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Lifespan checkpoints are viewed here as intrinsic mechanisms which desensitise cells to external
growth signals as a programmed response to proliferative age, as distinct from externally-triggered
differentiation. This review focuses on the role of tumour suppressor gene products as essential me-
diators of cell cycle arrest at lifespan checkpoints, concentrating in particular on p53. Although
drawing inevitably on fibroblast senescence and telomere erosion paradigms, other lifespan clocks
and signal pathways are discussed. Particular emphasis is placed on cell-type diversity in the
nature, number and timing of lifespan checkpoints and its importance for tumour biology. Breast
and thyroid cancer are used to illustrate the concept that the ‘“choice” of checkpoint(s) in a given
normal cell may have a determining influence on the mutational spectrum and clinical behaviour of
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INTRODUCTION
IT 1s now a widely accepted principle that, with the excep-
tion of germ cells and primitive embryonic lineages, normal
mammalian cell populations are capable of only a finite
number of doublings. However, the exact way in which this
limitation of proliferative lifespan is achieved varies widely
in different situations.

The simplest scenario concerns the so-called “‘conditional
renewal” populations [1] typified by the human fibroblast.
In the adult, the balance of inhibitory and stimulatory
extrinsic controls (e.g. growth factors, cytokines and extra-
cellular matrix ligands) acting on these cells is such that
their proliferation rate is normally extremely low, but can be
dramatically increased given the appropriate stimuli. If such
stimulation is continued, then after a given number of cell
divisions (which varies widely with cell typce), the prolifera-
tive response becomes progressively downregulated due to
the operation of cell-intrinsic inhibitory controls. In the clas-
sic fibroblast model, this desensitisation occurs after a life-
span with a mean of many tens of population doublings
(PD) and a wide spread [2], and results in the state of pro-
liferative quiescence described variously as ““senescence™ or
“mortality stage M1” [3, 4]. As discussed elsewhere in this
Special Issue, it is now widely believed that the underlying
biological clock which signals this checkpoint is linked to
the progressive erosion of chromosome telomeres with each
successive round of replication in normal telomerase-nega-
tive cells [5, 6].

In other, less well-characterised conditional-renewal cell
populations, normal proliferation terminates much earlier
and more synchronously. Human thyroid epithelial cells, for
example, which in other ways resemble fibroblasts in their
response to extrinsic growth stimulation, are capable of only
a handful of PD before entering a state of normally irrevers-
ible quiescence [7]. The kinetics and morphological features
associated with this lifespan checkpoint suggest that it is dis-
tinct from conventional “senescence’” and may even be
mediated by a different “clock’ (see below). Indeed, an
alternative view of populations such as thyroid epithelium is
that they are effectively transit populations, derived from
stem-type precursors, which in the adult have reached a
stage of reversible arrest a few PD short of final terminal
differentiation.

The relationship between terminal differentiation and
proliferative ageing is particularly relevant to “renewing”
(stem cell) populations (1, 8], in which the nature of life-
span checkpoints is much less clear. Here there are two
issues: (i) are stem cells really immortal? and (ii) is growth
arrest in the differentiating compartment (terminal differen-
tiation) mediated by a fundamentally different mechanism
from cellular senescence?

Although stem cells may appear to have infinite prolifera-
tive capacity, the situation is of course not comparable with
that of the fibroblast model, since it is only one daughter
cell from each mitosis which retains this ability, and the
number of stem cells does not normally increase. Only if
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forced to undergo true exponential expansion would stem
cells be expected to display a senescence-type lifespan limi-
tation (in vitro behaviour suggests this is the case, at least
for some). The behaviour of these populations may perhaps
best be thought of as an asymmetric apportionment of life-
span to the daughter cells, one ageing little if at all, the
other being committed to early growth arrest. Whether the
underlying mechanism reflects differential retention of telo-
merase activity [9, 10] or asymmetric segregation of DNA
strands [11] remains to be elucidated.

Classically, growth arrest in terminally differentiating
daughter cells takes place in a structured micro-environment
(typified by intestinal crypts) and can be adequately
explained as the response of the daughter cell to external
cues, having been presensitised by asymmetric division of
the stem cell. This, together with other phenotypic and kin-
etic differences, suggests that growth arrest associated with
terminal differentiation in renewing tissues is mechanistically
distinct from senescence and may not require any cell-
intrinsic “‘timer”’,

We will leave aside the issue of terminal differentiation
here and concentrate on those lifespan checkpoints where it
is likely that growth arrest is triggered by an underlying
intrinsic “clock”. We will also not consider the final barrier
to immortalisation in most cells — crisis or mortality stage
2 [3, 4] — since although almost certainly determined by a
“clock” (telomere erosion), this is essentially a breakdown
of normal structure and function rather than a regulated
control mechanism.

TUMOUR SUPPRESSOR GENE PRODUCTS AS
MEDIATORS OF LIFESPAN CHECKPOINT
CONTROL: THE FIBROBLAST MODEL

P53 as a “guardian of cellular senescence”

The classic state of “‘senescence” or ‘“‘mortality stage 1
(M1)” in normal fibroblasts represents a phenotype in
which, although proliferatively arrested, cells remain bio-
chemically active and viable for long periods [12]. This is
programmed ageing par excellence, its active regulatory
nature being evidenced, for example, by the induction of
specific genes known to inhibit cell proliferation, notably
p21¥AFL [13] and p16™¥* [14], and its abrogation by
many DNA tumour virus gene products which target
specific cellular regulatory proteins, in particular the tumour
suppressor gene products p53 and pRb [15].

Initial gene transfer experiments, using DNA tumour viral
oncogenes (HPV E6 and E7) to target p53 and pRb separ-
ately, indicated that escape from normal M1 required that
the function of both proteins be abrogated [16]. However,
this work was based on the transfection of young fibroblasts,
which exhibit a wide range of variability in remaining life-
span, potentially sufficient to blur the effect of any genetic
manipulation.

We reanalysed this question [17] exploiting the ability of
amphotropic retroviral vectors to target a near-senescent cell
population, in which most of this lifespan variability had
been removed by the synchronising effect of growth to
within a few PD of M1. In this way, it could be shown con-
clusively that expression of a dominant-negative TP53
mutant was able to extend the normal lifespan of human
diploid fibroblasts (HDF) by an average of 17, and in some
cases over 25 PD [17]. The conclusion that wild-type p53
function is essential for normal entry into M1 senescence is
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now also supported by complementary findings in fibro-
blasts from Li-Fraumeni syndrome (LFS) patients, which
again indicate that loss of wild-type p53 delays entry into
senescence by at least 20-30 PD [18]. An extension of this
sort of magnitude may not seem great in comparison with
normal fibroblast lifespan, and indeed further escape to gen-
erate an immortal line is exceedingly rare in LFS (and was
never observed in our experiments). Nevertheless, 20-30
PD is more than sufficient to represent a strong selective
pressure for loss of p53 in a tumour clone which is reaching
senescence, and is of course enough to allow a high prob-
ability of additional mutation leading to vet further exten-
sion of the proliferative lifespan.

Mechanism of action of p53 tn senescence

Given that the presence of functional wild-type p53 is
necessary (if not sufficient) for the normal operation of the
M1 lifespan checkpoint, it is important to determine
whether it is acting as a direct “‘switch” or whether it is
simply needed at a constant level as a “‘permissive” factor
to enable some other inducer to operate. To support the
former role, it is necessary to show that an alteration in one
of the biochemical functions of p53 normally occurs at M1.

