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Abstract

Telomeres are specialized nucleoprotein structures localized at the ends of
eukaryotic chromosomes. Telomere biology is frequently associated with
human cancers where dysfunctional telomeres have been proved to participate
in genetic instability. Due to end replication problem, there is a loss of nucleotides
from telomere after every cell division. Thus, after limited divisions, normal
somatic cells cease to divide and undergo senescence and/or apoptosis. This
inability of normal cells to continually proliferate is bypassed in immortal or
cancer cells via reactivation of telomerase. Telomerase is a highly specialized
ribonucleoprotein molecule that promotes addition of telomeric repeats at the 3’
end of the chromosome. Multiple disease-specific studies have unveiled involve-
ment of various genetic and epigenetic mechanisms in regulation of telomerase
expression. Further, selective expression of telomerase in cancer cells in compar-
ison with normal somatic cells makes telomerase a suitable therapeutic target.
Thus, large numbers of natural and artificial compounds targeting telomerase
have been screened in multiple cancers. This chapter focuses on the telomerase
structure, function, and its therapeutic implications in cancer.
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14.1 Introduction

In 1930s, first ever evidence of specialized structure presented at the chromosomal
ends which prevented end-to-end fusion of chromosome was unveiled. Hermann
Muller, a geneticist, termed this structure as “telomere” which was obtained from
Greek words meaning “end” (telos) and “part” (meros). Muller in 1938 in a lecture
entitled “The Remaking of Chromosomes” proposed that ....the terminal gene must
have a special function, that of sealing the ends of the chromosome, so to speak, and
that for some reason, a chromosome cannot persist indefinitely without having its
ends thusly “sealed.” This gene may accordingly be distinguished by a special term,
the “telomere” (Muller 1938).

Simultaneously, Barbara McClintock while performing experiments on maize
indicated that these naturally occurring chromosome ends or telomeres demonstrate
a very special property which was necessary for chromosomal stability thus
supported Muller’s work (McClintock 1941). Later on, in 1970s, studies performed
in Tetrahymena and yeast established that structure protecting the chromosome ends
is tandem repeat of hexanucleotide blocks that could function across the diverse
species and is structurally and functionally conserved (Blackburn and Gall 1978;
Klobutcher et al. 1981). Then, in mid-1980s, Blackburn and Greider showed that
cellular extract possesses enzymatic activities capable of adding tandem
hexanucleotides repeats to natural chromosome ends that eventually leads to the
discovery of telomerase for which Blackburn in 2009 shared the Nobel Prize in
Physiology along with Greider and Szostak (Szostak and Blackburn 1982).

14.2 Telomere Structure and Function

In vertebrates, telomeres are very specialized nucleoprotein structures spanning
about 10-50 kb in length and are composed of tandem repeats of the
hexanucleotides, 5'-(TTAGGG),-3' (Fig. 14.1). According to species, types, and
nature of cells, telomere length ranges from 10 kb to 50 kb in both human and mus
musculus (de Lange et al. 1990; Kipling and Cooke 1990). It is a single—double-
stranded hybrid structure in which approximately 10—15 kb (in human at birth) long
is double-stranded nucleotide sequences and 75-200 single-stranded DNA
sequences rich in guanine nucleotides are present at 3’ chromosomal ends (Doksani
et al. 2013). This G-rich single-stranded overhang plays crucial role in telomere
capping and conformation stabilization by forming higher-order structure. Telomere
protects chromosomal ends from genome surveillance machinery, nucleolytic
attacks, and recombination proteins by burying, otherwise double-stranded breaks
through generation of stabilized secondary structures. Among these structures, one is
the formation of circular structure called a T loop in which the single-stranded part of
telomere folds back on the double-stranded repeats and invades them by displacing
Watson—Crick base pairing. Further, G-strand overhang by displacing normal
Watson—Crick base pairing results in the generation of a stabilized structure called
as displacement loop (D loop). Additionally, others in the category of secondary
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Fig. 14.1 Schematic representation of telomere sequence, structure, and telomeric proteins

structures are G-quadruplexes. In vitro experiments revealed that G-rich region of
telomere DNA forms a four stranded stabilized structure known as G-quadruplex
(or G-quartet). This motif forms a stable planar four-stranded structure by stacking
upon each other and further trapped a cation by coordinating with carbonyl group of
each guanine residue. This coordination and trapping of cation further stabilizes the
telomere structure. Few experimental studies have indicated that interaction of
G-quadruplex and telomerase RNA template might influence telomerase activity at
chromosomal ends and hence provided evidences of being used as a suitable
therapeutic target (Kim et al. 2003; Shin-ya et al. 2001).

