Available online at www.worldscientificnews.com

World Scientific News

WSN 42 (2016) 87-100 EISSN 2392-2192

Activities of human telomerase in cancer
development, detection and therapeutics - A Review

Partha Pal'*, Spandita Ray?, Koly De (Dutta)®

'Assistant Professor, Department of Zoology, Scottish Church College
1 & 3 Urquhart Square, Kolkata - 700006, India

’Ex-PG Student, Department of Biological Sciences, Presidency University Kolkata, India
3Department of Microbiology, Scottish Church College, Kolkata - 700006, India
*Phone: 91-33-2350-3862

*E-mail address: parthapal_iicb@yahoo.co.in

ABSTRACT

Telomeres are the specialized nucleoprotein structures associated with eukaryotic chromosomal
ends, which are essential for maintaining the stability of the linear eukaryotic chromosomes.
Progressive telomere shortening is an inevitable occurrence in normal somatic cells due to the end-
replication problem leading to limited replication efficiency. The hallmark characteristics of human
cancer cells include infinite reproductive potential, uncontrolled proliferation and immortality. These
abilities of transformed cancerous cells are mainly due to the maintenance of their telomeres since
degradation of chromosomal telomeric ends leads to cellular senescence or death. Thus telomere
biology is important in the study of human cancer development. The mechanism by virtue the cancer
cells are able to divide indefinitely is by maintaining telomeres. Activity of telomerase, a telomere-
elongating ribonucleoprotein reverse transcriptase enzyme, is responsible for inducing the property of
immortality to cancer cells. In humans nearly about 80% to 90% cancer cells activate telomerase and
elongate their telomeres to overcome the end-replication problem. Telomere shortening suppresses
cancer formation in contrast according to certain reports it sometimes promotes genomic instability
which leads to enhancement of carcinogenesis and consequently the development of malignancy.
Majority of cancer cells activate telomerase, but it remains mysterious as to find the reasons of the fact
that certain cancer cells often show shorter telomeres in comparison to the cells in the surrounding
normal tissues. This controversial role of telomerase associated with certain transformed cells leading
to the cancerous state in relation to its role in normal cells is an interesting field to study which points
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out to the fact of development of cancer cells targeting drugs based on telomerase activities as an
alternative weapon in combating against this dreaded human disease. The present review focuses on
the activity of telomerase in telomere maintenance in the development of cancerous cells in humans,
the use of telomerase as an assay technique for cancer detection as well as the anti-cancer therapeutic
approach of targeting the telomerase in the current era of treatment of human cancer.
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1. INTRODUCTION

The eukaryotic chromosomal ends are characterised by the presence of specialized
structures, the telomeres. The telomeric end of the chromosomes shortens with each round of
replication during the synthetic phase of the cell cycle because of the end replication problem
which plays critical role in maintaining the cellular integrity and hence the genomic stability.
Eventually, critically shortened telomeres in normal somatic cells fail to protect the
chromosome ends against the DNA damage response, resulting in cellular senescence or
apoptosis. In contrast most cancer cells maintain the telomeres evading senescence or
apoptosis by activating telomerase, a telomere-elongating reverse transcriptase enzyme. The
telomere position effect influences chromatin status and gene expression which suggests,
differences in telomere length may directly affect the behaviour of cancer cells. In normal
human cells, telomere shortens with successive cell division (Cooke et al., 1986; Harley et al.,
1990) probably due to loss of terminal sequence during DNA replication (end replication
problem). In tumorous growth cells, the telomeric shortening is halted through the activation
of telomerase (Counter et al., 1992: Counter et al., 1994; Kim et al., 1994). Thus telomere
length is stable in several immortalized cell line (Counter et al., 1992), suggesting that a
regulatory mechanism exists for limiting telomere elongation by telomerase. This particular
behaviour of certain transformed cancer cells is an interesting topic of study. In this report the
telomere maintenance in certain cancer cells and the telomerase activities in promoting
carcinogenesis are briefly discussed as well as the use of telomerase in cancer detection and
the therapeutic approach of targeting the telomerase in the control of cancerous cell growth in
human cancers.

