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ABSTRACT

Telomeres are nucleoprotein complexes located at th2 ends of all
eukaryotic chromosomes, and are essential for genetic stability and viability.
Telomere length decreases during replicative aging of normal human diploid
fibroblasts (HDF) in vitro. These observations imply that telomere length
provides a mitotic clock for the replicative age of normal somatic cells, and
that telomere shortening may cause cell senescence. To further examine these
predictions, telomere length was analyzed (i) :n vitro, in young HDFs as well
as senescent and near-senescent HDFs and (ii) in vive, in FIDFs and candidate
hematopoietic stem cells. Mean terminal restriction fragment (TRF) length
decreased significantly at a rate of ~ 15 bp/year in HDFs. .Also, mean TRF
length decreased with increasing donor age in CD34+CD38l0 hematopoietic
cells obtained from fetal donors and adult donors of ages 19 and 59 years.
These observations confirm that telomere length decreases not just during
aging in vifro but also during aging in viro. They also, imply that stem cells
have a finite lifespan.

The observations that telomere length is proportional to replicative
capacity in cuitured HDFs from normal anc! progeroid donors and that
telomere length is shorter in HDFs at the periphery of radial outgrowths
relative to HDFs at the center suggest that telomere length is a valuable
marker for replicative potential.

Interclonal variability in telomere length was significantly less at
senescence than at early passage for HDF clones established from the same
strain, in support of the existence of a critical relomere length in senescent
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cells. Calculation of mean telomere length at senescence for these clones and
one other HDF strain yielded an upper estimate of 2-3 kb for the critical
telomere length. However, the detection frequency of individual telomeres by
fluorescent in situ hybridization (FISH) varied from telomere to telomere in
both young and senescent cells. Furthermore, in pre-crisis SW26 fibroblasts,
the long arm of one copy of chromosome 9, which has a relatively short
telomere, is frequently engaged in an end-to-end dicentric chromosome. Also,
a significant distribution of TRF lengths exists at all PDLs. These observations
indicate that the shortest telomere length at senescence, which bes: represents
the critical telomere length, is probably considerably less than 2-3 kb.

These observations support a causal role of telomere shortening in cell
senescence. This has important implications for future treatment of cancer

and therapeutic prevention of cell senescence during aging.
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Preface

In section 2.1, the mean TKF length analysis of HDFs from various
aged normal donors and progeroid donors was done by myself. The data from
this analysis is presented in Figures 1-3 of this section.

In section 2.2, the mean TRF length and telomeric signal intensity
analysis presented in Figure 5 was done by myself. The analysis of the
standard deviation of the TRF length distribution and calculation of the
mean telomeric and non-telomeric lengths at senescence was also done by
me. The model for the end replication problem (Figu~es 1-4 and 6) was done
by M. Levy and C. Harley.

In section 2.3, the establishment and culturing of the radial outgrowths
of HDFs as well as the analysis of mean TRF length and telomeric signal
intensity of the outgrowths was done by myself (data presented in Table 1).
Analysis of mean TRF length in serially passaged, quiescent and quiescent-
trypsinized HDFs was done by M. Kashefi-Aazam (Figure 2). Analysis of mean
TRF length of brain tissue from various aged donors was done by E. Chang
(Figure 3). Telomerase assays on brain tissue was done by J. Shay and M.
Piatyszek (Figure 4).

In section 2.4, all experimental analyses were done by myself.

In section 2.5, ~50% of the mean TRF length analysis of the
hematopoietic cell long term cultures (Figure 1 and 2) and all of the mean
TRF length analysis of the hematopoietic cells obtained directly from fetal and
adult donors (Figure 3) was done by myself. The remainder of the mean TRF
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lengti analysis of the hematopoietic cell long term cultures was done by H.
Vaziri. All hematopoietic cell samples were obtair.ed from ana cultured and
sorted by P. Lansdorp.

In section 2.6, all FISH analysis of metaphase chromosomes (Figures 5
and 7) and analysis of detection frequency of telomeric signal on metaphase
chromosomes (Tables I and II) were done by myself. In addition,
measurement of the rate of telomere shortening by Southern analysis of TRF
length for BJ cells was done by myself. All FISH analysis of interphase cells
was done by S. Henderson (Figures 2, 3 and 6). Results of Southern analysis of
TRF length shown in figures 4 and 8 was done by 5.-5. Wang.

The major part of each paper in sections 2.1, 2.3, 2.4 and 2.6 was also

written by myself.
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1. Introduction
1.1 Cell senescence and organismal aging.

The eventual acquisition of a senescent phenotype is universal for
nearly all mitotically active somatic cells (reviewed in Finch, 1990; Stanulis-
Praeger, 1987). A key feature of senescence of mitotic cells is the irreversible
loss of proliferative capacity (reviewed in Goldstein, 1990). Hence the
senescence of mitotic cells is often referred to as replicative senescence. The
model of cell senescence was established over 30 years ago in ¢lassic
experiments by Hayflick and Moorhead who established that the limited
prolifer;tive capacity (the Hayflick limit) of cultured HDFs was attributable to
senescence (1961). Although senescent HDFs have lost the ability to divide,
they can be maintained viable in culture for periods of a year or more
(Matsumura et al, 1979). Senescent HDFs are not compromised in fidelity of
translation and do not have increased levels of mutated or faulty proteins in
general (reviewed in Stanulis-Praeger, 1987; Finch, 1990; Goldstein, 1990).
Other characteristics of the senescent phenotype include increased
cytoplasmic volume, reduced levels of cytosine methylation, reduced rates of
protein degradation and increased levels of chromosomal aberrations
(reviewed in Stanulis-Praeger, 1987; Finch, 1990; Geldstein, 1990; Dice, 1993).

The ornset of cell senescence is accompanied by changes in gene
expression. Many of these changes also occur in cells that are induced, either
by serum starvation or contact inhibition, to enter a state of proliferative

arrest called Go (quiescence). For example, both senescent and quiescent HDFs



have increased levels of statin (Wang, 1985) and decreased levels of c-fos
(Riabowol et al, 1988; Seshadri and Campisi, 1990). Changes in gene
expression specific to senescence include increased levels of procollagenase
(West et al, 1989) and terminin (Wang and Tomaszewski, 1991) and decreased
levels of TIMP-1 (West ef al, 1989). It is for these reasons, loss of ability to
proliferate and changes in gene expression, that cell senescence has been
suggested as being akin to terminal differentiation (also see Section
1.2.2)(reviewed in Goldstein, 1990).

There is considerable correlative evidence suggesting that cell
senescence does have an impact on organismal aging. The in vitro
proliferative capacity of fibroblasts established from different species is
proportional to species lifespan (Rohme, 1981), and cultured fibroblasts
established from Hutchinson-Gilford progeria donors and Werner's progeria
donors have significantly reduced proliferative capacities in comparison to
fibroblast cultures established from age-matched normal donors (Goldstein
and Harley, 1979). The primary cloning efficiency, a measure of proliferative
capacity, of arterial smooth muscle cells decreases with donor age for mice
and humans (Martin et al, 1983; Bierman, 1978). In middle-aged individuals
the replicative capacity for human endothelial cell cultures established from
the iliac artery, a site of relatively high hemodynamic stress and
concentration of atherosclerotic plaques, appears to be reduced by 25-30%
compared to endothelial cell cultures established from the iliac vein (Chang
and Harley, 1995). These latter observations support the hypothesis that
exhaustion of replicative capacity at focal points of high hemodynamic stress
may play a causative role in atherosclerosis. Results from recent studies
suggest that senescent PBLs may accumulate with donor age. Human PBLs

undergo a decline in their proliferative response to mitogens in culture with
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increasing donor age (Hefton et al, 1980). Expression of the costimulatory
molecule CD28 ducreases during proliferation of cultured T lymphocytes to
the extent that nearly 100% of the cells at replicative senescence are CD28l®
(Effros et al, 1994). Moreover, the fraction of CD28le T lymphocytes in
peripheral blood increases significantly as a function of donor age (Effros ¢t al,
1994). Thus it is possible that clonal attenuation, which with respect to
lymphocytes refers to a decreased proliferative response of individual clones
to antigenic stirr;ufi, is at least partially responsible for the decline in immune
function in elderly individuals. Evidence also exists in support of a
contribution of replicative senescence to skin aging, in particular aging of the
dermis (reviewed in West, 1994). The dermis is largely composed of an
extracellular connective matrix which consists mostly of collagen (West,
1994). In elderly individuals, there is pronounced degeneration of the
extracellular matrix which is at least partially due to a decrease in collagen
content (West, 1994). Fibroblasts, the primary source of collagen in the dermis,
also decrease in number during aging (West, 1994). Senescent fibroblasts
produce less procollagen, more collagenase and less TIMP-1 than their
younger counterparts (West, 1994; Linskins et al, 1995). In addition, a recent
study has provided direct evidence, as indicated by in situ detection of -
galactosidase, for an increase in the number of senescent fibroblasts and
keratinocytes in skin tissue during aging (Dimri et al, 1995). Thus an increase
in the number of senescent fibroblasts in the dermis may account for some of
the deleterious changes in this tissue with age. However, it is still
controversial whether some ccll types, for example stem cells, have a limited
replicative capacity (Ross et al, 1982), or are capable of indefinite cell division
(Harrison et al, 1984). Overall, these data support the notion that cell

senescence has a non-adaptive, deleterious role in individuals of advanced



age.

It is also possible that cell senescence may have an adaptive role during
the initial stages of life. It has been proposed that clonal attenuation of certain
subsets of cells might be a mechanism to allow tight control of tissue growth
during early development (Martin, 1993), although this has yet to be shown.
Additionally, Sager has suggested that cell senescence may have a role in
tumor suppression in reproductively active individuals (1951). The
accumulation of damage and alterations to DNA during aging of mitotic cells
(Bender ¢t al, 1989; reviewed in Shigenaga et al, 1993 and Ames et al, 1993; Liu
et al, 1994) is fundamental to this theory. Any cells that acquire DNA
alterations that predispose to or directly cause loss of growth regulation, and
therefore predispose to neoplasia, would not be able to grow beyond the
Hayflick limit due to activation of tumor suppressors. Once the cause of cell
senescence is understood, it may be possible to test these theories in model

organisms or cell systems in which cell senescence is delayed or prevented.

1.2 Stochastic Error Theories Versus Genetic Theories of Cell Senescence

The many theories that have been proposed to explain why cells
senesce can be classified into 2 broad categories: stochastic error theories and
genetic theories. Stochastic error theories assume cell senescence occurs as a
result of the accumulation of damaged macromolecules, whereas genetic
theories are based upon the assumption that cell senescence occurs as a result
of the induction of expression of certain genes. Currently, genetic theories
seem to give the best explanation of cell senescence (reviewed in Goldstein,

1990; Dice, 1993). It is difficult to reconcile the observation that quiescent or



cryo-preserved cells from the same HDF strain all reach senescence, within
narrow limits, at the same PDL (Hayflick, 1965; Dello'Orco et al, 1973). rAlso,
there are many specific alterations in gene expression as cells become
senescent which shows that cell senescence is at least partially genetically
determined (reviewed in Goldstein, 1990; Dice, 1993). These 2 categories are
not mutually exclusive; thus it remains possible that, under certain
circumstances, accumulation of damage to macromolecules, which is a
stochastic process, could induce senescence by triggering the expression of

genes involved in causing cell senescence.
1.2.1 Stochastic Error Theories

Orgel proposed that cell senescence is caused by a low level of synthesis
of aberrant proteins in young cells, leading to the further accumulation of
malfunctional proteins (1963). However, fidelity of protein synthesis has
repeatedly been shown to be similar for senescent and young HDFs and
increased levels of mutant proteins in senescent HDFs has not been detected
(reviewed in Stanulis-Praeger, 1987; Finch, 1990; Dice, 1990), suggesting that
accumulation of mutated proteins does not play a role in senescence of HDFs.
Aberrant forms of some proteins do accumulate in senescent HDFs, but these
alterations are primarily if not entirely caused by post-translational
modifications (reviewed in Dice, 1993).

The somatic mutation theory predicts that cell senescence is caused by
the accumulation of alterations to the genome. As mentioned above, mutant
proteins do not accurnulate in senescent HDFs, which strongly argues that
point mutations do not accumulate during replicative aging. However,

chromosomal aberrations, particularily dicentric chromosomes, do
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accumulate during aging of HDFs in vitro (Benn, 1976; Sherwood et al, 1988)

and human lymphocytes in vivo (Bender et al, 1989). In addition, a
chromosomal translocation resulting in loss of regulation of expression of the
bcl2 gene increases in frequency in human B cells with age (Liu et al, 1994).

The free radical theory of cell senescence predicts that accumulation of
damage incurred upon macromolecules by free radicals causes cells to senesce
(reviewed in Ha'rman, 1981; Ames et al, 1993). Mitochondria appear to be the
greatest source of free radicals in the cell (Shigenaga et al, 1993). Oxidative free
radicals, such as the hydroxyl radical and superoxide, are produced in the
mitochondria as a by-product during normal aerobic metabolism (Shigenaga
ef al, 1993). A reduction of mitochondrial protonmotive force in lymphocytes
from aged rats has been observed (Leprat et al., 1990). This deficiency in
mitochondrial function may be due to inactivation of mitochondrial proteins
by reaction with oxidative free radicals. In addition, DNA damage, in the
form of 0x0%dG, has been shown to be higher in senescent HDFs than in
voung HDFs (Chen et al, 1995). Moreover, reducticn in oxygen tension have
been shown to extend replicative lifespan (Chen et al, 1995), and addition of
hydrogen peroxide to the culture medium of young HDFs has been shown to
cause irreversible cell cycle arrest (Chen and Ames, 1994). However, it is
unknown whether the effect of oxidative damage on replicative lifespan is
direct or indirect (also see Section 3.4). Furthermore, the role of oxidative
damage in cell senescence in vivo remains to be established.

Dice has suggested that the reduced rate of protein degradation
observed in senescent HDFs may also be causal in cell senescence (1993). The
nature of the alterations in protein catabolism in senescent HDFs that

accounts for the decreased protein turnover rate is unknown (Dice, 1993).
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1.2.2 Genetic Theories

Early genetic theories to explain cell senescence have now been largely
discounted. For example, the codon restriction theory proposes different
codons are used to code for the same amino acid at different stages of
development (Strehler, 1986). Thus the expression of genes would change
during development, ultimately leading to cell senescence. However, no
change in codon usage during development has yet been reported, despite the
large number ¢cDNAs that have now been sequenced.

Some of the first evidence that cell senescence is a genetically
determined process came from cell fusion experiments in the mid seventies.
In one study Norwood et al. fused senescent cells and young cells together to
form heterokaryons and subsequently assayed for DNA synthesis (1974). No
DNA synthesis was observed in either nuclei. A similar observation was
found when heterokaryons were formed by the fusion of senescent cells with
immortal cells, that is the synthesis of DNA did not occur (Norwood ¢! al,
1975). These results suggested that an inhibitor of DNA synthesis is expressed
in senescent cells, resulting in the dominance of senescence when either
young cells or immortal cells are fused with senescent cells. Subsequently, an
activity that inhibits DNA synthesis in young cells was found to be expressed
on the cell membrane surface of senescent fibroblasts (Pereira-Smith ¢t al,
1985; Stein and Atkins, 1986) as well as in conditioned media from these cells
(Smith, 1992), although the factor(s) responsible for this inhibition of DNA
synthesis have not yet been cloned. An exception to the dominance of
senescence with respect to the initiation of DNA synthesis occurs when
senescent cells are fused with cells immortalized by DNA tumor viruses; in

these heterokaryons, DNA synthesis is observed to occur in both nuclei (Stein
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et a!, 1982). Also, the expression of SV40 T antigen in senescent cells results in

the induction of DNA synthesis {Gorman and Cristafalo, 1985). However,
neither heterokaryons formed from fusing senescent cells with cclls
immortalized with DNA tumor viruses nor with senescent cells expressing T
antigen are capable of dividing, in support of the irreversibility of cell
senescernce.

Further work involving the fusion of different types of immortal cells
provided additional evidence for a genetic process for cell senescence. Results
from these experiments suggested that all immortal cells fall into four
complementation groups (Pereira-Smith and Smith, 1988), wherein the
hybrids formed by fusion of two cell lines from the same complementation
group undergo senescence. Thus there may be four different genes involved
in the induction of senescence. In fact studies using microcell fusion to
introduce single chromosomes into immortal cells indicate that genes that
are causally involved in cell senescence are located on a number of different
chromosomes including 1 (Sugawara et al, 1986), 4 (Ning et al, 1994) and 6
(Sandu et al, 1994). The identity of these genes remains largely unknown,
however evidence suggests that they may include the tumor suppressors p53
and the retinoblastoma gene product (pRB) (Wright et al, 1989). The
transformation of normal cells by DNA tumor viruses or their genes, which
inactivate both p53 and pRB, results in the acquisition of an extended lifespan
(Wright et al, 1989). The inactivation of p53 and pRB is a direct effect of the
DNA tumor virus gene products, as opposed to being a result of induced
genomic rearrangements, since in fibroblasts transformed with an inducible
SV40 T antigen, repression of T antigen expression causes the cells to
immediately senesce (Wright et al, 1989). Furthermore, mutation of the DNA

tumor viruses to eliminate the ability to inactivate either p53 or pRB results
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in the loss of the ability of the cells to divide beyond the Hayflick limit (Shay

et al, 1991a), suggesting that inactivation of both of these proteins is required
to prevent cell senescence. In addition, expression of antisense p53 and pRb in
normal HDFs leads to an extension of lifespan beyond the Hayflick limit
(Hara et al, 1991). Also, epithelial cells from individuals with Li Fraumini
syndrome, in which only one functional copy of the p53 gene is present, can
undergo spontaneous immortalization (Shay et al, 1995). These observations
provide strong support for the involvement of p53 and pRB in cell
senescence.

DNA tumor virus transformed cells are mortal since they can only
undergo a finite number of doublings beyond the Hayflick limit before they
cease dividing (Wright ¢t al, 1989). At this point, referred to as crisis, most of
the cells die. Only the very rare cell (1 in 2-3 x 107) which survives crisis will
become immortal. These observations led to the suggestion that there are 2
checkpoints, mortality stage 1 (M1) and mortality stage 2 (M2}, that cells must
escape before they become immortalized (Shay et al, 1991b). This model
further suggests that cell senescence is a genetic process and that cell mortality
is dependent on a number of different gene products.

It has also been proposed that cell senescence is in fact a special form of
terminal differentiation, which is a genetically programmed event wherein
the continual change in gene expression with increasing cell doublings
culminates in irreversible cell cycle arrest (reviewed in Goldstein, 1990).
However, it is debatable whether cell senescence is a programmed event that
is subjected to the forces of evolution. Also, there are a number of deleterious
changes in senescent cells and possibly in tissues that occur as a result of an
increase in fraction of senescent cells (see Sections 1.1 and 1.2.1) which are

unlikely to be present in terminally differentiated cells, at least in young
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donors. Senescent cells and terminally differentiated cells are similar in that
they both are in a state of irreversible cell cycle arrest. Some of the genes
involved in causing cell cycle arrest appear to be common in these cells.
Attention has focused on changes in levels of p53 and pRB, as well as other
proteins involved in regulation of the cell cycle, particularly at the G1/S |
transition (Seshadri and Campisi, 1990; Stein et al, 1991). The steady state
levels of pRB do not change at senescence, although pRB is
hypophosphorylated at senescence in comparison to cycling young cells (Stein
et al, 1990). p53 mRNA and protein levels also do not appear to change at
senescerice (Afshari ef al, 1993; Atadja ef al, 1995), although p53 DNA binding
activity has recently been observed to be higher in late passage HDFs relative
to early passage cells (Atadja et al, 1995). Recent evidence indicates that the
inability of senescent cells to phosphorylate pRB is in part due to the
increased expression of p21/SDI1 at senescence (Harper et al, 1993; Xiong et al,
1993; Noda et al, 1994). p21/SDI1 inhibits the activity of a number of cyclin
dependent kinases including CDKZ and CDK4, which appear to be responsible
for the phosphorylation of pRB (Harper et al, 1993; Xiong et al, 1993; Noda et
al, 1994). In addition p21/SD], pRB and p53 all appear to play an essential role
in the development of certain types of terminally differentiated cells (Pan and
Griep, 1994; Halevy et al, 1995; Sah et al, 1995). The reason for the increase in
p21/SDI1 as well as alterations in expression of other gene products at
senescence is still largely unknown. It is possible that induction of expression
of p21/SDI1 is due to activation of p53 (Atadja et al, 1995). Activation of p53 is
required for induction of p21/SDI1 and G1/S arrest of gamma-irradiated
human cells (Dulic ¢t al, 1993; Namba et al, 1995).
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1.3 Structure and function of telomeres

1.3.1 Telomere function

The word telomere was coined by Muller from the Greek words telos
meaning 'ends’ and meros meaning ‘part’ to describe the chromosomal
termini (1938). Telomeres are nucleoprotein complexes that are essential for
genetic stability and cell viability (reviewed in Blackburn, 1991; Kipling, 1995).
Mutant yeast and ciliate strains that are incapable of maintaining telomere
length during cell division eventually become sickly, stop dividing and die
(Lundblad and Szostak, 1989; Yu et al, 1990). Also, it has recently been shown
that removal of a telomere from one end of an individual chromosome in S.
cerevisige causes a loss in mitotic stability of that chromosome (Sandell and
Zakian, 1993). Cells which had not lost the terminally deleted chromosome
either underwent cell cycle arrest or synthesized a new telomere in place of
the one that was deleted. The specific functions of telomeres that make them
an essential genetic element are now becoming apparent.

Telomeres appear to protect chromosomal ends from aberrant
recombination and nuclease degradation. This first manifested itself from
studies by McClintock who showed that the termini of broken chromosomes
in Zea mays are recombinogenic and fusogenic, whereas the natural
chromosomal termini are not (1941). More recently, it has been shown that
linear DNA molecules injected into Paramecium undergo end-to-end
fusions, however if telomeric DNA is present at the termini of the injected

molecules then fusion is prevented (Bourgain and Katinka, 1991). Also, the
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heterodimeric protein which binds to the ends of telomeres in Oxytricha

nova protects the single-stranded telomeric G-strand terminus from
exonuclease degradation and chemical modification in vitro {Gottschling and
Zakian, 1986).

Telomeres may also play a role in the subnuclear organization of
chromatin. That chromatin is spatially organized in the nucleus has been
shown in a number of light and electron microscopy studies involving
visualization of individual chromosomes in interphase nuclei (Comings,
1980; Heslop-Harrison and Bennett, 1990; Haaf and Schmidt, 1991). These
studies show that chromosomes occupy discrete spatial domains in mitotic
nuclei in a wide variety of species. Furthermore, in some species the
telomeres appear to be clustered near to the nuclear envelope with the
centromeres clustered at the opposite end of the nucleus (Comings, 1980;
Agard and Sedat, 1983). This is known as the Rabl orientation (Rabl, 1885).
Telomeres also appear to be attached to the nuclear envelope in some species
(Byers and Goetsch, 1975; Agard and Sedat, 1983; Hilliker and Appels, 1989).
This association between telomere and nuclear envelope appears to correlate
with the presence of heterochromatin at chromosomal termini and the
clustering of telomeres (Agard and Sedat, 1983; Young ef al, 1983; Barnes et al,
1985; Gilson ¢t al, 1993a). However, it is unclear whether the Rabl orientation
and apparent attachment of telomeres to the nuclear envelope is biologically
relevant since telomeres and centromeres become polarized during cell
division as a result of forces involved in chromosome segregation. Thus the
Rabl orientation may reflect absent or incomplete redispersion of chromatin
in interphase nuclei following cell division. Furthermore, disruption of the
telomere-nuclear envelope interaction and disassembly of telomeric

heterochromatin in S. cerevisiae has little effect on chromosome stability
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(Palladino et al, 1993). In mammals, telomeres appear to be neither arranged
in the Rabl orientation nor attached to the nuclear envelope (Billia "rz:nd De
Boni, 1991; Ferguson and Ward, 1992). However, mammalian telomér‘es do
appear to be attached to the nuclear matrix (De Lange, 1992).

Telomeres may also facilitate the pairing of chromosomes during
meiosis. Unlike mitotic cells, the association of telomeres \;"ith the nuclear
envelope during meiosis seems to be more of a universal phenomenon
(Loidl, 1990). The association of telomeres to the nuclear envelope effectively
concentrates the chromosomes into a smaller area, which may make
interaction between homologous chromosomes more probable. Additionally,
the pairing of homologous chromosomes and formation of the synaptonemal
complex appears to initiate in subterminal regions of chromosomes in some
species, although initiation at interstitial sites is also sometimes observed
(Loidl, 1990). The direct involvement of telomeres in initiation of
chromosome pairing is unlikely since the telomeric DNA sequence is
identical for all chromosomal ends. However, G-rich oligonucleotides can
form stable tetraplexes (G4-DNA) in vitro, in which all oligos are apparently
aligned in parallel (Sen and Gilbert, 1988). Although it has yet to be shown, it
is possible that the telomeric termini of the 4 sister chromatids of 2
homologous chromosomes could interact to form G4-DNA with all strands
parallel in vivo, which could theoretically help stabilize and aid in the

formation of the synaptonemal complex.
1.3.2 Telomere Structure

Telomeres are composed of both DNA and proteins. In general, the

telomeric DNA is composed of tandem repeats of a short G/C-rich sequence,
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for example the S. cerevisize telomeric sequence is composed of imperfect
repeats which conforms to a general consensus of (TG)1.6TGz.3 (Szostak and
Blackburn, 1982). However, there are numerous exceptions to this rule (see
Table 1). For instance, the telomeric repeat of Chlamydomonas, TTTTAGGG,
is T/A rich (Petracek et al., 1990). The telomeric DNA sequence of all
veriebrates including humans is (TTAGGG)n (Meﬁe et al, 1989). Drosophila
appears to be the one exception thus far for which the telomeric DNA
sequence is not composed of simple repeats. Instead, Drosophila telomeres
are composed of arrays of a retrotransposon-like repetitive element called
HeT-A (reviewed in Biessmann and Mason, 1992). The HeT-A element is
approximately 6 kbp in length (Valgeirdottir et al, 1990).

A more stringent characteristic of telomeric DNA is that the strand
which extends 5' to 3' is G-rich (reviewed in Blackburn, 1991; Kipling, 1995).
The reason for the evolutionary conservation of this feature of telomeric
DNA is unknown but perhaps may relate to the remarkable ability of G-rich
single-stranded DNA, including oligonucleotides corresponding to actual
telomeric DNA sequence, to form in vitro intra- and intermolecular
complexes stabilized by non-Watson/Crick base pairing of G residues (Fig.
1.3.1A) (reviewed in Blackburn, 1991; Kipling, 1995). These complexes include
2 stranded structures formed by the folding back of a single oligonucleotide
into a hairpin, and 4 stranded structures or G4-DNA composed of 1, 2 or 4
oligonucleotides (Fig. 1.3.1A). In the latter complexes, the G residues base pair
so as to form a cyclic, planar array (G-quartet) (Fig. 1.3.1B). The G-quartets are
stacked together with a mono- or divalent cation located approximately at the
centre of the stack of G quartets. These cations are essential for complex
formation, with K* providing the greatest source of stability (Oka and

Thomas, 1987; Hardin et al, 1991).



Table 1.3.1. Telomeric DNA sequences in eukaryotes.

-Table 3.1 Terminal repeat sequences

Scquence Species

TTTIGGGG Euplotes, Oxytricha, St);lt;}rych}a
TTGGGG Glaucoma, Teirahymena
TTGGGG and TTTGGG Peramecium

TTTAGGG and TTCAGGG Plasmodium

TTAGGG

TAGGG

(TG)1 TGz

TTACAG, 4

TTAGGGGG

TTAGGG

TTAGGG

TTAGGG
ACGGATGTCTAACTTCTTGGTGT
TTAGGG

TTAGGG

AG.g

TTAGGC

TTGCA

TTAGG

HeT-A, TART (retroposons)
TTAGGG

TITAGGG

TT(T/A)AGGG
TTTTAGGG

Trypanosoma brucei
Giardia lomblia
Saccharomyces cerevisiae
Schizosaccharomyces pombe
Cryptococcus neoformans
Podospora anserina
Fusarium oxysporum
Neurospora crassa

Candida albicans
Didymium iridis

Physarum polycephalum
Dictyostelium discoideum
Ascaris lumbricoides
Parascaris univalens
Bombyvx mori

Drosophila melanogaster
Humans, mice

Arabidopsis thaliana
Tomato

Chiemydomonas reinhardtii

Modified from Kipling (1995).
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Fig. 1.3.1. Structures formed by G-rich DNA sequences based on there ability to
form G-G base pairs. (A) Possible intra- and interstrand complexes involving
G-G basc pairing are shown for the G-rich strand of Tetrahymena telomeric
DNA. (i) Foldback hairpin loop. (ii) Foldback G-quartet. (iii) Parallel
quadruplex. (iv) and (v), Antiparallel quadruplexes. Modified from Aboul-ela
et al. (1992).(B) The G-quartet. The G-G base pairing which confers stability to
the G-quartet is shown. Taken from Kipling (1995).



Also, telomeres in various ciliate species and in the slime mold
Dydimium have been shown to end in a 3' overhang of 12-16 bp depending
on the species (Klobutcher et al, 1981; Henderson and Blackburn, 1989). The
transient presence of 3' overhangs that are no less than 30 bp in length has
also been detected in S. cerevisize in late S phase (Wellinger et al, 1993). In
this organism, experiments involving disruption of the yeast gene KEMI,
which encodes a G4-DNA dependent nuclease, provide evidence that the 3'
overhangs form foldback structures and/or intertelomeric complexes |
stabilized by G-G base pairing in vivo (Liu et al, 1995; Liu and Gilbert, 1994).
The KEM1 gene product binds specifically to G4-DNA and cleaves single-
stranded DNA in a region 5' to the G4 structure (Liu and Gilbert, 1994). Also,
homozygous deletions in KEMI result in telomere shortening and cell
senescence (Liu et al, 1995). This latter observation is consistent with the
presence of G4&-DNA structures involving the 3' overhangs at the ends of
telomeres since telomeric G4-DNA structures do not serve as substrates for
telomerase (see Section 1.4)(Zahler et al, 1991). Thus, the KEMI gene product
may be required to remove any G4-DNA complexes formed by the 3'
overhangs in S phase to allow accessibility of the 3’ termini to telomerase.

Telomeric DNA sequences also occur at interstitial sites in many
species (Fanning, 1987; Forney et al, 1987; Ganal et al, 1991), including humans
(Brown et al, 1990; Wells et al, 1990; Ijdo ¢t al, 1991; Weber et al, 1991). In
humans, < 1 % of the telomeric DNA in the genome is estimated to occur at
sites greater than 16 kbp from chromosomal ends (Moyzis et al, 1988). Human
interstitial telomeric DNA appears to consist of both telomere-like sequences
as well as short stretches of (TTAGGG)n (Wells et al, 1990; Weber ¢f al, 1991;
Tido et al, 1991) (Fig. 1.3.2). One site of interstitial telomeric DNA occurs near

the centromere of chromosome 2 (ljdo et al, 1991). The occurrence of
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7

Fig. 1.3.2. Organization of telomeric and telomere-like sequences in the
human genome. Solid box: telomeric sequences. Shaded box: telomere-like
sequences. Solid line: non-telomeric sequences. The relative proportions of
these sequences and the organization of these sequences at subterminal and
interstitial sites are based upon observations by Allshire et al. (1990), de Lange
et al. (1990}, Wells et al, (1990), Brown et al. (1990) and Weber et al., (1990),
and are not representative of any telomere in particular.
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interstitial telomeric DNA at this site provides additional evidence in support

of the hypothesis that chromosome 2 has recently evolved from the end-to-
end fusion of two smaller chromosomes (Yunis and Prakash, 1982). Results
from experiments involving Southern blot analysis using degenerate
telomeric probes (Allshire et al, 1989), analysis of BAL-31 nuclease sensitivity
of tglpmere—like DNA clones (Wells et al, 1990), and diract sequencing of
DNA‘ clones from subterminal loci (Brown et al, 1990) show that sequences of
a telomeric nature are also located directly proximal to the terminal
(TTAGGG)n tract on some, possibly all, telomeres (Fig. 1.3.2). The biological
relevance, if any, of telomeric DNA at interstitial sites and subterminal sites
remains to be determined.