14.3 Telomeric Proteins

Secondary structures of telomere maintain the chromosomal capping with the help of
a number of proteins that directly or indirectly localized to telomere (Smith et al.
2020). These nucleoprotein structures together play crucial roles in evading DNA
repair and recombination (DDR) mechanisms. In mammals, these proteins on the
basis of their localization on telomere were divided into three different categories.
The initial two categories were structural proteins, and together were called as
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shelterin proteins (Doksani et al. 2013). First category of proteins directly interact
with telomeric DNA using specialized DNA-binding motifs present in their primary
sequence. In this category, two proteins including TTAGGG telomere repeat binding
factor 1 (TRF1) and telomere repeat binding factor 2 (TRF 2) attach directly to
double-stranded telomeric DNA, whereas single-stranded structure is guarded by
protection of telomere 1 (POT1) protein (Doksani et al. 2013). The TRF1 protein
negatively regulates telomere length, whereas TRF2 after binding at chromosomal
termini suppresses DDR pathways and prevents their recognition as double-stranded
breaks. These three proteins perform special functions to ensure telomere stability.
Such as, TRF2 promotes T-loop formation and prevents the activation of ataxia
telangiectasia mutated (ATM)-dependent DDR pathways and nonhomologous end
joining (NHEJ) (Arnoult and Karlseder 2015). TRF1 plays significant role in the
replication of telomere DNA (Zimmermann et al. 2014). Further, POT1 suppresses
ataxia telangiectasia and Rad3-related protein (ATR)-dependent DDR pathways by
inhibiting access of replication protein A (RPA) at single-stranded telomeric DNA
sequences (Denchi and de Lange 2007). Second category of proteins interact with
above mentioned telomere binding proteins and form a multiprotein complex
involved in telomere length regulation. Three unique proteins, namely POT1 and
TIN2 organizing protein 1 (TPP1), TRF2 interacting protein 1 (RAP1) and TRF1
and TRF?2 interacting nuclear protein 2 (TIN2) along with above proteins, associate
with each other to form highly specialized structure known as Shelterin complex
(de Lange 2005; Doksani et al. 2013). TIN2 promotes the integrity and stability of
this complex by acting as a scaffold protein on which TRF1, TRF2, and TPP1/POT1
heterodimers are attached (Ye 2004). This attachment further stabilizes TRF1 and
TRF?2 interaction with telomeric DNA (Frescas and de Lange 2014a, b). RAPI by
attaching with TRF2 increases the efficiency of interaction between TRF2 and
telomeric DNA (Janouskova et al. 2015). Additionally, few shelterin complex
associated proteins that regulate the telomere structure and its length include Pin2/
TRF1-interacting factor (PINXI) and tankyrases 1 and 2 (Smith 1998; Zhou and Lu
2001). PINXI is a negative regulator of telomere length, while tankyrases 1 and
2 both positively regulate the telomere length by recruiting telomerase on the
telomere. Final class of proteins includes those which regulate the biological pro-
cesses including DNA damage regulators. Similar to above-discussed second class,
these proteins do not bind directly to the telomeric DNA but otherwise require
telomere-associated factors to localize on the telomeres. It includes MREI11/
RADS50/NBS1 (MRN) complex, Ku70/86 heterodimer, RecQ helicases, Werner
(WRN), and Bloom (BLM); these proteins play crucial roles in maintaining telomere
homeostasis. In addition, some proteins implicitly recognize telomere dysfunction
such as ATM, ATR kinases, 53BP1 (p53-binding protein 1), YH2AX, and RAD17
(radiation sensitive 17) (Lillard-Wetherell et al. 2004; Opresko et al. 2002). These
proteins, in response to critically shortened telomeres, are recruited to special
location at telomeres known as telomere dysfunction induced foci (TIF) and induce
senescence and/or apoptosis.

It has been observed that telomere length quantitatively associates with expres-
sion levels of telomere-associated proteins. Dysregulation of telomere is a very
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common observation seen in many cancers; it has been observed that with alteration
in telomere length there is simultaneous alteration in expression levels of these
proteins. Butler et al. reported that there were increased mRNA levels of TRF1,
TRF2, POT1, and TIN2 mRNA, but not TERT mRNA with decrease telomere
contents in the breast carcinoma patients (Butler et al. 2012). Similarly, in 2010,
Hu et al. reported in gastric cancer patients that increased protein levels of TRF1,
TRF2, TIN2, and TERT molecules correlate negatively with the telomere length
(Hu et al. 2010).

In our research laboratory, we studied the association between expression levels
of shelterin complex and its associated molecules and telomere length in multiple
myeloma patients. We observed significantly decreased telomere length and
increased telomerase activity in bone marrow samples of myeloma patients in
comparison with age-matched controls (Fig. 14.2). Further, we demonstrated signif-
icantly increased mRNA and protein expression of TRF1, TRF2, POT1, RAPI,
TPP1, TIN2, and TANKI1 in myeloma patients while drastically decreased molecular
expression of PINX1 in these patients was observed. At mRNA levels, expression of
these molecules correlated significantly with each other and with patients’ stages.
Further, mRNA expression also correlated negatively with telomere length in mye-
loma patients (Kumar et al. 2018a, b). Thus, these results suggest that there is a
strong association between telomere length and expression of shelterin complex
molecules in most of cancers and projected these molecules as suitable theranostic
markers.

14.4 Telomere and Mechanism of Cellular Mortality

Telomere length maintenance is of utmost importance for normal cells to grow,
sustain, and divide. Telomere length shortening along with other potential oncogenic
changes contributes to genomic instability which ultimately leads to initiation of
early stage cancer. Literature reported that normal somatic cells divide for a limited
number of cell divisions. This is because our classical replication machinery is
incapable to replicate the end part of chromosome which is also called as “end-
replication problem”. Due to end replication problem after each round of cell
division, a part of telomere (in humans 50-150 bp) breaks off, thereby leading to
telomere shortening. Once the telomere becomes critically shortened, they are more
prone to induce damage to the genome or thus will undergo senescence by activating
DNA repair and recombination pathways. Thus, this capacity of limited cell division
correlates well with the telomere length. Further, the average age of an individual
depends weakly on the mean telomere length of their somatic cells. Nevertheless,
these observations implied the role of telomere as a molecular clock which limits the
cellular lifespan on the basis of number of cellular divisions.

