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Abstract

Telomerase is the essential reverse transcriptase required for linear chromosome maintenance in 
most eukaryotes. Telomerase supplements the tandem array of simple-sequence repeats at 
chromosome ends to compensate for the DNA erosion inherent in genome replication. The 
template for telomerase reverse transcriptase is within the RNA subunit of the ribonucleoprotein 
complex, which in cells contains additional telomerase holoenzyme proteins that assemble the 
active ribonucleoprotein and promote its function at telomeres. Telomerase is distinct among 
polymerases in its reiterative reuse of an internal template. The template is precisely defined, 
processively copied, and regenerated by release of single-stranded product DNA. New specificities 
of nucleic acid handling that underlie the catalytic cycle of repeat synthesis derive from both active 
site specialization and new motif elaborations in protein and RNA subunits. Studies of telomerase 
provide unique insights into cellular requirements for genome stability, tissue renewal, and 
tumorigenesis as well as new perspectives on dynamic ribonucleoprotein machines.
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INTRODUCTION

Chromosome Ends Have Unique Function and Composition

Nearly a century ago, Müller (1) and McClintock (2) independently discovered that natural 
chromosome ends in fruit flies and maize are resistant to fusion, in contrast with ends 
generated by DNA breakage. The word telomere was used to describe chromosome ends 
sealed against rearrangement or, in modern parlance, with “end protection.” At the DNA 
level, the first clue to an explanation for eukaryotic chromosome end protection was revealed 
in the tandem telomeric repeats of (T2G4)n • (C4A2)n, shown to cap a highly amplified 
chromosome of the single-celled ciliated protozoan Tetrahymena thermophila (3).

In general, telomeric repeats have one guanosine-rich strand (G-strand) and one cytosine-
rich strand (C-strand) synthesized as the leading and lagging strands, respectively (4). 
Across organisms, tracts of telomeric repeats vary in length from a few to a few thousand 
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repeats and have a G-strand 3′ overhang that varies from a few to more than a hundred 
nucleotides. At least in vertebrate cells, the relatively long G-strand overhang can invade the 
adjacent duplex to produce a lasso-like structure known as a telomeric loop (t-loop) (5). 
Telomere-bound proteins organized by DNA interaction (Figure 1) suppress DNA 
degradation and repair reactions that would be aberrant for authentic chromosome termini 
(6).

Telomere complexes include numerous proteins that are telomere specific. In ciliates such as 
Oxytricha nova, with an extremely short, fixed-length telomere sequence, the telomere end–
binding protein (TEBP) heterodimer buries the single-stranded 3′ overhang (Figure 1a) (7). 
In T. thermophila, the fission yeast Schizosaccharomyces pombe, and vertebrate cells 
(Figure 1b,c,e), the 3′ overhang is protected by a complex of the single-stranded telomeric-
repeat DNA-binding protein protection of telomeres 1 (Pot1/POT1) and its heterodimer 
partner Tpt1/Tpz1/TPP1 (8). Fission yeast and vertebrate cells physically link POT1–TPP1 
to protein(s) that bind the double-stranded telomeric repeat tract (Figure 1c,e). Altogether 
the complex bridging single-stranded and double-stranded repeats is termed shelterin (9). 
The budding yeast Saccharomyces cerevisiae has an atypical telomeric single-stranded 
DNA-binding protein, cell division cycle protein 13 (Cdc13), in a heterotrimeric complex, 
designated CST, with end-capping function (Figure 1d ) (10, 11). Telomeric chromatin 
assembled by the S. cerevisiae double-stranded telomeric-repeat DNA-binding repressor/
activator protein 1 (Rap1) mediates telomere length regulation without physical connection 
to Cdc13 (12).

A Telomere-Devoted Reverse Transcriptase Supplements the Central Dogma

Terminal sequence loss is inherent to each round of genome replication by DNA-dependent 
DNA polymerases. Evolution has crafted a diversity of mechanisms to counteract this 
erosion (13). In early eukaryotes, end maintenance could have relied on telomere extension 
by an ancestral reverse transcriptase (RT) encoded within self-splicing introns (14, 15). 
Across extant eukaryotes, the nearly ubiquitous solution to the end-replication problem is a 
specialized RT, telomerase (16). Unlike retroviral RTs, telomerase functions as a 
ribonucleoprotein (RNP) complex, using a region within its integral RNA subunit as the 
template for telomeric repeat synthesis (17). Telomerase activity was first detected in T. 
thermophila cell extract (18) and then in other ciliates (19, 20). More than a decade later 
telomerase was detected in cells other than ciliates, first in the immortalized human cancer 
cell line HeLa (21) and eventually in a wide range of human cancers (22). This moved the 
study of telomerase from the realm of ciliates to general eukaryotic biology.

It was initially counterintuitive that human cell lines established from normal primary tissue 
lacked telomerase activity. From the relatively few surveys of normal human cells and 
tissues, telomerase activity appears widespread only in early human development (23). 
Consistent with this conclusion, human embryonic stem cells have robust telomerase activity 
(24). Some adult human somatic cells have detectable telomerase activity, but most of these 
nonetheless experience telomere shortening with proliferation (24, 25). Several human 
diseases arise from insufficient telomerase activity, including syndromes of bone marrow 
failure and pulmonary fibrosis (26–28). Also, aberrant reactivation of telomerase is a 
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requirement of most human tumorigenesis (29). Together the consequences of insufficient or 
unrestrained telomerase function underscore the importance of ongoing studies to elucidate 
the developmental regulation of human telomerase activity using a combination of genome 
engineering and differentiation of human pluripotent stem cells (30).

Ciliate, yeast, and vertebrate telomerases are the focus of this review, owing to their relative 
depth of characterization. Telomerases in plants, trypanosomes, and additional fungal and 
metazoan species have recently been described elsewhere (31, 32).

