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ABSTRACT

The hypothesis that induction of immortalization of rodent cells follows
one-hit kinetics was tested by the determination of frequencies of immor
talization of Syrian hamster embryo cells after treatment with
benzo(a)pyrene, \-rays, or ethylnitrosourea. Contrary to expectation,
immortalization did not occur in a single step. Full immortalization
appeared to be a process which required at least three steps: extension
of life span (step 1), increase in cloning efficiency (step 2), and increase
in growth rate (step 3). These three steps occur in this fixed sequence.
The first step appears to be induced by the carcinogenic treatment, while
the two other steps occur spontaneously in the progeny of cells which
underwent the first step. The frequency of induction of the first step is in
the order of magnitude of mutation induction, which suggests that mu
tation in one alÃeleof a limited number of loci is sufficient to initiate the
process of immortalization. However, the spontaneous frequency of im
mortalization is below 2.4 x 10"'/cell/generation, which appears to be

too low for a spontaneous mutation frequency. The frequencies/cell/
generation of the second and the third step are in the order of magnitude
of spontaneous mutation frequencies.

INTRODUCTION

Immortalization frequencies of cells in culture appear to
depend strongly on the species from which the cells are derived.
Human fibroblasts and epithelial cells do not immortalize at
all or very seldom spontaneously (1, 2), while rodent cells are
known to immortalize easily (3-5). The same discrepancy be
tween species is also observed for the induction of immortali
zation by treatment with mutagens or carcinogens (1).

This difference between species in stringency of control of
cellular mortality has been thought to have arisen during evo
lution as a means to lower the chance for malignant transfor
mation for individual cells which seems necessary in view of
the much longer life span and the much greater body mass of
human beings (6).

Although presently the mechanism of control of cellular life
span and senescence is entirely unknown, there are some indi
cations that inactivation of specific genes (so-called senescence
genes) might be involved in immortalization. For instance
fusion of immortal cells with mortal cells results in hybrids
with a limited life span (7, 8) which indicates that immortali
zation is due to events which are recessive. Moreover fusion of
immortal cells from different origins with each other can result
in reappearance of limited life span and in this way four
complementation groups for infinite life span have been estab
lished in human cells (9) which indicates that there are only a
limited number of genes or sets of genes or processes involved
in immortalization. This finding does not support the idea that
cellular senescence is the result of the accumulation of muta-
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lions and errors but is in line with the theory of programmed
senescence for which there is also experimental evidence (10-
12). Programmed senescence would involve a limited number
of genes and immortalization would involve a limited number
of genetic alterations.

The difference between human cells and rodent cells in fre
quency of immortalization has been explained on the basis of
the number of events which have to take place in order to
generate immortal cells (1, 6). According to this hypothesis
rodent cells could become immortal via a one-stage mechanism:
one event would be sufficient to bypass the senescent mecha
nism. Immortalization of human cells however would require a
two-stage mechanism in which, in addition, a second event is
required for escape from the senescent mechanism. This model
could explain why human cells are refractory to immortaliza
tion by carcinogens and mutagens as two targets have to be
mutated simultaneously (6).

If this hypothesis is true, immortalization of rodent cells
should occur with frequencies and kinetics which are similar to
those observed in mutation assays. Only few quantitative data
are available to verify this hypothesis. It has been reported (13)
that the spontaneous immortalization rate of cultured Chinese
hamster cells was 1.9 x 10~6/cell/generation which is in the

order of magnitude of a mutation frequency. In addition the
frequency of induction of immortalization of SHE' cells after
treatment with carcinogens is in the order of 0.9-7 x 10~5

which indeed supports the notion that only a single mutational
hit is required (14).

Because of this scarcity of quantitative data and to test further
the hypothesis that induction of immortalization in rodent cells
follows one-hit kinetics, we intended to develop a short-term
assay for immortalization using selective conditions for immor
tal cells. Immortal cells are often characterized by a high cloning
efficiency, fast growth rate, and reduced requirement for serum.
Therefore it was envisaged that under conditions of low serum,
which affects drastically the capacity for growth of normal cells,
immortal cells would give rise to visible clones of cells among
a background of slowly growing normal cells. The experiments
described below led to the serendipitous finding that the devel
opment of a short-term assay was not feasible because immor
talization itself results from several steps which occur in a fixed
sequence. The frequencies of induction of the first step are in
the order of magnitude of induced mutation frequencies.