Inside cell at molecular level, two crucial barriers which prevent immortalization
and ultimately malignant transformation are replicative senescence (M1) and crisis
(M2) (Wright et al. 1989). It has been seen that human somatic cells cultured in vitro
for extended period of time ultimately ceases to divide by entering nonproliferative
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Fig. 14.2 (a) Representative image showing southern blot analyses in MM patients (all stages) and
controls. Lane 1—ladder showing molecular weights on left side, lane 2—4—stage 11l MM patients,
lane 5-7—stage II MM patients, lane 8—10—stage I MM patients, and lane 11-15—control
subjects; (b) Box and Whisker plot showing mTL determined using the telotool software in
southern blot experiment in controls and MM patients (total patients and all stages); (¢) Box and
Whisker plot showing RTA in total cell lysate of controls and MM patients (total patients and all
stages): MM—multiple myeloma; mTL—mean telomere length; RTA—relative telomerase activ-
ity. “*” is denoted as p < 0.05 to determine the level of significance. (Adapted with permission from
(Kumar et al. 2018a, b)

though metabolically active state known as mortality stage 1 (M1) or also known as
replicative senescence (Fig. 14.3). This M1 stage involves critically shortened length
of telomeres which ultimately leads to abrogation of cellular proliferation. Some
studies suggested that this inhibition can be made by uncapping of single telomere,
while majority suggested that telomere state rather than telomere length determines
the fate of those cells. Majority of normal somatic cells stay either in the M1 state for



14 Telomerase and Its Therapeutic Implications in Cancer 309

Germ line/ES cells e

Pluripotent stem cells

=]
"'E, ;’hresdhoid ‘:3: talomtare Normal
ased gro arres
1) Cells
1 [ B
$ (Senescence) ™, B
E M2 Crisis —7 Cancer Cells
E (genomic instability) (telomerase activation)
Cell divisions
Initiating M1
mutation M2
> -> S‘ene'_scenc_g * Crisis - Immortal, Cancer

-

Fig. 14.3 Schematic representation of telomere length dynamics in different cell types. Embryonic
cells and germ cells maintain their telomere length throughout their life, while pluripotent stem cells
have reduced rate of telomere loss and therefore survive for longer duration. In contrast, most
somatic cells lack telomerase activity and thereby divide for a limited number of cycles and then
undergo senescence. Some cells are able to bypass senescence and reach crisis stage which involves
wide-scale genomic instability and apoptosis in cells. One of ten million cells escapes the crisis
stage by reactivating telomerase and become a cancerous cell with limitless replicative potential

their entire life or undergo apoptosis by activating apoptosis-inducing pathways.
While in the existence of cancer-inducing changes, M1 stage can be by-passed by
deregulating tumor suppressor pathways which predominantly involve inactivation
of p53 and Rb genes, thereby underlining their potential in maintaining these cells at
senescence or M1 stage. Once the ablation of these genes or pathways occurs, cells
continue to proliferate until they reach a new dysfunctional state termed as mortality
stage 2 (M2 stage) or crisis stage. This stage is accompanied by critically shortened
or naked telomeres leading to formation of multiple TIF characterized by breakage-
fusion-bridge (BFB) formation. This stage also involves massive cellular apoptosis
along with continued DNA replication, thereby indicating that cells entering M2
stage are no longer able to stop the cell cycle progression (Hayashi et al. 2015).
However, a rare clone (1 in 107 cells) progresses toward immortalization
(Castro-Vega et al. 2015). These surviving cells will maintain their telomere lengths
by expressing detectable levels of telomerase or through a totally different lesser-
known mechanism called as alternative lengthening of telomeres (ALT) (Shay and
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Wright 2011). Though ALT method has been seen in only about 15% of
malignancies, the rest 85% of human cancers involve reactivation of telomerase.

14.5 Structure and Function of Telomerase

Telomerase is a highly specialized ribonucleoprotein structure that helps in mainte-
nance of telomere length and ultimately genome integrity by enzymatically repairing
ends of the chromosome (Nguyen et al. 2019; Roake and Artandi 2020). In the
eukaryotic evolution, two critical drawbacks arose because of linear chromosomes in
the genomic material which could deprotect eukaryotic cells genomic integrity
(de Lange 2015). First, cellular DNA polymerase is incapable to completely repli-
cate their lagging strand of linear DNA known as “end-replication problem”
(Watson 1972). These unreplicated ends can be recognized by DNA repair and
recombination machinery as damaged DNA whose repair results in the loss of
genetic information (Olovnikov 1973). Second, these unreplicated ends are always
prone to be targeted by endonuclease activity which is known as “end-protection
problem.” Some special mechanisms were needed to protect these chromosomes
termini from nuclease activity and to prevent their shortening. In the late 1980s,
telomerase enzyme discovery unfurled the end-replication mystery. The ribonucleo-
protein complex, telomerase, using RNA template adds repetitive DNA sequences
and maintains the telomere length (Greider and Blackburn 1989). Then, telomeric
proteins in a sequence-specific manner attach to these telomeric repeats and form a
protective cap around the chromosome, thus solving the “end-protection problem”
(de Lange 2009).

In 1985, the enzyme which can de novo synthesize and elongate telomeric DNA
was discovered as telomerase (Greider and Blackburn 1985, 1989). Later on, in
1997, it was identified and characterized (Harrington et al. 1997). This enzyme is a
large ribonucleoprotein complex which though error-prone progressively adds DNA
repeats (TTAGGG) to the telomere. It is a RNA-dependent DNA polymerase which
comprises two minimally functional subunits: an RNA component called as telome-
rase RNA (TR) and a functional protein known as telomerase reverse transcriptase
(hTERT). In humans, hTR (human telomerase RNA) is synthesized from TERC
gene localized on 3q26 region of the chromosome, whereas hTERT protein is
encoded from TERT gene present on 5p15.33 region of the chromosome 5 (Cong
1999; Feng et al. 1995). Other proteins implicated in the generation of holoenzyme
are Dyskerin, Garl, Nhp2, Pontin, Reptin, Tcab1, and telomerase protein component
(TEP1). These proteins play crucial roles in proper assembly and its recruitment to
the telomere (Cohen et al. 2007, Saito et al. 1997; Venteicher et al. 2008). Addition-
ally, Eslp and Es3p (Ku heterodimer) are required for proper assembly and matura-
tion of telomerase protein complex (Liu et al. 2004).