THE TELOMERASE CATALYTIC CORE

An active telomerase minimal RNP can be assembled in a heterologous cell extract by 
expression or addition of two telomerase catalytic core subunits (33): telomerase RNA 
(TER) and telomerase reverse transcriptase (TERT). TER and its internal template were 
discovered by direct sequencing of an RNA coenriched with T. thermophila telomerase 
activity (17). TERT and its active site motifs were revealed by sequence comparison 
between ever-shortening telomeres protein 2 (Est2) from S. cerevisiae, identified as 
genetically essential for telomere length maintenance (34), and a telomerase protein from the 
particularly telomere-rich ciliate Euplotes aediculatus (35). In addition to the active site 
motifs shared across RTs, the TERT RT domain has two additional TERT-specific motifs: an 
Insertion in Fingers Domain (IFD) and motif 3 (Figure 2a) (36, 37). These and the T-motif in 
the TERT-specific high-affinity RNA–binding domain (TRBD) enable phylogenetically 
broad identification and comparison of TERTs (38).

TERT has four domains: the TERT N-terminal (TEN) domain, the TRBD, the RT domain, 
and the C-terminal extension (CTE) analogous to a polymerase thumb domain (Figure 2a). 
Intramolecular interaction of the TRBD and CTE constrains the contiguous TRBD–RT–CTE 
into a ring shape (Figure 2b), in contrast to the horseshoe shape of conventional RTs (39). 
The active site is central to the ring, within a cavity that holds an RNA–DNA duplex (40). A 
linker region of variable length and no obvious contribution to RNP assembly or catalytic 
activity connects the TEN domain to the TERT ring (38, 41, 42). TERTs from a few 
organisms lack a TEN domain altogether (38), S. cerevisiae telomerase can function without 
a TEN domain in vivo (43), and human telomerase without a TEN domain still catalyzes 
single-repeat synthesis in vitro (44).

In contrast to TERTs, TERs exhibit remarkable divergence in sequence and secondary 
structure (32, 45). Shared TER motifs are embedded within divergent motifs for telomerase 
holoenzyme protein interactions (Figure 2c). All TERs contain a template for repeat 
synthesis, albeit of different length and fidelity of copying. Other shared TER motifs include 
a pseudoknot (PK) with characteristic base triples and a stem-loop/stem-junction element 
distant from the template/PK that contributes to TERT binding (Figure 2c). The PK and 
template-distal stem-loop/stem-junction element are essential or strongly stimulatory for the 
activity of many telomerase enzymes, but studies of TERs in early branching eukaryotes 
suggest that the PK is not ancestral and that the distal TERT-binding element can be deleted 
in some cases without major loss of catalytic activity (32, 46). In S. cerevisiae TER, 
identified as telomerase component 1 (TLC1), the evolutionarily minimized stem-junction 
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element is not essential for telomerase biochemical or biological function (47). Direct roles 
of PK and template-distal stem-loop/stem-junction elements remain to be established.

High-resolution structures of TERT domains and TER motifs (7, 48, 49), and recently of 
TERT domains bound to TER motifs (50, 51), complement the medium-resolution structures 
of entire telomerase holoenzyme complexes determined by electron microscopy (52). These 
structures and models from them serve as guides for ongoing pursuit of an atomic-resolution 
understanding of telomerase structure and mechanism. Progress has been hampered by the 
inability to combine purified TERT and TER to efficiently reconstitute active RNP. 
Furthermore, cellular overexpression generates surprisingly heterogeneous RNP complexes 
(42). Robust assembly and selective isolation of RNPs with functional folding of TERT and 
TER are future challenges.

THE TELOMERASE CATALYTIC CYCLE OF REPEAT SYNTHESIS

Catalytic Cycle Specialization

Like many polymerases, telomerase catalyzes nucleotide addition to a primer 3′ hydroxyl 
group, forming a product–template duplex. Accordingly, telomerase and other polymerases 
share a metal-dependent chemistry of nucleotide addition (53). Beyond these parallels, 
telomerase possesses unique properties of nucleic acid handling. Accurate telomeric repeat 
synthesis depends on strict boundaries of template copying within TER. Also, telomerases 
from most species studied have the exceptional ability to extend a primer by processive 
addition of repeats (54). Repeat addition processivity (RAP) obliges dissociation of the 
product–template duplex without product dissociation from the enzyme. The template-
dissociated single-stranded DNA must maintain template-independent interactions while the 
template repositions for base pairing of its 3′ end, rather than the 5′ end, with the product. 
These coordinated nucleic acid handling events, discussed in more detail below, occur as 
part of the full catalytic cycle of repeat synthesis (Figure 3).

Defining an internal telomerase RNA region for primer base pairing and 

extension—For accurate repeat synthesis, the active site must copy only a restricted region 
of TER as template. For T. thermophila telomerase, a unique template position is the default 
starting point for elongation of nontelomeric primers with no template base pairing (55). The 
precision of default template positioning in ciliate telomerases can account for how the same 
permutation of telomeric repeat is added to each nontelomeric end of fragmented 
chromosomes (56). The ciliate TER template recognition element (TRE), located 
immediately 3′ of the template (Figure 2c), contributes to preferential positioning of the 
template 3′ end, rather than the template 5′ end, in the active site. Remarkably, RNA 
oligonucleotides containing only the wild-type TRE and template sequence are accurately 
positioned and copied by a recombinant T. thermophila telomerase RNP without a template 
(57). In the T. thermophila telomerase holoenzyme structure determined by cryoEM, the 
TRE threads between the CTE and the TEN domain positioned above the active site cavity 
of the TERT ring (58). Consistent with a TEN domain contribution to default template 
positioning, TRE mutations and the TEN domain mutation L14A inhibit copying of template 
3′ positions but not template 5′ positions (41). Also, assays of T. thermophila TERT L14A 
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recombinant enzyme by single-molecule fluorescence resonance energy transfer (FRET) 
suggest that the L14A substitution decreases the stability of DNA positioning at the template 
3′ end but not at the template 5′ end (59).

