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Abstract

The role telomeres and telomerase play in the initiation and progression of human cancers has been extensively evaluated.
Telomeres are nucleoprotein complexes comprising the hexanucleotide DNA repeat sequence, TTAGGG and numerous telomere-
associated proteins, including the six member Shelterin complex. The main function of the telomere is to stabilize the ends of the
chromosomes. However, through multiple mechanisms, telomeres can become dysfunctional, which may drive genomic instability
leading to the development of cancer. The majority of human cancers maintain, or actively lengthen, telomeres through up-regulation
of the reverse transcriptase telomerase. Because there are significant differences in telomere length and telomerase activity
between malignant and non-malignant tissues, many investigations have assessed the potential to utilize these molecular markers
for cancer diagnosis. Here, we critically evaluate whether measurements of telomere lengths and telomerase levels may be 
clinically utilized as diagnostic markers in solid tumours, with emphasis on breast and prostate cancer as representative examples.
Future directions focusing on the direct detection of dysfunctional telomeres are explored. New markers for telomere dysfunction
may eventually prove clinically useful.
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Introduction

Telomeres are nucleoprotein complexes located at the extreme
ends of eukaryotic chromosomes [1]. In normal human somatic
cells, telomeres comprise 5–12 kb of the repeating hexanu-
cleotide DNA sequence, TTAGGG [2, 3]. Numerous proteins are
associated with these repetitive regions. The Shelterin complex, 
a core set of six proteins integral for telomere function, is com-
posed of telomeric repeat binding factor (TRF)1, TRF2, protection
of telomeres 1 (POT1), TRF interacting protein 1 (TIN2), repres-
sor/activator protein 1 (RAP1) and TPP1 [4, 5]. The telomere
complex primarily functions to mask double strand break DNA

damage signals at telomeres, inhibit exonucleolytic degradation
and prevent chromosomal fusions [6, 7].

Telomeres can be critically shortened by incomplete replication
of the lagging strand during DNA synthesis, known as the ‘end-
replication problem’ [8, 9]. Through this process, each telomeric
end shortens by approximately 50–100 base pairs during each
successive cell division. Other known mechanisms leading to
telomere loss include oxidative DNA damage [10, 11] and
alterations of Shelterin proteins [12]. In normal somatic cells, sig-
nificant telomere shortening leads to p53-dependent senescence
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or apoptosis [13, 14]. As a result, there is a limited number of
population doublings a somatic cell may undergo before entering
a senescent state. In cancer cells, these cell cycle checkpoints are
abrogated, for example through mutations in tumour suppressor
proteins. Consequently, unchecked cellular proliferation continues
and genomic instability may ensue via chromosomal
breakage–fusion–bridge cycles [15].

In the vast majority (85–90%) of human cancers, telomere
length appears to be maintained, or actively lengthened, through
up-regulation of the enzyme telomerase. Telomerase is a reverse
transcriptase that has the ability to synthesize new telomere DNA
using an internal RNA template [1, 16, 17]. Telomerase is mini-
mally composed of two components, the telomerase reverse tran-
scriptase (TERT) protein [human telomerase reverse transcriptase
(hTERT)] and the telomerase RNA template component [human
telomerase RNA (hTR)] [18–22]. Because hTR is ubiquitously
expressed, hTERT is considered the rate-limiting component that
determines telomerase activity. Telomere loss may also be com-
pensated in some cancers, by the telomerase-independent alterna-
tive lengthening of telomeres (ALT) pathway [23].

The basic biology of telomeres and telomerase has been a
focus of research for decades and mounting evidence demon-
strates the crucial role telomere biology plays in the initiation and
progression of carcinogenesis. Previous reviews have discussed
the potential prognostic significance of telomere and telomerase
measurements in solid tumours [24, 25] and haematological
malignancies [26, 27]. Here, we critically assess whether meas-
urements of telomere lengths and/or telomerase levels will be use-
ful as diagnostic markers for solid tumours. Due to space limita-
tions, we focus predominantly on two common malignancies,
breast and prostate cancer, and provide specific examples for
other cancer types.

Methods for telomere length and
telomerase detection

Numerous methods have been developed to measure either
actual telomere length or total relative telomere content, a proxy
for mean length. These methods include terminal restriction
fragment (TRF) Southern blot analysis [28, 29], quantitative flu-
orescence in situ hybridization (Q-FISH) [30–32], Flow-FISH
[33], slot blot assay [34, 35], quantitative telomere-specific
PCR (Q-PCR) [36, 37] and single telomere length analysis
(STELA) [38]. Likewise, measurement of telomerase enzymatic
activity or telomerase gene expression in human biological
samples, either in tissue or other bodily fluids, can be per-
formed by different methods. These methods include telomere
repeat amplification protocol (TRAP) [39] or detection of tran-
script levels of hTERT or hTR, either by RT-PCR or in situ
hybridization. The potential strengths and limitations of each
assay are summarized in Table 1.

Telomere length as a potential
diagnostic marker in cancer

Breast cancer

Mirroring similar observations in most other cancers, initial stud-
ies measuring bulk telomere lengths by TRF analysis [40–42] or
the slot blot assay [43] demonstrated that the majority of invasive
mammary carcinomas had shorter telomeres than adjacent,
benign breast tissues. Telomere lengths in cancer cells were
shorter in high-grade tumours [40] and short telomeres correlated
with aneuploidy and the development of lymph node metastases
[43]. Subsequently, high resolution in situ telomere length assess-
ment combined with immunostaining to differentiate specific cell
types [32], confirmed that significant telomere shortening is
prevalent in ~70% of invasive mammary carcinomas [44].
Interestingly, ~25% of invasive breast carcinomas contain telom-
eres that are either similar or longer than the adjacent stromal
fibroblasts [44]. Additionally, two studies have identified breast
tumours displaying the ALT phenotype, a telomerase-independent
telomere length maintenance mechanism characterized by
remarkable telomere length heterogeneity, ranging from ultra-
short to ultra-long telomeres [45, 46]. The ALT phenotype [45]
has been primarily observed in sarcomas, but is relatively rare in
most carcinomas [47]. Similar telomere length distributions seen
in cancer cells have been observed in the preneoplastic lesions,
ductal carcinoma in situ and lobular carcinoma in situ [44],
although the ALT phenotype has not been reported.

Surprisingly, not only does telomere shortening occur in the
majority of in situ and invasive breast carcinomas [48], but telom-
ere length alterations also occur in seemingly histologically nor-
mal breast tissues. These alterations have been observed in nor-
mal terminal ductal lobular units adjacent to a tumour and even in
disease-free breast tissues obtained from reduction mammoplas-
ties [44, 49, 50]. Using Q-FISH, telomere lengths were assessed
in normal lobules and normal lactiferous ducts. Strikingly, telom-
ere shortening was observed in the majority of normal lobules, but
not in normal lactiferous ducts. Notably, short telomeres were
only seen in the luminal cells and not in the myoepithelial cells.
This finding was confirmed in a recent study that observed telom-
ere shortening in normal luminal and tumour cells, but not short-
ening in the myoepithelial or fibroblast cell populations [49].
Although interesting biologically that telomere shortening may
contribute to breast cancer promoting genomic alterations, these
observations most likely preclude the use of telomere length
measurements, particularly bulk measurements, as a diagnostic
marker in breast tissues (e.g. needle core biopsy specimens).
Telomere length measurements in cell preparations, for example
fine-needle aspirates (FNAs), may be difficult because the histo-
logical information is lost. However, telomere length measure-
ments in breast tissues adjacent to tumours may still have clinical
utility. In particular, telomere DNA content measured by the slot
blot assay was observed to be decreased in benign tissues 1 cm
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away from the visible tumour margin, but not to the same extent
as in tissue 5 cm from the tumour margin, suggesting a possible
cancer field effect [50]. The concept of cancer field effect, or field
cancerization, refers to the occurrence of molecular alterations in
histologically normal tissues surrounding tumours [51]. Although
still preliminary, the identification of molecular alterations, such as
telomere shortening, in histologically normal cells may have clini-
cal implications for breast-sparing surgery by defining appropriate
molecular tumour margins and assessing risk factors for the
development of recurrent disease [52].

