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Abstract

Human telomeres are composed of long repeating sequences of TTAGGG; associated with a variety of telomere-binding pro-
teins. Its function as an end-protector of chromosomes prevents the chromosome from end-to-end fusion, recombination and
degradation. Telomerase acts as reverse transcriptase in the elongation of telomeres, which prevent the loss of telomeres due to
the end replication problems. However, telomerase activity is detected at low level in somatic cells and high level in embryon-
ic stem cells and tumor cells. It confers immortality to embryonic stem cells and tumor cells. In most tumor cells, telomeres are
extremely short and stable. Telomere length is an important indicator of the telomerase activity in tumor cells and it may be used
in the prognosis of malignancy. Thus, the assessment of telomeres length is of great experimental and clinical significance. This
review describes the role of telomere and telomerase in cancer pathogenesis and the dynamics of the telomeres length in dif-
ferent cell types. The various methods of measurement of telomeres length, i.e. southern blot, hybridization protection assay,
fluorescence in situ hybridization, primed in situ, quantitative PCR and single telomere length analysis are discussed. The prin-
ciple and comparative evaluation of these methods are reviewed. The detection of G-strand overhang by telomeric-oligonu-
cleotide ligation assay, primer extension/nick translation assay and electron microscopy are briefly discussed.
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Telomere, telomerase and
cancer pathogenesis

Human telomeres are a long tandem array of chromosome and which are associated with a variety
TTAGGG bases, which are found at the end of each of telomere-binding proteins. Since 1930s, when
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senescence". The maximum number of divisions is
known as 'Hayflick limit' [1]. According to the
"Theory of Marginotomy", described by Olonikov in
1970s, telomere shortening acts as an intrinsic clock
mechanism counting the lifespan of the cells [2]. This
is due to the inability of the conventional DNA poly-
merase to replicate the 5' end of the lagging strand
after degradation of the primer. The actions of puta-
tive 53" exonuclease cause further shortening of the
S'end [3-5]. The telomere shortening in each succes-
sive division may lead to the formation of 3' end G-
strand overhang of the telomere [3—5].

The current model of telomere is a large duplex
structure consisting of a telomere (T)-loop and a dis-
placement (D)-loop, associated with telomere-bind-
ing proteins. This structure functions as a protective
cap, which prevents the chromosome from being rec-
ognized as DNA breakage by DNA repair complexes.
Subsequently end-to-end fusion, recombination, and
degradation occurred, which lead to chromosome
instability and cell death [6, 7]. The two major telom-
ere-binding proteins are telomeric repeat binding fac-
tor 1 (TRF1) and telomeric repeat binding factor 2
(TRF2). Both may function individually or by inter-
acting with other binding proteins, such as tankyrase,
TIN2, hRapl, Mrel1/Rad50/Nbsl DNA repair com-
plex, Ku86 and so on. These binding proteins play an
important role in the regulation of the telomere
length. TRF1 is a negative regulator of telomere
length and the length regulation is dependent on a
feedback mechanism involving telomerase. TRF2 is
found in the double-stranded T-loop and in the loop-
tail junction which probably act as the stabilization of
the G-strand overhang at D-loop [8—12].

Telomerase is a ribonucleoprotein consisting of 2
main components, telomere RNA component
(TERC; sometimes also referred to as TR or TER)
and telomere reverse transcriptase (TERT). The
telomerase functions as a reverse transcriptase in the
elongation of telomere length, in which the TERC act
as a template for telomere synthesis, and TERT cat-
alyze the elongation [13, 14]. The telomerase activity
is detected at low levels in normal somatic cells [15].
However, in skin, lymphocytic tissues, endometrial
tissue, hair follicles and intestinal crypts active mitot-
ic cells and stem cells express a low level of telom-
erase activity and is growth regulated [16, 17]. This
telomerase activity is regulated at different molecular
levels, including transcription, mRNA splicing, and
maturation and modification of TERT and TERC.
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Thus, telomerase is a potential target in the develop-
ment of anti-cancer therapy [18].