Evolutionary, hTERT is highly conserved and transcriptionally regulated protein
whose expression levels correlate significantly with telomerase activity, thereby
presenting as rate limiting and important determinant for enzymatic activity (Cong
et al. 2002). In contrast, hTR is ubiquitously and constitutively expressed mRNA
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which is required for de novo synthesis of telomeric DNA (Cong et al. 2002).
Further, hTERT comprises four domains: telomerase “essential” N-terminal (TEN)
domain, telomerase RNA-binding domain (TRBD), reverse transcriptase
(RT) domain, and C-terminal extension (CTE) or thumb domain. The N-terminal
TEN domain binds with single-stranded telomeric DNA and also interacts with hTR
(O’Connor et al. 2005; Robart and Collins 2011). TRBD domain is made of all
helical domains where a-helices arranged to form asymmetric halves which collec-
tively forms TRBD RNA-binding pocket which can binds with both single-stranded
and paired RNA (Rouda and Skordalakes 2007). RT domain is the most evolution-
ary conserved and characterized domain that forms the catalytic/enzymatic domain
of TERT (Lue et al. 2003). The hTERT CTE domain is made up of three highly
conserved regions required for formation of stable RNA-DNA duplex. Mutation in
these regions can lead to multiple human diseases including aplastic anemia,
dyskeratosis congenital and idiopathic pulmonary fibrosis as they lead to decreased
telomerase activity and processivity by disrupting interaction between RT and DNA
(Hoffman et al. 2017). hTR is a very versatile component that shows sequence and
size divergence in wide variety of eukaryotic species. In vertebrates, the size of hTR
ranges from ~310 to 560 nt (Xie et al. 2008), while in yeast the hTR’s size ranges
between ~780 and 1820 nt (Gunisova et al. 2009). At one time, ~1.5 repeats of the
RNA template domain of hTR are copied and incorporated into the growing
telomere DNA as a complementary sequence. The RNA template domain comprises
two distinct segments: 3’ region helps in pairing with the DNA sequence, while 5’
region provides the template which is used by the hTERT for telomeric DNA
synthesis (Greider 1991). The template region helps in telomerase processivity,
regulating telomerase enzymatic activity and the template utilization. Initially,
both hTERT and hTR are located in different nucleolar compartment, but with
beginning of S-phase, hTERT is colocalized with hTR in the cajal bodies. Further,
loading of human telomerase onto the telomere sequence requires TIN2 and TPP1
shelterin complex proteins already present on the double-stranded region through
TRF1 and TRF2 (Abreu et al. 2010; de Lange 2010). Additionally, TPP1 interacts
with single-stranded DNA-binding protein POT1, thereby forming a TPP1-POT1
complex essential for the telomerase activity (Broccoli et al. 1995).

14.6 Implications of Telomerase in Cancer

Due to stringent regulation of hTERT, telomerase activity ranges from very low to
absent in normal somatic cells, while it is higher in stem cells, germline, and other
rapidly renewing cells (Broccoli et al. 1995). However, some mitotically active cells
such as endometrial tissue, hair follicles, and proliferative tissue of intestinal crypts
demonstrate significantly increased telomerase activity (Brien et al. 1997; Broccoli
et al. 1995; Ramirez et al. 1997). Telomere length and telomerase activity show
significantly great variation between embryonic stem cells and normal somatic cells.
Embryonic stem cells consistently maintained their telomere length by displaying
considerably higher telomerase activity, whereas normal somatic cells show
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progressive decrease in telomere length due to lack of telomerase activity. This
property of selective expression of hTERT has recognized its potential as suitable
diagnostic and prognostic biomarker in various cancers including bladder, prostate,
thyroid, breast, colon, cervical, gastric, lung, and myeloma cancer (Fernandez-
Marcelo et al. 2015; Glybochko et al. 2014; Kuli¢ et al. 2016; Kumar et al.
2018a, b; Sharma et al. 2007; Tahara et al. 1995; Umbricht et al. 1997; Wu et al.
2000).

Cancer occurs when normal cells undergo genomic instability due to multiple
genetic mutations and acquires the ability to proliferate indefinitely by bypassing the
senescence via reactivation of telomerase or other less explored mechanisms such as
ALT pathway (Shay and Wright 2011). Telomerase levels are upregulated in >85%
of malignancies, while only 10-15% neoplasias follow mechanism like ALT for
continued proliferation. In the last 20 years, exemplary research has been taking
place in identifying different mechanisms regulating telomerase upregulation in
cancer. These mechanisms include majorly hTERT promoter mutation (31%) and
hTERT promoter methylation (53%), whereas minor pathways for upregulation
were hTERT gene amplification (3%) and gene rearrangements (3%) (Elisabeth
Naderlinger and Klaus Holzmann 2017) (Fig. 14.4).

14.6.1 Role of Gene Amplification and Rearrangements

During oncogenesis, gene amplification has been observed as one of the most
important mechanisms leading to gain or loss of genetic material. Gene amplification
involves increased gene copy number which leads to enhanced gene expression.
Multiple models including replication error, telomere dysfunction, and occurrence of
fragile sites in chromosome lead to increased expression (Albertson 2006). Clini-
cally, poor disease outcome in multiple malignancies including breast and thyroid
cancers significantly correlated with upregulated hTERT expression due to increased
copy number (Piscuoglio et al. 2016; Wang et al. 2016). A study involving a cohort
of multiple cancers demonstrated that only 3% of hTERT expressing tumors has
gene amplification, thereby suggesting other important mechanisms in deregulating
hTERT expression (Zhang et al. 2000). Another potential mechanism for hTERT
upregulation is genomic rearrangements by placing activators and enhancers at the
promoter region of hTERT gene locus (Peifer et al. 2015). In 2016, Kawashima et al.
reported that hTERT upregulation through genomic rearrangements correlated with
poor clinical outcomes in neuroblastoma patients (Kawashima et al. 2016).

