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Using

Saccharomyces cerevisiae mutants lacking telomerase (tlc1A) to model senescence, we found that with critical
telomere shortening, the telomere-binding protein Rap1 (repressor activator protein 1) relocalizes to the upstream
promoter regions of hundreds of new target genes. The set of new Rapl targets at senescence (NRTS) is

preferentially activated at senescence, and experimental manipulations of Rap1 levels indicate that it contributes
directly to NRTS activation. A notable subset of NRTS includes the core histone-encoding genes; we found that
Rap1 contributes to their repression and that histone protein levels decline at senescence. Rap1 and histones also
display a target site-specific antagonism that leads to diminished nucleosome occupancy at the promoters of up-
regulated NRTS. This antagonism apparently impacts the rate of senescence because underexpression of Rapl or

overexpression of the core histones delays senescence. Rap1 relocalization is not a simple consequence of lost
telomere-binding sites, but rather depends on the Mecl checkpoint kinase. Rap1 relocalization is thus a novel

mechanism connecting (BNANGTEgeNesponses (DDRs) at felomeres to global changes in @ GIIGNIEEHE

@SS while driving the pace of senescence.
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Mammalian cell senescence is an active response to
stresses that put cells at risk for neoplastic transforma-
tion, including DNA damage, oncogenic signals, dramatic
chromatin changes, and critically shortened or dysfunc-
tional telomeres (Campisi 2013). Accordingly, cell senes-
cence limits carcinogenesis in a cell-autonomous fashion.
Senescence may also have negative consequences, includ-
ing contributing to carcinogenesis in a non-cell-autonomous
manner and to age-related degenerative pathologies (Baker
et al. 2011). Telomere shortening and uncapping are par-
ticularly important drivers of human cell senescence, as
evidenced by the capacity of the telomerase enzyme to
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immortalize human cells and associations between dys-
functional telomeres and age-related diseases and proge-
roid syndromes (Armanios 2013). Senescent cells are
characterized by persistent cell cycle arrest mediated by
DNA damage checkpoint factors and also display pro-
found changes in gene expression, chromatin organiza-
tion, metabolism, and secretory behavior (Campisi 2013).
The mechanisms underlying these changes are not well
understood, but such knowledge promises to enhance our
understanding of cancer and other age-related diseases.
In the budding yeast Saccharomyces cerevisiae, telo-
mere length is maintained by telomerase, and thus yeast
cells do not naturally senesce as a consequence of gradual
telomere shortening. Telomere-driven senescence can be
modeled in yeast by genetic inactivation of telomerase,
leading eventually to critical telomere shortening and
mitotic arrest (Lundblad and Szostak 1989). It is impor-
tant to distinguish yeast senescence from yeast replica-
tive aging and chronological aging. Replicative aging is
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measured by the number of daughters produced by
a mother cell prior to her death, and chronological aging
is measured by the time a yeast cell can survive under
conditions of nutrient deprivation; however, neither of
these aging models is driven by telomere shortening.
Senescent yeast display several features remarkably sim-
ilar to mammalian cells that have senesced due to telo-
mere shortening. For example, both involve DNA damage
responses (DDRs) and cell cycle arrest dependent on
PI3-kinase-type kinases (IJpma and Greider 2003; Herbig
et al. 2004). Both also involve activation of stress re-
sponses, inhibition of glycolysis, and down-regulation of
mRNAs encoding the core histones (Nautiyal et al. 2002;
Zwerschke et al. 2003; O’Sullivan et al. 2010). Critical
telomere shortening in both settings causes loss of hetero-
chromatic histone marks and subtelomeric gene silencing
(Benetti et al. 2007; Kozak et al. 2010), and the telomere
ends can fuse to one another (Blasco et al. 1997; Hackett
et al. 2001; Capper et al. 2007). Furthermore, similar fac-
tors modulate the pace of senescence in both systems. For
example, telomere-driven senescence in mammals is pro-
moted by ATM, ATR, and EXO1 and is delayed by the
WRN and BLM helicases, and in yeast, the orthologous
proteins Tell, Mecl, Exol, and Sgsl function similarly
(Ritchie et al. 1999; Johnson et al. 2001; IJpma and Greider
2003; Herbig et al. 2004; Maringele and Lydall 2004;
Schaetzlein et al. 2007; Abdallah et al. 2009). Thus, yeast
telomerase mutants provide a valuable model for under-
standing several features of cell senescence.

We considered the possibility that telomere shortening
might cause relocalization of normally telomere-bound
proteins to new genomic loci and thus contribute to
senescence, an idea long hypothesized but never demon-
strated (Campisi 1997). A prime candidate for such a
factor in S. cerevisiae is Rapl (repressor activator pro-
tein 1). Rapl binds directly to telomere repeat DNA in a
sequence-specific fashion via two tandem Myb-type homeo-
domains linked by a short peptide (Konig et al. 1996). At
telomeres, Rapl contributes to capping and length regu-
lation, localization to the nuclear periphery, and forma-
tion of heterochromatin (Klein et al. 1992; Kyrion et al.
1993; Palladino et al. 1993; Marcand et al. 1997; Pardo and
Marcand 2005; Negrini et al. 2007; Vodenicharov et al.
2010). Rapl mediates telomere silencing by recruiting the
Sir protein complex (Moretti and Shore 2001). In contrast,
at hundreds of genes, Rapl functions as a transcriptional
activator via binding to upstream promoter regions and
interacting with various coactivator proteins (Tornow
et al. 1993; Schawalder et al. 2004; Zhao et al. 2006).
These dual sets of Rapl functions—at telomeres and at
genomic loci—raise the possibility that if Rapl were lost
from shortened telomeres, it might expand its roles at
extratelomeric loci. Several considerations support this
idea. First, Rapl is an abundant protein (~4000 molecules
per haploid cell) (Buchman et al. 1988), and a significant
fraction (at least 10%-15%) localizes to telomeres, which
are visualized by fluorescence microscopy as prominent
foci at the nuclear periphery that appear to be the primary
sites of Rapl localization (Klein et al. 1992; Gotta et al.
1996). Thus, the telomeric pool of Rapl is large enough to

