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Telomerase is the only known eukaryotic-specific enzyme with reverse transcriptase activity, which adds telomeric
repeats at the ends of linear chromosomes. In this way, it counteracts telomere shortening and cellular replicative
senescence. Telomerase consists of a catalytic protein subunit with reverse transcriptase activity (TERT), and an
essential RNA component known as telomerase RNA component (TERC) that contains a template for the synthesis
of telomeric DNA, as well as additional proteins (dyskerin, NHP2, NOP10 and GARL1 in vertebrates) that play
crucial roles in its biogenesis, localization, and regulation. Beside its telomere-elongating activity, a growing

number of studies have evidenced non-telomeric functions.

telomerase gene regulation mitochondria apoptosis

| 1. Introduction

Since its discovery by Greider and Blackburn [ (preceded by the prediction of its existence by Olovnikov ),
telomerase has attracted the attention of many researchers, probably because of its unique, distinctive features: it
is the only known eukaryotic-specific enzyme with reverse transcriptase activity, and it counteracts replicative
senescence, potentially allowing cells to be immortal. Moreover, the idea that “normal” cells do not express
telomerase and tumor cells do prompted the idea that a specific target to kill only cancer cells (without harming the
normal ones) had been found . The real picture, however, is far more complex, since many somatic cells express
telomerase: not only hematopoietic stem and progenitor cells 4, but also many types of epithelial cells, such as

keratinocytes 2! and lens epithelial cells €.

| 2. Telomerase: Function and Components
2.1. Telomerase Function

Telomerase is a reverse transcriptase that adds telomeric repeats at the 3' ends of linear chromosomes [l These
sequences are TTAGGG in most eukaryotes (and most probably represent the ancestral motif) but show many
variations in several lineages . Telomerase activity, through telomere elongation, helps to maintain genome

stability, preventing chromosome ends from being recognized and processed as DNA double strand breaks &

Telomerase consists of a catalytic protein subunit with reverse transcriptase activity (TERT), and an essential RNA

component known as telomerase RNA component (TERC) that contains a template for the synthesis of telomeric
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DNA [ The telomerase holoenzyme also contains additional proteins (dyskerin, NHP2, NOP10 and GARL1 in

vertebrates) that play crucial roles in its biogenesis, localization, and regulation L9[21],

The telomerase catalytic cycle comprises two main phases: the synthesis of a single telomere repeat, and the
repositioning of the template for the synthesis of additional repeats. More precisely, it includes four stages: primer

binding, elongation, translocation and dissociation (&,

The reaction starts by binding the DNA primer at the 3' end of the telomere with the 5’ region of the RNA template
of telomerase, which results in the formation of a short hybrid DNA/RNA duplex and then proceeds with the
synthesis of one telomeric repeat. Once the repeat is completed, nucleotide addition arrests, followed by
translocation of the RNA template. The translocation is a complex multi-step process and it has been shown to
occur outside the active site 12, Through this process, a single primer can be extended with numerous telomere

repeats before complete disassociation from the telomerase enzyme 13114],

For telomerase activity, TERT is usually considered the limiting factor, because in humans it is repressed in most
somatic tissues, while TERC is constitutively expressed 121, |t is true that tissues with no TERT expression show no
telomerase activity (and not only in humans). However, while databanks for the expression of TERT in different
types of cells and tissues are abundant, the same cannot be said for TERC (as for many other ncRNASs). Thus, so
far, it is difficult to have a clear picture of cell- and tissue-specific TERC expression. Moreover, Avillon et al. [28!
stated that TERC expression is a bad predictor of telomerase activity (while TERT expression is a good one), but
they also found that TERC is expressed at very low levels in human normal brain, muscle and lung tissues and at
low levels in breast and liver. More recently, Castle et al. [1Z1 measured the expression of TERC in different human
tissues. Moreover, Hartmann et al. (28] measured TERT and TERC expression in different tissues of the turquoise
killifish (Nothobranchius furzeri), finding the same trend for both and their agreement with telomerase activity.
Finally, it was also shown that TERC upregulation is an essential characteristic for telomerase induction in induced
pluripotent cells 29, Therefore, it can be summed up that TERC is expressed in more human tissues than TERT

and in higher abundance, but also TERC expression shows significant differences between tissues and cell types.

