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ABSTRACT Retrotransposons are mobile DNA elements present throughout eukaryotic genomes that can cause mutations and
genome rearrangements when they replicate through reverse transcription. Increased expression and/or mobility of retrotransposons
has been correlated with aging in yeast, Caenorhabditis elegans, Drosophila melanogaster, and mammals. The many copies of
retrotransposons in humans and various model organisms complicate further pursuit of this relationship. The Saccharomyces cerevisiae
Ty1 retrotransposon was introduced into a strain of S. paradoxus that completely lacks retrotransposons to compare chronological
lifespans (CLSs) of yeast strains with zero, low, or high Ty1 copy number. Yeast chronological lifespan reflects the progressive loss of
cell viability in a nondividing state. Chronological lifespans for the strains were not different in rich medium, but were extended in high
Ty1 copy-number strains in synthetic medium and in rich medium containing a low dose of hydroxyurea (HU), an agent that depletes
deoxynucleoside triphosphates. Lifespan extension was not strongly correlated with Ty1 mobility or mutation rates for a representative
gene. Buffering deoxynucleoside triphosphate levels with threonine supplementation did not substantially affect this lifespan exten-
sion, and no substantial differences in cell cycle arrest in the nondividing cells were observed. Lifespan extension was correlated with
reduced reactive oxygen species during early stationary phase in high Ty1 copy strains, and antioxidant treatment allowed the zero Ty1
copy strain to live as long as high Ty1 copy-number strains in rich medium with hydroxyurea. This exceptional yeast system has identified

an unexpected longevity-promoting role for retrotransposons that may yield novel insights into mechanisms regulating lifespan.

ETROTRANSPOSONS are mobile DNA elements that rep-

licate through reverse transcription of an RNA intermedi-
ate and are known to be capable of promoting genome
instability (Belancio et al. 2009). Retrotransposon sequences can
comprise up to 30-80% of eukaryotic genomes, and cells com-
monly inhibit retrotransposon expression and mobility through
use of repressive chromatin marks and/or post-transcriptional
silencing mechanisms (Slotkin and Martienssen 2007). Changes
in chromatin and genome instability are observed with aging,
and recent work is demonstrating that the regulation and mo-
bility of retrotransposons also changes during aging (Moskalev
et al. 2013; Wood and Helfand 2013). Increased expression of
retrotransposons with age has been observed in gonads of

Copyright © 2014 by the Genetics Society of America

doi: 10.1534/genetics.114.168799

Manuscript received March 20, 2014; accepted for publication July 31, 2014; published
Early Online August 13, 2014.

1Corresponding author: CBIS Room 2123, 110 8th St., Rensselaer Polytechnic Institute,
Troy, NY 12180. E-mail: maxwep2@rpi.edu

Caenorhabditis elegans, brains of Drosophila melanogaster, so-
matic tissues in mice, normal human cells grown ex vivo, and
in yeast mother cells (Wang et al. 2011; Dennis et al. 2012; De
Cecco et al. 2013a,b; Li et al. 2013; Hu et al. 2014). Increased
mobility of retrotransposons has been detected at late stages
of Saccharomyces cerevisiae chronological lifespan (CLS) and
in brains of aged D. melanogaster (Maxwell et al. 2011; Li et al.
2013). Inhibition of elevated Alu retrotransposon expression
during senescence of normal human cells grown ex vivo re-
versed senescence phenotypes (Wang et al. 2011). Exploring
the relationship between retrotransposons and aging might
provide additional insights into the aging process.
Retrotransposons have been hypothesized to provide an
evolutionary advantage through increased genetic variation
at the cost of reduced lifespan due to genome instability
(St Laurent et al. 2010). Complementary DNA (cDNA) generated
by reverse transcription of retrotransposon RNA is integrated into
the genome during retrotransposition, producing genetic varia-
tion and potentially mutating genes (Beauregard et al. 2008).
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Nearly 100 disease-causing alleles resulting from retrotransposon
insertions in humans have been characterized (Hancks and
Kazazian 2012). Retrotransposons can produce DNA double-
strand breaks, even in the absence of successful retrotransposition
(Gasior et al. 2006). Some retrotransposons, such as the mam-
malian L1 element and yeast Tyl element, are frequently pres-
ent at sites of chromosome rearrangements and can produce
retrotransposed copies of gene transcripts (Derr et al. 1991;
Esnault et al. 2000; Dunham et al. 2002; Gilbert et al. 2002;
Umezu et al. 2002; Abeysinghe et al. 2003; Maxwell and
Curcio 2007; Robberecht et al. 2013). Furthermore, mamma-
lian L1 elements and yeast Tyl elements are both activated
by increased reactive oxygen species (ROS) and DNA damage
(Rockwood et al. 2004; Beauregard et al. 2008; Stoycheva
et al. 2010; Giorgi et al. 2011), which are stresses associated
with aging (Burhans and Weinberger 2012; Kirkwood and
Kowald 2012). However, the potential role of retrotransposons
and the genome instability they cause in aging has not yet
been well investigated.

The Saccharomyces research model offers a unique oppor-
tunity to address the potential contribution of retrotransposons
to aging. S. cerevisiae has five families of long terminal repeat
(LTR) retrotransposons, Tyl-Ty5, and Ty1 is an abundant and
active retrotransposon in this yeast (Beauregard et al. 2008).
LTR retrotransposons are also referred to as extrachromosomally
primed (EP) retrotransposons, since they code for a protein
that forms a cytoplasmic virus-like particle in which the
retrotransposon RNA is packaged and reverse transcribed by
an element-encoded reverse transcriptase prior to integration
into a genomic site (Beauregard et al. 2008). S. paradoxus is
a very closely related species to S. cerevisiae, and a strain of
S. paradoxus has been reported to completely lack sequences
from the coding regions of Ty retrotransposons (Moore et al.
2004). This is an exceptional system, since the multicopy na-
ture of retrotransposons typically prevents the generation of
populations of a species that do not have retrotransposons.
Gains and losses of Tyl elements and regulation by a copy-
number control mechanism have been examined following in-
sertion of defined numbers of genomic Tyl elements into this
Ty-less S. paradoxus strain (Garfinkel et al. 2005). Copy-number
control results in reduced Tyl mobility when many copies of
Tyl are present in the genome, but high Ty1 mobility when only
one or a few Tyl elements are present in the genome. Similar-
ities in regulation by cellular stresses and influences on genome
instability between Tyl and mammalian retrotransposons make
Tyl a good model element for investigating the contribution
of retrotransposons to a complex phenotype, such as aging
(Beauregard et al. 2008; Stoycheva et al. 2010; Giorgi et al.
2011).

Two aging models have been used in yeast to obtain in-
formation relevant to aging in diverse species. Yeast replicative
lifespan is the number of times a mother cell can divide to
produce a daughter cell, while chronological lifespan is the
length of time that cells remain viable in a nondividing state
in nutrient-depleted medium (Longo et al. 2012). Yeast life-
span can be altered by the activity of evolutionarily conserved
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growth signaling pathways, such as the TOR kinase pathway,
mitochondrial function, proteasome function, sirtuin gene func-
tion, levels of autophagy, dietary restriction, and oxidative
stress, among other processes and gene functions (Kaeberlein
2010; Longo et al. 2012). Many of these processes and ho-
mologous pathways also regulate aging in other eukaryotes
(Kaeberlein 2010; Longo et al. 2012). Facile genetic approaches
and short lifespan have made yeast an efficient system for
identifying and characterizing these aging-associated gene/
pathway functions.

