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Telomerase is the ribonucleoprotein enzyme that catalyz-
es the extension of telomeric DNA in eukaryotes. Recent
work has begun to reveal key aspects of the assembly of
the human telomerase complex, its intracellular traffick-
ing involving Cajal bodies, and its recruitment to telo-
meres. Once telomerase has been recruited to the
telomere, it appears to undergo a separate activation
step, which may include an increase in its repeat addition
processivity. This review covers human telomerase bio-
genesis, trafficking, and activation, comparing key aspects
with the analogous events in other species.

Human chromosomes are capped by telomeres, repetitive
DNA tracts bound by the six-protein shelterin complex.
The shelterin complex prevents telomeres from being rec-
ognized as sites of DNA damage and recruits telomerase
(Palm and de Lange 2008; Nandakumar and Cech 2013).
Telomerase is an RNA-containing reverse transcriptase
that adds telomeric repeat DNA to chromosome ends
(Blackburn and Collins 2011). This prevents successive
shortening of telomeres caused by the failure of the
DNA replication machinery to duplicate the very end of
each chromosome, termed the end replication problem
(Levy et al. 1992). Once telomeres shrink to a critical
length, cells enter replicative senescence or alternatively
undergo programmed cell death, a major tumor-suppres-
sive mechanism. Thus, continuously dividing cells such
as germ cells, stem cells, and, importantly, most cancer
cells require telomerase activity for survival (Stewart
and Weinberg 2006; Shay and Wright 2011). The impor-
tance of telomerase in oncogenesis is highlighted by the
recent identification of recurrent mutations in the pro-
moter of the gene for the telomerase protein component
hTERT (human telomerase reverse transcriptase) (Horn
et al. 2013; Huang et al. 2013), themost frequentmutation
in some cancer types (Heidenreich et al. 2014). These pro-
motermutations are associatedwith increased hTERT ex-
pression, telomerase activity, and telomere length (Borah

et al. 2015). In the other direction, deficiencies in telome-
rase activity, its maturation, or recruitment to telomeres
can lead to human diseases such as aplastic anemia and
dyskeratosis congenita (Armanios and Blackburn 2012).
Chromosome ends in human cells consist of 5–15 kb of

telomeric TTAGGG repeats. The majority of these re-
peats are double-stranded, but the very end of each chro-
mosome is made up of a single-stranded 3′ overhang
(Blackburn 2005). This single-stranded region is the sub-
strate or primer for telomerase. This DNA anneals with
the template region in the telomerase RNA (TR) compo-
nent, allowing the TERT to synthesize a telomeric repeat
(Cech 2004). Once a telomeric repeat has been added, the
3′ end of the chromosome is repositioned, and telomerase
can synthesize additional repeats, a process called repeat
addition processivity (RAP) (Greider 1991).
The double-stranded region of the human telomere is

bound by TRF1 and TRF2, which specifically recognize
the telomeric repeat sequence. TRF1 and TRF2 play criti-
cal roles in suppressingDNAdamage signaling at the telo-
mere and recruit the rest of the shelterin complex (Palm
and de Lange 2008). TIN2 binds to TRF1 and TRF2 and
serves as a linker between the double-stranded and sin-
gle-stranded binding complexes of the telomere (Ye et al.
2004; Abreu et al. 2010). The shelterin component POT1
(Baumann and Cech 2001) specifically associates with
the single-stranded3′ overhangof the telomere, preventing
it from being recognized by the DNA damage machinery
(DenchianddeLange2007). POT1is linkedto the shelterin
complex by TPP1, which in turn binds to TIN2 (Liu et al.
2004; Ye et al. 2004). In addition to promoting POT1 bind-
ing, TPP1 is required to recruit telomerase to the telomere
(Xin et al. 2007; Abreu et al. 2010; Tejera et al. 2010). In
summary, the six shelterin components integrate chromo-
some end protection and telomerase recruitment to allow
continuous cell division in many cell types.
Telomere maintenance requires proper assembly of the

protein andRNAcomponents of telomerase into a ribonu-
cleoprotein (RNP) as well as a number of cofactors
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involved in the maturation, stability, and subcellular lo-
calization of telomerase. This review is focused on the
biogenesis, trafficking, and activation of human telome-
rase. We compare and contrast human telomerase with
telomerases in other species, highlight recent findings,
identify open questions, and describe new technologies
that promise to advance our understanding of telomere
biology.

Biogenesis of human telomerase

The human telomerase RNP is composed of the TR com-
ponent (hTR), the TERT (hTERT), and the accessory pro-
teins dyskerin, NOP10, NHP2, and GAR1. The formation
of the telomerase RNP is amultistep process that requires
additional cofactors. Mutations in many of the core telo-
merase RNP subunits as well as the maturation factors
lead to telomerase deficiency diseases such as dyskera-
tosis congenita or aplastic anemia, and the resultant
genome instability can be oncogenic (Armanios and
Blackburn 2012).

