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Actions of human telomerase beyond telomeres
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Telomerase has fundamental roles in bypassing cellular aging and in cancer progression by maintaining telomere
homeostasis and integrity. However, recent studies have led some investigators to suggest novel biochemical properties
of telomerase in several essential cell signaling pathways without apparent involvement of its well established func-
tion in telomere maintenance. These observations may further enhance our understanding of the molecular actions of
telomerase in aging and cancer. This review will provide an update on the extracurricular activities of telomerase in

apoptosis, DNA repair, stem cell function, and in the regulation of gene expression.
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Introduction

Special properties of linear chromosome ends, telo-
meres, that protect them from end-to-end fusions in eu-
karyotic organisms, had been described long before the
discovery of the DNA double helix structure [1, 2]. The
telomere is a special functional complex consisting of tandem
repeated DNA sequences and its associated proteins [3].
The synthesis of telomere sequences is mainly achieved
by the cellular reverse transcriptase telomerase, an RNA
dependent DNA polymerase that adds telomeric DNA onto
telomeres [4]. In humans, telomerase has a minimum of
two essential components: the functional RNA component
(hTR or hTERC) that serves as a template for telomeric
DNA synthesis; and the catalytic protein component with
reverse transcriptase activity (W\TERT) that adds the telo-
meric repeats onto the end of chromosome [5, 6].

Most human somatic cells have undetectable telomerase
activity due to transcriptional repression of the catalytic
subunit hTERT during early embryonic development. Con-
sequently human somatic cells lose telomeric DNA in cell
culture by 50-200 base pairs after each round of replication.
Thus, normal somatic cells without telomerase activity can
only proliferate a limited number of times in culture. Telo-
mere shortening also occurs with increased age in vivo, even
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though it remains to be determined how important telomere
shortening is in overall organism aging. It is believed that
when one or more telomeres become critically shortened,
the protective function of the telomere is compromised;
the dysfunctional telomere(s) is recognized as damaged
DNA, which triggers a permanent growth arrest known as
replicative senescence. The senescence phenotype can also
be induced by insults including oxidative stress, overex-
pression of certain oncogenes, and DNA damage signals.
This type of senescence was originally termed premature
senescence, even though morphologically both premature
and replicative senescent cells appear similar. When DNA
damage checkpoints are intact, the senescence phenotype
can be maintained irreversibly for a long period of time.
Cell cycle checkpoint activities involving p53/p21 and
pRB/p16 play critical roles in initiation and maintenance
of the senescence state [7]. When these cell cycle check-
points proteins are inactivated, cells bypass or overcome
senescence and continue to proliferate at the expense of
genomic stability leading to genetic instability and in
most instances to cell death (instead of senescence). Rare
survivor cells (10°-107) escaping from this crisis period
acquire the ability to maintain telomere length, in most
cases this is accomplished by upregulating or reactivating
telomerase. Rarely, a smaller fraction of cells can escape
senescence and crisis by maintaining telomeres by a DNA
recombination pathway termed alternative lengthening of
telomeres (ALT) [8].

At the cellular level, senescence is generally believed to
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be a biological mechanism operating to suppress oncogenic
conversion of normal cells. Consistent with the two-step
hypothesis for senescence and immortalization [7], It has
been experimentally shown that senescence is not only a
potent defense against cancer [9-14], but that cancer cells
that have escaped senescence can be reversed to senescence
by restoration of the tumor suppressor p53 [15, 16]. It is
thus widely believed that senescence and immortalization
share some common biology, and telomeres and telomerase
may be the connection [17].

Telomerase is necessary for the long-term proliferation
potential of human stem cells and cancer cells, and for
normal tissue renewal. Ectopic expression of telomerase
in normal human cells leads to extension of life-span or
immortalization of many cell types [18, 19]. Inhibition of
telomerase in telomerase positive cancer cells can lead to
the induction of cell death [20-22]. Finally, mutations in
either ATR or TERT are associated with many premature
aging phenotypes leading to human diseases [23-25].
Moreover, telomerase knockout mice and hTERT trans-
genic mice provided compelling evidence of critical roles
of telomerase in aging and cancer [26]. To date, the only
defined activity of telomerase is the elongation and the
maintenance of telomeres. However, increasing evidence
is emerging to implicate telomerase in aging and cancer not
only by maintaining telomeres, but by the actions beyond
the chromosome ends (e.g. independent of telomere main-

tenance). The precise molecular mechanism of telomerase
functions independent of telomere maintenance is becom-
ing a broader question. In this review, we will discuss the
recent progress in understanding the roles of telomerase
in several important cellular processes other than telomere
length maintenance (Figure 1).