Rapl1 relocalization regulates senescence

have the potential for significant effects on redistribution.
Second, many loci with consensus or near-consensus
Rapl target sequences are not bound by the protein in
normal cells, raising the possibility that these sites might
be bound under conditions that increase the available
pool of Rapl or increase site accessibility. Third, Rapl
relocalizes to some degree in the G2 phase of the cell
cycle (Laroche et al. 2000) and under conditions of stress,
including low glucose (Buck and Lieb 2006) and DNA
damage by methyl methanesulfonate (MMS) (Tomar
et al. 2008). Finally, senescence itself may be a Rapl-
relocalizing stress because fluorescence microscopy stud-
ies indicate that critical telomere shortening causes an
apparent loss in intensity of telomere-associated Rapl
along with enhanced localization of Rapl in numerous
other nuclear regions (Palladino et al. 1993; Straatman and
Louis 2007). However, the questions of whether Rapl
relocalizes to particular genomic targets at senescence
and how such relocalization might impact gene expres-
sion and the rate of senescence have not been addressed.

Here we demonstrate that at senescence, Rapl is lost
from subtelomeric regions and localizes to upstream
promoter regions of hundreds of new target genes. This
redistribution of Rapl depends on the Mecl DDR kinase
and plays direct roles in senescence-related gene expres-
sion. Remarkably, the genes encoding the core histones
are among the new targets of Rapl, and Rapl contributes
to a global decline in histone levels and also decreases
nucleosome occupancy selectively at the promoters of
genes that are up-regulated at senescence. Moreover, this
Rapl-histone interplay impacts not only gene expression,
but also the pace of senescence.

Results

Rap1 targets new loci in senescent cells

Chromatin immunoprecipitation (ChIP) using anti-Rapl
antibodies was performed in wild-type and senescent
tlc1A cells, and the genomic distributions of enriched
fragments were assessed using high-resolution tiling
arrays (ChIP-chip) (Fig. 1A; Supplemental Fig. S1). En-
richment was calculated with respect to nonspecific IgG
control ChIP, although essentially identical results were
obtained when the comparison was made to input chro-
matin (data not shown). Using a conservative MAT
(model-based analysis of tiling arrays) cutoff of 107> (see
the Materials and Methods), 798 Rapl target genes were
identified in wild-type cells. These targets were highly
similar to those identified previously (Supplemental
Fig. S2, P = 2.5 X 107'2%) (Harbison et al. 2004). At
senescence, three major types of changes in Rapl local-
ization were apparent. First, there is increased enrich-
ment at many sites already targeted by Rapl in wild-type
cells (Fig. 1A; Supplemental Fig. S1). Second, and more
strikingly, there are many new Rap1 target peaks (Fig. 1 A;
Supplemental Fig. S1). Third, Rapl occupancy declines at
subtelomeres (Figs. 1B, 7B [below]; Supplemental Fig. S3).
These changes do not reflect alterations in overall Rapl
levels, which remain nearly constant per cell (Figs. 1C
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Figure 1. Rapl leaves subtelomeres and redistrib-
utes to new genomic loci at senescence. (A) Chro-
mosomal distribution of Rapl in wild-type and
senescent cells. Rapl ChIP tiling array data, nor-
malized to control rabbit IgG ChIP data, are shown
for chromosome VII (see Supplemental Fig. S1 for
all chromosomes). Data are plotted by relative signif-
icance using the MAT algorithm [—log;o(P-value)].
Senescent cells were obtained five PDs prior to the
nadir in growth rate to avoid contributions by survi-
vors of senescence. (B) Rapl leaves subtelomeres at
senescence. Rapl ChIP tiling array data are shown
for subtelomere VII-L. Data are plotted as the logy
ratio of the Rapl and control rabbit IgG ChIP signal
intensities. (C) Rapl protein levels do not change
substantially at senescence. Rapl and tubulin im-
munoblots of whole-cell extracts from equal num-
bers of cells from wild-type and tic14 cultures at ~30
PDs (presenescent) and ~70 PDs (senescent). Note
that tubulin levels per cell increase at senescence,
consistent with increased cell volume (Nautiyal
et al. 2002). (D-F) Rapl ChIP-qPCR analyses con-
firming that at senescence, Rapl displays enhanced
enrichment at sites naturally targeted in wild-type
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[which compares equal cell numbers], 7D [below]; data
not shown). All three types of changes were confirmed via
ChIP and quantitative PCR (ChIP-qPCR) against multiple
targets (Fig. 1D-F, Rapl ChIP enrichment was in com-
parison with ACT1 and was normalized to IgG and input
controls).