Subterminal DNA sequences have been cloned and characterized from
various species. In the yeast S. cerevisiae, there are predominantly 2
subterminal repeat families, the X and Y' elements (Szostak and Blackburn,
1982; Chan and Tye, 1983). The number of copies of either element varies
from telomere to telomere, although the Y’ element is present at 0-4 copies
per telomere (Szostak and Blackburn, 1982; Chan and Tye, 1983). Some yeast
telomeres lack both Y' and X elements (Zakian and Blanton, 1988). A number
of non-(TTAGGG)n, s:hort (10-100 bp) repeats are present in human
subterminal DNA, and like in yeast, each of these human subterminal repeats
appears to be present on some but not all telomeres (Brown et al, 1990; de
Lange et al, 1990). The particular sub-set of telomeres associated with cach
repeat appears to be polymorphic (Brown et al, 1990). These observations
suggest that subterminal DNA may not be essential for telomere function.
Further evidence indicating that subterminal DNA is not required for
telomere function is that in humans (Wilkie et al, 1990} and ciliates

(Klobutcher et al, 1981; Spangler et al, 1988), broken chromosomes can be
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‘healed’ by the de nove synthesis of new téiomeric DNA onto the broken
end. In these instances, a new telomere is formed in the absence of |
subterminal DNA. However, it is possible that subterminal DNA could aid in
the pairing of homologous chromosomes during meiosis, as well as in
chromosome healing,.

Less is known about the protein component of telomeres relative to
the DNA component. Telomere binding proteins have been purified and
cloned from various lower éukaryote species. Information from these studies
suggest that telomere binding proteins fall into 2 categories: those which bind
to the single stranded 3’ overhang at the telomere terminus and those which
bind at intervals along the duplex telomeric DNA tract (Fig. 1.3.3).

A telomeric binding protein has been cloned from Oxytricha nova
which consists of 2 components, a 41 kDa subunit (alpha subunit) and a 56
kDa subunit (8 subunit) (Gray et al, 1991). This heterodimeric protein appears
to bind to the very terminus of the telomere, since in extracts from the
macronucleus, this protein is found to be stably and specifically associated
with a single stranded DNA fragment corresponding to the 3 tail,
(TTTTGGGG)a, of Oxytricha macronuclear DNA (Price and Cech, 1989).
Furthermore, the heterodimer protects the associated DNA from degradation
by nucleases and chemical modification in vitro (Gottschling and Zakian,
1986), suggesting a telomere stabilizing role for this protein in vivo. This
protein does not bind to single stranded telomeric DNA which has folded
back into a G-quartet structure (Raghuraman and Cech, 1990). These
structures may form after DNA replication which probably requires
dissociation of the telomere end binding protein from the telomeric DNA
terminus. However, the B-subunit can accelerate the change in conformation

between the foldback G-quartet structure and the unfolded structure without
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Fig. 1.3.3. The eukaryotic telomere. Proteins which bind along the length of
the telomere are represented by hatched ovals and proteins which only bind
at the telomeric termini are represented by the open oval. Bulk nucleosomes
which bind non-telomeric DNA are represented by open circles. The G-rich
strand of telomeric DNA is represented by a thickened black line. In this
schematic, the terminal telomere binding protein(s) are shown to be
associated with a component of the nuclear matrix, although this may not be
the case in some eukaryotes. Taken from Blackburn (1991).



shifting the equilibrium (Fang and Cech, 1993). This might then allow
recruitment of the alpha-subunit to the telomere terminus to form a
complete heterodimer. In addition, telomerase from O. nova can not act on
telomeric DNA substrates that are folded into a G4-DNA structure (Zahler et
al, 1991), although it can extend telomeric DNA complexed with the
heterodimer (Shippen et al, 1994). Together, these latter observations suggest
another role for the O. nova telomere cap protein, that is to prevent the 3’
overhangs from forming intra- or intertelomeric complexes in order to allow
telomerase to maintain telomere length.

Another telomere binding protein which has been cloned and
characterized in some detail is the multifunctional protein RAP1 in S.
cerevisiae (reviewed_in Gilson et al, 1993a). In addition to being a component
of telomeric chromatin in yeast (Conrad et al, 1990; Wright et al, 1992), RAP1
also plays a role as a transcriptional regulator, and facilitates meiotic
recombination at the HISZ locus (White ef al, 1991). RAP1 binds to double
stranded yeast telomeric DNA at roughly 18 bp intervals but appears not to
bind to telomere termini (Buchman et al, 1988; Gilson ¢t al, 1993b). RAPl is a
component of the nuclear scaffold and thus may be directly involved in the
spatial organization of telomeric chromatin in vive (Cardenas et al, 1990).
Also, RAP1 may help protect telomeric chromatin from damage in vivo as
evidenced by its ability to protect telomeric DNA from nuclease degradation
in vitro {Gilson ¢t al, 1993b). RAP1 is essential for viability (Shore and
Nasmyth, 1987) and for regulation of telomere length since RAP1 mutants
can cause either an increase or decrease in telomere length (Conrad et al, 1990;
Kyrion ¢t al, 1992). The telomeric position effect, which refers to the
repression of genes located adjacent to telomeres, also appears to require

RAP1 (Kyrion ¢t al, 1993), presumably because RAP1 is essential for the
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formation of telomeric heterochromatin (Gilson et al, 1993b; Blackburn, 1994).
RAP1 appears to recruit other telomere binding or telomere associated
proteins to the telomere as determined by 2-hybrid screens (Hardy et al, 1992;
Moretti et al, 1994). One such protein that appears to interact with RAP1 and
is also essential for proper regulation of telomere length is RIF1 (Hardy et al,
1992). The proteins SIR3 and SIR4 also appear to interact with RAP1 and are
essential for telomere position effect (Palladino et al, 1993; Moretti ¢t al, 1994).
Unlike RAP1, none of these RAPI-interacting proteins are essential for
viability or chromosome stability, indicating that stability of telomeric DNA
per s in S. cerevisize may be primarily conferred by RAPI.

Telomeric binding proteins have yet to be cloned from vertebrates.
Using a band-shift assay, a potential telomeric binding protein having a
molecular mass of roughly 50 kDa has been identified in human, monkey
and mouse cells (Zhong ef al, 1992). Like RAPI, this factor only binds to
double stranded telomeric DNA. The sequence requirements for binding are
stringent and correlate with the ability of the sequence to seed new telomeres
(Hanish et al, 1994).

Telomeric chromatin is non-canonical. In yeast and in the ciliate
macronucleus, the telomere is packaged into a large, non-nucleosomal
complex (Wright ¢t al, 1992; Gottschling and Cech, 1984). In humans and
rodents however, nucleosomes are present in telomeres (Makarov et al, 1993;
Tommerup et al, 1994). These telomeric nucleosomes co-sediment with
nucleosomes from bulk chromatin in sucrose gradients. Telomeric
nucleosomes differ from those found in bulk chromatin in that they are more
closely spaced and contain less DNA. Furthermore, telomeric
mononucleosomes are hypersensitive to nuclease digestion relative to bulk

nucieosomes (Tommerup et al, 1994), implying that there are unique DNA-
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histone interactions and /or proteins or protein modifications in mammalian
telomeric nucleosomes. In human cell lines containing short (2 to 7 kbp)
telomeres, the nucleosomal ladder is very diffuse above the nucleosome
trimer, indicating that there are regions of telomeres in these cells which do
not contain nucleosomes (Tommerup et al, 1994). These barren telomeric
regions may also occur in cells with longer telomeres, and the inability to
detect the characteristic short nucleosomal ladder in these cells is presumably
because most of the telomeric chromatin is composed of regularly spaced

nucleosomes (Tommerup et &/, 1994).

1.4 Telomerase

In almost all eukaryotic cells, the de novo synthesis of telomeric DNA
and maintenance of telomere length is accomplished by a ribonucleoprotein
complex called telomerase. This occurs by the addition of nucleotides, one at a
time, onto the 3' chromosomal termini (reviewed in Blackburn, 1991)
(Fig.1.4). Telomerase was originally identified in Tetrahymena by the
discovery of an activity in cell free extracts which adds the Tetrahymena
telomeric DNA sequence (TTGGGG), onto G-rich oligomers, but not onto C-
rich oligomers or to blunt-ended duplex DNA (Greider and Blackburn,
1985)(Fig.1.4). Subsequently, telomerase has been detected in various other
ciliate species, humans, mice, frogs and the yeast Saccharomyces cerevisiae
(Morin, 1989; Zahler and Prescott, 1988; Prowse et al, 1993; Lingner ef al, 1994;
Mantell and Greider, 1994; Singer and Gottschling, 1994; Lin and Zakian, 1995;
Cohn and Blackburn, 1995). Ciliate telomerase has an apparent molecular

mass of 200-500 kDa as determined by column chromatography (Greider and
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Fig. 1.4. Model for the synthesis of telomeric DNA by telomerase. This model
specifically shows how telomerase might add telomeric sequences onto the
ends of telomeres in Tetrahymena. The template region of the RNA
component of telomerase, 5-AACCCCAAC-3', plus some flanking sequence
are shown. See text for further explanation. Modified frem Greider and
Blackburn (1989).
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Blackburn, 1987). Telomerase is composed of both protein and RNA

components since telomerase activity is sensitive to both ribonuclease and
protease digestion (Greider and Blackburn, 1985). Tetrahymena thermophila
telomerase consists of 2 protein components of molecular masses 80 and 95
kDa (Collins et al, 1995). The 80 kDa component appears to associate with the
RNA component while the 95 kDa component appears to associate with the
telomeric substrate (also see below). The RNA component of telomerase has
been cloned from ciliates, yeast, mice and humans (Greider and Blackburn,
1989; Romero and Blackburn, 1991; Lingner et al, 1994; Blasco et al, 1995; Feng
et al, 1995). The size of the RNA component is 160-194 nucleotides in ciliates,
depending on the species (Romero and Blackburn, 1991; Lingner et al, 1994),
1300 nucleotides in S. cerevisiae (Singer and Gottschling, 1994), 430
nucleotides in mice (Blasco et al, 1995) and 450 nucleotides in humans (Feng
et al, 1995). Although the primary sequence is highly divergent, even among
different strains of Tetrahymena (Romero and Blackburn, 1991), the
secondary structure, as determined by folding algorithms and evolutionary
arguments based on compensatory mutations in predicted duplex regions,
appears to be conserved amongst ciliate species (Romero and Blackburn, 1991;
Lingner et al, 1994). However, a complete description of how the RNA and
protein components contribute to telomerase structure and function remains
to be determined.

In all of the cloned RNA components of telomerase, there is a short
motif complementary to the G-rich strand of the telomeric DNA sequence of
the species from which the telomerase was obtained (Greider and Blackburn,
1989; Lingner et al, 1994; Singer and Gottschling, 1994; Feng et al, 1995)(see
Fig.1.4). This motif serves as a template for the synthesis of telomeric DNA by

telomerase, since telomerase activity is sensitive to RNase H-directed
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cleavage only when oligonucleotides that are complementary to the region of
the RNA component that contains this motif are used (Greider and
Blackburn, 1989). Also, oligonucleotides that are complementary to the RNA
component and for which the 3' end terminates just before the predicted
template region can provide substrates for telomerase in vitro, even though
these oligonucleotides are not G-rich (Greider and Blackburn, 1989). Proof that
the ‘telomeric’ motif of the RNA component is the template region for
synthesis of telomeric DNA was provided in experiments involving single
base mutations of the RNA component of Tetrahymena telomerase (Yu et al,
1990; Yu and Blackburn, 1991) and human telomerase (Feng et al, 1995).
These mutations were placed at various sites within the predicted template
region. When these mutated RNA components are over-expressed in vivo
(Yu et al, 1990; Yu and Blackburn, 1991; Feng et al, 1995) or used to reconstitute
telomerase in vitro subsequent to nuclease digestion of the endogenous
RNA component (Autexier and Greider, 1994), the sequence of the newly
synthesized telomeric DNA is found to correctly incorporate the nucleotide
dictated by the mutation.

The extension of most telomeric oligonucleotides in vitro by
telomerase from humans and ciliates is processive: hundreds of base pairs of
telomeric DNA are added onto a single oligomer by telomerase before
telomerase disengages and reassociates with another oligomer (Greider and
Blackburn, 1985; Greider, 1991). This implies that there must be a
translocation step to re-align the 3" end of the growing oligomer once it is
flush with the 5’ end of the template region (Greider and Blackburn,
1989)(Fig. 1.4). Translocation scems to occur once for every telomeric repeat
motif added during oligomer extension as evidenced by a corresponding

pause in oligomer extension (Greider and Blackburn, 1985; Greider and
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Blackburn, 1989). For example, the template region of Tetrahymena |
féiemerase is 5-CAACCCCAA-3'(Greider and Blackburn, 1989), and there is a
pause during oligomer extension after the addition of the 5' guanine residue
in the Tetrahymena telomeric repeat (TTGGGG)n (Fig. 1.4). Since the
Tetrahymena template region is composed of 1.5 telomeric repeats, this latter
observation implies that the three most 3' residues of the template region do
not have a template function, but are involved in binding of the oligomer.
This prediction has been shown to be correct in reconstitution experiments:
mutations in any of these residues in the RNA used to reconstitute
telomerase does not change the sequence added {Autexier and Blackburn,
1994). The occurrence of a translocation step also implies that, in addition to
the RNA:DNA interaction between the template region of telomerase RNA
and the oligomer substrate, there must be a protein:DNA interaction to
prevent telomerase from completely dissociating from the oligomer during
re-alignment. In Tetrahymena telomerase, this anchoring function appears
to be accomplished by the 95 kDa protein component (Collins et al, 1995). This
is very likely, since telomerase can use numerous oligonucleotides that are
not rich in guanine at the 3' end as substrates (Harrington and Greider, 1991),
and also add telomeric DNA de novo to the ends of broken chromosomes
(Yu and Blackburn, 1991).

In some cases, telomerase functions in a distributive manner, only
adding one or two telomeric repeats before dissociating. This occurs in vitro
when very shert (10 bp or less) oligomers are used as substrates (Collins and
Greider, 1993) and may reflect the inability of a short oligomer substrate to
interact simultaneously with both the template region and with anchor site.
Also, mouse telomerase appears to function in a distributive manner in

certain in vitro assays (Prowse et al, 1993; Prowse et al, 1995), although this



may be due to loss of a loosely bound processivity factor during extract
preparation. The extent to which telomerase functions processively or
distributively in vivo remains to be determined.

Telomerase is capable of adding telomeric DNA onto pre-existing
telomeres in vivo, as well as de novo synthesis of telomeric DNA since over-
expression of telomerase RNA containing mutations in the template region
results in the synthesis of telomeres containing the mutated sequence (Yu et
al, 1990; Yu and Blackburn, 1991). However, little is known regarding how
telomerase interacts with chromatin or how the amount of telomeric DNA
synthesized by telomerase is regulated. In certain cases, telomerase can add
telomeric DNA onto oligomer substrates that are not G-rich at the 3' end as
long as there is a stretch of telomeric DNA somewhere in the substrate
(Harrington and Blackburn, 1991). Telomerase may initially bind to the
telomeric sequence of the oligomer and then slide along to the 3' end, and as
this occurs the DNA between the telomeric sequence and the 3" end may loop
out to bring the 3' end into the active site. However, in vivo, telomerase can
add telomeric DNA onto broken or fragmented chromosomal ends that are
devoid of any previously existing telomeric DNA and which may even lack 3'
overhangs (Yu and Blackburn, 1991). Thus de nove synthesis of telomeric
DNA may require additional factors to initiate interactions between
telomerase and newly produced chromosomal ends. Also, in immortal cells,
telomeres can be maintained at the same length for many cell generations
(D'Mello and Jaswinski, 1991; Counter et al, 1992; Counter ¢t al, 1994; Gilley
and Blackburn, 1994). In ciliates and possibly other organisms, telomere-
specific nucleases may be involved in regulation of telomere length since
during macronuclear development, telomere length is initially much longer

in the vegetatively growing cells than in the macronucleus (Vermeesch and
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Price, 1994). The G4-DNA specific nuclease KEMI1 in yeast may be an example
of such a protein (Liu and Gilbert, 1994; Liu ef al, 1995).

1.5 Telomere length and telomerase expression in mortal and immortal cells.

Considerable inter-species variation in telomere length exists.
Telomeres in Oxytricha macronucleus are relatively short, each telomere
being exactly 36 bp long, including the 3' overhang (Klobutcher ef al, 1981). In
many other species, telomere length is more heterogeneous. For example,
telomere length in S. cerevisiae ranges from about 200-400 bp (Shampey and
Blackburn, 1988). Telomeres in inbred mice may be very long, possibly
reaching lengths up to 150 kbp (Kipling and Cooke, 1990). In humans,
telomere length, the length of the terminal (TTAGG)n tract, depends on cell
type. Telomeres are longest in the germ line (~10-15 kbp) (Cooke and Smith,
1986; de Lange ef al, 1990; Hastie et al, 1990) and shortest in terminally
differentiated cells, such as PBLs, particularily from old donors (2-3 kbp)
(Hastie et al, 1990; Vaziri et al, 1993).

Perhaps the first suggestion that telomere loss occurs during in vivo
aging was the observation that telomeres are shorter in white blood cells than
in the germ line from the same donor (Cooke and Smith, 1986; de Lange et al,
1990). Harley ¢t al were the first to directly demonstrate, by Southern analysis
of terminal restriction fragment length, a gradual loss of telomeric DNA
during replicative aging of normal human cells in vitro, as well as provide
preliminary evidence for the loss of telomeric DNA during aging in vivo
(1990). The rate of telomere shortening during division of cultured HDFs is

30-80 bp/pd (Harley et al, 1990), and 40 bp/year and 21 bp/year during in vivo
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aging of PBLs and skin tissue respectively (Hastie et al, 1990; Lindsey ¢t al,

1991; Vaziri et al, 1993). Loss of telomeric DNA has also been shown to occur
in cultured endothelial cells and T lymphocytes at rates of 190 bp/pd (Vaziri ¢t
al, 1993) and 120 bp/pd (Chang and Harley, 1995) respectively. Telomere
shortening also occurs during division of transformed HEK cells that have
bypassed the cell senescence checkpoint. The rate of shortening, 65 bp/pd, is
comparable to that observed for normal somatic cells (Harley ¢t al, 1990;
Counter et al, 1992).

In immortal cells, such as unicellular eukaryotes and cell lines
established from higher eukaryotes including humans, telomere length is
stably maintained (D'Mello and Jaswinski, 1991; Counter ¢t al, 1992; Counter
et al, 1994b; Klingelhutz et al, 1994). Telomerase has been shown to be
essential for maintenance of telomere length in Tetralymena thermophila
(Yu et al, 1990) and Sacchrontycies cerevisiae (Singer and Gottschling, 1994).
In Tetrahymena, in vivo expression of the cloned RNA component
containing a single mutated base in the template region results in the gradual
loss of telomeric DNA during division of these cells (Yu ¢t al, 1990).
Eventually, most of the cells became enlarged, ceased to divide, and died.
Also, deletion of the template region from the gene encoding the RNA
component in yeast has been shown to cause gradual telomere shortening
with increasing generations (Singer and Gottschling, 1994). These cells also
eventually entered a state in which the doubling time increased and cell
viability decreased. However, these sickly cells were subsequently taken over
by faster growing, healthier cells. A similar phenomenon, that is the gradual
loss of telomeric DNA leading to the cell cycle arrest and cell death followed
by an overgrowth of rapidly dividing cells, has been observed in the 5.

cerevisige strains harboring mutations in the estl (ever shortening telomere)
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gene (Lundblad and Szostak, 1989; Lundblad and Blackburn, 1993). In these

surviving cells, and presumably in the surviving cells from the S. cerevisiae
strain with the functionally inactive RNA component (Singer and
Gottschling, 1994), telomere length is maintained by the amplification of the
subtelomeric Y' elements (Lundblad and Blackburn, 1993). Y' element
amplification provides a means to maintain telomere length since these
elements are flanked by telomeric sequences (Louis and Haber, 1990). The
mechanism of amplification of the Y’ elem;nt is unknown but is RAD52-
dependent and therefore most likely involves recombination (Lundblad and
Blackburn, 1993). That telomeres shorten in strains with mutations in estl
suggests that EST1 may be a component of telomerase. Recent studies in
which assays have been developed to detect yeast telomerase activity give
conflicting results as to whether EST1 is a component of the yeast telomerase
(Lin and Zakian, 1995; Cohn and Blackburn, 1995). In the study which did
detect telomerase activity in a mutant estl strain, only 20% of the estl coding
sequence remained in the mutant strain and therefore it is unlikely that the
mutant EST1 protein in this strain was functional (Cohn and Blackburn,
1995). Thus EST1 is probably not essential for telomerase activity in vitro,
although it may be essential for proper function of telomerase in vivo.
Telomerase also appears to be required for telomere length
maintenance in immortal human cell lines and germ line cells. For virally
transformed cells to become immortal, they must survive crisis (see Section
1.2.2 and Fig. 2.1.5). The activation of telomerase and stabilization of telomere
length have both been shown to occur concomitant with these cells passing
through crisis (Counter et al, 1992; Counter et al, 1994b). Also, telomerase
activity has been detected in most human cell lines and tumors (Morin, 1990;

Counter et al, 1992; Counter et al, 1994a,b; Kim et al, 1994), but appears to be



33
scarce or absent in normal somatic cells and tissue (Counter et al, 1992; Kim et

al, 1994; Counter et al, 1995). Telomerase activity has also been detected in
human germ line cells and tissue (Kim et al, 1994) as well as in Xenopus
oocytes (Mantell and Greider, 1994), and therefore is probably responsible for
maintenance of telomere length during species propagation.

In telomerase positive cell lines, the average telomere length remains
constant (Counter ef al, 1992; Counter et al, 1994b), or in some cases increases
(Klingelhutz et al, 1994), during division of immortal human cell lines.
However, the dynamics of individual telomeres during propagation of
telomerase positive cell lines has not been analyzed. The lengths of
individual telomeres have been monitored over a number of population
doublings in a telomerase negative cell line (Murnane et al, 1994). Individual
telomeres were observed to fluctuate up and down in length (Murnane et al,
1994). Specifically, analysis of the length of a single telomere in several clones
from an SV40 transformed fibroblast cell line showed that the length was
quite variable between clones, ranging from ~ 0 kbp to > 23 kbp. Additionally,
when the length of a single telomere was monitored over a number of
population doublings, it was found to shorten at a rate of 52 bp/pd, similar to
the rate of shortening for normal fibroblasts in culture (Harley ¢ al, 1990);
once the length of the single telomere reached ~ 0 kbp, the length suddenly
increased and became very heterogeneous. This particular cell line was
reported not to express telomerase, and therefore it is unknown whether any
immortal cell lines that express telomerase also experience very dynamic

changes in telomere length.



1.6 The telomere hypothesis of cell aging and immortalization

The loss of DNA from the ends of chromosomes during replicative
aging of normal human cells was predicted to occur long before telomeres
were even defined at a molecular level (Olovnikov, 1971; Olovnikov, 1973).
This prediction was based upon the inability of the normal DNA replication
machinery to completely replicate the 5' ends of duplex DNA, referred to as
the end replication problem (Olovnikov, 1971; Watson, 1972) (see Figures
2.2.1 and 2.3.1, as well as Section 2.2 for further discussion). Furthermore, it
was also predicted at this time that the end replication problem would
eventually lead to the deletion of an essential gene in actively dividing cells
and this would then cause cell senescence (Olovnikov, 1973). Based upon
mcre recent findings regarding loss of telomeric DNA and the expression of
telomerase (see Section 1.5), this initial model of cell senescence has been
refined (Harley, 1991). The new model is referred to as the telomere
hypothesis for human cell aging and immortalization (see Figures 2.1.5 and
2.6.1). This model is based on several predictions. First, telomere length is
maintained in the germ line from generation to generation by telomerase.
Second, during development telomerase is repressed in most, if not all,
somatic cells. Third, due to the end replication problem and/or possibly other
mechanisms, telomere length will get progressively shorter as somatic cells
divide. Once a critical length is reached on one or more telomeres 2 signal
will be sent to initiate the M1 checkpoint (the Hayflick limit) and cells will
cease dividing. Fourth, telomere length will continue to shorten in cells
which have acquired the ability to bypass cell senescence, for example in cells
transformed with DNA tumor viruses, until most of the terminal

(TTAGGG)n tract has been deleted from many telomeres. At this point, crisis
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or the M2 checkpoint will be signalled. Fifth, in the rare immortal cells which

survive crisis, telomere length is maintained by telomerase.rstrong evidence
has been obtained in support of predictions 1, 2, 4 and 5 (see Section 1.5).
However, the exact cause of telomere shortening is unknown. Also, the
extent of telomere shortening occurring in different human cell types has not
been thorciighly examined, nor has it been definitively demonstrated that
telomere shortening has a causal role in human cell senescence. The

examination of these issues is the focus of the work presented here.



2. Results

2.1 Analysis of the correlation between replicative capacity and telomere

length in cuitured HDFs.

The demonstration that telomere length decreases during replicative
aging of cultured HDFs led to the speculation that telomere shortening is a
cause of cell senescence (Harley et al, 1990). One goal of the work presented in
this Section was to determine if in fact the loss of telomeric DNA during
aging of HDFs in vitro also holds true in vivo. Towards this end, telomere
length was measured at early passage for 43 different HDF strains established
from donors ranging in age from 0 (fetal) to 90 years. The correlation between
telomere length and donor age was then examined. Additionally, the rate of
telomere shortening per population doubling in vive was calculated and
compared to the rate of telomere shortening in vitro.

If telomere shortening is a cause of cell senescence, then replicative
capacity of individual HDF strains would be expected to be dependent on
initial telomere length. Thus another goal of this Section was to test this
prediction by examining the correlation between in vitro replicative capacity
and telomere length at early passage. Also, the replicative capacity of HDF
strains established from progeroid donors is short relative to the replicative
capacity of HDF strains established from normal donors (Goldstein and
Harley, 1978). Analysis was done to determine if telomere length is also
reduced in HDF strains from progeroid donors relative to HDF strains from

normal age-matched controls.
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ABSTRACT When human fibroblasts from different do-
naors are grown in vitro, only a small fraction of the variation
in their finite replicative capacity is explained by the chrono-
logical age of the donor. Because we had previously shown that
telomeres, the terminal guanine-rich sequences of chromo-
somes, shorten throughout the life-span of cultured cells, we
wished to determine whether variation in initial telomere length
would account for the unexplained variation in replicative
capacity. Analysis of cells from 31 donors (aged 0-93 yr)
indicated relatively weak correlations between proliferative
ability and donor age (m = =0,2 doubling per yr; r = —0.42:
P = 0.02) and between telomeric DNA and donor age(m=—15
base pairs per yr; r = =0.43; P = 0.02). However, there was
a striking correlation, valid over the entire age range of the
donors, between replicative capacity and initial telomere length
{m = 10 doublings per kilobase pair; r = 0.76; £ = 0.004),
indicating that cell strains with shorter telomeres underwent
significantly fewer doublings than those with longer telomeres,
These observations sugpest that telomere length is a biemarker
of somatic celf aging in humans and are consistent with a causal
role for telomere loss in this process. We also found that
fibroblasts from Hutchinson-Gilford properia donors had
short telomeres, consistent with their reduced division potential
in vitro. In contrast, telomeres from sperm DNA did not
decrease with age of the donor, suggesting that a mechanism for
maintaining telomere length, such as telomerase expression,
may be aciive in germe-line tissue.

The cellular senescence model of aging was founded by
landmark experiments of Hayflick and Moorhead (1), who
firmly established that normal human fibroblasts have a finite
life-span in vitro. Although much evidence supports this
model (2-8), the mechanism accounting for the finite divis‘on
capacity of normal somatic cells remains a mystery. Olovni-
kov (9, 10) suggested that the cause of cellular senescence is
the gradual loss of telomeres due to the end-replication
problem—i.e.. the inability of DNA polymerase to com-
pletely replicate the 3' end of lincar duplex DNA (11) (for
review, see refs. 12 and 13).

Telomeres play a eritical role in chromosome structure and
function. They prevent aberrant recombination (14-16) and
apparently function in the attachment of chromosome ends to
the nuclear envelope (17). Telomeres are composed of simple
repetitive DNA (for review, see ref. 12), and in mammais this
sequence is (TTAGGG), (18). These telomeric repeats are
elongated by telomerase, 2 ribonucleoprotein enzyme that
extends the 3° end of telomeres (ref. 19; for review, see ref.
20). Thus, in immortal eukaryotic cells, telomerase appar-
ently balances tclomere loss with de nove synthesis of
telomeric DNA.

‘The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hercby marked “advertisement™
in accordance with 18 U.5.C. §1734 solcly to ind.cate this fact.

Although it is clear that aging in cells, tissues, and organs
occurs at many levels and is polygenic (13, 21), several
observations implicate a role for telomere shortening in
replicative senescence of cells. (i) Telomeres shorten during
aging of cultured fibroblasts (22) and other somatic cells in
vivo, including skin epidermat cells (23) and peripherul blood
leukocytes and colon mucosa epithelia (24). In somatic ce’ls,
telomere loss may be due 1o incomplete DNA replication in
the absence of telomerase (25, 26). (i7) There is an increised
frequency of chromosomal abnormalitics, especially 1elo-
meric associations or dicentrice, in senescing fibroblasts
(27-29). Such chromosomal abnormalities are a hallmark of
terminal deletions (14). (iii} The presence of telomerase in
immortal cell lines (26, 30) correlates with stabilized telomere
lengths (26). (iv) The length of sperm telomeres is greater than
that of somatic ¢ells (31-33). These observations have led to
the telomere hypothesis of celhudar aging (13), in which loss
of telonieres due to incomplete DNA replication and absence
of telomeruse provides i mitotic clock that ultimately signals
cell eyele exit, limiting the replicative capacily of somatic
cells. To further explore this hypothesis, we have examined
the relutionship between telomere Tength, in vive age, and
replicative cupacity of fibroblasts from normat donors and
subjects with the Hutchinson-Gilford syndrome of premi-
ture aging (34, 35). We have also determined the relatioaship
between telomere length in sperm DNA and donor age.

MATERIALS AND METHODS

Cell Culture. Skin samples from surgical specimens or
biopsy of various aced donors were cut into pieces 1 mm' or
less in size and used to establish primary cultures (36). When
the first 100-mm dish reached confluence (~3 % 10% cclls), the
cell population was assigned 16 population doublings. Except
as noted, DNA was analyzed from cultures at 19 population
doublings. All sumples were coded at the time of tissuc
collection, and the data on mean terminal restriction fragment
(TRF) length and culture life-span were collected without
knowledge of the donor age. Of the 43 independent striins
cstablished and analyzed for TRF measurements (sec Fig.
1C), 31 were selected at random for measurement of total
replicative capacity (see Fig. 2). Cells were considered se-
nescent when confluence (continuous monelayer) was not
reached after 4 weeks with weekly refecding,

Isolation of Sperm DNA. Sperm pellets from 200 u! of
semen were washed in phosphate-buffered saline twice and
lysed in 200 ul of 4 M guanidium isothiocyanate/0.1 M
mcercaploethanol /25 mM sodium citrate for 1 hr ut 37°C.
After extensive dialysis against proteinase K digestion buffer

Abbreviations: TRF. terminal restriction fragment; MPD, mesn pop-
ulation doubling; #,. null hypothesis.
1To whom reprint requests should be addressed at; Department of
E‘E‘ocl:;;mistry. 1200 Main Strect West, Hamilton, ON, LEN 375,
nada.