The high level of telomerase activity is detected in
about 85% of human tumors and immortalized cell
lines [17, 19]. Besides the activation of telomerase, a
number of complex events are needed for malignant
transformation, including the activation of oncogenes,
the inactivation of tumor suppressor genes and uncon-
trolled mitogenic stimulation [20, 21]. Telomerase
activity maintains the length of telomere and confer-
ring tumor cells immortality and high proliferation
capacity. Human cells must overcome two barriers to
proliferate and achieve immortalization. The first is
cellular senescence or mortality stage 1 (M1), result-
ing in telomere shortening and cell proliferation arrest,
but continued cells metabolism. When cells bypass the
M1, the telomeres continue to shorten and eventually
reach the second proliferation barrier, or 'crisis', or
mortality stage 2 (M2). Crisis cells with extremely
short telomeres then undergo apoptosis. Rarely, cells
escape the crisis and telomerase is activated causing
immortalization to occur [22—24]. The current accept-
ed model suggests that telomere length and telomerase
activity play a dual role in tumorigenesis. In the early
stage of malignant transformation, telomere loss lim-
its cell proliferation and telomerase activation protect-
ing the ends of the chromosome and suppressing
tumorigenesis. In the late stage of tumorigenesis
telomere loss induces genomic instability and telom-
erase activation promotes immortalization [25]. Some
tumor cells do not express telomerase activity; the sta-
bilization of telomeres is maintained by telomerase-
independent mechanism, an 'alternative lengthening
of telomeres' (ALT), when the G-strand overhang
invade the loop structure and act as the template for its
elongation [26, 27].

Dynamics of telomere length

The assessment of telomere length is important in
the understanding of biological and clinical signifi-
cance of the telomere. The telomere length serves
as an useful indicator in the study of the chromoso-
mal stability, telomerase activity, proliferative
capacity and aging process of the cells. The clinical
value of telomeres can be demonstrated in its
importance in cancer, premature aging syndrome or
segmental progeria, genetic anomalies and age-



related diseases [16, 25, 28]. The dynamics of
telomere length have distinct patterns of expression
in specific disease progressions. Therefore, it has a
great value in the prognosis of the diseases.

Telomere lengths within the same cell are hetero-
geneous [29]. Studies showed that the length of
telomere in specific chromosome arms is very similar
in different tissues of same individual, but vary sig-
nificantly between different individual. Interestingly,
certain chromosomes, for example 17p are consis-
tently short in all individuals studied [30]. In germ
cells, the telomeres range from 10 to 14 kilobases
(kb) in length, while in somatic cells they are several
kb shorter [31]. The average telomere length of
CD34+ human hemopoietic progenitor cells from
fetal liver, cord blood, peripheral blood and bone
marrow are 11 kb, 10.4 kb, 7.4 kb and 7.6 kb, respec-
tively [32]. In the absence of telomerase activity, the
cells lose 30 to 150 bases (b) of telomeres in each suc-
cessive cell division, and reach 5 to 10 kb in old or
presenescent cells [33, 34]. When the cells reach the
senescent phase or M1, the telomere is 5 to 8 kb in
length. The short telomeres determine the replicative
senescence of cells, in which a specific group of chro-
mosomes with the shortest telomeres is responsible
for induction of replicative senescence [35]. In suc-
cessive telomere shortenings, the cells enter the crisis
phase or M2, the telomere length is shorter than in
M1, range from 1.5 to 2 kb. However, there is a con-
tradictory report that shows that the telomere in crisis
is about 15 kb in length [22].

In cancer cells, the telomere length has a wide
range of variability, and its equilibrium depend on the
balance between the telomere shortening from cell
division and telomere elongation result from telom-
erase activity [36]. The telomere length is also affect-
ed by the presence of associated protein, replication
history and age of the patients as well [36, 37]. Many
experiments show that tumor cells have extremely
short and stable telomere, and its stability is achieved
by the activation of telomerase [19, 38]. However,
recent data suggests that the tumor-derived and
immortalized cell lines show their clonal heterogene-
ity in telomerase activity and telomere length. The
level of telomerase component and telomerase activi-
ty is not predictive of telomere length [39]. Clinical
evidences demonstrate the clonal heterogeneity of
telomere and telomerase activity in tumor cells. Kim
et al. showed that the telomere length in colorectal car-
cinoma (7.12 kb) is shorter than normal controls (9.25
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kb) and colonic polyps (9.41 kb). The study showed
no significant correlation between the telomere length
and telomerase activity [40]. Counter et al. showed
that the late stage of chronic myeloid leukemia (4.4
kb) is shorter than its early stage (7.9 kb), and the
telomerase is activated late in the progression of the
disease [41]. In contrast, some tumor types have
longer telomere than normal, for example, intracranial
tumors, basal cell carcinomas of the skin, and renal
cell carcinoma [42]. This suggests that the cells have
not yet undergone enough divisions to induce signifi-
cant telomere shortening, and the further elongation is
caused by telomerase activation [42]. Maruyama et al.
showed that the telomere length of intestinal metapla-
sia (5.89 kb) and gastric adenoma (4.62 kb) is statisti-
cally shorter than normal control (6.23 kb), but the
gastric carcinoma (6.21 kb) has no significant differ-
ence compared to normal. This study showed that the
telomerase activity is expressed only in the early phase
of gastric carcinogenesis, from intestinal metaplasia
through adenoma [43].

