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ABSTRACT

More than 1000 cells of a spontaneously transformed line of BALB/
3T3 cells are required to initiate tumors in half the nude mice inoculated
S.C., although the cells clone with an efficiency approaching 100% in
culture. The cells of two tumors with prolonged latent periods, initiated
by 2 x \(\* and 5 x 10' cells, were chosen for detailed donai analysis in

culture. The cells from the tumors grew very poorly in culture in the first
passages, but with increasing speed and efficiency in later passages. Cells
derived directly from the two tumors cloned in agar with an efficiency of
0.01 and 0.002%. The growth rates on plastic of the rare successful
clones derived from agar were generally low but extremely varied. Some
clones lost the capacity for multiplication in a few passages, while others
persisted but fluctuated unpredictably in growth rate in the early pas
sages. The graded increase in growth rate of the uncloned tumor cell
populations was probably the result of selection of the more rapidly
growing clones. One of the slower-growing clones was subcloned. About
half of the subclones grew at a slower rate than the parental clone. These,
however, increased progressively in growth rate over six successive
weekly passages, suggesting the occurrence of a gradual physiological
adaptation. We conclude that selection of fast-growing clones contributes
a major part of the gradually improving growth of tumor cell populations
in culture, but that a physiological adaptation extending over many cell
generations makes a significant contribution. The mechanism in either
case is unknown, and indeed there may not be a unique mechanism in the
scientifically rigorous sense.

INTRODUCTION

There have been several recent reports of tumor and trans
formed cell lines which decline in their capacity for multipli
cation in vivo when grown in vitro, and vice versa. Ossowski
and Reich (1) found that the human epidermoid carcinoma
HEp3 exhibits highly malignant growth in the chicken embryo
which is progressively lost in cell culture. Clonal analysis indi
cated that the loss in cell culture of tumor-producing capacity
was not due to mutation and selection of variants with higher
growth rates in culture than the tumor cell populations. It was
suggested (1) that the loss of the malignant phenotype in culture
was induced in response to the altered growth environment of
the cells. Our laboratory has described a complementary situa
tion in which a clonal line of spontaneously transformed BALB/
3T3 cells loses, in varying degrees, its capacity for multiplica
tion in cell culture when grown into a tumor in nude mice (2-
6). This capacity is regained in the course of repeated passages
of the tumor cells in culture. In our early reports, the capacity
of the cells for multiplication in culture was measured by the
formation of colonies in agar suspension rather than growth
rate on a solid substratum because there was only a minimal
reduction in the latter measurement (2-4). It was then discov
ered that cells derived from tumors of a prolonged latent period
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which had been initiated by inoculation of small numbers of
cells had undergone a marked reduction in capacity for multi
plication on plastic as well as in agar (5, 6). This allowed us to
make a more rigorous, quantitative analysis of the loss during
tumor formation of growth capacity for culture and its resto
ration upon passage. The results of the early work suggested
that the restoration was the result of a physiological adaptation.
The more detailed analysis of the low-dose tumors showed
there was considerable heterogeneity in growth capacity among
tumor cell clones, and introduced the possibility that sponta
neous variation and selection contributed to the changes in cell
growth properties.

The issue then arose of distinguishing between selection and
physiological adaptation as the source of the alterations. We
decided to do an extensive long-term clonal analysis of the
restoration of capacity to multiply in culture of cells from two
long-delayed tumors initiated by relatively small numbers of
transformed BALB/3T3 cells. These cells had undergone a
severe loss of capacity to multiply in culture, thereby providing
a low baseline from which to trace the progressive improvement
of cellular growth in capacities in culture. The results indicate
that selection plays a larger role than we had previously recog
nized, and suggest that altered conditions induce a high fre
quency of variation which increases the range of phenotypes to
select from. We also present evidence that physiological adap
tation occurs and may contribute to the progressive improve
ment in the capacity of the tumor cells to multiply in culture.

