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Are Tumours Immortal?
Alasdair C. Stamps, Barry A. Gusterson and Michael J. O’Hare

INTRODUCTION

NORMAL MAMMALIAN CELLS in culture exhibit a finite prolifera-
tive lifespan before entering a state of irreversible and degenera-
tive growth arrest known as senescence [1,2]. Occasionally,
however, a cell escapes from senescence, acquiring apparently
unlimited proliferative capacity and giving rise to what is termed
an immortal cell line. The widely held notion that all tumours
are immortal in vivo cannot, however, be rigorously tested by
culture. Not only are many tumour cell types difficult to
propagate in vitro, but the system itself may select for immortali-
sing events occurring after introduction into culture. Thus,
whether the equivalent of in vitro immortalisation of normal
cells is an obligate event in multistep oncogenesis [3-5] cannot
be directly answered in this manner. An understanding of the
molecular mechanism of immortalisation of normal human cells
in vitro will supply a genetic definition which can then be tested
in the context of tumorigenesis.

SENESCENCE AND GROWTH CONTROL IN NORMAL
CELLS

There is good evidence that in vitro senescence results from

the expression of a biological programme that also operates in
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vtvo. Correlations of declining cellular proliferation with age
have been made in various tissues in mice [6] and in human
epidermis [7]. Phenotypically senescent fibroblasts are also
found in ageing hamsters [8]. Serially transplanted normal
murine mammary glands exhibit a finite proliferative capacity,
as do bone marrow stem cells [9]. The division potential of an
individual culture of primary cells appears to be fixed and
independent of their chronological age; thus, cells may be
maintained in a quiescent, i.e. non-dividing, state for some time
and then induced to divide without altering the final division
number at senescence [10, 11]. Comparative studies of cell
structural protein expression and hormonal responsiveness of
cells in vitro with ageing tissues in vivo have identified a number
of morphological and biochemical changes that are common to
the two situations [12-16], further supporting the view that
senescence in vitro reflects an in vivo phenomenon. Several
groups have also demonstrated an inverse relationship between
donor age and proliferative potential in vitro [17-20].

THE GENETIC BASIS OF CELLULAR MORTALITY

A number of lines of evidence point to a genetic basis for the
mortal phenotype of normal cells. Somatic cell hybrids between
primary and immortal cells, or between senescent and “young”
fibroblasts, predominantly senesce [21, 22]. Transfer of human
chromosome fragment 1g23-25 to immortal hamster fibroblasts
induces senescent growth arrest [23, 24]. Thus, senescent poten-
tial is dominant over immortality. Cell fusions between disparate
immortal human cell lines have shown that there are four
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complementation groups for senescence, indicating that the
mortal phenotype may be directed by a small set of genes [25].
Recent microcell fusion experiments indicate that in one of these
complementation groups, the lost gene(s) may reside on human
chromosome 4 [26]. Quantitative studies of immortalisation
frequency have given a figure close to 1 per 107 cells for human
diploid fibroblasts infected by Simian Virus 40 ([27] and see
below). This is consistent with immortalisation as the conse-
quence of an event rare enough to be a genetic mutation [27,
28].

ESCAPE FROM SENESCENCE: EXTENDED GROWTH
AND IMMORTALISATION

An immortal cell population theoretically has an infinite
division capacity. This is obviously an impractical definition, so
it is important to establish a reliable criterion by which to define
immortalisation. There is an increasing tendency to ascribe
immortality to cells exhibiting extended growth in short-term
tissue culture experiments, although some authors regard cell
lines as immortal only after 100 population doublings postsen-
escence [25], and others at 150 doublings postexplantation [27].
We suggest that 200 doublings after introduction into culture is
a confident measure of human cell immortalisation, as it exceeds
by a comfortable margin the maximum number of divisions that
has been reported for normal human cells in vitro, i.e. 150
population doublings in neonatal keratinocytes [29] and is
achievable in cell culture experiments within a realistic time-
scale (6-9 months).

There are distinct species-specific differences in observed
rates of immortalisation or “establishment” of normal cells.
Establishment of primary mouse cells in culture is a frequent
and reproducible phenomenon, at around one immortalisation
event per 10° cells [30]. This may be increased by the application
of chemical carcinogens or the transfection of oncogenes [31].
The DNA tumour virus oncogenes, typically Simian Virus 40
large T antigen (T-Ag) [32], Human Papillomavirus (HPV) E6
and E7 genes [33] and Adenovirus E1 genes [34], are highly
efficient promoters of rodent cell immortalisation and transform-
ation. Rat and hamster cells spontaneously immortalise some-
what less readily, the latter showing evidence of a distinct
senescent phase, while rabbit fibroblasts rarely and human cells
almost never spontaneously immortalise in vitro [2]. Very rarely,
a clone of immortal cells may arise apparently spontaneously
from a long-term culture of normal human cells [35, 36],
indicating an establishment frequency of less than one per 10°
cells [37]. Studies of spontaneous human cell immortalisation
are, therefore, virtually impossible. Interestingly, cells from at
least some individuals with a familial cancer syndrome have a
higher establishment frequency in vitro, although even this does
not exceed one per 10°-107 cells [38]. Treatment of human cells
with chemical carcinogens does not result in a detectably higher
frequency of immortalisation [39, 40], nor does transfection of
single cellular oncogenes [41, 42]. Immortalisation of human
cells at a low but predictable frequency does, however, occur
after the stable transfection of oncogenes encoded by the DNA
tumour viruses [43-45]. The frequency of human cell immortal-
isation obtained using these genes is still only around 1 per 107
cells. This does, however, provide a reproducible system for
examining the mechanisms by which senescence occurs,
enabling the study of immortalisation as a single genetic event
in the absence of a significant background of other, spontaneous
immortalising events such as occur in rodent cell culture.
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HUMAN CELL IMMORTALISATION USING SV40
LARGE T-ANTIGEN