The evaluation of telomere length is important in
clinical diagnosis and prognosis. Although many
studies had been done, the exact role of telomere
shortening and the length variability in different cells
types are still elusive and further studies are needed.

Methods of telomere length
measurement

There are plenty of methods to measure telomere
length, including southern blot, hybridization protec-
tion assay, fluorescence in situ hybridization, flow
cytometry, primed in situ, quantitative-polymerase
chain reaction and single telomere length analysis.
These methods are described in detail below. There
are three methods described for the measurement of
telomeric 3'-overhang, telomeric-oligonucleotide lig-
ation assay, primer extension/nick translation assay
and electron microscopy. These methods are briefly
reviewed (Table 1).

Southern blot (SB)
Southern blot (SB) was described by Southern in

1975, and it is now widely used for analyzing the
structure of DNA and telomere [44]. The DNA is
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Table 1 Methods of telomere measurement

Methods Modifications References
Southern blot [44, 45]
Modified SB [46]
Slot blot [47]
Hybridization protection assay [48]
Fluorescence in situ hybridization [50]
PNA-FISH [29, 49, 51, 52]
FISH with modified probes [53]
TELI-FISH [54]
T/C-FISH [55]
Fiber-FISH [56, 57]
Flow cytometry-FISH [58-64]
Modified flow-FISH [62, 65]
Multicolor flow-FISH [66]
Primed in situ [67-70]
Dideoxy-PRINS [71, 72]
Double strand-PRINS [73]
Quantitative-polymerase chain reaction [74, 75]
Single telomere length analysis [76-78]
Primer extension/nick translation [3, 4]
Electron microscopy [79]
Telomeric-oligonucleotide ligation assay [80]

cut into fragments by restriction enzyme, Hinfl or
Rsal. Then, it is separated by electrophoresis in an
agarose gel and transferred onto a nitrocellulose or
nylon gel. The fragmented DNA is hybridized with
labeled probes specific for telomere sequences,
(CCCATT),, either isotopic (32P-labeled) or non-
isotopic, chemiluminescence (digoxienin-, biotiny-
lated-, or alkaline phosphatase-labeled). The size
and abundance of the telomere / terminal restriction
fragment (TRF) is measured quantitatively by den-
sitometer [37, 44]. The Hinfl or Rsal is used
because both restriction enzymes are frequent cut-
ters and therefore can minimize the size of the sub-
telomeric region.

The TRF analysis by SB has several disadvan-
tages. The extracted DNA for SB analysis should
be unfragmented and pure. This is technically dif-
ficult and the unfragmented, high molecular
weight of DNA is difficult to handle due to it high
viscosity. The TRF represents the mean length of
telomere of all chromosomes. Besides, the TRF
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includes the unknown length of the subtelomeric
region, in which the TRF value is dependent on
the restriction site of the subtelomeric region by
the restriction enzyme. Thus, TRF does not pro-
vide the information on the actual length of telom-
ere [37]. However, when several frequent cutter
enzymes are used together, the subtelomeric
region might be reduced to a minimal size and the
accuracy might be increased.

Improvements and combinations with other
methods have been described to compensate for the
shortcoming of the SB [45—47]. The improved SB
in telomere measurements is based on two-dimen-
sional calibration of DNA sizes, pulsed-field elec-
trophoresis, high-resolution images, and mathe-
matical calculations [46]. The accuracy of this
improved SB is up to + 0.3 kb [47]. The SB
requires at least 1 (g of DNA to measure DNA
length, which can be difficult to achieve if the
number of cells is small. A variation of the SB
method - slot blots, has been described, in which



the measurement of telomere was based on the
ratio of telomere to centromere content (TC ratio).
This method can measure the minimum of 800
whole cells, or 9 ng of purified DNA, and thus
increased the assay sensitivity and DNA isolation
is not needed when the cell numbers are too small.
However, this method has large variations up to
+ 1 kb, and thus it is not suitable for monitoring
small changes in telomere length [47].