TR synthesis and maturation

TRs are divergent in size and sequence between species,
ranging from ∼150 nucleotides (nt) in ciliates to ∼1150
nt in Saccharomyces cerevisiae and >2000 nt in Neuro-
spora crassa. While TR size and sequence are not highly
conserved, four functional features are present in all
TRs: the template for reverse transcription, the pseudo-
knot domain, a stem–loop that interacts with TERT, and
a 3′ element required for RNA stability (Fig. 1A; Theimer
and Feigon 2006).

Fully mature hTR (451 nt) contains all of the functional
features mentioned above (Zhang et al. 2011). Like other
vertebrate TRs, the 3′ stabilizing element is an H/ACA
motif consisting of two hairpins connected by a short
single-stranded stretch, theH-box, and a terminal ACA re-
gion (Fig. 1A; Mitchell et al. 1999; Egan and Collins
2012a). Vertebrate TRs share this H/ACA motif with
small nucleolar and small Cajal body (CB) RNAs (sno-
RNAs and scaRNAs) that associatewith the cofactors dys-
kerin, NOP10, NHP2, and GAR1 (Kiss et al. 2010). H/
ACA scaRNAs and snoRNAs function as guides, specify-
ing the targets for the pseudouridylase dyskerin (Kiss et al.
2010). In contrast, the only known functions of the associ-
ation between hTR and dyskerin are RNA stabilization
and nuclear retention, and no pseudouridylation targets
for hTR have been identified.

Unlike scaRNAs and snoRNAs, whose precursors are
contained in intronic regions of mRNAs, hTR is tran-
scribed from its own promoter by RNA polymerase II
(Feng et al. 1995). Themature formof hTR is not polyaden-
ylated; instead, its 3′ end is formed by exonucleolytic
cleavage up to the boundary formed by the H/ACA
domain, where further cleavage is prevented by dyskerin
associated with the RNA (Fu and Collins 2003). The tetra-
meric complex of dyskerin, NOP10, NHP2, and the chap-
erone NAF1 binds to hTR cotranscriptionally (Darzacq

et al. 2006). Rapid association of this complex with hTR
is crucial for hTR accumulation. The importance of the
formation of the complex between hTR and dyskerin,
NOP10, NHP2, and NAF1 is highlighted by a number of
telomerase deficiency diseases associated with mutations
in these factors (Armanios and Blackburn 2012). These
mutations are thought to affect either binding of these
proteins to hTR or the formation of a dyskerin–NOP10–
NHP2–NAF1 complex capable of binding to hTR, either
of which would cause reduced levels of hTR and thus of
telomerase activity.

In addition to the canonical functional features de-
scribed above, hTR contains more specialized sequence
elements in the terminal loop of its 3′ hairpin (Fig. 1A).
The BIO-box stimulates hTR stability by promoting H/
ACA RNP formation (Egan and Collins 2012b). The
CAB-box, a motif that hTR shares with the scaRNAs, is
required for trafficking hTR to the CB, where it receives
its TMG cap, and NAF1 is replaced by GAR1 (Jády et al.
2004; Girard et al. 2008; Kiss et al. 2010).

hTERT

In most organisms, the TERT protein contains four func-
tional domains: the telomerase N-terminal (TEN)
domain, TR-binding domain (TRBD), reverse transcrip-
tase domain, and C-terminal extension (CTE) (Fig. 1B;
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Figure 1. Functional domains of hTR and hTERT. (A) Secondary
structure of the hTR. The pseudoknot and CR4/CR5 domains in-
teract with the hTERT. The template for telomeric repeat synthe-
sis is indicated. Two copies of the H/ACA complex, each
composed of dyskerin, NHP2, NOP10, and GAR1, associate
with the H/ACA domain of hTR to stabilize the RNA in the nu-
cleus. TCAB1 interacts with the CAB box to facilitate telomerase
localization to Cajal bodies. (B) hTERT contains four functional
domains. The telomerase N-terminal (TEN) domain participates
in catalysis and drives telomerase localization to telomeres. The
TR-binding domain (TRBD) interactswith hTR. The reverse tran-
scriptase (RT) and C-terminal extension (CTE) form the catalytic
core of telomerase. Bar, 100 amino acids.
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Blackburn and Collins 2011). In the red flour beetle Tribo-
lium castaneum, for which the only high-resolution
structure of TERT has been solved, the TEN domain ap-
pears to be missing (Gillis et al. 2008). In hTERT, the
TEN domain plays a key role in telomerase recruitment
to telomeres and participates in the catalysis of telomeric
repeat synthesis (Jurczyluk et al. 2011; Robart and Collins
2011; Schmidt et al. 2014; Wu and Collins 2014). The
TRBD and reverse transcriptase domain provide the key
interaction sites with hTR (Lai et al. 2001). The reverse
transcriptase domain contains the active site of the telo-
merase enzyme, with clear homology with the reverse
transcriptase domains of retrotransposon and retroviral
reverse transcriptases (Lingner et al. 1997; Nakamura
et al. 1997). The CTE is part of the reverse transcriptase,
and previous proposals of an additional role in telomerase
localization to telomeres require re-evaluation as dis-
cussed below.