14.6.2 Role of Promoter Mutations in hTERT Regulation

Genetic alterations such as mutation in TERT promoter (TERTpMut) are unique but
frequent, leading to increased hTERT expression and telomerase activation. The
260 bp long core hTERT promoter comprises several transcription factors binding
motifs involved in regulation of gene activation and transcription (Kyo et al. 2008).
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Fig. 14.4 Regulation of hTERT gene expression. Most common modes of hTERT gene expres-
sion regulators are promoter mutation, promoter methylation, and miRNA expression. Promoter
methylation prevents the binding of transcriptional repressor, whereas promoter mutation generates
novel binding sites for transcriptional activators. miRNA, however, regulates hTERT translation by
binding to the 3’-UTR regions of the hTERT mRNA

Two landmarked studies in 2013 uncovered the potential of hTERT promoter
mutation at two noncoding regions in both familial and sporadic melanomas (Horn
et al. 2013; Huang et al. 2013). These mutations which were observed at —124 bp
and —146 bp positions upstream to the transcription start site involved C > T
transitions (at positions 1,295,228 (C228T) and 1,295,250 (C250T) on chromosome
5) and thereby generate a novel nucleotide stretch suitable for binding with E26
transformation-specific (ETS) transcriptional factor involved in both activation or
repression of hTERT. Since then, studies have shown significant association of
TERTpMut with distinct tumors including glioblastoma, thyroid cancer, bladder
cancer, etc. (Vinagre et al. 2013). The multifarious transcriptional controlling of
hTERT gene is evidenced by the fact that its promoter region contains binding
motifs for both enhancers and suppressors transcription factors. Widespread occur-
rence of TERTpMut at difference stages and in grades of various carcinomas
supported this as crucial early event during carcinogenesis (Kinde et al. 2013;
Wang et al. 2014).

Clinically, biomarker utility of hTERT was observed when tumors carrying
TERTpMut expressed high hTERT mRNA and proteins levels in comparison with
tumors having wild-type promoter (Jin et al. 2018; Ledo et al. 2018; Vinagre et al.
2013). In 2018, Spiegl-Kreinecker et al. reported the involvement of hTERT pro-
moter mutation in poor prognosis and cellular immortalization in meningioma
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(Spiegl-Kreinecker et al. 2018). A study reported by Wu et al. reported that simulta-
neous occurrence of mutation in TP/RB1 and TERTpMut might play significant role
in the disease progression (Wu et al. 2014). Barczak et al. (2017) have emphasized
that 36% of head and neck cancer patients had h\TERT C250T promoter mutation in
early stage tumors (Barczak et al. 2017). Further, in urothelial bladder carcinoma, the
identification of TERTpMut in urine and tissue samples projected its role as
non-invasive diagnostic and prognostic biomarker. Additionally, a report has
shown that apart from disease prediction or outcome, TERTpMut was a better
predictor of response to other adjuvant therapies including radiotherapy resistance
(Gao et al. 2016). Yuan et al. (2016) in a meta-analysis reported the prognostic
significance of TERTpMut along with clinical characteristics such as patient’s age,
gender, and distant metastasis in nonsmall cell lung carcinoma (NSCLC) (Yuan et al.
2016). Literature survey in adult gliomas reported that frequency of TERTpMut is
highest in glioblastomas (70%), followed by oligodendrogliomas (60%) and then
oligoastrocytomas (35%) (Killela et al. 2013). In urological malignancies,
TERTpMut varies widely ranging from 85% in urothelial carcinoma of bladder to
9% in renal cell carcinoma to a complete absence in testicular and prostate cancers.
Some cancers such as colorectal carcinoma, prostate cancer, and testicular carcinoma
do not harbor TERTpMut but display telomerase activation and self-renewal
properties, thereby suggesting other mechanisms of its activation.

14.6.3 Role of Promoter Methylation in hTERT Regulation

In contrast to above mechanisms, epigenetic process such as DNA methylation is a
very stable and frequent mode of gene expression regulation. In whole genome, this
occurs at CpG sites generally located in the noncoding regions. Methylation is
performed by DNA methyltransferases which adds a methyl group on the
5-carbon of cytosine which is always preceded to a guanine base. Generally, CpG
dinucleotide repeats are widely distributed throughout genome with some specific
clustered regions known as CpG islands. Most of these methylated CpG islands are
located in the intergenic region specifically in the promoter part upstream to the
transcription initiation site. Thus, DNA methylation at the promoter region plays
crucial role in gene expression regulation. In general, genes which are having
hypermethylated promoters are transcriptionally silenced, while those genes having
less methylations are transcriptionally active genes. It is because hypermethylated
DNA in the promoter region interferes with the proper positioning of transcription
activators or chromatin conformation (Baylin and Jones 2011). Research established
that during cancer progression, there is an elevated hypermethylation of CpG islands
in the promoter region of oncogenes, thereby proposing them as a suitable hallmark
of oncogenesis (Bartlett et al. 2013). Some studies have demonstrated contradictory
results where hypomethylation of CpG islands in the hTERT promoter suppresses
hTERT expression, while others have reported that hTERT overexpressing cancer
cells displays promoter hypermethylation (Guilleret et al. 2002; Shin et al. 2003).
Later on, it was observed that the region involving hTERT core promoter was
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hypomethylated and promotes hTERT overexpression, whereas region upstream to
the core promoter was hypermethylated which did not allow repressors to bind and
decrease their expression (Zinn et al. 2007). A recent report by Tsujioka et al.
evidenced that hTERT promoter methylation occurs mainly in the core promoter
which generates binding sites for ETS family of transcription activating factors
(Tsujioka et al. 2015). Further CTCF, a transcription repressive factor, interacts
with core promoter and decreases hTERT transcription by compacting chromatin
organization. Therefore, promoter DNA methylation prevents binding of CTCEF,
thereby enhancing the telomerase expression (Renaud 2005). In addition to that,
c-myc (transcription activator) binds to the hTERT core promoter in a
hypomethylation state and activates telomerase activity and ultimately promotes
cellular proliferation and differentiation (Wu et al. 1999a, b).

