDNA copy humber threshold supports mtROS adaptation and longevity

A. RT-PCR analysis of subtelomeric genes at day one of CLS, or 24 hours after treatment
with menadione (MD+) or ethanol (-) during exponential growth. Statistically significant

changes between ethanol treated and menadione treated samples are indicated. B. CLS of
ntgl4 and ntgl4/sml14 following treatment with menadione (MD) or ethanol (nt) during

exponential growth.
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Figure 5. DNA damage response kinases regulate Ntglp localization

A. Fluorescence microscopy of Ntg1lp-GFP in strains lacking DNA damage response
kinases during exponential growth. Mitochondria were visualized with MitoTracker Red
(MTR), and DAPI staining identifies nuclear DNA (indicated by arrows labeled “n”) and
mitochondrial DNA nucleoids (“m”). B. Quantification of Ntg1l-GFP mitochondrial and
nuclear co-localization. The percentage of cell with exclusively nuclear GFP (open circles),
exclusively mitochondrial (filled squares), or mixed nuclear and mitochondrial (“X)
localization was determined by counting at least 100 cells for each condition from two
experiments. Data points represent the mean and error bars the range of percentages. C.
Western blot of nuclear and mitochondrial fractions of the indicated strains expressing
Ntglp-HA. Rad534 and mecl4 are also lacking SML1. Porin and Histone 3 serve as
mitochondrial and nuclear loading controls, respectively.
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