2. THE CHROMOSOMAL END-REPLICATION PROBLEM

The 3" ends of linear chromosome in eukaryotic cells are not replicated by DNA

polymerases since it can replicate only in a 5 to 3 direction by extending existing
polynucleotide chains. The mechanism of DNA replication follows semi-discontinuous mode
where the leading and the lagging DNA strands are synthesized simultaneously. The leading
strand is replicated continuously. The lagging strand DNA polymerization starts from several
RNA primers, which are elongated to create DNA fragments, termed Okazaki fragments and
thus this strand of DNA is synthesized discontinuously. These RNA primers are finally
degraded and replaced by DNA sequences and both the reactions are catalysed by DNA

. Id Id = .
polymerase having 5 - 3 exonuclease as well as polymerase activity.
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Removal of the terminal RNA primer on the lagging strand by exonuclease activity
leaves a gap that ordinarily is filled in by extension of the next Okazaki fragment. The
absence of any template strand for the “last” Okazaki fragment beyond the 5 end of the
chromosome the progeny strand for that part cannot be synthesized to its very end. This
particular molecular event is the end replication problem that predicts the progressive
reduction of chromosomal DNA from the 3" ends after each round of cell cycle following
replication.

From previous reports according to Olovnikov, 1973 (Olovnikov, 1973) and Watson,
1972 (Watson, 1972) who pioneered the implications of this end replication problem, lacking
a means to replicate chromosome ends chromosome would shorten with each cell division,
ultimately reaching a certain point of chromosomal shortening which leads to cell
senescence/death. Earlier Hayflick, 1961 had previously pointed out that most cultured cells
could survive only a limited number of cell divisions and suggested that finite cellular
lifespans might explain why physiologic function breaks down as an organism ages (Hayflick
etal., 1961).

3. TELOMERES AND TELOMERASE

The 3" ends of eukaryotic chromosomes bear special structure the telomeres, which are
provide protection from enzymatic end-degradation as well as maintaining chromosomal
stability within the nucleus of normal cells. Chromosomes with shortened telomeric tips fuse
with other such chromosomal ends or become lost during cell division resulting in the loss of
the chromomsome itself. Moreover the telomeres also play major role in nuclear organization
of the cellular nucleus by serving as attachment points to the nuclear matrix (de Lange, 1992).
The biochemical constituents of telomeres include a DNA component and multiple protein
components (Greider, 1996).

The sequence analysis of telomeric DNA showed noncoding tandemly repeated
sequences and the exact repeat sequence varies from one species to species. Similar analyses
of the chromosomes of humans and other vertebrates hexanucleotide TTAGGG in 5 to 3~
direction repeat unit is reported. Further genomic studies showed that such repeats are also
found in other internal regions of the chromosomes (Katinka and Bourgain, 1992). The
humans telomeric ends are 8-14 kilo basepairs (kbp) long, whereas the mean telomeric repeat
lengths in some lower forms like ciliates the size is much smaller ranging about 36 bp
whereas in mice the range may be as much as 150 kbp (Kalluri, 1996). Thus the telomeric
ends vary a lot within different groups of animals.

The eukaryotic telomere which plays a major role in genomic stability is maintained by
telomerase which is by nature a reverse transcriptase by virtue of its action of copying the
short RNA template sequence within the telomerase RNA into DNA; an enzyme that copies
RNA into DNA is by definition a reverse transcriptase. The protein part of human telomerase,
telomerase reverse transcriptase (nTERT), is indeed a protein enzyme and its amino acid
sequence includes reverse transcriptas.e motifs. However, the RNA is also critically important
to the enzyme action, and not only because it provides the template. The template is only a
minor part of the entire telomerase RNA molecule. The telomerase RNA is built into the
structure of the core ribonucleoprotein complex of telomerase, which contains the protein
hTERT and the telomerase RNA component (Feng et al., 1995).
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4. PROTEINS THAT INTERACTED WITH TELOMERE AND TELOMERASE

4. 1. Telomere associated proteins

Telomere length in human cell lines can be maintained in two ways: either by
telomerase-mediated elongation (Morin, 1989) or in a telomerase-independent pathway that
may involve recombination (known as alternative lengthening of telomeres or ALT).
According to a study it is reported that several immortal cell lines maintain a stable telomeric
length and suggested that regulatory mechanism exists for limiting telomere elongation by
telomerase (Counter et al., 1992).

