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Abstract—Telomerase synthesizes repetitive G-rich sequences (telomeric repeats) at the ends of eukaryotic chromosomes.
This mechanism maintains the integrity of the genome, as telomere shortening leads to degradation and fusion of chromo-
somes. The core components of telomerase are the telomerase catalytic subunit and telomerase RNA, which possesses a
small template region serving for the synthesis of a telomeric repeat. Mutations in the telomerase RNA are associated with
some cases of aplastic anemia and also cause dyskeratosis congenita, myelodysplasia, and pulmonary fibrosis. Telomerase is
active in 85% of cancers, and telomerase activation is one of the first steps in cell transformation. The study of telomerase
and pathways where this enzyme is involved will help to understand the mechanism of the mentioned diseases and to devel-
op new approaches for their treatment. In this review we describe the modern conception of telomerase RNA biosynthesis,
processing, and functioning in the three most studied systems — yeast, vertebrates, and ciliates.
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Telomeres are specialized DNA—protein structures
that are localized at the ends of eukaryotic chromosomes;
their main function is to maintain stability of the genome
[1]. Telomeric DNA consists of repetitive sequences
(telomeric repeats). The classical replication mechanism
cannot provide synthesis of a chromosomal end; that
leads to telomere shortening after each round of cell divi-
sion, destabilization of the genome, and senescence. To
prevent those processes, cell uses different mechanisms,
the main being telomerase activation. Telomerase synthe-
sizes long sequences that consist of telomeric repeats
using a small part of telomerase RNA as a matrix for
telomere synthesis [2]. The telomerase catalytic subunit
(TElomerase Reverse Transcriptase, TERT) and
Telomerase RNA (TR) thus constitute a core enzyme that
can maintain in vitro telomerase activity in the recon-
struction system, while in vivo there are many more fac-
tors needed to provide proper functioning of the enzyme
[3]. Thus telomerase is an RNA-dependent DNA poly-
merase, which acts as a reverse transcriptase on the basis
of its own RNA component.

The telomerase catalytic cycle consists of two stages:
synthesis of a telomeric repeat on the 3’ terminus of a
telomere, and then release of the matrix from the
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RNA/DNA duplex to allow for synthesis of the next
repeat (Fig. 1). Sequential synthesis of the repetitive
sequences on the basis of one single matrix is not an
inherent property of usual polymerases, and it demands a
specific mechanism to release the telomerase RNA
matrix region after each round of replication. The reac-
tion starts from 3'-end telomere binding to the region
downstream of the matrix, which results in formation of a
short hybrid DNA/RNA duplex and then proceeds with
the synthesis of one telomeric repeat. In case of human
telomerases, six nucleotides are reverse transcribed into
the 5'-GGTTAG-3' sequence [4]. After reaching the end
of the matrix region, synthesis stops; newly synthesized
DNA can either translocate to the beginning of the matrix
region or dissociate from the enzyme. Translocation is
known to be a complicated multistage process; its mech-
anism is poorly understood even now, after decades of
extensive studies of telomerase. Translocation involves
several stages: unwinding of the DNA/RNA heterodu-
plex, relocation, and binding of the DNA to the begin-
ning of the template [5]. The ability to synthesize several
repeats in a row is termed telomerase processivity. Its effi-
ciency depends on various factors [6].

Telomerase structure and function, TERT in partic-
ular, were discussed in detail in a recent review [7]. Here
we concentrate on the synthesis and maturation of the
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Fig. 1. The telomerase reaction cycle. The nucleotide sequence is specified for human telomerase.

second component of the telomerase complex — telom-
erase RNA. Its functions are not restricted to providing
the template for telomeric repeat synthesis. Different
parts of the complicated molecule structure shape the
telomerase catalytic center together with amino acids of
TERT, participate in the catalytic reaction of the
nucleotide incorporation, mediate efficiency of the
translocation process [8], condition the association of the
different telomerase protein factors and complex assem-
bly [9, 10], and play a key role in transport [11, 12] and
regulation of telomerase activity [13].

