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Subtelomeric chromatin is subject to evolutionarily conserved complex epigenetic regulation and is
implicated in numerous aspects of cellular function including formation of heterochromatin,
regulation of stress response pathways and control of lifespan. Subtelomeric DNA is characterized
by the presence of specific repeated segments that serve to propagate silencing or to protect
chromosomal regions from spreading epigenetic control. In this study, analysis of genome-wide
chromatin immunoprecipitation and expression data, suggests that several yeast transcription
factors regulate subtelomeric silencing in response to various environmental stimuli through
conditional association with proto-silencing regions called X elements. In this context, Oaf1p,
Rox1p, Gzf1p and Phd1p control the propagation of silencing toward centromeres in response to
stimuli affecting stress responses and metabolism, whereas others, including Adr1p, Yap5p and
Msn4p, appear to influence boundaries of silencing, regulating telomere-proximal genes in Y0

elements. The factors implicated here are known to control adjacent genes at intrachromosomal
positions, suggesting their dual functionality. This study reveals a path for the coordination of
subtelomeric silencing with cellular environment, and with activities of other cellular processes.
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Introduction

It is well established that environmental conditions modulate
gene expression through local binding of a variety of
conditionally active transcription factors (TFs), each respon-
sive to specific environmental cues. However, another
prevalent mechanism of gene regulation in eukaryotic cells is
the long-range control of groups of genes by chromatin
modifications or other position-dependent mechanisms. One
such phenomenon, subtelomeric silencing, is an important
and evolutionarily conserved mode of regulation that has been
linked to cellular lifespan (Dang et al, 2009; Mak et al, 2009).
Silencing factors, Sir2p, Sir3p and Sir4p bind to telomere
repeat regions at chromosomal ends through interactions with
the telomere-binding protein Rap1p (Rusche et al, 2003).
Cooperative binding leads to a spread of silencing activity
toward the centromere, silencing the expression of nearby
subtelomeric genes. Silencing is further augmented through
the clustering and tethering of telomeres to the nuclear
envelope, increasing the local concentration of silencing
molecules near subtelomeric regions (Buhler and Gasser,
2009). However, additional anti- and proto-silencing mechan-

isms exist to exert complex control of genes positioned within
these subtelomeric regions (Fourel et al, 2002). Elucidation
of how subtelomeric silencing and other telomere-related
processes are coordinated with both cellular environment and
the activities of other cellular processes is fundamental to our
understanding of human conditions including aging and
cancer.

Nuclear chromosomes of Saccharomyces cerevisiae termi-
nate with telomeric repeats characterized by stretches of the
sequence TG1–3 (Shampay et al, 1984). Regions proximal to
these repeats contain two different kinds of subtelomeric
repeat regions (STRs) called X and Y0 elements (Pryde and
Louis, 1997). X elements are short repetitive regions found on
every telomere and are either adjacent to telomeric repeats, or
are separated from telomeres by one or more Y0elements. All X
elements contain a 473-bp core sequence containing an ARS
consensus sequence and usually a binding site for the general
regulatory factor (GRF), Abf1p. Many X elements also contain
repeat regions on their telomeric side that contain a binding
site for the GRF, Tbf1p (Louis et al, 1994; Pryde et al, 1995).
Y0 elements are highly polymorphic repetitive elements of
B5–7 kb that are found between terminal telomeric repeats
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and X elements on 17 of the 32 telomeres (Chan and Tye, 1983;
Louis and Haber, 1990, 1992).

X elements are proto-silencers that both relay and enhance
silencing from telomeres. In subtelomeric regions, maximal
gene silencing and Sir2p, Sir3p and Rap1p binding occur at X
elements and diminish toward centromeres (Fourel et al, 1999;
Pryde and Louis, 1999; Zhu and Gustafsson, 2009). Proto-
silencing by X elements is dependent on Sir2, -3 and -4, and
yKu70, a protein involved in tethering telomeres to the nuclear
envelope (Pryde and Louis, 1999). X elements are also
involved in establishing chromatin domain boundaries that
protect Y0 element genes from silencing. In this case, GRFs
facilitate interactions between X elements and Rap1p–Sir
complexes, resulting in highly repressed heterochromatin,
which spreads toward centromeres, bypassing Y0 elements
(Fourel et al, 1999, 2002; Pryde and Louis, 1999; Zhu and
Gustafsson, 2009). It has been proposed that this discontin-
uous spread of silencing is facilitated by telomeres folding onto
themselves resulting in contact between telomeres and
subtelomeres, and looping out of Y0elements (Strahl-Bolsinger
et al, 1997; Pryde and Louis, 1999).

Subtelomeric regions (within 25 kb of telomeres) contain
many uncharacterized genes, but are also enriched for genes
encoding helicases implicated in telomere maintenance (pre-
sent in Y0 elements) (Yamada et al, 1998), as well as genes
involved in carbon source utilization (Pryde and Louis, 1997)
and stress responses (Wyrick et al, 1999; Ai et al, 2002; Robyr
et al, 2002). Subtelomeric gene expression and silencing can be
dynamically regulated by environmental cues (Ai et al, 2002);
however, the mechanisms controlling these activities remain
to be understood. One study identified enrichment of TFs in
subtelomeric regions in response to stress, and suggested that
conditional binding of TFs upstream of genes in this region
conditionally controlled their expression in a manner linked to
histone deacetylase Hda1p (Mak et al, 2009).

In this study, we reveal a novel and fundamental mechanism
for the regulation of subtelomeric silencing in response to
environmental stimuli including stress and carbon source.
Using chromosome position analysis of microarray-based
chromatin immunoprecipitation (ChIP-chip) data for environ-
ment-responsive TFs and genome-wide gene expression data
under the same conditions, we show that several environment-
responsive TFs interact with subtelomeric X elements and
conditionally regulate their proto- and anti-silencing activities
in response to environmental stimuli. Investigation of this
mechanism during the response to fatty acid exposure showed
that conditional proto-silencing activity is dependent on Sir2p
and independent of Hda1p. TFs implicated in this process have
previously been shown to modulate the expression of adjacent
genes in response to the same stimuli, and have not previously
been implicated in the regulation of silencing. The potential of
this mechanism to coordinate telomere biology with environ-
mental stimuli and other cellular processes is discussed.

