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Abstract

As the limiting component of the budding yeast telomerase, the Tlcl RNA must undergo multiple consecutive modifica-
tions and rigorous quality checks throughout its lifecycle. These steps will ensure that only correctly processed and matured
molecules are assembled into telomerase complexes that subsequently act at telomeres. The complex pathway of Tlc1 RNA
maturation, involving 5'- and 3'-end processing, stabilisation and assembly with the protein subunits, requires at least one
nucleo-cytoplasmic passage. Furthermore, it appears that the pathway is tightly coordinated with the association of various
and changing proteins, including the export factor Xpol, the Mex67/Mtr2 complex, the Kap122 importin, the Sm; ring and
possibly the CBC and TREX-1 complexes. Although many of these maturation processes also affect other RNA species, the
Tlc1 RNA exploits them in a new combination and, therefore, ultimately follows its own and unique pathway. In this review,
we highlight recent new insights in maturation and subcellular shuttling of the budding yeast telomerase RNA and discuss
how these events may be fine-tuned by the biochemical characteristics of the varying processing and transport factors as well
as the final telomerase components. Finally, we indicate outstanding questions that we feel are important to be addressed for a
complete understanding of the telomerase RNA lifecycle and that could have implications for the human telomerase as well.
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Introduction are required for reconstitution of the telomeric 3'-over-

hangs (Wellinger et al. 1996; reviewed in Lingner et al.

Telomeres, the protective caps located on the ends of
eukaryotic chromosomes, play a vital role in shielding
chromosomes from erosion, DNA loss and end-to-end
fusions that all could cause massive genome rearrange-
ments. In human somatic cells, telomeric DNA shortens
after each replication cycle due to the inability of the rep-
lication machinery to entirely duplicate the lagging DNA
strand of chromosome ends, and due to the 5' DNA end
resection activities at the leading chromosome ends that
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1995; Wellinger 2014). In germ, stem and cancer cells, as
well as in many unicellular eukaryotes such as ciliates and
yeasts, telomeric DNA is maintained by the telomerase
RiboNucleoProtein (RNP) complex that is a specialised
reverse transcriptase. Telomere extension by telomerase
involves addition of telomeric repeats onto the 3' end of
the G-rich strand (Greider and Blackburn 1985; Grei-
der and Blackburn 1987; Singer and Gottschling 1994;
Wellinger and Zakian 2012), while the C-rich strand
will be replenished by continued lagging strand synthe-
sis (Dionne and Wellinger 1998; Diede and Gottschling
1999; Martin et al. 2000; Parenteau and Wellinger 2002;
Wellinger and Zakian 2012). In Saccharomyces cerevi-
siae, telomerase extends the 3’ telomere end using a tem-
plate sequence that is located within the long non-coding
telomerase RNA called TeLomerase Component 1 (Tlcl
RNA, Singer and Gottschling 1994). Given that the Tlc1
RNA is the limiting component of the yeast telomerase
(Mozdy and Cech 2006; Bajon et al. 2015), its biogenesis
pathway is critical for the function of the entire telomerase
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RNP. Therefore, the understanding of Tlc1 processing and
maturation has been investigated heavily ever since its ini-
tial discovery over 25 years ago (Singer and Gottschling
1994). Indeed, Tlc1 undergoes processing and trafficking
steps before reaching maturation and being able to func-
tion on the telomerase substrate, the telomeres. Curiously,
nucleo-cytoplasmic RNA shuttling, some specific RNA
attributes, such as 5'- and 3'-end modifications, as well
as certain protein associations required for RNA stability
and maturation, appear to be shared between Tlcl and a
variety of RNAs that belong to very different classes such
as small nuclear RNAs (snRNAs), small nucleolar RNAs
(snoRNAs) and messenger RNAs (mRNAs). However,
ultimately, the Tlcl RNA follows a unique maturation
pathway, and thus, constitutes a separate RNA niche. The
core and, in many species, the highly conserved function
of the telomerase RNP is to provide the RNA template for
reverse transcription. However, different species utilise a
wide variety of RNA stabilising mechanisms and matura-
tion pathways (reviewed in Podlevsky and Chen 2016).
Here, we will focus on the unique biogenesis pathway of
the budding yeast telomerase RNP with special attention
to its RNA component and exciting recent discoveries.

Tlc1: a unique transcript

The Tlcl RNA is a 1,158 nt RNA polymerase II transcript
of very low abundance (10-25 molecules per cell) (Dan-
djinou et al. 2004; Mozdy and Cech 2006; Bajon et al.
2015). The low transcription of the RNA is cell cycle
regulated, peaking at the G1-S transition (Fig. 1, step
1; Dionne et al. 2013). A minor fraction (5-10%) of the
Tlcl transcripts are polyadenylated (poly-A+) after tran-
scription (Chapon et al. 1997), but the majority undergo
transcriptional termination and processing via the Nrd1-
dependent snRNA pathway to form poly-A- Tlcl (Jamon-
nak et al. 2011; Noél et al. 2012). As a result, both poly-
A+ and poly-A- Tlcl species are detectable in growing
S. cerevisiae cells (Chapon et al. 1997; Ferrezuelo et al.
2002; Noél et al. 2012). However, it remains unclear as to
why a significant fraction of the Tlcl RNA is produced
as a poly-A+ form, since this form does not contribute to,
nor is found, in active telomerase (Bosoy et al. 2003; Noél
et al. 2012). Additonally, modifications near the 3’-end
of the TLC1 gene that prevent the formation of the poly-
A+ Tlcl RNA have no detectable effect on telomerase
function either (Noél et al. 2012). There is evidence to
suggest that the rare poly-A+ Tlc1 can undergo processing
via an alternative pathway to form mature poly-A- Tlcl
(Chapon et al. 1997; Bosoy et al. 2003; Noél et al. 2012).
However, given the most likely non-essential nature of
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the rare poly-A+ form, details of this pathway for Tlcl
generation are scarce and it will not be discussed further.

