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Abstract It is well known that a decreased expression or
inhibited activity of telomerase in cancer cells is accom-
panied by an increased sensitivity to some drugs (e.g.,
doxorubicin, cisplatin, or 5-fluorouracil). However, the
mechanism of the resistance resulting from telomerase
alteration remains elusive. There are theories claiming that
it might be associated with telomere shortening, genome
instability, hTERT translocation, mitochondria functioning
modulation, or even alterations in ABC family gene
expression. However, association of those mechanisms,
i.e., drug resistance and telomerase alterations, is not fully
understood yet. We review the current theories on the
aspect of the role of telomerase in cancer cells resistance to
therapy. We believe that revealing/unravelling this corre-
lation might significantly contribute to an increased
efficiency of cancer cells elimination, especially the most
difficult ones, i.e., drug resistant.
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Introduction

Lack of drug sensitivity of cancer cells and their ability to
acquire resistance to anti-cancer drugs is one of the most
challenging problems in modern oncology. Theoretically,
we know the basis of this process (at least one of the
mechanisms), which is mainly associated with a cross type
of drug resistance that is driven by ABC family (ATP-
binding cassette) members, e.g., PgP, BCRP, LRP, MRP,
and ca 40 others [1]. It was also reported that an increased
DNA repair in cancer cells (mismatch repair pathway
activation after the damage provoked by a drug) is another
defense mechanism in those cells [2].

The mechanism of drug resistance differs for various
cancer types and depends on the category of a drug used in
therapy. However, most anti-cancer agents contribute to
the generation of reactive oxygen species (ROS) followed
by target cells apoptosis. Nevertheless, continuous treat-
ment with the same drug may result in less efficient ROS
production that may lead to drug resistance. Importantly,
even drugs that directly bind DNA and induce its damage
usually require an increased ROS signaling that may be
necessary for excessive DNA damage and apoptosis.

Latest reports reveal that drug resistance may also result
from an increased translocation of telomerase hTERT
(telomerase reverse transcriptase) subunit to mitochondria
or translocation of another telomerase-associated factor
(telomerase-associated protein 1, TEP1) to vaults. As
reported, mitochondrial enrichment with hTERT may be
accompanied by ROS level modulation or an increased
number of copies of mtDNA that may be followed by
apoptosis repression and may play a protective role during
therapy [3, 4]. We also know that one of the characteristic
features of cancer cells is an increased telomerase
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expression or activity (circa 95% of cancers, including
cancer stem cells) [5, 6].

Numerous studies indicate a relation between telom-
erase and sensitivity of cancer cells to therapy. This
observation is confirmed by the fact that an increased
expression of telomerase in cancer cells correlates with
their resistance to drugs [7]. Simultaneously, inhibition of
telomerase activity results in an increased sensitivity of
cancer cells (e.g., breast cancer) to doxorubicin (DOX) [8].
Thus, the correlation between drug resistance and telom-
erase seems to be evident especially since it is observed
during the studies of sensitization process (via telomerase
expression downregulation) in cancer cells exposed to
radiomimetic compounds (i.e., DNA damaging) [9]. This
aspect is highly interesting, because telomerase is respon-
sible for genome stabilization. Apparently, after therapy
accompanied by telomerase blocking, we might observe a
synergistic process based on two mechanisms—DNA
damage (drugs) and mismatch repair/genome stabilization

attenuation (telomerase inhibition). Consequently, it might
lead to an increased efficacy in cancer cell elimination.
Surprisingly, after chemotherapy, the activity of telomerase
was reported to increase in LoVo (colon cancer) cells that
were accompanied by an increase in telomere length and
induction of telomerase subunit expression hTERT and
hTR (human telomerase RNA or TERC) [10]. This might
implicate a protective role of telomerase in cancer cells
exposed to drugs. The efficacy of telomerase and telomeres
targeting in cancer therapy is perceived as a promising
strategy and is being studied in a broad range of approaches
(Table 1).

However, some questions still appear, e.g., if the effi-
cacy is an effect specific for the inhibitor or for the way of
telomerase inhibition/downregulation? Is this effect similar
when the key telomerase subunit h"TERT is downregulated
at the level of expression? Or is the same effect observed
when telomeres are shortening? How are signaling path-
ways modulated at the same time (also in the context of

Table 1 Overview of the key telomerase therapeutic strategies directed against telomerase and telomeres [30], modified

Strategy Factor Target Mechanism References

ASO GRNI163L hTR Expression inhibition [11]

RT inhibition AZT azidothymidine DNA elongation Replication termination [12]
BIBR 1532 RT Non-competitive inhibition [13]

Immunotherapy GV1001 HLA CD4+ stimulation [14]
Vx-001 HLA-A [15]
GRNVACI1/2 (AST-VACI1/2) Dendritic cells Antigen presentation [16, 17]

