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Abstract
Telomerase is perceived as an immortality enzyme that enables passing the Hayflick limit. Its main function is telomere 
restoration but only in a limited group of cells, including cancer cells. Since it is found in a vast majority of cancer cells, it 
became a natural target for cancer therapy. However, it has much more functions than just altering the metabolism of telom-
eres—it also reveals numerous so-called non-canonical functions. Thus, a question arises whether it is always beneficial to 
turn it off when planning a cancer strategy and considering potential side effects? The purpose of this review is to discuss 
some of the recent discoveries about telomere-independent functions of telomerase in the context of cancer therapy and 
potential side effects.
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Introduction

We still lack a specific target and capable tools to develop 
efficient cancer therapy. There is no universal strategy for 
several reasons. First, most markers are quantitative only, 
since cancer cells are derived from host cells (or a single 
host cell in fact) and are very much alike. Secondly, cancer 
cells are “smart” and they “learn” very fast at very different 
levels. They acquire an ability to drug sequestration, induce 
autophagy, metabolize a drug or pump it out from a cancer 
cell that altogether leads to a resistance to therapy.

One of the most characteristic features of cancer cells is a 
high proliferative potential. It is, to a certain extent, associ-
ated with telomerase expression and activity. This extraordi-
nary enzyme is able to overcome limitations in cell divisions 
that lead to cells immortality [1]. Thus, it appears to be a 
valuable target in cancer therapy. However, there are a cou-
ple of reasons why caution should be exercised when aim-
ing at telomerase. It is expressed (and/or active) not only in 
cancer cells. Thus, blocking the activity or expression of this 
immortality enzyme might provoke some rather unexpected 
side effects. Especially since telomere rebuilding and pro-
viding cell immortality is not the only role of this enzyme.

Telomerase activity/expression is probably only a second-
ary to carcinogenesis. Thus, it seems that its restoration in 
other, i.e., normal cells, should be safe and beneficial when 
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giving normal cells an ability to divide and, consequently, 
live forever (or just significantly longer). Altogether it looks 
that telomerase is a relatively specific target that could be 
(and in fact it is) used in cancer therapy but could also be 
used for lifespan extension. However, it is not only about 
making life longer but also of better quality. There are still 
things we do not know about cancer and telomerase, and 
we also need to face the truth that longer life means longer 
exposure to harmful factors, accumulation of errors, muta-
tions, etc. Thus again, it brings us to a simple and trivial 
message that prevention and avoiding disease is much better 
than facing a therapy challenge. For many reasons preven-
tion is not always workable of course which makes a per-
sonalized diagnostics and medicine more desired. Due to the 
complexity of cancer cell metabolism, it seems that the only 
option is to study the enemy and learn not only how to defeat 
it but maybe also how to mimic pro-survival mechanisms.

Telomerase and telomeres

Telomerase complex

The crucial units that function as the core telomerase com-
plex are human telomerase reverse transcriptase (hTERT) 
and human telomerase RNA component (hTERC). They 
are minimal and sufficient subunits to sustain telomerase 
activity in vitro [2]. However, telomerase is much more 
complex concerning the way it is built and, consequently, 
the way it is regulated. Whole, in vivo, telomerase com-
plex is a ribonucleoprotein consisting of RNA particle 
(hTERC) and protein element (hTERT) as well as addi-
tional proteins including NOP10, NHP2, GAR, and dysk-
erin, which bind to hTERC to stabilize the complex. Tel-
omerase builds telomeric DNA with tandem hexameric 
repeats (TTA​GGG​) that is capped by six shelterin proteins, 
i.e.: TRF1, TRF2, RAP1, TPP1, POT1, and TIN2 [3]. Con-
sequently, more factors mean more complicated relations 
and regulations at different levels.

Telomerase is known for its ability to provide eukary-
otic cells immortal via restoring chromosome ends that is 
considered a canonical function of the enzyme. Telomeres 
are perceived as a molecular clock that determines the lon-
gevity of cells allowing them to divide up to approximately 
50 times (Hayflick limit) and that number is limited due 
to a replication-end problem [3]. Some types of cells give 
up to this rule (most normal cells), but some cells (a vast 
majority of cancers) unfortunately learned to deal with this 
issue via telomere restoration with telomerase (or another, 
rare but decently efficient, alternative lengthening of tel-
omeres/ALT system) [4].