As associations between retrotransposons and aging con-
tinue to be identified, it becomes important to find approaches
to test for any direct influence of retrotransposons on aging.
We used the Ty-less S. paradoxus strain to determine whether
the presence and mobility of Tyl elements in the genome
would reduce yeast chronological lifespan by comparing strains
with zero, 1-3, or ~20 genomic copies of Tyl. Lifespan data
did not support this hypothesis, but surprisingly, we found that
strains with high Tyl copy number had extended lifespan
when cells were grown either in synthetic medium or in rich
medium in the presence of a low dose of the ribonucleotide
reductase inhibitor hydroxyurea (HU). Hydroxyurea can stim-
ulate Tyl mobility and causes DNA replication stress, and
replication stress has been correlated with reduced yeast chro-
nological lifespan (Curcio et al. 2007; Weinberger et al. 2007,
2013). However, lifespan extension in high Tyl copy-number
strains did not appear to be due to high retrotransposition levels
or substantial differences in DNA replication stress. Rather, life-
span extension was correlated with changes in ROS accumula-
tion. These results identify a novel role for retrotransposons in
promoting lifespan that may uncover additional associations
between retrotransposons and ROS production or signaling.

Materials and Methods
Yeast strains, media, and plasmids

Standard rich (YPD) and synthetic (SC) media were used for
growing yeast strains (Amberg et al. 2005). All strains were
derivatives of a Ty-less strain of S. paradoxus, DG1768 (MATa,
his3-A200hisG, ura3, kindly provided by D. Garfinkel) (Garfinkel
et al. 2003). A galactose-inducible plasmid copy of Tyl
containing a his3AI retrotransposition indicator gene (Curcio
and Garfinkel 1991) was used to obtain derivatives of DG1768
with a single genomic copy of a Tylhis3AI element, as described
previously (Maxwell et al. 2011). The high copy URA3-marked
plasmid pGTylH3CLA containing an unmarked Tyl element
under the control of a galactose-inducible promoter (Garfinkel
et al. 1988) was used to introduce unmarked copies of Tyl into
the genome of strain DG1768. Ura* transformants harboring
pGTy1H3CLA were grown on SC + 2% glucose medium lacking
uracil, and selected Ura* transformants were then grown in
liquid SC + 2% glucose medium lacking uracil at 30° over-
night. Aliquots of these cultures were diluted and spread onto
solid SC medium lacking uracil + 2% galactose to induce Tyl
retrotransposition, and were then grown at 20° or 30° to vary
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the level of retrotransposition (Tyl mobility is restricted at
30°) (Paquin and Williamson 1984; Lawler et al. 2002). Single
colonies obtained after induction were grown on YPD medium
to allow for loss of pGTy1H3CLA and analyzed for Tyl copy
number by qPCR using a Roche LightCycler 480. Genomic DNA
was extracted by glass bead disruption in phenol/chloroform
and ethanol precipitation, followed by further purification us-
ing a Wizard SV gel and PCR Clean-up system (Promega).
Equal concentrations of DNA from these strains were amplified
with primers to the TYA1 region of Tyl and primers to a single-
copy gene, ACT1. The cycle threshold (Ct) values for the TYA1
PCR were normalized to the ACT1 Ct values for each strain,
and approximate copy number was then determined by com-
paring these normalized values to the normalized TYAI Ct for
a single copy Ty1lhis3AI control strain. Strains were grouped
as low copy (1-3 genomic Tyl elements) or high copy (~20
genomic Tyl elements). A pGTylH3kanMX plasmid was
constructed by first amplifying the kanMX marker present in
the S. cerevisiae MATo deletion collection (Thermo Scientific
Open Biosystems) with PCR primers that added sequences
corresponding to Ty1l-H3 positions 5516-5566 and 5567-
5616 to either end of kanMX (Tyl-H3 GenBank accession
M18706.1). This PCR product was then cotransformed into
strain DG1768 with pGTylH3CLA linearized at the Clal site
present between the 3’ end of TYBI and the 3’ LTR. Cells in
which the Tyl-kanMX PCR product was used to repair the
plasmid were selected on YPD medium containing 200 pg/ml
G418 sulfate and verified by PCR. A high-copy URA3-marked
control plasmid lacking Ty1 sequences was generated by cloning
a BamHI-EcoRI fragment of the PCR-amplified kanMX gene
into pRS426 digested with BamHI and EcoRI. Strains with
pGTylH3kanMX or pRS426-kanMX were grown using YPD
medium containing 200 w.g/ml G418 sulfate to maintain each
plasmid.

Southern blotting to detect Ty1 insertions

Approximately 1-2 wg of genomic DNA prepared from cells
grown at 30° by glass bead disruption in phenol/chloroform
and ethanol precipitation was digested with Pvull or Sphl re-
striction enzymes and used for Southern blotting as described
previously (Maxwell et al. 2004). A radioactive probe was pre-
pared from a PCR product corresponding to positions 4221—
4842 of Tyl-H3 (GenBank accession M18706.1) by random
priming using the Ambion DECAprime II kit (Life Technologies),
and signal was visualized using a Typhoon Trio+ imager
(GE Healthcare).

Growth rate experiments

Cells from fresh streaks were inoculated into 5 ml YPD broth
with or without 30 mM hydroxyurea at an initial density of
1 X 10° cells/ml to determine cell-doubling times. Triplicate
cultures were grown for each strain for each trial on a culture
tube rotator at 20°. Cell densities were determined at several
time points between 7 and 33 hr of growth by counting cells
on a hemocytometer to measure growth rate from late lag phase
to midexponential phase. Exponential function trend lines fit to

plots of cell densities compared to hours of growth were used to
calculate doubling times in hours.

Chronological lifespan determination

Cells from fresh streaks were inoculated at an initial density
of 5 X 103 cells/ml in triplicate 25 ml cultures in 125-ml
Erlenmeyer flasks and aged at 20° (or 30° for some trials)
with shaking. For SC medium experiments, the same initial
density of cells was inoculated into triplicate 4-ml cultures in
culture tubes and aged at 20° on a tube rotator. Media used
for lifespan experiments included YPD with or without 30 mM
hydroxyurea, 0.8 mg/ml threonine, or 5 mM or 10 mM re-
duced glutathione, as well as SC + 2% glucose medium with
or without 30 mM hydroxyurea. At early stationary phase and
at regular time points thereafter, aliquots of cells were removed
to assess viability and colony-forming units per milliliter
(CFU/ml). Viability was measured by mixing diluted cells
with two volumes of 0.4% Trypan blue in phosphate-buffered
saline (PBS), incubating for 45 min at room temperature, and
determining the fraction of unstained cells to total cells for
populations of ~200 cells by microscopy. CFU/ml were de-
termined by spreading aliquots of diluted cells onto YPD agar.
Trend lines were fit to graphs of viability vs. days of incuba-
tion and used to calculate days to 50 and 10% viability as
measures of median and maximal lifespan, respectively.

