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Abstract

Humar. somatic cells have a finite Jifespan. In contrast, since most cancers
evolve thiough expansions of mutant clones with increasingly more transformed
phenotypes, tumour cells may exhaust the proliferative potential of normal cells and
possibly acquire an unlimited replicative capacity (immortality). Thus, one ¢ssential
step in tumourigenesis may be the acquisition of an immortal phenotype. The results
presented in this thesis suggest that telomeres, the terminal structures that prevent
illegitimate recombination and ensure the proper segregation: of chromosomes, and
telomerase, the enzyme that elongates telomeres de novo, play critical roles in the
process of immortalization of transformed cells both in tissue culture and in vivo.

In a tissue culture model of transformation we have shown that telomeres
shorten as normal cells divided, as previously reported (Harley et al., 1990), and that,
consistent with this observation, the cells lacked detectable levels of telomerase
activity. Cells that were driven to divide beyond their normal lifespan by
transformation with viral oncogenes did not directly acquire telomerase activity;
consequently telomeres continued to shorten until a proliferative crisis, characturized
by cell death, was reached. At crisis, chromosome ends contained very little telomeric
DNA and appeared to be unstable since the frequency of dicentric chromosomes,
aberrations that can be formed by the fusion of chromosome ends, increased. These
data suggest that the critically short telomeres detected at crisis may no longer be
functional, resuiting in genomic instability and potentially cell death. Immortal clones
which survived crisis maintained short, but stable telomeres and had telomerase
activity. Similarly, malignant cells from the advanced stages of different cancers also
had short telomeres and were telomerase positive. Moreover, in one cancer analyzed,
the telomeres of malignant cells were found to be stably maintained in vitro and in
vive. These data, although correlative in nature, strongly suggest that, in culture as
well as in vivo, telomerase must be activated to counter the lethal loss of telomeric
DNA if cells are to become immortal.
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Chapter 1: Introduction



1.0) Overview.

Senescence is a genetically controlled cellular program that limits the
proliferative lifespan of normal cells (reviewed in Goldstein, 1990). Human cells
rarely, if ever, bypass this stage spontaneously indicating that the senescent phenotype
is tightly regulated (reviewed in McCormick and Mabher, 1988). However, most
cancers arise via the successive expansions of single, progressively more transformed
cells (reviewed in Caims, 1975; Nowell, 1976; Weinberg, 1989; Fearon & Vogelstein,
1990) a process that could conceivably exhaust the cell proliferative potential and
force acquisition of unlimited proliferative capacity (immortality). Senescence may
therefore impede the growth of a tumour and hence the acquisition of an immortal
phenotype (Sager, 1991; Stamps et al.,1992). The growth arrest associated with
senescence may not be the only replicative block tumour cells must surmount in order
to become immortal, Cells transformed by experimental means bypass senescence but
eventually undergo a proliferative crisis that is physiologically and apparently also
genetically distinct from senescence (reviewed in Chang, 1986; Shay et al., 1991b). It
is not until transformed cells overcome crisis that they become immortal.

Telomere length has been implicated in the regulation of the replicative
lifespan of human cells (Harley et al., 1990; Hastie et al., 1990) and telomerase, the
enzyme that elongates telomeric DNA (Greider & Blackbum, 1985; Morin, 1989), has
been shown to be essential for the immortal phenotype of unicellular organisms (Yu er-

al., 1990; Singer & Gottschling, 1994; McEachem & Blackbum, 1995). Based on
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these observations we investigated the possible roles of telomere length and telomerase
activity in the immortalization process of human cells transformed in culture and of
human tumour cells in vive. The following introduction will review the structure and
function of telomeres and of telomerase and the process of immortalization of human
cells. Finally, the rationale and experimental systems used to investigate this
particular aspect of cell immortalization are discussed in relation to the state of

knowledge at the time this project was initiated.

1.1.D) Telomeres.

Telomeres are DNA-protein complexes that cap and protect the ends of
eukaryotic chromosome from illegitimate recombination and degradation, and are
essential for the mitotic stability of chromosomes. The two components of telomeres,
protein and DNA, will be described, followed by a review of telomere function.

1.1.ii) Telomeric DNA.

Telomeric DNA consists of a tandemly repeated, short (generally 5-8 nucleotides) G-
rich sequence oriented 5" to 3' towards the end of the chromosome (reviewed in
Blackburmn & Szostak, 1984; Zakian, 1989). Most eukaryotes contain only one type of
repeat although there are exceptions with organisms having a mixture of two slightly
different repeats or a more complex set of repeats that conform to a simpler consensus
sequence (Emery & Weiner, 1981; Shampay et al., 1984; Ponzi et al., 1985; Baroin et -

al,, 1987; Fomey & Blackburn, 1988; Richards & Ausubel, 1988; Ganal et al,, 1991;



McEachern & Blackbumn, 1994). Among eukaryotes, only Drosophila has
chromosome termini that lack G-rich repeats (Richards & Ausubel, 1988; Meyne et ai.,
1989; Levis et al., 1993; Okazaki et al., 1993) and are instead composed of tandem
arrays of retrotransposon-like elements {Young et al., 1983; Levis et al,, 1993;
Biessmann et al., 1994; Danilevskaya et al., 1994). The evolutionary conservation of
telomeric DNA suggests its sequence is critical for telomere function. Indeed,
experimental alterations of this sequence in lower eukaryotes can be lethal (Yu et al.,
1990; McEachern & Blackburn, 1995) and generation of new telomeres in human cells
has very stringent sequence requirements (Hanish ez al.,1994).

The actual number of telomeric repeats is variable, ranging from as few as 4.5
in the ciliate Oxytricha (Klobutcher er al., 1981; Pluta et al., 1982) to many thousand
in mice (Kipling & Cooke, 1990; Starling et al., 1990). In humans, telomeres are
thought to be composed of 7-20 kbp of pure TTAGGG repeats (Moyzis et al., 1938;
Allshire et al., 1989; Brown, 1989; Cross et al., 1989; de Lange et al., 1990; Hastie et
al., 1990), although their exact length is unknown (see below). Therefore, in contrast
to its sequence, the actual length of telomeric DNA is evolutionarily flexible, perhaps
reflecting specialization or divergence of telomere functions.

Telomere ends are not necessarily blunt, rather the 3' end of the G-strand
protrudes past the complementary C-strand in yeast (Wellinger ef al., 1993), slime
mould (Henderson & Blackburn, 1989) and in a number of ciliates (Klobutcher et al., -

1981; Pluta et al., 1982). This overhang can adopt a 'G-quartet’ configuration in vitro
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and possibly in vive, whereby the G residues from one or more G-strands form a four
comered cage by pairing in a non-Watson-Crick fashion (Sundquist & Klug, 1989;
Williamson er al., 1989; Wellinger er al., 1993; reviewed in Williamson, 1994).
Although a G-strand overhang has not been detected in humans, the oligonucleotide
(TTAGGG), can fold into a G-quartet (Balagurumoorthy & Brahmachari, 1994),
suggesting human telomeres may have a terminal structure similar to those of lower
eukaryotes. Indirect evidence suggests that G-quartets are essential structures of the
telomere. In yeast the KEM 1 gene product is a nuclease that binds to G-quartets and
cleaves the 5' adjacent single stranded region (Liu ef al., 1993). kemI deletion
mutants undergo telomere shortening during the mitotic cycle suggesting that
intrastrand G-quartets may regulate telomere length by restricting access of telomerase
to the telomere ends (Liu ez al., 1995). In agreement with this possibility, G-quartets
do not serve as primers for telomerase in vitro (Zahler et al., 1991). Also, during
meiosis kem ] deletion mutants fail to complete the pachytene stage, supporting the
possibility that interstrand G-quartets may be important in homologous pairing of
chromosomes (Liu er al., 1993).

Proximal to the telomeric repeats is a region defined as the subtelomere. In
humans, subtelomeric DNA is composed of telomeric TTAGGG repeats interspersed
with short tandem arrays of degenerate repeats (Allshire et al., 1989; Brown et al.,
1990), followed centromerically by tandem arrays of minisatellite-like repeats (Brown -

et al., 1990; Cheng et al., 1990; Cross et al., 1990; de Lange et al., 1990; Weber et



al.,1991). However, since no single subtelomere sequence is found on every
chromosome (Brown er al., 1990; de Lange er al., 1990) and functional telomeres can
be generated that completely lack the subtelomere (Wilkie et al.,, 1990; Farr et al.,
1991,92; lizhaki er al., 1992; Bamett et al., 1993; Lamb er al., 1993; Flint et al., 1994;
Hanish er al., 1994) there is no obvious roie for subtelomeric DNA.

At present, the length of telomeres of most organisms, including humans,
cannot be measured directly. ‘There are no means to separate the entire tract of
telomeric repeats from the flanking subtelomeric DNA since the telomeric repeat
TTAGGG, and presumably much of the subtelomeric DNA, does not contain
recognition sites for any known restriction enzyme. Instead, digestion of genomic
DNA with restriction enzymes liberates terminal restriction fragments (TRFs) which
are composed of telomeric DNA and variable amounts of subtelomeric DNA (Fig.
1.0). Even the length of TRFs cannot be determined accurately since these fragments
are highly heterogeneous in size due to variability in the lengths of both the telomere
and subtelomere (Allshire er al., 1989; Brown er al., 1990; de Lange et al., 1990;
Harley et al., 1990; reviewed in Levy et al., 1992). Therefore, telomere length is
usually reported as a mean TRF length from all chromosomes determined by Southern

hybridization with a telomeric probe.



Terminal restriction fragment (TRF)

| e ———
telomeric DNA
e = -
subtelomeric DNA
| repetitive degenerate (TTAGGG)n
DNA (TTAGGG)n
Rsa 1
Hinf 1

Figure 1.0

The structure of the terminal restriction fragment (TRF).
The most terminal region of the TRF is composed of telomeric TTAGGG repeats.
Proximal to this DNA is the subtelomeric DNA which is composed of TTAGGG

repeats interspersed with short tandem arrays of TTAGGG-like repeats, followed by
arrays of minisatellite repeats.

(see text for details and references, diagram by F.L. Graham)



1.1.1iD) Telomeric proteins.

Telomeric chromatin is quite different from bulk chromatin. In lower
eukaryotes telomeric DNA interacts with specific telomere binding proteins to form a
complex from which histones are excluded (Blackbumn & Chiou, 1981; Edwards &
Firtel, 1984; Gottschling & Cech, 1984; Lucchini et al., 1987; Wright et al., 1992).
Similarly, the most terminal region of telomeres in humans and many other vertebrates
has a diffuse chromatin structure which arguably could be due to a non-nucleosomal
DNA-protein complex (Markarov er al., 1993; Muyldermans ez al., 1994; Tommerup et
al., 1994; Lejnine er al.,1995). In simple organisms two principal classes of telomere
specific proteins which are involved in the unique packaging of telomeric DNA have
been identified (see below). Vertebrate proteins with similar binding properties have
also been discovered arguing that specific nucleoprotein structures may be
evolutionarily conserved features of telomeres (Fang & Cech, 1991; Gualberto et al.,
1992; Zhong et al., 1992; Cardenas et al., 1993).

The first class of proteins binds the single stranded G-rich tails of telomeres
(Price, 1990; Fang & Cech, 1991; Gualberto et al., 1992; Wang et al., 1992; Cardenas
et al., 1993; Schierer & Henderson, 1994; Frantz & Gilbert, 1995), as typified by the
Oxytricha heterodimer o/p (Gottschling & Zakian, 1986; Gray er al., 1991; Fang &
Cech, 1993a). Telomeric DNA bound to this protein acquires many of the physical
features of telomeres that it lacks as naked DNA, such as resistance to nucleases and -

protection from chemical modification or end labelling (Gottschling & Zakian, 1986,



Price & Cech, 1987). Furthermore, the B subunit of the heterodimer appears to
mediate the folding of telomeric DNA into a G-Quartet in vitro under physiological
conditions (Fang & Cech, 1993b).

The other class of proteins binds to double stranded telomeric DNA (Coren ez
al,, 1991; Liu & Tye, 1991; Coren & Vogt, 1992; Zhong et al., 1992; Brigati et al.,
1993; Zentgraf, 1995). The best characterized member of this class is the yeast
protein RAP1 (Conrad er al., 1990) which recruits other proteins to the telomere
(Aparicio et al., 1991; Hardy er al., 1992; Suzuki & Nishizawa, 1994) to form a
complex (Hardy et al.,1992; Palladino et al., 1993; Moretti et al., 1994). Like the
Oxytricha o/ heterodimer, RAP1 and the complex it forms are important for many
aspects of telomere function and structure, such as telomere silencing (the unstable
repression of promoters adjacent to telomeres [Gottschling et al.,1990; Renauld ef al.,
1993; Aparicio & Gottschling, 1994])., regulation of telomere length (Conrad et al.,
1990; Lustig et al., 1990; Sussel & Shore, 1991; Hardy er al., 1992; Kyrion ez al.,
1992; Suzuki & Nishizawa, 1994), telomere-nuclear envelope interactions (Palladino et
al., 1993; Buck & Shore, 1995; Hecht et al., 1995) chromosome stability (Conrad et
al., 1990; Kyrion er al., 1992) and even G-quartet formation (Gilson et al., 1994;
Giraldo & Rhodes, 1994; Giraldo et al., 1994).

There are also a variety of proteins whose relationship with telomeric DNA is
less clear. One class of these proteins binds in vitre to single stranded G-rich

telomeric DNA and in most cases its RNA counterpart. However, it is questionable
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whether these proteins play any role in either the structure or function of telomeres in
vivo (McKay & Cooke, 1992a,b; Ishikawa et al., 1993; Lin & Zakian, 1994; Petracek
et al.,1994)., The KEM1 gene product is another interesting protein which, as
discussed ab.ove, may regulate telomere length by removing telomeric DNA that is
folded into a G-quartet (Liu et al., 1993, 1995). There are also proteins which do not
bind telomeres directly but still manage to affect telomere length either by interacting
with telomere binding proteins (Aparicio et al., 1991; Hardy et al,, 1992; Suzuki &
Nishizawa, 1994) or through as yet unknown mechanisms (Carson & Hartwell, 1985;
Lustig & Petes, 1986; Lundblad & Szostak, 1989; Schulz & Zakian, 1994).

1.1.iv) Telomere functions.

As expected for a complex structure, telomeres perform a number of functions,
of which a primary one is to ensure that chromssomes are retained and properly
inherited with each cell diyision. The requirement for telomeres for the mitotic
stability of chromosomes is particularly well exemplified in yeast: linearized plasmids
are retained only if they are capped with telomeric DNA (Szostak & Blackbum, 1982)
whereas specific removal of a telomere (Sandell & Zakian, 1993) or gradual
shortening of all telomeres (Lundblad & Szostak, 1989) results in a dramatic increase
in mitotic instability of the chromosome(s). Most likely the role telomeres play in this
phenomenon reflects many aspects of their structures. For example, as described
earlier the telomere complex protects chromosome ends from degradation (Blackburn -

& Chiou, 1981; Gottschling & Cech, 1984; Edwards & Firtel, 1984; Lucchini et al.,
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1987; Wright et al, 1992). Additionally, since the termini of linearized plasmids or

chromosome breaks are highly recombiﬁogenic, and in the latter case are recognized as
DNA damage (Sandell & Zakian, 1993; reviewed in Blackburn & Szostak, 1984;
Zakian, 1989) unless capped with telomeric repeats (Szostak & Blackburn, 1982;
Bourgain & Katinka, 1991; reviewed in Biessmann & Mason, 1992), telomeres also
protect chromosome ends from illegitimate recombination. These two features of
telomeres ensure the structural stability, and therefore indirectly the mitotic stability, of
chromosomes. However, telomeric DNA also improves the fidelity of chromosome
segregation. Circular autonomously replicating plasmids in yeast segregate better if
they contain telomeric DNA (Longtine er al,, 1992) whereas, the loss of telomeric
repeats from chromosomes in Tetrahym ena leads to improper chromosome segregation
(Yu et al., 1990). Although speculative, several observations suggest that telomeres
may mediate chromosome segregation by correctly organizing the chromosomes in the
nucleus prior to mitosis through interactions with the nuclear matrix. For example,
prior to mitosis telomeres are usually found in discrete territories in most organisms
and, in particular, in yeast, Drosophila, and plants they localize to the nuclear envelope
{Avivi & Feldman, 1980; Mathog et al., 1984; Chung et al., 1990; Heslop-Harrison &
Bennett, 1990; Rawlings & Shaw, 1990; Funabiki ef al., 1993; Vourc'h ¢t al., 1993;
Palladino et al., 1993; Broccoli & Cooke, 1994). Telomeric DNA purifies with the
nuclear matrix (de Lange, 1992) and binds envelope proteins in vitro (Shoeman et al., -

1988; Shoeman & Traub, 1990). Also, the yeast telomere binding protein RAP]
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associates with the nuclear envelope (Klein et al., 1992). Lastly, and most
convincingly, loss cr mutation of the yeast genes SIR3, SIR4 or RAP1, which all
encode proteins of the telomere complex, result in both a loss of pericentric nuclear
localization and congregation of telomeres at interphase and a decrease in the mitotic
stability of natural occurring chromosome V (but not of an artificial minichromosome;
Palladino et al., 1993).

In addition to the role telomeres play in the mitotic stability of chromosomes as
discussed above, mutation of the KEM I gene in yeast suggests that telomeric DNA, or
more specifically G-quartets, are essential for the homologous pairing of chromosomes
during meiosis (Liu er al., 1995). In agreement with this possibility, the telomeres of
chromosomes of many insects and plants gather at the nuclear envelope during the
pachytene stage of meiosis (reviewed in Gillies, 1975; Dancis & Holmquist, 1979;
Biessmann & Mason, 1992) and in yeast, they actually appear to direct the migration
of chromosomes as they move into correct positions for meiosis (Chikashige et al.,
1994).

Aside from the role telomeres play in chromosome integrity, segregation and
pairing, telomeres also regulate gene expression at least in some organisms. Genes
placed next to telomeres in yeast and Drosophila (reviewed in Karpen, 1994), but
apparently not in humans (Bayne et al., 1994), can be repressed due to the
heterochromatic nature of telomeres. Lastly, and most relevant to the work discussed -

in this thesis, telomeres provide a buffer against, and a means to compensate for the
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loss of terminal DNA due to the "end replication problem”, that is the incomplete
replication of the 5' ends of the daughter strands of linear DNA templates such as
those of eukaryote chromosomes (Olovnikov, 1971,1973; Watson, 1972; Cavalier-
Smith, 1974). Since DNA polymerase replicates DNA only in the 5' to 3' direction
and requires a 5' primer (usually RNA) to initiate replication, removal of the most
terminal RNA primer during the replication of a linear template leaves a gap that
cannot be filled in by the enzyme owing to the absence of a 5' phosphate to prime
synthesis. Therefore, each round of replication is accompanied by loss of terminal
sequences resulting in the shortening of chromosome ends or telomeres (Fig. 1.1).
Eukaryotes have developed a variety of mechanisms to counter the end replication
problem. In Drosophila retrotransposon elements transpose to the ends of chromosome
breaks at a rate sufficient to compensate for the loss of terminal DNA (Traverse &
Pardue, 1988; Biessmann et al., 1990, 92) and in yeast telomere length can be
maintained through what appears to be nonreciprocal recombination (Dunn et al.,
1984; Wang & Zakian, 1990; Lundblad & Blackburn, 1993). However, the most
conserved mechanism for telomere preservation in eukaryotes is the de nove addition

of telomeric DNA by the enzyme telomere terminal transferase, or telomerase.



Figure 1.1

The end replication problem.
A linear double stranded DNA molecule is shown during and after replication. For
simplicity, only the terminal half of two _eplication forks originating near the end of the DNA
shown. During replication of the lagging strand, the most terminal 5° RNA primer
(Ml) can anneal at different distances from the end of the template. Thus, once these
primers are removed, the 5’ ends of the newly synthesized DNA (wavy black lines)

can be shorter than the template by at least the length of the RNA primer (see text for
references, diagram by F.L. Graham).
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1.2) Telomerase.

Telomerase was first identified in Tetrahymena (Greider & Blackbum, 1985)
and to date the enzyme from this organism remains the best characterized and the only
one that has been cloned. Terrahymena telomerase is composed of a 80 and a 95 kD-h
protein subunit (Collins ez al., 1995) and a structural RNA transcribed by polymerase
III (Greider & Blackburn, 1989). In vitro the enzyme elongates oligonucleotides that
correspond to the G-strand of telomeric DNA by the de novo addition of the telomeric
repeat GTTGGG, one nucleotide at a time, to'the 3 end. The RNA component
contains the nine nucleotide sequence 3'AACCCCAAC which is complementary to 1.5
telomeric repeats of the G-strand, suggesting that this region acts as a template
(Greider & Blackburn, 1989). Indeed, these nine nucleotides are essential for activity
in vitro (Greider & Blackburn, 1989) and mutations of the §' nucleotides of this
template in vive result in corresponding changes of the telomere sequence during
regular maintenance .r de novo synthesis (Yu et al., 1990; Yu & Blackburn, 1991).

Based on the enzymatic properties and the RNA template sequence of
telomerase, the following series of events has been postulated to occur (Fig 1.2;
Blackburn & Greider, 1989). First, telomerase recognizes and binds to DNA,
potentially through the 95 kDa subunit (Collins et al., 1995). The exact primer
sequence that telomerase can bind to is variable, likely reflecting the ability of the
enzyme to elongate telomeres as well as add repeats to chromosome breaks

(Harrington & Greider, 1991; Collins & Greider, 1993; Lee & Blackbum, 1993). If
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the enzyme is not positioned at the 3' end of the primer it may slide or loop out
intervening DNA to reach the end (Harrington & Greider, 1991). Next, the first three
nucleotides of the telomerase RNA sequence 3' AACCCCAAC hybridize to the 3' end
of the telomere G-strand, although the initial alignment of a primer with the
telomerase RNA may encompass more than the first three 3' nucleotides of the
template, depending on the primer sequence. Using the remaining nucleotides
3'CCCAAC as a template, one full telomeric repeat is added (Autexier & Greider,
1994) of which the last nucleotide can be excised and replaced with a G residue in a
fashion analogous to editing (Collins & Greider, 1993). Once the correct residue is
added, telomerase translocates and again realigns the 3' template sequence with the last
three nucleotides of the newly elongated G strand in preparation for another cycle of
repeat addition. The time required for translocation and possibly 'editing’ is believed
to account for the pause the enzyme makes in vitro after addition of the last G of
every GGGTTG repeat. Although telomerase can perform many cycles of elongation
in vitro (Greider, 1991) it is not processive in vivo (Yu et al., 1990). How
processivity is repressed in vivo is unknown, but telomere structure could be involved
since primers which adopt a G-quartet configuration are not elongated (Zahler et al.,
1991) unless packaged into chromatin (Shippen et al., 1994).

Telomerase activity has since been detected in other ciliates (Zahler & Prescott,
1988; Shippen-Lentz & Blackburn, 1989; Lingner et al., 1994; Melek et al., 1994) and*

found to use an RNA template as in Tetrahymena (Shippen-Lentz & Blackbumn, 1990;
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Model of the de novo elongation of a telomeric primer by Tetrahymena telomerase.