Telomerase RNAs of different organisms vary great-
ly in terms of structure, sequence, and length. The length
of ciliate TR is 147-205 nt, vertebrate TR ranges from 312
to 559 nt, and yeast ranges from 779 to 2030 nt [14, 15].
Comparative and phylogenetic analysis of TRs together
with structural studies has been used to predict the 2D
structure of TR for ciliates and vertebrates [9, 16]. For
yeast telomerase RNA, this was a more difficult task due
to the large length and evolutionary flexibility of the mol-
ecule. However, it has been shown that a large part of
yeast TR is not required for the functioning of the com-
plex [17]. Studies have revealed several elements of high
order structure that are conserved between telomerase
RNAs of different species. In addition to the template
region, TRs contain the Template Boundary Element
(TBE) situated from the 5’ terminus of the template. It
restricts the reaction of reverse transcription in such a way
that telomerase would not be able to synthesize sequence
beyond the template [18, 19]. Also, one can point out a
large region that includes template, pseudoknot, and a
hairpin end [20]. In vertebrates this structure is known as
the core domain, which, together with the CR4/CR5
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domain (trans-activating domain) and TERT allows
reconstruction of the active complex. The other elements
of TR high order structure are specific for particular
classes of organisms. For example, the presence of the
Est1 binding hairpin in yeast TRs [21] or the presence of
H/ACA scaRNA (small Cajal body RNA) domain in the
3’ region of vertebrate TRs [22].

Stable accumulation of most noncoding cellular
RNAs implies processing of the initial transcript. This
can involve RNA splicing, modification of nucleotide
base and carbohydrate skeleton, and association with
proteins, which stabilize the molecule to prevent action of
nonspecific nucleases. We will further look closer at the
formation of the initial transcript and TR processing for
the three most studied groups of telomerase RNA — for
yeast, human (which represents vertebrates), and ciliates.

TRANSCRIPTION AND PROCESSING

Transcription and processing of yeast telomerase RNA
(Fig. 2a). Studies of model systems showed that yeast TR
is transcribed by RNA-polymerase II, capped by
monomethylguanosine (m’G), and polyadenylated [23].
During maturation of the molecule, a polyadenylic tail is
removed and TR is capped by 2,2,7-trimethylguanosine
(TMG) [24]. Telomerase RNA of Saccharomyces cerevisiae
(TLC1) is stabilized by association with Sm proteins
from its 3’ end. The function of Sm proteins is to protect
and stabilize the 3’ end of snRNAs (small nuclear RNAs)
[24]. They function as RNA chaperons and can facilitate
modification or degradation of the RNA, participate in
intracellular transport, and stabilize the RNA molecule
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[25]. The complex functions as a multimer that gathers
from separately associated SmD1-D2, Sm-E-F-G, and
SmB-D3. The primary structure of the vast majority of
TRs includes the Sm protein binding site AU GPu,
which is identical to the Sm site of U4 snRNA. Mutations
in this region of TR result in a cell being unable to process
the 3’ end of the molecule, accumulation of the
polyadenylated form of TR, and transcript degradation
[24]. However, cells remain viable, but telomeres shorten
in the strains bearing mutations in the Sm site [26]. It was
shown that at least 77% of active telomerase interacts with
Sm proteins [24]. Co-immunoprecipitation revealed that
TR is associated with two out of seven Sm proteins —
SmD1 and SmD3. The fact that the Sm complex functions
as heptamer suggested that other Sm proteins also take
part in the biogenesis of TR [24]. TR is polyadenylated in
accordance with the classical cellular mechanism with the
participation of polyA polymerase (PAP1) and protein
RNAT1S5, which is necessary for the dissection of the initial
transcript and polyadenylation [23]. The 5'-regulatory
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region of TLCI contains an AATAA sequence, which cor-
responds to one of the two conserved initiation sites used
by polymerase II in S. cerevisiae. TR mRNA holds several
cis-elements that provide high efficiency of polyadenyla-
tion. In §. cerevisiae, those elements are A-rich position-
ing element, A—U rich element enhancing the efficiency
of the first element, and a polyadenylation site consisting
of pyrimidines and adenosines (YA). Mutations in the sug-
gested cis-elements did not decrease cell viability, but the
position of polyadenylation was changed and the amount
of TR polyadenylated form decreased [23]. Recent data
indicate that the polyadenylation process does not partici-
pate in producing the functional TR transcript, as removal
of the polyadenylation sites does not impact the amount of
processed TR [27]. Moreover, it was shown that the tran-
scription termination site occurs upstream of the
polyadenylation site and includes binding sites for Nrdl,
Nrd3, and Nab3 proteins. Thus, TR is processed in the
same way as for snRNA and involves participation of the
Nrd1/Nab3 termination pathway [27].