(100 mM NaCl/10 mM Tris, pH 8/5 mM EDTA/0.5% SDS).
proteinasc K was added to the dialysate (final concentration,
0.2 mg/ml) and incubated at 48°C overnight. Each sample
was extracted twice with 25:24:1 phenol/chloroform/
isoamyl alcohol, once with chloroform, and then ethanol
precipitated. Most semen samples were voluntary donations
from normal individuals after informed consent. Some sam-
ples were from the infertility clinic at McMaster University.
Only those samples having normal sperm count and mor-
phology were used in this study.

Analysis of DNA. DNA was digesied with restriction en-
zymes Rsa 1 and Hinfl and quantified by fluorometry. One
microgram was resolved by clectrophoresis in 0.5% agarose
gels for 600-700 V-hr. Hybridization of oligonucicotide
probes to dried gels was based on a modification of Mather
(37). In bricf, gels were dried under vacyum at 60°C for 45-60
min, soaked in 0.5 M NaOH/1.5 M NaCl for 10 min, then
souked in 0.5 M Tris, pH 8/1.5 M NaC! for 10 min. incubated
in 5X swndard saline/citrate (SSC) at 37°C with 3P-end-
lubeled (CCCTAA); for 8-12 hr, and finally washed three
times in 3x SSC at 48°C (10 min cach) before exposure to
preflashed Koduk XAR film for 1-2 days. Mean TRF length
was determincd from densitometric analysis of autoradio-
grams as described (22). In some experiments, dried gels
were directly analyzed by a Phosphorlmager (Molecular
Dynamics, Sunnyvale, CA) with similar results. In these
experiments, the calculation of mean TRF length assumes
that the amount of telomeric DNA (TTAGGG repeats) in a
given TRF is proportional to the length of that TRF (22).
However, recent data suppest that a large and variable
fruction of the TRF is the non-TTAGGG component and that
it mity be better not to normalize signal strength to TRF
length, Both methods, however, vield similar quolitative
conclusions with refutively minor changes in caleulated menn
TRF length (dati not shown).

RESULTS AND DISCUSSION

Telomere Length Decreases with Age in Vivo. Because there
is ne reliable method of directly measuring telomere lengthin
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human cells, we and others have used mean TRF length to
detect changes in the length of the terminal TTAGGG arrays
(22-26, 30-33, 38, 39) (Fig. 14). We have successfully used
this method of telomere-length analysis 10 show that telom-
eres shorten during replicative aging of human fibroblasts in
vitro (22, 25) and possibly ir vive (22). To firmly establish the
effect of chronological aging in vive on telomere length in
fibroblasts, mean TRF length was determined for fibroblast
strains at equivalent passage established from 43 donors
ranging in age from 0 (fetal or newborn) t0 93 yr (Fig. 1). A
small, but significant decrease in TRF length with age was
observed [15 = 6 base pairs (bp) per yr; P = 0.01]. This loss
was accompanied by a decrease in hybridization signal
intensity (data not shown), indicating that the shortening of
fibroblast TRF length in vivo was from loss of TTAGGG
repeats. as was seen during aging of fibroblasts in vitro (22).
Similar results were reported by Lindsey er al. (23) for
telomere loss during aging of skin epidermal cells in vive (20
= 7 bp per yr).

Mean TRF length of fibroblasts capable of proliferation in
vitro decreases ~1.5 kbp during the life-span of humans (Fig.
1C}. Because a substantial portion (m4-5 kbp, on average) of
the human fibroblast TRF is composed of subtelomeric
(non-TTAGGG]) repeats (25, 26. 32), the loss of 1.5 kbp of
TTAGGG represents a significant fraction (>30%%) of the
initial telomeric DNA at birth. Overall. the mean TRE length
of cells from old donors (7 kbp) is larger than that of
sencscent cells in vitro (=6 kbp) (22, 25), consistent with the
significant replicative capacity of the cell population estab-
lished from these donors. Heterogeneity in the length of the
non-TTAGGG component in different telomeres (K. R.
Prowse, B. S. Abelia, A.B.F.. C.B.H.., and C.W.G.. unpub-
lished data}, and the presence of some TTAGGG repeats in
the proximal region of the TRF can account for hybridization
of the telomeric probe to some TRFs shorter than 4-5 kbp
(Fig. 18),

Telomere Length Predicts Replicative Capacity of Cells, /7
vitro life-span of cells from unrelated donors (Fig. 2A)
decreases with age of the donor (2-8). but the correlation is
relatively weak (r = —0.42), Both interdonor genetic varia-
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Fii. 1. Mean TRF length decreases in skin fibroblasts with increased age of human donors. (A) The TRF is composed of distal telomeric

(TTAGGG) repeats (npen bars), which hybridize to the telomeric probe,

and other proximal sequences (solid bars), which do not. Arrowhead

indicates most distal Hinfl or Rsa | site. (B) Genomic DNA from fibroblast strains established from different donors of indicated ages was
prepared ax described and resolved in agarose gels by clectrophoresis. TRFs were detected with a ¥P-labeled telomeric oligonucleotide. Size
lin kilobuse paies (kbp)] and position of markers are indicated. (C) Mean TRF length was calculated at the earliest possible passage for fibroblast
strains cstablished from 43 normal donors ranging in age from 0 (fetal) to 93 yr. SDs for points representing the mean of two or more
determinations are indicated. The stope of the regression line is significantly different than 0, Values for the slope (m), regression coefficient
(r), and probability [P; null hypothesis (Ha): slope = 0] of the linear regression line are shown.
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Fig. 1C. From these data, replicative capucity was plotted as a function of TRF length (€. Values for the slope (m1), regression coet¥icient tr),
and probability (P: H,: slope = 0} of the linear regression lines are shown,

tion and clonal heterogencity resulting from the variable in
vivo history of cells in a single donor probably contribute 1o
this weak correlation. Similarly, the correlation between
TRF length and donor age is also weak (Figs. 1C and 28: r
= —0.38 and —0.43, respectively). If telomere length were
causally linked to cellular life-span, then the initial telomere
length of the culture should correlate well with the Tife-spun
of that culture, regardless of donor age. Of the 43 struins
analyzed for initial TRF length (Fig. 1), 31 strains were
selected at random (sec Materials and Methods) for deter-
mination of in vitro life-span (Fig. 24). When replicative
capacity was plotted as u function of the initial TRF length for
these strains, a much more significant correlation was found
(Fig. 2C; r = 0.76: £ < 0.004) than that between replicative
life-span and donor age (Fig. 24: r = -0,42; P < 0.02). To
show that initin! TRF length explains a significant portion of
the variation in replicative capacity seen throughout the ape
range of donors, different symbols were used to record the
data in Fig. 2 for donors in the age ranges 0-25 yr, 26-50 yr.
51=75 yr. and >75 yr. In ¢ach case, a clear corrclation is seen
between ceplicative capacity and initial TRF length. This key
observatica is important because it shows that TRF length is
a much better predictor of replicative capacity than is donor
age. Morcover. by providing a biomarker of cellular aging.
telomere length may prove useful in assessing whether rep-
licative senescence plays a role in age-related discases and
loss of tissue function in vivo,

Telomere Length Is Reduccd in Properia Fibroblasts. Be-
cause replicative capacity is generally reduced in accelerated
aging syndromes (34, 35), we wanted to determine whether
telomeres are also shortened in these disorders. To test this.
TRF lengths in fibroblast cultures from Hutchinson-Gilford
progeria patients were compared with those from age-
maiched normal individuals. We found that the pooled mean
TRF length in five cell strains established from progeria
donors, all of which had reduced proliferative capacity in
vitro (ref, 34 and vr-ablished data), was significantly shorter
than the corresponding valuc for five young normal donors
(Fig. 3; P < 0.001). The reduction in both telomere length and
replicative capacity in fibrok: sts from the progeriz donors is
further evidence that telomere length is a biomarker of
cellular aging. The mean TRF length in fibroblasts of parents
of progeria patients, who reveal no signs of premature aging,
was not differe «{ than that of age-matched normal donors
(Fig. 3B). This result is consistent with the suggestion that
Hutchinson-Gilford progeria arises from a de novo autoso-
mal dominant mutation (for review, sce ref. 35). The short

telomeres churacteristic of progetic fibroblasts could be
caused by abnormal regulation of telomere length in a pa-
rental germ-line clone, a high rate of cell rnover during
development of progeric individuals, or an aberramtly high
rate of telomere loxs wath each cell division. To test the later
possibility, we compuared telomere loss during aging of fibro-
blusts from three progerin patients in vitre to that of age-
mitched normal donors. There was i small and statistically
insignificant increase in the rate of telomere loss in the
{ibroblusts from progeria patients (data not shown), Thus,
wther fuctors are likely to contribute to the shortened telo-
meres seen in these cells,

Rates ol Telomere Loss in Vive and in Vitre Are Comparable,
Buased on dita presented here, it is possible to estimate the
rite of telomere shortening per cell doubling in vive. The rte
ol decline of proliferative capacity of fibroblusts in vitro s i
function of donor age is 0.2 population doublings per yr
(refs. 2and 3. and Fig. 2A). In the sume donors, mean TRF
length decreased 15 bp per yr(Figs. 1 and 28). If we assume
that the loss of culture lite-span with donor age reflects the
averuge cell doubling rate in vivo (i.c., that the total number
ol doublings /s vive and in vitre is constant for a given
populistion of cells), then we obtain -<75 bp per population
doubling for the in vive rate of telomere shortening in human
fibroblusts. This rate is similar to that observed for telomere
shortening in vitro 148 21 bp per population doubling) (22,
25) but significantly greater than that for terminal DNA joss
in yeast defective for telomere maintenance (40) or in Dro-
sophila mutants with broken chromosomes (41-43), Analysis
of DNA loss in these organisms suggested thit as few as 2-4
bp were lost from the end of the chromosome per cell
doubling. However, many factors could account for the
difference between rates of telomerc loss in normal human
somutic cells and these cukaryotes, such as differences in the
extent of incomplete replication, telomerase activity, or
exonuclease activity.

Maintenance of Telomere Length in Sperm. Because the
germeline lineage is immortal, # mechanism to maintain
telomere length must be active at some stage of germ-line
development. To test this, we measured mean TRF length for
sperm from 63 donors ranging in age from 19 1o 68 yr and
found that it increased slightly with zge (Fig. 4). Analysis of
the integrated signal from the telomeric probe hybridized to
the TRFs showed greater cxperimental variation but alse
indicated that the TTAGGG abundance did not decrease with
age (duta not shown), These observations are consistent with
the idea that telomerase may be active in germ-line tissue,



Aged-matched controls

12

0

Mean TRF length, kbp
[+2]

P < 0.001

2 -
-
Control Parent
Age {yr) 0-14 9-14 30-42

Fic. 3. Comparison of mean TRF length for fibroblast strains established from progeria donors and age-matched controls. (A) Genomic DNA
prepared from kin fibroblast cultures established from Hutchinson=Gilford (progeria) and normal donors at the indicated MPDs was analyzed
as oseribed in Fig. 18. Size and position of markers are indicated. The donor age and maximum replicative capacity of the strains in lanes 1-10
are 4,3, 3.4, 14,9, 10, 14, 12, and 15 yr and 37, 33, 41, 54, 26, 54, 73, 73, 73, 79 population doublings, respectively. (8) The pooled mean TRF
length for the progeria donors is significantly less than that for zontrols (P < 0.001). Comparison of pooled mean TRF length for the parents
of progeriu paticnts and age-matched controls showed no significant difference (P > 0.1). Because DNA could not be obtained at equivalent
piessige or donor age for all comparisons, mean TRF length was determined for normal donor strains at equal or greater population doublings

or donor age,

thus maintaining telomere length between gencrations of the
organisns,

‘The Telomere Hypaothesis. Telomerase can be detected in a
varicty of immortal trmor cell lines and transformed cells in
culture (26, 30) but not in normal fibroblasts or embryonic
kidney cells (ref, 26, and A, Avilion and C.W.G.. unpub-
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Fig. 4. Mean TRF length in sperm DNA increases as a function
of donor age in vive, Mcan TRF length was determined for semen
samples from 63 donors who ranged in age from 19 to 68 yr, SDs for
points representing the mean of two or more determinations are
indicated. The slope of the regression line is 71 bp per yr znd is
significantly different from 0 (P = 0.01), Values for the slope (m),
regression coefficient {r), and probability (P; H,: slope = 0) of the
linear regression line are shown,

lished data). The loss of telomeric DNA during aging of human
fibroblasts (22}, keratinocytes (23), leukocytes (24), epithelial
cells (24, 26), and endothelial ceils (E. Chang and C.B.H.,
unpublished data) is consistent with a general lack of telom-
crase in untransformed somatic cells. These observations.
together with maintenance of telomere length in germ-line cells
(Fig. 4), suggest a role for telomeres and telomerase in cell
aging and immortalization (Fig. 5). We suggest that telomerase
is (i) active in germ-line cells, (i) repressed early in embryonic
development in most somatic cells, and (i) reactivated in
somatic cells immortalized during tumorigenesis.

Counter er al. (26) showed that simian virus 40 large T
antigen and adenovirus 5 oncogenes can extend the life-span
of human embryonic kidney celis without directly activating
tefomerase. Hence, during the extended life-span phase of
these cultures, telomeres continued 1o shorten until a **cri-
sis’ point, when most cells die. Telomerase was detected
only in the relatively rare immortal clones that survived
crisis, and in these cells telomere length was stable. The two
breakpoints in Fig. 5 representing replicative senescence and
crisis correspond to mortality phase 1 (M1) and mortality
phase 2 (M2), as defined by Wright er al, (44). The mean
telomere length at these points are designated T1 and T2. We
assume that M1 is a checkpoint in cell growth when one or
more telomeres reach a critical minimum length. Viral on-
cogenes and other agents may be able to bypass this check-
point without activating telomerase, thus compromising ge-
netic stability while telomeres continue to shorten. At M2,
telomere length may be severely shortened on many chro-
mosomes, leading to a dramatic increase in chromosomal
instability and cell death (26). Cells that activate telomerase
and stabilize telomere length may be able to survive M2.

Some studies with mice, a short-lived species, have shown
that TRFs are long and that their length does not decrease
noticeably with age (38, 39). However, because TRE lengths

.

in the strains of mice examined were very heterogeneous,
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FiG. 5. Schematic of the telomere hypothesis of cell aging and
immortalization. Changes in telomere length with passage of time (in
<ell divisions) are represented for germ line, normal somatie, and
transformed cells. Events during early embryonic development at the
beginning of the lime axis are uncertain (dotted lines). Telomerase is
presumably activated at some point in gametogenesis because telo-
mere length is maintained in germ-line cells, but it is not known
whether telomerase is active in the early embryo before germ-line
devclopment. In contrast, the observed decrease in telomere length
and lack of telomerase activily in normal somatic cells suggest
repression of telomerase in these cells. At the Hayflick limit (M1), we
assume that one or more telomeres have lost a threshold amount of
TTAGGQG, signaling a checkpoint in ¢cell growth (see text). Mean
telomere length at this point is designated T1. Partially transformed
ceils that bypass this checkpoint without activation of telomermse
continue 10 lose telomeres until *crisis’ (M2), when most cells have
critically short telomeres on muny chromosomes (mean telomere
length = T2). Ceils that activate 1clomerase, presumably by muta-
tion, may survive crisis. Telomeres can then be stably maintained at
any leagth. (Graph was modified from ref. 13.)

both in total length and number of TTAGGG repeats, TRFs
with few telomeric repeats could have been obscured by the
strong signal from other TRFs with long telomeric arrays. In
this casc, loss of a few hundred base pairs from shon
telomeric arrays could be important to cellular aging but go
undetected. Thus, the role of telomere loss in replicative
senescence of murine cells remains uncertain.

The dominance of senescence over immortality in hybrids
between mortal and immontal cells (for review, see refl. 45)
could be explained by a trans-acting repressor of telomerase
in the mortal cell parent. The existence of complementation
groups in transformed ceM's defined by the presence of a
mortal phenotype in hybnds between different immortal cells
(46, 47) is more difficult, but not impossible, to explain with
the telomere hypothesis. However, cells senesce and orga-
nisms age for many different reasons, and it is certain that
telomeres and telomerase are not involved in all aspects of
this multifactorial process (13).

In summary, our observations suggest that the grucual
shortening of telomeres in human somatic cells that fack
telomerase provides a good marker of replicative capacity in
vitro and in vivo. Moteover, the tight correlation of telomerc
length to replicative capacity suggests that telomere loss may
initiate cell cycle exit once a eritical or **threshold’” number
of telomeric TTAGGG repeats is reached. It should be
possiblc 1o test whether telomere Joss and telomerase cx-
pression are coincidental or causal in cell senescence and
immortalization once methods become available to alter
‘these activities in multicellular eukaryotes.
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2.2 Analysis of telomere length in senescent HDFs.

The telomere hypothesis predicts that the shortening of telomeres
below a critical length will induce cell senescence. The critical telomere length
can be estimated by measuring the mean telomere length at senescence. In
this Section, a method for calculating the mean telomere length is described,
and mean telomere length at senescence is determined for one HDF strain.

Telomere shortening has been predicted to occur due to the end
replication problem. A model showing the effect of the end replication
problem on the loss of telomeric DNA from a single chromosomal end
during replicative aging is presented. This model predicts an increase in the
heterogeneity of telomere lengths with each successive cell division. To
examine this prediction, the size of the TRF distribution was measured for a

HDF strain at several different PDLs.
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Nince DNA polymerase requires a labile primer to initiante unidireetional 53" synthesis,
some hases at the 3 end of each template straml aee not copied unless speeinl mechanisms
hyprss this “end-replication” problem. Immortal eukaryotic eells, including transtoriel
human cells, apparently use telomerase, an enzyme that clongates telomeres, 1o overcome
incomplete end-replication, However, telomersse lias not been detected in norpel somatic
cells, and these cells lose telomeres with age, Therelore, to better anderstamd the
consequences of incomplete replieation, we mudeled this process for a population of dividing
eefls, The analvsis suggests four things. First, if simgde-stranded overhangs generated by
incomplete replication are not degraded, then mean telomere longth decrenses by 0925 ol a
deletion event per generation. I overhangs ane dearaded, the rate doubles, Data showing a
decrease of about 50 base-pairs per generation in Ghrablasts suggest that o full deletion
event s 100 to 200 base-pairs, Second, it cells senesee after S0 doublings in eitro, mean
telomere length deereases about 4000 haxe-pairs, but one or more telomeres in each celi will
lose significantly more telomeriec BNA, A checkpoint for regulation of cell growth max he
signadled at that point. Third, vartation in telomere length predicted by the model s
vonsistent with the abrupt decline in dividing cells at seneseence, Finally, variation in legeth
of terminal restriction fragments is not fully expliined by incomplete replivation, suggesting
stenifteant interchromosomal variation in the length of telommerie or seitelomerie eepueats,
This analysis, together with assumptions allowing dominanes of telomernse innetivition,
stigrgrests that telomaere loxs eould explain cell exele exit in liamuan fibroblasts,

Keyworda: seneseence; chromosomes: DNA veplication. tibieoblists) eell Kineties

1. Introduction

Biochemieal charncteristics of DNA polymerise

preclude it from fully replieating the linear ends of

DNA Dby the normal reaction process (Olovnikov,
1971, 1973 Watson, 1972). The properties of DXA
polymerase  that  create  the  “end-replication
prablem™ are the unidirectionul growth of the new
chain of nucleotides and the requirement for a
primer to initiate synthesis. Since the DNA duplex
ix antiparallel, each daughter molecule would be
shortened on the 5 end of the new DNA strand after
repikeation (Fig. 1).

Immortal, unicellular  organisms  and  viral
genomes have evolved special mechanjsms to over-

+Author to whom reprint requests should be
addressed,

QO22-2836/92/120051-10 S03.00/0)

cote the endd-repliendion problem. For exampde, the
vireular chromosomes of Escherichio cofi aned siminn
virns 40 (SVAa0), and the cirenlar replicative inter
medinte of w0 number of bacteriophage  simply
eliminate ends. Alternntively, end.peplication ean
be achieved by priming initiation with repeated
sequenees at 1F ends of the chromosame,  as
proposed for Bacteriophage T7 replication, or with o
“terminal protein”, whieh is transiently linked to o
mucleotide primer, as in adenovirus replication. All
of these mechanisms in prokaryotes and viroses
prevent incomplete replicition of the ends of Lhe
chromosome,  Eukaryotic cells, in contrast, huove
evolved a novel solution involving specialized strue
tures called telomeres at the ends of their linear
chromosomes (Blackburn & Szostak, 1984), which |
act as substrates for telomeruse, xn enzyme that
apparently  counternets ineomplete replieation by

@y VIR Acndemie Preas Limitesd
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Figure 1. The end-replication problem. (a) Schematic of
the DXA replication bubble at an origin of replication,
The RXA primer (filled block) and newly replicated DNA
(wavy linex) are shown, (b) and {c) Schematic of possible
events on the lagging strand at either telomere. (b) After
respoval of the RNA primer that initiates the termina
Okazaki fragment, a single strand deletion d remains at
the 5 end of the newly replicated strand. {¢) Degradation
of the overhang penersted by incomplete replication
results oo double-stranded deletion,

lengthening wlomeres (Greider & Blackburn, 1985,
1989). Direet evidenee that telomerase maintains
telomere length in rico comes from studies of
mutations in the wemplate region of the RNA com-
ponent of Tetrabymena telomerase, which eaused
both an altered telomere sequence and altered telo-
mere length (Yo of af.. 1990). In some mutants,
telomeres beeame shorter and  the cells  died.
Similarly, telomere shortening leads to cell death in
the yeast mutant ESTI (Lundblad & Szostak.
19803,

During evolution of some multicellular cukary-
otes, notably land animals, there may have been a
strong selective advantage for programmed senes-
cenee of essentially all non-germline cells. Cellular
mortality confers a strict level of growth control
and reduces the probability of deleterious hyper-
plazia or cancer (Harley, 1988). In animals, cells of
many somatic tissues in fact have a finite replicative
lifespan which likely contributes to senescence of
the organism (Hayflick & Moorhead, 1961:
Hayflick, 1965; Stanulis-Pracger, 1987). Olovnikov
(1971. 1973) proposed that somatic cells may not
overcome the end-replication problem and thus telo-
meric deletions would accumulate at each genera-
tion until a critical deletion is made that causes cell
death. This hypothesis wos supported by recent
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data showing that telomeres become shorter during
aging of human cells in vitro and in vive (Harley e
al., 1990; Hastic et al., 1990; for a review, sce
Harley, 1991) and by our preliminary results indi-
cating that telomerase activity is absent from
untransformed fibroblasts and epithelial cells in
which telomere shortening is observed (A. Avilion &
C. W. Greider, unpublished results; Counter ¢t al.,
1992). Since the mechanism of telomere loss is not
known, it is important to consider the experimental
evidence for this process and its possible conse-
quenecs in light of different models, such as incom-
plete replication, simple end degradation or unequal
recombination coupled with selection for cells with
shorter telomeres. In this paper we describe the
characteristies of the passive, incomplete replication
model for telomere loss assuming no elongation by
telomerase and no recombination.

2, Methods

A human =kin fibroblast culture was derived from a 28
year old normal donor from a 4 mm punch biopmy. The
skin was eut into 16 pieces (about 1 mm? each) and placed
under coverslips in four 60 mm dishes (4/dish) (Harley &
Galdstein, 19782 Harley, 1990). After about 2 weeks, cells
fram all dishes were harvested, pooled, and reseeded into
four 100 min dishes, When these dishes became confluent.
cells were assigned & mean population doubling level
(MPD} of 15, At intervals thereafter high moleeular
weight DNA was isolated, digested with #infl and Rsal,
and 10 g electrophoresed in 59, (wiv) agarase. To
avaid variation due to incomplete teansfer of DXNA to o
membrane support, the gel was dried (40 to #0 min nt
60°C) o Whatman 3MM paper and then earefully
removed from the paper for direct hybridization with n
human telomere probe ([P*PJd(CCCTAA),). The driced gel
was hybridized, washed, exposed to pre-flashed X-ray
film, und analyzed as deseribed for membrane Sltess
(Hurley ot al., 1990). In some experiments,  a
Phosphorlmager (Moleeulur Dynamics) was used to quan-
tify the signal from the dried gel. Similar rexults were
obtained by both methods. Replicate or triplicate pels
were run for statistical analysis of the telomerie distribu-
tion. Where possible, the telomerie signal was normuiized
W an interns]l band (=2 kbt in sive, see Fig. 5(a)} 1o
contral for variation in the amount of DNA leaded. To
control fur the quality of the DNA in older eells. undi-
gested DNA was analyzed in 2 similar manner. These
experiments indicated that there was no significant signal
in the 2 to 20 kb range for either young or old eells {not
shown). which suggests that non-specific degradation of
DXNA does not contribute to the analysis of the terminal
restriction fragments,

3. Results

We wished to theoretically model the loss of telo-
meres by incomplete replication in order to better
understand this process. In comparison of theory
and data, we assume that telomeres are the com-

TAbbreviations used: kb, 10° base-pairs; TRF,
terminal restriction fragment: bp, base-pair(s),
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Table 1
Asxsumptions and definitions

A Axsumptiona

m Telomeres behnve identically with reapect to incomplete replications, but inter- and intrachromonomal variation
cxints in initial telomere length

(2) Telomere length affects neither interdivision lime not chromosome segregation

(3) Overhangs erented by single strand deletions are not degraded

4) A deletion on rither or both xtrands of a telomere constitutes a “deletion event™

5) A checkpoint is signalled and the cell ceasen to divide when a telomere shortens o certain critical length

B, Definitiona

TRF, termindl restriction fragment

T. telomere {terminal TTAGGEG or TTAGGG: like DNA repeats)

X. subtelomerie, non-TTAGGG-like DXA repeats in the TREF

n, generation, or number of doublings n cell hax undergone

d, number of deletions on u telomete

d.. critical number of deletions befare n checkpoint in eell prowth is signalled

pld.). probalility that a telomere hiw d deletions at generation n

Pty probability that for a particular telomere there has been less than o, deletions st generation n
Fid.m),  raction of colls in which all telomeres have fewer than o deletions at generation »

ponent of the terminal restriction fragments (TRFx)
detected by a d(CCCTAA), oligonueleotide probe,
Thus, the TRF consists of telomeres (T} and subte.
lomerie DNA (X), which deex not hybridize 1o the
probe (Table 1), if TRF, T and X have the same
units {e.ge. kb, then TRF = T+ X,

If telomere foss in fact occurs by incomplete repli-
cition, we can use the model 1o prediet the varia-
tion in telomere length generated by incomplete
replication.  and  the relationship  between  the
observed Joss in telomeric DNA and deletion events,
Morcover, il telomere loss is causally involved m
signalling  cell cvele exit (Harley ot al, 1990
Coldstein, 199k Greider, 1930: Harley, 1991). then
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the mode! helps prediet the number of deletions a
telamnere undergoes before replicative senescenve,
amd the mie at which the population of eells
senesee,

(n) The singple model

Assuming that overhangs ercated by incomplete
replivation are not degraded (Fig, 1{h) und Table 1),
a single strand deletion is inherited in the sub-
sequent generation as a double strand deletion on
ome of  the  two  daughter  chromosomes,  and
peerented as o single strand deletion on the other
(Fie. 23, We further assume that a single steend

N

4

Figure 2. Lineage for z single chromorome showing telomeric deletions. Top strund of euch chromosome is 5 1 3, loft

+ to right. Numbers above cach telomere represent the number of deletions at that telomere. The initial telomers: leagth on

the long arm of this chromosome is arbitrarily shr=n shorter than that on the short arm. From assumption 4 (Table 1),
foss of DNA on cither or both strands of o telomere constitutes a “deletion”.
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Figurc 3. Thearetical distribution for the pereentage of cells with f deletions on o given telomere at generation #. The
arex under each enrve is 1009, Curves are derived from eqn {1) for n = 30 1o 200,

deletion has the same effect as a double strand
deletion. Thus, numbers above each telomere shown
in Figure 2 represent the greatest nurm.er of dele-
tion events that have taken place on either strand

Table 2
Distribution of deletions
Deletions ()
[{] 1 * k!
Loy e
() )
! I
== B 3
= o (2
Z 1oy
S8l o\ s 4
__E 0 o 4
1 6 1
1 5 5 5
6@ ©
1 10 h
51 f6) [e 6y (¢
1] 2 < o
i 15 15 i

Distribution of deletions (d) for u single chromosome ix shown
for generations n = | to 5 in & clonal population of cells for the
model shown in ¥ig. 2, Numbers are derived from alternate
binominl corflirie

LE

( 24

and indicate the number of cells having ¢ deletions on a
pacticular telomere after # generations.

) = (e 1)+ L —2d)i(2d),

at that telomere, The distribution of deletions o on a
given telomere in the 2° cells at generation » arises
from alternate binomial coefficients (Table 2). For
example, after five generations there is one cell with
no deletions at that telomere, 15 cells with one
deletion, 15 cells with two deletions, and one ol
with three defetions, No eell wourld have more than
three deletions at generation five. The general
formula for the probability p(d.n) that o particular
telomere has o deletions at generation u is:

w1l "
I (a)fr s

el
>
pidmny = l 0 wil

(M
ifd > 27

This distribution is shown in Figure 3. It ean be
used o determine the fraction of cells that have
aceumulated more than a threshold, or eritical
number of deletions at a particular telomere
(discussed below),

Taking into account all 92 telomeres of diploid
cell, we can prediet the rate of loss of telomeric
DNA and the variance in telomere length as a
function of cell doublings (Fig. 4). The model
predicts that mean telomere length, and hence the
mean length of TRFs, decreases by one full deletion
every four generations. The reason for this is that
for a given telomere only half of the cells in each
generation undergo one new single strand delstion
at that telomere, Thus, & particular telomere under-
goes, on average, a single strand deletion every
other generation and a double strand deletion every
fourth generation.

The mean length of TRFs decreases about 40bp/
generation for the human fibroblast cell strain
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Figure 4. Mean number of telomerie deletions as a
funetion of gencration in a clonal population. Data were
derived from the distribution shown in Fig. 3. Inner
broken lines indieate #1 s.n, The outer broken lines
represent the standard deviation of the distribution
assuming variability in the initinl telomere length (as
described in the text). The slope of the continuous line ix
=125,

reported in Figure 5. In five other fibroblast strins
the rate of telomere loss ranged from 31 to 85 bpf
generation (mean 48+21) (Harley et al, 1990).
Using about 30 bp/generation as an average rate of
loss, and assuming that single stranded DNA is not,
degraded. the model predicts that the length of
nnreplicated DNA at each telomere is four times
this vaiue, or about 200 nucleotides.