After TLC1 transcription: stabilise the ends
and get out of the nucleus

The Tlcl RNA is one of the most stable RNAs in budding
yeast cells. Compared to mRNAs with an average turnover
of only 4.8 min, Tlcl has a remarkably long half-life of at
least 60 min (Larose et al. 2007; Chan et al. 2018). Due to
limitations of current experimental approaches, a precise
life-span of the telomerase RNA is yet to be determined. In
fact, the Tlcl lifecycle could be much longer than estimated
and approach the extreme stability of snRNAs which can
persist in cells for several hours (Stutz et al. 1993). There-
fore, the available estimate suggests exquisite stabilisation
mechanisms for the Tlcl RNA. Yet we are only just begin-
ning to understand what specific events or factors ensure
such prominent stability of the telomerase RNA.

It is assumed that like virtually all other RNA poly-
merase II transcripts, the Tlcl RNA initially harbours a
7-methylguanylate (m’G) cap at its 5'-end (Fig. 1, step 1).
Also, akin to the other RNAs, this initial cap most likely
is added in a co-transcriptional fashion, but as of yet, for
Tlc1 there is no direct experimental demonstration of this.
When thinking of maturation events after transcription,
it is useful to consider the pathways ascribed to related
transcripts. On both snRNAs and mRNAs, the m’G capis
bound by the Cap-Binding Complex (CBC) that in yeast is
comprised of Stol and Cbc2 (Colot et al. 1996). CBC can
interact with Mex67/Mtr2 and Xpol, factors that facilitate
the passage of snRNAs and mRNAs through the nuclear
pores to the cytoplasm (Fig. 1, step 2; Hamm and Mattaj
1990; Izaurralde et al. 1995). While it is reasonable to
propose that Tlcl RNA also binds CBC prior to nuclear
export, this has yet to be determined. The Xpol(CRM1)
export factor was shown to be implicated in Tlc1 transport
from the nucleus to the cytoplasm (Gallardo et al. 2008)
and a recent study examining the nuclear export specifi-
cally of newly synthesised Tlc1 revealed that indeed this
process is mediated exclusively by Xpol (Fig. 1, step 2;
Vasianovich et al. 2020). However, and quite unexpectedly,
Mex67/Mtr2 was found to be crucial for the 3'-end stability
of newly transcribed Tlc1, even prior to its nuclear export
and not necessarily just for export itself (Vasianovich et al.
2020). Indeed, in the absence of Mex67, new Tlcl tran-
scripts undergo rapid Rrp6-dependent degradation by the
nuclear exosome. This finding mirrors earlier data show-
ing that in cells harbouring a mex67 mutation, newly syn-
thesised mRNAs are also rapidly degraded before nuclear
export (Tudek et al. 2018). However, in that study, the
intranuclear instability of mRNAs in part was caused by
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Fig.1 Model of the telomerase RNA biogenesis in budding yeast.
(1) The Tlcl RNA is transcribed in G1/S phase by RNA polymer-
ase II. The newly transcribed RNA presumably is m’G-capped at
the 5’-end and most likely is co-transcriptionally bound by the CBC
and TREX-1 complexes. (2) Mex67 binds to the Tlcl RNA through
TREX-1 or other proteins and serves as an adaptor for the Xpol
export factor. Mex67 association ensures an intranuclear stability of
the newly transcribed Tlcl RNA and protects it from degradation
by the nuclear exosome (stippled arrow). The Tlcl RNA bound by
CBC, Mex67 and Xpol acquires unique biochemical properties that
force it out of the nucleus (indicated by red chevrons). (3) Once on
the cytoplamsic side, the RNP dissociates from the Mex67-Xpol
proteins and may also lose the TREX-1 complex. In addition, binding
of the Sm; complex ensures stability of the Tlcl RNA. Sm; may also
facilitate dissociation of CBC, which may otherwise direct the RNA
for translation/degradation. The telomerase protein subunits Popl,
Pop6, Pop7, Estl, Est2, Est3 and yKu70/80 likely associate with Tlc1
in the cytoplasm, although binding of these components prior to the