Extensive characterisation, the availability of stringent tem-
perature-sensitive mutants and the encoding of all the necessary
functions within one gene make SV40 T-Ag the agent of choice
for these experiments. Normal human fibroblasts or epithelial
cells transfected with the SV40 genome or its T-Ag gene
have an extended growth span of 20-30 population doublings
compared with untransfected cells [46, 47]. They then enter a
“crisis” period, which may last from weeks to months, during
which cell numbers become static then gradually decline, with
an increasing appearance of gross karyotypic abnormalities and
apparently failed mitoses [48, 49]. From these dying cultures
occasionally arise clones with apparently infinite division poten-
tial. If wild-type SV4{Q is used, the emergent clones display
progressive loss of differentiative capability [50], probably relat-
ing to their karyological instability [48, 51]. This instability,
which affects cells both before and after immortalisation, appears
to be due to repeated amplification and chromosomal integration
of the SV40 genome which undergoes continual extrachromoso-
mal replication in human cells both before and after crisis. These
progressive changes have the effect of masking the primary
immortalisation events with unrelated mutations. This problem
has been avoided in recent studies by the use of a replication-
defective recombinant amphotropic retroviral vector system [52]
containing the SV40 T-Ag gene [53]. Cells infected by the
retrovirus express T-Ag from a stably integrated provirus.
They have an extended lifespan and immortalise at a low but
predictable frequency as with wild-type SV40. If a suitable
temperature-sensitive mutant of T-Ag, e.g. tsA58 [54] is substi-
tuted, the immortal lines derived are temperature-dependent
for growth, arresting at around 39°C [55]. A construct of this
type has been used in our laboratories to produce a panel of
conditionally immortal cell lines from normal breast epithelial
cells. These lines have the distinction of being stable, in terms
of both their phenotypic and molecular markers, throughout
extensive passage and recloning. Systems such as these are,
therefore, well suited to the study of the molecular basis of
cellular immortalisation.

THE ROLE OF T-Ag IN HUMAN CELL
IMMORTALISATION

Despite their extended growth phase, human cells expressing
T-Ag enter crisis after a proliferative lifespan inversely pro-
portional to donor age at transfection [48]. Experiments using
temperature-sensitive mutants or constructs expressing T-Ag
from steroid-inducible promoters have shown that in the absence
of fully functional T-Ag, both cells in the precrisis extended
growth phase and postcrisis immortal cell lines arrest in the G1
phase of the cell cycle and gradually decline in viability [46,
55-58]. These findings indicate that the capability to senesce is
retained by these cells but is somehow bypassed or overridden
by functional T-Ag. Observed rates of immortalisation indicate,
however, that this feature of T-Ag expression is not in itself
sufficient to confer infinite growth potential upon human cells,
and suggest that a second event is required.

MODELS OF IMMORTALISATION
Loss of mitogen response: the one-step model
Stein [47] has suggested that normal cells reach senescence
due to a gradual decline to zero of mitogen responsiveness which
may be overcome by the ability of SV40 T-Ag to initiate DNA
synthesis [43]. Senescence is then delayed by the mitogenic
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Fig. 1. The M1-M2 model of cellular immortalisation (based on
Wright et al., 1989 [59]).

action of T-Ag and manifests itself later as crisis in which
programmes directing cells towards viable quiescence cause
mitotic failure, implying that senescence (i.e. growth arrest in
normal cultures) and crisis (i.e. growth arrest in cells expressing
T-Ag) are caused by the same mechanism. This model would
predict the re-expression of mitogen responsiveness to allow
escape from crisis and thus T-Ag-independent growth of derived
cells: as such, it is at variance with the effects of conditionally
expressed T-Ag described above.