MATERIALS AND METHODS

The 14g2c cells used here were a subline of a spontaneously trans
formed clone of BALB/3T3 cells. They had been passaged twice by
tumor formation in nude mice using high concentrations (approxi
mately 10'') of cells as inocula, and were recloned directly from the

second tumor passage. The cells were maintained in culture by weekly
passages of IO3 cells in 60-mm Falcon plastic dishes containing a

growth medium of Molecular, Cellular and Developmental Biology
Medium 402 (MCDB 402) (7) plus 10% calf serum (GIBCO, Grand
Island, NY).

Standard procedures were used for transferring cells which were
counted in a Coulter Electronic Counter. Clones were obtained by
picking colonies which had developed in Bacto-Difco agar. The bottom
agar layer in 60-mm dishes consisted of 7 ml of the growth medium
plus 0.6% agar, and the top layer containing cells had 1.5 ml of growth
medium with 0.4% agar. Colonies were picked from the agar with a
narrow-bore Pasteur pipet from cultures with a small number of such
colonies at 1 week after seeding the cells. Care was taken to pick a
representative set of sizes of colonies >0.14 mm in diameter.

Athymic (nude) N:NIH(S)II nu/nu mice (8) were raised at the
California Department of Health Services, Berkeley, CA. They were
inoculated s.c. in the interscapular region with 0.5 ml of growth medium
containing varying numbers of 14g2c cells. The mice were inspected
weekly and tumor sizes were recorded. When tumors were to be
removed for culture and histopathology, the mice were killed by cervical
dislocation. Part of each tumor was fixed in formalin and the rest was
minced and suspended by treatment with 0.8% collagenase II (Wor-
thington, Freehold, NJ) and 0.002% DNase I (Sigma, St. Louis, MO)
in MCDB 402 plus 10% calf serum for 2 h (9). The two tumors
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ADAPTATION OF TUMOR CELLS TO GROWTH IN CULTURE

subjected here to clonal analysis were 4-6 and 3A-6 initiated in nude
mice by inoculation of 2 x IO4and 5 x IO3cells, respectively. No sign

of tumor development was apparent in these two cases until 2 months
after inoculation, and further development was slow at first. They were
the slowest-growing of all the tumors in this series.

RESULTS

Growth Rates of Tumors. The latent periods and growth rates
of tumors induced by different cell numbers are shown in Fig.
1. There was little variation in time of appearance or subsequent
growth rate among the individual tumors initiated by IO6 or by
10* cells. By contrast, some tumors initiated by 2 x IO4and by
5 x IO3 cells were detectable within 15-20 days while others
only became detectable after 40-55 days. Among the late-
arising tumors some remained at a relatively constant size for
weeks before more rapid growth began. Two of the eight mice
inoculated with 5 x IO3 cells and five of eight mice inoculated
with IO3 cells failed to develop any sign of tumor formation
over a 4-month period (see Fig. 1 and Table 1 of Ref. 5). It is
apparent that reduction of the number of cells inoculated to
ward the minimum required for tumor formation introduces
considerable heterogeneity in the time of appearance and sub
sequent growth rate of those tumors which develop. The slow
initial development of some low-dose tumors, followed by a
period of rapid, sustained growth, suggests that the tumor cells
had to undergo a change analogous to tumor progression before
vigorous growth could occur.

Growth Dynamics in Culture of Cell Populations from the
Delayed Tumors. Cells were explanted from each of the last
tumors to arise from inocula of 2 x IO4and 5 x IO3cells. There

was no increase in cell number during the first week after
explantation unless at least 10s cells were seeded, and even then

the increase was small (Fig. 2). The second passage of the
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Fig. 1. Growth rates of tumors initiated by the inoculation of varying numbers
of cells into nude mice. All mice inoculated with 2 x IO*or more cells developed
tumors. Six of the eight inoculated with S x IO3 cells and only three of eight
inoculated with 10' cells (not shown) developed tumors. Different symbols and

lines are used only to help distinguish between tumors. The last tumors to arise
after inoculation of 2 x IO4 and 5 x IO3 cells were designated 4-6 and 3A-6,