In some cell strains the TRF distribution is multi-
modal (e.g. see Fig. 5(a) and Fig. 1{g) of Harley ot
al., 1990}, which could reflect heterogeneity in the
cell population or distinguishable variation in the
number of TTAGGG or subtclomeric repeats
between different chromosomes. The rate of telo-
mere luss for the distinct, high molecular weight,
smears seen here (about 60 bp/generation) and for
other cell strains (K, Prowse et al., unpublished
results}, are similur to those for the totel TRF
dist-ibution, suggesting that qualitatively different
mechonisms for telomere loss are not at work in
differen: subpopulations of cells or telomeres,

The model also predicts that if all telomeres are
initiglly of the same length, that the standard devia-
tion of telomere length should incresse gradually
(Fig. 4, inner broken lines). At 80 gencrations, the
standard deviation is about 2.5 full deletions {(about,

47

500 bp). We observe, however, that the standard
deviation of the distribution of TRF lengths in
cultured cells is relatively constant at about 3 to
4 kb (Fig. 5(b). broken lines). Variation in gencra-
tion level between individual cells iz unlikely to
account for this discrepancy. We suspect that the
large variation in TRF lengths reflects varying
amounts of TTAGGG andfor other subtelomeric
repeats in the TRTs of different chromosomes. 1f we
assume o normal distribution in initie]l TRF lengths
equivalent to about ten deletion events (nbout
2 kb), the new standard deviation of the TRF
distribution is roughly equivalent to that observed
experimentally (Fig. 4, outer broken lines).

{b) The model applied to replicative sencseence

Movnikov (1971, 1973} hypothesized that incom.
plete DNA replication might lead to a eritical dele-
tion causing irreversible cell senescence. However,
replicative senescence observed in vitro probubly
reflects o *checkpoint™ or signal in growth reguln.
tion sinee it can be bypassed by cellular trans.
{forming agents such as svio T-nntigen (Wright «f
al., 1989}, Thus, we assume that & cell evele check-
point is signalled when a specifie eritienl length of
telomeric DNA is reached on any one telomere.
Since the structure of the telomere at this point ix
not known, it is possible that TTAGGG repents are
still present, and that further deletions would not.
necessurily be lethal to the cefl.

Tt is likely that different telomeres viry to some
extent in their iniiial number of TTAGGG repeats,
Sinee only the chromosomes with the shortest tedo.
meres are relevant to replicative senescence, only
the deletions that occur on the shorter of these
ehromosomes’ two telomeres need to be considered,
For these telomeres, we define » eritienl number of
deletions o that signals a cheekpoint in eell growth,
Thus, the probability (d n) that such a telomor:
has not signalled the checkpoint at generation n is
simply the sum of probabilities pld,n) {eqn {1); see
also 1ig, 3} for all values of d less than o

-t
Py = z pld,n). (2}

-0
The probability that none of the chromaosomes with
short telomeres has signalled a chicckpoint in cell
growth is the product of their individual prob.
abilities for this event. Since we are considering only
the shortest telomeres, we can ansume that the
vitlue of d, for cach of these telomeres is identical,
Thus, if only one critically short telomere in suffi-
cient to signal cell eyele exit, then the fruction of
dividing cells F(d.n) at gencration n in a elanal

population is:

' Fd.n) = P(d.n)*, (3)
where k is the number of relevant chromosomes (i.c.
ones with initiajly short telomeres),

Analysis of this distribution shows that F(d,  n) is
relatively insensitive to k& for k=1 o 46 (not
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shewnt Fieure 6 shows the e of cnrves for
Fuiomin a populition of cells as a0 funetion of
seneration for vartonus values of o when &= o0 Ay
nnportant prediction of the model i 1he ripid
deciine in the Traction of dividing eells as the popu-
Lition approaches the teeminal divisions, Moreover,

we can estimate the eritieal numbeer of deletions
that have oceurred on at least one telomers before
vells become unable to divide Turther, For example,
consider a clomal, uniformly dividing cell population
that senesees after about 60 cell doublings. For such
a population, the eritical number of deletions (d) is
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Figure 6. Fruction of dividing cells Fid.n) as o function of generntion (#) for {a} a elonal or (b} heterogencous
population of cells. Euch line represents the curve obtained for u fixed eritieal number of deletions (d,) ax detined by egn
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2 independent cultures of a human fibroblasts strain (Harley & Goldstein, 1980) are shown after coreeetion for the

difference between population doublings and generations (Harley, 1990), These points are superimposed on the
theoretical data at 2 locutions to reflect no prior in vive doublings (left set of points), or B0 prior in wive deublings {right.

set of points),

about 19 and the fraction of dividing cells should
fall to zero between generations about 50 to 70 (Fig.
6(a)). Similar values are obtained whether one
assumes ull chromosomes have the same initial telo-
mere length (& = 46) or only one chromosome has an
unusually short initiai telomere length (k = 1).
The range of generations over which a clonal
population declines, as shown in Figure 6(a), is due
solely to the distribution of telomere deletions in the
ten relevant chromosomes. Other factors which
might effect heterogeneity in longevity of cells
within a non-clonal population of tissuc culture cells
include variable in vivo history of cells from which
the culture was derived, and variations in genora-
tion level between individual cells that arise in vitro
from variable doubling times (Harley & Goldstein,
1978; Smith ¢! al., 1978). For a fotal cell strain, we
can assume that this variation is fairly narrow,
perhaps as small as 20 generations (Cristofulo &
Sharf, 1973; Harley & Goldstein, 1978, 1980).
Heterogeneity in generation level should be
treated as a continuous variable. However, in the
absence of information about the nature of this
distribution, we have simply assumed that at any
given meun generation n, 259, of the cells are at

=10, 50%, are at n, and 259, are at w4 1 There
is also n small, apparently constant fraction (aboan,
59,) of non-dividing cells even at early gencration:
in culture (Harley & Goldstein, 1980) whieh shoulid
be necounted for in the model. With these refine-
ments we ean compare the predicted seneseence of o
fetal culture to previously reported data (Harhey &
Goldstein, 1980; Fig, 6(b)). The purpose of this is
not to confirm the theory, since other independent
models of cell eyele exit can also adequately explain
these data, Rather, the comparison of ex peritnental
data and theory was done Lo estimate one of the
parnmeters of the model: the number of deletions
before cells pench replicative senescenee. To hracket,
a rensonable renge of doublings that fetal cells
might undergo in vive, the experimental points are
shown at two locations within the family of theo
reticai curves, For the first sot, generation O of the
culture corrsponds to generation O of the puodel
population, This i the lower limit of the number of
in vive gencrations. For the second set, generution O
of the culture corresponds Lo gencration 80 of the
model. This should be & reasorable upper limit 1o
the number of in vive generutions, Tn either cuse, the
data fall within & narrow range of critiend deletion



events (23 <d_<27 for the first case and 45<d_ <49
for the second case) suggesting that the model
adequately explains the kinetics of cell senescence in
these cultures. In the second scenario, telomeres
would accumulate 20 deletions, on average, in their
80 in rivo generations (Fig. 6(a)), and thus the
predicted.d, value for a telomere in vitro would be
25 to 29. Therefore, our model predicts that the
criticnl number of deletions oceurring befgre senes-
cence {n vitro in cultured fetal cells is about 25 to 30.
If a deletion event is 200 nucleotides, this corre-
sponds to 5 to 6 kb of telomeric DNA lost from the
end of at least one telomere in the cell at senescence.
Note that in 80 population doublings the mean
telomere length decreases by only 4 kb, Tn accord
with this. we measured a loss of about 2 kb in nhout
25 to G0 generations for several fibroblast strains
(Harley of al., 1990), and here report 2 loss of about
I'5 kb in 40 generations of another cell strain (Fig.
5(b)). Nince the length distribution of TTAGGC
repeats on different chromosomes is not known. the
structure of the telomere(s) containing a critieal
number of deletions is uncertain; it is possible that
no TTAGGG or TTAGGG-like DNA remains at the
threshuld limit, but it is also possible that cells
arrest due o a signal mechanism that recognizes a
minimum length of TTAGGG.

(¢} Estimaling average lengths of TTAGGG and
nem-TTACGE DNA in TRFs

Comparison of the loss of TRF length and telo-
meric {TTAGGQ) signal intensity as a function of
generation (g, 5(b) and (c)) provides information
about the length of TTAGGG repeats in the TRF.
Since the deerease in TRF length {in kbjgeneration)
corresponids to loss of TTAGGG repeats, we know
that an appropriate scaling factor (¢) exists such
that the linear regression line for the total telomerie
signal (8) (Fig. 5(c)) ean be expressed with the same
units as that for TRF length (Fig. 5(b)):

TRY (kh) = =004 (kb/division)

*n (divisions)+8 kb, (3)

T (kh) = e = -le (kb/division)
*n (divisions)+90¢ (kb). {4
Since the slope of these two lines must be identical,
we can caleulate the sealing factor (c = (—0-04)/
(—1)=004) and hence the length of the non-

17AGGG portian of the TRF is:

TRF—=T =8 kb=90(0-04) kb = 4 kb.  (5)

Conversely, the mean length of telomeric
(TTAGGG) DXA is 4 kb less than the length of the
TRF. Analysis of several other human cell strains
(Harley et al., 1990; K. Prowse ef al., unpublished
results; Counter ef al., 1992}, shows a similar length
of non-TTAGGG DNA (range 25 to'6 kb) by this
method of analysis. Consistent with this. Allshire e
al., (1989) cstimated that the most proximal 3-6 kb
*of the TRF does not hybridize with probes that
detect TTAGGG, TTGGGG or TGAGGG repeats.

50
(d) Other models

We assumed that a single strand deletion was
equivalent, functionally, to a double strand dele-
tion. The effect of assuming that a single strand
deletion has no effect on telomere function, or has
0-5 of the effect of a double strand deletion does not
significantly alter the deductions from the model
presented (not shown). We also assumed that single
strand overhangs resulting from incomplete replica-
tion are not degraded. If they were, then the rate of
loss of telomeric DNA would double, but the
predicted size of a full deletion event would then be
halved {from 200 bp to 100 bp} so that the net effect
would cssentially be the same.

4. Discussion

Although it has not been proven that telomere
loss contributes to senescence of multicellular organ-
isms, several lines of evidence suggest a causal
relationship may exist. First, mutations that lead to
loss of telomeric DNA cause cell death in single cell
eukaryotes (Lundblad & Szostak, 1989; Yu et al.,
1990). The gradual shortening of telomeres during
aging of human cells both n vitro and in vivo
{Harley ef al.. 1990; Hastic ef al., 1990) may reflect a
similar  process resulting from developmental
inactivation of telomerase. Second. sperm telomeres
are longer than somatic telomeres (Cooke & Smith,
1956; Allshire ef al., 1989) and do not decrease in
length during aging in vivo (R. Allsopp et al., unpub-
lished results). lending support to the hypothesis
that long telomeres are actively maintained in the
germ line but not in normal body cells. Third,
telomerase  activity has been detected in an
immortal tumor cell line (Morin, 1989) and in
immortal, virally transformed human cell lines, but
has not been detected in normal human cells O.
{A. Avilion & C. W. Greider, unpublished results;
Counter of af.. 1992). Finally, the most prevalent
chromosomal abnormality that develops in old eclls
both in vivo and in vitro is one that presumably
involves telomeres, ie. the formation of dicentric
chromosomes (Saksela & Moorhead, 1963; Benn,
1976, Sherwood et al., 1989). These data suggest
that critical telomere shortening may precede cellu-
lar senescence. The structure of the critically
shortened telomeres, however, is uncertain.

Our results show that telomere loss by incomplete
replication is a plausible explanation for the kinetics
of cell eycle exit if certain shortened telomeres are
capable of signalling a checkpoint in regulation of
cell growth. It is unlikely, however, that this check-
point represents an irreversible block, since SV40 T
antigen allows cultured fibroblasts to bypass senes-
cence; such extended lifespan clones continue to
divide until a second *“crisis” or checkpoint is
reached, at which time most cells die (Wright et al.,
1989). Consistent with this, we have found that the
mean TRF length continues to decrease during the
extended lifespan phase of SV40 T-antigen trans-



formed human embryonic kidney cells (Counter et
al., 1992). These cells lack telomerase; only those
cells that survive crisis and are immortal have o
stable telomere length and express telomerase.

The mean TRF length of cultured fibroblasts at
senescence is about 6 kb (Harley et al., 1990; and
data presented here). Since the subtelomeric, non-
TTAGGG component of the TRF is about 4 kb
(Alishire ef al., 1989; and data presented here), we
predict that the mean telomere TTAGGG length at
senescence is only about 2 kb. When the mean
telomere length reaches this level, there may be
very little, if any, TTAGGG repeats on some telo-
meres since incomplete replication itself is predicted
to generate about 1 kb variation in telomere length
during aging in vitro (5.0. = 500 bp at 80 doublings)
and interchromosomal variation in initial TTAGGG
repeats may be substantially greater.

Although other mechanisms for telomere loss
cannot be excluded, they involve additional ad hoe
assumptions. For example, simple degradation of
cnds may occur with age, but degradation would
have to be associated with mitotic age (i.c. the
number of times a cell divides) and not chrono-
logical age since telomere shortening oceurs in repli-
cating. but not stationary cultures of eells (K.
Prowse et al., unpublished results). Similarly,
unequal recombination can lead to a gradual loss of
telomeres if cells with shorter telomeres have a
growth advantage. However, it was shown that
uncqual recombination could acconnt for loss of a
similar amount of repetitious DX A (about 059, per
generation) only with relatively high rates of recom-
bination and a large influence on interdivision times
(Harley ef al., 1982).

Kipling & Cooke (1930) have shown that most
TRFs of mice are much longer than these of humans
{= 50 to 150 kb versus = 5 to 10 kb) and that many
TRF= contain very large arrays of TTAGGU
repeats. Since the lifespan of mice is relatively short,
they conclude that telomere length has little to o
with aging. However, it is possible that inter- ssdfor
intrachromusomal variation in the length of
TTAGGG (or non-TTAGGG) repeats obscures telo-
mere loss which may only be significant on one or «
fow chromosomes. A decrease in 1 or 2 kb in telo
mere length would not be detected in very large
TRFs. while short TRFs with few TTAGGG repeats
would have a relatively weak signal that becomes
weaker with age. Loss of this signal would be very
difficuit to detect. Tt is aiso possible that telomere
loss with age is significant in humans, but not in
mice.

Analy=es of chromoseme shortening in yeast that
are defective for telomere maintenance {Lundblad &
Szostak, 1989), and in Drosophila strains with o
telomeric deletion on the X chromosome (Bicss-
mann e al,, 1990}, suggest that incomplete replice-
tion might aczount for 4 to 8 bp of DNA lost, per cull
doubling in these species. OQur theoretical analysis is
based on un observed loss of about 50 bp per cell
doubling in human fibroblasts. The difference
between human cells and the lower cuiaryotes

might reflect species differences or the c.\::s‘%ence of
other factors (in addition to incomplete replication)
operating in different systems. For example, during
DNA replication, polymerase may be able to come
closer to the end of the template on the lagging
strand in yeast and Drosophila compared to human
cells. Alternatively, there may be residual elonga-
tion of telomeres due to recombination or telo-
merase in the yeast mutants, or some exonuclease
degradation of telomeres in human celis.

Finally, & model in which telomere shortening iz
cnusally involved in either replicative senescence of
normal somatic cellz or the crisia of transformed
cells must be reconciled with hybrid cell data, indi-
cating the dominance of senescence {for a review, see
Norwood et al., 1990) and the existence of comple-
mentation groups among transformed cell types
(Pereira-Smith & Smith, 1988). One way to do this
is Lo postulate a trans-acting repressor of telomernse
expression, and the presence of multiple com.
ponents or pathways for telomerase repression,
Thus, mortal cells (with repressor)  fused  to
immortal  eclls  (without repressor) could  yield
hybrids that repress telomerase and thus senesce,
Fusion of immortal cells with different. defective
repressicn systems for telomernse could complement
one another, thus repressing Lelomerase and gener-
ating mortal hybrids. Direct evidenee that telo-
meres und telomernse play o role in senescenee or
trunsformation, however, requires probes  that
permit experimental manipulativn of  telomernse
expression in mortal and immortal coll:.

Supported by the Medical Research  Couneil, the
Natural Scicnees and Engineering Research Couneil, the
Cledoke MeMaster Hospitals - Foundation.  and  the
Nutional Institutes of Health,

References

Allshire, R. C., Dempster, M. & Hastie, N D (30K,
Human telomeres contain at least thres tepes of
Gerich repeats distributed non-randomily. Nuel Arids
Rea, 17, 36114627,

Benn 1. AL (1976), Specific chromosome aberrations in
seneneent fibroblast cell lines derived from himan
embryos. Am. J. Hum. Genet. 28, 465473,

Riessmann, H., Carter, 8. B. & Mason, J. M (19,
{thromosome ends in Drosophila without telomerie
DNA sequeneces. Proe. Nat. Acad. Sei., 17.8.4. 87,
17681761,

Blackburn, E. H. & Szontak, J. W. (1954). ‘Tl mobecular
structure of centromeres and welomeres, A nnw, Ren,
Biochem. 83, 162--194, :

Cooke, H. J. & Smith, I, A, (1986). Variability at the
telomeres of human X/Y preudonutonomal region,
Cold Spring Harbor, Symp. Quant. fil. 51, 213 -214.

Counter, C. M., Avilion, A. A., LeFeuvre, C. E., Stewart,
N. G., Greider, C. W, Harley, C. B, & Bacchettt, S,
(1992). Telomere shortening associated with chrome-
some instability is arrested in immortal cells which
express telomerase activity, EMA0 J, 11, in the
prens.

Cristofalo, V. J. & Sharf, B, B. (1973). Cellular nenencrnos
and DNA synthesin. Fzpt. Cell. Res. 76, 419-427,



Goldutein, S. (1990). Replicative senescence: the human
fibroblast comes of age, Science, 249, 1129-1133,

Greider, C. W. (1990). Telomeres, telomerase and senes-
cence. BioEnsays, 12, 363-369,

Greider, C. W. & Blackburn, E. H. (1985). Identification
of & specific telomere terminal transferase activity in
Tetrahymena extracts, Cell, 43, 405-413.

Greider, C. W. & Blackburn, F. H. (1989). A telomeric
sequence in the RNA of Tetrahymena telomerase
required for telomere repeat synthesis. Nature
{ famdon), 337, 331-337.

Harley, C. B. (1988). Biology and evolution of aging.
Canad. J. Aging, 7. 100~113.

Harley., C. B. (1990). Aging of cultured human skin fibro-
blasts. In Methods in Molecular Biology (Pollard, J.
W. & Walker, J. M.. eds), vol. 5, pp. 26-32, The
Humana Press, Ine., Clifton, N.J.

Harley. C. B. (199]). Telomere loss: mitotic clock or
genetic time bomb? Wutel, Res, 256, 27]1-382,

Hurlex. C. B. & Coldstein, S, (1978). Cultured human
fibroblusts: distribution of cell generations and a
eritical limit, J. Cell. Physiol, 97, 509515,

Harley. C. B. & Goldstein, S. (1980). Retesting the
commitment theory of cellular nging, Seience, 207,
191-193.

Harley. C. R, Shmoukler Reis, R, J. & Goldswin, S,
{1882). Loxs of repitious DNA in pralifernting
somatic cells may be due to unegual recombination,
J. Theoret. Biol, 94 1-12,

Harlex, €, B, Futcher, A, B, & Greider, C. W, (29%0),
Telomeres shorten during aging of human fhroblasts,
Neature ( London ), 345, 358160,

Hastie. N. DL, Dempster, M., Dunlop, M. G.. Thompeon,
AML Green, DK, & Allshire, K. G0 (1990),

Telomers reduction in human eolorectal carcinoma
and with aging, Nature ( London ), 346, 866-868,

Haxtick, L. (1465). The limited in vitro lifetime of human
diploid coll steains, Expt, Cell. Rex, 37, 614-630.

Haytliek. L. & Moorhead. P S, (1961). The serial eultiva.
ton of human diploid strins, Eept. Cefl. fes, 28,
aRa G2l

Kipling. I & Couke, H.J0 (1990), Hypervariable ultra.
lomge telomeres in mice. Nuature (Loudon), 346,
400 g0z,

52

Lundblad, V. & Szostak, J. W. (1989). A mutant with a ~
defect in telomere elongation leads to senescence in
veast. Cell. 57, 633-633. °

Morin, G. B. (1989). The human telomere terminal trans-
ferase is a ribonucleoprotein that synthesizes
TTAGGG repeats. Cell 59, 521-529,

Norwood, T. H.. Smith. J. R. & Stein, G. H. (1990). The
human fibroblast-like cell model. In Handbook of the
Biology of Aging (Schneider, E. L. & Rowe, J. W,
eds), 3rd edit.. pp. 131-156. Academic Press, San
Diego.

Olovntkov, A. M. (1971). Principle of marginotomy in
template synthesis of polynucleotides, Dokl. Akad.
Nauk 8.5.8.R. 201, 1496-1499 (in Russian).

Olovntkav, A, M. (1973). A theory of marginotomy.
J. Theoret, Biol. 41, 181-190,

Percirn-Smith, O. M. & Smith. J. R, (1988). Genetic
annlysis of indefinite division of human cells: identifi-
cation of four complementation groups. Proe, Nat,
Aead. Sei., U".8.4. 85, 6042-6046.

Saksela, B, & Moorhead, P. 8. (1963). Ancuploidy in the
degenerative phase of serial cultivation of human eclt
strains. Proe. Nab. Aead. Sei., I7.8.A. 50, 390-305.

Sherwood, 8. W., Rush, D., Ellsworth, J. L. & Schimke,
R, T. (1959). Defining cellular senescence in IMR.G0
vells: o tlow extomeric analysiz. Proc. Nal. Arad, Sci,.
I7.8.4. 85, 9086-9090.

Smith, J. R.. Pereira-Smith, 0. M. & Schneider, E. (1978).
Calony size distributions as o measure of in rire and
in ritro aging. Proe. Nal. Acad. Sei.. U'.N.4. 75.
13531356,

Stanulis-Praeger. B M. (1987). Cellular  senescence
revisted: a review. Mech, Aging Devslop. 38, 145

Watson, J. D, (1972). Origin of concatameric T7 DNA.
Nuture New Biol. 239, 197-201.

Wright, W, E. Pereira-8mith, 0. M. & Shay, J. W,
(1988). Reversible cellular senescence; implications
for immortalization of normal human diploid fibro.
blasts. Mol Cell, Biol. 9, 3088-3092,

Yu. G.-Lo. Bradtlex. . Do, Attardi, L. D, & Blackburn, E.
H. (1990), fu rire alteration of welomere SeQUETIees
aned senescence eatsed by mutated telomerase BN As.
Nature (London), 344, 126-132,

Edited by K. Yameamate



33

2.3 Examination of the dependence of telomere shortening on cell division.

If telomere shortening is a cause of replicative senescence, loss of
telomeric DNA should be dependent on cell division and not on
chronolcgical time. Furthermore, as mentioned earlier, telomere shortening
is speculated to occur because of the end replication problem. This also
implies that telomere shortening should be dependent on cell division. The
work in this Section examines the dependence-of telomere shortening on cell
division. This was accomplished by comparing the rates of telomere
shortening for actively dividing HDFs and quiescent HDFs in culture. Also, to
determine if telomere shortening occurs in non-dividing cells in vivo,

telomere length was measured for brain tissue from donors of various ages.
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In humans, the amount of terminal (TTAGGG),, telo-
meric DNA decreases during aging of various somatic
cell types in vitro and in vive. While the factors ac-
counting for telomere shortening have not been thor-
oughly established, the inability of the DNA replica-
tion machinery to completely eopy chromosomal ter-
mini (the “end replication problem™) and the sbsence
in somuatic cclls of telomerase, the enzyme that synthe-
sizes telomeric DNA de novo, is a likely mechanism.
One prediction of this hypothesis is that telomere
shortening should be dependent on cell division. Thus
we unalyzed telomere length in actively dividing and
quiescent cells in vitro and in vivo. In circular out-
growths of cultured human diploid fibroblasts (HDF),
cells at the outer periphery had a significantly lower
mean terminal restriction fragment (TRF) length (P =
0.011) and telomeric signal intensity (P = 0.024) than
cells at the eenter, Also, the rate of telomere shorten-
iny over time for HDFs held quicscent was not statisti.
cully sigmificant (m = -12 bp/day, £ = 0.16) while that
for serially passaged cells was significant (m = -34
bp/day, PP - 0.017). To examine the rate of telomere
shortening for quiescent cells in vive, we measured
mean TRF length in brain tissue from adult donors
ranging in e from 32-75 years. No significant de-
crease was observed as a function of donor age (P =
0.087), in contrast to the shortening of telomere length
that occurs during in vive aging of mitotically active
cells (P <= 0.0001). These observations show that telo-
mere shortening is largely, if not entirely, dependent
on cell division nnd support the end replication prob-
lem as a mechanism for this process and the use of
telomere length as a biomarker for replicative capac-
Ity. © 1993 Academic Vress, Inc.
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INTRODUCTION

Telomeres are genetic elements located at the end of
all eukaryotic chromosomes and are essential for nor-
mal cell viability [1-4). The function of telomeres is to
prevent aberrent recombination and degradation at the
ends of chromosomes. By associating with the nuclear
matrix, telomeres may also play a role in the organiza-
tion of the subnuclear architecture and be involved in
the transcriptional suppression of genes at distal loci.
Telomeres are composed of simple repetitive G/C-rich
DNA complexed with specific telomere binding proteins
as well as histones [reviewed in 5-7]. At least in cili-
ates and slime molds, the termini of telomeric DNA are
capped by a 3 overhang (G-rich DNA) that apparently
forms intra- and interstrand folded complexes stabi-
lized by non-Watson/Crick base pairing [8, 9].

In humans, the telomeric DNA sequence is
(TTAGGG), [10] and the length of the terminal restric-
tion fragment (TRF) containing the (TTAGGG), tract
varies from 10-15 kbp in germ line cells to 5-12 kbp
in peripheral blood leukocytes [11-16). The amount of
telomeric DNA has been shown to decrease during
aging of various types of human somatic cells in vitro
and in vivo [13-21). Loss of telomeric DNA could be
deleterious to the cell and thus has been proposed to
be a cause of cell senescence [22, 23]. It is nossible that
cell senescence involves a checkpoint arrest in response
to damaged DNA due to critically shortened telomeres
on one or more chromosomal ends [24, 25]. Mortality
of somatic cells may have evolved to reduce the chances
of unlimited proliferation of neoplastic cells [reviewed
in 26]. During growth of germline cells and immortal
tumor cells, telomere length is maintained or extended
by telomerase {19, 27-30}. Telomerase is a ribonucleo-
protein which synthesizes telomeric DNA de novo (31).
This is facilitated by the RNA component of telomerase
which contains a short motif complementary to the
telomeric DNA sequence, thereby allowing it to serve
as a template for the extension of the 3’ terwini [32].
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FIG. 1. The end replication problem. Schematic of DNA replica-
tion at the end of a linear DNA molecule showing strund separntion
followed by leading and lagring strand synthesis. The RNA primer
(filled block), newly replicated DNA (dazhed lines), and parental
DNA (solid lines) are shown. Leading strand synthesis allows com-
plete replication of the 5° ends of the parental strand, However,
gap remains at the newly synthesized 5° ends due to degradation of
the most terminal RNA primer used in lagging strand synthesis.

However, the cause of telomere shortening in mortal
cells ts not fully understood.

One hypothesis explaining the cause of telomere
shortening is the end replication problem [33-36] (sec
Fig. 1), i.c., the inability of the normal DNA replication
machinery to complete lagging strand synithesis at sites
opposite to the 3’ end of the template DNA. If this
hypothesis is correct, then loss of telomeric DNA should
be dependent on cell division. Although evidence exists
in support of this prediction [14, 17], the extent that
other mechanisms independent of cell division also con-
tribute to this process is unknown. Thus the goal of
this study is to determine to what degree telomere
shortening is dependent on cell division by (i) compar-
ing telomere length at the center and outer periphery
of radial outgrowths of human diploid fibroblasts
(HDF; (i1) comparing the rate of telomere loss in seri-
ally passaged HDFs and quiescent HDFs; and (iii), de-
termining the change in telomere length of human
brain tissue as a functicn of donor age. Together, our
observations demonstrate that telomere loss is cell divi-
sion-dependent and support the end replication prob-
lem as a mechanism for telomere shortening.

MATERIALS AND METHODS

Cell culture. Radial outgrowths of HDFs were established as pre-
viously described [37]. Cells from a fetal lung fibroblast stroin (BJ)
at population doubling level (PDL} 24 were suspended in medin
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(DMEM-M199 supplemented with 15% bavine calf serum? to a final
concentration of approximately 6.75 X 10> cellw/ml, and 4 % 10* cells
were seeded in the center of 2 100-mm tiszue culture dish. Cellx were
allowed to attach for § h, »ter which time the unattached cells were
wazhed off and 15 ml of medin was added to the dish. All outgrowths
cstablighed in thix manner formed an initial confluent colony with
a dinmeter of approximately 1 em. The outgrowths were allowed o
expand for n period of 75 dayx. During this period, the rate of cell
turnover wis monitered by etching concentric cireles in the bottom
of the tissue cuiture dish to mark the advancement of the outer
boundary of e outgrowth. Any clonal colonics which eatablished in
the area of the tissue culture dish surrounding the outgrowths wore
removed periodieally with a aterile plastic seraper. When the out-
growth expansion period was over, cells from the center and the
outer periphery of the outgrowths were harvested using cloning eyl
inders and DNA wax isolated.

The serinlly passaged and quiescent HDFs wore cultured ax ful-
lows, Starting at PDL 34 (Time 0), cells from an adult skin fibroblast
strain (8360) were either passaged ot o 1:8 split ratio or beld quies.
cent by conlict inhibition with weekly refoeding. A subgroup of the
quieseent cells were trypsinized and reseeded into the same dish
tie, 101 split) every time the serially pussaged celly were split, The
serially passaged cells were harvested for extraction of DNA every
G PDLs, At those times, one 100-mm dish of quiescent cells and
quicscent-trypainized cellx was also harvested. All cells woere grown
in a:MEM supplemented with 15%: fetal bovine serum.

Brain tissue samples. Human brain tissue was obtiined s au-
topsy samples from the Laboratory of Molecular Brain Geneties, Mos.
cow, Rusain, the Center for Neurodegenerative Disxenses in ‘Coronta,
Cunudan, the Henderson General Hospital in Hamilton, Ontario, o
the Southwestern Medieal Center at Datlan, A totad of 81 diflereat
samples from various regions of the brain from 43 dittferent adult
donors (2 months to 76 years of age) and 8 fetunes (9- 18 weeks) an
well as blood samples from 20 donors (T1-95 years of s were
utilized in the study. Postmorten times ranged from 2-12 b Exeopt
for one brain sample, all DNA preparations were obtained by one of
us (. LR uxing: o common protocol (see below), All of the fetal and
schizophrenic adult samples as well as 80% of the normal and Alzher-
mer adull samples originated from the Mascow site. Except far o
sample from 2 32-vear-old male, the remaining samples were pro-
cessed at Toronto, A plioblastoma tumar sample was Kisdly provided
by Dr. Chifford 8. Schiold (Department of Neurology, University of
Toxas Southwestern Medicn) Center at Dallan,

DNA was extracted from the brain tissue by atindard methiods
[see Telomere Length Analysis section and 38|, The DNA from hu-
man brain was tiaken from gross sections of the frontal, parnetal,
oecipital, tempaoral, and eerebellar cortex, Since there wan no signli-
canl difference in averaged mean TRF lenpths between the dilYerent
regions of the heain, data shown under Renults reprosent an averape
of these measurements. For the adults, the brain tissues were taken
from normal individuals as well as those suffering from Alzheimier's
disense or schizophirenta.

