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SUMMARY

Elongation of a short telomere depends on the
action of multiple telomerase molecules, which are
visible as telomerase RNA foci or clusters associ-
ated with telomeres in yeast and mammalian cells.
How several telomerase molecules act on a single
short telomere is unknown. Herein, we report that
the telomeric noncoding RNA TERRA is involved in
the nucleation of telomerase molecules into clusters
prior to their recruitment at a short telomere. We
find that telomere shortening induces TERRA
expression, leading to the accumulation of TERRA
molecules into a nuclear focus. Simultaneous time-
lapse imaging of telomerase RNA and TERRA
reveals spontaneous events of telomerase nucle-
ation on TERRA foci in early S phase, generating
TERRA-telomerase clusters. This cluster is subse-
quently recruited to the short telomere from which
TERRA transcripts originate during S phase. We
propose that telomere shortening induces noncod-
ing RNA expression to coordinate the recruitment
and activity of telomerase molecules at short
telomeres.

INTRODUCTION

Telomeres are dynamic nucleoprotein structures that constitute

the ends of linear chromosomes in eukaryotic cells. Their func-

tion is to ensure genome stability by preventing chromosome

end-to-end fusions and protecting the chromosome ends from

degradation and erroneous recombination events (Jain and

Cooper, 2010). Due to the end replication problem, telomeres

progressively shorten in dividing cells, and continual loss of telo-

meric repeats eventually generates dysfunctional telomeres,

producing genome instability and ultimately leading to cellular

senescence (de Lange, 2009). In order to counteract telomere

shortening, most organisms express the enzyme telomerase, a

ribonucleoprotein complex that adds telomeric repeats to the

30 end of chromosomes by reverse transcription of the template

region of its associated RNA moiety (Greider and Blackburn,

1985; Hug and Lingner, 2006).
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In Saccharomyces cerevisiae, telomeric DNA consists of

approximately 300 nt irregular C1–2A/TG1–3 telomeric repeats,

terminating with a 15 nt single-strand overhang (Wellinger and

Zakian, 2012). Budding yeast telomerase is composed of an

RNA molecule (TLC1), a catalytic reverse transcriptase (Est2),

and associated proteins (Est1, Est3, yKu). Telomerase activity

is regulated at individual chromosome ends by the action of telo-

mere binding proteins (Shore and Bianchi, 2009). As a result, in a

given cell, telomerase is not active at each chromosome end in

every cell cycle but preferentially elongates the shortest telo-

meres (Teixeira et al., 2004). Telomerase activity is regulated

during the cell cycle and is predominantly detected during the

late S/G2 phases, coupled with the replication of telomeric

DNA (Marcand et al., 2000). In agreement with these observa-

tions, live-cell imaging analyses of TLC1 RNA revealed that

telomerase nucleates during S phase, generating telomerase

clusters named T-Recs (telomerase recruitment clusters), which

colocalize with a few telomeres (Gallardo et al., 2011). Formation

of T-Recs depends on factors involved in telomerase-dependent

telomere elongation, suggesting that these clusters reflect the

active form of telomerase. How these telomerase clusters are

formed on telomeres in S phase is still unknown.

Telomeres are transcribed in a strand-specific manner, gener-

ating G-rich telomeric transcripts known as telomeric repeat-

containing RNA or TERRA (Azzalin et al., 2007; Schoeftner and

Blasco, 2008). The transcription of TERRA proceeds from the

subtelomeric regions toward the chromosome ends and termi-

nates within the telomeric repeat tract, producing long noncod-

ing RNA heterogeneous in length. While several functions have

been proposed for TERRA, its biological role remains largely

elusive. The 30 end of the TERRA sequence is complementary

to the template region of telomerase RNA, and TERRA tran-

scripts have been shown to interact with telomerase in

mammalian cells (Redon et al., 2010). In vitro experiments, using

TERRA-mimicking oligonucleotides, have suggested that

TERRA may inhibit telomerase activity (Redon et al., 2010;

Schoeftner and Blasco, 2008). In mammalian cells, TERRA mol-

ecules have been proposed to regulate telomere structural main-

tenance and heterochromatin formation (Arnoult et al., 2012;

Deng et al., 2009). Finally, recent evidence indicates that human

TERRA can mediate the exchange of single-strand telomere

binding proteins during the cell cycle, thereby promoting telo-

mere capping after DNA replication (Flynn et al., 2011).

In Saccharomyces cerevisiae, the transcription of TERRA is

negatively regulated by the activity of telomere binding proteins,
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and TERRA transcripts are actively degraded by the 50-30 exonu-
clease Rat1 (Iglesias et al., 2011; Luke et al., 2008). For these

reasons, TERRA levels are very low in wild-type (WT) yeast cells

and are not easily detectable by biochemical assays. This condi-

tion has hampered its characterization, and studies of TERRA

in yeast have often required the use of mutant strains or the inte-

gration of inducible promoters at telomeres in order to sustain

the expression of TERRA. In particular, induction of TERRA

expression via activation of a telomere-integrated artificial pro-

moter results in telomere shortening in a telomerase-indepen-

dent manner (Maicher et al., 2012; Pfeiffer and Lingner, 2012).

Yet, the functions of endogenous TERRA in yeast cells are still

unclear.

Herein, we use RNA fluorescence in situ hybridization (FISH)

and live-cell imaging analyses to study endogenous TERRA

expression in wild-type yeast at the single-cell level. This

approach allowed us to detect TERRA molecules transcribed

from a single telomere in a small population of yeast cells. We

provide evidence that TERRA expression is induced by telomere

shortening, leading to the accumulation of TERRA molecules

into a single perinuclear focus. Coimmunoprecipitation and

live-cell imaging suggest that the TERRA foci may act as scaf-

folds for the recruitment of telomerase molecules in S phase

and trigger the formation of telomerase clusters (T-Recs). The

TERRA-telomerase cluster is subsequently recruited to the

telomere from which TERRA molecules originate, suggesting

that TERRA plays a role in the spatial organization of telomerase

activity at telomeres.