Ty1 integration and retromobility frequency

A previously described semiquantitative assay to measure Tyl
integration upstream of 5S rRNA genes was modified in two
ways to compare Tyl retrotransposition levels in different yeast
strains (Maxwell et al. 2011). First, primers to the S. paradoxus
LEUZ2 gene were used to control for PCR efficiency. Second, the
total signal intensity of Tyl integration PCR products for each
template minus the background intensity obtained from a zero
Tyl copy template was determined using a ChemiDoc XRS+
imager and Image Lab version 4.0 (Bio-Rad) and normalized
to the signal intensity of the control LEU2 PCR product to obtain
a semiquantitative relative measure of Ty integration. In some
trials, retrotransposition was inhibited by growing cells in the
presence of 200 w.g/ml phosphonoformic acid to strongly inhibit
Tyl reverse transcriptase without noticeably altering cell growth
(Lee et al. 2000). Ty1 retromobility was measured in strains with
a chromosomal Tylhis3AI element by determining the frequency
of His™ prototroph formation (Curcio and Garfinkel 1991).
Seven replicate cultures initiated at a density of 5 X 10° cells/ml
were grown to near saturation at 20° for each strain/trial, ali-
quots of diluted cells were spread onto YPD medium to deter-
mine CFU/ml, and appropriate volumes of cells were spread
onto SC + 2% glucose medium lacking histidine. Mobility fre-
quencies were calculated as the number of His* prototrophs
divided by the number of CFU in the same volume of culture.
Median values for three independent trials were averaged.

Mutation rate and frequency measurements

Fluctuation tests were performed to obtain rates of loss-of-
function mutations in the CAN1 gene that produce resistance
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to canavanine, and rates were calculated using the online calcu-
lator FALCOR (Foster 2006; Hall et al. 2009). Ten replicate 1-ml
cultures in YPD or YPD with 30 mM hydroxyurea inoculated at
initial densities of 1 X 102 cells/ml were grown to late log/early
stationary phase at 20°. Aliquots of culture were diluted in water
and spread onto YPD agar to determine CFU/ml and the remain-
der of each culture was pelleted and resuspended in water to
spread onto SC + 2% glucose medium lacking arginine and
containing 60 pg/ml canavanine. Plates were incubated for up
to 4 days at 30°. Mutation frequencies were measured in
a similar manner using three or seven replicate cultures inocu-
lated at initial densities of 5 X 102 cells/ml grown in YPD or YPD
with varying concentrations of hydroxyurea. Mutation frequen-
cies were calculated as the number of mutant colonies obtained
divided by the number of CFU spread on selective medium, and
median values from independent trials were averaged.

Analysis of reactive oxygen species levels and
DNA content

Strains were grown in flasks at 20° (or 30° for some trials) as
described for chronological lifespan experiments and sampled
after 3-7 days (1-3 days at 30°) of growth to determine levels
of ROS. Methods to measure ROS using dihydroethidium (DHE)
or dihydrorhodamine 123 (DHR) were based on published
protocols (Mesquita et al. 2010; Weinberger et al. 2010).
Briefly, ~1 X 107 cells were washed in 1X PBS buffer twice,
resuspended in 1X PBS, and incubated with a 50 wM final
concentration of either DHR or DHE for 2 hr at room temper-
ature (in the dark with rocking). After incubation, cells were
washed twice in 1X PBS buffer before analysis on a BD LSR II
flow cytometer using excitation at 488 nm and a 530/30 nm
(long pass 505) emission filter for DHR or excitation at 515 nm
and a 610/20 nm (long pass 600) emission filter for DHE. The
median fluorescence intensity for each sample was determined
using FlowJo version X.0.7 software (TreeStar) and normalized
based on the median fluorescence intensity of the corresponding
unstained sample. Similar results were obtained analyzing geo-
metric means. Reported values are averages of median values
for three or more trials. Analysis of DNA content in cells was
performed as described previously (Weinberger et al. 2007),
except that Propidium Iodide ReadyProbes Reagent (PI, Life
Technologies) was used instead of SYBR Green. Cells were in-
cubated with two drops per milliliter of the PI reagent for
15 min prior to analysis by flow cytometry using excitation
at 515 nm and a 610/20 nm (long pass 600) emission filter.

Statistical analysis

Mean values were compared for significant differences using
unpaired, two-tailed t-tests assuming equal or unequal vari-
ance, depending on the variance in particular datasets. Levels
of significance are indicated in figures and the text.

Results

We used a plasmid to introduce copies of a Tyl retrotransposon
into the genome of a Ty-less lab strain of S. paradoxus
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(Garfinkel et al. 2003; Moore et al. 2004) to address the impact
of retrotransposons on yeast chronological lifespan. Conditions
to induce Tyl mobility were varied to obtain strains with dif-
ferent Tyl copy numbers, and the approximate Tyl copy num-
ber in clonal populations was determined through quantitative
PCR. We grouped the strains with 1-3 genomic Tyl insertions
as low-copy strains and the strains with ~20 genomic Tyl
insertions as high-copy strains, since Tyl mobility is restricted
through a copy-number control mechanism (Garfinkel et al.
2003), and the initial expectation was that Tyl mobility would
be correlated with any observed influence on chronological
lifespan. Four different low-copy strains and four different
high-copy strains were used for this work to reduce the possi-
bility that lifespan changes would simply be due to a particular
Tyl insertion or pattern of Ty1 insertions that directly altered
expression or function of a gene regulating lifespan. To confirm
the presence of independent insertions, genomic DNA from
these strains was digested separately with two restriction
enzymes to produce fragments containing sequences from
the 3’ end of Tyl and flanking genomic DNA. A Southern blot
of these samples hybridized with a probe to the 3’ end of Tyl
demonstrated that different fragment sizes were present in
different low- or high-copy strains with no distinct fragments
common to all low or all high Tyl copy strains (Figure 1).
Low-copy strains had one to three fragments, and high-copy
strains had >10 distinct fragments. This indicates that each
low or high Tyl copy strain harbors insertions at different
genomic sites, so a consistent change in lifespan for all low
Ty1 copy strains or for all high Tyl copy strains would likely
be a general phenotype of a low- or high-copy strain.

Strains were grown and aged in rich medium (YPD) at 20°
to determine CLS so that Tyl would be able to actively retro-
transpose (Paquin and Williamson 1984; Lawler et al. 2002).
Note that growth at 20° can substantially lengthen CLS com-
pared to standard growth at 30° (Maxwell et al. 2011). The
number of days required for populations to reach 50 and 10%
viability were calculated as representations of median (50%)
and maximum (10%) lifespans to facilitate comparisons be-
tween multiple strains and replicate trials. The mean days to
50 and 10% viability for the zero Tyl copy parent strain were
15.1 and 18.6, respectively, and there was no significant dif-
ference in lifespan between the zero, low, or high Tyl copy-
number strains in YPD (Figure 2, A and B).