We found that Rap1 localizes to 491 new target genes at
senescence, and we refer to these as NRTS (new Rapl
targets at senescence) (Fig. 2A). Similar to Rapl targets in
normal cells, NRTS were localized primarily in upstream
promoter regions (Fig. 2B,C; Supplemental Fig. S4). We
searched for enriched sequence motifs within the NRTS
promoters using HOMER, a de novo motif discovery
program (Heinz et al. 2010). Whereas the previously
defined Rapl consensus CACCCA(A/C)ACA (Lieb et al.
2001) was the most significant motif identified in the
wild-type targets (798 genes), it was not found in the
NRTS target set (Fig. 2D). Instead, the most significant
NRTS motif (P = 10!2) was TTTTTTGCG(C/G), which
may have weak nucleosome-destabilizing activity (Segal
and Widom 2009; Wu and Li 2010). Consistent with this
possibility, at senescence, Rapl preferentially targets
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and input controls. The locations of qPCR probes
along subtelomere VI-R are shown. All qPCR data are
means (N = 3), and similar results were obtained in
two other experiments using independent biological
replicates.
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regions of the genome where histones have been found to
have high turnover under normal conditions (P-value =
1.4 x 10~%*) (Supplemental Table S1). Even though NRTS
are not enriched for consensus Rapl-binding sites, they
are enriched for suboptimal Rapl-binding sites (Supple-
mental Table S2A,B). The tandem Myb domains of Rapl
each binds hemisites within consensus targets, and the
peptide linking the Myb domains binds a 3-nucleotide (nt)
spacer linking the hemisites (Konig et al. 1996). Rapl can
also bind with significant affinity (reduced fivefold to
10-fold from its optimal 10~'' M Kd) to a single hemisite
paired with a linker sequence (cf. Supplemental Table
S2A; Del Vescovo et al. 2004). Such hemisite-linker sites
were enriched within NRTS (P = 2.7 X 10~* for the
presence of at least one such site) (Supplemental Table
S2). Furthermore, in vitro Rapl-binding data (Mukherjee
et al. 2004) indicate that Rapl binds NRTS promoters
with an affinity lower than for natural Rapl targets but
substantially higher than non-Rapl targets (Fig. 2E).
Thus, DNA binding by Rapl may contribute to NRTS
occupancy. Overall, it appears that the forces dictating
Rapl occupancy at the NRTS versus normal targets differ
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Figure 2. NRTS. (A) Venn diagram comparing Rapl
target genes in wild-type and senescent cells. The 35
targets lost at senescence are largely from subtelo-
meric regions (Supplemental Fig. S3B). (B) HSP26 is
an example of a NRTS. Data are plotted as in Figure 1A.
(C) Rapl occupancy at senescence increases prefer-
entially at the promoters of both sites naturally
targeted in wild-type (WT) cells (natural Rapl tar-
gets, n = 763) and NRTS (n = 491). Data are plotted as
the average ChIP intensities [logy(Rapl ChIP/rabbit
IgG ChIP)] for the genes in each category within and
flanking each gene. (Promoter) The 500-base-pair (bp)
region upstream of the ORF; (gene body) the OREF;
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(downstream) the 500-bp region downstream from
the ORF. (D) NRTS are not enriched for the con-
sensus Rapl-binding sequence. The most significant
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motif identified using HOMER among wild-type
target genes is the Rapl-binding consensus, and the
most significant motif among NRTS is shown. (E)
Rapl binds sequences in NRTS promoters. Rapl in
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due to changes in Rapl, its cofactors, or the chromatin
structure of the target sites themselves.

NRTS are preferentially up-regulated by Rapl
at senescence

In wild-type cells, Rapl activates transcription at most of
its target genes but also contributes to transcriptional
silencing at subtelomeres and the silent mating loci.
To address whether Rapl affects gene expression of the
NRTS, we first examined microarray-based mRNA ex-
pression analyses for senescent tlcIA mutants (Nautiyal
et al. 2002). Remarkably, the NRTS preferentially overlap
the set of genes that are up-regulated at senescence (P =
1.9 x 107°) (Fig. 3A). Furthermore, Rapl specifically
targets some of the most highly up-regulated genes at
senescence; e.g., HSP26, NCA3, and GAC1 (Fig. 2B;
Supplemental Fig. S4A). In contrast, there is no enrich-
ment for NRTS within the set of genes down-regulated at
senescence (P = 1). We note also that the majority of
NRTS are not regulated significantly at senescence, and
so Rapl binding is apparently not sufficient to confer

Promoter Gene Body Down Stream

Non-Rap1l
Targets

regulation in all cases. In other words, although some
NRTS are up-regulated, others are down-regulated, and
most are not regulated at senescence; overall, the set
of NRTS genes shows a statistical tendency to be
up-regulated.

To test whether Rapl activates expression of the NRTS
that are up-regulated at senescence, we elevated Rapl
levels in wild-type cells twofold by introducing a single-
copy plasmid with RAP1 expression driven by the NOP1
promoter (NOP1p-RAP1) (Fig. 3B; Supplemental Fig. S5)
and then measured changes in Rapl occupancy and gene
expression at NRTS. Although high levels of Rapl are
toxic (Freeman et al. 1995), the twofold increase in Rapl
inhibited cell growth only slightly (Supplemental Fig. S5C).
In comparison with the nontargeted ACT1 locus, Rapl
overexpression caused significant elevations in Rapl
binding at the upstream promoter regions of senescence-
up-regulated NRTS (Fig. 3C, vs. ACT1) and in the levels of
mRNA from these genes (Fig. 3D) in all cases tested.
Control experiments confirmed that Rapl does not reg-
ulate the ACT1 locus (Supplemental Fig. S5D,E). There-
fore, increasing the level of Rapl is sufficient to mimic
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the effects of senescence on up-regulated NRTS. We
confirmed the importance of Rapl in the up-regulation
of these NRTS by decreasing the levels of Rapl at
senescence. Because RAPI is essential, we could not test
the effects of deleting RAP1 entirely but were able to
decrease Rapl levels ~40% using the hypomorphic rap1
DAmP (decreased abundance by mRNA perturbation)
allele (Fig. 3E; Supplemental Fig. S5F; Breslow et al.
2008). rap1 DAmP blunted the up-regulation in NRTS
mRNA levels at senescence and, in contrast, did not
affect mRNA levels from the nontargeted ACT1 and
SPC42 control loci (Fig. 3F); control ChIP experiments
confirmed that the allele also reduced Rapl levels at
these NRTS at senescence (Fig. 3G, vs. ACT1). Therefore,
for NRTS that are activated at senescence, Rapl relo-
calization to these loci apparently contributes to their
up-regulation.