Telomerase in apoptosis

Inhibition of telomerase by targeting hTR or hTERT
that induce apoptosis has been widely investigated and
considered to be a promising strategy in cancer treatment
[27]. The explanation for the link between inhibition of
telomerase and apoptosis has been logically taken into ac-
count of the role of telomerase in telomere maintenance.
Thus, inhibition of telomerase results in progressive telo-
mere shortening or inactivation of the telomere capping
function of the shelterin complex and this eventually leads
to cell death.

However, accumulating evidence suggests that telomer-
ase has arole in apoptosis regulation independent of its clas-
sical function in telomere maintenance. It has been shown
that the catalytic subunit of telomerase hTERT contains a
mitochondrial localization signal peptides at its N-terminal
20 amino acids which targets hTERT to mitochondria,
resulting in active telomerase in this organelle [28]. These
experiments were done by transiently over-expression of
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Figure 1 Potential pathways of telomerase actions link to aging and cancer. Telomerase maintains telomere integrity by elongat-
ing telomere length and capping telomeres. Additionally, telomerase may involve directly or indirectly in DNA damage response,
in regulation of chromatin architecture and in regulation of gene expression, collectively contributing to aging and cancer.
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the green fluorescent protein GFP fused with either full-
length hTERT or the first 20 amino acids in seven different
cell lines. In all case tested, a mitochondrial localization
of GFP-hTERT was observed by confocal microscopy and
by the telomeric repeat amplification protocol (TRAP).
Therefore, the mitochondrial localization of hTERT was
not cell type specific. However, due to the lack of highly
specific antibodies against hTERT and low expression
of endogenous hTERT in cells, it has not been examined
whether endogenous hTERT localizes in mitochondria
under physiological condition.

Further analysis shows that the mitochondrial telomerase
sensitizes the damage effects of H,O, on mtDNA, presum-
ably via modulation of metal homeostasis [28]. In addition,
studies indicate that mitochondrial localization of telomerase
functions is a determinant of hydrogen peroxide-induced
mitochondrial DNA damage and apoptosis [29]. Mutations
in the ATERT N-terminal mitochondrial leader sequence
resulted in loss of mitochondrial targeting without affecting
the catalytic activity of telomerase. Cells expressing these
mutated ATERT exhibited reduced level of mitochondrial
DNA damage induced by hydrogen peroxide treatment [29].
These observations of proapoptosis activity of hTERT in
mitochondria are consistent with the experiments showing
that oxidative stress induces the nuclear export of hTERT,
which might contribute to the mitochondrial proapoptosis
activity of hTERT [30]. However, molecular mechanisms
of hTERT targeting into mitochondria and precise roles of
hTERT in mitochondria remain to be investigated. Identifi-
cation of mitochondrial proteins that interacts with hTERT
will be helpful to address these questions.

In contrast, earlier studies have demonstrated that
overexpression of ATERT rendered cells more resistant
to apoptosis. For example, expression of telomerase does
not prevent stress-induced senescence in normal human
fibroblasts but protects the cells from apoptosis and necrosis
[31]. In addition, it has been shown that overexpression
of h'TERT suppresses apoptosis at a premitochondrial step
before the release of cytochrome ¢ and apoptosis-inducing
factor [32]. Recent studies showed that down-regulation
of hTERT expression by ATERT specific interfering RNA
(siRNA) sensitizes mitochondrial pathways of apoptosis
without apparent involvement of telomere erosion due to
telomerase inhibition, rather by post-translational activa-
tion of Bax protein which triggers a CD-90 independent
mitochondrial pathway of apoptosis [33]. More recent
report indicated that TERT promotes cellular and organ-
ismal survival independent of telomerase activity [34]. In
this report, Lee et al have demonstrated by using both cell
cultures and a transgenic mouse model that expression of
TERT was directly associated with increased resistance to
apoptosis induced by staurosporine (STS) or N-methyl-

www.cell-research.com | Cell Research

Yusheng Cong and Jerry W Shay @

D-aspartic acid (NMDA) treatment. Importantly, these
investigators have shown that the antiapoptotic effect
of TERT was independent of telomere maintenance and
telomerase activity [34].

