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Abstract

Engaging a telomere maintenance mechanism during DNA replication is essential for almost all
advanced cancers. The conversion from normal and premalignant somatic cells to advanced
malignant cells often results (85-90%) from the reactivation of the functional ribonucleoprotein
holoenzyme complex, referred to as telomerase. Modulation of the human telomerase reverse
transcriptase (#7TERT) appears to be rate limiting to produce functional telomerase and engage a
telomere maintenance mechanism. The remaining 10-15% of cancers overcome progressively
shortened telomeres by activating an alternative lengthening of telomeres (ALT) maintenance
mechanism, through a DNA recombination pathway. Exploration into the specific mechanisms of
telomere maintenance in cancer have led to the development of drugs such as Imetelstat
(GRN163L), BIBR1532, 6-thio-dG, VE-822, and NVP-BEZ235 being investigated as therapeutic
approaches for treating telomerase and ALT tumors. The successful use of 6-thio-dG (a nucleoside
preferentially recognized by telomerase) that targets and uncaps telomeres in telomerase positive
but not normal telomerase silent cells has recently shown impressive effects on multiple types of
cancer. For example, 6-thio-dG overcomes therapy-resistant cancers in a fast-acting mechanism
potentially providing an alternative or additional route of treatment for cancer patients. In this
perspective, we provide a synopsis of the current landscape of telomeres and telomerase
processing in cancer development and how this new knowledge may improve outcomes for cancer
patients.
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1. Background

Recent advances in developing therapies for treating patients with advanced cancers have
significantly increased patients’ overall survival. Targeted therapies and cancer
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immunotherapies have provided advanced cancer patients with hopes of durable remissions
that are supplementing or replacing standard chemotherapy and radiation therapy. Many
cancers, however, inevitably develop resistance to drug and radiation regimens and
eventually re-establish the tumor ecosystem following initial responses. In order to improve
durable long-lasting responses and overall patient survival rates, numerous efforts have been
directed toward understanding molecular mechanisms by which tumors exhibit intrinsic
resistance or develop acquired resistance to existing therapies. One of the more recent areas
of interest includes the modulation of telomeres, due to their key function in the
maintenance of cancer cells.

Telomeres, the end caps of eukaryotic linear chromosomes (Figure 1), have a major
physiological role important in the overall proliferative lifespan of somatic cells. Telomeres
act as guards during cell replication, and function to protect cells from being recognized as
DNA damage. Mammalian telomeres consist of d-TTAGGG repeats and contain a specific
“shelterin” complex of six proteins, which prevents end-to-end chromosomal fusions and
recognition as DNA damage.! They are essential for chromosomal maintenance and
genomic stability.2 Telomeres shorten when normal cells undergo each replication due to the
“end replication problem”.3 This leads to a natural senescent phenotype once a specific short
length, often termed the “Hayflick limit”, is reached.? This process is largely involved in the
aging process of normal cells due to a lack of engaging a telomere lengthening mechanism.

Some proliferating, stem-like cells and cancer cells engage a functional ribonucleoprotein
enzyme complex termed telomerase that works to counteract the telomere shortening
problem by adding telomeric DNA repeats to the ends of the chromosomes.* Telomerase,
itself, contains two major components. The first, human telomerase reverse transcriptase