G-quadruplex stabilization BRACO-1910 Telomeric DNA Access blocking [13]
RHPS4 [18]
TMPyP4 [19]
Telomestatin [20]
Quarfloxin/CX-3543* Telomeric DNA rRNA biogenesis inhibition®  [21]

Uncapping mimicking T-oligo Telomeric overhang  Apoptosis, and autophagy [22]

induction

RNAIi hTERT-siRNA hTERT Expression repression [23, 24]
hTERC-siRNA hTERC

Preventing binding of telomerase to IWRI1, IWR2, JW55, flavone, Tankyrase inhibition ~ TRF1 dissociation from [25]

telomere XAV939 telomeres
Nitroreductase-based gene therapy CB1954 DNA crosslinks Suicide gene therapy [26]
Carboxypeptidase-based gene therapy ZD2767P DNA-damaging [27]
alkylation
Oncolytic viruses Telomelysin (OBP-301) hTERT positive cells Cancer cell lysis [28]
Gene therapy CRISPR/CAS9 hTERT Expression repression [29]
hTERC

All strategies aim to stop the main telomerase subunit expression, complex activity, or prevent substrate access to provoke cancer cell

senescence, death, or proliferation of target cells
ASO antisense oligonucleotides, RT reverse transcriptase
* Requires verification in further studies
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genome destabilization)? How are those pathways modu-
lated when drug therapy is accompanied by telomerase
downregulation?

The association of telomerase and mismatch repair
pathway seems to be related if we consider the fact that
MSH2 (protein element of the DNA mismatch repair
complex) binds hTERT promoter leading to its activation,
and most probably to an increased expression of the key
telomerase subunit hTERT, that is especially important
during carcinogenesis [31]. Surprisingly, studies concern-
ing telomerase inhibition with BIBR1532 show no
cumulative effect of telomerase inhibition and DOX in
drug-resistant cells [32]. Thus, a question arises, what is the
mechanism of the correlation between drug sensitivity,
drug resistance, and telomerase expression/activity, but
also with the resulting mechanism of DNA damage leading
to cancer cell death.

The role of hTERT translocation in cancer
resistance to drugs

The hTERT gene encodes telomerase reverse transcriptase,
the catalytic subunit of telomerase. As demonstrated, this is
one of the two key telomerase subunits that enable enzyme
activity, detected mainly in cancer or stem cells [33]. The
main function of hTERT is a reverse transcriptase activity
that adds a six-base DNA repeat onto chromosome ends
and prevents their shortening during successive cell divi-
sions. Telomerase is associated with cell immortality and
cancer, which may be related to the ability of hTERT to
prevent apoptosis by stabilizing telomeres. However, fun-
damental information concerning the antiapoptotic
function of hTERT is lacking, including a crucial ques-
tion—whether its activity and/or nuclear localization are
required and where telomerase acts to suppress the cell
death process. It was demonstrated that overexpression of
wild-type human TERT in HeLa cells, and in cells lacking
hTERT but containing the telomerase RNA template,
increases their resistance to apoptosis induced by the DNA
damaging agent etoposide or the bacterial alkaloid stau-
rosporine [34]. In contrast, hTERT mutants with
disruptions of either the RT domain or a 14-3-3 binding
domain fail to protect cells against apoptosis. Similarly,
overexpression of hTERT in cells lacking the telomerase
RNA template was also ineffective in preventing apoptosis.
Another finding shows that hTERT suppresses apoptosis at
an early step before the release of cytochrome c and
apoptosis-inducing factor from mitochondria, suggesting
that hTERT can suppress a nuclear signal(s) that is an
essential component of apoptotic cascades triggered by
diverse stimuli.

hTERT in response to stress

Mitochondria are the major source of ROS, which are
mainly produced through the respiratory electron transport
chain. Normally, intracellular ROS are dynamically bal-
anced. When cells are exposed to oxidative stress, the
endogenous production of ROS exceeds the capacity of the
cellular antioxidant defenses, resulting in chemical damage
of mtDNA. Mitochondrial DNA contains 37 genes
encoding 13 structural proteins that are subunits of various
respiratory chain complexes, 22 tRNAs, and two rRNAs.
NDI1 and COXII, which are encoded by mtDNA, are
important components of respiratory chain complexes I and
IV. Mitochondrial TERT has been shown to act as a TERC-
independent reverse transcriptase and to exhibit RNA-de-
pendent DNA polymerase activity using mitochondrial
tRNA as a template [35]. Mitochondrial TERT can bind to
the RNA module of mitochondrial RNA processing
endoribonuclease (RMRP) and form a complex similar to
RNA-dependent RNA polymerase, which affects gene
silencing at the post-transcriptional level [36, 37]. Other
results suggest that mitochondrial TERT is involved in the
regulation of COXII, a subunit of respiratory chain com-
plexes [38].