However, longevity is not always a good perspective. It 
may result in an accumulation of mutations and alterations in 

cells (which takes place also in cancer cells in fact) that con-
stantly divide instead of being terminated. In most somatic 
cells, when a critical length of telomeres is achieved, the 
host cell is shifted to replicative senescence and eventually 
to death [5]. But before that, telomeres prevent chromosomes 
from joining or being recognized as a DNA double-strand 
break which would alert and start DNA repair mechanisms. 
Alternatively, dysfunctional telomeres may also cause inap-
propriate fusions and consequently dicentric chromosomes 
[5].

Telomerase expression (individual subunits) and activity 
are limited (with time and place) to a certain kind of cells 
including stem cells, activated lymphocytes, embryo, cancer, 
and cancer stem cells. It is mainly based on the tissue-spe-
cific activation of promoters. Additionally, telomerase plays 
other than canonical (telomere-related) i.e. non-canonical 
(telomere-independent) functions. That triggers a question 
if an anticancer approach should be based on turning off the 
enzyme since we cannot fully anticipate the consequences?

Interestingly, there are reports indicating that telomere 
dysfunction contributes to the pathogenesis of a variety 
of human cancers. Noteworthy, we do not understand this 
mechanism yet, and it is still disputable whether telomerase 
reactivation is a cause or a consequence of carcinogenesis 
[6–10]. It was also suggested that hTERT polymorphisms 
(e.g., rs2736098) [11] or mutations [12] might correlate 
with an increased cancer risk that might be a consequence 
of genome/chromosome increased instability. That brings us 
to maybe not a very straight-forward but plausible conclu-
sion, that telomerase inhibition/repression may not always 
be beneficial. At least in normal cells. Thus, recognizing 
a complex association between telomeres, telomerase and 
cell metabolism we should carefully determine ways of their 
modulation.

What is canonical and what is not

The main canonical function of telomerase concerns the 
mechanism of telomere maintenance. Thus, the enzyme 
(if present) protects telomeres from shortening during 
cell division (eliminates the end-replication problem) and 
chromosomes from a junction. Consequently, telomerase 
plays a crucial role in cancer metabolism, senescence, and 
degenerative diseases. But there is much more than that. 
It appears that telomerase function cannot be attributed to 
nuclear localization only. And here starts the list of other, 
telomere-unrelated functions of hTERT and telomerase 
(Table 1). And this so-called non-canonical activity of 
telomerase contributes to the regulation of key metabolic 
mechanisms in cells including cell survival, gene expres-
sion, signal transduction pathways, mitochondrial metabo-
lism and, consequently, stress response. As reported, in 
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some cases telomerase catalytic activity is not even a pre-
requisite for all those effects [13].

Importantly, hTERT is also found not only in nuclear 
localizations but also in cytoplasm and mitochondria. Inter-
estingly, the mitochondrial location was demonstrated to 
correlate with a diminished ROS levels and enhanced res-
piration. Moreover, hTERT was also shown to be able to 
bind mitochondrial DNA and tRNA. Additionally Haendeler 
et al., demonstrated a positive correlation of the key telomer-
ase subunit with increased mitochondrial membrane poten-
tial [16]. Altogether, those observations led to the conclusion 
that some telomere-unrelated activity of telomerase might 
affect the resistance of cancer cells to drugs (possibly by 
affecting DNA damage/repair system) [16]. Consequently, 
understanding those complex associations may be beneficial 
in cancer strategy development (Tables 1, 2).