Although TRF analysis by SB has plenty of dis-
advantages, it is still the most widely used method
in the study of telomere length. It serves as a stan-
dard of control and comparison to most of the
newly developed methods, as described later.

Hybridization protection assay (HPA)

The detection of telomere repeats by hybridization
protection assay (HPA) was developed by Nakamura
et al. [48]. The authors conducted a comparative
study of telomere repeats measurement by TRF anal-
ysis and HPA. The results showed several advantages
of HPA over TRF analysis. The HPA procedures
included the preparation of genomic DNA or cell or
tissue lysate and hybridization with acridinium ester
(AE)-labeled probe for telomere and A/u sequence,
measurement of the chemiluminescence by a lumi-
nometer, and determination of the ratio of telomere
to Alu sequences. Their study showed a telomere to
Alu sequences ratio of 0.01 which corresponds to
approximately 2 kb of mean TRF.

In HPA, intact or unsheared DNA is not
required, but sheared DNA with lower limit of 10
ng is recommended, and unpurified DNA in cell or
tissue lysates with lower limit of 1000 cells can be
measured; in comparison, the TRF analysis
required purified DNA as intact as possible. The
TRF analysis is time-consuming, while the HPA is
rapid and simple, because the procedure requires
only approximately 45 min. Furthermore, the TRF
may include unknown lengths of subtelomeric
sequences, and the real telomere length is unknown;
while the telomere measurement by HPA may not
included subtelomeric sequences. The TRF analysis
is inaccurate when the smear pattern of TRF autora-
diogram is quantified by densitometry and HPA
avoid this. In comparison to TRF analysis, the HPA
is safer to use because no radioactive probes are
used. However, the HPA does not give detailed
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information about telomeres at the cell level or
chromosome level, and the size of telomeres can't
be measured directly. HPA is convenient for clinical
examination of telomeres in small numbers of cells
in washings or body fluids or tissues obtained by
endoscopy or needle biopsy [48]. However, modifi-
cation of HPA is needed, particularly in the context
of statistical analysis and technical handling, in
order to increase its accuracy and improve it disad-
vantages, and thus make it more applicable in
experimental and clinical approaches.

Fluorescence in situ hybridization (FISH)

Fluorescence in situ hybridization (FISH) allows the
direct labeling of oligonucleotide probe to the
telomere sequences at individual cell level [49]. The
standard procedures of FISH involved the
metaphase preparation of chromosome and DNA
denaturation, the hybridization with synthetic telom-
eric-specific fluorescein isothiocyante (FITC)-con-
jugated or Cy3-labeled oligonucleotide probes,
counterstaining with 4', 6'-diamidino-2-phenylin-
dole (DAPI) or propidium iodine (PI) and finally
visualization by fluorescence microscopy or with a
digital imaging system, such as a CCD camera,
which capture the image and quantify the fluores-
cent signals [49, 50]. The FISH methods are exten-
sively employed in cytogenetics studies of specific
genes. There are several reasons that make it suit-
able in telomere measurements, for instance, the
small size of telomere-specific probes increase their
penetration into the cells and the renaturation is not
needed because the probes used are single stranded
make it more applicable for analyzing of telomeres
[49]. The quantifying of telomere length by FISH
method is called quantitative-FISH (Q-FISH).
Lansdorp et al. developed a quantitative-FISH
by using peptide nucleic acid (PNA) oligonu-
cleotide probes (PNA-FISH) instead of oligonu-
cleotide probe [49]. The PNA probe resulting
duplexes are more stable than the DNA/DNA or
DNA/RNA duplexes formed by the conventional
oligonucleotide probes, because the charged phos-
phate-deoxyribose backbone is replaced by
uncharged repeating N-(2-amino ethyl)-glycine
backbone linked by peptide bonds [51]. The digital
images were recorded with a CCD camera on a flu-
orescence microscope, and analyzed quantitatively
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[29, 49]. In comparison to conventional
oligonecleotide probes, although they produce
higher background fluorescence, the PNA probes
exhibit more intense staining of most telomeres,
and thus improve it sensitivity. When fetal livers,
bone marrows and chronic myeloid leukemia cells
were tested, the result showed that the mean telom-
ere fluorescence intensity (TFI) is well correlated
with the expected mean TRF [29, 49]. Poon ef al.
used a digital image microscopy system for mea-
surement of the TFI in metaphase cells following
PNA-FISH [52]. The images of Cy3 and DAPI flu-
orescence are separated by the computer program
TEL-TELO. The TFI is proportional to the number
of hybridized probes and showed a good correlation
with mean TRF. Poon et al. proposed several
improvements including an improved microscope
focusing process and segmentation of telomeres in
interphase nuclei without chromosome segmenta-
tion can increase the accuracy and efficacy of anal-
ysis [52]. Although the prerequisite of thousands of
live cells are needed in cell culture for both Q-FISH
and TRF analysis, one of the advantages of Q-FISH
is that the cell harvesting can be done easily
because very few metaphase cells (< 30 cells) are
needed for Q-FISH analysis. In comparison, the
large amount of cells (> 100.000 cells) and a serial
of complex molecular biological techniques are
needed for TRF analysis [52].