For the first time, the association between telomerase
key subunit and cell resistance to stress was shown in 2003.
More precisely, it was an oxidative stress. Authors revealed
that not only telomerase activity but specifically the
C-terminus of hTERT plays a role in hTERT-mediated
cellular resistance to oxidative stress. As demonstrated, a
27-kDa hTERT C-terminal polypeptide (hTERTC27)
devoid of domains required for telomerase activity was
capable of nuclear translocation/telomere-end targeting. It
was reported that a low level of hTERTC27 renders
hTERT positive HeLa cells sensitive to H202-induced
oxidative stress and subsequent cell senescence [upregu-
lation of the cyclin/cdk inhibitor p21 (Wafl)]. Most
importantly, no alteration in the expression of endogenous
hTERT, significant telomere shortening, or inhibition of
telomerase activity was observed [39]. Another studies
indicated the role of mitochondrial translocation of hTERT
in resistance to drugs of human hepatocellular carcinoma
(HCC) cells. As demonstrated, using three HCC cell lines
(with different resistance index to cisplatin), the apoptosis
rates in drug-resistant cells were significantly reduced.
Cell-cycle analysis revealed the ratio of drug-resistant cells
in G2/M and S phases increased, while that in G1 phase
decreased. This process was accompanied by shortening of
telomere length in drug-resistant cells under the
chemotherapeutic stress. A reduction of damaged mtDNA
with the increase in resistance index was revealed indi-
cating protective effect of the mitochondrial translocation
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of hTERT. Therefore, it may suggest that the mitochondrial
translocation of hTERT increases in multidrug-resistant
cells and exerts protective effect on mitochondrial function
which suggests that drug-resistant tumor cells escape from
apoptosis through hTERT-mediated mitochondrial protec-
tion. Thus, it might be concluded that mitochondrial
translocation of hTERT may serve as an underlying
mechanism of MDR (Fig. 1) [40].

As reported elsewhere, mitochondrial translocation of
hTERT led to chemotherapeutic resistance in HEPG2 cells.
As suggested, phenomenon might result from the contri-
bution of hTERT to reducing ROS production as well as
mtDNA damage [18]. In the studies performed in human
leukemia cell line K-562, it was shown that telomerase
activity inhibition by curcumin (measured using the TRAP
assay) is due to suppression of translocation of hTERT
subunit, from cytosol to nucleus. More importantly, this
process was accompanied by induction of apoptosis in
studied cells [41]. The molecular mechanisms by which
telomerase demonstrated a pro-survival function resulting
in an increased resistance against DNA damage and
decreased apoptosis induction remains elusive. It is still
unclear whether it is associated with telomere maintenance
or is rather a non-telomeric function of the telomerase
protein, hTERT. However, the fact is that the protein
subunit of telomerase can shuttle from the nucleus to the
mitochondria upon oxidative stress. Consequently, it pro-
tects mitochondrial function and decreases intracellular
oxidative stress. In addition, a significant correlation
between nuclear localization of telomerase and high DNA
damage was found. At the same time, cells which excluded
telomerase from the nucleus displayed no or very low DNA
damage. It is known that nuclear DNA damage can be
caused by mitochondrially generated reactive oxygen

Cytoplasm

/ <

Nucleus
hTERT
hTR S
3 s hTERT
Telomerase translocation

DNA damage

Fig. 1 Role of hTERT translocation in cancer
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species (ROS). It was shown that the mitochondrial local-
ization of telomerase specifically prevents nuclear DNA
damage by decreasing levels of mitochondrial ROS. This
decrease of oxidative stress might be a possible cause for
high stress resistance of cancer cells and could be espe-
cially important for cancer stem cells [42].

The role of vaults in drug resistance
and association with telomerase

It has been some time already, since vaults were reported to
contribute to the resistance of cancer cells to drugs. The
vault complex, a large-sized ribonucleoprotein, was first
described by Kedersha and Rome [43]. The barrel-shaped
structures were identified in preparations of clathrin-coated
vesicles from rat liver. Their name comes from the fact that
they resemble a morphology similar in shape to the vaulted
ceilings in cathedrals. Such structures with similar
dimension, morphology, and composition are found in cells
of diverse eukaryotic organisms including mammals
[44, 45]. Since they reveal a high degree of evolutionary
conservation, it is suggested that they play an important
cellular function.

Vaults’ components are almost ubiquitously expressed
and have been implicated in the regulation of several cel-
lular processes including intracellular transport, signal
transduction, and immune response. However, most
importantly, they also contribute to chemotherapy resis-
tance [46]. Consequently, they are considered to play a
protective role against xenobiotics and other stressing
factors. The mammalian vault complex consists of multiple
copies of three proteins: M, 100,000 (MVP), 193,000
(VPARP), and 240,000 (TEP1) (M,, relative molecular

{ oxydative stress
J DNA damage
{ apoptosis rate
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mass). It also contains small untranslated RNA molecules
of 88-141 bases.

