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Telomeres and telomerase in leukaemia and lymphoma
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Abstract

Telomeres are DNA structures which serve to stabilize chromosomes. In human cells telomeres progressively shorten
with each cell division leading to eventual chromosome instability and cell death. Telomerase is a DNA polymerase which
is required for the maintenance of telomeres. Therefore, telomeres and telomerase play a role in the regulation of the life
span of the cell. Human cells express low levels of telomerase, however when telomere length reaches a critical level abnor-
mal activation of telomerase can lead to immortalization and uncontrolled proliferation. This process has been associated
with the development of many leukaemias and lymphomas. Understanding these processes in normal and malignant cells
could lead to therapies which target the telomere/telomerase complex.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Telomeres and telomerase play an important role
in the regulation of the life span of a cell. Human
cells have low levels of telomerase, however when
telomere length reaches a critical length, abnormal
activation of telomerase can lead to immortalization
and uncontrolled proliferation. This process has
been associated with the development of many leu-
kaemias and lymphomas. The aim of this article is
to examine the biology of the telomere/telomerase
complex and review its role in the development of
malignancy.
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2. Structure of telomeres

Telomeres are DNA structures which are situated
at the ends of chromosomes. They were first
described by early cytogeneticists who showed that
chromosomes with broken ends were unstable and
would fuse end to end resulting in ring or other
abnormal structures [1]. These observations led to
the conclusion that the telomere is a specialised
structure which is essential for the stability of the
chromosome.

Telomeric DNA consists of a tandem array of a
very simple sequence of DNA. It consists of a guan-
ine rich strand which runs from the 5 0 to the 3 0 end
and protrudes approximately 12–16 nucleotides
beyond the complimentary cytosine rich strand
[1,2]. The guanine rich strand can form non-Wat-
son–Crick structures. These occur when the strand
.

mailto:davisong@cput.ac.za


44 G.M. Davison / Transfusion and Apheresis Science 37 (2007) 43–47
folds onto itself and is held together by guanine–
guanine bonds. The function of these structures
are unknown, however it is thought to assist in the
stabilisation of the chromosome and to protect the
telomere from the binding of telomerase. A number
of proteins have also been shown to interact with
the guanine rich telomeric strand. These proteins
play a role in protecting the telomere from chemical
modification [1,2].

3. Telomere length and loss

Human cells are unable to complete the replica-
tion of the DNA at the telomere. Therefore, with
each cell division the telomere progressively short-
ens, leading to chromosomal instability and eventual
senescence and cell death. It is thought that this pro-
cess acts as a ‘‘mitotic clock’’, and contributes to the
ageing of cells and individuals [1,3,4]. Many studies
have shown that older individuals have shorter telo-
meres than younger adults and children [5].

Germ-line cells, haemopoietic stem cells and
other cells in the human body must solve this prob-
lem and they do so by the activation of the enzyme
telomerase [4].

4. The structure and function of telomerase

Telomerase is a ribonucleoprotein reverse trans-
criptase which is composed of two sub-units: human
telomerase reverse transcriptase (hTERT) and
human telomerase RNA (hTERC). These two sub-
units are encoded by two different genes and both
are essential for the function of the enzyme [6]. Tel-
omerase RNA is complimentary to the guanine rich
strand of the telomere and can therefore bind to the
last telomeric sequence of the strand. The reverse
transcriptase portion of the enzyme is then able to
add the complimentary nucleotides to the 3 0 end
of the telomeric DNA. After this process is complete
DNA polymerases complete the process by length-
ening the strand. Telomerase RNA then re-aligns
itself to the new 3 0 end of the telomere and the pro-
cess is repeated. Using this process, telomerase is
able to progressively lengthen the telomere and sta-
bilize the chromosome [1,4].

5. Telomeres and telomerase expression in normal

lymphocytes

It is well documented that the immune system
deteriorates as we age. Many factors have been
attributed to this and include; thymic involution
which leads to changes in the T-cell repertoire and
functionally deficient B-cells. Another factor which
contributes to the development of age related
changes in the immune system is the gradual loss
of telomere length [7].

5.1. T-cells

Using a flow/fish technique, Rufer et al. [8], mea-
sured telomere length in various peripheral blood
lymphocyte populations. The results revealed that
cord blood T-cells have the longest telomeres, fol-
lowed by naı̈ve CD45Ra+ T cells and CD45Ro+
memory T-cells which have the shortest telomere
length. This pattern was similar in both CD4+ T-
helper and CD8+ cytotoxic T-cells. Telomere and
telomerase dynamics have also been examined in
activated T-cells. These experiments showed that
after activation telomerase levels increase signifi-
cantly. This leads to stabilization of the telomere
length, in spite of the increased cell division. How-
ever, although telomerase activation stabilizes the
chromosome and can postpone telomere shortening
it does not prevent it, and after a period of time the
telomere length is eroded and activated T-cells
undergo apoptosis [8].

