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GENETICS

Impaired cohesion and homologous recombination
during replicative aging in budding yeast

Sangita Pal,">? Spike D. Postnikoff," Myrriah Chavez,? Jessica K. Tyler'-*

The causal relationship between genomic instability and replicative aging is unclear. We reveal here that genomic
instability at the budding yeast ribosomal DNA (rDNA) locus increases during aging, potentially due to the reduced
cohesion that we uncovered during aging caused by the reduced abundance of multiple cohesin subunits, promoting
increased global chromosomal instability. In agreement, cohesion is lost during aging at other chromosomal locations
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in addition to the rDNA, including centromeres. The genomic instability in old cells is exacerbated by a defect in DNA
double-strand break (DSB) repair that we uncovered in old yeast. This was due to limiting levels of key homologous
recombination proteins because overexpression of Rad51 or Mre11 reduced the accumulation of DSBs and largely
restored DSB repair in old cells. We propose that increased rDNA instability and the reduced DSB repair capacity of
old cells contribute to the progressive accumulation of global chromosomal DNA breaks, where exceeding a threshold

of genomic DNA damage ends the replicative life span.

INTRODUCTION

Aging is a complex universal biological process characterized by pro-
gressive functional decline of biological macromolecules. It serves as
the greatest risk factor for numerous diseases including cancer, neu-
rodegenerative disorders, cardiovascular diseases, and many others
(1). Understanding the molecular basis of aging is, thus, imperative
for the design of therapeutics to delay or prevent age-related disorders.
Unfortunately, there are still huge gaps in our understanding of aging.

Budding yeast is one of the most informative eukaryotic model
organisms for aging studies because of its short life span and ease of
genetic and environmental manipulations (2). Its asymmetric cell divi-
sion, together with daughter cell rejuvenation, has made it uniquely suit-
able for accurately measuring replicative life span. However, because the
proportion of aged cells in a logarithmically growing yeast culture is
negligible, it was a significant challenge to obtain enough old cells for
molecular analyses until the development of the “Mother Enrichment
Program” (MEP). The MEP enables estradiol-inducible mitotic arrest of
only daughter cells (3) and allows the isolation of more, and older, old
cells than previously possible, allowing one to gain novel molecular in-
sights into events during replicative aging.

One important hallmark of aging is increased genomic instability
(4). In agreement, we previously observed increased levels of trans-
locations, amplification of chromosomal regions, DNA breaks, and
retrotransposition during yeast aging (5). What causes increased ge-
nomic instability during aging, and whether this genomic instability
causes aging, is unknown. Notably, most of the human premature
aging syndromes are characterized by defects in genome surveillance
mechanisms (6).

Packaging of the genomic DNA with histones into chromatin is
critical to regulate all genomic processes, including genomic stability
(7). The chromatin structure has been shown to be a critical modulator
of aging in yeast and human fibroblasts (I). Previous studies from our
laboratory found global loss of histones from all regions of the yeast
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genome during replicative aging (5). An open chromatin conforma-
tion is likely to allow factors to gain inappropriate access to the DNA,
compromising gene expression and genomic integrity. Loss of his-
tones during aging causes globally increased gene expression and ac-
cumulation of DNA breaks (5). The major pathway to repair DNA
breaks accurately is homologous recombination (HR) (8). Defects in
HR could account for the translocations, loss of heterozygosity (LOH),
amplifications, and elevated levels of DNA breaks that occur in old
yeast. Following DNA double-strand break (DSB) formation, repair
by the HR pathway involves DNA-end processing/resection by
MRN/X (Mrell-Rad50-Nbs1/Xrs2) and the Sae2 protein, followed
by replication protein A (RPA) loading onto single-stranded DNA.
This is followed by Rad51 nucleoprotein filament formation and
strand exchange into the duplex DNA of the sister chromatid, assisted
by Rad52, Rad54, and other proteins. Information is copied from the
sister chromatid to accurately restore the genomic information (8).
Recent studies have indicated that the efficiency of HR is reduced dur-
ing in vitro senescence of human fibroblasts (9). Whether this is the
case in other organisms and whether this contributes to genomic in-
stability during aging are unclear.

While loss of genomic integrity can affect all genomic regions dur-
ing aging, certain regions of the genome are particularly fragile. The
ribosomal DNA (rDNA) locus is one of the most damaged regions
of the genome during yeast replicative aging (5). In agreement, the
rDNA is the region that mediates age-induced LOH (10). The rDNA
locus is highly conserved in eukaryotes, with a large number of tan-
demly repeated sequences, comprising both genes and intergenic re-
gions with noncoding elements. Repetitive in nature, the rDNA is
highly recombinogenic, enabling fluctuations in rDNA copy numbers
(11). Although production of extrachromosomal rDNA circles (ERCs)
that result from changes in rDNA copy number had been proposed as a
cause of aging in yeast (12), the rDNA model of aging (13) suggests that
they are by-products of rDNA instability. This rDNA model of aging
states that loss of silencing of the noncoding regions within the rDNA,
for example, by deletion of SIR2, leads to increased noncoding gene
expression, which displaces cohesion and leads to unequal rDNA re-
combination and rDNA instability. Ganley et al. suggest that the IDNA
instability lengthens the cell cycle through unknown signals, eventually
inducing cessation of cell division. Notably, dietary restriction and in-
hibition of target of rapamycin (TOR), two well-known life-extending
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mechanisms, also reduce rDNA instability (13). Although the available
evidence correlates rDNA instability with aging, it is unclear how or
whether this instability influences life span.

Using old yeast cells isolated by the MEP, we show that the rDNA
locus becomes more recombinogenic during yeast replicative aging,
causing increased global genomic instability. We also found that the
noncoding RNAs (ncRNAs) reported to be involved in regulating yeast
life span (14) are highly overexpressed in old cells, but the transcripts
are mostly derived from ERCs, not the chromosomal rDNA locus, in
old cells. We observed loss of cohesin and cohesion during aging, not
only at the rDNA but also at other locations. However, loss of cohesin
occupancy occurred independent of ncRNA transcription from the
rDNA locus. Furthermore, HR repair efficiency is severely compro-
mised in aged yeast cells due to less translation of key DNA repair pro-
teins because overexpression of key HR proteins rescued the genomic
stability of old cells.

