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Abstract Telomerase plays a pivotal role in cellular
immortality and tumorigenesis. Its activity is normally not
detectable in most somatic cells while it is reactivated in
the vast majority of cancer cells. Therefore, inhibition of
telomerase has been viewed as a promising anticancer
approach due to its specificity for cancer cells. Studies so
far have shown that telomerase inhibition can inhibit the
proliferation of cancer cells or cause apoptosis while it has
no effect on most normal cells. Strategies currently being
applied to induce telomerase inhibition target virtually all
of the major components of the ribonucleoprotein holoen-
zyme and related cell signal pathways that regulate its
activity. These strategies include inhibition of telomerase
through targeting at the telomerase reverse transcriptase
(TERT) catalytic subunit, the telomerase RNA (TR) com-
ponent, and associated proteins. Other strategies have been
developed to target the proteins associated with telomerase
at the telomeric ends of chromosomes such as tankyrase.
The specific mechanisms that mediate those inhibition

H. Chen - Y. Li - T. O. Tollefsbol (<)

Department of Biology, University of Alabama at Birmingham,
175 Campbell Hall, 1300 University Boulevard, 35294-1170
Birmingham, AL, USA

e-mail: trygve @uab.edu

T. O. Tollefsbol
Center for Aging, University of Alabama at Birmingham, 35294
Birmingham, AL, USA

T. O. Tollefsbol
Comprehensive Cancer Center, University of Alabama
at Birmingham, 35294 Birmingham, AL, USA

T. O. Tollefsbol

Clinical Nutrition Research Center, University of Alabama
at Birmingham, 35294 Birmingham, AL, USA

KU
3. Humana Press

effects include small molecules, antisense RNA, and
ribozymes. Although the beneficial evidence of telomerase
inhibition is obvious, limitations of strategies remain to be
resolved to increase the feasibility of clinical application.
This analysis will summarize recent developments of
strategies in telomerase inhibition.
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Method - Telomerase reverse transcriptase (TERT) -
Telomerase RNA (TR)

Introduction

In human cells, a structure referred to as the telomere has
been identified to cap the terminal regions of chromosomes
which can protect the ends of DNA strands from degrada-
tion and fusion. A telomere is composed of telomeric
DNA sequence, which is characterized by hexameric
5-TTAGGG-3' tandem repeats in humans, a G-rich over-
hang in its 3’ end, and a multiprotein complex termed
telosome or shelterin which can bind to telomeric DNA
sequences. Proteins found in this structure include the POT1/
TPP1 heterodimer (which can bind to the G-strand over-
hang), TRF1 and TRF2 (which can bind to double-stranded
repeats through their Myb-domain), RAP1 (repressor-acti-
vator protein 1) and TIN2 (TRF1-interacting nuclear factor
2, which can bind to TRF1 and TRF2). TANK1 and TANK2
poly(ADP)-ribosylases (also known as tankyrases) have also
been indicated to interact with TRF1. Among those proteins,
TRF1 and TRF1-associated proteins can negatively regulate
telomere length by controlling the access of telomerase to
telomeres, while TRF2 and POT1 can protect telomeres
from end-to-end chromosome fusions by interacting with
DNA-damage signaling and repair factors.
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Telomeric DNA sequence will lose up to 150 bp after
each cell division due to the end replication problem of
linear chromosomes. However, some cells have evolved the
telomerase enzyme to overcome this problem. This enzyme
can add hexameric 5-TTAGGG-3' nucleotide repeats to the
3’ end of telomeric DNA strands to compensate for loss of
sequence. Telomerase is a ribonucleoprotein which includes
three major components: the telomerase reverse transcrip-
tase (TERT) protein subunit that catalyzes the enzymatic
reaction of DNA synthesis, the telomerase RNA (TR)
component that serves as a template for TERT, and a pro-
tein termed dyskerin which binds to hTR. Although other
proteins have been reported to associate with the holoen-
zyme (such as pontin and reptin which can help the
assembly of telomerase), these three components are
essential for telomerase activity and telomere lengthening
[1-3].

