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Telomerase is constitutively expressed in stem cells, including progenitor cells of skin, intestine and hematopoietic

niches. It is temporarily induced in a number of proliferating cells, for example, in lymphocytes upon stimulation.

Telomerase reverse transcriptase (TERT), a core part of telomerase, is considered as an intriguing link between

multiple signaling pathways.

telomerase  TERT  telomerase reverse transcriptase

1. Introduction

Telomerase is constitutively expressed in stem cells, including progenitor cells of skin, intestine and hematopoietic

niches. It is temporarily induced in a number of proliferating cells, for example, in lymphocytes upon stimulation .

In general, telomerase activity diminishes in normal somatic cells simultaneously with their differentiation, whereas

in 85–90% of malignant neoplasms telomerase reactivation is observed . Such reactivation is associated with an

increased survival of cancer cells . Telomerase has been known since 1985 for its ability to extend telomeric

repeats on chromosome ends (canonical function) to ensure the stability of genetic material , but the identification

of other, non-telomeric (non-canonical) functions continues to this day .

2. Telomere Structure and the Role in DNA Damage
Response

Telomeres are protective structures at the ends of chromosomes represented by short repeating oligonucleotide

sequences (5′-TTAGGG ) in complex with proteins called shelterins, which are necessary to maintain the stability

of telomeres . In each division cycle, telomeric ends are shortened due to the “end replication problem”, which

occurs because of incomplete replication of the lagging strand  and results in the limited proliferative potential

of somatic cells . Telomeres protect genome stability, preventing chromosome end fusion and undesirable

recombinations. In the absence of a protective mechanism, the ends of linear chromosomes would mimic a

unilateral break of double-stranded (ds) DNA and might trigger a cellular DNA damage reaction, the result of which

would be either a replication arrest or cell death . The shelterin proteins are involved in the stabilization of the

telomere structure, t-loop formation and interaction with DNA repair pathways. Human shelterin complex includes

TRF1, TRF2, Rap1, TIN2, TPP1 and POT1 . These proteins specifically interact with both dsDNA and 50–400
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nucleotide 3′ protrusion of single-stranded (ss) telomeric DNA, contributing to the t-loop formation, which makes it

possible to distinguish the telomeric ends from the rest of the double-stranded DNA breaks.

Dysfunction of the normal telomere structure initiates DNA damage response (DDR) which enables the activation

of ataxia telangiectasia mutated kinase (ATM) and ataxia telangiectasia and Rad3-related (ATR) signaling

pathways that play a central role in maintaining the genome integrity. Simultaneous signaling of both ATM and ATR

as a result of their cross-talk leads to the activation of a number of effector proteins, including checkpoint kinases 1

and 2 (CHK1, CHK2) and p53, which regulate cell cycle progression, apoptosis and DNA repair . Inhibition or

removal of the shelterin protein TRF2 leads to the activation of the ATM kinase pathway, followed by up-regulation

of p53 . Apparently, the t-loop structure itself is capable of preventing DDR by increasing the level of DNA

compactization by modification of core histones and their interaction with other factors . Unlike the ATM-

mediated pathway, which is triggered in response to the dsDNA break, the ATR pathway is activated when ssDNA

is recognized. The constitutive 3’ protrusion of mammalian telomeres is long enough for binding by replication

protein A (RPA) proteins that are used to bind ssDNA and subsequently activate ATR on unprotected telomeres.

Thus, the shelterin protein POT1 suppresses ATR signaling, possibly by blocking the binding of telomeric ssDNA to

RPA .

2.1. Canonical Function of Telomerase

Telomere homeostasis in normal somatic cells is supported by the activity of the telomerase holoenzyme. However,

telomerase reverse transcriptase activity is normally downregulated in differentiated somatic cells to prevent their

uncontrolled proliferation or malignant transformation. Nevertheless, in a number of cases telomerase reactivation

is observed in physiological conditions, for example, in lymphocytes stimulated for robust proliferation .

The core of telomerase holoenzyme is represented by two key components necessary for its reverse transcriptase

activity: telomerase RNA component (TERC) and telomerase reverse transcriptase (TERT). The canonical function

of telomerase corresponds to the DNA elongation at the telomeric ends of chromosomes by reverse transcription of

oligonucleotide sequences of the telomerase RNA template . TERT expression is accurately regulated in various

cells in order to avoid cancer cell transformation, whereas TERC is constitutively expressed in mammalian cells 

. Most transformed cells use telomerase to lengthen and preserve telomeres, however, about 4–11% of

cancers use a pathway based on homologous recombination called alternative lengthening of telomeres (ALT) .