exhaustion of the nuclear poly-A binding protein Nab2
which was a consequence of the mRNA export block
(Tudek et al. 2018). Given that Tlc1 RNA is a poly-A-
RNA and presumably not bound by Nab2, its nuclear
instability may be attributed to something other than Nab2
exhaustion. In support of this, in cells with a temperature-
sensitive xpol-1 mutation and in which newly synthesised
mRNAs and Tlcl RNA accumulate in the nucleus, the
Tlc1 RNA is stable (Vasianovich et al. 2020). Hence, these
data reinforce the idea that newly transcribed Tlcl RNAs
rely on the analogous Xpol-mediated export pathway that
is used for m’G- and CBC-capped RNAs. Additional to
this, the new study implies that the Tlcl RNA requires
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cytoplasmic export or after the nuclear re-import is also possible. (4)
Telomerase proteins bound to Tlcl contain nuclear localisation sig-
nals which change the biochemical properties of the RNP forcing it
into the nucleus via the Kap122-mediated import pathway (indicated
by blue chevrons). (5) The re-imported telomerase RNP undergoes
nucleolar 5°-TMG capping mediated by Tgsl. In late S/G2 phase,
the mature RNP elongates 3’-telomere ends using the template of
the Tlcl RNA. Disassembly and reassembly of the telomerase RNP
(indicated by curved arrows) likely takes place during the telomerase
lifecycle which may serve as a mechanism regulating its timely action
at telomeres. (6) Tlcl could possibly undergo additional rounds of
nucleo-cytoplasmic shuttling (indicated by curved arrows and ques-
tion mark). In this scenario, an unknown adaptor other than Mex67
(indicated by a question mark) will be required for the Xpol-depend-
ent RNA export and a new set of proteins will force Tlcl into the
cytoplasm (indicated by red chevrons). Tlcl is eventually degraded
by unknown mechanisms (indicated by question mark), with degrada-
tion potentially occurring at any time when Tlc1 is misfolded

a stabilising activity mediated by Mex67/Mtr2 prior to
export.

At present, it is not known how the Mex67/Mtr2 com-
plex mediates Tlcl stability and protects it from degrada-
tion by the nuclear exosome. In terms of the Mex67/Mtr2
function on mRNAs and their transport, it is known that
during mRNA transcription, an evolutionarily conserved
Transcript—-EXport 1 (TREX-1) complex, comprised of
THO subunits (Mftl, Hprl, Tho2, Thp2, Tex1), Yral and
Sub2, associates with mRNAs in a CBC-dependent man-
ner (Pefia et al. 2012; reviewed in Okamura et al. 2015).
This association plays a crucial role in coordination of con-
tinued mRNA transcription, maturation, quality control
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and finally the binding of the Mex67/Mtr2 complex that is
thought to mediate export to the cytoplasm. Whether this
suite of associations holds for the Tlcl RNA remains to be
seen, but it is worth considering that Xpol, the exclusive
export factor for Tlc1, does not directly bind RNA (Hutten
and Kehlenbach 2007). Therefore, Xpol requires an adaptor
protein as a bridge to the RNAs to be exported. In metazoa,
the phosphorylated adaptor for RNA export (PHAX) con-
nects Xpol(CRM1) with telomerase RNA and other RNA
types (Ohno et al. 2000; Boulon et al. 2004). However, for
yeast, a clear homologue of PHAX is not known. Given the
strong indications implicating Mex67/Mtr2 for this role, we
speculate that this complex in fact could be the Tlc1 adaptor
for Xpol, acting as a link between the RNA and the export
receptor and thus ensuring RNA stability as well as transport
(Fig. 1, step 2). Therefore, Mex67/Mtr2 may be viewed not
just as a mobile nucleoporin, but rather as an RNA chaper-
one involved in a variety of intranuclear processes including
RNA stabilisation and nucleo-cytoplasmic shuttling. It is
also worth considering that binding of TREX-1 components
or other proteins on Tlc1 may occur prior to Mex67/Mtr2
binding. Taken together, our hypotheses put forward here
explain how in Mex67-deficient cells, mRNAs as well as
the Tlc1 RNA manage to be transcribed and generated but
cannot be channelled for export and instead are handed over
to the nuclear exosome for degradation.