RESULTS

An In Vivo Assay to Study TERRA Expression at the
Single-Cell Level
In order to study the expression of endogenous TERRA in WT

yeast cells, we used a cell biology approach to detect TERRA

transcripts generated from single telomeres at the single-cell

level. First, expression of TERRA was analyzed by RNA FISH.

To this aim, DNA oligonucleotide probes were designed to

detect TERRA molecules transcribed from telomere 1L (Tel1L-

TERRA), telomere 6R (Tel6R-TERRA), or from all the Y0-element

containing telomeres (Y0-TERRA). As shown in Figure 1A, RNA

FISH analyses revealed TERRA signal as a discrete perinuclear

focus, sensitive to ribonuclease (RNase) treatment. Interestingly,

while Tel6R-TERRA and Tel1L-TERRA formed a single focus,

Y0-TERRA were mostly detected as double or multiple foci.

Cell counting analyses showed that about 15% of cells express

TERRA from either telomere 1L or telomere 6R, while a higher

percentage (28%) displayed Y0-TERRA foci. These results indi-

cate that a small population of WT yeast cells expresses TERRA

from a specific telomere at a given time.

In order to get further insight in the localization of TERRA tran-

scripts and the regulation of TERRA expression, we developed a

live-cell assay to detect endogenous TERRA molecules gener-

ated from a single telomere. To this aim, we used the MS2-

GFP system, which relies on the high-affinity binding between

the 21 nt stem-loop MS2 RNA and the MS2 phage coat protein.

This system has been widely used for the detection of endoge-

nous RNAs in several organisms, including budding yeast
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(Bertrand et al., 1998; Gallardo and Chartrand, 2011). In order

to detect TERRA, a cassette containing either two or six MS2

stem loops was integrated at telomere 1L or telomere 6R, in

both cases 80 nts upstream from the telomeric repeats tracts,

generating four different clones containing MS2 stem loops

(TERRA-MS2). Following integration of the MS2 cassette, the

selection marker was removed by Cre-mediated recombination.

Sequencing analyses confirmed that integration of the MS2

repeats did not generate deletions or mutations of the subtelo-

meric regions and that every TERRA-MS2 clone retained full-

length native subtelomeric sequences (Figure S1A available

online; data not shown). Furthermore, the integration of the

MS2 repeats did not significantly affect the length of the telo-

meric-repeat tracts of the specific chromosome end, as

confirmed by Southern blot analyses (Figure S1B).

TERRA-MS2 transcripts were visualized by expressing the

MS2-GFP fusion protein, while the expression of a Rap1-

mCherry fusion protein allowed the detection of both nucleo-

plasm and telomere clusters (Gallardo et al., 2011). In agreement

with the data obtained by RNA FISH analyses on WT cells (Fig-

ure 1A), microscopy analyses of TERRA-MS2 clones revealed

the formation of a single TERRA-MS2-GFP focus at the nuclear

periphery in every clone analyzed (Figure 1B). As expected,

GFP foci were not detected in WT cells expressing MS2-GFP

alone. Cell counting analyses showed that only a small percent-

age of cells, corresponding to about 10% of the population,

expressed TERRA-MS2-GFP foci from either telomere 1L or

telomere 6R.

In order to confirm that the MS2-GFP foci correspond to

TERRA foci detected by RNA FISH, an MS2-specific probe

was used in an RNA FISH assay to determine if TERRA-MS2

RNA colocalizes with the MS2-GFP foci. These experiments

confirmed that an MS2-GFP focus colocalizes with TERRA-

MS2 RNA in every TERRA-MS2 clone analyzed (Figure S1C).

Furthermore, RNA FISH performed in TERRA-MS2 clones not

expressing MS2-GFP shows that TERRA transcripts localize at

the nuclear periphery, confirming that expression of MS2-GFP

does not influence TERRA localization (Figure S1D). Quantitative

RT-PCR analysis confirmed that the integration of 2xMS2 re-

peats at telomere 1L or telomere 6R did not influence TERRA

expression levels, while the integration of 6xMS2 resulted in an

increased expression of Tel6R- and Tel1L-TERRA (Figure S1E).

We therefore used the strains expressing 2xMS2-tagged TERRA

for all the imaging analyses.

In budding yeast, TERRA expression is repressed by the activ-

ity of telomere binding proteins, including Rif1 and Rif2 (Iglesias

et al., 2011), and TERRA transcripts are degraded by the Rat1

50-30 exonuclease (Luke et al., 2008). To further confirm that

the MS2-GFP foci correspond to TERRA, TERRA-MS2 clones

were generated in a rat1 temperature-sensitive strain (rat1-1)

as well as in rif1 and rif2 mutant strains. Microscopy analyses

revealed an increased number of cells expressing TERRA-

MS2-GFP foci in the rat1-1 strain when grown at semipermissive

temperature (30�C) and in both rif1 and rif2 mutant strains, as

compared to TERRA-MS2 WT strain (Figures S1F and S1G).

These results indicate that expression of TERRA-MS2-GFP

foci is sensitive to Rat1 and Rif proteins, as expected if the

formation of these foci depends on TERRA expression. Taken
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Figure 1. Endogenous TERRA Accumulate as a Focus in WT Yeast Cells

(A) Fluorescent in situ hybridization on endogenous Tel6R, Tel1L, and Y0 TERRA transcripts shows TERRA signal detected as a focus inWT yeast cells. Cells were

treated (+) or not (�) with RNase prior to in situ hybridization. The percentage of cells in which a focus is detected is indicated (mean ± SD; n = 4). At least 400 cells

were analyzed in each experiment. Nuclei are stained with DAPI. Scale bar = 1 mm.

(B) Live-cell microscopy analysis of Tel6R and Tel1L TERRA-MS2 clones shows TERRA-MS2-GFP focus localizing at the nuclear periphery. Nuclei were

visualized using Rap1-mCherry. The percentage of cells in which a focus is detected is indicated (mean ± SD; n = 3). At least 300 cells were counted in each

experiment. Scale bar = 1 mm.