MATERIALS AND METHODS

Cells and Culture Conditions

Syrian hamsters (Cpb-ShGa 51) in their second pregnancy were
purchased from CPB-TNO, Zeist, The Netherlands. Preparation and
cryopreservation of primary cultures was carried out as described by
Pianta et al. (15). All experiments were performed with tertiary cultures
obtained from these cryopreserved stocks. Cells were grown in Dulbec-
co's modified minimal essential medium supplemented with 20% fetal

'The abbreviations used are: SHE. Syrian hamster embryo: C'E. cloning

efficiency: PD. population doubling; PDT. population doubling time: B(a)P.
benzo(a)pyrene; ENU, ethylnitrosourea: Pw. petri dish 90 mm in diameter.
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IMMORTALIZATION, A MULTISTEP EVENT

calf serum, NaHCO3 (2.4 g/liter), and antibiotics at 37Â°Cin an atmos

phere of 10% CO2 in a humidified incubator. Under these conditions
the pH of the medium is 7.2 . The cultures were refed with fresh
medium every 3 or 4 days. Cells were passaged via gentle trypsinization
with 0.25% trypsin/EDTA solution for 5 min at 37T.

BHK-A3 was a gift from Dr. S. H. RÃ©veil(Institute of Cancer
Research, Sutton, United Kingdom). This cell line was estimated to
have been cultured for only about 100 generations since the original
isolation of clone 13 which gave rise to the BHK 21/13 cell line (16,
17).

Early passage C3H10T1/2 cells were a gift from Dr. A. R. Kennedy,
Harvard University, Boston, MA.

Treatment with Carcinogens

B(a)P was obtained from Sigma Chemical Co. It was dissolved in
dimethyl sulfoxide and then diluted to the desired concentration into
growth medium. ENU was obtained from Fluka, Buchs, Switzerland.
Tertiary passage SHE cells were plated and allowed to attach overnight
in normal medium. The cultures were then rinsed with phosphate-
buffered saline and treated with B(a)P (20 Mg/ml) for 24 h, ENU (3
mM) for 1 h, or irradiated with X-rays (300 rads). After treatment, the
cultures were washed with phosphate-buffered saline. Control cultures
were treated with solvent only (0.1% dimethyl sulfoxide).

Determination of Cloning Efficiency

Cloning Efficiency in the Presence of Feeder Cells. Per P<x,300 cells
were seeded together with 1.5 x 10* feeder cells which had been

irradiated with 3000 rads. The cells were seeded in medium containing
20, 15, 10, and 5% fetal calf serum, respectively, 5 /'Â»o/experimental

group. The clones were fixed with methanol after 11 days of incubation
in the 10, 15, and 20% serum and after 14 days of incubation in the
5% serum, stained with Giemsa, and counted.

Cloning Efficiency in Mass Cultures. After fixation and staining of
the cultures which had been grown in medium with 5% serum about 25
fields were randomly selected under the microscope measuring 13.5
mm2 each. In these fields the number of homogeneous cell nests amid

a background of nonproliferating or very slowly proliferating cells was
counted. The total number of clones in the flask followed from the
surface of the flask and this number was divided by the inoculum.

Cloning Efficiency in Soft Agar. Per P<M1000 cells were seeded in 3
ml Dulbecco's modified minimal essential medium supplemented with

20% fetal calf serum, 0.1% bactopeptone, and 0.33% agar on top of a
bottom layer of 0.6% agar in the same medium, 5 P6o/cell line. Colonies
were scored by microscopic examination after 3 weeks of incubation.

Immortalization Assay

After treatment the cells were kept in normal medium for 7 days in
order to allow the expression of induced mutations (18). After the
expression period each control or treated population was trypsinized
and seeded in 2 sister culture flasks with the same inoculum and in
medium supplemented with 5% fetal calf serum in order to create a
selective advantage for immortal cells. When fully grown, one culture
flask was fixed in 70% alcohol and stained with Giemsa in order to
judge the cell morphology and to determine the CE of each population.
The other sister culture flask was used to count the total amount of
cells and to determine the number of PDs and the PDT. These cells
were used to inoculate again 2 sister culture flasks with the same
inocula. This procedure was repeated until senescence prevented further
culturing. The inocula/flask differed from 5 x 10" in F25 to IO6 in

F175 depending on the expected frequencies of immortalization. These
inocula were kept constant per experiment. Experiments were termi
nated after 150 days. The number of PDs is

N,108U

Determination of the Immortalization Frequency

For the estimation of the frequency of induced immortalization/
viable cell, the mean number of immortal cells/culture is calculated
from the Pa value. P0 is the fraction of flasks in which no immortali
zation occurred; Pa = e~min which m is the number of immortalizing

events/culture (19). The immortalization frequency then follows from
the number of viable cells seeded/culture.