At least three such functions are potentially relevant: the
ability of p53 to act as a transcription factor [19, 20]; its
ability to inhibit transcription from some promoters [21,
22); and finally, a direct inhibitory effect on DNA replica-
tion [23]. We have addressed the first of these, which is by
far the most well-characterised.

The transactivation activity of p53 was assessed in a sub-
clone of normal human diploid fibroblasts stably expressing
a P-galactosidase (f-gal) reporter construct (RGCAfosLacZ)
[24]. As cells approached senescence, we observed a dra-
matic increase in p53-driven P-gal expression, which showed
an almost perfect inverse correlation to the rate of prolifer-
ation as assessed by bromodeoxyuridine incorporation. The
level of fB-gal induction was comparable to the maximum
achievable by the well-established p53 activator, UV radi-
ation [25]. These data provide strong, albeit correlative, evi-
dence that activation of this function of p53 is an essential
step for normal entry into senescence (although of course
not formally excluding a requirement for one of its ad-
ditional functions).

Interestingly, transcriptional activation by p53 in senescent
fibroblasts does not seem to be accompanied by the marked
stabilisation of the protein which follows exposure to some
activating stimuli, notably UV-induced DNA damage.
Although one group [26] reported a modest elevation (2-3-
fold when normalised to protein content) most [27, 28]
have failed to demonstrate a reproducible increase in p53
protein content in senescent fibroblasts. This is perhaps not
unexpected, since it is now becoming clear that stabilisation
1s not a prerequisite for activation of p53 [25].

Downstream targets

The above result further increases the likelihood that the
p53 growth arrest signal will be mediated via a p53-induci-
ble gene with growth inhibitory properties for which the
cyclin kinase inhibitor p21%¥AF! is a major candidate. Smith
and colleagues [13] first showed that p2l was strongly
induced in senescent cells (indeed it was on this basis that it
was first cloned). We therefore examined the expression of
p21 in fibroblasts rescued from senescence by our mutant
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p53 retrovirus vector [29]. Surprisingly, we could detect no
apparent reduction in p21 protein expression (as assessed
by immunocytochemistry) in even the earliest clones exam-
ined, which were proliferating at a rate comparable with
young fibroblasts in which p21 is virtually absent.

The first conclusion that follows from this result is that
p21 expression in senescent cells is not dependent on wild-
type p53. This is now not without precedent since many
examples of p53-independent WAF1 expression have been
observed, mainly in relation to terminal differentiation [30],
and in fibroblasts Tahara and associates [31] showed that
much of the elevation of p21 in senescence is not abrogated
by the expression of SV40T.

The second implication, which in many ways is more sur-
prising, is that p21 overexpression is not sufficient to induce
senescence, a second (unknown) signal (“X”’ in Figure 1a,b)
being also required, which s strictly dependent on p53. On
the basis of the evidence presented so far, this could most
simply be another cyclin kinase inhibitor acting ultimately
through pRb. However, as described below, p53 is able to
bring about growth arrest in cells in which the pRb pathway
has been inactivated (e.g. by HPV E7), indicating therefore
the existence of a truly RB-independent pathway (Z in
Figure 1).

Probably the most likely possibility is that X is indeed a
CDKN, but one with an action on CDK(s) which targets a
pRb-independent regulator of G1-S transition. The exist-
ence of such targets is clearly indicated by the retention of
G1/S arrest in RB-deficient cells in response to several
(although not all) situations, ¢.g. mitogen deprivation [32].
CDK2 is the obvious candidate for Z in this pathway, either
in complex with cyclin E, and/or perhaps cyclin A. For
example, growth arrest in anchorage-deprived cells corre-
lates with loss of E/CDK2 activity without any change in
RB-kinase activity [33]. Furthermore, G1-S transition in
RB-minus cells shows an absolute requirement for E/CDK2
[34]. CDK2/cyclin A is also a potential target since its phos-
phorylation of E2F/DP1 is required to permit progression
through the S phase [35].

Alternatively, the RB-independent signal pathway may
by-pass the CDK system altogether. At least one p53-indu-
cible gene product—GADD45—is potentially capable of
such an action [36].

The contribution of p53-mediated apoprosis (as opposed
to growth arrest) also needs to be clarified in this context.
While this has been observed in some situations where RB
function is selectively eliminated [37, 38], in our hands, E7-
expressing fibroblasts in late M1 appear to show growth
arrest rather than cell death (J.A. Bond, University of Wales
College of Medicine, U.K.).

“Back-up’ pathways: p105 Rb

Just as selective knock-out of TP53 function leads to
extension of lifespan and temporary escape from Ml in
HDF, so too does selective abrogation of the pRb pathway,
for example, by HPV E7. The RB pathway therefore rep-
resents a second pathway required for normal functioning of
the M1 checkpoint in these cells. This is not unexpected
given that the pRb protein stands at a key “‘gateway” in cell
cycle progression. Normal G1-S phase cell-cycle transition
is dependent on inactivation of its growth-repressor activity
through phosphorylation [39], and a well-established bio-
chemical feature of senescent fibroblasts is their failure to
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Figure 1. Potential signal pathways mediating G1/S arrest in
senescing human fibroblasts. In all models, growth arrest is
normally achieved by a cooperative interaction between TP53
and RB-dependent signals. In the ‘““parallel’”” model (a) these
are assumed to be quite separate pathways acting on distinct
cell-cycle regulators (Z and pRb, respectively). In the ‘““cross-
over’® model (b), there are common elements, of which cur-
rently the most convincing is the cyclin-kinase inhibitor
p21WAFL (¢)—(e) illustrate, using a simplified form of model
(b), the way in which such a network can maintain finite pro-
liferative lifespan despite loss of individual components: (c)
normal M1 arrest achieved by additive effect of both path-
ways; (d) compensation for loss of TP53 by increased activity
of the p53-independent pathwa driven by Y; (e) compen-
sation for loss of RB (or p16 42) by increased activity of
pathway Z. The model makes the interesting prediction (f),
consistent with experimental evidence, that compensation via
p21WAF! should still be possible even in cells which have lost

both functional RB and 7P53.
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phosphorylate pRb, despite the presence of adequate extra-
cellular growth signals [40]. The most likely explanation for
this is the overactivity in senescent cells of inhibitors of RB
kinases, an obvious candidate being p21¥AF! which we
have already seen is elevated in senescence by largely p53-
independent mechanisms. Another major candidate is the
cyclin kinase inhibitor p16™"** [41], which is also markedly
induced in senescence [14] and is now known to be a fre-
quent target for mutational loss in tumours and immortal
cell lines [42].

What is currently not so clear i1s the nature of the detector
(Y in Figure 1) which could link the telomere clock to ex-
pression of such genes, independently of p53. Perhaps this
pathway is activated, not by a “DNA damage” related
mechanism as postulated for p53 [17, 43, 44], but by the
alternative telomere-silencing related signal based on altered
expression of subtelomeric genes [3], although direct sup-
port for this in human cells has so far been lacking [45].
More provocatively, of course, a non-telomere-dependent
clock for this pathway can still not be formally excluded!
Indeed, this would explain the worrying anomaly that fibro-
blasts from the laboratory mouse (Mus musculus) senesce
more rapidly than human cells, despite having enormously
long telomeres [46, 47]. Clearly, further analysis of the tran-
scriptional and post-transcriptional control of p21 and plé
expression in senescence will be of major importance in this
area.