The vertebrate telomerase active site relies on primer–template base pairing rather than 
template-flanking RNA motifs for template positioning. Indeed, human telomerase can 
elongate an annealed primer–template duplex containing only the remaining template region 
as single-stranded RNA (60). For telomerases in general, less base pairing is required to 
copy the template 3′ end than to copy the template 5′ end (61). This favors primer 
alignment in register with the beginning rather than the end of the template, which is a 
critical feature of internal template use. Stabilization of the template 3′-end duplex in the 
active site requires the TEN domain, accounting for the crucial contribution of the TEN 
domain to RAP (44, 62). Perhaps because S. cerevisiae telomerase has low RAP, the TEN 
domain is not genetically essential for its function (43).

Accurate template use also obliges DNA synthesis to halt at the template 5′ end (Figure 3, 
step ❸). The 5′ edge of the copied template is generally determined by spacing from an 
adjacent high-affinity RNA–protein and/or an RNA–RNA interaction (32). Curiously, in 
human telomerase, this typical template 5′ boundary determination mechanism makes less 
of a contribution than the sequence of the template–product duplex (63, 64). The structural 
elaboration(s) that give the vertebrate telomerase active site its sequence-specific duplex 
recognition remain to be defined.

Melting the base pairs between product and template—Telomerase dissociation 
from an elongated chromosome end and recycling of the internal template require unpairing 
the product–template duplex (Figure 3, step ❺). Models for the thermodynamic driver(s) of 
duplex melting include template stretching and compression against protein-anchored 
template-flanking motifs (65), duplex release from the active site (60), product DNA hairpin 
formation (66, 67), or product DNA interaction with protein (64, 68); below we extend this 
list with another model (see Models for Conformational Change Across the Catalytic Cycle). 
Establishing the change in state that is the rate-limiting barrier to product–template 
unpairing requires more knowledge of the telomerase catalytic cycle. At present, even the 
length of the product–template duplex when synthesis reaches the template 5′ boundary is 
unresolved. Chemical modification-protection assays of S. cerevisiae TLC1 using 
telomerase paused at different template positions revealed that some duplex unpaired as 
synthesis proceeded across the TLC1 template (69). At the two template positions tested, 
duplex length was 7 base pairs (69). Because the S. cerevisiae enzyme copied the TLC1 
template with no RAP, the number of product–template base pairs dissociated during a 
catalytic cycle of processive repeat synthesis remains to be established.

Binding of template-dissociated single-stranded DNA and the realigned 

product–template duplex—RAP requires a mechanism of single-stranded DNA 
retention while base pairing of a product 3′ end shifts from the template 5′ end to the 
template 3′ end (Figure 3, steps ❺, ❻, ❼, and ❶). Early hypotheses envisioned an anchor 
site, independent from the active site, bound to single-stranded DNA (70, 71). In the T. 
thermophila telomerase holoenzyme, the telomeric repeat binding subunit 1 (Teb1) with 
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high-affinity single-stranded DNA binding (see Telomerase Action at Telomeres) provides 
an envisioned type of anchor site in vitro, contributing to the exceptionally high in vitro 
RAP of this holoenzyme (72). However, because minimal telomerase RNPs have RAP, a 
crucial RAP-determining DNA interaction must occur only within a complex of TERT and 
TER. TERT interaction with single-stranded DNA immediately adjacent to the template 
duplex stimulates primer use, but primer single-stranded tails are not necessary for RAP of a 
minimal RNP (68, 73). Instead, the RAP-determining single-stranded DNA interaction 
appears to be made by DNA previously base paired with the template.

The first proposed single-stranded DNA-binding site on TERT was a groove on the T. 
thermophila TEN domain (74). Consistent with single-stranded DNA binding by the TEN 
domain, the TEN domain confers RAP to a TERT ring RNP (44, 62). However, recent 
biochemical and single-molecule FRET studies lend support to an alternate model of TEN 
domain function: active site capture of the realigned product–template duplex (59, 62). 
Structural studies of T. thermophila telomerase holoenzyme suggest that single-stranded 
DNA threads away from the putative DNA-binding site on the TEN domain (58). The DNA 
path could instead traverse an area assigned to the N- and C-terminal regions of the TEN 
domain that were not well ordered in the TEN domain crystal structure (74), consistent with 
active enzyme cross-linking to only the C terminus of the TEN domain (75). Because the 
cross-linked TEN domain residue does not contribute to enzyme activity (75), the RAP-
determining DNA interaction is likely to occur elsewhere.

Models for Conformational Change Across the Catalytic Cycle

Studies of other polymerases revealed that binding of a nucleotide triphosphate suitable for 
incorporation triggers a subtle closure of the active site cavity to adopt the synthesis 
conformation (76). Telomerase could likewise undergo a conformational change upon 
binding nucleotide triphosphate that closes the active site to its synthesis conformation 
(Figure 3, step ❶). As synthesis proceeds from the template 3′ to 5′ end, each nucleotide 
addition would toggle the telomerase active site to and from the fully closed conformation. 
More challenging to envision are the conformational changes required for processive repeat 
synthesis. Template unpairing and repositioning for next-repeat synthesis require large-scale 
conformational changes relative to nucleotide addition (Figure 3, steps ❺ to ❼). Recently 
determined structures of the translesion DNA polymerase Pol ν revealed that the primer 
strand can be displaced from template pairing to form an extruded loop, which occupies a 
pocket created by thumb domain rotation relative to the rest of the polymerase (77). 
Modeling of a parallel conformational change in the Tribolium castaneum TERT ring 
suggests that the telomerase active site cavity could open by CTE rotation to accommodate a 
similar product DNA hairpin (67). DNA hairpin–induced slippage of the telomerase product 
3′ end relative to the template C-tract would account for synthesis of homopolymeric G-
ladders in ciliate telomerase activity assays with deoxyguanosine triphosphate as the only 
nucleotide substrate (78).