It has long been known that the 3'-end of the mature Tlc1
RNA is bound by the Sm; heptameric protein complex (Seto
et al. 1999). This so-called Sm; ring binds to selected RNAs,
in particular snRNAs, that contain a specific Sm,-binding
motif near their 3'-end (Jones and Guthrie 1990). A long-
standing model for Tlc1 3'-end protection suggests that the
Sm, complex associates with Tlc1 rapidly after transcrip-
tion (Gallardo et al. 2008), thereby preventing intranuclear
3'-end degradation. However, and very much surprisingly,
recent analyses specifically of newly transcribed Tlc1 mol-
ecules showed that prior to export to the cytoplasm, Sm,
binding was not required for Tlc1 stability (Vasianovich
et al. 2020). Indeed, Tlc1 molecules engineered to lack the
Sm-binding site and thus without the ability to bind the Sm,
ring are transcribed and do reach the cytoplasm, but then get
degraded there (Vasianovich et al. 2020). Hence, the Sm,
ring only becomes essential for Tlc1 stability once the RNA
reaches the cytoplasm (Fig. 1, step 3). Moreover, the very
few detectable Sm;-lacking molecules appeared unable to
re-enter the nucleus, implicating Sm;, ring binding in medi-
ating telomerase re-import as well (see below; Vasianovich
et al. 2020). In a situation where Sm;-lacking Tlc1 RNAs are
expressed and nuclear export is prevented, the RNA remains
in the nucleus and is stable (Vasianovich et al. 2020). Hence,
Tlc1 stability during the intranuclear phase right after tran-
scription is not dependent on Sm; ring binding. These find-
ings conceptually are similar to those described for the
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maturation pathway of snRNAs, for which the Sm, ring is
required for stability only after export to the cytoplasm, not
in the nucleus prior to export (Becker et al. 2019). Never-
theless, and as mentioned above, for newly transcribed Tlcl
RNA molecules, the intranuclear stability prior to export
is very much dependent on Mex67/Mtr2. Remarkably, the
in vivo labelling system further revealed that fully matured
Tlc1 molecules that had completed one round of shuttling
and returned to the nucleus (presumably with the Sm; ring
bound near the 3'-end) were not sensitive to a loss of Mex67/
Mtr2 function anymore (Fig. 1, step 6). This is in line with
the chaperoning role of Mex67/Mtr2 proposed above, which
will only direct new RNA transcripts towards nuclear export
but may not be required for re-imported RNAs. Therefore,
3’-end protection of the Tlc1 RNA occurs in distinct phases
requiring different protein associations: Mex67/Mtr2 ensures
telomerase RNA stability before its nuclear export, whereas
Smy; takes over Tlcl 3’-end protection following its cyto-
plasmic export and subsequent nuclear re-entry. In which
cellular sub-compartment exactly the Sm, ring associates
with the Tlc1 RNA still remains to be determined. Even
though Smj; stabilises Tlcl only after its nuclear export,
it is still possible that Sm; binding occurs in the nucleus
directly after Tlc1 transcription. Alternatively, the Sm; com-
plex could associate with and stabilise Tlc1 only in the cyto-
plasm, similar to what was shown for snRNA (Becker et al.
2019). It is worth noting that knocking out Sm; proteins in
human cells results in cytoplasmic snRNA 3’-oligouridyla-
tion and subsequent degradation by either DIS3L2 or LSm/
XRNI1 (Roithova et al. 2020). Therefore, while the nucleases
involved in cytoplasmic Tlc1 degradation remain undeter-
mined, Tlcl molecules that completely lack the Sm; ring
could be tested for 3'-oligouridylation as a useful first step.

For mRNAs, once they are in the cytoplasm, the nuclear
CBC is replaced by the translation initiation factor eIF4F
that binds to the cap and aids in recruitment of mRNAs to
the ribosomes for translation (Gingras et al. 1999; Fortes
et al. 2000). For snRNAs, CBC is thought to dissociate in
the cytoplasm. For example, in higher eukaryotes, CBC con-
tributes to snRNA nuclear export and subsequently in the
cytoplasm, it is displaced by importin-f which has strong
binding affinity within the nuclear pore complex, driving
nuclear re-import (Izaurralde et al. 1995; Gorlich et al. 1996;
Palacios et al. 1997; Huber et al. 2002; Dias et al. 2009;
Stanley et al. 2018). Additionally, it has been noted that sev-
eral snRNA structures show the actual 5’- and 3’-ends to
be in close spatial proximity (Hughes et al. 1987; Kretzner
et al. 1990; Wan et al. 2016) and one could speculate that
Smj; ring binding at the 3'-end may cause CBC dissociation
from the 5'-end and/or not allowing for association of eIF4F.
The 3'- and 5'-ends of Tlcl RNA are also in close spatial
proximity (Dandjinou et al. 2004; Zappulla and Cech 2004).
Therefore, the snRNA-like arrangement of Tlcl with the
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juxtaposition of the Sm; ring at the 3'-end and the 5'-end
may disfavour CBC binding as reported for most snRNAs
(Schwer et al. 2011). This would also protect the RNA from
being directed towards ribosomes which, given the absence
of a canonical open reading frame (ORF), would lead to
subsequent degradation (Fig. 1, step 3; reviewed in Amrani
et al. 2006).

Completing the first shuttling cycle:
returning to the nucleus, passing
through the nucleolus

Given the nuclear telomere localisation, the Tlcl RNA,
in one form or another, has to get back into the nucleus.
A limited screen of potential re-importer candidates sug-
gested Kap122 as a Tlcl re-import factor (Fig. 1, step 4;
Gallardo et al. 2008). However, Kap122 is not essential and
cells lacking this protein have only a mild, if any, telomeric
phenotype (Vasianovich et al. 2020). Therefore, other and
so far unknown transporters must be involved in Tlc1 re-
import from the cytoplasm. Whether or not Mtr10 works
at this step in the Tlc1 maturation pathway remains to be
determined. Early results were suggestive of such a possibil-
ity (Ferrezuelo et al. 2002), but given the strong pleiotropic
phenotypes of an MTR10 deletion, the mechanistic role of
Mtr10 remains nebulous.

