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a  b  s  t  r  a  c  t

Telomerase  is  a reverse  transcriptase  specialized  in the  addition  of  telomeric  DNA  repeats  onto  the
ends  of  chromosomes.  Telomere  extension  offsets  the  loss  of  telomeric  repeats  from  the failure  of  DNA
polymerases  to  fully  replicate  linear  chromosome  ends.  Telomerase  functions  as  a ribonucleoprotein,
requiring  an  integral  telomerase  RNA (TR)  component,  in  addition  to the  catalytic  telomerase  reverse  tran-
scriptase  (TERT).  Extensive  studies  have  identified  numerous  structural  and  functional  features  within  the
TR  and TERT  essential  for activity.  A  number  of accessory  proteins  have  also  been  identified  with  various
is congenita
fibrosis

functions  in  enzyme  biogenesis,  localization,  and  regulation.  Understanding  the  molecular  mechanism
of  telomerase  function  has  significance  for the  development  of therapies  for telomere-mediated  disor-
ders  and  cancer.  Here  we  review  telomerase  structural  and  functional  features,  and the  techniques  for
assessing  telomerase  dysfunction.

© 2011 Elsevier B.V. All rights reserved.
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 telomere-mediated disorders such as dyskeratosis con-
C), aplastic anemia (AA), and idiopathic pulmonary fibrosis
0]. Additionally, the vast majority of cancer cells have
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se up-regulated to sustain growth [11]. Thus the study
rase is important for understanding the basis of many

iseases and the development of potential therapies.

erase enzymatic properties

erase is unique among RTs by functioning as a ribonu-
in [12–14]. The catalytic core of telomerase is minimally
d of the telomerase reverse transcriptase (TERT, also
s TRT and Est2) and the integral telomerase RNA (TR,
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Fig. 1. A model of the human telomerase reaction cycle. The telomerase reaction is divided between nucleotide addition (left) which is common to all polymerases and
template translocation (right, pale-blue box), a unique property of telomerase. After assembly of the telomerase catalytic core, composed of TERT (grey) and TR (green),
with the DNA primer (blue), six nucleotides (violet) are sequential added in a template-dependent manner (dark-grey arrows). The template is then regenerated though a
multi-step late r
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Fig. 2. TR and TERT motifs and domain organization. Top, the TR is composed of three
functional domains. The template/pseudoknot (pale-green box) and CR4/5 (pale-
violet box) domains bind to TERT and are essential for enzymatic activity. While
the  H/ACA domain (grey box) is dispensable for activity, it is essential for in vivo
biogenesis,  accumulation, and RNP assembly. Additionally there is the RHAU RNA
helicase binding to the G-quadruplex structure (orange) at the 5′ end and the TBE
composed of helix P1b (blue) located upstream of the template. Bottom, the TERT
protein is composed of 4 independently folding domains. The TEN domain (green)
and TRBD (v
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 [86]. Mutational analysis of the essential Asp residues

tifs A and C supports the telomerase enzyme employing
tal-coordination by an aspartic acid triad for DNA poly-
n, a mechanism common to conventional RTs [87]. Motif

ns as a primer grip, interacting with telomeric DNA [88].
d residues in the RT domain when mutated abolish tel-
enzymatic activity in vitro, these TERT mutants fail to

 telomere length in vivo, and many of these mutations
n identified in individuals with telomere-mediated disor-
7,82,87,89–93]. Recently, a telomerase-specific motif was
d within the RT domain. This motif 3 is unique to TERT and

 to enzymes with high repeat addition processivity [27].
n TERT has been postulated to share functionality with the
-terminus, commonly referred to as the thumb domain.
viral thumb domain binds to the RNA template/DNA

uplex, while the telomerase CTE binds to telomeric DNA,
g nucleotide polymerization [85,94–96]. A schematic of
rved motifs within TERT is shown in Fig. 2.

 the RT and CTE domains are broadly conserved between
 conventional RTs, the TEN and TRBD domains are

se-specific and unique to the TERT protein (Fig. 2, bottom)
00]. The TEN domain contains ‘anchor’ sites which bind
anded telomeric DNA [101]. This delays complete disas-

 of the DNA product from the enzyme and thus increases
dition processivity. Mutational analysis has identified
ithin the TEN domain specific for repeat addition pro-

which do not affect nucleotide addition [23,24]. The TEN
lso contains RNA interacting domain 1 (RID1), a low-

inding site for the TR template/pseudoknot domain [102].
 contains RNA interacting domain 2 (RID2) which is a high
inding site for the TR CR4/5 domain (Fig. 2, bottom) [103].
in–RNA interactions through RID1 and RID2 are essential
erase assembly and disruptions of these domains abolish
oth in vitro and in vivo [39].
rous unique mutations have been identified within the
e which are linked to human telomere-mediated disorders
,66,70,74,77,82,93,104–108]. Similar to TR mutations,
tations manifest as a syndrome complex which includes
somal dominant or recessive DC, and IPF. It is of note
e are cases of compound heterozygous DC from sev-

 mutations [65,106,107]. When mapped onto the amino
ence, these TERT mutations are located almost exclu-

thin the conserved functional domains, with the majority
ted within RT motifs [78]. While mutations which dis-

eotide addition are well characterized, only recently have
s which disrupt repeat addition processivity been discov-
].