M1 and M2: the rwo-step model

Wright et al. [59] have proposed a two-stage model for human
cell immortalisation (Fig. 1). Normal senescence is described as
“mortality stage 1” (M1) and T-Ag-induced crisis as “mortality
stage 2" (M2). The two main assumptions of the model are that
M1 and M2 are caused by independent mechanisms and that
the M1 mechanism is retained but suppressed by T-Ag in both
extended growth phase and immortal cells. The model is based
on the observations that: (a) large numbers of T-Ag transfected
cells are able to traverse the M1 arrest point, but then become
dependent upon T-Ag for growth; (b) escape from M2 occurs
only at mutational frequency; and (¢) immortal cells continue to
be T-Ag-dependent. It predicts that in the absence of functional
T-Ag, cells will enter normal senescence. Qur laboratory and
others have shown that immortalised and extended growth phase
cells expressing temperature sensitive T-Ag remain viable after
G1 arrest at the non-permissive temperature and may be rescued
up to several weeks later by shift to the permissive temperature
[55, 58]. These cells, therefore, behave as senescent cells, and
in the absence of a known universal marker of senescence, this
is the strongest evidence for the covert persistence of M1 in T-
Ag-derived lines. As there are no differences in behaviour
between extended growth phase and immortal cells in this
respect, it would also appear that immortal cells are unique in
that they are no longer able to express independent factors
causing M2 crisis.

MECHANISMS OF EXTENDED GROWTH AND
IMMORTALISATION
Models of senescence and immortalisation are necessarily
speculative due to the paucity of accumulated data in this
field. Recently, however, advances in our understanding of
the interaction of T-Ag with cellular factors have suggested
mechanisms by which it might promote cell division.

p53 and pRB

The “tumour suppressor” genes, p53 and pRb, are so named
because of their ability to induce growth arrest when expressed
in immortal cell lines [60-62]. The p53 and pRb proteins are
bound in vivo by the tumour virus oncoproteins [63-68], and
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the absence of either of these viral binding activities is associated
with loss of immortalisation-promoting activity [69-72]. More-
over, mutants of T-Ag which are defective in p53 binding
complement those defective in pRb binding for growth of
conditionally immortalised cells [70]. The tsA58 temperature-
sensitive mutant of T-Ag, at the non-permissive temperature
fails to bind p33 [71] and binds pRb with lower affinity [72].
These data suggest a role for p53 and pRb in cell cycle arrest
which is blocked by binding to T-Ag.

The cell cycle control function of pRb is dependent upon its
phosphorylation status: underphosphorylation of this protein
appears to present a block to S phase entry [73], and pRb is
underphosphorylated in senescent fibroblasts [74, 75]. T-Ag
binds preferentially to underphosphorylated pRb [76], suggest-
ing that this may overcome the block to progression through S
phase. p53 competes with DNA polymerase o for binding to T-
Ag [77). T-Ag may, therefore, substitute for an as yet undefined
cellular factor to which these two proteins competitively bind.
This factor may be involved in the initiation of DNA synthesis
as T-Ag has been shown to be associated with the cellular DNA
replication complex and contains a helicase activity [78].

p33 is the most frequently mutated gene so far analysed in
cancers [79], and human cells with germ-line p53 mutations
have an increased spontaneous immortalisation frequency in
vitro [38]. The Rb gene is also frequently mutated in certain
types of cancer [80]. In HPV-positive cell lines derived from
anal carcinomas, no p53 or Rb gene mutations were found,
whereas papillomavirus-negative lines derived from similar
tumours all had p53 mutations [81]. Viral oncoproteins may,
therefore, override the M1 mechanism by binding to and
inactivating p53, pRb and perhaps other cellular proteins,
effectively substituting for mutations in these genes in immortal
cells. However, many immortal cell lines exist in which normal
p53 and pRb are expressed. Thus, although p53 and pRb
probably have a role in M1 senescence at a control point in the
processes leading to permanent cell cycle arrest, other tumour
suppressors (reviewed in [82]) could also be involved.

DNA synthesis inhibitors

Factors inhibiting DNA synthesis are possible candidates for
effectors of mortality. Short-term inhibition of protein synthesis
delays the onset of fusion-induced growth arrest in hybrids of
normal and senescent cells [83], and microinjection of mRNA
from senescent cells inhibits S phase entry in proliferating cells
(84], indicating that the onset of senescence is mediated by
protein factors. Further experiments on the complementation
groups described by Pereira-Smith and Smith [25] demonstrated
that an unidentified membrane-bound protein isolated from
cells of one complementation group inhibited DNA synthesis in
normal human cells and in cells of one other complementation
group [85]. An evolutionarily conserved protein, prohibitin,
prevents DNA synthesis in normal and tumour cells [86].
Another protein associated with non-proliferative states is statin
[87], also known as pSEN [88], which contains sequences
identical to ribosomal elongation factor la along part of its
length and which is found in a variety of non-dividing cell types.
It has yet to be shown whether any of these proteins is associated
exclusively with senescent cells, i.e. whether they are part of a
general mechanism for preventing cell growth or specifically
brought into play at senescence. There is no evidence as yet for
mutations of these or other genes involved in the regulation of
DNA synthesis (e.g. the cyclins or cdc2-related genes) being
associated with immortality.
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Fig. 2. Possible consequences of the M1-M2 model for human
tumours.

