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1. ABSTRACT

Telomeres are highly specialized structures at the
ends of chromosomes that are made up of tandem 5'-
TTAGGG-3' repeats and a number of telomere associated
proteins. By forming loop structures, the very end of a
telomere is concealed and distinguished from a DNA break,
thus protecting chromosomes from end-to-end fusions,
misrepair and degradation. Telomere length is maintained
by an enzyme called telomerase which is very weak or
undetectable in most normal human somatic cells. In
telomerase-negative cells, telomeric DNA is progressively
lost with cell divisions until the cells undergo replicative
senescence, which serves as an intrinsic mechanism to
prevent normal somatic cells from replicating indefinitely.
In checkpoint defective cells, telomere dysfunction
resulting from excessive telomere attrition or disruption of
telomere structure may initiate chromosomal instability
through end-to-end fusion of unprotected chromosomes.
Through propagation of breakage-fusion-bridge (BFB)
cycles, genetic aberrations characteristic of cancers,
including aneuploidy, loss of heterozygosity, gene
amplification and gene loss can be generated. In vitro, cells
with extensive chromosomal instability succumb to crisis
which is characterized by wide-spread cell death. It has
been reported that cells surviving crisis either have
activated telomerase, or use an alternative telomere
lengthening (ALT) mechanism to stabilize the existing
telomeres and alleviate chromosome instability. The
immortalized post-crisis cells have the potential to acquire
additional genetic alterations for malignant transformation.
In this review, we summarize our knowledge on the
association between telomere dysfunction, genomic
instability and cancer development.
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2. INTRODUCTION

Cancer has been described as a disease of
genomic instability (1). As reviewed by Lengauer et al. (2),
there are two distinct levels of genomic instability:
microsatellite instability (MIN) involving subtle base
substitutions, deletions or insertions of a few nucleotides,
and chromosomal instability (CIN) which involves losses
and gains of whole or large portions of chromosomes. The
latter is present in most cancers. Manifested as increased
rate of acquiring new structural and numerical
chromosomal aberrations during cell proliferation,
chromosome instability imparts oncogenic potential to cells
through creation of fusion genes or deregulated oncogenes
at chromosome breakpoints, or loss or gain of chromosome
elements which alters gene dosage. Evidence is emerging
to show that multiple chromosome aberrations already exist
at the pre-malignant stage (3-5) and largely persist with the
progression to invasive stage, although new aberrations are
also acquired. Defects in chromosome segregation, cell
cycle checkpoints, DNA damage response and telomere
function can cause chromosomal instability (6-8).

Telomeres are highly specialized structures at the
ends of chromosomes which function to stabilize and
protect the ends of linear chromosomes. In this review, we
begin with a synopsis of the structure, maintenance and
function of human telomeres, and the effects of telomere
shortening or dysfunction on human somatic cells. As
cellular immortalization is an early and indispensable step
towards cancer, the role of telomere dysfunction in
initiating and promoting chromosomal instability will be
discussed mainly in the context of cellular immortalization
to understand the early events of carcinogenesis. The role
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Figure 1. Structure of human telomere.

of telomerase deficiency-mediated chromosomal instability
in carcinogenesis in mouse models will be briefly
reviewed. We will also discuss the significance of telomere
length profile of individuals in shaping the karyotype
outcomes of immortalized cells, and speculate on how
telomere length heterogeneity may contribute to the
generation of non-random chromosome aberrations found
in many types of carcinomas.

3. WHAT ARE TELOMERES?

About seventy years ago, two geneticists,
Herman J Muller and Barbara McClintock, working with
Drosophilia melanogaster and Zea mays, respectively,
independently proposed that the natural ends of
chromosomes have special features that distinguish them
from broken chromosome ends, and thereby protect them
from chromosome end-to-end fusions (9,10). Extensive
research in the last two decades revealed that each linear
chromosome end has a telomere structure consisting of
repetitive DNA sequences and associated proteins that are
essential for chromosome stability (11-14).

Amongst eukaryotes, telomere lengths and
sequences vary among species. Human telomeres are
typically 10-15 kb long in the germ cells, and the average
telomere lengths in normal somatic cells are substantially
shorter (15,16). Telomere lengths differ between individual
human chromosomes, and even between chromosome arms
of the same chromosome (17-19). The human telomere
DNA sequence consists of tandem 5'-TTAGGG-3' repeats
with a single-stranded G-rich 3' overhang of about 50-210
bases (20). In mammalian telomeres, the single-stranded 3'-
end overhang invades the duplex telomeric DNA repeats to
form a large duplex telomere loop (T-loop) and a smaller
single-stranded displacement loop (D-loop) in vitro and in
vivo (21,22) (Figure 1). This configuration, together with a
number of telomere associated proteins, creates a telomere
cap which protects the chromosome end and distinguishes
it from a double-strand break (DSB). The presence of the
G-rich single-stranded 3’ overhang readily creates other
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secondary DNA conformations in vitro, such as
intramolecular G-quadruplexes (23) which may occur in
the T-loop (24). Recent reports suggest that such
conformations also exist in vivo (25,26).

