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Abstract

Telomeres and telomere repair are basic molecular features of cells possessing linear DNA
chromosomes and defects in them result in various diseases. This review examines recent advances in
understanding these diseases, particularly at a molecular level, and in relating telomere dysfunction to
clinical diseases. We also discuss the potential role of telomere elongation as a therapy in diseases,
and more controversially, the prevention/reversal of aging.

Introduction
The ends of linear chromosomes have attracted serious
scientific study, and Nobel Prizes, since the early 20th
century. In the 1930s, Herman Muller and Barbara
McClintock observed that fragmented chromosomes
tended to fuse with each other yet normal chromosomes
were stable, and they predicated characteristics of the
“natural ends” or “telomeres” to explain this difference
(Figure 1A). Almost 40 years later, Alexey Olovnikov, on
theoretical grounds, and James Watson, based on phage
experiments, recognized a fundamental problem in the
semiconservative replication of DNA [1,2]. As DNA poly-
merase uses an RNA primer to start DNA synthesis, the
space occupied by the RNA primers is not filled with newly
synthesized DNA at the ends of chromosomes, so there
would be inevitable loss of genetic information from the
leading strand with every mitosis [3]. Elizabeth Blackburn,
John Szostak, and Carol Greider in the 1980s solved this
fundamental biologic problem by the discovery of the
structure of telomeres, repetitive DNA elements at the ends
of chromosomes, and the further elucidation of an active
mechanism, whereby an enzyme repairs the loss of
telomeres in proliferative cells (which they review in [4]).

Telomeres consist of hexameric nucleotide sequences that
are repeated hundreds to thousands of times (TTAGGG
in humans) at each extremity of the chromosome; the
telomericDNA is coatedby a groupof proteins, collectively

termed shelterin proteins, which prevent the DNA repair
machinery frommistaking telomeres for breaks in double-
stranded DNA (Figure 1B) [5]. As telomeric sequences
do not contain genes, they have the advantage that no
genetic information is lost if they undergo erosion. At
birth, white blood cells’ telomeres are sufficiently long to
allow about 200 cell divisions. With normal aging of an
animal (and in cell culture), cells divide and telomeres
shorten (Figure 1C). When telomeres become critically
short, the nucleus signals the cell to cease proliferation,
provoking cell senescence or cell death [6]. Telomere
attrition explains the “Hayflick limit”, the number of
mitoses a cell is capable of undergoing in tissue culture
before it stops dividing. Telomere length is therefore a type
of “mitotic clock”, ameasure of a cell’s proliferative history.
Under circumstances in which cell proliferation continues
despite critically short telomeres (usually about a few
hundred hexanucleotides repeats on any chromosome),
the telomere’s protective function is lost. Subtelomeric
genetic information can be lost and, more importantly,
recombination between chromosomes occurs, leading to
chromosome instability, aneuploidy, and transformation
to a cancer phenotype.

Some proliferative cells can elongate telomeres enzyma-
tically through the telomerase complex [7]. The enzyme
telomerase (TERT) is a reverse transcriptase that employs
a small RNA molecule (TERC) as a template to extend
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telomeres in cells. Thus, telomerase counterbalances the
effects of cell division and cellular genetic “aging” in
some populations, preventing senescence, cell death, and
genetic instability. Telomere maintenance is also possi-
ble by other mechanisms. The alternative pathway (ALT)
uses recombination between chromosomes; ALT is active
in tumor cells, but its components and regulation are not
as well understood [8].

Defects in telomeres result in various human diseases
and recent years have seen big advances in our under-
standing of the causes at a molecular level.

Telomere Diseases
Dyskeratosis congenita
Telomere repair may be constitutionally defective due to
mutations that severely reduce telomerase’s capacity to
elongate telomeres, leading to accelerated telomere attri-
tion [9]. Dyskeratosis congenita, a rare inherited bone
marrow failure disease, is the classic “telomere disease”.
The inherited defect in X-linked dyskeratosis congenita
was identified in a gene named DKC1 by Inderjeet Dokal,
in linkage studies of large pedigrees [10]. DKC1 encodes
dyskerin, a protein that binds to the RNA component of
telomerase and stabilizes the telomerase complex. Hetero-
zygous mutations in TERC were later found in some
families with autosomal dominant dyskeratosis congenita
[11]. The severe phenotype of X-linked dyskeratosis
congenita is likely due to hemizygous loss of DKC1 and
markedly reduced telomerase function. In autosomal
dominant dyskeratosis congenita, which results from
defects in TERC and other autosomal chromosome
genes, deficient telomerase function is caused by hap-
loinsufficiency (where the level of the gene product is
insufficient) of one gene.