A newer area of investigation has focused on measuring telom-
ere lengths in peripheral blood lymphocytes, either by TRF analysis
or Q-PCR, to assess potential links between constitutive telomere
length and risk of breast cancer development. However, to date, the
results have been largely conflicting. When comparing telomere

lengths to healthy controls, three studies have observed shorter
telomeres in cancer patients [53–55], one study did not observe
any significant difference [56], and two studies observed longer
telomeres in cancer patients [57, 58]. Recently, a prospective
cohort of postmenopausal women did not show a significant asso-
ciation between increased risk of developing breast cancer and
telomere length in peripheral blood lymphocytes [59]. Pooley et al.
showed that decreased mean telomere length in peripheral blood
lymphocytes was associated with a significant, yet modest
increased risk of developing breast cancer in a retrospective study;
however, the association was not replicated in a prospectively
collected cohort [60]. The authors postulated that the observed
telomere shortening predominantly occurs after diagnosis, thus
diminishing its potential value as a predictive risk marker for breast
cancer. More research is warranted to clarify these issues.

© 2011 The Authors
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Table 1 Telomere length and telomerase detection methods: strengths and limitations

Method Strengths Limitations References

Telomere length methods

TRF Southern 
blot analysis

Widely used; provides telomere length 
distributions

Requires relatively large amounts of DNA (�g range); 
inclusion of sub-telomeric regions in the telomere length 
estimation; variability in interpretation; relatively laborious;
cannot be used on fixed tissues

[28, 29]

Q-FISH

Allows telomere length assessment in fixed
material; provides single cell resolution while
maintaining tissue architecture; allows identifi-
cation of telomere lengths in specific cell types

Although quantitative analysis may be performed, values 
are relative telomere measurements, not actual length

[30–32]

Flow-FISH
Average telomere lengths can be 
quantitated; provides a distribution 
of telomere lengths

Relatively laborious; can only be used on single cell 
suspensions, such as blood leucocyte samples; 
cannot be used on fixed tissues

[33]

Slot blot assay Low DNA input requirement (�g range); 
can used on fixed tissues

Provides mean telomere content (not length); does 
not provide a distribution of telomere lengths; no 
identification of telomere lengths from specific cell types

[34, 35]

Quantitative telomere-
specific PCR (Q-PCR)

High-throughput analysis allows for 
assessment of large sample sets; 
requires low DNA input (�g range)

Provides mean relative telomere content (not length); 
no distribution of telomere lengths within a particular 
sample; not easily performed on fixed tissues 

[36, 37]

STELA
Can be used to detect telomere lengths from
specific, individual chromosomes; 
can identity extremely short telomeres

Relatively laborious; primers for all chromosome 
arms have not been developed; may not detect 
extremely long telomeres

[38]

Telomerase detection methods

TRAP
‘Gold-standard’ for telomerase activity meas-
urements; need for only small amount of cells

Relatively laborious; hard to quantify; 
need for appropriate controls

[39]

Detection of transcript
levels of hTERT or 
hTR by RT-PCR

Allows for quantitative measurement of the
specific subunits; fairly high throughput; can
detect slice variants

mRNA expression levels of hTERT may not 
directly correlate with telomerase activity due 
to post-transcriptional processes

Detection of transcript
levels of hTERT or hTR 
by in situ hybridization

Allows for detection and visualization of tran-
scripts at single cell level; allows for detection
in specific cell types

Detection of transcripts does not always correlate 
with telomerase activity; decreased sensitivity due 
to low abundance of hTERT may be problematic
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Whereas, the above studies have investigated mean telomere
length, Zheng and colleagues have focused on assessing telomere
alterations on individual chromosome arms [61, 62]. Suggesting
that critically short telomeres on specific chromosome arms may
be an underlying mechanism for chromosome specific instability,
chromosome arm-specific telomere lengths were measured by Q-
FISH in short-term cultured blood lymphocytes. In the first
case–control study, short telomere lengths on chromosome 9p
were associated with an increased risk of breast cancer [61].
Interestingly, the CDKN2A gene which encodes for p16INK4 and
p14ARF, tumour suppressor proteins that regulate the Rb and p53
pathways, is located on chromosome 9p. In premenopausal
women, these findings where confirmed and extended; in addition
to 9p, short telomere lengths on 15p, 15q and Xp were also asso-
ciated with an increased risk of the development of breast cancer
[62]. Chromosomal arm-specific telomere length analysis could
be incorporated in a panel of biomarkers used for risk assessment
of breast cancer.

Prostate cancer

A major characteristic of prostate cancer is prominent chromoso-
mal instability. Prostate cancer is thought to develop from benign
epithelium through high-grade prostatic intraepithelial neoplasia
(PIN), the earliest precursor lesion, to invasive adenocarcinoma.
Because telomere dysfunction causes chromosomal instability,
Sommerfeld and colleagues studied telomere dynamics in the
prostate by measuring telomere lengths in matched samples of
benign prostatic hyperplasia (BPH), benign nodules composed of
stromal components and epithelial cells and invasive prostatic
adenocarcinomas obtained by radical prostatectomy [63].
Prostate cancer tissue telomere lengths were significantly shorter
than the telomeres from cells in BPH tissues and from adjacent
normal tissues. These results were confirmed [64, 65], and
extended to demonstrate an association between reduced telom-
ere lengths in prostate tumours and disease recurrence [66].

Using high-resolution in situ methods, telomere shortening
was observed in tumour epithelial cells compared to normal pro-
static epithelial cells in the vast majority of prostate tumours [32],
as well as in high-grade PIN lesions [67, 68]. Within these PIN
lesions, telomere shortening only occurred in the luminal epithe-
lial cells and not in the basal epithelial cells or the surrounding
stromal cells. The high prevalence of short telomeres in high-
grade PIN lesions, of which only a small fraction progress to inva-
sive carcinomas, would preclude the use of this molecular marker
for prostate cancer detection. However, telomere length measure-
ments in tumour specimens obtained at time of surgery or taken
at time of biopsy do seem promising as a potential prognostic
marker in prostate cancer [66, 69, 70].

To date, only one study has assessed the relationship between
constitutive telomere length in peripheral blood lymphocytes and
prostate cancer. Using Q-PCR, this nested case–control study
showed no association between mean telomere length and risk of
aggressive prostate cancer development [71]. More interestingly,

recent studies have reported telomere shortening in histologically
normal prostate tissues from diseased prostates. In one study,
telomere lengths were assessed by Q-FISH in biopsies from a
cohort of men diagnosed with high-grade PIN, but without
evidence of prostate cancer [72]. The degree of telomere shorten-
ing in the surrounding stromal cells and within cells from the high-
grade PIN lesions were associated with the eventual diagnosis of
prostate cancer [72]. In another report, mapping of the spatial
distributions of telomere DNA content, measured by the slot blot
assay, revealed telomere length variations in fields of histologically
normal tissues surrounding tumours in a small set of radical
prostatectomies specimens [73]. Expanding on their previous
work, Joshua et al. assessed telomere lengths topographically by
Q-FISH in normal epithelium, adjacent stroma, BPH, high-grade
PIN and cancer in whole mount tissue sections [74]. Here, the
presence of short telomeres in different prostatic histologies
correlated with telomere lengths within adjacent stromal cells,
suggesting microenvironmental effects within the prostate gland,
such as increased oxidative stress [74].

The lack of association between constitutive telomere length,
as measured in peripheral blood lymphocytes, and increased
prostate cancer risk and the existence of telomere shortening 
in seemingly histologically normal prostate tissues suggests
measurement of telomere lengths will not be useful as a direct
diagnostic marker of prostate cancer. However, it is possible that
telomere length analysis could nonetheless be potentially useful.
For example, in settings where there is suspicion of cancer, i.e.
in men with persistently elevated serum prostate specific antigen
(PSA) but negative biopsy results. If abnormal telomeres in the
stromal or epithelial cell populations are present on the biopsy,
then it may suggest an underlying defect, thus triggering a
repeat biopsy.