We propose a working model for the telomerase catalytic cycle hinging on several 
evolutionary innovations of nucleic acid recognition. Default template positioning places the 
template 3′ end near a bound primer 3′ end, with the unused template 5′ region “looped 
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out” of the active site cavity, though not necessarily as a structured loop (Figure 3, 5′ 
template loop depicted in step ❼). Default positioning depends in part on template-flanking 
RNA structure and RNA–protein interaction; however, in addition, a template 5′ loop could 
be favored by other RNA–protein or RNA–RNA interactions. Duplex formation and 
stabilization in the active site initiate repeat synthesis (Figure 3, steps ❼ and ❶). As repeat 
synthesis progresses, the template 5′ loop reels in to the active site while the template 3′ 
end is extruded from the active site cavity (Figure 3, steps ❷ and ❸). A template 3′ loop 
formed by complete repeat synthesis (Figure 3, loop formation depicted in step ❹) could 
then make an RNA–protein or RNA–RNA interaction that favors rate-limiting 
conformational transition to a fully open active site (Figure 3, step ❺). Substantial protein 
remodeling may be required to dissociate the product–template duplex and promote template 
translocation to default positioning (Figure 3, steps ❺ and ❻). Active site opening to 
release the template 5′ end could also occur without participation of the displaced template 
3′ region, perhaps with a difference in rate or progression to next-repeat synthesis.

In the current working model for telomerases with RAP (Figure 3), DNA unpaired from the 
template remains bound to TERT at a single-stranded DNA retention site (SRS). We 
envision the SRS to retain some contacts between DNA and TERT that were formed during 
repeat synthesis. Single-stranded DNA could thread passively across the TERT surface that 
mediates DNA protection from exonuclease digestion (62). Template translocation would 
bring the template 3′ end into closer proximity with the DNA 3′ end (Figure 3, step ❻), 
favoring base pairing (Figure 3, step ❼). Duplex formation could be a cause or consequence 
of reversing the structural change that released the template 5′ end from the active site 
(Figure 3, step ❺).

Overall, this working model differs from previous models in the prediction of RAP-
influencing interactions made by single-stranded RNA that are dynamic with the catalytic 
cycle, supplementing the static RNA–RNA and RNA–protein contacts that govern template 
boundaries. Unlike previous models, because at least some SRS–DNA contacts are 
established prior to product dissociation from the template, there is also no requirement for 
DNA base recognition.

Repeat Addition Processivity in Telomere Maintenance

RAP assays in vitro do not recapitulate the complexity of telomeric repeat synthesis in cells. 
Thus, it remains uncertain how many repeats are synthesized with each telomerase 
engagement of a chromosome end in vivo. Does inherent RAP matter? Partial inhibition of 
human telomerase RAP by a chemical inhibitor (79, 80) or disease-associated TERT 
mutation (81, 82) leads to telomere shortening, suggesting that RAP contributes to telomere 
length maintenance. RAP in cells is challenging to characterize, even with simplifying 
assumptions such as no trimming of the G-strand extension. Infrequent RAP of S. cerevisiae 
telomerase was detected by sequencing the degenerate repeats added in one cell division 
cycle to shortened telomeres (83). Human telomerase RAP in cells is proposed to be 
relatively uniform, estimated as five to ten repeats per telomere elongation event based on 
density gradient centrifugation after telomere synthesis with labeled nucleotides (84). This 
length of repeat synthesis is likely to reflect competition between telomerase, other single-
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stranded telomeric repeat DNA-binding proteins, and replication protein A (RPA), the 
general single-stranded DNA-binding heterotrimer (see Telomerase Action at Telomeres). 
Direct assays of telomerase RAP in vivo would lead to better understanding of telomere 
length regulation.

CELLULAR RIBONUCLEOPROTEIN ASSEMBLY AND ACTION AT 

TELOMERES

In cells, telomerase assembly and function rely on a plethora of factors beyond TERT and 
TER, including telomerase holoenzyme proteins that stably associate with the active RNP 
(Figure 4) and chaperones for folding and trafficking that participate transiently. Despite 
broad conservation of activity-critical TERT domains and TER motifs that co-fold to form 
the enzyme catalytic core, entirely different pathways of telomerase biogenesis and 
regulation have evolved in ciliates, fungi, and vertebrates (32, 45). Even within fungi, a 
remarkable extent of divergence has occurred in the telomerase RNP assembly and telomere 
recruitment pathways (85, 86). In this section, we focus on telomerase cellular requirements 
and regulations that can be compared across species.

Cellular Telomerase Ribonucleoproteins

TER folding and RNP assembly follow multistep pathways (45, 87). A biological complex 
of TER, RNA binding protein(s) essential for TER accumulation, and TERT can be 
described as a telomerase RNP catalytic core, to distinguish it from the recombinant 
minimal RNP of TERT and TER alone. The T. thermophila telomerase RNP catalytic core 
was the first to be defined and comprises TERT, TER, and the La domain and RRM domain 
RNA-binding protein p65 (Figure 4a) (88, 89). Roles of p65 include protection of the RNA 
polymerase III TER transcript ends from exonuclease access and bending of stem IV (Figure 
2c) to promote TERT interaction with flanking TER motifs (90, 91).

Other TERs are transcripts of RNA polymerase II, typically bearing the 5′ 
trimethylguanosine (TMG) cap that stabilizes many small nuclear RNAs. The TER 
precursor 3′ end is determined in S. cerevisiae by the Nrd1/Nab3/Sen1 transcription 
termination pathway (92), in most other fungi by intentionally aborted splicing (85, 86, 93), 
and in human cells by transcription-coupled cleavage and polyadenylation machinery (94). 
Proteins protect a mature TER 3′ end by blocking exonuclease access. In most fungi, Sm 
proteins assemble on the TER 3′ end (Figure 4b) (32). In S. pombe, the like Sm (Lsm) 
proteins replace the Sm complex after initial RNP biogenesis (Figure 4c) (95). Also, some 
fungi have a TER 3′-end determination mechanism apparently independent of Sm or Lsm 
proteins that remains to be elucidated (32). In S. cerevisiae, in addition to Sm proteins, 
active RNP assembly relies on the processing of precursor RNAs (Pop) proteins Pop1, Pop6, 
and Pop7 and their RNA binding sites (Figure 4b), shared with ribonuclease P and the 
related ribonuclease for mitochondrial RNA processing (RNase MRP) (96).