Results

Oaf1p conditionally binds subtelomeric X elements

Through network analysis of protein–DNA interactions from
ChIP-chip data, we have previously shown that four TFs,

Oaf1p, Pip2p, Oaf3p and Adr1p, dynamically cooperate in the
presence of fatty acids (Smith et al, 2007; Ratushny et al, 2008).
These factors control two distinct classes of genes: those
conditionally targeted by Oaf1p, Oaf3p and Adr1p, which
enrich for general stress response genes downregulated by the
stimulus, and those conditionally targeted by all four factors,
which enrich for genes involved in fatty acid metabolism and
are upregulated by the stimulus. Oaf1p is both a repressor and
an activator, providing specificity and coordination of the two
responses; it heterodimerizes with Pip2p and directly upregu-
lates genes involved in fatty acid metabolism, and it binds
independently of Pip2p to negatively regulate the class of
genes involved in general stress response.

We sought to characterize the repressive activity of Oaf1p.
Chromosome position analysis revealed that targets of Oaf1p
in the context of negative regulation (those conditionally
targeted by Oaf1p, Adr1p and Oaf3p, but not Pip2p) are
enriched at regions within 10 kb of telomeres (Figure 1A). We
did not detect a regional preference for the subclass of genes
positively regulated by Oaf1p and none of these intergenic
regions were within 10 kb of telomeres (data not shown).
A higher resolution analysis of subtelomeric regions revealed
striking enrichment of the targets between 5 and 7 kb from
telomeres (Figure 1B; blue bars). In all, 25–30% of probes in
these regions were bound by the three factors, considerably
more than the 1% was expected if targets had no positional
preference (green vector).

The positional enrichment of Oaf1p binding prompted us to
test whether subtelomeric targets of Oaf1p coincided with X
elements, which are found either at the telomeric ends of
subtelomeric regions or centromere-proximal to one or two
5–7 kb Y0 elements (Supplementary Figure S4) (Table I).
Remarkably, 14 of the 15 X elements represented on the
intergenic arrays were bound by Oaf1p, 79% of which had a
binding pattern consistent with Oaf1p-negative regulation
(bound by Adr1p, Oaf1p, Oaf3p in the presence of fatty acid)
and none had a binding pattern consistent with Oaf1p
activation (bound by Oaf1p and Pip2p). These data suggest
that Oaf1p conditionally binds X elements, and functions as a
negative regulator in this context.

Other environment-responsive TFs conditionally
bind X elements

To determine whether this X element-binding property of
Oaf1p is shared with other environment-responsive factors, a
comprehensive ChIP-chip data set of 203 yeast TFs (Harbison
et al, 2004) was analyzed. Factors that were found to interact
with at least one X element-containing probe on the micro-
arrays are shown in Figure 2. The top two graphs (Figure 2A
and B) show factors that were analyzed in the absence and
presence of a stress stimulus, while the bottom graph
(Figure 2C) shows factors tested only in the absence of stress.
Bars marked with asterisks correspond to factors that
significantly enriched at X elements. This analysis identified
19 factors that appeared to (conditionally) concentrate at X
elements, including known X element-binding proteins Rap1p
(Zhu and Gustafsson, 2009) and Reb1p (Chasman et al, 1990).

Some of the TFs that enriched at X elements have previously
been shown to enrich in promoter regions of genes within
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subtelomeres (marked with a white circle on or above the bar)
(Mak et al, 2009). Therefore, we determined the subtelomeric-
binding profiles of the factors to determine whether they
specifically enrich at X elements compared with the rest of the
subtelomeric region (Figure 3). Binding profiles correlated
with the position of X elements with Pearson’s correlation
coefficients 40.8 and P-values o1�10�6, with the exception
of Phd1p, which had a coefficient of 0.51 and P¼0.0045. This
correlation of TF binding with X elements was not detected by
a previous analysis (Mak et al, 2009) possibly because of the
lower resolution of the previous study (which tested genomic
fragments of B390 kb compared with 10 kb used here). In
addition, the previous study analyzed the positions of all X
elements for correlation, whereas here, X elements that were
not present on the microarrays were excluded from the
analysis.

Analysis of X element binding with high resolution
tiled arrays

To further characterize the interaction of TFs with X elements,
an in depth analysis of Oaf1p binding was conducted by

repeating the ChIP of Oaf1p in the absence or presence of
medium containing fatty acids, and analyzing the targets on
tiled microarrays of the entire yeast genome (see Materials and
methods). Subtelomeric-binding profiles under each condition
were determined and are shown as histograms of the mean
number of peaks per chromosome arm (Figure 4A, top two
panels). These data revealed that Oaf1p targets in the presence
of fatty acids were not only enriched 5–7 kb from telomeres,
but were also enriched within 1 kb of telomeres, whereas in the
absence of fatty acids the profile was similar to background
(compare blue bars to red vector of mean binding frequency
per kb in the entire genome). The Oaf1p-binding profile was
strongly correlated with the positions of X elements
(Figure 4A, third panel) in the presence of fatty acids, with a
Pearson’s correlation coefficient (r) of 0.98 (Po0.01), but not
in the absence of fatty acids (r¼ �0.15). This strong
correlation is supported by the fact that Oaf1p targeted almost
all X elements in the genome with a false discovery rate (FDR)
o0.001 in the presence of fatty acids (Figure 4B).

The high-resolution ChIP-chip data set enabled analysis of
specificity of Oaf1p binding at individual X elements (Supple-
mentary Figure S1), which revealed that Oaf1p specifically
binds to unique probes in most X elements in response to fatty
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Figure 1 Network cluster negatively regulated by Oaf1p is enriched 5–7 kb from telomeres. (A) Histogram of distance to closest telomere for targets of Oaf1p (in a
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acids. The data set also enabled identification of a putative
DNA-recognition sequence for Oaf1p in the context of negative
regulation (see Materials and methods). This sequence (G[not
A]AGGGTAANNNNN[not C][not C]) is similar to the predicted
binding motif of GRF, Reb1p (RTTACCCK) (Badis et al, 2008)
and for the reasons outlined below, was termed subtelomeric
Reb1-binding (SRB) motif. This motif occurs 238 times in the
entire genome, and 65% of the motifs are within 100 bp of an
Oaf1p-binding position (e.g., see Figure 6A). CPA analysis of
the motif showed that it strongly enriches in subtelomeric
regions at a frequency of 41 per arm, and colocalizes with X
elements (Supplementary Figure S2). To characterize the
interaction of Oaf1p with the SRB motif, an electromobility
shift assay (EMSA) was performed (Supplementary Figure S2).
Whereas the DNA-biding domain (DBD) of Reb1p bound the
SRB motif, the DBD of Oaf1p did not, suggesting that Oaf1p
does not interact directly with X elements and that this
interaction might be mediated by Reb1p.