(h TERT) embodies the catalytic reverse transcriptase protein component of the holoenzyme.
In combination with other components of telomerase, human 7ERT helps to modulate cell
survival and proliferation through telomerase-dependent telomere lengthening.® Human
TERT also acts in a telomerase-independent fashion through intermolecular interactions,
specifically involving 7753 (p53) and poly(ADP-ribose) polymerase (PARP).6 For example,
down regulating h 7TERT expression in breast cancer-induced cell death in a telomere length-
independent fashion is counteracted by upregulating p53, demonstrating a potential
connection between the two. Secondly, the human telomerase RNA component (h 7TERC)
serves as the functional RNA component, which works through its template region to direct
the synthesis of the correct 5’~-TTAGGG repeats for addition to the 3’ telomere end.
Telomerase is inactive in most but not all somatic cells, while it is active in 85-90% of
cancer cells.”89 This allows telomerase to act as a biomarker to differentiate cancer cells
from almost all somatic cells, while also providing a possible avenue of cellular survival and
proliferation control. In somatic cells that proliferate frequently (e.g. skin, intestines and
blood), telomerase can be transiently activated increasing the number of divisions a normal
cell can undergo. However, this transient activation of telomerase becomes silenced upon
differentiation. Little is known about the mechanisms that regulate telomerase in these
highly proliferative somatic cells. In contrast, cancer cells appear to maintain telomerase
activity to control telomere length in order to continuing dividing. However, the elongation
of telomeres by telomerase is not the only method by which this process can occur.
Additional mechanisms that regulate the alternative lengthening of telomeres (ALTS)
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maintenance pathway provides soft tissue sarcomas, some gliomas and a minority of other
cancer cell types with a second method to maintain the lengthening behavior.

2. Telomerase

Telomerase, which is normally silent or present at a very low level in somatic cells, can be
reactivated in the process of transforming normal cells to cancerous cells.10 It is
hypothesized that telomerase can be reactivated in a variety of ways, though the precise
mechanisms by which it is activated are still largely unknown. Often though, telomerase can
be activated due to mutations in the non-coding promoter h 7TERT region. Indeed, telomerase
promoter mutations are believed to be the most common non-coding mutation in cancer.1!
Historically, protein-coding regions of genes or splice junctions were the only known
somatic mutations in tumors due to their high prevalence.1? In 2013, however, mutations in
hTERT promoter regions were observed in a wide variety of cancers.12:13 This observation
altered the mutational landscape, leading to further investigation into regulatory mutations
and their significance in relation to carcinogenesis.

2.1 Mutations in hTERT Promoter Regions

Point mutations in the h TERT promoter - specifically, C228T and C250T - were first
observed in familial malignant melanomas that did not carry germline mutations,12:13
Mutational loads appear to correlate with telomere length and with the age of the cell. There
is mounting evidence supporting the idea for a telomere chromatin loop structure in the

h TERT promoter region (~1 Mb from the telomere) that is conserved in young cells with
elongated telomeres.1# This occurs in most large long-lived mammals and with progressive
telomere shortening this telomere looping structure is lost, changing the epigenetic
landscape in the locus around the 7ERT gene facilitating promoter mutations4. Moreover,
shorter telomeres have been linked to increased genomic alterations, and may possibly
explain the regular occurrence of h 7TERT promoter mutations during periods of decreased
telomere length.1> C228T and C250T point mutations increase transcriptional activity of

h TERT through the creation of a new binding motif for ETs transcription factors and ternary
complex factors (TCFs) near the transcriptional start of h 7TERT.13