As described in the text, telomerase is thought to anchor to a primer possibly through the
95 kDa protein (shaded oval) and align the first three 3' nucleotides of the template with
the DNA termini. Nucleotides complementary to the remaining template sequence are
added onto the 3' end of the DNA and before translocation or dissociation of the enzyme,
the last nucleotide may be cleaved off and replaced with a G residue. (see text for further

details, taken from Collins & Greider, 1993)
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Melek et al., 1994; Lingner et al., 1994). Comparison of the structural RNA

sequence between subspecies of Tetrahymena (Romero & Blackburn, 1991) or
different ciliates (Bhattacharyya & Blackburn, 1994; Lingner et al., 1994) has revealed
little homology outside of the template region. Instead, the length and secondary
structure of the RNA is preserved between ciliates suggesting it is conformation and
not sequence that is important for its function. However, neither transcript length or
secondary structure are conserved between ciliates and yeast (Singer & Gottschling,
1694).

At the start of this project telomerase activity had been detected in the human
cell line HeLa (Morin, 1989). More recently, enzyme activity has also been found in
X enopus (Mantell & Greider, 1994), mouse (Prowse et al., 1993; Chadeneau et al.,
1995b; Prowse & Greider, 1995) and yeast (Singer & Gottschling, 1994; Cohn &
Blackbum, 1995; Lin & Zakian, 1995) and the telomerase structural RNA has been
cloned from yeast (Singer & Gottschling, 1994; McEarchern & Blackburn, 1995),
mouse (Blasco et al., 1995} and humans (Feng et al., 1995). The detection of
telomerase in such diverse organisms suggests an evolutionarily conserved role for this
enzyme in countering the loss of telomeric DNA. This is not however, the only
function of telomerase as the enzyme can also "heal" chromosome ends. For example,
in both murine and human cells, artificially shortened telomeres are elongated to the
length of the other telomeres in what appears to be a telomerase specific manner

(Barnett et al., 1993; Hanish et al., 1994). Telomerase can also heal chromosome ends
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that lack telomeric repeats. In Tetrahymena, and likely other ciliates, telomeres are
added to chromosome breaks yielding new stable linear subchromosomes during a
specific phase of development (Yu & Blackburn, 1991). Similarly in yeast (Murray et
al., 1988; Kramer & Haber, 1993; Singer & Gottschling, 1994) and apparently also in
humans (Wilkie er al., 1990; Morin, 1991; Lamb ez al., 1993; Flint et al., 1994)
artificially induced or naturally occurring chromosome breaks can be capped and
thereby stabilized by the addition of telomeric repeats by telomerase. Thus,
telomerase can both prevent and repair certain types of DNA damage (reviewed in

Greider, 1994).

1.3) Cell senescence and immortalization

Human somatic cells from a variety of tissues divide in vitro a finite number of
times before they exit the cell cycle and arrest in G, in a viable state called
"senescence” (Hayflick & Moorhead, 1961; reviewed Goldstein, 1990). The timing of
growth arrest is dependent upon the number of cell divisions and not the length of
time in culture (Dell'Orca et al., 1973; Hayflick, 1976; Harley & Goldstein, 1978).
Although cells at senescence remain metabolically active they cannot undergo DNA
synthesis or division, even in the presence of physiological or mitogenic stimulation
(Matsumura er al., 1979a,b). This replication block is quite stable in human cells
(reviewed in McCormick and Maher, 1988) suggesting that senescence may have

evolved to prevent the continuous proliferation of cells in which normal growth
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control mechanisms have been subverted.

Two lines of evidence indicate that there may be a genetic basis for
senescence. First, cell division of normal young human fibroblasts can be haited by
fusion with, or injection of mRNA from senescent cells (Norwood et al., 1974;
Yanishevsky & Stein, 1980; Lumpkin et al., 1986). Second, senescence is dominant
over unlimited proliferation since fusion of mortal with immortai cells generally results
in hybrid cells with a finite lifespan (Bunn & Tarrant, 1980; Muggleton-Harris &
DeSimone, 1980; Pereira-Smith & Smith, 1981, 1983). In agreement with senescence
being under genetic control, a number of genes have been shown to contribute to the
senescent phenotype. Among these a central and essential role is played by the
tumour suppressors p33 and pRb which negatively regulate the G, to S transition.
Through a variety of experimental means it has been demonstrated that cells can
escape senescence if the functions of these tumour suppressors are impeded (Bischoff
et al., 1990; Hara er al., 1991; Shay et al., 1991b, 1995; Rogan et al., 1995), and
conversely that a senescent-like growth arrest is reinstated if p53 and pRb functions
are restored (Brugge & Butel, 1975; Radna et al., 1989; Wright et al., 1989; Levine et
al., 1991, Hinds er al., 1992; Quinlan, 1993; Rinehart er al., 1993; Yamato e al.,
1995). Genes which regulate p53 or pRb have also been implicated in the senescence
phenotype (reviewed in Barrett et al., 1994; Dimri & Campisi, 1994). Indeed, pS3 and
pRb may operate in concert since p53 is known to increase the levels of p21, a protein

which regulates pRb function (Noda et al., 1994). Cell fusion experiments suggest
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that the establishment of senescence may involve additional pathways. Fusion of
different immortal cell lines does not always yield hybrids with unlimited growth
capacity, indicating that several recessive changes complement the immortal
phenotype. In fact, from a systernatic series of experiments, four complementation
groups for unlimited proliferation have been identified (Pereira-Smith & Smith, 1983,
1988; Whitaker ef al., 1992; Duncan et al., 1993; Goletz et al., 1994b). Introduction
of single chromosomes from a normal human cell background into different immortal
ceil lines has lead to the identification of chromosomes containing senescent genes of
the different complementation groups (Ning et al., 1991, Ogata et al., 1993, 1995;
Hensler er al., 1994; Rimessi et al., 1994; Sandu et al., 1994; Yoshida er al., 1994).
However, the identity of such genes remains to be elucidated.

The replicative blockade of senescence is not impenetrable. Transformation of
cultured human cells with DNA tumour viruses (reviewed in Shay et al., 1991b), with
retroviruses (Miyoshi et al., 1981), or with carcinogens or radiation (Harris, 1987)
allows cells to escape from senescence. In the case of cells transformed by viral
oncogenes, the most commonly used transforming agents, this process involves the
functional inactivation of p53 and pRb by the oncoproteins {reviewed in Dimri &
Campisi, 1994). However, even transformed cells do not divide indefinitely but
eventuzlly enter a proliferative crisis. Although the severity of this crisis can vary, it
is generally characterized by an increase in cell death (Shein et al., 1964, Girardi et

al., 1965; Stein, 1985; reviewed in Sack, 1981) and in some virus transformed cells, an



22

increase in chromosomal aberrations (primarily dicentrics, Moorhead & Saksela, 1963,
65: Wolman et al., 1964; Stewart & Bacchetti, 1991). Proliferative crisis is thus
phenotypically different from senescence snggcsting that the two stages reflect
different processes.

Generally transformed cells survive crisis and acquire an unlimited lifespan
only in rare cases. The frequency of immortalization varies with cell type and
transforming agent and is also influenced by clonal differences within a cell population
(ie: Girardi et al., 1965; Graham et al., 1977, Byrd et al., 1982; Huschtscha &
Holliday, 1983; Whittaker et al., 1984; Chang, 1986; Harris, 1987; Pirisi er al., 1987;
Shay & Wright, 1989; Band er al., 1990; Karran et al., 1990; Middleton et al., 1990;
Hering et al., 1991; Wazer et al., 1995). Nevertheless, even in virus transformed cells,
the most efficient system for generating immortal populations, it has been estimated
that only one in 10° to 107 cells will become immortal (Huschtscha & Holliday, 1983;
Shay & Wright, 1989; reviewed in Shay et al., 1991b). The rarity of this event
suggests that oncogenes are either inefficient at (Strauss & Griffin, 1990) or incapable
of (Chang, 1986; Wright et al.,, 1989) immortalizing cells. Both these possibilities are
consistent with the requirement for oncogene expression, and hence p53 and pRb
suppression, for immortalization (Brugge & Butel, 1975; Radna er al., 1989; Wright et
al., 1989; Shay er al., 1991; Quinlan, 1993; Rinehart ez al., 1993). However, fusion of
immortal virus transformed celis with mortal cells gives rise to mortal hybrids despite -

high levels of oncoprotein expression. This observation suggests that the expression of
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these proteins is insufficient for immortalization and that other event(s) are required
for this process (Pereira-Smith & Smith, 1987). Given the similarity between
immortalization frequency and mutation rates (reviewed in Shay er al., 1991b) it seems
likely that these event(s) are mutations of cellular gene(s). Indeed, cells can become
immortal if treated solely with mutagens (Harris, 1987), and the genetic instability of
virus transformed cells (Moorhead & Saksela, 1963, 65; Stich er al., 1964; Wolman e!
al., 1964; McDougall, 1971; Caporossi & Bacchetti, 1990; Schramayr e al., 1990;
reviewed in Sack, 1981; Mansur & Andophy, 1993) can conceivably be considered
mutagenic. Based on these observations it has been proposed that immortalization is a
two step process. Initially viral oncogenes suppress the senescence signal thereby
endowing cells with an extended lifespan. In the second step the infrequent
acquisition of a randomly generated mutation perturbs a second unrelated cellular
process permitting transformed cells to escape from crisis and thereby become
immortal (Wright er al., 1989).

As in vitro, somatic cells appear to have a finite lifespan in vivo unless
transformed. A number of observations suggest that replicative senescence may in fact
occur in vivo and potentially be a component of organismal ageing. For example, the
replicative capacity of cells in culture decreases with donor age, possibly as a result of
prior proliferation in vivo (Martin et al., 1970; Dell'Orco et al., 1973, Goldstein et al.,
1978: Mets et al., 1983; Schneider & Mitsui, 1986). Fibroblasts obtained from

patients with premature ageing syndromes divide fewer times in culture than age
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matched controls (Martin et al., 1965; Goldstein, 1969, 1979; Norwood et al., 1979;

Mills & Weiss, 1990). Similarly, cultured cells from long-lived animals reach
senescence after more cell divisions than those from short-lived animals (LeGuilly et
al., 1973; Goldstein, 1974; Rohme, 1981). Finally, murine tissues can only be serially
transplanted a finite number of times (Daniel, 1972). Given the strong evidence that
cells have a finite proliferative capacity in vivo, senescence could therefore represent a
replicative barrier that malignant cells, like cclls transformed in vitro, must overcome
to acquire an immortal phenotype. Several lines of evidence suggest that tumour cells
do in fact overcome senescence and become immortal. For examples, the tumour
suppressors p53 and pRb which must be inactivated for cellular immortality in culture
(see above) are often inactivated in tumours (fe. Skuse & Ludlow, 1994). Also, most
cancers arise through multiple expansions of single, progressively more transformed
cells (reviewed in Cairns, 1975; Nowell, 1976; Fearon & Vogelstein, 1990). Although
a single clonal expansion could generate a large tumour within the normal lifespan of
cells (Tannock 1987; Stamps et al., 1992) repeated expansions could easily exhaust the
proliferative capacity of malignant cells. Minimally, clonal expansions associated with
the process of metastasis or tumour recurrence should have such an outcome. Lastly,
although it is difficult to establish tumour cell in culture, permanent cell lines have
been generated from a number of different tumours. Thus, the immeortalization of

cultured ceils may reflect a process that occurs during tumour evolution in vivo.



1.4) The telomere hypothesis for cell senescence and immonrtalization

Molecular dissection of the various stages that cultured cells must traverse to
become immortal has failed to reveal the underlying mechanism which limits the
lifespan of normal and transformed cells. In 1971 Olovnikov proposed that the loss of
telomeric DNA due to the end replication problem (Fig. 1.1} would eventually lead to
the inactivation of a gene essential for growth thus resulting in senescence unless, as
in the case of immortal cells, the loss of telomeric DNA was circumvented.

A large body of evidence supports many aspects of this model. Telomeres do
in fact shorten as human somatic cells divide. The first evidence for this was the
observation that TRFs of sperm were much larger than those of embryonic and adult
somatic tissues, suggesting that there was a loss of telomeric DNA during development
(Cooke & Smith, 1986; Cross et al., 1989, 1990; Hastie ef al., 1990; de Lange et al.,
1990; Allsopp et al., 1992). TRFs of human somatic cells have subsequently been
shown to decrease both with cell division in vitro (Harley et al., 1990; Lindscy er al.,
1992; Allsopp et al., 1992) and with increasing donor age in vivo (Hastic er af., 1990;
Harley et al., 1990; Allsopp er al., 1992; Vaziri er al., 1993). However, in contrast
with Olovnikov's predictions TRFs are stil} quite large in senescent cells (Harley e af.,
1990; Lindsey er al., 1992; Allsopp er al., 1992; Allsopp & Harley, 1995).

A number of models have been proposed to explain how partial loss of
telomeric DNA could induce senescence. One model is based on the observation that -

in yeast and Drosophila, genes placed next to telomeres can be silenced because the
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heterochromatic nature of telomeres (Karpan, 1994). It was therefore postulated that
telomere shortening alters the extent with which telomere heterochromatin invades the
subtelomeric DNA. Alteration of the amount of terminal DNA packaged into
heterochromatin could, in tum, affect the expression of nearby genes essential for
growth control (Wright & Shay, 1992). However, recently it was demonstrated that
human telomeric DNA does not affect the expression of adjacent genes (Bayne et al,
1994). A second model proposes that a single chromosome loses all telomeric DNA
by senescence (Harley er al., 1990; reviewed in Harley, 1991). This chromosome end
becomes recombinogenic and fuses to form dicentrics which, when resolved, generate
chromosome breaks. Alternatively the naked end could fail to correctly interact with
the nuclear matrix, resulting in aberrant chromosome segregation. Indeed, dicentrics,
chromosome breaks as well as polyploidy and aneuploidy have been reported in
senescent cells (Saksela & Moorhead, 1963; Wolman et al., 1964, Benn, 1976;
Sherwood et al., 1988) and all these types of damage may, or are known to (Di
Leonardo et al., 1994) induce a senescent-like p53 dependent growth arrest. In the
absence of telomerase activity chromosome ends would not be repaired and thus the
proliferative block would become permanent. A third model proposes that it is short
telomeres themselves, and not the absence of telomeres, that are detected by the p33
pathway as damage, resulting in the induction of senescence (Harley et al., 1990;
reviewed in Harley, 1991). The lattef two models are consistent with many of the

characteristics of the senescent phenotype.
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Irrespective of the role telomeres play at senescence it is clear that immortal
cells must overcome the ultimately lethal process of telomere shortening. Indeed,
uncontrolled loss of telomeric DNA in lower eukaryotes has been shown to eventually
lead to the death of most cells in the population (Eundblad & Szostak, 1989; Yu er al.,
1990; Singer & Gottschling, 1994; McEachern & Blackburn, 1995; Liu et al.,, 1995)
whereas telomere length is stable in immortal cells (ie. Bernards et al., 1983; Larson er
al., 1987; Lundblad & Szostak, 1989; Allsopp et al., 1992). Telomerase was shown to
be the primary means by which telomere length is maintained in yeast and
Tetrahymena (Siriger & Gottschling, 1994; McEachern & Blackburn 1995; Yu er al.,
1990) and detection of the enzyme in an immortal human cell line suggested a similar
role for telomerase in humans (Morin, 1989). Based on these observations we
postulated that when the proliferative block of senescence is overcome by
transformation in culture or in vivo, the telomere shortening associated with division
of normal somatic cells would eventually lead to cell death unless countered by the
activation of telomerase. Therefore, stabilization of telomere length by the enzyme

would be a necessary event in the acquisition of the immortal phenotype.



1.5.i) Statement of purpose.

At low frequency it is possible to generate immortal cells in culture. Similarly,
several lines of evidence argue that malignant cells can acquire an immortal
phenotype. Given that telomeres shorten as normal human somatic cells divide and
that this process will inevitably be lethal, human immortal cells must, at some point,
overcome telomere shortening. As described, one means of achieving stabilization of
telomere length may be through the activation of telomerase. The purpose of the
experiments presented in this thesis was to determine if the loss of telomeric DNA
observed in normal cells must be arrested by the activation of telomerase for cells to
acquire an unlimited lifespan. To address this question we initially studied telomere
length and telomerase activity in in vitro transformed cells because this system has
been well characterized in terms of immortalization and is considered a model system
for tumourigenesis. Following these studies we addressed the clinical significance of
these observations by investigating the role of telomere length and telomerase in
human tumours.

1.5.ii) A tissue culture model of cell immonrtalization.

If, as predicted, telomere shortening must be arrested by the activation of
telomerase in order for cells to become immortal, then irrespective of cell type or
transforming agent any immortal cell population should have stable telomeres and be
telomerase positive. Conversely, mortal cells, whether transformed or not, should be -

telomerase negative, To investigate these possibilities telomere length and telomerase
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activity were measured throughout the lifespan of mortal and immortal clones derived
from human embryonic kidney (HEK) cells transformed by AdS El or $V40 large (T)
and small (t) t-antigen (Ag) and from EBV transformed human B celis. As a control,
untransformed HEK cells were similarly characterized. In addition, previous work had
shown that the frequency of dicentric chromosomes increases strikingly in SV40
transformed cells during crisis (Moorhead & Saksela, 1963, 65; Wolman er al., 1964;
Stewart & Bacchetti, 1991). Since dicentrics can be generated by the loss of telomeric
repeats (reviewed in Blackbumn & Szostak, 1984) we investigated the relationship
between telomere length and terminal recombination by measuring the frequency of
chromosomal aberrations during the lifespan of different clonal populations of
transformed cells. The results of these studies are described in chapters 2 and 3.
1.5.1ii) An in vive model of cell immortalization

Since most tumours are derived from somatic tissues and telomeres of somatic
cells decrease with cell division, it is likely that telomeres shorten as tumour cells
divide. Indeed, the telomeres of Wilms' tumours (de Lange et al., 1990) and colorectal
carcinomas (Hastie et al., 1990) were found to be generally shorter than those of the
control tissues. Moreover, since tumour cells found in advanced malignancies may
acquire unlimited proliferative capacity, we postulated that such cells would express
telomerase to counter the inevitable loss of telomeric DNA observed during tumour
growth. To investigate this possibility, telomere length was measured and telomerase -

activity was assayed in two different malignancies: ovarian carcinoma and leukemia.
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Ovarian carcinoma was chosen as the first experimental system for a number of
reasons. The tumours are generally detected late, often after they have metastasized
throughout the peritoneal cavity (Clarke-Pearson & Creasman, 1986). The chances of
obtaining malignant cells that are immortal is therefore maximized. Second,
sufficiently large quantities of relatively pure tumour cells (required to assay
telomerase activity) can be readily obtained from the ascites fluid several times over
the course of the disease, permitting telomere length and telomerase to be studied
temporally. Moreover, the malignant cells can be cultured and therefore studied in the
same fashion as virus transformed cells. Finally, non-malignant mesothelial and
fibroblastic cells can be separated from the tumour cells and expanded in culture to
serve as isogenic controls. Using this system, the telomere length and status of
telomerase of tumour cells from a number of patients was assessed temporally both in
vivo and in culture and compared to control non-malignant isogenic cells and ovarian
epithelial cells from non-diseased donors. The results from this study are presented in
chapter 4.

One disadvantage of the ovarian system was that cells were only available from
tumours that were already at a clinically advanced stage. Therefore, to follow
telomere length and telomerase activity throughout disease progression in vivo, and
also to extend our observations to another human cancer, we studied leukemic cells.
'To compare patterns of telomerase expression in leukemias with different growth

properties, samples were collected from patients with chronic lymphoid leukemia
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(CLL) acute myeloid leukemia (AML) and myelodysplastic syndrcme (MDS).

CLL is characterized by a slow but progressive clonal accurmnulation of
functionally incompetent partially mature B cells (Rai, 1991) which, for the most part
are arrested in G, (Vincent, 1990). Given the slow progression of CLL it has been
possible to identify several distinct steps in the evolution of this leukemia making CLL
an excellent in vivo counterpart to the transformed cell model in which telomere
length and telomerase activity were followed during the process of immortalization.

In sharp contrast to CLL, AML is a rapidly growing malignancy characterized
by the continual division and hence rapid accumulation of immature myeloid cells
arrested at different stages of early maturation (reviewed in Lowenberg & Delwel,
1991). Due to this ever expanding pool of self-renewing cells, by the time AML is
detected the disease has progressed to the end stage, very much like ovarian cancer.
However, MDS, a neoplastic bone marrow disorder, can be considered analogous to
early stage AML since MDS resembles less severe forms of AML and can, if a patient
survives long enough with the disease, progress to AML (reviewed in Tricot, 1991).

In these two very different leukemias telomere length and telomerase activity
were monitored at ‘early’ (early CLL, MDS) and 'late' (late CLL, AML) stages of
disease progression. As in the ovarian carcinoma studies, normal control tissues (bone
marrow and peripheral blood leukocytes) were similarly assayed. The results of these

studies are described in chapter 5.
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Chapter 2: Telomere shortening associated with chromosome instability
is arrested in immortal cells which express telomerase activig .
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2.0) Foreword.

The process of telomere shortening observed during the finite lifespan of
human cells (Harley et al., 1990) cannot continue indefinitely in human cells which
acquire an unlimited lifespan. One mechanism by which immortal human cells may
overcome telomere shortening is through the activation of telomerase, the enzyme
which elongates telomeres de novo (Greider & Blackburn, 1985). Consistent with this
possibility, the human cell line HeLL.a was shown to be telomerase positive (Morin,
1989). Therefore, to determine if, when, and at what telomere length the enzyme is
activated during the immortalization process in vitro, telomere length and telomerase
activity were monitored throughout the lifespan of clonal populations of SV40
transformed HEK cells and in the immediate postcrisis phase of AdS transformed HEK
cells. In addition, the frequency of dicentric chromosomes, which can arise by the
fusion of chromosome ends lacking telomeres, was also determined throughout the
lifespan of the SV40 transformed cells as an indirect method to potentially assess

telomere function.
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Laoss of telomeric DNA during cell proliferation may play
a role in ageing and cancer. Since telomeres permit
complete replication of eukaryolic chromosomes and
protect their ends [rom recombination, we have measured
telomere length, telomerase activity and chromosome
rearrangements in human cells before and after
transformation with SV40 or Ad5. In all mortal
populations, telomeres shortened by =65 bp/generation
during the lifespan of the cultures. When transformed
cells reached crisis, the length of the telomeric TTAGGG
repeats was only =1.5 kbp and many dicentric
chromosomes were observed. In immortal cells, telomere
length and frequency of dicentric chromosomes stabilized
after crisis. Telomerase activity was not detectable in
control or extended lifespan populations but was present
in immortal populations. These results suggest that
chromosomes with short (TTAGGG), tracts are
recombinogenic, critically shortened telomeres may be
incompatible with cell proliferation and stabilization of
telomere length by telomerase may be required for
immortalization.
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Introduction

Human cells can undergo only a limited number of divisions
in vitrro. This phenomenon, termed replicative senescence,
has often been used as a model for cellular ageing (Hayflick
and Moorhead, 1961; reviewed in Goldstein, 1990). Cell
senescence can be at least partially overcome by carcinogen-
or virus-induced transformation, a complex process that
results in the acquisition of altered morphology and growth
propertics. Most transformed human cells acquire an
extended lifespan compared with their untransformed
counterparts, but ultimately ceasc to divide and die (crisis).
At a very low frequency, some cells overcome both
replicative senescence and crisis and become immortal
(reviewed in Sack, 1981; DiPaolo, 1983; Chang, 1986).