(C) Expression of Tel1L-TERRA-MS2 and Tel6R-TERRA-PP7 in the yeast population. Representative images of cells expressing a Tel1L-TERRA-MS2-GFP focus

(white arrow) or a Tel6R-TERRA-PP7-Tomato focus (yellow arrowhead), or coexpressing both foci, are shown. Numbers on the right represent the percentage of

cells with the indicated phenotype (n = 2, where >50 cells were counted in each analysis). Scale bar = 1 mm. See also Figure S1.
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Figure 2. TERRA Expression Is Induced at

Short Telomeres

(A) RT-qPCR analyses of Tel7L, Tel6R, and Y0

TERRA expression in tlc1D cells. g, generations.

Data shown represent mean ± SD (n = 2).

(B) Examples of TERRA-MS2-GFP foci expressed

in cells with normal (TLC1) or shorter (tlc1D)

telomeres.

(C) Southern blot analysis of telomere 6R length in

short inducible telomere strain (short) and control

strain (CTR). GAL, galactose; g, generations after

telomere shortening.

(D) RT-qPCR analyses of TERRA expression.

Values shown represent fold of induction of 2�Dct

TERRA values detected in the short inducible

strain over the control (CTR) strain. Data shown

represent mean ± SD from triplicate samples of the

experiment in (C) out of three independent exper-

iments. See also Figure S2.
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together, these data indicate that the expression and localiza-

tion of TERRA-MS2-GFP is identical to endogenous TERRA

detected by FISH. Therefore, the MS2-tagged TERRA can be

used as a marker of TERRA expression and trafficking in single

living cells.

RNA FISH and live-cell imaging analyses have shown that a

similar percentage of cells express TERRA from either telomere

1L or telomere 6R (Figures 1A and 1B). This raises the question

of whether both telomeres are transcribed independently in

different cells or if a small population of cells transcribes several

telomeres simultaneously. For this reason, we investigated

whether Tel1L-TERRA and Tel6R-TERRA are coexpressed in

the same cells by tagging both telomeres using different in vivo

detection systems. To this aim, yeast clones containing 2xMS2

repeats at telomere 1L and 12xPP7 repeats at telomere 6R

were produced. PP7 repeats are made up of 25 nt RNA stem

loops, which are bound by the PP7 phage coat protein (Larson

et al., 2011). This specific number of PP7 repeats was used to

allow a similar sensitivity of the two in vivo detection systems

(Figure S1H). Live-cell imaging analyses revealed that among

the cells expressing a TERRA focus (either Tel1L-TERRA or

Tel6R-TERRA), 96% contained only a single TERRA focus, while

4% showed both Tel6R-TERRA and Tel1L-TERRA foci, detected

as distinct single perinuclear foci, which did not colocalize

(Figure 1C).
Molecular Cell 51, 780–791, Se
TERRA Expression Is Induced at
Short Telomeres
Our results suggest that TERRA expres-

sion might be regulated by mechanisms

acting in cis at the single chromosome

end. We formulated the hypothesis that

expression of TERRA could be induced

at short telomeres. To investigate this

possibility, we analyzed TERRA levels in

tlc1D cells containing short telomeres

due to the absence of telomerase activity.

Using these cells, total RNA was ex-

tracted at different generations, and
TERRA expression was analyzed by RT-qPCR. Elevated levels

of TERRA were detected in tlc1D cells, compared to WT cells,

for all the telomeres analyzed (Figure 2A). Moreover, exogenous

expression of TLC1 RNA in a tlc1D strain restores TERRA

expression to WT levels (Figure 2A), suggesting that the

increased levels of TERRA detected in tlc1D cells are due to

the absence of telomerase activity. In order to investigate TERRA

expression in living cells in a tlc1D background, the TLC1 gene

was deleted in TERRA-MS2 clones. Live-cell imaging of tlc1D

TERRA-MS2 clones revealed an increased number of cells

exhibiting TERRA foci, as well as an increased number of foci

per cell, as compared to TLC1 WT cells (Figure 2B; Figures

S2A and S2B). Altogether, these results suggest that telomere

shortening is associated with increased levels of TERRA.

To confirm the link between TERRA expression and telomere

length, wemeasured TERRA expression from a single short telo-

mere using a short inducible telomere assay (Marcand et al.,

1999). In this assay, the galactose-dependent induction of Flp1

recombinase results in the elimination of a telomere 6R-inte-

grated cassette, which generates a suddenly short telomere

(Figures S2C and S2D). Importantly, the shortened telomere

6R retains the complete subtelomeric sequence, thus maintain-

ing native sequences of TERRA and its promoter regions. Using

this strain, time course experiments were performed, inducing

telomere 6R shortening and analyzing TERRA expression over
ptember 26, 2013 ª2013 Elsevier Inc. 783
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time. As shown in Figure 2C, growth in galactose-containing rich

medium for 3 hr generated a short telomere 6R in the short induc-

ible strain (short strain) compared to the control strain (CTR

strain) (see also Figure S2D). After telomere shortening, the

cells were grown in glucose-rich medium and maintained in

exponential growth (OD600 < 2) by regular dilutions. During the

time course, the short telomere 6R was progressively rele-

ngthened by the activity of telomerase, reaching the same length

as the control after 21 generations (Figure 2C). These data are

consistent with a previous study on the kinetics of telomere

elongation (Marcand et al., 1999). Interestingly, RT-qPCR ana-

lyses revealed that Tel6R-TERRA levels increased after telomere

6R shortening (Figure 2D). Moreover, during the course of the

experiment, Tel6R-TERRA expression clearly correlated with

the length of the telomere 6R, with the RNA levels progressively

decreasing during the relengthening of the telomere. Conversely,

the expression levels of TERRA from other telomeres (Tel7L-

TERRA and Y0-TERRA) remained stable and were not influenced

by the shortening of telomere 6R. Altogether, these results

indicate that TERRA expression is induced at short telomeres

and that TERRA levels inversely correlate with the length of

their telomere of origin. Thus, TERRA expression is regulated

in cis at each chromosome end by telomere length-dependent

mechanisms.

A TERRA Focus Preferentially Associates with its
Telomere of Origin during Mid-Late S Phase
Our previous results show that TERRA foci localize at the nuclear

periphery (Figure 1). As telomeres cluster at the nuclear

periphery in interphase cells (Gotta et al., 1996), we investigated

whether a TERRA focus may localize at its telomere of origin.