Importance of Telomerase in Cancer and Aging

Telomerase exhibits a high activity in germline and
embryonic stem cells which can maintain their immortality,
while its activity is low or absent in other stem cells and
somatic cells [4]. For those somatic cells and stem cells, the
length of their telomeres gradually becomes shorter and
shorter with each cellular division. When some of the telo-
meres reach a certain length, DNA damage signals will be
produced by those telomeres and the cells will then undergo
growth arrest and cease to divide. This process is referred to
as cell replicative senescence [5]. Some cells, such as those
with mutations of the p53 and pRB tumor suppressor genes,
will continue to proliferate until their telomeres reach a
critical length. Eventually, end-to-end chromosome fusions
and apoptosis of some of the cells may occur along with
genomic instability in a process referred to as cell crisis.
Thus, the length of telomeres in normal stem cells and
somatic cells has been considered to be a molecular clock
important in the aging process [5]. Very few cells (~1 in
107) may escape the crisis by expressing telomerase to
maintain telomeres, and this will increase the likelihood of
tumorigenesis. Most cancer cells express a high level of
telomerase which can satisfy their need for unlimited pro-
liferative capacity while a few type of cancer cells employ
alternate lengthening (ALT) of telomeres by recombination
to maintain their immortality [4].

Due to the discrepancy of telomerase activity between
cancer cells and normal somatic cells, analysis of telome-
rase activity has been considered as a potential diagnostic
marker of cancer. The increase in telomerase in cancer
cells generally occurs very early during tumorigenesis and
sensitive techniques such as the Telomere Repeat Ampli-
fication Protocol or TRAP assay can detect trace levels of

this enzyme which has obvious diagnostic potential in
cancer [6].

Potential of Telomerase Inhibition in Cancer Therapy

Telomerase has been regarded as one of the most promis-
ing targets in cancer treatment. Many factors contribute to
this such as its high expression level in cancer cells. More
importantly, however, cancer cells generally have rather
shorter telomeres than normal cells and a more rapid cel-
lular proliferation rate, which means telomerase inhibition
strategies would have a greater and more significant impact
on the survival of cancer cells while having minimal effects
on normal somatic cells. Numerous studies so far have
indicated that telomerase inhibition leads to cellular pro-
liferation inhibition or apoptosis of cancer cells [7, 8].
Anticancer approaches to telomerase inhibition are varied
and methods ranging from RNA interference of the TERT
catalytic subunit to inhibition of the proteins associated
with telomerase at the telomeres have proven to have
efficacy in cancer therapy. Since the telomeres of the rare
normal cells that express telomerase are longer than in
most cancer cells and the level of telomerase activity is
generally lower in normal telomerase-positive cells as
compared to cancer cells, the risks associated with possible
telomere shortening in normal cells due to off-target telo-
mere shortening are thought to be relatively minimal.
Therefore, the efficacy of telomerase inhibition in inducing
loss of viability or apoptosis of cancer cells combined with
the relative low risk of inhibition of telomerase to normal
cells have moved telomerase research to the forefront of
anticancer approaches.

Strategies of Telomerase Inhibition

Methods for Inhibiting the TERT Catalytic Subunit
of Telomerase

The hTERT catalytic subunit is the key catalytic component
that regulates activity of telomerase. Its expression is tightly
controlled which involves a complex transcription network.
It cannot usually be detected in normal somatic cells, while it
overexpresses in most cancer cells, and its expression level
correlates very well with the activity of telomerase. Thus,
telomerase inhibition targeted at h"TERT has been consid-
ered as an ideal direction for cancer treatment.

Synthetic nucleic acids have been investigated widely to
clarify their potential in telomerase inhibition. The princi-
ple of the mechanism is based on the specificity of the
synthetic nucleic acids to bind to the mRNA of hTERT and
then degrade it. It includes two strategies which are
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Fig. 1 Telomerase reverse transcriptase (TERT) inhibition-based
approaches are illustrated for their anticipated pharmaceutical
potential. As illustrated, telomerase is a unique enzyme, mainly
including TERT and the telomerase RNA (TR) component which
serves as a template for reverse transcription. Three main strategies
for TERT inhibition are RNAi-based TERT knockdown, small
nucleosides, or non-nucleosides that inhibit the catalytic activity of
TERT and immunotherapeutic approaches. The first approach, siRNA
technique, has been applied in aimed gene silencing in vivo and in
vitro by using sequence-specific short double-stranded RNA which
can hybridize with specific mRNA and cleave it, thereby silencing its
expression. The second approach is to repress TERT -catalytic
activities by introducing specific small nucleoside analogs or non-
nucleosidic synthetic compounds, which target structural features of
TERT. The third approach, telomerase immunotherapy, is designed to
stimulate the patient’s immune system to attack and kill telomerase-
positive tumor cells that express TERT. As indicated, the activated
antigen-presenting cell elicits the expansion of memory TERT-
specific T cells, which cooperate to kill tumor cells that display TERT
peptides on their surface through the classical major histocompati-
bility complex (MHC) presentation

antisense oligodeoxynucleotides (AS-ODNs) and small-
interfering RNAs (siRNA) (Fig. 1). Single-stranded AS-
ODNs function by interfering with translation of hTERT
which can lead to degradation of h”TERT mRNA via RNase
H-mediated cleavage [9]. Treatment of human bladder
cancer cells through AS-ODNs targeted to h/TERT in vitro
leads to inhibition of the proliferation of these cells [10,
11]. siRNA is based on the ability of short double-stranded
RNA molecules to form the RNA-induced silencing com-
plex (RISC) which can then hybridize with specific mRNA
and cleave it, thereby silencing expression [12]. siRNA can
be used to generate an RNA interference or RNAI response
in cells of embryonic origin such as human embryonic
kidney (HEK) cells which is a popular cell type used in
cancer research. This technique is especially effective for
short-term analyses of TERT knockdown because the
dsRNA is degraded in the cells in the long-term [13]. RNAi
of TERT has also been successful with the use of plasmid
constructs that exogenously express short hairpin RNA
sequences to the TERT transcript. This technique allows
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analysis of downstream effects of TERT, serves as an
alternative approach to gene therapy using viral vectors and
allows long-term and permanent gene knockdown [14].
Also effective for long-term knockdown of TERT is the
use of retroviral vectors that express short hairpin RNA
specific to a segment of the TERT transcript. This RNAi-
based technique can provide effective knockdown of
hTERT and involves incorporation of the anti-telomerase
sequence into the host genome [15].

Nucleoside analogs can mediate telomerase inhibition
by blocking the incorporation of dNTPs in telomerase’s
reverse transcription (Fig. 1). For instance, AZT (3'-azido-
2',3/-dideoxythymine) can be effective in targeting the
active site of TERT but this approach lacks the desired
selectivity of many other approaches. Other examples
include derivates of AZGTP (7-deaza-2'-deoxygunosine
5'-triphosphate) which may have a stronger inhibitory
potential [16]. Small non-nucleosidic synthetic compounds
can be quite effective in inhibiting the catalytic activity of
the TERT protein component [17]. They can bind to the
active site of telomerase and inhibit its function. One
compound that has shown promise in this regard is
BIBR1532 that inhibits the in vitro processivity of telo-
merase. The inhibition of TERT activity with BIBR1532
occurs in a dose-dependent manner and higher concentra-
tions of this telomerase inhibitor can be cytotoxic to cancer
cells of the hematopoietic system such as HL-60 cells
while having little effect on normal cells.

