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Abstract

Retrotransposon expression or mobility is increased with age in multiple species and could
promote genome instability or altered gene expression during aging. However, it is unclear
whether activation of retrotransposons during aging is an indirect result of global changes in
chromatin and gene regulation or a result of retrotransposon-specific mechanisms. Retromobility
of a marked chromosomal Ty1 retrotransposon in Saccharomyces cerevisiae was elevated in
mother cells relative to their daughter cells, as determined by magnetic cell sorting of mothers and
daughters. Retromobility frequencies in aging mother cells were significantly higher than those
predicted by cell age and the rate of mobility in young populations, beginning when mother cells
were only several generations old. New Ty1 insertions in aging mothers were more strongly
correlated with gross chromosome rearrangements than in young cells and were more often at
non-preferred target sites. Mother cells were more likely to have high concentrations and bright
foci of Tyl Gag-GFP than their daughter cells. Levels of extrachromosomal Tyl cDNA were also
significantly higher in aged mother cell populations than their daughter cell populations. These
observations are consistent with a retrotransposon-specific mechanism that causes
retrotransposition to occur preferentially in yeast mother cells as they begin to age, as opposed to
activation by phenotypic changes associated with very old age. These findings will likely be
relevant for understanding retrotransposons and aging in many organisms, based on similarities in
regulation and consequences of retrotransposition in diverse species.
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1. Introduction

Retrotransposons are mobile DNA elements that have been recently associated with aging in
a variety of organisms. These elements transpose through reverse transcription of their RNA
transcripts into DNA copies that are incorporated at new genomic sites [1]. Increased
retrotransposon RNA or protein levels have been observed with increased age in S.
cerevisiae mother cells, Caenorhabditis elegans gonads, Drosophila melanogaster brain
tissue, mouse somatic tissues, and senescent human fibroblasts [2-7]. Reporter genes were
used to directly detect elevated insertions of the gypsy element in brain tissue from aged D.
melanogaster and the Tyl retrotransposon late during the lifespan of nondividing yeast cells
[5, 8]. Quantitative PCR (gPCR) has been used to infer increased mobility through increased
retrotransposon copy number in aging yeast mother cells, mice, and human cells [3, 4, 6].
These elements can cause mutations, contribute to chromosome rearrangements, produce
double-stranded DNA breaks, and alter transcriptional regulation or mRNA splicing of
neighboring gene sequences, so their elevated activity may promote aging by causing
genome instability and changing gene expression patterns [9-14]. Age-dependent loss of
chromatin-based and small RNA-based silencing mechanisms, as well as activation of
retrotransposons by reactive oxygen species and DNA damage, may underlie this activation
of retrotransposons with age, allowing them to cause genetic damage [15-17].

Many questions remain regarding the relationship between retrotransposons and aging,
including whether there is any specific age-related regulation of retrotransposons or whether
they are reacting only to global changes in chromatin and other gene regulatory mechanisms
[17]. Also, the reliability of estimating levels of retrotransposition using qPCR-based
measurements of copy number has been questioned [18], highlighting the importance of
directly measuring retrotransposition to formally rule out contributions of other DNA
amplification mechanisms or the presence of unincorporated reverse transcripts to copy
number changes detected by gPCR. While there is evidence that human Alu element
expression can contribute to DNA damage in senescent cells [19], evidence that
retrotransposition itself is directly contributing to age-dependent genome instability is also
needed. The relationship between these elements and aging may be complex, since an earlier
report had found retrotransposition to be decreased in primary human fibroblasts as they
approached replicative senescence [20], and we have recently reported that retrotransposons
can have unexpected positive influences on aging in certain contexts [21].

S. cerevisiae provides an excellent model to address many of these questions. Studies of
yeast replicative aging that occurs as mother cells undergo successive rounds of cell division
and chronological aging of nondividing cells have provided important insights relevant to
aging in a number of species [22]. Tyl is a well-characterized long terminal repeat (LTR)
retrotransposon in S. cerevisiae, and mobility frequencies or rates of endogenous Tyl
elements expressed from their native promoters can be easily and quantitatively measured
using indicator genes [1, 23, 24]. In this study, potential age-specific regulation of Tyl
retromobility during replicative aging was examined by separating mother and daughter
cells through magnetic sorting. Yeast mother cells have higher than predicted levels of new
Tyl insertions, which are more often associated with gross chromosome rearrangements
(GCRs) than in young cells, and mother cells have much higher levels of extrachromosomal
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Tyl complementary DNA (cDNA) than their daughters. These results provide strong
support for mother cell-specific (or age-specific) regulation of retrotransposition that could
contribute to genome instability during replicative aging.

2. Materials and methods

2.1. Yeast strains, media, and plasmids

Yeast strains were grown using standard rich (YPD) or synthetic complete (SC) medium
[25]. Strain JC3212, which is a derivative of BY4741 with a chromosomal copy of
Ty1his3Al [26], was used for most experiments. Strain JC3807 was used for fluorescence
fluctuation microscopy through two photon scanning Number & Brightness, and it has the
same genotype as JC3212 but also harbors a chromosomal Ty1-GFP-3566 element in which
GFP is fused to the 3’ end of the TYAL ORF to produce a Gag-GFP fusion protein [27, 28].

