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Abstract. Telomerase has been recognized as a common factor 
in most tumor cells, and in turn a distinctive feature with respect 
to non-malignant cells. This feature has made telomerase a 
promising target for cancer therapy. Telomerase studies revealed 
that it is a multi-subunit complex possessing different levels of 
regulation, including control of expression, phosphorylation 
state, assembly and transportation to sites of activity. Thus, we 
emphasize that targeting telomerase expression or activity is not 
the only way to shorten telomeres, induce cell senescence and 
apoptosis. Therefore, there are multiple sites capable of allowing 
the modulation of its enzymatic activity. In the development of 
strategies based on the regulation of telomerase activity the 
understanding of the mechanisms regulating their subunits 
is essential. Based on this, in this review we summarize the 
current state of knowledge of some regulatory mechanisms of 
the components of the telomerase complex, and hypothetize 
their potential therapeutic application against cancer.
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1. Telomere structure and function

Telomeres are regions of repetitive nucleotide sequences 
at each end of chromosomes, this region is a repetition 

of a guanine-rich sequences. In humans, telomeres are 
comprised of a repetitive TTAGGG sequence with a 3' G-rich 
single-stranded overhang (1,2). The ends of telomeres form a 
lariat-like structure called t-loop (3), which is postulated to 
be formed by strand invasion of the 3' single strand overhang 
into the preceding double stranded telomeric DNA that is then 
stabilized by telomeric proteins (4). A six-protein complex 
known as ‘shelterin’ has remarkable specificity for telomeres 
and some members of the complex specifically binds to 
telomeric DNA. These proteins are: telomere repeat binding 
factor 1 (TRF1), telomere repeat binding factor 2 (TRF2), 
repressor/activator protein 1 (RAP1), protection of telomeres 1 
(POT1), TRF1 interacting nuclear factor 2 (TIN2), and TPP1 
[also known POT1 and TIN2 organizing protein (5-8)]. The 
functions of shelterin protein components are to maintain 
telomere length, promote t-loop formation, recruit telomerase 
to telomeric ends, and protect the ends of chromosomes from 
being recognized as DNA damage (5,8,9). The cell replication 
apparatus is not able to provide for complete replication of 
chromosome ends; also, telomeres are subject to the action of 
nucleases and other deleterious factors. As a result, telomeres 
shorten during each cell division. In most organisms the main 
mechanism of telomere length maintenance is completion 
of DNA telomere repeats by telomerase (10). In other cases 
there is a non-telomerase mechanism, known as alternative 
lengthening of telomeres (ALT) which involves the use of a 
DNA template (11). Most cancer cells have a chromosome end 
renewal mechanism involving the telomerase complex, which 
utilizes its integral RNA molecule as a template for reverse 
transcription of new telomeric DNA. In normal, healthy cells 
telomerase activity is mostly limited to embryonic cells, 
adult germline cells, and stem cells but is virtually absent 
in somatic cells (12) while it is rather common in the vast 
majority of cancer cells (13,14), providing important targets 
for detection and treatment (Fig. 1).

2. Telomerase holoenzyme

The telomerase is a specific reverse transcriptase responsible 
for the maintenance of telomere length in most mammals; this 
enzyme was initially identified in ciliates (15). The human 
telomerase is comprised of two main subunits, the RNA 
template and the catalytic enzyme (16). The telomerase RNA 
template (hTR or hTERC) contains a complementary sequence 
to the human telomere that serves as the base for replication 
of short repetitive telomere sequences d(TTAGGG) (17). The 
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extension of telomeres is completed through the catalytic 
component, its reverse transcriptase (hTERT) (18). Along 
with these two main components are additional telomere/
telomerase associated proteins. These accessory proteins 
regulate telomerase biogenesis, their subcellular localization, 
and function in vivo. Formation of the functional holoen-
zyme complex requires associated proteins including the box 
H/ACA small nucleolar RNA proteins: dyskerin, nucleolar 
protein 10 (NOP10), non-histone protein 2 (NHP2), and 
glycine-arginine rich 1 (GAR1) (19). Other proteins involved 
in the telomerase complex are pontin/reptin and telomerase 
Cajal body protein 1 (TCAB1) (20). Pontin and reptin are two 
ATPases, which interact with TERT in the S phase of the cell 
cycle, showing a TERT dependent regulation of cell cycle. 
Pontin and reptin interact with TERT, suggesting that pontin 
and reptin also serve to assemble or remodel a telomerase 
complex containing TERT. This process may occur in a step-
wise fashion in which pontin and reptin facilitate assembly 
of TERT with a TR-dyskerin RNP, or remodel this maturing 
telomerase complex (21). Finally the factor TCAB1 regulates 
the subcellular location of telomerase (22).