Because senescence results in a G2/M cell cycle arrest,
we wondered whether altered expression of NRTS might
be a secondary effect of the arrest. Comparison of the
NRTS genes that are senescence-regulated (Nautiyal
et al. 2002) with those that are mitotic arrest-regulated
(Spellman et al. 1998) revealed a nonsignificant overlap
between up-regulated data sets (P = 1, Supplemental
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Figure 3. NRTS are preferentially up-regulated by
Rapl at senescence. (A) Venn diagram comparing NRTS
with genes that are differentially expressed (=1.5-fold)
at senescence (among 6178 genes total). (B-D) A two-
fold elevation in Rapl levels is sufficient to mimic
effects of senescence at up-regulated NRTS in wild-type
(WT) cells. (B) Immunoblots of TCA extracts from equal
numbers of cells carrying the NOPIp-RAP1 plasmid
(Rapl OE) or the vector control (Ctrl). (C) Rapl levels
at the promoters of up-regulated NRTS. Rapl enrich-
ment is the ratio of Rapl levels measured by qPCR in
NOPI1p-RAP1 versus vector control cells normalized to
ACT1. (D) Up-regulated NRTS are activated by Rapl
overexpression. Data are RNA levels in Rapl OE cells
relative to control cells and normalized to ACT1
transcripts. (E-G) Rapl contributes to up-regulation of
NRTS at senescence. (E) Rapl levels are reduced in rap1
DAmP cells. Immunoblots of TCA extracts from equal
numbers of wild-type and rapl DAmP cells. (F) Rapl
contributes to activation at senescence of up-regulated
NRTS. mRNA levels were measured by qPCR in wild-
type (n = 2), rapl DAmP (n = 2), and senescent (tlc1A
Sen, n = 4; rapl DAmP tlclA Sen, n = 4) cultures.
(G) Reduced Rapl levels blunt Rapl occupancy at the
upstream promoters of NRTS at senescence. Data are
plotted as fold change in Rapl enrichment in senescent
cells relative to wild-type cells and normalized to
occupancy at the ACT1 locus, as measured by qPCR.
All qPCR data are means (N = 3, except as noted), and
similar results were obtained in two other experiments
using independent biological replicates.

SPC42 ACT1 HSP26 NCA3 GAC1 MDH1 IDH2 SDH1

Fig. S6A) and down-regulated data sets (P = 0.65, Supple-
mental Fig. S6B). In addition, qPCR analyses showed that
expression of senescence-up-regulated NRTS genes either
did not change or was diminished with nocodazole-
mediated arrest (Supplemental Fig. S6C). These findings
suggest that the Rapl-dependent regulation of NRTS is
largely independent of G2/M arrest per se.

Rap1 targets and represses the core histone genes
at senescence

Gene ontology (GO) analysis of the NRTS revealed en-
richment for genes involved in metabolism, stress re-
sponses, and aspects of DDRs (Supplemental Table S3).
These broadly reflect the functional categories of genes
with altered expression noted previously for senescent
tlc1A mutants (Nautiyal et al. 2002), indicating that Rap1
does not target a narrow functional subset of senescence-
regulated genes. However, we were surprised to find that
the second most significant GO category for the NRTS
was the nuclear nucleosome (P=2.2 X 10~%), including all
of the genes encoding the core histone proteins H2A,
H2B, H3, and H4. Indeed, direct inspection of ChIP-chip
data for the loci encoding these proteins—HTAI1-HTBI,


http://genesdev.cshlp.org/
http://www.cshlpress.com

HTA2-HTB2, HHT1-HHF1, and HHT2-HHF2—revealed
significant Rapl binding in senescent cells (Fig. 4A).
HTZ1 (encoding the only S. cerevisiae H2A variant
histone) was also strongly targeted by Rap1 at senescence,
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whereas HHO1 (encoding the Hl-like protein) was
weakly targeted, and CSE4 (encoding the centromere-
specific H3 variant histone) was not (Supplemental
Fig. S7A). These findings were confirmed using Rapl

Figure 4. Rapl targets and represses core histone
gene expression at senescence. (A) Rapl binds all
core histone promoters at senescence. Data are
plotted as in Figure 1A. (B) Histone protein levels
decrease at senescence. Immunoblots of whole-cell
extracts from the indicated wild-type (n = 2) and
tlc1A cultures at ~30 PDs (presenescent, n = 3) and
~70 PDs (senescent, n = 3). Lanes were loaded by
equal protein and stained with anti-H2A, anti-H2B,
anti-H3, anti-H4, or anti-tubulin antibodies. (C,D)
Increased levels of Rapl are sufficient to repress
histone gene expression. (C) Rapl occupancy at core
histone promoters is increased in wild-type (WT)
cells carrying the NOP1p-RAPI plasmid. Data are
plotted as in Figure 3C. (D) Increased Rapl levels
blunt histone gene expression. PCR data are fold
changes in mRNA expression in nocodazole-
arrested wild-type cells carrying the NOP1p-RAP1
plasmid (n = 3) relative to arrested vector control
strains (n = 3), normalized to ACT1 transcripts. (E,F)
Rapl contributes to core histone gene repression at
senescence. (E) Reduced levels of Rapl in rapl
DAmP mutants blunt Rapl occupancy at histone
promoters at senescence. Data are plotted as in
Figure 3G. (F) Repression of core histone genes
depends on Rapl. mRNA levels were measured by
qPCR normalized to ACT1 transcripts using RNA
from wild-type (n=2), rapl DAmP (n = 2), senescent
(tlc1A Sen, n = 4), and senescent rapl DAmP (rapl
DAmP tlc1A Sen, n = 4) cultures. (G) Histone over-
expression blunts up-regulation of NRTS at senes-
cence. mRNA levels were measured by qPCR in
wild-type (n = 2), senescent ticIA (n = 4), and
senescent H2A/H2B/H3/H4-overexpressing tlc1A
(n = 4) cultures.
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ChIP-qPCR (Supplemental Fig. S7B). Diminished expres-
sion of the core histone loci at senescence was noted
previously (Nautiyal et al. 2002), but these loci have
never been identified as Rapl targets. In keeping with
these observations, we found that the levels of histone
proteins H2A, H2B, H3, and H4 were significantly re-
duced at senescence (Fig. 4B; Supplemental Fig. S7C,D).
The decline in histone levels was not a simple conse-
quence of G2/M arrest because, except for small reduc-
tions in H3 and H4, histone levels remained largely steady
following treatment of wild-type cells with nocodazole
(Supplemental Fig. S7E).