'TMG

Fig. 2. Biosynthesis of telomerase RNA and its place in the telomerase complex assembly: a) for ciliates; b) for yeast; differences are specified
for the two most studied yeast species — S. cerevisiae (upper arrow) and S. pombe (bottom arrow); ¢) for human.
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These data are consistent with the fact that
polyadenylated TR of Schizosaccharomyces pombe is not
active in vivo, as it does not provide association of the two
main components of telomerase [26, 28]. This indicates
the importance of the correct 3’ end processing for
obtaining the active transcript. In the case of the fission
yeast S. pombe, 3'-end formation is driven by the splico-
some. The classical splicing mechanism implies two tight-
ly connected events — breakage of the 5’ splice site fol-
lowed by the formation of a “lasso” structure and break-
age of the 3’ splice site with the formation of the covalent
phosphodiester bond between the two exons. However,
only the first reaction takes place during processing of S.
pombe TR, and it results in the removal of the 5’ exon
[29]. Mutation in the 5’ splice site led to a decrease in TR
expression level and to shortening of telomeres, while
mutations in the 3’ splice site or branch point that are
involved in the second step of splicing do not influence
cell viability. Interestingly, completion of both splicing
steps led to inactive TR transcript that degraded rapidly. It
turned out that binding of the primary transcript to Sm
protein complex stimulates splicing [30]. The next step of
TR processing is hypermethylation of the 5’ end of the
molecule, which is followed by the displacement of the
Sm proteins by the Lsm2-8 complex. The latter provides
association of the TR and telomerase catalytic subunit. It
remains unclear what the factor that divides those two
steps in the functioning of the splicosome is. The reason
might be enlarged distance between the branch point and
3’ splice site or the sequence of the intron. The fact that a
change in intron leads to inability of a cell to produce
active TR makes the second supposition quite reasonable
[29].

Several TR of the budding yeast Candida possess
conserved 5’ splice site and branch point [21]. This sug-
gests that the mechanism of partial splicing is also con-
served in Candida species.

Transcription and processing of ciliate TR (Fig. 2b).
Ciliate telomerase RNA (7etrahymena, Euplotes,
Oxytricha) is transcribed by RNA polymerase 111, and its
3’ end finishes with heterogeneous tracts of uracils [31,
32]. The telomerase RNA level increases during develop-
ment of the macronucleus. In accordance with the fact
that RNA polymerase III drives the transcription of cili-
ate TR, there is no polyadenylation of TR in those organ-
isms, and its 3’ end is generated directly as a result of tran-
scription termination. Unlike yeast TR, which is stabi-
lized by proteins characteristic of other snRNAs, stabi-
lization and structure formation of ciliate TR is provided
by specific proteins [33]. In Tetrahymena, TERT and TR
interact only in the presence of p65 protein, which is part
of the enzyme complex. It was shown that p65 and its
ortholog from Euplotes aediculatus bind specifically to TR
in vitro and in vivo [34, 35]. P65 interacts with the termi-
nal hairpin of TR and its 3’ end that is rich in polyuridines
[36], and this interaction increases the affinity of TERT
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to TR. Reconstruction of the telomerase, which was per-
formed with purified p65, TR, and TERT, showed that
p65 is the factor that initiated the assembly of the com-
plex.

Transcription and processing of the human TR (Fig.
2c¢). Similarly with yeast TR, the human one is tran-
scribed by RNA polymerase II [37]. The length of the
maturated transcript is 451 nt. Another common trait of
yeast and human TR transcription is the 2,2,7-TMG cap
on the 5’ end of the molecule. Artificial transcription of
human TR from RNA polymerase I1I promoter could not
provide adequate processing of the molecule, and no
functional transcript could be detected in a cell [22]. This
finding is consistent with the knowledge that the tran-
scription machinery is different for RNA polymerases 11
and III, including editing, capping, and splicing factors
[38].