We considered that it might be necessary to stress cells to
detect an influence of Tyl on lifespan, since various stresses
induce retromobility and a number of stresses can also in-
fluence lifespan (Slotkin and Martienssen 2007; Beauregard
et al. 2008; Haigis and Yankner 2010). Increased DNA repli-
cation stress has been correlated with decreased yeast CLS
(Weinberger et al. 2007, 2013), so we repeated CLS experi-
ments in YPD medium with a low concentration (30 mM) of
the ribonucleotide reductase inhibitor HU. This concentration
of HU led to a 30-40% increase in the doubling time of all
strains (Table 1), but did not decrease viability when cells first
reached stationary phase. Unexpectedly, chronic exposure to HU
significantly increased the median lifespan of the zero Tyl copy



P SSS PS pP? 87
Sphl Pvull
Low High Low High
Z 4 Z J
kbp
10—
B -
3=

Figure 1 Individual low and high Ty1 copy strains have distinct Ty1
insertions. The diagram at the top depicts a Ty1 element as a solid box
bounded by narrow taller boxes (long terminal repeats) and flanked by
genomic DNA sequences (double lines). Relative positions of sites for the
restriction enzymes Pvull (P) and Sphl (S) are indicated and the question
marks indicate that the distance to the nearest flanking site is variable for
each insertion. The lightly shaded box shows the relative position of the
probe and dotted lines indicate the restriction fragments detected by the
probe. Below the diagram is a Southern blot of genomic DNA digested
with Pvull or Sphl from the zero copy, “Z,” four low copy, “low,” and
four high copy, “high,” Ty1 strains probed for 3’ Ty1-flanking DNA re-
striction fragments. Positions of selected size standards in kilobase pairs
(kbp), are indicated to the left of the blot image.

strain by 28% to 19.3 days (P < 0.05) and the maximum
lifespan by 37% to 25.4 days (P < 0.01, Figure 2, C and D).
Significant increases were also observed for the median life-
span of the low Tyl copy strains (P < 0.05) and both the
median and maximum lifespans of the high Tyl copy strains
(P < 0.01, Figure 2D). Since growth signaling is known to
influence yeast lifespan (Longo et al. 2012), the slower growth
of these strains in HU could be at least partly responsible for
this lifespan extension. There was no significant difference in
CLS between zero Tyl copy and low Tyl copy strains in HU.
Surprisingly, median and maximum lifespans of high Tyl copy
strains were significantly extended by 22 and 59%, respec-
tively, in YPD medium with HU compared to the zero-copy
strain (Figure 2D). Cell doubling times of the high Tyl copy
strains were not significantly different from the parent zero-
copy strain in YPD medium with HU (Table 1), indicating that
a difference in growth rate is unlikely to be the reason for the
lifespan extension.

Increased lifespan of high Ty1 copy strains grown in
medium with HU is not correlated with
Ty1 retrotransposition

Since Tyl mobility did not appear to negatively influence
CLS, relative Tyl retrotransposition levels were examined
to confirm that low Tyl copy strains had higher levels of
retrotransposition and high Tyl copy strains had lower

levels of retrotransposition, due to restriction of retro-
transposition by a copy-number control mechanism (Garfinkel
et al. 2003). We assayed for Ty1 integration events upstream of
5S rRNA genes by PCR (Figure 3A), since Tyl elements are
known to frequently integrate upstream of genes transcribed
by RNA polymerase III (Devine and Boeke 1996). The expected
PCR result is a ladder of products representing different sites of
Tyl insertions relative to a 5S rRNA gene in different subpop-
ulations of cells in a given culture. The yield of PCR products was
greatly reduced using DNA templates prepared from cells grown
in the presence of phosphonoformic acid, a reverse transcrip-
tase inhibitor, demonstrating that the products resulted from
new retrotransposition events (Figure 3A). Relative Tyl inte-
gration levels were compared by normalizing the total signal
intensities of all integration products for each template to the
signal intensity of a PCR product for a single-copy gene and
then using that normalized value for one high Tyl copy strain
to normalize all other integration PCR values. Low Tyl copy
strains had ~10- to 40-fold higher Ty1 integration levels using
this assay than the reference high Tyl copy strain, and in-
tegration levels in other high-copy strains ranged from 0.5- to
4-fold the value of the reference strain (Figure 3B). These
results indicate that copy number control is occurring in these
strains.

The influence of HU on Ty1 retromobility in low- and high-
copy strains was compared using the his3AI retromobility in-
dicator gene (Curcio and Garfinkel 1991). Ty1 retromobility
frequencies in two low-copy strains harboring only a single
genomic Ty1lhis3AI element and a high Tyl copy strain with
a single genomic Ty1lhis3AI were measured as the frequencies
with which cells became His* prototrophs. HU was reported
to activate Tyl retromobility in a dose-dependent manner in
a S. cerevisiae lab strain harboring Tylhis3AI (Curcio et al.
2007), which would be comparable to the high Tyl copy strain
with Tylhis3AI in the current study. Treatment with 30 mM
HU increased Tylhis3AI retromobility ~4- or 11-fold in the
two low-copy strains and ~12-fold in the high Tyl copy strain
(Figure 3C). Increasing the HU concentration to 100 mM led
to a marginal, but not significant, further increase in mobility
for the low-copy strains. The substantially higher mobility in
the single-copy strains compared to the high Tyl copy strain
again verified Tyl regulation through copy number control
(Figure 3C). Furthermore, integration upstream of 5S rRNA
genes was still observed with HU treatment, indicating that
Ty1 insertion preferences were not grossly altered in response
to HU (Figure 3D). These results indicate that lifespan exten-
sion in high Ty1 copy strains in the presence of HU occurs in
the context of moderate levels of Tyl mobility, and higher
levels of retromobility in low Tyl copy strains do not negatively
influence CLS in rich medium with or without HU.

A high-copy plasmid with a Ty1 element under the control
of a galactose-inducible promoter was introduced into the
zero Tyl copy strain to test whether the presence of many
Tyl DNA sequences in the nucleus of cells would somehow
extend lifespan in the presence of HU. Strains with the Tyl
plasmid or a control plasmid were grown and aged in rich
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medium with HU and an antibiotic, G418, to maintain the
plasmids. Glucose medium was used to repress the galactose-
inducible promoter and thereby minimize expression of the
Ty1 element. PCR with DNA extracts from early and late time
points during aging confirmed the presence of the plasmid
throughout aging (data not shown). No significant differences
in median or maximum lifespan were identified between strains
with the control plasmid or the Ty1 plasmid (Figure 3E). There-
fore, the presence of Tyl sequences on a high-copy plasmid is
not enough to reproduce the phenotype of high Tyl copy strains
grown in YPD with HU.

Tyl mobility is inhibited at 30°, as previously noted, which
is largely due to reduced Tyl protein levels and reduced pro-
teolytic processing of Tyl Gag—Pol fusion protein by Ty1 pro-
tease (Lawler et al. 2002). The lack of Gag—Pol processing
inhibits reverse transcription, but Tyl transcription is not al-
tered at high temperature (Lawler et al. 2002). Earlier work
also demonstrated that Tyl transcripts are abundant in cells
grown at 30° (Curcio et al. 1990). We therefore aged zero
and high Ty1 copy strains at 30° in the presence and absence
of HU to determine whether Tyl protein expression and
processing were required for lifespan extension. Incubation at
30° significantly decreased lifespan for all strains compared to
incubation at 20° (P < 0.005), as expected (Figure 2, B and D;
Figure 3F). No significant differences in lifespan between strains
were noted during aging in YPD medium alone, and lifespans
of all strains were significantly extended when HU was added
to the medium (P < 0.001, Figure 3F). High Tyl copy strains
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Figure 2 High Ty1 copy strains have ex-
tended lifespan in the presence of hydroxy-
urea. (A) Representative chronological
lifespan experiment in YPD medium us-
ing triplicate cultures of the zero Ty1
copy parent strain, one low Tyl copy
strain, and one high Ty1 copy strain.
(B) Mean = SD of median chronological

lifespan (days to 50% viability) and max-
] imum chronological lifespan (days to
10% viability) in YPD medium for the
zero Ty1 copy strain (blue columns), four
low Ty1 copy strains (light purple col-
umns), and four high Ty1 copy strains
(orange columns) from 5 to 9 indepen-
dent trials. (C) Representative chronolog-
ical lifespan experiment in YPD + 30 mM
hydroxyurea using triplicate cultures of
the zero Tyl copy strain, one low Ty1
copy strain, and one high Ty1 copy strain.
(D) Mean = SD of median chronological
lifespan (days to 50% viability) and maxi-
mum chronological lifespan (days to 10%
I viability) in YPD + 30 mM hydroxyurea
medium for the zero Tyl copy parent
strain (blue columns), four low Ty1 copy
strains (light purple columns), and four
high Ty1 copy strains (orange columns)
from 9 to 12 independent trials. Signifi-
cant differences are indicated with aster-
isks: *P < 0.05, **P < 0.01.