Components of the vault complex
MVP

The major vault protein (MVP, 110 kDa) was found to be
identical to the previously described lung resistance-related
protein (LRP) [47] and constitutes over 70% of the total
mass of the complex. One of the mechanisms leading to
drug resistance is based on the ability to pump drugs away
from intracellular drug targets through exocytotic vesicles
or pump molecules. In addition, MVP/LRP is one of those
pumps. The LRP gene is located on chromosome 16, close
to the genes coding for the multidrug resistance-associated
protein, MRP1. Overexpression of LRP constitutes a pre-
diction of a poor response to chemotherapy in acute
myeloid leukemia and ovarian carcinoma. As demon-
strated, human MVP promoter lacks a TATA box, as well
as other core promoter elements, but harbors putative
transcriptional factor binding sites for Spl but also p53,
STATI1, MyoD, GATA, and YB-1. Consequently, diverse
transcription factors are involved in the regulation of MVP
in different cell types. Some reports show that MVP
expression is induced by a variety of cellular stresses such
as DNA damaging agents, UV irradiation, hypoxia, and
hyperthermia. Consequently, its role in radiotherapy
response was also postulated [48]. Kowalski et al. [49]
reported that MVP was involved in host resistance to
infection with Pseudomonas aeruginosa. Ryu et al. [50]
demonstrated that MVP enhanced the resistance of cells to
apoptosis induced by H202 in senescent human diploid
fibroblasts. These findings suggest that MVP plays an
important role in cellular responses to stress.

MVP protein and mRNA levels were found to be
upregulated in SW-620 cells after treatment with doxoru-
bicin (DOX), etoposide (VP-16), cis-platinum (II)
diammine dichloride (CDDP), or SN-38 at their IC50
concentration. Moreover, DOX could directly induce the
transcriptional activity of MVP promoter regions, but it did
not affect the stability of MVP mRNA. Interestingly,
analysis of MVP knockout animal derived tissues indicated
that the absence of MVP resulted in dramatically lowered
cellular levels of other vaults’ component, VPARP [51].

VPARP

The vault poly-(ADP-ribose) polymerase (VPARP,
193 kDa) contains a functional poly-(ADP-ribose) poly-
merase (PARP) domain [52]. VPARP is capable of ADP-

ribosylating itself and the MVP, but this activity was not
yet shown to be of functional importance within the vault
complex.

VPARP was originally identified as a minor protein
component of the vault ribonucleoprotein particle, which
may be involved in molecular assembly or subcellular
transport. In addition to the association of VPARP with the
cytoplasmic vault particle, subpopulations of VPARP
localize to the nucleus and the mitotic spindle, indicating
that VPARP may have other cellular functions. VPARP
was also found to be associated with telomerase activity
and interacted with exogenously expressed telomerase-as-
sociated protein 1 (TEP1) in human cells. Experiments
with mice deficient in mVparp showed that the animals
were viable and fertile for up to five generations, with no
apparent changes in telomerase activity or telomere length.
Vaults purified from mVparp-deficient mouse liver
appeared intact, and no defect in association with other
vault components was observed. Mice deficient in mTepl,
whose disruption alone does not affect telomere function
but does affect the stability of vault RNA, showed no
additional telomerase or telomere-related phenotypes when
the mTepl deficiency was combined with an mVparp
deficiency. These data suggest that murine mTepl and
mVparp, alone or in combination, are not necessary for
normal development, telomerase catalysis, telomere-length
maintenance, and vault structure in vivo [53]. There are no
data concerning human cells deprived VPARP, and note-
worthy, telomeres and telomerase metabolism in those two
species differ substantially.

TEP1

Telomerase-associated protein (TEP1, 240 kDa) was pri-
marily found to be associated with the telomerase complex
[54], where its function remains still unknown. TEP1 is an
RNA binding protein that is not restricted to the telomerase
complex and plays a redundant role in the assembly or
localization of the telomerase RNP in vivo [55]. It was also
shown to interact specifically with the vault RNAs
(VRNAs) [52]. Since only two components of the telom-
erase complex seem essential for its function in vitro, i.e.,
hTERT and TR, TEP1 was thought to be a structural
component [56, 57]. Indeed, analysis of a TEPI1-deficient
mouse model showed that this protein is not essential for
telomerase activity. Moreover, telomere length was also
unaffected after disruption of TEPI [55]. However, con-
tribution of TEP1 to telomere elongation in human is still
postulated [58]. Although not much is known about the
function of TEP1, it was shown that polymorphisms of that
gene may correlate with some types of cancer risk, e.g.,
bladder cancer [59].
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Vaults: summary

It seems that vaults are new players in the field of drug
resistance of cancer cells. They are not new, but it looks
that novel functions have been assigned to them recently.
The MVP components were shown to be associated with
the insulin-like growth factor-1, hypoxia-inducible factor-1
alpha, and DNA double-strand break repair systems
including non-homologous end joining and homologous
recombination. Furthermore, MVP has been proposed as a
useful prognostic factor associated with radiotherapy
resistance [48].