Hacia et al. designed the modified version of
oligonucleotide probes for the FISH assay in
detection of telomere sequences [53]. The modi-
fied oligonucleotides are composed of 18
nucleotides in length and are complementary
either to C-rich or G-rich telomere sequences.
The modified oligonucleotides were made on a
PE Biosystems 391 DNA synthesizer. The modi-
fied probes are designed either to increase its tar-
get affinity by enhancing duplex stability (2'-
OMe ribose sugars and 5-(1-propynyl) pyrimi-
dine residues) or inhibit the formation of inter- or
intramolecular structures which may interfere
with target binding (7-deazaguanosine and 6-
thioguanosine residues). The result showed that
the modified probes increased affinity for target
binding in comparison to conventional probes,
and thus enhanced the telomere staining poten-
tial. The modified oligonucleotide probes gave
comparable result with PNA. The modified
probes can easily be synthesized and are more
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cost-effective in contrast to PNA. The authors
proposed that such probes could be used as an
alternative method to PNA in the assessment of
telomere length [53].

Meeker et al. described the measurement of
telomere length by combined FISH and immunos-
taining (TELI-FISH) [54]. This allows the mea-
surement of telomere length in standard formalin-
fixed, paraffin-embedded human tissue specimens
and simultaneous identification of cell species.
Very few cells (~10-15 cells) are required in TELI-
FISH. In their study, human cancer cell lines with
known telomere lengths are studied and it is
applied to human prostate tissue microarray with
matched normal/tumors pairs. This enabled the
direct comparison of telomere length of normal and
malignant cells, in which the undesired cells types
can be ignored. The result showed a good correla-
tion with the mean TRF [54].

Perner et al. developed the telomere/cen-
tromere-FISH (T/C-FISH) to measure the telom-
ere length of every single chromosome arm [55].
The centromere of chromosome 2 serves as an
internal reference, the metaphase images are cap-
tured and karyotyped by ISIS software. The ratio
of fluorescence intensity of absolute telomere to
reference centromere are calculated and correlated
with mean TRF, and thus telomere length is quan-
tified. This method can be applied only to prolif-
erating cells, but not in resting cells because
metaphase imaged can be captured and karyotyped
for future analysis [55].

Recently, Yan et al. developed fiber-FISH method
in telomere measurement on chromatin/DNA fiber
preparations [56]. The telomere-specific PNA green
probe and 1q subtelomere-specific red probe co-
hybridized on the chromatin fiber. The size of the 1q
subtelomere probe is known to be 100 kb. When it
hybridized to the fiber, its visible length becomes vari-
able because of the nature of the variant stretching
degree of the released chromatin fiber. However, the
target sequence that is very close to the subtelomere
probe supposes to have similar stretching degree. Thus
the known size subtelomere probe as internal control
plays important role to judge the degree of release of
the DNA fibers and calibrate the target sequence in
practice [57]. In other words, the variation of the sig-
nal length on the fiber is not a matter for the measure-
ment of telomere length as long as a good reference
probe with known size is used. In the examination of
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Fig. 1 Measurement of telomere length using fiber-FISH. (A): Telomere signals detected by PNA probe on chromatin
fiber preparations. (B) and (C): Co-hybridization of telomere probe (green) and 1q subtelomere probe (red) on the
fibers. (D): Measurement of signal length on the fibers with different stretching level. From presentation of Yan J. et
al. in The American Society of Human Genetics 54t Annual Meeting, Toronto, Canada, October 26-30, 2004 [56].