respectively, and were the source of the cells described here.
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Fig. 2. Evolution of competence to multiply in culture of cells from the two
slowest-developing tumors of Fig. 1. 0,3, â€¢,tumor 4-6 (initiated in mice by 2 x
IO4cells); weekly increase in cells passaged in culture at 10", IO4, or IO5 cells,
respectively. A, A, A, tumor 3A-6 (initiated in mice by 5 x IO3 cells); weekly
increase in cells passaged in culture at IO1, IO4, or 10s cells, respectively. First

passage from primary expiant of cells, â€¢;progenitor 14g2C cells, D. The weekly
increase is indicated on the ordinate as .V-/A',,, or the number of cells harvested
at 7 days divided by the number seeded. Tumor 4-6 103-cellpassage, ( ); tumor
3A-6 103-cell passage, ( ).

explanted cells showed little or no increase in number over a 7-
day period. A third passage at 12 days, however, resulted in a
100-fold increase in 7 days, and there were further increases in
overall rate of multiplication in subsequent passages. Unlike
the cells used to initiate the tumors, however, which consistently
increased more than 2000-fold per week, there were marked
fluctuations in the rate of multiplication from week to week,
which continued up to 3 months after explantation. A seeding
of 104 cells at 19 days yielded better growth than a seeding of
IO3 cells, in contrast to the multiplication of the progenitor

cells which was completely independent of the number seeded.
If the cells in the originally explanted culture were left for 30
days before passage, they then multiplied more slowly than
their contemporaries which had been passaged repeatedly, and
the capacity of these delayed-passage cells for multiplication
was further reduced when they were passaged a second time.
The tumor cells, therefore, behaved in a labile fashion during
the first 3 months of their acculturation, exhibiting a highly
sensitive dependence on previous passage history and seeding
density not at all apparent in the cells used to initiate the
tumors.

Growth Behavior of Clones from the Delayed Tumors. We
cloned cells in agar directly from the tumors to determine the
degree of variation in growth capacity of cells in the population,
and to evaluate the relative contributions of selection and
physiological adaptation to growth of the population. The
colony-forming efficiencies in agar, of cells from the 3A-6 and
4-6 tumors, were 0.002 and 0.01%, respectively, a drastic re
duction from the colony-forming efficiencies in agar of their
progenitors, which was consistently over 50%. We isolated from
agar all of the seven colonies of tumor 3A-6 and 18 of tumor
4-6 which had developed there, and seeded them on plastic.
Three of the seven clones from tumor 3A-6 failed to multiply
further on passage (Table 1). The others took 9-19 days to
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Table I Growth of clones obtained directly from 3A-6 and 4-6 tumors

No. of
cells

No. of at
Agar days first

colony to first assay
Clone size" assay* (xlO5)

per weekly passage

1

14g2C

3A-6 Tumor
A Med 32
B s m 32
C Sm 32
D Sm No growth

2510 2500 2360 3125

1.2
0.45
0.95

25
24
14

31
13
14

56
9T
3.5 T

83

EFG4-6

TumorH1JKLMN0PQRSTUVWXYClonal

avg.Â±SDSmSmSinMedLgMedMedMedSmSmMedMedMedMedSmSmSmSmSmSmSm32No

growthNo
growth2625253232Contami

nated3229262622322222292632341.96.5321.58.33.52,41.24.75.22,21.14.91.64.87.14.01.35188554247271155505981155161020586915126Â±3433101276617046264613T502358441108004T111623999Â±1705601434T2T50025535128841904T17216710088105Â±126560310120180172504360238276Â±173

'Agar colony size: Sm, small (0.14-0.5 mm); Med, medium (0.5-1 mm);

Lg, large (>1 mm).
b Days from seeding cells in agar, picking colony, and outgrowth on plastic to

first weekly transfer of IO3cells.
c T, clone terminated because of poor growth.

increase to a number large enough to begin successive weekly
growth assays. In the first passage of a known number of cells
from the clones, the weekly increase varied from 5- to 1610-
fold, with an average of 126-fold. This was, of course, a radical
reduction from the 2510-fold increase of the 14g2C progenitor
cells. Two of the four transferable clones of tumor 3A-6 and
five of the clones of tumor 4-6 multiplied at steadily decreasing
rates in successive passages and had to be terminated after two
to three passages (Fig. 3/1). The growth rates of another group
of eight clones either increased or remained constant in the
three to four passages of their observation (Fig. 3B). Six clones
were kept for more extended observation and exhibited diverse
growth behavior (Fig. 4). The long-term trend of five of these
clones was to increase in growth rate, but the week-to-week
behavior of some was quite erratic. For example, clone Y
multiplied at an extremely low rate at first, then increased in
weekly yield more than 100-fold over the next 3 weeks, but
decreased about 10-fold in yield in the last 2 weeks. Clone U
multiplied very rapidly in the first passage, decreased in the
next two passages and then increased to a fairly consistent level
in the last six passages. Clones A and P were observed for
almost 200 days. They both multiplied at a low rate to begin
with. Clone A continued to multiply at a low rate for 170 days
but rose within 1 week to a 350-fold increase which it main
tained during the final four passages. Clone P multiplied at a
low but constant rate for 3 weeks, then went through periods
of rise and decline before starting a steady increase which
reached a 4-month plateau of 1000-fold weekly increases. Thus,

(A) (B)

30 40 50 20 30 40
Doys after initiating clone

50

Fig. 3. Weekly growth rates of clones obtained from a direct seeding in agar
of cells from tumors 4-6 and 3A-6. The clones were isolated from agar and
passaged on plastic. Each clone is designated by a letter (see Table 1). Different
lines are used to facilitate visual discrimination of curves. The extent of weekly
multiplication was measured at each weekly passage. A, clones which survived
only a limited number of passages; It. clones which persisted but multiplication
was only measured for three or four passages; D, progenitor 14g2C cells.

IO2

80
Doys Ã¶fter

IOC I2O
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190

Fig. 4. Long-term assays of growth rates of clones from 4-6 and 3A-6 tumors.
These are additional clones from the same group as those in Fig. 3, but multipli
cation was measured for at least 7 passages. Q, progenitor 14g2C cells. Different
lines are used to facilitate visual discrimination of curves. Letters refer to individ
ual clones of Table 1.

there was great diversity of growth potential even among the
small fraction of the tumor cells which were initially capable of
colony formation in culture. It is as if each clone behaved in a
unique manner, i.e., the "index of heterogeneity" approached

unity.
The 14g2C progenitor cells used to initiate the tumors were

also cloned in agar on several occasions, and each time about
10 colonies of varying size were isolated. The results from two
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representative occasions are illustrated in Fig. 5. Most of the
colonies isolated from agar multiplied on plastic to a number
large enough for passage within 5 days, and subsequently mul
tiplied approximately as fast as the original uncloned stock.
However, clone C of Fig. 5A grew slowly in the first defined
passage and with increasing speed in the next three passages
until it reached a rate as high as the other clones. We have
observed some clones from the original stock which multiplied
at a constant, intermediate rate (300-400-fold increase per
week) for at least 6 weeks (data not shown). There is clearly
much less heterogeneity among the clones of the 14g2C stock
used to initiate the tumors than among those of the delayed
tumors. It seemed surprising, however, to obtain a sprinkling
of relatively slow-growing clones in the 14g2C stock, since one
would expect selection pressure for fast growers to be continu
ous. This suggests that such clones are generated from fast-
growing cells at a relatively high rate. Even the slow-growing
clones multiply faster than all but one or two of the clones from
the delayed tumors.

Growth Behavior of Subclones from a Clone of Tumor Cells.
After a single passage of clone P on plastic, it was reseeded in
agar and the newly formed colonies isolated for subclonal
analysis. By studying subclones from such a slow-growing clone,
we could estimate the rate of increase in growth rate of individ
ual cells known to arise from a single cell. Three of the 20
subclones isolated from agar failed to multiply on passage on
plastic (Table 2). The cells in the remaining subclones reached
a number sufficient for further study in 9-23 days, depending
mainly on the size of the original agar colony. Although the
variance of growth rates among the subclones was less than

Table 2 Growth of subclones from clone P

I04r

IO

K?
KJÂ«

N7/N0

io3

(A)

(B)

18 25 32 39
Days after initiating clone

46

Fig. S. Weekly growth rates of clones obtained from the progenitor I4g2C
cells. This was the passages line used to initiate the tumors. Two separate groups
of clones isolated from agar are shown in A and H. Different lines are used to
facilitate visual discrimination of curves. Letters refer to individual clones.

Subclone and
size"Small

coloniesABCDEFGMedium

coloniesHIJKLMNLarge

coloniesOPQRSTClouai

avg.Â±SDNo.

of days
to firstassay*36No

growth35363136No

growth24No

growth3624362424222222222422No.

of
cells

at
first

assay(X

10s)3.89.26.29.55.42.816.50.852.33.82.110.017.56.33.05.68.5N-i/Nt

per weeklypassage12919329237563117041195392818013012011111084Â±5927611947373117547910912219423368434375478220549220Â±17137613683145149916832416943855400150260290444277204Â±1444142198851111723859290206470110294404342394400267234Â±1355427334424280652100264488158215248126127296Â±164

" Colony size: small, 0.14-0.5 mm; medium, 0.5-1.0 mm; large, > 1 mm.
* Days from seeding cells in agar. picking colony, and outgrowth on plastic to

first weekly transfer of 10"cells.

that of the clones obtained directly from the tumor, there was
a distinct difference in the early passages between clones from
the small and the large agar colonies. Thus, some heterogeneity
appears early in the development of a clone.

Six of the subclones which exhibited only about a 50-fold
weekly increase or less in their first passage were maintained
for extra passages to determine the full extent of the increase
in growth rate which they manifested in early passages. The
growth rates of the 6 subclones increased at about the same
rate over a 6-week period and remained relatively constant
thereafter (Fig. 6). The overall increase in weekly yield during
this period was about 17-fold. Thus, these cells which were
divided about 5 times a week at the first passage were dividing
about 9 times a week at the eighth passage. The similarity in
the slopes of the increase in weekly yield is more consistent
with the conventional view of physiological adaptation than of
selection of randomly occurring faster-growing variants.

An experiment was designed using the slow-growing subclone
H of clone P to discriminate between adaptation and selection
as the basis of the steadily increasing growth capacity. The
basic design was to compare changes in growth rates of popu
lations seeded at high (IO5 cells per 60-mm dish) and low (IO3
cells per 60-mm dish) densities, and also to vary the metabolic
state of the cells. The reasoning behind this was that passage
of 10s cells would be many times more likely than passage of
IO3cells to detect faster-growing variants if they occurred very
infrequently (e.g., <10~4 per cell per division). Influencing

metabolic rates might influence physiological adaptation. One
series of subclone H cultures was passaged at 10s cells twice a

week to obtain the maximum number of cell divisions. Another
105-cell series was passaged once a week but fed daily from day
3 to day 6 to keep the cells metabolic-ally active though limited
in number by crowding. A third 105-cell series was fed only on
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Fig. 6. Growth rates in successive weekly passages of subclones obtained from
clone P of tumor 4-6. The numbers near the bottom with standard deviations are
the averages of the weekly factor of increase of the 6 subclones shown. D and â€¢.
progenitor 14g2C cells passaged with 1000 or 500 cells, respectively. Different
lines are used to facilitate visual discrimination of curves. Letters refer to individ
ual subclones of Table 2.

day 6 to maximize nutritional depletion and thereby depress
metabolism and multiplication. After each consecutive weekly
passage of IO5 cells, the cells were subcultured at a seeding of
IO3 cells per dish to measure the cell yield per week of all

groups under constant conditions. The total cell yield per week
was, of course, much higher in the straight 105-cell passage
series than in the straight 103-cell series (Table 3) and the total

number of cell divisions per culture, therefore, similarly higher.
The growth rates of subcultures of IO3 cells from the twice-
weekly passage of 10s cells were higher than subcultures from

the other groups from the first passage onwards but the slopes
for the increase in growth rates were about the same in all
groups (Fig. 7). The similarity of slopes of increase in growth
rates of the consecutive 103-cell and 105-cell series supports

physiological adaptation as the basis of the increase rather than
the selection of random variants. When artificial mixtures were
made of the fast-growing 14g2C cells and the slow-growing
clone A of Fig. 4 in the ratio 1:100, there was a sharp, single-
step increase in weekly yield at the third passage of 10' cells.