Vaults are abundantly present in the cytoplasm of
eukaryotic cells and they were found to be associated with
cytoskeletal elements as well as occasionally with the
nuclear envelope. Vaults and MVP have been connected
with several cellular processes which are also involved in
cancer development like cell motility and differentiation.
Due to the overexpression of MVP in several P-glyco-
protein-negative chemoresistant cancer cell lines (P-gp/
neg), vaults have been linked to multidrug resistance
(MDR). Accordingly, high levels of MVP were found in
tissues chronically exposed to xenobiotics. In addition, the
expression of MVP correlated with the degree of malig-
nancy in certain cancer types, suggesting a direct
involvement in tumor development and/or progression.
Based on the finding that MVP binds several phosphatases
and kinases including PTEN, SHP-2 as well as Erk, a
hypothesis arises that MVP might be involved in the reg-
ulation of important cell signaling pathways including the
PI3K/Akt and the MAPK pathways [60]. It is not obvious
that telomerase or any subunit of the complex plays a
pivotal role in those processes, but TEPI is for sure a
common component of both, vaults and telomerase.

Telomerase and ABC-related drug resistance

Numerous reports show that in most cancer cases that do
not respond to therapy, an abundant expression of ABCBI,
ABCCI, or ABCG2 appears as poor prognostic factor [32].
These proteins function as membrane transporters thus
protect cells from potentially toxic substances and partic-
ipate in the distribution of drugs. Changes in the expression
and activity of ABC proteins may lead to an increased
pumping out of drugs from cells and hence a reduction of
the effective concentration of the drug in cancer cell. ABC
transporters are often found to be inherently expressed in a
wide variety of stem cells, where they provide improved
protection from toxins [61].

Cells gain the ability to acquire drug resistance at early
stage of tumorigenesis process. Yague et al. [62] have
shown that it is possible to obtain drug-resistant cells by
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altering only expression of telomerase, p53, and pRb. The
state of the art does not confirm if there is a direct corre-
lation between telomerase expression and ABC-related
drug resistance. However, in the literature, there are some
examples of attempts to associate telomerase with drug
resistance related to ABC overexpression. The concept of
such association is based on work of Wang et al. [63], who
showed a prognostic value and correlation of telomerase
expression with expression of genes associated with mul-
tidrug resistance in lung cancer patients. On the other hand,
Sakin et al. [64] suggested a lack of such correlation in an
in vitro study performed in breast cancer cells. A tenuous
correlation was shown in melanoma cells revealing co-
expression of ABC transporters, ABCB5 and ABCC2 and
hTERT [65]. Smith et al. [66] assessed a panel of human
tumor cell lines resistant to vindesine, gemcitabine, and
cisplatin, and disclosed that all have displayed changes in
telomerase activity and/or telomere length compared to
their parental lines. Recent findings suggest that signal
transducer and activator of transcription 5 (STATS) con-
nects these two mechanisms through binding to the
promoter regions of both the human TERT gene and the
MDRI1 gene [67, 68].

Another study shows that doxorubicin treatment of
imatinib resistant cell line with P-glycoprotein overex-
pression was accompanied by an increased phosphorylation
of BCR-ABL and STATS, as well as increased hTERT
expression. Interestingly, silencing of STATS expression
reduced both the expression of P-glycoprotein and telom-
erase activity and restore sensitivity to imatinib in drug-
resistant CML cells [67, 68]. A direct regulation of the
MDR pathways and telomerase by interpheron-alpha (IFN-
alpha) (used in the therapy of advanced cutaneous mela-
noma) has also been hypothesized. Treatment of melanoma
cells with IFN-alpha, the MDR genes regulator, revealed
no correlation between hTERT and TEPI mRNA expres-
sion, whereas significant positive correlations were found
between TEP1 and MDR1 mRNA, and between TEP1 and
LRP/MVP mRNA [69]. Alternative results were reported
by Gomez et al. [70]. They showed that in A549 derived
clones resistant to a DNA-alkylating agent (ethyl
methanesulfonate), and selected for resistance to 12549
(telomerase inhibitor; a potent G-quadruplex ligand),
hTERT expression was significantly increased (accompa-
nied by an increased telomerase activity) but with no
multidrug resistance phenotype alterations. As reported, no
variations in multidrug-related protein 1 (MRP1) and
breast cancer resistance protein (BCRP) transcripts were
observed while multidrug resistance 1 (MDR1) transcript
was undetectable. It was also suggested that resistance to
12549 (or other G-4 ligands, i.e., telomestatin or BRACO-
19) was associated with both, upregulation of telomerase
expression/activity and alteration of telomere capping
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functions that may participate directly or indirectly in the
mechanism of resistance in some cell types. Thus, a direct
correlation of telomerase modulation and resistant pheno-
type acquisition was revealed but in a non-ABC-related
mechanism.