Telomerase assembly

Several reports have indicated that hTERTassociateswith
the chaperones HSP90 and p23 as well as the AAA+

ATPases Pontin and Reptin (Fig. 2; Holt et al. 1999; Ven-
teicher et al. 2008). Chemical inhibition of HSP90 reduces
telomerase activity. Interestingly, immunoprecipitation
of both HSP90 and p23 enrich for active telomerase, indi-
cating that they interact with mature telomerase RNPs
(Holt et al. 1999). Knockdown of Pontin reduces telome-
rase activity as well as hTR levels (Venteicher et al.
2008). In contrast to HSP90 and p23, Reptin and Pontin
seem to associate with a pool of hTERT that is not incor-
porated into an enzymatically active telomerase RNP,

hinting at a potential role in telomerase assembly (Ven-
teicher et al. 2008). In addition, Reptin and Pontin have
also been shown to interact with dyskerin and are neces-
sary for H/ACA RNP assembly, a crucial process re-
quired for hTR stability (King et al. 2001; Venteicher
et al. 2008). It is therefore not clear whether the loss of
telomerase activity after Pontin depletion is caused by
reduced hTR levels, disrupted telomerase assembly, or
a combination of both. Similarly, interpreting the re-
quirement of HSP90 for telomerase maturation is com-
plicated by the fact that chemical inhibition of a key
chaperone in human cells potentially has pleiotropic
and indirect effects.
hTERT contains putative nuclear localization signal

(NLS) and nuclear export signal (NES), suggesting that nu-
clear–cytoplasmic shuttling of hTERT could be involved
in telomerase assembly or activity regulation (Fig. 2;
Chung et al. 2012). It is noteworthy that mutation of the
hTERT NLS has only minimal effects on telomerase ac-
tivity and cellular immortalization by hTERT, while the
loss of the NES on telomerase function has yet to be test-
ed. Future studies are needed to address the importance of
nuclear–cytoplasmic trafficking of hTERT for telomerase
maturation and activity.
In S. cerevisiae, telomerase assembly is thought to oc-

cur in the cytoplasm, thereby requiring export of the TR
out of the nucleus (Gallardo et al. 2008). Import of the as-
sembled telomerase RNP into the nucleus requires the as-
sociation of the Ku70/80 heterodimer and presumably the
Sm heteroheptamer with TLC1, the budding yeast TR
(Seto et al. 1999; Gallardo et al. 2008). Each of these pro-
tein complexes has a specific binding site on the TLC1
RNA (Seto et al. 1999, 2002; Stellwagen et al. 2003).
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Figure 2. Telomerase assembly, maturation, and recruitment to telomeres. hTERT is synthesized in the cytoplasm and associates with
the chaperones HSP90 and p23. hTR cotranscriptionally binds dyskerin, NOP10, NHP2, and NAF1, with NAF1 subsequently being re-
placed by GAR1. Assembly of hTR and hTERT into catalytically active telomerase is aided by the AAA+ ATPases Reptin and Pontin.
A question mark indicates that the subcellular location of assembly is still under investigation. Telomerase is recruited to CBs by its in-
teraction with TCAB1. In S phase of the cell cycle, telomerase is recruited to telomeres by the interaction of the TEN domain of hTERT
with the TEL (TPP1 glutamate [E] and leucine [L]-rich) patch of the OB-fold domain of the shelterin component TPP1.
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Furthermore, a recent study has demonstrated that the as-
sembly state of the budding yeast telomerase holoenzyme
is regulated in a cell cycle-dependent manner (Tucey and
Lundblad 2014). Est3, a telomerase subunit required for
full enzymatic activity, associates with a preformed
Est2/TERT–Est1–TLC1 complex at the G2/M phase of
the cell cycle, after the completion of DNA replication
(Morris and Lundblad 1997; Tucey and Lundblad 2014).
The active telomerase complex then disassembles by dis-
sociation of Est2, the yeast TERT (Tucey and Lundblad
2014). Curiously, yeast Est3 is a structural homolog of
the human TPP1 telomere protein, but how they might
perform homologous functions is difficult to understand
at this point (Lee et al. 2008; Yu et al. 2008; Rao et al.
2014). Human proteins related in sequence to Est1 have
been identified and shown to associate with telomerase
activity (Reichenbach et al. 2003; Snow et al. 2003). It
must be noted that these proteins (hEST1A–C) are also in-
volved in the nonsense-mediated decay pathway, and how
they may promote telomerase activity is unclear (Redon
et al. 2007).