What do we learn from mouse model studies

Telomerase and telomere function is studied in some model 
animals including zebrafish [17], chicken [18], pig [19] or 

dog [20]. Noteworthy, telomeres were discovered to pro-
vide chromosomal integrity and genome stability in maize 
[21]. But in fact, studies using mouse model are the most 
promising concerning how similar these animals are to the 
human in the context of telomere metabolism [22, 23]. It was 
demonstrated in numerous studies that cellular responses to 
telomere dysfunction are fundamentally conserved in both 
species. It is also suggested that close correlation between 
telomerase regulation and telomere length in somatic cells 
might be crucial for maintaining a balance between normal 
metabolism, aging, and cancer. Noteworthy, telomeres found 
in laboratory mice are significantly longer than in humans 
(25–40 vs. 10–15 kb, respectively). It does not obviously 
change anything about the difference in our lifespan (~ 30 
times shorter than in humans). Anyway, the telomerase-
deficient mouse model is extremely useful in providing 
detailed research into the consequences of telomere dys-
function including aging, genome destabilization and can-
cer in mammals. Especially since in both species telomere 
dysfunction causes similar molecular effects including p53 
pathway involvement [22].

Table 1   Key non-canonical 
functions of hTERT

Contributing to Controlled function Mechanism

Stress elimination [16, 51] mtDNA protection Unknown
Wnt/β-catenin pathway [14] Proliferation Transcription regulation

Stem cell renewal Transcription regulation
Cell survival Transcription regulation
Adhesion Transcription regulation
Migration Transcription regulation

NF-kB and p65 pathway [15] Inflammation Transcription regulation
Apoptotic resistance Transcription regulation
Proliferation Transcription regulation

Resistance to ionizing radiation [53] Chromatin configuration 
and DNA repair

ATM-dependent signaling pathway

Table 2   Benefits and threats 
associated with telomerase 
modulation

Telomerase OFF

PROS CONS

A universal target in over 90% of all tumors
Specificity based on a significantly higher telomerase 

expression/activity in cancer cells
Critical factor for tumor growth and survival

Side effects in normal/stem cell
Dysfunction of immune system
Genome destabilization in non-target tissues
Selection of telomerase independent cancer cells 

(e.g. induction of the ALT pathway)

Telomerase ON

PROS CONS

Proliferative effect/regeneration
Induction of DNA repair pathways in normal cells
Reduction of oxidative species production
Improvement of mitochondrial function
Anti-premature age-related diseases

Induction of mitogenic pathways
Induction of cancer development in patients with 

deficiency in tumor suppressor mechanisms
Non-specific side effects
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With aging, telomeres shorten. The rate of this loss, con-
cluding from in vitro studies of human fibroblasts or lym-
phocytes is very similar to a mouse model and is approxi-
mately 50–100 bp per cell division in both species [24, 25] 
while the telomeric sequence is also the same, i.e., TTA​
GGG​ (n). The main difference that was observed between 
those two species is the fact that telomerase activity and 
gene expression of mouse Tert (mTert, mouse telomerase 
reverse transcriptase) appear to be less stringently regu-
lated in murine somatic cells [22]. Anyway, in both cases, 
hTERT and mTert expression are the critical determinants 
of telomerase activity since the expression of these subu-
nits correlates positively with the distribution of telomerase 
activity in various cells [22, 26]. As shown in a mouse model 
that lacks the critical mRNA of the mTerc subunit, the ani-
mals are viable, fertile and had no significant morphologi-
cal abnormalities [22]. As reported, it took six generations 
to achieve sufficient telomere attrition model displaying a 
subset of aging phenotypes, including alopecia, hair gray-
ing, reduced stress response and decreased longevity [27]. 
Xie et al., demonstrated that telomerase inhibition might 
contribute to telomere length-independent acceleration of 
aging and aging-related diseases [28]. Those observations 
were in concordance with previous studies revealing telom-
eres and telomerase role in genomic instability followed by 
chromosomal fusions and increased cancer incidence [1]. 
Additionally, the contribution of telomerase to DNA damage 
repair mechanism (ATM and ATR-related) as well as PARP 
pathways was also revealed in human cells [29, 30].

Telomerase in tumor initiation and progression

There is a debate on telomerase role in carcinogenesis and 
cancer progression. This enzyme is especially important to 
target in cancer therapy since its activity and/or expression is 
predominantly found in cancer cells (over 90% of cancers). 
However, since telomerase contributes to genome stabiliza-
tion (or at least its deficiency provokes genome destabiliza-
tion), it is still a challenging aspect not to provoke more 
genome destabilization (resulting from telomerase down-
regulation in non-target tissues) that might lead to cancer 
development [1] that was actually suggested when human 
p53 deficient/mutant cells were assessed [31]. However, the 
mechanisms governing hTERT expression in cancer remain 
unclear. Most reports indicate that telomerase restoration 
is just a secondary process accompanying carcinogenesis. 
However, most transcription factors that control hTERT pro-
moter are widely expressed that makes the explanation of 
this association more difficult [32].