Resistance mechanism specific to G-quadruplex
inhibitors

There is area of telomerase/telomere-based cancer strategy
that focuses on the use of G-quadruplex stabilizers that
prevent telomerase access to its substrate, and it constitutes
a promising expansion. Eventually, it appears that
G-quadruplex stabilizers play some more complex func-
tions. Gomez et al. reported a potential correlation of
telomerase and cancer cells resistance to G-quadruplex
ligands that might be associated with a subtle balance
between telomerase inhibition and telomere uncapping.
These studies provided an evidence that telomerase activity
and telomere length are key cellular determinants of the
resistance phenotype [70, 71]. Moreover, cancer cells
resistance to G-quadruplex ligands seem to be selective to
this group of compounds that was confirmed by a cross
resistance (as mentioned above) with other telomerase
inhibitors with no correlation to other anti-cancer agents
showing alternative mechanisms of action. An interesting
report shows that ROS activation of PPM1D/WIP1 (DNA
damage signaling pathway responsible for phosphorylation
status of Chk1 and y-H2AX) by 12459 in A549 cells may
lead to an inhibition of DNA repair signaling that triggers
telomeric dysfunction or other genomic DNA damages but
that finally leads to a delayed cell death [72]. In addition,
the relation between the way of treatment and observed
effect (including the initiated mechanism) was observed
implicating an effect dependent on variability of factors
including long-/short-term treatment, concentration as well
as the chemical structure of the ligand or the nature of the
studied cell line. Noteworthy, the biological effect of
G-quadruplex stabilization that is associated with a specific
degradation of the telomeric overhang seems to be inde-
pendent of the Bcl-2 expression status. Altogether, it gives
an impression that telomere/telomerase targeting drugs
trigger effects that are probably more directly associated
with DNA stability, damage, and repair pathways but also
with the mechanism of action of the therapeutic compound,
e.g., direct DNA targeting or stress provoking (including
oxidative stress) [73]. It is clear that although telomere
length in humans is determined by genetic predispositions,
it is also significantly affected by environmental factors
that altogether results in different (individual) attrition rate.
It is also evident that direct modulation of telomerase
activity by inhibitors, quadruplex stabilizers, repressors or

ROS, and other stress factors (including psychological and
life stress) affect telomere length. Consequently, even
smoking (an excellent example for higher ROS formation)
leads to a progressive shortening of telomeres. Especially,
the GGG triplet within the human telomere sequence
(TTAGGQG) is particularly vulnerable to chemical modifi-
cations. Thus, telomere or telomerase targeting may
ultimately lead to genomic instability. Some authors claim
that on one hand, it may be used in cancer therapy, but on
the other hand, it may contribute to initiation of carcino-
genesis [74].

Telomerase-positive and ABC genes expressing
cancer stem cells (CSC): neoplasm maintenance

Years of research work in the field of cancer biology
confirmed highly heterogenic character of cancer cell
populations [75]. A variety of types of cells differing in
morphology as well as in molecular status were observed
within malignant tumor or among the leukemic cells in
circulation of one patient. It is believed that most, if not all,
tumors contain a small sub-population of cancer stem cells
(CSC), called also cancer stem-like cells or tumor-initiat-
ing cells [76]. CSCs share some features with normal adult
stem cells. Both types of cells exhibit high levels of
telomerase activity, increased level and/or activity of
transmembrane ATP-binding cassette (ABC) transporter
proteins, and possess the ability to self-renewal and dif-
ferentiation, induction of antiapoptotic mechanisms, and
migration potential [77, 78]. Cancer stem cells are able to
reproduce themselves and their presence in the heteroge-
nous neoplastic cells population enables sustaining the
cancer. CSCs can “differentiate” into nontumorigenic
mature cancer that drives the tumor growth and spread
[79].