Even though NRTS are not enriched overall for genes
that are down-regulated at senescence, it is still possible
that Rapl contributes to the senescence-related down-
regulation of histone genes. We found that Rapl overex-
pressed by twofold (via plasmid-based NOPIp-RAP1) in
wild-type cells led to elevated Rapl binding at all histone
promoters (Fig. 4C) along with repression of histone gene
expression and protein levels in cells that had been ar-
rested with nocodazole (Fig. 4D; Supplemental Fig. S7F).
This Rapl-dependent repression was not observed unless
cells were arrested in this fashion (data not shown), con-
sistent with the requirement for normal histone levels to
support cell cycle progression and with the natural arrest
of senescent cells in G2/M. Moreover, reduction in Rapl
levels via rapl DAmP at senescence reduced Rapl occu-
pancy at the histone loci (Fig. 4E) and blunted histone
gene down-regulation (Fig. 4F). Therefore, Rapl binds
and inhibits the expression of the core histone genes at
senescence.

Rapl requires the Sir2/3/4 protein complex to silence
telomeres and the silent mating loci (Strahl-Bolsinger
et al. 1997), and furthermore, the Sir complex has been
found to relocalize from telomeres to genomic loci under
various stresses (Martin et al. 1999). We therefore asked
whether repression of the histone loci might depend on
the Sir complex. However, repression proved to be Sir-
independent, as deletion of SIR2, SIR3, or SIR4 did not
affect down-regulation of the core histone loci in senes-
cent cells (Supplemental Fig. S8).

Histone losses contribute to altered gene expression
at senescence and connect to reciprocal occupancy
of Rap1 and histones at NRTS

Because histone RNA and protein levels are dramatically
down-regulated at senescence, we wondered whether
these processes might contribute to selective gene ex-
pression changes at senescence. To address this question,
we first compared genes that change in expression fol-
lowing acute histone H4 depletion (Wyrick et al. 1999)
with (1) genes that are differentially expressed at senes-
cence (Nautiyal et al. 2002) and (2) genes that are differen-
tially expressed at senescence and are also NRTS. These
comparisons revealed a significant overlap in all cases
(up-regulated with H4 depletion and senescence: P=4.5 X
107!, down-regulated with H4 depletion and senescence:
P = 1.7 x 107*,; the same up-regulated and down-
regulated data sets restricted to NRTS: P = 3.1 x 10°*
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and P = 3.5 X 1077, respectively) (Supplemental Table
S4A,B). The reduced significance of the NRTS subset is
a consequence of the smaller number of loci involved. In
fact, the fraction of genes up-regulated/down-regulated
at senescence that are also up-regulated/down-regulated
with H4 depletion is greater when restricted to the NRTS
(29% and 42%, for up-regulated and down-regulated loci,
respectively) than for genes overall (20% and 34%, for up-
regulated and down-regulated loci, respectively). In addi-
tion, we discovered that genes up-regulated at senescence
tend to display rapid histone turnover in wild-type cells
(Supplemental Table S5), indicating that they naturally
contain low-stability nucleosomes, and, as noted above
(Supplemental Table S1), such high-turnover regions are
preferentially targeted by Rapl at senescence. Finally, we
found that overexpression of the four core histone pro-
teins in senescent cells (via GAL1-10-driven expression of
HTA1-HTB1 and HHT2-HHF2) (Feser et al. 2010) blunts
the activation of NRTS at senescence (Fig. 4G). Therefore,
histone loss appears to be an important contributor to
changes in gene expression at senescence, particularly
those governed by redistribution of Rapl to new target
genes.

Rapl and nucleosome occupancy have been found to
correlate inversely at many genomic loci, which might
reflect an ability of Rapl to compete directly with nucle-
osomes for some DNA sites or might instead be an indirect
consequence of nucleosome losses associated with tran-
scriptional activation by Rapl at target genes (Yu and
Morse 1999; Koerber et al. 2009; Ganapathi et al. 2011;
Rhee and Pugh 2011; Lickwar et al. 2012). ChIP-qPCR
analyses for Rapl and histone H3 demonstrated recipro-
cal changes for the proteins at NRTS that are activated at
senescence, in comparison with the ACT1 locus, which is
not targeted by RAP1 (Fig. 5A). Thus, histones are not lost
uniformly from chromatin at senescence, and loss is more
pronounced at activated NRTS. Rapl is required for these
losses because senescent cells containing the rap1-DAmP
allele accumulated reduced levels of Rapl at these loci,
and the loss of histone H3 from these loci was blunted or
blocked completely (Fig. 5B). In addition, and consistent
with a reciprocal relationship between Rapl and nucleo-
some occupancy, overexpression of the four core histone
proteins in senescent cells similarly inhibited accumula-
tion of Rapl and the loss of histone H3 at these activated
NRTS (Fig. 5C). To rule out the possibility that histone
losses at these loci was an indirect consequence of de-
creased histone levels overall, we performed a time course
of Rapl overexpression in wild-type cells and demon-
strated that histone H3 is lost from activated NRTS with
more rapid kinetics than any reduction in overall histone
protein levels (Supplemental Fig. S9).