In contrast to yeast, the site of telomerase assembly, the
sequential steps, and its cell cycle-dependent regulation
are only beginning to be investigated in human cells.
In the absence of hTERT, hTR has a diffuse nuclear local-
ization, presumably stabilized by the dyskerin complex
associated with its 3′ domain (Tomlinson et al. 2008).
However, whether hTR shuttles out of the nucleus to as-
semblewith hTERT or hTERT is imported into the nucle-
us for assembly is unknown. hTERT transcription and
activity peak in S phase (Zhu et al. 1996; Xi and Cech
2014), and telomerase recruitment to telomeres is restrict-
ed to S phase (Jády et al. 2006; Tomlinson et al. 2006).
Thus, similar to yeast, telomerase action occurs after
completion of DNA replication, but the regulatory para-
digms underlying these observations remain to be
determined.

Amajor hurdle in analyzing the assembly of human tel-
omerase and its spatiotemporal regulation has been the in-
ability to detect endogenous hTERT by Western blot or
microscopy approaches due to its low abundance (∼500
molecules per cell in cancer cells) (Xi and Cech 2014).
Overexpression of telomerase components has been
shown to disregulate its subcellular localization and is
therefore not the ideal approach for studying telomerase
assembly and localization (Zhong et al. 2012). With the
advent of CRISPR-mediated genome editing and superre-
solution microscopy techniques with single-molecule
sensitivity, it is only a matter of time until endogenous
hTERT can be reliably detected to study telomerase as-
sembly and its cell cycle-dependent regulation in human
cells.

Structural organization of the telomerase RNP

hTERT interacts with two structural elements of hTR.
The TRBD associates with the CR4/5 region in the penul-
timate hairpin of hTR (Fig. 1; Mitchell and Collins 2000).
In addition, the reverse transcriptase domain has been
shown to associate with the pseudoknot region of hTR,

but the affinity is thought to be substantially weaker
than the TRBD–CR4/5 interaction (Robart and Collins
2011). Recently, the structure of the TRBD bound to the
CR4/5 region of TR from the teleost fish Oryzias latipes
was determined by X-ray crystallography, demonstrating
that the TRBD associates with the P6 and P6.1 stems as
well a highly conserved adenosine at the junction between
the two loops (Huang et al. 2014).

High-resolution structures are available for several
structural elements of TRs as well as individual domains
of TERT from diverse organisms (Zhang et al. 2011; Nan-
dakumar and Cech 2013). The TEN domain and TRBD of
Tetrahymena thermophila TERT have been solved by
X-ray crystallography (Jacobs et al. 2006; Rouda and Skor-
dalakes 2007). Additional TRBD structures are available
from Takifugu rubripes (the Japanese pufferfish), O. lat-
ipes (see above), and T. castaneum, the last of which was
solved in the context of the full reverse transcriptase sub-
unit (Gillis et al. 2008; Harkisheimer et al. 2013; Huang
et al. 2014). As a cautionary note, the T. castaneum TR
subunit has yet to be discovered; thus, it is not proven
that the putative T. castaneum TERT is a bona fide telo-
merase reverse transcriptase.

Lower-resolution information about the full holoen-
zyme is available from electron microscopy structures of
the human and T. thermophila telomerase RNPs. The hu-
man telomerase RNP purified from HEK293T cells over-
expressing hTERT and hTR forms a dimeric structure
∼28 nm in length (Sauerwald et al. 2013). The dimeriza-
tion is proposed to be mediated by the 3′ end of hTR and
possibly the H/ACA motif-associated proteins dyskerin,
NOP10, NHP2, and GAR1. While other studies agree
that multiple copies of dyskerin, NOP10, NHP2, and
GAR1 associate with the human telomerase RNP, the
presence of two catalytically active hTERT subunits has
been controversial (Egan and Collins 2010). Additionally,
the biological significance of a dimeric telomerase RNP is
unclear. It could perhaps facilitate telomerase recruit-
ment to telomeres by providing multiple binding sites,
thus increasing the affinity for its telomeric receptor. Fur-
thermore, it has been proposed that an enzymatically in-
active hTERT subunit can exert an inhibitory effect on
the activity of the second hTERT molecule in the dimer
(Sauerwald et al. 2013). Such allosteric regulation could
have substantial implications for disease-associated
hTERTmutations that reduce its catalytic activity, poten-
tially causing a dominant-negative loss of function in a
heterozygous setting.