Telomerase activity assays.  Normal brain cortex and tumaor tixsie
samples of H0- 1% my were homogenized in 260 4l of ice-eold Chaps
lysis buffeer [30, 39]. After 4 25-min incubntion on ice the lysate wien
centrifuged ot 16,0008 for 20 min at 4°C nnd the protein extraet
in supernatsnt was frozen in liguid nitrogen and stored nt KO
Telomerase activity was measured in protein extracts by the THAP
{telomerie repent amplification protocal) nssny os describwd proe.
vioualy [0, 39]. Briefly, the axsay was performed in Hot Start PCR
tubes (Gibeo/BRL, Gaithersburge, MD) which contnined 0.1 pgr of CX
primer (complementary to the telumerase products) sepirntsd under
a wax barrier from the reaction solution. The telomerase renctions
were started by pipeting 2-u! aliquots of extracts (G ugz of protein)
into 48-u] renction solutions contuining 20 mM Tris—HCI (pH B,
L5 mM MpCl2, 68 mM KCI, 1 mM EGTA, 0.05% Tween 20, 50 uM
dNTPs, (¥PIACTP, [¥PITTP (2 uCi each), 0.5 uM T4 gene 32 protein,



A . Quieszence

Propulation Toubjsn s T (Dayse

Quicscence-Trypan
(Days)

w

4G o oy '_I-T B AI T IR IR A 2T 2L [ 12 26 2046 46 AT 12
P

. ' ~

te

2 :.‘!- e 1] ].9 M 4 9 T T T T T g

= Sorially passagrd
" A Quiescent (Irypsinized)
& Quiescent &
0 0 20 30 40 50
Time (days)

Mean TRF Length {kbp)
{clqy) yibua JUL ueoly

FIG. 2, Al TRE length analysis during culturing of serially passiged and quiescent HDFs, (A) Avtoradiogram showing the size
distributin, o TRFS ot variou- PDLs and time points for the serially passaged o2lls and guiescent eells, respectively, All quicescent cells

were held stanonary ot BPDL S by contact inhibition. The PDL or ti
werpht stitebards e nddicated to the left, (B) Line graph showing
fuieseent, ated ipaescent-trvsnazed colls, The best it line by line
miean vialue trom two experigients The I* value (g slope 01 §s 1

anuts of T DN polvinerase amd 01 g of TS (telomerase sub-
strater aly Lostydes Alter o Dobmin ineubatiun ot rosm temperi-
ture tooallee o telomerase e dited extension of TS oligonuelieo-
tiede, the oo tion mntures were heated at 90°C for 90 s and then
suljeeted 1o 0L PR evebes o 95 0 for 30 s, 50°C for 30 5, and 72 C
for 45w The Dibeled PO firedusts were then separated on nondena-
turig Hre pedoervliode pels and visualized by phosphorimaging.

Lelomers [orvisanadvae. DNA isolation, restriction epzymae di-
pestian, and e TRE length anadysis were done as previously dee-
i molecular woight genomie DINA
Aoyl aleobol (25:24:1) extrace.
tion of 8115 arnd proteniese Falposted coll and tissue samples.
Puretied D50% Death restriction enzymes Hindl and
Lol and oo oo 000 Gparase gels, Gels were deted, and the
TRES were desected b behndication te -FD"-“I"‘(:C(‘-'I.l\:\h. Thse el
wis snthee et hend ot e either o preflashed futora.
dunrraphie n s na Phosphorlnnger Eobecalar Dynamies i sereen

serdual LEE 15010 10 Doty

wies rolatod e phaenlchidorntr

thaen 1|::Kl':-:-~-

RESULTS

Analvsis o e Rate of Tolumere Shortening in
Aetived Dherding and Quieseent HDEFs

A dependence ol telomere shortening on cell turnover
umplics that o reduction in telomere length should be
observed o serially pussaged eells but not in cells that
are held quie=cent. To test this prediction, we analyzed
mwean TRE length for o HDF strain passaged at a 1.8
split ratie starting at PDL 34 and every other passage
thereafter. Meun TRE length was also analyzed for
cells that were held contluent ti.e.. quiescent) at PDL
S We ebhzerved o signifieant rate of loss for serially
passaged eells g o 34 bp/day: P = 0.002) and a small.
statistically inxignificant rate of loss for the quiescent
vells o 12 bp/day: P - 0.13) (Fig. 2). Te control
fur the pos=ibility that trypsin treatment may have in-
duced an aceelerated rate of telomere loss in the seri-

ne of mean TREF length analysis is indicated above each lnne. Molecular
the change in menn TRF length during celturing of serially passaged.
ar regeession is shown for each group of eclls. Each data point is the
iieated for cach Hoe,

ally passugred HDFs, we also analyzed mean TRF
lengrth in cells which had been passaged at a split ratio
of 1:1 (e trypsinized and reseeded into the same
dizh). The rate of telomere loss for these cells was simi-
Jur to thut observed for the cells held at quiescence and
wis not statiztically different from 0 (m = —10 bp/day:
P02, 2o, indicating that trypsinization did not
aceelerate the rate of telomere loss. Furthermore, simi-
lar results were observed in experiments performed in-
dependently and with different fibroblast strains [40].

Telomere Length Analysis in Radial Outgrowths
of HHDEFs

When o =mall. confluent colony of HDFs is estab-
lished in the conter of a culture dish, only cells within
a narrow ring fapprox, 0.7 mm) around the vuter pe-
riphery will proliferate 1371 Consequently, as cells be-
uin Lo divide, the colony expands radially outwards,
forming u linear gradient of PDLs from the outer pe-
riphery of the initial colony te the advancing front of
growing cell= [37]. Thus if loss of telomeric DNA is
dependent on cell division, telomere length should be
unchanged at the center of the Jutgrowth compared to
that in the original culture, but shorter at the outer
puriphery. Consistent with this prediction, both cells
pouled from the center of four outgrowths which were
seeded at PDL 24 and expanded for 2.5 months, and
cells from the original culture at the time of seeding
had a mean TRF length of 9.6 kbp, whereas cells pooled
from the periphery of the expanded outgrowths had a
mean TRF length of 8.6 kbp. The caleulated difference
in population doublings between central and periph-
eral cells of the outgrowths [37] was 31 population dou-
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TABLE 1
Telomere Length Analysis in Radial Qutgrowths

Siganl intensity

Mean TRF length (kbp) (units X 10°%)
Outgrowth Center Periphery Center Periphery Ne 2 (mm) PDLr
1. 9.7 83 6.4 1.6 39 11.5 16
2 9.6 89 5.6 3.6 ’ 43 13.0 18
3 9.5 9.0 6.3 5.6 43 133 19
4 9.7 9.4 55 4.0 43 127 13
Mean 9.7=0.1 92=03 6.0=05 45 =09

* Number of days outgrowths were expanded before analysis.
* Difference between final and initial radius of outgrowth.

* Calculated diference in population doubling level between cells at the periphery versus the center of the outgrowth.

bling indicating that telomere loss occurred at a rate
of ~33 bp/population doubling, similar to that observed
in parallel cultures in which the cells were serially pas-
saged by trypsinization (37 bp/population doubling).
To avoid the need for pooling samples from separate
outgrowths, central and peripheral cells from four new
outgrowths were further cultured, after removal from
the expanded outgrowth, until confluence was reached
in a 100-mm dish (Table 1). Both mean TRF length
and signal intensity were observed to be significantly
- less for cells at the outer periphery than for cells from
the center (P = 0.011 and P = 0.023, respectively). The
calculated rate of telomere shortening (~30 bp/per day)
was again similar to that observed for the mass culture
during serial passage.

Analysis of Telomere Length as a Function of Donor
Age in Human Brain Tissue

Telomere length of PBLs has previously been shown
to decrease as a function of donor age [13, 15], consis-
tent with the active turnover of blood cells in vivo. To
examine the extent of telomere shortening during
aging of nonmitotic cells in vive, we analyzed mean
TRF length of brain tissue samples obtained from em-
brionic donors and adult donors (32-76 years). Figure
3A is a representative Southern blot of telomeric DNA
obtained from individual brain and bloed samples. Fig-
ure 3B is a graphical representation of the averaged
mean TRF lengths for the brain samples from adult
and fetal donors. As shown in Fir;, 3B, there is no sig-
nificant loss of mean TRF length with respect to donor
age for the adult cohorts {7 = 3 bpdyr, r = 0.05, P =
0.90). However, the inclusion of the fetal samples leads
to a plot that does display a potentially significant loss
of mean TRF length with respect to donor age. The
rates of loss vary from 17 (P = 0.06) to 29 bp/year (P
= 0.04) depending on whether the adult samples from
the diseased donors are included; however, both rates
are lower than that reported for PBLs (m = —-42 bp/

yr,r = 0.83, P = 0,0001; see Fig. 3B and [15]). The mean
TRF lengths of PBLs from 30- to 80-year-old donors
decreased from an average value of 8.0 kbp Lo approxi-
mately 6.0 kbp (Fig. 3B and [15]), thus demonstrating
that for at least adult tissue, during in vive aging, telo-
mere length is stable in the brain, in contrast to the
loss of telomere length in PBLs.

We examined the possibility of stable telomere
length heing attributable to active telomerase in brain
tissue by assessing for telomerase activity in brain ex-
tracts (Fig, 4). There was no detectable telomerase ac-
tivity in either fetal, neonatal, young, or adult cortex
(Fig. 4, lanes 1-4'. suggesting that stable telomere
length in brain stems is attributable {0 lack of cell turn-
over, Telomerase was detected in human glioblastoma
{lane 5) and in extracts from HPV16 EG6/E7 immortal-
ized human mammary epithelial cells. The presence of
telomerase activity in mixed samples of normal human
cortex and human gli-blastomas indicates the lack of
a tclomerase inhibitor in noimal cortical extracts
(lanes 11-13).

Since the individual adult cohorts of brain did not
show a change in telomere length with respect to age,
we averaged the mean TRF lengths for cach cohort and
did cross-cohort statistical comparisons. There was no
significant difference in mean TRF length among the
adult (normal, Alzheimer, and schizophrenic) denors
(P > 0.2 for all pair-wise comparisons). Although the
difference in mean TRF length between fetal donors
and adult Alzheimer or adult schizophrenic donors did
not reach statistical sigpificance (P = 0.07 and 0.08
respectively), that between normal adult and fetal
brain tissue did (P = 0.02). The pooled mean TRF
lengths of fetai brain DNA was 11.9 = 1.5 kbp while
that for all adult donors was 10.5 + 0.5 kbp. The differ-
ence between the two values was not statistically sig-
nificant (P = 0.087).

DISCUSSION

In humans, telomere shortening occurs during repli-
cative aging of various normal mitotic cells in vitro and
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in vivo, presumably doe to the end replication preblem
in the abzenee of telomerase (Fig, 1), However, the de-
pree to which telomere shortening is associated with
cell division was not established in earlier reports. To
address this question we compared the rate of telomere
shortening in nondividing and dividing cells in vitro
ank o ociro) For BDEFs maintained in culture for the
same pericd of time, telomere length was observed 1o
be signiticantly shorter for actively dividing cells than
for quicscent cefls (Table 1 and Fig, 2). Also, we ob-
served o ~enificnnt decrense of telomere lenpth in
adult b tissue as o funetion of age, whereas telo-
mere shortening is known to oceur during in vivo aging
of various mitotic cell types 113=16, 18, 21]. Togetier.
these observations show that telomere shortening is
largely depenaent on eell division in vitro and in vivo.

A smiall but stensticnlly insignificant rate of telomere
shortening was observed for quiescent HDFs (P = 0.16;

Fige, 2, indicating that there may be a small rate of

telomere foss during culturing of quicseent HDFs. This
slow rate of telomere Joss in quiescent cells is probably
due to o <low rate of cell turnover and cell death that
normally oceurs during culturing of contact-inhibited
HDEF= 0410 Inaddition, our data indicate that telomere
lenpth in tetal beain tissue is significantly higher than
that in normal adult brain tissue (P = 0.02), Although
telomere fength in fetal brain tissue was also longer
than that in schizophrenic or Alzheimer's brain tissues,
the P-value did not reach statistical significance (P =
0.07 and 0.08, respectively). It is possible that these
differences reflect the relatively small sample sizes or

0) are summarized under Results,

other technica] variations which we could not control,
However, it is also possible that the gencrally shorter
telomere length in adult versus fetal tissue reflects
some turnover within certain populations of cells in the
brain during early development,

The mast important conclusion from the analysix of
the aduli brain is that telomere length does not differ
stunificantly a= a function of donor age or as a function
of normul versus pathological state in this primarily
postmitotic tizsue, Since there was no detectable telo-
merase activity in any normal cortex studied (Fig. 41,
the geneeal stability of telomeres in adult cortex is most
ltkely due to the lack of cellular turnover, Thus, we
helieve that telomere loss oceurs as a function of repli-
cative but not chronological aging both in vitro and in
rito,

Although the reason for telomere shortening is still
unknown, the association of loss of telomeric DNA with
cell division implies that the end replication problem
1= a prohable cause [14, 17]. Twe additional lines of
evidence supporting the end replication problem as a
mechanism for telomere shortening also exist. First,
the end replication problem predicts the occurrence of
a 3° overhang at chromosomal termini (Fig. 1). Gua-
nine-rich overhangs have been shown to be present at
chroinvsome termini in normal somatic human cells
(CBH. unpublished data). Second, models based upon
the end replication problem for telomere shortening in
actively dividing cell populations have shown that the
predicted kinetics for the appearence of a critical telo-
mere length (i.e., the length which all telomeres in a
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FIG. 4. Telomerase netivity assiys on exteacts from normad briun
cortex and a glisblastoma brain tumor, Normal brain samples inelud-
ing fetal brazn exhibit no detectable telomerase activity (anes 14
under the TRAD assay conditions allowing detection of the telo.
merase in 10 cell equivalents of 3 positive eonlrol. As o positive
control, seril dilutions of extract frum an HPVIE EGZET immorta!
ized humaz mammarey epithelial (HMED eell line having telomeri
activity wers aasayed (anes 5= 100 Telomerase is readily deteetabl
in i human glioblastomas wmor sample ane 51 when the siane
amount aledth eXtraet (6 o) ik used, as for assays of nornial
brain exireots Pretreatment of this extract with RNase prior to the
TRAIY « results in loss of Lelomerase activity signad tane 6
consisten? the taet that the telomerase aetivity is BNusesenisg
tive, To enosdde the possibility thot the normal brain tissae conting..
an inhthes ey Sectorts) preventing detection of telomerse by the
TRAP as- weextracts from 500 cell equividents of the positive
control o)l
profein
aligquots o

normal brain cortex tanes 12, 140 or with identica!
veis bufler thaines 11, U and assayed for telomersse, The
IEXENT « vnents demonsteate that i is unlikely that the normal
brain tissue - contain inhibitors sefficient to cause a complete Jss ot
deteetion < telomerise aativity,

cell must be above to allow cell division Lo continue) tx

similar to the observed kineties for the appearenee of

senescent mondividing eells [36]. However, additional
mechani=ms for telomere shortening, such as degrad.s-
tion by exonucleases or unequal recombination be-
tween telomeres followed by growth relection of vells
inheriting the shorter compliment of telomeres, have
not been ruled out [17, 36]. For example, telomeres may
only be susceptible to degradation by nucleases and/or
recombination during S phase. Further work is re-
quired 1o determine what mechanisms contribute to

w CHIMED were mixed with aliquots of extenets (6 of
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telomere shortening and their relative contributions to
this process.

The rate of telomere shortening varies signiticantly
between cell types and, more noticenbly, between spe-
cies. For different species, the rate of telomere shorten.
ing ranges from a few bp/population doubling in Dro-
sophila [42] to 1.40-200 bp/population doubling in hu-
man cndothelial cells [21], In terms of the end
replication problem these differences in rates of short-
entng may be accounted for by interspecics varintion
in: (1) the length and positioning of the most terminal
RNA primer during lagging strand synthesis: b modi-
fication of the overhang length: and Gii level of telo-
merase expression, Additionally. differences in exo-
nuclense activity and frequency of recombination
telomeres may also contribute to interspeeics vartdion
in rate of welomere shortening, Differences in the mite
of telomere shortening between cell types in humans
has thus i heen observed only for eells tiveulture due
to the difficulty in direetly measuring the turnover rat.
of colls (n eivo, In particular, HDFx lose telomerie DNA
at o rate of 30100 bp/population doubling {17, 1,
whereas the rate of telomere shortening in human cn-
dotheliol cells is estimated to be 140-200 bppopula:
tion doubling, This difference in the rate ol Toss ol el
meric DNA may he partinlly explained by an underesn
mation of the number of doublings per pas~aee in
endothelial cell cultures due to a lower plating offi
cieney and growth fraction in endotheliad cells eom
pared 1o that in fibroblasts 121 and unpuoblislued dateg

I conclusion, the data presented here shoe that, o
somatie cells which Tnck telomerase, telomers shineten
ing = dependent upon eell diviston, Thus bes ol el
meste DNA = expected to e s inherent prealilens for
actively dividing eells (i vivo, bhut not for <tationaes
cells. ooy bee possible to extend the Llimited vephiea
tive caparenty of aetively dividing soniatic eclts by slow
ing or stopping the telomere shortening process, One
avenwe of approach to achieve this poal mae he thomeh
the controlled expression of telonerase inothewe eell-
or their procenitor stem cells,
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2.4 Examination of the existence of a critical telomere length in senescent
HDFs.

The telomere hypothesis predicts that the shortening of telomeres
below a critical length will cause cell senescence. According to this prediction,
telomere length should be roughly the same for all senescent cells. In
contrast, considerable variability in telomere length at early passage is
expected for HDF clones which exhibit a broad range of replicative capacities.
The observation that telomere length predicts rcplicative capacity for cultured
HDFs (Section 2.1) supports the possibility of convergence of telomere lengths
at senescence, however telomere length at senescence was not analyied
directly in this study. Therefore, the existence of a critical telomere length at
senescence was examined by comparing the interclonal variability in
telomere length at carly passage and at senescence for a number of HDF
clones established from the same mass culture. The size of the critical
telomere length was estimated by calculating the mean telomere length at

senescence (also see Appendix B).
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Evidence for a Critical Telomere Length in Senescent Human Fibroblasts
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Telomeres, the G/C-rich DNA sequences capping the
c¢nds of all eukaryotic chromosomes, have been shown
to shorten during replicative aging of normal cells in
vitro and in vivo. Morcover, variation in the initial
length of terminal restriction fragments (TRF) ac-
counts for much of the variation in replicative capacity
of fibroblast cultures from different donors. Since rep.
licative capacity alse varies significantly between
clones in a mass culture of fibroblasts from a single do-
nor, we wished to further test the hypothesis that the
shortening of telomeres to a critical or threshold length
acts as a signal for cell senescence. Thus, we measured
TRF length and total telomeric signal intensity for 35
clonal fibroblast populations at early passage and at se-
nescence. Replicative capacity was found to be directly
proportional to mean TRF length (m = 7.2 population
doublings/kbp, r = 0.65, P = 0.0004) and total signal
intensity (m = 25.0 population doublings/unit, r = 0.€3,
P < 0.003) at early passage. More importantly, the
variability in both mean TRF length and signal inten-
sity (F = 2.0 and 2.9; P = 0,02 and 0.03, respectively)
at senescence was markedly less than that at carly pas-
sage. Although initinl telomere length cannot account
for all of the interclonal variability in replicative ca-
picity, our observations support the existence of o crit-
ical telomere length in senescing cells and a eausal role
of telomerc shortening in cell senescence.  © 1990 Acsdemic

I"rews, Inc.

INTRCDUCTION

The thorough demonstration that normal human fi-
broblasts have a finite life span in vitro by Hayflick and
Moorhead [1] established the cell senescence modei of
aging. However, despite the large body of evidence in
support of this model [2-8] the events responsible for
the f{inite proliferative capacity of normal somatic cells
are still uncertain. Although many factors have been
proposed to account for the mechanism(s) of cell senes-
cence, including damage from external or epigenetic
forces such as radiation or oxidation (reviewed in refer-
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Copyright © 1995 by Academic Preas, Inc.
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ence [9]), it is hard to account for the relatively precise
limit on replicative, but not chronological, life span of
these cells without invoking a mitotic clock {10, 11].

Olovnikov [12, 13] proposed a plausible mitotic clock
limiting the replicative capacity of normal somatic cells
based upon the inability of the normal DNA replication
machinery to completely replicate the 3’ end of linear
duplex DNA |14]. Olovnikov suggested that the cause of
cell senescence is the gradual truncation of chromo-
somal ends (telomeres) due to this *“end-replication
problem.”

Telomeres are essential genetic elements [15, 16].
They prevent degradation and aberrant recombination
of the natural termini (reviewed in references [17] and
(18]} and may contribute to the subnuclear localization
of chromosome ends [19, 20). Telomeres are character-
ized by tandem arrays of short DNA repeats ((T.AG,),,
in vertebrates) and associated proteins {reviewed in ref-
erence [21]). To overcome incomplete replication of
telomeres, most immortal eukaryotic cells express telo-
merase, a novel DNA polymerase containing an internal
RNA component which elongates telomeric repeats by
extending the 3’ end of telomeres (reviewed in reference
[21]). Thus, in cells expressing telomerase, telomere loss
is balanced by telomerase-catalyzed synthesis of te-
lomeric DNA de novo.

While it is very likely that aging occurs at many levels
and is pleiotropic [10, 11], a number of observations sug-
zest telomere shortening may effect replicative senes-
cence of cells. (i) Telomeres shorten during in vitro and
ir. vivo aging of various cell types including fibroblasts
[22-24} and peripheral blood leucocytes and colon mu-
cosa epithelia {25]. Telomere loss occurs during replica-
tive aging, but not chronological aging (reference [22]
and unpublished data). (ii) Initial telomere length in fi-
broblasts from different aged donors is proportional to
replicative capacity [24]. (iii) Telomere loss in mitoti-
cally active cells seems to be associated with the absence
of telomerase {26, 27]. (iv) Detection of telomerase ac-
tivity coincides with stabilized telomere lengths in im-
mortal cell lines, thus suggesting that telomerase expres-
sion is required for cell immortalization [26]. (v) Telo-
mere length is greater in sperm than in somatic cells (28, -
29]. The telomere hypothesis of cell aging [11] is based"



upon these observations and suggests telomere shorten-
ing due to the end-replication problem provides a mitotic
clock that ultimately causes replicative senescence, thus
limiting the proliferative capacity of somatic cells.

One of the predictions of the telomere hypothesis is
that the shortening of telomeres below a critical length
could lead to the signalling of cell senescence. To exam-
ine the validity of this prediction we have compared in-
terclonal variability in telomere length for clonal fibro-
blast populations at early passage and senescence.

MATERIALS AND METHODS

Cell culture and cloning. A skin biopsy from a 24-year-old uonor
was cut into picces 1-mm” or less in size and used to establish a pri-
mary culture as described previously {30]. When the first 100-mm dish
reached confluence {continuous monciayer) the cell population (~3 x
10" cells) was assigned 16 population doublings. At population dou-
bling level (PDL) 27 several 100-mm dishes were each seeded with
approximately 100 cells. After 10-14 dayxin eulture, 50 discrete cloties
ranging in size from ~50 to 5000 cells were randomly harvested and
transferred to 35-mm dishes [30]. Those clonal populations showing
good growth within a few duys (~50% confluence or greater) were ench
seeded into a 100-mm dish and subsequently pasaaged 1:8 until con-
fluence was no longer reached after 4 weeks with weekly refeeding (se-
nescence). DNA was annlyzed for cach clonal population at 3 popula-
tion doublings after the first 100-mm dish hod obtained confluence
and at senescence. Clones which senesced in the 35-mm dish o in the
first 100-mm dish were not analyzed due to poor yield of DNA. In o
separute study, the plating etficiency and percent dividing cells was
determined for 8 clones. The data for bath plating etliciency (>90%0)
and percentage of dividing cells (85-90%) was sutliciently high so as
not to warrant correction of pupulation doublings between PRSKNEES,

Analysis of DNA, DNA wax isolated as deseribed previously [2G)
and quantitied by fluorometry, After digestion with restriction en-
zymes Minfl and Rsal, 1.0 gg of each sumple was resolved by electro-
phoresis in 0L5% agarose pgels for T00-800 V-h. Hybridization of oligo-
nucleotide probes to dried gels was bused on a modifiention of Mather
[31). In brief, gels were dried under vacuum at 60°C for 45-60 min,
sozked in 0.5 Af NaOH, 1.5 M NaCl fur 10 min, followed by 0.5 M Tris,
pH &, 1.5 M NaCl for 10 min, then incubnted in 5% SSC at 37°C with
Tpend-labeled (CCCTAA), for8-12 h, and finolly washed three times
in 0.24X S8C ut roum temperature (8 min cach) prior to exposure Lo
preflushed Kodak XAR film or Phosphor Imager screen (Moleculur
Dynamies) for 1-2 days. Mean terminal restriction fragment (TRF)
length (Fig. 1} was deteemined from densitometric analysis of autorn-
dioggrams as described previously [24].

For unulysis of telomeric signal intensity, 0.5 ug of the Hinfl/Rsal-
digested DNA sumples was blotted onto nylon membranes, The mem-
branes containing the blotted DNA were then denstured and aeutrnl-
ized as indicated above except the incubation period was for 30 min at
cach step. The membtanes were allowed to dry end the denatured
DNA was then cross-linked to the membrane using ¢ uv-stratalinker
1800 (Stratagene). The membranes were then hybridized and washed
by n modification of the method deseribed in reference 32. The mem-
branes were prehvbridized in o butfer containing 50% formamide, 5
88C, 0.25% SDS, und 5X Denhardt's solution for 2 h at 42°C. A dena-
tured [YP]DNA telomeric probe lubeled by nick transintion/hexa-
nucleotide primed synthesis [33, 34) was then added to the buffer and
the membranes were incubated for o further 12-18 h at 42°C. Mem-
branes were washed briefly in 1 SSC/0.19 SDS ot room temperature
and then twice at 65°C in 0.1% SSC/0.1% SDS for 30 min. After
exposure to a Phosphor-Imager sereen for 2 doys, membranes were
atripped by washing in boiling ddH,0 which was subsequently allowed
to cool ot room temperature for 1 h. The stripped membranes wers
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prehybridized once more and then hybridized to a denntured [*P).

DNA probe specific for the c-fos pene, rinsed, and exposed to a Phos-
phor-Imager acreen as described above.,

Statistical anaivsiz. Todetect any change in interclonal varinbility
in telomere tength between young and senescent clones, the in-
terclonal variance in telomere length was compared by the Ftest (H.:
variance (early parsage) = variance (renescence)). Although menn
telomere length is significontly leas for the clones at sehescence than
at eatly passage, other methods of comparison of variability were not
warranted |35,

RESULTS

Terminal restriction fragments (TRFs) are composed
of a terminal T>AG, tract (telomere) as well as nonte-
iomeric sequences interspersed with telomeric or degen-
erate telomeric sequences [36] that oceur between the
most distal Hinfl/Rsal restriction site and the terminal
T2AG; tract. The high degree of proportionality oh
served between mean TRF length at early passage and
replicative capacity (the number of population dou-
blings remaining from the PDL at which mean TRF
length wus analyzed until senescence) for libroblaye
mass cultures [24]) tends to support the existence of o
critical telomere length (i.e., the length which all telo-
meres must be above to allow cell doubling to continue),
However, & more direct test of this notion is to compare
the interclonal variability in telomere length at early
passage and senescence. Figure 1 illustrates the maodel
which we wished to test in this analysis. It is expected
that a signifieant amount of telomere length vaniability
amung clones may be due to differences in the previous
number of cell divisions in vivo and in vitro [37, 28). This
contribution to telomere length variability would not be
expected at senescence if a critieal tejomere length ox-
ists. Thus, a smaller variability in telomere length at se-
nescence as compared to early passage would support the
existence of a critical telomere length (Fig. 1).

In the following experiments we have used mean TRE
length (Fig. 1) and total signal intensity as o relative es
timate of the mean telomere length heenuse currently
it is not possible to directly measure the length of the
terminal T:AGy tract. We chose to analyze telomere
length in fibroblast clones established from the same
mass culture as opposed to the mass cultures to reduee
the contribution of genetic factors affecting Lhe varin
tion in telomere length measurement. Fibroblast elomes
have previously been shown to exhibit a broad runge in
replicative cupucities [37, 38, thus rendering them ame-
nable to study the relationship between telomere length
and lifespan in vitro. Also, we only compured interclonal
variability in telomere length between cells ut the earl;-
est passage at which enough DMA could he obtained for
telomere length analysis and senescent cells hecnuse o
significant number of yruing clones were only 1-3 popu-
lation doublings away !rom sencscence. Therefore, Lhe
interclonsl variability in remaining replicative capacity,
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FIG. 1. Amodeloftherel:  uship between interclonal heteroge-

neity in mean TRF length wi :eplientive capacity. The mean TRF
length consists of two componenta: (1) The overage length of the te-
lomeric (TTAGGE) repents (solid har), which bind to the telomeric
probe, and (2) The average length of other proximal sequences (open
bur) which do net bind the telomeric probe. The variability in mean
TRF length among severnl hypothetical clonnl cell populntions ix
shown at early passnpe and senescence, At carly passage, clones with
longer telmetes will have proportionally longer proliferative capaci-
ties, Interclonal heterogencity in mean telomere length will be affected
by intercellulnr varinbility in PDL and by the intracellular distribu.
tion of telomerse lengths, Interclonal heterogeneity in the mean length
of the nontelometic portion 0. 1 . TRF reflects intercellular variation
in sequences proximal to the telomere, In the simplest model, the in-
terclonul variubility in mean telomere length at senescence is reduced
to that due to varinbility in the interchromosomal distribution of te-
lomeric DNA. The tength and sequence of the nontelomeric region of
the TRE is assumed not to change during replicative aging of a cell.

and presumably telomere length, for clones at in-
termediate PDLs would be less than that for early
passage clones, Thus comparison of interclonal variabil-
ity in telomere length between clones at intermediate
PDLs and senescent clones would not be expected to
strengthen our results.

In this study. mean TRF length and telomeric signal
intensity were mensured for 35 fibroblast clones at early
passage and senescence. A typical autoradiogram show-
ing the TRF distributions for several of these clones is
shown in Fig. 2A. Heterogeneity in mean length, signal
intensity, and, surprisingly, the number of distinct TRF
bands or modes can be seen ameng clones at equivalent
PDLs. To determine if the modal heterogeneity among
fibroblast clones originates in vive or in vitro, the TRF
protiles for 13 subclones were examined. Most of the
subclones derived from the same parental clone had the
same TRF profile, which also matched that of the paren-
tal clone (Fig. 2B). There may be some differences in the
TRF profile between subclones and the parental clones
as noted {or subclones B1-B4 and the corresponding pa-
rental clone. However, these differences are difficult to
quantiiy objectively. Therefore, these resuits suggest
that the majority of the interclonal heterogeneity in the
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TRF distribution appears to be generated in vivo, al-
though the possibility that some heterogeneity was gen-
erated subsequent to establishing the primary culture
can not be excluded,

The correlation between replicative capacity and
mean TRF length at early passage is shown in Fig. 3A. In
agreement with our previous study on fibroblast cultures

" irom different donors {24], a significant positive correla-

tion was observed (m = 7.2 population doublings {pd)/
kbp, P = 0.0004). Likewise, replicative capacity was also
directly proportional to normalized signal intensity at
early passage (Fig. 3B; m = 25.0 pd/unit, P = 0.003).
Thus, the range in replicative capacity amongst clones
from a single mass culture (20 pd; Fig. 3) was large
enough to allow detection of a significant positive rela-
tionship with telomere length even though this range in
replicative capacity is much smaller than that among
mass cultures from donors ranging in age from 0 to 100
years of age (50 pd; {24]).