Other cancer types

As illustrated with breast and prostate cancers, telomere lengths
have been extensively studied in most cancer types [25]. In gen-
eral, the majority of studies have compared tumour samples to
either histologically normal, tumour-adjacent tissues or truly dis-
ease-free tissues. Although telomere alterations are found in the
majority of cases, the direction of the alteration, either shortening
or lengthening, appears tissue dependent and may vary within a
particular tumour type. For example, a fraction of colorectal carci-
nomas have cancer cells with telomere lengths longer than adja-
cent normal cells and these cases tend to have a poor survival [75,
76]. Additionally, telomere alterations frequently occur in precur-
sor lesions of most human epithelial cancers [77, 78]; therefore,
telomere length analysis alone cannot differentiate between the
presence of a precursor lesion or invasive cancer. Because most
precursor lesions are not treated and will subsequently never
progress to invasive carcinomas, the direct measurement of
telomere length in tissue, or even in cytological preparations, is
not a suitable molecular marker for the diagnosis of cancer.
However, an area of investigation that may be promising is in situ
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telomere length analysis to identify patients that are good, or poor,
candidates for a particular therapy. For example, recently devel-
oped telomerase inhibitors work most effectively on cells with
short telomeres; therefore, assessment of the telomere lengths,
along with telomerase activity, prior to treatment would be neces-
sary to differentiate the patients most likely to benefit from the
treatment [79].

Another avenue of investigation has concentrated on telomere
length measurement in peripheral blood lymphocytes which can
be easily obtained. Taking advantage of the high-throughput Q-
PCR assay, numerous groups have assessed mean telomere
length in peripheral blood as a possible marker for the risk of
development of different cancer types, including lung, bladder,
oesophagus, skin, head and neck and kidney; the field has been
recently reviewed by Svenson and Roos [25]. Since that compre-
hensive review, additional population-based investigations
correlated shorter mean leucocyte telomere length with an
increased risk of gastric cancer [80] and serous ovarian adeno-
carcinoma [81]. Conversely, longer leucocyte telomere length
was associated with an increased risk of developing non-Hodgkin
lymphoma [82], whereas no association between telomere length
and risk of incident colorectal carcinoma was found in two recent
prospective studies [83, 84]. One particularly intriguing study
performed by Willeit and colleagues, analysed mean leucocyte
telomere length in 787 participants free of cancer at baseline and
prospectively followed for 10 years [85]. In this cohort, short
telomeres were associated with subsequent cancer development
independent of other cancer risk factors. Although associations
could not be assessed between telomere length and each specific
cancer type due to the relatively small number of cases, this
inverse association is of particular interest and warrants further
investigation. As with the tissue-based findings, the correlations
with mean leucocyte telomere length and the risk of the develop-
ment of cancer depends on the cancer type. Although, larger,
prospective studies are needed, these preliminary findings
suggest that telomere length analysis may provide some screen-
ing diagnostic benefit, most likely in conjunction with other
molecular markers, to identify a subset of patients at risk for
development of a particular cancer.

Telomerase activity as a potential
diagnostic marker in cancer

Breast cancer

The development of the PCR-based TRAP assay by Kim et al. [39]
greatly improved our ability to assess the levels of telomerase
activity. Initial results demonstrated that 93% of breast cancers
and only 4% of histologically normal adjacent tissues were telom-
erase positive [86]. Follow-up studies confirmed the presence of
telomerase activity in the vast majority of invasive breast carcino-

mas (range 73–95%), ductal carcinoma in situ lesions (range
59–100%), but only in a small fraction of benign breast tissues
[87–91]. However, as an ideal diagnostic marker would be avail-
able prior to surgery, the TRAP assay was slightly modified to
increase sensitivity for use on FNAs [92]. In comparison to cyto-
logical preparations, �90% of breast cancers were telomerase
positive, whereas, only a small fraction of benign breast lesions
were positive for telomerase activity [93, 94]. Taken together,
these studies suggest that detection of telomerase activity may be
a useful breast cancer marker in FNAs; however, as alluded to by
Mokbel and colleagues, the role of telomerase detection may only
be useful as a complementary marker to a traditional cytopatho-
logical diagnosis [95].

In agreement with hTERT as the catalytic and rate-limiting
telomerase component, mRNA expression levels of hTERT have
been shown to roughly correlate with telomerase activity in breast
cancer [96]. Several studies have measured mRNA expression
levels of hTERT, and occasionally also hTR, using quantitative RT-
PCR in a variety of samples. One investigation found that hTERT
mRNA expression was significantly higher in breast cancer tissues
compared to adjacent normal breast tissues, suggesting a possi-
ble role for the measurement of hTERT mRNA levels in breast can-
cer diagnosis [97]. Ultimately, a panel of markers that assesses
hTERT expression levels in combination with mRNA expression
profiling of other key telomere-related genes may prove beneficial
for breast cancer detection [98].

More recent developments have focused on the detection of
hTERT in peripheral blood from breast cancer patients, with the
idea of detecting circulating tumour cells (CTC). Shen and col-
leagues measured mRNA levels of hTERT, survivin and mamma-
globin in peripheral blood samples from breast cancer patients
and healthy individuals. Individually, the sensitivity of the three
markers was extremely low (33–60%), with hTERT being the high-
est, but the combination of the three markers increased the sensi-
tivity to 70% and an overall specificity of 100% [99]. Another
study assessed hTERT mRNA in plasma from breast cancer
patients, women diagnosed with fibroadenomas and healthy con-
trols. hTERT levels in the plasma showed a sensitivity of 50% and
specificity of 90% in the ability to detect malignancy [100]. These
interesting findings suggest a possible role for assaying hTERT in
the detection of CTCs. In the future, telomerase measurements, in
conjunction with other molecular markers, may have utility in the
early diagnosis of breast cancer.

Prostate cancer

While investigating prostate telomere biology, Sommerfeld and
colleagues demonstrated the presence of telomerase activity in
84% of prostatic adenocarcinomas, 12% in matched adjacent nor-
mal tissues and 0% in adjacent BPH tissues [63]. A follow-up
study observed that 90% of prostate cancers were telomerase
positive, whereas, normal prostate tissues were all telomerase
negative [101]. As well as confirming telomerase activity in
prostate cancers, Koeneman et al. observed telomerase in 16% of

© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



1232

samples of high-grade PIN [65]. Extensive evaluation of telom-
erase activity in prostate needle biopsies shows similar results to
the observations in the radical prostatectomy tissues (reviewed in
[102]). Additionally, analysis of hTR and hTERT, either by RT-PCR
or by in situ hybridization, has shown similar trends to the earlier
telomerase activity studies, whereby most invasive cancers as well
as PIN lesions are positive, BPH lesions are intermediate and
normal adjacent areas show low to no levels of expression
(reviewed in [102]).

Telomerase activity can also be detected in bodily fluids, such
as expressed prostatic secretions and urine [103–107].
Telomerase activity was detected in prostatic fluids in 83% of
prostate cancer patients compared to only 11% of patients with-
out clinical evidence of prostate cancer [103]. Attempting to
improve sensitivity for detecting cancer, hTERT expression was
measured in conjunction with hypermethylation of the glutathione
S-transferase P1 promoter, another common molecular alteration
in prostate cancer [107]. The sensitivity for this combined assay
was 73%, but the specificity was only 43%. Across studies using
freshly voided urine samples after prostatic massage, telomerase
activity has been detected in men diagnosed with prostate cancer
(range 58–100%), but also in a subset of men (range 13–30%)
with BPH and no evidence of concurrent adenocarcinoma
[104–106].