Thus it appears that h\TERT may exhibit distinct func-
tions in apoptosis regulation: promoting apoptosis by
altering mitochondrial membrane potential or metal ho-
meostasis in mitochondria, while inhibiting apoptosis by
interacting with repair pathway in the nucleus. Modulation
of apoptosis by hTERT may provide new strategies for
cancer chemotherapy applications. The detailed molecular
mechanisms of hTERT in apoptosis regulations clearly
merit additional investigation.

Telomerase in DNA damage responses

The link between telomeres and DNA damage was the
initial observation that led to the discovery of the special
property of chromosome ends that protect against chro-
mosome fusions. It’s been now well documented that the
telomeres are closely linked to the DNA damage response
machinery. Many DNA repair proteins such as Mrell/
Rad50/NBS, Ku, DNA PKcs, BLM/WRN and ERCC1/XPC
have been found to be associated with telomeres [35-37].
Senescent cells exhibit distinct DNA foci at dysfunctional
telomeres that contain DNA damage response proteins
such as 53BP1, Rad17, H2AX, Mrell and ATM [38-41].
This suggests that the dysfunctional telomeres provoke
the general DNA damage response machinery to mediate
and maintain the irreversible G1 arrest in senescent cells.
However, recent studies suggest telomerase itself may be
involved in DNA damage responses independent of its
role in telomere maintenance. It has been demonstrated
that telomerase is transiently expressed in S-phase in some
normal human cells, yet fails to maintain overall telomere
length, but protect karyotypic stability by “capping”’chromosome
ends and by resetting chromatin during DNA replication
[42] without adding telomeric repeats. An earlier report
indicated that intrachromosomal DNA breaks are occa-
sionally repaired by healing with telomeric DNA repeat
sequences [43], suggesting that telomerase may participate
in DNA repair. In addition, hTERT has been found to be
associated with DNA replication protein primase [44]. As
proteins involved in DNA replication are usually required
for DNA repair, this observation indicates a possible role
of telomerase in DNA repair functions. Furthermore, the
catalytic subunit of telomerase hTERT has been found to
be physically associated with telomeres and DNA repair
proteins, thereby enhancing genomic stability and DNA
repair functions [45]. It has also been shown that ectopic
expression of hTERT leads to increased expression of
genes involving in DNA damage repair and changes in
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the interaction of the telomeres with the nuclear matrix
inside the cell nucleus. This is associated with reduction
of spontaneous chromosome damage in G1 cells, enhance-
ment of the kinetics of DNA repair [46]. Collectively, these
observations suggest a role of telomerase in DNA damage
response some of which may be due to functions indepen-
dent of telomere maintenance.

There is now emerging evidence that telomerase regulates
overall chromatin states and DNA damage responses [47].
In normal diploid human fibroblasts, suppression of the
telomerase catalytic subunit expression by A”TERT shRNA
impairs the cellular response to DNA double-strand breaks
induced by ionizing radiation without apparent telomere
shortening and altering telomere integrity. This has been
demonstrated by introduction of wild type as well as ATERT
mutants that retain catalytic activity, but have a defect in
telomere maintenance in vivo, yet restore DNA damage
responses, although less efficiently. It is known that the
ATM protein undergoes rapid autophosphorylation upon
exposure of ionizing radiation or chromatin modification
reagents such as trichostatin A (TSA). In cells that lack
hTERT expression, ATM autophosphorylation induced
by TSA treatment is significantly impaired. In addition,
chromatin in cells lacking A”TERT was more susceptible
to micrococcal nuclease digestion, suggesting the sup-
pression of ATERT expression alters the overall chromatin
architecture [47].