2.2. Isolation of yeast mother cells and determination of cell age

Magnetic cell sorting to separate biotin-labeled mother cells from their daughter cell
populations was performed as previously described [29]. Briefly, cells were grown from
glycerol stocks on YPD agar at 30°C, and 108 cells per collection point were labeled with
NHS-LC-biotin (Thermo Scientific) and inoculated into YPD medium at a density of 5 x
10% cells/ml. Labeled cells were magnetically sorted after overnight growth at 20°C using
anti-biotin microbeads and MACS LS separation columns (Miltenyi Biotec), and no more
than 2 x 10° cells were loaded onto individual columns. At each collection point, portions of
the column eluate (mother cells) and flow through (daughter cells) were retained for
analyses, and portions of sorted mother cells were inoculated into YPD liquid medium for
additional rounds of growth and sorting to increase replicative age. Cell populations grown
overnight and washed with buffer in preparation for sorting were stored on ice for up to one
hour, and labeled or sorted cells were stored for up to three hours on ice before inoculation
into fresh medium in some instances [29]. Bud scars were stained with an Alexa Fluor 488
conjugate of wheat germ agglutinin (WGA, Life Technologies) to determine replicative age
of cells. Manual bud scar counts obtained from fluorescence microscopy were plotted versus
the geometric means of fluorescence intensity of stained cells measured with a BD LSR 11
flow cytometer and normalized to unstained controls for three trials to obtain a trend line for
calculating cell age [29]. Cell ages for populations were then calculated from normalized
geometric mean signals from individual trials using unsorted control populations to verify
consistent staining and were averaged for multiple trials in a given set of experiments. Cell
viability was determined directly using trypan blue dye exclusion, as previously described
[29]. Plating efficiencies were determined from the percent of cells spread onto rich medium
that were able to form colonies after incubation at 30°C for five days, and the values
reported for mother cells of different ages were normalized to the initial plating efficiencies
of the strains.

2.3. Tyl retromobility rate and frequency

The frequency of His™ prototroph formation was used to calculate the rate and frequency of
retromobility of a chromosomal Ty1his3Al element in unsorted or sorted cell populations
[30]. Diluted cells were spread onto YPD medium and incubated for up to five days at 30°C
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to determine colony-forming units/ml, while appropriate volumes of cells (no more than 108
cells per plate) were spread onto SC medium lacking histidine and incubated for up to seven
days at 30°C. Retromobility frequencies were calculated as the number of His* prototrophs
divided by the colony-forming units spread onto selective medium. Seven to ten replicate
cultures were inoculated at 5,000 cells/ml and grown for three days to measure initial
frequencies for cells grown at 30°C and for fluctuation tests to measure rates of Ty1his3Al
mobility at 20°C [31]. Rates were calculated using the Ma-Sandri-Sarkar (MSS) maximum
likelihood method [32]. Predicted retromobility frequencies for cells of given ages were
calculated as described previously using initial frequencies and retromobility rate values
[29].

and multimer PCR for Ty1HIS3 insertions

Genomic DNA extracted by glass bead disruption and phenol extraction from His*
prototrophs from sorted cell populations was used for adapter-mediated PCR to identify
genomic DNA flanking the 3’ end of Ty1HIS3. Approximately two pg of genomic DNA was
digested with combinations of the following blunt-end producing restriction enzymes:
EcoRV, Hincll, Pvull, SnaBl, and Stul. Digested DNA was purified with the Wizard SV
Plus PCR Clean-up Kit (Promega) in a final volume of 50 pl, and six pl was ligated to a
DNA adapter (final adapter concentration of 3.75 uM) in a total volume of 10 pl. The
adapter was formed by annealing two oligonucleotides: 5/-
ACGCTACACGTCGGTCGACTCCACTCGAGCTGACTAGTTGGATCC-3 and 5’-
GGATCCAACTAGTCAG-3'. The shorter oligonucleotide had a 5’-phosphate and a 3’-
amine group, the latter of which prevented extension of the shorter strand of the adapter to
reduce nonspecific PCR products [33]. One pl of each ligation reaction was amplified by
PCR using an adapter-specific primer (5-ACGCTACACGTCGGTCGACTCCA-3) and a
HIS3 primer overlapping the splice junction formed after removal of the artificial intron (5’-
TCTCCTACTTTCTCCCTTTGCAAACC-3). One pl of each first round PCR was
amplified using a partially nested adapter primer (5'-
GACTCCACTCGAGCTGACTAGTTG-3') and a nested HIS3 primer (5'-
CCTTCGTTTATCTTGCCTGCTC-3). PCR products were purified with the Wizard SV
Plus PCR Clean-up Kit (Promega) and sequenced. Tyl multimers (tandem Ty1 insertions)
were detected by PCR using the HIS3 splice junction primer and an antisense primer to the
TYAL region of Tyl (5-TGAGGTTAACATTGGTGGTGGTCTG-3). Control primers to
the BAT1 gene were included in these reactions to verify negative results.

2.5. CHEF gel analysis of chromosome instability

Intact yeast chromosomes were prepared and analyzed using a CHEF Mapper XA Chiller
clamped homogeneous electrical field (CHEF) electrophoresis system (Bio-Rad) as
previously described, except that gels were run at a 60° angle for 18 h with pulse times of
40-75 sec and then for 8 h with pulse times of 110-130 sec [34].

