106

Origins of. ..

Department of Cell
Biology and
Neuroscience, The
University of Texas
Southwestern Medical
Centre at Dallas

J W Shay

Department of
Pathology and Hamon
Centre for Therapeutic
Oncology Research,
The University of
Texas Southwestern
Medical Centre at
Dallas

A F Gazdar

Correspondence to:

Dr J W Shay, Department of
Cell Biology and
Neuroscience, The
University of Texas
Southwestern Medical
Centre at Dallas, 5323 Harry
Hines Boulevard, Dallas,
Texas 75235-9039, USA.
e-mail:
Shay@utsw.swmed.edu

Accepted for publication
9 December 1996

¥ Clin Pathol 1997;50:106-109

Telomerase in the early detection of cancer

J W Shay, A F Gazdar

Telomerase activity is present in almost all car-
cinomas. There are increasing numbers of
studies indicating the utility of telomerase
assays in the early detection of cancer, and in
the present review, we summarise the state of
the field.

Telomere-telomerase theory of ageing
and cancer

The telomere-telomerase hypothesis of ageing
has become a new model for carcinogenesis
studies.'* The hypothesis is based on the find-
ings that most normal human somatic cells do
not have detectable telomerase activity,
whereas most human tumours have shortened
telomeres and express telomerase activity.® Tel-
omeres are thought to provide genomic stabil-
ity to the ends of all linear chromosomes and
permit the complete replication of the
chromosomes.'” "> Telomere length is main-
tained by a balance between processes that
lengthen telomeres (for example, telomerase'?)
and processes that shorten telomeres (for
example, end-replication problem' °). Telom-
erase is a ribonucleoprotein enzyme which sta-
bilises telomere length by adding hexameric
(TTAGGG) repeats'® to the telomeric ends of
the chromosomes, thus compensating for the
continued erosion of telomeres that occurs in
its absence." " The enzyme is expressed in
embryonic cells' and in adult male germline
cells,’ ' but is undetectable in normal somatic
cells except for proliferative cells of renewable
tissues (for example, haemopoietic stem cells
and activated lymphocytes,'® ' basal cells of the
epidermis,” *> and intestinal crypt cells®). In
normal somatic cells, progressive telomere
shortening is observed, and it has been
proposed that this may lead to greatly short-
ened telomeres and to a limited replicative
capacity.” ** Although most of the evidence
that telomere shortening may be a molecular
measure (clock) of the proliferative potential
remaining in cells is correlative,”? recently
more direct evidence for a causal role of
telomere shortening in ageing has been
obtained.”

Although all of the steps leading to cancer
are not yet known, progression to a cancerous
state requires the accumulation of a series of
genetic alterations. An emerging hypothesis
suggests that the up regulation or re-expression
of telomerase is a critical event responsible for
continuous tumour cell growth.'° In contrast

to normal cells, tumour cells show no net loss
of average telomere length with cell division,
suggesting that telomere stability may be
required for cells to escape replicative senes-
cence and proliferate indefinitely. Immortalisa-
tion may occur through mutation of a gene in
the telomerase repression pathway, permitting
the expression of telomerase and the mainte-
nance of telomere stability in cancer cells.
Thus, it is becoming generally accepted that
the up regulation” or reactivation® of telomerase
activity may be a rate limiting, if not the
critical, step required for the continuing prolif-
eration of advanced cancers. This review
focuses on the question of the timing of reacti-
vation of telomerase in cancer progression and
whether telomerase may be a new and
independent early indicator of cancer.

Telomerase activity assay

A highly sensitive, PCR-based assay for meas-
uring telomerase activity has been developed
that includes an improved detergent lysis
method to allow more uniform extraction of
telomerase from a small number of cells.’ In the
TRAP (telomeric repeat amplification proto-
col) assay, telomerase first synthesises exten-
sion products which then serve as templates for
PCR amplification. The simplicity and in-
creased sensitivity of this assay has resulted in a
dramatic increase in investigations of telomer-
ase expression.” > Although the amplification
protocol for measuring telomerase activity is
straightforward and relatively easy to use, there
are concerns about variability between labora-
tories. More recently, improvements in the
assay include an internal standard to permit
semiquantitation of levels of telomerase activity
and to allow for the detection of inhibitors of
amplification that may be present in some
tissue extracts.”” In addition, non-radioactive
methods for detecting telomerase have been
reported,” and most pathological specimens
can be used including exfoliated cells, fine nee-
dle aspirates and single 5 um frozen sections
(box 1). With the introduction of a research kit
(TRAPeze) for detecting telomerase activity
(Oncor, Gaithersburg, Maryland, USA),
reproducibility between laboratories is likely to
improve.* However, as telomerase activity is
also present in activated lymphocytes, con-
tinual clinicopathological correlations will be
required in the interpretation of this activity in
tissue extracts.
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Requirements for telomerase to be a
surrogate marker for early detection of
cancer

There is increasing interest in identifying
molecular markers which could ultimately
replace the older anatomically or cytologically
oriented methods for the early detection of
cancer. With the knowledge that telomerase
activation occurs so frequently in cancer, there
is the possibility that telomerase detection
could be put to use in screening. Criteria that
should be considered when evaluating whether
a new marker, such as telomerase, will be use-
ful in early detection or risk assessment include
some of the following: is the biomarker
differentially expressed in normal and high-risk
tissue; at what stage of progression does the
biomarker appear; what is the association with
clinical outcome; what are the acceptable
specificities, sensitivities and accuracies of the
assay; and can those cancers that are going to
progress be distinguished from those cancers
that are not? The usefulness of validating
whether telomerase is such a marker is that it
may affect the duration of clinical trials, require
a smaller sample size, and reduce costs.