Interaction between pathways: “dual-circuit braking™

Although abrogation of p53 function clearly leads to a
failure to enter M1 after the normal number of divisions,
the extension of lifespan is finite and indeed is significantly
less than that produced by a dual knockout of both RB and
TPS53 ([16]; and J.A. Bond, University of Wales College of
Medicine, Cardiff, U.K.). Similarly, abrogation of pRb by
viral oncoproteins which leave p53 function intact does not
supplant the need to also abrogate p53. HPV E7, for
example, fails to mimic the full effect of E6 plus E7 (or
SV40T), as evidenced by the timing of growth arrest and
the subsequent immortalisation competence.

This indicates that the two pathways, one dependent on
TPS3, the other on RB, normally cooperate to bring about
normal M1, but that if one is eliminated, hyperinduction of
the remaining pathway as cells continue to proliferate past
the normal M1 limit, can eventually lead to compensation
and effective, if delayed, growth arrest.

A “‘parallel” pathway model (Figure 1la) is conceptually
the simplest explanation for this behaviour, with two quite
separate signals, converging only through the additive inter-
action between their respective targets in the cell cycle ma-
chinery (Z and pRb in Figure la). From the arguments
presented above, however, a more complex model
(Figure 1b) must be considered, in which there is a ‘““‘cross-
over” of pathways at the level of cyclin/CDKs. Although
both primary signals (Y and p53) can affect both ultimate
targets (pRb and Z) in this model, as illustrated in
Figure lc—e, it does nevertheless adequately accommodate
the features of additivity and compensatability. For
example, if p53 function alone is lost, there is initial escape
from M1 due to loss of the p53-dependent component of
the senescence signal. With further proliferation, however,
increasing activity of the p53-independent pathway
(mediated by p21 and/or p16) eventually compensates, act-
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ing thereby as a “‘second line of defence” against escape
from senescence. Although our findings [29] suggest that
P21 elevation at the normal point of entry into M1 is insuffi-
cient alone to produce growth arrest, this does not exclude
the possibility that its level may increase further in postse-
nescent cells, to the point where it could eventually mediate
such a compensatory inhibition. Indeed, this is consistent
with serial observations in postsenescent, precrisis fibro-
blasts expressing wild-type [48] or temperature-sensitive
[31] SV40 T. pl6 may also behave similarly [14].

Other pathways

Although reviewed extensively elsewhere in this Special
Issue, for completeness it must be pointed out here that
somatic cell hybridisation experiments indicate the existence
of at least one more independent pathway capable of indu-
cing senescence in fibroblasts. Immortal lines which have
lost both TP53 and RB function (e.g. through SV40 T ex-
pression) generate limited-lifespan hybrids following fusion
with normal fibroblasts [49] and with functionally RB/TP53
defective lines from other complementation groups [50].
Furthermore, such hybrids can still be telomerase-positive
[51], excluding telomerase repression as a mechanism.
Although there is not a simple relationship between the
immortalisation complementation groups defined by cell
fusion data and the cell lineage of the lines, it nevertheless
appears that most fibroblast lines fall into one group (Group
A) [49, 52] and may therefore need to abrogate the same
additional lifespan checkpoint pathway. Chromosome trans-
fer experiments suggest that a key component of this path-
way may be encoded by a gene, termed SEN-6, localised to
the long arm of chromosome 6 [53].

An interesting prediction regarding this “third line of
defence” against immortalisation can be made from the
model presented in Figure 1. This signal diagram highlights
the key nodal position occupied by p21¥4F1 and its non-
RB-dependent targets. As illustrated in Figure 1f, even in
TP53 and RB-deficient cells, growth arrest should still be
possible if the induction of p21 by Y (SEN-6?) can even-
tually reach a threshold sufficient to block cell cycle pro-
gression through a pRb-independent target. This may again
operate via inhibition of CDK2-cyclin complexes, or
alternative p21 targets may be involved, such as direct inhi-
bition of DNA synthesis by binding to PCNA [54]
(although this is still controversial {55, 56]), or direct inhi-
bition of E2F transcriptional activity [57]. The progressive
elevation of p21 expression up to crisis in cells expressing
SV40, its fall in postcrisis derivatives [48], and the intoler-
ance of a wide variety of immortal lines to p21 expression
[58], are all consistent with such a “last-ditch” role for p21
in maintaining cellular mortality.

One point which is often overlooked in cell fusion work is
the need to distinguish limited lifespan in hybrids due to cri-
sis from that due to true restoration of senescence. If telo-
merase is suppressed in the hybrid, as recently
demonstrated, for example, in fusions of normal with SV40-
transformed fibroblasts [59], then lifespan would be
expected to be limited eventually by the onset of crisis (after
a number of PD, depending on the prevailing telomere
length in the immortal parent), irrespective of any other
senescence pathway. Evidence for the restoration of a true
senescence pathway depends on showing growth arrest in
an M1-like state ahead of the onset of crisis, such as pre-
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sumably occurs in those hybrids between different immortal
lines which remain telomerase-positive [51].

One final puzzle is why there should be such a long delay
(sometimes amounting to many tens of PD [49]) before the
onset of senescence is observed in limited-lifespan hybrids
formed between immortal RB- and TP53-deficient fibro-
blasts and other RB-/TP53- lines from a different comple-
mentation group. Given that both parent cells have
proliferated beyond M1 and M2, it might be expected that
restoration of an M1 lifespan checkpoint would result in
rapid growth arrest, as indeed is the case for restoration of
p53 and pRb function, as seen following switch-off of SV40
T expression in immortalised human fibroblasts [60]. A
general explanation is reactivation of a senescence clock
which had not only been stopped but also “wound back” in
the immortal parents (akin to telomere elongation in
immortal telomerase-positive cells), the delay representing
the number of PD required to return to the critical check-
point. However, the difference in kinetics of arrest in these
hybrid experiments from that seen following restoration of
pRb/p53 function, together with the evidence that this holds
true even in hybrids which retain telomerase activity [51],
points to the existence of a second clock, distinct from telo-
mere erosion.

BEYOND THE FIBROBLAST PARADIGM: CELL-
SPECIFIC DIVERSITY IN LIFESPAN
CHECKPOINTS AND THEIR SIGNAL PATHWAYS

While control by multiple pathways may also be the rule
in many epithelial cell types, e.g. keratinocytes [61-63] (see
below), in some the picture appears to be surprisingly sim-
pler, with only one major pathway apparently playing a role.
Although, unfortunately, only a few cell types have been
analysed in sufficient detail, examples of each of these
“extreme’’ cases can now be cited.

Control by a p53-dependent pathway only

Band and associates [64] first made the observation that
primary cultures derived from normal (mammoplasty)
breast tissue contained an epithelial population which could
surprisingly be immortalised efficiently by the introduction
of just a single DNA tumour virus oncogene (HPV E6)
which was known to target 7753 without affecting the func-
tion of RB. Subsequently, Shay and colleagues extended
this result by showing [16] that in sharp contrast to fibro-
blasts, in these breast epithelial cells, expression of E6 not
only extends lifespan but also confers immortalisation com-
petence (and with a surprisingly high frequency). This result
has now also been reproduced with vectors expressing
mutant TP53 (as opposed to viral genes), albeit with only
one of a series of mutants [65]. Additional expression of
HPV E7 (thereby abrogating RB) in breast cells expressing
E6 conferred no extra proliferative capacity at any stage,
and when expressed alone E7 has no effect on their lifespan,
both results again contrasting with fibroblast observations.