As somatic cells age in vive or in vitro, their telomeres
become progressively shorter (Harley er al., 1990; Hastie
et al., 1990). Telomercs are specialized structures at the ends
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of eukaryotic chromosomes, consisting of proteins and
simple repeated DNA sequences which are highly conserved
throughout evolution (Blackburm and Szostak, 1984; Moyzis
er al., 1988; Meyne er al., 1989; Zakian, 1989). In humans,
5—15 kbp of TTAGGG rejeats are found at the ends of all
chromosomes (Allshire er al., 1988; Moyzis er al., 1988;
Brown, 1989; Cross e al., 1989; de Lange et al., 1990).
Telomeres are etongated by the ribonucleoprotein enzyme
telomerase which adds telomeric sequences de nove (Greider
and Blackburn 1985, 1987). Their structure and mode of
synthesis thus allow for the complete replication of
chromosome ends. In addition, telomeres protect
chromosome ends against illegitimate recombination and may
direct chromosome attachment to the nuclear membrane
(reviewed in Blackbum and Szostak, 1984; Blackburn, 1991;
Zakian, 1989).

Loss of chromosome terminal sequences with each round
of replication had previously been predicted based on the
inability of DNA polymerases to completely replicate linear
DNA molecules (Olovnikov 1971, 1973; Watson, 1972).
Olovnikov (1973) further proposed that telomere shortening
would ultimately lead to cell death and thus might play a
role in cell senescence by limiting proliferation of somatic
cells. Unicellular organisms and germline cells, however,
should have acquired a mechanism to overcome incomplete
replication of chromosome ends, thus allowing for their
unlimited proliferative capacity (Olovnikov, 1973; reviewed
in Harley, 1991). In agreement with these predictions,
telomerase activity has been detected in unicellular
eukaryotes where telomere length is stable (Greider and
Blackburn, 1985, 1989; Zahler and Prescott, 1988; Shippen-
Lentz and Blackburn, 1989) and cell senescence results from
mutations in the Est/ (ever shorter telomeres) gene of yeast
(Lundblad and Szostak, 1989) or in the RNA component
of Tetrrahymena telomerase (Yu et al., 1990). Moreover, in
human germline cells, telomeres are significantly longer than
those from somatic tissues (Allshire er al, 1989; Cooke
et al., 1989; Cross et al., 1989; de Lange et al., 1990;
Ha:,ue et al., 1990) and are stable regardless of donor age
(Allsopp.R. C Vaziri,H., Patterson,C., Goldstein,S.,
Younglai,E. V Futcher A.B., Greider.C.W. and
Harley,C.B., submitted). Presumably, telomerase is active
in the germline, but inactive in somatic cells where telomere
shortening occurs.

A role for telomere shortening in cellular senescence
would further imply that immortalized cells should have
telomerase activity and stable telomeres (reviewed in Harley,
1991). Enzyme activity has indeed been detected in Hela
cells, which are tumour-derived and immortal (Monn
1989). However, loss of telomeric sequences can occur in
tumour cells since often their telomeres are shorter than those
in the tissue of origin (Cooke et al., 1985; de Lange et al.,
1990; Hastie er al., 1990). Tumour and transformed cells,
like senescent cells, also have dicentric chromosomes which
may arise from telomere association and fusion as a direct
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result of sequence loss (Wolman ez al., 1964; Benn, 1976;
Blackburn and Szostak, 1984; Pathak er al., 1988; Zakian,
1989).

The existence of shortened telomeres in many tumour cells
suggests that telomere stabilization and expression of
telomerase activity occur relatively late during oncogenesis.
This might also be the case for cell transformation in vitro.
We hypothesized that loss of telomeric sequences would not
be arrested in transformed cells which have acquired only
an extended lifespan and might in fact play a role in the
proliferative crisis of these cells. However, activation of
telomerase, and thus telomere stabilization, would
necessarily oceur during the development of the immortal
phenotype.

To test this hypothesis we measured the length and amount
of telomeric DNA, incidence of dicentric chromosomes and
telomerase activity throughout the lifespan in vitro of human
embryonic kidney cells, untransformed or transformed by
SV40 or AdS oncogenes. Our results indicate that telomeric
sequences were initially lost at a similar rate in all cell
populations. This process continued unchecked in trans-
formed populations which had acquired only an extended
lifespan and died at crisis. In such populations no telomerase
activity was detected and loss of telomeric DNA was
associated with an increase in dicentric chromosomes. In
contrast, populations which had become immortal expressed
telomerase and in these cells we observed stabilization of
telomeric DNA length and of the frequency of dicentric
chromosomes.

Results

Decrease in length and amount of telomeric DNA

with cell age in vitro

To define the relationships between telomeres and cell
proliferation, the length and amount of telomeric DNA were
measured throughout the lifespan of transformed cells
generated by transfection of human embryonic kidney (HEK)
cells with the plasmid pSV3neo (Stewart and Bacchetti, 1991;
Bacchetti,S. and LeFeuvre,C.E., unpublished). Under G418
selection a total of 11 colonies expressing SV40 tumour
antigens were isolated and expanded. All of the populations
(Table [) were found to have an extended lifespan compared
with the control untransfected HEK cells, which could be
subcultured for only 16 mean population doublings (MPD).
However, ten of the populations (HA2-EL to HA11-EL)
entered a crisis between 75 —120 MPD, from which viable
cell lines could not be rescued. One population, HAL-IM,
underwent a brief period of slow growth from which, at =90
MPD, evolved a faster growing subclonal population

characterized by the presence of a marker chromosome.
HAI!-IM cells have since continued to proliferate for > 250
MPD and are thercfore considered immortal. A second
immortal population, the 293 cell line generated by
transformation of HEK cells with adenovirus 5 DNA
{Graham er al., 1977), was also cultured for analysis.

Genomic DNA was isolated every two or four MPD
throughout the lifespan of control cells and of a subset of
the SV40 transformed cells. For the 293 cclls, DNA was
obtained at one time point just prior to crisis from the pre-
immortal population and periodically between 12 and 135
MPD from the post-crisis immorial population. The DNA
was cleaved with Hinfl and Rsal to liberate the terminal
restriction fragments (TRFs, Figure 1A) which comprise
both subtelomeric repetitive DNA, X, and tclomeric
TTAGGG repeats, T. TRFs were resolved on agarose gels
and detected by hybridization to the telomeric probe
(CCCTAA), (Figure 1B). Heterogeneity in TRF size and
its muitimodal distribution are due to variations in both the
number of TTAGGG repeats and the length of the
subtelomeric region X, but the latter accounts for most of
these effects (Prowse,K.R., Abella,B.S., Futcher,A.B.,
Harley,C.B. and Greider,C.W., submitted), Thus, upon
autoradiography the TRF specific signal appears as a smear
often divided in subpopulations.

TRF length decreased with increasing MPD in all cell
populations analysed (Figure 1B). This trend was most
evident for the high molecular weight band (= 17 kbp),
particularly in the HAI-IM DNA, but was also casily
detected for all subpopulations of TRFs sizes in both
HA1-IM and HAS-EL DNA. In control HEK cells, analysis
of the limited number of samples which could be obtained
indicated an overall reduction in TRF size, but the relatively
high molecular weight of the TRFs precluded detection of
subpopulations. A reduction in TRF length with increasing
MPD also occurred in the 293 cells, since TRFs in the
population just prior to crisis were shorter than in HEK cells
but slightly longer than in the immortal population which
emerged from crisis (not shown).

A decrease in the total hybridization signal, i.e. in the
amount of DNA complementary to the (CCCTAA), probe,
was also apparent in all samples analysed. This suggested
that shortening of TRFs is due to specific loss of the
TTAGGG repeats in the T region, rather than to a decrease
in the subtelomeric region X (Figure 1A). Low molecular
weight bands of =2, 1.6 and 0.9 kbp did not decrease in
size or intensity with age of the cells (Figure 1B} and were
insensitive to digestion of genomic DNA with exonuclease
Bai31 (not shown), which progressively removes telomeric
sequences (reviewed in Blackburn and Szostak, 1984), These

Table I. Growth and cytogenctic properties of cells

Cells Transforming viral oncogenes Lifespan Increase in dicentrics near crisis
HEK mortal, cell death at MPD 16 -
HA2,3.4,5-EL SV40 T and t extended, crisis at MPD 75 +
HA6,7.8.9,10,11-EL SVA0 T and t exiended, crisis between MPD 100 and 120 +*
HAI-IM SV40 T and ¢ immortal (passaged >250 MPD),
crisis MPD 65-90
293 Ads El immortal nd.

*"HAG,8,9 and 11-EL were not tested
n.d. not determined
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bands represent nontelomeric DNA  fragments which
hybridize at high stringency to the (CCCTAA); probe and
they were used as an internal control for the amount of DNA
loaded. .

The average TRF length and hybridization signa! were
quantified by densitometry (Figure 2 and Table H).
Telomeric sequences were lost at an average rate of =65
bp/MPD in the cxtended lifespan and pre-immortal
populations (ATRF/MPD in Table II). The data for HEK
cells indicated a loss of =150 bp/MPD. However, this
higher loss rate may not be significant since HEK TRFs
could only be measured in a limited number of samples and
their Jarge size made accurate measurements difficult. The
rate at which telomeric sequences were lost in pre-crisis 293
cells was not determined.

In all $V40 transformed cell populations, TRFs decreased
until crisis when their average length was =4 kbp. In the
immortal HA1-IM population, past 90 MPD, TRF length
stabilized indicating no further loss of telomeric sequences
for at least 120 additional MPD (Figure 2A). Loss of
telomeric DNA also ceased in the second immortal line
analysed, the post-crisis 293 cells, where stable TRFs of =3
kbp average length were maintained for at least 135 MPD
(Figure 2B; Table ). The 293 cells used in these
experiments were from monolayer cultures. TRFs of similar

A

Ldomere

(TAGGG),

sublstomere
Hinfl
Rzal

TRF
B
HAYM

Stable telomeres and telomerase activity in immortal cells

length were present in the nonadherent 293-N3§S cells,
whereas in the nonadherent 293(CSH) subline the TRFs had
an average size of =7.5 kbp. Since both nonadherent lines
were derived from immortal adherent cells well beyond
crisis, this suggests that telomere elongation might have
occurred in the 293(CSH) cells, although clonal variation
cannot be ruled out (see Discussion).

The amount of telometic DNA, as quantified from the total
TTAGGG hybridization signal, also decreased at a similar
rate in both extended lifespan and pre-immortal populations
transformed by SV40 (Figure 2B; Table 1I: AS/MPD). The
results for control HEK cells indicated a higher rate of
decrease in signal intensity than for the transfecied cells but,
as noted above, quantification of these samples was less
accurate. In the HA1-IM cells no further loss of TTAGGG
signal was detected past MPD 90. Similarly, the amount of
telomeric DNA was also stable in the immortal 293 cell linc
past crisis (Figure 2D).

The mean telomeric TTAGGG DNA length at crisis is
= 1.5 kbp

It has been hypothesized that loss of telomeric sequences
may play a role in cell mortality (Olovnikov, 1973; Harley
et al., 1990; Hastie er al., 1990). Since the TRF contains
both subtelomeric and TTAGGG sequences, we determined
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Fig. L (A) Structure of wrminal restriction fragments (TRFs} and model for TRF shortening. TRFs are comprised of lelomeric DNA, T, consisting
of TTAGGG repeats and of subtelomeric DNA, X, containing degenerate arrays of TTAGGG and other sequences. As cells proliferate, TRFs
become progressively shorter through loss of T, (B) Length of TRFs versus age (MFD) in immortal (HA J-IM), extended lifespan (HAS5-EL) and
comtrol HEK cells. DNA was extructed from each cell population at the indicated MPD, digested with restriction enzymes Hinfl and Rsal, separated
by electrophoresis on a 0.5% agarose gel and hybridized 10 the human telomeric probe [P*PICCCTAA). In all cases 1.0 pg of DNA was loaded,
except for the HAT-IM sample at 87 MPD which was overloaded. The avroradiograph represents a typical result and is one of several experiments
with these cell populations. Similar patterns were observed for alt other cell populations analysed.
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Fig. 2. Mean TRF length and amount of telomeric DNA as a function
of age of comtrol and transfected cells. For each data point o minimum
of three autoradiographs (such as that of Figure 1B) were scanned with
4 densitometer over the size range 2—21 kbp and the densitometric
values were used to deternmine the mean TRF length in kbp (panel A
and panel B) and (he amount of telomeric DNA {panel C and panel
D). The latter is expressed in arbitrary units and was derived from the
intensity of the wital hybridization signal as previously described
(Harley er af., 1990). The average standard deviation of the data
points for mean TRF length was 0.5 kbp with the [argest deviation
being 1.1 kbp. Fer the amounts of telomeric DNA the average and the
largest standard deviations were 9.1 units and 28.6 units. respectively.
Values generated from: @, control HEK: O, HAS-EL; [J.HAG-EL:
A, HAT-EL; o, HATO-EL; and B, HAI-IM populations are plotted
in pancls A and C; the span of MPD at which individua! populations
cnter crisis is indicated by the bar. Values generated from 293 cells
(&) are shown in panels B and D.

the length of the latter component in cells undergoing crisis.
Assuming that the decrease in TRF length and signal intensity
results solely from loss of terminal TTAGGG repeats, the
length of the subtelomeric component of the TRF, X, can
be calculated by comparing the rate of signal loss with the
rate of decrease in TRF length (Levy er af., 1992). The
average subtelomere length, X, for all DNA samples we have
analysed by Hinfl and Rsal digestion was =2.5 kbp
(Table II). In other human cell strains, the length of X ranged
from =3 to 4 kbp (Levy eral., 1992; Prowse,K.R.,
Abella,B.S., Futcher,A.B., Harley,C.B. and Greider,C.W.,
submitted). Since the mean TRF length at crisis was =4
kbp in all pupulations, we conclude that the TTAGGG
component, T, was on average = 1.5 kbp (Table II}.
Terminal restriction fragments longer than 34 kbp at
crisis are clearly seen in Figure 1B. We have analysed three
subpopulations of long TRFs: the =17 kbp band from
HA1-IM cells (Figure 1B) and the =15 kbp bands from
HAT7-EL and HA10-EL cells (not shown). We found that
these TRFs decreased in length at the same rate as the mean
of the total TRF population (Figure 3). Calculations such
as those described above indicated that the average length
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Fig. 4. Cytogenctic analvsis of SVAD transformed cells. Chromosome
spreads were prepared and scored s deseribed in Materials and
methads. A metaphase with different types of aberrtions is shown:
de, dicemtric chromosome; dm, double minute; b, break: m, marker
chremosome,

of TTAGGG DNA present in the high molecular weight
TRFs at crisis was 1.5 kbp, as was that of the ol 'TRF
population (Table II). Thus long TRFs do not necessarily
represent long TTAGGG tracts. In agreement with data
obtained from analysis of human fibroblasts (Levy ef of.,
1992, Prowse, K.R., Abela,B.S., Futcher,A.B.,
Harley,C.B. and Greider,C.W., submitted) it appears that
the heterogeneity in TRF length derives primarily from a
variable size of the X region.

Chremosome fusion products increase near crisis

Dicentric chromosomes increase in frequency during ageing
of cultured fibroblasts (Saksela and Moorhead, 1963; Benn,
1976; Sherwood ef al., 1988; reviewed in Harley, 1991) and
are abundant in transformed and tumour cells (Moorhead
and Saksela 1963, 1965; Wolman et af., 1964; Puthak 1 ul.,
1988). Since chromosomes which have lost their telomeric
DNA are highly recombinogenic (Blackburn and Srostak,
1984; Pathak er al., 1988, Zakian, 1989), we investigated
whether the existence of very short telomeric DNA in cells
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‘Tahle 11, Characteristics of telomeres in control and transfected cells

Celts ATRF/MPD® (bp/MPD}  AS/MPD® (units/MPD)  TRF lengih ot crisis (kbp) T length at crisis (kbp) X length (kbp)
HEK =150 -1.2 nd. n.d. 26

HAS-EL, HAO-EL,

HAT-EL. HAIQ-EL -62+17 ~0.5+0.2 3.9+0.1 1.5+£1.0 2.3+09
HAL-IM -#2b -o.7" 3.5¢ Loe 25

293 (adherent) nd. n.d. 1 n.d. nd.

“ATREF/MPD and AS/MPD are the decrease in TRF length and signal intensity respectively, as a function of MPD. They are derived from the
slopes of the linear regressions of the data points of each cell population from Figure 3 {upper (A) and lower (C) panels respectively].

PRefore MPD 90
tAverage vilues from post-crisis cells

nd. ot determined. HEK cells do not undergo crisis, thus no values for the lengths of TRF and T at crisis arc presented. Since adherent 293 cells
were assayed 4t one timie point prior 10 crisis and the TRF length and the amount of telomeric DNA were stable after crisis (Figure 3), no values
were cileulated for ATRF/MPD, AS/MPD. T and X lengths. Note also that the average values of X, T and TRF at crisis for all HA clones tested

are 2.5 kbp, 1.5 kbp and 4 kbp, respectively.

at crisis was accompanied by an increase in the incidence
of chromosome rearrangements which could potentially
derive from telomere assoctation and fusion. At early times
after isolation all transformed populations contained on
average less than one dicentric per 50 metaphases (Figure 4).
Just prior to crisis, when the least amount of telomeric DNA
was present, we observed a dramatic increase in the
{requency of these rearrangements (Figure 3 and Table 1),
Ring chromosomes were also detected but at a very low
frequency. Beyond crisis, in the HAL-IM cells past 90 MPD,
the number of dicentrics stabilized or possibly even decieased
(Figure 5). Dicentric chromosomes can arisc {rom
mechanisms other than telomere fusion and in fact other fypes
of aberrations, unrelated to telomeres, increased prior to
crisis and stabilized thereafter (not shown; Stewart and
Bacchetti, 1991), Nevertheless, the striking correlation
between the kinetics of telomeric DNA loss and of
appearance  of dicentric  chromosomes, suggests the
possibility that at least a fraction of these rcarrangements
might have arisen from telomere fusion. No chromosome
aberrations were detected in 300 metaphases of control HEK
cells at 10 MPD, beyond which time the Tow mitotic index
of the cultures precluded significant cytogenetic analysis (not
shown).

Telomerase is active in immortal cells

Telomeric DNA decreased in length in all populations
analysed until crisis, when the cells either died or became
immortal and maintained constant telomere length. To
determine if telomeruse activity was correlated with telomere
stability, we assayed extracts from the SV40 transformed
cells and the AdS transformed 293 cells. Telomerase activity
in virro is detected as a characteristic 6 nt repeat ladder on
sequencing gels (Greider and Blackburn, 1985; Morin,
1989). This pattern was visible using extracts from the
immortal 293 cells (Figure 6A) and HA1-IM cells at 269
MPD (Figure 6A) or 123 and 165 MPD (Table [II). In both
cell lines, pre-incubation of the extracts with RNase, which
inactivates telomerase, abolished formation of the 6 nt repeat
ladder. The RNasc-insensitive 10 nt repeat ladder seen in
lanes 9 and 10 between the 75 and 142 size markers, as well
as other RNase insensitive bands, were observed sporadically
in reactions with extracts from monolayer cultures harvested
by scraping (Materials and methods). These patterns were
independent of the presence of the telomeric oligenucleotide
primer and avise from in virro labelling of contaminating

DNA. No telomerase activity was detected in extracts from
the extended lifespan populations, HAS-EL and HAIO-EL
(Figure 6A), the HA1-IM population at 45 or 75 MPD, or
the control HEK cells (Table III). All these cells were
assayed before crisis or senescence when telomere shortening
was occurring. The lack of enzyme activity in these extracts
was not due to limited sensitivity of the assay since activity
was detected in extracts of 293 cells diluted by as much as
80-fold (not shown), nor was it due to a diffusible inhibitor
since mixing of HAS-EL and 293 cell extracts gave similar
levels of activity as the 293 extract alone (Figure 6B). Lastly,
telomerase negative extracts were as active as positive
extracts in DNA polymerase assays (not shown) attesting
that no generalized protein inactivation had occurred.
Although the lack of detectable telomerase activity is not
definitive proof for the absence of the enzyme, the detection
of activity in two independently immortalized cell lines was
quite striking. These results suggest that activation of the
telomerase occurred during the establishment of the immortal
populations.

Discussion

We have documented three novel aspects of the process of
cell immortalization. Firstly, we have shown that critically
short telomeres are associated with an increased frequency
of dicentric chromosomes and with crisis of transformed cell
populations. Secondly, in immortal cells, shortening of
telomeres is arrested and the frequency of dicentric
chromosomes  stabilizes. Lastly, we have found that
telomerase activity is not detectable in populations
undergoing telomere loss, but is present in immortal cells
where a constant telomere length is maintained.

Telomere shortening occurs in transformed cells
which are not immortal

All transfected HEK cell populations expressing SV40
tumour antigens were found to lose telomeric TTAGGG
repeats progressively till the onset of crisis. The average rate
of loss of =65 bp/MPD, although possibly slower than that
in untransfected HEK cells, was similar to that previously
reporied for human diploid skin fibroblasts (Harley et al.,
1990). Thus, acquisition of transformed properties such as
altered growth rate and extended lifespan did not prevent
the shortening of telomeres which is characteristic of
senescing cells (Harley er al., 1990) and which is probably
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Fig. 5. Frequency of dicentric chromosomes as a function of age of
transformed cell populations. At the indicated MPD chromosome
spreads were prepared from: @, HA2-EL: (0, HA3-EL; A,
HA4-EL. O, HAS-EL: A, HAT-EL; o. HA10-EL (upper panel)
and M, HAL-IM (dower panel). For cach sample, 50 metaphases were
analysed for the presence of chromosome aberrations, The number of
dicentric chromasomes per 50 metaphases is plotied versus the age of
the populations in MPD. Similar curves were obtained when plotting
the frequency of cells with dicentrics, since in the majority of cases
onc dicentric was present per cell. As indicated, crisis refers to the
range of MPD at which individual popuiations enter this period.

a consequence of incomplete replication of chromosome ends
(Watson, 1972; Olovnikov, 1973; Levy ¢f al., 1992).
We calculated that the average length of telomeric
TTAGGG DNA was =1.5 kbp at crisis. Even long
restriction fragments were found to contain short TTAGGG
tracts, in agreement with the suggestion that heterogeneity
in TRF length derives primarily from the variable size of
the subtelomeric region (Levy er al., 1992; Prowse,K.R.,
Abella,B.S., Futcher,A.B., Harley,C.B. and Greider,C.W.,
submitted). Since the value of =1.5 kbp is an average for
the entire TRF population, it seems likely that at least some
cells contain chromosomes with little or no protective
telomeric DNA. Indeed, given the average rate of base pair
loss per MPD and assuming that the TTAGGG region of
the telomeres is roughly the same length in all chromosomes,
we estimated that TRFs should lose all telomeric repeats by
=100 MPD. Support for the generation of unprotected
chromosome ends comes from the large increase in the
number of dicentric chromosomes detected in cells at crisis.
Association and fusion of chromosome ends occur in the
absence of telomeric DNA (Blackburn, 1991; Zakian, 1989)
and have been frequently observed in senescent and tumour
cells and in cells transformed by SV40 (Benn, 1976;
Fitzgerald and Morris, 1984; Walen, 1987; Meisner et af.,
1988; Pathak e al., 1988 and references therein). It seems
likely that this type of illegitimate recombination might have
contributed to the formation of dicentrics in the transformed
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Fig. 6. Telomerase activity in extended lilespan and immortalized
populations. {A} Each of the indicated cell populations was wested for
telomerase activity using 80 pl reuctions in the presence (laes 4, 6, B
and 10) or absence (lanes 3, 5, 7 and 9) of RNase, A ¥P-labelled

1 kbp ladder (lane 1, M) and the [ PPRTTAGGG), oligonucleatide
(lane 2, O) were run as markers, 293 cells tlanes 3 and 4) and
HAIL-IM cells (Janes Y and 1) are immortal, I this experiment
293(CSH) cells and HAL-IM cells at 269 MPD were assayed.
Telomerase activity was also detected in the adherent 293 cells and in
the 293-N38 subline (Tuble 1), HAS-EL (lanes 5 and 6) and
HAJ-EL (anes 7 and 8) are populations with exiended bt finite
lifespan: these cells were assayed at 47 and 57 MPD,

respectively,  (B) Extracts rom HAS-EL and 293 cells were mixed
and assayed for telomerase activity 4o determine if an inhibitor was
present in the HAS-EL extract, Both extructs were assayed individually
(lancs | and 2y using 20 pl of extract in a 40 pl reaction volume. In
the snixing experiment, 20 xl of HAS-EL extract was combined with
20 pl of 293 extract (lane 3) or 20 gt of bulier (lane 4) in o Onal
volume of 8O ul.

populations we have analysed. The fact that stabilization of
telomeres in the immontal HA 1-IM population correlates with
a decrease in the frequency of these rearrangements is in
agreement with this hypothesis. Thus, crisis in $V40
transformed cells could in part result from the existence of
one or more chromosomes with *critically’ short 1elomeres.