A high prevalence of mutations in the same h 7ERT promoter region were observed in
sporadic melanomas, which also led to increased transcriptional rates. The cytidine-to-
thymidine point mutations (C228T and C250T) were observed within 100 base pairs of the
h TERT transcriptional start and appeared mutually exclusive. These studies demonstrated an
ability to increase the transcriptional activity from the h 7ERT promoter when this region is
mutated.12:13.16 The frequency of mutations in the h 7ERT promoter region was higher than
that of either BRAF or NRAS mutations in melanomas, suggesting h 7ERT as an important
factor in inducing carcinogenesis through its dysregulation.12:13 Furthermore, tumors with
BRAFor NRAS mutations contained h 7TERT promoter mutations at a statistically significant
higher rate than those without mutations, suggesting that BRAF or NRAS mutations
accelerate the melanomagenesis in concert with h 7ERT promoter mutations.1” It has also
been shown that h 7TERT promoter mutations could be used as an independent prognostic
factor in cutaneous melanomas.’
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In 2015, Shain and colleagues sought to explore the evolutionary trajectory of 37
melanocytic neoplasms, in order to provide a depiction of the genetic order of acquisition of
specific oncogenic mutations.18 Those 37 melanocytic neoplasms were grouped into four
histologic categories including benign lesions, intermediate lesions, melanoma /n situ, and
invasive melanomas. h TERT promoter mutations were present in 77% of melanomas that
were classified as either intermediate lesions or melanoma 7 situ.18 All neoplasms were
thought to have been initiated from mutations activating the MAPK pathway, with variations
in h TERT being the first set of secondary mutations observed in intermediate lesions. The
observation that h 7ERT promoter region mutations occur early on in cancer development
has also been revealed in a study of bladder cancer.1® The presence of #7TERT mutations
appears to explain the cellular trajectory into melanoma, and a further mutational load once
the initial MAPK pathway had been activated by oncogenic BRAF or NRAS mutations.18
This was due to the observation that in the absence of h 7TERT promoter mutations, most
cells were incapable of surviving through replicative stressors (Figure 2). Without h TERT
promoter mutations, proliferation led to mitotic errors, resulting in cell death or premature
senescence.18 Shain et a/. (2015) portray the evolution of benign lesions to metastatic
melanomas as starting with the activation of the mitogen activated protein kinase (MAPK)
pathway followed by the acquisition of h 7TERT promoter region mutations.18 These
promoter mutations then lead to a larger and more diverse mutational load that branches the
evolutionary pathway (Figure 2). Accompanying the progression of melanoma from early to
a more advanced stage, further factors, such as the level of UV damage, appear to participate
in the evolutionary pathway of this disease.18

The direct contribution of h TERT promoter mutations towards the development of cancer is
still somewhat understudied. Recently though, Chiba and colleagues asserted the idea that

h TERT promoter mutations work in a two-phase mechanism leading to melanomagenesis.2?
The group showed that during the transformation of four samples with h 7TERT promoter
mutations from nevi to melanomas, telomeres continued to shorten until a crisis level was
achieved. This was characterized by a critical length of telomeres that led to chromosome
end-to-end fusions and death.20 This signaled that /#7E£RT promoter mutations, leading to
increased telomerase activity, were insufficient to prevent telomere shortening, and instead
worked to postpone telomere-based replicative senescence for those cells with the shortest
telomeres. Once telomeres had uniformly shortened beyond this extended lifespan period,
pressure for further telomerase activity increased, leading to cell immortalization.20 In other
words, the promoter mutations initially bypassed the initial DNA damage signal from a few
short telomeres until telomere lengths of most chromosome ends were short enough to
induce crisis (a period of balance between cell growth and death). Then, due to pressures
occurring at the crisis stage most cells die, but telomerase is selectively further upregulated
to prevent cell death albeit only in a rare subset of cells. Here, Chiba and colleagues point to
the routine shortening of telomeres as a necessary barrier to overcome for melanoma
tumorigenesis to occur.20

Separately, h TERT promoter mutations do not seem to be confined to melanomas, as
evidenced by Huang and colleague’s observation of the existence of h 7ERT promoter
mutations in samples of bladder and hepatocellular cancer cell lines.12 Again in 2013, a
more widespread analysis of a plethora of tumors was conducted in which this group
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analyzed 1,230 tumor samples representing 60 different tumor types.?! They found that
18.8% of the samples analyzed contained h TERT promoter mutations, with 98.3% of those
mutations being C250T or C228T.21 Samples were then categorized by the prevalence of

h TERT promoter mutations in order to identify which types of normal cells were more likely
to be transformed into cancer with the contribution from the h 7TERT promoter mutations.
The results were that h TERT promoter mutations are significantly more common in cells
that do not continually self-renew.2 This point was emphasized and supported by the fact
that h 7ERT promoter mutations were rare in pediatric primary glioblastoma multiforme
(GBM), while being extremely common in adult GBM.2! These findings further cemented
the relationship between the self-renewal capacity of somatic cells and the likelihood of

h TERT promoter mutations contributing to their carcinogenesis. Vinagre et a/. further added
support to these findings, reporting a comparison between ATERT promoter region
mutations in self-renewing and non-self-renewing cancers.22 This group also added to the
repository of cancer types with h TERT promoter mutations by reporting their observations
in follicular cell-derived forms of thyroid cancer for the first time.