The identification of two of the major telomeric DNA-binding proteins — telomeric
repeat binding factor 1 and 2 (TRF1 & TRF2), the credit goes to the pioneering work by the
de Lange laboratory (Chong et al., 1995; Broccoli et al., 1997; van Steensel et al., 1998; van
Steensel and de Lange, 1997; Smogorzewska et al., 2000; Bianchi et al., 1999). TRF 1 and
TRF 2 are associated with telomeric repeats throughout the cell cycle and are responsible for
the length regulation of human telomere either directly or by their interaction with other
regulatory factors. Both of these factors are expressed in all human cell types as reported by
various authors.

The factor 1 identified TRF1, which is involved in this regulatory process concerned
with telomere length maintenance and it is observed that in telomerase —positive tumor cell
line like HT1080 over expression of TRF1 resulted in a gradual and progressive telomere
shortening suggesting that TRF has a role in telomere length stability in transformed human
cell lines. It is also reported by other group of scientists that TRF1 functions as a suppressor
of telomere elongation and also involved in the negative feedback mechanism for stabilizing
telomere length. (Shay, 1999; Greider, 1996; Smith et al., 1998; Smith and de Lange, 2000;
Bilaud et al., 1997; Smith and de Lange, 1999; Kim et al., 1999; Li et al., 2000; Zhu et al.,
2000; Bianchi and de Lange, 1999; Hsu et al., 2000).

The 3" terminus of the telomeric end of the chromosome has single stranded overhang
which varies in length according to the cell types under investigation. Recently electron
microscopic analysis of telomere has revealed that the 3" end forms a higher order structure
called the t-loop (Griffith et al., 1999).

4. 2. Telomerase associated proteins

The catalytic proteins component of human telomerase RNP consists of a (hTERT,
human telomerase reverse transcriptase) and the ribonucleic acid part is a 451 bp integral
RNA (hTR, Human Telomerase RNA).

Both these two components are essential for normal telomerase activities (Bodnar et al.,
1998; Weinrich et al., 1997). Sequence analysis revealed that the 3 half of the hTR resembles
the box H/ACA family of small nucleolar RNAs (snoRNA) (Mitchell et al., 1999; Chen et al.,
2000). Similarly the 5 end of the hTR contains the template used for addition of telomeric
sequences to the end of the chromosomes (Feng et al., 1995; Greider and Blackburn, 1987) as
well as a pseudoknot that is likely to be important for telomerase function (Gilley and
Blackburn, 1999).

Another study reported that the 5 end of the hTR also contains a 6bp U-rich tract
required for the direct interaction with hnRNPs C1 and C2 (Ford et al., 2000). More recently,
it was reperted that a La autoantigen which is concerned with the assembly of other RNA
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particles (Ford et al., 2001; Pannone et al., 1998; Kufel et al., 2000) and the maturation of the
tRNA molecules has been shown directly to interact with the human telomerase RNP; Ford et
al., concluded that La’s expression levels influence telomere length in a telomerase RNA-
dependent fashion along with its normal function (Ford et al., 2001).

5. TELOMERASE ACTIVITIES IN CANCER DEVELOPMENT

According to the theory of carcinogenesis uncontrolled cell proliferation is the hallmark
for development of malignancy, which leads to the immortality of cancerous cells. This
particular property of malignant cell lines is linked with the activity of a specialized part of
the chromosome the telomere. The controlled cell growth of the normal cells is associated
with progressive shortening of the telomeric end of the chromosomes which ultimately results
in cell apoptosis. From various studies it is reported that the telomerase activity is associated
with maintaining a balance between the telomere shortening after each round of cell cycle and
the telomere elongation in malignant cell lines.