To this aim, 112-TetO repeats were integrated at telomere 6R

in Tel6R- and Tel1L-TERRA-MS2 clones (TetO-TERRA-MS2

clones), and both TetR-RFP and MS2-GFP fusion proteins

were expressed to detect telomere 6R and TERRA transcripts

in the same cells. Live-cell imaging analyses of TetO-TERRA-

MS2 clones did not reveal a stable colocalization between either

the Tel6R-TERRA focus and telomere 6R, or the Tel1L-TERRA

focus and telomere 6R in the asynchronous population (data

not shown). Therefore, TERRA focus and telomere 6R foci

were monitored over time in cells from early to late S phase by

two-color time-lapse confocal microscopy. These analyses re-

vealed that the Tel6R-TERRA focus transiently colocalizes with

telomere 6R during the mid-late S phase of the cell cycle (Fig-

ure 3A and Movie S1). Notably, while the colocalization between

the Tel6R-TERRA focus and telomere 6R was detected in about

70% of the time-lapse analyses, colocalization between the

Tel1L-TERRA focus and telomere 6R was detected in only 9%

of the time courses (Figure 3B and Movie S2). To further support

these results, the localization of the Tel6R-TERRA focus was

monitored with respect to a 112-TetO/TetR-RFP-labeled telo-

mere 7L using time-lapse imaging. These analyses revealed

that Tel6R-TERRA did not colocalize with telomere 7L, as a

single partial colocalization was observed in only 1 out of 11 cells

analyzed (Figure S3A). In agreement with these observations,

neither Tel1L-TERRA nor Tel6R-TERRA foci stably colocalize

with Rap1-mCherry foci, indicating that TERRA transcripts do

not stably associate with telomeres (data not shown). These
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results show that a TERRA focus preferentially and transiently

colocalizes with its telomere of origin during S phase.

In order to confirm the recruitment of TERRA at telomeres,

chromatin immunoprecipitation (ChIP) experiments were per-

formed using the 6xMS2-Tel6R-TERRA strain. Cells were

arrested in G1 by a factor synchronization, and samples were

collected at 15 min intervals after release from G1 arrest (Fig-

ure 3C). After formaldehyde crosslinking and chromatin sonicat-

ion, TERRA-MS2-GFP complexes were immunoprecipitated

using anti-GFP antibody, and telomere 1L or telomere 6R chro-

matin enrichment was quantified by qPCR. As shown in Fig-

ure 3D, specific enrichment of telomere 6R, but not telomere

1L, was detected in Tel6R-TERRA immunoprecipitates at the

30 min time point, during S phase. Importantly, RT-qPCR ana-

lyses confirmed that Tel6R-TERRA levels do not significantly

vary during the different time points analyzed (Figure S3B), sug-

gesting that the enrichment of Tel6R-TERRA at telomere 6R dur-

ing S phase is not due to the detection of nascent Tel6R-TERRA

transcripts. Altogether, both live-cell imaging and ChIP indicate

that TERRA transcripts associate preferentially with their telo-

mere of origin only during S phase.

The TERRA Focus May Act as a Seed to Trigger the
Formation of a Telomerase Cluster
Since TERRA is expressed from short telomeres (Figure 2) and

interacts with its telomere of origin in S phase, when the TERRA

focus relocates from the nuclear periphery to the telomere (Fig-

ure 3), we hypothesized that TERRA may associate with telome-

rase, which also acts preferentially on short telomeres in S phase

(Bianchi and Shore, 2007; Sabourin et al., 2007). To this aim, we

employed TERRA-MS2 clones to immunoprecipitate TERRA-

MS2-GFP complexes and measured TLC1 RNA enrichment by

RT-qPCR. As expected, immunoprecipitation of the MS2-GFP

protein efficiently pulls down TERRA-MS2 transcripts (Fig-

ure S4A). Interestingly, endogenous TLC1 RNA was found

specifically enriched in both Tel1L-MS2-TERRA and Tel6R-

MS2-TERRA pull-down samples (Figure 4A). TLC1 RNA was

not detected in WT cells expressing MS2-GFP alone or in

TERRA-MS2 clones not expressing MS2-GFP. Enrichment of

TLC1 RNA was also detected upon immunoprecipitation of

Tel1L-TERRA or Tel6R-TERRA in the presence of DNase I, indi-

cating that TERRA-TLC1 interaction is DNA independent (Fig-

ure S4B). In order to confirm the interaction between TERRA

and TLC1RNA, the reverse experiment was performed by pulling

down the TLC1 RNA and analyzing TERRA enrichment by RT-

qPCR. To this aim, a strain expressing the endogenous TLC1

RNA containing 10xMS2 repeats (TLC1-MS2 cells) was used

(Gallardo et al., 2011). In TLC1-MS2 cells, MS2-GFP immuno-

precipitation allowed the efficient pull down of the endogenous

TLC1-MS2 RNA (Figure S4C). As shown in Figure 4B, TLC1-

MS2 RNA pull-down resulted in a consistent enrichment of

TERRA from various telomeres (Tel1L-TERRA, Tel6R-TERRA,

and Y0-TERRA), indicating that TLC1 RNA interacts with TERRA

transcripts generated from different telomeres in vivo.

These findings prompted us to investigate if TERRA and TLC1

RNA colocalize, using live-cell imaging. To this aim, a strain ex-

pressing endogenous TLC1-MS2RNA and a PP7-tagged Tel6R-

TERRA was used, and both TLC1-MS2 and Tel6R-TERRA-PP7
Inc.



Figure 3. TERRA Associates with its Telomere of Origin during S Phase

(A) Time-lapse microscopy analysis shows transient colocalization between Tel6R-TERRA-MS2-GFP and telomere 6R-TetR-RFP during S phase. The locali-

zation of Tel6R-TERRA and telomere 6Rwas analyzed by performing two-color z stack acquisitions every 2min. Tel6R-TERRA focus is in green, and telomere 6R

focus is in red. White arrows indicate the time points at which colocalization is detected. Scale bar = 1mm. See also Movie S1.