Box 1

Measurement of telomerase activity in clinical

specimens

® Frozen sections and fine needle aspirates: many
cancers

® Normal secretions (urine, cerebrospinal fluid):
bladder, prostate, cancers of the central nervous
system, brain metastases

@ Pathological fluids (effusions, ascites): lung, liver,
pancreas, breast, colon, stomach, ovary

® Aspirates (pancreatic, biliary, mammary): pan-
creas, liver, gall bladder, bile duct, breast

® Washes and brushes (oral, colon, biliary, lung):
head and neck, colon, bile duct, cervix, lung

Overview of studies of telomerase activity
in the early detection of cancer

Telomerase activity can be detected in most
primary human tumour specimens and
tumour-derived cell lines. Telomerase activity
is detected in the most common cancers, such
as those of the prostate,” breast,”*
colon,**' ** ¥ lung,” and liver” * in 85-95% of
patients examined and in many instances at an
in situ stage. In breast and lung cancer, telom-
erase activity appears very early (even in
preneoplasia of smokers and former smokers),
whereas in others, such as pancreatic*® and
colon cancer, it appears in 90-95% of early
stage carcinomas but not in preneoplasia (box
2). There is evidence in neuroblastoma,™ acute
myeloid leukaemia,* *® breast,”” *' and gastroin-
testinal cancers® ** that the presence of high
levels of telomerase correlates with poor prog-
nosis.

Telomerase activity can be detected in
almost any type of clinical specimen including
exfoliated cells and fine needle aspirates (box
1). The measurement of telomerase in cells
sedimented from voided urine for bladder can-
cer is potentially promising if reproducible
methods to maintain the activity are
devised.” * The use of minimally invasive pro-
cedures such as fine needle aspiration® *' of
breast masses have great promise for distin-
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guishing carcinoma from benign disease; future
studies using cells obtained from nipple
aspirates should be considered. The use of
cytological samples obtained by flexible fibre
optic bronchoscopy and by thoracocentesis in
identifying lung carcinoma may also be useful
in some instances (K Hiyama, personal com-
munication). Oral rinses (D Sidransky, per-
sonal communication) may predict premalig-
nant leucoplakia lesions capable of progressing
to carcinoma,* and colonic washes’ may be
useful in detecting early stage colorectal carci-
noma, but more studies are required. It is also
possible that the presence of telomerase activity
may be a marker of minimal residual disease in
patients undergoing chemotherapy, and that
the detection of telomerase activity may be a
useful surrogate end point marker for following
efficacy of chemoprevention trials. In a recent
study,” less than 20% of ordinary meningi-
omas were shown to have telomerase activity,
whereas those meningiomas that had detect-
able telomerase activity had a very high
probability of tumour recurrence. Additional
prospective and independently confirmed
studies are clearly warranted. Similarly, addi-
tional studies using brushings to analyse
telomerase activity in pancreatic secretions,®
and fine needle or core biopsy specimens for
distinguishing thyroid adenomas from carcino-
mas (S Sukumar, personal communication), or
benign prostatic hyperplasia from prostate
cancer” may be useful.

Box 2

Telomerase activity in cancer:

activation stage

® Early in pathogenesis: breast, head and neck,
lung; skin cancer (sun-damaged skin); hepatocel-
lular carcinoma (hepatitis, cirrhosis)

@ Late in pathogenesis: colon, pancreas and thyroid
cancers

e Insufficient or conflicting data: ordinary meningi-
omas, renal, ovary, prostate, and stomach cancers

In breast and lung cancer, telomerase activity
is present at a very early stage. As an example,
we recently examined multiple specimens of
lung and bronchial epithelium at different dis-
tances from the invasive tumour from 10
patients undergoing surgery. Frozen sections of
samples of carcinoma in situ obtained by fluo-
rescence bronchoscopy were also examined.
Although most of these patients examined were
smokers or former smokers, one patient, a
non-smoker, without cancer did not have any
detectable telomerase activity in any sample
examined. In the specimens obtained from
smokers and former smokers with and without
lung cancer, 15% of histologically normal epi-
thelium expressed low but detectable levels of
telomerase activity. A progressively higher per-
centage of samples with hyperplasia, metapla-
sia and dysplasia had detectable telomerase
activity and all five samples of carcinoma in situ
had activity. The relative amounts of telomer-
ase activity in preneoplastic specimens and in
the carcinoma in situ, even after adjustment for
the number of epithelial cells in the specimen,
were approximately 10-fold lower than in
the corresponding tumour. In addition, the
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presence of telomerase activity in preneoplasia
of the lung correlated with microsatellite
alterations and loss of heterozygosity at chro-
mosomes 3p and 9p. Such observations are
consistent with the “field-theory” of lung can-
cer pathogenesis. So although there are low
levels of telomerase activity early during patho-
genesis of lung cancer of smokers and former
smokers, its activity is up regulated in invasive
cancer.