2.2. Role of Telomerase in DNA Damage Response

Telomerase is not only directly involved in the genome stability by forming protective telomeric ends of

chromosomes. An increased TERT cell level was shown to be associated with the enhanced functioning of DNA

repair machinery, namely, with reduced spontaneous DNA damage and improved DNA repair kinetics. However, no

evidence of direct interaction of TERT with proteins of DNA repair machinery was observed. Likely, TERT

participates in the modulation of their expression . Moreover, Masuomi et al. have shown that an increase or

decrease in the TERT level significantly affects the chromatin structure and, accordingly, the radiosensitivity of the

cells. They established a direct link between the mechanisms that maintain structure and integrity of telomeres and
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those that detect and repair breaks all over the chromosome . Indeed, the TRF2 protein, which normally binds

telomeres, appeared to be temporarily localized in DNA breaks  while many proteins involved in DDR were

associated with telomeres .

Thus, telomerase adds telomeric repeats and thereby protects the integrity of a complex deoxyribonucleoprotein

structure that masks the chromosome ends, which otherwise can be recognized as double-stranded DNA breaks

by DNA damage response machinery. Furthermore, telomerase indirectly restrains cell death induction through an

activation of DDR via ATM and ATR signaling pathways to maintain the stability of the genome integrity. In addition,

it is suggested that there is a relationship between the processes of DNA repair and telomere elongation which also

contributes to the cell survival under stress conditions (Figure 1).

Figure 1. Structure and functions of telomeres. Telomeres are protective structures on the ends of eukaryotic

chromosomes. The terminal DNA represented by oligonucleotide repeats and forms a secondary structure of T-

and D-loops in a complex with shelterin proteins TRF1, TRF2, Rap1, TIN2, TPP1 and POT1. Telomeres prevent

the induction of DNA damage response through an activation of ataxia telangiectasia mutated (ATM) and ataxia

telangiectasia and Rad3-related (ATR) signaling pathways that play a principal role in the maintenance of genome

integrity. Since telomeric DNA shortens in every replication cycle, because of the inability of DNA polymerase to

synthesize the lagging DNA strand from 5′-end, telomere elongation is performed by a special enzyme called

telomerase. Structurally, telomerase appears to be a complex ribonucleoprotein, the core part of which consists of

two parts: telomerase RNA component (TERC) and telomerase reverse transcriptase (TERT). Telomerase complex

adds multiple oligonucleotide sequences (5′-TTAGGGn) to chromosome ends by reverse transcription of TERC

template. Thus, telomerase activity facilitates evasion of cells from death mediated by critical telomere shortage

during robust proliferation. The up arrow (red) means an increase.
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3. Non-Canonical Functions of Telomerase Reverse
Transcriptase (TERT)

In recent years, increasing data appears on TERT, one of main telomerase components, to perform so-called non-

canonical functions that are independent of telomerase activity. Various intracellular localizations (nucleus ,

cytoplasm , mitochondria ) of the telomerase catalytic subunit correspond to a wide range of

functional activities . It became evident that TERT is involved in the regulation of various signal transduction

pathways and even in gene expression . TERT mediates protection from an excessive production of

reactive oxygen species (ROS) or cytosol acidification by mitochondria , endoplasmic reticulum (ER) stress

 and cell death . TERT is involved in the regulation of metabolism , autophagy  and

maintenance of cells’ Red/Ox potential . TERT was also shown to affect the resistance to apoptosis. TERT

suppression causes apoptosis or increases the sensitivity of cancer cells to apoptotic stimuli ex vivo and in vivo 

, regardless of the telomeric function . The transduction of the TERT gene or a catalytically inactive mutant

protects various tumor cell lines from apoptosis, illustrating that the observed phenomena do not depend on the

canonical functions of TERT .

The non-canonical functions of telomerase are extensive and multifaceted. Meanwhile, overall, telomerase reduces

the risk of cell death induction by affecting wide range of processes involved in regulation of cell survival and

overcoming stressful conditions. Later in this entry, telomerase involvement in a fine balance between cell death

and survival will be discussed in detail.