2.2. TERT Structure

The TERT protein is the catalytic component of the core of telomerase enzymes. This protein is composed of four
conserved structural domains (Figure 1): the telomerase essential N-terminal domain (TEN), the telomerase RNA

binding domain (TRBD), a central catalytic RT domain, and C-terminal extension (CTE).
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Figure 1. Architecture of of human TERT and alternative isoforms. TEN: telomerase essential N-terminal domain;

TRBD: telomerase RNA binding domain; CTE: C-terminal extension. Isoform a shows a partial loss of Reverse
Transcriptase-motif A. Isoform (3 shows partial loss and sequence variation of the IFD domain, as well as loss of
the D and E fingers motifs and CTE domain. Isoform y is similar to a, but also shows the loss of the E finger motif.

Del-e2 is composed only of part of the TEN domain and T-motif (Figure by lon Udroiu).

The TEN domain is necessary for telomerase functioning in vitro and in vivo. The N-terminal contains several
conserved telomerase-specific motifs, which are important for TERT-TERC binding interactions and for the rate of
template copying during telomere synthesis [29[2122] This domain also contains ‘anchor’ sites that bind single-
stranded telomeric DNA [23], allowing the complete delay disassociation of the DNA product from the enzyme and
increasing repeat addition processivity. The TEN domains include RNA interacting domain 1 (RID 1), with a low-
affinity binding site for the RT template/pseudoknot domain 241,

TRBD domain is unique to TERT protein, conferring the ability to use internal RNA templates upon addition of
telomeric repeats. In addition, it contains RNA interacting domain 2 (RID 2) which has a high affinity for the three-
way junction domain of TERC [23. The protein-RNA interactions through RID1 and RID2 are essential for
telomerase assembly (28, The TRBD domain contains mainly helical motifs, including the CP, QFP and T motifs
that participate in RNA binding 2711281,

The catalytic domain of TERT is the most characterized region of the protein and contains seven evolutionary
conserved RT domains, essential for its enzymatic activities 2929 This domain has seven motifs: 1, 2, and A, B,
C, D and E. The RT domain is described as a right hand divided in two subdomain that resemble the ‘fingers’ and
‘palm’ B9, The finger domain helps to bind incoming nucleotides, while the palm represents the catalytic site 11,

Within the RT domain, a telomeric-specific motif (motif 3) is specific to high repeat addition processivity 221,

The CTE domain represents the so-called “thumb”, constituted by a helical bundle containing several surface-
exposed loops that contributes to the formation and stabilization of an RNA-DNA heteroduplex in the enzyme
active site 3381, Moreover, a nuclear export signal (NES) motif is present in these domains that allows TERT to exit

through nuclear pores [34133],
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2.3. TERC Structure

A unique feature of telomerase is that the RNA template for DNA synthesis is an integral component of the
holoenzyme. Being an ncRNA, TERC shows very little sequence conservation between species. In fact, mutations
in ncRNA genes are not constrained by the genetic code and what is conserved is the secondary structure and not
the sequence. Therefore, TERC is extremely difficult to find, even in not-so-distant species. So far, it has been

found in ciliates 28, Plasmodium 27, land plants 28], Ascomycota 22, and metazoans 49.

Despite no sequence conservation, TERC shows two domains conserved in all species: a pseudoknot/template
core domain and a three-way junction domain 1. Ciliate telomerase RNA, the simplest and shortest one,
comprises only those. In yeasts (with the longest sequences), several other conserved domains are present, one of
them binding to Ku and another to Sm proteins 9. In echinoderms and vertebrates (Figure 2), the third one is the
box H/ACA (typical of small Cajal body-specific RNAs, scaRNAs) domain 42,

Dyskerin

Figure 2. Human telomerase holoenzyme. TERC (structure in black) comprises the pseudoknot/template core
domain (including template and template boundary element, TBE) and the CR4/5 domain (three-way junction),
which are associated with TERT. In the scaRNA domain, two dyskerin molecules are bound to TERC through the H
and ACA boxes. NHP2 (in green) and TCAB1 are also bound to TERC, while NOP10 and GAR1 are bound to
dyskerin (Figure by lon Udroiu).