To date, three proteins are known to bind directly
to the human telomeric DNA sequence. These telomeric
DNA-binding proteins are TRF1 (27) and TRF2 (28)
(telomeric repeat binding factors 1 and 2), each in the form
of homodimers binding to the double-stranded region (29);
and POT1 (protection of telomeres 1) binding to the single-
stranded 3’ overhang and the single-stranded displaced
DNA at the base of the T-loop (i.e. D-loop) (30) (Figure 1).
Both TRF2 and POTI are involved in maintaining the
integrity of the T-loop (21,31). In addition, there is an
increasing list of other proteins including DNA repair
factors that interact with and form complexes with TRF1,
TRF2 or POT1. Some of these proteins are known to
modulate telomere function [reviewed in (32-34)]. The
term shelterin was coined to describe a complex consisting
of six proteins (TRF1, TRF2, POT1, hRapl, TIN2 and
TPP1) that mediates telomere end-capping (14,35).

Although telomere end-capping is essential for
chromosome integrity, it has been proposed that some
degree of transient uncapping is also required for telomere
length regulation (11). This is because the transient
uncapping state allows access of telomerase (an enzyme
that adds telomeres onto the ends of linear chromosomes;
see Section 5) or telomere recombination to regenerate
telomeres to compensate for telomere loss (see the
following section). The higher-order telomeric DNA-
protein complex facilitates a dynamic switch between the
capped and uncapped states. Yet the two physical states
have to be well regulated. It has long been recognized that
normal mammalian telomeric regions are heterochromatic,
implying that they are tightly packed. This feature is
thought to limit telomere elongation by hindering the
access of telomerase and other telomere -elongation
activities, thus favoring negative regulation of telomere
lengths. In line with this, losing heterochromatic features at
telomere chromatin leads to unprecedented abnormal
elongation of telomeres in a mouse model (36,37).

4. TELOMERE SHORTENING OCCURS
NATURALLY IN HUMAN SOMATIC CELLS

Extensive studies have shown that telomeres in
normal human somatic cells shorten with cell divisions in
vitro as well as in vivo. In cultured human fibroblasts, this
progresses at a rate of 50-200 bp per population doubling
(16,38,39). In vivo studies have also shown that the average
telomere lengths in normal somatic cells shorten at an
estimated rate of 15-40 bp per year (15,40,41), and that
telomere erosion declines with age (41).

One of major mechanisms leading to telomere shortening is
associated with the end-replication problem intrinsic to
linear chromosomes (i.e. the inability of the DNA
polymerase to replicate a linear DNA to its very end) (42).
During DNA replication, both DNA strands serve as
templates for the synthesis of two complementary strands
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Figure 2. Telomerase adds telomeres by using its internal RNA template.

of DNA. Since DNA polymerase catalyzes DNA synthesis
in a 5' to 3' direction, DNA is synthesized continuously
along the 3’-5’ template strand. On the 5°-3° template
strand, however, DNA replication proceeds in segments
according to the RNA primers that are attached to the
template at different points. In eukaryotes, these RNA
primers have a length of about 10 nucleotides and are made
at intervals of 100-200 nucleotides on the lagging strands.
Subsequent removal of the RNA primers leaves “gaps”
between fragments, called Okazaki fragments, but the gaps
are filled by the action of DNA ligase which joins the 5'
end of the previous fragments to the 3' end of the new ones
to make a continuous DNA strand. However, a special
problem is encountered at the ends of a linear chromosome:
either there is no place to produce the RNA primer at the
end of a linear DNA molecule, or the DNA sequence at the
terminal Okazaki fragment cannot be filled after the
terminal RNA primer is removed because DNA ligase
needs two ends to act upon. Therefore, the DNA at the
terminal end of a linear DNA cannot be fully replicated. As
a result, telomeres shorten progressively with cell divisions.
To date, numerous experiments have demonstrated that
telomeric DNA is indeed progressively lost with cell
divisions in most human somatic cells that lack telomerase
activity.

In addition, recent studies also suggest that
oxidative stress contributes to telomere shortening (43-47).
Ambient oxygen (21%) in ordinary cell culture conditions,
for example, causes more severe oxidative stress to cells
than that under physiological condition (2-5% oxygen)
(44,48). 1t has been demonstrated that oxidative stress
efficiently induces DNA damage at the 5' sites of 5'-GGG-
3' in the telomere sequence, indicating that oxidative stress
can specifically cause cleavage at polyguanosine sequences
in the telomere sequence (49,50). Under conditions of
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additional oxidative stress induced by hydrogen peroxide
treatment, human cells show preferential accumulation of
single-strand breaks within the telomeres (51,52). It has
been proposed that a low efficiency in telomeric single-
strand break repair may further exacerbate telomere
shortening. During DNA replication, damaged sites stop
polymerases transiently, which may lead to premature
termination of telomere replication (52). Therefore, it
seems that multiple mechanisms contribute to telomere
shortening. The effects of oxidative stress on telomere
erosion has important significance in the study of telomere
dynamics in aging and cancer since numerous oxidants are
produced in vivo due to normal metabolism and
extracellular stresses, and oxidative stress increases with
the aging process in vivo (53).