Low copy ™ High copy

10% Viability

Low copy ™ High copy

*%

10% Viability

no longer had extended median lifespan relative to the zero-
copy strain when incubated at 30° in YPD with HU (Figure 3F).
Maximum lifespan was still significantly extended, but the rel-
ative extension was significantly reduced from 59% at 20° to
16% at 30° (P < 0.01, Figure 2D; Figure 3F). These results
indicate that the presence and/or functions of Ty1 proteins
may contribute to lifespan extension in HU.

Extension of lifespan in high Ty1 copy strains does not
appear to result from substantial differences in DNA
replication stress between zero and high Ty1

copy strains

A negative correlation has previously been reported between
treatments and mutations that alter yeast CLS and levels of
DNA replication stress (Weinberger et al. 2007). This nega-
tive correlation was established in part by examining the abil-
ity of yeast cells to correctly arrest in G1 stage of the cell cycle
when they reach stationary phase through DNA content anal-
ysis (Weinberger et al. 2007). The possibility that high Tyl
copy strains lived longer in HU medium due to improved
arrest in G1 during the transition to stationary phase was
examined through use of a fluorescent DNA stain and flow
cytometry. Nearly all cells for both zero and high Tyl copy
strains had G1 DNA content when grown in YPD medium for
3 days, and there was little change in this profile at day 7
(Figure 4A). Growth in YPD with 30 mM HU caused a pro-
nounced increase in the fluorescence intensities of cell pop-
ulations at day 3, indicative of many cells in S and G2 stages,



Table 1 High Ty1 copy strains have a slightly slower growth rate in rich medium than the zero Ty1 copy strain

Strain (Ty1 copy number) Trials Doubling time in YPD? Trials Doubling time in YPD + 30 mM hydroxyurea?
Zero 6 3.8x0.2 7 52 +03
Low 6 39x0.2 6 50x0.3
High 8 4.0 = 0.2* 8 55+ 04

Triplicate cultures were grown at 20° for each trial, and a total of four low Ty1 copy and four high Ty1 copy strains were tested. *P < 0.05 vs. zero Ty1 copy strain in same medium.

?Mean = SD in hours.

but this effect was diminished by day 7 as cells began to
return to a G1 DNA content (Figure 4A). DNA content profiles
for the zero and high Ty1 copy strains were very similar in the
presence of HU at both time points (Figure 4A), and we did
not observe consistent or substantial differences in profiles
in multiple experiments. Therefore, lifespan extension in high
Tyl copy strains does not seem to be due to substantially
improved arrest in G1 during stationary phase in the presence
of HU.

We further investigated the potential relationship between
HU-induced DNA replication stress and lifespan extension by
high Tyl copy number by growing and aging cells in the
presence of excess threonine. S. cerevisiae cells deficient for
threonine biosynthesis genes, such as THR1, show increased
sensitivity to HU, which can be suppressed by growing cells
with an excess of threonine (Hartman 2007). A metabolic
pathway involving threonine has been proposed to buffer
deoxynucleoside triphosphate (ANTP) levels in the presence
of HU or when other means are used to inhibit ribonucleotide
reductase activity (Hartman 2007). Also, thr1A mutants have
been reported to have decreased CLS, which can be sup-
pressed by overexpression of the ribonucleotide reductase
subunit gene RNRI1, and excess threonine can suppress the
shortened CLS of cells experiencing replication stress due to
high glucose (Weinberger et al. 2013). Strains were grown
and aged in rich medium with four times the normal concen-
tration of threonine to determine whether buffering dNTP
levels would result in more similar lifespans for zero and high
Tyl copy strains in the presence of HU. The maximum life-
span of high Tyl copy strains was still significantly longer by
~37% compared to the parent strain in the presence of both
excess threonine and HU, which was not significantly differ-
ent from the lifespan extension originally observed in rich
medium and HU without threonine (Figure 2D; Figure 4B).
The difference in median lifespan between zero and high Ty1
copy strains in medium with threonine and HU was not sig-
nificant, however. Two additional aspects of these data are
noteworthy. First, HU still extended lifespan of all strains in
the presence of excess threonine (compare Thr vs. Thr + HU
in Figure 4B), but the increase was not quite significant for
the zero-copy strain. Second, the median and maximum CLS
of both zero and high Tyl copy strains were significantly
longer in YPD with HU and excess threonine than they were
in YPD with only HU (P < 0.05 for zero copy and P < 0.01 for
high copy; compare Figure 2D with Figure 4B). This indicates
that depletion of dNTPs may limit CLS of these strains in HU,
even though HU has an overall positive influence on CLS. Since

the maximum CLS of high Tyl copy strains was still longer
than the parent strain despite threonine supplementation, dif-
ferential response to DNA replication stress may not be the
primary reason for the increased longevity.

High Ty1 copy strains have a very moderate reduction in
mutation frequency when grown in medium with HU

Mutations and chromosome rearrangements accumulate dur-
ing yeast chronological aging (Madia et al. 2007), so we ex-
amined young cell populations to determine whether reduced
mutation rates early in lifespan could potentially contribute to
lifespan extension in high Tyl copy strains. CANI encodes a
permease that transports arginine and the toxic arginine-analog
canavanine into yeast cells, and loss-of-function mutations in
CANI provide canavanine resistance (Whelan et al. 1979).
Modest increases or decreases in CANI mutation rates per
cell generation were observed for individual low Tyl copy
and high Tyl copy strains compared to the zero-copy strain
when grown in YPD medium, but the 95% confidence inter-
vals were largely overlapping (Figure 5A). CANI mutation
frequencies (fraction of cells in the population with a muta-
tion) were significantly increased by growth in YPD with
15 mM HU compared to YPD only for both zero and high
Ty1 copy strains, though the additional increases in mutation
frequency with each additional increase in HU concentration
were not quite significant in most cases (Figure 5B). High-
copy Tyl strains showed a moderately diminished mutation
frequency response to HU compared to the zero-copy strain,
particularly in 30 mM HU (Figure 5B). However, substantial
differences in mutation rates for the zero-copy and four high
Tyl copy strains in YPD with 30 mM HU were not observed
(Figure 5C). There were marginal decreases in rate for three
high-copy strains and a modest increase in mutation rate for
the fourth compared to the zero-copy strains, but the 95%
confidence intervals were again largely overlapping. Differ-
ences in mutation rates therefore do not appear to be respon-
sible for the lifespan extension in the high Tyl copy strains.