The variance in mean TRF length amongst the fibro-
blast clones at early passage was compared to the vari-
ance at senescence and was found to be significantly less
at early passage than at senescence (Fig. 4A; F = 2.0,
P = 0.02). The variance in normalized telomeric signal
intensity for voung and ¢ld cells, as determined by slot
blot experiments, was also compared. Interclonal vari-
ability in signal intensity was also found to be signifi-
cantly greater for young cells than for senescent cells
(Fig. 4B: F = 2.9, P = 0.03). Although there is still con-
siderable heterogeneity in mean TRF length and signal
intensity at senescence which must be accounted for
(Figs. 4A and 4B; see Discussion), this observation sup-
ports the existence of a critical telomere length.

DISCUSSION

The telomere hypothesis of cell aging and immortali-
zation predicts that the shortening of telomeres to a erit-
ical length on one or more chromosomes in human so-
matic cells could play a causal role in cell senescence
[11]. We have previously shown replicative capacity to
be highly proportional to telomere length [24], in sup-
port of the existence of a critical or threshold telomere
length in senescent cells. In this study, we more closely
examined the validity of the above prediction by com-
paring the variability in telomere length among clonal
fibroblast populations at early passage ancd at senes-
cence; For both measures of telomere length, mean TRF
length and signal intensity, interclonal variability was
less at senescence than at early passage (mean TRF
length—P = 0.02; signal intensity—P = 0.03), further
supporting the existence of a critical telomere length.

Values reported for mean TRF length at senescence
range from 5 to 7.6 kbp ([27, 39, 40] and data presented
here). The discrepancy in these values is at least par-
tially accounted for by the different methodologies used,
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TRE distrilagion for fibroblast clones at carly passage and senescence, (A Genomie DNA from clonnl tibroblast populintions s

prepared as deseribed and resolved in agarose gels by electrophoresis, TREs were detected with o ¥Pelabeled telomeric aliponueleatide. Fach
clone from which the DNA was ubtained is represented by the number above cach Line, Bize [in kilobise pairs tkbp)] and position of markers
are indiciated. (B) Genomie 1INA from subelones and corresponding pirental clones was analy, .-ml ws deseribed in {A). Mautehing letters induweate

the parental clone from which cach subelone was established., The subelones have andergone 23

clones,

and possibly the ditlferent cell 1ypes analvzed. However,
the noticeable interclonal variability in mean
length and total signal intensity at senescence (Figs. 1A
and 48) cannat be explained by these fuctors. The sig.
nificant inicerclonal heterogeneity in the size distribu-

tion of both the nontelomerie and telomeric portions of
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the TREFs may aceount in part for this interclonal van
abtlity, This possibility is supported by the observed het.
erogencity in the number of telomeric modes amongst
clones (Fig, 2A), Thus, although the total amount ot 1e
lomerie DNA and mean TRF length at senescence varies
from clone 1o clone, the shortest telomere within i se-
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doublings after the first confluent 100-mm dish for cach clone. Ench point represents the mean of four or more determinations. Valuen for the

slope (m), regression coeflicient (), and probability (7 H

o 8lope > 0) of the linenr regression lines are shown,
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nescent cell, which perhaps best represents the critical
telomere length, may be much less variable. For exam-
ple, if a critical telomere length exists, a clonal popula-
tion in which a small fraction of the telomeres are sig-
nificantly shorter than the rest would be expected to
have a signiticantly higher mean TRF length and te-
lomeric signal intensity at senescence than a clonal pop-
ulation in which the length of the telomeres is more ho-
MOgeNeous,

There are several possible explanations for the in-
terclonal heterogencity in TRF length distributions.
First, subtelomeric DNA and telomeric DNA are known
to be recombinogenic [41-43]. In our study, the majority
of the interclonal variation in the TRF length distribu-
tions was apparently generated in vivo, although it is
possible that some recombination occurred between
telomeres ¢ vitro in the clones analyzed in this study
{sce Results). Second, analysis of the end-replication
problem predicts that random segregation of chromo-
somes with ditfering amounts of telomeric DNA deleted
would lead to an increasing intercellular divergence in
the telomere size distribution with increasing population
doublings [27]. Third, interclonal variability in telomere
length at senescence may also be partially attributed to
termination of division as a result of factors other than
loss of telomeric DNA. Factors which enuid result in ces-
sation of growth before telomeres reach: s critical length
include unequal partitioning of ¢cytoplasmic components
as well as other epigenetic and stochastic processes [44-
46]. Fourth, intercellular differences in DNA modifica-

varinnee (senescence}) of the distributions are shown.

tions affecting restriction enzyme accessibility may exist
[47]. Therefore, the observed interclonal variability in
telomere length at senescence does not preclude the ex-
istence of a critical telomere length.

The mean telomere length represents the average
length of all telomeres within a cell population and
therefore may be used to obtain an estimate of the upper
limit for the critical telomere length. We have previously
estimated mean telomere length for senescent human
fibroblasts to be ~2 kbp (22, 27]. However, it is possible
that some chromosomal ends in senescent cells lack telo-
meres entirely since the standard deviation of the TRF
length distribution is large (Fig. 2, and [27)). Therefore,
we estimated the putative critical telomere length to be
between 0 and 2 kbp for the fibroblast strains analyzed
in these earlier studies [27]. Using a similar approach,
we found that the mean telomere length at senescence
averaged over the clones used in this study was ~2.8 kbp
{(data not shown), implying that the putative critical
telomere length for the clones analyzed here is between
0 and 2.8 kbp. Further evidence for the existence of a
critical telomere length and a more accurate estimation
of this length will require analysis of the lengths of indi-
vidual telomeres within senescent cells.

Several theories have been proposed to explain how
telomere shortening could cause cell senescence. Olovni-
kov proposed that telomere shortening would eventually
lead to the deletion of a telomeric gene whose expression
is required for ongoing cell proliferation {12, 13]. This
hypothesis now seems unlikely since the amount of te-



lomeric DNA lost is relatively small compared to in-
tergenic distances. Alternative theories assume a certain
length of telomeric DNA is required to maintain a stable
telomeric structure or telomere-protein complex. For
example, telomere shortening could destabilize telomere
structure leading to end-to-end fusion and dicentric for-
mation, which could in turn act as a signal for check-
point arrest or cell senescence. Indeed, a signiticant in-
crease in the number of dicentrics has been observed to
occur in the final growth phase of cultured human fi-
broblasts [48, 49]. Alternatively, telomere shortening
could lead to the destabilization of an association be-
tween telomeres and 2 component of the nuclear enve-
lope or nuclear matrix leading to a signal for checkpoint
arrest. More recently, Wright and Shay proposed that
telomere shortening causes changes in telomeric hetero-
chromatin, thereby affecting the expression of telomere-
associated genes which initiates cell senescence [50].
Some of these genes may be required for cell replication.
Once engulfed in heterochromatin, these genes would
become inactive and cell senescer:~e would ensue. We fa-
vor a model in which loss of a critival amount of te-
lomeric DNA on one or more chromosomes is recognized
as damaged DNA, perhaps analogous to a double-strand
break, and thus triggers a mechanism for checkpoint ar-
rest following DNA damage {51]. This model is simpler
than the others in that it does not require new pathways
for signaling exit from the cell cycle; it only requires that
a sufficient amount of DNA is lost from a chromosome
end to render the telomere functionally inactive.

In conclusion, our cheervations further support the
existence of a critical or threshold telomere length [11]
in mitotically active, normal somatic celis and therefore
support the hypothesis that the shortening of telomeres
beyond a critical length may initiate replicative senes-
cence. [t should be possible to test whether telomere
shortening is a true enise of cell senescence once meth-
ods for modifving tei .aere loss and/or telomerase ex-
pression in multicellular eukaryotes are developed.
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2.5 Analysis of changes in telomere length during replicative aging ot

hematopoietic stem cells in vitro and in vivo.

It is debatable whether stem cell populations are mortal or immortal. If
stem cells are mortal (ie. undergo replicative senescence), then telomere
length should decrease during replicative aging of these cells. If stem cells are
immortal then telomere length would be expected to stay the same as PDL
increases. To determine if telomere shortening occurs during division of
stem cells in vitro and in vivo, telomere length was mea.ured at various
PDLs of long term cultures of CD34*/CD38e candidate hematopoietic stem
cells, and in CD34+/CD38'¢ cells obtained directly from bone marrow of adult
donors or cord blood of fetal donors. The results frcm this analysis are

presented in this Section.
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Evidence for a mitotic clock in human hematopoietic stem cells:

Loss of telomeric DNA with age

HOoMAYOUN Vaziri*t, WiesLawa DrRaGowska¥, RiCHARD C. ALLsorp*, TERRY E. THOMAS?S,

CALVIN B. HARLEY®, AND PETER M. LANSDQRP¥SY

*Geron Corporation, 200 Constitution Drive, Menlo Park, CA 94025; *Terry Fox Laboratory for Hematology/Oncology. British Columbia Cancer Agency, 601
West 10th Avenue, Vancouver, BC M52 1L3, Canada: and #Department of Medicine, University of British Columbia, Vancouver, BC, Canada

Communicated by Irving L. Weissman, June 29, 1994

ABSTRACT  The proliferative life-span of the stem cells
that sustain hematopoicsis throughout life is not knowa, It has
been proposed that the sequential loss of telomeric DNA from
the ends of human chromosomes with each somatic cell division
eventuatly reaches a critical point that triggers cellular senes-
cence, We now show that candidate human stem cells with a
CD33+*CD38% phenotype that were purified from adult bone
marrow have shorter tclomeres than cells from fetal liver or
umbilical cord blood. We also found that cells produced in
cytokine-supplemented cultures of purified precursor cells
show a proliferation-associated loss of telomeric DNA. These
findings strongly sugpest that the proliferative potential of
most, If not all, hematopoietic stem cells is limited and de-
creases with ape, a coneept that has widespread implications for
tnodels of normal an4 abnormal hematopoiesis as well as gene
therapy.

The requirement for primers and the undirectional 5 — 3
nature of DNA synthesis by DNA polymerases results in
incomplete replication of the terminal 3° strands of lincar
chromosomes (1-3). Eukaryotic chromosomes end in spe-
cialized nucleoprotein structures called telomeres (4) and in
vertebrates, including * umans, telomeres terminate in tan-
dem repeats of (TTAGGG), (5). Telomeres have been shown
10 be ¢ritical for chromosome stability and function (4} and
telomere loss has been shown to signal cell cycle arrest and
chromosomal instability in yeast (6, 7). Telomeric repeats are
synthesized by telomerase, a ribonucleoprotein capable of
clongating telomeres de novo (8, 9). In the absence of
telomerase., human telomeres shorten with cell divisions and
such telomere loss may act as a mitotic clock to eventually
signal eell eyele exit and cetlular seneseence (10, 11). Loss of
telomeric DNA upon proliferation in vitro has been observed
in fibroblasts (10, 12) and lymphocytes (13) but not in
immortalized tumor cells, which were found to express
telomerase activity (9, 14, 15). Shortening of telomeres during
aging in vive has been observed with skin dermal and
epidermal cells (12, 16), peripheral blood leukocytes (13, 17).
and colon epithelia (17) but not in sperm DNA (12).

Most mature cells of the hematopoietic system are rela-
tively short-lived cells that need 1o be replaced continuously
throughout life. A relatively small population of hematopoi-
ctic stem cells is ultimately responsible for producing the
staggering numbers of cells estimated to represent the daily
output of the hematopoietic system (i.c., >10% cells per day
in human adults). Stem cells are usually defined as multipo-
teatial cells with self-renewal capacity—i.c., the capacity to
give rise to mere cells with indistinguishable properties and
developmental potential, The maintenance of these proper-
ties is believed to be an essential feature of both steady-state
hematopoiesis and the regeneration of hematopoiesis from a
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fraction of the number of stem cells present in the adult as
occurs following the administration of myeloblative chemo-
radiotherapy protocols and injection of 2 marrow transplant
(18-22).

Primitive hematopoietic cells in human bone marrow are
contained in a very small subpopulation of cells that is
characterized by cell surface expression of high levels of
CD34 (23). low levels of Thy-1 (24, 25}, and an absence or low
levels of CD38 (26), CD45RA, and CD71 (27). Recent studies
have shown striking ontogeny-related changes in the func-
tional propertics of cells with this phenotype (28). I view of
these findings and the age-related loss of telomeric DNA
observed in fractionated peripheral blood leukocytes (13) and
other somatic cells (12, 16, 17), we undertook experiments to
analyze the length of telomeric DNA in hematopoictic cells
in relation to their stage of development.

MATERIALS AND METHODS

Smalt-Scale Cell Purification. CD34* CD45RA* CD71l
cells from fetal liver (13-18 weeks of gestation), umblical
cord blood. and bone marrow (organ donors, 19 and 58 years,
respectively) were purificd by flow cytometry and cell sorting
as described (27, 28). Purified cells were cultured forup to 4
weeks in serum-free medium supplemented with Steel factor,
interleukin 6 (IL-6), granulocyte/macrophage colony-stim-
ulating factor (GM-CSF)/IL-3 fusion protein (PIXY), mac-
rophage CSF, grunulocyte CSF, and erythropoictin as de-
scribed (29). At various time intervals, the cells in the
cultures were harvested, counted, and used for analysis of
mean terminal restriction fragment (TRF) length, calculation
of population doublings, 2nd continuation of the cultures.
Human material used in this study was obtained following
protocols approved by local Institutional Review Boards as
well as the Ethical Screening Committee of the University of
British Columbia.

Large-Scale Cell Purification. Previously frozen bone mar-
row cells were depleted from cells expressing CD45RA,
glycophorin, CD3, CD67, and an unknown platelet antiger
(recognized by antibody 3H2 developed in our laboratory;
using density separation and high gradient magnetic separa:
tion procedures (30). The magnetically preenriched CD34*
cells (70-809% CD34*) were stained for CD34 and CD3!
antigens and sorted by fluorescence-activated cell sorting. A
total of 0.65 x 10° and 0.41 x 108 CD34*+CD38% cells and 4.
x 10%and 2.3 % 105 CD34*CD38* cells was recovered afte
sorting from 17 x 10% and 38 x 1{® nucleated cells, respec
tively, from each organ donor prior to density separation ant
immunomagnetic selection.

Abbreviation: TRF, terminal restriction fragment.
TPresent address: Ontario Cancer Institute, Princess Margaret Hos
pital, 500 Sherbourne Strect, Toronto, ON M4X 1K9, Canada.

n wham renrint reanecte chanld he nddracead at the  addrees.



Telomere Length Analysis. The methods for measurement
of mean TRF iength have been described elsewhere (12, 13).
In brief., 10% ceils at different time points were washed twice
in phosphate-buffered saline and the peliet was lysed. Ge-
nomic DNA was extracted and 2-5 pg was digested with
excess Hinfl and Rsa 1 (BRL. 10-20 units cach). cthanol
precipitated. and quaniified by fluorometry. Onc microgram
of digested DNA was resolved in 0,55 agarose gels. Gels
were dried and subjected to hybridization with §* end-**P-
labeled (CiTA:. Gels were washed and then exposed toa
Phosphorlmager screen (Molecular Dyuamics),

RESUL7ZS

Loss of Telomeric DNA in Hematopoictic Cells in Vivo.
Analysis of telomere length in the total nucleated cell popu-
lation obtained from different bone marrow donors and
different fetal liver and cord blood samples demonstrated o
loss of telomeric DNA in these tissues at progressive stages
of development (Fig. 1). The observed loss of telomeric DNA
from carly development (fetal liver or cord blood) to adult-
hood was highly significant (7 < 0.0001. r test). Telomere
length also appeared 10 decrease with the age of the udult
bone marrow donors {calculated loss of 9 bp per yeur),
although considerable individual variation in the mean TRF
lfength at any given age was observed. Most likely, these
differences reflect inborn differences in TRF length between
individuals, This is also suggested by the observed differ-
ences in mean TRF length between the various fetal liver and
cord bloud samples (Fig, 1). However, differences between
individuuls in the proliferative history of their hematopotetic
cells is another explunation for the observed variations in
mean TRF length, Findings in childhood leukemia that indi-
cate that leukemic blast cells have shorter TRFs than normal
hemistopoictic cells {rom the same paticnt support this pos.
sibility (310,

Laoss of Telomeric DNA in the Cultured Progeny of Purified
Hematopoictic Precursor Cells. Primitive hemuatopoietic cells
with u CD34"CD4SRARCD71"™ phenotype were purified from
fetal liver, umbilica) cord blood. and adult bone marrow by flow
cytometry and cell sorting. The purified cells were cultured in
serum-tree medium supplemented with & mixture of cytokines
to stimulate their proliferution and to obtain sufficient numbers
of cells for telomere length analysis, Genomic DNA of the
cultured cells was isolated and the mean length of TRFs fwhich
contain the telomeric (TTAGGG), repeats] was analyzed by
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FiG. 1. Loss of telomeric DNA in hematopoietic celis with age,

The mean TRF length in cells from the indicated tissue is shown.
Fetal iver sampies (13-18 weeks of gestation), umbilical cord blood
(full-term pregnancies), and bune marrow (from donors of indicated
ages) were separated by density centrifugation. DNA was extracted
from low-density cells (>90% viuble) for TRF analysis. The signal
from the dried gels was detected and digitized with a Phosphorlm-
ager, The mean TRF length wis ¢alculated a- described (12, 13).

THF
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71

Southern analysis. The results of these experiments are shown
in Figs, 2and 3. Cells produced incultures of purified adult bone
marrow precursors could readily be distinguished from those
produced in cultures of purified fetal liver and cord blowd cells
by virtue of their shorter mean TRF length, Furthermore, the
cells produced in the cultures showed a proliferation-associnted
loss of telomeric DNA. The calculated loss of telomeric DNA
by the cultured cells was 45 and 35 bp per population doubling
for bone marrow cells, 54 and 19 bp per population doubling for
fetal liver cells. and 46 and 23 bp per population doubling for
cord blood cells (calculated average loss forall cell types: 37 bp
per population doubling). The cells produced in these cultures
are known to be highly heterogencous and contain & minority of
primitive precursozs amid an abundance of cells at varions
stages of erythroid and myeloid dilferentintion (27, 291 As
result, the caleulated loss of telomeric DNA per population
“doubling™ is not indicutive of the possible loss of telomeric
DNA per cell division in the most primitive precursors,

Loss of Telomeric DNA in the Most Primitive Hematopaoictic
Cells. To exclude the possibility that the observed telomere
loss in cells from adult bone marrow cultures was restricted
1o the progeny of a more mature subset of progenitors in the
purificd cell fraction we examined the mean TRE length of the
purified cells themselves, This represented 1 considerable
challenge as our curreat TRF analysis requires DNA from
least 0.5 x 10" cells. r'o purifly sufficient candidate stem cells
from CD34* bone marrow cells in these numbers, low-
density cells from previously frozen argan donor bone mar-
row were first depleted from cells expressing lineage antigens
using high gradient magnetic separation (30), CD33' CIR™
cells (26} were then sorted from the magnetically preenriched
cells by fluorescence-activated cell sorting.

The meun TRF length of purified CD34 ' CD3SY cuells (.-94957
pure) from the bore marrow of two different organ donors taged
16 and S8 years) was compared 1o that of difTerent cell frctions
from the same donors and to that of (control) fetal tiver cells
(Fig. 4). As betore (Figs. 1-3), bone marrow cells hund i shorter
mean TRF length than fetal liver cells and again an apparent
decrease with the age of the marrow donor was observed. Snadl
differences in mean telomere length between CD33° C1DIReY,
CD34' CD38Y, and tot] nucleated bone marrow cells were also
found (CD34°CHANY - CD34* CDIRY > totul nucleited hone
marrow cells), in agreement with i higher proliferative potential

BM3 FL2

BM2

cit

FI1G. 2. Loss of telumeric DNA in humin hemistopoictic cells
upon proliferation in vive and in vitre. An sutoradiogram showing the
loss of telomeric DNA in the cultured progeny of primitive hema-
topoictic precursors purified from the indicated tissues is shown.
BM, bone murrow: FL, fetal liver; CB, umbilical cord blom), DNA
samples from totul nucleated cells from each tissue before purifics.
tion {indicated with an asterisk) are shown as i control. All subse-
quent luncs were loaded with digested DNA from <ells present at
increasing time intervals in ultures initiated with highly purificd
precursors from the indicatew Lssues (see ziso Fig. 3).
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1. 3. Loss of telomeric DNA in cells from cultures of purificd candidate hematopoietic stem cells. Quantiiative analysis of experiments
described in 1he legend 10 Fig, 2. 1., TRF daty obtained with cultured cells from two different donors; @, total aucleated cells from the indicated

tissues betore purification and culture. The mean = SE of two independe

of the CDD34° CD38" celis. Although the presence of a minor
subpopulition of cells within the population of CD34° CD38
cells with long ¢**fetal length ™) telomeres or telomerase activity
czanot he excluded by this experiment, the majority of aduit
bone marrow cells witl: this phenotype clearly appear to have
shorter telomeres than unfractionated cells from fetal liver.
presumably as b resalt of cell divisions in vivo.

DISCUSSION

The ohserved age- and proliferation-related loss of tefomeric
DNA in hematopoictic cells confirms previous observations
witlt DNA from whole blood (127 ~nd lymphacytes as well as
neutropbils 1134, Our duti strong e suggest that fetal liver or
cord blood cells have o significantly higher replicative po-

TRF BM3 BM2 FL
kh 16yrs  59yrs

lane

Total
CD34 - - + +
CD38 + - + -

Fo. 4 Age-relited Loass of telomeric DNA in primaitive hemato-
poretie adult bone marrow cells with a CD34° CD38W phenotype.
DNA was entracted from CD34CDIS cells (lanes 3 and 6).
CDA3CDIS cells thines 2 and ), and total nucleated bene marrow
(BM) cells tlunes T and 3) from two difTerent organ donors (age 16,
lanies 1-3; e 3¥, Lines 4=6) for measurement of mean TRE length,
DNA 1rom fetul liver (FL) colis {15-18 weeks of gestation) was used
as o control tane 7). The mean TRF lengths (in kb) of the samples
in this gel were i follows: lane 1, 9.2: lane 2, 9.0 lane 3, 10.0; lane
4, 8.0 lane 5, 8.4: lane 6, 9.3 and lane 7. 12,5,

-
+
+

nt TRF measurcments (different gels) for each DNA sumple are shown.

tential than adult hematopoictic cells, a concept that would
argue in favor of the use of such eells for transplaniztion
purposes (32). However, the importance of telomere length
relitive to other intrinsic and extrinsic factors controlling the
proliferative potential and behavior of hematopoictic cells is
currently not known.

I the most primitive hematopoietic cells lose telomeric
DNA w a rate that is roughly comparable to other somatic
cells [50-100 bp per doubling (12. 13)], our observations are
compatible with limited mitotic activity and a limited prolif-
erative potential in such cells from adult bone marrow. More
extensive TREF analysis of larger numbers of sumples and the
development of more refined techniques to allow telomere
length measurements in smaller numbers of cells or, ideally.
single cells are required to increase the accuracy of estimates
of the turnover rate and proliferation potential in various
hematopoictic cells.

In previous studies, we found that the fraction of cells
responding to a mixture of hemopoictic cytokines. the pro-
duction of CD34- eells, as well as the proliferation rate of
CD33° cells all decrease during development (28). This
study. showing o decrease in mean telomere length with cell
and donor age. suggests that replicative senescence within
the hemuopoietic lineage may be causally linked to some of
these functional differences. Developmental chunges in the
turnover rate and cytokine responsiveness of primitive hu-
man hematopoietic cells (28) are most likely not dircctly
reluted 1o chunges in the mean telomere length of such cells.
Howeser. limitations in the proliferative potential of purified
precorsars from adult bone marrow could be directly corre-
luted w0 the observed decrease in mean telomere length. A
major vhstacle to direct experimental support [ this hy-
pothests is that human telomerase genes have not yet been
cloned (33). However, a large body of evidence on telomere
fength in somatic cells i vitro and in vive indicates that
telomere length serves as a biomarker of the replicative
history of cells (10, 12, 13, 17, 34).

The findings reported here have severul implications for
muodels of both normal and deregulated hematopoiesis. A
finite life-span of primitive hematopoictic cells is in agree-
ment with the observed loss of repopulating ability of murine
bone marrow in serfal transplantation experiments (35-37) or
repeated cyeles of cytotoxic treatment (38, 39). Qur findings
are also compatible with the higher proliferative potentia! of
letal versus adult hematopoictic cells observed in various
assays (35, 40, 41). However, data documenting hematopoi-
elic reconstitution of multiple recipients with the progeny of
a single marked precursor support the notion that at least
some hermatopoictic cells in this species are capable of
sell-renewal (20, 42, 43), Although telomerase expression in
regencrating stem cells and/or possible differences between



species cannot be ruled out, another explanation is that in
these cxperiments telomere-related limitations in the prolif-
erative potential of primitive murine precursors were simpiy
not yet reached. A similar situation may exist in various
forms of leukemia. At initial stages of the disease, altered
signal transduction pathways and/or altered probabilitics of
differentiation events in a single cell will result in numerical
expansion of the leukemic ¢cells. In our current model, this
expansion should cventually be limited by critical shortening
of telomeric DNA, resulting in signals that trigger cell cycle
arrest but also chromosomal instability. Further progression
of the disease may involve selection of cells thatignore or can
bypass the cell cycle arrest signal and, eventually, selection
of cells that express the enzyme telomerase (14, 15, 33). A
thorough analysis of telomerse expression in cells from
normal hematopoictic tissues at various stages of develop-
ment as well as cells from patients with various hematological
disorders will be required to fully undetstand the pathophys-
iology of telomere length dynamics in hematopoietic cells.
Further studics are also needed to explore the possibility of
extending or maintaining the proliferative potential of adult
stem cells by forced expression of exogenous or endogenous
telomerase activity. The information derived from such anal-
ysis should help to guide the development of novel thera-
peutic strategies involving transplantation and genetic ma-
nipulation of primitive hematopoietic cells for the treatment
of a variety of disorders.
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2.6 Analysis of changes in length of individual telomeres during replicative

aging of cultured HDFs.

In the previous Sections, measurement of telomere length was
accomplished by mean TRF length analysis. The telomere length and rate of
shortening calculated by this approach represents the average length or rate of
shortening for all telomeres in a cell population which itself may be
heterogeneous. The method of fluorescent in situ hybridization (FISH) can be
used to estimate the relative lengths of individual telomeres and requires
minimal processing of the DNA. In this Section, FISH is used to examine the
relative lengths and degree of shortening of individual telomeres during
replicative aging of cultured HDFs.

This manuscript is being prepared for submission to the Journal of Cell

Biology.
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ABSTRACT

Telomeres in human somatic cells have been shown by Southern
analysis to shorten during replicative aging. This study examines the
shortering of individual telomeres at the single cell level by fluorescent in
sit hybridization (FISH) analysis. FISH and confocal microscopy,of normal
human diploid fibroblasts (HDF) in interphase indicated that there may be
interchromcsomal heterogeneity in telomere length. FISH analysis of
interphase HDFs at increasing population doublings showed a gradual
decrease in detectability of telomeric fluorescence. To examine the relative
lengths of individual telomeres in young and old cells in greater detail, FISH
analysis was performed on metaphase spreads of HDFs at early and late
passage. Heterogeneity in detection frequency was observed for telomeres on
chromosomes 1, 9, 15 and the Y chromosome. Also, the intertelomeric
distribution of detection frequencies for these chromosomes was similar for
cells at early passage and senescence. These results provide evidence for
interchromosomal heterogeneity in telomere length and indicate that all
telomeres shorten at similar rates. FISH studies of two SV40 tran:formed
HDEF strains showed that at crisis, only a few telomeres remained detectable by
FISH. Following crisis, in the immortal cell line, telomere size stabilized, and,
in many cells, increased to sizes larger than those found in young HDFs. FISH
analysis of metaphase chromosomes from these cells just prior to crisis
revealed that the long arm of one copy of chromosome 9 was frequently
involved in an end-to-end association with another smaller chromosome or
chromosomal fragment, as indicated by the detection of telomeric signal at
the junction site. This observation supports the hypothesis that the
shortening of telomeres below a critical length causes telomeric instability,

allowing the telomere termini to behave like a double stranded break.



INTRODUCTION

Normal eukaryotic somatic cells. can only undergo a finite number of
divisions in vitro, also known as the Hayflick limit. This phenomenon was
originally described as senescence a; the cellular level over 30 years ago
(Hayflick and Moorhead, 1961), and has now been established as a senescence
process in h:gher eukaryotes (Martin et al., 1970; Dell'Orco et al, 1973;
Goldstein, 1974; reviewed in Stanulis-Praeger, 1987; Finch, 1990; Goldstein,
1990). Numerous models have been proposed to explain the cause(s) of cell
senescence (reviewed in Stanulis-Praeger, 1987; Finch, 1990; Goldstein, 1990).
One of these models is based upon the loss of telomeric DNA that occurs
during replicative aging of somatic cells which provides an intrinsic
biological clock to explain cell senescence (Harley, 1991).

Telomeres are genetic elements located at thé ends of all eukaryotic
chromosomes and are essential for genetic stability (Muller, 1938; McClintock,
1941; Lundblad and Szostak, 1990; Sandell and Zakian, 1993; reviewed in
Blackburn, 1991; Gilson et al, 1993). Telomeres cause the ends of
chromosomes to behave differently than double stranded DNA breaks in that
they protect chromosome ends from nuclease degradation and aberrant
recombination (Muller, 1938; McClintock, 1941; Bourgain and Katinka, 1990;
Henderson et al., 1990). Telomeres may also play a role in the sub-nuclear
organization of chromatin (reviewed in Gilson et al, 1993) and may facilitate
chromosome pairing during meiosis (Sen and Gilbert, 1988). Telomeres are
composed of specialized chromatin (Tommerup et al, 1994; reviewed in
Blackburn, 1991), the DNA component of which consists of repetitive
sequences that are G-rich in the 5" —> 3’ strand (Blackburn, 1991). The
telomeric DNA sequence of vertebrates is (TTAGGG)n (Meyne et al., 1989).
Although the terminal restriction fragment (TRF) length of peripheral blood
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leukocyte (PBL) DNA is typically in the §-10 kbp rang€ in adults (Hastie et al, i
1$90; Vaziri et al, 1993), about 4-5 kbp of the TRF in normal cells is estimated
to be non-telomeric DNA (Fig. 1A; Levy et al, 1992; Allsopp and Harley, 1995).
Thus, adult human telomeric DNA length ranges from 3-5 kbp in PBLs to 10-
15 kbp in sperm (de Lange et al, 1990; Allsopp et al, 1992). In addition to non-
telomeric DNA sequences, the portion of the TRF proximal to the terminal
TTAGGG ‘ract is composed of degenerate TTAGGG sequences as well as short
blocks of TTAGGG sequences (Fig. 1A; Allshire et al, 1989; de Lange et al, 1990;
Brown et al, 1990; Weber et al, 1990; Wells et al, 1990). Little is known about
the protein components of mammalian telomeres, although they appear to
include nucleosomal proteins (Makarov et al, 1993; Tommerup et al, 1994).
Recently, a telomere-specific protein which binds to double stranded
telomeric DNA has been identified in human cell extracts (Zhong, ¢t al, 1992).