1q in a lymphoblast cell line, the length of measurable
telomere and subtelomere signals aligned on the fibers
ranged from 0.9-2.9 um and 13.8-29 um, respective-
ly. The average telomere length in the 1q from the
lymphoblast cell line is 8.4 kb with SD 1.9 kb
(Fig. 1). It implies 3.4-7.2 kb/um (average 5.5 kb/um)
of the visible length of the probes hybridized on such
fibers according to the various stretching degree of the
fibers. The fiber-FISH are able to measure the length
of particular telomere, and thus useful as a reference to
the telomere length measured by Q-FISH [56].

Flow cytometry - fluorescence in situ
hybridization (flow-FISH)

The Lansdorp's team combined FISH with flow
cytometry (flow-FISH) in the measurement of
telomere lengths within the immunologically char-

acterized cell populations [58, 59]. The six basic
steps of flow-FISH protocol are summarized: cell
separation and preparation, DNA denaturation,
hybridization with PNA probes, washes to remove
excess probes, DNA counterstaining, and finally
acquisition and analysis by flow cytometry [60].
Each of these steps is important for accuracy and
reproducibility and the recommended protocol was
described by Baerlocher ef al. [60]. In the study by
Hultdin et al., the accuracy is increased by using an
internal cell line control, which serves as a standard
for telomere length to normalize the relative telom-
ere length to the DNA index of Gy/G; phase cells
for compensating the differences in hybridization
steps [61]. Various cell lines and clinical samples
from bone marrow, blood, lymph nodes and tonsils
were tested and their values of telomere length were
well correlated with mean TRF [61]. In contrast to
Q-FISH, the flow-FISH allows the analysis of
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telomeres in cycling and non-cycling cells instead
of metaspread preparation and the entire procedure
can be achieved in a single day [58, 60].
Furthermore, the different subpopulations of cells
can be processed at the same time this is useful
when certain cell populations present in low fre-
quencies are difficult to purify [62]. The telomere
length measurement by flow-FISH in the studies of
nucleated blood cells of normal individual or
patients with hematological disorders showed its
usefulness [60, 63, 64]. However, flow-FISH is fea-
sible only when large number of cells are available.

The simultaneous analysis of telomere length
and cell phenotype is technically difficult because
only few fluorochromes with suitable emission
spectra tolerate the conditions when DNA denatura-
tion and PNA hybridization take place [61]. Schmid
et al. overcame it by measuring the telomere length
in cell subsets characterized by expression of two
surface antigens [62, 65]. In their presented proto-
col, the differential expression of two surface anti-
gens, telomere length and DNA content are mea-
sured simultaneously [62]. The results are well cor-
related with mean TRF [60]. Baerlocher et al. used
the automated multicolor flow-FISH in the mea-
surement of telomere length by a Hydra 96-well
microdispenser device [66]. This allowed the quan-
tification of samples when the differences in telom-
ere length are very small (0.5 kb) and when only
few cells (1000 cells) are available. The automation
is useful in large scale analysis, when multiple sam-
ples are measured simultaneously [66].

Primed in situ (PRINS)

Primed in situ (PRINS) is an effective method for
detecting long repeat sequences of DNA, such as
a-satellite in centromere and mouse telomere
(> 100 kb). The synthetic oligonucleotide primers,
(CCCTAA), are annealed or hybridized to the
metaphase or interphase spread chromosomes.
When the thermostable DNA polymerase and flu-
orescence labeled nucleotides are added, elonga-
tion of the primers occurs. Finally, the fluores-
cence signals are detected and analyzed by fluo-
rescence microscope with computer software [67,
68]. The simultaneous extension of the primers at
many sites will produce sufficient fluorescence
intensities to be detected. However, the human
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telomere is short and the uneven primer annealing
may lead to insufficient telomere detection [68].
Several modifications were introduced to increase
labeling and annealing efficacy. Multiple cycles of
amplification were used to increase the hybridiza-
tion and elongation of primers, and thus enhance
the signal of telomere detection [69]. Next, multi-
color labeling for different chromosomes and
enzymatic detection instead of fluorochromes
were introduced [70]. Later, the dideoxy-PRINS
were designed when one or more dideoxynu-
cleotides are added, for example, ddGTP are used
in C-rich telomeric strand. This result in more spe-
cific labeling of telomere sequences by reduces
non-relevant priming from random break in chro-
mosomal DNA [71, 72].