In addition, mutations in the h TERT promoter region are also associated with the invasive
potential of various cancers and specifically distant metastases.23 In a study of ureter
carcinomas, it was found that 12.5% of patients with h TERT promoter region mutations
developed metastatic disease, while patients without mutations rarely (1.3%) developed
metastases.23 For melanomas, Horn et al. and Griewank et a/. have found notable differences
in the frequency of point mutations in the h 7ERT promoter region between primary (33—
37%) and metastatic tumors (50-85%), demonstrating a correlative role for h TERT in
increasing the metastasis potential of melanomas.1317 Furthermore, the presence of h TERT
mutations in a study of 327 patients with urothelial cell carcinoma of the bladder showed a
hazard ratio of 1.34 for the overall effect of the mutation on the patient.1® Poor survival
prognosis associated with h 7ERT promoter mutations has also been described by Killela et
al. with specific regard to gliomas.?!

Inhibition

Inhibition of telomerase through genetically depleting h 7TERT or therapeutically targeting
telomerase has become more attractive recently due to the correlation h 7ERT promoter
mutations with the proliferation of cancer cells.1012.13.16 |t has also been hypothesized that
h TERT plays a specific role in modulating NF-kappaB, TGF-beta/Smad, and Wnt signaling
pathways in cancer cells.242526 |n the past though, efforts to therapeutically inhibit
telomerase proved to be of marginal clinical utility due to lengthy treatment times and
increases in hematological toxicities prior to the onset of any benefit.

It was shown that GRN163L, a 13-mer thiophosphoramidate oligonucleotide also referred to
as Imetelstat, was able to inhibit telomerase in a dose-dependent manner through
competitive inhibition.2” GRN163L induced growth arrest, as well as telomere shortening, in
multiple cancer cell lines.8:27:28 However, GRN163L lacks a suitable time-related efficacy
due to it necessitating multiple replication processes of the telomeres in order for it to
effectively drive telomeres to critically short lengths and cell death.828 In other words, the
length of time required to shorten the telomere length significantly affected the usage of
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GRN163L in a clinical setting, and has rendered the drug most useful in cases where
telomeres are already shortened.28 Studies on advanced non small cell lung cancer patients
showed only limited efficacy2?, and in pediatric brain cancer patients GRN163L (Imetelstat)
was only able to be administered for an average of 13 days (a 6-to-21-day range) prior to
intolerable toxicity levels characterized by platelet nadir being established.3° Moreover,
GRN163L drug holidays, due to these increased toxicities, lead to rapid reestablishment of
telomere length and continuing cell growth.2 For instance, it was reported that 2 weeks after
termination of long-term GRN163L administration, A549-Luc cells were able to reform
colonies at an equivalent rate as prior to drug treatment.2’

Telomerase was also identified as an enzyme that is very similar to the reverse transcriptase
of viruses at both the structural and mechanistic levels, thereby eliciting the hypothesis that
inhibitors of reverse transcriptase may work to inhibit telomerase.3! BIBR1532, a non-
nucleotidic synthetic small-molecule drug, was identified as a selective inhibitor of
telomerase.3! In 2002, it was demonstrated that BIBR1532 acted as a mixed-type non-
competitive inhibitor, and specifically interacted with the hydrophobic pocket of the thumb
domain of telomerase, thereby reducing the number of hexameric repeats that could be
added.3032 This synthetic small molecule was later shown to contribute to the success of
chemotherapy agents through the above mechanism.30:33.34 Most recently, BIBR1532 has
been shown to induce apoptosis amongst various breast cancer cell lines.36:37 While the
molecular mechanism of BIBR1532 inhibition remains to be elucidated in detail, it has been
shown that BIBR1532 suppresses survivin and further activates apoptotic-associated factors
such as p73, Bax/Bcl-2, and caspase-3.3% However, BIBR1532 does not appear to be in
clinical development at the present time and is likely to have the same tissue toxicities issues
as GRN163L.