Telomerase levels are regulated at every step of protein 
and RNA processing, as well as at the level of complex 
assembly and subcellular localization (23). Telomerase 
activity at the telomere is also regulated at the level of telom-
erase recruitment to the telomere. While the exact mechanism 
of telomerase recruitment is still not fully known, it is likely 
part of a negative feedback loop created by shelterin proteins 
bound at the telomere that serve as negative regulators of 
telomerase extension of telomeres (reviewed in ref. 24). 
The prevailing model of shelterin mediated telomere length 
regulation is that longer telomeres recruit more shelterin 
complex, which in turn limits future telomerase elongation. 
This negative feedback loop is thought to be responsible for 
the stable telomere length found in cancer cells, and is likely 

responsible for at least partially maintaining telomere length 
homeostasis in germ cells and other stem-like cells in which 
telomerase is active (25). Thus, it would be possible that other 
mechanisms regulating telomerase recruitment or proces-
sivity exist depending on whether cells are at equilibrium 
conditions versus non-equilibrium conditions.

3. TERT regulation

Intensive studies of telomerase functioning in human cells 
gave new perspectives on the mechanism of senescence, stem 
cells and cancer therapy. The studies show that numerous 
enzymes are required for telomerase functioning that 
facilitate new approaches for inhibiting telomerase in cancer 
treatment. Probably there are still numerous unrevealed 
proteins that contribute to regulation of such a dynamic 
complex that still are to be discovered. As already reported, 
TERT splice variants may be expressed in normal, pre-crisis 
and alternative lengthening of telomeres cells (ALT) that lack 
detectable telomerase activity (26-28). Thus, transcriptional 
control of TERT is supposed to play a crucial role in the 
complex regulation of telomerase activity. Post-translational 
regulation of telomerase activity can occur via reversible 
phosphorylation of TERT catalytic subunit at specific serine/
threonine or tyrosine residues. Due to multiple kinase and 
phosphatase activators and inhibitors the telomerase phos-
phorylation status may affect its structure, localization and 
enzyme activity (29). Numerous non-specific phosphoryla-
tion sites within TERT protein are postulated but only a few 
of them appear to be the key residues, and their phosphoryla-
tion influences telomerase activity (activation and inhibition) 
(30). Specific phosphorylation site at TERT is present at the 
proline rich region (29). It was revealed that the contribution 
of c-Abl tyrosine kinase to TERT phosphorylation at specific 
tyrosine residues led to decreased telomerase activity. It was 
shown that overexpression of c-Abl inhibited cell growth by 
causing cell cycle arrest (30). Because of the role of c-Abl 
in stress response to DNA damage, exposure of cells to 
ionizing radiation led to a significant increase in TERT phos-
phorylation by c-Abl. It was also demonstrated that c-Abl 
phosphorylated TERT is leading to inhibition of telomerase 
activity and decrease in telomere length (31) suggesting a 
direct association between c-Abl and TERT. In conclusion, 
TERT expression is regulated at both, transcriptional and 
post-transcriptional levels, with the alternative splicing of 
TERT also involved in the control of telomerase activity. 
However, contradictive reports concern the correlation of 
telomere length with telomerase activity or TERT expression 
in different cells which might confirm the tissue-specificity 
of those regulatory mechanisms.