Future directions
There are many aspects of the complex biology
and basic regulation of telomerase that we do
not yet understand. Additional studies on the
regulation of telomere length and telomerase
activity are clearly warranted. This would
include better methods for measuring telomere
lengths, better telomerase extraction methods,
and identification of genes regulating the
repression pathway of telomerase. In addition,
alternate pathways to immortality clearly
exist® * ** in cell culture models of immortalisa-
tion. For example, in one series of experiments,
Murnane et al* examined telomere shortening
in a line of SV40 immortalised human
fibro-blasts that lacked telomerase activity. In
cells transfected with a marker plasmid, the
rate of loss of telomeric repeats was similar to
that found in normal cultured human fibro-
blasts; however, when the telomere had be-
come critically shortened, many kilobases of
telomere repeats were added rapidly. The rapid
increase in telomere length was attributed to
non-reciprocal recombination by analogy to
the results in yeast. Although very long and
heterogeneous telomere lengths are found in
the absence of detectable telomerase activity in
some virally transformed cells in culture, the
existence or role of such alternate pathways in
primary human cancer is undefined as yet.
Although there is hope that studying aspects
of telomerase in animal models of carcinogen-
esis may yield insights into basic mechanisms
of telomere and telomerase regulation, it would
not be surprising if many aspects of the regula-
tion of telomeres and telomerase are species
specific. In addition, most studies have re-
ported that measurements of telomere length
are unlikely to be of use in early detection of
cancer.® However, there is some evidence that
measurements of telomere length may be a
useful indicator when telomerase activity is not
raised.* Importantly, we have learned that the
detection of telomerase activity only indicates
the potential for cellular immortality and is not
always synonymous with cancer.’ In some cases
of metastatic neuroblastoma, tumours are

* observed that eventually undergo remission,*

so “mortal” tumours are not incompatible with
the telomere-telomerase theory of ageing and
cancer. Cell immortality does not confer
unregulated rates of cell proliferation, invasive-
ness, or metastasis, but only gives the cells the
proliferative capacity to accumulate the neces-
sary mutations to become malignant. Because
cancer is diverse, some tumours may need only
a few mutations in order to become malignant
and may not exhaust the normal limits of pro-
liferation before they cause disease. These
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types of tumour would be expected to be both
mortal and negative for telomerase activity.
Thus, in these special cases of neuroblastoma,
the very lack of or low expression of telomerase
activity was insufficient to maintain telomere
length so that the cells eventually developed
critically shortened telomeres and underwent
growth arrest.> So far this is the best evidence
that telomerase activity is likely to be required
for the continued proliferation of tumour cells.

Interpretation of telomerase activity in tissue
extracts is also complicated by quiescence of
telomerase-competent cells, telomerase expres-
sion by inflammatory cells, and telomerase
assay inhibitors.” Thus, repression of telomer-
ase activity in quiescence suggests that different
levels of telomerase in tumour biopsy speci-
mens may reflect the fraction of proliferating
cells.” > This indicates that there is a need for
the development of an assay to measure telom-
erase activity in situ, and to determine whether
in situ analysis of telomerase RNA* is a useful
adjunct to telomerase activity assays conducted
on tissue extracts. In a preliminary series of
experiments (p110), we showed that in situ
hybridisation of human telomerase RNA to
archival paraffin wax embedded malignant
lymph nodes could easily distinguish cancer
from normal cells. In addition, telomerase
inhibitors are being actively considered as
potential anti-tumour agents, with the hope
that the lack of telomerase expression in
normal somatic cells would result in a highly
specific treatment with fewer side effects than
conventional chemotherapy.” As the most
primitive stem cells of renewable tissues are
generally quiescent,” future combined chemo-
therapeutic strategies may be designed to
include conventional treatments to reduce
tumour mass, a recovery period to permit
primitive stem cells (recruited to replace dam-
aged regenerating tissues) to return to quies-
cence, followed by anti-telomerase treatments
to limit the proliferative capacity of surviving
tumour cells.’ Finally, studies comparing other
early cancer detection biomarkers with telom-
erase activity should be encouraged.

Summary

Although there is justifiable optimism regard-
ing telomerase activity and early detection of
cancer, it is important to point out that there is
much that remains to be understood and addi-
tional validation studies will be required before
knowledge of telomerase activity will be useful
in decisions regarding patient management. A
key question is whether we will be able to dis-
tinguish those cancers that are going to
progress from those cancers that are not by
detecting telomerase activity. Molecular stag-
ing using markers such as telomerase activity in
combination with other molecular markers
may be particularly useful in this regard. Basic
scientists and clinicians must work together if
this strategy is to mature. Telomerase inhibitors
in the treatment of cancer are awaited with
great anticipation.
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