Untransformed HEK cells, like other cells of ¢pithelial
origin, have an vnusually short lifespan in culture compared
with hurnan embryonic fibroblasts, In part, this might seflect
a lack of specific growth factors in the medium (Stampfer
et al., 1980; Chang, 1986), as also suggested by the absence
of chromosome aberrations associated with true senescence
in late cultures of these cells (this study; Stewart and
Bacchetti, 1991). Nevertheless, [oss of telomeric sequences
occurred in HEK cells and such loss (from =9 10 7 kbp)
was comparable lo that observed during the lifespan of
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Table IIl. Correlation between telomerase activity and immortalization

Cells MPD Telomerase activity®
HEK =10 -
pre-crisis ~ HAS-EL 47 -
HA10-EL 57 -
HA1-IM 45 -
75 -
psterisis - HALIM 123 +
165 +
269 +
293 (udherent) 22 +
293 (CSH and N3§) nd? +

*Telomwerase activity in $100 extracts from cells at the indicated MPD
was detected by cxtension of a telomeric ofigonucleotide as described
in Figure 6. Extracts were considered negative if the characteristic 6 nt
repeal patiern was niol detected on sequencing gels within a two week
exposure of the filim,

PCumulative MPI} of nonadherent 293 cells was not deterinined.

human embryonic fibroblasts (from =8 to 6 kbp over 60
MPD; Harley ef af., 1990). Transformation with viral
oncogenes confers an extended lifespan to both HEK cells
and fibroblasts (Girardi er al., 1965; Stein, 1985; Radna
et al., 1989; Shay and Wright, 1989; Wright ez al., 1989).
Thus, senescence in primary human cells may represent a
checkpoint rather than an absolute limit to cell proliferation
(Wright er al., 1989; reviewed in Goldstein, 1990).
Telomere shortening could be one of the signals that triggers
this checkpoint and causes cell cycle exit and cell response
or threshold levels may differ in various tissues. Viral
transformation may override this signal and cause cells to
resume division but, in the absence of telomerase, loss of
telomeric DNA would continue until the cells reach crisis.

Telomerase may be required for cell immontality

The most intercsting observation from our analysis of
telomere dynamics in transformed cells was that loss of
telomeric DNA ceased in two distinct populations of
immontalized cells, HAL-IM and 293. In HAI-IM cells,
where telomere shortening could be measured throughout
the pre-crisis growth, stabilization of telomere length
occurred quite abruptly at =90 MPD. This trend most likely
reflects the outgrowth of a subclonal population which had
acquired the immontal phenotype including the ability to hait
telomere loss. The HA1-IM population which emerged from
an indistinct crisis associated with slow growth prior to
80—90 MPD, was characterized by a higher growth rate
and the presence of a marker chromosome. The progeniior
of the immortal subclone must, however, have been present
in the HA1-IM population earlier since two different stocks
of early passage HA1-IM cells were successfully grown past
crisis and yiclded immortal lines with the same marker
chromosome. It is tempting to speculate on the potential role
of this aberrant chromosome. It was first detccted in one
of 50 cells at 75 MPD but might conceivably have existed
in the population even carlier (Stewart and Bacchetti, 1991).
However, its occurrence at similar low frequencies in
transformed cell populations which could not be rescued
from crisis (e.g. HA4-EL and HAS-EL; Stewart and
Bacchetti, 1991), suggests that it may represent a genetic
change which is necessary but not sufficient for the
acquisition of the immortal phenotype. Other events must

Stable telomeres and telomerase activity in immortal cells

presumably occur to allow unlimited proliferation of cells.

We propose that expression of telomerase is one of the
events required for a cell to acquire immortality. Telomerase
activity was not detected in untransfected HEK cells nor in
cells which expressed the SV40 tumour antigens and some
of the transformed phenotypes but still retained a limited
lifespan. In contrast, the enzyme was present in extracts of
SV40 or AdS5 transformed cells which had become immortal
and its presence was correlated with that of stable telomeres.
This pattern of expression indicates that the enzyme is not
induced by the viral proteins and suggests the involvement
of mutationa! events. It is possible that one or more of the
chromosomal rearrangements associated with shortened
telomeres resulted in telomerase reactivation. In addition to
the two types of virus transformed HEK cells reported here,
telomerase activity has been detected in two human tumour
cell lines, HeLa (Morin, 1989) and HL-60 {Allsopp,R.C.,
Vaziri,H., Patterson,C., Goldstein,S., Younplai,E.V.,
Futcher,A.B., Greider,C.W. and Harley,C.B.,
unpublished). We have previously argued thai shori€ning of
ielomeres might contribute to replicative senescence both in
vivo and in vitro (Harley et al., 1990), a hypothesis which
was at variance with the existence of immortal cells with
short telomeres (de Lange er al., 1990; Hastie e al., 1990).
Our findings that in immortalized cells telomeres are stable
and telomerase activity is present resolve this apparent
contradiction.

Our data allow us to define an approximate time in the
growth of the immortal HAL-IM popuiation when the
enzyme is first expressed, Although extracts from cells
before crisis (45 and 75 MPD) were negative for telomerase,
enzyme activity could have been present but undetected in
a small fraction of the population. However, the telomere
length of HAL-IM cells past 90 MPD indicated that the
progenitor of the immortal population acquired telomerase
activity when its tclomeres were critically shoriened. Similar
conclusions, as to the time of telomerase expression, can
be drawn for the immortal 293 cell line, which also has stable
but very short telomeres. Formally, however, enzyme
activation could occur at any time during the development
of the immortal phenotype. An imbalance between
telomerase activity and incomplete replication could alse
favour tclomere eclongation. Indeed, the TRFs of the
293(CSH) subline are twice as long as those of the parental
line; long TRFs are also present in one of three sublines of
Hela cells (deLange er al., 1990) and in a subset of colon
mucosal tumours (Hastie ef al., 1990).

Significance and implications

Qur in vitre model of cellular transformation can be
summarized as follows. Growth control of normal somatic
cells is overridden by oncogene expression and the replicative
limit of these cells is extended. In the abzence of telomerase,
telomeres shorten until celis become nonviable (crisis),
presumably due to chromosome instability. If an additional
mutation activates telomerase, an immortal clone may
survive the crisis period with stabilized telomeres.

This model may have direct relevance to tumourigenesis
in vivo. For example, the finite lifespan of partially
transformed (pre-immortal) cells which lack telomerase
might explain the frequent regression of tumours after limited
growth in vivo, In bypassing the checkpoint representing
normal replicative senescence, transformation “nay confer
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an additional 2040 population doublings during which an
additional =2 kbp of telomeric DNA is lost. Since 2040
doublings (10°—10* celis in a clonal population) potentially
represents a wide range of tumour sizes, it is possible that
many benign tumours may ltack telomerase and naturally
regress when telomeres become critically shortened. We
predict that more apgressive, perhaps metastatic tumours
would contain immortal cells which express telomerase. To
test this hypothesis, we arc currently attempting to detect
telomerase in a variety of tumour tissucs and to correlate
activity with proliferative potential. Anti-telomerase drugs
or mechanisms to repress telomerase cxpression could be
effective agents against tumours which depend upon the
enzyme for maintenance of telomeres and continued cell
growth.

Materials and methods

Cells and transfection

Hunun embryonic kidney (HEK) cells obtained by trypsinization of fetal
organs were seeded at high densily, harvested when confluent, frozen and
stored in liquid nisrogen. Upon thawing, cells were seeded ar approximately
half confluence and were grown 1o confluence in o-MEM with 10% fetal
calf serum. This stage of growth was arbitrarily denoted 0 MPD. For
transfections, cells were sceded at o density of 2.5 105 cells/100 mm plate
and grown for 24 h. Transfection with pSV3neo [encoding the SV4G early
region and the bacterial neomycin gene (Southern and Berg, 1982)] was
performed by the caleium phosphate technique {(Graham and van der Eb,
1973). The cells were incubsated for 8 hin the presence of the BiVA —calcium
phosphate precipitate, refed with fresh medium and 48 b alter transfection
were resceded al low density in G418-containing medium, Eleven
indcpendent colonies (HAI-IM and HA2-, HA3-, HAJ- and HAS-EL:
Stewart and Baccheui, 1991: HA6-, HAT-, HA8-. HA9-, HA10- and
HAII-EL: LeFeuvre,C.E. and Baccheni,S., unpublished) surviving G418
selection werc isolated and expanded. All of the celts had altered morphology
and expressed SY40 wmour antigens, Cells were subcultured when confluent
and resceded at a split ratio of 1:4 or 1:8 in a-MEM with 10% fctal calf
serum. Thus each successive passage represents two or three MPD. In all
populations cell viability rentined high up to the onset of crisis, as indicated
by their replating efficicncy and stable growth rate. Five of the cleven
transformed populations generated from kidney cells from two different
donors were chosen for in depth analysis. Aliquots of the 293 cell population
frozen prior but close to crisis and of the immortal (post-crisis) 293 cell
line (Graham er al., 1977) were obtained from F.L.Gruham (McMaster
University). These cells were grown in monolayers in MEM-F11 plus 10%
newborn calfl serum. The 293 cell line adapted for growth in suspension,
293(CSH), was obtained from B.Stillman (Cold Spring Harbor Laboratory).
These cells and the 293-N38 subline derived from passage in mice (Graham,
1987) were grown in spinner Musks in Joklik's modified MEM with 10%
horse serum. All three lines were used for DNA analysis and assayed for
telomerase activity.

DNA extraction

Cells were lysed and proteins were digested in 10 mM Tris—HC| (pH 8.0y,
100 mM NaCl, 25 mM EDTA, 0.5% SDS. 0.1 mg/ml proleinase K al
4B8°C ovemnight, Following two exiractions with phenol and one with
chloroform, DNA was precipitated with ethanol and dissolved in 10 mM
Tris=HCI (pH 8.0) and | mM EDTA (TE).

Detarmination of TRF length and amount of telomearic DNA

Genomic DNA was digested with Hinfl and Rsal, extracted and precipilated
as above and redissolved in TE. The DNA concentration was measured
by fluorometry (Morgan er al,, 1979). DNA samples (1 g each) were loaded
onto a 0.5% agarose gel and electrophoresed for 13 h at 90 V., The pel
was dried at 60°C for 30 min, denatured in 1.5 M NaCl and 0.5 M NaOH
for 15 min, neutralized in 1.5 M NaCl, 0.5 M Tris—HCI (pH 8.0} for
10 min and hybridized to a 5'-[**P|(CCCTAA); telomeric probe in §x
$5C (750 mM NaCl and 75 mM sodium citrate), 5X Denhardt’s solution
(Maniatis ef al., 1982) and 0.1 % P wash (0.5 mM pyrophosphate, 10 mM
Na;HPO,) at 37°C for 12 h. Following three high stringency washes in
0.1x SSCat 20—22°C (7 min each), the get was autoradiographed on pre-
flashed (OD = 0.15) Kodak XAR-5 X-ray films for 24 ~48 h with enhancing
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screens, Each lane was scanned with a demsitometer and the duta were used
to determine the amount of telomeric DNA and the mean TRE length as
previously described (Harley er al., 19903,

Cytogenetic analysis

Cells were seeded ata 128 split rtio onlo plates containing coverslips awd
grown to hall confluence. Following addition of coleemid (0.1 gp/mb for
5 htoamest chromosomes at metaphase, the cells were inculusted in hyputonic
KCL(0.075 M) at 37°C and fixed in cold methanolzacetic acid (3:1 viv).
Chromasome were stained with 3% Giemsa and metaphases were scored
regardless of ploidy, unless chromosome overlaps prechaded analysis.,
Aberrations were identified according to Buckton and Evam, (19733,

Preparations of $-100 cell extracts

Approximately 6% 10% cells were used for cach extracts. Celis prowing in
stspension were collected by centrifugition for 10 min s LSO rpan., (300 g)
at4°C with no brake ina Beckmuan JA-10 fixed angle rotor, Cells growing
in monoluyer were harvestied by seraping with o rubber policenan and
centrifuged as above. The peflets were rinsed inice incold PBS (2.7 mM
KCl. 1.5 mM KH2PO,. 137 mM NaCl and 8 mM NosHPO,) followed
by eentrifugation for 3 min at 2000 r.p.m. (570 ) at 4°C in g swing-out
rotor, The final pellet was rinsed in cold 2.3 % Hypo bafer (1 Hypo bulfer:
10 mM HEPES pH 8.0, 3 mM KCL | mM MgCla, | mM DTT, 0.1 mM
PMSF, 10 U/ml of RNasin, 1 xM leapeptin and 10 aM pepstatin A; in
somie experiments the latler two reagents were omitted), centriluged fur
5 min and resuspended in (175 vol of 2.3 % Hypo bufler. Alter incubation
on ice for 10 min the sample was transfereed w an ice cold 7 ml Dounce
homogenizer and homogenized on ive using a B pestle (25 -55
clearance). After a further 30 min on ice the sumple was centriluged for
N min at 10000 r.p.m. (16 000 ¢) at 4°C in a Becknsn 13— 13,1 swing-
out rotor, One-(iticth volume of & M NaClwas added and the sample was
centrifuged for 1 b at 38 000 e.p.am. (100000 g) wt 9°C ina Bechman TiS0
rator. Glyeerol was added to a final concentration of 20%. and the exiract
aliquoted and stored at —70°C. Pratein cuticentration in a typical exiract
was =4 mg/ml,

Telomerase and DNA polymarase assays

Telomer se activity was assayed by o modification of the metiod of Morin
(1989}, Aliquots (20 ply of §-100 cell extract were diluted 1oa g volune
of 40 pl containing 2 mM dATP, 2 mM JTTP, | mM MpCle, | 4M
(TTAGGGY, primer, 3.13 xM (50 xCi) [-*"PJdGTP (300 Cifmmoly, 1
mM spermidine, 5 mM g-mereaptoethanol, 500mM potassimn sicetate and
50 mM Tris —acetate (pH 8.5), In some experimenis reaction volunies were
doubled. The reactions were incubated for 60 min at 30°C and stopped
by addition of 50 ul of 20 mM EDTA und 10 mM Tris—=HCL (pll 7.5)
containing (.1 mg/ml RNase A, followed by incubation for 1S mein a 37°C,
To eliminate proteins, 50 ul of 0.3 myg/iml proteinase K in 10 M Tris— Rl
(pH 7.5), 0.5% SDBS was adkded for 10 min at 37°C. Following extraction
with phenol and addition of 40 gl of 2.5 M ammonium acetate and 3 g
of carrier (IRNA, (he DNA was precipitated with SO0 al of ethanol wt - 20°C,
DNA pellets were resuspended in 3 pl of fonhamide loading dye, boiled
for 1 min, chilled on ice and Toaded omo an 8% polyseryfumide -7 M urea
sequencing gel and run at 1500 V for 2.5 husing 0,6 % TRE bulfer. Dried
gels were exposed 1o Koduk XAR-S pre-llashed film at =#1°C with
enhancing screen. Typical autoradiograph esposures were between 2 ard
7 days. DNA polymerase was assayed according to Bauer of af, (1URK) in
25 pl reactions comtaining 12.5 pl of §-100 extract and 20 mM Tris-- HCI
pH 7.8, 8 mM MgCl,, 0.5 mg/ml BSA, 5 mM DTT, 2 mM spermidine,
30 ‘uM dGTP, TTP and dCTP, 20 gM JATP, 4% glycerol, 0.5 uCi
(- PIAATP (3000 Cifmmole) and 4 g of high molecular weight gapped
calf thymus DNA (Spanos er af., 1981). Following incubation st 37°C for
30 min and addition of 10 xl of 0.5 M EITA, samples were spotied in
duplicate on DE&I paper. Percentage incorporation was cafculated from
the rttio of radivactive counts on paper washed extensively in 1.5 M
Nu,HPO,., water and ethanol to input counits un unwashed paper.
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3.0) Forewond.

As described in the previous chapter, it appeared that telomerase positive
immortal cells were expanded under the selective pressure of very short and
potentially nonfunctional telomeres, suggesting that activation of telomerase arrests
telomere short‘ening thereby permitting cells to divide indefinitely.

EBV transformed human B cells immortalize more readily, and with a less
severe crisis, than either SV40 or Ad transformed cells (Middleton er al., 1991). One
possible exception for these differences is that telomerase is activated in EBV
transformed cells before telomeres become very short. To address this possibility and
to assess the validity of our findings in a completely different cell type transformed by
a virus belonging to anotﬁer family, telomere length, telomerase activity and the
number of dicentric chromosomes were monitored throughout the lifespan of EBV

transformed human B cells.
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We have measured telomere length and telomerase activity throughout the life span of clones of human B
lymphocytes transformed by Epstein-Barr virus. Shortening of telomeres occurred at similar rates in all
populations and persisted until chromosomes had little telomeric DNA remaining. At this stage, some of the
clones entered a proliferative crisis and died. Oaly clones in which telomeres were stabilized, apparently by
activation of telomerase, continued to proliferate indefinitely, i.e., became immortal. Since loss of telomeres
impairs chromosome function, and may thus affect cell survival, we propose that telomeruse activity is reguired
for immortality. We have now detected this enzyme in a variety of immortal human cells transfermed by

different viruses, indicating that telomerase activation may be a common step in immortalization.

Transformation by DNA tumor viruses usually confers on
cultured human cells an extended life span (reviewed in
references 3, 30, 33, and 34). In the casc of simian virus 40
(5v40), adenovirus, and human papillomavirus, most trans-
formed populations eventually reach a proliferative crisis and
perish (13, 14, 2Z), only rarely yielding immortal clones. The
low efficiency of immortalization by these viruses (14, 20, 28,
32, 34) has suggested that viral proteins are insufficient for this
process and that additional events, such as mutations of host
genes, are required (29, 34, 35, 37). In contrast, Epstein-Barr
virus (EBV) (23, 34) and polyomavirus (34, 35) reportedly
immortalize human cells at high frequency with no detectable
crisis, suggesting that these viruses may encode most, or all, of
the functions required for immortalization (34).

Cell life span and telomere length appear to be related.
Telomeres are the most distal structures of chromosomes,
comgosed of highly repetitive DNA, {(TTAGGG),, in humans (6,
11), and protein, which together maintain the stability of chro-
mosome ends (reviewed in references 4, 5, and 44). In cells
transformed by SV40 and adenovirus type 5 (9) or by human
papillomavirus type 16 (21a, 32), telomeres shorten until crisis,
at which point little or no telomeric DNA remains. Concomi-
tantly, dicentric chromoesomes increase in frequency, compatible
with loss of functional telomeres and fusion of chromosomal
ends (9). After crisis, telomere shortening is arrested, apparently
by activation of telomerase (9), the enzyme which clongates
telomeres de novo (15, 16, 26, 43), and frequency of dicentric
chromosomes stahilizes (9). On the basis of these observations,
we pronosed that virus transformation overcomes the check-
point regulating the life span of normal cells (senescence) but
does nut prevent loss of telomeric DNA. Telomeres eventually
reach a critically short length, leading to chromosome rear-
rangements and finally to celi death. Only by stabilizing telo-

* Corresponding author. Phone: (905) 525-9140, ext. 22296, Fux:
(505) 525-9940. Electronic mail address: BacchettG@FHS.CSU.Mc-
Master.CA.

t Present address: Geron Corporation, Menlo Park, CA 94025,

3410

mere length by addition of telomeric repeits through activition
of telomerase can cells continue to proliferate (9, 18),

Given the ability of EBV and polyomavirus to immortalize
cells at high efficiency and apparently in the absence of
proliferative crisis, we speculated that activation of telomerase
in cells transformed by these viruses may occur carly, circum-
venting the possible consequences of telomere lass. To inves-
tigate this hypothesis, we measured telomere iength, chromo-
some aberrations, and telomerase activity throughout the
lifespan of clonal populations of EBV-transformed human 13
lymphocytes. As with other viruses (9, 32), we find, however,
that reuctivation of telomerase is o late event in the generation
of immortal cells, and that the presence of eritically short
telomeres correlates with proliferative crisis of nonimmortal
cells. Shortening of telomeres during growth of EBV-trans-
formed lymphocytes has recently been reported by others (17).

Growth properties of EBV-transformed clones. Human 13
lymphocytes from two dilferent donors were infected with EBV
(strain BY5-8), and independent clonal populations were iso-
lated and subcloned {38). The Luter populations were provided
to us at carly passage by B, Sugden (McArdic Laboratories,
University of Wisconsin) and were grown in RPMI with t0%
fetal calf serum and antibiotics and, for ~5 population doublings
(pd), were maintained on human fibroblast feeder layers (38).
Two of the clones, B2 and BS, ceased proliferating at pd 45 and
93, respectively (Tuble 1), at what appeared to mimic the
proliferative crisis of adenovirus type 5- and SV40-transformed
cells (13, 14). This event was reproducible, as shown by culturing
of B2 & second time from frozen early-passage cells, Loss of cell
viability was likely not due o activation of the Iytic cycle since
EBV-transformed populations release very little virus and main-
1ain a constant copy humber of viral genomes throughout their
life span {36, 39). Our duta suggest that proliferative erisis does
occur in EBV-transformed cells and is detectable when clonal
populations are analyzed. This crisis is likely masked in non-
clonal populations becaose of the high rate of immortalization
by EBV (23) (Table 1).