(B) Quantification of colocalization occurrence between TERRA-MS2-GFP foci and telomere 6R-TetR-RFP in time-lapse experiments. See also Movies S1 and

S2. **p < 0.01 using unpaired t test.

(C) Cell-cycle synchronization analyses by FACS after G1 arrest by a factor and subsequent release of the cell cycle.

(D) Chromatin immunoprecipitation (ChIP) experiment. Tel6R-TERRA-MS2-GFP was immunoprecipitated using anti-GFP antibody. Telomere 1L or 6R DNA

enrichment was determined by qPCR. IgG antibody was used as control (CTR). Data shown represent mean ± SD (n = 3). ***p < 0.001 using unpaired t test.
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transcripts were visualized by expressing MS2-CFP and PP7-

GFP fusion proteins, respectively. Importantly, the two fluores-

cent proteins used in these analyses did not show bleed-through

occurrences, as determined in control microscopy experiments

(Figure S4D). Two-color acquisition analyses revealed that 93%

of Tel6R-TERRA foci colocalized with a TLC1 RNA cluster

(T-Recs) in S phase (26 out of 28 TERRA foci; data not shown).

These results lead us to monitor TLC1 RNA and TERRA localiza-

tion over time by performing time-lapse experiments. Surpris-

ingly, imaging cells expressing Tel6R-TERRA foci over time

revealed spontaneous events of TLC1 RNA nucleation onto the

TERRA foci, starting as early as late G1/early S phase. Such an

event is shown in Movie S3 and Figure 4C, in which the sponta-

neous nucleation of TLC1 RNA molecules on a Tel6R-TERRA

focus can be observed over time. Postacquisition analyses
Molecu
confirmed that the area of the TLC1 RNA cluster increases

over time, as TLC1 RNA molecules nucleate on the TERRA

focus, until it reaches the same area as the TERRA focus (Fig-

ure 4D). The analysis of 13 nucleation events reveals that this

process is stochastic, with a half-time of foci formation varying

between 1.5 and 11 min, with a median value of 5.2 min (Fig-

ure 4E). Altogether, these results indicate that TERRA transcripts

associate with TLC1 RNA in vivo. More importantly, these data

suggest that TERRA foci are involved in the nucleation of TLC1

RNA molecules and generate TERRA-TLC1 clusters in S phase.

TERRA-TLC1 RNA Clusters Colocalize with the
Telomere of Origin of TERRA during S Phase
Our results show the formation of clusters containing both

TERRA and TLC1 RNA (TERRA-TLC1 clusters) during S phase
lar Cell 51, 780–791, September 26, 2013 ª2013 Elsevier Inc. 785



Figure 4. TERRA Foci May Act as a Scaffold to Trigger the Formation of Telomerase Clusters

(A) Enrichment of TLC1 RNA in TERRA-MS2-GFP immunoprecipitates. TLC1 RNA enrichment is shown as fold of enrichment in IP samples versus input. Data

shown represent mean ± SD (n = 3).

(B) Enrichment of TERRA transcripts in TLC1-MS2-GFP immunoprecipitates. TERRA enrichment is shown as fold of enrichment in IP samples versus input. Data

shown represent mean ± SD (n = 2).

(C) Nucleation of TLC1 RNA cluster on a TERRA focus. Confocal microcopy images of TLC1-MS2-CFP and Tel6R-TERRA-PP7-GFP from Movie S3 at indicated

time points. Tel6R-TERRA-GFP and TLC1-CFP were monitored over time by performing sequential two-color acquisitions. The TLC1-CFP focus (in red) appears

directly over the Tel6R-TERRA-GFP focus (in green). Scale bar = 1mm.

(D) Quantification analysis of TLC1-CFP and TERRA-GFP foci areas. TLC1 RNA and TERRA foci area quantifications were analyzed by ImageJ software. The

graph shows the analysis of the time course shown in (C).

(E) Half-time of formation of TLC1 RNA clusters (T-Recs). See also Figure S4.
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Figure 5. TERRA Foci and TLC1 Clusters

Localize at the Telomere of Origin of TERRA

during S Phase

(A) Colocalization between Tel6R-TERRA-PP7-

GFP focus, TLC1-MS2-CFP cluster, and telomere

6R-TetR-RFP focus in S phase cell. See also

Movie S4.

(B) Occurrence of T-Recs localization at telomere

6R during S phase in cells not expressing Tel6R-

TERRA foci (� Tel6R TERRA) or in cells that

express a Tel6R-TERRA focus (+ Tel6R-TERRA).

***p < 0.001 using unpaired t test.

(C) Telomeric localization of TERRA is impaired in

mutants that disrupt the recruitment of telomerase

at telomeres. Time-lapse microscopy experiments

were performed using the indicated mutant strains

expressing Tel6R-TERRA-MS2-GFP and telomere

6R labeled with TetR-RFP. At least 10 time courses

were performed for each clone. *p < 0.05, **p <

0.01 using unpaired t test.

(D) Residence time of Tel6R-TERRA focus at

the telomere 6R in WT and mutant strains.

Each symbol represents a single time course

experiment.
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(Figure 4). Since TERRA transcripts are expressed from short

telomeres (Figure 2) and are recruited to their telomere of origin

during S phase (Figure 3), when telomerase is also recruited at

short telomeres (Bianchi and Shore, 2007; Sabourin et al.,

2007), we investigated whether the TERRA-TLC1 RNA clusters

colocalize with the telomere-expressing TERRA. To this aim,

multicolor live-cell imaging analyses were performed to monitor

the localization of PP7-Tel6R-TERRA, TLC1-MS2RNA, and 112-

TetO repeat-containing telomere 6R by imaging PP7-GFP, MS2-

CFP, and TetR-RFP fusion proteins, respectively. Importantly,

control experiments revealed that no bleed-through events

occur during the in vivo imaging acquisitions of the three different

fluorescent proteins (Figure S4D). For time-lapse experiments,

three-color z stack images were acquired at one minute inter-

vals. Interestingly, in 70% of the cells analyzed, TLC1 RNA

clusters and Tel6R-TERRA foci simultaneously colocalize with

telomere 6R during S phase (Figures 5A and 5B; and Movie

S4). In these cells, the colocalization of TLC1 RNA with TERRA

occurred prior to their recruitment on telomere 6R. On the other

hand, in cells that do not express a Tel6R-TERRA focus, the

TLC1 RNA cluster colocalizes with telomere 6R in only 15% of

the cells analyzed (Figure 5B). Formation of TLC1 RNA clusters

in these cells may be due to the expression of TERRA from telo-

meres other than telomere 6R.