Thiopurine-induced inhibition research has provided an alternate route of telomere control in
cancer cells expressing telomerase. Historically, thiopurines have been used for the treatment
of leukemia, as well as in immunosuppression.3® Their uses for cancer treatment has
generally been confined to leukemia and some pediatric cancers due to the high toxicity
levels exhibited in patients treated with thiopurines.8 Thiopurines undergo metabolic
activation reactions that eventually synthesize the molecule, 6-thio-2’-deoxyguanosine-5’-
triphosphate. This molecule is then incorporated into DNA strands during replication,
leading to rapid uncapping of telomeres and cell death.8

Since telomerase was known to have a high affinity for guanine bases containing 2’-
deoxyguanosine-5’-triphosphate, it was hypothesized that a designed analogue of 6-
thioguanine may more rapidly use the enzyme to iincorporate an alter guanine in the
telomere while limiting toxicity in telomerase silent normal cells. By incorporating 6-
thio-2’-deoxyguanosine 5’-triphosphate into the telomeric DNA, damages caused to DNA
and proteins can occur, thereby leading to the failure of replication and the uncapping of
telomeres. This effect has been termed telomere dysfunction-induced foci (TIFs), and leads
to rapid senescence and/or apoptosis but only in telomerase expressing cells.® It was shown
that a thiopurine analog, 6-thio-dG, successfully led to the rapid uncapping of telomeres.®
Here, 6-thio-dG was found to be less toxic compared to equal molar equivalents of 6-
thioguanine.8 Incorporating 6-thio-2’-deoxyguanosine 5’-triphosphate into DNA replaces

Mol Carcinog. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sugarman et al.

Page 7

the —GGG- repeats with 6-thio groups, thereby altering the biochemistry of the telomere
structure. This change is believed to sequentially alter the protective shelterin protein
complex, and thus induces TIFs (as identified by co-localization of a shelterin protein with a
DNA damage antibody such as 53BP1 or gamma-H2AX). 6-thio-dG also decreased the lag
period experienced by previous direct telomerase inhibitors and demonstrated an
independence of telomere length in its ability to affect the cancer in a timely manner.8
Importantly, 6-thio-dG did not have a significance effect on normal telomerase silent cells.
6-thio-dG has been shown to provide a unique method of targeting the otherwise
“untargetable” NRASand RAS oncogene-induced cancers.*0 Being that NRAS mutations
are the second most frequent mutations occurring in melanoma?142, the improved results
with administration of 6-thio-dG in combination with Gamitrinib should provide hope for
the future of widespread usage of the drug.*°

Even more recently, 6-thio-dG was shown to successfully prolong disease control in pre-
clinical models of melanoma that acquired resistance to targeted therapies (e.g. BRAF
inhibitors) or immunotherapies.*3 6-thio-dG, was analyzed in combination with targeted
therapies and as a monotherapy. When used as a monotherapy, 6-thio-dG outperformed
BIBR1532 in terms of its anti-proliferative ability and did not result in any significant
hematological or hepatotoxicities.*3 Moreover, the inhibitory effect of 6-thio-dG was
comparable to that of the notable BRAF inhibitor, PLX4720, and impaired tumor growth in
xenograft models in a comparable manner to another BRAF inhibitor, dabrafenib.*3 Even
more importantly, 6-thio-dG appears to tackle the issues of acquired resistance and lack of
efficacy for immune checkpoint blockade inhibitors and targeted therapies. Lately, 6-thio-dG
exhibited an effective ability to overcome EGFR targeted- and platin-doublet chemotherapy
resistance in NSCLC, as well as in therapy-resistant pediatric brain cancer.** While targeted
therapies have significantly improved the options available for unresectable or metastatic
cancers, relapse almost always occurs through a variety of pathways that mediate acquired
resistance. Thus, it is hopeful that 6-thio-dG will work as a front line or salvage therapy
towards targeting therapy-resistant cancer cells and may sensitize tumors that are refractory
to checkpoint inhibitors providing long-term durable responses. In a preclinical study on
therapy-resistant pediatric brain tumors, it was also demonstrated that 6-thio-dG can cross
the blood brain barrier thus expanding the utility of this new approach.4®