In vertebrate cells, TER 3′-end formation is determined by assembly of a mature H/ACA 
RNP containing two subunits each of dyskerin, nonhistone chromatin protein 2 (NHP2), 
NOP10, and glycine/arginine-rich domain protein 1 (GAR1) on a two-hairpin H/ACA motif 
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(Figure 4d ) (97, 98). Disease-associated mutations in the four human H/ACA proteins that 
cotranscriptionally assemble with nascent H/ACA RNA transcripts [dyskerin, NHP2, 
NOP10, and nuclear assembly factor 1 (NAF1)] (99) reduce levels of human TER (hTR) 
much more than the levels of other H/ACA small nucleolar and small Cajal body RNAs (28, 
100). The selective impact of these mutations is proposed to arise from sensitization of the 
hTR precursor transcript to rapid degradation, balanced against H/ACA RNP assembly and 
productive hTR 3′-end processing by the polyadenosine-specific ribonuclease (PARN) (94, 
101, 102). Accordingly, human PARN mutations impose premature tissue renewal failures 
that result from telomerase insufficiency (103, 104).

Telomerase Trafficking

Proteins that traffic telomerase subunits and RNPs within a cell play important roles in 
active RNP biogenesis and action at telomeres. Stepwise trafficking of S. cerevisiae TLC1 
(Figure 5a) and hTR (Figure 5b) are the most thoroughly investigated (45, 87, 105, 106), 
although even in these pathways many uncertainties remain. In S. cerevisiae (87, 105), 
TLC1 assembles Sm proteins coincident with processing to the mature RNA 3′ end and 
with the 5′ TMG cap addition by trimethylguanosine synthase 1 (Tgs1) in nucleoli. The 
TMG-capped Sm RNP is exported to the cytoplasm by chromosome region maintenance 1 
protein (Crm1), where it assembles with Est2 and other holoenzyme proteins, including 
Est1. Recent studies revealed that direct TLC1 interaction by Est1 and Est2 depends on 
assembly of Pop1, Pop6, and Pop7 with TLC1 adjacent to the Est1 binding site (96), 
implying that Pop1, Pop6, and Pop7 bind TLC1 either prior to nuclear export or in the 
cytoplasm. Est3 may be the final holoenzyme subunit to join the complex, regulated by 
progression of the cell cycle (107). Nuclear import of telomerase holoenzyme is mediated by 
mRNA transport defective protein 10 (Mtr10) and karyopherin protein 122 (Kap122), 
enhanced by Ku–TLC1 interaction (87). Once in the nucleoplasm, telomerase can be 
recruited to telomeres (105, 108). Quantitative imaging of TLC1 in cells suggests that each 
TLC1–monomer RNP diffuses independently through the nucleoplasm until encountering a 
replicated telomere (109, 110). S. cerevisiae telomerase complexes appear to cluster at 
telomeres (109), but how this finding relates to requirements for telomere elongation is not 
known.

Human telomerase RNP biogenesis involves trafficking between Cajal bodies, nucleoli, and 
nucleoplasm (Figure 5b). The nascent hTR transcript binds two sets of core H/ACA proteins 
(dyskerin, NOP10, and NHP2), scaffolded together by NAF1 (101). Construction of the 
NAF1-orchestrated RNA-binding platform requires numerous protein chaperones, including 
some with the exclusive function of trafficking H/ACA proteins (99). The hTR H/ACA RNP 
released from the site of transcription is thought to rapidly transit Cajal bodies to acquire a 
5′ TMG cap (111). Also, the RNA helicase DEAH box protein 36 (DHX36) resolves 
guanosine quadruplex structures formed in the hTR 5′ leader (112). At some point, NAF1 is 
exchanged for the mature H/ACA RNP subunit GAR1. A fraction of hTR binds TERT to 
form catalytically active RNP, and the hTR 3′ stem loop CAB-box motif (Figure 2c) binds 
Telomerase and Cajal body protein 1 (TCAB1). Because active RNPs appear to assemble 
irreversibly (113) and have a long cellular half-life (114), only ~100 active RNP assembly 
events may occur in each cell cycle. The location within the nucleus where TERT assembles 
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with hTR is unknown. Active RNP assembly in nucleoli is supported by studies of hTR 
without H/ACA proteins: Assembly of this nucleoplasmic hTR into active RNP requires 
TERT overexpression, whereas assembly of hTR localized to the nucleolus by loss of 
TCAB1 does not (115). Alternately, active RNP assembly could occur in Cajal bodies or the 
nucleoplasm.

TCAB1 binds active and inactive telomerase RNPs and shifts their distribution from nucleoli 
to the nucleoplasm and Cajal bodies (Figure 5b) (116, 117). TCAB1 gene disruption 
decreases the length at which telomeres are maintained in human embryonic stem cells 
(115). Decreased telomere length in stem cells, and thus reduced proliferative capacity of 
cell lineages differentiated from them, would explain why mutations in TCAB1 cause 
diseases of premature telomere shortening (28, 118). Because genetic disruption of Coilin 
protein and thus Cajal bodies does not affect active RNP assembly or telomere length in 
human cancer cells or embryonic stem cells (115, 119), telomere access by telomerase can 
occur from the nucleoplasm. This conclusion is consistent with the biological function of 
active RNPs containing hTR without an H/ACA motif, which is exclusively nucleoplasmic 
(115). Live cell imaging of tagged TERT suggests that TERT encounters telomeres in the 
nucleoplasm (120). Trafficking of the small fraction of cellular TERT that is assembled into 
active RNP remains to be determined, for example, using the approach developed to track 
TLC1 in S. cerevisiae (109).