In recent years, Yan et al. developed the dou-
ble-strand PRINS method [73]. Two primers,
(TTAGGG); and (CCCTAA),, were used to label
both forward and reverse telomeric DNA strands.
The two directional labeling resulted in an intensi-
fied signals production. In comparison to the clas-
sic single-strand labeling, the labeling efficacy
increased from 78% to 95%; when the chromo-
some arms were evaluated, the labeling efficacy
was increased from 88% to 99% [73]. Moreover,
this study had shown that the digoxigenin-labeling
yielded a higher detection power in comparison to
the biotin-labeling. The withdrawal of dGTP from
G-rich primed reaction or dCTP from C-rich
primed reaction avoid the self-annealing between
the two complementary primers [73]. The compar-
ative studies suggested that the PRINS is more
cost effective and simpler than FISH in the detec-
tion of telomere [68, 73].

The modified oligonucleotide probes in the
FISH detection of telomere which previously
described are suggested to be applied to PRINS
[51]. The high target affinity of 2'-OMe-ribose- and
5-(1-propynyl) pyrimidine-modified probes could
be suit for PRINS in the detection of telomere [51].
However, the experimental studies are needed to
prove it usefulness in telomere measurement.

Quantitative polymerase chain reaction
(Q-PCR)

Cawthon described the measurement of telomere
by quantitative polymerase chain reaction (Q-
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Fig. 2 The STELA involve the annealing and ligating of 'telorette' to telomeric G-rich strand 3'-overhang. The PCR
amplification is performed using primer 'teltail' together with a telomere- or allelic-specific upstream primer in the sub-
telomeric region. Reproduced with permission from Baird D.M. [76].

PCR) [74]. Previously, it was thought that the mea-
surement of telomere by PCR amplification with
oligonucleotide primers, TTAGGG and CCCTAA
is impossible, because the hybridization may occur
between these primers and only primer dimer-
derived products are generated [74, 75]. In their
presented study, the primers are modified and are
composed of repeated pattern of six bases contain-
ing four consecutive paired bases followed by two
mismatched bases. In this way, the two primers
will not be hybridizing with each other and the
PCR-amplified telomere products are free of
primer-derived products.

In Q-PCR, the ratio of telomere repeat copy
number (T) to single copy gene copy number (S) is
determined. This ratio (T/S ratio) is proportional to
the average telomere length, and the relative telom-
ere length is measured quantitatively [74, 75].
Cawthon carried out the experiments by using
AmpliTaqg Gold DNA polymerase on an Applied
Biosystem Prism 7770 Sequence Detection System
[74]. Gil et al. modified the conditions and reagents
of this protocol when they used FastStart Taq poly-
merase on a Roche LightCycler [75].

In comparison to TRF analysis and Q-FISH
methods, the measurement of telomere by Q-PCR
does not include the subtelomeric region which is
highly variable between individuals, from 2.5 to 6
kb. In the HPA assay, the ratio of telomere to Alu
sequences is determined, and the relative length of
telomere is subsequently quantified; however, the
level of inter-individual variation in the copy num-
ber of Alu sequence and centromeric sequence is
unknown, thus the results may be inaccurate. The
use of single copy gene avoids this problem. The Q-

PCR is suitable for genetic and epidemiological
studies, since the T/S ratio vary approximately 2.5
fold among age- and sex-matched individuals [74].

Single telomere length analysis (STELA)