One of the theories explaining the immortality of tumor
cells proposes that cancer originates from normal stem
cells, which show constitutive telomerase activity.
According to this cancer stem cell model of carcinogenesis,
the event that initiates neoplastic transformation occurs in
normal stem cell [80-82]. There are scientific evidences
proving that during aging, stem cells can accumulate so
many mutations that the scenario where nontumorigenic
normal stem cell becomes tumor-initiating cell is very
likely [83]. Undoubtedly, telomerase is crucial for cancer
stem cell existence. Studies with the use of animal exper-
imental model (Scal-BCRABLp210) with the established
telomerase deficiency revealed that telomerase presence is
necessary for the generation and maintenance of cancer
stem cells. Complete deletion of telomerase coding gene or
even loss of one allele of the gene resulted in prevention of
BCR-ABL-induced chronic myeloid leukemia (CML)
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development [82]. Interestingly, one of the key antiapop-
totic proteins—Bcl-2—is not required to sustain leukemic
stem cells population in mice [84]. Inhibition of telomerase
activity with the use of Imetelstat caused a significant
reduction of clonogenic growth of CD138™ cancer stem
cells isolated from patients with myeloma [85]. There are
reports showing that some cancer stem cells and mature
cancer cells have short telomeres while exhibiting signifi-
cant telomerase activity [86]. These observations may
indicate that telomerase in cancer stem cells may play
some other function(s) than only telomere lengthening.

Another important feature of cancer stem cells is their
intrinsic drug resistance related to overexpression of genes
encoding ABC transporter proteins. It is a serious problem
from the clinical and pharmacological point of view,
because CSCs, that are rather rare in the tumor mass,
survive the therapy (chemo- and radiotherapy) and propa-
gate giving rise to new tumor. Cancer stem cells are
characterized by high resistance to antimitotic drugs
resulting from the upregulation of drug efflux pumps.
ABCBI1, ABCG2, and ABCBS5 transmembrane proteins are
listed among CSC’s markers [87]. In human melanoma
cells, coexistence of ABCB1, ABCG2, and ABCC2 toge-
ther with stem cell markers on the cell surface was
observed in a subset of cells. Moreover, it was reported that
in melanoma stem cells, concomitant occurrence of
ABCG?2 and CD133 can be a stemness marker [88]. CSCs
isolated from pancreatic cancer cell line PANC1 were
verified as cells expressing both ABCBI and ABCG?2 [89].
In addition, the ability of CSCs to evade chemo- and
radiotherapy is enhanced by the fact that the cells are rel-
atively quiescent and slow cycling. These two features
protect them against drugs targeting rapidly proliferating
cells [87].

Concluding, telomerase-positive cancer cells with stem-
like properties are considered the most resistant subset of
cells within the malignant tumor. One of the extratelomeric
function of telomerase is an interplay with molecules reg-
ulating gene expression. TERT (telomerase subunit) is
hypothesized to act as a transcription factor and play a key
role in the modulation of many processes related to neo-
plastic transformation, induction of cancer stemness as well
contribution to the drug resistance development [90].

Sensitization of cancer cells through telomerase
inhibition

Numerous studies reported a correlation between telom-
erase inhibition and sensitization of cancer cells. As
demonstrated, pharmacological inhibition of telomerase
catalytic activity by BIBR1532 sensitized both drug-sen-
sitive and drug-resistant leukemia and breast cancer cells;
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moreover, these effects were telomere-length-dependent
[32]. Another telomerase inhibitor, imetelstat, sensitized
primary CLL lymphocytes to fludarabine in vitro [91].
Treatment of flavopiridol-resistant cells with G-quadruplex
stabilizer BRACO-19 alone also led to a rapid inhibition of
cell growth that was not observed in the parental cell line.
It is noteworthy that combination of BRACO-19 and
flavopiridol caused a threefold reduction in cell prolifera-
tion compared to the wuse of flavopiridol alone.
Interestingly, this effect was not observed in parental colon
cancer cell line that was sensitive to the flavopiridol and
showed lower telomerase activity [92]. Treatment with
doxorubicin and taxol combined with inhibition of telom-
erase increased senescence and apoptosis of breast cancer
cells. Another study revealed that telomerase inhibition
itself, not necessarily short telomeres, was crucial for
sensitization in treated cells [9]. Similarly, telomere-length
independent cellular response was observed by Park et al.
[93]. Knockdown of hTERT in resistant bladder cancer cell
line increased cisplatin-induced cell death and accelerated
the translocation of Bax into the mitochondrial membrane
and the release of cytochrome C. Thus, once more,
telomerase was suggested to play an important role in
mitochondrial metabolism during the process of intrinsic
apoptosis.

Telomerase and DNA damage/apoptosis resistance

Multiple studies show that telomeres and telomerase are
centrally involved in the capability for an unlimited pro-
liferation of cells [94]. Since telomeres are essential for
maintaining and protecting chromosomes from degrada-
tion, telomere dysfunction is considered to play a crucial
role in initiating genomic instability. Abnormalities in
telomere function lead to chromosome rearrangements,
breakage—fusion—bridge cycles (BFB), and the generation
of novel chromosomal variants. As revealed, in the pres-
ence of intact p53, critically short telomeres induce cell-
cycle arrest, cellular senescence, or apoptosis what sup-
press tumorigenesis. Dysfunctional telomeres are also
recognized as double-strand DNA breaks, activating the
DNA damage response (DDR) checkpoints, including
ataxia telangiectasia mutated (ATM) and checkpoint kinase
2 (CHK2) [95]. Thereby, telomere shortening decreases
lifespan and functions as a barrier to cancer development.