The most promising studies have come in the last several
years. Pfitzenmaier et al. analysed telomerase activity in bone
marrow aspirates from men with localized prostate cancer to
detect disseminated prostate cancer cells [108]. Although 49% of
the men had detectable telomerase activity demonstrating the fea-
sibility of the approach, the procedure work in only half of the
patients due to technical difficulties, highlighting the need for
improved technology before the approach can be implemented in
a clinical setting. In a different approach, Dasi and colleagues eval-
uated plasma hTERT mRNA levels in patients with elevated PSA
levels and healthy men. Using a cut-off value (the highest value
observed in the control group), the authors reported a 81% sen-
sitivity and a 60% specificity, suggesting that hTERT mRNA levels
may be able to differentiate between patients with prostate cancer
and patients without evidence of disease [109]. Because free
plasma DNA had been suggested to be a diagnostic marker for
cancer, Altimari et al. assessed hTERT mRNA levels from blood
samples in patients diagnosed with localized prostate cancer and
determined an 80% sensitivity and 82% specificity, implying its
potential use as an early diagnostic and monitoring marker for
prostate cancer [110]. Finally, Fizazi and colleagues developed a
method using telomerase activity to specifically detect CTCs in
patients with prostate cancer. Epithelial cells from peripheral blood
mononuclear cells were harvested and telomerase activity meas-
ured; CTCs were detected in 79% of patients with localized
prostate cancer prior to radical prostatectomy or brachytherapy, in
79% of patients with advanced metastatic disease and in 0% of
healthy patients [111]. Other capture strategies, for example the
use of microfilter-based platforms to determine telomerase activ-
ity from live-captured CTCs, are currently being developed and
validated [112].

Other cancer types

As with breast and prostate cancer, telomerase activity or hTERT
expression is present in the vast majority of solid tumours and has
proved to be a marker of malignancy [113]. However, telomerase
activity or hTERT expression has been shown to be present in
some normal tissues and benign conditions. Due to the size of the
field, the reader is directed to other comprehensive reviews dis-
cussing the potential clinical utility of using telomerase as a diag-
nostic marker in cancer in general [76] or within specific tumour
types [114, 115].

To provide a specific example, the detection of telomerase by
non-invasive means such as analysing urine or other bodily secre-
tions seems to be potentially useful some cancer types, in partic-
ular for bladder cancer [116, 117]. A case–control study compar-
ing patients with confirmed bladder cancer and healthy controls
analysed telomerase activity from urine samples. Using an arbi-
trary cut-off value, Sanchini and colleagues reported a 90% sen-
sitivity and a 88% specificity with similar patterns observed in
low-grade tumours [118]. These preliminary results seem prom-
ising, but caution must be taken because the presence of acute or
chronic inflammation may affect the telomerase activity measure-
ments. Nevertheless, the non-invasive evaluation of telomerase
activity in urine may provide additional diagnostic information,
independent of routine cytology and most importantly may iden-
tify low-grade tumours, which are difficult to identify by cytologi-
cal examination alone.

Although measurement of telomerase activity or hTERT
expression in blood may provide some diagnostic utility, concerns
still remain about the specificity of the telomerase activity meas-
urements because activated lymphocytes display telomerase
activity and any lymphocyte contamination is a possible con-
founder. Although, hTR and hTERT have been analysed at the RNA
transcript level, it is still a major limitation that there are no reli-
able hTERT antibodies for use in immunohistochemistry. Although
several antibodies are claimed to be specific for hTERT, none have
been adequately validated in tissues. For example, it was even
shown that a widely used antibody recognized nucleolin, not
telomerase [119]. Telomerase antibodies are still being generated
and evaluated; however, the detection in tissue has been problem-
atic, likely due to the relatively low abundance of the telomerase
protein. Newer antibody amplification techniques may prove ben-
eficial and establishment of immunohistochemical protocols
would open new research avenues for cancer diagnostics.

Interestingly, recent large, high-resolution analyses of somatic
DNA copy-number alterations revealed that the TERT gene is
located in one of the most significant focal amplifications in lung
adenocarcinoma [120] and across multiple other cancer types
[121]. Likewise, genomic amplification of the TERC gene, which
codes for hTR, has been associated with the development of
invasive carcinomas, for example in lung cancer [122], but most
notably has been associated in the development of cervical cancer
and may aid in the diagnosis of low-grade lesions when combined
with cytology [123–125]. Additionally, studies stemming from 
the large-scale genome-wide association studies efforts have

© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



J. Cell. Mol. Med. Vol 15, No 6, 2011

1233

discovered sequence variants in the TERT-CLPTM1L locus on
chromosome 5p15.33 that associated with increased risk of can-
cer development [126–129]. Although these associations are
modest, this TERT polymorphism has been statistically associated
with increased risk of basal cell carcinoma and cancers of the
lung, bladder, prostate, cervix and pancreas. However, it must be
noted, that this association was not confirmed by another group
analysing the polymorphism and risk of breast cancer, colorectal
cancer and melanoma [130]. Nevertheless, these genome-wide
association studies still may provide useful information implicat-
ing variation in the TERT gene as a cancer risk factor [131].
Ultimately, a unique single nucleotide polymorphism or a panel of
single nucleotide polymorphisms, may provide useful diagnostic
information and may identify a subset of people at an increased
risk for the development of cancer.

Future directions

An exciting new area of ongoing research focuses on the assess-
ment of telomere dysfunction, rather than telomere length alone,
as a potential marker in cancer. In general, the telomere is
‘capped’, or functional, when the Shelterin complex is bound to
the telomere, protecting the end of the chromosome from being
recognized as a double-strand break. However, when the telomere
is no longer protected, then the telomere is considered
‘uncapped’, or dysfunctional [4]. At this point, the telomere no
longer inhibits the DNA damage response pathway and is prone to
telomere fusions via the non-homologous end joining DNA repair
pathway [7]. Such chromosome fusions can initiate genomic
instability because the resulting dicentric chromosomes can be
pulled to opposite poles during mitosis, eventually breaking, thus
creating a cycle of breakage, fusion and bridging. This carcinogen-
esis-promoting genomic instability occurs when telomeres
become critically short in the presence of abrogated tumour-sup-
pressive checkpoint pathways, such as p53 and pRb [132].
Consistent with the notion that critical telomere shortening causes
telomere dysfunction, Hemann et al. demonstrated that the short-
est telomere within a cellular population can generate telomere
dysfunction [133]. More recently, a large-scale genome sequenc-
ing study revealed that pancreatic cancer acquires genomic
rearrangements consistent with telomere dysfunction [134].
Additionally, telomere dysfunction resulting from telomere short-
ening can induce tetraploidization that drives tumorigenesis [135].

Although telomere shortening can eventually lead to telomere
dysfunction, recent investigations have shown that there are mul-
tiple mechanisms that may lead to telomere dysfunction. For
example, alterations in TRF2, a major component of the Shelterin
complex, lead to uncapping of the telomere even in the presence
of adequate telomeric repeat sequences [136, 137]. Another
investigation demonstrated that telomere dysfunction can
increase telomeric homologous recombination in cancer cells, as
monitored by telomere sister chromatid exchanges, even in the

presence of telomerase [138]. Additionally, recent observations
have demonstrated the critical role of the Shelterin component
Rap1 for repressing homology-directed repair at telomeres [139].
New investigations on the cellular consequences of short telom-
eres have highlighted the importance of the induction of the DNA
damage response pathway. Telomere-dysfunction induced foci
can be visualized by the accumulation of �H2AX at the telomere
[140]. Ultimately, it is hoped that further insights into the induc-
tion of the DNA damage response at the telomere will provide
future avenues of study that may provide translational utility.

Although previous investigations have assessed telomere
shortening in cancer cells, these length measurements have been
considered a proxy for telomere dysfunction. The schematic in 
Figure 1 highlights the finding that the majority of tumours have
telomere length alterations, either shortening or lengthening, that
can eventually lead to telomere dysfunction. Although telomere
length changes per se are unlikely to be useful diagnostic bio-
markers, identification of the fundamental underlying molecular
changes that cause telomere destabilization may unmask new
markers that can aid in diagnosis of cancer.