Telomerase Action at Telomeres

The low endogenous level of telomerase presents a technical barrier to determining 
requirements for its action at telomeres. Chromatin immunopurification assays of S. 
cerevisiae and S. pombe telomerase subunits, telomere proteins, and DNA replication factors 
across a multitude of genetic backgrounds have given the most detailed understanding of 
requirements for telomerase recruitment and activation at telomeres (12, 121). In human 
cells, most assays of telomerase recruitment to telomeres have relied on enzyme 
overexpression, which can undermine the cell cycle restriction of telomerase–telomere 
interaction and telomerase regulation by telomere length feedback (122).

Telomerase action at telomeres requires one protein domain that is structurally conserved 
across evolution: the oligosaccharide/oligonucleotide-binding (OB) fold of T. thermophila 
p50, S. cerevisiae Est3, S. pombe Tpz1, and vertebrate TPP1 (Figure 4a–d). The telomerase 
holoenzyme subunits p50 and Est3 give the RNP catalytic core a conformation active for 
telomere synthesis (123–125). The telomere proteins TPP1 and Tpz1 are major contributors 
to telomerase recruitment as well as subsequent telomerase activation for telomere 
elongation (122, 126). Each of the four proteins has an OB fold, TEL-patch surface that 
biochemical, genetic, and/or structural studies indicate to be an interaction site for the TERT 
TEN domain (58, 122, 125, 126). Structural or functional evidence suggests a second 
interaction of the p50 and TPP1 OB fold domains with the TERT IFD (58, 127), which 
future studies will test for conservation in other species.

Other than a poorly defined activating role of the p50/Est3/Tpz1/TPP1 OB fold, no obvious 
commonality exists among mechanisms that direct telomerase action to its cellular substrates 
in different organisms. Two general strategies for telomere-specific recruitment of 
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telomerase can be considered. First is recruitment to single-stranded telomeric repeat DNA, 
exemplified by T. thermophila and S. cerevisiae telomerases (Figure 4a,b). The second 
strategy is recruitment to telomere-bound shelterin complexes nucleated on double-stranded 
telomeric repeats (Figure 4c,d ). With more depth of study, a regulatory role for kinases such 
as ataxia-telangiectasia mutated (ATM) and ataxia telangiectasia and Rad3 related (ATR) 
could emerge as a shared principle of telomerase–telomere interaction (128, 129).

T. thermophila telomerase recruitment to telomeres is mediated by the holoenzyme protein 
Teb1 (Figure 4a), which has high affinity and specificity for binding to telomeric-repeat 
single-stranded DNA (89, 130). Teb1 is paralogous to the RPA large subunit, Rpa1 (89). 
Like Rpa1, tandem OB fold domains of Teb1 bind an ~15-nt length of single-stranded DNA 
(131). Also like Rpa1, Teb1 assembles with the RPA middle subunit (Teb2/Rpa2) and RPA 
small subunit (Teb3/Rpa3) to form a TEB heterotrimer (58, 132). However, unlike the case 
for RPA, in the TEB complex only the Teb1 subunit contributes to DNA binding (132).

S. cerevisiae telomerase holoenzyme recruitment to telomeres occurs via Cdc13, another 
high-affinity, telomere-specific, single-stranded DNA-binding protein (Figure 4b) (7, 11). 
Cdc13 alternatively interacts with Stn1–Ten1 to form the telomere-capping CST complex 
(133) or recruits telomerase to chromosome ends through the holoenzyme subunit Est1 (12, 
134). The Ku heterodimer has been proposed to play a role in telomerase recruitment to 
telomeres, which may result from Ku enhancement of holoenzyme nuclear import and/or 
retention (135).

In S. pombe, TER1-bound Est1 binds shelterin-assembled coiled-coil protein quantitatively 
enriched 1 (Ccq1) and TERT binds Tpz1 (Figure 4c), but this initial interaction network 
rearranges to dissociate Est1–Ccq1 from the activated, elongation-competent Tpz1-
associated telomerase holoenzyme (121, 126). In vertebrate cells (Figure 4d ), only TPP1–
TERT interaction is known to be essential (122, 135, 136). Because a streamlined active 
human telomerase without H/ACA proteins can maintain stable telomere length homeostasis 
(115), none of the known human telomerase holoenzyme proteins other than TERT are 
necessary for telomerase action at telomeres.

Coordination of G-Strand and C-Strand Synthesis

Telomere maintenance involves not only G-strand synthesis but also complementary C-
strand synthesis and 3′ overhang processing. Synthesis of the final C-strand Okazaki 
fragment has unique requirements, including mechanisms for recruiting DNA polymerase α 
primase (PolαPrimase) after replication fork disassembly and for removing the terminal 
RNA primer without 5′-flap displacement by an upstream Okazaki fragment. Although the 
mechanisms that ensure complete C-strand synthesis remain mostly a mystery, one 
conserved player in the process has been identified: an RPA-like single-stranded DNA-
binding heterotrimer designated CST. The CST subunits Stn1 (suppressor of Cdc13 protein 
1) and Ten1 (telomeric pathways in association with Stn1 protein 1) are paralogous to RPA 
middle and small subunits, respectively, and are largely conserved in domain structure across 
evolution. In contrast, the CST subunits T. thermophila p75, S. cerevisiae Cdc13, and 
vertebrate CTC1 paralogous to Rpa1 are evolutionarily divergent (10, 11). In S. pombe, no 
ortholog of the CST large subunit has been identified. CST complexes share single-stranded 
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DNA-binding activity that is either selective or preferential for G-strand telomeric DNA, yet 
human CST can bind stably to a length of nontelomeric DNA about twice that necessary for 
G-strand binding (10, 137, 138). CST physically interacts with PolαPrimase and can 
functionally stimulate one or more substeps of its composite RNA–DNA primer synthesis 
(10, 11, 139).