4. Principal Intracellular Molecular Pathways of the
Regulated Cell Death

Regulated cell death (RCD) is a genetically programmed mechanism necessary for the normal development of

multicellular (and a number of unicellular) organisms, allowing timely removal of damaged, altered and potentially

dangerous cells. RCD is a complex molecular system that is finely regulated by external and internal factors. Thus,

there are two different but interrelated pathways, internal and external, leading to cell death . The first, intrinsic

apoptosis, is a pathway of cell death that develops in response to cell stress: ER stress, DNA damage or ROS

overload. Such cell stress may be induced by infections, cytokine and growth factor deprivation, or other

environmental factors . The second, the external pathway of apoptosis, is triggered in response to the

binding of death receptors to the corresponding ligands . In addition, it is worth noting a form of cell death

caused by exogenous mediators. For example, granzyme B, secreted by cytotoxic T lymphocytes and NK cells,

enters a target cell through the immunological synapse during killing . All these pathways ultimately induce a

cascade of caspase activation and subsequent cell death; however, fine regulation of signaling at several levels

makes it possible to slow down or even inhibit this process .

4.1. Intrinsic Apoptosis
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The key stage of intrinsic apoptosis is the mitochondrial outer membrane permeabilization (MOMP) which is

controlled by a balance of pro- and anti-apoptotic proteins of the BCL-2 family . This family consists of three

subgroups of proteins sharing the BCL-2-homology (BH) domain. Among them, pro-apoptotic BH3-only initiators

and the membrane permeabilizing effectors, and anti-apoptotic guardians are distinguished (Figure 2).

Figure 2. Classification of BCL-2 family proteins and their role in the regulation of the internal pathway of

apoptosis. The family consists of three subgroups of proteins connected to each other by region of sequence

homology, the so-called BCL-2 homology (BH) domains. BH3-only proteins, which normally possess only the BH3

domain, are activated by apoptotic stimuli to initiate signaling along the pathway. Proteins containing only BH3

interact with both BCL-2-associated X protein (Bax) and BCL-2 antagonist/killer (Bak) effectors and anti-apoptotic

guardians. Guardians provide protection against apoptosis progression both by isolating proteins containing only

BH3, thus inhibiting effector activation, and by direct neutralization of activated effector proteins. Upon release, the

activated effectors oligomerize on the mitochondria outer membrane, which increases the permeability of this

barrier. This allows the release of apoptogenic factors, primarily cytochrome c (cyt c), to the cytosol and

subsequent activation of caspases.

Pro-apoptotic BH3-only initiators, BH3-interacting domain death agonist (Bid), p53 upregulated modulator of

apoptosis (Puma), BCL-2-interacting mediator of cell death (Bim) and phorbol-12-myristate-13-acetate-induced

protein 1 (Noxa) are mediators of cellular response to stress. Activated post-transcriptionally (such as Bid, for

example) or by enhanced transcription (such as Puma, Bim and Noxa), they promote the apoptosis progression

through direct interaction with the death effectors BCL-2-associated X protein (Bax) and BCL-2 antagonist/killer

(Bak). Bax normally circulates between the outer mitochondria membrane (OMM) and the cytosol. In turn, Bak is

located on the OMM and interacts with voltage-dependent anion channel (VDAC2). Under the apoptosis

stimulation, Bax and Bak acquire the ability to oligomerize and then to form pores in the OMM . Anti-apoptotic
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guardians, such as B-cell lymphoma 2 (Bcl-2), B-cell lymphoma-extralarge (Bcl-X ), myeloid cell leukemia-1 (Mcl-

1) and BCL-2-like protein 2 (Bcl-W) proteins, act oppositely to pro-apoptotic proteins. Most anti-apoptotic members

of the BCL-2 family inhibit Bax and Bak, preventing their oligomerization either by their direct physical isolation

from OMM, or indirectly through sequestration of the BH3-only activators. The anti-apoptotic functions of the BCL-2

guardians can be blocked by their binding to a group of pro-apoptotic BH3-only proteins of the BCL-2 family known

as “sensitizers”: BCL-2-associated agonist of cell death (Bad), BCL-2 modifying factor (Bmf) and BCL-2-interacting

protein (Hrk). These proteins are capable of provoking MOMP without interacting with Bax and Bak. Additionally,