It appears that involvement of telomerase in DNA repair
responses is not restricted to DNA double-strand breaks,
but to a more broad range of DNA repairs mechanisms in-
cluding nucleotide excision repair capacity [48]. However,
several other studies found no correlation between telomerase
expression and DNA repair capacity [49, 50]. In summary,
direct molecular evidence explaining the involvement of
telomerase in DNA repair activity is still lacking. Thus, a
testable experimental model to examine telomere indepen-
dent activity of telomerase in DNA damage responses and
repair functions is clearly needed.

Intriguingly, recent studies showed that ectopic expres-
sion of ATERT in human mammary epithelial cells resulted
in reduced basal level of active p53, and other p53 depen-
dent signaling [51]. Based on these observations, it was
proposed that the nontelomeric functions of telomerase may
be explained through its direct effects on short telomeres
and indirect effects on p53 dependent signaling [52]. For
instance, it is possible that some telomeres become short
during serial passages while the bulk of telomeres are long,
ectopic expression of ATERT elongates the short telomeres,
and consequently stops or reduces the p53 signaling and
therefore provides cells a growth advantage. However this
model may not explain all activities and consequences of
hTERT expression. For example, ALT cells without telom-

erase maintain their telomeres by telomerase-independent
pathway, and expression of oncogenic H-Ras in the immor-
tal ALT cell line GM847 fails to induce their transforma-
tion. However, subsequent expression of hTERT results in
their tumorigenic conversion [53]. Furthermore, it has been
shown that overexpression of TERT induced proliferation
of hair follicle stem cells in a transgenic mouse model [54,
55]. Significantly, induced proliferation of quiescent stem
cells by TERT overexpression does not require the RNA
component of telomerase, again suggesting that hTERT
may have telomere-maintenance independent functions. In
addition, telomerase was found to localize in and to shuttle
from different compartments within cells, depending on the
cell-cycle stage, transformation and state of overall DNA
damage [56]. Therefore, telomerase may be involved in
different cell signaling pathways when targeted to different
locations or when responding to different stimulations, such
as in DNA damage responses and tumorigenesis.

Telomerase in stem cells

Telomerase activity is extinguished in a majority of adult
tissues after birth, whereas several adult stem cell compart-
ments still maintain low levels of telomerase activity but
insufficient to prevent progressive telomere shortening with
age [57]. However the presence of telomerase in these adult
stem cell populations is believed to be important for stem
cell function and organism fitness. Increasing evidence
suggests that aging and cancer share many common as-
pects of biology and are considered as stem cell diseases
resulting from decline or defect in regenerative capacity
and organ homeostasis. Thus, telomerase may be the con-
nection of these two fundamental biological processes
[7]. Mutations in telomerase components are associated
with several diseases of premature aging characterized by
bone marrow failure, likely through impairment in stem
cell functions caused by telomerase deficiencies. Stud-
ies from telomerase deficient mice models and human
age-related diseases caused by mutations in telomerase
components have documented that telomere shortening
is a determinant of the ability of stem cell function, tissue
homeostasis and perhaps organismal aging. Insufficient
or defects in telomerase activity in stem cell compartment
provoke telomere shortening that results in loss of cells and
in tissue dysfunction [58]. Interestingly, regardless of the
telomere length in species, knocking out of telomerase in
mice, Caenorhabditis elgans and plants such as Arabidopsis
results in reproduction failure after several generations in
addition to other abnormalities [59-61]. Recent studies have
demonstrated a function of telomerase in activating stem
cells through a mechanism that does not required telomerase
activity. Using either a constitutive [54] or inducible [55]
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transgenic mouse that over-expresses mTERT (the catalytic
subunit of mouse telomerase), it has been demonstrated that
telomerase over-expression activates epidermal stem cells
(ESC), and promotes ESC mobilization upon treatment
with proliferation stimuli. This induced ESC mobilization
was accompanied by increased keratinocyte proliferation,
enhanced hair growth and augmented skin hyperplasia.
Importantly, these studies showed the promoting effect on
hair growth by TERT over-expression in a mouse strain
that is deficient in the RNA component of telomerase [54]
or by TERT catalytic mutant [55]. Therefore these studies
convincingly demonstrated that in addition to its established
role in extending telomeres, TERT has its own activity in
stem cell behavior independent of telomerase activity and
telomere maintenance. More recent observations by Ar-
tandi and co-workers provides further support for a novel
function of TERT in activating stem cells independent of
telomerase activity [62]. They showed that TERT mutants
lacking reverse transcriptase (RT) function retains the full
activities in activating resting hair follicle stem cells and in
enhancing keratinocyte proliferation in mouse skin, thereby
inducing initiation of a new hair follicle growth phrase and
promotes hair synthesis [62]. This study demonstrated that
functions of TERT in the synthesis of telomere repeats and
the novel function in stem cell behavior are genetically
distinct. Furthermore, in order to understand the mechanism
of the RT-independent function for TERT, Artandi and
co-workers investigated the genome-wide transcriptional
response to acute changes in TERT levels in mouse skin by
a large scale microarray analysis [62]. They showed that
acute withdrawal of TERT causes a rapid change in expres-
sion of genes involved in epithelial development, signal
transduction and cytoskeleton/adhesion. Interestingly, sta-
tistical analysis using pattern matching algorithms revealed
that the TERT transcriptional response strongly resembles
those mediated by Myc and Wnt, two important factors in
stem cell function and cancer. This finding suggested that
the role of TERT in activating stem cells may be mediated
by transcriptional regulation of a developmental program
converging on the Myc and Wnt pathways.

