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ABSTRACT

Telomerase is a specialized ribonucleoprotein that adds repeated DNA sequences to the ends of eukaryotic chromosomes to
preserve genome integrity. Some secondary structure features of the telomerase RNA are very well conserved, and it serves as
a central scaffold for the binding of associated proteins. The Saccharomyces cerevisiae telomerase RNA, TLC1, is found in very
low copy number in the cell and is the limiting component of the known telomerase holoenzyme constituents. The reasons for
this low abundance are unclear, but given that the RNA is very stable, transcriptional control mechanisms must be extremely
important. Here we define the sequences forming the TLC7 promoter and identify the elements required for its low expression
level, including enhancer and repressor elements. Within an enhancer element, we found consensus sites for Mbp1/Swi4
association, and chromatin immunoprecipitation (ChIP) assays confirmed the binding of Mbp1 and Swi4 to these sites of the
TLC1 promoter. Furthermore, the enhancer element conferred cell cycle-dependent regulation to a reporter gene, and
mutations in the Mbp1/Swi4 binding sites affected the levels of telomerase RNA and telomere length. Finally, ChIP
experiments using a TLC1 RNA-binding protein as target showed cell cycle-dependent transcription of the TLCT gene. These
results indicate that the budding yeast TLC1 RNA is transcribed in a cell cycle-dependent fashion late in G1 and may be part

of the S phase-regulated group of genes involved in DNA replication.
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INTRODUCTION

The ends of eukaryotic chromosomes, the telomeres, are com-
posed of tandem repeated DNA sequences that are bound by
specific proteins to form specialized structures. They protect
chromosome ends from degradation and unwarranted repair
attempts, thereby preserving genome stability (O’Sullivan
and Karlseder 2010; Wellinger and Zakian 2012). Further-
more, the conventional DNA replication machinery being
unable to fully replicate both strands of a DNA-end, the ribo-
nucleoprotein (RNP) telomerase is required to maintain a
functional tract of telomeric DNA and hence to protect the
integrity of chromosomes (Egan and Collins 2012; Wellinger
and Zakian 2012). An absence or insufficiency of telomerase
eventually leads to nonfunctional end-capping and genomic
rearrangements, common preludes to cancer or other syn-
dromes in humans. For example, mutations in genes coding
for core moieties of the telomerase RNP, including its RNA
component, can lead to congenital diseases such as dyskera-
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tosis congenita, even if the individuals are only heterozygous
for the mutations (Wong and Collins 2006). Haploinsuffi-
ciency for the RNA component is also observed in diploid
budding yeast (Mozdy and Cech 2006). Therefore, the ex-
pression of telomerase components must be tightly balanced
and regulated, yet little is known about the processes leading
to this strict control.

Protein components of the telomerase holoenzyme include
a conserved catalytic subunit similar to reverse transcrip-
tases but also comprise other subunits essential for in vivo
activity (Autexier and Lue 2006). Additional proteins are in-
volved in RNP biogenesis and trafficking (Gallardo et al.
2008; Wellinger and Zakian 2012). The RNA component var-
ies widely in size and sequence between species, but conserved
secondary and tertiary structural elements have been identi-
fied, notably a single-stranded region serving as template for
telomeric repeat synthesis and a pseudo-knot structure (Lin
etal. 2004). This part of the RNA is associated with the reverse
transcriptase component and can be seen as the catalytic core
of the RNP.

The budding yeast telomerase RNA, called TLCI, is a
1157-nucleotide (nt) transcript generated by RNA polymer-
ase I and occurs in two different forms: the mature nonpo-
lyadenylated form (90%-95% of the total RNA) and a minor
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form that is larger and polyadenylated (5%—10% of the RNA)
(Chapon et al. 1997; Bosoy et al. 2003). Generation of the
mature nonpolyadenylated 3'-end occurs via the Nrdl-de-
pendent noncoding RNA termination pathway (Jamonnak
et al. 2011; Noél et al. 2012). The RNA has been proposed
to fold into a distinct structure that may function as a central
scaffolding element for the RNP (Dandjinou et al. 2004;
Zappulla and Cech 2004; Lebo and Zappulla 2012). At steady
state, there are about 30 molecules of TLC1 RNA per cell
(Mozdy and Cech 2006), which is apparently less than any of
the protein components of telomerase (Tuzon et al. 2011). It
is thus likely that the TLC1 RNA is the limiting factor for
RNP generation. The reasons for this low abundance of the
TLC1 RNA are unclear. The RNA as such shares features with
snRNA (trimethylguanosine cap, Sm binding near the ma-
ture 3’-end) and is very stable with a half-life of >60 min,
while the average yeast mRNA half-life is ~20 min (Seto
et al. 1999; Wang et al. 2002; Larose et al. 2007; Wellinger
and Zakian 2012). Therefore, its low abundance is unlikely
due to high instability, but rather its expression must be tight-
ly regulated to allow only low generation rates. Consistently,
deletions of certain transcription factor genes or genes affect-
ing the efficiency of 3’-end formation of the TLC1 RNA im-
pinge on the steady-state level of the mature RNA and also
affect telomere length (Mozdy et al. 2008). For example,
the Paf1C complex is somehow involved in establishing the
average level of the TLC1 RNA, but it remains to be deter-
mined whether this is a direct effect and whether it occurs
at transcription initiation or another step of RNA production
(Mozdy et al. 2008). Thus, while it is becoming clear that the
generation of a sufficient amount of mature TLCI transcript
is critical for telomerase function and the keeping of a func-
tional telomeric repeat tract, virtually nothing is known
about its transcriptional regulation.