RESULTS

ncRNA transcription is highly induced from the rDNA locus
in old cells

The rDNA locus in budding yeast is located in a single cluster at the
right arm of chromosome (chr) XTI, consisting of approximately 150 tan-
dem repeats of rDNA units (Fig. 1A). Each individual repeat includes 58
and 35S ribosomal RNA (rRNA) genes and nontranscribed spacers 1 and
2 (NTS1 and NTS2). The NTS1 region has a replication fork barrier (RFB)

site, which allows replication to proceed in a single direction, to prevent
collision with RNA polymerase transcribing the 35S genes. The binding
of Fobl protein to the RFB sites may lead to a replication fork block,
resulting in a fragile site that can be accompanied by a DSB. The NTS2
region has an origin of replication or autonomously replicating sequences
(ARS) and a cohesin-associating region (CAR) (15, 16), which ensures
equal sister chromatid recombination. In our RNA sequencing analysis
of replicative aging (5), transcription from NTSI and NTS2 was the most
induced out of all the yeast genes during aging. Given that transcription of
the NTSI and NTS2 ncRNAs had never been reported in wild-type (WT)
yeast, we performed validation by reverse transcription polymerase
chain reaction (PCR). Aged cells isolated using the MEP (25 or more
generations old) showed clear transcriptional induction from NTS1 and
NTS2 (fig. S1A) in old cells (Fig. 1B) from both DNA strands, consistent
with having bidirectional promoters (17). RNA polymerase I transcription
is inversely proportional to ncRNA production at rDNA, suggesting
that RNA polymerase I activity may silence ncRNA production at this
locus (18). However, the levels of 255 and 18S rRNA as an indication of
RNA polymerase I activity are comparable in young and old cells (fig.
S1, B and C), indicating that the increased ncRNA during aging is not
due to loss of RNA polymerase I-mediated regulation.

Cohesion is lost not only from the rDNA but also globally
during aging

Transcription from the bidirectional EXP promoter (E-pro) of NTSI in
yeast deleted for SIR2 has been reported to promote dissociation of
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Fig. 1. Transcription of ncRNA from the rDNA during aging. (A) Structure of yeast rDNA locus. (B) Strand-specific reverse transcription quantitative PCR analysis from
both the Watson (+) and Crick (-) strands of NTS1/2 during aging. RNA levels were normalized to ACT1 before normalizing to 1 for young cells in each case. The average and

SEM of three replicates are plotted. *P < 0.05, as determined by Student’s t test.
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cohesin from the rDNA locus to regulate recombination (17) (Fig. 1A).
Because we observed increased ncRNA from the rDNA during aging
(Fig. 1B), presumably as a consequence of histone loss during aging
(5), we asked whether this transcription displaces cohesin from the
rDNA. We examined CARs within the rDNA, a centromeric region
of chr III and a cohesin-depleted region of chr III (chr III: 309,955 to
310,355) as a negative control. Mcdl occupancy was significantly
lower in aged cells within the rDNA in comparison to young cells,
as determined by chromatin immunoprecipitation (ChIP) analysis
(Fig. 2A). However, there was a similar reduction of cohesin occupancy
outside of the rDNA locus (CARL2) and at the centromeric CAR in
old cells, indicating that reduced cohesin occupancy during aging
extended beyond the rDNA locus.

To determine whether the reduction of cohesin occupancy during
aging is functionally relevant, we measured cohesion. We visualized
cohesion at the rDNA and centromere by observing Lac repressor—
green fluorescent protein (GFP) localization in strains where the lacO
array was inserted into the rDNA or closer to the centromere (19). We
only considered large budded cells where all GFP signal was still in the
mother cell to focus on cohesion after replication but before chromo-
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Fig. 2. Cohesion is lost during replicative aging. (A) ChlIP analysis of hemagglu-
tinin (HA)-tagged Mcd1 in young and old cells. An untagged strain was used as a
negative control. The average and SEM of four replicates are plotted. *P < 0.05, as
determined by Student’s t test. (B) Loss of cohesion at rDNA and centromeric regions
with aging. Representative images are shown on the left. The average and SEM of
three replicates are plotted. The arrows indicate one spot or two spots of GFP lac
repressor. *P < 0.05, as determined by Student’s t test.
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some segregation. Cohesed sister chromatids yield a single GFP spot,
whereas cohesion loss yields two GFP spots (Fig. 2B). The percentage
of separated sister chromatids was significantly higher at the rDNA
and centromere in older cells (Fig. 2B). Hence, there is a significant loss
of cohesion with aging at the rDNA and other regions of the genome.

Cohesin displacement from the rDNA is not due to ncRNA
We further examined the relationship between ncRNA expression from
the rDNA and cohesion as it relates to longevity in the rDNA theory of
aging (13). Previously, when transcription was induced from the galactose-
inducible bidirectional Gall/10 promoter (Gal-pro) inserted in place
of the native E-pro promoter in the NTSI locus (Fig. 3A), it increased
rDNA instability and reduced life span (14). In contrast, transcription
inhibition from Gal-pro by the addition of glucose reduced rDNA
instability and increased life span (14). Using the same strains, we found
that in log-phase yeast cultures, neither repression nor induction of
NTS]1 transcription by Gal-pro had a significant effect on cohesin occu-
pancy at CARL2 (Fig. 3A). Meanwhile, both repression and induction
of NTS1 transcription by Gal-pro significantly reduced cohesin occu-
pancy at the intergenic noncoding regions of the rDNA (CARL3 and
CARL3-N; Fig. 3A). Notably, repression of NTSI transcription led to
the greatest loss of cohesin occupancy at these sites (Fig. 3A). Hence,
although NTSI transcription may limit replicative life span (14), this is
independent of its effect on cohesin occupancy at the rDNA. In agree-
ment, deletion of FOBI1, which strongly reduced NTS1/2 transcription
(Fig. 3B), has little effect on cohesin occupancy at either E-pro or Gal-pro
(fig. S2A). Our findings indicate that the cohesin removal that occurs
upon Sir2 loss (accompanied by NTSI gene expression) (17) should not
be extrapolated to suggest that increased expression of NTSI displaces
cohesin in WT cells because that is not the case (Fig. 3A). Together, our
data show that the loss of cohesion in old cells is not due to increased
NTSI transcription but, instead, is due to reduced total levels of cohesin
protein.