5.2. B-cells

Telomere dynamics in peripheral blood B-cells
is distinctly different from other lymphocytes.
Using magnetic beads to separate the various
peripheral blood B-cell populations, studies by
Martens et al. [7], have showed that B-lympho-
cytes have significantly longer telomeres than all
other peripheral blood cell populations, including
T-cells, natural killer cells and monocytes. This
is however in contrast to cord blood B-cells which
have shorter telomeres than their T-cell counter-
parts. This implies that the loss of telomere length
occurs at a faster rate within the T-cell population
[7].

Like T-cells, activated B-cells have significantly
longer telomeres and increased telomerase activity.
Of interest, is the fact that CD27+ memory B-cells
have significantly longer telomeres than their
CD27� naı̈ve counterparts. This is in contrast to
memory T-cells which have the shortest telomere
length [7]. This observation can be explained by
the development of memory B-cells within the ger-
minal centre.
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6. Development of B-cells within the germinal centre

(GC)

Within the lymph node, naı̈ve B-lymphocytes can
take one of two paths after being stimulated with
antigen. They can either initiate a primary immune
response by differentiating into a plasma cell and
secreting IgM, or they can form secondary lymphoid
follicles within the lymph node. Within the second-
ary follicles, a germinal centre (GC) develops which
is surrounded by a mantle of lymphocytes expressing
both surface IgM and IgD. Follicular dendritic cells,
within the GC, present processed antigen to naive B-
cells. The stimulated B-cells then undergo somatic
hyper mutation of the Ig heavy chain and proliferate
extensively. These cells are known as centroblasts
and have a distinct morphological appearance. If
the actively dividing B-cells are not rescued by T-
helper cells via the CD40/CD40 ligand pathway they
will apoptose and be phagocytosed by macrophages.
However, if the dividing cells survive they can either
go on to become long term memory B-cells or
undergo immunoglobulin class-switching and exit
the lymph node as plasma cells which will initiate a
secondary immune response [9].

Because of the extensive activity and cell division
within the germinal centre, germinal centre derived
B-cells have significantly elongated telomeres. In
order to maintain the telomere length and stability
of the chromosomes, telomerase activity is also
increased [10].

7. The role of telomeres and telomerase in the

progression to immortality

Research has demonstrated that cells have two
life span barriers. After a number of cell divisions,
Telomerase activity and te
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Fig. 1. Telomerase activity (blue bars) increase, while telomere length
carrier state to chronic/smouldering Adult T-cell Leukaemia/Lymphoma
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telomeres reach a minimum length and enter the
first barrier (M1). At this point the cell undergoes
cell cycle arrest, a state which is known as senes-
cence. Cells can remain in this state, dormant but
viable, for a prolonged period of time [11].

If the cell has a dysfunctional apoptotic system or
absence of relevant tumour suppressor genes, it can
escape senescence and undergo further cell divi-
sions. This leads to critically shortened telomeres
and the cell enters the second life span barrier
known as crisis (M2). Massive cell death now
occurs. In rare cases the abnormal activation of tel-
omerase takes place and the cell can escape this
phase and continue to divide. These events lead to
the cell becoming immortal. If cell division contin-
ues uncontrollably a malignant process is initiated
[11].
8. Telomeres and telomerase in mature T-cell

malignancy

It has been proposed that progressively shorten-
ing telomeres and the activation of telomerase plays
a role in the development of T-cell malignancies.
This has been supported by studies examining cuta-
neous T-cell lymphomas which have demonstrated
significantly shortened telomeres in Mycosis Fungo-
ides cells compared to their normal counterparts
[12].

Studies analyzing patients with Ataxia Telangi-
ectasia have also supported this theory. These
disorders are characterised by neurological deterio-
ration, immunodeficiency, chromosomal instability,
premature ageing and a predisposition to develop
malignancies, particularly T-cell leukaemia and
lymphomas. Accelerated telomere shortening has
lomere length in ATLL
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been demonstrated in these patients and could
explain many of these features [13].

Adult T-cell leukaemia and lymphoma develops
from patients who are carriers of the HTLV1 virus.
Telomerase activity is significantly increased and
telomeres are shortened in patients who have trans-
formed to the acute leukaemic form of the disease
(see Fig. 1). Kubuki et al. [14] identified a group
of patients who have telomerase activity of
>5TPG and telomere length of <5 kbp. These indi-
viduals had a significantly worse prognosis and sug-
gest that short telomeres and increased telomerase
activity is associated with more aggressive disease.
Both telomerase activity and telomere length was
not associated with white cell count, sex, age or lac-
tate dehydrogenase levels [14].