In yeast, telomeric regions are replicated in late S phase
(McCarroll and Fangman 1988; Raghuraman et al. 2001).
The action of telomerase coincides with this timeframe as it
acts on telomeres during late S/G2 phase of the cell cycle
(Diede and Gottschling 1999; Marcand et al. 2000; Gallardo
et al. 2011). This cell cycle-restricted access of telomerase
to telomeres is imposed, at least in part, by the Rif-proteins,
but a direct cell cycle-dependent regulation of the holoen-
zyme or the expression of components thereof may also
contribute (Gallardo etal. 2011). Among the telomerase com-
ponents, only the abundance of Est1 has been reported to be
cell cycle-regulated, being low in G1 and higher in late S/G2
(Taggart et al. 2002; Wu and Zakian 2011). The degradation
of the Estl protein at the entry into G1 is proteasome de-
pendent, but the RNA levels are also fluctuating during the
cell cycle (Spellman et al. 1998; Osterhage et al. 2006; Larose
et al. 2007).

Here we used phylogenetic methods to define candidate
promoter elements in the Saccharomyces cerevisiae telomerase
RNA gene, with the goal of identifying the elements influenc-
ing its expression and examining potential transcriptional

regulation. Systematic targeted deletions upstream of the
TLCI 5'-end defined its core transcriptional promoter and
also uncovered repressor and enhancer elements. The most
highly conserved elements in this promoter included po-
tential consensus sites for the binding of the Mbpl/Swi4
transcriptional enhancers. Indeed, chromatin immunopre-
cipitation (ChIP) assays confirmed the binding of Mbp1 and
Swi4 to the TLCI promoter. Consistent with a functional rel-
evance for the specific sequences, site-directed point mu-
tations within the consensus binding sites caused reduced
levels of telomerase RNA and short telomeres. Furthermore,
an RNA binding protein-linked ChIP (RBP-ChIP) approach
showed cell cycle—dependent transcription of the TLCI
gene. These results indicate that the budding yeast TLC1
RNA is transcribed in a cell cycle-dependent fashion late in
G1 and may be part of the S phase-regulated group of genes
involved in DNA replication.

RESULTS

Dissection of the TLCT transcription promoter

While the structure of the yeast telomerase RNA itself has
been the subject of intense study, its promoter remains poor-
ly defined. We compared the sequences 5" of TLCI, up to the
adjacent gene, PDX3, to look for potential regulatory ele-
ments by sequence conservation among a multiplicity of Sac-
charomyces “sensu stricto” yeast strains. (Supplemental Fig.
S1, for reference, the +1 site is the major 5'-end on the mature
TLC1 RNA as determined in Dandjinou et al. 2004). The
nonessential snRNA gene snRI161 (—252 to —412) that is in-
cluded in this region (Olivas et al. 1997; Torchet et al. 2005)
is well conserved (53%—-69%). As expected for promoter
regions, the conservation of the sequences located between
the PDX3 and snR161 genes (—644 to —412) and between
the two divergent transcribed genes snR161 and TLCI (—242
to +1) is low, ranging from 14%—42% (Fig. 1A; Supplemental
Fig. S1). We searched the first 200 bp upstream of the 5’-end of
TLCI for the binding site of the basal transcription factor
TATA binding protein (TBP) (Hampsey 1998), which is nor-
mally found 40-120 bp from the transcription initiation site
in yeast (Smale and Kadonaga 2003; Kuehner and Brow
2006). Surprisingly and in contrast to other noncoding RNA
promoters in yeast, no highly conserved canonical TATA
box or initiation site consensus could be identified (Supple-
mental Fig. S1; Kuehner and Brow 2006). Instead, we found
several weakly conserved TATAGA elements and more con-
served TATATCTAAA and TATATCA sequences at —75,
—171, and —221 bp from the transcription start, respectively.
This lack of a strong consensus element suggests that multi-
ple degenerate transcription initiation sites are used (Sup-
plemental Fig. S2; Dandjinou et al. 2004). However, since no
promoter could be identified via phylogeny, we delineated se-
quence elements according to similarities (see Fig. 1A; Sup-
plemental Fig. S1). Of note, the stretch of highest sequence
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FIGURE 1. Identification of promoter elements required for TLCI ex-
pression and function. (A) Schematic representation of the TLCI chro-
mosomal locus and the flanking upstream genes. The start codon of
PDX3 as well as the 5'-ends of the mature snR161 and TLCI RNAs
are represented by arrows indicating the transcription direction. The
identity of the conserved sequence motifs is indicated by letters. (B)
Northern blot analysis of TLC1 RNA isolated from cells harboring dif-
ferent deletions in the TLCI promoter. TLC1 RNA abundance was
normalized to Actl mRNA and is presented as an average of three ex-
periments with a SD of £20% or less. (C) Southern blot analysis of telo-
mere length of the different strains examined in B. The DNA was
extracted from individual yeast clones grown for 30 or 110 generations,
digested with Xhol, and separated on an Agarose gel. The different frag-
ments were visualized using a randomly labeled probe complementary
to the telomeric sequence. Note that strains harboring vector only
(Vector), a complete deletion of the intergenic sequences (AA-G), or
a deletion of the E element (AE) could not be cultured beyond 40 gen-
erations, and thus, only DNA derived from cultures grown for 30 gen-
erations was analyzed. Changes in Y’ telomere length for cells grown for
110 generations are indicated at the bottom. S denotes senescing cells
that have unstable telomere length.