erase accessory protein structure and function

ition to the catalytic TERT protein, the TR binds a variety
nal telomerase accessory proteins. These ancillary pro-
essential for in vivo TR localization and telomerase RNP
is (Fig. 3). As previously discussed, the 3′ end of the verte-
contains two stem-loop structures separated by a box H
CA moiety, aptly named the H/ACA domain (Fig. 2, top)

 of the two stems in the TR H/ACA domain binds a copy
tein complex formed from dyskerin, NOP10, NHP2, and

D
pseu
and 

(PUA
sma
N-te
and 

anot
GAR
(GAR
[111
and 

for H
[57,1
both
loca
Caja
the T

N
DKC
ited 

for N
tion
the 

mut
to te
are a
in th
DC [
for r
mut
tive 

the d
of m
mut
of ac

5.  T

T
an a
addi
telom
prog
for i
com
expr
and 

nucl
accu
telom
TR b
trim
to th
dysk
ify th
of dy
the 

tive 

1) to
is lo
teins (Fig. 3) [17]. This protein complex is important for
uration, 3′ processing, and RNP biogenesis [16,56]. Cajal
lization of TR is dependent on the TCAB1 protein binding
B box (Fig. 2, top and 3) [18].

[138]. TC
bodies [1
where te
bled telo
730 (2012) 3– 11

rin  is the mammalian ortholog of the archaeal H/ACA RNA
idine synthase which contains the catalytic TruB domain
seudouridine synthase and archaeosine transglycosylase
main involved in RNA modification [109]. NOP10 is a
ic protein with a conserved zinc ribbon domain in the
al region. This protein does not directly bind to the RNA,
ad binds to the dyskerin protein [57,110,111]. NHP2 is
mall basic protein, which binds to the RNA [57,110–112].
efined by, and named for, the glycine and arginine rich

mains which flank the highly conserved central domain
 with NOP10, GAR1 also does not directly bind to the RNA
ad binds to the dyskerin protein. GAR1 is not required

A snoRNP stability in vivo or snoRNP assembly in vitro
12,113]. While dyskerin bound H/ACA snoRNAs localize to
leoli and Cajal bodies, TCAB1 bound scaRNAs exclusively
o Cajal bodies. TCAB1 is responsible for TR localization to
ies since the depletion of TCAB1 alters the localization of

 nucleoli [18].
rous  unique mutations have been identified within the
e, encoding for dyskerin [55,114–124]. Mutations in a lim-
ber of families have also been reported in NOLA2, encoding

 [125]; and NOLA3, encoding for NOP10 [73]. These muta-
in wild-type telomerase activity in vitro while reducing
nt of active telomerase within the cell. No reports of

s within NOLA1, encoding for GAR1, have been linked
re-mediated disorders. Mutations within the DKC1 gene
iated with X-linked recessive DC [126], while mutations
LA2 and NOLA3 genes correlate to autosomal recessive

25]. Dyskerin and other associated proteins are crucial
mal, as well as telomerase biogenesis [55,127]. However,
s within these genes appear to have no significant nega-
t upon ribosome maturation in human cells [40,128]. Since
very of TCAB1 and its gene, WRD79, there has been a report
ons linked to two cases of autosomal recessive DC. These
s produce defects in TR trafficking, reducing the amount
enzyme [129].

erase RNP biogenesis

mmation of telomerase biogenesis is the localization of
 telomerase enzyme to the telomere where nucleotide
can then proceed (Fig. 3). While the intricate details of
se RNP assembly have yet to be fully elucidated, much
has been made in uncovering many of the steps necessary
idual component maturation and the assembly of these
nts into an active ribonucleoprotein enzyme. TERT protein
n follows the canonical mRNA transcription, maturation,
lasmic translation. The TERT protein is then recruited to

and then Cajal bodies for RNP assembly [130–133]. The
tion of TERT in the nucleoli reduces the levels of active

se, supposedly by sequestering TERT from TR [134,135].
s as a precursor RNA polymerase II transcript capped by
l-guanosine (TMG) [reviewed in [136]]. Binding by RHAU
end resolves the G-quadruplex structure while binding
and other proteins to the 3′ end, trim and internally mod-
A to produce a mature TR [53,54,137]. The initial binding
in to the TR, and other H/ACA snoRNA species, relies on

ential binding of SHQ1 (snoRNA H/ACA family quantita-
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Fig. 3. A model of telomerase RNP biogenesis. Active telomerase localizes to the telomere through a complex pathway. TERT protein expression follows the canonical
eukaryotic transcription, RNA maturation, and nuclear export to the cytoplasm (pale-red) for translation. The TERT protein (grey) is then imported back into the nucleus and
localizes  to the nucleolus (pale-violet) prior to assembly with the TR (black). The TR precursor, synthesized by RNA polymerase II and TMG  capped, is bound by two  copies
of  the protein complex formed by dyskerin (red), NOP10 (violet), NHP2 (green), and GAR1 (yellow) for 3′ end processing and internal modifications. The RHAU RNA helicase
(light-blue) for loc
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irect activity assay for detecting and characterizing tel-
activity relies on the extension of an oligonucleotide,
a telomeric sequence, by the telomerase enzyme in
nce of triphosphate nucleosides, often radiolabeled for
. The pattern of telomerase-elongated products directly
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epeat addition processivity [51]. So far, the vast majority
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