Despite the similar transcription enzymes that are
used to create yeast and human TR, to date there is no
reliable data on the polyadenylation of human TR.
Vertebrate TR is believed to be non-polyadenylated [38-
41]. Atrtificial expression of human TR with use of CMV
(virus), CAG, and PGK promoters (promoters of the
genes which encode different proteins) provides
polyadenylation of human TR, but the efficiency of the
transcript maturation decreases by tens of times. In con-
trast, TR transcription with the use of IUl promoter
(gene Ul of snRNA) results in the correct processing [39].
These data suggest that the mechanism that led to TR
polyadenylation inhibited TR maturation in vivo.
Changes in the 5’ sequence of TR did not influence the
ratio of processed/non-processed form of the transcript,
which argues against the importance of the 5’ gene region
in the processing. The change in the nucleotide sequence
in the 3’ region downstream from the TR gene also had no
impact on the expression of TR [39].

Several cell types (in particular, LNCaP prostate
cancer cells and immortalized VAI13 fibroblasts with TR
superexpression) contain a TR 3’ end that lacks the core
domain [39, 42]. It includes an H/ACA box, which func-
tions to stabilize and transport snoRNAs (small nucleolar
RNAs) by interaction with the DKC protein complex
[39]. It is likely that in the case of TR, one of the main
functions of the H/ACA box is to stabilize the molecule as
well. It is still unknown what mechanism leads to the for-
mation of this 3’ fragment. It might be the result of endo-
or exonucleolytic digestion or a combination of these
processes. The function of this truncated 3’ fragment is
also unclear, though it is most likely to be an intermediate
product of nonspecific degradation.

One of the factors that determine the 3’ end process-
ing of TR is the sequence in the CR7 element of the
H/ACA scaRNA domain. Interestingly, the same hairpin
contains the signal of TR localization to Cajal bodies
(UGAG nucleotides of CAB box and helix). It has long
been thought that those two signals (localization and pro-
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cessing) are connected [38], but it turned out that they act
independently. Also, it was shown that the 3’ end process-
ing takes place before the localization of the molecule to
Cajal bodies [11]. To date there are no data about the pro-
tein factor that is responsible for the processing of the 3’
end of human TR.

LOCALIZATION AND TRANSPORT

Localization and transport of yeast TR. Studies of TR
localization include different methods. The one that is
used most is ChIP analysis (Chromatin Immunoprecipi-
tation), which gives a clue about the interaction of telom-
erase and telomeres in a large population of cells. By
methods of ChIP analysis, it was shown that in . cere-
visiae TLC1 and Est2 associates with telomeres starting
from G1 to late S phase. These results suggested the
model in which telomerase is present on telomeric ends
from G1 to S phase in an inactive form, and it is activat-
ed only in the late S phase specifically on the shortest
telomeres [43]. The alternative model proposes that
Cdcl13 protein, which interacts with single-stranded
telomeric DNA, brings telomerase complex to short
telomeres in late S phase. This process is driven by the
interaction of Cdcl3 and Estl protein (a participant of
the yeast telomerase complex). ChIP analysis also showed
that there were increased amounts of Cdc13 and Estl on
telomeres in the late S phase. This model is also support-
ed by genetic studies, where Cdc13—Estl1 fusion compen-
sates for AEst1 phenotype [44].

Recent data on the changes in telomerase localiza-
tion during the cell cycle also speak in favor of the second
model [45]. The system contained a TR sequence with
MS2 hairpin on its 3’ end, while GFP reporter was fused
to the MS2 binding protein. The results showed that dur-
ing G1 and G2 phases TLC1 was associated with TERT,
but stable association with telomeres was not detected.
However, in the late S phase TR molecules gather in clus-
ters on short telomeres, and this event correlates with
telomere lengthening. Cluster formation depends on the
factors that bring telomerase to telomeres — MRX, Tell,
Rifl, Rif2, and Cdc13. Rifl and Rif2 act as negative reg-
ulators preventing telomere synthesis out of late S phase,
and their absence provides telomere lengthening even in
G1 phase [45].