This fact can be correlated with the findings such as in one study it was detected that in
certain tumor cell type shorter telomeres exist than the cells of normal original tissue
(Bacchetti and Counter, 1995). Moreover different studies conducted on telomerase acticvity
in different cancer cell types as for example in neuroblastoma, endometrial cancer, breast
cancer, leukemias, and lung cancer, the severity of the cancerous state can be correlated with
decreasing telomere lengths. (Hiyama et al., 1992; Smith and Yeh, 1992; Odagiri et al., 1994;
Ohyashiki et al., 1994; Hiyama et al., 1995 (1)) The karyotypic It has already been reported
that telomerase reactivation is dependent upon the degree of telomere shortening in normal
cells since shortening of telomeres beyond a certain extent leads to karyotypic instability.
Although low amounts of telomerase activity are reported in normal human tissues including
hematopoietic progenitor cells and activated T- and B- lymphocytes (Hiyama et al., 1995 (2)),
in germ cells, ovaries, and testes (Wright et al., 1996) and in physiologically regenerating
epithelial cells (Yasumoto et al., 1996).

The activation of telomerase in certain human cancer development can be advocated in
the acquisition of malignancy in benign and premalignant tumors, including breast fibrocystic
disease and fibroadenomas, benign prostatic hyperplasia, colorectal adenomas, anaplastic
astrocytomas, and benign meningiomas and leiomyomas, in general no telomerase activity
was detected; however, it was found in malignant tumor stages (Hiyama et al., 1996;
Sommerfeld et al., 1996; Langford et al., 1995; Chadeneau et al., 1995).

The activity of telomerase has diagnostic importance in the early detection of
progression towards malignancy of certain benign stages of tumors. This approach of
telomerase based assay in malignancy detection has been applied in cases of benign prostrate
hyperplasia, benign giant tumors of the bone as well as in tissues that may proceed towards
malignancy (Sommerfeld et al., 1996; Langford et al., 1995; Chadeneau et al., 1995;
Schwartz et al., 1995). This fact has been elaborated in another finding where neuroblastoma
cells the telomerase activity increased in the later stages of cancer than the early stages
(Hiyama et al., 1995 (3)). Another contradictory finding stated that the telomerase activity
became weak at a special stage (Stage 1V) of neuroblastoma.

The reason stated for this behaviour favourable for patients affected with that type of
cancer was based on the assumption that the enzyme activity too weak to sustain in an
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immortal cell environment (Hiyama et al., 1995 (4)). Moreover evidences from gastric cancer
cells it was reported that the telomerase activity has useful diagnostic value since it serve as
an indicator in the cancer development. The gastric cancer patients showing detectable
telomerase activity in their tumors have a shorter survival rate than those devoid of any
telomerase function in their tumors (Hiyama et al., 1995 (4)).

6. TELOMERASE ASSAY IN CANCER DETECTION

According to a report the telomerase activity in a normal and malignant cell types can
be detected using molecular biological methods including Telomerase Repeat Amplification
Protocol (TRAP) assay, which utilizes the Polymerase chain reaction (PCR) technology (Kim
et al., 1994). TRAP assay detected telomerase activity in almost all tumor samples tested but
in contrast to the normal tissues. The germ cells in the ovary and testis showed telomerase
activity (Kim et al., 1994). In another study conducted using the TRAP assay reported
according to the previous study and concluded that around 85% of solid tumor samples have
detectable telomerase activity (Shay and Bacchetti, 1997).

In a different experimental study certain modification of TRAP assay has been utilized
including, TRAP-ELISA assay and using another technique non-radioisotopic silver staining
telomeric repeat amplification protocol (Wei et al., 1997; Wei et al., 1998) telomerase activity
was reported in a large number of cells and also in liver carcinomas (Mu and Wei, 2002).

According to Langford et al., (Langford et al., 1995) the telomerase activity in certain
cell lines are variable as observed in glioblastoma and retinoblastoma where 50% activity was
noticed in comparison to 90% in usual cancerous cases. In meningiomas and astrocytomas
telomerase activity was not even detectable (Langford et al., 1995).