5. TELOMERASE ADDS TELOMERES TO THE
END OF LINEAR CHROMOSOMES
Telomerase, a ribonucleoprotein, was first

identified and characterized in the ciliate Tetrahymena (54).
It is now known that telomerase is a special enzyme that
adds telomeres onto the existing telomeres and maintains
the 3’ overhang (55). Interestingly, telomerase contains an
essential RNA component, a portion of which serves as a
template for telomere DNA repeat sequence synthesis (54).
The rule of the synthesis is Watson-Crick base-pairing: C's
and A's in the RNA template specify G's and T's,
respectively (Figure 2).

Telomerase activity in human cells was first
reported in 1989 (56). Subsequently, the RNA component
of telomerase, termed hTR, in human cells was cloned and
sequenced (57). The template region of hTR encompasses
11 nucleotides (5'-CUAACCCUAAC-3") that are

complementary to the human telomere sequence
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Figure 3. Non-linear relationship between telomere length
and frequencies of chromosomal structural aberrations.

(TTAGGG)n. Telomerase recognizes the tip of the G-rich
strand of an existing telomere DNA repeat sequence and
uses its own RNA template to synthesize TTAGGG
sequences. Shortly after the discovery of hTR, an important
protein component of human telomerase, now termed
human telomerase reverse transcriptase (hTERT), was
discovered (58,59). The hTERT provides the catalytic
action of telomere synthesis by telomerase. While there is
abundant hTR expression in all human tissues regardless of
telomerase activity, hTERT mRNA expression is only
expressed in embryonic stem cells and germ cells, and is
undetectable or detected at very low levels in most somatic
cells. The hTERT mRNA expression correlates with
telomerase activity in normal, immortal or cancer cells,
indicating that hTERT is a key determinant of telomerase
activity (60-62). In addition to hTERT, a number of
proteins have been reported to be associated with human
telomerase, but a recent study indicates that the active
human telomerase enzyme is a complex of the RNA
component hTR (153 kD), and two protein components,
hTERT (127 kD) and dyskerin (57 kD) (63).

Although telomerase can add telomeres onto the
ends of linear chromosomes, telomerase activity is very
weak or undetectable in most normal human somatic cells.
Therefore the intrinsic end replication problem cannot be
solved and telomere shortening ensues.

6. TELOMERE DYSFUNCTION: CAUSES AND
CONSEQUENCES

For many years, telomeric function was thought
to depend on telomere length but the current concept is that
it depends on telomere structure rather than the length per
se (64,65). Telomere shortening can contribute to the
collapse of telomere loop structures either in two ways.
First, the double-stranded TTAGGG repeats may become
too short to bind enough telomere binding proteins for T-
loop formation. Second, the single-stranded 3’ overhang
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may become too short to form a D-loop for the appropriate
sealing of the overhang. In addition, deficiency of the
telomere associated proteins (31,66) also compromise
telomeric stability. Based on our observation of a non-
linear relationship between telomere lengths and the
probabilities of chromosome structural instability in
telomerase-negative human cells undergoing
immortalization (Figure 3) (67), we believe that as long as
the telomeric T-loop and D-loop structures or other capping
structures can be formed, a short telomere has the same
protective efficiency as a longer one.

6.1. Short telomeres trigger DNA damage signals that
lead to cell cycle arrest in normal human cells

Telomere  shortening  induces  replicative
senescence, which is a form of cellular senescence. Normal
human somatic cells have a limited lifespan in vitro. This
was first demonstrated in human fibroblasts by Hayflick
and Moorhead in 1961 (68-70). Since then, it has been
repeatedly proven that cultured normal human fibroblasts
go through finite numbers of population doublings. Toward
the end of a cell’s lifespan, cell proliferation slows down
and finally stops and the cell enters a state of irreversible
growth arrest (the first mortality barrier or mortality stage
1). Importantly, the timing of growth arrest is determined
by the number of population doublings the cells have
undergone, not by the calendar time they have stayed in
culture. In addition to fibroblasts, other somatic cells
including epithelial cells, endothelial cells, lymphocytes,
smooth muscle cells, and astrocytes all show replicative
senescence (71-77), which serves as an intrinsic mechanism
to prevent normal somatic cells from replicating
indefinitely.