For the estimation of the immortalization rates/cell/generation the
total amount of cell generations for each culture was calculated with
the equation

e.g. =
In 2

log 2

in which /V,is the final cell number and jV0the number of cells seeded.

the number of immortalizing events in a particular experiment was
divided by the total number of cell generations in that experiment.

RESULTS

Selective Conditions for Immortal Cells. To check whether
immortal cells have a selective advantage in medium which is
supplemented with 5% serum instead of 15% serum the PDT
has been determined of mortal and immortal cells in medium
with 5 and 15% serum (Table 1). Early passage immortal cell
lines have been used (BP-A, BP-B, and EN-A) which had been
obtained after treating SHE cells with B(a)P or ENU and
culturing these cells in medium with 15% serum. In addition
two well-known immortal cell lines (BHK-A3 and C3H10T1/
2), which do not grow in agar, were tested. Table 1 shows that
the immortal cell lines have a selective advantage in medium
with 5% serum because the ratio of the PDT in 5 and 15%
serum is closer to 1 for the immortal cells than for the mortal
cells. Moreover the absolute PDT is much lower for the im
mortal SHE lines than for the mortal SHE cells.

Untreated cells in medium with 5% serum underwent 6.1 Â±
1.1 (SD) PDs during 3-4 passages until senescence (Fig. 1).
The same cells have a life span of 26.0 Â±10.2 PDs during 5-8
passages in medium with 20% serum. The CE of the SHE cells
in medium supplemented with 5, 10, 15, and 20% serum was
0.8, 14.0, 19.2, and 16.0%, respectively. Because the CE in
medium with 5% serum is about 1%, each passage would
account for an additional 6.6 PDs and the 3-4 passages which
normal cells have before senescence would account for an
additional 20-30 PDs. The total life span in 5% serum would
thus be in the order of 25-40 PDs. Because the CE in medium
with 20% serum is about 16% and each passage would account
for an additional 2.6 PDs, the 5-8 passages which the normal
cells have before senescence would account for an additional
13-20 PDs. The total life span in 20% serum would thus be on
the order of 35-50 PDs.

Induction of Immortalization. Experiments on induction of
immortalization have been performed with B(a)P (20 Mg/ml),
X-irradiation (300 rads), and ENU (3 mM). The relative survival
after these treatments, based on cloning efficiencies was 48, 25,
and 25 %, respectively. The size of the applied inocula and flasks
have been indicated in Table 2. After treatment with these
carcinogens 106 of the 133 cultures became senescent before
the 10th PD and as can be seen in Fig. 1 a part of them became
senescent prematurely.

This immortalization assay also monitors the growth rate
and CE of each population in the successive passages. This
revealed that immortalization did not occur in a single step.
Contrary to our expectations all cell populations which had an
extended life span (>10 PDs) invariably still had a low CE (Fig.
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IMMORTALIZATION. A MULTISTEP EVENT

Table 1 Effect of immortalization on the ratio of the PDTs determined after 2 weeks of growth in medium supplemented with 5 or 15% PCS
Mortal cells: SHE; freshly immortalized SHE: BP-A. BP-B and EN-A; established immortal cell lines: BHK, C3H10T1/2.