X element-binding TFs conditionally regulate
proto-silencing

Conditional binding of Oaf1p to X elements in the presence of
fatty acids appeared to correlate with an overall repression of
subtelomeric gene expression (compare ratio of down versus

upregulated genes (blue versus red bars) in Figure 4B). This
led us to hypothesize that X element-binding TFs regulate X
element-mediated proto-silencing in response to environmen-
tal stimuli. To test this, expression profiles of subtelomeric
genes centromere-proximal to X elements (within 20 kb) were
analyzed during three responses that correspond to dynamic
repositioning of factors at X elements in Figures 2 and 4
(Figure 5). The region was enriched for genes that significantly
decreased in expression in response to fatty acid stress, but
increased in expression in response to H2O2 or butanol stress
(compared with the percentage of significantly up and down-
regulated genes in the entire genome, represented as green and
red shading, respectively). Expression profiles that were
determined to be significantly different from the global
responses using a Student’s t-test are marked with asterisks.
Y0 element genes that are telomere-proximal to X elements
were analyzed in the same way, and their responses were not
significantly different from the global responses to the stimuli,
except for a subtle enrichment of upregulated genes at 2 h of
H2O2 exposure (3 versus 2.5% in the genome) (data not
shown). These data suggest environmental regulation of X
element-mediated proto-silencing.

Next, the roles of TFs in proto-silencing were investigated by
analyzing microarray expression profiles of subtelomeric
genes in TF deletion strains (Figure 5). Growth in the presence
of fatty acids resulted in decreased expression of subtelomeric
genes centromere-proximal to X elements. Under the same
condition, deletion of OAF1 resulted in increased expression of
these genes compared with the wild-type strain, suggesting
that Oaf1p is an enhancer of X element-mediated proto-
silencing during this response. However, deletion of ROX1 or
PHD1 resulted in enrichment of genes with significantly
decreased expression in the presence of H2O2 or butanol,
respectively, suggesting that Rox1p and Phd1p conditionally
antagonize proto-silencing. To evaluate whether these activ-
ities were due to direct activation or repression by the TFs
rather than regulation of proto-silencing at X elements, the
analyses were repeated with direct targets of factors implicated
in the responses excluded, and the results were very similar
(Supplementary Figure S3). Together, these data suggest that
conditional interaction of TFs with X elements regulate proto-
silencing activity in response to the environment with long-
range effects on genes that are not immediately adjacent to
X elements.

To investigate these effects on distal genes, we analyzed the
impact of Oaf1p regulation on specific subtelomeric genes
(Figure 6). Panel A shows the binding patterns of Oaf1p in
subtelomeric regions on chromosome arms 13 and 14 L. On
both arms, X elements were detected (top row), bound by
Oaf1p in the presence of fatty acids (second and third rows),
and overlapped with SRB motifs, but not oleate response
elements (OREs), which bind Oaf1p–Pip2p heterodimers that
activate transcription (Rottensteiner et al, 2003) (fourth row).
GFP fusion proteins encoded by genes not adjacent to X
elements (open reading frames; ORFs marked with asterisks in
fifth row) were monitored by fluorescence-activated cell
sorting (FACS) in the absence or presence of fatty acids in
wild-type and Doaf1 cells (panel B). With the notable
exception of Pex6–GFP (see below) the majority of proteins
tested had reduced levels in the presence of fatty acid

Table I Subtelomeric intergenic regions bound by Adr1p, Oaf1p and Oaf3p
overlap with X elements

Position of
X element

Overlapping
intergenic
region

Extent of
overlap

(bp)

Interaction
with TF in

oleate

Interaction
with TF in

glucose

II-L iYBL109W-0 483 AOY None
IV-R iYDR542W 64 None None
IV-R iYDR543C 162 OY None
V-R iYERWomega2-0 491 OY None
V-R iYERWomega2-1 239 AOY O
VI-L iYFL064C 246 AOY None
VII-R iYGR295C-0 150 None None
VII-R iYGR295C-1 561 OY None
VIII-L iYHL049C-0 519 OY None
VIII-L iYHL049C-1 34 None None
IX-L iYIL177C-0 521 AOY AO
IX-L iYIL177C-1 314 None None
X-L iYJL225C-0 521 AOY AO
X-L iYJL225C-1 314 Y None
XII-L iYLL066C-1 367 AOY None
XII-R iYLR461W-0 334 None None
XII-R iYLR461W-1 415 AOY AO
XIII-L iYML133C-0 378 AOY O
XIII-L iYML133C-1 380 AY None
XIV-L iYNL338W 446 AOY AO
XV-R TEL15R-2 15 AOY O
XVI-L iYPL283C-0 445 AOY None
XVI-L iYPL283C-1 253 None None
XVI-R iYPR201W-1 375 None None

Shown are the 15 of the 32 X elements in the genome that overlap by 10 bp or
more with intergenic region(s) on the microarrays analyzed in Figure 1. In all, 14
of these were bound by Oaf1p, 11 (79%) of which had a binding pattern
consistent with Oaf1p-negative regulation (conditionally bound by Adr1p (A),
Oaf1p (O) and Oaf3p (Y) in the presence of fatty acids, but not Pip2p (P); AOY
topology in column 4). None of the probes had a binding pattern consistent with
Oaf1p binding as an activator (bound by both Oaf1p and Pip2p). Only one X
element on the array is not bound by Oaf1p.
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compared with glycerol (left), and this effect was dependent
on the presence of Oaf1p (right). Negative regulation by Oaf1p
was specific to the fatty acid response and was not apparent in
glycerol-grown cells (data not shown). Altogether, 10 genes
centromere-proximal to X elements were analyzed by FACS, 3
of which had significant decreases in expression in an OAF1
deletion strain by microarray analysis. In all, 7 of the 10

corresponding fusion proteins had significantly decreased
abundance in fatty acid medium, and 6 had significant fatty
acid-specific negative regulation by OAF1. These data support
our interpretation that the binding of Oaf1p to X elements has a
conditional role in controlling subtelomeric silencing.