Senescent human cells have increased p53
activity (78) and nuclear foci where several DNA double-
strand break repair and checkpoint factors, such as ATM, -
H2AX, 53BP1, MDCI1, NBSI1, phospho-CHK1 and
phospho-CHK2 are located. Specifically, these multiple
DNA damage response factors are assembled at those
exceptionally short telomeres in senescent cells (79-81),
indicating that dysfunctional short telomeres trigger the
response. The sustained DNA damage response, signaling
through p53, can induce both G1 and G2 phase arrest
(82,83). Numerous studies have also demonstrated that
human fibroblasts or epithelial cells undergoing natural
replicative senescence have elevated protein levels of hypo-
phosphorylated Rb, pl6™ % as well as p21<"', or
decreased hyper-phosphorylated Rb compared with early
and proliferating cells (78,84-88). Interestingly, pl6™<*
rarely co-localizes with the biomarkers of DNA double-
strand breaks mentioned above (82). Another study has also
shown the induction of p16™*** is a delayed response after
p53 and p21“™" induction in cells exposed to DNA damage
agents (89). Telomere-mediated senescence is therefore
induced by activation of the multiple DNA damage
responses, which then leads to cell cycle arrest in normal
human cells. However, the activation of DNA damage
response factors is not due to the complete loss of telomere
sequence at chromosome ends since DNA damage foci are
found co-localized with detectable (though relatively weak)
telomere signals (83).
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Several lines of evidence have shown that
replicative senescence also occurs in vivo and is thought to
be associated with cellular aging. First, many investigations
demonstrated an inverse correlation between donor age and
the number of population doublings at which human cells
senesce (48,90,91). Second, inter-species comparisons
showed that cells from species with longer lifespan in vivo
achieve more population doublings in vitro (92). Third,
cells from humans with premature aging syndromes have
shorter lifespan in culture than those from age-matched
controls (93-95). Fourth, high proportions of CD8 (+) T
cells with characteristics of replicative senescence
accumulate during normal aging (96). These data suggest
that there might be commonality in genetic basis that
controls replicative lifespan of cells in vitro and lifespan in
vivo. However, although telomere-associated senescence is
supposedly an intrinsic barrier to cellular immortalization,
which represents an early first step in the multi-stage
process of cancer development, accumulation of senescent
cells (especially senescent fibroblasts) during aging in vivo
seems to create a microenvironment conductive to cancer
(97,98). Telomere shortening or dysfunction, therefore, has
a close association with cancer.

6.2. Telomere dysfunction triggers genomic instability
in checkpoint defective cells

As early as 1941, Barbara McClintock reported
that, in maize, broken chromosome ends tend to fuse with
their sister chromatids or other broken chromosomes,
leading to formation of anaphase bridges, and cycles of
chromosome breaks and further fusions during subsequent
cell divisions (10). Telomere dysfunction initiates
chromosomal instability through such breakage-fusion-
bridge (BFB) cycles. This relationship is best appreciated
by tracking the changes in telomere lengths and
chromosomal aberrations in cells undergoing cellular
immortalization in vitro. As mentioned above, the p53 and
pRb/p16™E*  pathways are vital for DNA damage
responses, cell cycle regulation as well as apoptosis, which
are indispensable for maintaining genomic stability. Most
cancers have defects in either or both of these pathways
(99-101). Inactivation of the p53 and p16™ **/Rb pathways
can be accomplished in vitro by expression of viral
oncogenes such as HPV (human papillomavirus) E6 and E7
(102,103), SV40 large-T (104) or adenovirus E1B and E1A
(105,1006) to simulate the sustained inactivation of p53 and
Rb genes observed in cancers. Such defects extend the
lifespan and allow the cells to override cell cycle
checkpoints and continue to proliferate. However, as
telomeres continue to shorten with further cell divisions
after the cells bypass senescence, the chromosome ends are
no longer protected and become unstable. At this stage, the
cells eventually succumb to a second mortality barrier
(mortality stage 2) termed crisis (107), which is
characterized by wide-spread cell death and extensive
chromosomal instability (108). A very low percentage of
cells (10°-10"), however, may survive the crisis period by
a mutation or an epigenetic event that activates a telomere
maintenance mechanism. This may involve activation of
telomerase, which “rejuvenates” the telomeres by
synthesizing telomeric DNA and maintaining pre-existing
telomeres, or an alternative telomere lengthening (ALT)
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mechanism (109-111) which involves copying of DNA
sequences from telomere to telomere by means of
homologous recombination (112). The resulting telomere
preservation allows the cells to continue their long-term
proliferation to become immortalized.

Critically short telomeres are hotspots for
illegitimate recombination. Whereas very few chromosome
end-to-end fusions are observed in near-senescent or
senescent normal human cells (80,113), the frequencies of
chromosome end-to-end fusions, forming dicentrics, reach
a peak during crisis and decrease after crisis due to
telomere preservation (108,114). Dicentrics are usually
lethal. This is because the two centromeres are pulled in
opposite directions during mitotic anaphase, forming a
bridge between the daughter cells (115-117). The bridge
can cause cell death independent of p53 and Rb genes
partly because the bridge compromises the integrity of
cellular and nuclear membranes (two intact cells cannot be
formed). In addition, the breakage of the anaphase bridge
due to the pulling force between the two daughter cells
during cell division may be an important source of new
chromosome aberrations.

It was hypothesized that the breakage of a
dicentric chromosome could occur either in a chromatid or
microtubule, resulting in the deletion of a chromosome-
element or loss of a whole-chromosome, respectively, in
one daughter cell and a corresponding gain in the other
(118) (Figure 4). The broken ends trigger DNA
recombination by rejoining to other broken or unprotected
chromosome ends. This can produce additional aberrations,
such as structurally stable translocations, and unstable
dicentrics which can undergo another round of BFB. Since
broken or unprotected chromatid ends can also fuse with
their sister-chromatids after DNA synthesis, another
hypothesis was proposed to explain how gene deletion and
amplification may be generated through breakage of sister-
chromatid fusions. As shown in Figure 5, a bridge is
formed as the two centromeres on the end-fused sister
chromatids go to different daughter cells during cell
division. Repeated cycles of sister-chromatid fusion-bridge-
breakage may therefore generate multiple copies of the
same gene on the same chromosome in the same cell while
causing the loss of the genes in its sister cells after several
rounds of cell divisions.