conservation was in region E (-85 to —144) (Fig. 1A, Supple-
mental Fig. S1; see below). We deleted the various elements
within plasmids containing the entire TLCI locus and assessed
the effect on TLCI expression and telomerase activity in
strains that lack both TLCI and RAD52 genes (Dandjinou
etal. 2004). As expected, the plasmid carrying the entire locus
(WT) supported normal growth (Table 1), normal TLC1 RNA
expression (Fig. 1B), and normal telomere length (Fig. 1C),
while the empty vector (Vector) did not. Primer extension
analysis of RNA extracted from cells harboring the WT plas-
mid confirmed the previously established major (+1) and
several minor transcription start sites (Supplemental Fig. S2;
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Dandjinou et al. 2004). These sites and the ratio of the polya-
denylated to nonpolyadenylated TLC1 RNA were similar to
those expressed from the chromosomal copy of TLCI (Dand-
jinou etal. 2004; data not shown). Deletion of the entire region
upstream of TLCI (AA-G) blocked the expression of both
polyadenylated and nonpolyadenylated RNA and inhibited
cell growth after 4050 generations as observed with the empty
vector (Fig. 1B; Table 1). Deletion of the most upstream region
(AA-B) did not affect growth or reduce telomere length, sug-
gesting that this region is not part of the TLCI promoter. De-
leting the region between snR161 and the TLCI transcription
start site (AC-G) did not completely abolish RNA expression
(Fig. 1B) and allowed the maintenance of very short telomeres
(Fig. 1C). However, the expressed RNA species are signifi-
cantly extended on the 5-end (Fig. 1B; Supplemental Fig.
S2) yet had a normal 3’-end (data not shown), suggesting
the activity of a cryptic promoter within the region A-B. Indi-
vidual deletions of the regions C and D did not inhibit tran-
scription or growth (Fig. 1B; Table 1). Curiously, deletions
of either region D or A-B slightly increased the level of
TLC1, implying that these regions negatively regulate TLC]I
expression (Fig. 1B). In contrast, deletion of region E, which
is the most conserved region found between TLCI and
snR161, completely abolished transcription (Fig. 1B; Supple-
mental Fig. S2), caused a loss of telomeric sequences (Fig.
1C), and led to growth arrest (Table 1). Deletion of region F
that contains the most proximal TATA box-like sequence se-
verely inhibited transcription and resulted in reduced telo-
mere sizes; however, the cells did not exhibit growth arrest
(Fig. 1; Table 1). Deleting the region immediately upstream
of TLCI (AG) reduced transcription and moderately de-
creased telomere length. All these deletions affected similarly
the expression of both the polyadenylated and nonadenylated
forms of TLC1. This suggests that the promoter elements con-
trol all forms of TLC1, regardless of the nature of their 3'-end.
Collectively, these data suggest that the core TLCI promoter is
composed of elements E-F-G (+1 to —144) requiring the en-
hancer in element E, which may thus be multifunctional.
However, additional transcriptional regulation is conferred
by the repressing sequences in element D (—144 to —242).

The promoter of TLCT can support the transcription
of a reporter gene

It was previously shown that heterologous mRNA polymer-
ase II promoters can support the expression of the TLC1
RNA (Chapon et al. 1997), but the capacity of the TLCI pro-
moter to drive heterologous mRNA expression is not known.
In order to clarify this point and to further define the core
TLCI promoter, we cloned various fragments of the promot-
er upstream of a lacZ reporter gene (Fig. 2A) and monitored
RNA expression by Northern blots. No RNA was detected
from the empty lacZ vector, as expected. In contrast, the in-
troduction of the entire TLCI upstream region (A-G) result-
ed in the expression of a single band corresponding to the
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TABLE 1. Complementation of TLCT functions by different promoter deletions

tected from the intact CYCI promoter

Growth with TLCT plasmid

Growth without TLCT

(CYCI pro-lacZ). Deletion of the CYCI
natural activator (CYCI UASA pro-lacZ)

TLCT iemalR Loss of i ema® .

Promoter L A sl gneaion) blocked the reporter expression. Interest-

constructs 40 60 80 100 120 140 160 180 200  ingly, replacement of the CYCI UAS with
TLCI E region (CYCI UASyicip pro-

WT + + + + + + +/— +/— - . .

v lacZ) dramatically increased RNA expres-
ector +/— = . ;
AA-G e 4 _ sion even above the level observed with
AC-G 4 e 4 2 = CYC1 UAS pro-lacZ, indicating that
AA-B + + + + + + H=- = TLCI E is a stronger enhancer. As expect-
i? * * * * * +j - +; - - ed, insertion of a fragment of the ACT1

+ + + + + +/— +/— - . .
AE N e - coding region between the CYCI UAS
AD o + o " o P e _ and the reporter gene (CYCI URS,cry
AC + + + + + + + +/— - pro-lacZ) did not inhibit the expression.

“The ability of the different TLC1 promoter constructs to complement senescence of a
double-mutant spore (tlc14, rad524) derived from CSHY76 was assessed by growth on YC-
TRP-LEU-URA medium over 100 generations. A plasmid containing a copy of the wild-type
gene was used as a positive control, and an empty plasmid was used as a negative control.
Growth was scored using two independent clones for each TLC1 promoter deletion.
bPlasmid dependence for survival was established by plating cells reaching 100 generations
on 5-FOA for an additional 20 generations to lose the TLC1 containing plasmids. The result-
ing cells were further grown on YC-TRP-LEU medium for up to 200 generations.

“+ indicates number and colony sizes similar to wild type; +/—, heterogeneous colony sizes

with few normal sized colonies; and —, absence of growth.

predicted size of lacZ (Fig. 2B; data not shown). This con-
firms the TLCI promoter’s capacity to direct transcription
of protein coding mRNA. Expression from the A-B region
containing the newly identified cryptic TLCI promoter was
slightly above background (Fig. 2B). All fragments containing
region E (C-G, D-G, and E-G) supported expression, while
the one without it (F-G) did not (Fig. 2B). Interestingly,
the removal of the presumed repressor of TLCI transcription
(D) dramatically increased lacZ transcription. On the other
hand, the region E did not support transcription on its
own, suggesting that E is not sufficient for initiation but rath-
er works as an enhancer. These results confirm that the first
242 bp upstream of TLCI are both necessary and sufficient
for transcription and thus comprise the TLCI promoter.