The majority of the ncRNA from the rDNA in old cells arises
from ERCs

Because we found no correlation between NTSI transcription and co-
hesin occupancy (Fig. 3A), we asked whether the ncRNAs produced
during aging even come from the rDNA on chr XII. We compared
the ncRNA levels in WT yeast and a fobIA mutant, where ERCs accu-
mulate to a much lower degree during aging in fobIA cells (20). Because
the fobIA mutant cells live longer, we isolated cells with a mean age of
~30 replicative divisions and found that deletion of FOBI caused an
eightfold reduction in NTSI transcription, and a 30-fold reduction in
NTS2 transcription, in the old cells (Fig. 3B). Hence, we conclude that
the majority of NTS1/2 transcription in old cells comes from the ERCs
and not the rDNA locus on chr XII.

Given that loss of cohesion during aging is independent of ncRNA
transcription from the rDNA, we asked whether the abundance of co-
hesin was reduced during aging. The levels of the Mcd1 subunit of co-
hesin were drastically reduced during aging (Fig. 3C and fig. S2B). We
also observed reduced levels of Smcl and Scc3, but not Smc3, cohesin
subunits during aging (Fig. 3D). We conclude that lower protein levels
of multiple cohesion subunits are the likely explanation for the cohesion
defect in old cells.

The rDNA region and chr XIl become unstable during aging
The loss of cohesion at the rDNA during aging (Fig. 2) prompted us to

ask whether there is unequal recombination in old cells resulting in
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Fig. 3. NTS1/2 transcription does not directly correlate with cohesin association. (A) ChIP analysis of Mcd1 occupancy in log-phase cultures. Data shown were
normalized to a positive control region and then to E-pro. The average and SEM of two replicates are plotted. (B) Strand-specific qRT-PCR analysis, as in Fig. 1B, in WT and fob1A
strains. (C) Western analysis of HA-tagged Mcd1 and (D) tandem affinity purification (TAP)-tagged Smc1, Smc3, and Scc3 with untagged strain as a control. Histone H3 protein level
is known to be decreased in old cells (52), whereas Rad52 protein level remains constant during aging (this study). Antibodies against TAP or protein A were used, as indicated.

rDNA repeat expansion/contraction. We compared the length of chr
XII in young and old cells via pulse-field gel electrophoresis (PFGE)
followed by Southern hybridization with an rDNA-specific probe
(Fig. 4A). Whereas young cells showed one band for chr XII, indicating
uniform rDNA locus length, aged cells showed variability in its size
with two main populations of chr XII, which is apparent as early as
middle age (~14 to 15 divisions) but increases with age (fig. S3). No-
tably, while the rDNA probe displayed chr XII specificity in young
cells, it additionally hybridized to all other chromosomes in old cells
(Fig. 4A and fig. S3). Together with our previous observation of rDNA
sequences fused to other chromosomal sequences in old cells (5), these
data suggest that small rDNA repeat fragments insert into other yeast
chromosomes during aging.
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To understand why the rDNA probe always detected chr XII with a
longer and a shorter size in old cells, we asked whether these were both
intact chr XII. Strikingly, we consistently observed that a chr XII left arm
probe (centered 84 kb from the left telomere) did not hybridize to either
of the presumed chr XII bands in old cells despite being clearly appar-
ent in the total DNA stain (Fig. 4B). Instead, the left arm of chr XII
underwent severe fragmentation in old cells, as seen by the smear of
lower-molecular-weight bands (Fig. 4B). This indicates that the two
bands that we had assumed were chr XII in old cells have lost at least
some of their left arm. However, the bands were still very large, so we
asked whether the rDNA array had expanded during aging. To deter-
mine the size of the rDNA array during aging, we digested with Bam HI,
which cuts at sites throughout the genome but not within the rDNA
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array (21). We successfully liberated the rDNA array from young cells
but not old cells (fig. S4). Using triple the amount of zymolyase enzyme,
it was apparent that Bam HI entered the cells because the other chro-
mosomes in the old cells became highly fragmented (fig. S4). However,
both chr XII bands remained intact in the old cells. Given that there
are Bam HI sites throughout the remainder of chr XII outside of the
rDNA, a rational explanation of these results is that the two bands that
we had assumed were chr XII in old cells are likely to be hugely
expanded rDNA arrays.

We asked whether we could find direct evidence of rDNA recombi-
nation actively occurring in old cells. Recombination intermediates are
unable to enter PFGE gels, leading to their being stuck in the wells. An
analysis of “stuck DNA” in the wells has been used previously to show
that there are more rDNA recombination intermediates in mother cells
(~3 to 4 generations) compared to daughter cells (~0 to 1 generations),
in conjunction with sir2 and fobl mutant cells showing increased and
decreased rDNA recombination intermediates, respectively (22). By
comparing daughters to much older mothers (25 or more generations),
we found that chr XII detected by the rDNA probe was four times more
likely to be stuck in the well compared to chr IT in old mothers (Fig. 4C),
indicating that old cells have more rDNA recombination intermediates.
Next, we asked whether old yeast cells have more DSBs within the
rDNA locus. Bgl II digestion releases a 4.6-kb fragment when the
RFB is intact and yields smaller fragments when there is a DSB at
the RFB, as detected by Southern blotting. We found no significant
increase in DSB formation around the RFB within the rDNA in aged
cells (Fig. 4D). All the evidence suggests that DSBs at the RFB within
the rDNA occur with the same frequency in old and young cells but
that old cells are more likely to repair these DSBs using unequal sister
recombination or fusion to other chromosomes.