In summary, regardless of how telomeres become
disrupted, the key message is that when telomeres become
dysfunctional or “uncapped” and can no longer protect the
chromosome ends, they elicit a DNA damage response to
activate the p53 and pl6™**/Rb pathways which prompt
the cell to undergoing either irreversible cell cycle arrest (if
both p53 and pRb checkpoints are intact) or p53-mediated
apoptosis (if only the p53 checkpoint is intact) (79). In cells
defective in both p53 and p16™<*/Rb pathways, excessive
shortening of telomeres coupled with the freedom to
continue proliferation promote aberrant fusions of
unprotected chromosome ends and trigger massive
chromosomal instability (8), which puts the cell at risk for
malignant transformation (Figure 6). Thus, telomere
shortening can be both a barrier and a facilitator for cancer
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development depending on the integrity of checkpoint
response.

7. ROLE OF TELOMERE-MEDIATED GENOMIC
INSTABILITY IN CARCINOGENESIS

Carcinogenesis is regarded as a multi-step
process in which a normal cell undergoes immortalization
and then oncogenesis to become a fully transformed
malignant cell. It is well documented that even after cells
are immortalized, they are not yet oncogenic, and that
additional genetic alterations are required for malignant
transformation (119-123).

One of the core concepts in cancer research is
that genomic instability helps drive development of human
cancer (124). Rapid evolution of genomic alterations in
genetically unstable cells makes them advantageous in
natural selection by acquiring new features. Of the two
categories of genomic instability, microsatellite instability
exists only in a small subset of solid tumors, whereas
chromosomal instability is present in most cancers.
Chromosomal instability includes numerical instability
reflected by alterations in chromosome numbers, and
structural instability which is characterized by continuous
generation of new structural chromosome aberrations.
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Figures 4 and 5 illustrate that the genetic aberrations
characteristic of cancers, including aneuploidy, loss of
heterozygosity (LOH), gene amplification and gene loss
can be explained by the BFB events initiated by telomere
dysfunction (115,118).

Regarding the role of chromosome aberrations in
cancer development, it is well recognized that chromosome
aberrations have oncogenic potential in at least two ways.
First, chromosome translocations can result in the
formation of fusion genes or dys-regulation of gene
transcription at or near the translocation points as clearly
demonstrated in most leukemia and many soft-tissue
tumors, and some of these aberrations are disease-specific
(125-127). Second, gains or losses of chromosome
elements or whole chromosomes can lead to large scale
genomic imbalances or alterations in gene dosage in
virtually all types of human cancer (128). Molecular
cytogenetic studies have shown that multiple chromosome
abnormalities can be observed in carcinoma-in-situ stage.
These abnormalities persist along with continued
acquisition of additional abnormalities with tumor
progression towards late stage malignancies (3,129-131). It
is understood that chromosomal instability is an important
mechanism leading to genomic rearrangement and
imbalances that provides a platform for continuous
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selection of aberrant cells for cellular immortalization and
cancer development (124,132). In support of this, the
mouse model with the depletion of telomerase RNA

2081

component (mTerc) shows increased incidence of
spontaneous malignancies (mainly lymphoma,
teratocarcinoma) in late generation (G4-G6) animals (133).
Combination of telomerase depletion and p53 double
mutations (mTerc” p537) leads to significantly shorter
tumor latency and promotes the development of epithelial
cancers (9%), which do not commonly occur in wild-type
and p53” mice. Surprisingly, in mTerc” p53*" mice,
carcinomas become the largest class of clinically apparent
tumors (131). It is reasoned that the relatively longer tumor
latency in mTerc”” p53™ mice might better reveal the role
of age-dependent telomere attrition on carcinogenesis than
the mTerc” p53” mice because the latter rapidly succumb
to lymphoid and mesenchymal cancers. Chromosome end-
to-end fusions and non-reciprocal translocations, which are
typical chromosomal abnormalities in human solid tumors,
are frequently observed in the cells cultured from the
mTerc and p53 deficient mouse tumors. Since epithelial
cancer is the dominant cancer type in aged humans, and
pS3 pathway deficiency is common in human malignancies,
these mouse models are particularly relevant to the
development of epithelial cancers in humans.