Dyskeratosis congenita has pathognomonic features.
Historically, the disease was first recognized by derma-
tologists, to whom patients still often present with
abnormal nails and a pigmented reticular rash – oral
leukoplakia completes this diagnostic triad. Aplastic
anemia usually occurs in the first decade of life. Lungs
and the liver are also affected in dyskeratosis congenita or
fail after stem cell transplantation to correct the bone
marrow disease.

Telomeropathies in adults
Dyskeratosis congenita with typical features can occasion-
ally present late in life, such as in a patient with a DKC1
mutation whose blood cell counts do not recover after
chemotherapy. However, most adult-onset telomeropa-
thies result frommutations in TERC and in the enzymatic
component encoded by TERT, which appear to behave
more as genetic risk factors than as determinants for
disease. The first TERT mutations found in humans were
in adult patientswith apparently acquired aplastic anemia,
who lacked physical anomalies, and did not have a
suggestive family history. Penetrance of the phenotype of
TERT and TERC mutations is highly variable among and
within such families, in severity, time of onset, and organ
involved. Within pedigrees, members with the identi-
cal mutation may have no, or minimal, clinical mani-
festations, develop aplastic anemia late in life, or suffer

Figure 1. Telomeres and telomerase

(A) Telomeres can be detected by fluorescent techniques (fluorescent in
situ hybridization or FISH, yellow bright signals) at the tips of chromosomes
in metaphase spreads (stained with DAPI). (B) This schematic representa-
tion of chromosomes and telomeres shows that telomeres are composed of
thousands of tandem DNA repeat sequences. Protective proteins associated
with telomere DNA are collectively termed shelterin or telosome
(composed of TRF1, TRF2, TIN2, POT1, TPP1, and Rap1). These proteins
bind to telomeric DNA repetitive sequence, coating the nucleotide
sequence. Additionally, the 3’overhang at the end of the leading strand falls
back and anneals with the telomeric sequence, forming a lariat at the very
end of the chromosome (T loop). The bottom panel (C) illustrates the
dynamics of telomere length as a function of aging in white blood cells.
Telomeres shorten with aging, especially during the first two decades of life.
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pulmonary fibrosis or hepatic cirrhosis. Different organ
systems may be affected in different family members at
different times, and occasionally patients have disease in
marrow, lung, and liver [9]. Telomerase mutations have
been uncovered in a substantial minority of familial
pulmonary fibrosis pedigrees, and in general populations
of patients with severe cirrhosis.

Hematopoietic stem cells up-regulate telomerase in
response to increases in daily demand for red blood
cells, white blood cells, and platelets, so deficiencies in
quantitative (stem cell number) and qualitative (repair)
capacities would explain the bone marrow failure in the
telomeropathies. However, it is harder to account for the
problems telomeropathies cause in the liver and especially
the lungs, as these are not usually considered organs with
high replicative demand and the cell types affected are
unknown. Conversely, the skin and mucous membranes
are seldom affected in older patients, and strangely the gut
is spared in both dyskeratosis congenita and other
telomere diseases (absorptive function is maintained
and patients do not develop mucositis), despite both
tissues having high replication rates. To date, there are only
anecdotal reports of anorectal or stomach adenocarcino-
mas. Similarly, many of themechanisms of disease caused
by telemeropathy are unknown. We don’t know why
fibrosis develops in the lungs and liver, while fat replaces
marrow in aplastic anemia, or the contribution of the
environment (immune attack on the marrow in aplastic
anemia, smoking for the lungs, and alcohol and viral
infection on the liver).

Clinical implications
The association of telomerase mutations with disease in
three disparate organ systems (blood, lungs and liver)
has important practical consequences for patients and
their physicians. In the family history, the presence of
even mild blood count abnormalities, pulmonary
fibrosis, and hepatic cirrhosis are important clues to
the diagnosis of a telomeropathy (as is acute myeloid
leukemia – see below). Involvement of multiple medical
subspecialties can be confusing for all concerned. One
recent advance is that telomere length in leukocytes can
now be measured commercially, and severe reduction of
length is a reliable diagnostic marker [12]. TERT and
TERC can also be sequenced. The finding of a telomerase
deficit has consequences for prognosis, treatment, and
genetic counseling. Although the diagnosis of telomero-
pathies can be straightforward, there may be complica-
tions. Some families with typical symptoms lack known
mutations, and in others telomere length may be normal
even in the presence of etiologic nucleotide substitu-
tions. Rare mutations in shelterin genes can produce
severe dyskeratosis congenita but do not alter telomerase

repair capacity. Regulatory regions of genes, not routinely
screened, may be responsible in some cases.

Telomere shortening and cancer
There are many sources of evidence that telomere
attrition is associated with, and probably causative of,
cancer. Patients with dyskeratosis congenita have a 1000-
fold increased risk of tongue cancer and about a 200-fold
increased risk of acute myeloid leukemia [12]. In aplastic
anemia, patients with the shortest telomeres (absent
mutations) are 4-5-fold more likely to have their disease
undergo malignant transformation to myelodysplasia
and leukemia [13]. Telomere-free ends of chromosomes
and aneuploidy are apparent in patients’ bone marrows
in tissue culture years before clinical symptoms. Further-
more, in acute myeloid leukemia without prior bone
marrow failure, some patients have constitutional
mutations in TERT and TERC [14].

Short leukocyte telomeres predict the development of
cancer in Barrett’s esophagus and in ulcerative colitis
(which is associated with chromosome loss, gain, and
rearrangement in cancer cells) [15,16], but the mechan-
ism is not clear. Do short telomeres of blood leukocytes
mirror the telomere length of the affected organ, or are
they a biomarker of exposure to reactive oxygen species
in a chronic inflammatory process? Active oxygen can
damage telomeres, and cells cultured in room air have
excessive telomere shortening in comparison to cells
cultured at low oxygen tension.

More generally, single nucleotide polymorphisms in
TERT have been identified as risk factors in a multitude
of genome-wide analyses in many cancers [17]. In a
recent report, short leukocyte telomeres increased the risk
of all cancers and of cancer fatalities in a large population
followed over a decade [18]. Circumstantially, telomere
attrition is an accompaniment of aging, itself the major
risk for cancer (Figure 2). Iatrogenically, secondary hema-
tologic malignancies occur after chemotherapy and
radiation, which would be anticipated to lead to marrow
stress and telomere shortening. More direct data come
from a “knock-out” mouse model: crosses with reduced
telomerase activity combined with diminished p53
surveillance developed a variety of epidermal cancers
unusual in the rodent, but typical of humans.

In most malignancies, telomerase gene up-regulation or
activation of the ALT pathway is thought necessary to
establish cellular immortality. Telomerase is too fre-
quently increased in cancer cells and cell lines to be
considered an appropriate therapeutic target. Critically,
short telomeres and a chromosome theory of the
etiology of cancer are not in conflict with these findings.
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Most cells in which telomere shortening reaches criti-
cality likely either die or enter senescence. In those few
that survive, perhaps due to inadequate monitoring by
p53 and related DNA damage response safeguards,
telomere repair would be subject to powerful selective
pressure. Telomere shortening would also provide the
equivalent of a “mutator phenotype”, increasing sponta-
neous chromosomal aberrations, from numerical changes
to structural abnormalities (translocations, insertions,
deletions, and telomere associated end-to-end fusions),
and therefore the pool of aberrant cells upon which
selection would act.

Telomeres and aging
Telomeres shorten as we age. Consequently, telomere
length has been postulated as a marker of “genetic age”
(mitotic clock), as a fundamental explanation for the
aging process, and has been marketed as a simple
predictor of longevity. Telomere length assays have been
bundled with recommendations for lifestyle modifica-
tion and for drug therapy, neither based on appropriate
clinical studies. Simple but appealing arguments relating
telomeres and aging may be viewed, with some skepti-
cism, as currently controversial, likely simplistic, and

potentially harmful. Telomere length indeed reflects the
cell’s past proliferative history and future propensity to
apoptosis, senescence, and transformation. However,
cellular aging is not equivalent to organ or organismal
aging.

There are several considerations in relating telomere
biology to aging. First, physiologically there is overlap
between the shortest telomere length of young children
and the longest telomeres of the elderly. Most telomere
shortening occurs early in life, in association with
growth, and when the rate of disease in general is low.
The paradigmatic telomere syndrome of dyskeratosis
congenita is not at all typical of the progerias, inherited
syndromes in which patients not only appear old but
suffer diseases of aging, like premature atherosclerosis or
dementia. Conversely, the organ damage of dyskeratosis
congenita is not very similar to aging of marrow, lungs,
and liver. The marrow becomes mildly hypocellular in
older individuals but stem cell numbers may actually
increase and blood counts remain stable; neither the liver
nor lung normally become fibrotic with advanced age.
Although relatively short telomeres of leukocytes have
been associated with cardiovascular events among
adults, the clinical correlations have not been consistent,
and they may be related to overall reactive oxygen species
exposure.

Studies in humans have attempted to relate short
telomeres to longevity. In the provocative initial pub-
lication from the University of Utah, individuals around
60 years of age who had the longest telomeres lived
longer than did subjects with the shortest telomeres, but
the most associated cause of death in the latter group
was, inexplicably, infection, and those with shorter
telomeres did not have a higher rate of cancer deaths
[19]. Heart disease as the cause of death was also more
common in subjects with the shortest telomeres. Sub-
sequent studies have produced conflicting findings. The
Cardiovascular Health Study of subjects over 65 years of
age found that individuals in the shortest quartile for
telomere length were 60% more likely to die than those
in the longest quartile [20]. Causes of death related to
short telomeres were again infectious. Two twin studies
at older age also correlated shorter telomeres with poorer
survival [21,22]. Finally, an Italian cohort study that
looked at participants at time zero and after 10 years
found that death within 10 years was significantly more
common in those with shorter telomeres [23].

In contrast, these associations have not been confirmed
in other studies of older subjects. Blackburn and
Cawthon reported that telomere length failed to predict
survival, but correlated with years of healthy life [24].

Figure 2. Telomere attrition and cancer risk

In dyskeratosis congenita (DKC), in which genetic penetrance is high, the
risk for cancer development is also elevated, particularly for head and neck
squamous cell carcinoma and acute myeloid leukemia (AML). Patients with
aplastic anemia also are at risk of developing clonal malignant disorders, but
at lower frequency. Similarly, short telomeres appear to predict progression
of chronic inflammatory gastrointestinal states to cancer (aplastic anemia
[AA] progresses to myelodysplastic syndrome [MDS] or AML, inflammatory
bowel disease [IBD] progresses to colorectal cancers and Barrett’s
esophagus progresses to adenocarcinoma). In multiple genome-wide
association studies, the TERT locus has appeared as a significant susceptibility
locus for a variety of cancers, but at relatively low odds ratios.
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In a Danish study of people aged 73 to 101 years,
telomeres correlated with life expectancy in simple
univariate analysis but, when corrected for age, did not
predict longevity [25]. In Dutch men with a mean age of
78 years, telomere length eroded with aging but failed to
correlate with mortality [26]. In a Finnish investigation,
telomere length did not predict overall mortality [27].
Finally, in an analysis from California, short telomere
length predicted death from cardiovascular disease in
women but not in men, where the rate of shortening
predicted mortality rather than length itself [28]. The
discrepancies in these results may have several sources. In
some analyses, telomere lengths may have been studied
as a surrogate marker of age. In addition, retrospective
studies may uncover “positive” associations that are
random and not reproduced in follow-up investigations.

The telomere hypothesis of aging has also been tested in
mice. For instance, in a murine model of telomerase
deficiency and accelerated telomere attrition, researchers
found that low telomerase expression deregulated
certain intracellular pathways involved in mitochondrial
function and glucose metabolism, ultimately causing
heart muscle disease [29]. Interestingly, telomerase
reactivation in these mice restored glucose production
and heart function. However, the abnormalities
observed in telomerase-deficient animals did not resem-
ble those typical of humans with very short telomeres,
in whom heart disease is rare. Translation of mouse
experiments on telomeres to human physiology and
disease should be approached with caution. Mice are not
the ideal model for telomere attrition and its effects on
aging: murine telomeres are 5 to 10 times longer than
in humans, in spite of their much shorter lifespan. When
telomerase is “knocked out” in mice, they live a healthy
life for several generations; even though late generation
animals with very short telomeres are infertile, they
do not display the clinical phenotypes characteristic of
human telomeropathies (bone marrow failure, pulmon-
ary fibrosis, hepatic cirrhosis). Also, telomerase-deficient
mice do not have a higher incidence of cancer, unless the
p53 gene also is down modulated, in contrast to humans
with telomerase deficiency, whom are at very high risk of
developing cancer.

Telomeres in regenerative medicine and
telomerase modulation
Telomeres and their repair are important in the new area
of regenerative medicine. When Dolly the sheep was
cloned from adult mammary gland cells more than a
decade ago, her chromosomes were not exactly identical
to the cells of the original sheep: Dolly’s very short
telomeresmay have contributed to her illnesses, especially
progressive lung disease [30]. In theory, this short-coming

could be overcome by using embryonic stem cells, which
express telomerase and are able tomaintain their telomere
lengths despite numerous cell divisions.

More recently, reprogramming of mature adult skin cells
into the pluripotent state has been achieved with the
introduction of just a few defined nuclear factors. During
the process of reverting cells to a more immature state
(with the pluripotency of embryonic stem cells), the
reprogrammed cells’ telomeres were highly elongated
[31]. In the first steps of reprogramming, and likely in the
early stages of embryogenesis, telomeres can be effec-
tively elongated and cells can “rejuvenate” their telo-
meres. Since short telomeres limit cell proliferation,
mechanisms that can potentially elongate telomeres are
highly desirable tools for effective regenerative medicine.

Telomerase is expressed by a limited number of cell
types, especially those with high proliferative capacity.
However, even in these cells, telomerase expression is
tightly regulated: just a few copies of the complex are
present in the cell nucleus and it exerts its function
during specific periods of the cell cycle. The mechanisms
that modulate telomerase gene expression, resultant
enzymatic activity, and affect telomere elongation are
the focus of intensive research. MYC, a proto-oncogene
that regulates the expression of many other genes and
cell pluripotency, activates telomerase expression [32].
Sex hormones also activate telomerase expression in
reproductive and non-reproductive organs, such as the
bone marrow. The promoter region of the telomerase
gene contains regulatory sequences that are modulated
by estrogen; cells exposed to androgens (eventually
converted into estrogens) or estrogens up-regulate
telomerase expression [32]. In retrospect, the response
of patients with aplastic anemia, especially children with
inherited marrow failure, to androgens may be attribu-
table to this mechanism. However, whether higher blood
levels of sex hormones or exposure to exogenous sex
hormones cause telomere elongation is still unknown.

Conclusions
Telomeres and telomere repair are basic molecular
processes in cells possessing linear DNA chromosomes.
It is clear that accelerated telomere attrition due to genetic
defects in telomerase and in the gene encoding shelterin
proteins is causative in several human diseases not
previously thought to be related in the clinic: aplastic
anemia, pulmonary fibrosis, and hepatic cirrhosis. The
telomeropathies, especially in their milder and more
chronic forms, may not be rare and are almost certainly
often unrecognized by physicians. The potential for
telomere repair in tissues under regenerative stress is of
special interest, particularly given the reactive responses of
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fibrogenesis and adipogenesis and the role of telomere
attrition in linking chronic inflammation to cancer in
many organs and diseases. Yet we are still missing
explanations for the genotype-phenotype anomalies seen
in telomeropathies – highly variable telomerase gene
penetrance, organ specificity, and clinical course. Both the
genomic architecture modulating telomerase expression
and the effect of the organism’s environment on telomere
attrition are poorly understood. Drugs or hormones that
might modulate telomerase expression and maintain or
elongate telomeres would be appealing in the treatment of
the telomeropathies and in conditions in which telomere
attrition has known medical consequences. Whether
telomere shortening mediates human aging and whether
telomere elongation may reverse aging or prevent age-
related diseases remain controversial.
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