Anticancer immuno-therapeutic approaches have also
focused on TERT [18]. These methods involve the use of
peptides derived from TERT. The peptides are presented
by MHC class I alleles to T lymphocytes. The result is that
CDS8™ cytotoxic T lymphocytes specific for the TERT-
derived antigenic peptides result in effective lysis of cancer
cells that express TERT. These immunotherapy approaches
directed against the TERT antigen can be carried out in the
absence of toxicity and are showing great promise in
anticancer research (Fig. 1).

It can be a challenge to identify small molecule com-
pounds that affect the expression of TERT and the use of
cell-based reporter systems for the analysis of TERT
expression have been developed to enhance these endeav-
ors [19]. For example, the h"TERT promoter can be linked
to two different reporter genes encoding green fluorescent
protein (GFP) and secreted alkaline phosphatase (SEAP).
The transfection of these reporter constructs result in stable
clones that allow analysis of hTERT expression [19].

Inhibition of TERT is the goal of many anticancer
approaches. Many of the most promising and effective
methods for actively knocking down the TERT transcript
have been developed, which include ablating its catalytic
activity, directing the immune system to lyse telomerase-
positive cancer cells, or using expression constructs to



Mol Biotechnol (2009) 41:194-199

197

identify small molecule components that affect the
expression of telomerase.

Telomerase RNA Inhibition as an Anticancer Approach

The RNA component of telomerase has also been a popular
and effective mode of inhibiting telomerase activity to
produce cytotoxicity of cancer cells. As in the case for
hTERT transcript knockdown, antisense oligonucleotides
against the human TR template can be employed to reduce
or eliminate telomerase activity [20]. In this approach, a
2',5'-oligoadenylate (2-5A) antisense system can be used as
a mediator of interferon actions via RNase L activation.
The result of this approach is that single-stranded tem-
plates, such as the TR component, are specifically cleaved.
The anticancer utility of this approach has been proven not
only in vitro, but also in vivo (Fig. 2).

In addition to antisense sequences directed to the RNA
component of telomerase, hammerhead ribozymes and
RNAI can be used to inhibit the RNA of this ribonucleo-
protein [21]. Both of these methods lead to degradation of
the RNA component of telomerase. The effect is rapid cell
growth inhibition both in vitro and in vivo independent of
telomere length of the target cancer cell. The advantage of
this technique is that it greatly reduces the lag period that is
often encountered in approaches that are dependent upon
the shortening of telomeres to result in cancer cell growth
inhibition. Thus, methods to inhibit the RNA component of
telomerase by using antisense oligonucleotides, hammer-
head ribozymes or RNAi also show great promise in anti-
telomerase approaches to cancer therapy (Fig. 2).
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Fig. 2 Telomerase inhibition strategies aimed to the human telome-
rase RNA component (hTR) and telomerase-associated proteins. The
hTR component inhibition involves three basic approaches, including
antisense oligonucleotides, hammerhead ribozymes, and RNAi tech-
nique. These approaches can lead to hTR cleavage and are believed to
be great promise in anti-telomerase approaches to cancer therapy. The
strategy based on interfering target proteins that are associated with
telomerase activity has attracted extensive interest for a new cancer
therapeutic approach. Moreover, blocking signal pathways that could
stimulate telomerase activity from transcription to post-translational
modification can also obtain the goal of down-regulating the amount
of functionally active telomerase in tumor cells

Targeting Proteins Associated with Telomerase
Activity

More indirect approaches to telomerase inhibition have
been developed that do not directly inhibit the TERT or TR
components of telomerase, but rather, target proteins that
are associated with telomerase activity. An example is
tankyrase I, which is a telomeric poly(ADP-ribose) poly-
merase or PARP that can affect telomerase inhibition in
cancer cells (Fig. 2) [22].

Signaling pathways such as those carried out by MAP
kinase can result in stimulation of the hTERT gene. For
example, Ets and AP-1 may play a role in MAP kinase
signaling to the hTERT gene and inhibition of this pathway
could be a novel approach to reducing TERT expression
and telomerase activity (Fig. 2) [23]. It is apparent that
many additional techniques will be developed to impact the
proteins or pathways associated with telomerase activity in
cancer cells.