Since it is a Tel6R-TERRA-TLC1 RNA cluster that is recruited

at telomere 6R, we investigated whether factors involved in the

recruitment of telomerase at telomeres, such as Mre11, Tel1,

and yKu70 (Fisher et al., 2004; Goudsouzian et al., 2006), might

influence the localization of TERRA foci at telomeres. Time-lapse

microscopy experiments were performed to quantify the locali-
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zation of Tel6R-TERRA foci at 112-TetO-

telomere 6R in yku70D, mre11D, and

tel1D strains. As shown in Figures 5C

and 5D, in all knockout strains analyzed,
the colocalization between Tel6R-TERRA and telomere 6R was

significantly impaired. Indeed, Tel6R-TERRA and telomere 6R

colocalized in 65% of WT cells that were imaged, but only in

10%–20% of the cells in the mutants analyzed (Figure 5C).

Furthermore, the residence time of Tel6R-TERRA foci at telo-

mere 6R was significantly decreased in the few instances of

colocalization in knockout strains (2 min) compared to colocali-

zation events in WT cells (median of 4 min) (Figure 5D). These

results show that TERRA-TLC1 RNA clusters are recruited pref-

erentially to the telomere of origin of the TERRA molecules and

that the factors controlling telomerase recruitment at telomeres

are involved in the telomeric localization of TERRA.

DISCUSSION

An In Vivo System to Study TERRA Expression and
Localization
In this study, we used cytological approaches to detect TERRA

transcripts expressed from a unique telomere in single cells.

These approaches allowed us to investigate the expression

and localization of TERRA in budding yeast cells, in which

endogenous TERRA levels are low and poorly amenable to

biochemical studies (Luke et al., 2008). Our results indicate

that in a small population of wild-type cells, TERRA transcripts

escape repression and degradation and are expressed from a

specific chromosome end. In these cells, TERRA molecules

assemble into a discrete nuclear focus at the nuclear periphery,

which is not stably associated with telomeres. TERRA foci are

not specific to yeast, as they have also been described in

mammalian cells (Azzalin et al., 2007; Schoeftner and Blasco,
ptember 26, 2013 ª2013 Elsevier Inc. 787
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2008). Large TERRA foci have been observed in the nucleus of

highly proliferating cells and in a variety of cancers, suggesting

that aggregation of TERRA into large foci is a conserved feature

between yeast and humans (Deng et al., 2012). Interestingly,

RNA FISH experiments carried out in mammalian cells revealed

that TERRA foci colocalize with only a subset of telomeres at any

given time (Azzalin et al., 2007; Lai et al., 2013). Moreover, in vitro

experiments have shown that in human cells at least a fraction of

TERRA is nucleoplasmic and not associated with chromatin

(Porro et al., 2010). These findings indicate that in mammalian

cells, as in yeast, TERRA molecules are not stably associated

with chromosome ends and that they can relocate from telo-

meres to other nuclear compartments.

TERRA Expression Is Induced at Short Telomeres
By being able to observe TERRA expression from a single telo-

mere, we were able to show that only a small fraction of cells

express TERRA from a chromosome end.Why do these few cells

express TERRA from that specific telomere, compared to the

majority of the cells in the population? Our results suggest that

in this small population, the TERRA-expressing telomere is short,

which leads to TERRA expression and accumulation. Indeed,

we show that TERRA levels are upregulated when telomeres

shorten in a tlc1D strain. Moreover, live-cell imaging analyses re-

vealed that tlc1D TERRA-MS2 clones show a higher number of

cells expressing a TERRA focus and an increased number of

foci per cell compared to TLC1 WT cells. These findings were

confirmed by a time course experiment using a strain containing

a short inducible telomere, which showed that shortening of this

single chromosome end induces TERRA expression in cis.

Conversely, telomere relengthening by telomerase results in a

progressive decrease of TERRA levels. These results indicate

that TERRA expression is regulated in a telomere length-depen-

dent manner and that TERRA levels inversely correlate with the

length of their telomere of origin. These findings would point to

TERRA expression as a marker of telomere shortening in a cell

population.

It has been shown that the yeast telomeric repeat DNA-bind-

ing protein Rap1 recruits inhibitory factors to telomeres, such

as Sir and Rif proteins that repress TERRA expression (Iglesias

et al., 2011). We can thus hypothesize that short telomeres, con-

taining a smaller number of Rap1 binding sites, exhibit a weaker

repressive effect on TERRA expression. Similarly, telomere

relengthening gradually reestablishes TERRA repression by

restoring the missing number of telomere binding proteins.

This hypothesis is supported by the fact that TERRA levels are

upregulated in rif1, rif2, and rap1-17 mutant strains (Iglesias

et al., 2011). Interestingly, studies in mammalian cells have

shown that TERRA levels are elevated in cancer cells and

autosomal-recessive immunodeficiency, centromeric region

instability, and facial anomalies syndrome (ICF) cells, which

contain short telomeres (Yehezkel et al., 2008). Moreover, a

recent study shows that telomere elongation represses TERRA

expression in mammalian cells, due to the increased density of

heterochromatic marks present at longer telomeres (Arnoult

et al., 2012). Although it is likely that in mammalian cells more

complex mechanisms regulate the expression of TERRA, these

findings are in agreement with our results.
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TERRA Focus as a Scaffold to Promote the Nucleation of
a Telomerase Cluster Prior to Telomerase Recruitment
at Telomeres
Using coimmunoprecipitation, we show that endogenous