Clinically, hypermethylation of region upstream to the hTERT core promoter has
been observed in the multiple cancer types including brain, prostate, urothelium,
colon, and blood. Svahn et al. in 2018 reported that methylation of hTERT promoter
is significantly correlated with poor outcomes in adrenocortical carcinoma (Svahn
et al. 2018). In a study done in pediatric gliomas, methylation of hTERT promoter is
considered as a promising biomarker of tumor progression (Castelo-Branco et al.
2013). THOR stands for TERT hypermethylated oncological region, which is 100%
specific and 96% sensitive in detecting malignant neoplasm positive for hTERT
expression. The identification of THOR methylation has demonstrated an
unmatched potential to be used as promising diagnostic and prognostic biomarker
in multiple cancers including thyroid cancer, acute myeloid leukemia/
myelodysplastic syndrome, esophageal carcinoma, meningioma. and hepatocellular
carcinoma (Castelo-Branco et al. 2013; Deng et al. 2015; Fiirtjes et al. 2016; Wang
et al. 2016; Zhang et al. 2015; Zhao et al. 2016). In these cancers, hTERT methyla-
tion pattern was positively correlating with hTERT reactivation and its expression
and in many cases associated significantly with worst clinical outcomes.

14.6.4 Role of MicroRNAs in hTERT Regulation

MicroRNAs (miRNAs) are small, endogenously synthesized 20-25 nucleotides long
noncoding RNA molecules known to regulate gene expression. They also play
critical roles in regulation of various pathophysiological processes including cellular
proliferation, apoptosis, and differentiation in several diseases and are implicated in
genome instability by acting as oncogenic and suppressor drivers (Li et al. 2015;
Vincent et al. 2014). Functionally, they regulate the posttranscriptional gene silenc-
ing by mRNA degradation and repressing translation. During cancer occurrence,
decreased expression of miRNAs in tumor tissue indicates their suppressive nature,
as decreased levels contribute to tumorigenesis. Further, overexpression of miRNAs
(oncomiRNAs) regulated tumor suppressor genes also leads to occurrence of tumors
(Cho 2007; Eckburg et al. 2020). Therefore, their functions as tumor suppressors or
oncogenes depend on targeted genes. Multiple miRNAs discovered so far demon-
strate enormous potential to regulate hTERT translation in many cancers. miRNAs
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and hTERT expressions are inversely correlated, thus during tumorigenesis high
hTERT expression will have downregulated levels of respective miRNAs (Cho
2007; Hrdlickova et al. 2014). miRNAs regulate the hTERT expression in
two ways: In the direct mode, they attach to 3’ untranslated region (3’-UTR) of
hTERT and inhibit its translation (Bai et al. 2017). Study reported in thyroid
carcinoma cells that decreased expression of miR-138 was inversely correlated
with hTERT overexpression; further induced expression of miR-138 significantly
decreased hTERT protein levels (Mitomo et al. 2008). Additionally, another report
demonstrated that interaction of let-7 g*, miR-133a, miR-342-5p, and miR-491-5p
with the 3’-UTR region of hTERT mRNA significantly downregulated telomerase
activity and inhibited cellular proliferation (Hrdlickova et al. 2014). Furthermore,
miR-1182 was also found to be downregulated in tumor tissues and cell lines of
bladder cancer and restoration of miR-1182 level inhibited cellular proliferation and
its invasion (Zhou et al. 2016). Indirectly, miRNAs regulate hTERT transcription by
regulating transcription factors required for hTERT gene expression such as c-myc.
For example, in esophageal squamous cell carcinoma, miR-1294 downregulates
c-myc levels (Liu et al. 2015a, b). Further, miR-34a, a well-known tumor suppressor,
decreases telomerase activity and induces cellular senescence by targeting c-myc/
FoxM1 pathway in hepatocellular cancer cells (Xu et al. 2015). Due to high stability
in tissue and body fluids, biomarker and therapeutic potential of miRNAs have been
highlighted in multiple studies (Weber et al. 2010). In bladder, gastric and ovarian
cancers downregulated levels of miR-1182, miR-1207-5p, miR-1266, miR-532, and
miR-3064 associated poorly with clinical outcomes. In bladder cancer, increased
expression of miR-1182 sensitizes cancer cells to chemotherapeutic drug cisplatin,
thereby leading to induce better patients’ response during or after treatment (Zhou
et al. 2016). Potential of miRNA targeting hTERT and other factors crucial for
telomere pathway holds great prospects to be used as promising therapeutic
approach to suppress telomerase activity and inhibits other cancer pathways in future
(Rupaimoole and Slack 2017).