A notable exception to the trend is PEX6 (shown in Panels A
and B), which had increased protein levels in response to
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Figure 2 Many environment-responsive transcription factors (TFs) bind X elements. ChIP-chip data of 203 DNA-binding proteins were analyzed for factors that target
X elements. Factors that bound at least one of the 25 probes on the arrays that overlap with X elements are shown. The top graph shows analysis of factors from cells
grown in rich medium, and the middle graph shows the same factors from cells grown under other conditions. The bottom graph shows factors that were analyzed only in
rich medium. Factors/conditions marked with a white dot on the bar are those shown to have enriched binding in subtelomeric regions (Mak et al, 2009). Underlined
factors have been previously shown to bind X elements. The 19 factors with astrisks significantly enrich at X elements (i.e., they have hypergeometric distribution
Po0.001 after multiple test correction, and bind to more than eight X element probes).
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oleate and positive regulation by Oaf1p. A possible mechanism
of upregulation is that, although Oaf1p is a proto-silencer at
the X element on this chromosome arm, it also directly
activates PEX6 by binding the upstream ORE as a heterodimer
with Pip2p (Smith et al, 2007) (Figure 6A). These results are
consistent with previous studies showing that PEX6 is
upregulated by fatty acid exposure (Smith et al, 2002), and
that transcriptional activators have access to promoters within
otherwise silent chromatin (Xu et al, 2006; Mak et al, 2009).
This phenomenon offers an explanation for why not all
subtelomeric genes centromere-proximal to X elements were
observed to be affected by Oaf1p-mediated silencing.

Oaf1p-mediated silencing is dependent on SIR2

To support the conclusion that Oaf1p interacts with X elements
and mediates its effect on subtelomeric silencing from this
position, we analyzed the expression of a reporter gene of
subtelomeric silencing in the strains FEP318-23 and FEP318-19
(Loney et al, 2009). In these strains, a gene encoding Ura3–
GFP is positioned in a subtelomeric region of chromosome end
III-R or XI-L adjacent and centromere-proximal to the
endogenous X element (Figure 7). The effects of fatty acid
exposure and OAF1 deletion on this reporter were analyzed by
FACS (Figure 7A). The data suggest that Oaf1p conditionally
enhances silencing of the reporter gene in the presence of fatty
acids. The reporter gene was also used to elucidate which
histone deacetylase is involved in Oaf1p-mediated regulation
of silencing. We tested for genetic interactions between OAF1

and two genes encoding histone deacetylases, SIR2, which is
known to be required for X element-mediated proto-silencing
(Pryde and Louis, 1999), and HDA1, which is involved in
another subtelomeric silencing mechanism (Robyr et al, 2002)
(Figure 7B). FACS analysis of reporter gene output in various
genetic backgrounds suggests that Oaf1p-mediated silencing is
dependent on Sir2p and not Hda1p. These data support the
contention that environment-responsive TFs conditionally
regulate Sir-mediated silencing from X elements and that this
function is distinct from their roles linked to Hda1p at other
subtelomeric loci (Mak et al, 2009).

The reporter gene used here can also be used in a 5FOA
viability assay that can measure levels of silencing of a
subtelomeric URA3 gene, which directly correlates with cell
viability in the presence of 5FOA. This assay was used to test
the effects of five TFs on the expression of Ura3–GFP under
conditions of X element binding as determined by chromo-
some position analysis (Figure 2) using previously published
ChIP-chip data (Harbison et al, 2004). The results of this
approach suggest a role for Gzf3p in reducing X element-
mediated proto-silencing in the presence of rapamycin
(Supplementary Figure S4). This positive influence on trans-
cription is in contrast to its known role as a negative regulator
of nitrogen catabolic genes (Soussi-Boudekou et al, 1997). No
effect on silencing was detected for the other four factors tested
in the assay (Xbp1p, Yap6p, Rox1p and Cha4p) (data not
shown) possibly because of the sensitivity of the assay, or the
fact that the assay requires modification of the growth
conditions used for chromosome position analysis in Figure 2.
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Conditional insulation of Y0 element genes

The effects of conditional TF binding to X elements on Y0

element gene expression were also tested. First, analysis of two

other microarray gene expression data sets (Smith et al, 2002,
2007) suggested that Y0 element genes are upregulated in
response to two non-fermentative carbon sources (oleate and
glycerol) and that this is mediated by the conditional binding
of Adr1p to X elements (Figure 8B). Next, microarray data of
TF deletion strains grown in rich medium (Hu et al, 2007) were
analyzed for expression of Y0 element genes (Figure 2). The
analysis suggested that six of the factors that bind X elements
in rich medium are involved in anti-silencing of Y0 element
genes under this condition, whereas little or no influence was
detected for genes centromere-proximal to X elements under
this condition (Figure 8A). It should be noted that Y0 elements
share a very high degree of sequence homology with each
other; therefore, it is not possible to address expression of
individual Y0element genes by this analysis. However, all ORFs
in Y0 elements are thought to encode similar protein sequences
with putative helicase motifs, and helicase activity of a Y0

element encoded protein has been characterized (Yamada
et al, 1998). In addition, the negative effects of the six TF
deletions on Y0element gene expression identified in Figure 8A
are dramatic as the mean expression values of Y0element genes
were at least sixfold lower than in wild-type strains. These data
indicate that there is a dramatic influence of X element-bound
TFs on Y0 element gene expression as a class of genes,
suggesting that they are involved in functional regulation of Y0

element processes.