Experiment Cellline1

SHEBP-AEN-ABHK-A310T1/22

SHEBP-BBHK-A3Passage

no.3141625161717311Inoculum(cells/cm2)20005000200050002000500020005000200050002000500020005000100030001000300010003000PDTRatin
F5%

PCS1
08.3Â±33.411

6.7Â±20.821.3
Â±1.525.0
Â±1.722.5
Â±2.521.3
+0.719.4
+0.419.4
+0.420.6
Â±2.026.3
Â±0.216.8
Â±1.218.4
+0.437.9
+6.737.6
+0.3125.0

Â±7.152.5
+21.953.4
Â±0.251.7+

18.718.3
Â±2.516.4
+ 0.115%

PCS PD1'DT
5%/r

is%52.7
3.32.136.4
1.53.219.8

2.119.0
0.319.3
0.317.9
Â±0.217.2

+0.917.2
Â±0.917.5
Â±0.420.9

Â±0.414.5
Â±0.616.8

Â±2.325.6+
1.6.1.3.2.2.1.1.2.3.2.1.328.7

Â±1.21.330.7
+ 0.84.120.8
Â±0.32.522.8
Â±0.12.329.2
Â±4.91.814.7
Â±0.81.215.0+1.1

1.1

30252OIS108control|II,

Fig. I. Histograms of life spans, measured as number of PDs, of control and
treated cultures (without correction for cloning efficiency).

2). Increase of the CE from about 1% to a CE in the range of
30-70% occurred sooner or later via the sudden appearance of
variant cells which replaced the original cell population (Fig. 2;
Table 3). Many of these cell populations were still slowly
growing with PDTs comparable to or even exceeding the PDT
of normal cells (Table 3). In the majority of these slowly
growing cultures a second sudden change was observed in which
fast growing cells took over (Fig. 2; Table 3). An example of
the occurrence of the three observed steps is shown in Fig. 3
(HneBP-11).

Not all cell populations show exactly the same graph: 6 lines

have about the same kinetics as shown in Fig. 3 (e.g., BP-3,
BP-4, BP-5, BP-14); another 6 lines show essentially the same
phenomenon but in these lines the initial growth rate is faster
and thus the change in growth rate is less conspicuous (e.g.,
BP-10, BP-17). In these latter lines it could be arbitrary to
ascribe the change in growth rate to the appearance of a variant
cell because the difference is rather small.

Nine lines only show a rise in CE and did not undergo step
3 within the course of the experiment (e.g., BP-6, BP-7, BP-9,
BP-12).

In 5 of the lines the increase in CE occurred in two steps:
first from about 1% to a CE in the range of 5-15%, 3-8 passages
later followed by a further increase (e.g. BP-1, BP-16, BP-18).

One cell population (BP-15) had an increase of the CE
followed by a decrease and followed again by an increase. In
this latter cell line the increase in life span did not lead to
immortalization because the line ultimately stopped growing
after about 60 PDs.

It appears that all three steps are required for full immortal
ization because some of the lines with extended life span still
underwent senescence: six of the lines underwent only the first
step and all six became senescent after 12-24 PDs; another six
lines underwent only the first and the second steps and within
the course of the experiment two of them became senescent
after 30 and 42 PDs. After the third step the cell lines were

Table 2 Frequencies of steps in immortalization
Frequencies of step 1 are per viable cell; frequencies of step 2, step 3. and controls are per cell per generation.

Experimeni
no.Treatment1

B(a)P2
B(a)P3
X-ray4

X-ray5
EMUNo.

of
cultures181919194018CultureflasksF175F75F175F25F175F175Inoculum1.0

x3.55.05.02.53.0xXXXX10'IO510*IO4IO5IO5No.

of
immortal
cultures1321111FrequenciesStep2112032.011xxXXX1Step2IO'4

7.9 xIO-IO-1
1.1 xIO-IO'5
6.6 x10-10-'

2.3 xIO-IO'4
1.0 x 10-Step

32.5
xIO'83.6
x10-'13.5

x10-'2.6
x10-"6.3

X 10-" 4.3 x10-"ControlsIS1010101010F175F175F75F175F175F251.05.03.53.02.55.0XXXXXXIO6IO5IO510*IO510"000000<2.4X10-'

' Weighted mean.
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Fig. 2. Kinetics of immortalizing cell populations after treatment with B(a)P.

remarkably similar in growth rates (PDT = 19.0 Â±2.6; Table IO6), the frequency of the first step was 2.2 x 10 4.