Research on telomerase based diagnosis of stomach cancer it was reported that the
telomerase activity in neoplastic cells is dependent upon the human telomerase reverse
transcriptase mMRNA (hTERT). The upregulation of hTERT mRNA is responsible for
telomerase activity in human tumor cell lines which acts as a genomic marker in the detection
of cancerous state. Moreover it was also reported that independent of telomerase activity the
expressions of human telomerase RNA (hTR) and telomerase-associated proteins were
noticed in telomerase-negative cells and tissues. Scientists used modern technique of enzyme
assay such as immunohistochemical method in the detection of hTERT in gastric carcinomas.
The result of their experiments detected telomerase activity in neoplastic gastric carcinomas
whereas in non-neoplastic cell lines no telomerase activity was detectable (Wataru et al.,
1998).

The study based on immunohistochemical assay for the detection of hTERT in cancer
cell lines will serve as a novel approach for cancer diagnosis (Wataru et al., 1998). A
modified application based on immunohistchemical was conducted by another group of
scientists using anti-nTERT antibody-reactive protein (Poreboma et al., 2000).

The potentiality of telomerase assays in cancer diagnosis remains an area is a novel
approach and still further investigations are of utmost need in the present era. The assay based
on the detection of hTERT or other telomerase-associated will complement the approach for
the determination of telomerase activity in neoplastic cell lines which may help in the quick
and early detection of malignancy, the hallmark of oncogenesis.
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7. TARGETING TELOMERASE AS ANTI-CANCER THERAPEUTIC APPROACH

In contrast to telomerase activities for telomere maintenance in immortal cell lines there
are alternative pathways in isolated cancer cell lines where the telomere length is maintained
based on recombination events. This view was advocated by Bryan et al., (Byran et al., 1995).
Recent research on anti-telomerase drugs revealed the fact that inhibition of telomerase might
lead to the erosion of the telomeres in cancerous cell lines potentiating the belief that drugs
targeting telomerase has the potentiality to reduce cancer cell growth (Shay and Keith, 2008;
Harley, 2008).

Telomeres consist of tandem arrays of a short DNA sequence, TTAGGG in vertebrates
and telomerase repeatedly adds the sequence repeats to chromosome ends as a solution for the
end replication problem of eukaryotic cells (Lodish et al., 2013). It was reported that the G-
rich sequence is capable for the synthesis of G —quadruplex which has to be unfolded before
telomerase can function (Parkinson et al., 2002). These findings led to the concept that
molecules promoting the formation of quadruplex may function as telomerase inhibitors in
cancer cells leading to erosion of the telomeric ends. Previously many quadruplex-stabilizing
effects have been identified with antiproliferative properties (Sun et al., 1997; Riou et al.,
2002). One of the drawbacks of targeting the G —quadruplex resides in the fact that those
quadruplex interferes with other G-rich sequences in the genome leading to unexpected
effects (Siddiqui —Jain et al., 2002).

For the identification of genetic alternations related with tumors can be exploited for
new therapeutic approaches and thus modern research relies on RNAI technologies to identify
genes that when inactivated induces death of tumor cells but not normal cells (Lodish et al.,
2013). Antisense oligonucleotides are sequenced and cloned to identify the RNA of human
telomerase (Feng et al., 1995). Demidov et al., (Demidov et al., 1994) identified an
interesting type of antisense agent, peptide nucleic acid (PNA) which is a DNA mimic having
the entire deoxyribose phosphodiester backbone replaced by N-(2- aminoethyl) glycine units.
The agent PNA is highly resistant to degradation by protease and nuclease and capable of
forming double helical complexes with single-stranded nucleic acids either DNA or RNA.
Another group of scientists working in this field studied the effect of 19-mer antisense
oligonucleotide linked to 2,5-oligoadenylate against telomerase isolated from human
malignant glioma cell lines which resulted in the activation of endoribonuclease RNAase L.
The authenticity of the conjugate was verified by researchers when in vitro tumor cell growth
was reduced which was further correlated when in vivo analysis using nude mouse xenograft
gave similar result as well as in vitro prostate cancer cell lines (Kondo et al., 1998).