Differences in ROS accumulation play a role in lifespan
extension of high Ty1 copy strains

Yeast CLS is substantially reduced in synthetic medium com-
pared to rich medium, which is at least partly due to acetic acid
accumulation and is associated with increased replication stress
(Weinberger et al. 2007; Burtner et al. 2009). We observed that
these S. paradoxus strains had very short lifespans in synthetic
medium with 2% glucose (SC), especially considering that their
growth was at 20°, rather than the more typical 30° used for
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Figure 3 Ty1 mobility is elevated in low Ty1 copy strains and in the presence of hydroxyurea. (A) Representative pairs of ethidium bromide-stained agarose
gel images showing Ty1 integration PCR products (top panel of each pair) obtained after 31 and 34 cycles from the same template or single-copy gene
control product obtained after 17 and 19 or 20 and 22 cycles from the same template (top “control” and bottom “control” images, respectively). Results in
the upper pair of images are for the zero Ty1 copy parent strain, “Z,” three low Ty1 copy strains, “L,” and two high Ty1 copy strains, “H.” Results in the
lower pair of images are for two low Ty1 copy strains grown in the absence, “no PFA," or presence, “+ PFA,” of 200 pw.g/ml phosphonoformic acid to inhibit
Ty1 reverse transcriptase. The positions of 1 kbp and 2 kbp markers are indicated (“1” and “2"). (B) A comparison of the relative yield of Ty1 integration PCR
products from two to three independent trials using a reference high Ty1 copy strain, “Ref,” three low Ty1 copy strains, “low copy,” and three additional
high Ty1 copy strains, “high copy.” Columns indicate mean = SD. *P < 0.05 for the means of low vs. high Ty1 copy strains. (C) Frequencies of forming His*
prototrophs as a measure of Ty1 mobility in two low Ty1 copy, “low copy,” and one high Tyl copy, “high copy,” strains harboring a chromosomal
Ty1his3Al element grown in the absence, “YPD," or presence of two different concentrations of hydroxyurea, “30 mM HU” and “100 mM HU.” Columns
indicate mean = SD for three trials per strain per condition, *P < 0.05 and n.s., no significant difference. (D) Representative results of Ty1 integration PCR
following growth of cells in YPD medium with 30 mM HU, as described for A, and control product was obtained after 20 and 22 cycles of PCR. (E) The
median and maximum lifespans for zero-copy Ty1 strains harboring a control plasmid (blue columns) or a Ty1 plasmid (orange columns) grown in YPD + 30 mM
hydroxyurea + 200 pg/ml G418 are shown as the mean * SD of three trials. (F) Median, “50% viability,” and maximum, “10% viability,” lifespans for zero Ty1
copy (blue columns) and high Ty1 copy (orange columns) strains grown at 30° in YPD medium without or with 30 mM hydroxyurea, “YPD" or “YPD + HU,”
respectively. Data are mean = SD from three trials for the zero-copy strain and four trials for the high-copy strains. *P < 0.05 for maximum lifespans of zero
compared to high Ty1 copy strains in YPD + HU, and **P < 0.01 for lifespans in YPD compared to those in YPD + HU.

most published CLS experiments. In SC medium, high Tyl copy 8.4 vs. 6.9 days, respectively, Figure 6). All strains had a signifi-
strains had significantly increased median and maximum life- cantly longer lifespan when 30 mM HU was added to the SC
spans compared to the zero-copy strain (7.4 vs. 6.0 days and  medium, but there was no difference between zero and high
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Tyl copy strains in this medium (Figure 6). The difference in
results using YPD with HU and SC with HU could indicate that
acetic acid accumulation, increased DNA replication stress, or
other stresses/cellular changes associated with aging in SC
medium may mask the ability of HU treatment to further
extend lifespan of the high Tyl copy strains.

Since changes in ROS have been associated with yeast CLS
(Fabrizio et al. 2003; Weinberger et al. 2010; Longo et al. 2012),
we measured ROS levels in the zero and high Ty1 copy strains.
No significant differences in levels of peroxides and other ROS
detected by the fluorescent reagent DHR and flow cytometry
were noted between zero and high Tyl copy strains grown in
YPD during the transition to stationary phase and early time

Zero copy

Zero copy

Figure 4 Differences in replication stress are unlikely to
fully explain the lifespan extension in high Ty1 copy strains.
(A) Representative histograms from flow cytometry using
propidium iodide (PI) to determine DNA content of two
replicates of the parent zero Ty1 copy strain, “zero copy,”
and two different high Ty1 copy strains, “high copy.” Cells
were analyzed after 3, “day 3,” or 7, “day 7,” days of
growth in rich medium without or with 30 mM hydroxy-
urea, "YPD" or “YPD + HU," respectively. Each panel for
day 3 has the same x-axis scale, and each panel for day 7
has the same x-axis scale. An orange vertical line on the
“YPD + HU" panels indicates the average position of the
peak signal from the corresponding set of “YPD" graphs to
facilitate comparisons. (B) Mean = SD of median, “50%
viability,” and maximum, “10% viability,” lifespans for the
zero Ty1 copy strain (blue columns) and three high Ty1 copy
strains (orange columns) grown in rich medium with an
excess of threonine and without or with 30 mM hydroxy-
urea, “Thr” or “Thr + HU,” respectively. Data are from
three trials, and *P < 0.05 shows comparison of high Ty1
copy strains grown without or with HU and maximum life-
spans of zero and high Ty1 copy strains in Thr + HU.

High copy

High copy

10% Viability
Thr+HU

points during aging. In contrast, high Tyl copy strains had a sig-
nificant reduction in ROS detected by DHR compared to the
zero-copy strains at day 3 when 30 mM HU was present in
the YPD medium (Figure 7A). This difference diminished and
was no longer significant at later time points. Cells grown in SC
medium were sampled at comparable points during early sta-
tionary phase and early aging, but sampling was on different
days to compensate for slightly slower growth in SC medium
compared to YPD and a further reduction in growth rate in SC
medium with HU (data not shown). High-copy Ty1 strains again
had a significant reduction in ROS detected by DHR compared
to the zero-copy strain on the initial day of sampling in SC
medium alone (Figure 7B), but no significant differences were
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Figure 5 High Ty1 copy strains have a modest reduction in mutation
frequency in the presence of hydroxyurea. (A) Rate per cell generation
of forming canavanine-resistant mutants for two trials of the zero-copy
Ty1 strain (blue columns), four low Ty1 copy strains (light purple columns),
and four high Ty1 copy strains (orange columns) in YPD medium deter-
mined using the FALCOR calculator (Hall et al. 2009). Error bars indicate
95% confidence intervals. (B) Frequency of forming canavanine-resistant
mutants following growth in rich medium without or with the indicated
concentrations of hydroxyurea for zero (blue columns) or four high Ty1
copy (orange columns) strains. Data represent the mean = SD from four
or five trials, and **P < 0.01 shows comparison of zero to high Ty1 copy
strains in 30 mM HU, or for indicated comparisons. (C) Mutation rates as
for A for two trials of the zero-copy strain and four high Ty1 copy strains
using YPD medium with 30 mM HU.