Global chromosomal instability in old cells is caused by
rDNA instability

We noted clear evidence of chromosomal fragmentation in old cells,
apparent from the smearing of the chromosomal signals for all old chro-
mosomes in the total DNA stain of all our PFGE analyses. If the aging
genome experienced random DNA breakage, then the loss of intactness
of the chromosomes would be inversely proportional to chromosome
length, with the longest chromosomes becoming least intact with age.
Quantitation of total DNA staining showed that the intactness of chro-
mosomes in old cells was inversely proportional to their length (fig. S5A).
To more accurately examine this relationship, we performed PFGE
followed by Southern analysis of the second longest chromosome
(chr IT), a middle-sized chromosome (chr X), and the smallest chromo-
some (chr I). The smallest chromosome had the least loss of intactness
in old cells, whereas the longest chromosome had the greatest loss of
intactness during aging (Fig. 5A). These data indicate that there is
DSB accumulation along the length of chromosomes in old cells.

To obtain a more quantitative measurement of the extent of damage
in old cells, we measured DSBs using terminal deoxynucleotidyl trans-
ferase (TdT) to incorporate fluorescein-labeled deoxyuridine tri-
phosphate (dUTP) onto DNA breaks, followed by flow cytometry
analysis. Whereas young cells had very low levels of DSBs, the old cells
had significantly more DSBs (Fig. 5B). To determine whether global
chromosomal instability was related to rDNA instability, we compared
the level of DSBs between WT yeast and a foblA mutant, which has
much less DSBs at the RFB within the rDNA (20). We found that old
fobIA cells had reduced global levels of DSBs (Fig. 5B), consistent with
global DNA damage correlating with levels of rDNA instability/ERCs.
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To verify whether the damage was chromosomal, we examined the in-
tactness of chromosomes during aging between WT yeast and a fobIA
mutant. With the fobIA mutant, we observed a similar trend of chro-
mosomal intactness inversely proportional to chromosome length in
old cells by total DNA staining, but the general chromosomal intactness
was greater in old fobIA mutants in comparison to WT cells (Fig. 5C
and fig. S5, B and C). In agreement, Southern analysis showed that the
chromosomal intactness was better maintained in the fobIA mutant
when compared to WT for every chromosome and that the loss of chro-
mosome intactness in old cells was more pronounced in longer chro-
mosomes than in smaller ones (Fig. 5D). These data indicate that IDNA
instability is proportional to, and likely responsible for, loss of global
chromosomal stability in old cells.

DNA repair is impaired in aged cells

We observed previously that replicatively aged cells accumulate DSBs
(5) and that these DSBs randomly accumulate across the genome (Fig. 5).
To examine whether DSB repair is defective in old yeast cells, we ana-
lyzed their ability to repair DSBs induced globally by the alkylating
agent methyl methane sulfonate (MMS) by resolving intact yeast chro-
mosomes using PFGE. In young cells, MMS treatment induced smear-
ing of the chromosome bands indicative of DSBs, and repair was
completed 6 hours after removal of MMS from the media (Fig. 6A).
In contrast, there was a clear defect in old cells in the ability to reestab-
lish intact chromosomes following MMS removal (Fig. 6A). The pres-
ence of DNA breaks causes cells to accumulate in the G,/M phase (23).
During the addition of MMS and washing out the DNA damaging
agent, it was clear that young cells accumulated in the G,/M phase
following DNA damage and subsequently reenter the cell cycle
following DNA repair (fig. S6A). By contrast, the old cells were already
predominantly in the G,/M phase before inducing damage (fig. S6A).
The reason why old cells accumulated in the G,/M phase is unclear.
One possibility is the activation of cell cycle checkpoints, such as the
spindle assembly or DNA damage checkpoint. We asked whether the
elevated level of DNA damage in old cells resulted in persistent DNA
damage checkpoint activity by measuring Rad53 phosphorylation as an
indicator of the activated checkpoint. We could not detect Rad53 phos-
phorylation in old cells in the absence of exogenous damage induction
(fig. S6B), but induction of DNA damage led to an equivalent degree of
Rad53 phosphorylation in young and old cells (fig. S6B), indicating that
old cells have an intact checkpoint response.

Most DSB repair in yeast is performed by HR (8). We found that the
levels of several key proteins involved in different stages of HR were
severely reduced during aging, as compared to young cells (Fig. 6, B
and C). These included Mrell and Sae2, RPA (Rfal and Rfa2),
Rad51, Rad53, and Rad54. The only HR protein that did not appear
to have significantly reduced levels during yeast aging was Rad52.