Interestingly, severe telomere dysfunction in late
generation mTerc”” mice lacking tumor suppressor genes
other than p53, such as INK4a/Arf, Apc, and Atm (134-
136), or overexpressing the onocgene c-myc (137),
significantly suppresses tumor formation. Telomere
dysfunction-mediated ~ chromosomal instability  in
telomerase deficient mice also suppresses carcinogen-
induced skin carcinogenesis in Terc’ mice (138). The
cancer suppression by telomere dysfunction is thought to be
related to intolerable levels of massive chromosomal
instability which impairs cell survival and growth. In
particular, in the mTerc” Apc” mouse model, although
progressive telomere shortening increases the initiation of
microscopic adenomas, it significantly reduces the
multiplicity and the sizes of macroscopic adenomas. In
sporadic human colorectal tumors, anaphase bridges
(associated with, but not specific for, telomere dysfunction)
sharply increase at the transitional stage from adenoma to
early carcinomas, but decline at metastasis stage (135).
Taken together, the accumulating evidence indicates that
whereas early, transient and moderate telomere dysfunction
may be an important driving force for cancer development,
severe telomere dysfunction causing intolerable massive
chromosomal instability may actually inhibit cancer
development. This particular property of telomere
dysfunction may be exploited for cancer therapy.

8. HETEROGENITY IN TELOMERE LENGTHS ON
INDIVIDUAL HUMAN CHROMOSOMES AND ITS
IMPACT ON CANCER DEVELOPMENT

Before the use of fluorescein-labeled PNA
(peptide nucleic acids) probes, the most commonly used
tool to estimate telomere length was Southern analysis of
genomic DNA digested with selected restriction enzymes.
Such analysis requires thousands of cells and provides only
a crude estimation of the average length of all chromosome
ends in the cells. The use of fluorescein-labeled telomeric
PNA probes in fluorescence in situ hybridization (FISH)
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has made it possible to quantify telomere lengths on
individual chromosome ends (termed Q-FISH) (17). This is
because the neutral backbone of PNA allows the molecule
to hybridize to negatively charged DNA or RNA with
much higher affinity and specificity than conventional
DNA probes. Investigations have shown that the telomere
fluorescence intensities using PNA probes are directly
related to the amount of available target sequences. To
date, the major conclusions on human telomere lengths
based on Q-FISH studies are: (a) there are large differences
in telomere lengths between p- and g-arms of the same
chromosomes, as well as between the same arms of
homologous chromosomes in the cells of the same
individual; (b) different individuals have different profiles
of telomere length heterogeneity which are largely
inherited; and (c) different tissues of the same individual

have similar telomere length heterogeneity (17-
19,139,140).
If telomere erosion induces replicative

senescence and promotes genomic instability, then is it the
shortest telomere or the average telomere length in a cell
that triggers these events? Are chromosomes with shorter
telomeres more susceptible to chromosomal instability?
Two hypotheses regarding this issue were proposed by the
pioneers of telomere biology: (a) Critically short telomeres
are the primary determinant of chromosome structural
instability (118); (b) There is an inverse linear relationship
between telomere lengths and the probabilities of stochastic
telomere dysfunction, suggesting that cellular senescence
kinetics is associated with stochastic uncapping of
telomeres, rather than telomere length alone (141). The
latter hypothesis seems to be experimentally supported by a
study showing that the onset of replicative senescence in
cell lines derived from human fetal fibroblasts was not
associated with the shortest telomere lengths (142),
although the authors did not examine the relationship
between the shortest telomere lengths and chromosome
instability.

However, an extensive study using telomerase
knock-out mice demonstrated that cellular senescence as
well as the frequencies of chromosome end-to-end fusions
were determined exclusively by the shortest telomeres
(143). More recently, it was shown that a specific group of
chromosomes with the shortest telomeres, rather than one
or two sentinel telomeres, is responsible for inducing
replicative senescence in human foreskin fibroblasts (80).
We used a human ovarian surface epithelial cell line
(HOSE 6-3) immortalized by HPV-16 E6/E7 expression as
an in vitro model to study the relationship between
telomere shortening and chromosomal instability in the
early process of cancer. We showed that a subset of
chromosomes with the shortest telomeres (lacking
detectable telomere FISH signals) in pre-immortal (or pre-
crisis) cells were most frequently involved in various types
of chromosomal structural aberrations, including dicentrics,
translocations, losses or gains of chromosome elements,
thus supporting the hypothesis that chromosomes with the
shortest telomeres are most susceptible to chromosomal
instability (144). Our findings were supported by a later
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report of similar observations in SV40-ER-transformed
embryonic kidney epithelial cells (145).

Chromosomal aberrations are common in
cancers. A number of cytogenetic studies have revealed
that cancers have recurrent and non-random chromosome
imbalances (gains or losses of chromosome elements) and that
some of the chromosomal regions involved in gains or losses
are shared by many types of tumors and immortalized cell
lines (146-152). However, in addition to the gross overlapping
chromosome imbalances, the vast majority of human solid
tumors have complex karyotypes that differ within the same
types of tumors. For example, a number of widely used
classical cell lines from the same types of tumors have
dramatically different karyotypes, such as cervical cancer cell
lines: HeLa, CaSki, SiHa, HT-3 (153,154); prostate cancer
cell lines: androgen-dependent LNCaP, MDA-PCa-2b,
androgen-independent DU145, PC-3 (155,156); and breast
cancer cell lines: estrogen-dependent MCF-7, T47D, ZR-75-1,
and estrogen-independent SK-BR-3 and MDA-MB-231
(157,158). The same is true in a number of newly established
cancer cell lines, including those derived from esophageal
cancers (159-161) and nasopharyngeal cancers (151). The non-
random pattern of chromosome aberrations has also been
observed in pre-immortal transformed cells in vitro, with
independent cell lines of the same cell types having different
profiles of aberrant chromosomes (113,162).