Taken together these data strongly suggest that in this
population of breast cells, loss of 7P53 function is sufficient
for cells to escape M1 fully and argues that the putative
RB-dependent pathway (Y in Figure 1) is either absent or
incapable of generating a significant inhibitory signal even in
post-M1 cultures; this is consistent with the phosphorylation
state of pRb in E6-expressing cells [66]. It also emphasises
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the importance of the RB-independent signal pathway (Z)
in mediating the action of p53.

It can readily be imagined that the apparent dependence
of these cells on just a single control mechanism should
make them more vulnerable than fibroblasts to spontaneous
escape from senescence [67]. This, together with their
apparently higher intrinsic ability to escape M2 [68], may
well contribute to their greater tumorigenic potential
vivo. At the very least, it would predict a major selective ad-
vantage for loss of TP53 function in an emerging tumour
clone.

Control by a p53-independent pathway only

It is now becoming clear that the cells analysed in the
above studies are not representative of the major component
of breast epithelium in vivo, but represent instead a small
subpopulation which has been highly selected for by the in
vitro conditions used. These cells show features intermediate
between that of myo-epithelial and luminal cells [69],
characterised by expression of “basal” markers vimentin
and cytokeratin 14, together with luminal markers 8 and 18,
and lack expression of oestrogen receptor (ER). They are
likely to correspond to the “‘basal” phenotype postulated by
Taylor-Papadimitriou and colleagues [70] to represent a
stem cell population, which importantly appears to give rise
to a more aggressive subset of breast cancers (see below).

The major in vive populations, including the classic lumi-
nal phenotype (positive for cytokeratin 8, 18 and 19 and
ER; negative for vimentin) have been less adequately inves-
tigated, due to greater technical difficulties in cell culture.
Recent studies [66, 71] are now pointing to a remarkable
difference in the control of senescence between these and
the “‘stem cell” population.

Epithelial cells isolated from early passage mammoplasty
samples undergo growth arrest which resembles M1 senes-
cence in morphology but occurs after a much smaller num-
ber (10-15) of PDs than in fibroblasts or ‘‘stem-type”
breast cells, and without elevation of p21¥AF!) leading
some workers to distinguish it as an M, state [71].
Abrogation of TP53 function, e.g. by expression of HPVES®,
is strikingly without effect on the timing of this arrest in
these cells. In contrast, abrogation of pRb is apparently suf-
ficient alone to allow cells to escape fully from M,. Escape
from senescence by loss of RB function clearly occurs
despite the presence of wild-type p53, and indeed levels of
the protein are increased in such cells [71] suggesting that
the p53 pathway is being partially activated, but is in some
way prevented from achieving growth arrest. Control of
senescence in these cells therefore appears to be the inverse
of that in “‘stem” cells i.e. p53-independent but pRb-depen-
dent.

A somewhat similar situation has been observed by our
laboratory in thyroid follicular epithelial cells [72]. These
also show a limited proliferative potential in culture entering
a state of viable quiescence from which they can be rescued
by expression of HPVE7 alone, but not by HPVE6 or
mutant p53 [73], to which they are totally indifferent. Also
in striking similarity to breast cells, thyroid epithelial cells
growing in response to HPVE7 express high levels of wild-
type p53, to which they apparently fail to respond. Since, in
these primary culture experiments, there is insufficient
“opportunity” for additional spontaneous genetic events to
have occurred, it must be concluded that wild-type p53,
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although clearly modified sufficiently to be stabilised, is
either not fully activated or else its activity is blocked by an
endogenous inhibitor such as mdm2 [74].

In contrast to breast, however, the initial growth arrest in
thyrocytes occurs even earlier—after just 2-3 PD of prolifer-
ation—following stimulation by either its physiological mito-
gen, TSH (thyroid stimulating hormone), or serum growth
factors [7]. The rapidity and synchrony of this arrest,
together with the lack of any morphological features of
senescence, suggest that it represents a downregulation of
responsiveness triggered by mitogen stimulation, i.e. a
differentiation switch rather than a “timed” senescence
mechanism. Although the desensitisation to extracellular
mitogens is irreversible, activation of intracellular signalling
pathways by murant RAS or RET oncogenes [75] leads to a
much longer period of proliferation (up to 25 PD) which
ends in a phenotype apparently closely similar to the M,
state described in early passage breast cells.

Both this delayed “M,”’ and the “normal” checkpoint are
regulated by an RB-dependent, TP53-independent pathway.
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Thyroid cells which have escaped this block by expression
of E7 (or E7/E6) subsequently enter a further state of viable
arrest, perhaps equivalent to M1 in fibroblasts (Figure 2).
Interestingly, though, escape from this checkpoint in thyroid
cells is extremely rare [72] and is not influenced by simul-
taneous abrogation of 7P53 by E6 or SV40 T (unless a
switch in differentiation supervenes—see below). This there-
fore represents an RB- and TP53-independent lifespan
checkpoint, the “tightness” of which suggests that multiple
events are required to overcome it and may partly explain
the surprisingly limited proliferative capacity of many thyr-
oid tumours. Analysis of cyclin/CDK expression and ac-
tivity is currently underway to attempt to elucidate its
mechanism. pRb-dependent breast cells may escape this
fate either because they do not exhibit this checkpoint, or
because the relatively high probability of spontaneous telo-
merase activation already noted in the breast {67, 68] may
allow most post-M, cells to stop the lifespan clock before
reaching it.
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escape will occur (thickest = least likely). Note that there is strong evidence from cell fusion data for a third M1 checkpoint in
many cell types (not shown).
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Control by both p53- and pRb-dependent pathways

We have described [76] a second, minor subpopulation of
normal thyroid epithelial cells which lack thyroid-specific
morphology and most differentiated characteristics, but
retain expression of cytokeratin 18 and the thyroid-associ-
ated transcription factor PAX-8, supporting their relation-
ship to classical thyrocytes, either as a less-differentiated
precursor or as a metaplastic derivative. Although a tiny
minority in vivo, in cell culture they rapidly assume greater
proportions due to their much greater proliferative rate and
lifespan [76]. Clearly this is highly reminiscent of the con-
trast between “‘stem-type’’ and early passage epithelial cells
in the breast described above.

These “variant” poorly-differentiated epithelial cells exhi-
bit a proliferative lifespan of at least 20 PD in culture (in
contrast to < 3 PD in their well-differentiated counterparts),
after which they enter a viable state of growth arrest ac-
companied by morphological changes closely resembling
MI senescence in human fibroblasts. Unlike the irreversible
M1 arrest described above in well-differentiated thyrocytes,
this is readily overcome by expression of SV40 T [72],
which permits further proliferation until, after a further 30—
50 PD, a classical crisis supervenes. Variant cells therefore
appear to follow a conventional M1, M2 model of prolifera-
tive ageing. Recent gene transfer experiments (J.A. Bond,
University of Wales College of Medicine, Cardiff, U.K.)
reveal a very similar “dual control” to that of human fibro-
blasts, with abrogation of both RB and TP53 being needed
to escape M1.

In some epithelia, such as keratinocytes, the picture is
more confused. RB is clearly a key player, since immortali-
sation can be achieved with E7 alone [63] but not with E6.
However, the overall yield is increased by abrogation of
TP53 function [77]. This indicates a dual control in some
cells; it is also possible that there is heterogeneity in the tar-
get cell population (K. Parkinson, Beatson Institute for
Cancer Research, Glasgow, U.K.) and that some cells are
solely regulated by RB.