Recently, several groundbreaking studies show that
differentiated human somatic cells can be reprogrammed
into a pluripotent state known as induced pluripotent stem
cells (iPS) by transduction of four defined transcription
factors (Oct4, Sox2, Kfl4 and Myc) [63-65]. Human iPS
cells were similar to human embryonic stem (ES) cells in
morphology, proliferation, surface antigens, gene expres-
sion, epigenetic status of pluripotent cell-specific genes,
and expression of telomerase activity. Significantly, Park
et al. showed that transduction of ATERT and gene of SV40
large T in addition of the four transcription factors results
in a higher frequency of human iPS colony formation [65].
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This observation suggested hTERT may have a supportive
role in iPS cells formation.

Together, although telomere maintenance is a deter-
minant for stem cell functionality and tissue fitness, non-
telomeric mechanism of telomerase in stem cell behavior
may also contribute to functionality of stem cells in tissue
homeostasis and organimal aging in vivo. The mechanism
may act by telomerase or hTERT itself on stem cell func-
tion independent of telomere maintenance remains a chal-
lenging question. Regulation in global gene expression
profiles or epigenetic modifications induced by hTERT or
telomerase as suggested by Artandi and co-workers [62]
and as discuss below warrants further investigations.

Telomerase in the regulation of gene expression

Several microarray analyses indicate that telomerase has
aregulatory role in gene expression. (a) Ectopic expression
of telomerase in human mammary epithelial cells results
in upregulation of five growth promoting genes and down-
regulation of seven growth inhibitory genes [66]. These
correlated with a diminished requirement for exogenous
mitogen and enhanced cell proliferation. (b) Global ex-
pression profiling experiments in bovine adrenocortical
cells immortalized by ATERT showed that a total of 284
genes were affected by ATERT expression, and the func-
tion of these genes involves in diverse group of cellular
processes ranging from cell cycle regulation, metabolism,
differentiation, apoptosis and cell signaling [67]. (c) The
comparison of the gene expression profiles revealed that
172 genes differentially expressed between normal human
fibroblasts and ATERT immortalized fibroblasts, one of the
highly expressed genes in A”TERT immortalized fibroblasts
encoded epiregulin, a potent growth factor [68]. (d) Gene
profiling studies by targeting m7TER in murine melanoma
B16 cell line showed down-regulation of 138 genes, eight of
which are involved in the glycolytic pathway. Significantly,
changes in gene expression, particularly genes encoding
glycolytic enzymes establish a functional link between
telomerase and cancer metastasis [69]. (e) Targeting hTR
in human colon cancer cell line HCT116 resulted in down-
regulation of genes implicated in angiogenesis and metasta-
sis [70]. Other studies have found that h"TERT up-regulates
a secreted tumor antigen Mac-2 binding protein (Mac-2BP)
that is overexpressed in many cancers and implicated in
tumor metastasis [71], and that hTERT also up-regulates
cyclin DI expression in prostate cancer cells [72]. The
biological significance of these observations implicates
novel molecular mechanisms of telomerase functions in
many cellular processes by targeting genes and pathways
besides its well defined functions in telomere biology.

