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Telomeres are unique protein-DNA structures that com-
prise the termini of eukaryotic linear chromosomes (for
review see references 1, 2). Telomeric DNA does not contain
protein-encoding genes but rather consists of G-rich hexanu-
cleotide repeats that in vertebrate cells are (TTAGGG), se-
quences. Based on studies initially carried out in yeast and
other single cell organisms, it appears that telomere func-
tions include the stabilization and protection of chromo-
somal ends from events such as illegitimate recombination,
the determination of chromosomal localization within the
nucleus, and the regulation of cellular replicative capacity.
It is this last function, the role of telomeres in regulation of
replicative capacity, that has received particular attention in
studies of cellular senescence and organismal aging.

A pivotal finding in the understanding of somatic cell bi-
ology was the observation that normal somatic cells have a
finite replicative life span (3). That is, they are capable of a
finite number of cell divisions, after which they undergo
what has been termed replicative senescence and are inca-
pable of further cell division. The mechanism underlying
the replicative clock that monitors this process has evoked
considerable attention, and it is in this context that telo-
mere function has been of particularly intense interest. The
most widely accepted paradigm relating telomere function
to cellular aging and replicative senescence is based on the
observation that in normal somatic cells telomeres shorten
with each cell division (4, 5). This telomere shortening has
been attributed to the primer requirement for DNA syn-
thesis during chromosomal replication, and results in in-
complete replication and a loss of terminal telomeric re-
peats with each cell division (6). Telomeres thus shorten
progressively with successive cell divisions, and telomere
length in a somatic cell may thus reflect the replicative his-
tory of that cellular lineage. In principle, this is a potentially
powerful tool for the analysis of cell division under physio-
logic circumstances in which it is otherwise very difficult
to monitor in vivo clonal expansion. For this reason, mea-
surement of telomere length has been widely used to ana-
lyze lineage or precursor—product relationships and rates of
cell division.

However, in interpreting the significance of changes in
telomere length, it is critical to consider the multiple factors
that may influence the net length of telomeres at any point
in time. The starting point for telomere length in somatic
cells is the length of telomeres in germ line cells of the indi-

vidual or species, a parameter that is and must be strictly
conserved in order to maintain viability of the species.
From this starting point, multiple factors can act to change
telomere length during somatic development. A loss of ter-
minal telomeric repeats appears to occur as a result of in-
complete DNA replication during cell division, as noted
above. The rate of this loss, as inferred from in vitro analy-
sis of cultured human fibroblasts or lymphocytes, has been
repeatedly measured as 50—-100 bp per cell division (7) (Fig. 1,
“Normative” telomere loss). However, this rate of loss is
not necessarily a constant function of cell division, and a num-
ber of circumstances have been identified in which there
are apparent deviations from this normative rate of telo-
mere loss. Important in this respect, mechanisms have been
identified that are capable of increasing telomere length and
therefore of compensating for the telomere shortening that
would otherwise occur as a consequence of cell division
and chromosomal replication. The telomere lengthening
mechanism that has been most widely studied is that medi-
ated by telomerase, a unique ribonucleoprotein enzyme that
mediates RNA-dependent synthesis of telomeric repeats in
species ranging from yeast to human (for reviews see refer-
ences 2, 8). High levels of telomerase activity are expressed
in cells of the germ line and appear to be critical in main-
taining stable telomere length and thereby conserving the
capacity for essentially limitless replication in highly prolif-
erative male and female germ cells (Fig. 1, Fully compen-
sated). Analysis of human cell populations initially detected
telomerase activity in germ line cells and in most malignant
transformed cells, but not in normal somatic cells (9). How-
ever, more recently it has been established that some nor-
mal somatic cells do, under certain conditions, express sig-
nificant and at times very high levels of telomerase (10-13).
Therefore, telomerase activity as well as telomerase-inde-
pendent mechanisms for telomere extension must be con-
sidered as possible determinants of overall telomere length
dynamics.