The most direct coupling of G-strand and C-strand synthesis machineries occurs in ciliates, 
as first demonstrated by their co-purification from extracts of Euplotes crassus (140). 
Structural studies of T. thermophila telomerase revealed that CST is brought to telomeres as 
a part of the telomerase holoenzyme (Figure 4a) (58, 138). The p75–p45–p19 CST 
heterotrimer rotates relative to the RNP catalytic core as a subcomplex hinged on p50 (123). 
Overexpression of p19 defective for holoenzyme interaction uncouples G-strand and C-
strand synthesis, as detected by an elongated G-strand overhang (138).

In S. cerevisiae, the Cdc13 subunit of CST binds with high affinity to telomeric repeats and 
alternatively assembles with telomerase or Stn1–Ten1 (Figure 4b), controlled by 
posttranslational modifications of Cdc13 (11). In S. pombe, Tpz1 posttranslational 
modification is involved in Stn1–Ten1 recruitment to telomeres (Figure 4c) (141, 142). 
Human or mouse CST association with telomeres involves TPP1 and/or POT1 (Figure 4d ) 
(137, 143). Because completion of C-strand synthesis is delayed for several hours after S 
phase in human cells (144), telomerase and PolαPrimase interactions with CST would be 
temporally uncoupled. Nonetheless, human CST restricts the amount of telomere synthesis 
by telomerase (137). Handoffs of G-strand binding between the telomerase active site, CST, 
and PolαPrimase may be more direct in T. thermophila (58, 138), providing a future 
opportunity to investigate their biochemical coordination.

Additional Considerations for Telomerase Function and Regulation

Much remains to be understood about how higher-order telomere structural organization 
influences telomerase recruitment and end engagement. For example, it is unknown whether 
only terminus-proximal TPP1 or Tpz1 recruits telomerase or whether telomerase 
interactions occur along the entire shelterin array. Furthermore, after telomere recruitment, 
the active site of telomerase must capture the extreme 3′ chromosome terminus. This 
process could be accelerated by RPA-like sliding of telomerase-adjacent POT1–TPP1 (145), 
or T. thermophila TEB, along single-stranded repeats. However, POT1–DNA interaction 
appears unnecessary for robust telomere elongation (146). Also, although telomerase activity 
is stimulated in vitro by addition of excess TPP1–POT1 (147) or by holoenzyme assembly 
of Teb1 (89), the biological significance of these in vitro activity assay observations remains 
to be investigated in cells.