Clones B3 and B4 reproducibly yielded immortal popula-
tions (Table 1). The doubling time of these cultures did not
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TABLE . Properties of EBV-transformed B lymphocytes

‘ ATRE TRF length  Telomere Dicentries” Telomerase activity”
Clone Lifespan (pd)* b at erisis lenpth at — — — —
(bp/pd) (kbp) crisis (kbp)"  Precrisis  Crisis  Postcrisis Prectisis Posicrisis
B2 Mortal, crisis at pd 45 — 120 45 ND- - ND ND ~ ND
B3 Immortil, erisis at pd 60-1007 ~ 100 35 1.5 - ++ - - +
B4 Immortal, crisis at pd 70-100 -90 35 20 - + - - +
B5 Mortal, crisis a1 pd 95 -8 5.0 ND - ++ ND - ND
Mean (£ SD) =108 = 20 4+ 1§ + 01

“ Life span is recurded as pd after isolation of subclones. Crisis was defined as the time when cell death exeeeded cell prolifecation (BZ and BS) or when cell vinbility
decreated, us determined by trypan blue cxclusion (B4). Immortal clones were cultured for more than 150 pd,

* Amaun of wlomeric {TTAGGG), DNA at crisis was culculuted, as previously described (9, 22), by comparing the rate of loss of hybridization signal (Fig. 1C) with
the rate of decrease in TRE length (Fig. 1), and by assuming that decrease in both parzmeters is due exclusively 1o loss of (TTAGGG), repeats.

A minimuns of 50 metaphases was examined at different time points before, during, and after crisis, The average number of dicentrics per 50 metaphases in each
periond was as follows: Dt 1 (=), 210 4 (+), and more than 4 {++).

“ Extracts were considered pusitive (+) if the 6-pucleotide pattern was detected ina d-day exposure and negative (- ) if no pattern was detected in a 10-day exposure.

“ NI, not determined,

! Cell viability was not measured for clone B3, and crisis was defined as the period in which TRFs were critically short und the frequency of dicentrics dramatically
increased.

vary appreciably with age; however, in the case of B4 cells, for telomeric DNA (TTAGGG). TRF length is quite heteroge-
which viability was measured, there was a detectable increase neous, and thus, it is likely that some chromosomes in these
in the number of nonviable cells (5 1o 12%} between pd 70 and populations actually lack tclomeric DMA (9). Indecd, since the
100 (Table 1}. Whether this represents erisis is unclear, Even in residual hybridization signal may be due to subtelomeric TTAG
SV40 and adenovirus (ransformants, the severity of crisis can GG repeats, many chromosome ends may be composed of non-
vary, and immortalization with litte or no overt crisis has telomeric DNA. The actual sequence at the termini of chromo-
accasionally been detected (7, 9, 24, 31). somes appears to be critical since single-nucleotide permuta-

Telomerase activity is detected in immortal populations tions of the tclomeric repeat cause cell scnescence and death in
concomitantly with stabilization of telomeres. To measure Teraliymena thermophila (43). This suggests that shortening of
telomere length as a function of ccll age, genomic DNA was telomeres may not be detrimental per se until a chromosome
isolated at regular intervals throughout the life span of cach of  lacks TTAGGG repeats at its end, in agreement with the obser-
the clones. The DNA was digested with restriction cnzymes  vation that large terminal deletions are tolerated only if broken
Hinfl and Rsal which liberate terminal restriction fragments ends acquire telomeric DNA (5, 21, 42-44). In clones B3 and
(TRFs), composed of telomeric TTAGGG repeats and of B4, TRFs reached their shortest length of 3.5 kbp by pd 100 and
subtelomeric DNA containing short stretches of TTAGGG thereafter were stable. It is intriguing that the limited decrease
DNA, degenerate TTAGGG, and unique repeats (1, 12). in cell viability occurred in B4 cells between pd 70 and 100. It is
Digested DNA was resolved in agarose gels and hybridized also intercsting to note that the difference in injtial telomere
with the telomeric probe "ZP(CCCTAA);,. Gels were strin- length in BS compared with B2 (=13 versus ~10 kbp [Fig. 1B])

gently washed and exposed to PhosphorImager screens (Mo- may account for the longer replicative capacity {45 pd longer) of
lecular Dynamics) to visualize the TRFs, as described elsc- this clone, as suggested for cultured human fibroblasts (2).

where (2, 9). In all populations, TRFs had heterogencous To assay telomerase activity, extracts were prepared by
distributions (Fig. A) since their length varies between differ- collecting 107 to 10% cells in mid-log phase from each of the

cnt chromosomes and even the same chromosomes in different  clones before and, if applicable, after crisis. S100 extracts were
cells (9, 12, 22). Distinct DNA fragments of 2 kbp and smaller  prepared cither as previously described (9, 10) or by first
(Fig. 1A) were present in all clones. These species were  washing 107 cells in 1 ml of hypotonic buffer (10 mM HEPES
resistant to exonuclease Bal 31 (not shown) and thus likely [N-2-hydroxyethylpiperazine-N'-2-cthanesulfonic acid], 1.5
correspond 1o nontelomeric interstitial TTAGGG repeats (2, mM MgCl,, 10 mM KCI, 1 mM dithiothreitol), before perme-
9, 40, 44). In addition, DNA from B3 and B4 cells contained a abilization in 200 ul of lysis buffer (10 mM Tris-HCI [PH 8], 1
unique fragment of 4 kbp which disappeared beyond pd 44 to mM MgCl,, 10% glycerol, 5 mM B-mercaptocthanol, 0.1 mM
47 (Fig. LA). This suggests that cells containing this polymor- phenylmethylsulfonyl fluoride, and 0.4% Nonidet P-40) as
phic sequence were lost from the populations, Since B3and B4 described by Wang et al. (41). Telomerase was assayed by
were derived from the same donor and cloned twice, this incubating at 30°C for 1 to 2 h 20 ! of cxtract with buffer (10,
polymorphism may have been present in the parental cells, Its 11) or 10 ul of extract with an equal volume of 2X buffer {100
loss is consistent with the occurrence of genetic heterogeneity mM Tris-HCl [pH 8], 6 mM MgCl,, 5 mM EGTA [ethylene
in transformed puopulations, as indicated by the existence of glycol-bis(B-aminocthyl ether)-N.N.N’' N'-tetraacetic acid], 2
polyploid cells (see below), mM spermidine, 0.2 mM spermine, 2 mM B-mercaptoethanol,

As shown in Fig. 1A for 33, both TRF length and intensity 2 uM (TTAGGG),, 5 mM dATP, 5 mM TTP, and 1.25 M
of telomeric signal deereased with cell age, indicating an actual  [«-"*PJdGTP [10 mCi/ml] [41]}. Reactions were terminated by
loss of TTAGGG repeats (9, 19). Simifar results were obtained digestion with proteinase K, followed by phenol and chloro-
for all the clones and are plotted as TRF length and telomeric form extractions and removal of unincorporated nucleotide by
signal versus pd in Fig. 1B and C. Specifically, the rate of  Sephadex GS-50 spin columns (9, 10}). DNA was precipitated,
decrease in TRF length was, on average, 100 bp/pd (Table 1),  washed with cthanol, resuspended in loading buffer, and
similar to previous reports (2, 9, 40). In the terminal passages  resolved on scquencing pels which were then exposed to
of B2 and B5 (pd 45 and 95, respectively), TRF length was Phosphorlmager screens (9, 10). Since the enzyme conlains an
~4.7 kbp, on average (Table 1; Fig. 1B). On the basis of the data RNA template (16, 26, 43), RNase was added to duplicate
for B3 and B4 (Table 1), & TRF length of 4.7 kbp corresponds  reaction mixtures as a control prior to the addition of
to a calculated average length of <2 kbp of residual true {a-**PJdGTP. This treatment abolishes the 6-nucleotide ladder
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FIG. L TRF length and amount of telomeric DNA (intensity of hybridization signal) in clonal populations of ERV-transformed 1 lymphocytes,
{A) Southern hybridization of the telomere probe (CCCTAAY}, to Hinfl- und Rsel-digested DNA from clone B3 at the indicated . (Bl O)
The TRF distribution was quantified from 21 to 2 kbp (2, 9) for a minimum of three separate experiments for the mortal clones B2 (A) and 145
{0) and the immortal cloncs B3 (A) and B4 (M), The values were used 1o determine mean TRE fength (13) and signal intensity, expressed as

percentage of the maximum signal (C).

characteristic of the pausing of telomerase during clongation
of a primer (9, 16, 26, 43).

An RNase-sensitive 6-pucleotide ladder comigrating with an
identical pattern from telomerasc-positive 293 cell extracts (9)
was detected in extracts from the immortal populations de-
rived from clones B3 and B4 (Fig. 2; Table 1). No activily was
detected, even in longer exposures, in cither of these clones or
in the mortal clones B2 and B3 before crisis (Fig. 2; Table 1)
and in peripheral blood Icukocytes from normal donors (10).
All extracts were prepared from the same number of cells and
had similar protein concentrations und DNA polymeruse ac-
tivity {(not shown). Lack of detectable telomerase activity in
precrisis and control cells was confirmed by using both meth-
ods for preparation and testing of extracts (9, 10, 41). We
occasionally detected an RNase-sensitive S-nucleotide ladder
(not shown) or an RNasec-insensitive single-nucleotide ladder
(Fig. 2) but found that these patterns were not template-
dependent when permutated oligonucleotides were used, indi-
cating that they were not due to telomerase (8, 26, 27). Thus,
4s in the case of cells transformed by other viruses (9),

telomerase activation or up-regulition is nol an early event in
EBV transformants but oceurs when tefomere length is stabi-
lized near erisis. The existence of stable but short elomeres in
immortal populations, morcover, argues against selection of

preexisting telomerase-positive cells, since the presence of

these cells at eatly passages should yield immortul clones wth
lung stable 1clomeres.

Cytogenctic properties of transformed B lymphocytes,
SVd{transformed cells exhibil a dramatic increase in dicentric
chiromosomes at crisis (9, 25, 30, 37), possibly because of the
loss of functional telomeres (9, 18). To determine whether
dicentrics also form at crisis in EBV-ransformed cells, meta-
phase spreads were prepared at regular intervals throughout
the life spans of the populations and scored for chromosomal
aberrations and plody (37). Al populations contained
fraction of polyploid cells, except for B3 which was almost
exclusively polyploid. The incidence of aberrations was very
low throughout the life span of all clones (<2/50 metaphases,
on average, excluding dicentrics) compared with $V40-trans-
formed cells (9, 25, 30, 37), ahhough in somce cases aberrations
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FIG. 2. Telomerase activity in EBV-transformed B lymphocytes.
S100 extracts from the telomerase-positive cell line 293 (lane 1), the
immartal clone B4 after and before erisis (lanes 2 1o 4), and the mortal
clone B2 before erisis (lane 5) were incubated with buffer, TTP, dATP,
the telomeric oligonucleotide (TTAGGG),, and [o-""PIdGTP. As
control, RNase wits added to the B4 posterisis extract prior to addition
of jue-YPUGTP (lane 3). Reaction products were resolved on i
sequencing pel and detected after exposure 1o a Phosphorlmager
sereen (Moleculir Dyuamics) for 6 days (9, 39). M, molecular weight
marker; O, ¥P(ITAGGG); vligonucleotide.

increased near erisis. Few or no dicentrics were deiceted in
transformed populations at carly times when telomeres were
long (Fig. 3; Table 1). Interestingly, however, when telomeres
became critically short, the frequency of dicentrics increased
dramatically, at least in B3 cells at terminal passage and in B3
cells between pd 40 and 80 (Fig. 3; Table 1). Thus, as in the
case of SVAQ transformants (9}, dicentric formation may
correlate with critically short telomeres, reduced cell viability,
and absence of telomerase activity. These observations agree
with data from a variety of systems supporting the notion that
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FIG. 3. Dicenirics per 50 metaphases versus mean TRE length in
EBV-transformed B Iymphocytes: B3 (). B4 (A), and B3 (O). The
number of dicentrics detected at crisis, when TRFs are 4 to 5 kbp in
length, was found to be sigailicantly different from the values corre-
sponding to TREs 1 kbp longer (5 to 6 kbp: P = 0.0047 or to all larger
TRFs (up to 13 kbp; P < 0.0001).

luck of telomeric DNA leads to highly recombinegenic chro-
mosomes (4, 5, 9, 21, 44}, Since EBV transformants contained
{ew aberrations which could serve as precursors for dicentrics
{c.g.. breaks), it is tempting to speculate that the latter
structures may result exclusively from fusion of chromesomes
lacking telomeres. Afler erisis, only one dicentric was detected
in B3, and nonc were detected in B4 cells, out of 150 and 300
metaphases, respectively, Telomerase presumably  balances
telomere shortening by addition of TTAGGG repeats to
chromosome ends, thus potentialiy restoring telomere function
(chromosome stability). Lack of dicentrics in immortal popu-
fations may be a consequence of this process.

Activation of telomerase may be a common step in the
acquisition of immortality. Clonal populations of EBV-irans-
formed B lymphocytes undergo a proliferative crisis, indicating
that the virus does not encode all the necessury functions
required for immortalizition. Presumably, the remaining
events involve mutations of host genes. It s clear that the high
rate of immortalization by EBV (23) relative to SV40 and
adenovirus is not due to carly activation of telomerase, since
neither stuble telomeres nor telomerase activity were detected
until after pd 80. Perhaps EBV can directly induce more of the
cvents required for immortalization than other viruses, or
immortalization cfliciency is dependent upon the cell type. As
in the case of SV40- and adenovirus type 5-transformed cells,
in EBV transformants telomere shortening, and potentially
crisis, are overcome concomitantly with detection of telomer-
ase aclivity, suggesting that this enzyme may be universally
required for immortality, We have recently detected telomer-
ase in late-stage ovarian carcinomas (10). Our present and
previous (9) results render virus-transformed cells a suitable
system for the study of the enzyme in tumor development and
the testing of telomerase-inhibitory drugs.

We are in debt 10 B, Sugden for the EBV-transformed human
B-lymphocyte clones and for’helpful discussions and critical review of
the manuscript. We tharl, J. J. McCormick for communicating his
protocol for preparing and assaying human celi extracts for telomer-
ase, prior to publication,
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4.0) Foreword.

The research described in the previous chapters indicates that irrespective of
cell type or transforming virus, all transformed cells which became immortal had short -
stable telomeres and telomerase activity, suggesting that the activation of telomerase 1s
a general requirement for the acquisition of an immortal phenotype. Therefore it is
reasonable to propose that in vivo transformed cells which may have an unlimited
replicative capacity should also be telomerase positive and maintain a stable telomere
length. Although it is debatable whether all tumours acquire an unlimited lifespan we
speculated that tumours that arise from many clonal expansions may contain cells that
have divided sufficient number of times to be considered immortal. Therefore, to
ascertain if cell transformed in vive behave as those transformed in vitro with respect
to enzyme activation, telomere length and telomerase activity were monitored
temporally in vitro and in vivo in tumour cells from late stage ovarian cancers

patients. As a control, normal tissues were similarly assayed.
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ABSTRACT  Telomeres [ulfill the dual function of proteci-
ing eukaryotic chromosomes from illegitimate recombination
and degradation and may aid in chromosome attachment to the
nuclear membrane. We have previouslty shown that telom-
erase, the enzyme which synthesizes telomeric DNA, is not
detected in normal somatic cells and that telomeres shorten
with replicative age. In cells immortalized in vifro, activation of
telomerase apparently stabilizes telomere length, preventing a
critical destabilization of chromosomes, and cell proliferation
continues even when telomeres are short. In vivo, telomeres of
most tumors are shorter than telomeres of control tissues,
suggesting an analogous role for the enzyme. To assess the
relevance of telomerase and telomere stability in the develop-
ment and progression of tumors, we have measured enzyme
activity and telomere length in metastatic cells of epithelial
ovarian carcinoma. We report that extremely short telomeres
are maintained in these celis and that tumor cells, but not
isogenic nommalignant cells, express telomerase. Our findings
sugpest that progression of malignancy is ultimately dependent
upon activation of telomerase and that telomerase inhibitors
may be effective antitumer drugs.

Telomeres contain both DNA and protein that together appear
to stabilize the ends of eukaryotic DNA (reviewed inrefs. 1-3).
The DNA component of telomeres is generally characterized
by a G-rich strand composed of a simple tandemly repeated
sequence {TTAGGG in humans) (1-3). The correct sequence
of this repeat is required for telomere function, since addition
of telomeric DNA harboring a mutated telomeric sequence to
the ends of the endogenous Tetrahymena telomeres lead to
telomere length instability and death (4). In addition, it now
appears that the length of these repeats may play a role in the
lifespan of yeast {5) and human cells (6-12). A number of
studies have shown conclusively that telomere length de-
creases with both in vitre and in vivo division of human cells
(6-12). Since culturcd fibroblasts still contain telomeric re-
peats at senescence, it was proposed that shortening of te-
lomeres to a critical size may act as a mitotic clock, signaling
a cell cycle exit (reviewed in ref. 13),

In contrast to normal cells, transformation in vitre subverts
normal growth control, yielding populations with extended
but still finite lifespan, although immortal clones may emerge
at low frequency (14-17). We have previously shown that
telomere shortening continues during the extended lifespan
of transformed cells until crisis, where some chromosomes
may have actually lacked TTAGGG repeats (9). Interest-
ingly, during this period the frequency of dicentric chromo-
somes dramatically increased. Clones overcoming crisis ex-
hibited a stabilization of telomere length and frequency of
dicentrics, apparently due to the activation of telomerase (9),
the enzyme which elongates telomeres de novo (4, 18-20).
Thus, telomerase may have restored telomere function by the

The publication costs of this article were defrayed in part by page charge
payment. This article must therefore be hereby marked “advertisement®
in accordance with 18 U.S.C. §1734 solely to indicate this fact.
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addition of TTAGGG repeats and thereby permitted contin-
ued cell division in immortal clones (9). If telomerase is
required for immortalization in vitro, it may also be necessary
during tumorigenesis. We reasoned that tumor metastases or
recurrent tumors, arising from repeated clonal expansion,
should coatain immortal cells with stable telomeres and
telomerase activity and that if telomerase activation were a
late event, telomeres would be short. Indeed, in some can-
cers it appears as though telomere length decreases with
increasing tumor grade (21, 22), and tumors with very short
telomeres have been detected in a variety of cancers (7,
21-26, 35). We report that late-stage ovarian carcinoma
tumor cells maintain short stable telomeres both in vitro and
in vivo and that telomerase is specifically activated in tumor
cells, but not in normal somatic cells.

MATERIALS AND METHODS

Cell Culture. 293 CSH cells, a subline of 293 (27), were
obtained from B. Stillman (Cold Spring Harbor Laboratory,
Cold Spring Harbor, NY) and cultured in Joklik medium
supplemented with 5% fetal bovine serum. Ovarian carci-
noma cell lines HEY and SKOV-3 (American Type Culture
Collection) and normal ovarian epithelium (see betow) were
cultured in E3 medium [a 1:1 mixture of Dulbecco’s modified
Eagle’s medium and Ham’s nutrient mixture F12 supple-
mented with epidermal growth factor (5 ng/ml), insulin (5
pg/ml), transferrin (10 pg/ml), phosphoethanolamine (50
xM), ethanolamine (50 uM), and 3% f=tal bovine serum]. The
nonmalignant fraction of ascites cells were maintained in o
minimal essential medium («MEM) supplemented with 10%
fetal bovine serum, whereas the tumor fraction and lines
derived from them were cultured in E3 medium. Some cell
lines established were tested for the ability to grow in
serum-free medium (E3 medium with 0.3% bovine serum
albumin replacing serum).

Isolation of Cells. Ascitic fluid was withdrawn from ovarian
carcinoma patients at the time of diagnostic laparotomy or by
subsequent paracentesis (28) and centrifuged to obtain a cell
pellet as described (29). Leukocytes were obtained from the
pooled buffy coats of three normal males, and normal ovarian
epithelium was obtained from the surface of the ovary (30).

Fractionation of Ascites Cells. Fibroblasts and mesocthelial
cells (the nonmalignant fraction) were separated from the
tumor cells based on their ability to adhere to plastic more
readily than tumor cells or most leukocytes (31, 32). Specif-
ically, cells were resuspended in aMEM supplemented with
10% fetal bovine serum and left undisturbed for 12-18 hr in
culture plates. Nonadhering tumor cells were removed and
expanded in culture in E3 medium, whereas adherent non-
malignant cells were éxpanded in aMEM with 10% fetal

Abbreviation: TRF, terminal restriction fragment.

*Re;})lrint requests should be addressed to either corresponding
author.

Present address: Geron Corp., 200 Constitution Dr., Menlo Park,
CA 94025; email charley@geron.com.



Cell Biology: Counter et al.

Proc. Naitl. Acad. Sci. USA 91 (199%4) 2801

" TNN Protein Concentration (mglml)
; S
§ 8 o TS STEESTSTTESLLLIE POy
RNase A vo'o' o NWOOAG O YRV RO YRR Y
- - . —— - — _,..._-_—--n— m
- - 90 a .
627 = 27 -
309 - 76 -
240 w 240 AR
= 67 = : _ v
160 = 160 Sel
122 - o
122 = 3§
- . g.-g
: 90 Wi
90 = : T EER
- . 76 . - L 1
7% = ; N 67 - P - ‘:
B7 = 1 . sfqmaT SR L
- QSQQI".—-?“ £
b XS Bl B .“‘
i I H % L i"
) |5 . H Lo L r
' %- FEIETTIEET 5a
- $aEz 2oz PR
% 8 g 23‘ ’ . '§§§§==3§ \L\.
i & % E3EsiiV T
' dZS2-oe - y £
8 - g = R %@f—.
5 i
- =2 - b
i b : (T.AG), = S
TAG), & "% = (LAG) @i e®--
MO 12 3 4 MO 5§56 78 MO SI011121314 151617 18 1920 21 2223247526 27282030

FiG. 1. Telomerase activity in cells from ascitic fluid, Telomerase activity in extracts prepared and assayed at a protein concentration of
=11 mg/mi is shown for 293 CSH cells (lane 2) and unfractionated ascites cells from patient OC4 (lane 4; patients were assigned individual codes
followed by the paracentesis number). For lanes 1 and 3, RNase was added to the extracts prior to the addition of [a-"2P]JdGTP. Activity was
detected in extracts from 293 CSH cells (lane 5), and the tumor (T, lane 6) but not the nenmalignant (v, lanes 7 and 8) cell fractions from ascites.
Protein concentration in the tumor cell extract was 3.3 mg/ml, and in the normal cell extracts 2.1 and 1.9 mg/mi, respectively. Consequently,
the 293 cell extract was diluted and assayed at 1.5 mg/ml for proper comparison with the negative extracts, Lanes 9-26 show a serial dilution
of 293 CSH cell extract. Lanes 27-30 show the concentration range 0.2-0.05 mg/ml at greater sensitivity. Exposure to Phosphorlmager screens
was 1 week in all cases. Lane M, size markers (lengths in nucleotides at left); lane O; 2P-lubeled (TTAGGG); oligonucieotide.

bovine serum. Cells fractionated in this manner were used to
prepare 8100 extracts for assaying telomerase activity (see
below). Highly pure tumer cells for DNA analysis were
obtained by fractionating ascites cells through two consecu-
tive cycles of differential attachment. Additionally, attempts
were made to establish some of these pure tumor cells in
culture, Sometimes it was possible to obtain enough cells for
analysis by filtering ascites cells through a 30-um nylon mesh
(Spectrum), which retains tumor clumps but not the smaller
leukocytes, fibroblasts, or mesothelial cells. Filters were
backwashed to yield essentiafly only tumor cell clumps (29,
31). Results with this technique were similar to those ob-
tained by fractionating cells by differential attachment.

Preparation of $100 Extracts. Extracts were prepared from
>10% cells from fresh material (leukocytes and unfractionated
ascites cells) and cultured cells (nonmalignant and tumor cell
fractions, normal ovarian epithelium, and cell lines HEY,
SKOV-3, and 293 CSH) as described (9). Protein concentra-
tions were determined by Bradford assay (Bio-Rad) and
enzymatic activity was determined by the level of DNA
polymerase activity (9).

Telomerase Assay. The assay was performed as described
(9) with minor modifications. In brief, reaction mixtures
containing 0.5 volume of §100 extract, 3.5 mM MgCl;, 1 mM
spermidine, 5 mM 2-mercaptoethanol, 50 mM potassium
acetate, 2.5 mM EGTA, 50 mM Tris acetate (pH 8.5}, 1L uM
telomere primer (TTAGGG), 3.1 uM [o-PJdGTP (800
Ci/mmol; 1Ci = 37 GBq), 2mM dTTP and 2 mM dATP were
incubated at 30°C for 1 hr. As a control, RNase A was added

to parallel reactions before the addition of {a-"PlAGTP.
Reactions were terminated by treatment with RNase A
followed by proteinase K (9). Unincorporated [o-?PJUGTP
was removed with Nick Spin columns {(Pharmacia). Products
were resolved by electrophoresis in a sequencing gel and
exposed to a Phosphorlmager screen (Molecular Dynamics).
Extracts were considered positive (+ +) if the characteristic
6-nucleotide patiern was detected in a 7-day cxposure, and
weakly positive (+) or negative (—) il detected or not
detected, respectively, after 2 weeks. Protein concentration
in all extracts was >1 mg/mi—i.e., 10 times the lowest
concentration at which activity was detected in contro! 293
CSH extracts. Dilution of 293 CSH extract was performed
with 1x hypobuffer (9) with the addition of NaCl to a final
concentration of 0.1 M.

Analysis of DNA. DNA was isolated, digested with restric-
tion enzymes Hinfl and Rsa 1, and quantitated by fluorometry
from >107 cells of unfractionated ascites or nonmalignant or
tumor ascites fractions or cultured cells as described (6, 9-11).
Restriction enzyme digestion liberates terminal restriction
fragments (TRFs), which are composed of telomeric DNA
(TTAGGG) at the most distal end, followed by subtelomeric
DNA consisting of degenerate TTAGGG and other unrelated
repetitive DNA (26, 33). TRFs were resolved in agarose gels,
hybridized with the telomere-specific 2P-labeled (CCCTAA),
probe, and visualized on film as described (9-11). The mean
TRF length was determincd from the values obtained from
densitometric scanning of at least two autoradiographs over
the size range 2-21 kbp (9-11). For simplicity, this value is

33
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Table 1. Telomerase activity of tumor and nonmalignant cells
Tumor Nonmalignant
Sample Activity Sample Activity
Unfractionated ascites Normal tissues
0C1-} ++ QE1* -
0C2-1 + QE2* -
0C4-1 4 LEU! -
0C4-5 ++
0C23-1 + 4
. Fractionated ascites Fractionated ascites
0C18-2 ++ 0Cs-1 -
0C19-3 ++ 0C16-7 -
Cell lines 0C17-1 -
HEY ++ 0C24-1 -
SKOV-3 + 0C25-1 -

Ascites cells were isolated and selected samples were fractionated
into tumor and nonmalignant {ractions and assayed for telomerase
activity as described in Marerials and Methods.

*Ovarian epithelium.
tLeukocytes.

recorded as the TRF length. When the average of several mean
TRF lengths is calculated this value is called the average TRF
length.,

RESULTS AND DISCUSSION

To test the hypothesis that telomerase was present in tumor
cells which had undergone many cell divisions, ascitic fluid
from patients with end-stage (metastatic) epithelial ovarian

Ascitic fluid cells

Proc. Naitl. Acad. Sci. USA 91 (1994)

carcinoma was obtained by diagnostic laparotomy or thera-

peutic paracentesis. Assays for telomerase were performed
with extracts from ascites cells, ovarian carcinoma cell lines,
and control cells. A telomerase-positive extract elongates

. single-stranded telomere primers by repetitive addition of

nucleotides, yielding products which resolve in a sequencing
gel as a 6-nucleotide repeat ladder. The characteristic pausing
at each cycle is thought to reflect the translocation step (4,
18--20). Since telomerase uses its integral RNA as template,
pretreztinent of extracts with RNase abolishes this pattern (4,
18-20). Telomerase activity was preseat in ascites cells from
patients and in established carcinoma lines (Fig. 1, lane 4;
Table 1). Extracis from normal epithelial cells from the
ovarian surface, however, had no detectable activity (Table
1}, suggesting that telomerase may be present exclusively in
tumor cells. Extracts from a given patient (OC4, Table 1), at
presentation and 8 months thereafter, irdicated persistence
of telomerase activity in vive. These data provide direct
evidence of specific telomerase activity in buman tissue.
We estimated that celi samples from ascites were com-
posed of =95% tumor cells with the remuiring fraction
consisting of mesothelial cells, fibroblasts, aid leukocytes.
To identify the source of telomerase activit¥, tumor and
nonmalignant cells from ascites were separatec’and assayed.
Purified tumor celis were found to be telomerasc-positive,
whereas the nonmalignant cell fraction and periphera! blood
leukocytes froui normal donors lacked detectable activity
(Fig. 1; Table 1). Lack of activity did not appear to be due to
diffusible inhibitor(s), since the activity of 293 CSH extracts
was not altered upon mixing with negative extracts (data not
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F16. 2. TRF lengths in cells from ascitic fluid. Southern hybridization with the telomere-specific probe ({CCCTAA);, which detects TRFs,

is shown for genomic DNA isolated from unfractionated ascites cells (lanes 1 and 2} and nonmalignant cell (N, lanes 3, 5, and 7) and highly pure
tumor cell (T, lanes 4, 6, and 8) fractions. DNA from nonmalignant and tumor celis from the same patient was analyzed at presentation [early

(E), lanes 9 and 10] and just prior to death {late (L), lanes 11 and 12). Tumor cells from both early and late paracentesis were cultured and analyzed

at the indicated population doublings (pd) {lanes 13-24),
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Table 2. TRF lengths of tumor and nonmangnant cells

Proc. Natl. Acad. Sci. USA 91 (1994) = 2903

Fractionated asciles

Unfractionated ascites* TRF length, kbp Cultured tumor celist
TRF length, Non- TRF length,
Sample kbp Sample malignant Tumor Sample kbp
0Cl1-1 3.8 0C5-1 7.0 5.0 OCi8-2 34
0Cc21 5.5 0C6-1 9.2 5.4 0C19-3 34
0C3-1 5.4 0Ci-1 8.0 54 0C20-1 4.2
. 0C3-2 4.4 0Cs8-1 1.7 4.3 0C21-1 33
0C4-1 4.5 0C9-1 52 0Cs-1 4.3
0C10-1 39 0C22-13 6.9
0Cl11-2 37
0C12-1 38
0C13-1 51
Serial
0C14-1 (E) 7.3 4.1
0C14-5 (L) 4.7
OC15-1 (E) 9.4 5.0
OC15-5 (L) 9.3 5.2
0C16-1 (E) 39
0C16-2 (E) 34
0C16-7 (L} 3.9
0C17-1 (E) 7.7 4.3
0C17-15 (L) 4.7
Average} 4.7 0.7 Average? 8209 4.5 %056 Averaget 42+ 1.4
3.7+ 058

TRF lengths were determined from densimetric scans of multiple autoradiographs (similar to that in Fig. 2). Average
standard deviation was 0.5 kbp, with the largest deviation being 2 kbp. Samples defined as E (early) were obiained near
the time of presentation, and samples L (Jate) near death. Paracenteses were performed 4-15 times over the course of 4-22

months.

*Since TRF length in unfractionated ascites cells is almost identical to that of the tumor fraction (4.7 versus 4.5 kbp) and
since we assume that both the nonmalignant (TRF of 8.2 kbp) and tumor fractions contribute to the composite TRF
distribution in proportion to their relative abundance, the fraction of tumor cells (x) can be determined in the equation 8.2
(1 ~ x) + 4.5x = 4.7. This yields x = 0.95, indicating that 95% of the ascites cells are of tumor origin, a value similar to

those reported by others (32).

$TRF length was determined for each sample over at least 30 population doublings. Values were averaged since TRFs were

stable in all populations.
$Average = SD of the mean TRF lengths of all samples.
§Average value excluding OC22-13.

shown). In 293 CSH cells, telomerase activity was approxi-
mately proportional to total protein concentration (Fig. 1,
lanes 9-26) and was detectable at 0.1 mg/ml (lane 29). Thus,
lack of activity in extracts from nonmalignant cells, which
were assayed at 1-3 mg/ml, was most likely unrelated to low
protein concentration. In support of this, extracts from the
ovarian tumor cell line SKOV-3, with half the protein con-
centration of nonmalignant cell extracts, were positive (Table
1). The extent of primer elongation and frequency of initia-
tions, as judged by the intensity of bands, was less in
reactions with extracts from unfractionated ascites or puri-
fied tumor cells than that with 293 CSH cells (Fig. 1, compare
lanes 2 and 4 for extracts assayed at the same protein
concentration). This was also the case when the cell extracts
were assayed for DNA polymerase (data not shown}).
Whether these results reflect an inherent property of tumor
cells, heterogeneity of the tumor cell population, or some
feature of the isolation procedures is not known.

We have previously shown that telomerase activity is
associated with maintenance of telomere length in cultured
human cell lieiss (9). To determine whether this was the case
for fresh tumor cells, lengths of TRFs were measured by
Southern analysis of DNA from unfractionated ascites cells,
using a (CCCTAA); telomeric probe. Consistent with results
from studies of other tumors (7, 21-26), the average TRF in
these cells was short (4.7 = 0.7 kbp; Table 2). The TRF size
distribution, however, was quite heterogeneous, ranging
from 2 to >12 kbp (Fig. 2, lanes 1 and 2). To assess whether
differences in telomere length existed among cell types,

ascites cells were separated into nonmalignant (fibroblast and
mesothelial cells) and tumor cell fractions. Southern analysis
of DNA demonstrated that the TRF length of nonmalignant
cells was much greater than that of tumor cells from the same
ascites (Fig. 2; compare samples N and T; Table 2; 8.2 * 0.9
kbp versus 4.5 = 0.6 kbp, P = 0.001), Thus, TRF hetcroge-
neity in unfractionated ascites resulted from the presence of
at [east two cell populations with quite different TRF lengths.

Telomeres were shorter in tumor cells than in normal cells
from the tissue of origin. In ovarian epithelial cells obtained
from three nondiseased donors, TRFs were =~12 kbp long
(data not shown), somewhat longer than those in nonmalig-
nant ascites cells or in other aged-matched somatic cells (6-8,
10, 11). If rate of telomere loss in tumor cells in vivo is similar
to that in transformed cells in vitre (65 bp per population
doubling) (9), the loss of =7.5 kbp in tumor cells relative to
normal cells represents in excess of 100 doublings. This is
most likely an underestimate, since tumor cell populations
maintain neither 100% viability nor exponential growth (34),

Telomere length in tumor cells was stable in vive. Over the
course of the disease, a dozen or more ascites samples, each
containing 10°-10'® tumor cells, may be withdrawn from a
given patient. Since TRF lengths in tumor celis from a patient
at presentation and just prior to death remained essentially
constant, telomere length was maintained in vivo over alarge
number of cell doublings (Fig. 2, lanes 10 and 12; Table 2; 4.3
+ 0.5 kbp for early samples versus 4.6 = 0.5 kbp for late
samples; P = 0.5). Although TRF size did not change
appreciably during the disease in nonmalignant cells from the



294 Cell Biology: Counter et al.

ascitic fluid (Fig. 2, lanes 9 and 11; Table 2), these cells are
predicted to undergo relatively few cell divisions, as judged
from the rate of telomere loss of ‘normal somatic cells in vivo
(7, 10, 11). Similarly, when put in culture, the limited lifespan
of nonmalignant cells (=10 doublings) (31) precluded detec-
tion of telomere shortening normally associated with somatic
cell proliferation (6, 8-13).

When end-stage tumor cells from 151 patients were cul-
tured, =~25% (41) of the samples readily established and
continued proliferating for months with little or no discernible
crisis, suggesting that the cells were already immortal in vive.
Moreover, the cells had a transformed morphology and they
formed foci, and many of the clones tested grew in an
anchorage-independent manner in serum-free medium. DNA
was collected from six cultures every two to four population
doublings, and TRF lengths were determined. Samples
0C19-3, OC18-2, 0C20-1, OC21-1, and OCS5-1 (Fig. 2, lanes
13-24; Table 2) had a short but stable average TRF length of
3.7 = 0.5 kbp in vitro, confirming our in vive observations.
Notably, one sample, OC22-13, contained stable telomeres of
much greater length (6.9 kbp; Table 2), as occasionally
reported for other tumors (7, 21-23, 26).

It is interesting that in almost all of the tumor samples
analyzed, telomerase was detected after telomeres had be-
come very short. In our studies with cells transformed in vitro
we proposed that activation of the enzyme was most likely
due to mutational event(s) which could conceivably occur at
any time and telomere length (9). Although one tumor (0C22-
13) had long, stable telomeres, compatible with early activa-
tion of the enzyme, elongation may have occurred in vivo
after initial shortening, as observed in some immortalized ceil
lines (9, 26, 36). Whether selective pressure operates on
telomerase-positive cells only when telomeres are short or
whether telomerase activation occurs late in the transforma-
tion process is unknown. It is possible that short telomeres
and the concomitant decrease in chromosome stability (9)
trigger activation of the enzyme in rare cells. Alternatively,
activation may depend upon multiple mutational events
which arc only achieved after many cell divisions.

We propose that tumor cells, like cells transformed in vitro
(9, 12), lose telomeric DNA until a critically short telomere
length is reached. At this stage, only cells which can maintain
functional chromosome ends—for example, through the ex-
pression of telomerase—are capable of continued prolifera-
tion. Thus, drugs which specifically inhibit telomerase activ-
ity could critically limit the lifespan of late-stage tumor cells.
Side effects from this therapeutic approach should be limited,
since telomerase is believed to be absent or minimally
expressed in somatic tissues (9, 13).
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5.0) Foreword.

As described in the last chapter, malignant cells of ovarian cancer were found
to have short stable telomeres in vitro and in vivo and to be telomerase positive,
suggesting that telomerase is activated during tumourigenesis. Since ovarian cancer is
detected when cells are already telomerase positive, the point in tumour progression
when the enzyme is activated could not be determined. To address this issue,
telomere length and the levels of telomerase activity were measured in early and late
stages of CLL, the end stage acute leukemia AML and the pre-AML condition known

as MDS.



RAPID COMMUNICATION

Telomerase Activity in Normal Leukocytes and in Hematologic Malignancies

By Christopher M. Counter, Jyothi Gupta, Calvin B, Harley, Brian Leber, and Silvia Bacchetti

Telomeres are essential for function and stability of eukaryo-

tic chromosomes. In the absence of telomerase, the enzyme
that synthesizes telomeric DNA, telomeres shorten with cell’

division, a process thought to contribute to cell senescence
- and the prolifcrative crisis of transformed cells. We reported
telomere stabilization concomitant with detection of telo-
merase activity in cells immortalized in vitre and in ovarian
carcinoma cells, and suggested that telomerase is essential
for unlimited cell proliferation. We have now examined the
temporal pattern of telomerase expression in selected he-
matologic malignancies. We found that, unlike other so-
matic tissues, peripheral, cord blood, and bone marrow leu-
kocytes from normal donors expressed low levels of

ORMAL HUMAN somatic cells huve a limited prolifer-
ative capacity, both in culture and in vivo, and se-
nesce.! Transformation in vitro confers to cells an extended
lifespan, but transformed cells eventually undergo a prolifer-
ative crisis accompanied by cell death, from which rare im-
mortal clones emerge.” Circumstantial evidence suggests that
acquisition of extended proliferative capacity, and even of
immortality, can also occur in vivo during the development
of tumors.’

Recent studies have implicated telomeres and telomerase
in the regulation of cell lifespan.* Telomeres, composed of
protein and of tandemly repeated simple DNA sequences, cap
the ends of eukaryotic chromosomes and protect them from
illegitimate recombination and degradation.® Telomeric DNA
is lost every time somatic cells divide,! presumably because
of the inability of DNA polymerase to fully replicate the
ends of a linear DNA template® and because of the lack of
telomerase activity,'” the enzyme that elongates telomeric
DNA de novo." Such shortening may act as a mitotic clock
regulating the number of divisions a normal cell can undergo.?
We and others have shown that this control is overridden by
transformation in vitro because transformed cetls cCatinue to
lose telomeric DNA*'*'® At crisis, telomeres are shortened
to the point that they may no longer stabilize chromosome
ends, and the ensuing genomic instability may contribute to
the observed cell death.*'* Immontal celis emerging from crisis
still have shont telomeres™'™'™"*; however, they express telo-
merase activity®" and hence their telomeres are stable®'*"” or
even elongated.” These observations support the hypothesis
that unlimited cell proliferation requires telomerase activity
to arrest the potentizally lethal loss of telomeric DNA and to
maintain functional telomeres.*'" Telomerase may simitarly
be required in tumorigenesis because tumor cells often have
short, or critically short, telomeres.'® In support of this hypoth-
esis we have shown that in metastatic ovarian carcinoma te-
lomerase activity is present and short telomeres are stabilized
in vivo.'"® Enzymatic activity has since been detected in other
advanced malignancies, including those of the hematopoictic
lineage.*"

The presence of short telomeres despite detectable telo-
merase activity and the fact that compleie loss of telomeric
DNA entails a substantial number of cell divisions, suggest

Blood, Vol 85, No 9 (May 1), 1995; pp 2315-2320

telomerase activity. In leukocytes from chronic lymphocytic
leukemia (CLL) patients, activity was lower than in controls
in early disease, and comparable with controls in late dis-
ease. Relative to bone marrow, telomerase activity was en-
hanced in myelodysplastic syndrome {(MDS) and more sig-
nificantly so in acute myeloid leukemia {AML). Regardless
of telomerase levels, telomeres shortened with progression
of the diseases. Our results suggest that early CLL and MDS
cells lack an efficient mechanism of telomera maintenance
and that telomerase is activated late in the progression of
these cancers, presumably when critical telomere loss gon-
erates selective pressure for cell immortality.

© 1995 by The American Society of Hematology.

that selection for telomerase activation is likely to be a rela-
tively late event in carcinogenesis.'™"™ To address this ques-
tion, we investigated the temporal pattern of telomerase ex-
pression in two hematologic malignancies with different
pragression: chronic lymphoid feukemia (CLL) and acute
myeloid Jeukemia (AML). CLL is initially characterized by
a very slow accumulation of terminally differentiated B lym-
phocytes, whose number may double in as long as § years.
The disease becomes gradually more aggressive but rarely
undergoes blast transformation. ™' On the other hand, AML
is a highly aggressive discase resulting from aberrant prolif-
eration and maturation of progenitor stem cells."™™ In addi-
tion, we assayed samples of myelodysplastic syndrome
(MDS), a neoplasia of the bone marrow (BM) charucterized
by variable, but often high, proliferation rates. MDS may
progress through a variety of stages and convert to AML %
and can therefere be considered a pre-AML condition,

MATERIALS AND METHODS

Isolation and culturing of cells,  Normal human skin {ibroblasis
were cultured in c-minimal essential medium (e-MEM), supple-
mented with 10% feta! calf’ serumy (FCS) 293 CSH cells’' were
cultured in Joklik medium supplemented with 5% FCS. 834 cells, an
immortal line derived from Epstein-Bare virus (EBV)-infected hu-
man B lymphocytes,” were grown in RPMI with 10% FCS serum.
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Telofnerase activity in normal and leukemic cells. Cell extracts were incubated with the TS oligonucleotide in the presence of dNTPs

and a¥PdCTP and, after addition of the CX primer, elongated TS ofigonucleotides were amplified by PCR. As a contral, RNase, which abolishes
telomerasa activity, was added to duplicate reaction before addition of a”*PdCTP. Reaction products were resolved on acrylamide gels and
visualized after sxposure to Phosphorimager screens. {A) Telomerase activity in representative samples of leukocytes from patients with early
{CLL2-1) or Inte (CLL14} CLL (10 ug protein per assay). {B) Activity in extracts from patients with MDS or AML (5 g protein per assayl. (C)
Activity in peripheral blood (PBLS) and BM (BM4} leukocytes trom normal individuals, and in control 253 and B4 cell lines, assayed at the

indicated amounts of protein.

Samples were obtained with informed consent from normal donors,
or from cancer patients at diagnosis or during follow-up. The age
of normal adull denors ranged from 25 1o 55 years, and that of
patients from 40 to 80 years, without significant differences in the
nverage age between groups. CLL was staged according to Rai™
and samples were obtained from blood when white blood cell (WBC)
counts exceeded 15 x 10°/L. MDS samples were isolated from BM
whereas normal and AML samples came from both sources. All
samples were processed immediately after collection without expan-
sion in culture. Following two washes in phosphate-buffered saline
(PBS), low-density mononuclear cells were isolated by Ficoll-Hy-
paque (Pharmacia Biotech AB, Uppsata, Sweden) density gradient
centrifugation and assayed.

Analvsis of DNA.  Genomic DNA was isolated and digested to
liberate the terminal restriction fragments (TRFs), as previously de-

scribed.* Digested DNA was resolved in 0.5% agarose gels, which
were dried, hybridized with the telomeric probe *P(C,TAj),, strin-
gently washed, and exposed to Phosphorlmager screens (Molecular
Dynamics, Sunnyvale, CA).* TRFs are comprised of telomeric and
subtelomeric DNA, and variability in the lengths of both components
gives rise to their heterogeneous size® A mean TRF length was
calculated using the total counts between 21 and 2 kbp, determined
using ImageQuant software {Molecular Dynamics),™ and recorded
for simplicity as TRF length.

Telomerase assay. Most S100 extracts were prepared from 10
cells using hypotonic-detergent.lysis as previously described,' ex-
cept that the lysis buffer contained 0.5% CHAPSO (Sigma, 5t Louis,
MO) instead of 0.5% Nonidet P-40 (Sigma).’ A few extracts were
prepared from 10° cells using a hypotoric-Dounce homogenization
method.* Extracts were treated with RNase to a final concentration
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Myeloid

(0-11) and late (ILI-1V) stage CLL, with MDS, and with AML
were assayed for enzyme activity. As controls, leukocytes
from cord, peripheral blood and BM of normal donors were
used. A telomerase-positive extract clongates o single-
stranded primer by addition of T:AG, repeats and the elon-
gated products are amplified in the PCR step.’ Pretreatment
of the extract with RNase will abolish telomerase activity
by degrading the templating RNA of the enzyme."
Assaying of samples from normal individuals showed
that telomerase was present in leukocytes from cord (3/3).
peripheral blood {6/6), and BM (3/3) (Fig 1 and Table 1).
Activity was low in all three tissues (on average ~0.8%
ot that in the 293 cell line, and =29% of that of the B4
lymphucyte cell line), suggesting that enzyme expression
may be limited to a small subset of nsrnial leukocytes or
may be insufficient for telomere maintenance. In
agreement with these possibilities, telomeres were signifi-
cantly shorter in adult versus newborn leukocytes (Table
1), as reported by others.*?* Leukocytes from early stage
CLL patients (n = 14) expressed on average lower te-

Fig 2. TRF langths of normal
and laukemic cells. Southern hy-
bridization with the tolomerc
specific probe (CCCTAA), to
Hinft{Asal-digested genomic DNA
isolated from leukocytes from a
normal individual {PBL), or from
patients with early or late stage
CLL, MD5S, and AML. Samples
obtainad from the same patiant
at difarent times ara denoted by
numbers after the sample’s
code, Position of molecular
weight markers, in  kilobase
palrs, is shown on the left,

lomerase activity than control samples (Fig 1 and Table
1}. In the vast majority (12/14 or 85%) activity was reduced
on average by 70% (P = .03), und only two cases exceeded
control values. Of interest, the latter samples (CLL1TY and
20) were from paticnts with significant increase in WBC
count and {ymph nodes in the month before sampling. Con-
versely, in late-stage CLL (n = 7), Tour of the seven sam-
ples ussayed (or 57%) had elevated enzyme levels com-
pared to early stage samples (P = .016), although cases
with no or negligible activity stil! persisted (Fig ! and
Table 1). The average value for lute CLL patients was
comparable with that of normal blood. In the myelaid dis-
cases (Fig 1 and Tzble 1), MDS (n = 6) and AML (n =
7y sumples on average had higher levels of telomerase than
normal BM (=twofold for MDS and =fourfold for AML).
The significance of these differences was borderline except
for the comparison between AML and controls (P = .029).
However, there was substantial variability in enzyme lev-
els among samples and a subgroup of MDS patients (4/6
or 67%) with significantly higher activity than controls
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Tablte 1. TRF Length and Telomerase Activity in Normal and Leukemic Cells

TRF* Telomernose Activityt THF* Telormerase Activityt TRF* Telomerase Activityt
Sample (kbp) 1% of B4 ceils) Sample {kbp} 1% of B4 cells) Samplc tkbp) {% of B4 cells}
Normal Blood Early Stage CLL Late-Stage CLL
PBL1Y 13.3 33 CLL1-1 8.1 0.5 CLLe-2 a8 0.5
PBL2 12.7 1.5 -2 8.0 0.7 CLL9 6.0 1.3
PBL3 1.6 1.3 CLL2 ND 0 CLL10 38 0
PBL4 13.0 4.5 -2 101 1.3 CLL1 4.1 23
PBLS 11.6 1.5 CLL31 45 0 CLL13-1 4.3 NA
PBLG 12.0 2.1 -2 37 0.9 -2 4.2 25
Mean: 2.4 CLL4 8.4 ND CLL14 3.8 31
-2 11.4 ND CLL1S 3.9 NA
cel 16,7 1.2 CLLS 104 0.2 CLL16 6.3 NA
caLz2 16.2 0.a CLL6-1 36 NA CLL17 4.2 NA
CBL3 15.2 ﬂ_ CLL7 129 0.7 CLLi8 _N_D" ﬂ
Mean: 16.0 1.85 CLLe-1 84 0.2 Mean: 44 2.0
2 ND 1.4
-3 ND 0.2
CLL11 5.5 0.9
cLL19 ND 23
CiLz0 E ﬂ
Mean: 7.9 0.9
Normal BM MDS AML
BM1 ND 0.6 MDS1 ND 4.0 AMLY 4.4 59
BMm2 103 2.2 MDS2 1.5 4.6 AML2 4.8 12.0
BM3 10.3 24 MDS3 ND 1.1 AML3 5.1 29
BM4 ND 30 MDS4a-1 201 1.5 AML4 4.2 6.9
Mean: 10.3 21 2 ND 7.6 AMLS 6.5 143
MDS5 56 BB AMLE 4.3 19
Mean: T P AML? a8 181
Meamn: 47 8.9

Abbreviations: ND, not determined; NA, not available.

* The SD of TAF measurements ranged from 0 to 1.4 kbp, with an average of 0.3 kbp.
t Activity of normal leukocytes from peripheral {PBL}, cord (CBL), or BM is expressed as percent of B4 cells which have ~40% the activity of
293 calls. The 5D of telomerase activity of the normal tissues ranged from 0.4% to 4.2%, with an average of 1.5%.

4 Meon telomerase activity of PBL and CBL samples.

of 0.1 ppful. (negative control) or left untreated for 1O minutes a
21°C.

Telomerase was initially assayed by incubating cell extracts for
10 minutes at 21°C with 0.1 pg of TS oligonucleotide (5°-AATCCG-
TCGAGCAGAGTT-3') in 20 mmel/L Tris-HCI pH 8.3, 1.5 mmol/
L MgCl., 63 nunol/L KCI, 0.005% Tween 20 {Sigma). | mmol/L
EGTA, 50 pgmol/1. cach dNTP, 0.5 mmol/L. T4-gene 32 protein, 2
pCi a*PICTP (3,000 Ci/mmol), and 2 U Tag polymerase in a total
volume of 59 gL in 4 wbe containing 0.1 ug of CX primer (5'-
CCCTTACCCTTACCCTTACCCTAA-3") separated lrom the reac-
tion by a wax barrier.” After clongation of the TS oligonucleotide
by telomerase, products were polymerase chain reaction (PCR)-am-
plified by 27 cycles at 94°C for 30 seconds, 50°C for 30 seconds,
and 72°C for 90 seconds. The first denaturation step inactivates
telomerase and mehs the wax bamier, releasing the CX primer for
first-strand synthesis, This protocal results in a 10* increase in sensi-
tivity” compared with previous methods.® In later experiments, the
CX primer and Taq polyterase were added to reactions prewarmed
to 92°C 10 reduce background, Lastly, Kinase-labeling of the TS
ofigo, substitution of the second primer with one (ACT) unable to

dimerize with TS, and the use of a standard for measuring PCR
amplification were used Lo increase sensitivity and to provide better
quantitation and comparison between assays (Kim N.W., Prowse
K.R., Chiu C.-P,, Harley C.B., in preparation). Results from all three
assays were qualitatively consistent. Serial dilutions of S100 extracts
were assayed in triplicute to establish the linear range of enzyme
activity for the purpose of gquantitation, Reaction products were re-
solved in 15% nondenaturing polyacrylamide gels and exposed w0
Phosphorlmager screens, Extructs were considered negative if no
products were detected on a 7-day exposure. Enzyme activity was
expressed in arbitrary units as total counts in the RNase-sensitive
reaction products, determined using ImageQuant software, after nor-
malization to total protein content. A minimum of two separate
assays was used to determine the mean percentage activity of each
sarple, except for CLLS, CLLS, MDS2, AMLG6, and AMLY7, for
which a single assay was performed.

RESULTS AND DISCUSSION

To establish the temporal pattern of telomerase expression
during leukemogenesis, leukocytes from patients with early
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(=threefold on average) could be identified. Similarly, the
majority (6/7 or 86%) of AML samples expressed on aver-
age =fivefold more telomerase than normal BM.

As previous studies in different tumors'® reported decreas-
ing TRF length with increasing tumor grade or discase stage,
we measured TRFs during leukemogenesis. 1n early stage
CLL, TRF length varied considerably among samples but
on average was 7.9 kbp, (Fig 2 and Table 1), a value consis-
tent with those of leukocytes from age-matched normal do-
nors.*** Furthermore, there was no detectable loss of te-
lomeric DNA in samples taken 2 years apart from patients
CLLI and CLL4, as expected if telomere shortening oc-
curred at the same rate as in normal leukocytes (=40 bp/
yr).*® These observations are in agreement with a normal
turnover of CLL leucocytes."'” TRF lengths in late CLL
were more homogeneous and much reduced. with an average
size of 4.4 kbp, comparable with that detected for late-stage
ovarian carcinoma.' A similar trend was observed for the
myeleid diseases (Fig 2 and Tuble 1), with TRFs being
longer and extremely variable in size in MDS patients (aver-
age = 11.1 kbp), and consistently and significantly shorter
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Fig 3. Models for telomerase activation during leukemogenesis.,
The “reactivation mode!” proposes that the progenitor leukemic cell
lacks telomerase activity {C] and will ultimately senesce (---}, As
the disease progresses and telomeras shorten, selective pressure will
lead to reactivation of telomerase (@} and the predominance of a
telomerase-positive immortal subclone (-+}. The “expansicn and re-
tention” model, on the other hand, proposes that the leukemic stem
cell is telomerase positive {®) and self-renewing (—) but also gives
risa to mortal telomerasa negative progeny (O, -- =), thus accounting
for telomere shortening in the population.

70

N

o0

0O«—0

2319

in AML samples (average = 4.7 kbp), in agreement with
previous studies.'

The present study shows that telomerase activity is present
in leukocytes from BM and peripheral blood from normal
donors. Activity in blood has also been detected by others
(Kim N.W., Chiu C.-P., Vaziri H.. Weinrich S.L.. Harley
C.B., in preparation). Te date, these are the only adult su-
matic tissues in which telomerase has been detected. The
level of activity and the age-refated shortening of telomeres
in both tissues™™ are compatible with enzyme expression
being restricted to a subset of cells. The biologic signiticance
of these findings and the identity of the positive cells is
unclear at present. However, loss of telomeric DNA during
in vitro culturing has been reported for the most primitive
BM stem cells (CD34* CD3R™), suggesting that telomerase-
positive cells may belong to o more differentiated conyurt-
ment.*”” Despite the constitutive activity of the normal tissues,
we detected distinel pattems of telomerase expression in
samples from lymphoid and myeloid leukemias, In both dis-
eases leukocytes from carly stoge patients gencrally have
less telomerase activity and fonger TRFs than those from
late-stage patients. However, we also found samples not (it
ting either pattern, with short TRFs but low or no telomerase
activity (CLL 3, 6, 10, and possibly AML 6). These may

- represent populations in transition, although inability w de-

tect enzyme activily for technical reasons cannot be ex-
cluded. Kim et al’ have also deleeted telomerase aclivity in
212 late-stage CLL and in 14/16 AML samples, By contrast,
Nilsson et al'? reported no activity in four AML, samiples,
possibly because of the lower sensitivity of their assay tha
did not include an amplification step. Indeed, we were unable
to detect activity in peripherad blood lymphoeytes without
amplification of products."

In the myjority of early CLL, telomerase activity was
undetectable or substantially reduced compared with control
leukocytes. The most likely explanation is that activity pres-
ent in a subset of normal cells is diluted by the more naimer-
ous telomerase-negative CLL cells, resulting in reduced lev-
els in the whole population. Although normal cells may also

contribute to telomerase levels in MDS samples, in 4/6 of

these cases enzyme levels were significantly elevated vver
control. Our data sugpest an inverse correlation between
telomere length and telomerase activity that may reflect the
proliferative history of the leukemic clone. Although our
sample size is small, this pattern is consistent with recent
observations on TRF length by Ohyashiki et al,™ who identi-
fied three clusses of MDS patients with: (1) short 'FREs at
diagnosis and no change during disease evolution; (2) Lrpe
TRFs decreasing in length as the discase evolved; or (3)
large and stable TRFs. These duta and ours suggest that
telomerase is variably activated in MDS. Similar 10 our ob-
servations on late CLL, AML was associated with clevated
telomerase activity relative to MDS. Howaever, in the late
stage of both leukemias activity was sabstantilly lower (au
most =1069%) thian that in a clonal populaion of immontalized
B cells (Table 1), suggesting preponderance of negative
cells in the leukemic sumples. Lastly, CLL and AML dif-
fered with respect 1o levels of telomerase, with CLL samples
being generally less active. We speculate that this difference
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may reflect the luwer number of proliferating cells and/or the
higher degree of cell differentiation characteristic of CLL.
Overall, our data are compatible with both CLL and AML
arising in a progenitor cel that lacks, or has insufficient,
telomerase activity to maintain telomere length during clonal
expansion and differeptiation. The presence of elevated telo-
merase levels in advanced leukemias suggests two allerna-
tive models for disease cvolution (Fig 3). A “‘reactivation’
model postulates inat despite the capacity for self renewal,
the leukemic stem cells arises from a precursor that is telo-
merase negative and will ultimately senesce. Thus, cellular
expansion results in shortening of telomeres. During disease
progression, telomerase becomes illegitimately activated, as
proposed for other malignancies™ ™' and a telomerase-
positive subclone will ultimately predominate. Reactivation
presumably occurs late, in terms of cell proliferation, be-
cause telomeres are short. An *‘expansion and retention”
mlel, on the other hand, invokes the existence of a telo-
merase positive leukemic stem cell ab initio. This cell is
capable of cell renewal but gives rise to telomerise-negative,
possibly more differentiated, progeny, thus accounting for
the observed shortening of telomeres. A prediction of this
model is that telomere length in the leukemic population
will ultimately increase as a result of replacing telomerase-
negative cells having short telomeres and finite lifespan with
positive cells that have not undergone telomere erosion.
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6.0) Overview.

The studies presented in this thesis have provided a body of evidence that,
although correlative in nature, strongly supports the involvement of telomere
maintenance by telomerase in the processes of cell immortalization in vitro and
tumourigenesis. The data addressing this possibility are presented and discussed in
detail in chapters 2 ,3, 4 and 5. The role of telomeres and telomerase in cell
immortalization within the context of the most recent published observations, and the

practical implications of telomerase activation are re-examined below.

6.1.i) A model for the role of telomeres and telomerase during the process of
cell immonrtalization in vifro.

In the work duscribed in tﬁe previous chapters it was found that, with the
exception of leukocytes from blood and bone marrow, all human somatic cells assayed
were negative for telomerase activity and that, consistent with this phenotype, TRF
length in the one cell strain analyzed (HEK cells) decreased with cell division
(chapters 2-5). Lack of telomerase activity in most human somatic tissues and
cultured cells has since been reported by others (Kim et al.,1994; reviewed in
Bacchetti & Counter, 1995) and erosion of somatic telomeres is well documented in
the literature (Hastie e al., 1990; Harley et al., 1990; Lindsey er al., 1992; Allsopp et
al., 1992; Vaziri et al., 1993). All these observations are compatible with loss of

telomeric DNA acting as a "mitotic clock” that signals senescence in normal somatic
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cells (Harley, 1991). We further observed that cells whick Wem experimentally driven

to divide past senescence by transformation with viral oncogenes did not directly

acquire telomerase activity nor other mechanisms for telomere maintenance.

~ Consequently, TRF length in these cells continued to decrease with cell division and

l‘became extremely short (and significantly shorter than those of senescent cells) by the
‘time the transformed cell populations reached crisis. Concomitant with this
pronounced telomere erosion, we observed a dramatic increase in the number of
dicentric chromosomes. Based on these results we have proposed that at crisis some
or all chromosome ends completely lack telomeric DNA thereby becoming
recombinogenic, and that the dicentric structures generated by terminal fusions
contribute to the cell death occurring at this stage. Lastly, we observed a tcrﬁporal
correlation between stabilization of telomeres, detectable telomerase activity and
acquisition of immortality by the transformed cells {chapters 2,3). These data lead us
to postulate that these events are causally related, and in particular that expression of
the enzyme is necessary for unlimited cell proliferation. Similar findings have since
been reported by others (Shay et al., 1993; Kim et al.,1994; Klingelhutz ef al., 1994
reviewed in Bacchetti & Counter, 1995). Moreover, our model, which was initially
supported by the mitotic instability and loss of viability induced in ciliates by
telomerase inhibition (Yu er al., 1990), has since been validated in yeast (Singer &
Gotischling, 194; McEachern & Blackburn, 1995) and most recently in human cells -

(Feng et al., 1995).
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6.1.ii) Limitations of the study.

There are a number of technical limitations which caution our interpretations of
some of the data presented. For example, there is no direct evidence to indicate that
telomere shortening results from the end replication problem. Nevertheless, the
inability of DNA polymerase to completely replicate a linear template remains the
most likely explanation to account for the loss of telomeric DNA with cell division
since telomere shortening, in the absence of telomerase, is evolutionarily conserved
(ie. Harley et al., 1990; Hastie et al., 1990; Yu er al., 1990; Singer & Gottschling
1994; McEachern & Blackbumn, 1995) and actually occurs at the rate predicted by this
hypothesis (Biessmann et al., 1992; Levy et al., 1992). Another limitation in this
study was the inability to measure the actual lengths of individual telomeres. Instead
the average telomere length was estimated by calculating the average subtelomere
length and subtracting this value from the mean TRF length. The difficulty with this
approach is that the calculation of subtelomere length is strongly dependent upon the
intensity of the hybridization signal for TRF in Southern blots, which is in itself
extremely variable. Not surprisingly, using this method to calculate the length of the
subtelomere different studies have reported that this region ranges from 1.5 to 4 kbp
(chapters 2,3: Levy et al., 1992, Allsopp ef al., 1992). Thus, there is no direct proof
for, nor the means to determine if some chromosomes lack telomeres at crisis.
Nevertheless, irrespective of the subtelomeric value used to calculate telomere length, -

the average size of telomeres in cells at crisis is always less than 2 kbp. Given the



69

heterogeneity of telpmeré" length, our data are therefore still consistent with the
assumption that some chromosome ends may lack TTAGGG repetitive DNA by crisis.
There is also no direct evidence that short telomeres are the cause of the dicentric
chromosomes and cell death detected at crisis. However, it is well established that
chromosomes which lack telomeres are recombinogenic and can form dicentrics and
that resolution of these structures through the breakage-fusion-bridge cycle can lead to ”
further genomic instability which can be lethal. Lastly, since a functional assay was
used to measure telomerase activity, we could never exclude the possibilities that a
telomerase negative population contained a small number of telomerase positive cells
or that all cells had undetectable levels of the enzyme. Yet, the reproducible detection
of telomerase activity only in immortal cells in which loss of telomeric DNA is
arrested, strongly suggests that telomerase is activated, or at the very least upregulated
to levels sufficient to counter telomere shortening only in cells which acquire an
unlimited lifespan.

6.1.iii) " Telomeres and cell senescence.

Since our studies on telomere dynamics during immortalization involved the
analysis of cells driven to divide beyond their normal lifespan, our observations of
telomere shortening in transformed cells are relevant to the process of senescence.
Most models of senescence that invoke telomeres in a causal role assume that erosion
of telomeres to a critical length activates the p53 checkpoint, the key pathway

mediating the senescence growth arrest signal (Harley, 1991). One way telomeres
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could function in this manner is if some chromosomes lost all telomeric repeats by
senescence, thereby becoming recombinogenic and yielding chromosome aberrations
that could cause a p53-dependent proliferation arrest. In agreement with this
possibility, it has been calculated that the average amount of TTAGGG repeats
re:naining on chromosome ends at senescence is between 2 to 3.5 kbp, depending on
the estimated length of the subtelomere, and thus, given the heterogenec;us size of
telomeres, some chromosome may theoretically lack TTAGGG repeats at senescence
(chapters 2,3; Levy er al., 1992; Allsopp & Harley, 1995). Moreover, the number of
dicentric chromosomes increases when fibroblasts cease proliferation at the end of
their normal lifespan (Saksela & Moorhead 1963; Wolman et al., 1964; Benn 1976;
Sherwood et al., 1988). These types of aberrations can be formed from chromosomes
lacking telomeric repeats and, when resolved at mitosis, do lead to types of damage
known to induce a senescent-like p53-dependent growth arrest (Di Leonardo et al.,
1994). Inconsistent with the existence of "naked" chromosome ends at senescence
however, is our finding that TRF length continued to decrease during the extended
lifespan of transformed cells without repercussions on growth rate, cell viability or
chromosome stability until crisis (chapters 2,3). This observation suggests ihat
telomeres that are significantly shorter than those of senescent cells are still functional,
at least in a transformed cell background. One explanation as to how chromosome
ends lacking telomeric DNA at senescence could shorten during the extended lifespan -

following transformation but still retain functionality is if the distal region of the
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subtelomere contained tracts of TTAGGG and TTAGGG-like repeats which could
substitute for telomeric DNA in transformed cells (Fig. 6.0A).

Another way telomeres could be involved in the p53 checkpoint is if this
pathway recognizes shoit telomeres themselves as damage, an assumption compatible
with the observations that telomeres shorten during the extended lifespan of
transformed cells (Fig. 6.0B). Although somewhat speculative, the fact that plasmids
containing short tracts of telomeric DNA can cap a chromosome break and act as a
functional telomere only in cells that lack p53 (Bamett er al., 1993) supports the
possibility that the pS3 checkpoint is sensitive to short telomeres. It would not be
until crisis that some chromosomes would lack telomeric repeats and become
recombinogenic. This model therefore predicts that the dicentric chromosomes
detected in senescent fibroblasts must be generated in a telomere-independent manner.
In agreement with this prediction, we and others have failed to detect dicentrics (or
detected these aberrations at low frequency) in transformed cells with TRFs far shorter
that those of fibroblasts at senescence (chapter 3; Saltman et al., 1993; Pandita er al.,
1995). However, it still remains formally possible that the absence of dicentric
chromosomes in transformed cells having telomeres shorter than those of senescent
fibroblasts may reflect a cell type difference or some aspect of transformation.

At present, it is equally plausible that a p53-dependent growth arrest at
senescence is signalled by either the exposure of nontelomeric DNA (Fig. 6.0A} or the-

shortening of telomeric DNA (Fig. 6.0B). Complete sequencing of individual
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Figure 6.0

Models for the role of telomere length in senescence and crisis.

A) At senescence all terminal TTAGGG repeats (M) are lost on cne or more
chromosomes exposing non-telomeric DNA ([]) which is recombinogenic (i&( ).
This may lead to terminal fusions which when resolved could yield chromosome
breaks that are detected by the pS3 pathway, resulting in the growth arrest of
senescence. In transformed cells this growth arrest is bypassed and cells can continue
to divide since the TTAGGG and TTAGGG-like (Hl) repeats of the subtelomere can
mediate at least partial telomere function. At crisis a number of chromosome ends
have insufficient subtelomeric repeats to maintain telomere function and global
genomic instability and cell death ensue (% ). All relomeres in immortal cells,
however short, are capped with telomeric repeats and are therefore non-

recombinogenic.

B) At senescence short telomeres are recognized as damage by the p53 pathway

( $“’l¢_ ), resulting in growth arrest. Transformed cells overcome senescence and
telomeres continue to shorten until one or more chromosome ends lack telomeric DNA
(crisis), thereby becoming recombinogenic leading to global genomic instability and
cell death. As above, telomeres are stabilized by the addition of telomeric DNA by

telomerase in immortal cells.
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telomeres would uncover exactly what type of DNA caps chromosomes at senescence
and hence which of the above two models may best explain the role of telomeres in
growth arrest. However, it is still formally possible that telomere shortening and
senescerce may simply be two unrelated processes that occur concomitantly or two
independent mechanisms that are activated by the same event. At least in some
organisms telomere shortening does not appear to play a role in senescence. For
example, in yeast, Paramecium and possibly some strains of mice, a senescence-like
phenomenon occurs even though the cells are known or thought to be telomerase
positive (Singer & Gottschling, 1994; Lin & Zakian, 1995; Cohn & Blackbum, 1995;
Prowse et al., 1993; Chadeneau et al., 1995b; Prowse & Greider, 1995; Blasco et al.,
submitted) and'_the telomeres are, or appear to be, maintained (Kipling & Cooke, 1989;
Starling er al.,1989; D'Mello & Jazwinski, 1991; Gilley & Blackburn, 1994; Kennedy
et al., 1995). Nevertheless, the observation that human fibroblasts always have TRFs
of similar size at senescence weighs heavily in favour of a direct role for telomeres in
limiting the lifespan of human cells (Harley er al., 1990; Allsopp et al., 1992; Lindsey
et al., 1991; Levy et al., 1992; Allsopp & Harley, 1995). Once it is understood how
telomera:= is regulated it may be possible to induce the expression of the enzyme in
normal cells to directly test the prediction that telomere shortening is causally involived

in the process of senescence.
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6.1.iv) Telomere stability.