IMMORTALITY AND CANCER

Senescence may have evolved as a mechanism to protect the
organism against mutationally acquired clonal hyperprolifer-
ation in somatic tissues. The sequence of genetic events resulting
in the acquisition of tumour phenotypes, such as failure to
differentiate, exponential growth, invasiveness and metastasis,
seems to be random [5]. Immortalisation is not necessarily a
prerequisite for tumorigenicity, as in vitro precrisis SV40-
infected cells can form tumours in nude mice [51]. Thus, cellular
tumour phenotypes are expressed completely independently of
immortalisation status. The time required iz vivo to accumulate
the minimum number of events resulting in malignancy [5, 89]
is considerable and may bring cells close to the normal limit of
their proliferative lifespan, in which case senescence would
intervene before the malignant cells could divide into a popu-
lation size sufficient to threaten normal organ function. Since
normal senescence (M1) [59] appears to be an in vizo phenom-
enon, it seems reasonable to postulate that the equivalent of the
in vitro M2 mechanism also operates in vivo as a second line of
defence against inappropriate cell growth, particularly as some
of the viruses which cause M1 traverse are associated with
naturally occurring cancers. If a single cell acquired the ability
to traverse M1, M2 would follow after between ~20 and 30
additional population doublings [46, 47]. Assuming 100% cell
survival and exponential growth, this would result in 10°-108
cells, occupying a volume of about 2 mm3-0.2 ¢cm?, when
regression would supervene as a result of M2 crisis. This could
manifest itself as a dysplasia, a small adenoma or carcinoma
in situ, depending on whether malignancy-conferring genetic
events had also occurred. Some experimental evidence for this
has been shown in colonic tubular adenoma cells which senesce
in culture after an initial period of growth [90]. Infection by, for
instance, HPV in keratinocytes or EBV in lymphocytes, may
result in M1 escape for a relatively large number of cells, but
the imposition of factors such as terminal differentiation would
considerably reduce the number of cells surviving to M2.
The monoclonality of most cancers [91, 92] argues against the
possibility of large numbers of cells escaping M1 to form a
tumour, and for the existence of a real M2 barrier in vivo. Only
if M2 traverse occurred would a truly immortal tumour result
with benign or malignant characteristics conferred by prior or
subsequent independent genetic events.

According to this model, tumours found in the human body
should range from a theoretical malignant but mortal single cell
at one extreme, to a benign, differentiating and relatively
organised but immortal tumour which grows to an enormous
size without killing the patient, with the majority of “cancers”
falling between these points, representing a subset which has
acquired both immortality and malignancy (Fig. 2). This poten-
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tial spectrum of independently acquired growth and malignancy-
associated characteristics raises the possibility that some diag-
nosed cancers of small size (e.g. some in situ carcinomas) may
not, in fact, be immortal and might not, in the absence of
medical intervention, progress to a life-threatening tumour.
This is an important “grey” area in terms of both diagnosis and
prognosis which might be illuminated by the discovery of factors
which cause the mortal phenotype.

The notion that all tumour cells are immortal is, nevertheless,
widely accepted, to the extent that many researchers consider
it a definition of cancer and believe as a corollary that the
establishment of tumour cell lines is a straightforward exercise.
In practice, however, success rates vary greatly from one tumour
cell type to another, ranging from 50% or more of malignant
melanomas to 1% or less of breast cancers [93]. This raises the
question of whether this is simply due to technical difficulty of
propagating some tumour cell types or whether in some tumours
the majority of cells are not, in fact, immortal. As some tumour
cells may be even more dependent on the presence of specific
growth factors than normal cells, a very powerful selective
pressure may exist in culture for genetic events which confer
independent growth in vitro. By the time proliferating tumour
cells have been established, it may be difficult to distinguish
immortalisation events which have occurred in culture from
events which occurred in the original tumour. For this reason,
immortalisation needs to be defined by other, molecular criteria
before statements regarding the immortal status of tumour cells
may be made.

FUTURE DIRECTIONS

The study of senescence and immortalisation of normal cells
in itself presents a major challenge. Senescence occurs after an
apparently preset number of mitoses. How do cells “count”
these divisions?

Harley et al. [94] have described evidence that the length of
human chromosomal telomeric repeat sequences declines in
proportion to cell division number. Loss of telomeres in yeast
results in chromosomal instability and loss of viability. These
observations led to the proposal that cellular senescence may
result from the eventual loss of telomeres and corresponding
chromosomal disintegration [95]. However, mouse telomere
length does not decrease upon cell division [96] and in Droso-
phila, telomere loss does not lead to chromosomal instability
[97]. Thus, if there is a mechanism of senescence involving
chromosomal telomeres in eukaryotes, it does not operate in the
same way in all species and may not operate at all in some.

So-called stochastic ageing theories claim the loss of prolifera-
tive potential with age to be due to accumulating randon
genomic damage in somatic cells. Holliday [37] has proposed that
senescence is the result of epigenetic alterations caused by
random demethylation of transcriptional promoters.