Querview of lifespan checkpoints

The diversity in number, timing and control of lifespan
checkpoints is illustrated in Figure 2, which is a compen-
dium of the small number of cell types for which such data
are available. Some trends can be tentatively suggested.

First, there appear to be two groups with respect to the
injtial rate limiting step. In well-differentiated epithelia, this
occurs relatively early (Mg-type) and is solely RB-depen-
dent; in poorly-differentiated epithelia (whether de-differen-
tated derivatives or stem-type precursors), as in
mesenchymal cells, there is a later M1-type arrest which is
at least partly dependent on TP53.

Second, although all may share a single ultimate crisis
(M2), there are differences in the number of checkpoints
prior to M2. As might be predicted, most have at least one
back-up to the initial checkpoint, although breast (both
well- and poorly-differentiated subtypes) appears to have
only one. Such differences may be more apparent than real
since one feature not evident from Figure 2 is the prob-
ability that a nascent tumour clone will effectively stop its
checkpoint timer e.g. by re-activation of telomerase. Indeed,
it has already been noted that this event may be unusually
frequent in breast epithelium; it is conceivable therefore that
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such cells may fail to exhibit later checkpoints because they
have already stopped the clock before reaching them!

Finally, there is the question of the identity of the under-
lying “clock’. The M1 arrests all appear to share common
features of classic senescence with respect to phenotype and
timing and in these there is every reason to expect a telo-
mere-based mechanism. The earlier M, arrests are more
disparate. Although there is a common dependence on the
RB pathway and indifference to TP53, they differ in pheno-
type and timing, and, as noted above, the behaviour of thyr-
oid epithelium in particular is suggestive of a different
mechanism.

CLINICAL SIGNIFICANCE OF CELL-SPECIFIC
LIFESPAN CHECKPOINTS
Tumour aggressiveness and selection for loss of tumour suppressor
genes

If lifespan checkpoints are a significant hurdle to tumour
development, it should follow that the diversity of the nor-
mal control pathways maintaining senescence in different
cell types should have a profound influence on the sub-
sequent behaviour of the corresponding tumours.

In the case of fibroblasts, for example, escape from Ml
should require loss of function of both the 7P53 and RB
pathways, either directly, or indirectly (through expression
of inhibitors such as mdm2 [74] or loss of mediators such
as pl6 [14]), and this accords broadly with molecular analy-
sis of human sarcomas [78, 79]. The same dual-knockout
applies to epithelial populations in which both pathways are
involved, a good example being carcinomas of the head and
neck derived from squamous epithelium in which again
TP53 mutation often coincides with loss of p16 [61].

On the above reasoning, it would be predicted that the
minority of human cancer types which do not show high fre-
quencies of TP53 mutation might be those derived from
cells which do not have a TP53-dependent M1 lifespan
checkpoint. The limited studies of this point to date are
indeed tantalisingly suggestive of this, as seen in the analysis
of breast and thyroid cells [64-66, 69, 71-73, 76] discussed
at length above, and especially for the breast are perhaps of
even greater significance than has been appreciated.

It is widely accepted that a minority (around one-third) of
invasive ductal breast cancers fall into a more aggressive
subgroup which can be defined on the basis of a range of
clinico-pathological parameters including poor differen-
tiation (high grade), high proliferative rate, ER-negativity
(with hormone-independence), and high expression of
EGF-R (epidermal growth factor-receptor) [80]. These fea-
tures, together with their intermediate filament profile
(expression of basal markers CK14 and vimentin), has led
to the suggestion [70] that this subgroup in contrast to the
majority, arises not from the luminal cell but from a less-dif-
ferentiated breast epithelial cell with features intermediate
between classical luminal and basal (myo-epithelial), per-
haps representing a stem cell.

Clearly, this distinction i vive could correspond to the
different populations of normal breast epithelium identified
in wvirro in mammoplasty cultures by Band and associates
[66] and Galloway and Foster [71], the highly proliferative
“stem” type regulated by a p33-dependent lifespan check-
point only, contrasting with the more restricted proliferative
capacity of the differentiated (early passage) cell, regulated
by a p53-independent pathway.
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Analysis of p533 status of breast cancers has consistently
indicated a very strong correlation between the occurrence
of TP53 mutation and the ER-negative, EGFR-positive,
poorly differentiated phenotype [81, 82], although of course
such correlations can never be expected to be absolute,
since, for example, p53 function may be lost in indirect
ways, and some ER-negative tumours may be derived from
luminal cells which have lost ER expression (p53 status has
not, as far as we are aware, been directly correlated with
cytokeratin profile). If these clinical data are put together
with the data from cell biology, then an obvious explanation
emerges for the two different phenotypes, namely that the
predominant well-differentiated ‘“‘luminal’’ tumour type
retains wt p53 because it arises from a cell which uses only
a p533-independent lifespan control in which there is there-
fore no selection for 7P53 mutation, whereas the converse
accounts for the need for TP53 mutation in the “stem type”
tumours.

Viewed in this way the significance of the association of
TP53 mutation with the more aggressive phenotype is quite
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different from the conventional view, i.e. it is not that the
tumour is aggressive and less differentiated because it has
TP53 mutation, but that the TP53 mutation is merely an
inevitable reflection of the controls operating in the cell of
origin. In other words, the differences in tumour phenotype
may be determined more by the respective properties of
their cell of origin than by the nature of the mutational
events which supervene.

Tumour progression

The above argument is particularly important for studies
attempting to define the molecular basis of progression to
hormone insensitivity in breast cancer. The assumption in
such work is nearly always that tumours become unrespon-
sive through some further mutational event. However, the
line of reasoning above suggests that this may not be
entirely appropriate, in that the switch in behaviour may
instead be a reflection of a partial or complete trans-differ-
entiation of the tumour cell from luminal to stem type,
selected for by therapy-induced hormone deprivation. It will

De-differentiation

Variant thyroid
epithelial cell
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Figure 3. Trans-differentiation and lifespan checkpoint switching: a novel mechanism of tumour progression. The predomi-
nant, well-differentiated, thyroid epithelial cells (a) undergo early growth arrest (M) which can be overcome by abrogation of
pPRb to confer 5-15 extra PD. After this, however, a second irreversible growth arrest supervenes (M1) which cannot be over-
come even by combined loss of p53 and pRb function. (b) In contrast, the poorly-differentiated ‘‘variant” thyroid epithelial
cell has a much longer normal proliferative lifespan ending in a typical M1 senescent state which can be overcome by loss of
RB and TP53, leading to a further 30-40 PPD of lifespan, after which the cells enter a conventional M2 crisis. QOur data show
that well-differentiated cells in which 7P53 and RB have been abrogated can escape irreversible M1 arrest by undergoing a
spontaneous de-differentiation event, which effectively switches their ageing programme to that of the variant cell. We specu-
late that a comparable event is involved in the transition of well-differentiated to undifferentiated (anaplastic) thyroid cancer
in vivo and that the resulting additional proliferative lifespan plays a crucial part in the dramatic increase in malignant
potential which ensues.
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be of interest to test the prediction that such tumours
should have acquired the need to inactivate p53.