Screening of Telomerase Inhibitors

Finding novel inhibitors of telomerase is an important
aspect of increasing the tools that we have for anti-telo-
merase approaches to cancer therapeutics. A strategy for
determining the therapeutic potential of telomerase inhib-
itors using a screening system in one cell type has been
proposed [24]. For example, four completely different
compounds, BRACO19, BIBR1532, 2’-O-methyl RNA,
and peptide nucleic acids, were chosen for detailing the
methods for screening of telomerase inhibitors. Addition-
ally, TRAP assays or assessment of telomere lengths using
Southern blot telomere restriction fragment analysis can be
applied to determine the effectiveness of telomerase
inhibition.

Telomerase Inhibition Combined with Other
Chemotherapeutic Agents

Although a number of merits associated with telomerase-
targeted treatment have been mentioned, there are concerns
in using this strategy. For instance, the lag phase between
the time when the telomerase of cancer cells has been
inhibited and the shortening of the length of their telomeres
may allow cancer cells to develop other mechanisms such
as ALT to overcome telomere shortening caused by telo-
merase inhibition. Another concern is that long-term
telomerase-targeted treatment may affect the function of
those normal telomerase-positive cells. A solution to these
problems is to combine telomerase inhibition with other
chemotherapeutic reagents to enhance anticancer effects
[25]. For instance, there is an indication that imatinib, a
selective inhibitor of the BCR-ABL tyrosine kinase, can
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Table 1 Telomerase inhibition-based anticancer approaches

Target Approach Mechanism and consequence Examples Relative
references
[numbers]
hTERT RNAi-based TERT knockdown TERT mRNA degradation and gene Small-interfering RNAs [12-15]
silencing (siRNA)
Oligonucleotide antagonist TERT enzymatic inhibition AZT (3'-azido-2',3'- [16, 17]
(biochemical active site dideoxythymidine),
inhibitor) BIBR1532
Telomerase immunotherapy Activate immune system to kill CD8*-induced TERT [18]
telomerase-positive tumor cells that antigen-expressed cancer
express TERT cell lysis
hRT Antisense oligonucleotides hTR degradation and telomerase 2/,5'-oligoadenylate (2-5A)  [20, 21]
Hammerhead ribozymes transcriptase template dysfunction antisense system
RNAI technique
Telomerase- Interfere telomerase-associated Influence telomerase activity and/or TERT Tankyrase I MAP signal [22, 23]
associated proteins and relative signal expression pathway
proteins pathways

enhance the telomerase inhibition carried out using a
dominant-negative form of human telomerase (DN-
hTERT). In a completely different approach, telomestatin,
a natural product and telomerase inhibitor isolated from
Streptomyces anulatus, was combined with imatinib, dau-
norubicin, mitoxantrone, or vincristine and was shown to
enhance the sensitivity of these chemotherapeutic agents
[26]. Therefore, approaches to telomerase inhibition may
also be merged with completely different anticancer
approaches such as chemotherapeutic agents to render the
most effective modes of cancer therapy.

Conclusion

Current strategies to inhibit proliferation of cancer cells
targeted at telomerase have been reviewed which include
inhibition of the TERT catalytic subunit of telomerase as
well as the TR component of this ribonucleoprotein
enzyme. Additional approaches involve intervention into
the proteins that are associated with telomerase or path-
ways that modulate the TERT gene (Table 1). Methods for
screening of telomerase inhibitors as well as the potential
of merging telomerase inhibition with more conventional
chemotherapy have also been reviewed. This last concept,
that is, combination therapy, may be a promising approach
in the future and it is likely that many new advances will
develop that merge different types of anti-telomerase
approaches or combine telomerase inhibition with other
proven modes of anticancer therapy. However, there is still
much progress needed for current research results to be
incorporated into clinical treatment for cancer. Moreover,
adverse effects of telomerase-targeted treatment on normal
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cells need to be evaluated urgently since this is actually the
essence of this strategy.
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