9. Telomere and telomerase dynamics in mature B-

lymphoproliferative disorders

Although many researchers have examined the
telomere length and telomerase activity in B lym-
phoproliferative disorders, there are still many areas
which remain unclear. It is however agreed that
telomeres are generally shorter and telomerase
activity increased in mature B-cell leukaemias and
lymphoma [3,4,11,15]. Patients with more aggressive
tumours such as Burkitts lymphoma have longer
telomeres and higher telomerase activity than the
more indolent tumours [11,14].

Many B-lymphoproliferative disorders consist of
different sub-populations of cells and therefore it
has been argued that calculating the mean telomere
length is not a true reflection of all the cells repre-
sented in the tumour. Telomere length was therefore
measured in individual sub-populations cells. This
revealed that telomere length was heterogeneous
and could range from 2.4 kbp to 23 kbp within a
single sample. This variation was not related to
the morphological sub-type of the lymphoma [11].

No distinct pattern of telomere length or telome-
rase activity was observed in patients who had
received therapy or were in relapse. However, all
cases which demonstrated significant lengthening
of their telomeres had high telomerase activity [11].

Scott et al. [15], in a study examining one hun-
dred and eleven B-non-Hodgkin’s lymphomas, dem-
onstrated that low-grade marginal zone B-cell
lymphomas (MZBCLs) all had very low levels of tel-
omerase activity. This was associated with an extra
chromosome three or trisomy 3. Of interest, is the
fact that a telomerase suppressor gene is located
on this chromosome and could explain the low
activity in this sub-type of lymphoma [15].

Low telomerase activity was also detected in 85%
of patients with B-cell chronic lymphocytic leukae-
mia. Those cases with increased activity had more
aggressive disease with higher white cell counts
and increased lymph nodes. Telomere length was
normal or low in most cases. The telomere/telome-
rase activity described in this group of patients is
probably a reflection of the low proliferation rate
of the malignant cells [3].

10. The germinal centre and mature B-cell

lymphoproliferative disorders

As previously discussed, normal B-cells undergo-
ing germinal centre development have significantly
increased telomere length and telomerase activity
when compared to pre GC and post GC cells. Lad-
etto et al. [10] examined the telomere length and tel-
omerase activity in malignant cells derived from the
germinal centre and compared the results to cells
from pre GC and post GC tumours. GC status
was assessed by screening for stable and ongoing
somatic hyper mutations of the immunoglobulin
heavy chain gene. The results of this study showed
that pre GC tumours had far shorter telomeres than
those which were GC experienced. Tumours with
ongoing somatic mutations were classified as GC
derived tumours. These lymphomas had the longest
telomere length and the highest telomerase activity.
As expected, telomere length and telomerase activity
was also associated with heavy chain mutational
status and CD38 expression in chronic lymphocytic
leukaemia. The conclusion made by this article was
that the most important feature influencing telo-
mere length and telomerase activity in B-cell lym-
phoproliferative disorders is the germinal centre
status of the malignant cells and not the morpholog-
ical sub-type [10].

11. Telomerase as a target for therapy

Telomerase is increased in lymphoma and many
other malignancies. Because of this it has been iden-
tified as a potential target for therapy. Some of the
strategies which have been studied are:

(1) Anti-sense oligonucleotides. These molecules
are complimentary to the telomeric DNA
and can therefore bind to the guanine rich
strand at the end of the chromosome. This
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prevents telomerase RNA from binding and
ultimately blocks the activity of the enzyme
[4,10].

(2) Reverse transcriptase inhibitors inhibit the
activity of the hTERT sub-unit of telomerase.
This leads to the prevention of nucleotides
being added to the last telomeric DNA
sequence of the telomere [4,10].

(3) Mutant telomerase genes have been intro-
duced into cultured malignant cells. This strat-
egy enables the cell to produce an inactive
form of telomerase which competes with the
active form and inhibits its action [4].

The objective of all these approaches is to induce
telomere shortening and force the cell into senes-
cence and eventual apoptosis. This however can
only be achieved if the cell has a functioning apop-
totic mechanism. In many cases of lymphoma and
leukaemia, this is not the case. In addition these
drugs also lead to telomere shortening in normal
cells, which include haemopoietic progenitors.
Therefore, these therapies cannot be used for pro-
longed periods and it has been suggested that
tumour cells must already have short telomeres for
these drugs to be safe and effective [4,11].

12. Conclusion

This article has examined the biology of both
telomeres and telomerase and their role in malig-
nancy. Although a lot of unanswered questions
remain, measuring and studying telomere and telo-
merase dynamics has improved our understanding
of the association between lymphoid development
and lymphoma. This information can be used to
develop and improve anti-telomerase therapies.
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