Our laboratory has recently obtained strong evidence [72]
that it is exactly this cooperation between an epigenetic and
a genetic mechanism which is responsible for another major
switch in human cancer behaviour, the transition from dif-
ferentiated to anaplastic carcinoma of the thyroid.

We have observed that well-differentiated (majority phe-
notype) thyrocytes which have escaped the initial lifespan
checkpoint (Mg in Figure 2) by expression of SV40 T
undergo two mutually-exclusive fates. They either (i) remain
well-differentiated, in which case they undergo irreversible
growth arrest after 5-15 PDs at M1 in Figure 2; or (i)
spontaneously develop poorly-differentiated subclones which
exhibit greatly extended proliferative lifespan (up to 75
PDs). The correlation between de-differentiation and exten-
sion of lifespan is absolute, suggesting that it is not just a
passive epiphenomenon but is causally linked to the change
in growth control. The frequency of this event—estimated
at greater than 1 per 3000 cell divisions—is much higher
than that expected from somatic mutation (although we
cannot of course exclude the possibility that mutation in
any one of several alternative genes might generate the same
phenotypic change). Furthermore, the loss of differentiated
features is identical to that which characterises the spon-
taneously arising variant cells in normal thyroid cultures
[76] and for which there is no reason to suspect a muta-
tional basis. Taken together, this suggests an epigenetic
model, in which the thyrocyte is liable, with a given prob-
ability, to undergo a spontaneous switch in the differen-
tiation programme the result of which i1s (1) to extinguish
most of its thyroid-specific characteristics, and (i) to
convert effectively its proliferative behaviour to that of a
pseudomesenchymal cell (Figure 3). Such epithelial-
mesenchymal transitions have been well documented in
other tumour progression models, and indeed in normal
development [83, 84].

This leads to a model (Figure 3) in which escape from
the otherwise insurmountable M1 checkpoint (Figure 2) is
achieved not by directly overcoming it, but by a side-step in
which it is substituted by a new checkpoint (effectively that
of a fibroblast) which can now be overcome provided that
the functions of the TP53 as well as the RB pathway are
abrogated. This is consistent with the failure of cells expres-
sing E7 (RB only inactivated) to undergo this escape pro-
cess.

Our data go further than the breast data of Wazer [66],
in that they not only describe two distinct “‘tracks” for pro-
liferative ageing in different subpopulations of epithelial cell,
but also suggest that it is possible for a cell to switch from
one to the other.

Loss of differentiation is a widespread feature of tumour
progression, and frequently accompanies more aggressive
behaviour. The thyroid provides a particularly clear-cut
example in the abrupt phenotypic switch which occasionally
occurs from the common well-differentiated papillary cancer
with limited proliferative potential and excellent prognosis,
to the exceptionally aggressive undifferentiated (anaplastic)
form [85]. Conventionally, such changes in tumour differ-
entiation, while useful for diagnosis, have tended to be
regarded as epiphenomena, secondary to the underlying
mutationally-driven progression of tumour growth. The par-
allels between our iz vitro model and the conversion of well-
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to undifferentiated thyroid cancer in wivo suggest that, at
least in this example of progression, increased proliferative
potential may be dependent on epigenetic as well as muta-
tional mechanisms. We speculate that progression in vivo
results from a synergism between the differentiation switch
discussed here and the occurrence of 7P53 mutation, which
is a hallmark of undifferentiated thyroid cancers [86]. The
rarity with which the transition to undifferentiated cancer is
seen clinically in the thyroid can be explained by the need
for the differentiation switch and the 7P53 mutation to arise
independently in the same cell before any selective advan-
tage is obtained.

CONCLUSION

Novel therapies

One final implication of cell-type diversity of lifespan
checkpoints deserves mention. This relates to the current
excitement [87] surrounding the therapeutic potential of
mutant adenoviruses which lack the ability to inactivate
host-cell p53 and should therefore selectively replicate in
and kill cancer cells (most of which lack wt p53) but not
normal cells. The observations on breast and thyroid cells
discussed above point to the possibility that some normal
cell types are intrinsically resistant to activation of the wt
p53. Clearly this would have major implications for the tox-
icity of any therapy which relies on the assumption that only
tumour cells lack functional p53!

1. Leblond CP. Classification of cell populations on the basis of
their proliferative capacity. Nat! Cancer Inst Monogr 1964, 14,
119-149.

Hayflick L. The limited in vitro lifetime of human diploid cell

strains. Exp Cell Res 1965, 37, 614-636.

3. Wright WE, Shay JW. Time, telomeres and tumours: is cellular
senescence more than an anticancer mechanism? Trends Cell
Biol 1995, 5, 293-297.

4. Wright WE, Pereira-Smith OM, Shay JW. Reversible cellular
senescence: implications for immortalisation of normal human
diploid fibroblasts. Mol Cell Biol 1989, 9, 3088-3092.

5. Olovnikov AM. A theory of marginotomy: the incomplete
copying of template margin in enzymatic synthesis of polynu-
cleotides and biological significance of the phenomenon. ¥ Theor
Biol 1973, 41, 181-190.

6. Bacchetti S. Telomere dynamics and telomerase activity in cell

senescence and cancer. Semin Cell Dev Biol 1996, 7, 31-39.

. Wynford-Thomas D. In vitro models of thyroid cancer. Cancer

Survevs 1993, 16, 115-134.

8. Potten CS, Loeffler M. Stem-cells—attributes, cycles, spirals,
pitfalls and uncertainties—Ilessons for and from the crypt.
Development 1990, 110, 1001-1020.

9. Broccoli D, Young JW, De Lange T. Telomerase activity in
normal and malignant hematopoietic cells. Proc Natl Acad Sci
USA 1995, 92, 9082-9086.

10. Counter CM, Gupta ], Harley CB, Leber B, Bacchetti S.
Telomerase activity in normal leukocytes and in hematologic
malignancies. Blood 1995, 85, 2315-2320.

11. Potten CS, Hume WJ, Reid P, Cairns J. The segregation of
DNA in epithelial stem cells. Cell 1978, 15, 899-906.

12. Goldstein S. Replicative senescence: the human fibroblast
comes of age. Science 1990, 249, 1129-1132.

13. Noda A, Ning Y, Venable SF, Pereira-Smith OM, Smith JR.
Cloning of senescent cell-derived inhibitors of DNA synthesis
using an expression screen. Exp Cell Res 1994, 211, 90-98.

14. Hara E, Smith R, Parry D, Tahara H, Stone S, Peters G.
Regulation of p16“P*™2 expression and its implications for cell
immortalization and senescence. Mol Cell Biol 1996, 16, 859—
867.

15. Bryan TM, Reddel RR. SV40-induced immortalization of
human cells. Crit Rev Oncol 1694, 5, 331--357.

(357

-1



16.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27,

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Proliferative Lifespan Checkpoints

Shay JW, Wright WE, Brasiskyte D, Van der Hagen BA. E6 of
human papillomavirus type 16 can overcome the M1 stage of
immortalisation in human mammary epithelial cells but not
human fibroblasts. Oncogene 1993, 8, 1407-1413.

. Bond JA, Wyllie FS, Wynford-Thomas D. Escape from senes-

cence in human diploid fibroblasts induced directly by mutant
p53. Oncogene 1994, 9, 1885-1889.

Rogan EM, Bryan TM, Hukku B, et al. Alterations in p53 and
pl6™* expression and telomere length during spontaneous
immortalization of Li~Fraumeni syndrome fibroblasts. Mol Cell
Biol 1995, 15, 4745-4753.