4. Nuclear transport of TR

As shown, translocation of TR and TERT is regulated and 
multiple nuclear structures participate in transport and 
biogenesis of telomerase (32). Throughout most of the cell 
cycle TR is present in Cajal bodies (CBs) that act as its trans-
mitters to telomeres (33). These subnuclear structures are 
general sites of RNP assembly and RNA modification (34). 
In contrary to TR, TERT is located in distinct nucleoplasmic 

Figure 1. Telomere lengths vs cell divisions. The cells that have a constitutive 
telomerase activity (embryonic and pluripotent stem cells) may completely 
maintain telomere lengths. Stem cells transiently express telomerase or express 
moderate amounts of telomerase maintaining partially telomeric length, with 
increased age and cell divisions, telomeres continue to shorten in these cells. 
Normal somatic cells that do not express telomerase have their telomeres 
shorten with each cell division. Cancer cells which reactivate or upregulate 
telomerase fully maintain telomeres but generally at reduced lengths. This 
feature has made telomerase a promising target for cancer therapy.
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foci and therefore, the two main subunits of telomerase 
are separated during almost the whole cell cycle. In early 
S phase TERT is translocated to nucleoli. At the same time 
CBs containing TR accumulate at the periphery of nucleoli. 
TR accumulates at the pole of CBs that precedes localization 
to telomeres in mid-S phase when CBs deliver telomerase to 
individual telomeres. Furthermore, it was revealed that the 
same kinases and phosphatases that act during S-phase may 
modify telomerase subunits (32). However, the mechanisms 
involved in targeting and accumulation of TR are not fully 
understood (35). To date, within telomerase RNA molecule 
the CAB box and H/ACA motif has been identified to influ-
ence the TR translocation to CBs and nucleoli (36,37). In 
the same way, one of TERT domains is known to mediate 
nucleolar translocation (38,39).

5. Assembly of telomerase complex

Human telomerase assembly occurs by an energy-dependent 
complex mechanism that involves first the stabilization 
of TR and then its association with TERT (40,41). Only 
TERT and TR are necessary to gain telomerase activity 
in vitro. However, in vivo telomerase complex is composed 
of additional multiple proteins, that facilitate the enzyme to 
act (42). Similarly to the transport of TERT to the nucleus, 
assembly of the telomerase complex may be regulated during 
the cell cycle. Telomerase assembly could take place during 
S phase and it is disassembled probably during M phase 
(35). Prevention of premature binding of the essential telom-
erase subunits (TERT and TR) is possible due to different 
sites of their compartmentalization and keeping them away 
from their substrates (telomeres) (32). Thus, two telomerase 
assembling sites are possible during S phase at the telomere 
ends (43) or in CBs (32). It has been suggested that survival 
of motor neuron (SMN) complex, an RNP assembly factor 
present in CBs, takes part in telomerase biogenesis. It was 
demonstrated that TR is associated with GAR1, a protein 
which interacts with SMN complex (44). However, further 
studies are needed to establish exactly where the telomerase 
assembly occurs. Recent studies showed that the localization 
of TR in CBs and near telomeres depends onTERT. This 
suggests that TR assembles a complex with TERT and then 
both proteins are transported to telomeres. Alternatively, 
TERT is supposed to indirectly influence the trafficking of 
TR or a transient interaction of the two components that 
contribute to TR localization (45).

The 3' end of the vertebrate TR contains two stem-loop  
structures separated by a box H and box ACA moiety, aptly 
named the H/ACA domain (36). Each of the two structures in 
the TR H/ACA domain binds a copy of the protein complex 
formed by dyskerin, NOP10, NHP2 and GAR1 proteins. 
This protein complex is important for RNA maturation, 
3' processing and RNP biogenesis (46). CB location of TR 
is dependent on the TCAB1 protein binding to the CAB 
(Cajal body box) (47). Dyskerin is the mammalian ortholog 
of the archaeal H/ACA RNA pseudouridine synthase which 
contains the catalytic TruB domain and the pseudouridine 
synthase and archaeosine transglycosylase (PUA) domain 
involved in RNA modification (48). NOP10 is a small basic 
protein with a conserved zinc ribbon domain in the N-terminal 

region. This protein does not directly bind to the RNA, and 
instead binds to dyskerin (49,50). NHP2 is another small basic 
protein, which binds to the RNA (49-51). GAR1 is defined by, 
and named for, the glycine and arginine rich (GAR) domains 
which flank the highly conserved central domain (50). As 
with NOP10, GAR1 also does not directly bind to the RNA 
and instead binds to the dyskerin. GAR1 is not required for 
H/ACA snoRNP stability in vivo or snoRNP assembly in vitro 
(51,52). While dyskerin bound H/ACA snoRNAs localize to 
both nucleoli and CBs, TCAB1 bound scaRNAs exclusively 
localize to CBs. TCAB1 is responsible for TR localization to 
CBs since the depletion of TCAB1 alters the localization of 
the TR to nucleoli (47).