Overexpression of Rad51 and Mre11 in old cells restores
DSB repair efficiency

To investigate whether the reduced levels of HR proteins in old cells are
responsible for the profound defect in DSB repair (Fig. 6A), we over-
expressed several of the key HR proteins and asked whether they could
restore DSB repair. Aged cells show increased accumulation of YH2A
foci, indicative of increased DNA damage during aging (5). When we
introduced an extra copy of RAD51, we found a significant reduction in
vYH2A foci in old cells (Fig. 6D and fig. S7A). Similarly, an extra copy of
MREI1 also led to a significant reduction in YH2A foci in old cells (Fig. 6E
and fig. S7B). In agreement, overexpression of Rad51 or Mrell each
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Fig. 5. The aging genome accumulates random damage, whereas rDNA instability appears to promote global genomic instability. (A) As in Fig. 4A using the
same numbers of young and old WT yeast cells probed for three chromosomes of different sizes: chr IV (long), chr X (middle-sized), and chr | (short). Left panels: SYBR-
safe staining. Right panels: Southern blots. The graph shows percent loss of band intensity in aged cells measured from Southern blots, following normalizing signal
intensity of young cells to 100% for each chromosome. The average and SEM of three replicates are plotted. The asterisk indicates significant change in chromosomal
band intensities between chromosomes of different lengths in old cells (P < 0.05), as determined by Student’s t test. (B) Old cells have more global DNA damage than
young cells, and this is partially restored in FOBT deleted cells, as determined by flow cytometry analysis. Top panel: Levels of fluorescein-labeled dUTP in the absence
of TdT indicating the background incorporation. Bottom panel: Levels of fluorescein-labeled dUTP in the presence of TdT that indicates levels of DNA damage. For both
panels, dotted lines indicate young cells, and solid lines indicate old cells. (C) PFGE analysis from same numbers of young and old yeast cells from both WT and fob1A
strains. The net percent loss of chromosomal band intensities during aging was measured from quantifying band intensities of all chromosomes from SYBR-safe stained
agarose gels. The averages of two replicates are plotted here, along with the best-fit line for each group. The R? value for WT is 0.39911, and for fob1A, the value is
0.72577. Individual experimental data are shown in fig. S6. (D) Similar analysis as in (A), with cells from both WT and fob1A strains. In each case, the left panel shows
SYBR gold staining of chromosomes, and right panel shows Southern hybridization using the indicated probe.
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plotted. *P < 0.05, as determined by Student’s t test. (E) As in (D), but for Mre11-OE. (F) As for (A) in old WT and old Rad51-overexpression yeast cells. (G) As in (F), but for
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partially rescued the DSB repair defect in old cells (Fig. 6, F and G).
Given that single-copy overexpression of Rad51 extends replicative
life span in yeast (24), these data demonstrate that the reduced DSB
repair in old cells is a cause of aging because partially fixing the DSB
repair defect in old cells extends replicative life span (fig. S8).

DISCUSSION

We have uncovered a global loss of cohesion in replicatively old cells.
This is the likely cause of the increased rDNA instability and extra-
chromosomal rDNA circle (ERC) accumulation that promotes global
genomic instability in replicatively old cells. Furthermore, we have
discovered a profound defect in DSB repair in replicatively aged yeast
due to limiting levels of key components of the HR machinery. This
DSB repair defect in old cells limits the replicative life span because res-
toration of DSB repair by overexpressing HR proteins extends life span
(see model in fig. S8).

Loss of cohesion during replicative aging

Our findings necessitate updating the rDNA theory of aging. While we
discovered that there is a massive increase in ncRNA transcription from
the rDNA locus in old yeast cells (Fig. 1) and a loss of cohesion from the
rDNA locus in old cells (Fig. 2), the loss of rDNA cohesion is unlikely to
depend on the increased ncRNA transcription in old cells (Fig. 3). Fur-
thermore, even forced transcriptional induction of ncRNAs from the
rDNA locus in log-phase cell populations, which are predominantly
young, was not sufficient to markedly displace cohesin from the rDNA
(Fig. 3A). Instead, both repression and expression of NTSI under the
control of the GALI promoter led to reduced cohesin occupancy at
the rDNA (Fig. 3A). The reason for this is unclear, but perhaps, the re-
placement of E-pro with Gal-pro changed the DNA sequences neces-
sary for efficient cohesin recruitment. Rather than NTSI transcription
leading to cohesin displacement in old cells, the reason for the loss of
cohesion during aging is reduced levels of multiple cohesion subunits
(Fig. 3, C and D), which is most likely due to reduced protein synthesis
of these proteins during aging.

Strikingly, we observed loss of cohesion during aging not only at the
rDNA but also at other genomic locations (Fig. 2). The potential impli-
cations of this loss of cohesion for life span and human diseases of aging,
including cancer, is profound. Loss of cohesion at centromeres would
lead to chromosome loss and gain during mitotic aging. Minichromo-
some loss from mother cells during yeast replicative aging is a widely
observed phenomenon and is likely due to the loss of cohesion in old
cells. Functionally, cohesion loss during meiotic aging in mammals is a
leading cause for missegregation of chromosomes associated with ad-
vanced maternal age, causing birth defects and developmental abnorm-
alities (25, 26). Furthermore, aneuploidy has been shown to shorten the
replicative life span of yeast (27). In addition to causing aneuploidy dur-
ing mitotic aging, loss of cohesion during mitotic aging would also con-
tribute to increased genomic instability given that cohesin is recruited to
DSBs to promote accurate DSB repair (28). Loss of cohesion would also
lead to unequal sister chromatid recombination and ERC accumulation.

The accumulation of ERCs has long been known to occur during
yeast aging and has been proposed to be a causative reason for yeast
aging (12). Indirect evidence of enlarged and fragmented nucleoli in
old yeast suggested that ERC accumulation occurs in the nucleoli of
old yeast cells (12). Similarly, yeast strains carrying high-copy plasmids
bearing the rDNA also display punctate/fragmented nucleolar structure
(29) similar to the nucleolar phenotypes observed in old cells. During
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the rejuvenation that occurs when yeast undergo meiosis or upon ex-
perimental expression of the meiotic transcriptional activator Ndt80,
the only age-related phenotype that disappeared was nucleolar damage
(30). Hence, nucleolar changes, likely due to ERC accumulation, may be
a primary force behind the aging process.

The molecular reason for ERC accumulation during aging was un-
clear. ERCs form during aging as a consequence of unequal sister chro-
matid recombination between rDNA repeats (31). The loss of cohesion
during aging that we have uncovered here (Fig. 2) is possibly the cause
for the accumulation of ERCs during aging because cohesion is essential
for equal sister chromatid recombination between the rDNA repeats.
We also found ERCs to be the source of the majority of the ncRNAs
from the rDNA in old cells (Fig. 3B). Whether ERCs can also contribute
to the generation of active rRNAs in old cells is yet to be determined.
However, given the regulation of rRNA transcription is not dependent
on whether the rDNA repeats are on chr XII or on a plasmid structure
similar to ERCs (29), it is plausible that ERCs also generate rRNAs in the
nucleolus. However, because the levels of rRNAs remain unaltered dur-
ing aging (fig. S1, B and C), we expect that the rRNAs encoded by the
ERC:s can be functional within the ribosome. Our study also provides
evidence in support of extensive increases in the size of the rDNA array
in old cells, coupled with rearrangements or deletions of other regions of
chr XII (Fig. 4B). Although future analyses are required to understand
the mechanistic basis for these changes, we speculate that loss of cohe-
sion during aging is involved.