Because the core histone loci are a class of NRTS that
are repressed by Rapl at senescence, we explored how
senescence affects the relationships between Rapl and
histones at the promoters of these loci. Although ChIP-
gPCR tests confirmed that Rapl accumulates at the
upstream promoter regions of the histone genes at senes-
cence, histone H3 was actually retained (in contrast to H3
losses at the activated NRTS) (Fig. 5D). Furthermore,
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although senescent rapl-DAmP cells accumulated re-
duced levels of Rapl at the histone loci, H3 actually
became slightly enriched in comparison with senescent
cells with normal levels of Rapl (Fig. 5E) even though
histone gene repression at senescence is alleviated (i.e.,
derepressed) by rap1-DAmP (cf. Fig. 4F). Therefore, Rapl-
dependent repression of the histone loci at senescence is
associated with retention of histones in histone gene
promoter regions but also must involve additional Rapl-
dependent repressive mechanisms.

Rap1 drives the rate of senescence

Although Rapl targets new loci and drives gene expres-
sion changes in senescent cells, it did not necessarily
follow that such events would impact the rate of senes-
cence. To test this possibility, we compared senescence in
cells with wild-type to reduced levels of Rapl (i.e., tlc1A
vs. rapl-DAmP tlc1A). As in all of our comparisons of
senescence in cells of different genotypes, we performed
this experiment with the haploid progeny derived from
a single TLC1/tlc1A diploid that was also heterozygous
for the allele to be tested (i.e., RAP1/rap1-DAmP in this

case); thus, the different haploids inherit telomeres of
similar lengths, enabling fair comparisons between geno-
types. Remarkably, the rapl-DAmP tlc1A cells senesced
significantly more slowly than the control tlc1A cells
(Fig. 6A; P = 0.0012). This is not an effect of early ac-
tivation of the homologous recombination (HR)-dependent
survivor pathway of telomere maintenance (Lundblad
and Blackburn 1993) because the rap1-DAmP tlc1A mu-
tants reached their growth nadir and formed survivors
after more, rather than fewer, population doublings (PDs)
(~85 vs. 70 PDs). The delayed senescence is a somewhat
surprising result because Rapl naturally contributes to
telomere capping (Pardo and Marcand 2005; Negrini et al.
2007; Vodenicharov et al. 2010), and thus a reduction in
Rapl levels might be expected to exacerbate telomere
dysfunction. We infer that the Rapl proteins bound
tightly to telomere repeat DNA (Kd ~ 107! M) (Vignais
et al. 1990) are unaffected by the small reduction in Rap1
levels, whereas it is clear that Rapl binding at NRTS loci,
which lack canonical Rapl-binding sites, is diminished
(Fig. 3G). This inference is supported by our finding that
there are normal levels of Rapl at telomere repeats in
the DAmP strain, as indicated by ChIP (Supplemental
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Fig. S5G,H) and the capacity of the DAmP allele to
maintain normal telomere length and prevent end fusions
(Ungar et al. 2009; Lescasse et al. 2013). Overall, our
findings indicate that Rapl drives not only the gene ex-
pression phenotype, but also the pace of senescence.

Histone overexpression delays senescence

We wondered whether the antagonistic relationships
between Rapl and histones also apply to the rate of
senescence. We compared cells with normal histone loci
with those also overexpressing the four core histones
(using histone genes under GALI-10 control, as above)
and found that histone overexpression delays senescence
(Fig. 6B). Therefore, the pace of senescence is apparently
propelled by the histone losses that accompany it, and
the prosenescence role of Rapl may be explained by its
capacity to inhibit histone expression and function.

Rap1 relocalization and function at senescence
depends on MEC1

The loss of Rapl-binding sites caused by telomere short-
ening might contribute to its relocalization in senescent
cells. However, critically shortened telomeres in senes-
cent cells activate a DDR, and Rapl has previously been
found to localize to the RNR3 locus in cells exposed to
MMS in a fashion that depends on the DDR checkpoint
kinases Mecl and Dunl (Tomar et al. 2008), raising the
possibility that the DDR contributes to Rapl relocaliza-
tion at senescence. We therefore investigated what DDR
factors are involved in Rapl functions at senescence,

1414 GENES & DEVELOPMENT

including the PI3-type kinases Mecl and Tell and the
Dunl kinase. Dunl acts downstream from the Rad53
kinase, which itself is partially responsible for mediating
signaling from Mecl and Tell (Putnam et al. 2009). Tell
localizes to short telomeres (Sabourin et al. 2007) and can
contribute to the pace of senescence (Ritchie et al. 1999;
Abdallah et al. 2009), but the G2/M arrest at senescence
depends on Mecl and is independent of Tell and Rad53
(Enomoto et al. 2002; IJpma and Greider 2003). Therefore,
one or more of these DDR factors might affect the action
of Rapl at senescence.

We examined the expression of up-regulated NRTS at
senescence by qPCR and found that for all eight loci
examined, deletion of MEC1 substantially blunted their
up-regulation, but deletion of TELI or DUNI had no
effect (Fig. 7A; Supplemental Fig. S10). In addition, MEC1
deletion partially or completely rescued histone down-
regulation at senescence (Fig. 7A). In keeping with these
results, Rapl ChIP-qPCR demonstrated that MEC1 is
required at senescence for full loss of Rapl at subtelo-
meres (Fig. 7B) and for enrichment at NRTS (Fig. 7C). Our
findings indicate that Mecl is necessary to remove Rapl
from subtelomeres and deposit it at its novel target sites
at senescence. The dependence on Mecl, but not Tell and
Dunl, correlates with the requirements for G2/M arrest
at senescence. In addition, TCA-extracted Rapl displayed
reduced-mobility forms at senescence, which are also
dependent on MEC1 (Fig. 7D). Therefore, although addi-
tional studies will be required to understand the nature
and functional significance of these apparent Rapl mod-
ifications, these findings raise the possibility that post-
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Rapl is involved in its