The core domain is essential for telomerase activity in vitro and in vivo 43l This region contains the template for

telomere addition, the 5' boundary element, TERT binding site and a conserved pseudoknot structure 4244l The
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template sequences can be divided into a 5' region encoding for telomeric DNA repeats and a 3' region annealing
to the DNA primer after template translocation. In addition, the template is near, on the 5' end, to the template
boundary element (TBE) that defines the end of the templating sequence (Figure 2). The pseudoknot contains a
triple helix and the loss or disruption of this structure drastically reduces telomerase activity 22/48] |t is thought that
its conformation is involved in the translocation of the template 12, which happens while the binding between
TERT and the telomere is maintained. In summary, the TERC template/pseudoknot domain has a complex

structure, necessary for the correct functioning of the holoenzyme 241,

A domain shared by all studied TERCs is a three-way junction distal to the template/pseudoknot domain, which is
indispensable for enzymatic activity #2481 |n animals 49, it is composed by the CR4/5 domain (Figure 2). With its

L-shaped three-way-junction conformation, its two arms clamp onto the TRBD domain of TERT 42!,

In animals ¥9 TERC has a conserved H/ACA domain located at the 3' end (Figure 2). The H/ACA domain
contains two stem-loops separated by a conserved H box that is located at the hinge region. The ACA box is
located at the 3'-end and serves as binding site for dyskerin BUBLIE2 The bulge of the 3' stem-loop of the H/ACA
domain shows a Cajal body localization (CAB box) moiety, allowing the binding of TCAB1 protein L9BAIGS] This

domain is essential for TERC stability, processing, nuclear localization and telomerase activity in vivo 4354]55],

2.4. Secondary and Accessory Proteins

TERT binds only to TERC and to telomeres (including both telomeric DNA and telomeric proteins). TERC, instead,
binds to different accessory proteins, essential to its localization, maturation, 3' processing and ribonucleoprotein
biogenesis B8, TERC, through two stems present in the H/ACA domains (Figure 2), interacts with the protein
complex formed by dyskerin, NOP10, NHP2, and GAR1 proteins 7.

Dyskerin is a nucleolar protein, fundamental for many cellular processes. The main function of dyskerin is to bind
scaRNAs, thanks to the H and ACA boxes 58, Dyskerin catalyzes the pseudouridylation of specific residues in
ribosomal RNA and in small nuclear RNA BEAI61I62] |n gssociation with NHP2 and NOP10 (Figure 2), it forms a
core trimer that directly binds to the H/ACA domain of TERC and regulates its stability 63 GAR1, instead, binds
only to dyskerin (Figure 2).

GARL1 is characterized by glycine—arginine-rich domains and is required for pre-rRNA processing 4. NOP10 is
characterized by a zinc ribbon domain in the N-terminal region 2. Both NOP10 and GAR1 bind to dyskerin and
are not directly bound to TERC [B3I63l Conversely, NHP2 is an RNA binding protein, but the specificity for the
binding of H/ACA scaRNAs by NHP2 comes through its association with dyskerin via the small intermediate protein
NOP10 621,

Telomerase Cajal body protein 1 (TCAB1 or WRAP53) binds TERC for localization in the Cajal bodies, where the

telomerase biogenesis to generate an active telomerase complex occurs [12168],
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Other proteins interact, temporarily, with telomerase; Hsp90, p23, pontin, reptin and others are required for the

assembly of the telomerase complex and its translocation from the cytosol to the nucleus [,

2.5. Has Telomerase Any Non-Telomeric Function?
2.5.1. Addition of Telomeric Repeats at Double-Strand Break Sites?

As said before, dozens of reviews have discussed the extra-telomeric functions of “telomerase”. In reality, all these
articles are about TERT, and not about the telomerase holoenzyme. The only known putative extra-telomeric
function of this enzyme is its activity (addition of telomeric repeats) at double strand break (DSB) sites 68, This is
often cited in studies on karyotype evolution to justify the presence of interstitial telomeric sequences (ITS) 2. The
article by Flint et al. 881, however, did not investigate telomerase presence or activity at DSB sites, but studied
telomeric sequences present on truncation breakpoints on the 16p chromosome arm of six patients. Their
conclusion is based on the fact that, in five patients, the three or four nucleotides preceding the breakpoint are
complementary to the TERC template. However, how can telomerase recognize a broken chromosome? Indeed,
telomerase is recruited to telomeres by TPP1 (29 which, so far, is known to be present only in the shelterin

complex.