Baird et al. developed single telomere length anal-
ysis (STELA), a PCR-based method that measures
the telomere lengths at the individual chromosome
level [76]. The first step involved the annealing of
'telorette', a linker which compose 7 repeats of
TTAGGG followed by 20 nucleotides non-comple-
mentary tail to telomeric G-rich strand 3'-overhang.
Secondly, the telorette is ligated to the 5' end of C-
rich strand of telomere (Fig. 2). Thereafter the PCR
amplification is performed using 'teltail', a primer
which is identical to the non-complimentary
telorette tail, together with a chromosome-specific
upstream primer in the subtelomeric region [76,
77]. The upstream primer can be allele-specific
when the polymorphisms in this region are studied,
for example, the AT (adenine, thymine)- and GC
(guanine, cytosine)- allele telomere loss rates are
examined in Werner syndrome fibroblast cells [75,
77]. The STELA was first developed for analysis of
short arms of the human sex chromosome, the
XpYp telomere and suggested that this method can
be applied to telomeres in human and other species
[76]. A recent study on strain-specific telomere
length of Caenorhabditis elegans and telomere ero-
sion rates in Werner syndrome fibroblast cells
showed its validity in telomere analysis at the sin-
gle chromosome level [78]. The result showed good
correlation with mean TRF (Fig. 3). The STELA
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Fig. 3 (A) TRF analysis of 2 subclones of K1 human
thyroid cancer cell lines, with mean TRF of 2.9 kb and
1.5 kb. (B) STELA of same subclones of K1 human thy-
roid cancer cell lines with a) and b) telorette ligated; c)
and d) irrelevant telorette ligated; ) no telorette ligated;
f) and g) 3'-overhang digested by nuclease and telorette
ligated. TRF is a continued DNA smear, while STELA
contains many DNA bands reflecting the higher accura-
cy. Reproduced and modified with permission from
Baird D.M. [76].

can readily measure the telomere lengths ranging
from 406 b to 20 kb. When the exact position of
each telomere molecule is inferred from telomere-
variant repeat mapping and together with control
experiments of similarity in intensity of each band,
it is proposed that the PCR amplification of STELA
is highly telomere-specific. The STELA measure-
ment of XpYp telomere of human fibroblast cells
are consistently lesser than mean TRF and the rela-
tionship between these two are linear, suggested
that the unknown length of subtelomeric sequences
are not included in STELA [76].
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Methods of G-rich strand 3'-
overhang measurement

A long telomeric G-rich strand 3'-overhang are
found in the human chromosome end. Electron
microscopy reveals that about 42% of the telomere
ends form a large duplex loop structure, which
depends on the presence of 3'-overhang and telom-
eric repeat factor 2 protein [6, 7]. Besides, the rate
of telomere shortening during cell division is pro-
portional to the size of the telomeric 3'-overhang
[79]. The study of the 3'-overhang is needed in
understanding how the telomeres are being protect-
ed by hiding in the loop structure, and how the
telomerase accesses the hidden telomeres, and is
therefore useful in exploitation of target for anti-
cancer therapy.

Several methods are described for the quantita-
tive measurement of the telomeric 3'-overhang,
namely primer extension/nick translation (PENT),
telomeric-oligonucleotide ligation assay (T-OLA)
and electron microscopy (EM). By using PENT,
85% of the human umbilical vein endothelial cells
(HUVEC) are detected to have 130-210
nucleotides of 3'-overhang [3, 4]. In the study by
EM, the BJ fibroblasts, mammary epithelial cells,
IMR 90 lung fibroblasts, and HUVEC have 156+7,
26347, 187+4, and 322+14 nucleotides of 3'-over-
hang respectively [79]. In contrast, the T-OLA
enables to detect 3'-overhangs with as few as 24
nucleotides to 360 nucleotides in various tested cell
lines, for instance HUVEC, human fibroblasts,
peripheral blood lymphocytes, HeLa and U937
cells. However, this study showed that cells with
< 90 nucleotides are predominant within the broad
spectrum of length distribution [80]. These studies
showed that the T-OLA is able to detected shorter
telomeres in comparison to other methods, which is
necessary for studying the 3'-overhang of senescent
cells, tumor cells and certain cell lines, in which
short telomeres can expected [37]. The details of
these methods are not discussed here.

Conclusion

The assessments of telomere length is the main
approach in understanding the biology of telom-
eres and their role in physiological aging and var-



ious pathological processes, especially malignant
transformation and progeria. The telomerase
activity, replicative history and genetic stability
of the cells are reflected in the dynamic of telom-
eres length. Although there are plenty of methods
for the evaluation of telomere length, as described
above, each has its specific features and can
applied to different approaches. However, further
modifications and improvements of these meth-
ods are necessary to compensate their shortcom-
ing and make them more cost-effective, simple,
sensitive, suitable for larger output and thus more
applicable not only to experimental research but
also to clinical diagnosis and prognosis.

There are a variety of questions that remain to
be solved, for example, the heterogeneity of the of
telomere length in various cell types, the dynam-
ics of telomere length and the various factors
which contribute to its changes, the structure and
functions of G-strand overhangs and so on.
Further investigations are needed, which will lead
to the improvement of our current telomere
model. This is a prerequisite step for researchers
to exploit a target-specific anti-tumor therapy.
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