Conclusions

Telomeres and telomerase have been focal points of cancer
research for several decades. The dynamic interplay between
telomeres and telomerase is critical in the development and pro-
gression of human cancer. The diagnostic utility of measurements
of telomere length, or content, in solid tumours has been
assessed. Early studies highlighted significant shortening in
telomere lengths in cancer cells compared with normal adjacent
cells from a variety of tissue types. However, more refined tech-
niques, such as Q-FISH, have revealed more complex telomere
phenotypes, including the presence of telomere alterations in pre-
malignant and even normal-appearing cells, thus impacting the
cancer specificity of telomere length changes. In addition, cancer
cell telomere lengths vary considerably among different cancers.
In some tumour types (e.g. breast cancer), there can be extreme
heterogeneity within a particular cancer type and even within an
individual tumour. Therefore, the use of telomere length measure-
ments alone may not be suitable as a cancer diagnostic marker.
However, telomere length measurements in tumour tissue, either
from surgical specimens or specimens taken at the time of biopsy,
or from other bodily fluids may serve as a molecular marker for
risk assessment, prediction for response to therapy (e.g. setting of
telomerase inhibitors) or prognosis.

Significant differences in telomerase activity and expression
levels of hTERT have been observed between cancerous and
benign tissues and assessed for possible diagnostic utility.
However, it has been shown that telomerase may also be present
in a small fraction of some benign lesions (e.g. fibroadenomas of
the breast), pre-invasive lesions (e.g. high-grade PIN), as well as
inflammatory cells. Therefore, the diagnostic use of the detection

© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



1234

of telomerase activity in tissues seems limited except in specific
circumstances, such as detection of CTCs or in urine to detect
bladder cancer.

In summary, although initial expectations for the use of
telomere shortening or telomerase activity as highly specific
markers of cancer have since been tempered, there are many
avenues for research being investigated that may provide new
molecular markers related to telomere biology. In particular, the
area of telomere dysfunction, rather than telomere length alone,
may yield new insights not only into the pathogenesis of a
particular cancer, but could also have major implications in the
diagnosis of cancer.

Acknowledgement

This work was supported by a Department of Defense Breast Cancer
Research Program (W81XWH-09–1-0650) Postdoctoral Fellowship to
C.M.H.

Conflict of interest

The authors confirm that there are no conflicts of interest.

References

1. Blackburn EH. Structure and function of
telomeres. Nature. 1991; 350: 569–73.

2. Meyne J, Ratliff RL, Moyzis RK.
Conservation of the human telomere
sequence (TTAGGG)n among vertebrates.
Proc Natl Acad Sci USA. 1989; 86: 7049–53.

3. Moyzis RK, Buckingham JM, Cram LS, 
et al. A highly conserved repetitive 
DNA sequence, (TTAGGG)n, present at
the telomeres of human chromosomes.
Proc Natl Acad Sci USA. 1988; 85:
6622–6.

4. Palm W, de Lange T. How Shelterin pro-
tects mammalian telomeres. Annu Rev
Genet. 2008; 42: 301–34.

5. de Lange T. Shelterin: the protein complex
that shapes and safeguards human telom-
eres. Genes Dev. 2005; 19: 2100–10.

© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

Fig. 1 Model depicting the possible relationships between telomere lengths, telomerase activity and telomere dysfunction in human carcinomas. Telomere
length analysis by FISH from representative examples of tumours displaying (A) extremely diminished telomere signals in cancer cells, (B) comparable
telomere intensities in cancer cells and benign stromal cells, (C) extremely bright telomere signals in cancer cells compared to benign stromal cells and
(D) heterogeneous cancer cell telomere lengths varying from extremely short to relatively long. For the images (original magnification �400), the DNA is
stained with DAPI (blue) and telomeric DNA is stained with a Cy3-labeled telomere-specific peptide nucleic acid probe (red). Below each panel is a
proposed model depicting the telomere length distributions in each tumour and the relationship to telomere dysfunction. The critical threshold levels for
telomere function for critically short and abnormally long telomeres are shown (dashed red lines). Although ~90% of tumours display telomerase 
activity, the cancer cell telomere lengths may vary drastically. Thus, ongoing investigations into the cause of telomere dysfunction may unravel new
molecular markers with potential translational utility.



J. Cell. Mol. Med. Vol 15, No 6, 2011

1235

6. de Lange T. How telomeres solve the end-
protection problem. Science. 2009; 326:
948–52.

7. O’Sullivan RJ, Karlseder J. Telomeres:
protecting chromosomes against genome
instability. Nat Rev Mol Cell Biol. 2010; 11:
171–81.

8. Olovnikov AM. [Principle of marginotomy
in template synthesis of polynucleotides].
Dokl Akad Nauk SSSR. 1971; 201:
1496–9.

9. de Lange T. How Shelterin solves the
telomere end-protection problem. Cold
Spring Harb Symp Quant Biol. 2011;
DOI:10.1101/sqb.2010.75.01. 

10. Bohr VA, Anson RM. DNA damage, muta-
tion and fine structure DNA repair in aging.
Mutat Res. 1995; 338: 25–34.

11. von Zglinicki T, Pilger R, Sitte N.
Accumulation of single-strand breaks is
the major cause of telomere shortening in
human fibroblasts. Free Radic Biol Med.
2000; 28: 64–74.

12. Smogorzewska A, de Lange T. Regulation
of telomerase by telomeric proteins. Annu
Rev Biochem. 2004; 73: 177–208.

13. Vaziri H. Critical telomere shortening 
regulated by the ataxia-telangiectasia 
gene acts as a DNA damage signal leading
to activation of p53 protein and limited 
life-span of human diploid fibroblasts. 
A review. Biochemistry. 1997; 62:
1306–10.

14. d’Adda di Fagagna F, Reaper PM, Clay-
Farrace L, et al. A DNA damage check-
point response in telomere-initiated senes-
cence. Nature. 2003; 426: 194–8.

15. Maser RS, DePinho RA. Connecting chro-
mosomes, crisis, and cancer. Science.
2002; 297: 565–9.

16. McClintock B. The fusion of broken ends of
chromosomes following nuclear fusion.
Proc Natl Acad Sci USA. 1942; 28: 458–63.

17. Allsopp RC, Vaziri H, Patterson C, et al.
Telomere length predicts replicative capac-
ity of human fibroblasts. Proc Natl Acad
Sci USA. 1992; 89: 10114–8.

18. Greider CW, Blackburn EH. Identification
of a specific telomere terminal transferase
activity in Tetrahymena extracts. Cell.
1985; 43: 405–13.

19. Greider CW, Blackburn EH. A telomeric
sequence in the RNA of Tetrahymena
telomerase required for telomere repeat
synthesis. Nature. 1989; 337: 331–7.

20. Shippen-Lentz D, Blackburn EH. Functional
evidence for an RNA template in telom-
erase. Science. 1990; 247: 546–52.

21. Nakamura TM, Morin GB, Chapman KB,
et al. Telomerase catalytic subunit

homologs from fission yeast and human.
Science. 1997; 277: 955–9.

22. Feng J, Funk WD, Wang SS, et al. The
RNA component of human telomerase.
Science. 1995; 269: 1236–41.

23. Cesare AJ, Reddel RR. Alternative length-
ening of telomeres: models, mechanisms
and implications. Nat Rev Genet. 2010; 11:
319–30.

24. Bisoffi M, Heaphy CM, Griffith JK.
Telomeres: prognostic markers for solid
tumors. Int J Cancer. 2006; 119: 2255–60.

25. Svenson U, Roos G. Telomere length as a
biological marker in malignancy. Biochim
Biophys Acta. 2009; 1792: 317–23.

26. Keller G, Brassat U, Braig M, et al.
Telomeres and telomerase in chronic
myeloid leukaemia: impact for pathogene-
sis, disease progression and targeted ther-
apy. Hematol Oncol. 2009; 27: 123–9.