The broader spectrum changes in gene expression pro-
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files affected by telomerase suggest a role of telomerase
in epigenetic regulation and in modulation of chromatin
architecture, Changes in chromatin could consequently af-
fect different set of genes in different cellular contexts and
states. In support of this hypothesis, it has been observed
that overexpression of #TERT up-regulated and stabilized
the DNA 5-methylcytosine transferase I in normal human
fibroblasts [73]. In addition, suppression of A”7TERT has been
shown to alter the overall configuration of chromatin [47]. It
is well known that the epigenetic mechanisms play crucial
roles in the repression of telomerase expression in normal
human cells and in the activation of telomerase expression
during immortalization and transformation. Conversely,
telomerase may participate in epigenetic regulation by
telomere maintenance and regulation of telomere states,
or by interacting with chromatin modifier factors; thereby
eliciting it’s telomere-dependent and -independent activities
in gene expression regulation, as well as in apoptosis and
DNA damage responses. It is also possible that telomerase
acts as an effector of transcription by interacting directly
with certain transcriptional factors or signaling pathways.
In support of this hypothesis, it has been shown that hTERT
interacts directly with the nuclear factor NF-xB p65 in
vivo and this interaction mediates nuclear translocation
of telomerase [74]. It remains to be elucidated whether
the complex of hTERT-NF-«B p65 can be recruited to the
promoter of genes regulated by hTERT.

Interestingly, it seems that there are some feedback
loop regulations between genes targeting ATERT and
hTERT expression itself. For examples, (a) earlier studies
demonstrated that the oncoprotein c-Myc activates A”TERT
expression and telomerase activity [75]. Conversely,
ATERT immortalized human mammary epithelial cells
show up-regulation of c-Myc expression [76]. (b) Simi-
larly, several tumor suppressors including pRB and p53
negatively regulate A/TERT expression and repress telom-
erase activity [6]. However, overexpression of ATERT in
human lens epithelial cell lines results in down-regulation
of p21, p53 expression, as well as hyperphosphorylation
of pRB and up-regulation of E2F transcriptional activity
[77]. And suppression of A”TERT expression also results in
elevated p53 and p21 transcription [78]. (¢) The histone
methyltransferase (SMYD3) implicated in oncogenesis
directly transactivates the A TERT promoter and is required
for inducible and constitutive A TERT expression in normal
and malignant human cells [79]. On the other hand, it has
been shown that expression of ATERT up-regulated tran-
scription and promoter activity of DNA 5-methylcytosine
transferase I gene (DNMTT1) in normal human fibroblasts
[73], although the mechanism by which hTERT-induced
DNMT1 expression has yet to be determined. These inter-
plays between telomerase and tumor suppressor proteins at

the transcriptional level may contribute to the functions of
telomerase in immortalization and tumorigenesis beyond
the chromosome ends.

Concluding remarks

The central role of telomere/telomerase biology in aging
and cancer has been well documented by using cellular and
animal models. However, pathways and molecular mecha-
nisms by which telomerase provokes aging and cancer
are still far from being fully understood. There are some
findings that telomere maintenance independent activities
of telomerase as discussed in this review might provide
additional insights into the mechanisms of actions of
telomerase in aging and cancer (Figure 1). The question that
remains unclear is whether the involvement of telomerase
in cellular process other than telomere maintenance, such as
apoptosis, DNA damage response, tumorigenesis, and gene
expression control, requires the telomerase holoenzyme
containing ~27R and hTERT, or hTERT alone. While there
are some persuasive experiments indicating that telomer-
ase may “moonlight” many of the telomere-maintenance
independent functions proposed for telomerase, many of
these observations may indeed still be related to telomeres.
In summary, there is mounting evidence that hTERT has
different roles when it associates with different factors or
targets to different locations away from telomeres and new
functions of telomerase are starting to be elucidated.
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