Discussion

Subtelomeric gene expression has long been implicated in
cellular responses to the environment and control of lifespan;
however, the mechanisms underlying these links are only now
being established. Subtelomeric chromatin silencing is
mediated by the activity of the Sirtuin family of proteins
(Michan and Sinclair, 2007). Sir2p establishes chromatin
silencing in subtelomeric regions by histone H4 deacetylation
and by recruiting other silencing proteins. A decline of Sir2p
activity corresponds to compromised subtelomeric transcrip-
tional silencing, which apparently leads to decreased longevity
(Dang et al, 2009). Additionally, caloric restriction extends
lifespan, and this activity is linked to both the TOR pathway
and Sirtuin activities (Medvedik et al, 2007). Moreover,
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software (Krzywinski et al, 2009). In all, 32 subtelomeric regions in yeast are
shown (peripheral ring) including X elements (marked with X and spokes
extending toward center) and 25 kb of centromere-proximal sequence (green
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2002). Significantly downregulated genes are enriched in subtelomeric regions.
See also Supplementary Figures S1 and S2.
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activation of the TOR pathway by rapamycin exposure,
stimulates Sir3p phosphorylation and subtelomeric silencing
(Ai et al, 2002).

In addition to Sir-mediated silencing, a second subtelomeric
silencing mechanism involving the histone deacetylase Hda1p
is active in yeast (Robyr et al, 2002). A recent study showed
that environment-responsive TFs conditionally enrich in
subtelomeric regions, and suggested that they bind upstream

of target genes and regulate their expression in an Hda1p-
linked manner (Mak et al, 2009). In this study, we show that
control of subtelomeric gene expression is also mediated by a
novel mechanism involving environment-responsive TF bind-
ing to subtelomeric X-elements, which leads to both control of
proto-silencing at distally located sites and boundary activity
(Figure 9).

Proto-silencing activities of stress-responsive TFs

The spread of silencing in yeast subtelomeres is not
continuous. Subtelomeric X elements interact with telomeric
silencing molecules and relay Sir2p-mediated silencing to
centromere-proximal genes. This proto-silencing activity is
known to be mediated by the GRF, Abf1p (Pryde and Louis,
1999). The data presented here suggest that proto-silencing
mediated by X elements is regulated in response to the cellular
environment by multiple TFs that conditionally interact with X
elements. In particular, Oaf1p binds X elements and enhances
this silencing in response to fatty acid exposure, and Rox1p,
Gzf3p and Phd1p bind and conditionally antagonize silencing
in response to exposure to H2O2, rapamycin and butanol,
respectively (Figure 5 and Supplementary Figure S4). Analysis
of conditional Oaf1p-mediated silencing showed that it is
dependent on SIR2 but not HDA1, consistent with a novel role
for TFs in X element-mediated silencing that is distinct from
their roles related to Hda1p at other subtelomeric loci (Mak
et al, 2009).

Although the coregulatory mechanism identified here
conditionally regulates a group of positionally and function-
ally related genes in subtelomeric regions that make up B5%
of the yeast genome, the consequences of this regulation
remain elusive. This is consistent with our previous study
showing that genes that transcriptionally respond to fatty acid
exposure are largely not (measurably) required for fitness
when grown on this carbon source (Smith et al, 2006). Some of
these responses likely reflect the many fundamental and
complex relationships between cells and their environment
that enable long-term survival of the species that are not easily
measurable in the laboratory. These responses might result in
a subtle growth advantage or other desirable property, which
can influence the evolution of the organism. It will be
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Figure 5 Regulation of proto-silencing by X element binding TFs in response to
stress. Microarray expression data were analyzed to determine the effects of
environmental stresses on the expression of subtelomeric genes that are
centromere-proximal to X elements, and the roles of X element-binding factors in
this regulation. Three stress conditions resulting in differential binding of
transcription factors (TFs) to X elements in Figures 1–3 were analyzed including
exposure to 0.15% fatty acids (A), 0.32 mM H2O2 (B) and 1% butanol (C). For A
and B, and C, there were a total of 227 and 230 genes, respectively, in the
subtelomeric region of interest. The percentage of these genes that significantly
increased (green bars) and decreased (red bars) in expression are shown, as
well as the percentage of genes with significant changes in the entire genome
(pink and green shading). Bars marked with asterisks have significantly different
mean expression profiles than the entire genome (with Student’s t-test P-values
o0.001). The left panels show binding patterns of TFs that dynamically enrich at
X elements in response to the stresses. The right panels show analyses of wild-
type and TF deletion strains under the same conditions. OAF1 appears to
conditionally enhance proto-silencing whereas ROX1 and PHD1 have the
opposite effect. See also Supplementary Figure S3.
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interesting to learn to what extent this regulatory mechanism
impacts aging, evolution and other ‘broad-scale’ cellular
processes.

Anti-silencing activities of stress-responsive TFs

Y0 elements are known to be protected from silencing by
telomere-directed anti-silencing activity mediated by GRFs
bound to X elements including Tbf1p (Fourel et al, 1999, 2001),

Rap1p and Abf1p (Fourel et al, 2002). Y0 element gene
expression is responsive to meiosis (Burns et al, 1994), but
little is known about the regulation of Y0 element gene
expression in response to environmental cues. In this study,
we show that a large number of TFs interact with X elements
(Figure 2) and appear to positively regulate Y0element genes in
rich medium (Figure 8A). These genes are further upregulated
after the cells are switched from glucose (a fermentative
carbon source that does not require the Kreb’s cycle for
metabolism) to non-fermentative growth conditions (with
higher metabolic oxidation from active respiration) (Schuller,
2003) (Figure 8B). Our data suggest that Adr1p conditionally
binds X elements (Figure 1) and is involved in activating these
genes during non-fermentative growth (Figure 8B). Impor-
tantly, these data are consistent with a previous study showing
that transcriptional activation domains of several TFs, when
tethered to tandem DNA sites in X elements, can act as
insulators of telomere-proximal genes and that this mechan-
ism of regulation is distinct from transcriptional activation
(Fourel et al, 2001). Therefore, we propose that X element-
bound TFs regulate Y0 element gene expression by increasing
insulation from silencing propagating from X elements.