Endogenous telomerase action at telomeres is restricted to the cell cycle S phase (108, 122, 
148). This control of telomerase action does not derive from regulated assembly of the RNP 
catalytic core, because telomerase activity is present in cell extracts at all stages of the cell 
cycle in all examined model systems. Holoenzyme assembly is regulated to some extent: S. 
cerevisiae assembles, disassembles, and degrades holoenzyme subunits with some cell cycle 
regulation (107, 149), and human telomerase dissociates TCAB1 in the cell cycle M phase 
(113). However, subunit overexpression studies indicate that these regulations do not 
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account for S phase restriction of telomerase action. Additional layers of regulation derive 
from telomere chromatin dynamics, changes in DNA structure, and posttranslational 
modifications (4, 9, 122, 128, 135, 150). The process of replication, or the replication fork 
itself, could recruit telomerase (148, 151). In the next decade, discovering the mechanisms 
for telomerase collaboration and competition with other telomere synthesis, processing, and 
end protection machineries will be a key direction of research.
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Figure 1. 
Telomere structures for end protection. The telomeric repeat DNA structure and telomere-
associated proteins important for chromosome end protection are illustrated for (a,b) two 
ciliates, (c,d ) two yeasts, and (e) vertebrate cells. Typical telomeric repeat tract lengths in 
each organism are indicated as base pairs of duplex and nucleotides of 3′ overhang, 
highlighting the evolutionary divergence of overall telomere and overhang length. Telomere 
proteins in direct contact with double-stranded DNA are colored blue-green. Proteins other 
than in CST that are in direct contact with single-stranded DNA are colored brown. Proteins 
that are orthologous are similarly colored in both this figure and Figure 4 using a shared 
coloring scheme. Other subunits colored in gray are indirectly bound to DNA. 
Saccharomyces cerevisiae proteins with functions other than end protection are not labeled; 
these proteins contribute to telomere length regulation and heterochromatin assembly. 
Abbreviations: bp, base pair; Cdc, cell division cycle; Ccq, coiled-coil protein quantitatively 
enriched; CST, heterotrimer containing Stn1, Ten1, and variable third subunit; nt, nucleotide; 
Pat, Pot1-associated Tetrahymena; Pot, protection of telomeres; Poz, Pot1-associated 
protein; Rap1, repressor/activator protein 1; Stn, suppressor of Cdc13; Taz, telomere-
associated in Schizosaccharomyces pombe; TEBP, telomere end–binding protein; Ten1, 
telomeric pathways in association with Stn1, number 1; TIN2, TRF1-interacting nuclear 
protein 2; TPP1, vertebrate shelterin protein designation for proteins, initially named TINT1/
PTOP/PIP1; Tpt, TPP1/Tpz1 in Tetrahymena thermophila; Tpz, TPP1 homolog in S. pombe; 
TRF, telomeric repeat binding factor.
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Figure 2. 
The telomerase catalytic core. (a) Schematic of human, Tetrahymena thermophila, and 
Saccharomyces cerevisiae TERTs. TERT is composed of the TEN domain, linker, and TERT 
ring containing TRBD, RT domain, and CTE/thumb domains. Domain boundaries are 
labeled according to the TERT amino acid sequence. The TERT T-motif and motifs 1, 2, 3, 
A, IFD, B, C, D, and E are conserved across evolution (38). (b) The 2.7 Å –resolution 
structure of Tribolium castaneum TERT ring with DNA and RNA base paired as a primer–
template duplex in the active site (40). The illustration was rendered from Protein Data Bank 
3KYL with RNA in green and DNA in dark blue. Each TERT domain was given a different 
color. Tribolium TERT lacks a TEN domain. (c) TERs share conserved functional motifs 
including the template, pseudoknot, TBE, and template-distal TERT-binding motif 
corresponding to CR 4/5 in hTR, stem IV loop in T. thermophila TER, and the TWJ in S. 
cerevisiae TLC1. Species-specific TER binding sites for proteins involved in RNP 
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biogenesis are indicated in purple. Abbreviations: CR, conserved region; CTE, C-terminal 
extension; Est1, ever-shorter telomeres protein 1; H/ACA, hairpin-H box-hairpin-ACA 
motif; hTR, human TER; IFD, insertion in fingers domain; Ku, dimeric protein complex that 
binds to DNA double-stranded break ends; nt, nucleotide; Pop, processing of precursor 
RNAs; RNP, ribonucleoprotein; RT, reverse transcriptase; Sm, proteins identified by Sm 
serotype antibodies from patients with autoimmune disease; TBE, template boundary 
element; TEN, TERT N-terminal; TER, telomerase RNA; TERT, telomerase reverse 
transcriptase; TLC1, S. cerevisiae TER identified as telomerase component 1; TRBD, TERT-
specific high-affinity RNA-binding domain; TRE, template recognition element; TWJ, 
three-way junction.
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Figure 3. 
The telomerase catalytic cycle. The telomerase catalytic cycle begins with base pairing of 
DNA primer (blue) to the template 3′ end, while the template 5′ end loops out (top left). 
After binding the duplex and dNTP, the active site closes to form the elongation-competent 
conformation (step ❶). Elongation proceeds until the template 5′ boundary, which is 
typically defined by a steric barrier, is reached (steps ❷ and ❸). As the template 5′ region 
is reeled into the active site, the template 3′ region and flanking RNA are displaced. If only 
5–7 base pairs are stabilized by the telomerase active site, the initial duplex displaced by 
new repeat synthesis may fray in a manner that affects the conformation and positioning of 
the template 3′ end and flanking RNA (step ❹). This fraying could occur during or after 
repeat synthesis; it is shown here as occurring after repeat synthesis for illustration 
simplicity. We suggest that the displaced template 3′ end and flanking RNA favor a 
substantial active site opening necessary for strand separation (step ❺). DNA previously 
base paired to the template could retain and/or form additional protein contacts with an SRS 
of TERT, which holds the newly synthesized repeat of DNA while the template translocates 
(step ❻). After template translocation, default placement of the template 3′ end near the 
DNA 3′ end would promote the formation of a short duplex (step ❼). If this short duplex is 
captured into the TERT ring central cavity by the conformational changes necessary to 
restore a functional active site, another round of repeat synthesis begins. Alternatively, 
product release could occur prior to reestablishment of the active site. Abbreviations: dNTP, 
deoxynucleotide triphosphate; SRS, single-stranded DNA retention surface; TER, 
telomerase RNA; TERT, telomerase reverse transcriptase.
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Figure 4. 
Telomerase holoenzymes are illustrated for (a) Tetrahymena thermophila, (b) 
Saccharomyces cerevisiae, (c) Schizosaccharomyces pombe, and (d ) vertebrates. TERs are 
labeled TER, TLC1, or TER1; they are greatly simplified in secondary structure 
representation. TERT proteins are shaded blue and labeled TERT, Est2, or Trt1. Other colors 
group proteins with generally related biological functions. Green arrows indicate 
interactions important for G-strand synthesis, and black arrows indicate interactions thought 
to be important for C-strand synthesis. Abbreviations: Ccq1, coiled-coil protein 
quantitatively enriched 1; Cdc13, cell division cycle protein 13; CST, heterotrimer 
containing Stn1, Ten1, and variable third subunit; Est, ever-shorter telomeres; H/ACA, 
hairpin-H box-hairpin-ACA motif; Ku, dimeric protein complex that binds to DNA double-
strand break ends; Lsm, like Sm; nt, nucleotide; PolαPrimase, polymerase α primase; p19-
p45-p75, Tetrahymena telomerase CST with subunits of 19, 45, and 75 kDa; p65, 
Tetrahymena telomerase subunit of 65 kDa; Pop, processing of precursor RNAs; Sm 
proteins, proteins identified by Sm serotype antibodies from patients with autoimmune 
disease; Stn1, suppressor of cdc thirteen 1; TCAB1, telomerase and Cajal body protein 1; 
Teb1, telomeric repeat binding subunit 1; TEB, Teb1 heterotrimer complex; Ten1, telomeric 
pathways in association with Stn1, number 1; TER, telomerase RNA; TERT, telomerase 
reverse transcriptase; TLC1, S. cerevisiae TER identified as telomerase component 1; TPP1, 
vertebrate shelterin protein designation for proteins initially named TINT1/PTOP/PIP1; 
Tpz1, TPP1 homolog in S. pombe; Trt1, TERT of S. pombe.
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Figure 5. 
Pathways of telomerase biogenesis. Cellular trafficking for biogenesis of (a) Saccharomyces 
cerevisiae and (b) human telomerase holoenzymes is illustrated using a light gray 
background for nuclear localization and a light blue background for cytoplasmic 
localization. TERT proteins are labeled TERT or Est2 and are shaded blue. Other colors 
group proteins with generally related biological functions. The 5′ TMG cap added to TLC1 
and hTR is shown as a yellow hexagon. Individual steps of trafficking are described in the 
text. Biogenesis pathways are illustrated to finish with the nucleoplasmic localization of 
telomerase holoenzyme that precedes its binding to telomeres. Abbreviations: Est, ever-
shorter telomeres; GAR1, glycine/arginine-rich domain protein 1; hTR, human telomerase 
RNA; Ku, dimeric protein complex that binds to DNA double-stranded break ends; NAF1, 
nuclear assembly factor 1; NHP2, nonhistone chromatin protein 2; Pop, processing of 
precursor RNAs; RNAP II, RNA polymerase II; Sm ring, heteroheptamer of Sm proteins; 
TCAB1, telomerase and Cajal body protein 1; TERT, telomerase reverse transcriptase; Tgs1, 
trimethylguanosine synthase 1; TLC1, S. cerevisiae TER identified as telomerase component 
1; TMG, trimethylguanosine.
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