2.3 hTERC Inhibition

In parallel, recent studies have also revealed that h 7ERC (the functional RNA component of
the telomerase holoenzyme) plays an important role in cancer development. While the
specific contribution of h TERC is largely unknown, it was previously noted that suppression
of hTERC in a large panel of cancer cells including lymphoma, melanoma, bladder, breast,
and colorectal carcinoma inhibited growth and led to apoptosis.*6:4748 More specifically,

h TERC has been shown to be over-expressed in all phases of prostate carcinogenesis, as
well as linked to the oncogene, MYC.? Specifically, when MY C was reduced h TERC levels
temporarily decreased, while during MYC overexpression, h TERC levels increased.*® This
correlation was not limited to prostate carcinogenesis, and instead was replicated in the same
study using a non-small cell carcinoma cell line (NCI-H23), a breast cancer cell line
(MCF-7), and a colorectal carcinoma cell line (DLD-1).4° Again, the mechanism is not fully
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understood albeit the knock-down of h 7TERC limited telomerase activity, highlighting its
importance in immortalizing cells via telomere maintenance and elongation pathways. Even
more recently though, over-expression of h TERC was shown to occur in tumors compared to
the normal tissues suggesting that h TERC was involved in some other cellular functions
beyond telomerase.>0 Furthermore, it was also shown that over-expression of h 7TERC can
contribute to cell apoptosis, in a separate fashion from its function in telomerase.® The
exact role h TERC plays outside of the telomerase complex is still largely unknown and
warrants further investigation, as it may provide alternative routes of modulating cellular
immortalization.>!

3. Alternative Lengthening of Telomeres

In order for cancer cells to maintain their proliferative phenotype and malignant nature, they
must overcome telomere shortening during the large number of replications required to
accumulate sufficient mutations to become malignant. Treating cancer cells that express
telomerase with inhibitors can potentially elicit the phenotype of alternative lengthening of
telomeres (ALT) which is telomerase-independent.52 Cells are capable of adapting to the
telomerase inhibitors, leading to upregulation of more telomerase (common) or the
activation of alternative lengthening of telomeres (much less common) in a telomerase-
independent fashion.”-52-56 |n a comprehensive analysis of a large panel of primary tumors
representing multiple different cancer subtypes, only 3.74% presented with a positive ALT
phenotype.®® Presence of the ALT phenotype did depend on the cancer subtype, however,
with a greater prevalence being observed in sarcomas (25-60%) and 5-15% in carcinomas.
56 Conversely, the ALT phenotype was largely absent in urothelial carcinomas, gastric
carcinomas, and adenocarcinomas of most major cancer types, accentuating the idea that
ALT is more common in mesenchymal and neuroepithelial derived tumor types.52-56
Overall, it is believed that 5-15% of cancer cells lack telomerase activity and are maintained
by ALT.10.52-56 Regardless of the mechanism by which ALT is engaged, ALT-dependent
cells rely on genetic recombination to continuously elongate the telomeres.5254 Since ALT-
dependent cells are homologous recombination (HR) proficient, while many other cancer
cells are not, this provides an avenue for the exploration of ALT-based cancer treatments.
Differences that distinguish ALT-dependent cells from telomerase-positive cancer cells
include longer telomere overhangs and preferentially elongated lagging strands depicted in S
phase during replication, meaning that the length of telomeres in ALT-positive cancer cells
are heterogeneous and vary greatly in length.>2 Recently, telomerase-positive H1299 and
SW39 telomerase positive cell lines have been modulated using the CRISPR/Cas9 technique
to knockout h 7ERC in an attempt to activate the ALT pathway.>* It was shown that upon the
depletion of h TERC, a very small percentage of cells were able to survive, and those that did
all displayed elongated telomeres of varying lengths and the presence of ECTR (extra
chromosomal telomere repeats) as determined by the C-circle assay.>* It is speculated that
those methods by which ALT is acquired in cells are affected by the degree of the depletion
of ATRX or DAXX and h TERC.>* %5 In this case, the adoption of the ALT pathway is in
general, a seemingly “last resort” adaptation in response to adverse events that would
otherwise kill the cells. While the direct molecular mechanisms underlying the action and
initiation of ALT are still largely unknown, some methods of ALT inhibition have been
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explored. ATR inhibitors, such as VE-822 and NVP-BEZ235 have been shown to more
selectively target and kill cells that are positive for ALT.53