27. Gancarcikova M, Zemanova Z, Brezinova
J, et al. The role of telomeres and telom-
erase complex in haematological neopla-
sia: the length of telomeres as a marker of
carcinogenesis and prognosis of disease.
Prague Med Rep. 2010; 111: 91–105.

28. Harley CB, Futcher AB, Greider CW.
Telomeres shorten during ageing of human
fibroblasts. Nature. 1990; 345: 458–60.

29. Hastie ND, Dempster M, Dunlop MG, 
et al. Telomere reduction in human col-
orectal carcinoma and with ageing. Nature.
1990; 346: 866–8.

30. Lansdorp PM, Verwoerd NP, van de Rijke
FM, et al. Heterogeneity in telomere
length of human chromosomes. Hum Mol
Genet. 1996; 5: 685–91.

31. O’Sullivan JN, Bronner MP, Brentnall TA,
et al. Chromosomal instability in ulcera-
tive colitis is related to telomere shorten-
ing. Nat Genet. 2002; 32: 280–4.

32. Meeker AK, Gage WR, Hicks JL, et al.
Telomere length assessment in human
archival tissues: combined telomere fluo-
rescence in situ hybridization and
immunostaining. Am J Pathol. 2002; 160:
1259–68.

33. Rufer N, Dragowska W, Thornbury G, 
et al. Telomere length dynamics in human
lymphocyte subpopulations measured by
flow cytometry. Nat Biotechnol. 1998; 16:
743–7.

34. Bryant JE, Hutchings KG, Moyzis RK, 
et al. Measurement of telomeric DNA 
content in human tissues. Biotechniques.
1997; 23: 476–80, 82.

35. Fordyce CA, Heaphy CM, Griffith JK.
Chemiluminescent measurement of telom-
ere DNA content in biopsies. Biotechniques.
2002; 33: 144–6, 8.

36. Cawthon RM. Telomere measurement by
quantitative PCR. Nucleic Acids Res. 2002;
30: 1–6.

37. Cawthon RM. Telomere length measure-
ment by a novel monochrome multiplex
quantitative PCR method. Nucleic Acids
Res. 2009; 37: 1–7.

38. Baird DM, Rowson J, Wynford-Thomas
D, et al. Extensive allelic variation and
ultrashort telomeres in senescent human
cells. Nat Genet. 2003; 33: 203–7.

39. Kim NW, Piatyszek MA, Prowse KR, et al.
Specific association of human telomerase
activity with immortal cells and cancer.
Science. 1994; 266: 2011–5.

40. Odagiri E, Kanada N, Jibiki K, et al.
Reduction of telomeric length and c-erbB-2
gene amplification in human breast cancer,
fibroadenoma, and gynecomastia.
Relationship to histologic grade and clinical
parameters. Cancer. 1994; 73: 2978–84.

41. Rha SY, Park KH, Kim TS, et al. Changes
of telomerase and telomere lengths in
paired normal and cancer tissues of
breast. Int J Oncol. 1999; 15: 839–45.

42. Rogalla P, Rohen C, Bonk U, et al.
Telomeric repeat fragment lengths are not
correlated to histological grading in 85
breast cancers. Cancer Lett. 1996; 106:
155–61.

43. Griffith JK, Bryant JE, Fordyce CA, et al.
Reduced telomere DNA content is corre-
lated with genomic instability and metasta-
sis in invasive human breast carcinoma.
Breast Cancer Res Treat. 1999; 54: 59–64.

44. Meeker AK, Hicks JL, Gabrielson E, et al.
Telomere shortening occurs in subsets of
normal breast epithelium as well as in situ
and invasive carcinoma. Am J Pathol. 2004;
164: 925–35.

45. Bryan TM, Englezou A, Dalla-Pozza L, 
et al. Evidence for an alternative mecha-
nism for maintaining telomere length in
human tumors and tumor-derived cell
lines. Nat Med. 1997; 3: 1271–4.

46. Subhawong AP, Heaphy CM, Argani P, 
et al. The alternative lengthening of telom-
eres phenotype in breast carcinoma is
associated with HER-2 overexpression.
Mod Pathol. 2009; 22: 1423–31.

47. Henson JD, Reddel RR. Assaying and
investigating Alternative Lengthening of
Telomeres activity in human cells and can-
cers. FEBS Lett. 2010; 584: 3800–11.

48. Meeker AK, Argani P. Telomere shorten-
ing occurs early during breast tumorigene-
sis: a cause of chromosome destabilization
underlying malignant transformation? 
J Mammary Gland Biol Neoplasia. 2004; 9:
285–96.

© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



1236

49. Kurabayashi R, Takubo K, Aida J, et al.
Luminal and cancer cells in the breast
show more rapid telomere shortening than
myoepithelial cells and fibroblasts. Hum
Pathol. 2008; 39: 1647–55.

50. Heaphy CM, Bisoffi M, Fordyce CA, et al.
Telomere DNA content and allelic imbal-
ance demonstrate field cancerization in
histologically normal tissue adjacent to
breast tumors. Int J Cancer. 2006; 119:
108–16.

51. Dakubo GD, Jakupciak JP, Birch-Machin
MA, et al. Clinical implications and utility
of field cancerization. Cancer Cell Int.
2007; 7: 2.

52. Heaphy CM, Griffith JK, Bisoffi M.
Mammary field cancerization: molecular
evidence and clinical importance. Breast
Cancer Res Treat. 2009; 118: 229–39.

53. Shen J, Gammon MD, Terry MB, et al.
Telomere length, oxidative damage, antiox-
idants and breast cancer risk. Int J Cancer.
2009; 124: 1637–43.

54. Shen J, Terry MB, Gurvich I, et al. Short
telomere length and breast cancer risk: a
study in sister sets. Cancer Res. 2007; 67:
5538–44.

55. Zheng YL, Ambrosone C, Byrne C, et al.
Telomere length in blood cells and breast
cancer risk: investigations in two case-
control studies. Breast Cancer Res Treat.
2010; 120: 769–75.

56. Barwell J, Pangon L, Georgiou A, et al. Is
telomere length in peripheral blood lym-
phocytes correlated with cancer suscepti-
bility or radiosensitivity? Br J Cancer.
2007; 97: 1696–700.

57. Svenson U, Nordfjall K, Stegmayr B, 
et al. Breast cancer survival is associated
with telomere length in peripheral blood
cells. Cancer Res. 2008; 68: 3618–23.

58. Gramatges MM, Telli ML, Balise R, et al.
Longer relative telomere length in blood
from women with sporadic and familial
breast cancer compared with healthy con-
trols. Cancer Epidemiol Biomarkers Prev.
2010; 19: 605–13.

59. De Vivo I, Prescott J, Wong JY, et al. A
prospective study of relative telomere
length and postmenopausal breast cancer
risk. Cancer Epidemiol Biomarkers Prev.
2009; 18: 1152–6.

60. Pooley KA, Sandhu MS, Tyrer J, et al.
Telomere length in prospective and retro-
spective cancer case-control studies.
Cancer Res. 2010; 70: 3170–6.

61. Zheng YL, Loffredo CA, Shields PG, et al.
Chromosome 9 arm-specific telomere
length and breast cancer risk.
Carcinogenesis. 2009; 30: 1380–6.

62. Zheng YL, Zhou X, Loffredo CA, et al.
Telomere deficiencies on chromosomes
9p, 15p, 15q and Xp: potential biomarkers
for breast cancer risk. Hum Mol Genet.
2011; 20: 378–86.

63. Sommerfeld HJ, Meeker AK, Piatyszek
MA, et al. Telomerase activity: a prevalent
marker of malignant human prostate tis-
sue. Cancer Res. 1996; 56: 218–22.

64. Engelhardt M, Albanell J, Drullinsky P, 
et al. Relative contribution of normal and
neoplastic cells determines telomerase
activity and telomere length in primary
cancers of the prostate, colon, and sar-
coma. Clin Cancer Res. 1997; 3: 1849–57.