2.6. Quantification of Ty1HIS3 and Tylhis3Al mRNA

Total yeast RNA was prepared from unsorted, mother cell, and daughter cell populations
using the MasterPure Yeast RNA Purification Kit (Epicentre) according to the
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manufacturer’s instructions and including DNasel treatment. The PrimeScript 1st Strand
cDNA Synthesis Kit (Takara Bio) was used according to the manufacturer’s instructions to
prepare cDNA and mock (minus reverse transcriptase) samples. PCR products generated
with primers hybridizing to ACT1 (5-CGAAAGATTCAGAGCCCCAGAAGCT-3 and 5'-
GGAGCCAAAGCGGTGATTTCCT-3) and spliced HIS3 (5'-
TGGATGAGGCACTTTCCAGAG-3’ and HIS3 splice junction primer, section 2.4)
sequences were generated and quantified using EvaGreen Supermix (Bio-Rad) and a QX200
Droplet Digital PCR (ddPCR) System (Bio-Rad). Total MRNA from the Ty1his3Al element
(unspliced his3Al and spliced HIS3) was detected using the first HIS3 primer listed above,
which anneals to a region of HIS3 absent from the chromosomal his3A1 allele in the strain
background, and the primer 5’-CTTTGGTGGAGGGAACATCGTTG-3'. Absolute
quantification was performed to determine copies/ul for each target, using triplicate
technical replicates, and subtracting the very low signal obtained from mock samples (if any
signal from mock samples was detected). Ty1HIS3 and total Ty1lhis3AI mMRNA levels were
normalized using ACT1 mRNA levels, and levels of unspliced Ty1his3Al mRNA were
determined by subtracting the copies/ul of Ty1lHIS3 from the copies/ul of the total
Ty1lhis3Al mMRNA.

2.7. Determination of Tyl Gag-GFP concentration

Yeast strain JC3807 expressing Tyl Gag-GFP was grown at 20°C in synthetic complete
medium lacking adenine and tryptophan (SC — Ade — Trp) to obtain unsorted cell
populations or labeled with biotin and used for magnetic sorting (as in section 2.2) to obtain
mother and daughter cell populations. Sorted cells were suspended in phosphate buffered
saline. Cells were imaged by two photon scanning Number and Brightness (N&B) on agar
pads exciting at 930 nm, using 10 mW laser power (Mai Tai fs IR laser, Newport, Spectra-
Physics, Santa Clara, CA) at the entrance to the Alba mirror scanning fluorescence
fluctuation microscope (ISS, Urbana, IL). Pixel dwell time was set to 40 microseconds, and
stacks of 50 20x20 micrometer images of 256x256 pixels were acquired using a 735-LP
long-pass dichroic mirror (FF735-Di01) and a 750 nm (750sp-2p) low pass blocking filter
and a 542 nm bandpass filter (FF01-530/43-25) in emission (all from Semrock, Rochester,
NY). Raw Number and Brightness values were corrected for shot noise contributions by
subtracting 1 from the B value to yield true brightness, e, and by dividing the product of N x
B by the true brightness (B-1) to yield, n, the true number of molecules in the two-photon
point spread function (PSF) as previously described [35].

In dozens of fields of view, hundreds of yeast cells were sized assuming roughly spherical
shape and sorted as mothers, buds and daughters. The auto-fluorescent and dark count
threshold was found to be 0.6 counts per second per dwell time, and was subtracted from all
images prior to calculating N&B. The values of the true number and brightness were
calculated on a single cell basis by averaging the values of all the pixels within each cell.
Since Tyl Gag-GFP formed higher order oligomers and even foci, the total concentration is
reported in terms of monomeric GFP. For example, if for a given region in a cell the
concentration were 100 nM, but the molecular brightness was 10-fold that of GFP, the total
concentration is reported as one UM (10 x 100 nM) for that region. We note that for very
large foci that diffused as a unit, the brightness values were very large, and since they did
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not always come into focus in the z-plane, the concentration values for those cells containing
foci represent a lower limit.

2.8. Quantification of Tyl cDNA

A previously established Southern blot method was used to quantify Tyl cDNA [36]. Up to
two pug of Sphi-digested genomic DNA (prepared as for PCR) resolved on 1% agarose gels
was transferred under alkaline conditions to Brightstar-plus positively charged nylon
membranes (Life Technologies). Blots were hybridized with a radioactively labeled Tyl
DNA probe prepared from a PCR product corresponding to positions 4221-4842 of Ty1-H3
(GenBank accession M18706.1) in NorthernMax hybridization buffer (Life Technologies) at
45°C overnight. Blots were washed four times at a maximum stringency of 0.2X SSC (0.03
M sodium chloride and 0.003 M sodium citrate), 0.1% sodium dodecy! sulfate at 45°C,
visualized using a Typhoon Trio+ imager (GE Healthcare) and quantified with ImageQuant
5.1 software. Tyl cDNA signal was normalized to the average signal for two genomic Tyl
fragments and then to the signal obtained for control unsorted populations grown at 20°C.