Recent observations suggest that one of the key factors 
in telomerase recurrence is associated with mutations in 
hTERT promoter upstream from the ATG start site (C228T 
and C250T). These mutations occur in a vast majority 

of cancers including melanomas (~ 70%), glioblastomas 
(80–90%), hepatocellular carcinomas (~ 60%), bladder can-
cers (~ 60%), basal cell carcinomas (~ 70%), oligodendro-
gliomas (~ 70%) as well as cutaneous squamous cell carci-
nomas (~ 50%) and thyroid cancers (up to 30%) [33]. Since 
they were detected across all stages and grades of cancer, it 
is suggested that mutations in hTERT appear as early events 
in carcinogenesis. Importantly, some other, but less influen-
tial, mutations were identified too. Other authors show that 
epidermal growth factor (EGF) may also significantly con-
tribute to hTERT promoter activation [34]. Another factor 
that might control hTERT is alternative splicing of hTERT 
mRNA [35], but this association remains elusive. Altogether, 
it is still not clear how hTERT activation contributes to car-
cinogenesis initiation and what other mechanisms (genetic 
and epigenetic) are involved in this process. Similarly, we 
still do not know whether telomerase expression has any 
oncogenic potential or is simply mandatory for tumor growth 
support. There is no doubt however that a protein that is a 
promising cancer therapy target may significantly contribute 
to the protection of normal cells degradation/degeneration.

ALT versus telomerase

Most human cancers show telomerase expression (80–90%). 
Those who do not, may use alternative lengthening of tel-
omeres (ALT) to maintain telomeres above a critical length, 
but there are also some cell types that utilize both mecha-
nisms [36]. Telomerase restoration is a critical occurrence 
that supports carcinogenesis via overcoming the end repli-
cation problem. Consequently, it makes tumor progression 
possible [37]. There is some specificity concerning the way 
both mechanisms function. ALT-positive tumors usually are 
derived from mesenchymal tissues while telomerase-positive 
tumors are mainly derived from epithelial tissues. Impor-
tantly, telomere length in those cells is very heterogeneous. 
Another characteristic feature of those cells is the presence 
of Promyelocytic Leukemia (PML) bodies [38]. However, 
recent data implicate that the ALT might be less efficient 
than telomerase in providing tumor progression (especially 
metastasis). Those studies suggest that some non-canonical 
action of hTERT is required even if ALT works for telomere 
maintenance [39, 40]. It was confirmed by the observation 
that in ALT cells some dysfunctional telomeres exist [41]. 
Thus, if ALT is not sufficient for telomere maintenance, it 
is suggested that inhibition of telomerase might shift the 
majority of initially telomerase positive tumors to ALT-pos-
itive and eventually eliminate them. Consequently, repress-
ing hTERT may be beneficial for two reasons – it would 
eliminate telomerase- and ALT-positive cells. It is of high 
importance especially, since repression of both, hTERT or 
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ALT, results in similar effects, i.e., senescence and/or cell 
death [38, 42].

Functional aspects

Telomerase and proliferation

Telomerase is associated with proliferation potential that 
might be perceived as a positive aspect in the context of 
regeneration. But it is not always a beneficial feature. As 
demonstrated by Oh et al., overexpression of mTert in the 
heart (mouse model) resulted in hyperplasia and hypertrophy 
of cardiac myocytes. Expression of mTert also contributed 
to apoptosis suppression in those cells which might indicate 
the mTert association with proliferation. Noteworthy, this 
effect was observed only when a functional mTert sequence 
was overexpressed [43].

Additionally, it was demonstrated that the median lifes-
pan of mTert-transgenic mice was significantly increased 
(up to 24% when applied in adult, 1-year old animals). Addi-
tionally, studied mice demonstrated significantly improved 
markers of health, fitness, and aging. Noteworthy, individu-
als overexpressing mTert did not develop more neoplasms 
comparing to their control littermates. Thus, an anti-aging 
property of telomerase knock-in in adult/old mammals was 
suggested [23].

However, there also some alternative reports show-
ing that telomerase overexpression in basal keratinocytes 
leads to an increased incidence of carcinogen-induced skin 
tumors in mice [39]. Other studies revealed that telomerase 
overexpression in mammary glands of mice promoted the 
development of spontaneous cancers [44]. There are also 
some alarming reports concerning human cells showing that 
ectopic expression of hTERT in mammary cells (with down-
regulated p16INK4A) may contribute to increased resistance to 
growth inhibition by transforming growth factor-beta (TGF-
β) [45]. It was supported by a report showing that ectopic 
expression of functional hTERT promoted cellular growth 
in primary human mammary epithelial cells (HMEC) in a 
mitogen-depleted environment [46]. Other authors showed 
that hTERT constitutive expression in HMEC led to the 
induction of several growth-promoting genes, including the 
epidermal growth factor receptor (EGFR), and downregu-
lation of proapoptotic genes [47]. Thus, another function 
of telomerase (in a telomere-independent way) in regulat-
ing cellular proliferation by modulating growth-promoting 
genes, was shown. Interestingly, the contribution of telom-
erase to proliferation engages also Wnt signaling pathway 
that will be described further.

Telomerase translocation into mitochondria

It is known that telomere shortening may directly lead to 
aging, but this process may also be initiated by other fac-
tors including oxidative stress, inflammation, and infections 
[48]. This brings a conclusion that those processes might be 
associated. However, we still do not know why is telomerase 
function so important in attenuating oxidative stress effects. 
It may result from the fact that telomeres are the preferred 
targets of oxidative insult. And this, consequently, may be 
related to their DNA composition, rich in guanine residues 
[49]. It is known that the high content of guanine is asso-
ciated with generation of 8-oxoguanine (8-oxoG) species 
which, if not repaired, lead to DNA strand breaks, mutations 
or genomic instability [50]. Thus, a question arises whether 
it is possible that hTERT constitutes a “rescue system”, also 
in mitochondria? (Fig. 1).

Noteworthy, some fraction of hTERT (10–20%) is local-
ized in mitochondria probably as a result of oxidative stress 
[51] which suggests a protective role of the catalytic tel-
omerase subunit. It was estimated that under normal condi-
tions, mitochondrial hTERT localization limits the UV and 
ethidium bromide (EtBr) induced mtDNA damage. Addi-
tionally, the catalytic activity of the enzyme is required to 
exert this protective activity and hTERT was shown to bind 
the mtDNA in the regions encoding the ND1 and ND2 that 
mediate ROS generation [16].

It was also shown that cancer cells with dysfunctional 
telomerase were more sensitive when exposed to irradia-
tion (carbon-ion). Detailed studies revealed that hTERT 
suppression caused (irrelevant to the way of inhibition/
downregulation) impaired mitochondrial function. This 
dysfunction was manifested by decreased membrane poten-
tial and alterations in mtDNA copy number, mitochondrial 
mass, total ATP levels and elevated reactive oxygen species 
(ROS) [52]. It was also reported that mitochondrial hTERT 
protected these organelles from H2O2 influence and irradi-
ation-induced DNA damage foci in the nucleus [53]. Simi-
larly, Muzza et al. reported that the mitochondrial hTERT 
localization was significantly higher in tumors when exposed 
to high oxidative stress (H2O2) while its nuclear expression 
was similar in tumor and normal tissues [54]. Interestingly, 
expression of a mutated hTERT (unable to be translocated to 
mitochondria) was associated with increased levels of ROS 
accompanied by mitochondrial dysfunctions [55].

Mitochondrial translocation of hTERT seems to be par-
ticularly important in multidrug-resistant (MDR) cells since 
those two phenomena may be associated [56, 57]. Another 
study revealed that hTERT over-expression in mitochon-
dria in hepatocellular carcinomas significantly increased 
resistance to cancer drugs, both in vitro and in vivo. A 
higher mitochondrial membrane potential inhibited apop-
totic pathway, and an increased mtDNA copy number were 
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observed after drug administration [58]. In another study, 
a neuroprotective role of hTERT in a telomerase activity-
independent way was shown due to its increased mitochon-
drial localization [59]. Generally, a neuroprotective role of 
hTERT is postulated due to the induction of cellular prolif-
eration, anti-apoptotic effects, mitochondrial stabilization, 
and anti-aging and anti-oxidant effects [60]. And finally, it 
was shown that hTERT could protect neonatal mitochondrial 
DNA (mtDNA) from oxidative damage during pregnancies 
[61]. However, there is still no confirmation whether hTERT 
is obligatory for normal function of mitochondria or is it 
recruited in an emergency/stress situation.

hTERT in neurons/nervous system

Telomerase catalytic subunit is also studied in the context 
of the neuroprotective activity. González-Giraldo et al., 
reported significant differences in hTERT expression 
between controls (higher) and patients (lower) with the 
major depressive disorder [62]. In the same paper, authors 
postulated association of hTERT with ROS reduction and 
DNA protection in mitochondrial neurons [62]. Similarly, it 
was demonstrated that hTERT reduction caused an increased 
ROS generation and oxidative damage induction by patho-
logical tau protein (microtubule-associated protein, crucial 

in the pathogenesis of many human neurodegenerative dis-
eases) in neurons [63, 64]. Thus, discovering new telomer-
ase activating compounds seems to be a promising strategy 
in preventative treatments for neurodegenerative diseases, 
reducing disease symptoms or even extending lifespan as 
demonstrated in a mouse model of amyotrophic lateral scle-
rosis (ALS) [63, 65].

Neuropsychiatric disorders including depression, schizo-
phrenia, anxiety, and affective disorder are also associated 
with telomerase shortening. There is also a hypothesis that 
oxidative stress and inflammation affect the structure of the 
replication fork in the area of telomeres [66].

Studies performed in Purkinje neurons revealed that 
hTERT expression was significantly increased in response to 
stress (i.e., X-ray radiation and a high glutamate concentra-
tion). Interestingly, the induced telomerase expression was 
observed in the nucleus of cells exposed to radiation while 
glutamate treatment induced hTERT levels in mitochondria 
[67]. Nevertheless, telomerase seems to play a pivotal role in 
the adaptive response of neurons to different types of stress.

Remote control effect

One of the most surprising facts concerning telomerase was 
revealed by Gutkin et al., who demonstrated that hTERT 

Fig. 1   hTERT rescue system pathways. Telomerase catalytic subunit responds to extra and intracellular signals. It may affect certain genes 
expression as well as protect mitochondrial metabolism. Altogether, it shows pro-survival properties



1407Molecular Biology Reports (2019) 46:1401–1411	

1 3

mRNA was capable of shuttling from cancer cells into tel-
omerase negative fibroblasts via exosomes. As it appeared, 
in the new target cells, hTERT was translated into a fully 
active enzyme creating nonmalignant, telomerase positive 
cells [68]. Consequently, recipient fibroblasts demonstrated 
increased proliferation properties, extended lifespan, and 
senescence postponement. Additionally, target cells became 
resistant to DNA damage induced by phleomycin and to 
apoptosis [68]. Altogether it looks that telomerase translo-
cation has a potential to affect local microenvironment.

hTERT and vascular system

hTERT was also reported to induce vascular epithelial 
growth factor (VEGF) expression via interaction with 
the gene’s promoter and transcription factor Sp1—conse-
quently, it may stimulate angiogenesis. Studies performed 
in a mouse model revealed that deletion of the mTert gene 
leads to a limited tumor growth accompanied by reduced 
VEGF expression in the first generation of mTert null mice. 
Interestingly, studies performed in human gastric tumor 
samples revealed a correlation of hTERT expression levels 
with VEGF [69]. Similarly, telomerase inhibition in vas-
cular endothelial cells was shown to disrupt angiogenesis 
and tumor growth in glioblastoma xenografts [70]. George 
et al., showed that hTERT downregulation (RNAi) and IFN-
gamma treatment in human glioblastoma cell lines (SNB-19 
and LN-18) significantly inhibited angiogenesis and tumor 
progression [71].