TERRA transcripts interact with the yeast telomerase RNA

TLC1 in vivo. While it is not yet clear if this interaction is direct,

these results are in agreement with previous findings obtained

in mammalian cells in which TERRA molecules interact with

both human telomerase RNA (hTR) and human telomerase

reverse transcriptase (hTERT) in vivo (Redon et al., 2010). In

mammalian cells, TERRA-mimicking oligonucleotides inhibit

telomerase activity in vitro (Redon et al., 2010; Schoeftner and

Blasco, 2008). While these findings are suggestive of a potential

role of TERRA as a telomerase inhibitor, direct evidence of this

function in vivo is still missing (Farnung et al., 2012). Our data

suggest instead that, at least in yeast, TERRA interacts with

the active telomerase complex since (1) TERRA is expressed

when a telomere shortens; (2) TERRA is recruited on its telomere

of origin in S phase, when telomere elongation occurs; (3) TERRA

interacts with TLC1 RNA, and this complex is recruited simulta-

neously and preferentially on the telomere of origin of TERRA

(i.e., a short telomere); and (4) association of TERRAwith its telo-

mere depends on factors involved in telomerase recruitment at

telomeres (Mre11, Tel1, and yKu70). Altogether, these results

suggest a positive role for TERRA during telomere elongation

by telomerase.

Using live-cell imaging, the interaction between TERRA and

TLC1 RNA was found to occur, at least in part, within TERRA

foci. We were able to capture, in real time, spontaneous nucle-

ation events of TLC1 RNA molecules on TERRA foci. These

nucleation events lead to the formation of the telomerase clus-

ters or T-Recs, which have been previously described as the

active form of telomerase at telomeres in S phase (Gallardo

et al., 2011). These results support the hypothesis that TERRA

may act as a scaffold for the spatial organization of telomerase

molecules into a T-Rec. This scaffold-like function of telomeric

noncoding RNA may be similar to what has been proposed for

a growing number of long noncoding RNAs (lncRNAs). Indeed,

several studies have shown that lncRNAs play important roles

in the recruitment of protein complexes to specific chromosome

loci in order to control chromatin structure (Tsai et al., 2010;

Wang and Chang, 2011) or induce the formation of nuclear

bodies (Mao et al., 2011; Shevtsov and Dundr, 2011). While

most of these nuclear lncRNAs act cotranscriptionally to recruit

protein cofactors, TERRA acts in trans to assemble a telomerase

cluster, forming a TERRA-telomerase complex, which is then

recruited to the telomere from which TERRA originates.

The formation of a TERRA-telomerase complex could explain

the preferential recruitment of TERRA transcripts to their telo-

mere of origin. Indeed, telomerase is preferentially recruited to

short telomeres (Bianchi and Shore, 2007; Sabourin et al.,

2007), andmutant strains, such as tel1,mre11, and yku70, where

this recruitment is compromised, show an impaired telomeric

localization of TERRA. Thus, the recruitment of telomerase at

short telomeres may direct TERRA to its (short) telomere of

origin. If so, it is (in principle) possible that TERRA transcripts

might also relocate to other short telomeres as a result of their

association with telomerase. Because of the low frequency of
Inc.



Figure 6. Model of TERRA Expression and Function at Telomeres

(A) At a normal telomere, TERRA expression is repressed by Rap1-associated

factors and degradation by the exonuclease Rat1.

(B) At a short telomere, TERRA expression is induced, leading to the accu-

mulation of TERRA transcripts as a nuclear focus (TERRA focus). In S phase,

the TERRA focus acts as a scaffold to promote the nucleation of TLC1 RNA

molecules and generate a T-Rec. In late S phase, the T-Rec is recruited on the

short telomere from which TERRA molecules originate.
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multiple short telomeres in a single cell, these events will be rela-

tively rare and difficult to determine.

In summary, we propose a model in which a threshold of

telomere erosion induces TERRA expression (Figure 6). Upon

transcription, TERRA molecules are rapidly displaced from their

telomere of origin and accumulate into a focus. In early

S phase, a TERRA focus acts as seed to nucleate the TLC1

RNA, directly or via binding to different telomerase compo-

nents, leading to the formation of a T-Rec. Later in S phase,

the T-Rec is recruited to the telomere from which TERRA orig-

inates, which would then be elongated by telomerase. Thus,

TERRA expression might represent a signal induced by short

telomeres to trigger telomerase clustering and subsequent

telomere elongation. Interestingly, in cancer cells, formation of

telomerase RNA (hTR) foci at telomeres has been linked to a

distributive action of telomerase at telomeres in which several

telomerase molecules elongate a short telomere (Zhao et al.,

2011). Whether TERRA also acts as a scaffold for the formation

of such foci remains to be established. Our data reveal that

lncRNAs do not only act as regulators of gene expression,

but also actively organize catalytic activities involved in genome

maintenance.

EXPERIMENTAL PROCEDURES

Yeast Strains

All the strains used in this study were generated in a FY23 background, with

the exception of the strains used in the ChIP experiments, which are derived

from W303 (see Table S1). Insertion of 2xMS2 and 6xMS2 at telomere 1L

or telomere 6R was performed by the integration of a PCR cassette con-

taining the MS2 sequences and a G418 resistance (KAN) gene, flanked

by loxP sites. KAN marker gene was eliminated by expression of the Cre

recombinase.
Molecu
Fluorescence In Situ Hybridization

FISH experiments using oligonucleotide DNA probes have been described in

(Gallardo and Chartrand, 2011), and the detailed modified protocol used in

this study is provided in the Supplemental Experimental Procedures.

Live-Cell Imaging

Yeast cells were grown overnight at 30�C in the appropriate selection medium,

diluted to optical density 600 (OD600) = 0.1 and subsequently grown until an

OD600 of 0.3–0.4. For TERRA-MS2-GFP foci imaging and TERRA-telomere

6R colocalization experiments, cells were imaged with a Zeiss Cell Observer

SD spinning disk confocal microscope, using a 1003/1.46 NA objective and

an Evolve 512 EM-CCD camera (Photometrics). For simultaneous TERRA-

PP7-GFP, TLC1-MS2-CFP, and telomere 6R-TetR-RFP imaging, acquisition

was performed at the Cell Imaging and Analysis network (McGill University)

using a Quorum WaveFX-X1 Spinning Disk Confocal System, which is based

on a Leica DMI6000B inverted microscope, with an ASI MS-2000 Piezo Stage,

a 633/1.40NA Leica PL APO objective, a Hamamatsu C9100-13 EM-CCD

camera, and a Live Cell Instruments Chamlide TC environmental control

system. Detailed acquisition and image analysis procedures are described

in the Supplemental Experimental Procedures.