The next question that comes to mind is whether
specific chromosomal aberrations associated with specific
types of solid tumors or specific cell types of immortalized cell
lines can be explained by the inherent differences in
distributions of the shortest telomeres. In our study of
multiple cell lines derived from human ovarian surface
epithelial and esophageal epithelial cells expressing HPV-
16 E6/E7 (67), we found that these cell lines derived from
unrelated donors had different profiles of critically short
telomeres, and that as the cells underwent immortalization
in vitro, their distinct profiles of critically short telomeres
were a key determinant of the early events of chromosomal
structural instability before immortalization. These early
events were mainly chromosome end-fusions. With further
passaging, the original “sub-short” telomeres also
shortened to dysfunctional threshold and the cells entered
cellular crisis due to massive chromosome instability. This
process generated increasingly wide-spread chromosome
aberrations including end-fusions, translocations,
insertions, losses or gains of chromosome elements. In
other words, most of the structural aberrations did not occur
randomly throughout the genome during the process of
continued cell proliferation, but rather occurred on those
specific chromosomes that had critically short telomeres
until rare cells emerged from crisis. In post-crisis cells, the
stabilized structural aberrations were again associated with
the specific distribution of critically short telomeres before
and during crisis in whole-genome. Thus, the individual-
specific profiles of critically short telomeres throughout the
entire process of immortalization (not just the shortest
telomeres at the beginning of the process) have a profound
long-term impact on the karyotypes of the immortalized
epithelial cells. Since chromosomal instability may help
drive the multiple genetic changes that are required for
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cancer development, these data provide a plausible
explanation for the long-standing mystery of why human
solid tumors of the same type have distinct structural
chromosomal aberrations.

In addition to structural chromosome aberrations,
aneuploidy (numerical chromosome abnormalities) is also
almost ubiquitous in cancers (2) and has been proposed to
be one of the mechanisms for cancer development (163-
167). Chromosome end-to-end fusions mediated by
telomere dysfunction can theoretically contribute to gains
or losses of whole-chromosomes (see Figure 4). Graakjaer
et al. found a negative correlation between telomere lengths
from their data set and chromosome-specific aneuploidy in
human B lymphocytes reported by another group (139). A
similar study by Leach er al. (168) detected such
correlation for telomere lengths on short arm only (and not
long arm or average chromosome-specific telomere length)
in normal cells. Since we found a non-linear relationship
between telomere lengths and the probabilities of
chromosome structural instability in human cells
undergoing immortalization (Figure 3), we sought to find
out whether there is any correlation between the
distributions of the shortest telomeres and the frequencies
of whole-chromosome losses or gains. Our whole-genome
data obtained from five human epithelial cells expressing
HPV-16 E6 and E7 (including two human ovarian surface
epithelial, two  esophageal epithelial and one
nasopharyngeal epithelial cell lines) showed that despite
dynamic gains or losses of whole-chromosomes from pre-
immortal stage to crisis, there was no consistent correlation
between the distributions of the shortest telomeres and the
frequencies of whole-chromosome losses or gains (169).
Therefore, in contrast to its role in structural chromosomal
instability, telomere dysfunction does not seem to play a
significant role in inducing nonrandom numerical
chromosome instability in human cells undergoing
immortalization. An interesting implication of this finding
is that microtubule-kinetochore attachment may be stronger
than chromosome structure.

9. TELOMERASE ACTIVATION ALLEVIATES
CHROMOSOME INSTABILITY DURING
IMMORTALIZATION AND TUMORIGENESIS

Short telomeres are present in premalignant
lesions in many cancer types (170-173). Since the BFB
cycles initiated by telomere dysfunction lead to extensive
genomic instability which is detrimental to cell survival,
telomere length must be stabilized to alleviate
chromosomal instability to a level permitting tumor
progression. This is mainly accomplished by telomerase
activation (174). In immortalized cells and tumor cells that
do not have detectable telomerase activity (such as
sarcomas and astrocytomas), telomere lengthening is
achieved by ALT (175,176). Extensive studies have
demonstrated that over 90% of cancers and immortalized
cell lines do have activated telomerase, as detected by a
highly sensitive PCR-based telomere repeat amplification
protocol (TRAP) (174). Ducray et al. (108) reported that
telomerase activation leads to alleviation of structural
chromosome instability in post-crisis SV40 transformed
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human fibroblasts, as indicated by the dramatic decreases
in the frequencies of chromosome end-to-end fusions
compared with cells in crisis. Our study of post-crisis
human epithelial cells yielded similar results, with whole-
genome alleviation of structural chromosomal instability
being accompanied by a significant decrease in overall
frequency of telomere signal-free ends (representing
critically short telomeres) in post-crisis cells (67). In
addition, as in the case of human fibroblasts (108), the
average telomere length in the post-crisis epithelial cells
was shorter compared with that of cells in crisis. This can
be explained by the suggestion that telomerase elongates
telomeres most efficiently on chromosomal ends with the
critically short telomeres, which leads to telomere length
homogenization but does not necessarily an increase in
average telomere length (108,143). It is possible that the
decrease in the frequencies of telomere signal-free ends,
rather than the overall elongation of telomeres, is
responsible for alleviation of structural chromosomal
instability during cancer progression. The underlying
mechanism for the preferential telomere elongation of short
telomeres by telomerase may be related to easier
accessibility of telomerase to short telomeres, because
critically short telomeres affect the epigenetic status of
telomeric and subtelomeric chromatin, making telomeric
heterochromatin switch to a relatively more “open” state
which allows for telomerase action (37,177).