TLCT promoter activity is regulated
by a balance between an enhancer
and a repressor element

The promoter deletion study and the lacZ reporter analyses
show that repressor (D) and enhancer (E) elements regulate
TLCI transcription. To directly test this possibility, we used a
model system based on a CYCI promoter that can be regulat-
ed by heterologous activator or repressor sequences (Fig. 2C).
The CYCI core promoter and its natural upstream activa-
tor sequence (UAS) were described (Guarente and Ptashne
1981; Guarente and Mason 1983). Transcription from the in-
tact CYCI promoter or the different TLC1-CYCI fusions was
monitored by Northern blot using probes specific for lacZ
mRNA. As shown in Figure 2D, no expression was detected
from the empty lacZ vector, while strong expression was de-

On the other hand, a known repressor
(CYCI URScpg; pro-lacZ) (Luche et al.
1990) or the TLCI region D (CYCI
URSyycip pro-lacZ) completely repressed
transcription. We conclude that the TLCI
promoter is regulated by enhancer and
suppressor sequences, respectively, locat-
ed at —85 to —144 (E) and —144 to —242
bp (D) with respect to the transcription
start site. Therefore, this region consti-
tutes the core promoter of TLCI.

Mutation of the Mbp1 consensus binding
site in TLCT affects RNA expression and telomere
length

Careful analysis of the very conserved sequences found in
element E revealed the presence of putative Mbp1 and Swi4
consensus binding sites called MCB (Mlul Cell-cycle Box)
and SCB (Swi4 Cell-cycle Box) (Fig. 3A; Supplemental Fig.
S1; Taba et al. 1991; Harbison et al. 2004). Swi4 and Mbpl
are transcription factors that, in complex with Swi6, bind
to the promoter of genes expressed during the G1/S transi-
tion. The consensus sequence for an MCB is DCGCGH
(Badis et al. 2008), whereas the one for SCB is CGCSAAA
(Harbison et al. 2004). In the TLCI promoter, there is an
overlapping MCB/SCB motif at —108 (hereafter called
MCBI) and a second MCB motif at —120 (MCB2, see Fig.
3A). In order to examine whether these potential MCB sites
impact transcription of TLCI, we mutated the motifs in the
plasmid containing the entire TLCI locus. Mutating the
MCBI or MCB2 motifs separately only slightly decreased
TLC1 RNA levels (Fig. 3B,C) and did not have a significant
effect on the telomere length (Fig. 4A). On the other hand,
combining both mutations (mcb1/2) reduced TLCI levels
to ~#20% of the WT levels (Fig. 3B,C). This reduction is par-
alleled by a sharp decrease in telomere length (Fig. 4A,B).
However, this low amount of TLC1 RNA is sufficient to main-
tain telomeres for up to 200 generations of growth without
cellular senescence (Fig. 4B; data not shown). Identical results
were obtained with two different mutation combinations in
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FIGURE 2. Defining TLCI transcription enhancers and repressors using a transcription reporter
system. (A) Schematic representation of the different TLCI promoter regions cloned upstream of
the lacZ reporter gene. Gray boxes indicate the sequence near the TLCI 5'-end, while black boxes
indicate the region encompassing snR161 and the region upstream. (B) Northern blot analysis of
the lacZ RNA expressed from different TLCI promoter regions. Total RNA was extracted from
cells carrying the different TLCI promoter—lacZ fusions, separated on Agarose gel, and visualized
using an end-labeled oligonucleotide probe complementary to the lacZ sequence. TLC1 RNA
abundance was determined as in Figure 1 and is an average of three experiments with a SD of
+39% or less. (C) Schematic representation of different CYCI-TLCI promoter regions cloned up-
stream of the JacZ reporter. The CYCI promoter was used as a test promoter to verify repressing
and enhancing activity of the different TLCI promoter elements. The CYCI promoter is repre-
sented by two empty boxes: One refers to the core element (TATAcyc;); the other, to the up-
stream activating sequence of CYCI (UAScyc;). Constructs containing the TLCI promoter
regions E and D are indicated by UAS; ¢; and URSyy ¢, respectively. URS 47y indicates a con-
struct carrying a fragment of the internal coding sequence of ACT1 gene as a negative control. The
known repressor sequence upstream of the CARI gene was used as a positive control (URScag;).
(D) Northern blot analysis of lacZ RNA expressed from the different CYCI-TLCI constructs. The
RNA was prepared and detected as in B. TLC1 RNA abundance is an average of three experiments
with a SD of +88% or less. nd stands for nondetected RNA.

MCB sites in vivo. Quantitative assess-
ment of the enrichment of the TLCI pro-
moter sequences confirmed the binding
of both Swi4 and Mbp1 (Fig. 3D), while
on mutated MCB-sites, no Swi4 bind-
ing could be detected (Fig. 3E). We con-
clude that the MCB motifs present in
the TLCI promoter are bound by the
G1/S transcription factors and regulate
TLCI transcription and telomere ho-
meostasis.

The MCB motifs found in TLC1
confer cell cycle regulation

It is well established that either Swi4 or
Mbpl can form a complex with Swi6
and act as transcription factors for genes
that are induced at the G1/S transition
(Koch et al. 1993; Wittenberg and Reed
2005). Yet, it was reported that the
amount of total TLC1 RNA extracted
from cell cultures does not vary signifi-
cantly during the cell cycle (Fisher et al.
2004; Mozdy and Cech 2006). In order
to analyze whether new TLC1 RNA syn-
thesis occurs in a cell cycle—dependent
manner, we resorted to RBP-ChIP (see
Fig. 5A). In these experiments, the TLC1
RNA was expressed at its endogenous ge-
nomic locus and the RNA contained a
10xMS2 stem-loop tag near its mature
3’-end (Gallardo et al. 2011). These cells
also expressed an MS2-ProA fusion pro-
tein, and cell cultures were synchronized
using a-factor arrest in G1l. At various
time-points after release into a synchro-
nous cell cycle, aliquots of the cultures
cells were treated with formaldehyde and
extracted as in a ChIP protocol. Finally,
the MS2-ProA protein was immunopre-
cipitated with IgG beads and, the amount
of coprecipitating DNA was measured by
qPCR. This RBP-ChIP technique is thus
expected only to detect TLCI genes that

the MCB motif (mcb1/2a or mcb1/2b) (see Figs. 3A, 4A,B),
eliminating the possibility that a fortuitous effect of the in-
troduced mutations caused the short telomere phenotype.
In yeast cells that lack Swi4 or Swi6 altogether, TLC1 RNA ex-
pression from its genomic locus also was slightly reduced
(Supplemental Fig. S3). These results show that the dis-
covered MCB motifs had a functional impact on telomerase
expression. We then performed ChIP analysis using Swi4-
myc or Mbpl-myc tagged proteins in order to confirm the
binding of the Swi4 and Mbpl1 transcription factors to these
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are actually being transcribed and will not detect any al-
ready-made RNA that had moved away from the locus. DNA
sequences &1 kb upstream of the MS2-tag insertion were never
found to coimmunoprecipitate, probably due to the length of
the RNA and random breaking during the chromatin isolation
protocol (Fig. 5B). Furthermore, no coimmunoprecipitation
was detected in extracts from cells with untagged RNA or in
extracts treated with RNase. However, sequences immedi-
ately downstream from where the tags were located did coim-
munoprecipitate and were significantly enriched in samples