Based on our observations we have proposed that at crisis the loss of
telomeric DNA from one or more chromosomes results in terminal recombination,
leading to an increase in dicentric chromosomes and cell death. In apparent
contradiction with this possibility, we found that although the frequency of dicentrics
decreased when cells became immortal, the length of TRFs at crisis and postcrisis was
virtually identical (chapters 2,3). We telieve that these data reflect a change in one or
more features upon immortalization, most likely the status of telomerase (Fig. 6.0). A
number of studies in many organisms, including man, indicate that telomerase is
essential for cell viability, presumably because the enzyme maintains chromosome
stability by capping the ends with telomeric DNA (Yu et al., 1990; Wilkie et al., 1990;
Yu & Blackbum, 1991; Morin, 1991; Itzhaki er al., 1992; Barnett et al., 1993; Kramer
& Haber, 1993; Greider, 1994; Hanish er al., 1994; Singer & Gottschling, 1994; Feng
et al., 1995). Therefore, it is possible that in immortal cells all chromosome termini
are capped with telomeric repeats, however short, and are thus protected from
illegitimate recombination, whereas in telomerase negative cells at crisis chromosomes
which have lost most or all telomeric DNA may become recomﬁiﬁogenic.

Of course it is unknown whether all of the short telomeres of immortal cells
are fully functional since dicentrics are still detected in some immortal cell lines and at
low frequency in a wide range of tumours (chapter 2,3; Saltman et af., 1993 Pandita .

et al., 1995; de Lange, 1995). This raises the possibility that stable but short
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telomeres may provide a genetic motor that drives chromosome instability and hence
tumour progression., However, the frequency of dicentric chromosomes does not
always correlate with TRF length indicating that these terminal recombinations are the
result of more than one type of damage or are dependent upon muitiple events
(Saltman et al., 1993). Also, it is unknown for how many cell divisions short possibly
"pseudo-stable” telomeres are maintained in telomerase positive cells. For example,
telomeres of some HPV-16 transformed cells (Klingelhutz et al., 1994) or chromosome
breaks in HeLa or mouse cellsi which are capped with a plasmid containing short
stretches of telomeric DNA, are actually elongated by the addition of telomeric repeats
(Barnett et al., 1993). Since telomerase has been detected in all three cell types
(Morin, 1989; Prowse et al., 1993; Chadeneau er al., 1995b; Prowse & Greider, 1995,
Shay et al., 1995) it is plausible that telomere elongation may result from elomerase
adding more repeats than necessary to counter telomere shortening. Nevertheless,
chromosome ends with very little telomeric DNA may still be sufficiently
recombinogenic, even if for only a limited period, to generate genomic instability
which could, in turn, promote tumour evolution.
6.1.v) Activation of telomerase during cell immortalization.

It has been hypothesized that cell immortalization requires the mutation of a
cellular gene(s) because viral oncogene expression alone does not immortalize human
cells and the frequency of immortalization is similar to the mutation rate (reviewed in -

Shay er al.,, 1991b). As described above, we found that telomerase was detectable
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only after the cells had acquired an unlimited lifespan. Taken together these data
suggest that the enzyme is probably activated by a mutational event. At present we
can only speculate on how a mutation may result in an increase in the level of
telomerase activity in immortal cells (Harley, 1991). One possibility is that a positive
regulator of telomerase expéssion is upregulated in immort;l: cells, although such an
event is difficult to envisage in view of the recessive nature of immortality. More
likely, and consistent with the observation that some factor(s) from senescent cells
limit the lifespan of immortal cells (Lumpkin et al., 1986), a« mutation could instead
inactivate a repressor of telomerase activity or of the synthesis of one or more of the
enzyme's components. Given that in vitro mixing of telomerase positive and negative
extracts gives no indication of a diffusible inhibitor (chapter 2), inhibition of
telomerase in normal cells may be at the transcription/translation level. Whatever the
mechanism, a priori a mutation activating telomerase could occur at any time in the
proliferative history of a cell, and hence at any telomere length. Yet, with one
possible sxception (Klingelhutz et al., 1994) telomerase is activated only at crisis when
telomeres are generally critically short (chapters 2,3; Shay et al., 1993, 1995). Based
on these data it is formally possible that telomerase activation may be dependent upon
short telomeres. For example, the genetic instability generated by short telomeres
could translocate a telomerase gene(s) beside a strong promoter causing upregulation
of the enzyme. Alternatively, since repeated cycles of dicentric formation and

resolution (breakage-fusion-bridge cycle) have been shown to result in gene
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amplification (Smith et al., 1992), it is possible that the short telomeres at crisis may
lead to the amplification of telomerase genes. Both these possibilities predict that the
same region of a specific chromosome will b;:':é.i—i;;c;i;gdine fashion in all cells
immortalized either in vitro or in vivo yielding, for example, immortalization specific
chromosome markers, which have not however been identified. Perhaps more likely
are the following two models. First, activation of telomerase may require prior
mutations or simply multiple mutations, and should therefore occur after many cell
divisions, that is once telomeres have become very short. Second, a mutation(s) which
activates telomerase may indeed occur at any time but because a large proportion of
the cells (75-90%) are discarded with each subculturing, the chance of a telomerase
positive cell being retained is very low. Therefore, at crisis under the selective
pressure of short, perhaps non-functional telomeres, only cells which have recently
acquired telomerase activity (and hence have short telomeres) are expected to be
present and are expanded.

We initially proposed that telomerase activation was necessary for cells to
acquire an unlimited lifespan. In contradiction with this hypothesis, numerous
unrelated immortal human cell lines have recently been described that lack telomerase
activity (Kim ez al., 1994; Murnane et al., 1994; Bryan er af.,1995; Rogan et al., 1995;
Shay et al., 1995) but still maintain very large TRFs. Interestingly, in one such cell

line individual telomeres were found to be highly dynamic, undergoing cycles of

gradual shortening followed by rapid elongation. Based on this pattern of variable
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telomere length it was proposed that in these populations telomere shortening is
countered by the selection of cells in which chromosomes have acquired long tracts of
telomeric repeats (Mumane et al., 1994). These telomerase negative cell lines
probably acquired this type of telomere maintenance through mutations since telomere
elongation is not observed in normal, or for that matter most immortal cells. Although
speculative, it is possible that in telomerase negative cell lines a mutation which
inactivates a telomere binding protein leads to the amplification of telomeric DNA by,
for example, permitting telomeres to recombine inappropriately. In support of this
possibility, an as yet undefined mutation in yeast can lead to telomere maintenance
solely by what appears to be nonreciprocal terminal recombination (Lundblad &
Blackburn, 1993). Altematively, loss of a telomere binding protein may permit
telomeric DNA to form secondary structures during replication such as G-quartets
which could imped DNA polymerase. As proposed to account for the expansion of
small G-rich repeats in such diseases as fragile X syndrome (Fu et al. 1991; reviewed
in Kukl & Caskey, 1993), impeding DNA polymerase may result in multiple
terminations and reinitiations which, when resolved, could lead to large increase in the
length of repetitive (telomeric) DNA. There is however insufficient data to completely
rule out the possibility that telomeres in telomerase negative immortal cells are still
elongated by some form of telomerase. For example, the cells may encode a mutated
form of telomerase that is highly processive but expressed at such tow levels or =

infrequently that telomeric DNA is only rarely elongated (but to a great extent) in
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vivo, but never in the in vitro telomerase assay. Nevertheless, irrespective of how
telomere length is maintained in tl.cse cells, the very fact that a mechanism exists to
counter telomere shortening argues that loss of telomeric DNA, by whatever means,
must be arrested for cells to divide indefinitely, as proposed.

6.1.vi) Telomerase positive somatic cells and cell immonrtalization.

In contrast with earlier predictions (Chapter 2; Harley, 1991), there are in fact
somatic tissues that are telomerase positive. Weak levels of ac**vity have been
detected in leukocytes from adult peripheral and fetal cord blood and bone marrow as
well as in the fetal placenta and adrenal gland, and the liver (Chapter 5; Broccoli et
al., 1995; Hiyama et al., 1995a,b). Since the one common feature shared by these
tissues is that they do or may contain self-renewing (stem) cells, it is possible that
these cells are responsible for the activity detected. However, the level of activity in
partially purified stem cells does not appear sufficient to account for the activity
detected in peripheral blood leukocytes (Hiyama er al., 1995b) and activity does not
appear to fractionate with any particular blood cell type (Broccoli et al., 1995; Hiyama
et al., 1995b). Nevertheless, the activity detected in some somatic tissues may still be
related to stem cells if stem cells give rise to weakly telomerase positive cells.
Perhaps once reagents such as antibodies against the protein components of telomerase
become available this issue can be addressed by assaying for the presence of the
enzyme components in situ, rather than depending on a functional assay. Another

puzzling aspect of telomerase positive tissues is that the level of enzyme activity



appears to be too low to counter telomere shortening given that TRF length clearly
decreases in PBLs with donor age (Hastie et al., 1990; Vaziri et al., 1993) and
possibly even in stem cells (Vaziri er al, 1994) although in the latter case only a slight
difference in TRF length was detected between a single young and old donor. The
significance of telomerase activity in some somatic tissues therefore remains unknown.
If, as predicted, leukocytes are unique among the somatic cells because they
express weak levels of teiomerase, it is reasonable to speculate that full activation of
the enzyme may occur more readily in these cells. Since arrest of telomere shortening
by the activation of telomerase is proposed to be an essential step in the
immortalization process, it stands to reason that lenkocytes should immortalize at a
higher frequency than telomerase negative cells. Circumstantial evidence supports this
possibility. EBYV transformed B lymphocytes are one of the most readily immortalized
type of transformed cell (Middleton er al., 1991). The ease with which these
transformed cells become immortal appears to be cell type specific since human
mammary epithelial and fetal kidney cells transformed with a subgenomic DNA
fragment of EBV immortalize much less frequently, and with a pronounced crisis,
compared to B cells transformed by EBY (Karran et al., 1990). Similarly, human T-
cell leukemic virus type 1 (HTLV-1) transformed T lymphocytes are easily
immortalized and although the virus can infect other cell types, it is apparently
involved only in neoplasia of lymphoid ceils (Miyoshi ez al., 1981; Clapham et al.,

1983). Lastly, leukocytes share some common property related to cell immortalization
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(weak levels of telomerase?) since these cells belong to the same complementation

group of indefinite division (Goletz er al., 1994a).

6.2.1) The role of telomeres and telomerase during the process of cell
immontalization in vivo.

The most important aspect of the work presented in this thesis is the
observation that telomerase is activated during tumourigenesis. Our studies (chapters
4,5) and those that followed (Kim er al., 1994; Nilsson er al., 1994; Broccoli et al.,
1995; Chadeneau et al., 1995a; Hiyama et al., 1995a,b,d; Schwartz et al., 1995) have
consistently found telomerase activity in most tumour cells but generally not in normal
somatic tissues or cultured cells (reviewed in Bacchetti & Counter, 1995). However,
unlike in tissue culture, there is no correlation between TRF length and telomerase
activity in t‘umour cells. Although most tumour are telomerase positive, TRF length
varies between tumours indicating that tumour cells with almost any telomere length
may express the enzyme (reviewed in Bacchetti & Counter, 1995). Indeed, this is the
case in most cancers in which telomere length and the status of telomerase were
determined in the same samples (chapter 5; Nilsson er af., 1994; Broccoli et al., 1995;
Hiyama et al., 1995a,b,d).

At present it is not known why telomerase positive cells in culture have short

telomeres whereas in vivo they have variable telomere lengths. As in culture, cells

transformed in vivo appear to lose telomeric DNA during tumourigenesis. For
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example, in every cancer studied'to date there are tumours with TRFS significantly
shorter than in the control tissues (reviewed in Bacchetti & Counter, 1995), and at
least some metastatic lesions have shorter TRFs than primary tumours implying that
telomeres shorten during the process of clonal expansion (Hiyama er al., 1995d).
Moreover, TRF length decreases with cell division in virre in a variety of cultured
tumour cells (Rogalla et al., 1994; Ohyashiki et al., 1994b} and in spite of its
variability among tumour samples, there is a trend of decreasing TRF length with
increasing disease severity in neuroblastoma (Hiyama et al., 1992), endometria)
adenocarcinoma (Smith & Yeh, 1992), breast cancer (Odagiri et al., 1994) and MDS
(Ohyashiki er al., 1994a). The diffesence in telomere length of telomerase positive
cells transformed in vitro and in vive can also not be explained by a difference in the
mechanism of telomerase activation, since a priori there is no reason to believe that
the enzyme is not activated by a mutational event in vivo, as proposed to be the case
in vitro. Therefore, if both the processes of telomere shortening and telomerase
activation in transformed cells are identical in vitro and in vivo, the expansion of
telomerase positive cells with variable lengths during tumourigenesis may reflect some
aspect of tummour evolution or tumour cell proliferation. For example, cell death
and/or clonal expansion could affect the probability that a tumour cell which acquires
telomerase activity early will be retained. Thus, depending on when telomerase is
activated, malignant telomerase positive cells with different size telomeres could be

expanded. On the other hand, age of onset (and hence the initial telomere length of the



84

transformed cell) or mutation frequency could affect the timing of telomerase
activation and thus the length of telomeres maintained in positi§e cells. However, the
teiomere length detected in telomerase positive tumours may not neccessarily reflect
the length of the initial ielomerase positive cell that was expanded sirce long TRFs
could be generated by telomerase activation when telomeres were short, followed by
telomere elongation, as observed occasionally in transformed cells in culture
(Klingelhutz er al., 1994; Shay et al., 1995). Also, the actual telomerase positive cells
which give rise to the activity detected in a tumour specimen may in fact have short
telomeres which are masked by the long telomeres of either contaminating normal
tissue (Hastie et al., 1990; Adamson er al., 1992; Hiyama et al., 1992, 1995d; Smith &
Yeh, 1992; Kim et al., 1994; Mehle et al., 1994) or other tumour cell with shorter
proliferative histories. Given the number of variables affecting the expansion of a
telomerase positive cell during tumourigenesis, longitudinal studies in which telomere
length and telomerase activity are carefully monitored in vivo will be required to
address this issue.

6.2.1i) Clinical applications.

Aside from contributing to our understanding of the process of cell
immortalization, the possible requirement for telomerase activation during
tumourigenesis suggests that the enzyme may have diagnostic, prognostic and even
therapeutic applications. Diagnostically the strict correlation of enzyme activity in

tumour but not most somatic cells indicates that telomerase is a prevalent tumour
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marker. 'n terms of prognostic value, we have proposed that the selection of a
telomerase positive cell may occﬁr after many cel} doublings and thus a telomerase
negative tumnurr is predicted to be less advanced in malignancy than a telomerase
positive tumour. In support of this possibility, benign (Kim et al., 1994; Chadeneau et
al., 1995a; Hiyama et al., 1995a) or early stage (chapter 5; Hiyama er al., 19955)
tumours from many, but not all cancers are telomerase negative. Moreover, in some
cases the types of benign or early stage tumours which are telomeruse positive show a
tendency to progress to either full malignancy or more advanced stages (chapter 5;
Kim et al., 1994; Schwartz et al., 1995). Based on our tissue culture observations, we
would also predict that a tumour in which telomerase was not activated should reach a
"proliferative crisis" and perish. Thus, the absence of telomerase activity could
potentially forecast tumour remission. Indeed, stage IVs neuroblastoma tumours which
lack telomerase activity regress (Hiyama =r al.,19952). However, as stated above, by
the time most tumours are detected, the malignant cells are already telomerase positive
indicating that assaying for telomerase activity for prognostic purposes may be of
value only in selected types of cancers.

Perhaps most importantly, telomerase may serve as a target for anti-cancer
therapy. Since most tumours express telomerase, loss of enzyme activity in tumour
cells from potentially any type of cancer is predicted to reinitiate telomere shortening,
leading to chromosome instability and cell death. Somatic tissues would be spared

from the lethal effects of telomerase inhibition because, in general, they lack enzyme
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activity. In support of the therapeutic value of inhibiting proper telomerase action, cell
lines with short telomeres which express antisense RNA transcripts of the structural
RNA component of telomerase underwent telomere shortening and entered a "crisis"
(Feng et al., 1995). Although these data clearly demonstrated the requirement of
telomerase activity for the immortal phenotype the experimental system was optimized
to be sensitive to a loss of telomerase activity since the cells analyzed had short
telomeres and stably expressed an antisense RNA. Even using this approach high
enough expression of an antisense RNA could not be achieved to effectively eradicate
the population. Perhaps a better system to experimentally assess the lethality of
disrupting telomerase function, which does not require total inhibition of the enzyme,
would be to overexpress in malignant cells a structural RNA of telomerase containing
mutations in the template region. Using this approach non-telomeric sequences could
be added to telomere termini of telomerase positive tumour cells thereby
compromising telomere function, regardless of telomere lengths within the cell or
population and, at least in theory, in as little as a single ce!l division. In lower
eukaryotes altering telomere sequences in this fashion has been shown to be lethal {Yu
et al., 1990; McEachern & Blackbumn, 1995). However, it will be some time before
this approach could be tested in vivo since at present there are no techniques to
effectively deliver DNA vectors (and hence the mutated RNA) to all tumour cells.
Moreover, a vector would also have to be specifically targeted to tumour cells for

selective treatment since telomerase positive normal tissues would also acquire non-
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telomeric repéats with the same efficiency as tumour cells.

| The most promising approach to alter telomerase fanction in tumour cells is to
inhibit enzyme activity by a chenical agent. Such an agent could be administered
systemically with presumably little effect on most notmal somatic tissues. Telomerase
positive cells, for example those of the germline or blood, would however undergo
telomere shortening and even though their long telomeres should protect chromosome
ends from becoming recombinogenic, there is a possibility that loss of telomeric DNA
may result in senescence of some of the cells. Of greater concern however, is the
possibility that telomerase inhibitors may by insufficient or even incapable of
eradicating certain types of tumours. For example, telomerase positive tumours with
long telomeres would require long periods of exposure in order for telomeres to
become critically short, thus such tumours may reach a size or stage no longer
compatible with life within the period of treatment. More importantly, telomerase
negative tumour cells with long teldmcres or tumour cells which maintain telomere
length in a telomerase-independent manner would be completely resistant to a
telomerase inhibitor. If these cells were present in a telomerase positive tumour they
could act as a reservoir, regenerating a malignant lesion after treatment with an anti-
telomerase agent (reviewed in Bacchetti & Counter, 1995; Harley er al., 1994),
Nevertheless, the presumed specificity of an inhibitor for telomerase positive cells is a

great advantage over current chemotherapeutic agents which target all dividing cells.
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6.3) Future Directions

As discussed above, activation of telomerase may be a required step during
tumourigenesis. I foresee two areas of research which may investigate this possihility
and expand our understanding of the normal role this enzyme plays in vivo.

First, since the murine structura] RNA of telomerase has recently been cloned
(Blasco et al., 1995), it will be only a matter of time before the gene is knocked out in
transgenic mice. Such knockout mouse would therefore lack a functional telomerase
holoenzyme and since mice appear to h..’e long telomeres, loss of telomerase activity
should not disrupt development, at least in the first few generations, unless the €nzyme
is required for more than countering the loss of telomeric DNA. Knockout mice
should therefore prove invaluable in unravelling the process of immortalization in
murine cells and in furthering our understanding of this process in human cells. For
example, if telomerase is required for the immortalization of mammalian cells, cells
from knockout mice which are transformed with vira] oncogenes or which
Spontaneously overcame senescence should have a finite lifespan whereas the
counterparts from normal sibling mice should be immortal. The actual lifespan of
cells from knockout mice should be dependent upon their telomere length prior to
being cultured. On the other hand, if knockout mice cells were immortal in culture
then mice may have alternative mechanisms of maintaining telomeres, a finding which
could have important implications for the use of telomerase inhibitors in the treatment

of human cancers. The measurement of telomere lengths in tissues from the knockout
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mice may also have developmental implications. Since telomeres shorten at a constant
rate, at least in somatic cells in humans (Allsopp et al., 1992; Allsopp & Harley,
1995), the differeace between the telomere length of the parental germline cells and
the tissues of their offsprings could be used to estimate the number of cell divisions
required to generate a tissue. Similarly, by determining which organs fail in the adult
knockout mouse, it may be possible to identify those tissues that may require
telomerase positive cells for their upkeep, and hence which tissues may be most
severely affected by a telomerase inhibitor.

Knockout cells may also provide a wonderful opportunity to manipulate
telomere sequences by introducing into them telomerase RNAs with different template
sequences, Presumably an RNA harbouring a template mutation would be
incorporated into a functional holoenzyme which should then cap each chromosome
with altered telomeric sequences. This approach could prove invaluable as an
experimental system to study the relationship of telomere sequence and function in
mammals.

The second important step in understanding the role of telomerase, both in
normal and malignant cells, will be the cloning of, and generation of antibodies
against the protein subunits of the human enzyme. Such antibodies could be used to
identify telomerase positive cells in the blood or bone marrow (or in any tissue) in
situ, which may further our understanding of the hematopoietic system. Antibodies

could also be employed to address the question of how telomerase is normally
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regulated. For example, it has been postulated that telomeran; fﬁay be activated
through the increase in the expression of a protein subunit that s normaliy repressed,
since the RNA component is expressed in all human cells and only slightly increased
in telomerase positive cells (Feng ez al., 1995; Avilion et al., personal communication).
The latter data would however also be consistent with the holoenzyme being expressed
in all cells, but functionally repressed in normal somatic cells. Western blot analysis
could therefore be used to determine whether all or only some protein subunits of
telomerase are expressed in telomerase negative tissues. Moreover, if all the enzyme
Components are detected in telomerase negative tissues, antibodies could be used to
purify potential protein(s) that bind to and repress telomerase. The pattern of
telomerase activity in the cell cycle could also be addressed, particularly in yeast since
not only have many of the genes that regulate the cell cycle been identified and
disrupted in this organism, but telomerase activity and the cloning of the enzyme's
structural RNA have recently been reported in this eukaryote (Singer & Gottschling,
1994; Cohn & Blackbum, 1995: Lin & Zakian, 1995: McEachern & Blackburn, 1995).
In addition, the relationship between telomere length regulation and telomerase could
also be investigated in yeast since there are a number of mutations that result in an
alteration of telomere length in this organism (fe.Carson & Hartwell, 19835; Lustig &
Petes, 1986; Aparicio et af, 1991; Hardy et al, 1992: Schulz & Zakian, 1994: Suzuki
& Nishizawa, 1994; Liy er al., 1995). Extracts from these mutant strains could be

assayed for telomerase activity in vitro to determine if the defect in telomere length
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regulation is related to telomerase activity. Such an approach has already been
attempted with a strain of yeast which, due to the lack the EST1 gene, undergoes
inappropriate telomere shortening. The results from these experiments

suggest that the EST/ gene product may possibly regulate telomerase function in a
subtle fashion (Cohn & Blackburn, 1995; Lin & Zakian, 1995).

With the cloning of the telomerase protein components of Tetrahymena
(Collins et al., 1995) the enzyme may now be reconstituted from purified or
recombinant proteins in vitro allowing the holoenzyme to be dissected biochemically
and possibly even crystallized. The in vitro reconstitution of the human enzyme will
also aid in the screening of telomerase inhibitors. With the current interest in this
field from a broad spectrum of laboratories it is inevitable that telomerase will soon be
cloned in its entirety from many different organisms, opening up a new chapter in the

study of telomerase and its role in cellular immortality.
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