65. Koeneman KS, Pan CX, Jin JK, et al.
Telomerase activity, telomere length, and
DNA ploidy in prostatic intraepithelial neo-
plasia (PIN). J Urol. 1998; 160: 1533–9.

66. Donaldson L, Fordyce C, Gilliland F, 
et al. Association between outcome and
telomere DNA content in prostate cancer.
J Urol. 1999; 162: 1788–92.

67. Meeker AK, Hicks JL, Platz EA, et al.
Telomere shortening is an early somatic
DNA alteration in human prostate tumori-
genesis. Cancer Res. 2002; 62: 6405–9.

68. Vukovic B, Park PC, Al-Maghrabi J, et al.
Evidence of multifocality of telomere ero-
sion in high-grade prostatic intraepithelial
neoplasia (HPIN) and concurrent carci-
noma. Oncogene. 2003; 22: 1978–87.

69. Fordyce CA, Heaphy CM, Joste NE, et al.
Association between cancer-free survival
and telomere DNA content in prostate
tumors. J Urol. 2005; 173: 610–4.

70. Treat EG, Heaphy CM, Massie LW, et al.
Telomere DNA content in prostate biopsies
predicts early rise in prostate-specific anti-
gen after radical prostatectomy for
prostate cancer. Urology. 2010; 75: 724–9.

71. Mirabello L, Huang WY, Wong JY, et al.
The association between leukocyte telom-
ere length and cigarette smoking, dietary
and physical variables, and risk of prostate
cancer. Aging Cell. 2009; 8: 405–13.

72. Joshua AM, Vukovic B, Braude I, et al.
Telomere attrition in isolated high-grade
prostatic intraepithelial neoplasia and sur-
rounding stroma is predictive of prostate
cancer. Neoplasia. 2007; 9: 81–9.

73. Heaphy CM, Fleet TM, Treat EG, et al.
Organ-wide telomeric status in diseased
and disease-free prostatic tissues.
Prostate. 2010; 70: 1471–9.

74. Joshua AM, Shen E, Yoshimoto M, et al.
Topographical analysis of telomere length
and correlation with genomic instability in
whole mount prostatectomies. Prostate.
2010; DOI: 10.1002/pros.21294.

75. Gertler R, Rosenberg R, Stricker D, et al.
Telomere length and human telomerase
reverse transcriptase expression as mark-
ers for progression and prognosis of col-
orectal carcinoma. J Clin Oncol. 2004; 22:
1807–14.

76. Garcia-Aranda C, de Juan C, Diaz-Lopez
A, et al. Correlations of telomere length,
telomerase activity, and telomeric-repeat
binding factor 1 expression in colorectal
carcinoma. Cancer. 2006; 106: 541–51.

77. Meeker AK, Hicks JL, Iacobuzio-Donahue
CA, et al. Telomere length abnormalities
occur early in the initiation of epithelial car-
cinogenesis. Clin Cancer Res. 2004; 10:
3317–26.

78. van Heek NT, Meeker AK, Kern SE, et al.
Telomere shortening is nearly universal in
pancreatic intraepithelial neoplasia. Am J
Pathol. 2002; 161: 1541–7.

79. Harley CB. Telomerase and cancer thera-
peutics. Nat Rev Cancer. 2008; 8: 167–79.

80. Hou L, Savage SA, Blaser MJ, et al.
Telomere length in peripheral leukocyte
DNA and gastric cancer risk. Cancer
Epidemiol Biomarkers Prev. 2009; 18:
3103–9.

81. Mirabello L, Garcia-Closas M, Cawthon
R, et al. Leukocyte telomere length in a
population-based case-control study of
ovarian cancer: a pilot study. Cancer
Causes Control. 2010; 21: 77–82.

82. Lan Q, Cawthon R, Shen M, et al. A
prospective study of telomere length
measured by monochrome multiplex
quantitative PCR and risk of non-Hodgkin
lymphoma. Clin Cancer Res. 2009; 15:
7429–33.

83. Zee RY, Castonguay AJ, Barton NS, et al.
Mean telomere length and risk of incident
colorectal carcinoma: a prospective,
nested case-control approach. Cancer
Epidemiol Biomarkers Prev. 2009; 18:
2280–2.

84. Lee IM, Lin J, Castonguay AJ, et al. Mean
leukocyte telomere length and risk of inci-
dent colorectal carcinoma in women: a
prospective, nested case-control study.
Clin Chem Lab Med. 2010; 48: 259–62.

85. Willeit P, Willeit J, Mayr A, et al.
Telomere length and risk of incident cancer
and cancer mortality. JAMA. 2010; 304:
69–75.

86. Hiyama E, Gollahon L, Kataoka T, et al.
Telomerase activity in human breast
tumors. J Natl Cancer Inst. 1996; 88:
116–22.

87. Sugino T, Yoshida K, Bolodeoku J, et al.
Telomerase activity in human breast can-
cer and benign breast lesions: diagnostic

© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



J. Cell. Mol. Med. Vol 15, No 6, 2011

1237

applications in clinical specimens, includ-
ing fine needle aspirates. Int J Cancer.
1996; 69: 301–6.

88. Bednarek AK, Sahin A, Brenner AJ, et al.
Analysis of telomerase activity levels in
breast cancer: positive detection at the in
situ breast carcinoma stage. Clin Cancer
Res. 1997; 3: 11–6.

89. Tsao J, Zhao Y, Lukas J, et al. Telomerase
activity in normal and neoplastic breast.
Clin Cancer Res. 1997; 3: 627–31.

90. Yashima K, Milchgrub S, Gollahon LS, 
et al. Telomerase enzyme activity and RNA
expression during the multistage patho-
genesis of breast carcinoma. Clin Cancer
Res. 1998; 4: 229–34.

91. Poremba C, Bocker W, Willenbring H, 
et al. Telomerase activity in human prolif-
erative breast lesions. Int J Oncol. 1998;
12: 641–8.

92. Cunningham VJ, Markham N, Shroyer
AL, et al. Detection of telomerase expres-
sion in fine-needle aspirations and fluids.
Diagn Cytopathol. 1998; 18: 431–6.

93. Poremba C, Shroyer KR, Frost M, et al.
Telomerase is a highly sensitive and spe-
cific molecular marker in fine-needle aspi-
rates of breast lesions. J Clin Oncol. 1999;
17: 2020–6.

94. Hiyama E, Saeki T, Hiyama K, et al.
Telomerase activity as a marker of breast
carcinoma in fine-needle aspirated sam-
ples. Cancer. 2000; 90: 235–8.

95. Mokbel K, Williams NJ, Leris AC, et al.
Telomerase activity in fine-needle aspirates
of breast lesions. J Clin Oncol. 1999; 17:
3856–60.

96. Kirkpatrick KL, Clark G, Ghilchick M, 
et al. hTERT mRNA expression correlates
with telomerase activity in human breast
cancer. Eur J Surg Oncol. 2003; 29: 321–6.

97. Kirkpatrick KL, Ogunkolade W, Elkak AE,
et al. hTERT expression in human breast
cancer and non-cancerous breast tissue:
correlation with tumour stage and c-Myc
expression. Breast Cancer Res Treat. 2003;
77: 277–84.

98. Salhab M, Jiang WG, Newbold RF, et al.
The expression of gene transcripts of
telomere-associated genes in human
breast cancer: correlation with clinico-
pathological parameters and clinical out-
come. Breast Cancer Res Treat. 2008; 109:
35–46.

99. Shen C, Hu L, Xia L, et al. The detection
of circulating tumor cells of breast can-
cer patients by using multimarker
(Survivin, hTERT and hMAM) quantita-
tive real-time PCR. Clin Biochem. 2009;
42: 194–200.

100. Divella R, Tommasi S, Lacalamita R, 
et al. Circulating hTERT DNA in early
breast cancer. Anticancer Res. 2009; 29:
2845–9.