For most species, during snRNA maturation, the bound
Sm; ring not only promotes 3'-RNA stabilisation but also
aids in increased affinity of the Tgsl enzyme for 5’-end
hypermethylation (addition of trimethyl-guanosine at the
5'-end, abbreviated as TMG) (Plessel et al. 1994; Matera and
Wang 2014; Becker et al. 2019). In human, plant, and ani-
mal cells, the presence of Cajal bodies within the nucleolus
provides a concentration of proteins and a place for snRNA
accumulation and methylation by Tgs1. Even though Cajal
bodies have not been detected in yeast, there is evidence of
a similar purposeful nucleolar Tgs1 localisation (Verheggen
et al. 2002; Cioce and Lamond 2005), supporting the notion
that in yeast, snRNAs and snoRNAs undergo trimethylation
in the nucleolus. This final maturation step of the 5'-end,
therefore, requires nuclear re-entry of the RNAs followed
by a passage through the nucleolus. This progression from
Sm; binding, nuclear re-entry, to 5'-hypermethylation in
the nucleolus most likely also applies to the Tlcl RNA
(Vasianovich et al. 2020). Formation of the TMG cap on
Tlcl completes the 5'- and 3'-end modification and matura-
tion steps of the RNA (Fig. 1, step 5).

As mentioned above, in the absence of Sm, binding at the
3'-end, the Tlc1 RNA is degraded and lost in the cytoplasm.
This underscores the functional relevance of a proper 3'-end
maturation. On the other hand, in the absence of Tgs1 and
the 5'-TMG cap, only a slight nuclear Tlcl enrichment is

observed (Gallardo et al. 2008), but no significant change in
overall Tlcl abundance or any major telomeric phenotypes
are caused (Franke et al. 2008). Except for the Ul snRNP,
an absence of the TMG cap does not affect composition or
function of the snRNPs either (Schwer et al. 2011). It is,
therefore, unclear if the TMG cap on the Tlc1 RNA has any
role in telomerase function or whether it is just a by-product
of the 3'-end stabilisation mechanism triggered by the Sm,
complex. Notably, a lack of telomerase RNA methylation
by Tgs1 homologs in species other than budding yeast have
diverse and somewhat opposite consequences. For example,
in human cells, a loss of TGS1 leads to increased telomerase
RNA levels and telomere lengthening (Chen et al. 2020),
while in Schizosaccharomyces pombe, the telomerase RNA
levels decrease (Tang et al. 2012). Nevertheless, in wild
type budding yeast, active telomerase appears to contain
only TMG-capped Tlc1 RNAs (Seto et al. 1999; Bosoy et al.
2003). This finding allows consideration of two possibilities
with respect to TMG capping. First, the telomerase RNP
is only fully assembled after TMG capping in the nucleus.
This possibility would allow for quality control of the RNA
and elimination of faulty molecules before association of
the other telomerase RNP proteins. Second, the telomerase
RNP is assembled before TMG capping, most likely in the
cytoplasm before re-import, essentially still harbouring the
m’G cap. This idea would mean that re-import of Tlc1 and
hypermethylation of its 5'-end occurs in the context of the
whole RNP, as well as being an obligatory step prior to its
entry into the nucleoplasm and subsequent use at telomeres.
Therefore, further work is required to fully understand the
mechanistic details and the role of TMG capping in Tlcl
maturation in budding yeast.

Additional rounds of Tlc1 shuttling

The above describes the solid evidence for at least one round
of Tlc1 RNA shuttling from the nucleus to the cytoplasm and
back. At present, it is unknown whether this cycle repeats and,
if it does, how many times. If Tlc1 shuttles multiple times, why
would it do so? Theoretically, the cycles of Tlc1 trafficking in
and out of the nucleus could be used as checkpoints to ensure
it remains properly folded and functional. This is especially
important for Tlc1, as its stability and long lifecycle potentially
allow for it to be used multiple times as a template for telom-
eric repeat synthesis. In fact, there is some evidence that Tlc1
shuttles more than one time. First, an analysis of the subcel-
lular localisation specifically of matured Tlcl RNAs in wild
type cells over time shows no late accumulation of those mol-
ecules in the nucleus, as would be expected if there was only
one round of shuttling (Vasianovich et al. 2020). Second, even
in cells with a conditional heat-sensitive mutation in MEX67
(that encodes the RNA chaperone Mex67, see above), in which
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after a temperature shift virtually no new Tlcl molecules are
generated, the nuclear vs cytoplasmic distribution of the sta-
ble pre-existing Tlc1 molecules remains normal. Therefore,
these molecules appear to continuously shuttle in and out of
the nucleus even in the absence of a functional Mex67 protein
(Vasianovich et al. 2020).

As outlined above, the nuclear Tlc1 RNA just off transcrip-
tion may not have a Sm, ring at its 3’-end, but its stability
is ensured by Mex67. After the first round of shuttling, the
nuclear RNA contains a Sm, ring bound at the 3'-end. Fur-
thermore, the freshly made Tlc1 RNA has an m’G cap at its
5'-end while the one after the first cycle contains a TMG cap.
In addition, if the CBC complex associates with the m’G cap
of newly synthesised Tlc1, most likely it will be removed in
the cytoplasm prior to nuclear re-import and nucleolar TMG
capping. Therefore, the RNP generated right after transcrip-
tion is different from the one that has completed the first shut-
tling cycle (Fig. 1). By extension, this may mean that after the
initial round of shuttling, the re-export of Tlc1 requires other
factors than the first time around (Vasianovich et al. 2020).
Consistent with this, Mex67 seems to be dispensable for the
re-export of mature Tlcl. Moreover, in the absence of CBC,
mature Tlcl will require alternative RNA-binding proteins
for Xpol-mediated export or a completely different, Xpol-
independent export system (Fig. 1, step 6). There is prece-
dence for such differential requirements of shuttling proteins
in the RNA world. The transfer RNAP' (tRNAP™) molecules
require Mex67/Mtr2, Xpol (CRM1), Los1 and Msn5 for the
first round of nuclear export, while only requiring Mex67/Mtr2
and Xpol (CRM1), but neither Los1 or Msn5 for a subsequent
second re-export (Nostramo and Hopper 2020). This agrees
with another report showing that tRNA export proteins have
differential preferences for various tRNAs, and that Mex67/
Mtr2-Losl is utilised by a subset of tRNAs only for the initial
nuclear export (Chatterjee et al. 2017). Therefore, a differential
requirement for export proteins for newly synthesised versus
mature Tlcl molecules that have completed a first round of
shuttling is quite likely. However, these details of the Tlcl
lifecycle remain to be elucidated.