seen for either day of sampling of cells grown in SC with HU. No
differences in ROS levels measured with DHR were noted be-
tween zero and high Tyl copy strains grown at 30° in YPD
medium with HU, consistent with the diminished lifespan ex-
tension observed with incubation at 30° (Figure 7C). Sampling
was done on different days in the latter case to account for faster
growth at 30°. We also observed a significant increase in fluo-
rescence with DHE, which detects superoxide anions, in the zero
Tyl copy strain as populations neared their median lifespan in
SC medium alone that was significantly diminished in the high
Tyl copy strains at the same time point (Figure 7D). The results
of these ROS experiments show a correlation between media
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Figure 6 High Ty1 copy strains have moderately extended lifespan in
synthetic medium without hydroxyurea. Median, “50% viability,” and max-
imum, “10% viability,” lifespans for zero Ty1 copy (blue columns) and high
Ty1 copy (orange columns) strains grown in synthetic medium without or
with 30 mM hydroxyurea, “SC” or “SC + HU," respectively. Data are the
mean = SD from three to five trials. *P < 0.05 for lifespans of zero
compared to high Ty1 copy strains in SC, and **P < 0.01 for lifespans in
SC compared to those in SC + HU.

conditions in which high Tyl copy strains have extended lon-
gevity and significant differences in ROS levels compared to the
zero Tyl copy strain.

Zero and high Tyl copy strains were grown and aged in
the presence of reduced glutathione as an antioxidant to further
explore the connection between ROS levels and extension of
lifespan in high Tyl copy strains. The median and maximum
CLS of the zero Tyl copy strain were virtually the same as for
the high Tyl copy strains in YPD medium with 30 mM HU and
either 5 or 10 mM glutathione (Figure 8A). The moderate re-
duction in CLS of all strains when 10 mM glutathione was used
indicates that excessive levels of glutathione may have negative
effects on cells. The median and maximum CLS of the zero-copy
strain in YPD with HU and 5 mM glutathione were not signif-
icantly different from the median and maximum CLS of the high
Tyl copy strains in YPD with HU only (Figure 2D; Figure 8A).
This demonstrates that addition of glutathione to the medium
increased the lifespan of the zero-copy strain so that it was
equivalent to that of the high Ty1 copy strains in HU. Treatment
with 5 mM glutathione led to a modest increase in median CLS
of the high Tyl copy strains (P < 0.05), but did not increase
their maximum CLS in YPD with HU (Figure 2D; Figure 8A).
This limited influence of glutathione is consistent with longevity-
promoting changes in ROS accumulation occurring in the
high-copy strains without exposure to an antioxidant. These
data from glutathione exposure are consistent with changes
in ROS contributing to the lifespan extension of high-copy
Tyl strains grown in YPD with HU. An overall comparison
of the relative lifespan of high Ty1 copy strains compared to
the zero-copy parent strain in glutathione-containing medium
and all other media conditions tested is shown in Table 2.

DHR fluorescence was compared in zero and high Tyl
copy strains exposed to both HU and reduced glutathione to
test whether ROS levels would be similar, since these strains
had similar CLS. No significant differences were noted in ROS
levels between these strains when grown and aged in YPD
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with HU and either 5 or 10 mM glutathione for 3 or 5 days
(Figure 8B). This is in contrast to the results for YPD with HU
and no glutathione (Figure 7A). These results further support
the observation that conditions that increase CLS of the high
Tyl copy strains relative to the zero-copy strain are associated
with changes in ROS between these strains, while conditions
that do not increase CLS of the high Tyl copy strains are
associated with similar ROS levels between high and zero
Tyl copy strains.

Discussion

This work identifies an unanticipated positive contribution of
yeast Tyl elements to chronological lifespan through use of an
exceptional yeast model system for studying retrotransposons.
Much of the current focus on the possible contribution of
retrotransposons to aging concerns the potential for these
elements to negatively influence lifespan by promoting ge-
nome instability (St Laurent et al. 2010; Sedivy et al. 2013).
We did not observe a negative influence of retrotransposition
on lifespan of nondividing yeast cells, but rather, strains with
many Tyl copies and low retrotransposition levels survived
longer in stationary phase when grown in rich medium with
a low dose of the ribonucleotide reductase inhibitor HU or in
synthetic medium. Lifespan extension was correlated with re-
duced ROS during early stationary phase, and antioxidant
treatment allowed the strain with no Tyl elements to live as
long as the high Ty1 copy strains in rich medium with HU. The
presence of many chromosomal Tyl retrotransposons may in-
directly or directly lead to cellular changes that affect ROS

production and/or scavenging and promote chronological life-
span. The potential contribution of retrotransposons to aging
could therefore be complex and should be investigated from
a broad perspective.

The increased lifespan of all the S. paradoxus strains due
to treatment with a low dose of HU is in contrast to a recent
report of decreased CLS in S. cerevisiae strains treated with
the same dose of HU (Weinberger et al. 2013). This discrep-
ancy could be due to differences in methods, but we note
that there are certain consistencies between our results and
those of the previous report. First, S. cerevisiae cells exposed to
30 mM HU have substantially decreased reproductive potential
(ability to form colonies on fresh medium) in stationary phase
but no reduction in terminal cell density (Weinberger et al.
2013). We also observed no decrease in terminal cell density
and a moderately lower density of colony forming units (lower
reproductive potential) at the start of stationary phase with HU
treatment (data not shown). Second, many cells exposed
to HU in the previous study and in our work were in S or G2
stage of the cell cycle during stationary phase (Weinberger
et al. 2013). Third, both our study and the previous study
found that addition of excess threonine to buffer ANTP levels
could extend lifespan of cells aging in the presence of HU
(Hartman 2007; Weinberger et al. 2013). However, we found
no loss of cell viability due to HU by direct staining of cells
and longer maintenance of cell viability and reproductive poten-
tial in HU medium. An important difference between the studies
is that we grew cells from a low initial density (5 X 103 cells/ml)
to stationary phase, while the previous study used cultures
inoculated at a higher initial density (5 X 107 cells/ml), so
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Figure 8 Lifespan of the zero Ty1 copy strain increases to that of high
Ty1 copy strains in hydroxyurea with antioxidant treatment. (A) Median,
“50% viability,” and maximum, “10% viability,” lifespans for zero Ty1
copy and high Ty1 copy strains (blue and orange columns, respectively)
grown in YPD medium with 30 mM hydroxyurea and the indicated con-
centration of glutathione, “5 mM GSH” or “10 mM GSH.” Data represent
means =+ SDs of three to five trials. (B) Mean of normalized dihydrorhodamine
(DHR), fluorescence obtained from at least three trials of zero Ty1 copy and
high Ty1 copy (blue and orange columns, respectively) strains after the
indicated number of days in rich medium with 30 mM hydroxyurea and
the indicated concentration of glutathione, “5 mM GSH” or “10 mM GSH.”
Error bars indicate standard deviation.

cells in our experiments spent more time actively growing in
the presence of HU (Weinberger et al. 2013). We propose
that a longevity-promoting effect resulting from exposure to
a low dose of HU during exponential growth in our experi-
ments overshadows a negative effect of HU on CLS due to
replication stress during stationary phase.