In another experimental study using the ribozyme technology which is a modification
and extension of the antisense technology telomerase activity was inhibited in the endometrial
cancer cell lines AN3CA (Yokoyan et al., 1998). They designed a hammer-head ribozyme
that can bind to its target RNA sequence and induce a specific chemical cleavage at the 44-46
GUC residue of the enzyme telomerase. This is a novel technology and in near future it will
be a handy technology for cancer detection based on telomerase.

Vonderheide et al., 1999, suggested that partial peptides derived from the telomerase reverse
transcriptase hTERT were capable to elicit a cytotoxic T-lymphocyte response which could
lyse hnTERT positive tumor cell lines (Vonderheide et al., 1999).

Researches based on the transfection experiments using the tumor suppressor genes p53

and RB and utilizing recombinant adenovirus as vectors showed recognisable cancerous cell
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growth arrests as well as apoptosis (Kanaya et al., 200). They proposed the possibility of
affecting the promoter of hTERT by the incorporation of the p53 at the binding site for the
transcription factor SP 1 (Kanaya et al., 2000). Moreover the limitations of the telomerase
targeting in cancerous cell telomere shortening leading to cell death depends on the fact that
the process requires quite a number of generations and it is reported that it often exceeds the
number of generations required for the cell to reach malignancy and lethality. This drawback
can be counteracted by the use of telomerase as a tumor antigen (Kanaya et al., 2000).

Although the telomerase based cancer therapeutic approaches are being extensively
used in the recent research activities the previous investigations had pointed out the
limitations of this technique. Bryan et al., in 1995 pointed out that approximately 10% — 15%
of certain cancerous tumor cells are independent of telomerase activation for maintaining their
telomere length (Byran et al., 1995). Thus for these tumors, the inhibitor of the telomerase
activity may be unuseful. Moreover it was also reported that the inhibitors worked best in
cultured tumor cells when telomeres were shortest, but little is known about the length of
telomeres in primary human tumors (Bryan et al., 1995). Another interesting fact about
telomerase inhibitors was pointed out by Morin in 1995 that an effective inhibitor of
telomerase might impair the function of normal cells, which have low levels of telomerase
activity (Morin, 1995). However further researches in this field is of utmost need in
considering the therapeutic potential of telomerase inhibitors which can serve as a useful tool
for cancer therapy.

8. DISCUSSION

Recent work suggests that telomerase play a key role that go beyond telomere
maintenances (Cong and Shay, 2008; Maida et al., 2009). Similarly the discovery of
noncoding transcription at telomeres (Luke and Lingner, 2009; Schoeftner and Blasco, 2009)
suggests that they may be even more complex than had been originally imagined. Telomerase
activities are highly diversified and are very much necessary for genomic stability of normal
cells. The activies of telomerase in cancerous cells are varied and in some cancer types the
immortatlity of cells are due to continued expression of telomerase in contrast to normal cells.
In certain cancer cell types the shortened telomeric ends are maintained and the mechanism
by which the telomerase action is controlled is still to find out in detail molecular analysis.

9. CONCLUSION

The positive aspect of telomerase based therapeutic approach in cancer treatment over
the conventional chemotherapy relies on the consideration that it is much less toxic to the
normal cells of the patients and consequently undesirable side effects are less pronounced.
The human haematopoietic stem cells, germ cells and activated T —and B -lymphocytes are
telomerase positive and incorporation of telomerase targeting inhibitors block telomere
synthesis in patients undergoing the therapy. Another problem is in the variability of telomere
lengths among tumors. Telomerase inhibition seems to be useful only in malignant cells with
short telomeres; tumor cells with long telomeres would require a prolonged treatment, with
possible toxic side-effects. Moreover alternative pathways besides telomerase may exist in
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some cancer cell lines for regulating/maitaining telomere length. Further research in this field
is of urgent need in the present decade to get an insight into the cellular basis of telomerase
action in human cancer development and to develop novel molecular methods in early
detection of cancer cells using telomerase based assay along with the use of anti-telomerase
treatment procedures as an alternative method to fight against this life threatening disease of
humans.
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