ERCs are not unique to yeast aging. Extrachromosomal circular
DNAs similar to ERCs arise during Drosophila aging (32). Extra-
chromosomal circular DNAs also appear during both in vitro and in
vivo aging of mammalian cells (33, 34). We predict that cohesion is also
lost during aging of metazoans including mammals and is responsible
for the circular DNA accumulation seen in these systems. Given that
cancer is a disease of aging, it is interesting that rDNA instability has
been shown to occur in some adult solid tumors (35). Given that a pre-
vious study found an inverse correlation between the levels of ncRNA
from the rDNA and replicative life span in yeast (14), it is relevant that
the majority of the ncRNA transcription during aging is coming from
the ERCs (Fig. 3B). This places ERCs at center stage again for
contributing to perturbing cellular homeostasis.

Instability of the rDNA and its influence on global
chromosomal stability during aging

Our data demonstrate that repair efficiency declines with old age, with
DSBs accumulating along the chromosomes. There is a direct correla-
tion between rDNA instability/ERC levels and accumulation of global
chromosomal damage in old cells (Fig. 5). This is likely more than mere
correlation because the global damage accumulation in old cells is less in
the fobl mutant, where the rDNA is less recombinogenic and has less
ERGC:s. It is probable that an unstable rDNA locus and/or accumulated
ERC:s in the nucleolus titrates key limiting factors, which would other-
wise be available to maintain genomic integrity, as previously suggested
(12, 36). Notably, others have shown that deletion of FOBI improved
instability at the rDNA locus, without improving global genomic in-
stability (37). These studies were in log-phase cultures, which are
predominantly young cells. Similarly, when we examined intactness
of chromosomes in young cells, we saw no difference between WT
and fobIA strains (fig. S5B). This is consistent with the protective effect
of Fobl on global genomic integrity only occurring in old cells, suggest-
ing that a threshold of rDNA instability and/or ERCs has to be reached
before it can influence global genomic integrity.
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Another study using the MEP, albeit analyzing much younger old
cells (9 divisions old compared to 25 or more divisions old in our work),
found reduced pausing of the replication machinery at the RFB within
the rDNA in older cells (38). The molecular reason for this is currently
unknown. Regardless, this result is consistent with the fact that we find
similar levels of DSBs close to the RFB in old and young cells (Fig. 4D),
whereas the efficiency of DSB repair is greatly reduced in old cells
(Fig. 6). Hence, it is possible that old cells have reduced generation of
DSBs near the RFB due to reduced replication fork pausing, but in old
cells, these DSBs are not effectively repaired, leading to equivalent
steady-state levels of DSBs at the RFB in young and old cells.

Reduced HR in yeast limits the replicative life span

Our studies reveal a defect in DSB repair, presumably via HR in repli-
catively aged yeast (Fig. 6), that limits replicative life span (24). The
reason for the HR repair defect in replicatively old yeast is reduced
levels of key HR proteins in old cells (Fig. 6, B and C), which was pos-
sibly due to a defect in their protein synthesis in old cells. In agreement
with our observations in yeast, a decline in HR efficiency occurs during
replicative senescence of human fibroblast cells in vitro and also during
meiotic aging in germ cells of old flies (9, 39). Replicative senescence
of human fibroblasts was accompanied by reduced levels of key HR
proteins, including Rad51, Rad52, NBS1, and SIRT6 (9), demonstrating
that reduced levels of key HR proteins are a common feature of rep-
licative aging yeast and human cells. In human fibroblasts, however,
the HR repair defect during replicative senescence is due to reduced
levels of the histone deacetylase SIRT6, as SIRT6 overexpression re-
established DSB repair (9). The molecular reason why Rad52 protein
levels remain constant through aging, while most DSB repair pro-
teins become less abundant, is not clear. This is unlikely to be related
to their relative protein half-lives because Rad52 has a short half-life
compared to the long half-life of Rad51, at least in young cells (40).
We have shown previously that all transcripts become more abundant
during aging (5), but whether there are global decreases in protein sta-
bility and/or protein synthesis during yeast replicative aging, and how
Rad52 escapes these age-induced changes, remains to be determined.

The optimal level of the HR protein Rad51 seems extremely impor-
tant in maintaining genomic integrity. While deficiency of Rad51 causes
increased sensitivity to DNA damaging agents in budding and fission
yeast (41, 42), Rad51 disruption results in the accumulation of chromo-
somal aberrations leading to cell death in vertebrate cells and cell lethal-
ity in mouse embryonic stem cells (43, 44). Rad51 overexpression also
negatively influences HR in yeast and promotes chromosomal in-
stability in mammalian cells (45, 46). However, the addition of an extra
copy of RAD51 in yeast is better tolerated and is beneficial for longevity,
as illustrated by moderate life span extension in yeast (24). This is likely
due to the partial restoration of DSB repair in old cells that resulted from
introduction of an extra copy of RAD51 (Fig. 6, D and F). Reintroduc-
tion of an extra copy of MRE11 also partially fixed the DSB repair defect
in old cells (Fig. 6, E and G). Together, these results indicate that DSBs
accumulate in old cells due to the DSB repair defect and that this is a
cause of replicative aging.