Taken together, evidently, while it is reasonable to assume
that Tlc1 undergoes multiple rounds of shuttling, to date, all
work relies on experimental approaches using large popula-
tions of cells and/or snapshots in time. Live cell single-mole-
cule tracking could unambiguously document such additional
rounds and also allow investigations on the genetic require-
ments for the two different types of shuttling events.

@ Springer

Pop1
rs
Pop6/7 Est2
%QQ Q = Sm,
Est1 Est3 < A A\3'

IVc stem-loop

CACACACCCACACCA

-
Template | Fzeudoknot

o

yKu70/80

Lo
llc stem-loop

Fig.2 Schematic of the Tlcl binding locations of Popl, Pop6, Pop7,
Estl, Est2, Est3, yKu70/80 and Sm,. The Pop proteins and Estl bind
to the IVc stem-loop. The catalytic core, Est2, binds centrally on the
pseudoknot and utilises the template sequence (shown in red rectan-
gle) to elongate telomeres. Est3 links Estl and Est2, but does not
directly bind Tlcl. The heterodimeric yKu70/80 binds to Tlcl on the
stem-loop Ilc, while the Sm; ring binds near the 3’ end of Tlcl. A
schematic of the two-dimensional RNA structure prediction (without
associated proteins) is depicted in the inset

Tlc1 association with telomerase proteins
and recruitment to telomeres

To date, the yeast telomerase RNP is known to include Est1,
Est2, Est3, Popl, Pop6, Pop7, yKu70/80 and the Sm, pro-
tein complexes. Investigations on the specific RNA-binding
modes of many of those proteins have allowed to localise
them on the predicted two-dimensional architecture of the
Tlc1 RNA (Fig. 2; Dandjinou et al. 2004; Zappulla and Cech
2004; Lemieux et al. 2016). The Estl and the three Pop
proteins associate in close proximity on the IVc stem-loop
(Fig. 2; Seto et al. 2002; Lemieux et al. 2016), Est2 on a
proximal centre where three stems of the RNA are predicted
to meet and form a pseudoknot (Livengood et al. 2002), and
the yKu70/80 heterodimer binds to the apical 48 nt stem-
loop located on the stem-loop Ilc of Tlcl (Fig. 2; Peterson
et al. 2001; Stellwagen et al. 2003). Though Est3 is part of
the telomerase RNP and is required for its in vivo activ-
ity, it does not directly bind Tlc1, instead acting as a linker
between Estl and Est2 (Fig. 2; Tucey and Lundblad 2014).
Est2-Tlcl form the minimal catalytic core of the enzyme,
associating with Estl and Est3 only at specific stages of
the cell cycle, which may serve as a regulatory mechanism,
restricting the time of telomerase function at telomeres
(Fig. 1, step 5; Tucey and Lundblad 2014; Vasianovich et al.
2019). In addition, there is evidence of Est2 dissociation
and telomerase disassembly after telomere elongation in late
S/G2 phase (Tucey and Lundblad 2014). Estl abundance
appears to fluctuate during the cell cycle (Osterhage et al.
2006) which may restrict its ability to associate with Tlcl
to a specific window in late G1/S phase. Altogether, these
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events may help orchestrate the proper timing of telomerase
competence for telomeres. In the absence of any of the Est
proteins, the Tlcl RNA tends to accumulate in the cyto-
plasm, suggesting the cytoplasmic association of Est subu-
nits with the Tlc1 RNA (Gallardo et al. 2008; see below).