The structure of T. thermophila telomerase was solved
by electron microscopy to a resolution of ∼25 Å in the
presence of the accessory subunits p65, p50, Teb1 and
the 7-1-4 complex, composed of p75, p45, and p19 (Jiang
et al. 2013). In contrast to human telomerase, the T. ther-
mophila RNP is monomeric (Bryan et al. 2003). Mapping
of high-resolution structures of holoenzyme components
into the electron microscopy density revealed several
key features about the organization of T. thermophila tel-
omerase. The cofactors p50 and Teb1, which stimulate
both RAP and telomerase activity, are closely associated
with the presumed position of the TEN domain of tTERT
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(Min and Collins 2009; Hong et al. 2013; Jiang et al. 2013).
Teb1 contains three OB-fold domains, A, B, and C, which
are necessary to stimulate telomerase activity (Min and
Collins 2010). Teb1A and Teb1B have been shown to spe-
cifically associate with telomeric ssDNA, an activity
comparable with that of POT1 in the human system
(Min and Collins 2009; Zeng et al. 2011). The most C-ter-
minal OB-fold, Teb1C, does not associate with DNA but
seems to mediate the interaction of Teb1 with the TEN
domain of telomerase, comparable with the OB-fold of
TPP1 (Min and Collins 2010; Jiang et al. 2013; Schmidt
et al. 2014). Importantly, p50 stabilizes the interaction
of Teb1 with telomerase and also facilitates the interac-
tion of the 7-1-4 complex with the T. thermophila RNP
(Jiang et al. 2013).

Telomerase localization to CBs

Telomerase localizes to CBs for most of the cell cycle.
While the factors and molecular determinants that drive
telomerase localization to CBs in human cells are well de-
fined, the physiological relevance of the process is only
starting to be understood.
Telomerase is targeted to CBs by the CAB-box in the

terminal hairpin of hTR and requires its association
with hTERT (Fig. 1A; Richard et al. 2003; Tomlinson
et al. 2008). Like all scaRNAs, hTR localization to CBs
is driven by its interaction with the protein TCAB1/
WDR-79, which resides in CBs and associates with the
CAB-box (Fig. 2; Venteicher et al. 2009). The physiological
importance of the TCAB1 for telomerase function is high-
lighted by autosomal recessive TCAB1mutations that are
associated with telomerase deficiencies in human pa-
tients (Zhong et al. 2011). Interestingly, missense muta-
tions in TCAB1 that cause dyskeratosis congenita do not
disrupt its interaction with hTR but rather prevent proper
TCAB1 folding by the chaperonin TRiC (Freund et al.
2014). While these observations clearly demonstrate
the importance of TCAB1 for telomere maintenance,
TCAB1 is not required for the enzymatic activity of telo-
merase, ruling out an obligatory role of CBs in telomerase
assembly (Venteicher et al. 2009). Furthermore, even
though several steps of hTRmaturation are thought to oc-
cur in CBs (see above), loss of TCAB1 function has no ef-
fect on steady-state hTR levels (Venteicher et al. 2009).
To add more intrigue to the puzzle, telomerase localiza-
tion to telomeres has a differential requirement for CBs
and TCAB1. Eliminating CBs by depletion of coilin pre-
vents telomerase recruitment to telomeres, but this phe-
notype can be rescued by overexpression of telomerase
(Stern et al. 2012). In contrast, in the absence of TCAB1,
not even telomerase overexpression can force telomerase
localization to telomeres (Stern et al. 2012). In total, these
observations suggest that CBs in general and specifically
TCAB1make a major contribution to telomerase traffick-
ing and recruitment to telomeres but are not obligatory for
telomerase assembly and enzymatic activity.
Different models for the role of CBs in telomerase traf-

ficking have been proposed. Live-cell microscopy has

shown that telomeres transiently associate with CBs dur-
ing S phase of the cell cycle, potentially to deliver telome-
rase to telomeres by a handoff mechanism (Jády et al.
2006). Such a mechanism would restrict the number of
telomeres that can be elongated in each cell cycle and
would require some sort of active transport machinery
that could deliver telomeres to CBs or vice versa. It is
worth noting that hTR is frequently found at telomeres,
which are clearly distinct and far apart from CBs (Jády
et al. 2006). Alternatively, telomerase could be released
from CBs in S phase to allow it to traffic to telomeres. Lo-
calization of telomerase to telomeres andCBs is notmutu-
ally exclusive. Overexpression of telomerase triggers its
localization, along with that of most CB components, to
virtually every telomere in the cell, most likely overriding
the regulatory processes that restrict telomerase–telomere
recruitment to S phase (Zhong et al. 2012). Curiously,
TCAB1 is required for overexpressed telomerase to local-
ize to telomeres (Stern et al. 2012). TCAB1 shares this phe-
notypewith theTELpatchofTPP1 and theTENdomainof
hTERT, which directlymediate the interaction of telome-
rase with the telomere (Nandakumar et al. 2012; Zhong
et al. 2012; Schmidt et al. 2014; see below). It is therefore
tempting to speculate that TCAB1 is also involved in
mediating the interaction between telomerase and the
telomere.Alternatively,TCAB1might be required to facil-
itate the post-translational modification of telomerase to
allow it to localize to telomeres. Future studies using
superresolution or live-cell imaging to detect hTERTmol-
ecules at endogenousexpression levelswill benecessary to
address these fundamental questions regarding the role of
CBs in telomerase trafficking.