The reason for the presence of telomeric repeats at “truncated” chromosomes is that, in reality, these are not
truncated, i.e., the result of terminal deletions, but represent interstitial deletions. This hypothesis was already
made by Furuya et al. [ in order to explain the presence of telomeric sequences on the deleted short arms of
chromosomes 9 and 10 in promyelocytic cell line HL-60. Moreover, Meltzer et al. [Z21 demonstrated that apparent
terminal deletions characteristic of tumor cells and syndromes such as Miller-Dieker and Wolf—Hirschhorn are, in
reality, subtelomeric translocations which were undetectable using conventional cytogenetics. These phenomena
could be experimentally reproduced by X-irradiating fibroblasts (which do not express telomerase) and
investigating whether or not some “truncated” chromosomes in reality show telomeric sequences (by Fluorescence

In Situ Hybridization with a telomeric probe).

Nonetheless, telomeric sequences addition at broken chromosomes has been reported in a variety of species.
McClintock (3] observed that dicentric-derived broken chromosomes acquire telomeres in maize. Fan and Yao 74
observed telomere formation during programmed chromosome breakage in Tetrahymena thermophila, and this
was not dependent on the presence of a telomeric sequence at the break site. Matsumoto et al. 2 found novel
telomeres on minichromosomes obtained by gamma-ray cleavage in the fission yeast Schizosaccharomyces
pombe; they excluded the possibility of a recombinational event because “their chromosomal counterparts showed
no sign of gross rearrangement”. Moreover, in the budding yeast Saccharomyces cerevisiae, Kramer and Haber
78] ohserved the de novo addition of telomeric sequence, but only when a telomeric sequence was present
proximal to the break site, suggesting that this was needed as a primer for telomerase. Since they used an RAD52-
deficeint strain, they concluded that recombination was impossible. However, in this same species, Wang and
Zakian [ observed telomere acquisition through a “novel recombination process involving a gene conversion

event that requires little homology, occurs at or near the boundary of telomeric and nontelomeric DNA”; they
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suggested that this non-reciprocal recombination can also happen at non-telomeric ends, either through bypass or
digestion until a telomere-like sequence. It should be added that Break-Induced Replication (BIR), one mode of
action of ALT, can be both RAD52-dependent and -independent [Z8] Therefore, in some of the species listed above,
de novo telomere addition could be due to ALT and not telomerase activity. In any case, all these species being so
phylogenetically far from vertebrates, whether or not telomerase activity at DSB is really possible in human cells

should be investigated, as DSB, lacking TPP1, seems unable to recruit telomerase.

It should be noted, however, that the article by Flint et al. 88 was not about ITS, but about de novo telomeric
sequences at truncated chromosomes. On an evolutionary timescale, these could fuse with other telomeric ends
and give place to ITS, but this can also happen with normal telomeres without the need to find new mechanisms,

involving telomerase or not.

2.5.2. NOP2-Dependent Recruitment of Telomerase to Cyclin D1 Promoter

Recently, Hong et al. 9 identified NOP2 as a new TERC-binding protein found in catalytically active telomerase.
They found that telomerase is recruited to the cyclin D1 (CCND1) promoter in a TERC-dependent manner through
the interaction with NOP2, enhancing transcription of this gene, whereas TERT alone (i.e., in a TERC- and NOP2-
independent manner) binds to the promoter of Myc /2. The authors also provided a hypothesis, according to which
the assembled telomerase complex can comprise either TCAB1 or NOP2. In the first case, telomerase is recruited
to telomeres for their elongation; in the second one, it binds to the CCND1 promoter. In any case, this mechanism
of cyclin D1 activation is different from all the other cases of gene regulation, which are exerted by TERT without

any other telomerase component, and is the only case (so far revealed) of extra-telomeric function of telomerase.
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