2.9. Statistical analysis

3. Results
3.1 Elevated

Unpaired two-tailed t-tests assuming equal or unequal variance (depending on the data sets)
were used to compare mean values and Fisher’s exact test was used to compare ratios for
significant differences. Levels of significance are given in the figures and text.

retromobility in mother cells

Potential age-dependent changes in Tyl retrotransposition in S. cerevisiae were investigated
using a method to compare observed frequencies of genome instability to predicted
frequencies for cells of different replicative ages [29]. Since yeast cells surface-labeled with
biotin do not pass the label to their daughters, initial populations of labeled cells grown in
liquid cultures were separated from their daughters with anti-biotin magnetic microbeads
and magnetic columns [37]. Sorted mother cells were analyzed or grown and sorted again
until they underwent a total of up to five rounds of growth and sorting to increase their age.
The yeast strain used harbors a chromosomal copy of a Ty1 retrotransposon with the his3Al
retrotransposition indicator gene [30] enabling quantification of Tyl retromability by
measuring the frequency of cells gaining the ability to grow in the absence of histidine (His*
prototroph phenotype) following genomic insertion of a Ty1HIS3 cDNA produced from the
marked element (Fig. S1) [30]. Cell populations were grown at a non-permissive
temperature for Tyl mobility (30°C) prior to biotin labeling and were then grown at a
permissive temperature (20°C) for the remainder of each experiment [38, 39]. The average
age in cell generations of populations was determined by staining bud scars on cell surfaces
at the sites of prior cell divisions with a fluorescent conjugate of WGA and then performing
flow cytometry (see section 2.2) [29]. Histograms from flow cytometry of WGA-stained
mother and daughter cell populations confirmed that mother cell populations had very little
contamination with daughter cells and vice versa (Fig. S2).
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Rates of Ty1his3Al mobility per cell generation were calculated using the MSS maximum
likelihood estimator method and data from standard cultures (unsorted populations) to
predict His* prototroph frequencies due simply to additional cell generations (Fig. 1A) [32].
An average Ty1his3Al mobility at non-permissive temperature of 6.6 + 4.9 x 1079 (mean +
standard deviation) calculated from three trials each using ten independent cultures was
added to the product of the mean rate value at permissive temperature from seven trials and
the number of cell generations to obtain predicted His™ prototroph frequencies (Fig. 1B).
Error bars for these values were generated by substituting the lower and upper bounds of the
mean 95% confidence interval for the rate in the formula. His* prototroph frequency in
mother cells with mean replicative ages of 4.1 or 12 (one or three rounds of overnight
growth and sorting, respectively) was 4.2 or 3.9-fold higher than predicted values, but the
frequency was not higher than predicted for mother cells with a mean replicative age of 18
(five rounds of growth and sorting) (Fig. 1B). The observed data from six independent trials
were compared to all the predicted values obtained by using each of the seven individual
rate values (Fig. 1A) to determine that fold increases were significant. The average purity of
sorted mother cells based on bud scar staining for populations 4.1, 12, or 18 divisions old
was 77 £ 2.4%, 97 + 1.4%, or 98 + 1.0%, respectively (mean + standard deviation). The
reduced purity in the youngest mother cell populations likely results from some mother cells
completing cell division during the sorting procedure, due to rapid cell divisions in these
young mothers, resulting in limited carry over of daughter cells [29]. Control experiments
were also performed to determine whether incubation of cells on ice immediately before or
after sorting in some trials (see Section 2.2) or the sorting procedure itself could alter Tyl
mobility. No significant differences were seen in Tyl mobility comparing cell populations
immediately before and after sorting, or due to incubations of cells on ice during the
protocol (Fig. S3).

The decreased Tyl mobility frequency in the oldest mother cells correlated with only a
modest decrease in average viability, but a large decrease in the average percentage of cells
able to form colonies on fresh medium (plating efficiency, Fig. 1C). This decrease in plating
efficiency could contribute to a decreased ability to detect insertions in the oldest mother
cells, since colony formation on selective medium is required to detect Ty1his3Al mobility.
Furthermore, the reduction in plating efficiency prevented reliable mobility measurements
from being made beyond five rounds of growth and sorting.

Ty1his3Al mobility was 2.2 or 2.4-fold higher in the two younger mother cell populations
than in their daughters, but was similar between the oldest mother cells and their daughters
(Fig. 1D). Since new Ty1his3Al insertions that occur in non-dividing cells would be passed
on to subsequent daughter cells, the higher mobility in mother cells could indicate that
insertions preferentially occur in mother cell genomes during cell division. The absence of
mother-daughter asymmetry in the oldest cells could reflect a breakdown in the mechanism
responsible for preferential Tyl insertions in mother cells or the inability of many of the
oldest mother cells accumulating insertions to grow when placed onto fresh medium,
preventing their detection (Fig. 1C).
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3.2 Tyl insertions in mother cells are correlated with genome instability

The consequences of elevated retromobility as yeast mother cells begin to age depend partly
on the sites of the new Tyl insertions. In young cell populations, Ty1 preferentially
integrates at sites of well-positioned nucleosomes flanking tRNA genes and to a lesser
extent other RNA polymerase Il1-transcribed genes (90-94% of insertions), avoids open
reading frames (ORFs, 2-5% of insertions), and frequently integrates at sites of flanking
well-positioned nucleosomes when near ORFs [40, 41]. DNA sequences flanking the 3’ end
of Ty1HIS3 in His* clones from mother cells of different ages were identified using an
adapter-mediated PCR protocol [33] with primers specific for the adapter and the splice
junction in HIS3, to avoid amplification of the original Ty1his3Al element. The total set of
insertions for all mother populations analyzed included four insertions (5.3% of insertions)
in non-preferred targets: three independent insertions in RDN25, the 25S rRNA gene, and
one in a telomeric region between a Y’ element and an X element (Table 1, see Table S1 for
full list of insertions). A large-scale study in young cells identified approximately 94% of
insertions specifically within 2 kb of tRNA genes and relatively few insertions at other RNA
pol 111 transcribed genes [41]. In aging mother cells, 80% of insertions (60/75) were near
tRNA genes (Table 1), which is significantly lower than the ratio expected if approximately
94% of insertions occurred near tRNA genes (70/75, p < 0.05). While only 13% of 275
nuclear tRNA genes annotated in the Saccharomyces Genome Database
(www.yeastgenome.org) are within 1000 bp of a DNA replication origin, 23% of insertions
near tRNA genes in aging mother cells (14/60) occurred near tRNA genes within 1000 bp of
a DNA replication origin. Nearly 11% of total insertions were near the RDN5 5S rRNA gene
within the rDNA (also transcribed by RNA Pol I11), and two of these insertions occurred in
the external transcribed spacer region (5’-ETS) of the rDNA locus [42]. Only 2.7% of
insertions were nearby ORFs, similar to what was previously observed in young cells [40,
41], but insertions into the rIDNA (RDN5 and RDN25) represented 15% of the total sites,
which was not expected. These data are consistent with changes in the suitability of
particular genomic targets for insertions or changes in Tyl insertion preferences in mother
cells.