These theories do not account for observations of extended
growth potential in cells expressing T-Ag or the establishment
of stable, immortalised cell lines from single cells in crisis. The
work of Pereira-Smith and Smith [25] and of Wright et al. [27]
strongly supports a single event hypothesis to explain the latter
phenomenon. As senescence may be induced in growing cells
via factors apparently exclusively expressed in senescent cells
[21, 22, 84], the existence of dominant genes for the mortal
phenotype is implied, suggesting that senescence is, in essence
a “differentiative” event [98]. Studies employing genetic sub-
traction should lead to the isolation of these genes.

Subtractive ¢cDNA analysis has been used successfully in
other differentiating systems, notably in the discovery of the
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other differentiating systems, notably in the discovery of the
myoD myogenesis factor [99], but subtractions between normal
and immortal human cells have as yet yielded little of interest
[100,101]. This may be because the comparisons were made
between presenescent normal cells, a tumour-derived cell line
and a separately derived tumorigenic cell line, representing the
most phenotypically divergent examples of a single cell type. A
subtractive analysis between human cells at or near T-Ag-
induced crisis and a panel of stably immortalised cell lines
derived from the same cells, or between members of different
complementation groups within such a panel, would yield cDNA
libraries representative of changes occurring upon immortali-
sation which would be more amenable to analysis. The discovery
of genes directing the senescent blockade could provide probes
with potential prognostic implications with which to examine
cancers, as well as precancerous conditions and predispositions
to subsequent cancer development.

12.

13.

14.

I5.

16.

17.

18.

19.

20.

21.

22.

23

. Hayflick L.The limited in vitro lifespan of human diploid cell
strains. Exp Cell Res 1965, 37, 614-636.

. Macieira-Coelho A. Biology of normal proliferating cells in vitro—
relevance for in vivo aging. Interdisciplinary Topics in Gerontology
1988, 23, 1-212.

. Cairns J. The cancer problem. Sci Am 1975, 233, 64-78.

. Weinberg R. Oncogenes, antioncogenes and the molecular bases
of multistep carcinogenesis. Cancer Res 1989, 49, 3713-3721.

. Fearon E, Vogelstein B. A genetic model for colorectal tumorigen-
esis. Cell 1990, 61, 759-767.

. Cameron I. Minimum number of cell doublings in an epithelial
cell population during the lifespan of the mouse. ¥ Gerontol 1972,
27,157-161.

. Grove G, Kligman A. Age associated changes in human epidermal
cell renewal. § Gerontol 1983, 38, 137-142.

. Bruce S. Ultrastructure of dermal fibroblasts during development
and aging: relationship to in vitro senescence of dermal fibroblasts.
Exp Gerontol 1991, 26, 3-16.

. Daniel C. Aging of cells during serial propagation in vivo. Adv
Gerontol Res 1972,4, 167-199.

. Dell’Orco R, Mertens J, Kruse P. Doubling potential, calendar
time and senescence of human diploid cells in culture. Exp Cell
Res 1973, 77, 356-360.

. Harley C, Goldstein S. Cultured human fibroblasts. Distribution

of cell generations and a critical limit. ¥ Cell Physiol 1978, 97,

509-516.

Cristofalo V, Kabakjian J. Lysosomal enzymes and aging in vitro.

Subcellular enzyme distribution and effect of hydrocortisone on

cell lifespan. Mech Age Dev 1975, 4, 19-28.

Ohno T. Strict relationship between dialyzed serum concentration

and cellular lifespan in vitro. Mech Age Dev 1979, 11, 179-183.

Clemmons D. Age dependent production of a competence factor

by human fibroblasts. 7 Cell Physiol 1983, 114, 61-67.

Delinassios J. Prolonged iz vitro maintenance of HDF in a new

tissue culture medium (PRC-1). Exp Cell Biol 1983, 51, 315-321.

Okada Y, Kimina H, Aoyama T. Neurotropin increases in vitro

lifespan of human fibroblasts. Mech Age Dev 1986, 35, 133-143.

Dell’Orco R, Mertens J, Kruse P. Doubling potential, calendar

time and donor age of human diploid cells in culture. Exp Cell Res

1974, 84, 363-366.

Schneider E, Mitsui Y. The relationship between in vitro cellular

aging and in vivo human age. Proc Nail Acad Sci USA 1986,73,

3584-3588.

Mets J, Bekaert E, Verdonk G. Similarity between in vitro and in

vivo cellular aging. Mech Age Dev 1983, 22, 71-78.

Bruce S, Deamond S, T’So P. In vitro senescence of Syrian hamster

mesenchymal cells of fetal to aged adult origin: inverse relationship

between in vivo donor age and in vitro proliferative capacity. Mech

Age Dev 1986, 34, 151-173.

Yanishevsky R, Stein G. Ongoing DNA synthesis continues in

young human diploid cells (HDC) fused to senescent HDC, but

entry into S phase is inhibited. Exp Cell Res 1980, 126, 29-32.

Pereira-Smith O, Smith J. Evidence for the recessive nature of

cellular immortality. Science 1983, 221, 964-966.