TLCT1 synthesis is cell cycle dependent

I\ C D E F G

-299 -242 -144 -85 -29

EEE——

GCGCGCGAACTCGCGAAA
l SCB1

mcb1/2a: GCTCGGGAACTGGCTAAA

mcb1/2b: GCTCGGGAACTCTIGGAAA

©
9 ©
B I e % % C % 15
g =z £ E 3
i § 1.0
. — TLCH -
205
E 0.002
o ” — u1 Dqﬁ) 0.0
s\ 2 2 & O
N RS
» & &
& <
D E
5 2.0
o 4 T e
25 25 1®
oE 3 o E
=< 25 10
5¢ 2 5
25 2% 05
0 0.0
S S S
QO N W < N c}o
R N\ B\Z N
N\ &) © N
& S
K% 3
¥ N
<-5$ W
N
)

FIGURE 3. Mutations in the Mbpl/Swi4 consensus binding sites
(MCB/SCB) affect TLCI transcription levels. (A) Schematic representa-
tion of the TLCI chromosomal locus and the flanking upstream gene.
The 5'-ends of the mature snR161 and TLCI RNAs are represented by
arrows indicating the transcription direction. The identity of the con-
served sequence motifs is indicated by letters. The region containing
the putative MCB/SCB motifs is magnified at bottom. The sequence of
SCBI is in bold, and the sequences of MCB1 and MCB2 are indicated
by a line. The point mutations are indicated beneath. The mutant
mcb1/2a was used in all the experiments except in Figure 4B, where it
was mutant mcb1/2b. (B) Northern blot analysis of TLC1 RNA from
CSHY76 (tlclA) or CSHY76 carrying TLCI (WT) or tlcl-mcbl
(mcbla) or tlcl-mcbl1/2a (mcb1/2a). Total RNA was extracted from
log-phase cells, separated on an Agarose gel, and visualized using radio-
active probes complementary to TLCI and the Ul snRNA as a loading
control. (C) The same RNA samples used in B were analyzed by qRT-
PCR. The TLCI RNA levels were measured and normalized against
Actl. The WT value is arbitrarily set to one. (D) ChIP analysis of
Mbpl-myc (Z1372) and Swi4-myc (Z1335) on the genomic TLCI pro-
moter. Enrichment levels were determined by qPCR and are represented
as the fold increase over the untagged strain (Z1256). Average value and
error bars are derived from biological duplicates and experimental du-
plicates. (E) ChIP analysis of Swi4-myc on the genomic WT TLCI pro-
moter (IDY1014-3a) or the mutated tlcI-mcb1/2 promoter (IDY1014-
6¢). Enrichment levels were determined by qPCR and are represented
as the fold increase over the untagged strain (Z1256). Average value
and error bars are derived from biological duplicates.

obtained 20 and 40 min after the release from the G1 arrest
(Fig. 5B; data not shown). In Gl-arrested cells and after 60
min of release, the amount of coimmunoprecipitated material
was significantly reduced, showing that new TLCI transcrip-

tion is induced early after the GI release and concomitant
with the induction of the G1/S marker CIn2 mRNA (Fig. 5C).

In order to confirm the cell-cycle phase—dependent reg-
ulation of TLCI transcription by the MCB motifs, we used
the CYCI-lacZ reporter constructs containing the region E
of the TLCI promoter (CYC! UASyicip pro-lacZ) (Fig.
2C). As above, cells were arrested in G1 with a-factor and
released into a synchronized cell cycle, followed by RNA anal-
ysis by Northern blots and/or qRT-PCR at regular inter-
vals after the release. Consistent with the RBP-ChIP above,
when lacZ transcription is driven by the promoter with the
UAS7rc;p there is a peak of expression at the 20- and 40-
min time points (Fig. 5D,E). However, when the MCB motifs
are mutated (UAS-TLCIg-mcb), the lacZ mRNA levels are
considerably reduced and the cell cycle-dependent modu-
lation of expression is lost (Fig. 5D,E). Again, Cln2 mRNA
levels were also monitored as control for cell cycle progres-
sion and showed well-synchronized cells with a peak of Cln2
mRNA expression at 20 and 40 min followed by a decrease
at 60 and 80 min (Supplemental Fig. S4). These results show
that the MCB motifs in E-region of the TLCI promoter can
confer cell cycle-regulated transcription to a heterologous
gene. We therefore conclude that the area located at —85 to
—144 (E) in the TLCI promoter drives the cell cycle-regulat-
ed transcription of the telomerase RNA.

DISCUSSION

The data presented here indicate that the very low steady-
state level of the telomerase RNA in budding yeast is not sim-
ply due to a constitutively weak promoter but, instead, is the
product of balancing the competing effects of a dynamic set
of repressor and enhancer elements. Altering the balance be-
tween these elements strongly affected TLC1 RNA expression
and telomerase function in vivo, suggesting that transcrip-
tional regulation of TLCI contributes to telomere homeosta-
sis (Fig. 1; Table 1). On the other hand, none of our altered
promoters significantly affected the mature 3’-end (Supple-
mental Fig. S2; data not shown), indicating that there is little
influence of the promoter on the balance between the poly-
adenylated and nonpolyadenylated variants of the TLCl
RNA.