Telomere Shortening Experiment

Cells were grown overnight at 30�C in YP medium containing raffinose. The

following day, expression of Flp1 recombinase was induced by diluting the

cells to OD600 = 0.2 in 30�C prewarmed YP medium containing 3% galactose.

Cells were grown in galactose for 3 hr and then collected, washed twice in

yeast extract peptone dextrose (YPD), and diluted in YPD medium at

OD600 = 0.2. Cells growing in logarithmic phase at an OD600 < 2 were collected

at the time points corresponding to the indicated generations. Two pellets per

time point were frozen for subsequent RNA and DNA extraction.

Chromatin Immunoprecipitation

Cells were grown in selection medium at 30�C until an OD600 of 0.7–0.8.

Then, a factor was added to 2.5 mM final concentration for 2 hr. The cells

were subsequently collected and washed twice in YPD medium, resus-

pended in YPD, and grown at room temperature (23�C) for the indicated

time. At each 15 min time point, 50 ml aliquots of cells were fixed in 1% form-

aldehyde. Cells were collected and washed twice in ice-cold PBS. Pellets

were resuspended in 400 ml lysis buffer (50 mM HEPES [pH 8], 140 mM

NaCl, 1 mM EDTA, 1% sodium deoxycholate, 1% Triton X-100) containing

protease inhibitors (EDTA-free protease inhibitor mix and 1 mM PMSF,

Roche) and RNase inhibitor (2 mM vanadyl ribonucleoside complex [VRC]).

Cells were lysed using glass beads by vortexing 6 times 3 45 s. Lysates

were eluted in new tubes by needle puncturing and centrifuged 5 min at

3,000 rpm and 4�C, and supernatant was transferred into a new tube. Pellets

were resuspended in 200 ml lysis buffer, centrifuged again, and supernatant

was added to the corresponding tube. Samples were sonicated on ice

4 times for 20 s each and subsequently precleared for 1 hr at 4�C with

45 ml of equilibrated magnetic beads (Millipore). After a preclearing step,

immunoprecipitation was performed overnight using monoclonal anti-GFP

antibody (Roche) or mouse immunoglobulin G (IgG). The following day,

45 ml magnetic beads were added to each sample, and binding to the anti-

bodies was allowed for 1 hr at 4�C. Protein bead complexes were collected

and washed 4 times for 5 min each at room temperature using the following

wash buffers: wash 1, 700 ml of lysis buffer; wash 2, 1 ml lysis buffer contain-

ing 500 mM NaCl; wash 3, 700 ml LiCl buffer (10 mM Tris [pH 8], 1 mM EDTA

[pH 8], 0.25 M LiCl, 0.5% NP-40, 0.5% sodium deoxycholate); wash 4, 700 ml

of wash buffer 4 (10 mM Tris [pH 8], 1mM EDTA [pH 8], 100 mM NaCl).

Protein bead complexes were eluted and decrosslinked in 200 ml elution

buffer (10 mM Tris [pH 8], 1 mM EDTA [pH 8], 0.5% SDS) at 65�C overnight.

The following day, 225 ml of solution containing 10 mM Tris (pH 8), 1 mM

EDTA (pH 8), and 25 mg proteinase K was added to each tube, and samples

were incubated for 6 hr at 37�C. Phenol/chloroform and chloroform extrac-

tions were performed, followed by DNA precipitation overnight at �20�C.
DNA was resuspended in 40 ml of H2O, and qPCR experiments were per-

formed in triplicates using 3 ml of sample per reaction. Telomere 1L and

6R DNA enrichment was assessed by calculating 2�Dct values using ACT1
lar Cell 51, 780–791, September 26, 2013 ª2013 Elsevier Inc. 789
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gene for normalization in both immunoprecipitate (IP) and input samples and

expressed as fold of enrichment IP over input.

RNA Extraction and RT-qPCR Analyses

Cells were harvested during logarithmic phase, washed in ice-cold PBS, and

resuspended in 400 ml of ice-cold Tris/EDTA/SDS (TES) solution (10 mM Tris

[pH 7.5], 10 mM EDTA, 0.5% SDS). A total of 400 ml of acid phenol were added

to each sample, and tubes were incubated for 1 hr at 65�C with vortexing for

5 sec every 10 min. Samples were then chilled in ice for 5 min and centrifuged

at 13,000 rpm for 5 min at room temperature. After chloroform extraction, RNA

was precipitated by addition of 1/10 volume of 3 M NaAc (pH 5.2) and

2 volumes of 100% ethanol (ETOH). RNA was subsequently collected by

centrifugation and washed with 500 ml of 70% ETOH. Pellets were resus-

pended in diethylpyrocarbonate (DEPC) water and run on 13 MOPS agarose

gel for quantification and quality control. A total of 3 mg of RNAwas treatedwith

DNase I (Fermentas) for 1 hr at 37�C, and 200 ng of DNase-treated RNA was

reverse transcribed by using H-MULV-H enzyme (Fermentas) at 42�C for

1 hr. For TERRA, a C-rich primer (primer sequence: CACCACACCCACACAC

CACACCCACA) was used for reverse transcription (RT), while a specific

primer was used for TLC1 RNA (primer sequence: CGAAGGCATTAGGA

GAAGTAGC). A total of 3 ml of the RT reaction was used for the qPCR exper-

iments. qPCR experiments were performed in triplicates using the qPCR

master mix SsoFAST EvaGreen Supermix from Bio-Rad. qPCR was carried

out on a Roche LightCycler 480 Sequence Detection System. Analyses were

performed by calculating the averages and SDs of the 2�Dct values, normalized

on ACT1 messenger RNA (mRNA), for each triplicate.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

four figures, one table, and fourmovies and can be foundwith this article online

at http://dx.doi.org/10.1016/j.molcel.2013.08.029.
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