. Sugawara O, Oshimura M, Koi M, Annab L, Barrett J. Induction

EJC 28:8/9-H

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

41.

42.

43,

44.

45.

46.

47.

48.

1499

of cellular senescence in immortalized cells by human chromosome
1. Science 1990, 247, 707-710.

Barrett J, Futreal P, Annab L, Bivins H, Richter H, Oshimura
M. Cellular senescence and cancer (Meeting Abstract). FASEB ¥
1991, 5, A1441.

Pereira-Smith O, Smith ]. Genetic analysis of indefinite division
in human cells: Identification of four complementation groups.
Proc Natl Acad Sci USA 1988, 85, 6042—-6046.

Ning Y, Weber |, Killary A, Ledbetter D, Smith J, Pereira-Smith
0. Genetic analysis of indefinite division in human cells: evidence
for a cell senescence-related gene(s) on human chromosome 4.
Proc Natl Acad Sci USA 1991, 88, 5635-5639.

Shay J, Wright W. Quantirtation of the frequency of immortaliz-
ation of normal human diploid fibroblasts by SV40 large T antigen.
Exp Cell Res 1989, 184, 109-118.

Huschtscha L, Holliday R. Limited and unlimited growth of §V40
transformed cells from human diploid MRCS cells. § Cell Sci
1983, 63, 77-99.

Rheinwald J, Green H. Epidermal growth factor and the multipli-
cation of cultured human epidermal keratinocytes. Nature 1977,
265,421-424.

Todaro G, Green H. Quantitative studies of the growth of mouse
embryo cells in culture and their development into established
lines. ¥ Cell Biol 1963, 17, 299-313.

Chang S. In vitro transformation of human epithelial cells. Biochim
Biophys Acta 1986, 823, 161-194.

Todaro G, Green H. An assay for cellular transformation by SV40.
Virology 1964, 23, 117-119.

Matlashewski G, Schneider J, Banks L, Jones N, Murray A,
Crawford L. Human papillomavirus type 16 DNA cooperates with
activated ras in transforming primary cells. EMBO ¥ 1987, 6,
1741-1746.

Gallimore P, Williams J, Brieding D, Grand R, Rowe M, Byrd P.
Studies on Adenovirus type 12 El region: Gene expression,
transformation of human and rodent cells and malignancy. Cancer
Cells 1986, 4, 110-116.

Briand P, Petersen O, Van Deurs B. A new diploid non-tumori-
genic human breast epithelial cell line isolated and propagated in
chemically defined medium. In Vitro Cell Dev Biol 1987, 23,
181-188.

Baden H, Kubilus J, Kvedar J, Steinberg M, Wolman S. Isolation
and characterization of a spontaneously arising long-lived line of
human keratinocytes (NM1). In Vitro Cell Dev Biol 1987, 23,
205-213.

Holliday R. The inheritance of epigenetic defects. Science 1987,
238, 163-170.

Bischoff F, Yim S, Pathak S, et al. Spontaneous abnormalities
in normal fibroblasts from patients with Li-Fraumeni cancer
syndrome: Aneuploidy and immortalization. Cancer Res 1990, 50,
7979-7984.

Kakunaga T. Neoplastic transformation of human diploid fibro-
blast cells by chemical carcinogens. Proc Natl Acad Sci USA 1978,
75, 1334-1338.

Stampfer M, Bartley J. Induction of transformation and continu-
ous cell lines from normal human mammary epithelial cells after
exposure to benzo(a)pyrene. Proc Natl Acad Sci USA 1985, 82,
2394-2398.

Sager R. Resistance of human cells to oncogenic transformation.
Cancer Cells 1984, 2, 487493,

Harris C, Reddel R, Pfeifer A, Iman D, McMenamin I, Trump
B, Weston A. Role of oncogenes and tumour suppressor genes in
human lung carcinogenesis. IJARC Sci Pub 1991, 105, 294-304.
Galanti N, Jonak G, Soprano K, et al. Characterization and
biological activity of cloned Simian Virus 40 DNA fragments. ¥
Biol Chem 1981, 256, 6469-6474.

Pirisi L, Yasumoto S, Feller M, Doniger ], DiPaolo J. Transform-
ation of human fibroblasts and keratinocytes with human papil-
lomavirus type 16 DNA. 7 Virol 1987, 61, 1061-1066.

Gallimore P, Grand R, Byrd P. Transformation of human embryo
retinoblasts with Simian Virus 40, adenovirus and ras oncogenes.
Anticancer Res 1986, 6, 499-508.

Ide T, Tsuji Y, Nakashima T, Ishibashi S. Progress of aging in
human diploid cells transformed with a tsA mutant of Simian
Virus 40. Exp Cell Res 1984, 150, 321-328.

Stein G. S$V40 transformed human fibroblasts: evidence for cellular
aging in pre-crisis cells. J Cell Physiol 1985, 125, 36-44.

Sack G. Human cell transformation by Simian Virus 40—a review.
InVitro 1981, 17, 1-19.