101. Lin Y, Uemura H, Fujinami K, et al.
Telomerase activity in primary prostate
cancer. J Urol. 1997; 157: 1161–5.

102. Meeker AK. Telomeres and telomerase in
prostatic intraepithelial neoplasia and
prostate cancer biology. Urol Oncol. 2006;
24: 122–30.

103. Wang Z, Ramin SA, Tsai C, et al.
Detection of telomerase activity in prosta-
tic fluid specimens. Urol Oncol. 2000; 6:
4–9.

104. Meid FH, Gygi CM, Leisinger HJ, et al.
The use of telomerase activity for the
detection of prostatic cancer cells after
prostatic massage. J Urol. 2001; 165:
1802–5.

105. Vicentini C, Gravina GL, Angelucci A, 
et al. Detection of telomerase activity in
prostate massage samples improves
differentiating prostate cancer from benign
prostatic hyperplasia. J Cancer Res Clin
Oncol. 2004; 130: 217–21.

106. Botchkina GI, Kim RH, Botchkina IL, et al.
Noninvasive detection of prostate cancer
by quantitative analysis of telomerase
activity. Clin Cancer Res. 2005; 11: 3243–9.

107. Crocitto LE, Korns D, Kretzner L, et al.
Prostate cancer molecular markers GSTP1
and hTERT in expressed prostatic secre-
tions as predictors of biopsy results.
Urology. 2004; 64: 821–5.

108. Pfitzenmaier J, Ellis WJ, Arfman EW, 
et al. Telomerase activity in disseminated
prostate cancer cells. BJU Int. 2006; 97:
1309–13.

109. Dasi F, Martinez-Rodes P, March JA, 
et al. Real-time quantification of human
telomerase reverse transcriptase mRNA in
the plasma of patients with prostate can-
cer. Ann NY Acad Sci. 2006; 1075:
204–10.

110. Altimari A, Grigioni AD, Benedettini E, 
et al. Diagnostic role of circulating free
plasma DNA detection in patients with
localized prostate cancer. Am J Clin Pathol.
2008; 129: 756–62.

111. Fizazi K, Morat L, Chauveinc L, et al.
High detection rate of circulating tumor
cells in blood of patients with prostate can-
cer using telomerase activity. Ann Oncol.
2007; 18: 518–21.

112. Xu T, Lu B, Tai YC, Goldkorn A. A cancer
detection platform which measures telom-
erase activity from live circulating tumor
cells captured on a microfilter. Cancer Res.
2010; 70: 6420–6.

113. Shay JW, Bacchetti S. A survey of telom-
erase activity in human cancer. Eur J
Cancer. 1997; 33: 787–91.

114. Fernandez-Garcia I, Ortiz-de-Solorzano
C, et al. Telomeres and telomerase in lung
cancer. J Thorac Oncol. 2008; 3: 1085–8.

115. Else T. Telomeres and telomerase in
adrenocortical tissue maintenance, car-
cinogenesis, and aging. J Mol Endocrinol.
2009; 43: 131–41.

116. Eissa S, Swellam M, Ali-Labib R, et al.
Detection of telomerase in urine by 3
methods: evaluation of diagnostic accu-
racy for bladder cancer. J Urol. 2007; 178:
1068–72.

117. Bravaccini S, Sanchini MA, Granato AM,
et al. Urine telomerase activity for the
detection of bladder cancer in females. 
J Urol. 2007; 178: 57–61.

118. Sanchini MA, Gunelli R, Nanni O, et al.
Relevance of urine telomerase in the diag-
nosis of bladder cancer. JAMA. 2005; 294:
2052–6.

119. Wu YL, Dudognon C, Nguyen E, et al.
Immunodetection of human telomerase
reverse-transcriptase (hTERT) re-appraised:
nucleolin and telomerase cross paths. J Cell
Sci. 2006; 119: 2797–806.

120. Weir BA, Woo MS, Getz G, et al.
Characterizing the cancer genome in lung
adenocarcinoma. Nature. 2007; 450:
893–8.

121. Beroukhim R, Mermel CH, Porter D, 
et al. The landscape of somatic copy-
number alteration across human cancers.
Nature. 2010; 463: 899–905.

122. Pelosi G, Del Curto B, Trubia M, et al.
3q26 Amplification and polysomy of chro-
mosome 3 in squamous cell lesions of the
lung: a fluorescence in situ hybridization
study. Clin Cancer Res. 2007; 13:
1995–2004.

123. Heselmeyer-Haddad K, Sommerfeld K,
White NM, et al. Genomic amplification of
the human telomerase gene (TERC) in pap
smears predicts the development of cervi-
cal cancer. Am J Pathol. 2005; 166:
1229–38.

124. Andersson S, Sowjanya P, Wangsa D, 
et al. Detection of genomic amplification
of the human telomerase gene TERC, a
potential marker for triage of women with
HPV-positive, abnormal Pap smears. Am J
Pathol. 2009; 175: 1831–47.

125. Jiang J, Wei LH, Li YL, et al. Detection of
TERC amplification in cervical epithelial
cells for the diagnosis of high-grade
cervical lesions and invasive cancer: a
multicenter study in China. J Mol Diagn.
2010; 12: 808–17.

© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



1238

126. Rafnar T, Sulem P, Stacey SN, et al.
Sequence variants at the TERT-CLPTM1L
locus associate with many cancer types.
Nat Genet. 2009; 41: 221–7.

127. McKay JD, Hung RJ, Gaborieau V, et al.
Lung cancer susceptibility locus at
5p15.33. Nat Genet. 2008; 40: 1404–6.

128. Petersen GM, Amundadottir L, Fuchs CS,
et al. A genome-wide association study
identifies pancreatic cancer susceptibility
loci on chromosomes 13q22.1, 1q32.1
and 5p15.33. Nat Genet. 2010; 42: 224–8.

129. Wang Y, Broderick P, Webb E, et al.
Common 5p15.33 and 6p21.33 variants
influence lung cancer risk. Nat Genet.
2008; 40: 1407–9.

130. Pooley KA, Tyrer J, Shah M, et al. No
association between TERT-CLPTM1L sin-
gle nucleotide polymorphism rs401681
and mean telomere length or cancer risk.

Cancer Epidemiol Biomarkers Prev. 2010;
19: 1862–5.

131. Baird DM. Variation at the TERT locus and
predisposition for cancer. Expert Rev Mol
Med. 2010; 12: e16.

132. Feldser DM, Hackett JA, Greider CW.
Telomere dysfunction and the initiation of
genome instability. Nat Rev Cancer. 2003;
3: 623–7.

133. Hemann MT, Strong MA, Hao LY, et al.
The shortest telomere, not average telom-
ere length, is critical for cell viability and
chromosome stability. Cell. 2001; 107:
67–77.

134. Campbell PJ, Yachida S, Mudie LJ, et al.
The patterns and dynamics of genomic
instability in metastatic pancreatic cancer.
Nature. 2010; 467: 1109–13.

135. Davoli T, Denchi EL, de Lange T.
Persistent telomere damage induces

bypass of mitosis and tetraploidy. Cell.
2010; 141: 81–93.

136. van Steensel B, Smogorzewska A, de
Lange T. TRF2 protects human telomeres
from end-to-end fusions. Cell. 1998; 92:
401–13.

137. Celli GB, de Lange T. DNA processing is
not required for ATM-mediated telomere
damage response after TRF2 deletion. Nat
Cell Biol. 2005; 7: 712–8.

138. Brault ME, Autexier C. Telomeric recom-
bination induced by dysfunctional telom-
eres. Mol Biol Cell. 2011; 22: 179–88.

139. Sfeir A, Kabir S, van Overbeek M, et al.
Loss of Rap1 induces telomere recombina-
tion in the absence of NHEJ or a DNA dam-
age signal. Science. 2010; 327: 1657–61.

140. Takai H, Smogorzewska A, de Lange T.
DNA damage foci at dysfunctional telom-
eres. Curr Biol. 2003; 13: 1549–56.

© 2011 The Authors
Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd


