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Telomeres play a central role in cell fate and aging by adjusting the cellular response to stress and growth stimulation on the
basis of previous cell divisions and DNA damage. At least a few hundred nucleotides of telomere repeats must “cap” each
chromosome end to avoid activation of DNA repair pathways. Repair of critically short or “uncapped” telomeres by telomerase
or recombination is limited in most somatic cells and apoptosis or cellular senescence is triggered when too many “uncapped”
telomeres accumulate. The chance of the latter increases as the average telomere length decreases. The average telomere
length is set and maintained in cells of the germline which typically express high levels of telomerase. In somatic cells, telomere
length is very heterogeneous but typically declines with age, posing a barrier to tumor growth but also contributing to loss of
cells with age. Loss of (stem) cells via telomere attrition provides strong selection for abnormal and malignant cells, a process
facilitated by the genome instability and aneuploidy triggered by dysfunctional telomeres. The crucial role of telomeres in cell
turnover and aging is highlighted by patients with 50% of normal telomerase levels resulting from a mutation in one of the
telomerase genes. Short telomeres in such patients are implicated in a variety of disorders including dyskeratosis congenita,
aplastic anemia, pulmonary fibrosis, and cancer. Here the role of telomeres and telomerase in human aging and agingassociated diseases is reviewed.

In the future attention undoubtedly will be centered on
the genome, and with greater appreciation of its significance as a highly sensitive organ of the cell, monitoring
genomic activities and correcting common errors, sensing the unusual and unexpected events, and responding
to them, often by restructuring the genome.
Barbara McClintock, 1983

I. INTRODUCTION
A. Telomeres From Cytogenetics to Replicative
Senescence: Historic Background
That chromosome ends play an important role in
ensuring chromosome stability was first proposed in the
www.prv.org

1930s by Barbara McClintock working with maize (142)
and Hermann Muller working with fruitflies (155). Both
investigators proposed that chromosome ends have special structures required for chromosome stability. Muller
coined the term telomere, from the Greek for “end” (telos)
and “part” (meros). McClintock noted that without these
special end structures, chromosomes would fuse and often break upon mitosis, and she observed that the resulting chromosome instability was detrimental to cells.
These pioneering studies established that functional “telomeres” are required to protect chromosome ends, to provide chromosome stability, and to ensure faithful segregation of genetic material into daughter cells upon cell
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kidney. For example, it is possible that damage to telomeric DNA by reactive oxygen species (ROS) produced
by either dysfunctional mitochondria (85, 220) or by signaling pathways (e.g., overexpression of oncogenes such
as Ras, Refs. 152, 239) contributes or predisposes cells to
apoptosis and senescence. Thus DNA damage signals
originating from telomeres could be replication independent, and the sensitivity of cells to DNA damage could
increase as the overall telomere length declines. More
information is needed on the role of telomeres in the
cellular response to various types of insults (177).
Why most primary human cells in culture stop dividing after a limited number of divisions remained a puzzle
for another decade. The first scientist to link the programmed cessation of cell division observed by Hayflick
to replication of telomeres was Alexei Olovnikov (163).
He proposed that human somatic cells might not be able
to correct the chromosomal shortening that occurs when
cells replicate DNA and that the repeated nucleotide sequences at telomeres could act as a buffer to protect
downstream genes from such replication losses. He furthermore had the remarkable insight to propose that the
length of the repeated sequences could determine the
possible number of DNA replication rounds. That the unidirectional nature of DNA replication poses a problem for
complete replication of chromosome ends was also recognized by Watson (224). It would take another two decades before the predicted causal link between replicative senescence and telomere shortening was formally
established. The first observations connecting telomeres
directly to aging were made in 1986 when Cooke and
Smith (48) noticed that the average length of telomere
repeats capping sex chromosomes in sperm cells was
much longer than in adult cells. They considered the
possibility that adult cells could be deficient in the enzyme telomerase which had just been discovered in the
unicellular organism Tetrahymena (79). Several studies
in the next few years confirmed a reduction in average
telomere length with cell divisions in fibroblasts (49, 83)
and with age in somatic cells from the blood and colon
(87), but not in the cells of the germ line. These observations supported the conclusion that somatic cells are
apparently unable to maintain telomere length. For the
first time, the aging of cells could be linked to readily
detectable and reproducible changes in genomic DNA.
Similar observations were subsequently made with cells
from many other human tissues (reviewed in Refs. 91, 98).
The correlation between telomere length and replicative potential became a mechanistic link when it was
demonstrated that the replicative potential of primary
human fibroblasts can be extended indefinitely by artificially elongating telomeres. The latter was achieved in
primary human fibroblasts by overexpression of the telomerase reverse transcriptase (hTERT) gene (25, 211).
These experiments established that progressive telomere
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division. These conclusions have stood the test of time,
and since this work was published, an enormous amount
of data on telomeres and their function have been produced. Some of the most striking contributions are reviewed here. However, despite this progress, it is also
clear that many mysteries around telomeres and their
function remain. The increasing amount of detail about
individual molecules and pathways involved in telomere
biology and DNA damage responses has not at all diminished the challenge of understanding how telomeres are
integrated and involved in DNA damage responses, cellular fitness, and human aging. While it has become clear
that telomeres play a central role in the cellular response
to stress and DNA damage, neither the relative importance to other factors nor all the connections between
proteins and signaling pathways that directly or indirectly
involve telomeres are fully understood. The future of
telomere research is bright!
In the early 1960s, Leonard Hayflick observed that
human cells placed in tissue culture stop dividing after a
limited number of cell divisions by a process now known
as replicative senescence (90, 92; reviewed in Ref. 89). He
proposed that the cell culture phenomenon could be used
as a model to study human aging at a molecular and
cellular level. However, the role of replicative senescence
in human aging and the relevance of the in vitro studies
remained subject to much debate. Cells presumably divide either to balance normal cell loss or in response to
injury. Many cells in the human body can divide many
more times than needed during a normal lifetime. A mitotic “reserve capacity” was used as an argument against
the idea that replicative senescence has any relevance to
human aging. However, one would not expect all (stem)
cells in the body to have a similar replicative history (or
potential), and cells that no longer exist (or can no longer
divide) are easily overlooked. It has furthermore been
difficult to estimate the actual turnover of the stem cells
in tissues such as the intestine and hematopoietic stem
cells over a normal lifetime with any degree of accuracy.
Estimates range from more than 1,000 times for intestinal
epithelial cells in rodents (170) to less than 100 times for
hematopoietic stem cells in humans (115). Recent studies
of the levels of 14C remaining in tissues from nuclear
weapons test during the Cold War have shown that the
turnover of blood cells far exceeds that of the cells in the
gut (197), and these data seem incompatible with thousands of cell divisions. Uncertainties about actual turnover and the fact that model organisms such as worms
and flies clearly “age” without cell renewal being a major
factor have been used to question the role of cell turnover
and replicative senescence in human aging. However, as
will be discussed, the tight association of telomeres to
overall cellular fitness does not exclude a role for telomeres even in the aging of tissues that contain mostly
long-lived postmitotic cells such as the brain, heart, or

TELOMERES AND AGING

loss is indeed the major cause of replicative senescence
as had been proposed earlier (3, 84).
B. About This Review

1
Telomeric as well as centromeric sequences continue to be underrepresented in most of the genomes that have been “completely”
sequenced.
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C. Aging and Evolution
Aging can be defined as the progressive functional
decline of tissue function that eventually results in mortality. Such functional decline can result from the loss or
diminished function of postmitotic cells or from failure to
replace such cells by a functional decline in the ability of
(stem) cells to sustain replication and cell divisions. Aging
is not a disease, and the biology of aging, which varies
between individuals, is best understood in the context of
evolution. The Disposable Soma model provides a useful
framework for such considerations (109). This model proposes that an increase in longevity in mammals is due to
a concomitant reduction in the rates of growth and reproduction and an increase in the accuracy of synthesis of
macromolecules. The notion that the fidelity of DNA repair is subject to selective forces and not necessarily
better than (strictly) needed for a particular cell type,
tissue, or species is not easily grasped. Differences in the
fidelity of DNA repair pathways between cells of the
germ-line and somatic (stem) cells and between comparable somatic cells from small, short-lived animals and
large, long-lived species greatly complicate generalizations about the molecular mechanism of aging across
different species. Limitations in the use of model organisms to study the role of telomeres in human aging are
perhaps best illustrated by the different consequences of
telomerase deficiencies in humans and various model
organisms. In laboratory mice (Mus musculus), Baker’s
yeast (Saccharomyces cerevisiae) (126), mustard plants
(Arabidopsis) (172), and roundworms (Caenorhabditis
elegans) (43), complete loss of telomerase is tolerated for
at least several generations. In contrast, a modest twofold
reduction in telomerase levels in humans (e.g., resulting
from haploinsufficiency for one of the telomerase genes)
is now known to cause severe clinical symptoms including aplastic anemia, immune deficiencies, and pulmonary
fibrosis after one to three generations. The indirect relation between clinical phenotype and mutations in genes
that affect telomere length or telomere maintenance has
been confusing to many and certainly has greatly complicated genetic linkage analysis. As a result, the involvement of abnormalities in telomeres and telomere biology
in human disease is probably underestimated. A major
objective of this review is to set the stage for future
studies of telomeres and telomerase in relation to (stem)
cell turnover, tissue function, and aging.
The progressive loss of telomeric DNA in human
somatic (stem) cells is believed to act as a tumor suppressor mechanism that limits clonal proliferation, prevents
clonal dominance, and ensures a polyclonal composition
of (stem) cells in large, long-lived multicellular organisms.
Unfortunately, limits to the clonal expansion of somatic
(stem) cells also provide strong selection for cells that
can ignore or bypass the “telomere” checkpoint (214),
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Telomeres used to be obscure functional elements at
chromosome ends studied by a few eccentric scientists.1
Telomere research now has become (almost) “mainstream” with many more papers published on the topic
(indicated by ⬎5,000 articles in PubMed) than can be
reviewed in a comprehensive manner. This represents a
serious challenge for a review in which it is attempted to
link the telomere field to the even larger fields of (stem)
cell biology and human aging (both “stem cells” and “aging” yield over 100,000 hits in PubMed). Furthermore, the
ever-increasing amount of data in all areas of science
makes a balanced review that ranges from molecules, cell
biology, to aging an impossible task. For the interest of
readers with diverse backgrounds, we have decided to
focus this review as much as possible on original reports
as well as recent observations related primarily to human
telomere biology. Most basic principles about the role of
telomeres in cells were discovered in various model organisms. We apologize to all colleagues whose work is not
discussed, and we strongly encourage readers to study
the review articles that are cited and the papers cited in
those reviews to get a more complete picture of the field.
We start with a discussion of the structure and function of telomeres and the methods that are available to
measure telomere length. It is important to note that,
despite the increasing realization that telomeres are important in human aging and cancer, the actual amount of
information on telomere length in different human cell
types of normal individuals in relation to their age is
surprisingly modest. Thus the field is relatively “data
poor.” This is because all available methods to delineate
telomere length have limitations and do not measure what
is presumably the most important parameter: the few (?)
short telomeres that may result in cell death or senescence if elongation cannot be achieved either by recombination or by telomerase. After briefly discussing the
reasons why telomere length decreases with cell division
and with age, we focus on the assembly and function of
the telomerase reverse transcriptase enzyme complex.
We then discuss heritable and stochastic variation in telomere length and the age-related decline in telomere length
that has been documented in various human tissues. The
consequences of inherited telomerase deficiencies and
the resulting telomere dysfunction are presented next.
Finally, we discuss the prospects of interventions and
novel therapies that target telomeres or telomerase.
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II. TELOMERE STRUCTURE AND
FUNCTION: OVERVIEW
A. Telomere Structure and Function
Linear chromosomes pose a general challenge: how
to protect the natural ends of chromosomes from breakdown and degradation and avoid recognition and processing as double-strand breaks. There are many different
solutions to this problem, ranging from covalently closed
hairpin ends in some viruses, bacteria, and phages (111)
to specific transposable elements in certain insects (167).
However, in organisms as diverse as protozoan, fungi,
mammals, and plants, telomeres consists of G-rich repetitive DNA maintained by a specialized reverse transcriptase enzyme called telomerase. A detailed discussion of
the structure and function of telomeres and telomerase in
model organisms is outside the scope of this review, and
the reader is referred elsewhere (102, 173, 206). While
many excellent reviews also exist regarding telomeres
and telomerase in mammals (see, e.g., Refs. 38, 47, 195),
some further discussion is needed here to provide a context for understanding the consequences of telomere
shortening and telomerase deficiencies in humans.
1. Telomere binding proteins
The DNA component of telomeres is characterized in
all vertebrates by tandem repeats of (TTAGGG/CCCTAA)n
Physiol Rev • VOL

(153). Telomeric DNA typically ends in a single-strand
G-rich overhang of between 50 and 300 nucleotides at the
3⬘ end, which has been proposed to fold back onto duplex
telomeric DNA forming a “T-loop” structure (80). The
length of the repeats varies between chromosomes and
between species. In humans and mice, the length of telomere repeats at individual chromosome ends in individual
cells is strikingly variable (15, 116, 241). Human chromosome ends are typically capped with between 0.5 and 15
kilobase (kb) pairs of detectable telomere repeats depending on the type of tissue, the age of the donor, and
the replicative history of the cells. Individual ends of
human chromosomes show marked variation in telomere
length (Fig. 1) and the average length varies between
chromosome ends. For example, chromosome 17p typically has shorter telomeres than most other chromosome
ends (26, 137). In human nucleated blood cells, the average telomere length shows a highly significant decline
with age that is most pronounced for the cells of the
immune system (Fig. 2). Telomeres prevent the ends of
linear chromosomes from appearing as DNA doublestrand (ds) breaks and protect chromosome ends from
degradation and fusion. It has been proposed that telomeres can switch between an open state (in principle
allowing elongation by telomerase) and a closed state
(inaccessible to telomerase) with the likelihood of the
open state inversely related to the length of the repeat
tract (21). A model of how telomeres and telomerase
interact in a telomere length-dependent manner is shown
in Figure 3. This model is supported by data in yeast (205).
Recent studies in this model organism suggest that the
timing of telomere replication is important for elongation
by telomerase (18).

FIG. 1. The length of telomere repeats at individual chromosome
ends is highly variable. Telomere repeats in a normal human lymphocyte
are visualized using quantitative fluorescence in situ hybridization
(Q-FISH) using peptide nucleic acid probes (116). Telomeres are shown
in yellow, whereas the DNA of chromosomes, counterstained with DAPI,
is shown in blue. Note that the fluorescence on sister chromatid telomeres is typically of equal intensity in line with expectations for quantitative hybridization.
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e.g., because their DNA damage responses are defective.
Such cells can continue to grow despite the presence of
dysfunctional telomeres. The loss of telomere function in
such cells results in chromosome fusions, broken chromosomes, break-fusion bridge cycles, translocations, and
aneuploidy. This genetic instability allows selection of
cells with abnormal growth characteristics and also facilitates rapid acquisition of genetic alterations that provide
further growth advantages (60, 185). Thus, while telomere
loss may act as a tumor suppressor mechanism, it also
promotes tumor growth by driving selection of cells with
defective DNA damage responses (e.g., loss of p53; Ref.
8). The aneuploidy and genomic rearrangements in cells
with short telomeres and defective DNA damage responses complicate the analysis of the molecular changes
that are most relevant for tumor growth initiation and
progression. The fact that loss of telomere function has
consequences both for aging and carcinogenesis (199)
explains much of the current interest in telomeres. The
interconnections between normal and dysfunctional telomeres and intracellular signaling pathways involved in
DNA damage responses and DNA repair involving proteins such as ATM, ATR, and p53 (216) support a view of
telomeres as pivotal dynamic elements required for genome stability that determine how a cell responds to
stress and growth stimulation.

TELOMERES AND AGING

A large number of proteins have been found to directly or indirectly associate with telomeric DNA (Table 1).
Some of these proteins, such as TRF1, TRF2, TIN2, TPP1,
Rap1, and POT1 (59), can be found at telomeres at any
Physiol Rev • VOL

time, although the dynamic exchange between telomere-bound and unbound proteins can be high. For
example, fluorescence recovery after photobleaching
(FRAP) of TRF1 tagged with fluorescent protein takes
less than a minute (140). FRAP studies also showed that
POT1 and TRF2 bind to telomeric DNA in at least two
different modes: one unstable (rapid exchange with unbound proteins) and one more stable mode (slow exchange with unbound proteins). Differences in binding
modes presumably reflect differences in structures and
protein (abundance) at telomeres to which these proteins
bind, for example, single-strand G-rich DNA versus double-strand telomeric repeats (Fig. 3). Other important
telomere proteins or protein complexes, such as the telomerase enzyme complex, associate with telomeric DNA
only transiently (Fig. 3). Much progress has been made in
the last decade regarding the characterization of specific
proteins at telomeres and their role in telomere function
(59). Many proteins that are known to (transiently) associate with telomeric DNA have roles outside telomeres,
and the factors regulating their interactions and traffic are
incompletely understood. Most likely, posttranslational
protein modifications including phosphorylation, dephosphorylation, poly-ADP ribosylation, and deribosylation,
acetylation, ubiquitination, sumoylation, etc., are crucial
for the accumulation of specific proteins at telomeres
during specific stages of the cell cycle. Modulation in
cellular and nuclear protein levels related to protein turnover, gene expression, and other variables that are difficult to measure independently in single cells, greatly complicate the development of an integrated view of telomere
function in relation to specific proteins and cell function.
Many “telomeric” proteins can be found at cytoplasmic
and nontelomeric nuclear sites, and some proteins appear
to localize at telomeres for yet unknown reasons. In general, the “cross-talk” between the many proteins involved
in telomere function and various cellular signaling pathways is poorly understood. Challenges are differences in
the recruitment of specific proteins to telomeric DNA
between primary (diploid) cell types and the immortalized cell lines that are typically studied in the laboratory.
Such differences complicate generalizations about the
function of proteins that have been found to associate
with telomeric DNA. A discussion of the individual proteins that are known to bind to telomeric DNA and that
are an integral part of telomere function is outside the
scope of this review. The reader is referred to excellent
recent reviews on these topics (59, 196).
2. Telomerase
Telomerase is a specialized reverse transcriptase capable of extending the 3⬘ end of chromosomes by adding
TTAGGG repeats (10, 47). The human core enzyme consists of a reverse transcriptase protein (TERT) of 1,132
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FIG. 2. The telomere length in human granulocytes and lymphocytes from human peripheral blood declines with age. A: bivariate flow
cytometry analysis of the nucleated blood cells (CB, cord blood; M,
male; F, female; number, age) hybridized with fluorescently labeled
(CCCTAA)3 peptide nucleic acid (PNA) probe specific for telomere
repeats counterstained with LDS751. For details, see Ref. 13. The LDS
fluorescence allows discrimination between granulocytes (orange
shaded boxes), lymphocytes (blue shaded boxes), and bovine thymocytes (green shaded boxes). Results from separate experiments are
shown to illustrate how inclusion of aliquots of the same internal control
cells (bovine thymocytes, with known telomere length) in every tube is
used to correct for day-to-day variation between experiments to obtain
accurate calculations of the median telomere length in selected cell
populations. Note that the telomere fluorescence in granulocytes and
lymphocytes is similar early in life but that, as the proportion of memory
T cells relative to naive T cells increases with age, the telomere fluorescence in lymphocytes becomes increasingly short relative to granulocytes. B: results of calculated median telomere fluorescence in lymphocytes (orange dots) and lymphocytes (blue dots) of 400 normal individuals over the entire age range (Baerlocher and Lansdorp, unpublished
data). Note that the telomere length is highly variable at any given age
and shows a biphasic decline with age. Most likely hematopoietic stem
cells proliferate rapidly early in life followed by a marked decrease in
turnover in infancy (12). The acceleration in telomere attrition over the
age of 60 is as yet unexplained.
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FIG. 3. Telomere function is linked to telomere length via the proteins that interact with
double-strand telomere repeats (homodimers of
TRF1 and TRF2), proteins that bind to the 3⬘ single
strand G-rich overhang present at the very end of
chromosomes (POT1), and proteins that interact
with these proteins such as RAP1, TPP1, and TIN2
as well as the Ku70/80 complex present at the
junction of single- and double-stranded telomeric
DNA. A: telomere “closed”. TPP1 and POT1 form a
complex with telomeric DNA via TIN2 and TRF1/2
if the length of telomere repeat tract is sufficiently
long. TRF1 and -2 are known to bend telomeric
DNA (5, 19), and telomerase access is proposed to
be blocked in a repeat length-dependent manner.
B: telomere “open.” The TPP1/POT1 recruits and
stimulates enzymatic activity of telomerase (222)
preferentially at short telomeres (205).

TABLE

1.

Proteins found at human telomeres
Proteins

TRF1
TRF2
TIN2
Rap1
TPP1
POT1
Transient presence at telomeres
Rif1
ERCC1/XPF
Mre11/Rad50/Nbs1
WRN helicase
BLM helicases
DNA-PK
PARP-2
Tankyrases
Rad51D
Apollo

Reference Nos.

47, 256
22, 30, 138, 254
118, 135
118, 135
108, 239, 248
18
89, 207, 250
258
219
54, 143, 178, 179
179, 214, 253
56, 109, 110, 172, 258
60
44, 71, 114, 208, 209, 254
220
133, 226

“Resident” proteins, part of the “Shelterin” complex (62).
Physiol Rev • VOL

haplo-insufficiency for either gene or mutations in DKC1
can give rise to various clinical manifestations (see sect.
IV). Telomerase levels are regulated at multiple levels
including transcription, alternative splicing, assembly,
subcellular localization, and posttranslational modifications of various components and of the enzyme complex
itself. Expression of TERT is stimulated by c-Myc and
estrogen and suppressed by Rb and p21. Multiple splice
forms of TERT have been described with some having a
dominant negative effect on telomerase activity (46).
Many questions about the efficiency of the assembly of
fully functional as well as inactive telomerase complexes
and the regulation of the subcellular trafficking of such
complexes by posttranslational modification also remain
largely unexplored. As a result, the relative importance of
the such factors that have been proposed to affect the
activity of telomerase at telomeres is difficult to discern,
and the relative importance of such factors could vary
between cell types. Another complicating factor is that
the likelihood of a functional interaction between telomerase and repetitive DNA at telomeres is almost certainly
also regulated at the level of telomere chromatin, an
emerging research topic of much interest.
3. Telomeres and DNA damage responses
When the telomere pioneer Barbara McClintock received the Nobel prize in 1983 for her work on transposable genetic elements in maize, she referred in her acceptance speech to the importance of responses of the genome to challenges (143). She concluded her lecture with:
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amino acids encoded by the hTERT gene (86, 147, 158),
located on chromosome 5p15.33 and telomerase RNA containing 451 nucleotides (including the CAAUCCCAAUC telomere template) encoded by the telomerase RNA gene
hTERC (74), located on chromosome 3q21-q28 (see Figs.
3 and 7). The ribonucleoprotein dyskerin (encoded by the
DKC1 gene on the X chromosome) is required for proper
folding and stability of telomerase RNA (228) and was
recently found to be part of the basic human telomerase
enzyme complex (45). Both the reverse transcriptase and
telomerase RNA are expressed at very low levels, and

TELOMERES AND AGING

“In the future attention undoubtedly will be centered on
the genome, and with greater appreciation of its significance as a highly sensitive organ of the cell, monitoring
genomic activities and correcting common errors, sensing
the unusual and unexpected events, and responding to
them, often by restructuring the genome. We know about
the components of genomes that could be made available
for such restructuring. We know nothing, however, about
how the cell senses danger and instigates responses to it
that often are truly remarkable.” While studies in the
general areas of DNA repair, DNA damage responses, and
apoptosis have all progressed tremendously, it is doubtful
whether we are very much closer to an integrated view of
the role of the genome in general and telomeres in particular in relation to how cells respond to stress of various
kinds. Studies on p53, one of the major components of the
response to stress, have highlighted that this protein has
a very broad role in normal development and tumor formation, life expectancy, and overall fitness (216). DNA
damage signals are known to originate from short telo-

563

meres (54, 203) and contribute to p53 activation and the
cellular responses to stress. The telomere binding protein
TRF2 binds to ataxia telangiectasia mutated (ATM) kinase and can inhibit its function (106), yet DNA damage
signals appear to originate from telomeres with each replication cycle (213). It has been proposed that telomeres
switch between closed and open states (21) as is illustrated in Figures 3 and 4: perhaps the likelihood of the
open state is proportional to the overall telomere length
of the repeat tract (214). As telomere length decreases
with age, the amount of DNA damage signals originating
from short telomeres is expected to increase (Fig. 4).
Higher “background” levels of activated p53 could decrease the threshold for activation of senescence or apoptosis in “old” cells, in line with the increased sensitivity to
stress and more fragile nature of cells and tissues from
the elderly. The role of telomeres in cellular aging relative
to other proposed molecular mechanisms of aging including oxidative stress resulting from mitochondrial dysfunction or loss of ribosomal function remains to be precisely
Downloaded from on March 14, 2014

FIG. 4. Diagram of factors affecting the telomere length in primary somatic cells from human tissues. According to the model shown, telomeres
in “young” somatic cells have long tracts of telomere repeats that favor folding into a “closed” structure that is invisible to the DNA damage response
pathways and telomerase. As the telomere length at individual chromosome ends decreases, the likelihood that telomeres remain “closed” also
decreases (see also Fig. 3). At one point telomeres become too short and indistinguishable from broken ends. Such ends will be processed by
enzymes in the DNA repair compartment (proposed to occupy a different nuclear domain than long telomeres). Depending on the cell type and the
genes that are expressed in the cell, a limited number of short ends can be elongated by limiting levels of telomerase or recombination. However,
with continued cell division and telomere loss, eventually too many short ends accumulate for the limited capacity of these “telomere salvage
pathways.” At this point, defective telomeres will trigger levels of DNA damage signals such as p53 to which cells respond by either apoptosis or
senescence. Rare (mutant) cells that do not upregulate functional DNA damage responses (e.g., by loss of functional p53) continue cell divisions
in the presence of dysfunctional telomeres causing genome instability via chromosome fusions, chromosome breaks, and repetitive break-fusion
bridge cycles.
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In theory, 76 bp

1

38

16

2

Single chromosome end-specific
length
Relative product ratio to single copy
gene
NA, not available.

Fluorescence in situ
hybridization and flow
cytometry (Flow FISH)
Single telomere length analysis
(STELA)
Telomere Q-PCR

1 to 1 ⫻ 105, no viability
requirements
Blood sample

Cell-specific average length

0.1 kb

14, 196

3

Antibody staining, alternative probe
hybridization strand-specific
CO-FISH
Antibody staining, mitosis tracking
comparison between
subpopulations
Allele-specific average length and
distribution
NA
0.3 kb
Cell average length and chromosome
end-specific distribution

0.5 kb

150, 184

2
NA
1 kb

Telomere restriction fragment
analysis (TRF)
Quantitative-fluorescence in situ
hybridization (Q-FISH)

1–3 ⫻ 106(0.5–10 g
DNA)
Actively dividing cells for
chromosome spread
(cell type dependent)
0.5–2 ⫻ 106 freshly
isolated or frozen cells

Mean length for total cell population

3, 90

Time,
days
Estimate of Telomere Length and
Resolution
Cell Number Required

Summary of telomere length measurements and necessary requirements
2.
TABLE
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All methods to measure telomere length rely on the
binding of nucleic acid probes or primers to telomere
specific DNA repeat sequences (summarized in Table 2).
Telomere restriction fragment analysis (TRF) was
the first methodology devised to estimate the average
telomere length of a cell population (3, 83, 84) and is a
reference for all methods that have been set up since. It
exploits the specificity and redundancy of telomere DNA
repeats by digesting genomic DNA with common restriction enzymes that cannot use telomere repeats as a substrate. The DNA fragments produced by digestion are
resolved by gel electrophoresis, Southern blotted and
probed with a labeled telomere oligonucleotide probe
(typically complimentary to 3 or 4 telomere repeats) to
reveal a telomere specific smear. The median length of
this smear can then be estimated by comparison with
known size markers. The method requires a relatively
large amount of DNA and has low resolution, but it has
the benefits of a simple design and has no requirements
for specialized laboratory equipment. However, the relatively large amount of material needed to measure telomere length by TRF has limited its use mostly to cell lines
and broad research questions, and the method is of limited use for screening of telomere length in clinical samples.
Quantitative fluorescence in situ hybridization or
Q-FISH using image cytometry and metaphase chromosomes (Fig. 1; Refs. 137, 169) as well as in situ hybridization and flow cytometry or flow FISH (Fig. 2; Refs. 13, 180)
both use directly fluorescently labeled (CCCTAA)3 peptide
nucleic acid (PNA) probes as a high-affinity alternative to
DNA oligonucleotide probes that specifically hybridize to
denatured telomere DNA repeat arrays. The fluorescent
signal can then be detected and measured relative to
standards of known telomere length in metaphase
spreads with specific software for Q-FISH image analysis
(169) for Q-FISH (freely available at www.flintbox.com),
or, following hybridization in suspension by flow cytometry (flow FISH, Ref. 13). Q-FISH is the method of choice
for high-resolution telomere length measurements at specific chromosome ends (Fig. 1). Q-FISH has also been
used to detect ends without detectable repeats (⬍0.5 kb)
as well as chromosome fusion events. The technique is
well established to study telomere biology in many settings (8, 81). By comparison, flow FISH accurately mea-

Resolution

4. Telomere length measurements

Additional Information

Reference
Nos.

delineated. The development of an integrated view of the
various molecular mechanisms of aging that have been
proposed remains as formidable a challenge. However, it
has become clear that telomeres are directly responsible
for sustained DNA damage signals in senescent cells (54,
203), and DNA damage foci originating from telomeres in
senescent cells can readily be detected in vivo (104).

Method
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rently available, both techniques require specialized
equipment, and both methods are time consuming as
well as labor intensive. New molecular strategies to
assess telomere length have recently been reported:
single telomere length analysis (STELA) (15) and QPCR (35). Both methods rely on specific PCR amplification of telomere repeats. While PCR products are
directly quantified in Q-PCR, STELA requires gel electrophoresis to separate the amplified products that are
characterized by Southern blot hybridization. STELA
can be used to measure the size distribution of single
telomeres using primers for chromosome-specific subtelomeric DNA, while Q-PCR estimates the average
telomere length by measuring the ratio of telomere
amplicons relative to single-copy gene amplicons. Although the Q-PCR method is very attractive for its
shorter timeline, more data are required to establish its
precision. STELA offers the most precise measurement
of telomere length currently available, can be used with
very few and even single cells, and has the advantage
that it can detect short outlier telomeres in a sample.
However, STELA is very labor intensive, technically

FIG. 5. Schematic diagram of telomere length in the hematopoietic system. The hematopoietic system can be subdivided into a hierarchy of
distinct populations. The least differentiated cells are the hematopoietic stem cells (HSC) which have the longest telomere length (212) (bright
yellow spots on a “representative” metaphase chromosome: blue). HSCs differentiate and produce committed progenitor cells [common myeloid
progenitor (CMP) and common lymphoid progenitor (CLP) are shown], or contribute to the long-term maintenance of hematopoiesis by self-renewal
divisions. The telomerase activity (relative amounts indicated by red stars) in stem and progenitor cells is insufficient to maintain telomere length
over time. Telomere length also decreases over the course of differentiation and expansion; the telomere length in stem cells remains linked to that
in granulocytes (top left), while lymphocytes show a more pronounced decline, reflecting a larger number of cell divisions only compensated in part
by relatively high telomerase activity in the thymus and secondary lymphoid organs (such as lymph nodes) during clonal expansion. An interesting
exception is memory B cells, which in the elderly often have telomeres that are longer than can be found at birth (135, 214). Terminally differentiated
cell types (memory or activated cells) display the shortest telomeres, phenotypes associated with reduced replicative potential, reduced function,
and senescence. These characteristics accumulate and are accentuated with aging.
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sures the median telomere length in individual cells in
suspension (Fig. 2) and can be used to measure the telomere length in distinct cell populations within a single
sample by antibody staining (for a very limited set of cell
surface markers that are retained after the hybridization
procedure; alternatively, specific cell populations can be
cell sorted prior to flow FISH). Flow FISH has been
adapted for higher throughput by using a semi-automated
96-well format with a robotic microdispenser to reproducibly perform some of the steps in the procedure (13).
Flow FISH has become the method of choice for the
measurement of telomere length in peripheral blood cells
from human samples and has allowed the determination
of the normal range of telomere lengths for specific cell
subsets (11) that are being used both for research and for
clinical investigations (4, 28, 29, 76, 233, 234). Data on
telomere length relative to age are particularly useful in
the context of the cells of the immune system (discussed
in sect. III, illustrated in Fig. 5) as well as in cases of
suspected telomerase deficiencies (4) (see Fig. 6). Although both Q-FISH and flow FISH offer the most complete quantitative data related to telomere length cur-
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demanding, and is limited to chromosome ends for
which specific primers and probe sets can be designed.
B. Telomere Length Variation
One of the most striking features of telomeres revealed by Q-FISH is the heterogeneity in the length of
telomere repeats at individual chromosome ends (Fig. 1).
Some of this diversity is generated in somatic cells and
not in the germline (114), and specific chromosome ends
in clonally derived cells can show an almost complete loss
of telomere repeats (136). Sporadic telomere losses complicate the relationship between telomere length and cell
division history and potential. It is important to realize
this uncertainty in the context of aging. Some of the
unresolved questions are as follows: How does repeat
length variation at individual ends relate to progressive
telomere loss? How important are sporadic loss events
relative to the more predictable replicative loss events in
overall telomere loss with age, replicative senescence,
and apoptosis in somatic cells? Does the presence of
(very) long telomeres support repair of short and dysfunctional telomeres by recombination in the absence of
telomerase? This explanation was proposed to explain
the survival of inbred laboratory mice that lack telomerase (113), where a clear phenotype only develops when
the average telomere length is less than half of that in
wild-type animals (23). If recombination is indeed used to
salvage short telomeres in the absence of telomerase,
how frequent are exchanges between telomeric DNA in
different chromosomes and between sister chromatids in
Physiol Rev • VOL

different cells and in different tissues? Of note, some
diseases in humans cannot be reproduced in the mouse
unless the specific genetic defect is introduced in mice that
have short telomeres or as a result of a telomerase deficiency. This is exemplified by mice deficient for the WRN
gene (40), the BLM gene (66), and by the carcinomas that
can only be observed in murine models when telomeres
are short (9, 73). In humans, mutational inactivation of the
WRN gene causes Werner syndrome, an autosomal recessive disease characterized by premature aging, elevated
genomic instability, and increased cancer incidence. Wrndeficient mice show no clear phenotype and a classical
Werner-like premature aging syndrome typified by premature death, hair graying, alopecia, osteoporosis, type II
diabetes, cataracts, and nonepithelial cancers is only observed in late-generation mice that are null with respect to
both Wrn and Terc. Recent studies have provided further
support for the idea that the WRN protein plays a direct
role in telomere replication (51). However, the precise
role of the WRN protein in relation to the disease phenotype remains uncertain (14).
1. Heritable variation in telomere length
The average telomere length was shown to be a
heritable trait in several studies (78, 179, 192). However,
heterogeneity in telomere length at individual chromosome ends is also generated in the germline. For example,
it was shown in studies of male littermate mice that the
length of telomere repeats at the Yp chromosomes (no
confusion about parental origin) was very similar for
three but strikingly different for one animal in all tissues
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FIG. 6. Telomere length in leukocytes from normal individuals and in individuals with known mutations in telomere genes. The age-related loss
of telomere length in lymphocytes (A) and granulocytes (B) from the peripheral blood of 400 normal individuals measured by flow FISH shown in
Fig. 2 was used to establish the distribution of telomere length in the normal population using a best-fit approach (red, green, and blue curves
representing expected telomere length for the indicated proportion of normal individuals). Lymphocyte and granulocyte telomere length in patients
with a known telomerase gene mutation measured in the context of several studies are shown. Each symbol represents an individual patient
diagnosed with clinical symptoms associated with dyskerin (DKC1) gene mutation (black circle), hTERT mutation (red circle), and hTERC mutation
(black square). Some individuals have a mutation in one copy of the hTERC gene but no clinical symptoms (blue square) (4, 6, 129, 231, 234). The
majority of individuals that carry mutations in telomerase genes display critically short telomeres, nearly all of them below the 10th percentile of
the normal distribution and a majority of these below the first percentile (typically for both cell subsets shown). Note that individuals with early
onset of disease (in the first three decades of life) show the most striking difference between observed and expected telomere length. The
observations point to a critical median telomere length threshold below which the proliferative capacity and function of the cells in tissues is failing.
Judging from the best-fit curves, such failure would not be expected to occur before the eighth decade of life in normal individuals.
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2. Telomere length regulation
The heterogeneity in telomere length in chromosomes of normal cells has complicated studies on the role
of factors that regulate telomere length. In general, the
length of telomere repeats reflects the balance between
additions and losses of telomere repeats. Telomerase and
recombination can elongate telomeres, but in most somatic cells additions are outbalanced by losses. Apart
from the proteins that bind to telomeres (Table 1), telomerase levels, and telomeric chromatin status, there are a
multitude of other possible factors that in principle can
codetermine whether telomerase functionally interacts
with telomeres.
Telomere loss is typically explained as resulting from
incomplete DNA replication (the “end replication problem”) (163, 224), and the processing of chromosome ends
following replication (124, 132) is sometimes mentioned
as well. Studies reporting that (oxidative) damage of teloPhysiol Rev • VOL

meric DNA could be the major cause of telomere shortening in human cells (215) are less frequently cited, perhaps because these findings complicate notions about
telomere loss acting as a simple “mitotic clock.” The
guanine-rich nature of telomeric DNA makes it particularly vulnerable to oxidative damage (94, 162). Telomeric
proteins are known to actively suppress DNA damage
responses in yeast (148), and it is possible that certain
lesions in telomeric DNA are encountered only during
replication, possibly resulting in variable losses of telomere repeats. Recently, two other mechanisms of telomere shortening were proposed: the failure to unwind or
correctly process higher order structures of G-rich telomeric DNA (51, 62) and the deletion of T-loops by homologous recombination (223). The factors and pathways
involved in the repair of replication forks that are stalled
or collapsed at telomeres are not well understood. Repair
during S phase could involve either telomerase or homologous recombination pathways, perhaps including proteins such as the Fanconi proteins, BRCA1 and BRCA2.
The relative importance of such DNA repair pathways in
the repair of genomic and telomeric DNA in different cell
types is an important area for further studies. Studies in
this general area should be encouraged because a better
understanding of the mechanisms of telomere attrition
may yield viable strategies to minimize the inevitable loss
of telomeric DNA with age. Such strategies could have
significant health benefits without the risks of strategies
aimed at elongation of telomeres.
III. LOSS OF TELOMERIC DNA WITH
AGE: OVERVIEW
Loss of telomeric DNA at the cellular level is well
established and was shown to be related to replicative
history and life span in somatic cells (see sect. II and Figs.
2 and 4). However, at the level of tissues or of the entire
organism, what is the impact of telomere shortening?
Does aging cause telomere shortening, or does telomere
shortening cause aging (98)? The issue of organismal
aging as a consequence of short telomeres was raised as
a concern when Dolly, “cloned” by transfer of an adult
mammary gland nucleus into an enucleated egg, was
shown to have short telomeres (189). In contrast, nuclear
transfer experiments using nuclei from senescent bovine
fibroblasts yielded offspring with longer than expected
telomeres and a “youthful” phenotype (117). Differences
in donor nucleus cell type, nuclear transfer methodology,
or species could explain these discrepant results (1, 103,
112). However, the “immortal” growth properties of embryonic stem cell lines derived from preimplantation embryos of many species suggest that telomere length can be
maintained or telomere loss attenuated in early development. The loss of telomere repeats in human cells with
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analyzed (241). However, most allele-specific relative
telomere length is presumably heritable (78), and variation generated in the germline is probably the exception
rather than the rule. Q-FISH has been used to study the
length of telomere repeats on specific human chromosomes (137). Remarkably, the heterogeneity in telomere
length was not resolved by studying specific chromosome
ends: any given chromosome end showed a large variation in the number of telomere repeats, although the
average length was found to vary significantly between
chromosome arms. Interestingly, chromosome 17p was
found to have relatively short telomeres in 10 individuals
tested (26, 137). This observation suggests that the 17p
telomere will be one of the first to become “uncapped”
upon progressive telomere shortening with proliferation
and age. However, the rate of telomere erosion also seems
to vary between chromosome ends. This is illustrated by
inactive X chromosomes in female cells that were found
to show accelerated telomere loss relative to autosomal
chromosomes and the active X chromosome (201). This
observation suggests that differences in the average
length of specific chromosomes are in part generated
during proliferation and with age. The factors involved in
such chromosomes-specific differences are poorly understood but could be related to differences in (sub)telomeric DNA or chromatin, repair by telomerase or recombination, timing of replication, or a combination of these
factors.
In general, Q-FISH studies have underscored the importance of having normal chromosome ends capped
with a minimum number of telomere repeats (probably in
the order of 200 –300 base pairs) to prevent replicative
senescence, loss of cells, genome instability, and end-toend fusions of chromosomes characterized by lack of
telomere repeats as the junction site (81, 221).
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age varies greatly between cells and tissues, and the
amount of information for different tissues is often very
limited. It has been proposed that the number of cell
divisions in stem cells is ⬍100 divisions over a human
lifetime and that this efficiency is achieved by a strict
hierarchy at the level of stem cells with the most primitive
cells dividing the least and having the longest telomeres
(115). A diagram representation of this model is shown in
Figure 7.
A. Hematopoietic Stem Cells

FIG. 7. Organization of adult stem cells into a mitotic hierarchy. On the basis of observations in mice and humans, it was proposed that
hematopoietic stem cells divide rapidly during fetal development and infancy to build a reservoir of stem cells that are used economically during
adult life by sequential recruitment (115). In this model, the ability of the most primitive stem cells (S1) to sustain hematopoiesis was proposed to
be eventually limited by progressive telomere shortening. Note that the three stem cells shown (S1–S3) represent an arbitrary number and that these
stem cells are expected to have different properties in terms of requirements for a specific microenvironment, growth factors, gene expression,
sensitivity to apoptosis, etc. The number of cell divisions between the most mature stem or progenitor cell (S3 in the model) and end cells is
expected to be variable (indicated by 2 arrows). By extrapolation, the number of cell divisions in the stem cell compartment of other tissues with
high turnover such as skin and gut could also be kept to a minimum (e.g., ⬍100) by succession of stem and progenitor cells with an increasingly
lower turnover rate. Note that according to this model the ability of some stem cells to reconstitute tissues upon transplantation is not shared by
all stem cells capable of initiating tumors. Abnormal turnover of more mature stem cells or loss of telomere function, e.g., resulting from inherited
telomerase deficiency, could eventually result in very few or no remaining primitive stem cells (S1), resulting in oligoclonal or monoclonal tissue
formation and in the selection of abnormal clones.
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Stem and progenitor cells are required to sustain
blood cell formation throughout life. Hematopoietic stem
cells were first described in the late 1950s with the advent
of bone marrow transplantation (208). The procedure
involves the transfer of donor bone marrow containing
hematopoietic stem cells to restore hematopoiesis following total marrow ablation (achieved by total body irradiation) in recipients. In 1994 it was shown that the telomere length in purified hematopoietic stem cells shows an
age-related decline (212). This study also demonstrated

(by TRF analysis) that “candidate” stem cells with a
CD34⫹CD38⫺ phenotype have longer telomeres than
more mature CD34⫹CD38⫹ progenitor cells in adult bone
marrow. For this study “candidate” stem cells were purified from 2 ⫻ 1010 organ donor bone marrow cells, a scale
of purification that is difficult to reproduce for stem
cells of other tissues. Subsequent studies showed that
CD34⫹CD38⫹ cells express telomerase at high levels compared with the more primitive CD34⫹CD38⫺ cells or the
more mature cells (69). In a murine model, telomerase
expression was required to slow telomere shortening and
allow consecutive serial hematopoietic stem cell transplants (2). Overexpression of telomerase in this model,
while stabilizing telomere length, did not prevent senescence or increase the serial transplantability of stem cells.
These observations indicate the existence of telomereindependent senescence pathways in hematopoietic cells,
which were also postulated to limit the life span of human
CD4⫹ T cells that overexpress telomerase (174). Further
investigations of telomere biology in human hematopoietic stem cells are challenging since these cells are not
readily available for study. Even the best purification
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B. Cells of the Immune System
Telomerase activity is easily detected in cells of the
immune system upon stimulation (Fig. 5). This is thought
Physiol Rev • VOL

to occur in a tightly controlled manner to support massive
bouts of clonal expansion required for fending off infections as well as maintaining long-term immunological
memory (reviewed in Refs. 95, 227). Nevertheless, overall
telomere attrition is not prevented in T cells. Similarly to
T cells, NK cells showed proliferation and differentiationmediated telomere length decrease (166). In contrast,
germinal center B cells and activated B cells were shown
to have longer telomeres than their precursor cells (135,
225; see Fig. 5). The study of these leukocyte populations
has benefited from the quantitative measurement of telomere length to help establish the cellular hierarchy for
specific immune cell phenotypes (179, 180, 226) and more
recently to delineate novel markers. For example, a subset of apoptosis resistant Epstein-Barr virus (EBV) specific T cells with short telomeres that express CD45RA
and markers of memory T cells can be distinguished from
CD45RA-positive naive T cells with longer telomeres (67).
Other studies on telomere length dynamics in immune
cells have pointed to specific aspects of “immune aging”
in the context of latent or chronic infections. By selecting
ex vivo EBV antigen-specific cytotoxic CD8 T cells from
blood during acute infectious mononucleosis, it was
shown that telomere length was maintained during the
acute phase of the infection, but subsequently decreased
over time (131, 168). In the context of a recalled memory
response to tuberculin, telomere length of helper CD4 T
cells was found to be lower at the site of active immune
response (skin) compared with similar cell populations
found in the peripheral blood of the same vaccinated
volunteers (171). These observations suggest that during
the initial phases of adaptive immune responses, telomerase activity could maintain the proliferative capacity
of responding cells; however, this does not appear to be
sufficient to maintain telomere length over time when
recalled. Interestingly, late-generation telomerase-deficient (Terc knockout) mice have immunosenescent phenotypes in T and B cells that correlate with reduced
proliferative capacity (22). It was possible to partially
correct these defects and enhance CD8 T cell-mediated
specific cytolysis in the context of human immunodeficiency virus (HIV) after overexpression of telomerase in
these cells in vitro (56). Taken together, these findings
suggest that approaches targeting telomerase could be
useful for in vitro expansion of lymphocytes for cell
transfer therapies. Culture conditions differ significantly from the biological setting, and telomerase activity was shown to decrease in culture over time.
However, inhibition of telomerase by a dominant-negative mutant greatly accentuates telomere loss and limits life span of cell clones (176). Current trials of tumorspecific immunotherapy have demonstrated that the
efficacy and maintenance of melanoma tumor infiltrating lymphocytes (TILs) rely on sustained cytokine signaling by interleukin (IL)-2 and correlate with telomere
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strategies do not yield pure suspensions of human stem
cells, and the number of cells available for telomere
length analysis is also typically very limited. The telomere
length in peripheral blood leukocytes has been used as a
surrogate for measurements directly in hematopoietic
stem cells. Assuming that the number of cell divisions
separating stem cells from granulocytes is relatively constant,
the telomere length in readily available granulocytes has
been used to study the proliferation and replicative history of stem cells. The number of divisions separating
lymphocytes from stem cells is more variable and increases with age, most likely reflecting a higher turnover
of immune cells relative to stem cells (Fig. 2). The telomere length in both granulocytes and lymphocytes at any
given age was found to be highly variable, and the overall
decline in both cells types with age was found to follow a
biphasic curve stabilizing in midlife with a more rapid
decline in infancy and in the elderly (see Figs. 2 and 5).
The rapid decline in infants was most pronounced in the
first years of life (179), and this finding was recently
confirmed in a longitudinal study of young primates (baboons), where a steep decline in granulocyte telomere
length during the first 50 –70 wk (reflecting a high turnover of hematopoietic stem cells) was followed by a
marked drop in telomere attrition (12). Rapid proliferation of hematopoietic stem cells is also observed in aplastic anemia (where marrow stem and progenitors are
thought to be actively depleted through an autoimmune
response) (30) or in the first year following bone marrow
transplantation (178).
With new methodologies to assess relative telomere
length by Q-PCR, studies were designed to address the
impact of telomere length on aging, aging associated pathologies, and mortality. One such study has correlated
shorter leukocyte telomere lengths at age 60 with a three
times higher risk of heart disease and an eightfold increase in risk of infection-related death (36), thereby
associating measured relative cellular aging with disease
and life expectancy. In a similar way, chronic stress was
shown to correlate with short leukocyte telomere length,
a phenomenon attributed to higher levels of oxidative
stress at the cellular level (70). More recent studies have
linked telomere length in smooth muscle cells with senescence and disease severity in patients with atherosclerosis (141, 150). Leukocyte telomere length was also short in
a cohort of similar patients and associated with a higher
risk of developing occult cardiovascular disease (71).
More data are needed to understand and validate the use
of leukocyte telomere length as a biomarker for cardiovascular and other diseases.
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length (188; see Ref. 119 for a review). Consequently,
strategies of controlled hTERT overexpression to achieve
telomere length maintenance during culture (144, 180)
whilst avoiding genetic instability (174, 175) hold promise
and need to be developed further.
C. Cells of Other Tissues

IV. TELOMERE FUNCTION AND HUMAN
AGING-RELATED DISEASE
A. Telomere Dysfunction
1. Telomerase deficiencies
Telomerase deficiencies were first implicated (151)
in the inherited genetic disorder dyskeratosis congenita
(DC) with the discovery of mutations in the dyskerin gene
(DKC1) associated with the X-linked inheritance form of
the disease (93). Mutations in DKC1 are responsible for
symptoms that include pancytopenia, abnormal skin pigmentation, nail dystrophy, leukoplakia, and bone marrow
failure or pulmonary fibrosis which ultimately causes
death in these patients, with a probability of bone marrow
failure by age 20 exceeding 80% (reviewed in Ref. 138).
Dyskerin is a nucleolar protein that has been involved in
the modification of specific small RNA molecules, specifically ribosomal RNAs and the telomerase template RNA
or hTERC. Dyskeratosis can present in a variety of inheritance patterns that include X-linked, autosomal domiPhysiol Rev • VOL
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The amount of data on telomere length with age in
tissues other than the hematopoietic system is limited.
Most data were collected in the context of studies of
various diseases, and both age or disease status could
affect telomere length (for an example relative to cardiovascular disease, see Ref. 75). More work is needed to
better understand the role of telomeres in the normal
aging and pathology of various tissues. Loss of telomere
function in oocytes has been implicated in meiotic dysfunction in aging women (107), and since lesions in telomeric DNA are poorly recognized and repaired in quiescent cells, it seems possible that damage at telomeric
DNA accumulates with age, perhaps posing increasing
problems when DNA replication is eventually initiated.
Short telomeres are a risk factor in the progression of
ulcerative colitis to colon carcinoma (161) and in nonalcoholic fatty liver disease (157), liver cirrhosis (138), and
pulmonary fibrosis (6). The impact of telomere shortening
is more apparent in rapidly replicating or regenerating
tissues where the proliferative pressure is high. This is
strikingly illustrated in diseases of accelerated aging involving telomerase deficiencies as well as progeroid syndromes (see sect. IV).

nant, and autosomal recessive, implying other genetic
causes for this disease as well as a possible link with
other bone marrow failure syndromes such as constitutional aplastic anemia (AA), paroxysmal nocturnal hemoglobinuria (PNH), or myelodysplastic syndrome (MDS).
AA and MDS reflect ineffective hematopoiesis and are
more prevalent in elderly individuals, but most cases are
not attributed to telomerase deficiencies despite showing
telomere shortening (reviewed in Ref. 16). In view of the
studies implicating mutations in DKC1 with telomerase
deficiencies and short telomere lengths (151), the telomerase genes were natural candidates for further investigations of younger patients presenting with DC or bone
marrow failure syndromes. hTERC was the focus of initial
efforts due to its relatively short size providing for relatively easy sequencing compared with hTERT, encoded
by a fairly large gene. DC patients with hTERC mutations were indeed identified and were found to have reduced telomerase activity down to half of what can be
measured in controls (39, 129). This gene-dose effect
suggests that levels of telomerase RNA are tightly regulated. Strikingly, telomerase RNA levels also seem to be
limiting in mice (88) and yeast (154), indicating that biallelic expression of the telomerase RNA gene is required in
a broad range of organisms. In human cell lines, concomitant overexpression of hTERT and hTERC was necessary
to substantially increase telomerase activity and elongate
telomere length (52). Apart from dyskerin, required for
proper folding and stability of telomerase RNA, many
other proteins are expected to modulate telomerase RNA
levels, and deficiency of such proteins could result in
reduced telomerase levels and reduced telomere length.
An example of such a protein could be the protein encoded by the SBDS gene, which is deficient in the
Shwachman-Diamond syndrome (31), although this protein must have other functions as well to explain the
disease phenotype that involves specific cell types and
tissues. Various mutations in hTERC have now been described, and many of these were shown to inhibit telomere elongation in telomerase reconstitution experiments (127, 134, 207). Detection of hTERC mutations
have been detected in up to 15% of AA or MDS, showing
that a clear DC phenotype is not always observed in
patients that are telomerase deficient (76, 127). Conversely, hTERC mutations were not observed in a subset
of patients with short telomeres that were diagnosed with
Fanconi anemia (32). Since hTERC mutations in marrow
failure patient groups remain relatively infrequent, the
screening of a large number of samples is required, or
additional subset selection such as telomere length can be
used to identify novel mutations (58, 128). More recently,
substantial efforts have been made to screen for possible
hTERT mutations, and a number of polymorphisms as
well as mutations that cause telomerase deficiencies have
been described (182, 219). Both telomerase genes are
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assume that the clinical manifestation of the broad class
of telomerase deficiencies will depend on inherited telomere length, exposure of specific tissues to pathogens,
and/or tissue-specific genetic alterations that result in
tissue-specific increases in cell turnover.
2. Progeroid syndromes
Patients suffering from progeroid syndromes, or accelerated aging phenotypes, display an array of physical
and biological features that vary widely between tissues
and diseases and among individuals. Some of the main
characteristics for the specific disorders of interest to this
review are cited below (for further review of molecules
involved and clinical presentation, see Ref. 96). A general
dilemma in studies on the role of telomeres in progeroid
syndromes (and aging) is that telomere involvement
could be direct as well as indirect. For example, the
increased cell death resulting from defective DNA repair
could result in telomere shortening via increased compensatory (stem) cell turnover or via direct effects on (repair
of) telomeric DNA. For many segmental aging disorders,
it has proven to be very difficult to distinguish between
direct and indirect effects on telomere length. Perhaps
phenotypically the most striking segmental aging genetic
disorder in humans, Hutchinson-Gilford Progeria syndrome (HGPS), is caused by point mutations in lamin A, a
key component of nuclear scaffolding (34, 72). Lamin A
deficiency results in absence of hair, craniofacial deformities (“pinched” facial features), emaciated and wrinkled appearance, as well as cardiovascular defects that
eventually lead to stroke or heart attack at a very young
age. The disease is characterized by specific defects in

FIG. 8. Defects in human telomerase. The
human telomerase complex is minimally composed of two proteins, telomerase reverse transcriptase (hTERT, green) and dyskerin (or
DKC1, blue), that both bind specifically to a
folded RNA molecule (or hTERC, black) containing a telomere repeat anchoring sequence
and a template (red box). Known mutations in
each component have now been linked to autosomal dominant dyskeratosis congenita (AD
DC), bone marrow failure (BMF), and idiopathic
pulmonary fibrosis (IPF) (6, 63, 127, 134, 151,
217, 231, 234). The telomerase complex is
thought to dimerize, bind to the single-strand
G-rich telomere end, and catalyze the addition of
new repeats (see also Figs. 3 and 4). The complex translocates along (newly added) telomere
tracts for further elongation. Mutations affecting
telomerase function lead to failure to assemble a
functional complex. In the majority of cases, the
level of telomerase activity is reduced by 50%.
Such a reduction in telomerase activity compromises telomere length maintenance and increases
apoptosis and senescence in proliferating cells
(see Fig. 4).
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linked to the autosomal dominant form of DC, as well as
cases of AA, PNH, and MDS (233, 234).
Mutations in DKC1, hTERC, or hTERT all cause defects in telomerase enzymatic activity that result in failure
to elongate or maintain telomeres and induce progressive
telomere shortening through haploinsufficiency mechanisms, both in patients as they age and in subsequent
generations of offspring (summarized in Fig. 8). The latter
results in disease anticipation in family trees of patients
with telomerase-related genetic defects (218). However,
no apparent correlation was found between the type of
mutation, the severity, or early onset of symptoms
amongst DC patients, particularly in the most severe form
of DC: Hoyeraal Hreidarsson disease (HH). Although data
are now fairly abundant to make direct causal associations between telomerase deficiencies and DC or constitutive AA, ⬍50% of DC patients have mutations in any of
the genes mentioned above. It seems likely that other
genes causing DC remain to be discovered. Recent studies
have shown that mutations in the genes encoding telomerase components are also implicated in familial idiopathic pulmonary fibrosis (6, 209). These findings support
the idea that pathways leading to telomere shortening are
involved in the pathogenesis of this disease. Future studies are expected to reveal the involvement of novel genes
as well as abnormalities in regulatory sequences, splicing
and posttranslational processing, cellular trafficking of
the known telomerase genes (see sect. II), as well as the
proteins required for functional interaction between telomerase and telomeres in a variety of diseases. Defective
telomere maintenance is expected to primarily affect tissues with high cell turnover such as the bone marrow,
skin, lung, and gut. At this point, it seems reasonable to
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B. Telomeres and Increased Cell Proliferation
In cellular in vitro models, for example, in the case of
CD8 positive T cells, hTERT overexpression significantly
enhances proliferation and cell survival (55, 149). Similar
observations have been made with many different cell
types. In vivo findings in animal tumor models showed
that mTERC was upregulated early in tumorigenesis and
that telomerase became activated in late stages of tumor
progression (24). These studies led to the examination of
what the effects of constitutive expression or overexpresPhysiol Rev • VOL

sion of TERT would be. mTert overexpression was shown
to be associated with spontaneous mammary epithelial
neoplasia and invasive carcinoma in aged mice (7), while
constitutive expression of mTert in thymocytes promotes
T-cell lymphoma (33). More recently, work on targeted
overexpression in specific tissues showed faster wound
healing and increased tumorigenesis in the skin of K5mTert mice (where mTerc is required for the tumor promoting effect) (37). In addition, conditional induction
(using a tetracycline-inducible system) in a mouse model
showed that mTert causes the proliferation and mobilization of hair follicle stem cells (181). This was visualized in
situ as well as through the observation of exacerbated
hair growth and faster hair regrowth in a manner independent from telomere synthesis. How TERT protein can
also modulate the proliferation of stem cells in the skin
even in the absence of telomerase RNA is currently not
understood.
C. Cancer
The link between telomere biology and oncogenesis
was first proposed when telomerase expression was
found to be a hallmark of human cancer: telomerase
expression or reexpression and activity can be detected in
⬎90% of tumor samples (reviewed in Ref. 186). Telomerase deficiencies and cancer appear to lie at opposite ends
of a spectrum similar to p53: loss of p53 is observed in
most tumors and is tumor promoting in mouse models,
whereas mice with enhanced p53 responses exhibit increased cancer resistance, a shortened life span, and a
number of early aging-associated phenotypes (65, 139). In
both models aging appears to be driven in part by a
gradual depletion of the functional capacity of stem cells.
The link between p53 and telomeres is further illustrated
in Li-Fraumeni syndrome (LFS), a cancer predisposition
syndrome associated with germ line TP53 mutations. It
was shown that the progressive earlier age of cancer
onset (disease anticipation) in LFS is related to a measurable decrease in telomere length, with each generation
providing the first rational biological marker for clinical
monitoring of LFS patients (202).
Ectopic hTERT expression can allow postsenescent
cells to proliferate beyond crisis, in a process that could
to be independent of catalytic activity (50). Tumorigenesis is often associated with the upregulation of c-Myc that
can be induced by retroviral insertion or translocation.
c-Myc binding sequences are described within the hTERT
promoter, and the MYC protein stimulates hTERT transcription (229), which may in turn contribute to tumorigenesis or tumor progression. The flip side of continued
expression or reexpression of hTERT in genetically stable
primary cells and in animal models is enhanced longevity
and a delay of senescence during in vitro culture (25, 77).
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nuclear shape (183). Because expression of (defective)
lamin A is limited to certain cell types, some cells and
tissues are more affected than others. While there is
evidence that DNA damage responses in cells expressing
mutant lamin A are abnormal (133), the role of telomeres
in this disorders (if any) remains to be clarified. A number
of other segmental aging disorders have been more directly linked to telomere (dys)function. Among these,
Fanconi anemia (FA) and ataxia telangiectasia (AT) are
generally autosomal recessive diseases caused by mutations in, respectively, Fanconi genes (encoding any of 12
Fanconi anemia complementation group proteins) and
the ataxia telangiectasia mutated gene (encoding the ATM
protein). These proteins are implicated in DNA damage
and repair pathways; in addition, ATM is known to phosphorylate FANCD2 (for reviews, see Refs. 64, 118, 190).
Both diseases are associated with accelerated telomere
shortening (29, 121, 123, 146), and abnormalities in telomere replication or repair are thought to play a role in the
pathogenesis, particularly in the progression of the disease to immunodeficiency and bone marrow failure, as
well as in the increased predisposition to malignancy in
young adults. Other syndromes related to the Fanconi
DNA damage response pathway include Nijmegen breakage syndrome (NBS) and Seckel syndrome. Other “progeroid” genes that have been implicated in DNA replication and repair are the family of genes encoding the RecQ
DNA helicases. One of the functions of these enzymes is
to assist in the resolution and repair of broken or stalled
replication forks. Telomeric DNA is known to readily
form higher order DNA structures such as G quadruplex
structures in vitro (159), and it seems plausible, based on
work in C. elegans (42), that specialized helicases are
required to resolve structures of G-rich DNA arising sporadically during lagging strand DNA synthesis (62). Helicases that could be involved include RecQ protein-like 2
(RecQL2), RecQL3, and RecQL4 with known mutations
that give rise to Werner (WRN), Bloom (BLM), and Rothmund Thompson syndromes, respectively. Accelerated
telomere shortening is observed in Werner’s syndrome
(51), and pathology in animal model systems is accentuated in the context of telomerase deficiency (40, 156).
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However, sustained (over)expression of telomerase in
CD4- or CD8-positive T cells over longer periods in culture was shown to promote genomic instability (174, 184).
This may be directly due to hTERT overexpression or may
be a consequence of extended proliferation and replication errors that may be exacerbated by culture conditions.
In addition, gain of expression of hTERC due to the
presence of multiple gene copies has also been recently
associated with cervical dysplasia and invasive cancer
progression (97).
V. INTERVENTIONS TARGETED
AT TELOMERES

Physiol Rev • VOL

see Ref. 145). Despite all these hurdles, one such small
molecule targeting the telomerase template unit (GRN163L) is
now in clinical trials (61). However, as with many current
and improving strategies for cancer therapy, treatment
combination approaches are also being tested to enhance
antitumor responses, as well as to target the so-called
“cancer stem cells” that can give rise to disease relapse
after treatment (187). Other approaches in anti-telomerase cancer therapy have aimed at harnessing and enhancing the immune response to telomerase (hTERT) through
a vaccination-type approach. TERT protein appears to be
expressed at higher levels by some cancer cells (except
these that use the ALT pathway), and TERT epitopes can
be processed and presented by antigen presenting cells
(such as dendritic cells, for example) to antigen-specific T
cells that in turn specifically kill target cells. This targeting of hTERT-positive cancer cells is known to actively cause cancer cell death much more rapidly than
other strategies mentioned above where progressive
telomere shortening has to occur (200). Trials in the
context of breast and prostate cancers as well as
chronic lymphocytic leukemia are currently underway,
stimulating hTERT specific immune responses in combination with conventional chemotherapy
VI. CONCLUSIONS
Accumulated data support the notion that the loss of
telomere repeats in (stem) cells and lymphocytes contributes to human aging. This notion is not widely accepted,
primarily because the gradual loss of telomere repeats
with age in cells of various tissues is not easily measured
and because the average telomere length shows a lot of
variation between species and between individuals of the
same age. However, studies of model organisms as well as
patients with telomerase mutations have shown that short
telomeres result in dire consequences. It seems plausible
that, with age, the proliferation of an increasing number
of cells in normal individuals is compromised by progressive telomere loss. This is not necessarily a bad thing, as
restrictions in the proliferation of somatic cells pose a
barrier for the growth of aspiring tumor cells. Unfortunately, the telomere mechanism that limits the growth of
premalignant cells also provides strong selection for cells
that no longer respond to the DNA damage signals originating from short telomeres. Such cells are genetically
unstable and have greatly increased ability to acquire
genetic rearrangements that provide further growth advantages. The intricate involvement of telomeres in both
aging and cancer ensures that pathways involving telomeres and telomerase will remain subject to intensive
studies for many years to come.
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Interventions targeted at telomeres or telomerase
have been the subject of many research projects over the
past 10 years, and some applications are now explored in
clinical trials.
Strategies to rescue human cells in vitro from senescence or prolong their life span by ectopic telomerase
expression were first described about a decade ago (25,
211) and are now routinely used in many laboratories to
extend the life span of primary human cells. The approach
also has appeal for cell or tissue therapies as available cell
numbers are often limiting. Although many of the approaches involving ectopic expression of hTERT are still
at the development stage, significant advances have already been made to enhance allografts and engineered
tissue for transplantation (110, 237). This type of approach may also benefit specific T-cell immunotherapy
protocols where specific T cells recognizing specific
antigens (e.g., antigens specific to melanoma cells or HIV)
can be purified, expanded in vitro, and infused into patients. The persistence of such tumor-infiltrating lymphocytes and their efficacy was shown to be dependent on
telomere length (119, 188). Ectopic expression of hTERC
and hTERT in fibroblasts from DC patients was shown to
rescue the proliferative properties of such cells, suggesting that similar strategies could possibly be useful for the
treatment of bone marrow deficiencies linked to mutations in telomerase genes.
Enhancement of telomerase activity and function is
not the only attractive application that targeted telomeres: inhibition of telomerase activity remains a very
interesting approach for cancer treatment. Most tumors
express telomerase, and the possibility to target telomerase has generated a lot of excitement. The original focus
was on the discovery of small molecule inhibitors, and
moved more recently to siRNA strategies; however, issues
with toxicity, half-life, modes of delivery, and the relatively long time delay to achieve telomere-dependent
death of cancer cells both in vitro and in vivo remain
problematic issues that may impair therapeutic success
(for a review on regulation and inhibition of telomerase,
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