1500

49.

50.

51.

52.

53.

54.
55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

A.C. Stamps et al.

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

Steinberg M, Defendi V. Transformation and immortalization of
human keratinocytes by SV40. 7 Inv Dermatol 1983, 81, 131-136.
Stacey M, Gallimore P, McConville C, Taylor A. Rearrangement
of the same chromosome regions in different SV40 transformed
human skin keratinocyte cell lines is associated with tumorigenic-
ity. Oncogene 1990, 5, 727-739.

Cepko C, Roberts B, Mulligan R. Construction and applications
of a highly transmissible murine retrovirus shuttle vector. Cell
1984, 37,1053-1062.

Jat P, Sharp P. Large T Antigens of Simian Virus 40 and
Polyomavirus efficiently establish primary fibroblasts. 7 Virol
1986, 59, 746-750.

Tegtmeyer P. Function of Simian Virus 40 gene A in transforming
infection. ¥ Virol 1975, 15, 613-618.

Jat P, Sharp P. Cell lines established by a temperature sensitive
Simian Virus 40 large T antigen are growth restricted at the non-
permissive temperature. Mol Cell Biol 1989, 9, 1672-1681.

Radna R, Caton Y, Jha K, et al. Growth of immortal Simian Virus
40 tsA transformed cells is temperature dependent. Mol Cell Biol
1989, 9, 3093-3096.

Mole S, Gannon J, Ford M, Lane D. Structure and function of
SV40 large T-antigen. Phil Trans R Soc Lond B 1987, 317,
455-469.

O’Hare M, Stamps AG, Burman ], ez al. Isolation and characteris-
ation of a new human keratinocyte cell line (HK-ts58) produced
using amphotropic retrovirus to transduce a non-DNA binding,
temperature-sensitive SV40 T antigen construct. Differentiation
1992 (submitted).

Wright W, Pereira-Smith O, Shay J. Reversible cellular sen-
escence: implications for immortalization of normal human diploid
fibroblasts. Mol Cell Biol 1989, 9, 3088-3092.

Finlay C, Hinds P, Levine A. The p53 proto-oncogene can act as
a suppressor of transformation. Cell 1989, 57, 1083-1093.
Michalovitz D, Halevy O, Oren M. Conditional inhibition of
transformation and of cell proliferation by a temperature sensitive
mutant of p53. Cell 1990, 62, 671-680.

Huang H-J, Yee J-K, Shew J-Y, et al. Suppression of the neoplastic
phenotype by replacement of the RB gene in human cancer cells.
Science 1988, 242, 1563-1566.

Lane D, Crawford L. T antigen is bound to a host protein in
SV40-transformed cells. Nature 1979, 278, 261-263.

DeCaprio J, Ludlow ], Figge ], et al. SV40 large tumor antigen
forms a specific complex with the product of the retinoblastoma
susceptibility gene. Cell 1988, 54, 275-283.

Scheffner M, Werness B, Huibregtse J, Levine A, Howley P. The
E6 oncoprotein encoded by human papillomavirus types 16 and
18 promotes the degradation of p53. Cell 1990, 63, 1129-1136.
Sarnow P, Ho Y, Williams J, Levine A. Adenovirus E1b-58kd
tumor antigen and SV40 large tumor antigen are physically associ-
ated with cellular protein in transformed cells. Cell 1982, 28,
387-394.

Dyson N, Howley P, Munger K, Harlow E. The human papil-
lomavirus-16 E7 oncoprotein is able to bind to the retinoblastoma
gene product. Science 1989, 243, 934-936.

Whyte P, Buchkovich K, Horowitz J, et al. Association between
an oncogene and an anti-oncogene: the adenovirus E1A proteins
bind to the retinoblastoma gene product. Nature 1988, 334,
124-129.

Larose A, Dyson N, Sullivan M, Harlow E, Bastin M. Polyoma-
virus large T mutants affected in retinoblastoma protein binding
are defective in immortalization. ¥ Virol 1991, 65, 2308-2313.
Shay J, Pereira-Smith O, Wright W. A role for both Rb and p33
in the regulation of human cellular senescence. Exp Cell Res 1991,
196, 33-39.

Oren M, Maltzman W, Levine A. Post-translational regulation of
the 54K cellular tumor antigen in normal and transformed cells.
Mol Cell Biol 1981, 1, 101-110.

Munger K, Phelps W, Bubb V, Howley P, Schlegel R. The E6
and E7 genes of human papillomavirus type 16 together are
necessary and sufficient for the transformation of primary human
keratinocytes. J Virol 1989, 63, 4417-4421.

Goodrich D, Wang N, Qian Y-W,Lee E, Lee W-H. The retinoblas-
toma gene product regulates progression through the G1 phase of
the cell cycle. Cell 1991, 67, 293-302.

Stein G, Beeson M, Gordon L. Failure to phosphorylate the

retinoblastoma gene product in senescent human fibroblasts. Sci-
ence 1990, 249, 666-669.

75. Futreal P, Barrett J. Failure of senescent cells to phosphorylate
the Rb protein. Oncogene 1991, 6, 1109-1113.

76. Ludlow J, DeCaprio ], Huang C-M, Lee W-H, Paucha E,
Livingston D. SV40 large T antigen binds preferentially to an
underphosphorylated member of the retinoblastoma gene product
family. Cell 1989, 56, 57-65.

77. Gannon J, Lane D. Interactions between SV40 T antigen and
DNA polymerase o. New Biologist 1990, 2, 84-92.

78. Stahl H, Droge P, Knippers R. DNA helicase activity of SV40
large tumor antigen. EMBO ¥ 1986, S, 1939-1944.

79. Vogelstein B. A deadly inheritance. Nature 1990, 348, 681-682.

80. Horowitz J, Park S-H, Bogenmann E, e al. Frequent inactivation
of the retinoblastoma anti-oncogene is restricted to a subset of
human rumor cells. Proc Natl Acad Sci USA 1990, 87, 2775-2779.

81. Crook T, Wrede D, Tidy ], Scholefield J, Crawford L, Vousden
K. Status of c-myc, p53 and retinoblastoma genes in human
papillomavirus positive and negative squamous cell carcinomas of
the anus. Oncogene 1991, 6, 1251-1257.

82. Marshall C. Tumor suppressor genes. Cell 1991, 64, 313-326.

83. Burmer G, Ziegler C, Norwood T. Evidence for endogenous
polypeptide mediated inhibition of cell cycle transit in human
diploid cells. ¥ Cell Biol 1982, 94, 187-192.

84. Lumpkin C, McClung ], Pereira-Smith O, Smith J. Existence of
high abundance anu-proliferative mRNAs in sene=~=nt human
diploid fibroblasts. Science 1986, 232, 393-395.

85. Speiring A, Pereira-Smith O, Smith J. Correlation between comp-
lementation groups for immortality and DNA synthesis inhibitors.
Exp Cell Res 1991, 195, 541-545.

86. Nuell M, Stewart D, Walker L, ez of. Prohibitin, an evolutionarily
conserved intracellular protein that blocks DNA synthesis in
normal fibroblasts and Hela cells. Mol Cell Biol 1991, 11,
1372-1381.

87. Wang E, Moutsatsos I, Nakamura T. Cloning and molecular
characterization of a cDNA clone to statin, a protein specifically
expressed in non-proliferating quiescent and senescent fibroblasts.
Exp Gerontol 1989, 24, 485-499.

88. Giordano T, Foster D. Identification of a highly abundant cDNA
isolated from senescent WI-38 cells. Exp Cell Res 1989, 185,
399-406.

89. Peto R. Epidemiology, multistage models and short-term
mutagenesis tests. In: Origins of Human Cancers. New York, Cold
Spring Harbor Laboratory, 1977, 1403-1428.

90. Paraskeva C, Finerty S, Powell S. Immortalization of a human
colorectal adenoma cell line by continuous ir vitro passage: possible
involvement of chromosome 1 in tumour progression. Int J Cancer
1988, 41, 908-912.

91. Fialkow P. Clonal origin of human tumors. Biochim Biophys Acta
1976, 458, 283-321.

92. Fearon E, Hamilton S, Vogelstein B. Clonal analysis of human
colorectal tumours. Science 1987, 238, 193-197.

93. O’Hare M J. Breast Cancer. In: Masters J, ed. Human Cancer in
Primary Culture, A Handbook. The Netherlands, Kluwer Academic
Publishers, 1991, 271-286.

94. Harley C, Futcher A, Greider C. Telomeres shorten during ageing
of human fibroblasts. Nature 1990, 345, 458-460.

95. Greider C. Telomeres, telomerase and senescence. BioEssays 1990,
12, 363-369.

96. Kipling D, Cooke H. Hypervariable ultra-long telomeres in mice.
Nature 1990, 347, 400-402.

97. Biessmann H, Carter S, Mason J. Chromosome ends in Drosophila
without telomeric DNA sequences. Proc Natl Acad Sci USA 1990,
87,1758-1761.

98. Peacocke M, Campisi J. Cellular senescence: a reflection of normal
growth control, differentiation or aging? ¥ Cell Biochem 1991, 45,
147-155.

99. DavisR, Weintraub H, Lassar A. Expression of a single transfected
cDNA converts fibroblasts to myoblasts. Cell 1987, 51, 987-1000.

100. Yaswen P, Smoll A, Pechl D, Trask D, Sager R, Stampfer M.
Downregulation of a calmodulin-related gene during transform-
ation of human mammary epithelial cells. Proc Natl Acad Sci USA
1990, 87, 7360-7364.

101. Lee S, Tomasetto C, Sager R. Positive selection of candidate
tumor-suppressor genes by subtractive hybridisation. Proc Natl
Acad Sc1 USA 1991, 88, 2825-2829.

Acknowledgement—The Institute of Cancer Research is supported by
the Cancer Research Campaign and the Medical Research Council.