The adapter-mediated PCR analysis also identified some tandem (multimeric) Tyl
insertions, which have been found to be more frequent in strains deleted for the SGS1 or
RRM3 DNA helicase genes or the RAD27 flap endonuclease gene and have been correlated
with GCRs [43-45]. These insertions were not included in Table 1 or Table S1 because the
presence of a downstream Ty1 element prevented assignment of the insertions to a specific
genomic site. Using PCR primers to the splice junction in HIS3 and to the 5’ end of Tyl
(Fig. 2A), the fraction of His* clones with multimers in unsorted cultures and mother cells
4.1, 12, or 18 generations old was 14%, 23%, 28%, or 13%, respectively (Fig. 2B). These
His* clones were also analyzed for GCRs by pulse-field gel electrophoresis of intact
chromosomes, and shifted, absent, or new bands were scored as GCRs (Fig. 2C and data not
shown). Note that very subtle shifts in the migration of chromosomes I, 111, VI, and IX (the
smallest chromosomes at <500 kb each) could result from insertion of a single Tyl element
(~6 kilobase pairs) and were not scored as GCRs. GCRs were present in 18%, 48%, 46%, or
27% of His* clones from the unsorted populations and mother cells 4.1, 12, or 18 cell
generations old, respectively (Fig. 2D). In contrast, only one out of 50 total clones (2%) that
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were not selected for new Ty1 insertions from these same mother cell populations harbored
a GCR (Fig. 2C and data not shown). His™ clones with multimeric Ty1 insertions were more
likely to have GCRs than those without multimeric insertions, but the difference was
significant for only two populations because of the smaller sample sizes when only clones
with multimers were considered (Fig. 2D).

3.3 Increased Tyl mobility in aging mother cells is not due to increased abundance of
Ty1HIS3 mRNA

Elevated Ty1his3Al mobility in aging mothers could occur if mothers accumulate more
spliced Ty1HIS3 mRNA than young cells. An increase in Tyl RNA was previously
observed in very old mother cells compared to young daughter cells [6]. Levels of spliced
Ty1HIS3 and unspliced Ty1hisBAl mMRNA in reverse-transcribed RNA samples were
examined by ddPCR for two mother cell populations early in their lifespan (average ages 7.7
and 8.3), and two mother populations later in their lifespan (average ages 16 and 19)
compared to their daughter populations and unsorted young populations. No significant
differences were noted between these two age groups of mothers, so the mother and
daughter cell data for these populations were combined for comparison. Normalized levels
of Ty1HIS3 and Ty1his3Al mRNA were not elevated in aged mothers compared to unsorted
young populations (Fig. 3A), indicating that the higher than expected Ty1 mobility in aged
mothers is not due to accumulation of Tyl mRNA. Mother cells did have two-fold more
Ty1HIS3 mRNA than their daughters (Fig. 3A), indicating that asymmetry in Tyl mRNA
accumulation could contribute to differences in retrotransposition between mothers and
daughters. The ratio of spliced Ty1HIS3 to unspliced Ty1his3Al was low in all samples (Fig.
3B), consistent with previous observations [30], and indicating that changes in splicing
efficiency do not contribute to high Ty1his3Al mobility in mother cells.

3.4. Mother cells are more likely to have very high concentrations and foci of Tyl Gag-GFP

Since Tyl Gag forms cytoplasmic foci with Tyl mRNA and also forms virus-like particles
(VLPs) in which Ty1 reverse transcription occurs, accumulation of Gag foci in mother cells
could also account for high Ty1 retrotransposition in aging mothers. In prior work, Tyl
Gag-mRNA foci were found to be moderately enriched in budding mother cells compared to
non-dividing cells [46]. Tyl Gag-GFP expressed from a chromosomal Tyl element was
imaged in live yeast cells using two photon scanning N&B. This powerful technique extends
fluorescence correlation spectroscopy (FCS) to provide 2D spatial variance analysis of
fluorescent particles diffusing in live cells [35, 47, 48]. N&B analysis uses the variance in
the fluorescence intensity at each pixel of a stack of rapid raster scans to calculate the
absolute average number (N) of fluorescent molecules in the two photon excitation volume
at each pixel, as well as their molecular brightness (B, in counts per pixel dwell-time per
molecule). The absolute number of particles in the excitation volume corresponds to the
absolute concentration of the particles, whereas the brightness value provides a measure of
the stoichiometry. For GFP fusions, if one knows the molecular brightness of monomeric
GFP, then the ratio of the molecular brightness of the diffusing particles to that of
monomeric GFP yields the stoichiometry of the diffusing particles. The brightness of
monomeric GFP for the imaging conditions used was found to be 0.04 counts per 40
microseconds dwell-time per molecule. For fluctuations to be observed, the fluorescent
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particle of interest must diffuse on the seconds timescale, corresponding to the frame time.
Hence even large slowly diffusing particles can be investigated, provided they move on this
rather slow timescale.

Expression of the Tyl Gag-GFP construct was highly heterogeneous from cell to cell (Fig.
4A and 4B), which is consistent with prior reports that Gag and Gag-mRNA foci are present
in only approximately 25-30% of cells [46, 49]. This heterogeneity was evident not only in
the average intensity map (Fig. 4A left image), but also in both the Numbers and molecular
Brightness maps (Fig. 4A middle and right images). Cells exhibiting low intensity also
exhibited low number and brightness (red arrow), whereas high brightness correlated with
high number (white arrow) (Fig. 4A). The true brightness for the cell indicated by the red
arrow (0.036) corresponded to that of monomeric GFP, but some true brightness values
reached 100-fold that of monomeric GFP. These large brightness values corresponded to
diffusing foci of varying sizes (up to 1-2 microns in diameter) (see Movie 1).

Gag-GFP concentration was determined in young mother cells and buds from unsorted
populations and from duplicate populations of aged mother cells (average age 7.9 + 0.8) and
their daughter cells. The histogram of concentrations in these cells highlights the
heterogeneity noted in the images (Fig. 4B). Young mothers had a significant 2-fold
reduction in cells in the lowest concentration bin and 3.4-fold increase in the second highest
bin compared to buds, but a 2-fold increase in the highest concentration bin was not
significant (Fig. 4B). Aged mothers exhibited even greater heterogeneity, with significant
2.6-fold and 2.2-fold increases in cells in the lowest and highest concentration bins,
respectively, compared to their daughter cells, and fewer cells in the medium concentration
bins (Fig. 4B). The daughter cell populations from the aged mothers are a mixture of
newborn daughters and young mothers, and this was reflected in their distribution between
the concentration bins (Fig. 4B). Aged mother populations had a greater proportion of cells
in the highest concentration bin than young mothers, but this difference was not quite
significant. Overall, mother cells had greater proportions of cells with very high
concentrations of Gag-GFP with a trend for the proportion to increase with age for the
highest concentrations. Cells with these very high concentrations have large Gag-GFP foci
(Movie 1). Therefore, aging mother cells may accumulate Gag-mRNA complexes and
VLPs, limiting their inheritance by daughter cells, which would contribute to high Tyl
mobility in aging mother cells.

3.5 Aging mother cells accumulate higher Tyl cDNA levels than their daughter cells

Unincorporated Tyl cDNA was quantified through an established Southern blot assay using
DNA extracts of mother and daughter cells to further test whether differential regulation of
Ty1 replication underlies the difference in retromobility between mother and daughter cells
[36]. Cells were grown as for prior experiments, and restriction enzyme digested DNA was
hybridized with a probe to the 3’ end of Tyl. The 3’ cDNA fragment has no flanking
genomic sequence, so it migrates faster than the 3’ fragment of genomic copies of Tyl and
can be quantified relative to the genomic Tyl fragments (Figs. 5A and 5B). Wild type
mother cells 3.9, 11, and 17 generations old had 3.4, 9.4, and 12-fold higher cDNA levels
than their daughter cells, respectively (Fig. 5C). The difference for the youngest mother cell
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populations was not significant because of variability in cDNA levels at this point, which
could indicate that cDNA does not consistently accumulate to high levels until cells have
undergone several rounds of cell division at permissive temperature (or could result from the
slightly lower purity of the youngest mother cells, Fig. 5C). Old mother cells had much
higher cDNA levels than the control unsorted populations (Fig. 5C). The differences in
cDNA levels could account for the higher mobility in mothers compared to daughter cells
and supports the speculation that the decline in Tyl mobility in the oldest mothers results
from failure of many old mother cells to divide (Fig. 1C), as opposed to a decline in Tyl
activity.

4. Discussion

Levels of Tyl mobility observed in aging yeast mother cells and their daughter cells are
consistent with preferential Tyl insertions in mother cell genomes during cell division. If
new insertions occur in mother cells prior to DNA replication and cell division, then
subsequent daughter cells would inherit the new insertions. This would lead to similar
mobility frequencies in mothers and daughters as cells continued to divide during replicative
aging (Fig. 6A). If Ty1 retromobility occurs during DNA replication or cell division, then a
new Ty1 insertion would be present in either the mother or daughter cell (but not both) after
completion of cell division (Fig. 6B and 6C). If during cell division new Ty1 insertions were
equally likely to occur in either the mother or daughter cell genome, then at a population
level this would result in similar Ty1 mobility frequencies in mother and daughter cells (Fig.
6B). If the new Ty1 insertions occurred preferentially in the mother cell genomes during
division, then mother cells would have higher Tyl mobility frequencies than their daughter
cells (Fig. 6C). Since aging mother cells had higher Ty1 mobility than their daughters, new
insertions appear to preferentially occur in mothers during cell cycle progression (Fig. 6C).
In this model, the asymmetry would only occur between mothers and newborn daughters.
Once newborn daughters become young mothers, they would have a chance to acquire Tyl
integration events.

Importantly, elevated Tyl retromobility in the youngest mothers examined compared to
their daughters implies that functional decline associated with advanced age is not required
for retrotransposition to be elevated in mother cells. Rather, a mother-cell or age-specific
mechanism causing accumulation of Gag complexes and cDNA in mother cells may lead to
accumulation of insertions as replicative age increases. A recent study noted that Tyl
MRNA levels were much higher in old mother cells than young daughter cells [6]. A modest
increase in Ty1HIS3 mRNA for aged mothers compared to their daughters was noted in the
current study, but aged mothers did not have more Ty1HIS3 mRNA than unsorted young
populations. This difference compared to the prior study could potentially result from aging
cells at 20°C in the current study or differences in accumulation of RNA from the marked
element compared to other genomic copies of Ty1, but will require further investigation.

The results presented here extend a previously reported observation that foci of Tyl mMRNA
and Gag protein are enriched in budding cells compared to cells that are not dividing [46].
These foci are thought to represent precursors to VLPs [46, 50]. Young mothers were more
likely to have high Gag-GFP concentrations than buds, and the proportion of cells with the
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highest concentrations of Gag-GFP further increased in aged mothers (Fig. 4B). Cells with
very high Gag-GFP concentrations contained large foci, but further work will be required to
determine if these are VLPs. Tyl mobility is inhibited in G1-arrested cells but not G2-
arrested cells, indicating that Ty1 replication is linked to progression through the cell cycle
[51]. An interesting possibility based on these observations is that VVLPs form or are retained
in mother cells during cell division, leading to the greater levels of Tyl cDNA and
retromobility observed in aging mothers.

Ty1 retromobility, multimeric insertions, and GCRs showed a similar trend of increasing
with replicative age, but then declined in the oldest mothers examined. However, high
cDNA levels in the oldest mothers are consistent with high Ty1 activity. If the mother cells
accumulating Ty1 insertions associated with GCRs were also the cells that lost reproductive
capacity earlier, then this could result in an apparent decrease in new Ty1 insertions and
genome instability in the oldest mother cells. This would not necessarily mean that the Tyl
insertions were responsible for the loss of reproductive capacity, but the possibility that Tyl
insertions in mother cells could promote genome instability that causes cells to cease
dividing warrants further investigation. The RNA polymerase 111 subunit AC40p encoded by
the RPC40 gene was recently shown to have a major role in directing Tyl insertions to sites
upstream of tRNA genes [52]. A modest reduction in RPC40 expression during replicative
aging [53] could have resulted in the detection of a telomeric insertion in aged mothers, but
would not account for the multiple insertions into RDN25 in the rDNA [52]. The
identification of higher than expected numbers of Ty1 insertions into preferred and non-
preferred sites in the rDNA in mother cells is noteworthy, since the rDNA region is prone to
recombination and translocation events during replicative aging [6, 54], raising the
possibility that Tyl insertions could contribute to these events.

Several studies that identified increased retrotransposition with age by measuring copy
number changes detected by qPCR found the increases to be associated with reduced
chromatin-mediated silencing with age [3, 4, 6, 7]. For example, increased L1
retrotransposon expression in senescent human cells and in somatic tissues of aged mice was
recently correlated to loss with age of SIRT6 binding to the L1 5" untranslated region [7].
While the results reported here do not conflict with these prior studies, they raise the
possibility that additional mechanisms beyond loss of normal silencing could regulate
retrotransposition during aging. Interestingly, an earlier study found that retrotransposition
of a plasmid copy of a human L1 retrotransposon expressed from its endogenous promoter
occurred at high levels in proliferating normal human fibroblasts, but at lower levels as cells
approached senescence [20]. Levels of retrotransposition with age may be influenced by a
combination of mechanisms dependent on cellular proliferation and mechanisms that change
with advanced age. The identification of high levels of unincorporated Tyl cDNA in the
current study, which would contribute to qPCR-based copy number measurements, also
highlights the importance of directly measuring retrotransposition in future studies of age-
dependent regulation.

Overall, this work provides a new perspective for evaluating the emerging associations of
retrotransposons with aging that have been identified in multiple species, by providing
support for a regulatory mechanism acting earlier than expected during replicative aging.
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Fig. 1. Aging yeast mother cells have higher levels of Tyl retromobility than predicted
(A) The rates per cell generation and 95% confidence intervals for Ty1his3Al mobility

calculated using the MSS maximum likelihood method for seven independent trials using
unsorted cultures are shown. (B) The means and standard deviations of Ty1his3Al mobility
from six experiments for mother cells that underwent the indicated numbers of cell
generations (light gray columns) are compared to the mean predicted frequencies and 95%
confidence intervals for cells of the indicated ages (dark gray columns). (C) Means and
standard deviations for viability measured by trypan blue dye exclusion and for normalized
plating efficiencies based on colony-forming units for cells of the indicated ages from five
experiments are shown. (D) The same Ty1his3Al mobility data for mother cells from (B)
(light gray columns) are compared to the means and standard deviations of Ty1his3Al
mobility in the corresponding daughter cell populations (dark gray columns). Symbols * and
** indicate p < 0.05 and p < 0.01, respectively.
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Fig. 2. Tyl insertions are correlated with gross chromosome rearrangements (GCRS) in aging
yeast mother cells