14.7 Therapeutic Implications of Telomerase in Cancer

Majority of human tumors (>85% of cancers) and tumor cell lines showed increased
telomerase expression. Telomerase is critically involved in telomere length mainte-
nance and limitless cancer cells proliferation. Further, in contrast to its expression in
tumor cells, normal cells display minimal to complete absence of telomerase expres-
sion. Thus, this property of selective telomerase expression could be exploited as
important biomarker and further generates the possibility of development of telome-
rase inhibitors as anticancer agents (Guterres and Villanueva 2020). Due to its
structural and functional complexity, it can be targeted in many ways. Some
telomerase inhibitors target its catalytic components, whereas other targets its
RNA template part. These telomerase inhibitors range from natural compounds to
synthetic products along with artificially created oligonucleotides. These compounds
include terpenes, alkaloids, polyphenols, xanthones, and artificial products
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Fig. 14.5 Telomerase-related anticancer strategies by natural and chemically synthesized products

(Imetelstat, G-quadruplex stabilizers) which inhibit the telomerase expression and/or
activity and thus restrained cellular proliferation (Fig. 14.5). Therapeutic
implications of telomerase in various cancers by these products are discussed below.

14.7.1 Polyphenols

Curcumin, a major component of rhizome in turmeric (Curcuma longa L.), is a
phenolic compound of medicinal importance. Literature reported that curcumin
significantly induced apoptosis and showed anti-inflammatory, antioxidant, and
neuroprotective activities (Griffiths et al. 2016). In 2006, Cui et al. reported that
curcumin inhibited cells proliferation and decreased telomerase activity in a dose-
dependent manner in multiple cancer cell types (Bel7402, HL60, and SGC7901)
(Cui et al. 2006). Similarly, Ramachandran et al. reported that curcumin at
50-100 pM doses decreased telomerase expression and its activity in MCF-7 cancer
cells in a c-myc-independent manner (Ramachandran et al. 2002). Further, Lee and
Chung demonstrated that curcumin also induced cellular apoptosis by inhibiting the
nuclear translocation of hTERT, thereby suppressing telomerase activity (Lee and
Chung 2010).

Similarly, quercetin is a naturally occurring polyphenol found in most fruits,
vegetables, green tea, and food grains. Multiple studies unearthed antiproliferative
and pro-apoptotic properties of quercetin in various cancer cells (Lou et al. 2016;
Ren et al. 2017). Further, multiple leukemic cells lines showed significantly
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decreased cell viability and telomerase activity after treatment with quercetin,
thereby supporting its potential as suitable therapeutic target (Avci et al. 2011).
Furthermore, several studies showed that quercetin dose dependently decreased the
hTERT expression, lowered telomerase activity, and induced apoptosis in multiple
cancer cells including lung (Wang et al. 2003), stomach (Wei et al. 2007), brain
(Zamin et al. 2009), colon (Behjati et al. 2017), gastric cancer (Wei et al. 2007), and
nasopharyngeal (Zheng and Chen 2017).

Resveratrol (3,5,40-trihydroxy-trans-stilbene) is a naturally occurring phenolic
phytoalexin compound obtained from many plants and fruits. Chen, RJ et al.
reported that resveratrol decreased cell viability in lung cancer cells by
downregulating expression and activity of telomerase via modulating p53 gene
expression (Chen et al. 2017). In another study, the effects of resveratrol on
declining hTERT mRNA expression and telomerase activity in colorectal cancer
cells were reported (Fuggetta et al. 2006). Similarly, Wang XY et al. reported that in
colorectal cancer cells, resveratrol decreased cellular proliferation by inhibiting the
hTERT promoter activity (Wang et al. 2010). Pterostilbene, a natural analog of
resveratrol, induces apoptosis in cancer cells by binding and blocking the active site
of telomerase (Tippani et al. 2014).

Tannic acid is naturally occurring polyphenol compound present in red wine,
grapes, beans, tea, coffee, nuts, vegetables, and fruits. In a study published by Cosan
et al. significant apoptosis and reduction in telomerase activity by tannic acid have
been reported in breast and colon cancer cells (Turgut Cosan et al. 2011).
Epigallocatechin-3-gallate (EGCG), one of the well-known tannic acids,
demonstrates significant anticancer potential by inducing apoptosis through mito-
chondrial membrane potential, activating caspase-3 expression, and inhibiting telo-
merase activity in cancer cells (Gurung et al. 2015; Liu et al. 2017). Further, studies
reported that it has also decreased hTERT and c-myc gene molecular expression
(mRNA and protein) in various cancer cells (Liu et al. 2017; Zhang et al. 2014).

14.7.2 Alkaloids

Boldine (1,10-dimethoxy-2,9-dihydroxy aporphine) is a naturally occurring
aporphine alkaloid synthesized in boldo tree (Peumus boldus) and also in lindera
(Lindera aggregata). Boldine, dose, and time dependently induced cell death and
exhibited antitumor effects against multiple cancer cell lines including bladder
(T24), brain (U138-MG, U87-MG, and C6), and hepatocarcinoma (HepG-2) cells.
Studies reported that induction of cell death is due to decreased hTERT gene
expression along with lowered telomerase activity (Gerhardt et al. 2014; Kazemi
Noureini and Wink 2015).

Similarly, berberine is an alkaloid extracted from the rhizome, stem barks, and
roots of Berberis vulgaris (barberry) and many other plants. Wu et al. and Naasani
et al. showed that berberine displayed time-dependent increase in apoptosis
and decreased telomerase activity in human leukemic cancer cells (Naasani et al.
1999; Wu et al. 1999a, b). Further, berberine also increased the formation
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of G-quadruplexes at telomeres leading to cellular growth arrests and thus demon-
strated anticancer potential (Franceschin et al. 2006; Ji et al. 2012).