Cox LS, Lane DP. Tumour suppressors, kinases and clamps:
how p53 regulates the cell cycle in response to DNA damage.
BioEssays 1995, 17, 501-508.

Thut CJ, Chen J-L, Klemm R, Tjian R. p53 transcriptional ac-
tivation mediated by coactivators TAFII40 and TAFII60.
Science 1995, 267, 100-105.

Caelles C, Helmberg A, Karin M. p53-dependent apoptosis in
the absence of transcriptional activation of p53-target genes.
Nature 1994, 370, 220-223.

Sabbatini P, Chiou S-K, Rao L, White E. Modulation of p53-
mediated transcriptional repression and apoptosis by the ade-
novirus E1B 19K protein. Mol Cell Biol 1995, 15, 1060-1070.
Cox LS, Hupp T, Midgley CA, Lane DP. A direct effect of
activated human p53 on nuclear DNA replication. EMBO ¥
1995, 14, 2099-2105.

Frebourg T, Barbier N, Kassel J, Ng Y-S, Romero P, Friend
SH. A functional screen for germ line p53 mutations based on
transcriptional activation. Cancer Res 1992, §2, 6976-6978.
Hupp TR, Sparks A, Lane DP. Small peptides activate the
latent sequence-specific DNA binding function of p53. Cell
1995, 83, 237-245.

Kulju KS, Lehman JM. Increased p53 protein associated with
aging in human diploid fibroblasts. Exp Cell Res 1995, 217,
336-345.

Afshari CA, Vojta PJ, Annab LA, Futreal PA, Willard TB,
Barrett JC. Investigation of the role of G1/S cell cycle me-
diators in cellular senescence. Exp Cell Res 1993, 209, 231-
237,

Artadja P, Wong H, Garkavtsev I, Geillette C, Riabowol K.
Increased activity of p53 in senescing fibroblasts. Proc Natl
Acad Sci USA 1995, 92, 8348-8352.

Bond JA, Blaydes JP, Bowson ], Haughton MF, Smith |R,
Wynford-Thomas D. Mutant p53 rescues human diploid cells
from senescence without inhibiting the induction of SD11/
WAF1. Cancer Res 1995, 55, 2404-2409.

Johnson M, Dimitrov D, Vojta PJ, et al. Evidence for a p53-
independent pathway for upregulation of SD11/CIP1/WAF1/
p21 RNA in human cells. Mo/ Carcinogen 1994, 11, 59-64.
Tahara H, Sato E, Noda A, Ide T. Increase in expression level
of p21sd/ePIwall itk increasing division age in both normal
and SV40-transformed human fibroblasts. Oncogene 1995, 10,
835-840.

Herrera RE, Sah VP, Williams BO, Makela TP, Weinberg RA,
Jacks T. Mol Cell Biol 1996, 16, 2402-2407.

Fang F, Orend G, Watanabe N, Hunter T, Ruoslahti E.
Dependence of cyclin E-CDK2 kinase activity on cell ancho-
rage. Science 1996, 271, 499-502.

Ohtsubo M, Theodoras AM, Schumacher ], Roberts JM,
Pagano M. Human cyclin E, a nuclear protein essential for the
G1 to S phase transition. Mol Cell Biol 1995, 15, 2612-2624.
Krek W, Xu G, Livingston DM. Cyclin A-kinase regulation of
E2F-1 DNA binding function underlies suppression of an S
phase checkpoint. Cell 1995, 83, 1149-1158.

Kearsey JM, Coates PJ, Prescott AR, Warbrick E, Hall PA.
Gadd45 is a nuclear cell cycle regulated protein which interacts
with p21“P'. Oncogene 1995, 11, 1675-1683.

White AE, Livanos EM, Tisty TD. Differential disruption of
genomic integrity and cell cycle regulation in normal human
fibroblasts by the HPV oncoproteins. Genes Dev 1994, 8, 666—
677.

Symonds H, Krall L, Remington L, ez al. p53-dependent apop-
tosis suppresses tumour growth and progression in vivo., Cell
1994, 78, 703-711.

Weinberg RA. The retinoblastoma protein and cell cycle con-
trol. Cell 1995, 81, 323-330.

40.

41.

42.

43.

44.

45.

46.

48.

49.

50.

51.

53.

55.

56.

60.

61.

62.

. Wright

725

Stein GH, Beeson M, Gordon L. Failure to phosphorylate the
retinoblastoma gene product in senescent human fibroblasts.
Science 1990, 249, 666-669.

Kamb A. Cell-cycle regulators and cancer.
1995, 11, 136-140.

Hall M, Peters G. Genetic alterations of cyclins, cyclin-depen-
dent kinases, and cdk inhibitors in human cancers. Adv Cancer
Res 1996, 68, 67-108.

DeLange T. Activation of telomerase in a human tumour. Proc
Natl Acad Sci USA 1994, 91, 2882-2885.

Wynford-Thomas D, Bond JA, Wyllie FS, Jones CJ. Does telo-~
mere shortening drive selection for p53 mutation in human
cancer? Mol Carcinogen 1995, 12, 119-123.

Bayne RA, Broccoli D, Taggert MH, Thomson EJ, Farr CJ,
Cooke HJ. Sandwiching of a gene within 12kb of a functional
telomere and alpha satellite does not result in silencing. Hum
Mol Gener 1994, 4, 539-546.

Broceoli D, Godley LA, Donehower LA, Varmus HE, De
Lange T. Telomerase activation in mouse mammary tumors:
lack of detectable telomere shortening and evidence for regu-
lation of telomerase RNA with cell proliferation. Mol Cell Biol
1996, 16, 3765-3772.

Trends Genet

. Prowse KR, Greider CW. Developmental and tissue-specific

regulation of mouse telomerase and telomere length. Proc Natl
Acad Sci USA 1995, 92, 4818-4822.

Rubelj I, Pereira-Smith OM. SV40-transformed human cells in
crisis exhibit changes that occur in normal cellular senescence.
Exp Cell Res 1994, 211, 82-89.

Pereira-Smith OM, Smith JR. Genetic analysis of indefinite
division in human cells: identification of four complementation
groups. Proc Natl Acad Sci USA 1988, 85, 6042-6046.
Whitaker NJ, Bryan TM, Bonnefin P, et al Involvement of
RB-1, p53 p16™%* and telomerase in immortalisation of
human cells. Oncogene 1995, 11, 971-976.

Bryan TM, Englezou A, Gupta ], Bacchetti S, Reddel RR.
Telomere elongation in immortal human cells without detect-
able telomerase activity,. EMBO ¥ 1995, 14, 4240-4248.

. Whittaker NJ, Kidston EL, Reddel RR. Finite lifespan of

hybrids formed by fusion of different simian virus 40-immorta-~
lised human cell lines. ¥ Virol 1992, 66, 1202-1206.

Sandhu AK, Hubbard K, Kaur GP, Jha KK, Ozer HL, Athwal
RS. Senescence of immortal human fibroblasts by the introduc-
tion of normal human chromosome 6. Proc Natl Acad Sci USA
1994, 91, 5498-5502.

. Waga S, Hannon GJ, Beach D, Stillman B. The p21 inhibitor

of cyclin-dependent kinases controls DNA replication by inter-
action with PCNA. Narure 1994, 369, 574-578.

Chen J, Jackson PK, Kirschner MW, Dutta A. Separate
domains of p21 involved in the inhibition of Cdk kinase and
PCNA. Nature 1995, 374, 386-388.