Numerous unique mutations have been identified within 
the DKC1 gene, encoding for dyskerin (53,54). Mutations 
in a limited number of families have also been reported in 
NOLA2, encoding for NHP2 (55); and NOLA3, encoding for 
NOP10 (56). These mutations retain wild-type telomerase 
activity in vitro while reducing the amount of active telom-
erase within the cell. No reports of mutations within NOLA1, 
encoding for GAR1, have been linked to telomere-mediated 
disorders. Mutations within the DKC1 gene are associated 
with X-linked recessive dyskeratosis congenita (DC) (57), 
while mutations in the NOLA2 and NOLA3 genes correlate 
to autosomal recessive DC (58,59). Dyskerin and other associ-
ated proteins are crucial for ribosomal, as well as telomerase 
biogenesis (58). However, mutations within these genes appear 
to have no significant negative effect upon ribosome matura-
tion in human cells (59). Since the discovery of TCAB1 and 
its gene, WRD79, there has been a report of mutations linked 
to two cases of autosomal recessive DC. These mutations 
produce defects in TR trafficking, reducing the amount of 
active enzyme (22).

While the intricate details of telomerase RNP assembly 
have yet to be fully elucidated, much progress has been made 
in uncovering many of the steps necessary for individual 
component maturation and the assembly of these compo-
nents into an active ribonucleoprotein enzyme. TERT protein 
expression follows the canonical mRNA transcription, matu-
ration and cytoplasmic translation. The TERT protein is then 
recruited to nucleoli and then CBs for RNP assembly (38,60). 
The accumulation of TERT in the nucleoli reduces the levels 
of active telomerase, supposedly by sequestering TERT 
from TR (61,62). TR begins as a precursor RNA polymerase 
II transcript capped by trimethyl-guanosine (TMG) (63). 
Binding by RNA Helicase associated with AU-rich element 
(RHAU) to the 5' end resolves the G-quadruplex structure 
while binding dyskerin and other proteins to the 3' end, 
trim and internally modify the RNA to produce a mature 
TR (64). The initial binding of dyskerin to the TR, and other 
H/ACA snoRNA species, relies on the sequential binding of 
snoRNA H/ACA family quantitative accumulation 1 (SHQ1), 
followed by nuclear assembly factor 1 (NAF1) to dyskerin. 
NAR1 is exchanged for GAR1 and SHQ1 is lost prior to the 
localization of the mature TR to CBs (65). TCAB1 binding is 
thought to then direct the mature TR to CBs (47,65). TERT is 
then localized near the CBs where telomerase RNP assembly 
occurs (60). The assembled telomerase localize to the telo-
mere for the nucleotide addition to the process (66). The 
regulation of each component of the telomerase holoenzyme 
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has implications for the accumulation of active telomerase 
within the cell (67).

ATPases and DNA helicases pontin and reptin reveal an 
essential role in telomerase assembly. The amount of TERT 
bound to pontin and reptin peaks in S phase (21). When the 
two pivotal subunits of telomerase are stabilized and bound 
with auxiliary proteins the TERT and TR dimerization 
occurs. Two regions of TR are necessary for its binding with 
TERT: the template region (nucleotides 44-186) and a putative 
double hairpin element in the 50 stem of the H/ACA domain, 
where TR stabilizing H/ACA proteins bind (nucleotides 
243-326) (68).