A striking example of the apparent failure of a simple
paradigm relating telomere shortening to cell division and
lineage differentiation is provided by the in vivo B lympho-
cyte germinal center (GC) response to antigen challenge.
Findings from a number of laboratories support a model in
which naive B cells, identified by cell surface phenotype,
differentiate to GC centroblast and centrocyte populations,
which in turn differentiate further to generate memory B
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Figure 1. Alternative relationships between cell division and changes in
telomere length. As noted in the text, the relationship between cell divi-
sion and net alteration in telomere length is not a constant one. Under
specific in vivo or in vitro conditions, distinct patterns of telomere length
change can predominate.

cells (14). GC B cells undergo a remarkable sequence of
events in which 1g diversity is generated by somatic hyper-
mutation, followed by exceptional levels of clonal expan-
sion and antigen-mediated selection. This process can pro-
ceed through multiple cycles to ultimately generate a mature,
hypermutated, high affinity antigen-specific Ig repertoire. It
might have been expected that the differentiation of naive B
cells into GC B cells and subsequently into memory cells
would be accompanied by progressive telomere shortening,
reflecting the cell division that occurs during this differenti-
ation. However, in marked contrast to this expectation, it
was in fact observed that telomeres of human tonsil GC B
cells are consistently longer than those of either precursor na-
ive B cells or progeny memory B cells, suggesting that telo-
mere length can actually increase under physiologic con-
ditions during a period of active cell division (15) (Fig. 1,
Transiently increased). Parallel measurements of telomerase
activity demonstrated a very high level of telomerase in GC
B cells, in contrast to low or undetectable levels in naive
and memory B cells, suggesting that telomere elongation
during GC B cell differentiation might be mediated by telo-
merase. The conclusion that telomere length can increase
during normal somatic cell differentiation, even in the face of
extensive cell division, was strongly supported by studies of
inter-species crosses between Mus musculus and M. spretus
mice. In these studies, it was observed that short M. spretus
telomeres lengthen substantially during the generation of
an adult mouse from a single progenitor cell (16) (Fig. 1,
Increased and Stabilized).

At present it is impossible to directly measure in vivo the
number of cell divisions that accumulate in the history of a
somatic cell. For this reason, estimates derived from mea-
surements of telomere length have been received with in-
terest. However, it is possible to study more directly the re-
lationship of cell division and telomere length in vitro.
When these studies were carried out with human fibro-
blasts, telomeres were found to shorten at a relatively con-
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stant rate (50-100 bp/population doubling) throughout the
replicative life span up to the point of senescence (7) (Fig.
1, “Normative” telomere loss). It is relevant that human fi-
broblasts remain telomerase negative throughout this cul-
ture period. Initial studies of human T lymphocytes simi-
larly noted a loss of telomeres at approximately the same
rate per population doubling (17, 18). However, when telo-
mere length was more closely monitored during T cell cul-
tures, it was observed that the rate of telomere shortening is
not uniform. During early stages of culture, when most of
the overall cell division occurs, there is little or no shorten-
ing of telomeres; that is, cell division occurs without mea-
surable telomere loss (19, 20). In later stages of culture, when
population expansion is minimal, a high rate of telomere loss
per population doubling is observed (19, 20) (Fig. 1, Par-
tially or transiently compensated). When telomerase activ-
ity was measured in these T cell cultures, a high level of
telomerase was induced in the early stage of culture, correlat-
ing with maintenance of telomere length, with subsequently
lower levels of telomerase activity expressed during the pe-
riod of rapid telomere loss late in culture. Conditions have
also been described in which telomeric repeats are lost at an
unusually rapid rate during cell division. For example, fibro-
blasts cultured at increased oxygen concentration appear to
undergo telomere shortening at an accelerated rate (>500
bp/cell division) (21). These in vitro results reinforce the
caution that telomere shortening, in vivo or in vitro, may not
correlate in a straightforward or quantitative manner with a
cell’s replicative history.

With attention thus paid to the complex factors that can
influence telomere length, how can measurements of telo-
mere length be used to assess “aging” or replicative history
of somatic cell populations such as those of the hematopoi-
etic lineage? The earliest studies of in vivo telomere length
in mammalian cells focused on adult human skin fibroblasts
and concluded that telomere length decreased as a function
of donor age (4, 5). Similar telomere shortening with age
was observed in peripheral blood mononuclear populations
(22) and in naive and memory CD4* and CD8" peripheral
T cells (18). Although initial reports found a relatively lin-
ear shortening of telomeres as a function of age, more re-
cent analyses have identified a more complex pattern. In a
study of adults and children, Frenck et al. found that telo-
mere shortening occurs at a rapid rate (>1 kb/yr) in periph-
eral blood cells of young children, then at a reduced rate
between the ages of 4 and 20 yr, and at a relatively constant
and intermediate rate through the remainder of adult life
(23). Rufer et al., in this issue of The Journal of Experimental
Medicine, have extended this analytic approach by measuring
telomere length in peripheral blood cells of >500 subjects
ranging in age from 0 to 90 yr, using a flow cytometric tech-
nigue developed for this purpose (24). This technique of
flow fluorescence in situ hybridization (flow FISH) uses a
fluorochrome-conjugated probe specific for the telomeric
TTAGGG sequence. This probe is used to stain the dena-
tured telomeres of fixed cells, followed by flow cytometric
analysis to quantitate the bound probe, and thereby the to-
tal telomere content of individual cells. The authors carry



out a commendably thorough validation of this technique
in comparison with telomere length quantitation by other
techniques. Important advantages of this technique include
the ability to carry out single cell analyses and the relative
ease of its applicability to analysis of multiple cell popula-
tions. As all techniques, it also has its disadvantages or limi-
tations. Because flow FISH measures only the total telomere
signal in a cell, it does not provide information concerning
telomere length of individual chromosomes and cannot, for
example, indicate whether telomeres on a subset of chromo-
somes are critically short, a circumstance that may be
functionally critical for a cell. In contrast, the technique of
guantitative FISH (Q-FISH) developed by Lansdorp et al.
(25), or even the conventional analysis of telomere length
by Southern blot analysis, is capable of providing infor-
mation concerning the distribution of individual telomere
lengths. The flow FISH technique would be particularly
useful if it were possible to employ simultaneous cell sur-
face staining to analyze telomere length in subsets of hetero-
geneous populations, but it appears that this is not yet tech-
nically feasible.

Rufer et al. find that in granulocytes as well as T lym-
phocytes telomere length decreases as a function of age.
Consistent with and extending the previous report of Frenck
et al., the rate of telomere loss as a function of age is great-
est in early childhood for granulocytes as well as for naive
and memory CD4* and CD8* T cell subpopulations (1,000—-
3,000 bp/yr). In each of these populations, the rate of telo-
mere shortening then continues at a much lower rate of
loss (30-60 bp/yr) for the remainder of life. It is telling that
these two reports, from Frenck et al. and Rufer et al., favor
different interpretations of their very similar findings. Frenck
et al. suggest that the difference in rate of telomere loss dur-
ing early childhood and later life most probably reflects a
difference in the rate of telomere loss per cell division dur-
ing different stages of life. In contrast, Rufer et al. favor a
model in which each postnatal division of somatic cells re-
sults in “more or less constant losses of telomere repeats.”
In the context of this latter model, the more rapid rate of
telomere loss observed in early childhood is interpreted as
reflecting a correspondingly rapid rate of cellular turnover
during this time. Thus, although the study of telomere dy-
namics has been informative for a variety of molecular, cel-
lular, and physiologic issues, the complexity of telomere
length regulation makes it extremely difficult to draw de-
finitive conclusions concerning cellular turnover on the ba-
sis of telomere length alone.

In addition to serving as a potential index of replicative
history for somatic cells, telomere length may also reflect
the residual replicative capacity of cells, and in this capacity
would be an important biomarker. Indeed, a correlation
has been demonstrated between telomere length of human
fibroblasts and their capacity for cell division before reach-
ing replicative senescence (7). A similar correlation has been
reported between telomere length and capacity for cell di-
vision in naive and memory subpopulations of CD4* hu-
man T cells (18). Recently, the relationship between telo-
mere length and the capacity for cell division was supported
by the demonstration that transfecting telomerase negative
and “mortal” human fibroblasts or retinal epithelial cells
with cDNA encoding a telomerase catalytic subunit resulted
in expression of telomerase activity, maintenance of telomere
length, and apparently unlimited replicative capacity (26).
Constitutive expression of telomerase in these cells was thus
capable of altering the relationship between telomere length
and both replicative history and replicative capacity.

Further insight into the relationship between telomere
length and cellular function in vivo has come from studies
of mice rendered deficient in telomerase by disruption of
the gene encoding the telomerase RNA template compo-
nent (27-30). Mice of the species M. musculus have ex-
tremely long telomeres, and a line of mice deficient in
telomerase was initially able to reproduce with apparently
normal function of multiple biological systems. However,
after four to six generations of breeding of homozygous
telomerase-deficient mice, progressive telomere shortening
was detected. At this point, both males and females were
sterile and, with aging, revealed decreased life expectancy
as well as defects in wound healing, the capacity for bone
marrow hematopoietic reconstitution, and other organ sys-
tems, traits that can be easily related to a diminished capac-
ity for replication in both germ line and somatic cells. Al-
though these findings suggest that telomere shortening can
have functional consequences on somatic and germ line
function in vivo, a number of critical questions remain to
be addressed. Primary among these are the questions of
whether telomere shortening plays a functional role in hu-
man aging, whether manipulation of telomere length can
impact favorably on adverse consequences of aging, and
whether bypassing normal constraints on telomere length
maintenance or telomerase expression can be accomplished
without increased risk of malignant transformation or other
unanticipated consequences.
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