The need for a special mechanism to complete telomere replication
was independently recognized by Olovnikov (1971 and 1973) and Watson
(1972). This prediction was based upon the inability of the DNA replication
machinery to completely replicate the ends of linear DNA molecules (the
‘end-replication problem’ (Olovnikov, 1971, 1973)) (reviewed in Blackburn,
1991). Recently, this prediction has been shown to be correct in studies by us
and others which have revealed that the amount telomeric DNA decreases
during replicative aging of various human somatic cell tvpes both in vitro
and in vivo (Harley et al., 1990; Hastie et al., 1990; Lindset et al, 1991; Allsopp
et al., 1992; Counter et al., 1992; Vaziri et al., 1993; Vaziri ¢t al., 1994; Chang
and Harley, in press). These observations lead to the telomere hypothesis of
cell aging which proposes that the shortening of 1 or more telomeres below a
threshold length which is necessary for proper telomere structure and

function (the critical telomere length or Tc) will induce irreversible cell cycle
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arrest (cell senescence or the M1 checkpoint) (see Fig. 1B) (Harley, 1991).

However, there must exist some mechanism to maintain telomere
length during species propagation. This mechanism is provided by
telomerase, a protein/RNA complex capable of synthesizing telomeric DNA
de novo (Greider and Blackbum, 1985; reviewed in Blackburn, 1991). The
RNA comnponent of telomerase contains a short motif which corresponds to
the telomeric DNA sequence and which provides a template for the addition
of telomeric DNA onto the 3' terminus of chromosomal ends (Greider and
Blackburn, 1989; Feng et al,.1995). Telomerase has been detected in various
human cell lines and tumor tissue (Counter et al., 1992; Counter et al., 1994a;
Counter et al., 1994b; Kim et al., 1994) as well as human germ line tissue (Kim
et ol., 1994) and appears to be either absent or present at very low levels in
most adult somatic tissues (Counter et al., 1992; Kim et al., 1994; Broccoli et al,
1995; Counter et al., 1995; Chiu et al, in press; Hiyama ef al, in press). After
transformed human cells have bypassed cell senescence, telomere length
continues to shorten and the frequency of dicentric chromosomes increases
until cells reach crisis (M2 checkpoint; Fig. 1B)}(Counter et al, 1992; Counter et
al, 1994b). In the rare transformed cells which have acquired the ability to
bypass the M2 checkpoint, the expression of telomerase has been shown to
coincide with the maintenance of telomere length, suggesting that telomerase
is essential for immortalization (ie. the survival of crisis or the M2
checkpoint where most cells die) (Fig. 1B) (Counter et al., 1992; Counter et al.,
1994b). These observations have lead to the suggestion that telomere
shortening may also have a causal role in crisis (Harley, 1991; Counter et al,
1992; Wright and Shay, 1995).

All of our previous analyses of telomeric DNA length have used

Southern hybridization with a telomere specific probe. However, it is not
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possible to analyze the lengths of individual telomeres by this technique due

to the heterogeneity in telomere length that exists in a cell population. In this
study, we have used fluorescent in situ hybridization (FISH) to evaluate the
relative loss of telomeric DNA from individual chromosomat ends during

replicative aging of normal and transformed human fibroblasts.
MATERIALS AND METHODS

Cell Culture

BJ cells (fetal male human foreskin fibroblast), S2C cells (adult skin
fibroblast), IMR90 cells (female human lung diploid fibroblast; ATCC CCL
186), SW26 cells (SV40 transfected IMR90 cells at pre-crisis stage) and SW26i
cells (stable post-crisis immortal line from SW26) were cultured in
DMEM/M199 (4:1) supplemented with either 10% FBS or 10% BCS and 1%
penicillin/streptomycin or 1% gentamycin respectively.

WI-38 cells (female human lung diploid fibroblast; ATCC CCL 35), were
cultured in 0—-MEM supplemented with 10% FBS and 1%
penicillin/streptomycin. WI38-VA13 cells (SV40 transformed human WI-38
fibroblasts; ATCC CCL 75.1) were cultured in DMEM (Gibco/BRL,
Gaithersburg. MD) supplemented with 10% FBS and 1%
penicillin/streptomycin.

For interphase FISH analysis of HDFs, cells were plated and grown on

22 mm?2 acid-washed glass coverslips (1.5 thickness) in 35 mm culture dishes.

Probes
The telomeric probe pHuR93/ ATCC #61076/ (Moyzis, 1988} labeled
with either biotin-11-dUTP (Sigma Chemical Co., St. Louis, MO),
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digoxigenin(DIG)-11-dUTP (Boehringer Mannheim) or FITC-dUTP

(Boehringer Mannheim) by nick translation was used in FISH analysis of
interphase cells. The telomeric probe pBLrep4 (this plasmid contains ~600 bp
of PCR generated telomeric repeats cloned into pCMV (Stratagene)) labeled

' with either biotin-16-dUTP (Boerhinger Mannheim) or DIG-11-dUTP
(Boerhinger Mannheim) by nick translation was used in FISH analysis of

metaphase chromosomes.

In situ Hybridization and Detection

Interphase Nuclei- Cells were fixed in 2.5% formaldehyde plus 5 mM
MgCls in PBS, pH 7.4 for 10 min at room temperature (RT). Following
fixation, the cells were washed 3 times (10 min each) with 0.3 M glycme in
PBS, pH 7.4, permeabilized with 0.2% Triton X-100 in PBS for 5 min, and then
washed 3 times (10 min each) in PBS, pH 7.4. In order to preserve nuclear
morphology, hypotonic swelling, cell lysing, ethanol dehydration and air
drying (steps commonly employed during in situ hybridization protocols)
were not used.

The cells were then washed in 2X SSC at RT prior to denaturation of
cellular DNA in 70% deionized formamide in 2X SSC at 80°C for 10 min.
Following denaturation, the cells were washed immediately with ice-cold 70
% deionized formamide in 2X SSC followed by a wash in 2X S5C at RT.

100 ng of telomeric probe was dried in a Speed-Vac (Savant DNA 100)
and then resuspended in 10 ul of 100% deionized formamide. The probe was
denatured by heating in a 80°C water bath for 10 min and then placed
immediately on ice. Hybridization buffer was added to the probe to give a

final volume of 20 ul and a final concentration of: 50% formamide, 10%
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dextran sulfate, 2X SSC, 2X Denhardt's solution and 50 mM Tris-HCI, pH 7.5.
The entire 20 ptl volume was added to the cells on coverslips which were then
inverted onto glass microscope slides and sealed with rubber cement.
Following incubation overnight at 37°C, the coverslips were washed twice (300
min each) in 50% formamide/2X SSC at 37°C, once (30 min} in 2X SSC at 37°C
and once (30 min) at RT in 2X SSC. The coverslips were then incubated for 60
min at RT in 2X SSC/1% BSA containing either fluorescein avidin DN (1:200}
(Vector Laboratories Inc., Burlingame, CA) or RITC-conjugated anti-DIG
antibodies (1:20) (Boerhinger Mannheim). Following labeling, the cells were
washed (5 min. each) with 2X SSC, PBS, PBS/0.1% Triton X-100 and then 3
more times with PBS, pH 7.4. Coverslips were mounted in glycerol:PBS (at a
9:1 ratio) containing 0.1% p-phenylenediamine buffered te pH 8.0 witha 05 M
carbonate/bicarbonate buffer (antifade).

Celis were imaged with a Zeiss confocal laser scanning microscope

(CSLM) equipped with a 100X/1.3 NA oil immersion lens, an argon ion laser
(A = 488 nm) and a helium/neon laser ( A = 543 nm).

Metaphase cliromosomes- Metaphase spreads were prepared using standard
methanol/acetic acid fixation methods. DNA was denatured by immersing
slides in 70% deionized formamide/2X SSC heated to 72°C for 2.5 min.
Following denaturation, shdes were immediately transferred through a series
of ice-cold ethanol washes (70%, 95% and 100% solutions; 3 min each) and
then allowed to air dry. 120 ng of telomeric probe was dried down and
resuspended in formamide and denatured as described above.

When using a biotinylated telomeric probe, the hybridization protocol
and subsequent washes were done essentially as described above for

interphase cells, except that the post-hybridization washes were done at 44°C
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and for 5 min each. Also, the fluorescent signal was amplified by incubating

the slides at RT in PNM buffer (0.1 M phosphate, pH 8.0/0.1% Nonidet P40
plus 5% dried milk powder) containing 5 ug/ml biotinylated antiavidin
(Vector Laboratories Inc., Burlingame, CA) for 20 min. The slides were then
washed (5 min each) in 4X SSC, 4X SSC/0.1% Triton X-100, 4X SSC, PN buffer
(PNM buffer without dried milk powder). The slides were incubated once
more with FITC-avidin in PNM buffer (final concentration, 5 pg/ml) at RT
for 20 min followed by the same wash steps used to remove unbound
biotinylated antiavidin. DAPI/DA staining was then performed as described
by Schweizer (1978). Slides were mounted in antifade (see above) containing
0.8 ug/ml propidium iodide.

When using a DIG-labeled telomeric probe, FISH was performed
essentially as described by Parra and Windle (1993), except PNM buffer was
used instead of PN buffer containing 4% goat serum.

Chromosomes were imaged with a Zeiss ICR-35 inverted fluorescent
microscope equipped with a 100X/1.4 NA oil immersion lens and a UV filter
set, a fluorescein filter set and a fluorescein/rhodamine dual filter set.
Photomicrographs were taken with a Canon F12 camera using Kodak
Ektachrome™ 400 ASA slide film. Photomicrographs of telomeric signals and
DAPI/DA staining were taken at exposure times of 30 seconds and 10 seconds

respectively.

Southern analysis of TRF length

For all HDF strains and cell lines, Southern analysis of terminal
restriction fragment (TRF) length was performed as described previously
(Allsopp et al., 1992; Allsopp and Harley, 1995), except that the oligonucleotide
(TTAGGG)3 was used as a probe instead of (CCCTAA)3.



RESULTS.
Telomere size and distribution in interphase nuclei.

Unlike biochemical aralysis, in sifu hybridization allows for the
examination of changes in telomere size (and interchromosomal variability
in telomere size) on an individual cell basis.

Serial optical Sectioning and 3-dimensional reconstruction by CSLM
show that telomeres are uniformly distributed throughout the nucleus in
cultured HDFs, in agreement with these previous studies (Fig. 2). The results
in Figure 2 also indicate that there is interchromosomal heterogeneity in the
telomere size. We have found similar results in a variety of cells in culture
(e.g. normal fibroblasts, endothelial cells, transformed fibroblasts, cancer cell
lines) as well as in Sections of human tissue (pancreas, thyroid, muscle) (data
not shown). Furthermore, there is no apparent relationship between the spot
size (ie. size of the telomere hybridization signal) and the distance of the
telomere from the nuclear periphery, indicating that the variance in the size
of the spot is not due to accessibility of the probe into the volume of the

nucleus.
Changes in telomere size during replicative aging.

Telomeres have been shown to shorten in a variety of human cell
types (see introduction). Interphase FISH analysis of telomeres in the HDF
strain BJ at various PDLs showed a decrease in signal detection frequency,
signal intensity and spot size (measurements correlated with telomere length)

during replicative aging (Fig. 3). These findings are consistent with the
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decrease in TRF length and signal intensity with increasing PDL observed in
Southern analysis of TRFs (Fig. 4). In late passage cells, only a minority of the
telomeres are detected by FISH and have intensities less than the strongest
signals observed in early passage cells (Fig. 3); these signals presumably
correspond to the telomeres of chromosomes with the largest signals in early
passage cells. Furthermore, the interchromosomal heterogeneity of telomere
signal persisted during replicative aging. These observations are in agreement
with a similar rate of loss of telomeric DNA for all chromosomal ends. Also,
the remaining detectable telomeric signals in late passage and senescent cells
were observed to occur any place within the nuclear volume, indicating that
there is no relationship between the telomere position within the nuclear
volume and telomere size and also possibly susceptibility to loss of DNA with
replicative aging.

To more closely analyze the shortening of individual telomeres, FISH
analysis of metaphase chromosomes from early and late passage BJ cells was
performed. As was observed in the interphase FISH analysis, telomere signal
was reduced at late passage relative to early passage (Fig. 5). Moreover, the
detection frequency for telomeres on chromosomes 1, 9, 15 and the Y
chromosome as identified by DAPI/DA staining were all less at late passage
(Table I). Also, the frequency of detection of telomeric signal varied from
telomere to telomere (Table I), which further supports the existence of
intracellular heterogeneity in telomere size as indicated by the variability in
telomere signal size and intensity observed in interphase cells (Fig. 2 and 3).
The distribution in telome:  size, as indicated by detection frequency, appears
to be similar for late passage and early passage cells (Table I). A qualitatively
similar distribution of detection frequencies for these telomeres in both early

and late passage cells was also observed in a blind study. This observation
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provides further evidence for a similar rate of shortening for all telomeres.

Ch-nges in telomere size following cell transformation.

To assess interchromosomal changes in telomere size following
transformation, FISH analysis was performed on early and late passage IMR90
cells and the SV40 T antigen transformed counterpart cells both pre- (SW26)
and post-crisis (SW26-i). As was found in BJ cells, there was a heterogeneity in
size and distribution of telomere signal within any nucleus as well as an
apparent uniform decrease in signal size and intensity with replicative aging
(Fig. 6). Following transformation, and prior to crisis, the telomere signal
continued to decrease. Similar results were observed in FISH analysis of
metaphase chromosomes from IMR90 cells at early passage and SW26 cells
near crisis (Fig. 7 and Table II). As shown in Figures 6 and 7, only a few
telomeres remain detectable in SW26 cells near crisis. This observation is in
agreement with the short TRF length observed for these cells relative to
IMR90 cells at early passage or senescence (Fig. 8).

In SW26 cells, one copy of chromosome 9 appeared to be associated iu a
dicentric at a frequency of = 20-30%. This dicentric appeared to be formed by
the end-to-end association, as indicated by the presence of telomeric signal at
the junction site (Fig. 7), between the long arm of chromosome 9 and another
smaller chromosome or chromosome fragment.

Post-crisis, the detectability of the telomeric signals in SW26-i cells was
very heterogeneous (Fig. 6). There was a stabilization of the detectability of
telomeric signal in interphase nuclei, and in many cells, the signal increased
to sizes and intensities greater than those in the early passage IMR90 cells. A

similarily large heterogeneity of telomeric signal was observed in WI38-

o
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VA13 cells as well (data not shown). Southern analysis of TRF length of these

cell lines also showed a large heterogeneity in telomere length relative to the
pre-crisis and norma! counterpart cells (Fig. 8). Furthermore, hybridization
with a chromosome speéiﬁc, subtelomeric probe showed no apparent
clustering of subtelomeric signals (data not shown). These observations argue
against the possibility that the large telomeric signals in these cell lines is due
to telomere clustering. Also, as was the case for normal HDFs, there was no
apparent relationship between an individual chromosome and the increase
in size of the telomeric signal following immortalization, suggesting that the

increase in signal is not telomere specific (data not shown).
DISCUSSION

Previous analysis by Southern hybridization has shown that in somatic
cells, mean TRF length decreases during cell division in vitro and in vivo
(Harley et al., 1990; Hastie et al., 1990; Lindsey et al, 1991; Allsopp et al., 1992;
Counter et al., 1992; Vaziri et al., 1993; Vaziri et al., 1994; Chang and Harley, in
press). These observations are the basis for the hypothesis that, due to the
absence of the enzyme telomerase in somatic cells, the shortening of 1 or
more telomeres below a critical length during replicative aging will lead to
cell senescence (Harley, 1991). However, these biochemical studies were
performed on large and often heterogeneous populations of cells.
Furthermore, what is measured by Southern analysis is a mean TRF length of
all telomeres within the population and thus, makes no allowances for any
potential intercellular variability, or more importantly, interchromosomal
variability in telomere length or rate of telomere shortening. This study

examines the changes in telomere length during replicative aging at the level
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of a single cell.

FISH analysis of telomeres in interphase HDFs using confocal laser
scanning microscopy (CLSM) shows that within the interphase nucleus,
telomeres are generally distributed throughout the nuclear volume. These
findings agree with previous findings by others (Manuelidis and Borden,
1988; Billia and De Boni, 1991; Ferguson and Ward, 1992; Vourr:'h et al., 1993)
on the non-Rabl distribution of telomeres in mammalian nuclei. The
distribution of telomeres is in all likelihood, not static. Vourc'h et al.. have
shown a co-ordinated movement of centromeres and telomeres relative to
the cell cycle in synchronized murine lymphocytes (1993). The significance of
this movement remains to be determined. Possibly, the movement affects the
placement of specific sub-chromosomal regions containing genes expressed in
a particular environment in order to facilitate or enhance gene expression at
given times during the cell cycle. It has been shown that telomeric DNA binds
to nuclear matrix proteins (de Lange, 1992). Thus, telomeres may act as
anchoring elements to the nuclear matrix and/or putative intranuclear
motors that will allow for co-ordinated chromosomal movement.

FISH analysis of telomeres in interphase cells and metaphase
chromosomes shows that the detectability of individual telomeres in a cell is
heterogeneous, suggesting that different telomeres have different lengths.
Analysis by FISH of interphase nuclei shows that there is a heterogeneity in
the size of individual hybridized telomere spots and no relationship is
apparent between size and distance from the nuclear periphery, at least in
HDFs. The variability in the distribution of larger versus smaller spots within
the nuclear volume countermands the argument that intranuclear
differences in hybridization spot size may be related to the penetrability of the

probe within the nuclear volume. The probe appears to be equally accessible
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to all parts of the nuclear volume, suggesting that intranuclear differences in

spot size reflect chromosomal differences in telomere size. However, we can
not rule out the possibility of intranuclear and interchromosomal differences
in telomeric chromatin structure which could interfere with probe
accessibility. It is also possible that the variable detectibility is accounted for by
interchromosomal differences in the amount of sub-terminal (TTAGGG)n
and telomere-like DNA (Fig. 1A). Brown et al. (1990) and Wells et al. (1990)
have examined the interchromosomal distribution of human genomic clones
containing telomeric sequences and telomere-like sequences which map to
sub-terminal loci. The distribution of these clones does not correspond to the
distribution of detectable telomeric signals observed in this study, in support
of the interpretation that the heterogeneity in detectability of individual
telomeres reflects variability in telomere length. However, the distribution of
subterminal sequences has also been shown to be polymorphic (Brown ¢t al.,
1990). Further work utilizing improved methods of telomere length
measurement will be required to resolve these issues.

It has been previously shown that the detectability of the sequence
probed for using FISH correlates with the target size (Lichter et al, 1991). In
this study, we have been able to detect by FISH, changes in telomere size (ie.
changes in hybridization spot size, intensity and detectability) over as few as 4
population doublings in BJ cells. The overall rate of telomere shortening in
these cells is = 36 bp/pd (unpublished data). Thus, if the average rate applies
to individual chromosomes, we are able to detect by FISH changes in
telomere length as small as approximately 150 bp. Also, using a similar
technique to stain individual telomeres (primed in situ labeling or PRINS),
Therkelsen et al. {1994) have observed an inverse correlation between

detection frequency of individual telomeres and donor age in human
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lymphocytes. Together, these observations show that staining of telomeres by

FISH and other in situ procedures using fluorescent tags can provide a
reliable and sensitive method for detection of changes in telomere length.

Our results indicate that the heterogeneity of telomere length and the
interchromosomal distribution of these lengths is maintained during
replicative aging, which suggests that all telomeres shorten at similar,
perhaps equivalent, rates. Also, Southern analysis of TRF length for some
HDF strains has revealed that for many HDF strains, the distribution of TRF
lengths is multi-modal, where each mode probably reflects a fraction of the
telomeres in the genome. The rate of shortening of these modes and of the
entire TRE length distribution appear to be similar (Allsopp and Harley, 1995;
K. Prowse, personal communication; unpublished data), providing further
evidence that the rate of shortening is similar for all telomeres. However, our
study does not reveal whether the telomeres with a strong or weak signal in a
specific cell at early passage give rise to telomeres with a correspondingly
strong or weak signal in senescent cells . The simultaneous analysis of all 92
telomeres per normal human diploid cell in clonal cell populations will
proviée stronger evidence as to whether all telomeres shorten at equivalent
rates.

Two predictions of the telomere hypothesis are, (i) the shortening of 1
or more telomeres below a critical length, Tc, will induce cell senescence and
(ii), the accumulation of critically shortened telomeres to a threshold level
will initiate crisis in transformed cells which have bypassed cell senescence
{Harley, 1991). We have previously calculated the mean telomere length at
senescence, which provides an upper estimate of Tc, to be approximately 2-3
kbp (Levy, et al., 1992; Allsopp and Harley, 1995). However, if

interchromosomal heterogeneity in telomere length exists as suggested in
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this study, then Tc will be less than the mean telomere length. Since there is a
large distribution of lengths for each individual telomere in a cell population
at any given PDL (Harley et al., 1990; Karen Prowse, personal communicaton),
it is even possible that cell senescence is induced by the complete loss of
telomeric DNA from the ends of 1 or a few chromosomes.

A critically short telomere may be analogous to a double stranded DNA
break. Recently, it has been shown that the presence of a single double
stranded DNA break in a cell is capable of inducing irreversible cell cycle
arrest in human cells (di Leonardo et al., 1994; Ishizaka ef al., 1995). Thus,
replicative senescence may be initiated by the signaling of a DNA damage
pathway. Furthermore, chromosome ends which lack telomeres are highly
fusogenic (Muller, 1938; reviewed in Blackburn, 1991), and therefore the
accumulation of critically shortened telomeres in senescent and transformed
cells could explain the accumulation of dicentric chromosomes in these cells
(Benn, 1976; Sherwood et al., 1989; Counter et al., 1992; Counter et al., 1994b).
This prediction is supported by the observations that the telomere on 9q
appears to be relatively short in IMR90 cells and SW26 cells (Table II), and that
one copy of chromosome 9 appears to be frequently engaged in an end-to-end
dicentric involving 9q in SW26 cells .

In summary, FISH has been shown to be a useful method for detecting
changes in length of individual telomeres and for qualitative analysis of the
relative lengths of individual telomeres. The data confirms the previously
observed loss of telomeric DNA during replicative aging as detected by
Southern analysis of TRFs, and indicates that all telomeres shorten at similar,
perhaps equivalent, rates and that different telomeres have different lengths.
Analysis of telomere lengths by FISH may be particularily useful when

dealing with small cell populations or heterogeneous cell populations,
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including tissues. Thus possible diagnostic applications of FISH for detecting

telomeres include analysis of telomere lengths in disease states and stem cells.
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Table I Quantitative analysis of telomeric signal on individual metaphase
chromosomes for early and late passage BJ cells

% detectability. b

early passagec 8 74 68 78 8 60 8 4
late passaged 58 43 32 4 76 40 48 27

a- values were calculated using data from 5 experiments in which either a
biotinylated telomeric probe or a DIG-labeled telomeric probe was used

(qualitatively similar results were obtained for both probes). The total number

of chromosomes analyzed to obtain each value ranged from approximately
100-500.

b- although chromosome 16 is also identified by DAPI/DA staining, percent

detectability of telomeric signals was not assessed for this chromosome due to

difficulty in distinguishing between the long and short arms.
¢- early passage cells were analyzed at PDL 24-27.

d- late passage cells were analyzed at PDL 75-82.
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Table I Quantitative analysis of telomeric signal on individual metaphase
chromosomes for early passage IMRI0 cells and SW26 cells near crisis.

% detectability> b

IMR90¢ 799 8 8 71 8 72
SW26d 3% 39 37 26 58 30

—————— — i — ——— N —— T ——————— S — O ——— — ——————

¢- early passage IMR90 cells were analyzed at PDL 24-27.
d- SW26 cells were analyzed at PDL 63. Crisis occurred at PDL 66.

For footnotes a and b, see table I.
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FIGURE LEGENDS

Figure 1. The telomere hypothesis of cell aging and immortalization. (A) A
model of the sequence composition for a typical TRF is illustrated. The TRF
is composed of a terminal (TTAGGG)n tract (T) and a proximal sequence
devoid of cleavable restriction sites (X). The X portion of the TRF is likely
composed of non-telomeric sequences (open boxes) as well as degenerate
telomeric sequences (shaded boxes) and pure telomeric sequences (black
boxes). (B) Changes in telomere length with increasing population doublings
are represented for germ line, normal somatic and immortalized somatic
cells. Events involved in regulation of telomerase expression during early
embryonic development are uncertain. Telomere length is maintained in
germ line cells by telomerase. In contrast, the observed decrcase in telomere
length in normal somatic cells is consistent with the absence or very low
level of telomerase in these cells. At the Hayflick limit (M1), mean TRF
length ranges from 6-8 kbp, depending on celi type and strain. We
hypothesize that at M1 one or more telomeres have shortened below a critical
length required for maintenance of proper telomere structure and function,
signaling a check point in cell growth. Mean telomere length (ie. T) at this
point is estimated to be 2-4 kbp. Partiaily transformed cells which bypass this
checkpoint without activation of telomerase continue to lose telomeric DNA
until crisis (M2), when cells have critically shortened telomeres on many
chromosomes. At M2, the mean TRF length ranges from 2-4 kbp. The rare
cells which survive crisis have acquired the ability to maintain or increase

telomere length, presumably due to a mutation.
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Figure 2. FISH analysis of the spatial distribution of telomeres in interphase

cells. Interphase HDFs (strain S2¢, established from adult skin} at PDL 38 were
hybridized in situ with a FITC-tagged telomeric DNA probe. Serial optical
Sections were taken at 0.5 pm intervals through the depth of the nucleus by
CSLM. The 3-dimensional volume was reconstructed by superimposing the
serial images and then the volume images were projected * 6° as a stereo pair.
The size of each hybridized telomere spot appears to be independent of its
distance from the nuclear periphery or the depth along the z-axis of optical

Sectioning.

Figure 3. FISH analysis of telomeric signal in interphase cells during
replicative aging. BJ cells at PDLs a) 28, b) 34, ¢) 47, d) €3, e) 89 and f) 93 were
hybridized in situ with a DIG-tagged telomeric DNA probe and subsequently
labeled with RITC-conjugated anti-DIG antibodies. Single optical Sections
were taken by CLSM through the midplane of each nucleus. FISH analysis
was performed at the same time under identical conditions for cells at each
PDL. All confocal microscope settings (ie. brightness, contrast, gain, offset,
pinhole size) were maintained at identical values Detween each of the
samples studied. Similar results were obtained for the fibroblast strain S2c

(data not shown).

Figure 4. Southern analysis of TRF length at various PDLs for the HDF strain
BJ. Genomic DNA was isolated from BJ cells and S2c cells at the PDLs
indicated above each lane and digested with the restriction enzymes Hinfl
and Rsal. Southern analysis of TRF length was performed as described
(Allsopp et al., 1992; Allsopp and Harley, 1995). Size of molecular weight

markers are indicated at the side.
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Figure 5. FISH analysis of telomeric signal in metaphase sprezds from BJ cells
at early and late passage. Metaphase spreads prepared from dJ cells at (A) early
passage (PDL 24), and(B) late passage (PDL 82) were hybridized in situ with a
DIG-tagged telomeric DNA probe and the signal was amplified and
subsequently detected with FITC-conjugated anti-DIG antibodies as described
in materials and methods. FISH analysis was performed at the same time
under identical conditions for cells at each PDL. Photomicrographs showing
telomeric signal (bottom) and DAPI/DA staining (top) are shown.
Chromosomes 1, 9, 15 and the Y chromosome as identified by DAPI/DA

staining are indicated.

Figure 6. FISH analysis of telomeric signal in interphase cells prior to and
following transformation and immortalization. a) IMR90 cells at early passage
(PDL 25), b) IMR90 celis at late passage (PDL 46), ¢) SW26 cells near crisis (PDL
62) and d) post-crisis SW26-i cells were hybridized in situ with a DIG-tagged
telomeric DNA probe and subsequently labeled with RITC-conjugated anti-
DIG antibodies. FISH analysis was performed at the same time under identical
conditions for all cells. Single optical Sections were taken by CLSM through

the midplane of each nucleus.

Figure 7. FISH analysis of telomeric signal in metaphase spreads from IMR90
cells and SW26 cells. Metaphase spreads prepared from (A) IMRS0 cells at
early passage (PDL 24) and (B) SW26 cells near crisis (PDL 62) were hybridized
in situ with a DIG-tagged telomeric DNA probe and the signal was amplified
and subsequently detected with FITC-conjugated anti-DIG antibodies as

described in materials and methods. FIS{1 analysis was performed at the same
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time under identical conditions for both cell strains. Photomicrographs

showing telomeric signal (bottom) and DAPI/DA staining (top) are shown.
Chromosomes 1, 9, and 15 as identified by DAPI/DA staining are indicated.
The end-to-end telomeric association (TA) of one copy of chromosome 9 and
another smaller chromosome as well as the telomeric signal at the junction

(arrow) are also shown.

Figure 8. Southern analysis of TRF length for normal, transformed and
immortal HDFs. (A) Genomic DNA was isolated from IMR90 cells, SW26
cells, SW26-i cells, WI38 cells and WI38-VA13 cells at the PDLs indicated
above each lane and digested with the restriction enzymes Hinfl and Rsal.
Southern analysis of TRF length was performed as described (Allsopp et al.,
1992; Allsopp and Harley, 1995). Size of molecular weight markers are
indicated at the side. (B) Southern analysis of TRF length was performed on
293 cell DNA as described in (A). Size of molecular weight markers are

indicated at the side.
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3. Conclusions

The results presented here provide evidence in support of a causal role
of telomere shortening in cell senescence and shed insight on how cell
senescence might be initiated by loss of telomeric DNA. Telomere length was
shown to decrease significantly in HDFs at a rate of = 15 bp/year during aging
in vivo. Preliminary data also suggest that telomeres may shorten during
replicative aging of hematopoietic stem cells in vivo as well. Telomere
shortening was also shown to be largely, and possibly entirely, dependent
upon cell division, in support of the end replication problem as a cause of
telomere shortening.

Telomere length was shown to be a relatively good predictor of
remaining replicative capacity in cultured HDFs, and intercellular variability
in telomere length was reduced in senescent cells as compared to young cells.
These observations imply that cell senescence might be caused by the
shortening of one or a few telomeres below a critical or threshold length. This
length may be considerably less than the mean telomere length at senescence
(= 2-3 kbp), since the length of the terminal TTAGGG tract appears not to be
equivalent for all telomeres as indicated by FISH analysis of individual
telomeres. In support of this theory, a chromosomal end with a relatively
short telomere length, as determined by FISH analysis, was frequently
engaged in an end-to-end telomeric association with another chromosome or

chromosomal fragment in a transformed HDFs near crisis.
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3.1 Loss of telomeric DN.A during organismal aging.

The first suggestion that cells might lose telomeric DNA with age came
from early comparisons of sperm DNA and adult somatic tissue DNA (Cooke
and Smith, 1986; de Lange et al, 1990). A more thorough analysis of the age
effect on telomere length in humans revealed that the amount of telomeric
DNA decreases during in vivo aging of various mitotically active cell types
and tissues including skin fibroblasts (Section 2.1), PBLs (Hastie et al, 1990;
Vaziri et al, 1993), vascular tissue and endothelial cells (Chang and Harley,
1995) and skin tissue (Lindsey et al, 1991). This shows that the loss of
telomeric DNA observed during division of human cells in vitro is not due
to loss of a biochemical process which maintains telomere length in vivo.
Also, preliminary results in Section 2.5 suggest that telomere length decreases
during replicative aging of candidate human hematopoietic stem cells in
vive having high and low levels of expression of the cell surface markers
CD34 and CID38 respectively. This observation suggests that stem cells are
mortal, however further work will be required to confirm this observation
due to the limited number of adult samples (n = 2) analyzed. Additionally,
CD34+CD38e cells may not be true stem cells, or actual stem cells may only
constitute a small fraction of the total CD34+CD38le cell population. Recently,
low levels of telomerase activity have been detected in candidate human
hematopoietic stem cells, early progenitor cells and more mature
lymphocytes (Broccoli et al, 1995; Counter et al, 1995; Chiu et al, in press;
Hiyama ¢t al, in press). However, it is difficult to interpret the role of
telomerase in these cells in light of the loss of telomeric DNA that occurs
during in vivo aging of PBLs (Hastie et al, 1990; Vaziri et al, 1993). Further

work will be required to firmly establish whether telomere shortening occurs
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during division of stem cells and the role that telomerase plays-in these cells

and in blood cells.