As suggested, telomerase itself has a pro-survival
function resulting in an increased resistance against DNA
damage and decreased apoptosis induction [2]. Rubio et al.
[96] showed that telomerase confers resistance to ionizing
radiation, bleomycin, hydrogen peroxide, and etoposide in
human fibroblast cells with short, near-dysfunctional,
telomeres. This resistance depends on the ability of
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telomerase to elongate the short telomeres. Moreover, the
authors revealed that telomerase did not reduce genotoxic
stress in cells with long telomeres. As mentioned already,
telomerase exclusion from nucleus into mitochondria could
be one of the possible non-telomeric mechanisms that
decrease nuclear DNA damage and apoptosis caused by an
anti-cancer treatment. Beside the decrease of mitochondrial
ROS level, telomerase can also disrupt DNA repair pro-
cesses through interference with DNA repair enzymes
under DNA damage conditions [42]. This might contribute
to increased resistance of cancer cells to various anti-can-
cer treatments.

Several reports show that hTERT might play an
important role in direct inhibition of at least two cell death
pathways. It was shown that hTERT depletion upregulates
the induction of apoptotic cell death by cisplatin, etoposide,
mitomycin C, and reactive oxygen species in cervical and
colon cancer cell lines. Interestingly, inhibition of mito-
chondrial membrane permeabilization precluded the
induction of cell death by the combination of hTERT
downregulation and chemotherapeutic agents. These find-
ings indicate that hTERT functions as an endogenous
inhibitor of mitochondrial cell death pathway [97].

Ectopic expression of hTERT is responsible for sup-
pressing a p53-dependent cell death induced by DNA-
damaging agents. The same effect was observed for both
normal and mutant hTERT (without telomerase activity)
and allowed cells to be resistant to DNA damage and to
suppress activation of p53 [98] (see Fig. 2). Similarly,
bortezomib inhibition of hTERT expression in leukemic
and gastric cancer cells contributed to telomere dysfunction
and cellular apoptosis. In addition, hTERT overexpression
protected cells against bortezomib-induced DNA damage
[99].

One of the telomere-binding proteins, TRF2, regulates
both telomere protection and telomere length as well as
interacts with several DNA repair proteins. It was found

Fig. 2 Potential interactions
between telomerase and drug
resistance in cancer cells
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that TRF2 expression increases after DNA double-strand
breaks induction by anti-cancer drugs or irradiation in
gastric cancer cells. As demonstrated, TRF2 upregulation
was more dramatic in drug-resistant cells, whereas its
inhibition by RNAI in drug-resistant cells partially reversed
its resistance phenotype [100, 101].

Conclusions

Telomerase regulation studies concern mainly the rela-
tionship between telomerase activity inhibition and cancer
treatment. In addition, the impact on the cell biology and
the non-telomeric functions of telomerase is also investi-
gated. First observations of connection between telomerase
and drug resistance in cancer concerned sensitization of
resistant cells after telomerase inhibition. Surprisingly,
only imatinib mesylate (telomerase inhibitor) is docu-
mented to reveal desired effects in treating CML patients.
However, lot of potential telomerase inhibitors still is under
research and clinical trials. Direct connection between
telomerase (or its components) and ABC transporter
expression/function seems to occur only in some types of
cancer cells. This may be due to common telomerase but
limited ABC genes expression regulation.

We assume that non-canonical functions of telomerase
might play a more important role and contribute towards
the higher resistance of cancer cells. That is supported by a
fact that hTERT translocation between the nucleus and
mitochondria can be considered as a negative prognostic
factor in cancer cells. Finally, telomerase components are
involved in death pathways at various levels, and thus, its
regulation may be crucial for the development of death-
resistance mechanisms (Fig. 2). Unfortunately, some
telomerase-based approaches provoke activation of alter-
native lengthening of telomerase (ALT), which may
underlie the development of another resistant mechanism.
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Anyway, the correlation of telomerase and drug resistance
is a fact. The question is how those processes are associ-
ated? However, another question appears—how to use this
knowledge to overcome cancer cells resistance? How
useful those data could be, partly was already presented in
some pioneering studies performed in 3D culture systems.
Liu et al. [102] revealed that CaSki sphere-forming cells
(exhibiting higher telomerase activity) were more resistant
to chemotherapeutic drugs than the control CaSki cells.
These studies, however, are in progress but without a doubt
should be continued.
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