6. Regulation of telomerase by telomere binding

Interaction of telomerase with numerous telomere binding 
proteins (TBP) that may influence telomerase enzyme 
activity is considered another form of telomerase activity 
regulation. It is supposed that binding some of them to 
telomeres, therefore making it impossible for telomerase to 
access the chromosome ends, is an indirect way of regula-
tion (69). Three-state model of telomere length regulation 
were studied (70). Firstly, POT1 is directly bound at the 3' 
end of telomere and associates with TPP1. This POT1-TPP1 
position prevents binding of telomerase to chromosome 
ends (5). Secondly, TPP1-POT1 association enhanced POT1 
affinity for telomeric sDNA and TPP1 associates with the 
telomerase, providing a physical link between telomerase 
and the shelterin complex (71). According to this model, in 
the next state these proteins are removed from their binding 
sites by an unidentified mechanism. Posttranslational modi-
fication or disruption of shelterin might be involved in the 
process. Thistly, released POT1-TPP1 complex may serve as 
an activator of telomerase during telomere extension. When 
elongated, telomere reaches a certain threshold, the newly 
synthesized repeats bind shelterin complexes and the 3' end 
of the overhang is re-bound by POT1-TPP1. This causes 
telomerase inhibition and return of the telomere to the first 
state of the complex (71). TRF1 and TRF2 are the main 
proteins responsible for telomerase negative feedback control 
in mammals. They are bound to double stranded DNA at 
T-loop, which is a ‘closed’ state of telomere, which telomerase 
cannot access and therefore extends the telomere terminus. 
TRF1 and TRF2 act as negative regulators of telomere length 
because they are involved in T-loop formation (72,73). TRF1 
and TRF2 were shown to act in cis to repress telomere elon-
gation. TRF1 was reported to repress telomerase action on 
telomeres while, on the contrary, TRF2 appears to activate 
a telomeric degradation without showing any influence on 
telomerase (74). Other proteins with negative-feedback regu-
lation of telomere length have been identified in human cells. 
The proteins acting on TRF1 are tankyrase 1 and 2 (TANK 1 
and 2), TIN2, PINX1, three TRF1-interacting factors but also 
hRAP1 which interacts with TRF2 (9,74). PINX1 can inhibit 
telomerase by forming a stable complex with catalytic subunit 
of telomerase and TRF1 molecule. It binds with TERT by 
its telomerase inhibitory domain (TID) placed at C terminal 
74 aa (22). The human repressor activator protein 1 (hRap1) 
was identified as a protein that specifically interacts with 
TRF2 and negatively regulates telomere length in vivo.

7. Summary and conclusions

Numerous studies on the behavior of telomerase, created a 
solid body of evidence about the mechanisms of senescence, 
and its activity in tumor cells. These studies showed the role 
of accessory proteins in the functionally active telomerase 
complex. Since accessory proteins regulate telomerase there 
is a chance of creating new approaches for the indirect 
inhibition of telomerase in cancer treatment. In conclusion, 
telomerase activity contains multiple factors that allow the 
regulation, including the expression of TERT levels, post-
transcriptional modifications, transportation and location 
and finally conformation and interactions with accessory 
proteins during assembly of the telomerase complex (Fig. 2) 
providing possible targets to be approached in the strategy 
of affecting this enzyme for cancer treatment. Many of these 
processes have been studied in detail, creating the basis to 
find molecules that regulate telomerase activity. Imetelstat 
is a synthetic molecule that binds to the telomerase RNA 
component sequence (hTR) in the active site region of telom-
erase preventing its action (75). Curcumin has been shown to 
decrease the activity of telomerase in several types of cancer 
(76-78). This inhibition may be due to the impossibility of 
the translocation to the nucleus by dissociating Hsp-90 and 
p23 chaperones from TERT (79). Sulforaphane has been 
shown to cause a decrease in the expression of TERT and 
TERT phosphorylation, preventing nuclear translocation 
(80). However, there is little evidence on how we can modu-
late telomerase activity by targeting the major components 
of the complex (diskerin, Gar1, Nop10, and NHP2), leaving 
a window of opportunity to the creation and application of 
indirect anti-telomeric therapies in cancer.
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Figure 2. Different steps in the telomerase regulation. These sites of regulation 
could be targets of telomerase activity in cancer therapies.
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