As mentioned above, the Popl, Pop6 and Pop7 proteins
associate with a P3-like stem on Tlcl (IVc stem-loop), just
distal to the Estl binding site (Fig. 2; Lemieux et al. 2016;
Laterreur et al. 2018). These proteins are also part of the
evolutionarily conserved RNAse P/MRP complexes that
are essential for cell viability (Esakova and Krasilnikov
2010). Furthermore, they have been implicated in riboso-
mal RNA pre-processing, tRNA processing and general cell
cycle regulation in yeast (Esakova and Krasilnikov 2010).
Popl1 acts as a protective scaffold for the Nmel and Rprl
RNAs in the RNAse P/MRP complexes by providing sta-
bilisation for and shielding the P3 stem-loop, while attach-
ment of Pop6 and Pop7 provide further support for Popl
(Fagerlund et al. 2015). Likewise, the recruitment of Pop
proteins to the Tlc1 P3-like stem could ensure correct archi-
tecture and provide protection prior to the complex acting
on telomeres. Although cytoplasmic accumulation of Tlcl
has been reported in temperature-sensitive pop! and pop6
mutants (Garcia et al. 2020), it is unclear if the accumulation
is due to Tlc1 misfolding or pleiotropic effects associated
with these temperature-sensitive mutations. Severe global
metabolic disruptions brought on by temperature-sensitive
alleles of essential genes could lead to grave cellular dis-
tress, and therefore expulsion of nuclear contents into the
cytoplasm, eventually leading to cellular senescence. How-
ever, given that cytoplasmic accumulation of Tlc1 was also
demonstrated for est mutants (Gallardo et al. 2008; Laterreur
et al. 2013), one could propose that Tlc1 association with
Popl, Pop6 and Pop7, as well as the Est proteins occurs
in the cytoplasm prior to nuclear import (Fig. 1, step 3).
This would align with the idea that cytoplasmic telomerase
RNP assembly is required for telomerase re-import into the
nucleus and could serve as a checkpoint mechanism that
prevents nuclear localisation of misfolded RNA and/or dys-
functional telomerase (Gallardo et al. 2008). Similarly, in
S. pombe, the control of telomerase RNA architecture by
the telomerase component Pof8 ensures that only correctly
folded and therefore functional RNA can be utilised for tel-
omere maintenance (Collopy et al. 2018; Mennie et al. 2018;
Paez-Moscoso et al. 2018; Hu et al. 2020), further indicating
the likely requirement for verification of proper cytoplasmic
Tlcl folding in S. cerevisiae.

The yKu heterodimer, comprised of yKu70 and yKu80,
originally was discovered as the yeast homologue of human
proteins associated with DNA end-binding in preparation
for non-homologous end joining, a form of DNA double-
strand break repair (Feldmann and Winnacker 1993; Boul-
ton and Jackson 1996). Given that avoidance of end-to-end

joining is a key function of telomeres, it was surprising that
yKu proteins were associating with telomeric DNA ends
(Gravel et al. 1998). Later work revealed that yKu also asso-
ciated with the Tlcl RNA and that DNA or RNA binding
was exclusive to one or the other but yKu cannot simultane-
ously bind both (Peterson et al. 2001; Stellwagen et al. 2003;
Pfingsten et al. 2012). It was reported that the yKu—telomer-
ase interaction was important for short-lived telomerase—tel-
omere encounters in G1 phase, supported by a concomitant
yKu-Sir4 interaction (Fisher et al. 2004; Roy et al. 2004;
Fisher and Zakian 2005; Chen et al. 2018). In addition, yKu
was shown to associate with sub-telomeric sites where tel-
omerase is not suspected to be and where it does not have
access to chromosome ends. These associations have been
proposed as an alternate method to ensure that the yKu-Sir4
interaction cannot enable unwanted telomere extensions dur-
ing G1 (Bianchi et al. 2004; Larcher et al. 2016). This Sir4-
mediated recruitment of telomerase to sites near telomeres
may also serve to prevent telomerase association with DNA
double-strand breaks, and thus block inappropriate healing
of such sites by de novo telomere addition. Consistent with
this idea, DNA break repair and telomere elongation appear
to occur in different nuclear sub-compartments (Kramer and
Haber 1993; Gartenberg 2009; Vasianovich et al. 2019). It
must be noted that in principle, telomerase-mediated tel-
omere elongation can occur in G1, but on normal telom-
eres, the presence of Rifl and Rif2 prevents such events
(Gallardo et al. 2011). Therefore, telomerase localisation
to sub-telomeric sites via the Sir4d—yKu—telomerase interac-
tion appears not to be able to support telomere lengthening
and at the same time keeps telomerase from reaching DNA
double-strand breaks.

Telomerase normally only acts on telomeres in late S
phase (Dionne and Wellinger 1996; Wellinger et al. 1996;
Gallardo et al. 2011) and productive telomerase—telomere
interactions during late S phase rely on an interaction
between the telomere-binding protein Cdc13 and Estl on
telomerase (Evans and Lundblad 1999; Gallardo et al. 2011).
Considering all the data together with the fact that in cells
without the yKu—Sir4 interaction, only minor telomere
length phenotypes are observed (Peterson et al. 2001), the
functional relevance of the yKu-Sir4 pathway for telomerase
recruitment in terms of telomere maintenance remains to be
better defined.

Notwithstanding the above and similar to what was
observed for cells harbouring mutations in EST genes, in
cells expressing a tlc/ allele that lacks the yKu binding site,
the Tlc1 RNA appears to accumulate in the cytoplasm (Gal-
lardo et al. 2008). This is consistent with a model predicting
a yKu-TIc1 RNA association in the cytoplasm, together with
the other telomerase components (see above; Fig. 1, step 3).
However, as discussed above for the Sm, binding, it remains
possible that the yKu-Tlc1 interaction occurs earlier, before
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the first nuclear export step. Newly developed techniques
that permit the specific analyses of intracellular localisation
of freshly transcribed versus matured Tlc1 RNAs will allow
to pinpoint the correct interpretation of these early results
(Vasianovich et al. 2020).