Interestingly, Falchetti et  al., revealed that telomer-
ase inhibition in Human umbilical vein endothelial cells 
(HUVECs) resulted in a reduction of tubule formation and 
cell survival in the tumor xenografts. This observation sug-
gested that glioblastoma multiform tumor angiogenesis 
may be associated with telomerase upregulation [70]. This 
hypothesis was confirmed in HeLa cells since hTERT was 
shown capable of VEGF transcription induction [72].

hTERT, adhesion, and migration

As demonstrated, telomerase contributes or is associated 
with many different mechanisms that accompany telomer-
ase overexpression or downregulation. Among well-known 
telomerase modulators, TMPyP4 is found (telomerase 
inhibitor). Additionally, this compound alters telomerase 
expression. Consequently, it provokes some difficulties in 
understanding the function of telomerase activity and/or 
expression and its association with molecular pathways. 
However, as demonstrated, it may also alter cell adhe-
sion. Scratch-wound and transwell assay indicated that the 
compound at low levels (≤ 0.5 μM) increased cell-matrix 

adhesion and promoted the migration of tumor cells. In 
contrast, higher concentrations of TMPyP4 (≥ 2 μM) were 
demonstrated to inhibit cell proliferation and induce cell 
death [73]. This implicates an important role of telomerase 
modulators (both, activity and expression) in cancer cell 
adhesion, migration and, consequently, invasiveness poten-
tial. Similarly, adhesion experiments revealed that induced 
hTERT expression significantly increased cell adhesion 
supporting a non-canonical function for hTERT in promot-
ing tumorigenesis [74]. Interestingly, it was also shown that 
hTERT affected the expression of numerous genes in differ-
ent cell lines, implying that the process is indirect and cell 
type dependent. Importantly, the functional analysis revealed 
cell adhesion-related genes that were affected by hTERT in 
studied cell lines [74].

Gene expression

hTERT in gene expression regulation

Nmerous reports indicate that the hTERT subunit is capable 
of performing even much wider spectrum of activity includ-
ing remodeling chromatin structure, and contribution to 
signaling pathways, e.g., the Wnt/β-catenin or NFkB. Those 
key signaling pathways constitute control cell survival and 
proliferation, cell polarity, differentiation during embryonic 
development, carcinogenesis but also migration and regen-
eration [75, 76]. In genome-wide transcriptional studies, it 
was demonstrated that hTERT enhanced epithelial cell pro-
liferation by regulating gene expression in a similar way to 
Myc and Wnt controlled pathways [44]. Park et al. revealed 
that hTERT acted as a cofactor in the β-catenin transcription 
complex. It was shown that hTERT interacted with BRG1, a 
chromatin remodeling factor, to regulate the Wnt/β-catenin 
signaling pathway [77]. However, studies made by Black-
burn et al. (performed in MCF7 and HeLa cells) and by Liu 
et al. revealed no physical association of hTERT and BRG1 
or β-catenin in human cells [78], but the contribution of 
hTERT to the prevention of β-catenin nuclear retention and 
degradation was confirmed [79]. Similar observations led to 
a conclusion that potential influence of hTERT on stem cells 
might reflect two different pathways: hTERT could induce 
the transcription of β-catenin-dependent genes, or Wnt/β-
catenin could directly affect the transcription of hTERT [80]. 
Since both, the Wnt pathway and telomerase, are engaged 
in the embryonic development and tissue homeostasis, a 
link between those two factors is suggested. In fact, tran-
sient activation of the Wnt/β-catenin pathway was shown 
to induce hTERT mRNA expression and elevate telomerase 
activity in different cell lines [81].

Additionally, a significant decrease of hTERT expression 
accompanied by telomerase inhibition and telomere attrition 
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was noticed after silencing endogenous β-catenin [82]. Inter-
estingly, hTERT contributed to modulate the expression of 
Wnt target genes, which play a role in the development and 
tumorigenesis [14, 15, 77, 83]. Surprisingly, telomerase 
role in the protection of mitochondrial integrity was also 
reported [84] as well as the contribution to NFkB signal-
ing pathway [14, 15, 77, 83] which is activated by Tumor 
Necrosis Factor-α (TNF-α), endogenous ROS inducer [69]. 
Similarly, Mattiussi et al. reported that human telomerase 
was able to repress ROS-dependent intracellular signaling 
and TNF-α-mediated gene expression. Additionally, hTERT 
overexpression was reported to induce a strong constitutive 
nuclear accumulation of NFkBp65 [85]. Interestingly, it was 
also shown that a panel of genes was regulated by telomer-
ase in acute myelogenous leukemia (AML) [86]. Blackburn 
et al., showed that in yeast cells after telomerase knockdown, 
alterations similar to a DNA damage responses and the envi-
ronmental stress response appeared and it was accompanied 
by up-regulation of energy production genes and prolifera-
tion of mitochondria [87].