In old donors, the telomere length of PBLs (Vaziri et al, 1993) and of
intimal tissue of the iliac artery (Chang and Harley, 1995) are similar to the
telomere lengths of the:: cells at senescence. This observation is consistent
with the relatively high rate of cell turnover for PBLs and the lining of the
iliac artery due to repetitive immunogenic stimulation and high
hemodynamic stress respectively. Also, most of the T lymphocytes in elderly
individuals express low levels of CD28, similar to senescent T lymphocytes in
culture (Effros et al, 1994). Furthermore, dicentrics formed from end-to-end
associations of chromosomes, which may be caused by the shortening of
telomeres below Te(see Section 3.5), accumulate in human T lymphocytes
during aging (Bender et al, 1989). These observations indicate that a large
fraction of the cells that make up the PBL population and intimal tissue of the
iliac artery, and possibly in other tissues as well, are senescent in older
individuals. This accumulation of senescent cells could in turn contribute to
the manifestation of certain age-related diseases such as atherosclerosis as
well as to the increased susceptibility of the elderly to infections.

In other organisms, including the mouse mus musculus (Kipling and
Cooke, 1990), the yeast S. cerevisize (D'Mello and Jaswinski, 1991) and the
ciliate Paramecium (Gilley and Blackburn, 1994), telomere length does not
appear to shorten during aging. In S. cerevisiae, telomere length appears to be
maintained by telomerase as cells divide (Singer and Cottschiing, 1994; Lin
and Zakian, 1995; Cohn and Blackburn, 1995) and possibly, under certain
circumstances, by other mechanisms involving recombination (Wang and
Zakian, 1990; Lundblad and Blackburn, 1993). Telomere length may be

maintained in vivo in mus musculus by telomerase since activity has been
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detected in a number of different somatic tissues (Chadeneau et al., 1995;

Prowse and Greider, 1995). However, it is also possible that telomere
shortening may occur in mus musculus, but is undetectable by Southern
analysis due to the large size of telomeres in this mouse strain (Kipling and
Cooke, 1990). In support of this latter possibility, telomere shortening has
been shown to occur during replicative.aging of cultured HDFs from the
outbred meouse strain mus spretus in which telomere length is 25 kbp or less
(Prowse and Greider, 1995). Further studies are required to determine if

telomere shortening occurs during in vive aging in mice.

3.2 Mechanistic models of telomere shortening

The mechanism(s) that account for the loss of telomeric DNA during
replicative aging of human cells is debatable. The observation that little if any
telomere shortening occurs in quiescent cells in vitro and in vivo (see
Section 2.3) shows that telomere shortening is largely dependent on cell
division, and therefore supports the end replication problem as a cause. Other
evidence in support of the end replication problem as a cause of telomere
shortening is that models for the timing of the appearence of a critically short
telomere accurately correspond with the observed timing of the appearence of
senescent cells in serially passaged HDFs (Section 2.2). Also, the large
heterogeneity in telomere lengths in human cells, as indicated by the broad
distribution of TRF lengths observed in Southern analysis (for example, see
Appendix A), can be accounted for by the end replication problem which is
expected to generate telomeres of varying lengths during successive rounds of

DNA replication (see Section 2.2). The end replication problem is also
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expected to cause an increase in the telomere length heterogeneity with

increasing population doublings, however the standard deviation of the TRF
length distribution was observed not to change with increasing population
doublings in cultured HDFs (Section 2.2). Although this argues against the
involvement of the end replication problem in telomere shortening, an
increase in the heterogeneity of individual telomeres during cell division
may be masked in Southern analysis of the-overall TRF length distribution
which is composed of the overlapping distributions of each of the 92
telomeres in normal human diploid cells.

Other mechanisms of telomere shortening are also possible, such as the
gradual degradation,of the ends of telomeres by nucleases, and unequal
recombination followed by selection of the cells inheriting the shortest
complement of telomeres. The observation that telomere shortening is
dependent on cell division argues against nuclease degradation as a
mechanism of shortening since nucleases would presumably be active at all
phases of the cell cycle and in cells in Go. However, it is also possible that
telomeres may only be accessible to nucleases during DNA replication in S
phase. Also, the observation that different cell types in humans have
different rates of shortening as a function of population doublings, at least in
vitro (Sections 2.2 and 2.5; Harley et al, 1990; Vaziri ¢f al, 1993; Chang and
Harley, 1995), is hard to account for by the end replication problem and
suggests that there may be more than one mechanism of shortening. Further
work is required to determine the exact cause(s) of telomere shortening and
the relative extent that these cause(s) contribute to the loss of telomeric DNA

in different cell types.
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3.3 Telomere dynamics during replicative aging of human cells

Collectively, the results from Sections 2.2 and 2.6 as well as from other
studies (Harley ef al, 1990; Counter et al, 1992; Prowse personal
communication) form the basis of a detailed model as to how telomeres
shorten during replicative aging of a mortal clonal cell population (Fig. 3.3.1).
That is, all telomeres shorten together at a constant or similar rate uptil the
cells either senesce, in the case of normal cells, or reach crisis in the case of
transformed cells (Fig. 3.1.1). The differences in initial length of the telomeres
reflect the different telomere lengths of the progenitor cell which is accounted
for by the telomere length heterogeneity that is generated as a result of the
end replication problem and subsequent random segregation of the different
sized telomeres during the previous life history of the progenitor cell. The
detectability of individual telomeres as determined by FISH is less in cultured
HDFs that are near senescence or crisis relative to HDFs at early passage,
suggesting that all telomeres shorten during replicative aging (Section 2.6).
Also, the similarity in the distribution of detection frequencies for individual
telomeres for old HDFs and transformed HDFs near crisis as compared to
early passage HDFs, provides preliminary evidence indicating that all
telomeres shorten at the same or similar rates (see Section 2.6 for caveats).
Some HDF strains and clones show a multi-modal distribution of TRF
lengths, where each mode is most likely composed of a particular sub-set of
the 92 telomeres in the human diploid genome. That the modal distribution
observed in some HDF strains and clones does not appear to change during
replicative aging also indicates that all telomeres shorten at the same rate
(Section 2.2 and Appendix A). Furthermore, the rates of shortening of

individual TRF modes has been measured for a number of different HDF
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Fig. 3.3.1. Model of the dynamics of telomere shortening during replicative
aging of human cells. Four hypothetical chromosomal termini of a clonal cell
population are shown. The length shown for each telomere (shaded box) is
the average length for that particular telomere in the cell population. (A) As
cells undergo a single population doubling, the same amount of telomeric
DNA (black boxes) is lost from each telomere. (B) As cells undergo further
population doublings, telomeres continue to shorten by the amount indicated
in A at each population doubling. Thus the distribution of telomere lengths
at senescence is the same as at early passage. (C) If the cells are transformed,
then they will bypass senescence and continue to lose telomeric DNA in the
same manner as shown in A and B until crisis is reached. It is possible that
other chromosomal termini entirely lack telomeric DNA at senescence
and/or at crisis. The hypothetical critical telomere length (see Section 3.4) is
indicated by the dashed line.
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strains and clones. Within each HDF strain and clone, the rates of shortening

was observed to be similar for each mode (K. Prowse, personal
communication; Appendix A). Strong evidence in support of a constant rate
of telomere shortening throughout replicative aging is the relatively high
degree of linearity in the inverse correlation between mean TRF length and
PDL (Harley et al, 1990). Further work will be required to determine if all
telomeres shorten at exactly the same rate throughout the replicative lifespan
of somatic cells.

Recent evidence suggests that telomeres undergo dynamic changes in
length during division of immortal human cells (Murnane et al., 1994).
Specifically, results from Southern analysis using a sub-terminal probe
specific for an individual telomere indicated that telomeres shorten in
immortal cells until they reach a length of ~ 0 kbp, at which time there is a
sudden and heterogeneous increase in telomere length. However, the cells
examined in this study, an SV40 transformed HDF cell line, lacked detectable
telomerase activity (Murnane et al. 1994). Other telomerase negative human
cell lines have also recently been detected (Kim et al. 1994; Bryan et al. in
press) and which also contain large, hetergeneous telomere lengths (Bryan et
al. in press). Also, the 2 human cell lines which were observed to have large,
heterogeneous telomere lengths by FISH and Southern analysis of TRFs in
Section 2.6 also display an absence of detectable telomerase (Kim ¢t al, 1994;
Bryan et al., in press, and unpublished data). Thus it is possible that large
heterogeneity in telomere lengths and dynamic changes in length is specific
to the rare immortal cell lines, and perhaps tumors as well (Kim et al, 1994),
which maintain telomere length by a mechanism other than telomerase. In
support of this prediction, the distribution of TRF lengths as determined by

Southern analysis in 293 cells and human sperm is smaller than that
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observed for SW26i cells, WI38-VA13 cells and other telomerase negative cell

lines (Section 2.6 and Harley et al, 1992; Bryan et al., in press). However, to
confirm that this prediction is true, it will be necessary to more thoroughly
compare the heterogeneity and dynamics of telomere length between
immortal cell lines which express telomerase and those that do not.

The changes of telomere length that accompany terminal
differentiation and apoptosis have yet to be analyzed. Recently, the formation
of telomere associations has been shown to be an early event in cells
undergoing apoptosis (Pathak et al, 1994). However, this likely reflecis the
activation of some sort of telomeric processing leading to a sudden reduction
in telomere length or alteration of telomere structure to make the ends more

fusogenic as opposed to sudden burst in proliferation in pre-apoptotic cells.

3.4 Models of initiation of cell senescence by telomere shortening.

Although it has yet to be established whether telomere shortening has
a causal role in the induction of cell senescence, several lines of evidence in
support of this theory exist (see Sections 2.1, 2.2 and 2.4)(Harley, 1991). A
number of hypothetical scenarios, based on the known biochemical properties
of telomeres, by which telomere shortening could cause senescence can be
envisaged.

Wright and Shay (1992), have proposed a model base upon the
telomeric position effect observed in S. cerevisize (Gottschling et al, 1990).
The telomeric position effect refers to the silencing of genes situated near
telomeres as a result of their proximity to telomeric heterochromatin
(Gottschling et al, 1990). In this model, telomere shortening is predicted to

cause an alteration of the heterochromatin associated with telomeres such



that the expression of one or more genes at distal loci are affected. Cell
senescence will occur when the expression of one or more distal genes
involved in the regulation of cell division is affected. For example, telomere
shortening could cause telomeric heterochromatin to recede, thereby
allowing the expression of one or more inhibitors of the cell cycle (Fig. 3.4.1).
Evidence in support of this particular scenario is that a decrease in telomere
length in S. cerevisine causes a decreased frequency of silencing of nearb;
genes (Renauld et al, 1993). However, it is unknown whether a telomere
position effect exists in human cells.

The model that seems most likely at present is an elaboration of the
model described in the telomere hypothesis (Harley, 1991). That is, cell
senescence is predicted to be initiated by the shortening of telomeres below a
certain length, Tc, that is critical for proper telomere structure and function
(Fig. 3.4.2). When this occurs, the termini of critically shortened telomeres
will no longer be distinguishable from a double-stranded break and a signal
will be sent to initiate cell cycle arrest, perhaps similar to the mechanism by
which damaged DNA induces cell cycle arrest (Dulic et al, 1994; di Leonardo ¢t
al, 1994).

In support of the existence of a critical telomere length as postulated in
this model is the apparent convergence at senescence of telomere length in
HDF strains (Section 2.1) and HDF clones (Section 2.4) exhibiting variable
replicative capacities. Furthermore, the inter-donor variability in telomere
length of apparently senescent or near-senescent PBLs from centenarian
donors appears to be smaller than that for PBLs from young donors (Vaziri ¢t
al, 1993), which further suggests the existence of a critical telomere length in
senescent cells. However, there is still a noticeable amount of variability in

mean TRF length and telomeric signal intensity at senescence, at least for
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Fig. 3.4.1. Model for initiation of replicative senescence based on alteration of
telomeric heterochromatin.

This model postulates that, in young cells, 1 or more genes which
encode factors that initiate replicative senescence are engulfed in telomeric
heterochromatin and are therefore silent. The gradual deletion of telomeric
DNA during replicative aging will cause the proximal end of the telomeric
heterochromatin to recede. Once the senescence initiating genes are freed
from the heterochromatin block, they will become active and replicative
senescence will occur.
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Fig. 3.4.2. Model for initiation of replicative senescence by acquisition of a
critically short telomere.

This model postulates that the terminal telomeric DNA tract must be
maintained above a critical length, T¢, to stably maintain telomere
conformation. Cells will continue to divide until one or more telomeres
have shortened below the length Tec. Once the presence of a critically short
telomere is detected, a signal will be sent to initiate replicative senescence.
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cultured HDFs (Section 2.4). There are a number of possible explanations for

this variability, such as interclonal heterogeneity in the distribution of the
lengths of the subterminal and telomeric portions of the TRFs (see Section 2.4
for further discussion). The development of methods for accurate
measurement of the lengths of individual telomeres will allow a more
stringent test for the existence of Te. Such methods might include PCR or
primer extension using oligonucleotides that correspond to chromosome
specific sequences adjacent to the terminal (TTAGGG)n tract.

Presently, the mean telomere length at senescence provides the best
estimate of the size of Tc. The mean telomere length can be calculated from
the rates of loss of both mean TRF length and telomeric signal intensity as a
function of population doublings of cultured HDFs (Section 2.2} or a function
of time of BAL-31 nuclease digestion of high molecular weight DNA
(Appendix B). From these analyses, the mean telomere length in senescent
HDFs has been estimated to be ~ 2-3 kbp (Sections 2.2 and 2.4 and Appendix
B). However, unless all telomeres are the same length, the mean telomere
length, a measure of the average length of all telomeres in a cell population,
will only provide an upper estimate of the size of Tc, which is best
represented by the shortest telomere length in senescent cells. FISH analysis
of the detectability of individual telomeres in cultured HDFs indicates that
the length of each of the 92 telomeres in the a normal diploid human cell are
not the same. However, differences in detectability of individual telomeres
could also reflect different amounts of telomere-like DNA in the sub-
terminal regions of chromosomes. Thus this result alone does not
conclusively show that telomere length is variable from chromosome to
chromosome. Other evidence for variability in the lengths of individual

telomeres comes from mean telomere length analysis of different TRF modes
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in HDF strains and clones which have a multi-modal distribution of TRF

lengths (Prowse, personal communication; Appendix A). The results from
these analyses suggest that although most of the variability in the size of each
TRF mode is accounted for by differences in the mean length of the sub- —
terminal regions of the TRFs, there does exist some inter-modal variability in
the mean telomere length as well. Also, the involvement of chromosomes in
end-to-end telomeric associations observed in senescent HDFs (Benn, 1976;
Sherwood et al, 1989) and immortal cells (Pathak et al, 1988) appears to be
non-random. This observation provides some support for the existence of
different telomere lengths on different chromosomes since, presumably,
these end-to-end associations occur, or are more likely to occur, when the
telomere length on a chromosomal end falls below the critical length
required for telomere stability (Harley, 1991; Counter et al, 1992). Thus if the
average length of all telomeres was the same then the frequency of telomeric
association should be the same for all chromosomes. The above hypothesis is
supported by the observation that in SW26 cells near crisis, the long arm of
one copy of chromosome 9 is frequently engaged in an end-to-end telomeric
association with another chromosome or chromosomal fragment (Section
2.6). In addition, the telomere on 9q appears to be relatively short in SW26
cells (Section 2.6). Together, these observations indicate that individual
telomeres in the human genome have different lengths, implying that the
size of Tc is probably considerably less than 2-3 kbp. It remains possible that
there are a small number of chromosomal ends which entirely lack a
terminal (TTAGGG)n array at crisis and perhaps at senescence as well.

The following evidence provides additional support for a model of
initiation of cell senescence involving acquisition of a critically shortened

telomere: (i) Telomeres are essential genetic elements and therefore there
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must be some lower limit to the length of the terminal (TTAGGG)n tract

required to form a functional telomere. In this models shown in Figure 3.4.2,
this length is equal to the critical telomere length, Te. (ii) Studies have shown
that as cultured HDFs approach senescence, there is an abrupt increase in
dicentric chromosomes which appear to be formed by the association of
chromosomal termini (Benn, 1976; Sherwood et al, 1989). Dicentric ‘ N
chromosomes and telomeric associations have also been observed in pre-
crisis transformed cells (Section 2.6)(Counter et al, 1992; Counter éf al, 1994b)
and in immortal cell lines (Pathak et al, 1988). Since one of the functions of
telomeres is to prevent chromosomes from undergoing aberrant end-to-end
fusions and associations, these observations may be explained by the
appearance of one or more criti&ally shortened telomeres in cells just before
replicative senescence. The observation that some human cell lines with very
short telomeres (2-4 kbp) do not have increased levels of dicentric
chromosomes while others do (Saltman et al, 1993) might be accounted for by
differences in rates of repair of critically shortened telomeres by telomerase or
some other mechanism in different cell lines. Other explanations are
differences between cell lines in composition of telomeric chromatin which
could affect the fusogenicity of the chromosomal ends or the size of the
critical telomere length. (iii} The deletion of a telomere from a chromosomal
end in §. cerevisize has been shown to induce cell cycle arrest (Sandell and
Zakian, 1993). Furthermore, the presence of a single double-strand DNA
break, induced by exposure to gamma-radiation (di Leonardo et al, 1994) or
breakage of a dicentric chromosome (Ishizaka et al, 1995), appears to be
sufficient to induce cell cycle arrest in human cells by a p53-dependent
mechanism. Thus the presence of critically shortened telomeres, which may

resemble broken DNA, would be expected to induce cell cycle arrest by a
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similar mechanism. However, the exact role p53 plays in replicative

senescence remains to be established. (iv) Although oxidative DNA damage
has been shown to be higher in senescent HDFs than in young HDFs (Chen et
al, 1995) and mild hyperoxia (von Zglinicki ef al, 1995) or hypooxia (Chen and
Ames, 1994) can reduce or extend respectively the in vitro lifespan of HDFs,
the telomere length at senescence is not affected by a change in the oxygen
partial pressure of the atmosphere in which the cells are cultured, at least in
the range of 20% to 40% (von Zglinicki et al, 1995). Instead, increasing the
oxygen concentration of the atmosphere in which the cells are grown causes
an increase in the rate of telomere shortening (von Zglinicki et al, 1995). Thus
these observations provide additional support for a model of replicative
senescence involving the shortening of one or more telomeres below a
critical length.

A corollary to this model is that the pathway leading to cell cycle arrest
in senescent cells must be blocked or inactivated in transformed cells which
have an extended lifespan. The continued loss of telomeric DNA in
transformed cells (Counter et al, 1992; Counter ef al, 1994b) would be expected
to lead to the further accumulation of damaged telomeres. There may be
more than one type of damaged or aberrant telomeres in transformed, pre-
crisis cells that have by-passed the M1 checkpoint. For example, telomeres
below the critical length Te may have lost partial structure and function
whereas telomeric DNA may have been completely lost from other
chromosomal ends. In turn, the accumnulation of damaged telomeres could
lead to a progressive loss of sub-nuclear organization and nuclear function
which could ulizmately cause the sigualling of the M2 checkpoint (crisis). In
support of this prediction is the recent observation that the inactivation of

human telomerase in antisense experiments results in telomere shortening
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and cell death (Feng et al, 1995). Also, sub-terminal sequences, as well as

telomeric sequences, are progressively lost during division of EBV-
transformed B lymphocytes (Guerrini et al, 1993), indicating that
chromosomal ends entirely lacking telomeric DNA accumulate as these cells
approach crisis. Furthermore, dicentric frequency has been shown to increase
sharply as virally-tranformed cells approach crisis (Counter et al, 1992;
Counter et al, 1994b). Some of these dicentrics appear to be formed via
telomere end-to-end associations (Section 2.6)(Pathak, 1988). To date, telomere
end-to-end associations have not been observed to behave as other dicentrics
in that they seem not to cause genomic rearrangements although it is possible
that such rearrangements are rare and may have escaped detection (Saltman
et al, 1993; Murnane et al, 1994). It is possible that formation of telomeric
associations could lead to loss of heterozygosity via chromosome loss and
non-disjunction of the remaining homologue(s) (Saltman et al, 1993) which

could play an important role in tumor progression.

3.5 Implications of this work.

This Section provides speculation regarding cell immortalization and
tumor progression, and cell senescence and organismal aging, under the
assumption that loss of telomeric DNA is the primary cause of cell
senescence.

If this is the case, and assuming that cell senescence has evolved as a
form of protection against cancer in humans, then the mechanism(s) that
regulate telomere length may have been selected for during evolution such
that telomere length is maintained within a fairly narrow range in the germ

line. That is, the telomere length in the germ line would need to be above a
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certain length to allow growth and development into mature adults before
cells senesce. Also, germ line telomere length would also have to be below a
certain length in order for cell senescence to be an effective means of
protection against growth of cancerous cells. Otherwise, in young individuals,
cells which have acquired mutations to allow unregulated growth could form
a tumor large enough to greatly reduce the chance of survival of the
organism prior to production of offspring. However, it remains to be
determined whether cell senescence has actually evolved as an effective form
of protection against cancer (also see Section 1.1}.

Also, if loss of telomeric DNA is the only obstacle limiting the
proliferative capacity of normal somatic cells, an assumption which remains
to be determined, then the observation that normal human somatic cells do
not undergo spontaneous immortalization (McCormick and Maher, 1988)
suggests that multiple hits are required for induction of telomerase
expression. There are a number of possible reasons why muitiple levels of
repression of telomerase might be advantageous. For example, it would
provide added protection against formation of malignant tumors. Also, cach
of the components of telomerase, the RNA component and the 2 or more
(presumably) protein components, may have unique, independent functions
depending on the cell type. Thus some cells may require the activation of one
component of telomerase while maintaining repression of the other
components in order to perform a particular function. Alternatively,
telomerase may be activated by a single hit in normal somatic ceils but with
the no effect on telomere length, or even perhaps with the consequence of
inducing cell death. For example, proper functioning of telomerase may
require the coexpression of other factors to allow efficient synthesis of

telomeric DNA, or to prevent telomerase from damaging the telomeres
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which could be lethal.

Cell senescence may account for some of the degenerative changes that
occur in some mitotically active somatic tissues in elderly individuals (see
introduction). If telomere shortening causes cell senescence, then it may be
possible to prevent these changes by preventing or postponing cell senescence
via activation of telomerase in these tissues. Developing a method to
accomplish this might be a major challenge of the future. It will probably
require the cloning of the genes for all components of telomerase as well as
an understanding of the mechanisms governing the regulation of telomerase
expression and activity, and the structure and function of telomeric
chromatin. Gene therapy may be an effective means to prevent telomere
shortening by allowing the induction of high levels of telomerase expression
in some cells, for example hematopoietic stem cells. However, gene therapy
will probably not be very effective for many other cell types due to the
difficulty of stably and efficiently introducing a gene into cells in vivo. For
these cells, it may be necessary to develop drugs to specifically induce
telomerase expression. In some cells, there may be one or more proteins
present which inhibit, directly or indirectly, telomerase activity. Thus, in
order to turn on telomerase, it may be necessary to develop methods to
repress these inhibitors. Also, as mentioned above, direct activation of
telomerase in somatic cells may have no effect or could even be deleterious or
lethal to the cell. Furthermore, immortalization or extension of lifespan of
cells may predispose them, relative to mortal cells, to tumor development.
The benefits and deleterious consequences that will accompany the
postponement or prevention of cell senescence via activation/expression of

telomerase i e awaits further experimentation.



Appendices

Appendix A: Analysis of rate of shortening and mean telomere length of TRF
modes in HDF clones. -

An alternative method to FISH for analysis of length and rates of
shortening of individual telomeres is to measure the mean length and
telomeric signal intensity of TRF modes, which are sometimes observed in
Southern analysis of TRFs using a telomeric probe, at various population
doublings of serially passaged HDFs. The results from this type of analysis
done on some of the HDF clones described in Section 2.4 is presented in this
appendix.

Southern analysis for all clones was done as described in Sections 2.1
and 2.4. A sample autoradiogram for one of the clones showing multi-modal
TRF distribution is shown in Fig. A.1. As shown in this autoradiogram and
others, there appears *o be no large changes in the distribution of TRF modes
during replicative aging, in support of a similar rate of telomere loss for all
telomeres. To further examine the rates of loss of individual telomeres, the
mean length of discrete, high molecular weight TRF modes and of the entire
TREF distribution was measured at various population doublings for three
clones, C2, C4 and C7 established from HDF strain S26a. The rates f loss
calculated from this analysis are shown in Table A.1. In general, for a given
clone, the rates of loss of individual TRF modes and the overall rate of loss
are comparable. For clone C7, the overall rate of TRF shortening is

considerably less than the rates of shortening for individual modes. However,

132
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this is at least partially due to the large amount of lower molecular weight

signal that is present in similar amounts at all PDLs (see Fig. A.1). Although
general degradation 6f the high molecular weight DNA was not apparent at
any PDL of clone C7 as determined by resolving the uncut DNA in 0.7%
agarose gels and subsequently staining with ethidium bromide, it is possible
that the lower molecular weight signal is due to small amounts of aberrant
and/or sheared telomeric DNA. This is supported by the observation that the
length of these telomeric fragments does not appear to decrease with
increasing PDL. This low molecular weight signal appears to be present in
other clones as well, although not as much as in C7, and may account for the
slightly lower overall rates of shortening as compared to the rates of
shortening of the high molecular weight TRF modes observed in clones C2
and C4 (Table A.1). The relatively poor resolution of the high molecular
weight TRF modes greatly limits the accuracy in measurement of the mean
length «f these modes, which may also contribute somewhat to differences in
the measured rates of shortening.

Using the measured values for the rate of TRF shortening and rate of
decrease in telomeric signal intensity, the mean telomere length of the entire
TRF distribution and of individual TRF modes was calculated at early passage
for clones C2, C4 and C7 (Table A.1). The data for clones C2 and C7 indicate
that there is intermodal variability in mean telomere length. This variability
is somewhat, but not entirely, accounted for by the lower measured rate of
shortening for the entire TRF distribution (Table A.1). Thus this data is
consistent with the existence of heterogeneity in the length of individual

telomeres.
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Fig. A.1 Southern analysis of TRF length and distribution for clone C7 at
various population doubling levels.

Southern analysis was performed essentially as described in Sections
2.1 and 2.4. The PDL of each sample is indicated above each lane and size of
the molecular weight markers and numbering of modes is indicated on the
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right.
Table A.1. Telomere lengths and rates of shortening for TRF modes in HDF
S26a clones.

mean TRF mean telomere rate of

Clone length (kbp)? length (kbp)>b shortening (bp/pd)
e
overall¢ 8.2 2.6 (3.0 120

mode 1 17.8 4.1 (4.1) 150

mode 2 14.1 3.1 (3.1) 150

4

overall 8.1 2.0 (2.4 70

mode 1 15.9 2.0 (2.0) 90

7

overall 8.2 26 (2.7) 80

mode 1 21.0 6.0 (6.4) 170

mode 2 14.1 3.2 (3.4) 140

—————————— T —————————————— T ol S ———— ——————— — Ty ——— bt rm——

a- Values are given for the earliest passage for which mean TRF length could
be determined (see Section 2.4). Qualitatively similar results were obtained at
other PDLs.

b- Mean telomere length was calculated as described in Section 2.2.

c- Values in these rows are for the entire TRF distribution.

d- Mean telomere length in parentheses was calculated using the average
value for the rate of TRF shortening of the modes.
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Appendix B: Analysis of mean telomere length at senescence for HDF clones.

In this appendix, analysis of the rate of BAL-31 nuclease digestion of
uncut genomic DNA is used to estimate mean telomere length at senescence
for the HDF clones described in Section 2.4. 38.5 ug of high molecular weight
DNA from a clone at early passage was digested with 15 units of BAL-31
exonuclease (GIBCO-BRL). At various time intervals (see Fig. B.1) an aliquot
containing 3.5 ug of DNA was removed and the BAL-31 nuclease was
inactivated by adding EGTA to 1 final concentration of 20 mM followed
immediately by phenol/chloroform extraction. Following
phenol/chloroform extraction, all samples were ethanol precipitated,
resuspended in TE buffer and digested with Hinfl/Rsal. Mean TRF length
analysis of these samples as well as samples from senescent clones established
from HDF strain S26a (see Section 2.4) was performed as described in Section
2.4. 0.6 ug of each sample was loaded on the gel (Fig. B.1). The mean telomere
length at senscence for each clone was then calculated using the following
equation, T = m1/m2 * ODsen., where T is the mean telomere length, m1 and
m2 are the rates of mean TRF length shortening and loss of telomeric signal
intensity respectively during the time course of BAL-31 digestion, and ODsen.
is the telomeric signal intensity at senescence. For the analysis shown here,
the average telomere length at senescence was calculated to be =2.0 kb. In a
second analysis, an average mean telomere length at senescence of =3.4 kbp
was obtained. Thus, the results from these 2 studies suggest that the mean
telomere length at senescence for the HDF clones analyzed in Section 2.4 is

=2.7 kbp.
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Fig. B.1. Mean telomere length analysis of HDF clones at senescence.

Southern analysis of mean TRF length was performed as described in
Sections 2.1 and 2.4. For the BAL-31 nuclease time course analysis, the time
that each sample was removed from the reaction is indicated. The code
number assigned to each clone is also indicated. Size of molecular weight
markers is shown on the left. See text for further details.
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Appendix C: Sample metaphase spreads from early and late passage BJ cells,
early passage IMR90 cells and SW26 cells near crisis showing telomeric signals

and DAPI/DA staining.

In this appendix, examples of metaphase spreads used in the FISH
analysis of individual felomeres described in Section 2.6 are presented. FISH
was performed with a DIG-11-dUTP labeled telomeric probe, which gives a
somewhat stronger fluorescent signal than the corresponding biotin-16-dUTP
labeled probe. Five different spreads showing fluorescent telomeric signals on
individual chromosomes for young and old BJ cells and young IMRS0 cells
and near crisis SW26 cells are shown. In addition, images of the DAP1/DA
staining for each spread are shown to allow identification of chromosomes 1,
9, 15 or the Y chromosome by size, morphology and position of the stained
region. For each metaphase spread, only some of these chromosomes are
identified because: (i) In any given metaphase spread, some chromosomes
may not have fixed to the slide or may not have stained well; (ii) Some
chromosomes may be clustered with others, making identification of the
chromosome or its telomeres ambiguous; (iii) For chromosomes 1and 9itis
sometimes impossible to distinguish the long and short arms; (iv) Sometimes
faint staining of chromosomes other than 1, 9, 15 or the '/ chromosome

occurs, making it difficult to correctly identify some chromosomes.
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Fig. C.1. Sample metaphase spreads showing fluorescent telomeric signal and
DAPI/DA staining.

Metaphase spreads for BJ cells at early (PDL 24, pages 140-144) and late
(PDL 82, pages 145-149) passage, IMR90 cells at early (PDL 24, pages 150-154)
passage and SW26 cells (PDL 63, 3 population doublings before crisis, pages
155-159) were prepared and FISH and photomicrography were performed as
described in Section 2.6. A DIG-laheled telomeric probe (pBLrep4) was used.
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