Telomerase recruitment to telomeres

Although most enzymes encounter their substrates by
simple diffusion, both telomerase and its chromosome
end substrate have very low abundance: ∼30 telome-
rases/64 telomeres in a yeast haploid cell in late S phase
and ∼250 telomerases/184 telomeres in a human cell in
late S phase (Mozdy and Cech 2006; Xi and Cech 2014).
Thus, it is perhaps not surprising that the telomerase en-
zyme is recruited to telomeres rather than simply encoun-
tering them by diffusion. The yeast pathway in which the
telomerase accessory subunit Est1 binds to the telomere
protein Cdc13 was worked out by Lundblad and col-
leagues (Pennock et al. 2001). In retrospect, the first evi-
dence for human telomerase recruitment was DAT
(dissociates activities of telomerase) mutants of TERT
identified in the Counter laboratory (Armbruster et al.
2001, 2004) that were catalytically active in vitro but un-
able to act in vivo. However, themolecular understanding
of DATmutants had to await the discovery of the human
telomeric end-capping proteins.
The shelterin component TPP1 is the key telomeric

component necessary for telomerase recruitment to telo-
meres (Fig. 2; Xin et al. 2007). In addition, TPP1 in com-
plex with POT1 stimulates telomerase RAP in vitro and
has therefore been proposed to be a processivity factor
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for telomerase action at telomeres (Wang et al. 2007).
TPP1 is composed of an N-terminal OB-fold domain re-
quired for telomerase recruitment, a central domain that
directly binds to POT1, and a C-terminal domain neces-
sary for its association with TIN2, which integrates both
TPP1 and POT1 into the shelterin complex (Houghtaling
et al. 2004; Liu et al. 2004; Ye et al. 2004).Mutational anal-
ysis of the TPP1 OB-fold domain has revealed a patch of
amino acids (termed the TEL patch) that is essential for
telomerase recruitment to telomeres in vivo and telome-
rase RAP stimulation in vitro (Nandakumar et al. 2012;
Sexton et al. 2012; Zhong et al. 2012). The TEL patch is
thought to directly interact with telomerase (Schmidt
et al. 2014). In addition, a recent study has described a sin-
gle amino acid deletion in the TEL patch (TPP1K170Δ) asso-
ciated with Hoyeraal-Hreidarsson syndrome, a severe
form of dyskeratosis congenita (Kocak et al. 2014). Similar
to other TEL patch mutations, TPP1K170Δ fails to recruit
telomerase to telomeres in vivo and displays reduced
stimulation of telomerase RAP in vitro (Kocak et al. 2014).

Several DAT mutations were described in the TEN
domain of hTERT (N-DAT), which had enzymatic activi-
ty but failed to immortalize human fibroblasts (Armbrus-
ter et al. 2001). Because fusion of one of the N-DAT
mutants to POT1 rescued immortalization, it was pro-
posed that the DAT mutants were defective in telomere
maintenance because theywere unable to localize to telo-
meres (Armbruster et al. 2004). Additional mutants in the
TEN domain were later identified that affected telome-
rase localization to telomeres in vivo (V144M, a dyskera-
tosis congenita-associated allele) or were defective in
RAP stimulation by TPP1 in vitro (G100V) (Zaug et al.
2010; Zhong et al. 2012; Schmidt et al. 2014).

The identification of N-DAT mutants did not rule out
the presence of a bridging factor between the TEL patch
of TPP1 and the TEN domain of telomerase. This hurdle
was overcome in a recent study that identified mutations
in the TEN domain of hTERT (K78E) and the TEL patch of
TPP1 (E215K) that were individually detrimental to telo-
merase recruitment in vivo and telomerase RAP stimula-
tion by TPP1–POT1 in vitro but rescued both phenotypes
when combined (Schmidt et al. 2014). These mutations
invert the charges at individual positions in the TEN
domain and the TEL patch; therefore, the likely explana-
tion for these observations is that K78 in the TEN domain
and E215 in the TEL patch are involved in a direct charge–
charge interaction. Inverting that charge at one of the two
residues destabilizes the interaction between the TEL
patch and the TEN domain, but reversing the charge at
both positions re-establishes the interaction and suppress-
es the loss-of-function phenotypes of the individual muta-
tions.While these experiments demonstrated that a direct
interaction between TPP1 and hTERT is necessary for tel-
omerase recruitment to telomeres, they did not demon-
strate that it is sufficient. It is therefore possible that
additional factors facilitate the interaction between the
telomere and telomerase, such as TCAB1 (see above).

The original proposal of a second set of DATmutants in
the CTE (C-DAT) has not been tested in the same detail as
applied to the N-DAT region. Direct telomerase enzyme

assays, instead of the PCR-based TRAP assay, confirmed
that mutations in the C-DAT region result in substantial
loss of activity. In addition, disease-associated mutations
in this region (F1127L and E1117X) also suffer from de-
creased activity or do not display a DAT phenotype
(Zhong et al. 2012; Zaug et al. 2013). Thus, the CTE of
TERT deserves further study to confirm or deny its role
in recruitment.

While the molecular interactions underlying human
telomerase recruitment to telomeres are fairly well un-
derstood, its restriction to the end of S phase remains an
unanswered question. Several studies have observed telo-
merase localization to telomeres specifically in S phase
(Jády et al. 2006; Tomlinson et al. 2006), which also coin-
cides with an increase in hTERT mRNA levels (Xi and
Cech 2014). In addition, a phosphorylation site in the
OB-fold domain of TPP1 (S111) could potentially aid acti-
vation of telomerase at telomeres in S, G2, and M phase
(Zhang et al. 2013). Introduction of mutations of S111 in
different cell types has led to conflicting results. In HeLa
cells, it triggered telomere shortening, while expression
in embryonic stem cells had no discernible effect when
compared with wild-type TPP1 (Zhang et al. 2013; Sexton
et al. 2014). Therefore, the timing of telomerase action at
telomeres requires further study. Likely regulatory events
include cell cycle-specific post-translational modifica-
tions of telomere or telomerase components or potentially
the restriction of the assembly of telomerase into an ac-
tive RNP in a cell cycle-dependent manner. A precedent
for post-translational modification regulating telomerase
recruitment to telomeres exists in fission yeast. Phosphor-
ylation of the telomere component Ccq1 by the DNA
damage kinase Rad3 (ATR) is required to drive its associ-
ation with the Est1 subunit of the fission yeast telomerase
holoenzyme (Moser et al. 2011; Yamazaki et al. 2012). In
addition, as described above, telomerase assembly is regu-
lated in a cell cycle-dependent manner in budding yeast,
where an active telomerase holoenzyme is formed only af-
ter the completion of DNA replication (Tucey and Lund-
blad 2014).

Telomerase activation and telomere length regulation

Telomere length in telomerase-positive tissues is deter-
mined by a number of variables, among which are the ab-
solute telomerase levels, the frequency of telomerase–
telomere interactions, and the number of telomeric re-
peats added to each telomere upon recruitment. The num-
ber of repeats that telomerase adds to the chromosome
ends depends on how fast it can catalyze nucleotide addi-
tion (activity) and how many consecutive repeats it can
add before dissociating (RAP). Both activity and RAP are
subject to regulation by cofactors. It is worth noting that
“telomerase recruitment” as assessed by cytolocalization
or telomere chromatin immunoprecipitation simply indi-
cates that telomerase is somewhere at the telomere, not
necessarily at the very end of the DNA; telomerase “acti-
vation” could perhaps involve the relocation of telo-
merase from an internal portion of the telomere to
engagement with the DNA 3′ terminus.
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In vitro, the POT1–TPP1 complex substantially increas-
es the RAP of telomerase while only having a small im-
pact on activity (Wang et al. 2007). POT1–TPP1 is
proposed to decrease the dissociation rate of telomerase
from its telomeric substrate and aid the translocation
step (Fig. 3; Latrick and Cech 2010). TEL patch mutants
of TPP1 are defective in these RAP stimulatory events,
thereby identifying a specific region of TPP1 that enhanc-
es the telomerase translocation step of the catalytic cycle
and decreases telomeric DNA dissociation (Dalby et al.
2015). A recent single-molecule study has provided data
conflicting with these observations. Activity measure-
ments of single telomerase molecules in the presence
and absence of POT1–TPP1 demonstrated that POT1–
TPP1 increased the rate of product formation and proces-
sivity of telomerase and triggered a more rapid dissocia-
tion from the telomeric primer (Hwang et al. 2014). An
important assumption underlying this study is that
POT1–TPP1 is capable of sliding on ssDNA, an interest-
ing hypothesis that awaits conclusive experimental verifi-
cation (Hwang et al. 2012). The importance of processivity
stimulation by POT1–TPP1 in vivo is difficult to test
because telomerase fails to localize to telomeres if the in-
teraction between TPP1 and telomerase is lost.
In addition to the TEL patch amino acids in TPP1, a res-

idue on the opposite face of the same OB-fold domain
(L104) has been implicated in regulating the activity of tel-
omerase. Mutations in L104 cause a short telomere phe-
notype even though they bind similar amounts of
telomerase when compared with other OB-fold mutants
that support longer telomeres (Sexton et al. 2014). To con-
firm the role of L104 in the TPP1OB-fold in telomerase ac-
tivity stimulation, more quantitative information about
this mutant TPP1’s biochemical effect on telomerase
enzymatic activity, its localization to telomeres, and its
effect on telomerase recruitment to telomeres is neces-
sary. If, for instance, a lower amount of L104 mutant