Several studies suggest importance of telomerase
transport to the cytoplasm for the proper functioning of
the complex [37, 46]. Mutations in the MTRI0 gene
encoding for importin B, which is necessary for the
import of mRNA binding proteins to the nucleus, lead to
telomere shortening. The cells with mutant MTR10 accu-
mulated superexpressed TLC1 in the cytoplasm, and at
the same time TR level of processing and transcription
remained the same [47]. Knockout of each of the Est pro-
teins, Ku70, or MRX complex also resulted in the accu-
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mulation of TLC1 in the cytoplasm [46]. This effect
might reveal the necessity of TLC1 going to the cytoplasm
as one of its biogenesis steps, or inability of the nucleus to
hold TLCI in mutant strains due to the lack of the need-
ed components. Use of the heterokaryon model system
showed the exchange of TLC1 between nucleus and cyto-
plasm, thus indicating the correctness of the first model.
TR export is mediated by exportin Crmlp, while
importin B, Mtrl0, and Kap122 are responsible for its
import into the nucleus [46].

The described nuclear—cytoplasmic transport is
reminiscent of the biogenesis and assembly of snRNP
(small nuclear ribonucleoprotein) in multicellular organ-
isms, where snRNA is exported to the cytoplasm with the
help of Crml, gains a TMG (trimethylguanosine) cap,
and binds to Sm proteins before going back to the nucle-
us [37]. Processed TLC1 possesses TMG cap and binds to
Sm proteins as other yeast snRNAs. Methyltransferase
Tgsl1 is responsible for the hypermethylation of TR in
yeast; it is localized in the nucleolus. Knockout of the
TGS1 gene inhibits TLC1 hypermethylation and results in
accumulation of TLC1 in the nucleolus. It is likely that
TLCI transport to the nucleolus is followed by its export,
because the strain deficient for Crm1 protein accumulates
hypermethylated TLCI in the nucleolus.

Because TLC1 accumulation in the nucleus requires
the presence of all three Est proteins and Ku70/80 het-
erodimer, those factors are likely to serve for import
and/or retention of TLC1 in the nucleus [37]. It is possi-
ble that TLC1 and Est proteins form a complex in the
cytoplasm that activates telomerase transport into the
nucleus. Estl protein level varies during the cell cycle — it
decreases in G1 and increases in G2 and S phases.
However, this does not impact TR accumulation in cyto-
plasm, meaning that at each moment of cell cycle there
are enough Est proteins to assemble with TR and export
it to the nucleus. Once being in the nucleus, telomerase is
attached to telomeres, and this interaction is thought to
be mediated by the Ku70/80 proteins [48].

It is possible that the transport of TR to cytoplasm
serves as the quality control for the folding of the mole-
cule. The TR structure represents a “flexible platform”
[17] that tethers telomerase protein components. It might
be that correct conformation of TR is determined in the
cytoplasm. TR that was incorrectly folded would not be
able to mediate telomere elongation, while retention of
such a molecule in cytoplasm would reduce possible harm
to a cell [37].