10. CONCLUSIONS AND FUTURE PERSPECTIVE

It is well established that loss of checkpoint
function is insufficient for immortalization and cancer
development. Since cancer development involves
accumulation of multiple genetic alterations, what we have
reviewed above provides a brief account of how telomere-
driven chromosomal instability may pave the way for the
initiation and continuous evolution of genetic alterations
needed for cancer development. Through continuous
generation of new structural and numerical chromosome
aberrations, genomic instability provides cells with
selective advantages during cancer development.

Most cancer cells have strong telomerase activity
to maintain telomere lengths for long-term cell
proliferation. It has been proposed that cancer cells can be
killed by inducing critical shortening of telomeres, and
hence senescence or apoptosis, through inhibition of
telomerase. A telomerase inhibitor, GRN163L, is now in
Phase I and II clinical trials. In this regard, the non-linear
relationship between specific telomere length and the
probability of structural chromosomal instability we
observed in human epithelial cells undergoing
immortalization (Figure 3) has important implications --
that telomerase inhibition may not be immediately effective
until telomeres shorten to a critical length, thereby casting
some doubt on the efficacy of short-term telomerase
inhibition treatment. However, this problem may be
overcome by lentiviral delivery and over-expression of
mutant-template human telomerase RNA (MT-hTer) to add
mutant DNA to telomeres in cancer cells. This results in
rapid inhibition of cell growth and induction of apoptosis in
telomerase-positive precancerous or cancer cells but not in
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telomerase-negative cells, with the effects occurring
independent of telomere length. Co-expression of MT-hTer
with a hairpin short-interfering RNA that specifically
targets the endogenous wild-type human telomerase RNA
has been shown to synergistically induce rapid DNA
damage response, telomere uncapping, and inhibition of
cell proliferation in a variety of human cancer cell lines
(178,179), thus providing a promising approach for cancer
therapy.

Recently, new discoveries in telomere structure
and the functions of telomere associated proteins have led
to an increasing interest in targeting telomeres instead of
telomerase in anti-cancer therapy. One strategy is to target
telomere associated proteins that regulate telomere
function, e.g. triggering telomere loss and inducing
apoptosis or senescence through inhibition of the telomeric
DNA-binding protein TRF2 (180-182). Another strategy is
to stabilize the G-quadruplexes, which are formed in the G-
rich single-stranded 3’ overhang of telomeres, so as to
render telomeres inaccessible to telomerase action. In
particular, the G-quadruplex ligand telomestatin not only
binds to telomeric overhang and impairs its single-stranded
conformation, but also induces dissociation of TRF2 and
POT1 from telomeric sequences in human cancer cells
(183-185). More importantly, it was shown that short term
treatment with telomestatin at an appropriate dose can
selectively kill cancer cells but not normal cells (185).

Another category of interesting finding in recent
years is that the average telomere lengths in non-
transformed cells are significantly shorter in patients with
head and neck, renal, and bladder cancer (186-189) as well
as non-Hodgkin's lymphoma than in normal individuals
(189). However, as we have reviewed above, detailed
studies on dynamic chromosomal abnormalities in animal
models and human cells in culture have consistently
revealed that it is not the average telomere but rather the
shortest telomere length that determines the profiles of
chromosomal instability. It is well known that
chromosomal aberrations in human cancers are not
randomly distributed throughout the whole-genome.
Therefore, it would be interesting in the future to decipher
further whether the chromosomal aberrations detected in
human cancers are associated with the specific profiles of
the shortest telomeres in normal cells from cancer patients,
and whether cancer patients or cancer-prone patient have
some specific profiles of the shortest telomere (s) as
compared with the healthy individuals. In this regard, we
expect that the profiles of the shortest telomeres to be more
significantly associated with cancer risk than average
telomere lengths. The information might lead to
identification of the shortest telomere (s) as a risk factor for
cancer.

From the time Herman J Muller coined the term
“telomere” (from the Greek felos meaning end, and meros
meaning part) in the early 1930s to now, telomere research
has come a long way but has not lost its momentum. New
discoveries pertaining to telomere structure and telomere
homeostasis that shed light on the complex relationship
between telomeres, telomerase, chromosomal instability
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and cancer will undoubtedly have an important impact in
cancer therapeutics.
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