(A) Hlustrations (not to scale) of multimeric Ty1 insertions in which tandem copies of Tyl
share an LTR (tripartite gray box) or in which each element has two distinct LTRs (top and
bottom images, respectively). A dotted line indicates the position of the splice junction in
HIS3 and small arrows indicate the relative positions of PCR primers. (B) Percent of
Ty1HIS3 insertions identified as multimeric using the PCR strategy shown in (A) for
unsorted cell populations (age 0.89) or mother cells of the indicated ages (n = 111, 40, 51,
and 80 for each age group, respectively). (C) Representative pulse-field gel images of intact
chromosomes visualized with ethidium bromide for four clones lacking a Ty1HIS3 insertion
(His™) and six clones harboring a Ty1HIS3 insertion (His*) obtained after one round of
growth and sorting. White arrowheads point to chromosome bands that have shifted to new
positions. (D) Percent of clones with Ty1HIS3 insertions harboring a GCR (gray columns)
for unsorted cell populations (age 0.89) and mother cell populations of the indicated ages (n
=104, 40, 46, and 82 for each age group, respectively). Percent of cells for each age with
multimeric Ty1HIS3 insertions that also harbored a GCR (white columns) are compared to
the percent of cells for each age with non-multimeric insertions that harbored a GCR (black
columns). Significant differences are indicated for percent of total clones with GCRs in
mother cells compared to the unsorted cell populations, and for clones with multimers
compared to clones without multimers in each age category. Symbols * and ** indicate p <
0.05 and p < 0.01, respectively.
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Fig. 3. Aged mother cells have more Ty1HIS3 mRNA than their daughters, but not more than
young cell populations

(A) Ty1HIS3 and Ty1his3Al mRNA levels measured through ddPCR of reverse-transcribed
RNA from duplicate young unsorted populations (Un), four aged mother cell populations
(M), and their four daughter cell populations (D) were normalized to ACT1 mRNA levels
and are shown relative to the average level in the unsorted populations. Average ages of the
four mother cell populations were 7.7, 8.3, 16, and 19. Average purity of these mother cell
populations was 98 + 1.0%. Symbol * indicates p < 0.05. (B) Ratio of the spliced Ty1HIS3
MRNA to the unspliced Ty1lhis3Al mMRNA for the samples from panel (A).
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Fig. 4. Greater proportions of mother cell populations have very high concentrations of Tyl
Gag-GFP than daughter cell populations

(A) Representative images from two photon scanning N&B analysis with the strain
expressing Tyl Gag-GFP. Left image is the average fluorescence intensity from 50 raster
scans, middle image is the Numbers map (not shot noise corrected), and right image is the
Brightness map (also not shot noise corrected). Full scale <F> 0-9.8, N — 0-6.0, B — 0-8.9.
Red arrows indicate a cell with low levels of Gag-GFP, whereas the white arrows indicate a
cell with higher levels (warm colors indicate higher signal). Each image is 20 x 20 um. (B)
Absolute concentrations (nM) of Gag-GFP measured by two photon scanning N&B analysis
for cells from duplicate aged mother populations (average age 7.9), their daughter cell
populations, and duplicate unsorted young cell populations (young mothers and buds). A
total of 85, 147, 90, and 90 cells were analyzed for aged mothers, their daughter populations,
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young mothers, and buds, respectively. Symbols * and *** indicate p < 0.05 and p < 0.001,
respectively.
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Fig. 5. Preferential accumulation of Tyl cDNA in old mother cells
(A) Hlustration of a genomic Tyl and unincorporated Tyl cDNA (black boxes) indicating

sites for the restriction enzyme Sphl (S) and corresponding position of the radiolabeled
DNA probe (gray box). Dotted lines indicate restriction fragments detected by the probe,
which are variable for genomic copies of Ty1, due to the distance to the next Sphl site (S?).
(B) Example Southern blot of DNA from unsorted cells (Un) or mother (M) and daughter
(D) cell populations obtained after one, three, or five rounds of growth and sorting (S1, S3,
or S5, respectively). Larger arrow indicates the position of the cDNA fragment and smaller
arrows indicate positions of genomic Ty1 fragments used to normalize the cDNA signal. (C)
Means and standard deviations of cDNA levels normalized to those in unsorted cell
populations grown at permissive temperature (20°C, Un), for initial cell populations grown
at non-permissive temperature (30°C, In), and for mother cells of the indicated cell ages
grown at permissive temperature (M) and their daughter cell populations (D). Average
purity of mother cells was 75 + 7.9%, 97 + 1.4%, and 98 £ 1% for the youngest to oldest
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mothers, respectively (mean and standard deviation). The symbol ** indicates p < 0.01 for
mothers compared to their daughters.
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Fig. 6. Proposed model for accumulation of Tyl insertions in aging mother cells
Three alternative models are shown to represent how the timing of Ty1 replication in

regards to cell division could result in different outcomes for retromobility frequencies in
mothers and daughters. Blue circles/ellipses represent nuclei, hexagons represent Tyl VLPs,
and white lines indicate Tyl cDNA (in VLPs) or new Tyl integration events (in nuclei). (A)
If new Ty1 insertions predominantly occur in non-dividing cells, mother cells would pass
any new insertions to daughters and mothers and daughters should have similar Tyl
mobility frequencies. (B) If Tyl insertions predominantly occur during or after S-phase
when two genomes are present, but are equally likely to occur in the mother or bud genome
(“or”), mothers or daughters have an equal chance of acquiring the new Ty1 insertion. This
would again result in similar mobility frequencies in mothers and daughters. (C) If Tyl
insertions predominantly occur during or after S phase but preferentially occur in mother
cells genomes, mother cells will acquire new insertions that are absent from their daughter
cells. This would result in higher Tyl mobility in mother cells, and this model is most
consistent with the data presented.
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