The role of metabolic control of Y0 element gene expression
is not known. Y0 elements have been implicated in an
alternative lengthening of telomeres (ALT) mechanism that
is active in the absence of functional telomerase, as survivors
of telomerase mutants have been found to have amplification
of these repeats, which may physically buffer chromatin
degradation (Lundblad and Blackburn, 1993). This amplifica-
tion coincides with increased expression of Y0 element genes,
which encode helicases (Yamada et al, 1998) and involves
active Ty1 transposable elements which also lead to gene
duplications elsewhere in the genome. Therefore, it has been
suggested that survivors of telomerase mutants with Y0

element amplification, likely also have increased genetic
variation and are more suited to the stressful environment
(Maxwell et al, 2004). This mechanism may be evolutionarily
conserved, as recent data suggest that some cancer cells use a
similar survival strategy to amplify subtelomeric repeat
elements to lengthen telomeres (Marciniak et al, 2005).
Considering these data, it will be interesting to determine
whether conditional regulation of Y0 element gene expression
by X element-binding TFs is linked to adaptation.

Y′ X CURA3–GFP

0

4

8

12

16

0

4

8

12

A

0

4

8

12

A
ve

ra
ge

 g
eo

m
et

ric
 m

ea
n 

of
 fl

uo
re

sc
en

ce
 in

te
ns

ity
 

0

4

8

12

A
ve

ra
ge

 g
eo

m
et

ric
 m

ea
n 

of
 fl

uo
re

sc
en

ce
 in

te
ns

ity
 

B

Subtelomeric arms: 11L 3R

Glycerol Oleate Glycerol Oleate

WT Δoaf1 Δoaf1WT

WT Δoaf1 Δoaf1Δsir2Δsir2

WT Δoaf1 Δoaf1Δhda1Δhda1

Figure 7 OAF1 conditionally regulates subtelomeric reporter gene expression
and is dependent on SIR2. Strains with a subtelomeric gene encoding Ura3–GFP
(Loney et al, 2009) were used to test the effects of Oaf1p on subtelomeric
silencing by FACS analysis. Bars represent average geometric mean of
fluorescence intensity of three to four biological replicates for each strain and
error bars show s.d. values of the means. (A) Exposure of cells to the fatty acid
oleate for 16 h results in a subtle but significant reduction of the levels of Ura3–
GFP encoded in the subtelomeric region of arm 11L or 3R (top graph). Student’s
t-test P-values of the effects are 0.044 and 0.046 for arms 11L and 3R,
respectively. In the presence of oleate, deletion of OAF1 results in a subtle, but
significant increase of Ura3–GFP levels encoded on arm 11L or 3R, with t-test
P-values of 0.002 and 0.009, respectively (bottom graph). (B) Comparison of a
wild-type (WT) strain to isogenic deletion strains after growth in fatty acid medium
for 16 h. Dsir2 appears to be epistatic to Doaf1 (the effect of Doaf1/Dsir2 double
deletion is not significantly different from the effect of Dsir2 alone by Student’s
t-test). Masking of the Doaf1 phenotype by Dhda1 was not detected (the effect of
the two mutations together were approximately additive).
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Coordination of telomere biology with other
cellular responses

It is noteworthy that Oaf1p (Smith et al, 2007) and other X
element-binding TFs, including Yap5p, Yap6p (Tan et al, 2008)
and Pdr1p (MacPherson et al, 2006) are implicated as dual
function activator/repressor proteins, which are also proper-
ties of X element-binding GRFs (Rap1p, Abf1p and Tbf1p) and
GRFs known to nucleate heterochromatin formation in other

systems such as ikaros in mouse and Cft1p in human cells
(Gasser, 2001). Bifunctionality enables X element-binding TFs
to coordinate subtelomeric silencing with other cellular
responses. One way to accomplish this is through context-
specific cooperation amongst factors, which has been sug-
gested for many of the X element-binding TFs (MacPherson
et al, 2006; Smith et al, 2007; Tan et al, 2008). For example,
Oaf1p heterodimerizes with Pip2p to activate genes involved
in fatty acid metabolism; however, Pip2p does not appear to be
involved in regulation of X element-mediated proto-silencing.
Thus, the distinct roles of Oaf1p can be coordinated by
controlling the abundance of Pip2p (Smith et al, 2007).
Similarly, other X element-binding factors appear to have
context-specific binding partners: Pdr1p and Msn4p each
conditionally binds to X elements, but X element interactions
were not detected with their other known protein partners,
(Pdr3p/Stb5p and Msn2p, respectively) (Mamnun et al, 2002;
MacPherson et al, 2006). It will be interesting to determine
whether dual functionality of these and other factors have
similar roles in coordinating silencing with other cellular
processes.

It is also possible that X element-association of at least some
of the TFs may significantly impact the activity of the factor,
regardless of the impact on subtelomeric silencing. For
example, the interaction may serve to keep the factors
positioned at the nuclear periphery to sequester the factor
from intrachromosomal targets, or to receive signals transduc-
tion across the nuclear membrane, roles which have recently
been attributed to the nuclear lamina underlying the inner
nuclear membrane in metazoans, which is not present in yeast
(Andres and Gonzalez, 2009).

Repression of subtelomeric genes through the spreading of
silencing molecules from telomeres toward the centromere is
an evolutionarily conserved phenomenon. In this study, we
show using chromosome position analysis of genome-wide
ChIP-chip and expression data, that silencing is regulated in
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response to stress and metabolism by a group of TFs that also
modulate intrachromosomal gene expression in response to
the same stimuli. These findings provide a critical link in
establishing the mechanisms by which telomere biology is
coordinated with other cellular processes including responses
to environmental stimuli, aging and adaptation.

Materials and methods

Strains and cell culture

GFP fusion strains are from the BY4741 (S65T) GFP collection, and
deletion strains are from the BY4742 deletion library available from
Invitrogen (Carlsbad, CA) except forDoaf1, which has previously been
described (Smith et al, 2007). Haploid tagged strains with OAF1
deletions were generated by mating, sporulation and tetrad dissection.
Strains were grown in 1% yeast extract, 2% peptone and 2% glucose
(YPD), SCIM (1.7 g yeast nitrogen base without amino acids and
ammonium sulfate (YNB-aa-as)/l, 0.5% yeast extract, 0.5% peptone,
0.79g complete supplement mixture/l, 5g ammonium sulfate/l) contain-
ing either 0.1% glucose (SCIM-O) or 0.5% Tween 40 (w/v) and 0.15%
(w/v) oleate (SCIM-D), or YPB (0.3% yeast extract, 0.5% potassium
phosphate (pH 6.0), 0.5% peptone) with either 2% glucose (YPBD), 3%
glycerol (YPBG) or 0.5% Tween 40 (w/v) and 0.15% (w/v) oleate (YPBO).