Bim, Bid and Puma are able to bind all anti-apoptotic BCL-2s, whereas others predominantly inhibit individual

targets: Bad interacts Bcl-2, Bcl-X  and Bcl-W; Noxa blocks Mcl-1; and Hrk inhibits Bcl-X  . As a result,

permeabilization of the outer mitochondrial membrane leads to the release of cytochrome c (cyt c) and second

mitochondria-derived activator of caspases/Diablo homolog (SMAC/DIABLO) to the cytoplasm, which initiates the

assembly of the apoptosome with the participation of cyt c, apoptotic protease-activating factor 1 (APAF1) and

procaspase 9. Next, activated caspase 9 cleaves and triggers the effector caspases 3 and 7. SMAC/DIABLO, in

turn, binds inhibitors of apoptosis (IAPs), which normally block the activity of caspases. Interestingly, X-linked

inhibitor of apoptosis protein (XIAP) is the only IAP that directly physically blocks caspases. The caspase cascade

activation leads to cell protein proteolysis and subsequent cell death accompanied by DNA fragmentation and

phosphatidylserine exposure .

4.2. Extrinsic Apoptosis

Extrinsic apoptosis is triggered in response to the binding of a death receptor to its ligand, which stimulates the

assembly of the intracellular death-inducing signaling complex (DISC) and the caspase 8 activation. Cellular

FLICE-like inhibitory proteins (c-FLIP) modulate signal transduction and pro-caspase cleavage and thereby

regulate cell death induction. There are three isoforms of c-FLIP: c-FLIP , c-FLIR  and c-FLIP . Whereas c-FLIP

inhibits signal transduction from death receptors, c-FLIP  and c-FLIP  facilitate cell death signaling transduction

. The further apoptotic cascade could proceed in two ways. In so-called “type I cells” (for example, thymocytes

and mature lymphocytes), the activated caspase 8 directly proteolytically cleaves the effector caspases 3 and 7 

. On the contrary, in “type II cells” (for example, hepatocytes, pancreatic β-cells and most cancer cells), in which

the activation of caspase 3 and caspase 7 is restrained by XIAP, external apoptosis requires caspase-8-mediated

proteolytic cleavage of Bid to tBid. tBid, in turn, activates Bax and Bak, which induce MOMP. This process is

followed by the release of SMAC/DIABLO and activation of caspase 9 .

4.3. Cell Death Induction by Granzymes—The Lytic Mechanism of Immune Cells

Since significant antitumor protection is provided by immune cells, such as NK cells and cytolytic T lymphocytes,

capable of eliminating altered cells both by releasing lytic granules and by triggering extrinsic apoptosis through the

death receptors , it is interesting to consider the mechanisms of death induction in tumor cells overexpressed

telomerase by components of lytic granules.
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Perforin, granulysin and granzymes are the main components of lytic granules. Perforin, due to its pore-forming

ability, facilitates the delivery of lytic content into the target cells, and granzymes penetrate and finely eliminate

inappropriate cells . Granzymes are the family of closely related serine proteases that are expressed mainly

in cytotoxic T cells and NK cells . Within the family, granzyme B has been studied in the most detail. It activates

the caspase pathway of apoptosis by cleavage of caspases 3 and 7 which leads to destruction of many intracellular

substrates . Granzyme B was also described as initiating apoptosis through Bid cleavage and formation of

truncated tBid that mediates MOMP by interaction with Bax and Bak . However, granzyme B-induced apoptosis

can be inhibited by overexpression of the anti-apoptotic protein Bcl-2 .

Granzyme A can rapidly induce cell death in a manner other than caspase activation and mitochondrial

permeabilization. In fact, large DNA fragments, which are not detected by conventional apoptosis tests, were

observed under granzyme A treatment . Within minutes granzyme A is able to disrupt the ER and

mitochondria functionality and lead to the accumulation of intracellular ROS . The caspase-independent cell

death has been also shown for other granzymes, such as K, M and H .

Thus, granzymes are able to destroy multiple cellular components and induce cell death, either directly through the

activation of caspase-dependent apoptosis with the disruption of mitochondrial integrity resulting in the release of

cyt c, or by triggering cell stress signaling caused by multiple destructions of intracellular contents.