4. Conclusions

Telomerase-mediated modulation of telomere dynamics continues to be a promising area of
investigation in regard to the therapeutic control of tumors. Telomeres naturally shorten in
somatic cells over gradual divisions, while in cancer cells their lengths are maintained in
order to ensure continuous proliferation. This provides a future direction and platform to
therapeutically explore approaches to identify and exploit telomerase, an almost universal
cancer vulnerability. Telomerase, being the major mode of telomere lengthening in cancer
cells has been explored with many recent advances taking place. Historically, targeting
telomerase was ineffective in the clinical setting due to the long lag period from initiation of
treatment until effect (e.g. many cellular replication cycles had to take place in order to
achieve the benefit from the inhibition). Recently, however, advances have occurred with the
exploration of 6-thio-dG, a small molecule that effectively reduces the lag time observed
with direct telomerase inhibitors as well as the toxicities usually occurring with thiopurine
molecules. While ALT-positive cancer cells are relatively rare, they are beginning to be
examined as clinical cancer targets. In conclusion, the importance of achieving full control
over telomere length is becoming clearer leading to the potential for modulation to be
effective in a high percentage of cancer patients. Due to the universal relationship between
cancer and telomere maintenance there is a clear promise for the future.
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hTERC Human telomerase RNA component (also referred to as hTR)
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BRAF Gene involved in cell signaling that is often mutated in melanoma
NRAS Gene involved in cell signaling and the regulation of cell division
ALT Alternative lengthening of telomeres (telomerase independent)
TIFs Telomere dysfunction-Induced Foci

6-thio-dG 6-thio-2’-deoxyguanosine

PARP poly(ADP-ribose) polymerase
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Figure 1. Visualization of human telomeres on metaphase chromosomes using digital
fluor escence microscopy.

Human cells were treated with colcemid to arrest cells in mitosis and chromosome spreads
were made. Samples were prepared for quantitative fluorescence /n situ hybridization (Q-
FISH) microscopy using labeled peptide nucleic acid probes specific for (TTAGGG)n
telomere sequences (red color) and the general DNA dye DAPI (blue color). Fluorescent
images were acquired on a digital imaging microscope system to calculate the fluorescence
intensity for each telomere. The telomere length is proportional to the number of hybridized
probes.
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Figure 2. Description of the linear-to-branched evolutionary process of melanomas.
Melanocytes (blue) with MAPK pathway activation, due to mutations such as BRAFV600E

or NRAS, proliferate and one of three things can occur. First, cells experience oncogene-
induced premature replicative senescence (red) due to overexpression of the BRAF or NRAS
oncogene.5® Alternatively, cells can engage a DNA recombination mechanism, termed
alternative lengthening of telomeres (ALT). These cells continue dividing (green) until
telomere based replicative senescence is engaged and then bypassed. Cells then enter a
period called crisis. Only a rare cell can emerge from this crisis state, and ALT cells are
characterized by having both long and short telomeres, ALT associated PML bodies and
extra chromosomal telomere repeats (as identified by the C-circle assay). The final scenario,
cells can either spontaneously upregulate telomerase or accumulate telomerase promoter
mutations, allowing replication, and partially extending the proliferative life span of the cells
until they reach crisis where genomic instability is increased. Then, in combination with
other alterations, cells upregulate telomerase further to maintain short telomeres, but in some
cases, telomeres may become longer. Once cells progress past this vital barrier and short
telomere lengths are maintained, genomic stability is also maintained. However, the
immortalized cells have extended time to increase the mutational load, with CDKN2A and
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PTEN alterations being highly prevalent, branching the evolutionary pathway even further to
metastatic disease.
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