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Abstract

Telomerase is an enzyme which is culpable for the aliment and stability of telomeres. It also maintains
the genomic integrity and chromosomal stability. The progressive shortening of telomeres may cause
chromosomal instability and alternation in the telomerase. It may cause telomere attrition which can
lead to oncogenic incidence in human. Cancer is a disease which is induced by genetic alternations in
genes. The genetic mutation within the hTERT is a common type of scenario which is generally found
above 90 percent of cancer. In cancer, the length of telomere and the activity of telomerase are very
important for cancer cells to proliferate and also for the survival of tumors. Cancer cells regulate
through several pathways to increase telomerase activity. There have been several advancements
developed to inhibit the telomerase activity in cancer cell but the repercussion of those has
demonstrated many adverse effects. Research on AAVs mediated telomerase gene therapy has
demonstrated prominent outcomes in animal trials. Thus, it has the potential to bring significance
shine in the telomerase cancer therapeutics. Here, in this review article we have analyzed studies
related to telomerase gene therapeutics to cure cancer. We also have summarized the telomerase
function and mechanism of action to cause cancer. Moreover, other current development in the
clinical advances of telomerase inhibition in cancer is described.
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Highlights

1. Telomerase attrition has the potential to cause cancer

hTERT promoter mutation may cause cancerous incidence in humans.

hTERT can be considered as a principal target for telomerase gene therapy.
Telomerase gene therapy through AAVSs is considered as the most significant cancer
therapeutics.

5. Telomerase shortening may cause age-related diseases alongside cancer.
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Introduction

Cancer is specified as a group of diseases which includes aberrant growth of cells. It has significance
to metastasize or spread to the whole body from a specific site. Cancer is generally caused by genetic
alternation or mutation of genes which makes it very complex to cure. It is a hereditary disease that
develops as people age. Whenever healthy cells amass genomic instability over time and develop the
ability to replicate immortally, cancer occurs. Telomere attrition causes chromosomal instability and it
also induce genomic rearrangements in cells which might lead to cancer during consecutive cell
divisions. Telomere attrition follows several steps in the proliferation of cells which develops DNA
damage responses at the end of the chromosome. Along with cancer, numerous age-related diseases
occur due to DNA damage by telomere attrition. Moreover, organ failure, stem cell depletion,
progressive tissue degeneration and dysfunctional tissue repair are induced by telomere loss and up
capping of chromosomes [1]. Throughout the years, several advancements are being developed to
overcome telomere attrition to revitalize and restore aged cells' regenerative abilities.

Telomere illustrates an essential role in the preservation of genomic information on DNA. It has the
particular DNA protein structures which is generally found at the end of chromosomes. It has the
capability to save the genome from nucleolytic disruption, unwanted recombination, repair and inter-
chromosomal fusion. In every cell division, there is a loss of a small amount of telomeric DNA, which
is a normal biological process occurs in every living species. If the telomere length reaches to a
crucial limit, the cell goes through apoptosis or senescence. The length of telomere might therefore be
used as a biological clock to calculate an organism's lifetime.

In eukaryotic cell, telomeres are ended with a single stranded overhang of three prime which is
enclosed by shelterin. With the association of three core subunits, the shelterin complex is made. The
subunits are TRF1, TRF2, and POT1. The shelterin complex is important for telomere stability
maintenance because it allows the response machinery of DNA damage to differentiate telomeres
from the portion of genomic DNA damage. Shelterin is required for capping, and it also protects liner
chromosomal from breaking also known as double strand breaks [2-5] (Figure 1). A specialized
protein known as telomerase has been created to repair broken telomeres in some particular cells. It is
a naturally occurring RNA-containing enzyme that can generate repeated sequences which aids
embryonic stem cells to preserve genomic integrity. Telomerase is the enzyme that adds telomere
repeats to the ends of chromosomes to lengthen telomeres [6,7].

Despite the potential advantages of TL gene therapy, the activation of telomerase has been associated
with oncogenesis, since cancer cells commonly reactivate and upregulate telomerase activity in order
to attain immortality [4,5]. Oncogenic telomerase mutations escape senescence, allowing cancer cells
to proliferate indefinitely and rapidly for disease development. To treat incurable disease such as
cancer, telomerase gene therapy needs gene silencing rather than gene transfer or activation, as in
regenerative or anti-aging applications. Because various therapeutic aims necessitate distinct polarities
of telomerase gene control, double-edged telomerase gene therapy should be safely managed to
determine the therapeutic advantages and dangers. The purpose of this study is to describe how
various telomerase gene therapy techniques are being studied to treat cancer.

Telomerase and its association with cancer

Telomerase is a naturally occurring RNA-containing enzyme that is capable of synthesizing repeating
telomere sequences [6], which aids in the maintenance of the genome's integrity. Telomerase is
essential for protruding telomeres by incorporating telomere repeats into chromosomal ends [7]. It is a
complex of ribonucleoproteins [8]. Telomerase reverse transcriptase and telomerase RNA with a
template site for DNA elongation are the key enzymes. Additionally, the telomerase complex
comprises a number of auxiliary components that enable telomerase to operate in vivo. Some of these
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components are necessary for telomerase to bind to the telomere during a certain cell cycle phase [9],
whereas others are required for telomerase activity regulation [10]. Certain proteins are required for
the maturation and degradation of the telomerase complex’'s components [11]. The quantity of
telomerase in various cell types is tightly regulated [12,13]. This is critical because telomere
shortening and eventually senescence in human cells inhibit cell division’s potential [14].

Telomere Structure

Chromosome

Centromere ——

Telomere e G rich 3'
T overhang

1. TRF1and TRF2 get bind to telomeric DNA repeats with their high affinity.

2.Here, TINZ2 is attached to both TRF1 and TRF2 to stabilize their structure.

3. RAP1 is attached to TRF2 and it improves TRF2's selectivity to bind with telomeric DNA.
4.POT1 binds to 3' overhang.

5. TPP1 is telomerase associated protetin 1, which is attached to POT1 or protector of
telomerase 1.

Figure 1: An illustration of the structure of Telomere with three core subunits such as telomeric
repeat binding factor 1 and 2 and POT1

Proliferative immorality of cancer cells is achieved by the upregulation of normal silent human TERT
gene which codes for the telomerase enzyme with reverse transcriptase activity. A ribonucleoprotein
enzyme complex is made by the reverse transcriptase activity of telomerase complex fusion-ed with a
functional RNA and many other proteins coded by human telomerase reverse transcriptase complex.
Alternative lengthening of telomeres (ALT) is a DNA recombination process that sometimes reverses
telomere attrition to avoid senescence. Generally, in all somatic cell hTERT is normally repressed
whereas it is seen to be expressed in 90% of human malignancies. The underlying processes of
hTERT upregulation are still being explored; however, this mostly comprise of h\TERT promoter
mutation, changes in hTERT amplification, alternative splicing of hnTERT pre-mRNA, epigenetic
modifications, telomere position effect (TPE) machinery disruption [15].

In cancer cells, there are two specific h\TERT promoter mutations are seen, which are known as
cytosine to thymidine transition. [16,17]. The alterations are at -124 or 146 base pairs (bp) upstream
of the TERT translation start site [18,19] and they are linked to enhanced telomerase activity [20]. As
a result, the molecular process that control hTERT regulation and telomerase arrangements have been
extensively studied. Robust hTERT suppression may guide to gradual telomere loss and ultimately
cancer cell death, according to studies employing telomerase inhibition methods.
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hTERT Mutation

Human telomere reverse transcriptase gene is 40 kilo base pair, and it contains 15 introns and 16
exons. The human chromosome number 5 (5p15.33) contains hTERT in a nuclease resistant
chromatin domain, and it is about 1.2 MBs distant from the telomere [21]. Expression of hTERT is
dependent on many factors. hnTERT promotor is enriched with GC content and insufficient in TATA
and CAAT sequence. TAAT encodes proteins for both eukaryotes and prokaryotes and it is generally
found in the promoter region of gene whereas CAAT only found in the eukaryote’s promoter region,
and it includes binding sites of many factors for transcription.

The hTERT promoter core is a 260-bp proximal region which is accountable for the majority of
transcriptional activity. It has five GC boxes (GGGCGG), that are indispensable for nTERT promoter
activity and serve as binding sites for the zinc finger transcription factor SP1. Several enhancers
binding proteins, including MYC/MAX/MXD1 family and USF1/2, bind to 2 e- boxes (5'-CACGTG-
3" found at -165 and +44 of the nucleotide sequences of hTERT relative to the transcription start site.
The E-boxes are required for c-MY C activation of the hTERT promoter. They are attached to MAD1
and USF1 to regulate hTERT repression. A single TSS in the hTERT promoter core binds the
multifunctional transcription factor TFII-1. Multiple transcription factors and the telomere chromatin
environment influence the transcription of the hnTERT promoter (Figure 2). Nevertheless, it is still
unknown how transcription factors interact with the telomere chromatin environment to regulate
hTERT transcription. For the activation or repression of hnTERT transcription, many transcription
factors bind to the core of the hTERT promoter. Transcription factors such E-twenty-six (ETS)
family members, c-MYC, SP1, NF-kB, AP-2, and HIF-1 upregulate the transcription process.
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Figure 2: hnTERT promoter mutation in telomeric DNA
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Transcription factors were found to downregulate the transcription process of hnTERT transcription.
p53 (also known as TP53; represses transcription in an SP1-dependent way), WT1, MZF-2, SIP1,
MAD (transcription factor implicated in a network regulating cell cycle progression), and Menin are
some known transcription factors. Most of these factors that upregulate the telomerase gene are
broadly expressed; thus, they cannot completely explain for the high levels of hTERT expression and
activity seen during cancer.

Human Telomerase Reverse Transcriptase mutation in Cancer

Two very recurrent mutations in the central promoter region of hTERT have recently been discovered,
suggesting one potential pathway for telomerase activation in cancer cells. The mutation in TERT
promoter generally happens at two different region of chromosome 5 at -124 bp and -146 bp from
ATG start point along with a transition of cytidine to thymidine which are known as C228T and
C250T. Following the mutations, two twin nucleotides stretch of 11bp are produced. ETS
transcription factor acts as a transcriptional repressor, activator or regulator to regulate expression of
telomerase [16,17].

The biological pathway of ETS is still little known to us but studies have shown that ETS 2 can bind
with hTERT promoter in lung carcinoma when EGF mediates the telomerase activation in it [22]. A
germline mutation was first reported as a hTERT mutation from a melanoma inherited family. Later it
was confirmed through whole genome sequencing of sporadic melanoma (in >74 % melanomas) and
a number of cell lines across several cancer types which were associated with increased hTERT
promoter activity [16,17]. hTERT mutations occur in approximately 60% of hepatocellular
carcinomas, 60 % of bladder cancers, 50 % of cutaneous squamous cell carcinomas, up to 30 % of
thyroid cancers,70 % of melanomas, 80-90 % of glioblastomas, 70 % of basal cell carcinomas, and
approximately 72 % of oligodendrogliomas [17,19, 22-25]. Furthermore, hTERT mutation of
chromosome 5 at -57bp from ATG start point along with adenine to thymidine transition is found in
various cancer types on the following position of chromosome 5: 1,295,248-1,295,243 CC>TT,;
1,295,228 C>A; and 1,295,161 A>C [26].

C228T mutations are more common than C250T mutations in a variety of cancers, and their presence
is mutually exclusive, implying functional redundancy. Indeed, primary tumors with mutation exhibit
much greater amounts of TERT mRNA and telomerase activity, indicating that TERT expression is
stimulated [26,27].

Chiba et al. discovered that when human pluripotent stem cells were transduced with a C228T
mutation in the TERT promoter region, these cells constitutively expressed TERT and telomerase, in
marked contradiction to the TERT promoter which was wild type. They were carrying stem cell-
derived progenies, in which TERT transcription was halted following cellular differentiation [28].
Additionally, differentiated cells expressing the altered TERT promoter had longer telomeres and
lacked the replicative senescence caused by telomere attrition seen in normal cells [28].

Furthermore, research performed Li et al. and his companions has changed the TERT promoter in
normal human bladder stem cells by inserting C228T mutation and found that this single event was
sufficient to induce transformation [29]. Thus, their results establish unequivocally that the presence
of each mutation imparts immortality or the capacity for prolonged proliferation on cells and
promotes their transformation through telomerase activation.

A study by Huang et al. [17] constructed TERT promoter and reporter by inserting C228T and C250T
mutation. In the study they have found a significant increase in promoter activity, indicating a gain-of-
function impact on TERT transcription. The mutations resulted in the formation of ETS transcription
factor’s de novo binding sites. [17,30].
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Additionally, two research has demonstrated that GA-binding proteins (GABPA and GABPBL1),
members of the ETS family transcription factors, were attracted preferentially to the mutant TERT
promoter than wild type in cancer cells, stimulating TERT transcription and telomerase [30,31].
Inhibiting GABPA or GABPB1 expression, but not other ETS members, consistently resulted in
decreased expression of TERT in tumor cells harboring a mutant TERT promoter [30,31].

In cancer cells with heterozygous TERT promoter mutations, the mutant promoter binds GABPA and
has the active chromatin mark H3K4me2/3 [32].

According to these findings, only the mutant promoters are transcriptionally active. Additionally,
GABPA must build a heterotetrametric complex [(GABPA/GABPB)2] with the help of GABPBL or
GABPB?2 in order to bind DNA and regulate transcription. Mancini et al. demonstrated that GABPB1-
depleted glioblastoma cells harboring a mutant TERT promoter displayed comparable reduced TERT
expression, as well as poorer proliferation/survival, telomere shortening/dysfunction, and lower
tumorigenic potential [31]. In light of these results, as well as previously reported oncogenic effects
on leukemia, prostrate and breast [33], GABPA/B1 has been proposed as a new therapeutic target for
cancers harboring a mutant TERT promoter [32].

Interestingly, the findings from research by X et al., has shown thyroid cancer (TC) trials cast doubt
on its efficacy as a therapeutic target [34]. To begin, GABPA depletion significantly reduces the
expression of TERT in the derived cells of thyroid cancer, regardless of TERT promoter mutations;
Secondly, in the primary tumors of thyroid cancer patient’s GABPA expression is negatively
correlated with TERT expression; and Third, GABPA depletion significantly elevated TC cell
invasion despite decreased TERT expression. Ironically, they identified DICER1 as a direct target
gene for GABPA. DICERL1 is a component of the microRNA machinery that inhibits cancer
metastasis. GABPA suppresses the invasive behavior of thyroid cancer cells by increasing DICER1
expression. Fourth, in TC patients, GABPA expression is related with aggressive disease and poor
outcomes. Finally, inhibiting GABPBL regulation in thyroid cancer cells increased invasive-ness
while decreasing TERT expression (Unpublished data). Moreover, to C228T and C250T mutations, a
subgroup of cancers had CC > TT tandem mutations at positions -124/125 bp and -138/139 (from
ATG) [26,35]. Additionally, these two tandem mutations provide the ETS transcription factor-binding
motif [26]. Currently, a variation at the MY C binding domain in the TERT promoter was identified in
eight percent of clear cell renal cell carcinoma (ccRCC) tumors [35]. It is proposed that this type of
alternation prevents repressors from the MY C network family from binding, thus de-repressing TERT
transcription [35]. These tumors had the longest telomeres in comparison to the wild-type and
C228T/C250T-TERT promoters [35].

The precise functional implications of this genetic variation are unknown, and they are also uncertain
whether this mutation is specific to ccRCC or is seen in other malignancies, necessitating further
research. The rate of TERT promoter mutations varies considerably across investigated human
malignancies, ranging from undetectable to more than 90%, and it is still unclear what causes such
disparate mutation distributions among various kinds of cancer [26]. The researchers have discovered
a negative correlation among the presence of TERT promoter mutations and telomere length in
malignancies [26, 36]. Additionally, older age is strongly linked with the incidence of mutations;
since increasing telomere loss occurs with age, the mutation connection is most likely attributable to
shorter telomeres. Telomere dysfunction is well known as a cause of genomic instability [37], and
shorter telomeres can be considered as a prime factor in the initiation of the TERT promoter mutation
during malignant transformation. A new study from Garcia's group substantially supports this
perspective.

They found that spontaneous mutations in the TERT promoter were chosen from non-tumor people
with very short telomeres owing to germline abnormalities in the TERT protein or other telomerase
substances [38]. It was discovered that germline variations at the TERT locus had a substantial effect
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on the frequency of TERT promoter mutations in patients with HCC, and that the TERT rs2736100-
CC cancer risk genotype was more often observed in individuals with a wild-type TERT promoter
[39]. This variation has been shown to increase TERT expression, reversing telomere shortening [40].

Although, non-coding hTERT promoter mutations are the common in cancer, the amount and
frequency of these mutations vary by cancer type. TERT promoter mutations are found in the highest
frequency in melanoma, pleomorphic dermal sarcoma, myxoid liposarcoma, glioma, urothelial cell
carcinoma, carcinoma of the skin, and liver cancer, while in gastric cancer, pancreatic cancer, non-
small-cell lung cancer, and gastrointestinal stromal tumors it has low frequency [41,42,43]. Incipient
cancer cells derived from fast self-renewing telomerase-competent cells do not need TERT promoter
mutations to maintain TL.

As a result, malignancies originating from these quickly proliferate cells that have fewer hTERT
promoter mutations and are more likely to permanently upregulate enzyme activity which is normally
reversibly controlled. To circumvent the short-telomere-dependent proliferative barrier, malignancy-
inducing factors arising from cells with poor self-renewal capacity may need TERT promoter
alterations. Prostate cancer is considered as a malignancy with low cell self-renewing capability. The
TERT promoter mutations have not observed in this cancer which clearly indicates that the alternation
in the core promoter of TERT gene do not play any role in the carcinogenesis process.[44].

Most malignancies contain hnTERT promoter variation, which has been found in all level and grades
of cancers which indicates that the hTERT mutations are a frequent early event in the carcinogenesis
[45,46].

It would be fascinating to observe whether these mutations mostly occur during the time when cells
are under crisis, in order to assess if these mutations have a role in the malignant transformation
process. According to The Cancer Genome Atlas, there has been twenty-eight projects enrolled with
292 TERT promoter mutation across variety of cancer. The following data has been extracted from
the TCGA website to have a clear view on the information (Table 1 and Figure 3)
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Project Number | Project Name Isease Type Primary Infection Percentage
e Bladder
e Breast
e Bronchus and lung
e Heart, mediastinum, and pleura
. . Lymph nodes
The Angiosarcoma ft T T ° . . L
CMI-ASC (ASC) F?roject * ggrcor:::eNggnors and e Other and ill-defined digestive organs 36 13.89%
' e Other and ill-defined sites
e  Other and ill-defined sites within respiratory system
and intrathoracic organs
e Skin
e Adenomas and
Adenocarcinomas
Uterine Corous e  Cystic, Mucinous and e  Corpus uteri
TCGA-UCEC orp . Serous Neoplasms e  Uterus, NOS 530 6.98%
Endometrial Carcinoma R
e Epithelial Neoplasms, NOS
e Not Reported
TCGA-SKCM f/lk;:‘ar%’r:f:eous e Nevi and Melanomas e Skin 469 6.61
e Adenomas and e Brain
Adenocarcinomas
. e Ductal and Lobular * Bronchus and lung
CPTAC-Brain, Head Neoplasms o Kidney
CPTAC-3 and Neck, Kidney, e Gliomas e Other and ill-defined sites 778 5.01%
Lung, Pancreas, Uterus «  Not Applicable e Pancreas
e Squamous Cell Neoplasms s Uterus, NOS
e Adenomas and e Breast
Adenocarcinomas e Colon
* Cystic, Mucinous and e  Other and unspecified female genital organs
CPTAC-2 CPTAC-Breast, Colon, Serous Neoplasms e Ovary 328 457%
= Ovary e Ductal and Lobular R
Neoplasms ¢ Rectum _
«  Not Reported e  Retroperitoneum and peritoneum
e Squamous Cell Neoplasms
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Adenomas and e Bones, joints and articular cartilage of other and
Adenocarcinomas unspecified sites
Complex Epithelial e Brain
Neoplasms e Breast
Complex Mixed and e Bronchus and lung
Stromal Neoplasms e Colon
Cystic, Mucinous and e  Connective, subcutaneous and other soft tissues
NCI Cancer Model Serous Neoplasms e Esophagus
Development for the Ductal and Lobular o Kidney
HEMI-CMDC Human Cancer Model Neoplasms e Liver and intrahepatic bile ducts 109 3.67%
Initiative Epithelial Neoplasms, NOS e  Other and unspecified parts of biliary tract
Gliomas e Pancreas
Miscellaneous Bone Tumors e Rectosigmoid junction
Myomatous Neoplasms e Rectum
Nevi and Melanomas e Skin
Soft Tissue Tumors and e Small intestine
Sarcomas, NOS e Stomach
Adenomas and
Adenocarcinomas
TCGA-STAD Stomach Cystic, Mucinous and e Stomach 440 3.41%
— Adenocarcinoma '
Serous Neoplasms
Glioblastoma Gliomas . 0
TCGA-GBM Multiforme Not Reported e Brain 393 2.80%
Adenomas and
Adenocarcinomas
Cervical Squamous Cell Complex Epithelial
Carcinoma and Neoplasms . .
TCGA-CESC Endocervical Cystic, Mucinous and s Cervixuteri 289 2.17%
Adenocarcinoma Serous Neoplasms
Squamous Cell Neoplasms
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TCGA-MESO Mesothelioma e Mesothelial Neoplasms *  Bronchus an d !_ung 82 2.44%
e Heart, mediastinum and pleura
TCGA-LUSC Lung Squamous Cell e  Squamous Cell Neoplasms e Bronchus and lung 495 2.22%
- Carcinoma - '
Liver Hepatocellular e Adenomas and . . - 0
TCGA-LIHC Carcinoma Adenocarcinomas e Liver and intrahepatic bile ducts 364 2.20%
e Adenomas and
Adenocarcinomas
Pancreatic e  Cystic, Mucinous and
TCGA-PAAD . Serous Neoplasms e Pancreas 182 2.20%
Adenocarcinoma
e Ductal and Lobular
Neoplasms
o  Epithelial Neoplasms,NOS
i Kidney Renal Papillary e Adenomas and . 0
TCCA-KIRP Cell Carcinoma Adenocarcinomas *  Kidney 28l 1.78%



https://portal.gdc.cancer.gov/projects/TCGA-MESO
https://portal.gdc.cancer.gov/projects/TCGA-LUSC
https://portal.gdc.cancer.gov/exploration?filters=%7b
https://portal.gdc.cancer.gov/projects/TCGA-LIHC
https://portal.gdc.cancer.gov/exploration?filters=%7b
https://portal.gdc.cancer.gov/projects/TCGA-PAAD
https://portal.gdc.cancer.gov/exploration?filters=%7b
https://portal.gdc.cancer.gov/projects/TCGA-KIRP
https://portal.gdc.cancer.gov/exploration?filters=%7b
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e Base of tongue
e Bones, joints and articular cartilage of other and
unspecified sites
e  Floor of mouth
e Gum
e Hypopharynx
Head and Neck e Larynx
TCGA-HNSC Squamous Cell Squamous Cell Neoplasms e Lip 508 1.77%
Carcinoma e Oropharynx
e  Other and ill-defined sites in lip, oral cavity and
pharynx
e  Other and unspecified parts of mouth
e  Other and unspecified parts of tongue
e Palate
e Tonsil
Acinar Cell Neoplasms
Adenomas and
TCGA-LUAD Lung Adenocarcinoma Adenocarcinomas e Bronchus and lung 567 1.76%
Cystic, Mucinous and
Serous Neoplasms
Adenomas and
Adenocarcinomas
TCGA-COAD Colon Adenocarcinoma : . e Rectosigmoid junction 400 1.75%
Cystic, Mucinous and
Serous Neoplasms
Epithelial Neoplasms, NOS



https://portal.gdc.cancer.gov/projects/TCGA-HNSC
https://portal.gdc.cancer.gov/exploration?filters=%7b
https://portal.gdc.cancer.gov/projects/TCGA-LUAD
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https://portal.gdc.cancer.gov/projects/TCGA-COAD
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e Bones, joints and articular cartilage of limbs
e Colon
e  Connective, subcutaneous and other soft tissues
e  Fibromatous Neoplasms e Corpus uteri
e Lipomatous Neoplasms e Kidney
e Myomatous Neoplasms e Meninges
TCGA-SARC Sarcoma e Nerve .Sheath Tumors e Otherand unspec!f?ed male genital organs 237 1.69%
- e  Soft Tissue Tumors and e  Other and unspecified parts of tongue
Sarcomas, NOS e Ovary
e Synovial-like Neoplasms e  Peripheral nerves and autonomic nervous system
e Retroperitoneum and peritoneum
e Stomach
e  Uterus, NOS
e Adenomas and
Adenocarcinomas
: e  Cystic, Mucinous and * Esophagus 0
TCGA-ESCA Esophageal Carcinoma Serous Neoplasms e Stomach 184 1.63%
e Squamous Cell Neoplasms
e Colon
* Adenamas _and e  Connective, subcutaneous and other soft tissues
Rectum Adenocarcinomas e Rectosigmoid junction
TCGA-READ Adenocarcinoma e Cystic, Mucinous and e Rectum 137 1.46%
Serous Neoplasms
e Unknown
e Adenomas and
Adenocarcinomas
. o Epithelial Neoplasms, NOS
TCGA-BLCA g;g?neé#;"the“a' e Squamous Cell Neoplasms e Bladder 412 1.46%
e Transitional Cell Papilloma
and Carcinomas
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TCGA-KIRC

Kidney Renal Clear Cell
Carcinoma

Adenomas and
Adenocarcinomas

o Kidney

336

1.19%

MMRE-
COMMPASS

Multiple Myeloma
CoMMpass Study

Plasma Cell Tumors

e Hematopoietic and reticuloendothelial systems

959

1.04%

TCGA-BRCA

Breast Invasive
Carcinoma

Adenomas and
Adenocarcinomas
Adnexal and Skin
Appendage Neoplasms
Basal Cell Neoplasms
Complex Epithelial
Neoplasms

Cystic, Mucinous and
Serous Neoplasms

Ductal and Lobular
Neoplasms

Epithelial Neoplasms, NOS
Fibroepithelial Neoplasms
Squamous Cell Neoplasms

e PBreast

986

0.81%

TCGA-THCA

Thyroid Carcinoma

Adenomas and
Adenocarcinomas
Epithelial Neoplasms, NOS

e Thyroid gland

0.61%

TCGA-LGG

Brain Lower Grade
Glioma

Gliomas

e Brain

510

0.59%

TCGA-OV

Ovarian Serous
Cystadenocarcinoma

Cystic, Mucinous and
Serous Neoplasms
Not Reported

e Ovary

436

0.46%

TCGA-PRAD

Prostate
Adenocarcinoma

Adenomas and
Adenocarcinomas
Cystic, Mucinous and
Serous Neoplasms
Ductal and Lobular
Neoplasms

e Prostate gland

498

0.20%

Table 1: TERT promoter mediated cancer (DATA allocated from the Cancer Genome Atlas)
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TCGA-BLCA

Project Number

Figure 3: A graphical representation of the frequency of TERT promoter mutation in variety of
cancer.

Anti-cancer treatment through Telomerase Gene Therapy: A Case Analysis

Telomerase gene therapy has been recognized as one of the key targets to develop effective treatment
for cancer. Telomerase has expressed its presence in most of the cancers. Furthermore, compared to
cancer cells, healthy cells, including stem cells, have reduced telomerase activity and typically retain
longer telomeres. These characteristics offer an advantage by reducing the likelihood of telomere
shortening in normal cells. The primary goal of anti-telomerase therapy is to cause apoptosis and cell
death in cancer cells while limiting side effects in healthy cells [47].

Cancer Therapy through TAGE System

A new telomerase directed gene therapy has been invented by Dan et al., and his team. They have
studied the biological mechanism of CRISPR Cas9 and telomerase and developed the gene therapy
named TAGE. Cas9 was used as an effector gene to induce death in cancer cells by TAGE system.
Following their research, adeno associated virus can be used as effector gene to treat in vivo tumor
[48].

The novel telomerase and CRISPR Cas9 based gene therapy for cancer named TAGE was also known
as telomerase activity gene expression. This therapy includes a three prime single stranded sequence
3'-TT GGGATT GGGATT-5" which is transferred into cancer cell. The mechanism of action will be
elongated by telomerase, and it will make a synthesized double stranded telomere repeat sequence at
the end of effector. The nuclease dead Cas9 -VP64 and a telomeric DNA targeting SgRNA (TsgRNA)
will be released by adeno-associated vector into cancer cell. The combination of this will create a
complex named dCas9-VP69-TsgRNA which is an artificial transcription factor. It has the capability
to get attached with the synthesized telomeric DNA at the end site of effector. Cas9 expression will be
activated as the effector gene then. A new complex of Cas9-TsgRNA will be formed by the
association of Cas9 protein and TsgRNA. By disrupting the chromosome of cancer cells, this complex
will induce apoptosis. Furthermore, TAGE will not harm normal cells as it cannot be activated in
normal cells due to absence of telomerase activity. In clinical trial, the TAGE system has successfully
induce death to cancer cells such as MDA-MB-453, Hepal-6, A549, PANC-1, HT-29, HepG2, Hela,
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SKOV-3, and RAW264.7 by using Cas9 as effector gene. The gene therapy did not cause harm to any
normal cells including MRC-5, HL7702 and BMSC.

To perform the clinical trials, the researchers has packed three plasmid TsgRNA-dCas9-VP64, C1-
HO and T-HO site-TMCP into adeno-associated virus. The recombinant adeno-associated virus was
then testified by the scientists which was combination of three viruses through co-transfecting cells
with (rAAVHO, rAAV-TsgRNA-dCas9-VP64, and rAAV-HO site TMCP). The result of this trials
illustrated that rAAV-TSD has significantly lessen the HepG2 and Hepal-6 cancer cells by killing
them though there was no harm on normal cells MRC-5 and HL7702 [48].

Such successful outcome in vitro experiment has let the researchers to conduct animal trials with the
testified recombinant adeno associated virus TSD. The first animal trial includes mice injected with
cancer cell Hepa 1-6 mixed with rAAVSs. Following after two weeks, the mice which were
transplanted with cancer cells combine with rAAV-MCS, developed tumors with hyperemia on both
side of the body. The developed tumor size was 83 and 85 mm3. The mice were treated with rAAV
TSD and it showed significant changes in the tumor quantity and sizes 14mm3 and 13mm3,
respectively.

The malignant cells bearing mice were treated with intravenously administered rAAVs in the second
animal trial. As a consequence, mice treated with rAAV-MCS developed significant tumors on both
sides, with mean tumor sizes of 237 mm3 and 293 mm3 on the left and right sides, respectively. The
mice treated with rAAV-TSD, on the other hand, had significantly smaller tumors on both sides, with
mean tumor sizes of 12mm3 and 20mma3 on the left and right sides, respectively.

The maximum number of tumors were eliminated in animal trials which were treated with rAAV-
TSD. Significantly, no mice died after receiving rAAVs in the two animal trials, suggesting that
rAAVs are safe. Finally, in the second animal experiment, they found Cas9 mRNA and viral DNA in
different tissues of mice to further investigate the cancer cell-specific expression of the Tage system's
effector gene. The virus was found in all identified organs in varying degrees of abundance; however,
Cas9 mRNA was seen in tumors of mice that had been injected with rAAV-TSD. The findings
suggested that the Tage system could only be activated in cancer cells, resulting in cancer cell-specific
effector gene expression.

Telomerase Mediated Suicide Gene Therapy

A telomerase mediated suicide gene therapy was developed by a group of scientists guided by Kieth
et al., where they have found hTR and hTERT as a potential target to create gene therapy to treat
cancer as they are actively expressed in numerous cancer cells. To mimic the delivery of telomerase-
specific suicide gene therapy vectors, they created a family of adenovirus gene therapy vectors that
drive the bacterial nitroreductase gene utilizing transcriptional regulatory regions from the telomerase
hTERT and hTR genes (NTR). The NTR gene converts the prodrug CB1954 into an active cytotoxic
alkylating agent via bioactivation [49].

They show that NTR is expressed selectively in cancer cells and that transcription of NTR constructs
was properly started from both promoters using infection of human cancer and normal cells and
Western blotting. These findings suggested that the telomerase promoters' cell-specific activity was
preserved in the viral context. Furthermore, in vitro and in vivo, a variety of human cancer cells were
sensitized to CB1954 in a promoter-dependent and dose-dependent way, demonstrating distinct hTR-
NTR and hTERT-NTR mediated increase of CB1954 induced cytotoxicity in monolayers and
xenografts.
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Drug resistant derivatives of the A2780 ovarian adenocarcinoma cell line, which are known to tolerate
the effects of a variety of DNA damaging drugs such as the alkylating agent N-methyl-N-nitrosourea,
the purine analogue 6- thioguanine, and the DNA crosslinker cisplatin, were successfully targeted by
this approach in monolayer experiments. They include three normal adult human epithelial cell lines
and demonstrate that, despite their high permissiveness for adenovirus infection, neither promoter
construct increased CB1954 toxicity in these cells or in normal foetal lung fibroblasts. The
insensitivity of three normal adult cell strains to telomerase focused treatments is an intriguing and
promising discovery, since telomerase targeted therapies should be characterized by preference for
cancer cells over normal cells. Combined together, the findings demonstrate that in viral models of
gene transfer, the differential promoter activity of the hTR and hTERT promoters between normal and
cancer cells are preserved, thus confirming the fundamental concept underpinning a telomerase-
directed strategy in gene therapy.

In conclusion, the addition of Ad-hTR-NTR and Ad-hTERT-NTR to a potential telomerase-specific
anti-cancer arsenal is a promising prospect, though optimal telomerase-directed gene therapy systems
will presumably require targeted delivery systems as well as a thorough understanding of the
regulation of hTR and hTERT genes in target tumors.

TERT promotor driven CRISPR Cas9 Mediated Gene Therapy

To develop gene therapy, CRISPR Cas9 has illustrated revolutionary outcomes in clinical trials, such
as in development of novel cellular immunotherapy, CAR T cell therapy to treat multiple myeloma
and also it contributed in artificial intelligence to advance genomic medicine and many more [50-52].

In the year of 2017, A study by Kim et al., used CRISPR Cas9 for the first time to target HRAS
oncogene in human bladder cancer. Kim et al., utilized hTERT promoter driven GAL4 for selective
activation of CRISPR/Cas9 to target the HRAS oncogene in bladder cancer cells [53].

In particular, the human TERT promoter promotes cancer specific GAL4 expression, and then it
attaches to binding system to induce a promoter driving Cas9 nuclease production, resulting in
preferred Cas9 upregulation in cancer cells by a genetic cascade. HRAS was silenced in bladder
cancer cell lines by its targeting guide RNA, GAL4, and UAS-activated Cas9 nuclease (HRAS-LV)
which was expressed by a lentivirus vector. On the contrary, HRAS was not affected in foreskin
fibroblasts, demonstrating the inhibition of HRAS by the hTERT promoter driven CRISPR/Cas9
genetic circuit. In comparison to NC-LV-treated groups, specific inhibition of HRAS by HRAS-LV
resulted in selective silencing of bladder cancer cell rapid increase, migration, and invasion, as well as
increased apoptotic cancer cell death. Thus, it indicates, CRISPR/Cas9-based TERT promoter-driven
genetic circuit can be used to selectively inhibit genes which induce carcinogenesis.

Gene Therapeutics by TERT promoter driven Oncolytic Cancer

Research has created a revised human TERT (mTERT) promoter to drive oncolytic adenovirus
replication and evaluated its anticancer effectiveness [54]. In the study the mTERT promoter which
contains added Sp1 and c-Myc binding sites induces elevated levels of transgene expression in TERT-
positive cancer cells than the unmodified human TERT promoter in which gene expression is 10-fold
higher. The result indicates that the promoter activity can be improvise in cancer by inserting
additional Sp1 and c-Myc binding sites.

Furthermore, mTERT promoter-driven oncolytic adenovirus replication increased the potential and
duration of antitumor effectiveness when compared to control oncolytic adenovirus replication under
the control of the unmodified human TERT promoter.
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Prominently, ten days after virus injection, 40% of mice gained complete tumor regression by the
mTERT promoter-driven oncolytic adenovirus. There was no visible tumor for up to two months,
which demonstrates that mMTERT promoter driven oncolytic adenovirus has more potent and durable
tumor growth inhibition than the other human TERT-driven oncolytic adenoviruses.

Moreover, the oncolytic adenovirus replicating under the control of the mTERT promoter had
significantly greater cancer selectivity than under the control of the unmodified human TERT
promoter. The data suggested that modifying the TERT promoter was required to enhance the
oncolytic adenovirus's cancer selectivity and cytolytic activity.

Two distinct modification techniques to enhance mTERT promoters were described in 2018.

The first method combined E2F and mTERT promoters with several copies of hypoxia response
elements (HRE) to produce two hypoxia-responsive and cancer-specific promoters (HEmT and
HmMTE) [55]. In experiment, HEmT illustrates elevated transcriptional activity than HmTE. It
demonstrates the order of individual promoter components has a significant impact on hybrid
promoter activities. In the both normoxic and hypoxic tumor regions, the active replication of
adenovirus has led HEmT promoter-driven oncolytic adenovirus to silence tumor growth more
effectively than a clinically approved oncolytic adenovirus (Oncorine) in a highly aggressive
orthotopic pancreatic tumor model.

In the second method oncogenic transcription factor binding domains were added [56]. By adding six
copies of HRE and five copies of c-Myc binding sites upstream of mTERT (creating HSCmTERT),
the mTERT promoter was enhanced further in this study to mediate oncolytic adenovirus replication.
Under both normoxic and hypoxic conditions, HSCmTERT promoter-driven oncolytic adenovirus can
replicate more efficiently in cancer cells than the mTERT-driven oncolytic adenovirus. It can enhance
antitumor efficacy and overcome the commonly observed downregulation of virus replication in the
hypoxic tumor region.

Telomerase Gene Therapy through RNA Interference

To generate telomere dysfunction, one of the methods uses vector-mediated expression of h\TERTC27
[57]. A 27-kDa human TERT polypeptide (nTERTC27) is missing many domains required for
telomerase activity, including TERC-binding domains of wild-type TERT and conserved reverse
transcriptase motifs. Despite RNA interference therapies which straight forwardly inhibit the
expression of TERC or TERT to impair telomere maintenance and malignancy, hnTERTC27 neither
suppresses nor limits telomerase activity [58]. The anticancer activity of hnTERC27 in TERT-positive
cancer cells is mediated by upregulation of the senescence-associated gene p21, or by promoting
senescence-like growth arrest and apoptosis in cells via nuclear localization of the hnTERC27
polypeptide, resulting in chromosome end-to-end fusion [57]. Because direct inhibition of telomerase
activity (as in the case of RNA interference) may exert selective pressure on cancer cells to adapt
alternative telomere lengthening to maintain telomeres in a telomerase-independent manner [59,60],
the indirect effect of hnTERTC27 could be beneficial for long-term therapeutic applications.
Importantly, lentivirus-mediated persistent expression of hTERC27 in TERT-positive cancer cells
reduced tumorigenicity relative to parental cancer cells. In a second study, AAV-mediated expression
of hTERTC27 was demonstrated to induce more robust apoptosis, resulting in strong anticancer
effects against glioma [61]. These findings demonstrated that vector-mediated expression of
hTERTC27 is a feasible cancer treatment approach.
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Anti-telomerase therapeutics besides Gene Therapy

The development of vaccines has eradicated several types of diseases [62]. Multiple approaches have
been made by targeting telomerase to treat cancer through performing cancer cell apoptosis. Antisense
oligonucleotides and immune-vaccines are two telomerase targeted therapeutics which has shown
significant results in clinical studies in human. Imetelstat has been thoroughly tested in preclinical
research due to its activity and effectiveness against a variety of malignant cell lines and in mice
xenograft models. It is developed to inhibit telomerase activity by intravenously. It contains a 13 Mer
N3'-P5' thio-phosphoramidate oligonucleotide which is connected with a palmitoyl 16 lipid moiety
by a 5'-thio-phosphate group. The function of the section of imetestat is listed on the table 2:

Section of Imetestat Function

It is known as the piller of imetestat. It has
the feature like acid. The other excellent

_ ) features include metabolic stability, high
1. Thio-phosphoramidate N ) i
aqueous solubility, resistance to the action
of nucleases and also to build RNA

duplexes [63].

It increases the cellular uptake in metabolic
2. Lipid moiety process and also it provides retention and
drug efficacy by high lipophilicity [64].

Table 2: Structure and Function of Imetestat

A feature which excellence imetestat from other antisense oligonucleotide is, its sequence get attached
with a complementary thirteen nucleotide region of human telomerase reverse transcriptase which has
high specificity and affinity on the active site of telomerase and direct inhibition of the activity of
telomerase.

Imetelstat inhibited telomerase, inducing telomere shortening in cancer cell lines originating from
malignancies of the bladder, breast, lung, liver, prostate, and pancreatic [65-67]. The drug was well
tolerated and very effective in eliciting telomerase suppression in mice models of human tumor
xenografts, guiding towards decreased tumor growth, avoidance of metastasis, and tumor sensitization
to conventional treatment [68]. Because of its extremely lipophilic nature, imetelstat was also shown
to effectively inhibit tumor development in a xenograft model by crossing the blood-brain barrier in
glioblastomas [69]. In a mouse model of Barrett's adenocarcinoma, the combination of nilotinib
(tyrosine kinase inhibitor) with imetelstat was shown to be more efficient than either drug alone in
suppressing homologous recombination and telomerase activity [70].

Several clinical experiments by using imetestat has been conducted according to registered clinical
trials in Clinicaltrials.gov. Among which eleven clinical trials has been completed though few trials
have been discontinued or terminated or withdrawn and few are recruiting patients and actively
ongoing. The completed clinical trials using imetestat are listed in the following table 3:
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Clinical Trial Particinants
identifier no & Type of Cancer Objective of the study | Drug used P Start Date Results
Number
Phase no
1.NCT01256762 | Metastatic Breast Cancer . Imetelstat sodium November 2010to | No result has been
) Safety and Efficiency | Bevacizumab 166
Phase: 1l . December 2012 posted
Paclitaxel

2.NCT01137968 Non-small cell Lung Safetv and Efficienc Imetelstat sodium 116 May 2010 to No result has been
Phase: Il Cancer y Y | Bevacizumab September 2013 posted

Brain and Central

Nervous System Tumors Determination of

Lymphoma MTD, toxicities and
3.NCT01273090 Lymphoproliferative chara(’:terize harma Imetestat, dose 34 May 2011 to No result has been
Phase: | Disorder Small Intestine . P escalation study October 2013 posted

- cytokines.

Cancer Unspecified

Childhood Solid Tumor,

Protocol Specific

Safety and the Individuals on imete
maximum tolerated Istat who had a short

4NCTO0510445 | | ﬁ%sﬁigv':oz)icﬁ?d i?]ose Imetelstat Sodium | July 2007 to April ;g;?}?eiisﬁ:\ff;gn
Phase: | g g y (GRN163L) 2011 y

combination with
paclitaxel and
carboplatin

ger median progress
ion free and overall
survival
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Imetelstat This thera
py, on the other han
d, showed no effect
on median progressi
on free and overall s
urvival with long tel
omerase.

ADRs:
thrombocytopenia a
nd neutropenia

5.NCT01731951 Primary Myelofibrosis

1SS i 0,
Phase: II Secondary Myelofibrosis | Efficacy Imetestat 80 October 201210 Remls_,smn In 21%
i ; i January 2019 of patients.

Myeloid Malignancies
6.NCT01265927 Safety and Biological GRN?“.L n- December 2010 to No result has been

HER2+ Breast Cancer combination with 10
Phase | effect October 2015 posted

trastuzumab
safety and the DLT:

7.NCT00310895 Solid tumor malianancies maximum tolerated Imetelstat Sodium 85 April 2006 to March throrﬁboc topenia
Phase: | g dose of GRN163L (GRN163L) 2013 yropenia,

. ) myelosuppression.
administration y pp

To improve the clinical Drug: Imetelstat (7.5

. mg/kg) ,
8.NCT01242930 Multiole mveloma &u;gmieorrgz:;nts lenalidomide 13 November 2010 to No result has been
Phase: 1l pie my standard of care December 2015 posted.

previously with

i metestat Imetelstat (9.4

mg/kg)
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9. NCT00718601
Phase: |

Multiple myeloma

Safety and the
maximum tolerated
dose (MTD)

Imetelstat Sodium
(GRN163L)

40

July 2008 to October
2011

No result has been
posted.

10. NCT00594126
Phase: |

Multiple myeloma

Safety and the
maximum tolerated
dose (MTD)

Imetelstat Sodium
(GRN163L)

20

November 2007 to
July 2011

DLT:
thrombocytopenia,
neutropenia,
anemia, aPTT
prolongation,
fatigue, nausea,
anorexia and
dizziness.

11. NCT01243073
Phase: 11

Essential
thrombocythemia

Safety and efficacy

Imetelstat Sodium
(GRN163L

20

December 2010-
April 2015

Eighteen patients,
all with positive
hematologic
response. Positive
molecular response
in most patients
with JAK2 V617F
mutation. ADRs:
neutropenia,
anemia.

12. NCT00124189
Phase: |

Refractory chronic
lymphoproliferative
disease

Safety, tolerability,
dose-limiting
toxicities, and MTD

Imetelstat Sodium
(GRN163L

48

July 2005 to March
2013

No result has been
posted.

Table 3: The completed clinical trials of Imetelstat (GRN163L) according to ClinicalTrials.gov
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On the contrary, anti-telomerase immune-therapeutics has demonstrated positive outcomes in cancer
treatment. Anti-telomerase immunotherapy's objective is to sensitize the immune system to tumor
cells expressing hTERT peptides in order to activate and create hTERT specific CD8+ cells with
improved anti-tumor effects. To create effective telomerase-based immunotherapy in cancer, two
main methods have been used: a hTERT vaccination strategy and a dendritic cell approach to prepare
antigen-presenting cells ex vivo. GVV1001, Vx001, and GRNVACL are three hTERT vaccines that
have been utilized to induce anti-telomerase immune responses in cancer patients [71]. GRNVACI,
Vx001, and GV1001 are promising telomerase-targeting vaccines that stimulate CD4+ and CD8+
responses in telomerase-positive tumors while having minimal effects on normal cells and no
autoimmunity, according to clinical trial results (Figure 4). To determine long-term toxicities in
patients, large multicenter studies are required. However, it is currently unknown whether any of these
vaccine candidates will proceed to registration studies in order to gain approval for clinical use. The
registered clinical trials on www.clinicaltrials.gov are listed in table 4:
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Vaccme_l\_lames & Functions Applied on Goal of the experiment Start and End Date Results
Identifier No Cancer Type
GRNVACL! is made up of mature autologous
dendritic cells that have been transduced with
hTERT and LAMP1 mRNA.
LAMP1 transports hTERT to the lysosomes,
where it is degraded into small peptides, trigg Acute It Wasdobselrlveclj to bz safe
GRNVAC1 NCT00510133 | ering a polyclonal immune response against al Myelogenous To determine the efficacy July 2007-August _ancwe tolerated. .
i - . - . Positive immune responses in
Phase: | | hnTERT epitopes expressed by patient tumors | Leukemia (AML) of the trial. 2014 55 % of patients
[77]. After three or six weekly |nject|ons,_ GR Toxicity: thrombocytopenia.
NVAC1 was found to be well tolerated with n
o signs of autoimmunity and elicited a robust
immune response in patients [78].
GV1001 Endogenous processing of the vaccine yields
NCTO01579188 an HLA class | peptide that .e|ICI_'[S b_oth. (?D4+ Non-small-cell To determine the efficacy May 2012- No result has been posted
i and CD8+ responses, resulting in significant lung cancer of the trial. May 2016
Phase: 111 . T
cytotoxic T-lymphocyte activation [74].
Endogenous processing of the vaccine yields . . . .
Gviool an HLA class | peptide that elicits both CD4+ Metastatic To deterrrune. efflcgcy n September 2006- The_addltlon of the GV1001
NCT00425360 L - combination with vaccine to chemotherapy had
and CD8+ responses, resulting in significant pancreatic cancer March 2013 .
phase 111 . — chemotherapy no effect on overall survival.
cytotoxic T-lymphocyte activation [74].
V001 The vaccine has a strqn g afflnlty_for HLA cla Non-small-cell To determine the efficacy August 2012-
NCT01935154 ss | and has shown a high rate of immune resp . No result has been posted
) - . lung cancer of the trial. December 2016
Phase: 11 onse in cancer patients [75, 76].

Table 4: Clinical Trials for Anti-Telomerase Vaccines.
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Figure 4: An overview of Anti-Telomerase immune-therapeutic vaccines producing CD8+ to induce
death in tumor cell.

Conclusion.

Telomere attrition can cause numerous of age-related diseases along cancer. To ease this problem,
transfer of genes to maintain telomere stability can be consider as a potential way to treat the age-
related diseases. The first human trial of telomerase gene transfer was reported in 2015 as a self-
experiment. Although the research did not get published to a peer reviewed journal, the company is
gathering experimental data from researchers to support their statements to combat the age-related
diseases. To develop new drugs to treat a specific disease, it takes a huge amount of time and cost.
Multiple approaches have been taken to develop accurate drug for the treatment of cancer. [72].
Telomerase mediated gene therapy has the potential to lead cancer toward remission.

Throughout most instances, cancer is a genetic illness that develops over time as a result of the
buildup of genomic instability. Cancer cells typically develop ways to avoid natural senescence
caused by telomere attrition and attain immortality. Reactivation of TERT, which is increased in 85%
of clinical cases, is the most often used method for telomere maintenance by cancer cells.

TERT reactivation is common in cancer patients, and it plays an important role in cancer longevity,
making it an appealing therapeutic target for cancer treatment.
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Silencing or inhibition of TERT or TERC activity are further applications within the realm of gene
therapy that exploit constitutive activation of TERT in cancer [73-75].For example, sSiRNA or
antisense RNA targeting TERT has been a popular gene therapy [76-81], with a small number of
studies examining various strategies (such as expression of the c-terminal TERT polypeptide
(nTERTC27) [61,82,83], CRISPR/Cas9 targeting an oncogenic TERT promoter mutant allele that
allows constitutive activation in cancer [84], or microRNA-mediated downregulation of TERT by
targeting the 30 -UTR. These methods, in general, promote cellular senescence, cause apoptotic tumor
cell death, and slow tumor growth.

Among all these approaches, AAVs mediated telomerase gene therapy has the most potential to be
successful in human trials as numerous studies has shown that it has the significance to reduce cancer
cells without effecting normal cells.
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