Chromosome position analysis (CPA)

Unless otherwise stated, all mapping of features to chromosome
positions was done using Map Peak tool of NimbleScan software
version 2.4. (Roche NimbleGen, Madison, WI). Chromosome ends
were the first and last base pair of each chromosome sequence, which
does not include telomeric repeats (from the Saccharomyces genome
database (SGD) website (www.yeastgenome.org) on 9 September
2008). The positions of ORFs and start sites were from the S. cerevisiae
annotation file from NimbleGen (created on 2 February 2007). The
positions of X and Y0 elements and other genomic features were from
SGD (31 December 2008). For generation of CPA histograms, features
spanning more than one bin were counted only once and placed in the
bin closest to the telomere. When CPA profiles were compared,
Pearson’s product moment correlation function of R 2.3.0 was used.

CPA of targets in a fatty acid-responsive network
in Figure 1

ChIP-chip analysis of four TFs from cells grown in low glucose medium
(SCIM-O), or 5 h after transferring the cells to medium containing fatty
acid (SCIM-D) using intergenic microarrays has been described (Smith
et al, 2007). Conditional protein–DNA interaction networks were
clustered based on network topologies to identify groups of intergenic
regions targeted by the same subset of TFs (Smith et al, 2007). For CPA,
targets in each cluster were binned by their distance to closest telomere
using the Dcount database function of Microsoft Excel. To obtain a
background profile, the analysis was also done for all intergenic
regions on the microarrays. The expected frequency of probes bound
by Adr1p, Oaf1p and Oaf3p (but not Pip2p) was the total number of
intergenic regions with this network topology/total number of
intergenic regions on the array. To determine the representation of
each subtelomeric region on the microarrays, individual 1 kb segments
were scored as represented if there was any overlap with one or more
intergenic region on the array. In all, 12.5% of chromosomes within
1 kb of telomeres were represented on the arrays; the number rose to
B75% between 5 and 10 kb from telomeres.

CPA of ChIP-chip data in Figures 2 and 3

ChIP-chip data of 204 DNA-binding factors (Harbison et al, 2004) was
from the Pvalbyintergenic_9.2_forpaper file at http://jura.wi.mit.edu/
young_public/regulatory_code/files_for_paper.zip. It was determined
by CPA that 25 probes in the data set overlap with X elements. For each

set of target probes (with interaction P-values o0.01), the number of X
element-containing probes were determined. Significant enrichment
of X element probes for each experiment was determined by
calculating hypergeometric distribution P-values using R and applying
a Bonferroni’s multiple test correction of 352, corresponding to the
number of experiments in the study. The heat maps of the binding
profiles and X-element positions shown in Figure 3 were generated
using MeV 4.5 (Saeed et al, 2006).

ChIP-chip analysis using tiled microarrays

ChIP-chip analysis of Oaf1p was performed in the presence (SCIM-D)
and absence of fatty acids (SCIM-O) as previously described (Smith
et al, 2007) with the changes described below. Three biological
replicates of each experiment were performed. For each replicate,
linkers were annealed to DNA ends in whole-cell extract and IP
fractions, and fragments were amplified by ligation-mediated PCR with
high-fidelity Taq polymerase, and shipped to NimbleGen Systems of
Iceland for labeling, hybridization, scanning and preliminary analysis
as described below: Equal amounts of DNA in whole-cell extracts and
IP fraction were labeled with Cy3 and Cy5, respectively, combined and
co-hybridized at 421C to microarrays of 50-mer DNA probes that span
both strands of the entire genome positioned every 64 bp (resulting in
14 bases of DNA between probes). Data was extracted using
NimbleScan software and the log2 ratios of IP versus whole-cell
extract for each probe was determined. Log2 ratios of adjacent probes
were analyzed together to find peak regions of TF binding along with
FDRusing Find Peaks function of NimbleScan software. The chromatin
localization data have been submitted to Gene Expression Omnibus
database under accession number GSE21852.

Analysis of experimental noise in ChIP-chip data
(Procedure for Supplementary Figure S1)

The sequences of all 50-mer probes spotted on the tiled microarrays
(NimbleGen Systems, Iceland) that were within both an X element and
an Oaf1p-binding peak (from one biological replicate in the presence of
fatty acids) were compared with the sequence of the entire yeast
genome using FASTA program (at SGD website). Microarray probes
that shared less than 92% identity with any other 50 base sequences in
the entire genome were considered to be sufficiently unique to have no
significant background binding to other genomic fragments in the
experiment. This cutoff was established empirically in previously
published microarray control studies using the same 50-mer probe
length and hybridization temperature of 421C (Deng et al, 2008).

CPA of tiling array ChIP-chip data in Figure 4

CPA was performed on peak regions of TF binding (FDRs o0.001).
Histograms were generated, showing the mean number of peaks per
chromosome arm in 1 kb segments of subtelomeric regions. This was
calculated by dividing the number of peaks per segment by the number
of chromosome arms (32) and by the number of strands analyzed (2).
For each experiment, three biological replicates were analyzed
separately and used to determine average number of peaks at each
position and s.e.