5. TERT Directly or Indirectly Affects the Expression of
Genes of Various Signaling Pathways

It is now well known that TERT acts as a transcriptional (co-) factor for regulation of gene expression in a number

of signaling pathways by a direct binding to promoter regions or through modulation of the activity of other

transcription factors . The increased expression of the TERT gene, which significantly improves cancer cell

survival, is associated with an altered regulation of a number of apoptotic signaling proteins. It has been shown that

the telomerase catalytic activity may affect the cell ratio of Bax/Bcl-2 factors . Zhang et al. demonstrated that

the TERT expression counteracts apoptosis by tuning of Bcl-2, Bcl-X , Bax and caspase 3 levels in osteosarcoma

cells. The expression of Bcl-2 and Bcl-X  proteins was significantly upregulated, and Bax levels were reduced in

cells transfected with wild-type TERT and catalytically-inactive TERT while opposite expression patterns were

observed in TERT-siRNA-transfected cells . Moreover, it has been shown that the promoter of the TERT gene

itself is targeted by a number of transcription factors corresponding to the main signaling pathways, such as NF-κB,

c-Myc, β-catenin and STAT3 , which act as positive regulators of the TERT gene, and p53, which inhibits

TERT transcriptional activity . The role of telomerase in relation to the main intracellular signaling pathways,

such as Wnt/β-catenine, c-Myc, NF-kB and p53, at the transcriptional level, will be further considered in more

detail.

5.1. TERT Participates in the Regulation of the Wnt/β-Catenine and c-Myc Pathways
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In 2008, it was shown that the genes regulated by TERT appear to be similar to the genes regulated by c-Myc and

Wnt, two factors associated with cell stemness, differentiation and cancer. Thus, it turned out that TERT is able to

convergently influence the development program of progenitor cells through the pathways typical for c-Myc and

Wnt .

TERT is known to be a direct modulator of the Wnt/β-catenin pathway. In the cytoplasm, TERT interacts with BRG1

(chromatin remodeling protein) and is transported to the nucleus where it occupies promoter regions of the Wnt/β-

catenin target genes , including CCND1 (cyclin D1 gene) and c-MYC . Interestingly, telomerase is also

involved in the stabilization of c-Myc, while c-Myc acts as a positive regulator of TERT expression, thus creating a

positive feedback loop . Moreover, TERT appears to be a target gene for β-catenin in a complex with

transcription factor 4 (TCF4) and Kruppel-like factor 4 (Klf4) . The activity of β-catenin also depends on

intracellular processes. Metabolic stress can lead to the activation of GSK3ß kinase and the inhibition of its

antagonistic kinase Akt . In turn, activated GSK3ß is able to degrade β-catenin  and to activate the pro-

apoptotic protein Bax, which is normally blocked by the Akt kinase. Synthesis and degradation of Akt is also

regulated by the activity of β-catenin .

Thus, TERT contributes to cell survival along the Wnt/β-catenin pathway, facilitating the transcription of the

pathway target genes. In addition, a role of telomerase in the protection against cellular stress is suggested which

consists of preventing the degradation of β-catenin and the activation of Bax.

5.2. TERT Is Involved in NF-κB Signalling Pathway

TERT forms a positive feedback loop with the NF-κB signaling pathway. It is known that the transcription factor NF-

κB belongs to the positive regulators of TERT expression, while in the cytosol, TERT or the TERT+TERC complex

can form TERT–NF-κB subunit p65 complex, which is able to migrate to the nucleus and regulate the expression of

a wide range of NF-κB target genes . One of the important functions of NF-κB is the induction of the expression

of pro-survival genes. For example, NF-κB increases the expression of anti-apoptotic BCL-2 family members (Bcl-2

and, in particular, Bcl-X ). It also stimulates c-FLIP  expression and so interferes with induction of external

apoptosis from death receptors . It is noteworthy that Bcl-2 overexpression increases both the catalytic activity

and the expression of TERT due to the ability of Bcl-2 to enhance basal transcriptional activity of NF-κB . NF-

κB boosts the expression of caspase inhibitors: c-IAPs and XIAP . Moreover, activation of NF-κB is associated

with reduced expression of pro-apoptotic factors, such as Bax . In addition to the abovementioned

transcriptional upregulation of anti-apoptotic factors and downregulation of pro-apoptotic factors, telomerase can

mediate protection from ER stress. Enhanced expression of TERT was observed within 1 h of ER stress induction,

while apoptosis proceeded in cells with reduced TERT levels. Such TERT-mediated protection through its

upregulation was associated with the translocation of the p65 NF-κB transcription factor into the nucleus .