Temporal succession of telomerase
component associations and Tlc1 movement

In spite of the mentioned recent work showing how Tlcl
follows consecutive steps of maturation, i.e. first intranuclear
stabilisation by Mex67/Mtr2, export to the cytoplasm by
Xpol, Sm;-mediated stabilisation in the cytoplasm, nuclear
re-import, and Tgs1-dependent methylation in the nucleo-
lus (Vasianovich et al. 2020), the question as to when pre-
cisely the Tlcl RNA associates with the various proteins
remains open. Some circumstantial evidence suggests that
the Est, Pop and yKu associations occur in the cytoplasm
before nuclear re-import and recruitment to telomeres. From
a purely biophysical viewpoint, a complete telomerase RNP
comprised of one Tlc1 RNA molecule complexed with Smy,
Est1/Est2/Est3, Pop1l, Pop6/Pop7 and the yKu heterodimer
should have a manageable size to be transported through
nuclear pores into the nucleus. However, recently it has been
demonstrated that as protein complexes grow larger, the
more Nuclear Localisation Signal (NLS) units are required
for nuclear import (Paci et al. 2020). Therefore, the predicted
rather large size of the yeast telomerase of approximately
1,300 kDa (assumed from individual molecular weight
predictions listed on https://www.rcsb.org/) likely causes a
requirement for one or more NLSs for it to pass through
the nuclear pore. These NLS sequences could be located
on Est, yKu and/or Pop proteins, which, thus, would help to
drive nuclear re-entry of the telomerase RNP (Fig. 1, step
4). Indeed, it would be of interest to determine the location
and involvement of NLSs on the proteins of the telomer-
ase RNP, and how their location may aid orientation and
physical movement of the complex. On the other hand, if
the number of required and accessible NLS domains is not
suitable for nuclear import of the entire telomerase RNP, it
brings to question whether some telomerase subunits may
not be on the RNP at the time of re-import and associate
later. For example, if the proposed cell cycle-dependent Est2
dissociation occurs in the nucleus, where will it reassociate?
Furthermore, if the telomerase RNP cannot be transported as
a fully assembled complex, this would suggest that stepwise
binding of subunits could become a mechanistic checkpoint
before telomerase is able to act on telomeres. This does not
seem unreasonable due to the small number of fully assem-
bled telomerase complexes and the importance of preventing
unwarranted telomerase activity on non-telomeric sites.

@ Springer

Taken together, we speculate that the changing telomerase
RNP composition could be a major reason for its biophysical
behaviour in vivo. On the freshly made RNA, the assembled
protein complexes may strongly favour its export to the cyto-
plasm, presumably mostly driven by the CBC, the TREX-1
and the Mex67/Mtr2 proteins (Fig. 1, step 3). Once in the
cytoplasm, many of those proteins may dissociate from the
RNA and new ones could assemble on it (for example the
Sm, ring; perhaps the yKu-, Est- and Pop proteins). This
would cause a major change in the biochemical properties
of the RNP and exposed NLSs could strongly favour nuclear
re-entry of the RNP (Fig. 1, step 4). Hence, the interplay of
nuclear import proteins and the accessible NLSs on telom-
erase subunits may become critical parameters that deter-
mine composition of the re-imported RNP. There may be
additional changes once the RNP re-entered the nucleus,
which could cause it to be exported again (e.g. temporal
losses of Est proteins or of the yKu complex; Fig. 1, step 6).
In essence, the specific composition of the RNP at any one
point in time will strongly influence its biochemical proper-
ties and hence subcellular localisation. Therefore, the next
challenge will be to determine the telomerase composition
as it changes over time.

Conclusions

The budding yeast telomerase RNA, Tlcl, is a large non-
coding RNA that shares certain maturation and transport
processes with snRNAs and mRNAs, but ultimately follows
its own unique pathway. Despite the currently available
information on Tlcl transcription, modification and shut-
tling, many questions remain in regard to the full telomerase
RNP lifecycle. What is the precise role of Mex67/Mtr2 on
Tlcl RNA after transcription? One possibility is that this
complex acts as a chaperone and export adaptor, associating
with newly transcribed Tlc1 and channelling it for Xpol-
mediated export, thereby preventing its degradation by the
nuclear exosome (Vasianovich et al. 2020). This scenario
raises additional questions: i.e. does Mex67/Mtr2 bind Tlcl
co-transcriptionally and is this association direct or medi-
ated by other RNA-binding proteins, for example proteins
of the TREX-1 complex? What other components of telom-
erase associate very early on the Tlc1 RNA? Is there indeed
more than one shuttling event and what are the components
responsible for shuttling rounds after the first one is com-
plete? Clearly, the composition of the newly made, young
telomerase RNP is different from the matured, or old RNP
after one round of shuttling. How does this affect telomerase
function and stability? Sub-cellular tracking of telomerase
protein subunits alongside the Tlcl RNA is a challenging
prospect, but is a necessary endeavour for increasing the
understanding of telomerase biogenesis and its complete
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lifecycle. Similar investigations are being performed on the
human telomerase RNA as well and most importantly, there
is very good evidence that these insights have clinical rel-
evance (Vulliamy et al. 2006; Walne et al. 2007; Armanios
and Blackburn 2012; Nagpal et al. 2020).
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