Discussion

Our experimental findings show that Rapl targets the
upstream promoter regions of hundreds of novel targets at
senescence (the NRTS) and plays important roles in the
regulation of these targets. NRTS tend to be up-regulated
at senescence overall, but some NRTS are down-regulated,
most notably the genes encoding the core histone pro-
teins. This was a surprising finding because, although
Rapl normally targets at least 5% of all genes, it has
never before been observed at the histone genes. Consis-

tent with the down-regulation of histone transcripts in
senescent yeast (Nautiyal et al. 2002), we show for the
first time that histone protein levels also decline signif-
icantly. Histone losses appear to be critical mediators of
senescence because the gene expression changes in se-
nescent cells are remarkably similar to those following
acute depletion of histone H4 and because senescence can
be delayed by overexpression of the core histone genes.
Histone losses have also been observed recently in other
aging-related settings, including replicatively aged yeast
mother cells and senescent cultured human fibroblasts,
suggesting that histone losses may be a conserved feature
of aging and senescence (Feser et al. 2010; O’Sullivan et al.
2010). Importantly, the mechanisms underlying histone
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losses in these other settings are not known, and there-
fore our demonstration that Rapl plays a role in trans-
ducing the DDR signals at critically shortened telomeres
into histone losses reveals the most detailed mechanism
known to date.

Rapl leads to histone losses in two ways. First, it re-
presses histone gene expression by targeting the upstream
promoter regions of the histone loci, thus contributing to
global down-regulation of histones. Second, it contributes
to site-specific losses in nucleosome occupancy at the
promoters of NRTS that are up-regulated at senescence
(as reflected by chromatin-immunoprecipitated histone
H3 levels). It will be important in future studies to ex-
plore the detailed mechanisms underlying these two
effects of Rapl, but there are already clues to possible
mechanisms.

In the case of histone gene down-regulation, it is clear
that Rapl does not repress expression via recruitment of
the Sir2/3/4 protein complex, and repression is not ex-
plained by increased nucleosome occupancy at the his-
tone gene promoters. The regulation of histone gene
expression in normal cells is under tight control and
involves a large number of regulators, both positive
(Spt10, Swi4, Mbpl, Rtt109, and the SWI/SNF complex)
and negative (the HIR and RSC complexes, Asfl, and
Rtt106) (Eriksson et al. 2012). Rapl may either inhibit or
facilitate the action of one or more of these regulators, for
example, by competing with the binding of a positive
regulator.

In the case of site-specific histone losses at up-regulated
NRTS, nucleosome losses may simply be an indirect
consequence of the elevated expression of these genes.
However, we favor a more direct role for Rapl in com-
peting with nucleosomes for site occupancy, based on
several long-standing and recent findings in wild-type
cells. For example, Rapl can interfere with nucleosome
positioning and facilitate gene activation by the Gen4
transcription factor, which by itself cannot function ef-
ficiently at binding sites ensconced within a nucleosome
(Yu and Morse 1999), and experimental depletion of
Rapl leads to rapid elevations in nucleosome occupancy
selectively at sites to which it was previously bound
(Ganapathi et al. 2011). Furthermore, Rapl-binding sites
are enriched at the entry/exit points for the DNA wrapped
around the majority of nucleosomes to which it binds,
where it may gain access to relatively free DNA, thus
weakening histone-DNA interactions, and indeed these
nucleosomes display particularly low occupancy and high
turnover rates (Dion et al. 2007; Koerber et al. 2009; Rhee
and Pugh 2011). Finally, sites to which Rapl binds with
the longest residence time (i.e., slowest off rate) are those
with the least nucleosome occupancy (Lickwar et al.
2012). Regardless of whether the competition between
Rapl and nucleosomes at up-regulated NRTS is direct or
indirect, it clearly plays important roles in the regulation
of gene expression in senescent cells.

Mammalian Rapl might also have similar effects on
chromatin, nucleosome occupancy, and gene expression.
For example, overexpression of Trf2, which recruits hRapl
to DNA, can reduce nucleosome density within telomere
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chromatin, which suggests that the hRap1:Trf2 complex
may modify chromatin (Galati et al. 2012). Also, the
recent demonstrations that mammalian Rap1 not only
localizes to telomeres but also can bind with some
affinity to DNA itself, contribute to the transcriptional
regulation of sites throughout the genome, and bind
several histone proteins raise the possibility that mam-
malian Rapl may contribute to changes in chromatin and
gene expression in senescent cells (Martinez et al. 2010;
Lee et al. 2011; Yang et al. 2011; Arat and Griffith 2012).
Our findings provide insight into how Rapl selectively
targets NRTS. Many sites containing sequences to which
Rapl binds with optimal affinity in vitro are not occupied
by Rapl in wild-type cells, indicating the chromatin con-
text contributes to Rapl occupancy (Lieb et al. 2001). The
promoters of NRTS are not enriched for optimal Rapl-
binding sites, but rather tend to contain hemisite plus
linker sequences to which Rapl binds selectively but
with reduced affinity in vitro (Del Vescovo et al. 2004). In
addition, the most highly enriched motif present within
NRTS promoters is TTTTTTGCGC, which is similar to
the so-called G/C-capped poly(dA:dT) tracts that nor-
mally associate with the centers of nucleosome-free
regions in yeast promoters (Wu and Li 2010). Poly(dA:dT)
tract length is inversely correlated with nucleosome
stability (Segal and Widom 2009), and so we propose that
the short tracts found within NRTS are not sufficient to
exclude nucleosomes substantially in wild-type cells, but
as histone levels decline at senescence, the local effects of
these tracts are uncovered by a global shift in equilibrium
toward nucleosome loss. Thus, nucleosome destabiliza-
tion together with increased Rapl availability and bind-
ing to nearby hemisites would conspire to drive the
observed nucleosome losses selectively at NRTS.
Senescence is accompanied by the association of Rapl
with hundreds of new target loci along with increased
Rapl levels at most of the targets to which it normally
localizes in wild-type cells (for additional analyses and
discussion of the normal targets of Rapl, see the Supple-
mental Material, including Supplemental Fig. S11). This
raises the following question: From where do these
additional Rapl proteins arise? Elevated levels of Rap1 are
not the answer because total cell levels of Rapl remain
relatively constant. It seems reasonable that as the telo-
mere repeat tracts shorten with senescence, telomere-
bound Rapl should be liberated. However, telomeres
contain approximately one Rapl protein per 18 base pairs
(bp) of DNA (Gilson et al. 1993), and if we assume that
each of the 32 telomeres in a haploid cell loses, on
average, 200-250 bp of DNA by senescence, this would
liberate ony 350-450 Rapl proteins, which may not be
enough to account for ~500 NRTS along with increases
at normal Rapl targets. Another potential reservoir of
Rapl is provided by the subtelomeric regions, from which
we found Rapl is lost at senescence; although normal
subtelomeric levels of Rapl have not been carefully
measured, there are indications that they may be sub-
stantial. For example, this is illustrated by the dramatic
delocalization of Rapl from telomere-associated foci
visualized by fluorescence microscopy in sir mutants
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(Gotta et al. 1996). Because Rapl associates indirectly
with subtelomeres via binding to nucleosome-bound Sir3
and Sir4 (Strahl-Bolsinger et al. 1997; Moretti and Shore
2001) and because the direct binding of Rapl to telomere
repeat DNA with Kd ~ 107!! M is presumably indepen-
dent of Sir proteins, this dramatic loss suggests that
a greater number of Rapl proteins are associated with
subtelomeric than telomeric sequences. The Sir proteins
are known to delocalize from subtelomeres at senes-
cence, as demonstrated by fluorescence microscopy
(Straatman and Louis 2007) and as indicated by the
increased acetylation of subtelomeric histone H4K16,
which destabilizes Sir3 binding to nucleosomes (Kozak
et al. 2010). Therefore, our finding that Rapl leaves
subtelomeres at senescence is in keeping with previous
observations. We also note that even though relocaliza-
tion of the Sir silencing proteins from telomeres to other
loci, either from engineered redistribution or following
DNA damage, have been found to have important
functional consequences (Maillet et al. 1996; Marcand
et al. 1996; Martin et al. 1999), we did not detect roles for
the Sir proteins at down-regulated targets of Rapl (Sup-
plemental Figs. S8, S11). In addition to delocalization
of Rapl from telomeres and subtelomeres at senescence,
the increase in the number of Rapl-targeted loci may
also reflect a shift in the general equilibrium from
nucleoplasmic to chromosome-associated Rapl, per-
haps aided by increased exposure of binding sites
secondary to nucleosome losses.