Altogether, the contribution of telomerase to the regula-
tion of the expression of different genes is a well-known 
fact, and it was already thoroughly reviewed [87]. There is 
a pretty straight forward conclusion that ectopic expression 
of hTERT in human mammary epithelial cells correlates 
with the upregulation of growth-promoting genes, and the 
downregulation of growth inhibitory genes [87]. Thus, it is 
suggested that telomerase might interact with transcription 
factors or chromatin modifying factors that directly regulate 
certain gene transcription programs (e.g., NFkB p65 and 
β-catenin-dependent), and mediate the transcriptional regu-
lation of target genes expression, however, the pool of those 
genes remains mostly unknown.

TERC in the regulation of gene expression

TERT is not the only one telomerase subunit that is capa-
ble of controlling the expression of human genes. It was 
shown in an animal model that suppression of mTERC in 
the murine melanoma B16 cell line provoked a significant 
downregulation of 138 genes. 8 of those genes were involved 
in the glycolytic pathway which suggests a functional asso-
ciation between telomerase and cancer metabolism [88] 
confirming an earlier report on this issue [89]. Blackburn’s 
group demonstrated that targeting hTERC in human colon 
cancer HCT116 cell line resulted in the suppression of angi-
ogenesis and metastasis-associated genes. Some of these 
down-regulated genes, including Cyclin G2 and Cdc27, are 
involved in cell cycle progression. It became obvious that 
hTERC could also contribute to telomerase-mediated tran-
scription of NFkB. Similarly, NFkB target genes were also 
reported downregulated in both, mTerc and mTert knockout 

mice, suggesting a feed-forward regulation between those 
factors [15]. Unfortunately, the concrete mechanism by 
which telomerase participates in the regulation of NFkB 
target genes has not been fully understood yet.

Telomerase as a target in immunotherapy

Last but not least, it seems that the non-canonical function 
of telomerase goes beyond all those mentioned pathways. 
Due to its key role in cancer metabolism but also a highly 
specific expression and activity, almost exclusively lim-
ited to cancer cells, telomerase seems to be a perfect tar-
get for immunotherapy. This approach includes two main 
trends in telomerase targeting in cancer treatment, i.e., 
anti-telomerase vaccines and the transfer of hTERT-spe-
cific cytotoxic T lymphocytes. Both those strategies were 
comprehensively presented in some latest works [90, 91].

Summary

Telomerase belongs to a narrow group of relatively specific 
markers that are promising targets in cancer therapy. But 
on the other hand, due to a well-known pro-survival activ-
ity of this enzyme, it is also considered as a potential tool 
in preventative treatments for neurodegenerative diseases, 
reducing disease symptoms or even extending lifespan as 
demonstrated in a mouse model of amyotrophic lateral scle-
rosis [57, 59]. There are still some concerns about the pos-
sible restoration of telomerase in normal (nonmalignant) 
cells since the immortality enzyme is suspected of triggering 
cancer development. However, those reports are ambiguous.

Importantly, telomerase is associated with so many 
telomere-unrelated functions that total elimination of this 
enzyme might bring a potential risk of unpredictable and 
severe side effects. It is actually known that overexpression 
of hTERT is correlated with advanced invasive stage of 
tumor progression and poor prognosis, but we cannot verify 
whether telomerase renewal is a reason or a consequence of 
cancer development. But the question is whether the same 
mechanisms rule cancer as well as normal cells and if these 
processes can be controlled. As demonstrated, hTERT may 
promote cancer and stem cell survival by lowering ROS 
levels. This would be beneficial in normal cells of course. 
Altogether it is not about questioning if hTERT should be 
turned off but rather if we can shut it down in target/cancer 
cells only?
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