TPP1 localized to telomeres than wild-type TPP1, the ex-
pectation would be a shorter telomere length set point.
In other species, telomerase recruitment to telomeres

and activation of its enzymatic activity have been found
to be separable steps. In budding yeast, recruitment is fa-
cilitated by the interaction of Cdc13, a telomeric protein,
with the Est1 subunit of the telomerase holoenzyme (Pen-
nock et al. 2001). Est3 associates with telomerase in a cell
cycle-dependent manner (see above), activates telomerase
activity in vitro, and is required for telomeremaintenance
in vivo but it is not thought to be required for recruitment
(Morris and Lundblad 1997; Talley et al. 2011). In addition
to a TEL patch-like surface required for its interaction
with telomerase, Est3 also contains surface residues that
are required for telomerase activation but are not involved
in the interaction with telomerase, potentially compara-
ble with L104 in TPP1 (Rao et al. 2014). Similarly, in fis-
sion yeast, two factors—Ccq1 (fission yeast-specific) and
Tpz1 (the TPP1 homolog)—are required for telomerase re-
cruitment to telomeres and telomerase activation
(Miyoshi et al. 2008; Tomita and Cooper 2008; Jun et al.
2013; Armstrong et al. 2014). Intriguingly, just as de-
scribed for Est3 and TPP1, one allele of Tpz1 (K75A) is
fully capable of recruiting telomerase to telomeres but
fails tomaintain telomere length,most likely due to its in-
ability to activate telomerase (Armstrong et al. 2014).
While there is a large amount of evidence supporting res-
idues in TPP1 and its homologs being involved in telome-
rase activation, the structural biology and biochemistry
underlying this process are unknown. It is tempting to
speculate that TPP1 transiently interacts with the DNA
substrate or, potentially, the TR to facilitate the transloca-
tion step of the telomerase catalytic cycle, but further
mechanistic studies will be necessary to test this hypoth-
esis (Fig. 3).
In addition to the positive regulators of telomerase ac-

tivity mentioned above, there are also factors that coun-
teract telomerase activity at telomeres. Each telomerase
RNP is thought to add 50–60 nt to most telomeres after
a single initiation event (Zhao et al. 2009). The CST com-
plex, composed of CTC1, STN1, and TEN1, has been pro-
posed to set the upper limit of telomere elongation by
binding to the telomeric ssDNA and displacing telome-
rase once the telomeric overhang has reached a certain
length (Chen et al. 2012). In addition, the CST complex
is required to promote C-strand fill-in by recruiting the
primase Polα to the telomeric overhang (Chen et al.
2012; Wu et al. 2012). Another negative regulator of telo-
mere length in human cells is TERRA RNA, whose tran-
scription initiates in subtelomeric regions of telomeres
and which contains UUAGGG repeats; TERRA may in-
hibit telomerase activity in cis by directly binding telome-
rase (Schoeftner and Blasco 2008; Redon et al. 2010).
Finally, specific conformations of the telomeric DNA,
such as T loops and G quadruplexes, could prevent telo-
merase from accessing the telomere (Zaug et al. 2005;
Doksani et al. 2013; Jun et al. 2013). While there is evi-
dence that T loops and G quadruplexes exist at telomeres,
the degree to which they regulate telomerase activity in
vivo remains an unanswered question.
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Figure 3. The telomerase catalytic cycle and its modulation by
TPP1. Telomere extension requires multiple steps: primer DNA
binding; extension of the primer using dGTP, TTP, and dATP
as substrates; translocation of the RNA template relative to the
active site and translocation of the DNA primer relative to the
template; and recycling (thick arrow) for another round of exten-
sion. TPP1 aids translocation of the telomeric primer and reduces
the rate of product dissociation from cycling telomerase to in-
crease RAP.
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Summary and conclusions

Telomere length maintenance is a key process underlying
normal human development and is defective in various
disease settings. Inappropriate telomere lengthening, cir-
cumventing tumor-suppressive telomere shortening dur-
ing cell division, is a hallmark of cancer, while defects
in telomere maintenance lead to human diseases such
as dyskeratosis congenita. Telomerase is the key factor re-
sponsible for telomere lengthening in most human cells.
Its production is up-regulated in many cancers, and its
function is impaired in telomeropathies. Great strides
have been made in recent years to understand how telo-
merase is assembled and recruited to the telomere and
how it synthesizes telomeric repeats. However, many
key questions remain unanswered. With the advent of
CRISPR–Cas9-mediated genome editing and sensitive
superresolution microscopy approaches, many of these
questions will be answered in the coming years. Such
studies will certainly lead to a greater understanding of
telomere biology and hopefully to novel therapeutic ap-
proaches for treating cancer and other telomere mainte-
nance-related diseases.
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