Thus, TERT, through interaction with the NF-κB signaling pathway, is able to enhance cell survival in two ways: to

increase the production of anti-apoptotic factors and to reduce the level of pro-apoptotic ones. This mechanism

apparently is based on the principle of positive feedback, but this hypothesis still requires additional confirmation.
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It has been described that the level of telomerase catalytic activity is associated not only with TERT regulation at

the transcriptional level by NF-κB, but also with post-transcriptional regulation, namely the phosphorylation of

TERT by Akt kinase. For example, in multiple myeloma cells, IL-6, one of the key inflammatory factors, and insulin-

like growth factor 1 (IGF1) increased telomerase activity without changing the level of TERT expression. This has

been shown to be related to the signaling through PI3K/Akt/NF-κB . Hence, the members of the NF-κB

pathway are able to regulate telomerase production and functional activity at distinct levels.

5.3. TERT Is Modulated by p53 Signaling

P53, a well-known human tumor suppressor located at the crossroads of many signaling pathways, is involved in

the regulation of cellular response to stress and damaging factors. Depending on the upstream signals, p53 alters

the transcription of a number of apoptotic factors . Activation of p53 is associated with a decrease in TERT

expression  simultaneously with a decrease in telomerase activity . Several genes of pro-apoptotic factors of

the BCL-2 family, including BAX , BBC3 (BCL2 Binding Component 3; Puma-coding gene)  and PMAIP1

(Phorbol-12-Myristate-13-Acetate-Induced Protein 1; Noxa-coding gene) , as well as APAF1  and genes of

the TNF family receptors , are activated upon p53 induction .

There is a crosstalk between p53 and NF-κB. The tumor suppressor p53 and NF-κB are two principal transcription

factors in the regulation of cellular survival under stress conditions and death receptor signaling. They regulate the

expression of multiple apoptotic genes, but in general, p53 promotes cell death, while NF-κB inhibits it . Thus,

taking into account the existence of mutual regulation between p53, NF-κB and TERT, it can be concluded: (1) p53

suppresses the expression and transcriptase activity of TERT; (2) TERT forms a positive feedback loop with NF-κB;

(3) activation of NF-κB stimulates the expression of TERT gene ; (4) NF-κB, in turn, negatively affects the

stability of p53 through the degradation by E3 ubiquitin ligase mouse double minute 2 homologue (MDM2) .

There is also crosstalk between p53 and Wnt signaling . A number of studies have shown that overexpression of

β-catenin contributes to the accumulation of active p53 . On the other hand, an increase in the p53 activity

can induce β-catenin degradation, via GSK3β  and downregulation of TCF4 , a factor that forms a complex

with β-catenin to upregulate TERT expression .

Thus, telomerase is associated with several major intracellular signaling pathways (Figure 3), which not only affect

the production and functional activity of telomerase in different ways, but TERT itself acts like a transcription factor

that can tune this process. These pathways are associated with the regulation of cell survival and their resistance

to damaging and stressful factors which allows to consider telomerase as a linking component in the mediating

resistance to cell death.
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Figure 3. TERT is involved in major signaling pathways and participates in regulation of gene expression. There

are several positive feedback loops that are formed due to mutual stimulation between TERT expression level and

products of target genes of Wnt/β-catenin, c-Myc and NF-κB signaling pathways. TERT in complex with BRG1

binds to the promoter regions of the Wnt/β-catenin target genes and participates in their regulation. Further,

telomerase can modulate the expression of the NF-κB signaling pathway, forming the TERT–NF-kB subunit p65

complex. This leads to an increase in the expression of pro-apoptotic genes, including Bcl-2, which is able to

induce telomerase transcription and increase its functional activity. NF-κB is also able to negatively regulate the

stability of p53 via E3 ubiquitin ligase MDM2. Activation of p53 leads to an increase in the level of transcription of

pro-apoptotic proteins and a decrease in the level of telomerase. Furthermore, stable signaling through Wnt/β-

catenin pathway leads to the accumulation of active p53, which can contribute to β-catenin degradation. The

positive regulators of TERT include NF-κB itself, β-catenin in complex with transcription factor 4 (TCF4) and

Kruppel-like factor 4 (Klf4), and c-Myc. Altogether, increased signaling of NF-κB pathway and elevated TERT levels

promote cell survival by upregulation of anti-apoptotic genes, whereas p53 activation promotes apoptosis through

activation of pro-apoptotic genes.
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