Wyllie FS, Haughton MF, Bond JA, Rowson JM, Jones CJ,
Wynford-Thomas D. S phase cell-cycle arrest following DNA
damage is independent of the p53/p21WAF1 signalling path-
way. Oncogene 1996, 12, 1077-1082.

. Dimri GP, Nakanishi M, Desprez P-Y, Smith JR, Campisi J.

Inhibition of E2F activity by the cyclin-dependent protein
kinase inhibitor p21 in celis expressing or lacking a functional
retinoblastoma protein. Mol Cell Biol 1996, 16, 2987-2997.

. Smith JR, Nakanishi M, Robetorye RS, Venable SF, Pereira-

Smith OM. Studies demonstrating the complexity of regulation
and action of the growth inhibitory gene SDIL1. Exp Gerontol
1996, 31, 327-335.

WE, Brasiskyte D, Piatyszek MA, Shay JW.
Experimental elongation of telomeres extends the lifespan of
immortal x normal cell hybrids. EMBO ¥ 1996, 15, 1734~
1741.

Holt SE, Wright WE, Shay JW. Regulation of telomerase ac-
tvity in immortal cell lines. Mol Cell Biol 1996, 16, 2932-2939.
Loughran O, Malliri A, Owens D, er al. Association of
CDKN2A/p16INK4a with human head and neck keratinocyte
replicative senescence: relationship of dysfunction to immortal-
ity and neoplasia. Oncogene 1996, 13, 561-568.

Klingelhutz AJ, Barber SA, Smith PP, Dyer K, McDougall JK.
Restoration of telomeres in human papillomavirus-immorta-
lized human anogenital epithelial cells. Mol Cell Biol 1994, 14,
961-969.



726

63.

64.

65.

66.

68.

69.

70.

71.

72.

73.

. Shay JW,

D. Wynford-Thomas

Halbert CL, Demers GW, Galloway DA. The E7 gene of
human papillomavirus type 16 is sufficient for immortalization
of human epithelial cells. ¥ Virol 1991, 65, 473-478.

Band V, De Caprio JA, Delmolino L, Kulesa V, Sager R. Loss
of p53 protein in human papillomavirus type 16 E6-immorta-
lised human mammary epithelial cells. ¥ Virol 1991, 65, 6671—
6676.

Gollahon LS, Shay JW. Immortalization of human mammary
epithelial cells transfected with mutant p53 (273", Oncogene
1996, 12, 715-725.

Wazer DE, Liu X-L, Chu Q, Gao Q, Band V. Immortalization
of distinct human mammary epithelial cell types by human
papilloma virus 16 E6 or E7. Proc Natl Acad Sci USA 1995, 92,
3687-3691.

Tomlinson G, Piatyszek MA, Gollahon LS.
Spontaneous iz witro immortalisation of breast epithelial cells
from a patient with Li-Fraumeni syndrome. Mol Cell Biol
1995, 15, 425-432.

Shay JW, Van der Haegen BA, Ying Y, Wright WE. The fre-
quency of immortalization of human fibroblasts and mammary
epithelial cells transfected with SV40 large T-antigen. Exp Cell
Res 1993, 209, 45-52.

Van der Haegen BA, Shay JW. Immortalization of human
mammary epithelial cells by SV40 large T-antigen involves a
two step mechanism. In Viro Cell Dev Biol 1993, 29A, 180-
182.

Taylor-Papadimitriou J, Berdichevsky F, D’Souza B, Burchell
J. Human models of breast cancer. In Lemoine NR, Wright
NA, eds. The Molecular Pathology of Cancer. Cancer Surveys 16.
Cold Spring Harbor, New York, Cold Spring Harbor
Laboratory Press, 1993, 59-78.

Foster SC, Galloway DA. Human papillomavirus type 16 E7
alleviates a proliferation block in early passage human mam-
mary epithelial cells. Oncogene 1996, 12, 1773-1779.

Bond JA, Ness GO, Rowson ], Ivan M, White D, Wynford-
Thomas D. Spontaneous de-differentiation correlates with
extended lifespan in transformed thyroid epithelial cells: an epi-
genetic mechanism of tumour progression. Int ¥ Cancer
1996, 67, 563-572.

Wyllie FS, Lemoine NR, Barton CM, Dawson T, Bond D,
Wynford-Thomas D. Direct growth stimulation of normal
human epithelial cells by mutant p53. Mo/ Carcinogen 1993, 7,
83-88.

. Momand ], Zambetti GP, Olson DC, George D, Levine AJ.

The mdm-2 oncogene product forms a complex with the p53

75.

76.

-
-3

78.

80.

81.

83.

84.

protein and inhibits p53-mediated transactivation. Cell
1992, 69, 1237-1245.

Bond JA, Wyllie FS, Rowson ], Radulescu A, Wynford-
Thomas D. In witro reconstruction of tumour initiation in a
human epithelium. Oncogene 1994, 9, 281-290.

Bond JA, Wyllie FS, Ivan M, Dawson T, Wynford-Thomas D.
A variant epithelial sub-population in normal thyroid with high
proliferative capacity i wvitro. Mol Cell Endocrinol 1993, 93,

175-183.

. Demers GW, Halbert CL, Galloway DA. Elevated wild-type

p53 protein levels in human epithelial cell lines immortalised
by the human papillomavirus type 16 E7 gene. Virology
1994, 198, 169-174.

Knight JC, Fletcher CDM. Soft Tissue Tumours. In Lemoine
N, Neoptolemos J, Cooke T, eds. Cancer. Oxford, Blackwell
Scientific, 1994, 262-275.

. Stratton MR, Moss SD, Warren W, et a/. Mutations of the p53

gene in human soft tissue sarcomas: association with abnormal-
ities of the RB1 gene. Oncogene 1990, §, 1297-1301.

Nicholson RI, Gee JMW. Growth factors and modulation of
endocrine response in breast cancer. In Vedeckis WV, ed.
Hormones and Cancer. Boston, MA, Birkhauser, 1996, 227
264.

Thor AD, Moore II DH, Edgerton SM, er al. Accumulation of
p53 tumor supressor gene protein; an independent marker of
prognosis in breast cancers. ¥ Nat! Cancer Inst 1992, 84, 845
855.

. Mazars R, Spinardi L, BenCheikh M, er al. p53 mutations

occur in aggressive breast cancer. Cancer Res 1992, 52, 3918-
3923.

Portella G, Liddell J, Crombie R, er al. Molecular mechanisms
of invasion and metastasis during mouse skin tumour pro-
gression. Invasion Metastasis 1994, 14, 7-16.

Birchmeier W, Behrens ]J. Cadherin expression in carcinomas:
role in the formation of cell junctions and the prevention of
invasiveness. Biochim et Biophys Acta 1994, 1198, 11-26.

. Williams DW, Williams ED. The pathology of follicular thyroid

epithelial tumours. In Wynford-Thomas D, Williams ED, eds.
Thyroid Tumours: Molecular Basis of Pathogenesis. Edinburgh,
Churchill Livingstone, 1989, 57-65.

. Wynford-Thomas D. Molecular genetics of thyroid cancer.

Trends Endocrinol Metab 1993, 4, 224-232.

. Bischoff JR, Kirn DH, Williams A, et al. An adenovirus mutant

that replicates selectively in p53-deficient human tumour cells.
Science 1996, 274, 373-376.