14.7.3 Terpenes

Pristimerin is a triterpene extracted from Celastraceae and Hippocrateaceae families
of plants and is known to display chemopreventive potential. This drug
demonstrated significant antiproliferative potential against multiple human cancer
cells (Cevatemre et al. 2018; Tiedemann et al. 2009). Liu et al. reported that in
prostate cancer cells, pristimerin decreased telomerase activity by inhibiting expres-
sion of transcription factors involved in regulation of hTERT gene transcription (Liu
et al. 2015a, b). Further, in another study performed on pancreatic duct adenocarci-
noma cells, pristimerin substantially decreased cell proliferation by both arresting
and inducing apoptosis along with decreased telomerase activity (Deeb et al. 2015).
Similarly, oleanane (methyl-2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oate) is a
triterpene which is known to have substantial anti-inflammatory, pro-apoptotic
activities and thus demonstrated anticancer potential against pancreatic ductal ade-
nocarcinoma cancer cells (Deeb et al. 2013).

In our laboratory, we have studied anticancer potential of Tanshinone I (Tanl), a
diterpene, on myeloma cancer cell lines (RPMI 8226 and U266). We observed that
Tanshinone I alone or in combination lenalidomide time and dose dependently
induced apoptosis in both myeloma cells lines. Similarly, very low doses (2.0 pM)
of Tanl significantly decreased telomerase activity in both myeloma cancer cells at
24-h time point (Fig. 14.6). Further, Tanl alone and in association with lenalidomide
significantly decreased the molecular expression (mRNA and protein) of shelterin
complex and its associated factors in myeloma cancer cells (Kumar et al. 2018a).

14.7.4 Xanthones

In this category, two important secondary metabolites are gambogic acid and
gambogenic acid extracted from the resin of Garcinia hanburyi tree. Due to their
unique color, they are generally used as coloring substances. Studies have reported
that these xanthones induced cytotoxicity in cancer cells in both dose- and time-
dependent manner (Pan et al. 2017; Zhao et al. 2017). Additionally, report suggested
that these xanthones induced apoptosis and decreased telomerase expression and
activity by inhibiting binding of transcriptional activators at the hTERT promoter
region (Yu et al. 2006).

Though these natural compounds demonstrated significant anticancer potentials
and drastically reduced telomerase levels in cancer cells, till today very few of them
have been used as chemotherapeutic agents. Thus, synthetic drugs have provided
significant hopes as anti-telomerase inhibitors against cancer cells.
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14.7.5 Currently Used Inhibitors of Telomerase

Recently, a large number of chemically generated drugs targeting different sites of
telomerase have been developed to fight against cancer cells. Among all, GRN163L,
also called as Imetelstat, is by far the most widely used and successful chemothera-
peutic drug that targets telomerase. It is 13-mer antisense oligonucleotides, which
form a complementary pairing with the RNA template of the telomerase and inhibits
its action (Chiappori et al. 2015). Hochreiter et al. observed that GRN163L dose
dependently decreased telomerase activity and also reduced tumorigenicity by
causing reduction in cell growth, metastasis, and invasiveness of breast cancer
cells (Hochreiter et al. 2006). Similarly, in the breast and pancreatic cancer cells,
GRN163L treatment resulted in the significant induction of apoptosis and impaired
cellular growth. Simultaneously, the inhibitory effect was much more pronounced
with the cancer cells with critically shortened telomeres (Burchett et al. 2014). Due
to nonspecific toxicity and longer duration of treatment, these drugs showed limited
clinical efficacy despite excellent inhibitory potential.
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Another strategy aimed to inhibit the telomerase involved increased stabilization
and generation of endogenous higher-order telomeric structures such as
G-quadruplex. These naturally occurring secondary structures are rich in guanine,
and they form planar structures which impede the movement of replication machin-
ery through replication fork (Maestroni et al. 2017). Normally, these structures are
resolved by telomerase, but utilization of G-quadruplex stabilizing ligands will
prevent the access of telomerase and thus holds great promises for various malignant
and progressive cancers. These ligands including telomestatin, BRACO-19, and
RHPS4 significantly increased the G-quadruplex stability and ultimately enhanced
the DDR pathways in cancer cells (Burger et al. 2005; Cookson et al. 2005). There
are few indirect treatments available for targeting telomere or telomerase which
includes tankyrase inhibitors and shelterin components inhibitors which have also
shown promising effects in limiting the length of telomere and activating various
DNA repair pathways.

14.8 Conclusion

At chromosomal ends, telomeres in association with telomeric proteins are organized
into highly specialized nucleoprotein structures. These structures play significant
role in maintaining telomere homeostasis. Normal somatic cells display limited
replicative capacity due to end replication problem. However, for cancer cells to
undergo continued proliferation, the maintenance of telomere length is critical. This
cellular self-renewal capacity of cancer cells is regulated by reactivation of telome-
rase. Studies showed in this chapter supported that different mechanisms are
involved in regulation of telomerase expression and reactivation. Literature
supported that different genetic (promoter mutation) and epigenetic mechanisms
(promoter methylation and miRNAs) are involved in reactivation of telomerase and
further projected them as suitable diagnostic, prognostic, and therapeutic markers.
Future research is focusing on cues and signals targeting these epigenetic changes
and how these methylation patterns can be used as therapeutic targets. Further, due to
selective expression of telomerase in cancer cells plethora of compounds targeting
telomerase have been explored. Current literature provided ample evidences that
there is a plethora of natural compounds that regulate telomerase levels at multiple
genetic and epigenetic levels and also inhibits cellular proliferation and induces
apoptosis. Few natural compounds such as resveratrol and curcumin and synthetic
compounds such as imetelstat and G-quadruplex stabilizers have shown promising
anticancer potential against multitude of cancers. This chapter concludes the telome-
rase biomarker and therapeutic implications in cancers and projected it as a suitable
theranostic marker in future.
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