Extended lifespan of high Ty1 copy strains was correlated
with decreased ROS levels during early stationary phase.
Changes in mitochondrial function and ROS levels during
active growth that lead to decreased ROS levels during early
stationary phase underlie yeast CLS extension due to deletion
of the TOR1 gene (Bonawitz et al. 2007; Pan et al. 2011). TOR
genes in diverse organisms encode kinases responsive to nu-
trient conditions and growth signaling that regulate processes
such as translation, ribosome biogenesis, and autophagy to influ-
ence cell growth, metabolism, and aging (Bjedov and Partridge
2011). Functional mitochondria are required for increased
CLS of yeast tor]A mutants (Bonawitz et al. 2007). These
mutants exhibit elevated mitochondrial membrane potential
and mitochondrial superoxide during active growth, but re-
duced mitochondrial membrane potential, superoxide, and
ROS detected by DHR in early stationary phase (Pan et al
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2011). Overexpression of the mitochondrial superoxide dis-
mutase, SOD2, prevents lifespan extension in torIA mutants.
Exposure to a low dose of the superoxide-generating reagent
menadione during exponential growth of wild-type cells causes
lifespan, ROS, and mitochondrial changes similar to those of
tor]A mutants (Pan et al. 2011). These observations indicate
that ROS changes during active growth and early stationary
phase are important for mediating lifespan extension. The ROS
changes we observed in high Tyl copy strains could reflect
similar changes in mitochondrial function or ROS production/
scavenging that contribute to lifespan extension in these
S. paradoxus strains. How the presence, expression, and/or
mobility of Tyl elements could indirectly or directly produce
such changes is a topic that we are actively investigating.

Our findings do not rule out potential negative effects of
retrotransposons on lifespan in other contexts or aging models,
including replicative aging of actively dividing yeast mother
cells (Kaeberlein 2010). Retrotransposon expression increases
with age in gonads of C. elegans, brain tissue of D. melanogaster,
normal human cells maintained ex vivo, multiple mouse tissues,
and yeast mother cells (Wang et al. 2011; Dennis et al. 2012;
De Cecco et al. 2013a,b; Li et al. 2013; Hu et al. 2014). In-
creased mobility of retrotransposons occurs at late time points
during yeast chronological lifespan and in brains of aged
D. melanogaster (Maxwell et al. 2011; Li et al. 2013). Increased
copy numbers of retrotransposons in human cells aged ex vivo,
somatic tissues from aged mice, and during yeast replica-
tive aging have also been interpreted as signs of increased
retrotransposition (De Cecco et al. 2013a,b; Hu et al. 2014).
These correlations have led to proposals that retrotransposons
might promote the aging process and/or genome instability
during aging. The S. paradoxus Ty-less strain background has
allowed us to carefully address such a potential role during
chronological aging of haploid yeast strains in certain media
conditions. Whether Tyl elements could negatively influence
CLS in the context of other lifespan altering mutations or treat-
ments, and whether they have a negative influence on the
lifespan of dividing cells will require further study.

Additionally, mutation rate of a representative gene was
not increased due to elevated retrotransposition in our haploid
strains in young populations, in contrast with previous work
showing that retrotransposition was correlated with loss of
heterozygosity and chromosome loss during chronological aging
of diploid S. cerevisiae strains (Maxwell et al. 2011). The differ-
ence in these results could be due to the use of different cell types
(haploids vs. diploids), cells of different ages, or to the dif-
ferent measures of genome instability. While high levels of
retrotransposition did not negatively influence CLS, it remains
possible that some forms of genome instability are elevated in
haploid cells during chronological aging due to retrotransposition.
Furthermore, while mutations and chromosome rearrangements
accumulate during yeast chronological aging (Madia et al. 2007),
additional research is needed to understand how this relates to
the progressive loss of viability during stationary phase.

This work also provides a new perspective on the relation-
ship between ROS and retrotransposons. Prior work identified
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Table 2 Mean lifespan of high Ty1 copy strains as a percentage of
mean lifespan of the zero Ty1 copy strain for each medium or
growth condition

Median Maximum
Medium/condition lifespan? lifespan®
YPD 104 109
YPD + HU 122% 159%=
YPD 30° 106 107
YPD 30° + HU 106 116%*¢
YPD + threonine 101 119
YPD + threonine + HU 122 137*
SC 123* 122*
SC + HU 103 106
YPD + 5 mM glutathione + HU 106 97.2
YPD + 10 mM glutathione + HU 99.5 93.7

* P < 0.05 vs. zero Ty1 copy strain; **P < 0.01 vs. zero Ty1 copy strain.

? Days to 50% viability.

b Days to 10% viability.

¢ Significantly reduced compared to high Ty1 copy strains in YPD + HU at 20°
(P < 0.01).

increased mobility of yeast Tyl and mammalian L1 elements in
response to oxidative stress and that activation of Tyl elements
by the DNA-damaging agent MMS requires mitochondrial
function and ROS production (Stoycheva et al. 2010; Giorgi
et al. 2011). Regulation of retrotransposon expression and
mobility by numerous stresses could have consequences for
cell function and survival in stressful conditions (Capy et al.
2000; Slotkin and Martienssen 2007). However, our findings
show that retrotransposons can indirectly or directly alter
ROS levels in certain contexts, indicating that these elements
might influence cellular responses to stress. Dispersed copies
of retrotransposons that are subject to chromatin modifica-
tions and that initiate transcripts that can read through into
neighboring genes may alter gene expression patterns (Slotkin
and Martienssen 2007), which could affect cellular stress
responses. Chimeric transcripts containing retrotransposon
sequences and sequences of other genes are observed in hu-
man cells, including tumor cells, and can regulate gene ex-
pression (Belancio et al. 2010; Cruickshanks et al. 2013).
Chromatin marks on mammalian short-interspersed nuclear
element (SINE) retrotransposons can change in response to
stress (Hunter et al. 2012), and RNA from these elements can
directly interact with RNA polymerase to influence gene ex-
pression in response to heat shock (Ponicsan et al. 2010).
Yeast Tyl elements can alter transcription of neighboring
genes and establish stress-responsive patterns of expression
on genes (Lesage and Todeschini 2005; Servant et al. 2008).
However, the results from growth at 30° are consistent with
the expression and activity of Tyl proteins directly or indi-
rectly influencing lifespan and ROS, since substantial Tyl
transcription occurs at 30° (Curcio et al. 1990; Lawler et al.
2002). Also, the different patterns of Tyl insertions in the
high Ty1 copy strains indicate that it is unlikely that the same
gene or genes would have altered expression due to neigh-
boring Tyl sequences in all the high-copy strains. Tyl Gag
protein forms the Tyl virus-like particle and Tyl Pol protein
has protease, reverse transcriptase, and integrase activities

(Beauregard et al. 2008). One or more of these activities might
indirectly alter stress-response pathways or, in the case of re-
verse transcriptase or integrase, influence DNA metabolism. An
alternative possibility is that Tyl protein expression/function
(or moderate levels of Tyl mobility) is needed in combination
with transcriptional effects on gene expression for lifespan
extension.

Overall, a longevity-promoting role for retrotransposons
in yeast chronological lifespan in certain contexts provides a
new point of view for investigating the relationship between
these elements and aging. The advantages of the S. paradoxus
Ty-less model offer a unique opportunity to directly test for
additional roles of retrotransposons during aging. Continued
work in this system will likely produce findings relevant to
aging and transposable elements in many species, considering
common aspects of regulation and impacts of retrotransposons
in diverse species, as well as fundamental similarities between
aging in budding yeast and other eukaryotes.
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