Transcription is a critical control point for the regulation
of gene expression. Part of the information that dictates the
expression of a gene is embedded in its promoter region. In
yeast, the overall promoter structure of RNA polymerase
[I-transcribed noncoding RNA genes is very similar to that
of mRNAs (Hamada et al. 2001). However, we failed to iden-
tify such a structure in the TLCI promoter area (Supplemen-
tal Fig. S1). For example, the weak TATA box consensus
sequences at —75, —171, and —221 bp from the transcription
start site (Supplemental Fig. S1) appear redundant, and none
is essential for transcription. Any of the three sites could be
associated with multiple transcription starts in at least six
regions spanning 70 nt (Supplemental Fig. S2). Altogether,
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Phylogenetic comparisons of the TLCI
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FIGURE 4. Mutation of the Mbp1/Swi4 consensus binding (MCB/SCB) site affects telomere
length. (A) Southern blot analysis of telomere lengths of the CSHY76 strain carrying TLCI
(WT) or TLCI with different mutations in its promoter: mcbla, mcb2, or mcb1/2a. Average
changes in Y’ telomere length from three independent clones are indicated at the bottom +
SEM. S denotes senescing cells that have unstable telomere length. (B) Southern blot analysis
of telomere length of a strain carrying TLCI (WT) or tlcl-mcb1/2 (mcb1/2b) grown for 25—
220 generations. The #lcIA strain was grown for 25 generations. Changes in Y telomere length
for cells grown for the indicated number of generations relative to the WT grown for the corre-
sponding number of generations are indicated at the bottomn. n/a indicates not applicable because
the telomeres of these cells were taken as length reference for the corresponding mcb1/2 mutants.

S denotes senescing cells that have unstable telomere length.

these results suggest that the core promoter for TLCI in-
cludes the enhancer element E and spans regions E-F-G
(+1 to —144). Further upstream, there is an area conferring
transcription repression (—144 to —242) (Fig. 1). These find-
ings also suggest that TLCI is not constitutively transcribed
but instead dynamically regulated by competing promoter el-
ements. Furthermore, this particular promoter architecture is
highly unusual for an snRNA and therefore sets the TLCI
gene apart from snRNA genes, despite the fact that the ma-
ture RNA has several features shared by snRNAs (TMG
cap, Sm-binding near 3’-end) (Seto et al. 1999). However,
the telomerase RNA is at the center of an RNP of which all
protein components occur at levels of only 40-100 molecules
per cell (Tuzon et al. 2011). Therefore, if there is a require-
ment for a coordinated expression of all telomerase compo-
nents, the promoter driving the snRNA-like TLC1 RNA may
have had to evolve to lower expression levels. This hypothesis
is also consistent with the fact that not only reduced expres-
sion but also overexpression of the TLC1 RNA can disrupt
telomere homeostasis, leading to shortened telomeric tracts
(Singer and Gottschling 1994). Thus, the resulting TLC1
RNA promoter architecture may reflect an adaptation to
the required low expression level.

As expected, reducing transcription initiation rates by de-
leting promoter elements results in shortened telomeres (Fig.
1C). However, one enhancer element we named E turned out
to be absolutely essential for TLCI transcription (Fig. 1B).
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promoter areas showed that the E se-
quences between —85 and —144 are high-
ly conserved (Supplemental Fig. S1).
Furthermore, element E contains bind-
ing sites for the cell cycle-dependent
transcriptional modulators Mbp1/Swi6
and Swi4/Swi6 (Fig. 3). It remains un-
clear why these sites were not identified
in the three published genome-wide stud-
ies identifying all potential target genes
of Swi4 and Mbpl (Iyer et al. 2001;
Simon et al. 2001; Harbison et al. 2004).
Irrespectively, our ChIP results combined
with mutational analyses of the E-site
show that Mbpl and Swi4 are indeed
bound on the element E sequences (Figs.
3, 4). While we cannot rule out the pos-
sibility that this region is also necessary
for basal transcription, insertion of the
region E sequences does not support the
transcription of a reporter gene by itself,
suggesting that it is rather an enhancer
element (Fig. 2B).

Given the roles of Swi4 and Mbpl1 as
cell-cycle phase—specific enhancers of
transcription, we re-examined the ques-
tion of a cell cycle-dependent tran-
scriptional regulation of TLCI. Consistent with published
results of other groups, we were unable to detect significant
changes of TLC1 RNA in samples of synchronized cultures
at various points of the cell cycle (Fisher et al. 2004; Mozdy
and Cech 2006; data not shown). However, using a method
that enriches specifically for RNA that is being actively syn-
thesized, we could show that TLCI transcription at its geno-
mic locus is induced at the G1/S transition and that region E
sequences can impose the same type of cell cycle—dependent
transcription onto a heterologous gene, in our case lacZ (Fig.
5). Previous cell cycle arrest experiments had hinted at a pos-
sible cell cycle-regulated abundance of TLC1 RNA with a
transcriptional induction at the G1-to-S transition (Chapon
et al. 1997). Furthermore, coimmunoprecipitation experi-
ments with extracts from synchronized cultures did reveal a
specific increase of a Yku—TLC1 RNA complex in late G1 ear-
ly S phase (Fisher et al. 2004), which corresponds to the same
time frame during which our experiments detect increased
transcription of the TLCI gene. This increase of the Yku—
TLC1 RNA complex could thus reflect a burst of new
TLC1 RNA molecules being transcribed and matured during
this time interval. It remains to be explained why this G1/S
induction of TLCI transcription does not result in a measur-
able increase in TLC1 RNA in the total RNA isolated from
cells. One possibility is that the late G1-induced TLCI tran-
scription only occurs in a minority of cells, and therefore, a
relatively minor increase of TLC1 RNA caused by this burst