Localization and transport of vertebrate TR. In con-
trast to yeast TR, the vertebrate one possesses an H/ACA
box. The presence of this element changes significantly
TR biogenesis in higher organisms. Functional similarity
between the H/ACA box of hTR (human TR) and
snoRNA was confirmed by mutagenesis. Mutations that
impaired H/ACA consensus in TR led to a significant
decrease in TR level in Hela cells [22]. It was also shown
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that a small amount of TR localizes in the nucleolus. The
necessity of the H/ACA domain in vivo and subcellular
fractionation profile followed by the detection of TR
transcript in different cellular organelles argue that one
step of TR processing occurs in nucleolus, and after that
TR is transported to the cytoplasm. It was suggested that
the nucleolar telomerase complex possesses different
properties in comparison with cytoplasmic or nuclear
telomerase holoenzyme [22]. Unfortunately, there is no
data on the role of TR localization in the nucleolus. The
apical loop of the TR 3’ hairpin contains a CAB sequence
(5'-UGAG-3"), which is a specific signal of localization
to Cajal bodies [49]. In the case of human TR, sequences
that could be responsible for modifications are not con-
served, so it is unlikely that TR participates in the modi-
fication of RNA [50]. The H/ACA domain is thought to
mediate TR transport to Cajal bodies. The H/ACA box
structure is characterized by two irregular hairpins and an
internal loop between them. The internal single-stranded
region contains a conserved H box (5'-ANANNA-3' con-
sensus); the 3’ end of the element possesses a 5'-ACA-3’
motif, which is 3 nt before the end of the processed TR
transcript. In addition to the H/ACA motif, scaRNA also
contain a CAB box (this one is located in the CR7 ele-
ment of TR), which is necessary for TR 3’ end processing,
accumulation, and transport of TR into Cajal bodies [51,
52]. The change in CR7 element in hTR to U64 snoRNA
does not influence RNA processing, but this results in
hTR being localized in the nucleolus instead of Cajal
bodies. Similarly with yeast TR, hTR (and hTERT) are
present at telomeres in S phase to perform telomere repli-
cation in cancer cells [40, 53, 54]. By methods of in situ
hybridization (FISH), it was shown that in cancer cells
(HeLa and Hep2) during the major part of cell cycle hTR
is localized in Cajal bodies [40, 53]. Notably, 25% of
telomeres associated with TR colocalize with Cajal bod-
ies as well. Moreover, fluorescence microscopy showed
the movement of Cajal bodies together with telomeres in
S phase for 10-40 min. Taken together, the data suggest
that telomerase maturation and assembly with telomeres
take place in Cajal bodies [12, 40]. In a system where
HelLa cells superexpressed TR, the CAB box (signal of
localization to Cajal bodies) was not necessary for telom-
ere maintenance, although its presence accelerated
telomeric DNA synthesis and increased telomere length
[12].

In spite of the fact that h'TR expression occurs is nor-
mal cells, it has so far been impossible to trace hTR asso-
ciation with telomeres, Cajal bodies, or other nuclear
structures; on the contrary, it is distributed evenly in the
nucleus [55]. It was shown that association of hTR with
telomeres and Cajal bodies depends on hTERT. hTERT
knockdown did not influence total hTR level, but led to
the loss of the association between hTR, telomeres, and
Cajal bodies. It is notable that hnTERT expression in cells
that lack telomerase activity (primary cell culture or can-
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cer cell lines with alternative mechanisms of telomere
elongation) causes association of hTR with both telom-
eres and Cajal bodies. It was shown that elevated levels of
hTR, Cajal bodies, SV40 T antigen, or oncogene RAS do
not impact hTR localization [56]. Therefore, to date the
only factor that is known to be responsible for the differ-
ence in hTR localization in normal and cancer cells is the
telomerase catalytic subunit.

The presence of an H/ACA box in vertebrate TR
causes its association with the two core components of
H/ACA snRNA — these being proteins hGarl and
dyskerin (human analog of yeast Cbf5 protein).
Expression of h'TR in §. cerevisiae initiates cooperation of
the processed hTR form with proteins of H/ACA
snRNP — Cbf5, Nhp2, Nop10, and Garl. Three of these
(except Garl) are necessary for hTR accumulation in a
yeast cell. At the same time, endogenous TLC1 does not
require any of these factors for its biogenesis, and it is
unlikely that it interacts with them. This experiment
demonstrates that yeast TR, in contrast to the vertebrate
one, is not related to H/ACA snoRNA class [56].