Gene expression microarrays

The time course data set comparing cells grown in glycerol medium
(YPBG) to those switched to oleate medium (YPBO) (Figure 5A) have
been described (Smith et al, 2002). Comparison of TF deletion strains
to a wild-type strain after 5 h of growth in medium containing fatty
acids (SCIM-D) (Figures 5A and 7B) have been described (Smith et al,
2007). The time course data set of 0.3 mM H2O2 exposure (Figure 5B)
has been described (Gasch et al, 2000). Comparisons of TF deletion
strains to a wild-type strain during growth in rich medium (YPD)
(Figure 8A) have been described (Hu et al, 2007). Comparisons of cells
grown in glucose (YPBD), glycerol (YPBG), or oleate (YPBO)
(Figure 8B) have been described (Smith et al, 2002).
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For the TF deletion analyses in Figure 5B and C, TF deletion strains
were compared with an isogenic wild-type strain by microarray
analysis under conditions used for ChIP-chip analysis of the factors
(Harbison et al, 2004). All mutant and wild-type strains were grown in
YPD to a density of 1�107 cells/ml, treated with stimulus, and
compared. For Drox1, Dxbp1 and Dphd1 analyses, cells were exposed
to 4 mM H2O2 for 30 min, 0.4 mM H2O2 for 20 min, or 1% butanol for
90 min, respectively. To prepare samples for microarray analyses, total
RNA was isolated by hot acid phenol extraction and then purified on
Qiagen RNeasy columns according to the manufacturer’s instructions.
Next, cDNA was synthesized and labeled using a Superscript indirect
cDNA labeling system (Invitrogen). Equal amounts of differently
labeled cDNA samples were mixed and hybridized to S.cerevisiae
oligonucleotide gene expression arrays (Agilent). All experiments
were performed with duplicate biological and technical replicates of
each condition, and included replicates in each labeling orientation.
Replicates were merged and analyzed for significantly differentially
expressed genes using maximum-likelihood analysis (Ideker et al,
2000). Significantly differentially expressed genes were those with a
lambda value above 20.74, which was determined empirically to
correspond to a false positive rate of 0.001. These gene expression data
have been submitted to Gene Expression Omnibus database under
accession number GSE21926.

Positional analysis of expression data in Figures
5 and 8, Supplementary Figure S3

Two groups of subtelomeric genes, those within Y0 element genes and
those within 20 kb of X elements, were identified by CPA (described
above). Significantly differentially expressed genes were those
identified in the original publications except for the H2O2 time course
data (Gasch et al, 2000) and the data set of TF deletions in rich medium
(Hu et al, 2007); for these data sets, genes with expression ratios at
least 2 s.d. values from the mean were considered to be significantly
differentially expressed. For each experiment, the percentage of genes
that significantly increased and decreased in expression were
determined for each subtelomeric region and for the entire genome.
Expression profiles of the subtelomeric gene groups were compared
with those of all genes using a two-tailed heteroscedastic Student’s
t-test. Unless otherwise stated, statistically significant effects were
those with Student’s t-test P-values o0.001.

FACS analysis

Cells were grown overnight in YPD, transferred to glycerol medium
(YPBG), and grown overnight to a cell density of B3�106 cells/ml.
Cells were harvested by centrifugation, resuspended in oleate (YPBO)
or glycerol medium (YPBG) and grown for an additional 8–18 h. For
each sample, fluorescence intensities of 10 000 cells were measured
using a FACS Caliber flow cytometer (BD Biosciences, San Jose, CA)
with a forward scatter threshold of 18. Data were analyzed with
WinMDI 2.8 (at http://FACS.scripps.edu/) with smoothing of 20 units.
Three or four biological replicates of each experiment were performed
and used for Student’s t-tests of statistical significance.

Oaf1p-binding motif analysis in Supplementary
Figure S2

DNA sequences corresponding to Oaf1p-binding peaks were identified
using Nimblescan software with FDR threshold o0.001. Oaf1p peaks
that overlapped with intergenic regions bound by Oaf1p in the context
of negative regulation in the network (i.e., also bound by Adr1p and
Oaf3p, but not Pip2p in the presence of fatty acid) were selected and
used for motif finding with AlignACE (Roth et al, 1998) and MEME
version 4.1.1 (Bailey and Elkan, 1994). Together, these analyses
identified a putative Oaf1p recognition sequence (AGGGTAANGNNN
[not C][not C]) that was termed SRB motif. The entire genome was
searched for this motif using Fuzznuc of Emboss software (Rice et al,
2000). The overlap of the motif with Oaf1p-binding peaks was
determined with the Map Peaks tool of Nimblescan software.

EMSA was performed using LightShift Chemiluminescent EMSA Kit
(Thermoscientific, Rockford, IL) with previously reported conditions
for Reb1p binding (Chasman et al, 1990). DBDs of Oaf1p (227 aa) and
Reb1p (483 aa) used in the analysis were generated as GST-fusion
proteins and purified using GST Gene Fusion system (GE Healthcare,
Piscataway, NJ). To construct expression plasmids, Oaf1p and Reb1p
DNA fragments were amplified from genomic DNA by PCR with
oligonucleotides (AAGGGATCCGGAAATGATGATAATA and TTGCTCG
AGGGTATCATCGTGTT) and (AAGGGATCCCTCAACAAATCTAG and
TTGCTCGAGGGAATTAATTTTCTG), respectively, and ligated into
pGEX-4T1 with BamHI and XhoI. Double-stranded target DNA in the
EMSA was ACCTCCCCACTCGTTACCCTGCCCCACT, which is found in
Oaf1p-binding peak in X element on chromosome arm 14R and
contains an SRB domain (underlined).

5-FOA viability assay of subtelomeric silencing
in Supplementary Figure S4

Strains for this assay were a kind gift of Dr Edward Louis and were
described previously (Loney et al, 2009). Silencing assays were
performed as described previously (Gottschling et al, 1990). Briefly,
the ORF of GZF3 was disrupted with a KanMX cassette in strain
FEP318-19 (with subtelomeric URA3–GFP as shown in Supplementary
Figure S4) by homologous recombination of a PCR fragment from
DGZF3 (BY4742 deletion library; Invitrogen). FEP318-19 and FEP318-
19 DGZF3 were grown in 5 ml YEPD overnight to saturation along with
control strains with and without intrachromosomal URA–GFP (PIY125
and FYBL1-8B, respectively). Tenfold serial dilutions of each strain
were spotted (2ml/spot) on YNBD rapamycin plates (1.7 g yeast
nitrogen base without amino acids/l; 5 g ammonium sulfate/l, 2%
dextrose, 20 mg uracil/l, 20 mg L-histidine–HCl/l, 60 mg L-leucine/l,
50 mg L-lysine/l, 20 g agar/l, and 100 nM rapamycin) with and without
1 g/l 5-FOA (Bio 101 Inc.). Images were taken after 72 h of growth at
301C. The same assay was performed with deletion strains XPB1, YAP6
and ROX1 in the presence of 2 mM H2O2 and CHA4 in the presence of
0.2 mg sulfometuron methyl/l in place of rapamycin.

Supplementary information

Supplementary information is available at the Molecular Systems
Biology website (www.nature.com/msb).
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