@
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FIGURE 5. The E region containing MCB sites confers cell cycle regulation to TLCI transcrip-
tion. (A) Scheme of the RBP-ChIP experiment. Representation of the MS2-tagged (gray box)
TLCI locus transcribed by RNA polymerase I1. Following transcription, the MS2 stems are folded,
and MS2-ProA proteins are bound to the stems. Performing a chromatin immunoprecipitation
(ChIP) with IgG on cells that are transcribing TLCI will coimmunoprecipitate DNA sequences
close to the 3’-end sequence of TLCI. This immunoprecipitation is expected to be dependent
on the RNA, treatment with RNase A should abolish immunoprecipitation and is used as control.
The primer pair 1 (PP1) overlaps the promoter and the beginning of the gene, whereas the primer
pair 2 (PP2) is just downstream from the 10xMS2 tag. (B) qPCR analysis of RBP-ChIP experi-
ments on SBY40 (untagged TLC1) and SBY44 (TLC1-10xMS2) cells at different time points after
release from the GI arrest (¢ =0). The amount of coprecipitating DNA was measured by qPCR
using primer pair 1 (PP1) and primer pair 2 (PP2) located at 1.1 kb and 60 nt from the MS2
tag, respectively. Each sample was also treated with RNase A to determine the dependence of
the immunoprecipitation on the RNA. Average values of three independent biological replicates
(two for RNase-treated) normalized against input DNA with SD are shown. (C) qRT-PCR anal-
ysis of Cln2 RNA levels at indicated time points for the same experiments as shown in B. CLN2 is a
well-known SBF cell cycle-regulated gene and thus serves as a positive control for cell synchro-
nization and activation of the transcription. Average values of three independent biological rep-
licates normalized against Actl with standard deviation are shown as fold change over =0 (G1).
(D) qRT-PCR analysis of lacZ RNA levels at indicated time points. MLY30 cells carrying SLP162
(CYCI pro-lacZ), SLP164 (CYCI UASzycigpro-lacZ), or SLP185 (CYCI UAStsci-meppro-lacZ)
were arrested in G1. Synchronized cultures were released, and samples were taken every 20 min.
Average values of three independent biological replicates normalized against Actl mRNA with SD
are shown as fold change over =0 (G1). (E) Northern blot analysis of the same samples as in D.

may remain below the required thresh-
old for reliable detection. Consistent
with this hypothesis, RNA FISH experi-
ments detecting TLC1 RNA show a very
high cell to cell variability in total signal
(N Laterreur and R] Wellinger, unpubl.),
and the half-life of the TLC1 RNA is >60
min, or almost as long as a complete cell
cycle (Larose et al. 2007).

So far, the Estl protein was the only
component of the telomerase holoen-
zyme that was shown to be cell cycle regu-
lated. This regulation occurs at the protein
level by a proteasome-dependent degra-
dation in G1 phase, but the Estl mRNA
level is also fluctuating (Osterhage et al.
2006; Larose et al. 2007). Indeed, ex-
pression of the Estl mRNA is sharply
induced in late G1/S phase, in parallel
with CIn2 RNA (Larose et al. 2007).
Curiously, the promoter region of the
EST1 gene also contains one overlapping
MCB/SCB motif and another SCB motif
located at —130 and —161, respectively,
from the ATG of EST1I (see gene browser
in Saccharomyces genome database). We
therefore speculate that both the Estl
mRNA and the TLC1 RNA belong to the
same cell cycle-regulated group of gene
products that are required during S phase.
Given that telomerase can be postulated
to be part of the DNA replication machin-
ery, its association with S-phase genes
would make biological sense.

In summary, the results presented here
show that the E element sequences up-
stream of the mature 5'-end of TLCI
act as a cell cycle-regulated transcription
enhancer. The sequences in element D
appear to dampen TLCI transcription,
but this area also overlaps with the di-
vergent promoter of the snRI61 gene
(Fig. 1). Therefore, we have not analyzed
the molecular details regarding how those
repressing sequences influence TLCI
transcription. Nevertheless, eventually
the combination of positive and negative
effects will determine the actual tran-
scription efficacy. We propose that the av-
erage very low steady-state level of TLC1
RNA may actually hide a larger than usual
variation of TLC1 levels in individual cells
and that only a minor fraction of cells in-
duce the cell cycle-regulated transcrip-
tion of the TLC1 RNA.
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MATERIALS AND METHODS

Yeast strains

Strain W303-1A was described earlier (Thomas and Rothstein
1989; Chanfreau et al. 1998). Strain CSHY76 (MATa/a; ade2/ade2;
ura3/ura3; leu2/leu2; his3/his3; trpl/trpl; tlcl::LEU2/TLCI; rad52:
TRP1/RAD52) was kindly provided by C. Greider (Le et al. 1999).
Strains Z1256 (control strain without tagged proteins), Z1335
(SWI4-myc), and Z1372 (MBPI-myc) were kindly provided by
R. Young (Simon et al. 2001). IDY1014-3a (SWI4-myc, TLCI) and
IDY1014-6¢ (SWI4-myc, ticl-mcbl/2) are derivative spores of
71335, Strain MLY30 was described earlier (Larrivée et al. 2004).
BY4741 (MATa his3A1, leu2A0, met15A0, ura3A0), BY4741-swidA
(MATa his3A1, leu2A0, met15A0, ura3A0, swidA:KANMX4), and
BY4741-swi6bA (MATa his3A1, leu2A0, met15A0, ura3A0, swibA::
KANMX4) are from the deletion collection (Open Biosystems).
The strains for the RBP-ChIP experiment are of the W303 back-
ground: SBY40 (MATa canl-100, ura3-1 leu2-3, 112 trpl-1 barlA:
LEU2 HIS3:MS2-ProA) and SBY44 (MATa canl-100, ura3-1
leu2-3, 112 trpl-1 barlA:LEU2 HIS3:MS2-ProA TLCI-10xMS2).
Strains from the “sensu stricto” group, i.e., S288C (S. cerevisiae),
SK1 (S. cerevisiae), CBS 432 (Saccharomyces paradoxus), UFR]
50791 (Saccharomyces cariocanus), IFO 1815 (Saccharomyces mika-
tae), IFO 1802 (Saccharomyces kudriavzevii), CBS 7001 (Saccharomy-
ces bayanus), and DBVPG 6560 (Saccharomyces pastorianus) were all
described earlier (Dandjinou et al. 2004).