The same interaction of hTR with the proteins of
H/ACA snoRNP takes place in a human cell [50]. First,
all three main H/ACA components co-purify with h'TR.
Dyskerin, Nop10, and Nhp2 were detected by mass spec-
trometry in the telomerase extract purified from a human
cell line [57]. Using tandem affinity purification, the
authors determined the stoichiometry of H/ACA
snoRNP proteins and hTR. The 3’ end of hTR binds
independently to two sets of H/ACA snoRNP proteins
(dyskerin, GAR1, NOP10, and NHP2). It was also shown
that TCAB1/WDR79 exists in one copy for the telom-
erase complex, and its association depends on the CAB
box consensus in the 3’ hairpin of hTR [50]. The CAB
box protein TCABI is not necessary for telomerase func-
tioning, but it promotes accumulation of hTR in Cajal
bodies. TCAB1 knockdown in a fibrosarcoma cell line
caused telomere shortening, and it was therefore suggest-
ed that hTR accumulation in Cajal bodies plays an
important role in telomere length maintenance [73]. One
should remember that those effects were detected in can-
cer cells. It is so far unclear whether there is any localiza-
tion of hTR to Cajal bodies in normal cells. The 5'-
H/ACA box hairpin does not influence telomerase activ-
ity. It might have evolved in such a way that it does not
influence TR processing and is not used for other RNA
modifications, and its role is currently unclear [50]. There
are many mutations in the gene of dyskerin DKC1 that are
associated with X-linked recessive dyskeratosis. For some
patients, it was shown that mutations in NOLAZ2 gene,
which encodes for NHP2, and NOLA3 gene, which
encodes for NOP10, correlate with autosomal recessive
dyskeratosis. Dyskerin and proteins associated with this
factor participate not only in the telomerase biogenesis,
but also in the function of ribosomes [59]. However, those
mutations do not influence ribosomal RNA processing in



1126

human cells. Two mutations in the WRD79 gene encoding
TCABI have been described, and these lead to autosomal
recessive dyskeratosis. These mutations led to the impair-
ment of TR processing, which resulted in decreased
amounts of active telomerase complex [5].

INTERACTION WITH ADDITIONAL PROTEINS

Interaction of TR with additional proteins in yeast.
Yeast TR represents a “flexible platform” that serves to
assemble proteins, in particular telomerase catalytic sub-
unit Est2 and complementary proteins such as Est1, Est3,
Cdcl13, and Ku70/80. Proteins Estl and Est2 bind inde-
pendently and directly to TLCI [15, 17], while Est3 pro-
tein is attached through the interaction with Est2 that is
connected to TR [37]. The telomerase catalytic subunit is
a necessary component of the enzyme, whereas Estl and
Est3 are not needed for the function of telomerase in
vitro. Estl protein was shown to activate telomerase
depending on the cell cycle phase. It is likely that this
process occurs via interaction with Cdc13 protein in late
S phase [60, 61]. Est3 protein specifically unbinds
DNA/RNA heteroduplexes in a GTPase dependent man-
ner [62, 63]. Therefore, it is possible that Est3 is one of
the factors that are responsible for the processivity of
yeast telomerase. Heterodimer Ku70/80 interacts with
TLCI1 hairpin. It mediates interaction of telomerase with
telomeres depending on the cell phase [60, 61].

Interaction of TR with additional proteins in verte-
brates. Among the protein factors that co-purify with
human telomerases, there are Sm proteins, proteins bind-
ing to mRNA (hnRNPs), and NTPases [57, 64].

Only two of seven Sm proteins (SmB and SmD3) are
associated with hTR. Telomerase associated with these
factors is active [64]. It turned out that the other scaRNA
represent the same situation: all of them interact with two
Sm components out of seven, which are necessary for the
classical functioning of Sm [64]. It was shown that telom-
erase extract co-immunoprecipitated with antibodies
against hTERT from HelLa cells contained a small
amount of SmD1 protein. Vertebrate TR lacks a distinc-
tive U-rich Sm protein-binding site. It was shown that
association of hTR and Sm proteins is mediated by a CAB
box, which functions to transport RNA molecules to
Cajal bodies. Mutation in a CAB box consensus 5'-
UGAG-3' to 5'-UGAC-3’ leads to lack of interaction
between TR and Sm proteins and to TR being accumu-
lated in nucleus, which is in accordance with previous
data. However, this mutation does not prevent association
of TR and TERT and does not influence telomere length.
These data do not confirm that SmB and SmD?3 recog-
nizes CAB box directly. It might be that lack of interac-
tion happens due to the impairment of hTR localization
to Cajal bodies [64]. Recently published data claim that
Sm proteins binding to TR facilitates 5’ end modification
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with TMG cap. The same mechanism could contribute to
the biogenesis of hTR.