Aging is a very complex multifactorial process, and replicative aging
in yeast is accompanied by a myriad of altered cellular events. Our work
suggests that although rDNA instability, including the accumulation of
ERGCs, contributes to life span regulation, it is not the only factor pro-
moting genomic instability during aging. During mitotic aging, cellular
resources become limiting, and other problems including defective co-
hesion, defective DSB repair, and inaccurate repair of DSB lesions with-
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in the rDNA arise, as we have uncovered here. We also propose that the
limiting levels of repair factors and cohesin in old cells lead to the accu-
mulation of genomic damage, chromosomal rearrangements, and po-
tentially chromosome loss. Presumably, eventually, a threshold of
genomic damage that is sensed by the cell to cause cell division to halt
is crossed, marking the end of the replicative life cycle (fig. S8). Future
work should aim at understanding the contribution of these events in
the regulation of life span in greater detail.

MATERIALS AND METHODS

Yeast strains and media

All the yeast strains used in this study are listed in table S1. YEP (1%
yeast extract and 2% peptone) media and SC (synthetic complete)
media were used with either glucose, galactose, or raffinose added to 2%.

Purification of old cells

Isolation of aged cells was performed using the MEP, as previously de-
scribed (3, 5). Briefly, 2 x 107 cells from YEPD (1% yeast extract, 2%
peptone, and 2% dextrose) mid-log-phase culture were collected and
washed twice in 1x phosphate-buffered saline (PBS), followed by resus-
pension in PBS containing Ez-Link Sulfo-NHS-LC-LC-Biotin (3 mg/ml;
Thermo Scientific, P121338). Cells were incubated at room temperature
for 30 min and washed twice using YEPD. These cells were used to seed
culture at a density of 2 x10* biotinylated cells/ml in YEPD. 17-Estradiol
(Sigma, E8875) was added to a final concentration of 1 uM to initiate the
MEP, and cells were cultured at 30°C for 30 hours to obtain cells of
desired age. At the collection time, cells were collected via centrifugation
and washed twice in PBS, resuspended at a density of 5 x 10° cells/ml in
1 ml of PBS, and incubated for 30 min at room temperature with 50 pl of
streptavidin-coated magnetic beads (Miltenyi Biotec, NC9821945). After
streptavidin incubation, cells were washed in PBS, resuspended in
8 ml of PBS, and loaded onto an LS MACS column (Miltenyi Biotec,
NC9777034) equilibrated with 5 ml of PBS. After gravity flow-through
of unlabeled cells and debris, columns were washed thrice with 8 ml of
PBS. The columns were then removed from the magnetic field, and aged
cells were eluted by gravity flow with 8 ml of PBS and processed accord-
ingly for the subsequent experimental purpose.

RNA isolation and cDNA synthesis

Total RNA isolation was performed using the MasterPure Yeast RNA
Isolation Kit (Epicentre Biotechnologies, MPY03100) following the
manufacturer’s protocols using the same number of cells for each sam-
ple. The deoxyribinuclease I digestion steps were included in our RNA
isolation to obtain a purer sample for subsequent analyses. The quality
of the RNA was confirmed by running RNA samples in formaldehyde gels.
cDNA synthesis was performed using the Transcriptor First Strand cDNA
Synthesis Kit (Roche, 04379012001), to be analyzed by subsequent qPCR
analyses using LightCycler 480 SYBR Green I Master Mix (Roche,
04887352001) using the manufacturer’s instructions in a LightCycler
480 IT PCR machine (Roche). The average and SEM of three independent
experiments are plotted in Figs. 1A and 3B. P values were determined
using Student’s ¢ test using Prism 6 software (GraphPad Software Inc.).

Pulse-field gel electrophoresis

Analyses of intact yeast chromosomes were performed using a CHEF-
DR II system (Bio-Rad), followed by Southern hybridization using
probes against different chromosomes. Yeast cells grown in YEPD or
YEPR (1% yeast extract, 2% peptone, and 2% raffinose) were isolated
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at different time points using the MEP, as indicated in the figure or fig-
ure legends. Generally 2 x 107 cells were used in each well to prepare
agarose gel molds following the manufacturer’s instructions (Bio-Rad).
The electrophoretic conditions used for Figs. 4 and 5 were 3 V/cm for
72 hours at 14°C with a 300- to 900-s pulse time and a 1% agarose gel
with 0.5x tris-borate EDTA (TBE), and for Fig. 6, the electrophoretic
conditions used were 6 V/cm for 24 hours at 14°C with a 60- to 120-s
pulse time and a 0.5% agarose gel with 0.5x TBE.

Southern blot

Intact chromosomes resolved in a CHEF agarose gel were transferred to
a nylon membrane via the capillary method, and specific chromosomes
were detected using probes labeled by random prime labeling with **P
(Rediprime IT Random Prime Labelling system, GE Healthcare Life
Sciences, RPN1633) following the manufacturer’s protocol. The primer
sequences used for amplifying the probes are listed in the table S2.

Analysis of branched recombination intermediates

(stuck DNA analysis)

Branched recombination intermediates that were not resolved by
CHEEF gels remained in the plug well (stuck DNA). The analysis of
branched recombination intermediate formation was performed
for two chromosomes, chr II and chr XII (rDNA), in both young
and old samples. Relative proportions of stuck DNA in the well during
aging was measured by quantifying the signal from the Southern
blot using probes against respective chromosomes. P values were
determined using Student’s ¢ test using Prism 6 software (GraphPad
Software Inc.).

DSB analysis

Measurement of DSB formation at rDNA (using restriction diges-
tion by Bgl II) was performed following the procedure described
earlier with small modifications (47). The procedure of embedding
the cells in agarose plugs followed by different enzymatic digestions
was performed similarly as described, and the gel plug was loaded
into 1% agarose gel to run in TBE at 30 V for 14 hours. The gel was
stained in SYBR safe to be used for visualization of DNA and sub-
sequent Southern blot using specific probes.