Plasmid constructions

The pADCEN36 plasmid containing wild-type TLCI is according
to the method described previously by Dandjinou et al. (2004).
The segments upstream of TLCI described in Figure 1A were deleted
using the SOE (splicing by overlapping) technique (Horton et al.
1993). The final PCR products were digested with Spel and EcoRI
restriction enzymes and cloned into pADCEN26 (a pRS316 plasmid
containing a 327-bp ADHI transcription terminator [Ammerer
1983] inserted into SacI and Spel upstream of the fragments’ cloning
sites). This resulted in the generation of the plasmids pADCEN27
(AC), pADCEN28 (AD), pADCEN29 (AE), pADCEN30 (AF),
PADCEN31 (AG), pADCEN32 (AA-B), pADCEN33 (AC-G), and
pADCEN?34 (AA-G). Primers used for PCR amplifications are listed
in Supplemental Table SI of Supplemental Material. The TLCI pro-
moter-lacZ fusions described in Figure 2A were produced by cloning
PCR fragments corresponding to the different promoter segments
into the Smal site upstream of the coding sequence of lacZ in
SLP092. This resulted in the generation of the following plasmids:
SLP152 (A to G), SLP153 (A-B), SLP154 (C-G), SLP155 (D-G),
SLP156 (E-G), SLP157 (F-G), and SLP158 (E), respectively. The
SLP092 vector was generated by cloning the ADH] transcription ter-
minator described above into the EcoRI site of YEp353 (Myers et al.
1986). The TLCI1-CYCI promoter constructs described in Figure 2C
were generated by cloning different TLCI promoter fragments into
SLP162. The SLP162 plasmid was generated by cloning CYCI pro-
moter in SLP092 (Guarente and Mason 1983). CYCI UASA or
SLP163 was created by digesting SLP162 with Smal and Xhol to re-
move the upstream activation sequence of CYCI. CYCI UASt;¢;k
or SLP164 was created by cloning a PCR fragment into the Smal
and Xhol of SLP162. Similarly the plasmids SLP172 (URSxcri),
SLP167 (URStrcip), and SLP165 (URSc4r;) were created by insert-
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ing the fragments corresponding to ACT1 coding sequence (nt 771
to 843), TLCI region D, and the known repressor of CARI (Luche
et al. 1990) in the Xhol of SLP162. All the mcb mutations were in-
troduced in the appropriate plasmids using the QuickChange Site—
directed mutagenesis kit (Stratagene) except for SLP183 that was
created by introducing mutations in the MCB (mcb1/2b) motifs
by using a mutated primer.

Sequence alignment

Homologous sequences between the PDX3 and CSG2 genes from
the “sensu stricto” strains were amplified and sequenced according
to the method described earlier (Dandjinou et al. 2004). The inter-
genic sequences between PDX3 ATG and TLCI 5 -end were aligned
using the computer program ClustalW followed by manual optimi-
zation (Thompson et al. 1994). The established 5'-end nucleotide of
the mature TLC1 RNA and the first nucleotide of the PDX3 coding
region were used as anchors for alignment (Dandjinou et al. 2004).

Complementation and telomere length analyses

The ability of the different TLCI constructs to complement the dele-
tion of TLCI was tested using a double mutant spore (tlcIA, rad52A)
derived from the diploid strain CSHY76. Telomere homeostasis was
tested using senescence and telomere length assays according to the
method described previously (Dandjinou et al. 2004). Actual varia-
tions of telomere lengths were quantified by determining average
telomere lengths in indicated samples using a reference standard
curve and compared them to the corresponding WT strain.

Primer extension and Northern blot analysis

Total RNA was prepared according to the method previously de-
scribed (Larose et al. 2007). Primer extensions were performed ac-
cording to the method previously described (Abou Elela and Ares
1998) using a primer specific for TLCI (TLC1-33-49). Extended
products were separated on an 8% denaturing polyacrylamide gel
and visualized by autoradiography. Northern blots were performed
according to the method previously described (Larose et al. 2007).
Total RNA (15 or 20 pig) was run on a 4% polyacrylamide gel or on
a 1% Agarose gel, transferred to a nylon membrane (Hybond N+,
GE Healthcare), and visualized by autoradiography using randomly
labeled probes or labeled primer corresponding to specific genes. The
RNA was quantified using an Instant Imager (Packard). Primers are
listed in Supplemental Table S1 of Supplemental Material.

ChIP and RBP-ChIP

ChIP assays were carried out according to the method described pre-
viously (Vodenicharov et al. 2010). Briefly, 50 mL cultures were
crosslinked with 1% formaldehyde. Cell disruption was achieved
using Freezer/Mill 6850 (SPEX CertiPrep) for four cycles of 2 min
at rate 15 separated by 2 min cooling and chromatin sheared by
sonication (Misonix; six pulses 20 sec each at 80% output power).
Immunoprecipitations with extracts from the Z1256, Z1335,
71372, 1DY1014-3a, and IDY1014-6¢ strains were performed using
monoclonal anti-Myc antibody (clone 9E10, Roche Diagnostics)
with protein G-Sepharose beads (GE Healthcare), while for extracts
from the SBY40 and SBY44 strains, magnetic beads (Dynabeads,



TLCT1 synthesis is cell cycle dependent

Invitrogen) coated with IgG (MP Biomedicals) were used. After elu-
tion, immunoprecipitated DNA was phenol/chloroform extracted
and ethanol precipitated before analyses by qPCR.

Cell synchronization

To synchronize cells in G1, logarithmically growing cultures were
incubated with 25 ng/mL a-factor for 2 h. Cells were washed and re-
suspended in fresh warm media containing 200 pg/mL pronase.
Aliquots were taken every 20 min and analyzed. The RNA was ana-
lyzed by Northern blot and quantified by gqRT-PCR.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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