Consistent with the new localization of Rapl not being
a simple mass action-based consequence of its liberation
from shortened telomere repeat DNA, the loss of Rapl
from subtelomeres and its new localization at NRTS
depend on the DDR kinase Mecl. However, many of
these changes are unique to senescence and not just
a generic stress or DDR (for comparisons of roles for
Rapl during senescence, DDR, and other stress re-
sponses, see the Supplemental Material, including Sup-
plemental Figs. S12, S13; Supplemental Table S6). In
addition, these events correlate with Mecl-dependent
post-translational modification of Rapl, and the identity
and potential functional role of such modification are
currently under investigation. Furthermore, deletion of
MEC]1 delays senescence (Abdallah et al. 2009), consistent
with the Mecl dependence of Rapl action at senescence.

In the setting of critically shortened telomeres, what
might be the purpose of a DDR-regulated redistribution
of Rapl leading to activation of stress response genes
and down-regulation of histone genes? Although telome-
rase naturally maintains steady-state telomere length in
yeast, telomere loss events can still occur, e.g., at broken
replication forks, and this response might be of benefit
in such cases. However, the response may be only one
manifestation of a mechanism having broader impor-
tance for the repair of DNA breaks in other genomic
regions. In cells lacking telomerase, critically shortened
telomeres are similar to double-stranded breaks (DSBs)
that are slowly repaired or are irreparable; i.e., DSBs that
do not have a readily available homologous target se-
quence (e.g., a sister chromatid) or have no homologous

Rapl relocalization regulates senescence

target sequence from which to template HR-dependent
repair. For example, both types of lesions can eventually
translocate to the nuclear pore complex, where it is
thought that checkpoint responses and alternative HR
pathways are activated (Nagai et al. 2008; Khadaroo et al.
2009; Oza et al. 2009). Slowly repaired breaks have also
been found recently to activate chromatin mobility of
not only the break site itself, but apparently also other
genomic regions, which is thought to enhance the search
of the broken end for a homologous target (Dion et al.
2012; Miné-Hattab and Rothstein 2012). The increased
mobility requires both Mecl signaling and the action of
the Ino80 chromatin remodeling complex, which can
evict nucleosomes and may thus facilitate chromatin
mobility (Neumann et al. 2012). Rapl-dependent stimu-
lation of nucleosome losses at particular genomic sites
together with down-regulation of global histone levels
could contribute to this mechanism. This hypothesis
is consistent with the similar patterns of NRTS gene
expression in MMS-treated and senescent cells, including
down-regulation of histone genes (Gasch et al. 2001), and
indicates that roles for Rap1 in the repair of DNA breaks
throughout the genome should be explored.

Materials and methods

Detailed methods are provided in the Supplemental Material.

Yeast strains

All strains are from the BY4741/2 background and are described
in Supplemental Table S7.

Senescence assays

Senescence was performed by serial passage in liquid medium of
spore products obtained from TLC1/tic1A diploids. Comparisons
of senescence in tlcIA mutants also possessing other genetic
changes were performed using cells from diploids also heterozy-
gous for the genetic change of interest (e.g., RAP1/rap1 DAmP),
ensuring comparisons between cells inheriting telomeres of
similar length and from the same epigenetic environment.
Samples for mRNA expression and ChIP assays of senescent
cells were obtained approximately five PDs prior to the growth
nadir to avoid contributions from survivors of senescence.

ChIP

ChIP was performed as previously described (Kozak et al. 2010)
using chromatin cross-linked with formaldehyde and sonicated
to an average 100- to 200-bp DNA fragment size.
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