Chromatin immunoprecipitation

Samples for ChIP were collected at different time points of MEP, as in-
dicated in the figure legends. Briefly, cells were cross-linked with form-
aldehyde, followed by shearing of the chromatin by sonication and
immunoprecipitation using specific antibody (48). Quantitation of
the DNA sequences in the input samples and immunoprecipitates
was performed via real-time PCR analysis. A polyclonal antibody
against rabbit HA (Abcam, ab9110) was used to measure the occupancy
of Mcdl, a cohesion subunit, at different regions around the rDNA lo-
cus and control regions.

Western blot

Total protein extracts were isolated by boiling samples in 2X sam-
ple buffer [0.06 M tris-HCl (pH 6.8), 10% glycerol, 2% SDS, 5% 2-
mercaptoethanol, 0.0025% bromophenol blue] before loading gels.
Samples were collected according to equal cell numbers. Antibodies
used were HA (Abcam, ab9110), H3 (Abcam, ab1791), Rad51 (Abcam,
ab63798), Rad52 (Santa Cruz, sc-50445), Rad53 (49) Rfal and Rfa2
(50), Mrel1 (LSBio, LS-C155765), o-tubulin (AbD Serotec, MCA78G),
y-tubulin (Abcam, ab27074), phospho-H2A S129 (Abcam, ab15083),
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and TAP tag antibody (Thermo Fisher Scientific, CAB1001). Secondary
antibodies were anti-rabbit immunoglobulin G (IgG) (H + L), Alexa
Fluor 594 (Invitrogen, A-11037), IRDye 680RD goat anti-rabbit
IgG (H + L) (LICOR, 925-68071), IRDye 800CW goat anti-mouse
IgG (H + L) (LICOR, 925-32210), anti-mouse horseradish peroxidase
(HRP) (Promega, W4021), anti-rabbit HRP (Promega, W4011), and
anti-rat HRP (Sigma, A5795).

Cohesion assay (GFP two-spot analysis)

To investigate sister chromatid cohesion, we used strains where a LacO
array is inserted into rDNA or centromere expressing LacI-GFP fusion
protein (19). Aged cells were collected following two rounds of purifi-
cation. Exponential growth of the culture was maintained by limiting
the cells to go through ~6 doublings before each round of sorting.
Cells surface-labeled with Ez-Link Sulfo-NHS-LC-LC-Biotin (Thermo
Scientific) were grown exponentially in YPD (yeast extract, peptone,
and dextrose) media and affinity-purified following incubation with
streptavidin-coated magnetic beads (Miltenyi Biotec, NC9821945)
using an LS MACS column (Miltenyi Biotec) and the procedure as pre-
viously described (51). Cells at the G,/M phase were scored for a single
fluorescent GFP dot (maintenance of cohesion) versus two separated
fluorescent GFP dots (loss of cohesion), as visualized by fluorescence
microscopy. More than 100 cells were counted for each sample. P values
were determined using Student’s ¢ test using Prism 6 software (GraphPad
Software Inc.).

Repair assay using MMS

For the repair assay, biotinylated cells were grown in YEPD media
according to the MEP method, and samples were collected before
inducing any damage. For damage induction for Fig. 6A, 0.07%
MMS (Sigma-Aldrich, 129925-5G) was used for 30 min followed by
washing the cells in fresh YEPD media thrice. To analyze postdamage
repair kinetics, samples were collected 3 and 6 hours after washing
with MMS. All the samples collected at different time points went
through magnetic biotin-streptavidin purification in a cold room as
described previously. For old samples, damage induction with MMS
was started at 22 hours into growing the cells following the MEP
procedure so that the 6-hour repair time course was finished within
30 hours of MEP. For each time point, 2 x 10 cells were collected and
processed for making DNA plugs in agarose for subsequent PFGE
analysis. The condition that was used to induce damage for Fig. 6
(Fand G) was 0.5% MMS for 5 min, with all other procedures performed
similarly as previously described.

Immunofluorescence

Samples for immunofluorescence were collected following the MEP
procedure. Cells were fixed with 4% formaldehyde followed by spher-
oplasting using Zymolyase 100T (10 mg/ml; United States Biological,
71004) for 40 to 60 min. Spheroplasting was confirmed visually under
the microscope. Spheroplasts were harvested and applied to a poly-
lysine-coated microscope slide. The cells were permeabilized using
methanol and acetone followed by blocking with 3% PBS-bovine serum
albumin and incubation with primary and appropriate fluorescent
secondary antibodies.

Flow cytometry analysis using TdT

Young and old cells were fixed with 3.7% methanol-free para-
formaldehyde (EM-grade) for 20 min, followed by washing with 1X
PBS and resuspension of the cell pellet in SPM buffer [1.2 M sorbitol,
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50 mM KHPO, (pH 7.4), 1 mM MgCl,]. The yeast cell wall was digested
with Zymolyase 100T (10 mg/ml), followed by washing the cells with
SPM buffer three times. Permeabilization was performed using permea-
bilization buffer (0.1% Triton X-100 and 0.1% Na-citrate) for 2 min on
ice, followed by washing twice with 1X PBS. The samples were stained
using a TUNEL (terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick end labeling) staining kit (Roche, cat.
no. 11684795810) following the manufacturer’s protocol and resus-
pended in 500 ul of 1X PBS to be analyzed using a BD LSR II flow
cytometer.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/2/eaaq0236/DC1

fig. S1. No change in rRNA levels during aging.

fig. S2. Cohesin occupancy is not affected by NTS7 transcription, but cohesins are reduced
during aging.

fig. S3. Appearance of two major chromosomal bands containing rDNA during aging.

fig. S4. The two major chromosomal bands containing rDNA appear to comprise mainly rDNA
repeats in old cells.

fig. S5. Increased chromosomal instability proportional to chromosome length and rDNA
instability is observed during aging in WT cells.

fig. S6. The DNA damage checkpoint is intact in old cells.

fig. S7. Rad51 and Mre11 overexpression.

fig. 8. Model for rDNA instability and reduced HR causing global genomic instability to limit
replicative life span.

table S1. Yeast strains used in this study.

table S2. Primers used in this study.
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