3) and are truly established immortal cell lines. The frequencies of the induction of the first step in immor-
The induced frequencies of the first step in immortalization talization range from 2 to 22/105 cells (Table 2).

have been calculated with the P0 method. For example, in the The frequencies of the second and third steps have been
first experiment (Table 2) 16 of the 18 cultures underwent step determined also. For example, in the first experiment (Table 3)
1; therefore the number of immortal cells/culture is 2.2 (â€”lnP0) 15 cultures underwent step 2 (BP-15 has been excluded because
and because the number of viable cells/culture was 10" (1% of of its atypical behavior). All together these 15 cultures had
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Fig. 2â€”Continued

188.4 x IO6 cell generations between the extension of the life ment; therefore the rate/cell/generation of step 3 was 2.5 X
span and the occurrence of step 2; therefore the rate/cell/ 10~8 (Table 2). All experiments together give an over-all fre-
generation was 7.9 x. 10'*. Similarly 9 of these 15 cultures quency/cell/generationof 6.3 x 10~8for an increase in CE and
underwent step 3. The total number of cell generations in these 4.3 x 10~8for an increase in growth rate.

9 lines between step 2 and step 3 was 305 x IO6cell generations Spontaneous immortalization has not been observed. Because

and the 6 lines which did not undergo step 3 contributed with the number of cell generations in the control cultures is known,
49.1 x 10' cell generations until the termination of the experi- it can be calculated that the spontaneous frequency of immor-
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Table 3 Time of appearance of steps during immortalization and population
doubling time for each period

The population doubling time for normal cells in 5% fetal calf serum was 64.2
Â±13.7.

Experimentand
celllineExperiment

1BP-1BP-3BP4BP5BP-6BP-7BP-9BP-10BP-IIBP-1

2BP-13BP-1

4BP-1
6BP-1
7BP-1

8Experiment
2BP-19BP-20BP-21BP-22BP-23Experiment

3XR-1XR-2Experiment

4XR-3Experiment

5E-lE-2E-3E-4Mean

Â±SDPDT

afterStep

133.067.268.055.446.830.629.355.454.539.533.055.557.532.751.6144.093.6101.720.326.418.116.025.857.318.523.587.9Step277750.857.842.4Days

after
treatmentStep

3 Step220.923.521.823.283.6115.91772136130.41633Senescent

(30PD)17.221.2Senescent

(42PD)146.392341.534.019.119.319.580.091646450107925050507450747474107Step

311510698106671021199891Senescenti!

2PD)Senescent
(16PD)Senescent
(19PD)16325.215.619.921.725.817.21206749497710988Senescent

(20PD)Senescent
(24PD)16.715.44562Senescent

(16PD)49.7
Â±29.4 68.6 Â±50.312096BC1

72
Â°cO5

483aoa.2401-.'*

â€”¿�*step2CE

''<â€”â€¢"*

â€”¿�*19.0

Â±2.63*++*****normallitespan

50 100

Days after treatment

150

Fig. 3. Kinetics of line BP-11 demonstrating three separate steps in immortal
ization: extension of life span, increase in cloning efficiency, and increase in
growth rate.

talization must be below 2.4 x 10 Vcell/generation (Table 2).
Growth in Soft Agar. Seven immortalized cell lines (BP-4,

-5, -6, -13, -16, -17, -18) have been tested for growth in soft
agar at an early passage (passage 8-11). Five of them did not
produce any colonies. One line (BP-4) had only 18 small
colonies (about 1000-2000 cells) in 5 Petri dishes and another
line (BP-6) had only 2 colonies of about 60,000 cells. This
means that after correction for their cloning efficiency in liquid
medium the frequency of clones growing in agar in these two
lines was only 6 x 10~3and 1 x 10~', respectively.

DISCUSSION

Selective Conditions for Immortal Cells. Supplementing the
medium with 5% serum instead of 15 or 20% appears to provide
a selective condition for immortal cells (Table 1). It is a question
to what extent this condition also affects the life span of normal
cells. At first sight there appears to be a very significant differ
ence because we found 6.1 Â±1.1 PDs in 3-4 passages in 5%
serum and 26.0 Â±10.2 PDs in 5-8 passages in 20% serum.
However after correction for the CE these figures become 25-
40 PDs in 5% serum and 35-50 PDs in 20% serum. Therefore
the life span in 5% serum seems not very much shorter than
the life span in 20% serum.

Sequential Steps in Immortalization. It was observed that
immortalization did not occur in a single event because the
results indicate that there are at least three steps involved in
induced immortalization of SHE cells. The first step is exten
sion of life span, the second is increase in CE, and the third
step is increase in growth rate. The first step occurs in only a
few of the treated cells because increase of the life span is only
observed in a minority of the cell populations. In fact many
carcinogen-treated cultures which do not give rise to immortal
lines have a life span which is shorter than the life span of the
control cultures (Fig. 1), which suggests that treatment with
carcinogens induces shortening of the life span in almost all
treated cells. The mechanism for this phenomenon is not under
stood but similar observations have been made by others (20-
22). The extension of life span (step 1) does not affect the CE
of the cells which remains as low as in control cultures. Increase
in CE (step 2) is apparently due to the arising of rare variants
and because it occurs at unpredictable moments seems to behave
like a stochastic event. Because sudden increases in the CE are
never observed in normal cells, the first step must be considered
as a prerequisite for the occurrence of the second step. That the
cell lines which have undergone only these two changes are not
yet completely immortal follows from the finding that, within
the 150-day period of the experiments, still 2 of the 6 cell lines
with only these two steps underwent senescence after 30 and
42 PDs. This is in contrast to the cell lines which also underwent
the third step and which behave like truly established cell lines.
The third step can only be observed with certainty in those cell
lines which are initially slow growers. Therefore, although this
holds for many of the lines, we are not completely certain
whether the second step is a prerequisite for the third step. This
however is indicated because in all the cell lines in which these
steps can be recognized the increase in CE precedes the increase
in growth rate (Table 3). It can also be seen from Table 3 that
after the third step all cell lines are remarkably similar in growth
characteristics.

That these three steps have been observed is probably due to
our use of a low serum concentration as a selective condition.
This would imply that all three steps are characterized by a
reduced serum requirement. There are data in the literature
which also indicate that immortalization does not always im
prove the growth characteristics of the cells: human fibroblasts
immortalized by origin-defective simian virus 40 often grow
slower than the normal cells (23) and freshly immortalized
Syrian hamster dermal fibroblasts often are slow growing and
difficult to keep (14). There are also data in the literature which
indicate that immortalization might be a multistep process: a
transient phase in the course of immortalization has been
observed for rat liver epithelial cells (24) and sequential mor
phological alterations have been observed in clones from early
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stages of neoplastic transformation of rat trachea! epithelial
cells (25-27).

Another maybe important observation is that crisis does not
appear to be necessary for immortalization because all the
cultures which led to immortal lines displayed only moderate
signs of senescence and were not heterogeneous in length of the
senescence period. This is in contrast to many data in the
literature which report the arising of vigorously growing foci in
senescent populations at unpredictable times. These observa
tions might be explained by the hypothesis that only the third
step will lead to a clear selective advantage in normal serum
concentrations and that therefore usually only the third step
will be observed in senescent populations.

Frequencies of Steps in Immortalization. All the induced fre
quencies of the first step in immortalization (Table 2) are in
the same order of magnitude as induced mutation frequencies.
The induced mutation frequency at the HPRT locus of V79
Chinese hamster cells after 300 rads is 4.1 x 10~5 (18) which
corresponds with the 2 x 10~5 found for immortalization. The

induced mutation frequency at this locus in SHE cells with 3
mM ENU is 1.7 x IO'4 (28) and with 10 n\ B(a)P is 0.4 x 10~4
(29) which correspond with the 1.1 x 10~4 and 1-2 x 10~4

frequencies found for immortalization. These frequencies are
also in agreement with the data of Newbold ef a/. (14). Therefore
these mutational frequencies suggest that inactivation of one
gene or at most one of a very limited number of genes can be
involved. Moreover, as immortality appears to be a recessive
trait (9), it is thought that only one of the two alÃelesof the
gene(s) has to be mutated in order to start the immortalization
process. This would mean that a gene dosage effect is involved
or that these genes are functionally hemizygous.

The finding that immortalization is a multistep process is
still compatible with the one-event hypothesis if one assumes
that the one event relates to step 1 only and that step 2 and
step 3 automatically will follow if enough cells are present after
step 1.

There is however one finding which does not support the
idea that step 1 results from the induction of a mutation-like
event: we did not observe any spontaneous immortalization
which means that the spontaneous rate must be below 2.4 x
10~Vcell/generation. Background mutant frequencies in cell
populations usually range from 10~6 to 10~5, and spontaneous
mutation frequencies are around 10~7. Therefore the first step

in immortalization should have been observed in the control
cultures and immortal cell lines should have been obtained
because the cells were cultured in such large numbers that step
2 and step 3 would have occurred. This low spontaneous im
mortalization frequency seems also in contrast to many publi
cations which report spontaneous immortalization of SHE
cells. Some of these published data are such that the sponta
neous rate of immortalization can be calculated: the number of
cell generations/passage can be calculated from the inoculum
and the final cell density/culture; this figure together with the
number of passages, the number of tested cell lines, and the
number of immortal cell lines obtained leads to a spontaneous
immortalization rate/cell/generation of 6.6 x 10~'Â°for the data
of Barrett and Ts'o (30), of 2.5 x 10~9 for the data of Tsutsui
and Ts'o (31), and 2.9 x IO'10 for the data of Newbold et al.
(14) with a weighted mean of 6.1 x 10~'Â°.This indicates that

the rate of spontaneous immortalization is indeed extremely
low in SHE cells. This rate appears too low for a spontaneous
mutation frequency and the question therefore arises whether
our data obtained for the spontaneous immortalization fre

quency can be in agreement with a one-hit event.

The frequencies of the second and the third step, although
rather low, are in the order of magnitude of spontaneous
mutation frequencies. They are also similar to the frequency
determined by Crawford et al. (32) for a freshly immortalized
SHE cell line which can acquire the competence to grow in
agar.

Multistep Neoplastic Transformation of SHE Cells. It has
been observed that immortalization of SHE cells involves three
steps and that these immortal cells do not grow in agar. This
finding suggests that the total number of steps required for
neoplastic transformation of SHE cells might be four because
the immortal cells probably have to become aga+ in order to
become tumorigenic (30) and may be even five steps if aga+
cells still have to change into turn"1"(31 ). Five steps for malignant

transformation agrees with the number of steps observed for
the formation of several types of human tumors using epide-
miological data (33). This means that malignant transformation
of SHE cells would be a useful model system to analyze the
nature of the different steps involved. Via cell fusion studies,
whether there is genetic heterogeneity within each step can be
analyzed. Moreover when a step consists of an inactivation of
a suppressor gene it should be possible to induce this step with
mutagens and the new phenotype would be recessive in a cross
with the parental cells. Activation of an oncogene however is
probably much less efficiently induced by mutagens because of
the required specificity of the changes which lead to activation
of oncogenes and many of these activated oncogenes are ex
pected to be dominant in crosses. In this context the finding by
Crawford et al. (32) that the change from aga" to aga+ in

immortal SHE cells could not be induced by mutagens, al
though the spontaneous frequency/cell/generation amounted
to 5.2 x 10~8becomes understandable.

The five steps in malignant transformation of SHE cells
occur in a fixed sequence. At first sight this seems in contrast
to the notion that activation of oncogenes and inactivation of
suppressor genes often seem to occur arbitrarily as an early or
a late step in tumorigenesis. However an arbitrary sequence of
alterations in tumor-related genes is compatible with a fixed
sequence of phenotypic steps if one assumes that for tumor
formation a fixed sequence of alterations in functioning is
necessary and that there exist many genetic alterations which
can lead to these phenotypes.

Our data can be used to test the hypothesis of McCormick
and MÃ¤her(34) that cells need to acquire a greatly extended
life span to become transformed to malignancy. From four of
the five steps the frequency with which they occur is known and
from these frequencies it can be calculated how much clonal
expansion is needed after a step before the next step can occur.
In this way the total number of PDs required for all the
successive steps in the formation of a tumor cell can be calcu
lated. This calculation leads to 104 PDs for a spontaneous
tumor and 73 PDs for a tumor derived from an initiated cell.
To this the number of PDs necessary for the change of turn" to
turn* and at least 20 PDs for the formation of a small size

tumor still have to be added. This calculation reveals that the
normal life span of SHE cells (Â±40PDs) is indeed not enough
to allow the five steps to occur. This means that the earlier
steps in malignant transformation have to lead to an increase
in the life span, otherwise the other steps cannot occur any
more.

Whether this reasoning holds for malignant transformation
in vivo remains to be seen because it is theoretically possible
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that in vivo tumors arise from stem cells which might have
much longer or even indefinite life spans. For the time being
however it seems appropriate to consider an increase in life
span as an important step in carcinogenesis and to consider the
senescence program of normal cells as a kind of defense mech
anism against the arising of tumor cells.
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