Proteins hnRNP C, hnRNP U, NATI10 (N-acetyl-
transferase No. 10), and GNL3L (guanine-binding pro-
tein 3 or nucleostemin) co-purify with telomerase from
Hela cells, where telomerase was superexpressed [57,
65]. h'TR is shown to contain a consensus sequence (nt
38-43) that binds to hnRNP C protein [57]. Removal of
this sequence leads to lack of interaction between hnRNP
C and hTR but does not impact hTR accumulation in a
cell. Previous studies suggested a direct role of hnRNP C
in telomere synthesis [66]. However, in the system where
primary fibroblasts from patients carrying X-linked
dyskeratosis congenita do not possess functional endoge-
nous TR [67], telomerase activity was restored after the
transfection of hTR with deleted region 38-43 or G414C
mutation (the one that is responsible for h'TR localization
to Cajal bodies and interaction with Sm proteins) [57].
This indicates that telomerase transport to Cajal bodies,
interaction with Sm proteins, or hnRNP C do not play an
important role in telomere elongation, at least in primary
cells. On the other hand, superexpression of hnRNP C1
or hnRNP U in fibrosarcoma cell line results in extensive
shortening of telomeres. Superexpression of hnRNP Al
elongated telomeres [68]. Telomeres in a system where
GNL3L or NATI10 were superexpressed also became
shorter, and notably telomerase activity was twice as
increased under the superexpression of NAT10 protein
[57].

NONCANONICAL FUNCTIONS
OF TELOMERASE RNA

A number of studies indicate that elevation of hTR
expression level is an early step in the development of
cancer. Also, hTR expression level correlates better with
cancer malignancy than the level of hTERT expression or
telomerase activity [69]. Mice with a deleted TR gene are
viable for six generations, till the moment of critical ero-
sion of telomeres. It is notable that the first generation of
those mice, where telomeres are long enough to maintain
the stability of the genome, is less susceptible to the devel-
opment of skin cancer [70].

These experiments suggest that TR functions not
only as a part of the telomerase complex, but that it might
possess some additional functions [71]. Inhibition of hTR
expression causes cell cycle arrest that is associated with
activation of p53 and CHK1; this effect is not dependent
on the presence of hTERT. In this system, hTR sup-
pressed activation of p53 and CHK1-dependent pathways
in response to genotoxic stress. These effects are
explained by the interaction of hTR with ATR kinase.
Therefore, increase in hTR expression is a sufficient fac-
tor to impair ATR-dependent response to DNA damage.
It was also shown that the interaction between TR and
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ATR-kinase is specific and leads to the inhibition of TR
activity in vitro and in vivo [71]. Further studies revealed
that UV radiation, which leads to ATR activation, also
increased the endogenous level of TR, and this happened
independently of telomerase status.

The concept of TR functioning as a mediator of cel-
lular response correlates well with the knowledge about
TR biogenesis. This function explains the constant
expression of hTR in somatic cells, while hTERT and
telomerase activity could be detected in a limited number
of cell types with increased cell proliferative potential. It
also provides evidence for the independent role of TR in
development of cancer and explains superexpression of
hTR in cancer cell lines [13, 71].

In this review, we have tried to generalize recent data
about TR maturation and functioning in different organ-
isms. It is obvious that the aspects of TR regulation and
biogenesis are tightly linked to the function of telomerase
complex, though there are evidences about TR-inde-
pendent functioning in a cell. There is much more to
learn in this field. One of the most interesting questions is
the difference in telomerase functioning in normal and
cancer cells (apart from the impairment of telomerase
gene regulation). A good example of such a difference is
telomerase localization to Cajal bodies — this was detect-
ed reliably only in cancer cells; in normal cells this
process is still questionable. It is thought that Cajal bod-
ies serve as a place for the assembly of TERT and TR into
the active complex, but apparently this interaction takes
place without Cajal bodies in normal cells. So what is the
difference? Unfortunately, the interaction of TERT and
TR is one of the least studied aspects in the structural
chemistry of telomerase. Further studies on telomerase
RNA functioning will clearly be a new step in under-
standing the bases of the development of many diseases
and new approaches for their treatment.
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