This contrasts with the gradual increase in Fig. 7, and is
inconsistent with selection as the explanation of the results.

The fact that the nutritionally optimal biweekly transfer of the
105-cell series consistently showed the best growth on subcul

ture indicates that the metabolic activity of the cells plays a
significant role in the adaptive process.

DISCUSSION

The cells derived from the two slowly evolving tumors de
scribed here provided unusually favorable material for analyzing
the adaptation of tumor cells to culture. The cells from these
tumors had undergone a much greater loss in capacity for
multiplication in culture than any previously available. The
mere fact that the cloning efficiencies in culture of the tumor
cells were less than l/1000th those of the tumor-initiating cells
indicates that selection played a large role in restoring the
growth capacity of the tumor cell populations to culture since
only a small fraction of the cells survived the transfer from the
animal. Among this small fraction of clonable tumor cells, none
multiplied as quickly as did the cells used to initiate the tumors.
On top of this, there was great heterogeneity in growth rates
among the clonable cells. Some survived only a few passages.
The growth rates of others fluctuated wildly in the early pas
sages. It seems likely that the increase in growth rate of the
uncloned tumor cell passages with time resulted to a great
extent from the selection of the more rapidly growing clones in
the mixed population. However, none of the tumor cell clones
multiplied as rapidly as the mixed tumor cell populations did
after five or six passages. This indicates that our sampling of
only 25 clones from the tumors failed to detect some rare fast-
growing clones which outgrew the others in the mixed popula
tion, and accounted for the high rate of growth eventually
reached by this population.

There was evidence that physiological adaptation occurred in
addition to the selection process. Some individual clones ob
tained directly from the tumors exhibited a steady increase in
growth rate with successive passages (e.g., clone W of Fig. 35).
More impressive, however, was the finding that each of six
subclones of one slow-growing tumor clone started from the
same very slow growth rate and rose gradually and almost
synchronously over six passages to a constant average weekly
yield 17 times higher than their first-passage yield. Quantitative
studies of this rise with one of the subclones ruled out the
possibility that it was the result of selection of rare, fast-growing
variants in the population. We conclude that there occurred
either a physiological adaptation improving the growth of most
or all cells incrementally over many cell generations, or that
the rate of genetic variation was extremely high in all the clones,
thereby generating enough variants to account for their parallel
rise.

Others have presented evidence for a physiological adaptation
of cells in response to an altered environment. Human epider-

Table 3 Low- and high-density passages of subclone H from clonePNo.

of cells
seeded/
passageIO3

IO5

IO5

10sWeekly

cell increase (AV^o) and
total no. of celldivisions/week/culturePassages/

week1

2

11Day(s)

of
feeding64

3, 4, 5, 6

64591Â°

9.1 x IO4*

171
3.1 x 10"

78
7.8 x 10Â«

39
3.9 x 10Â«5238

3.8 x IO4

280
3.7 x IO6

42
4.2 x 10*

24
2.4 x 10Â«59100

l.Ox IO5

320
3.9 x 10Â«

70
7.0 x 10"

32
3.2 x 10Â«66170

1.7 x 10'

383
4.4 x 10*

33
3.3 x 10'

36
3.6 x 10Â«(Days)

73850

5.1 x 10Â»

55
5.5 x 10'

31
3.1 x IO680490

4.9 x 10s

308
3.6 x 10'

85
8.5 x 10"

23
2.3 x 10Â«87442

4.4 x 10*

640
5.8 x 10Â«

111
1.1 x IO7

32
3.2 x 10Â«Avg./week222

Â±194
0.22 Â±0.19 x 10Â«

385 Â±238
4.2 Â±0.9 x 10Â«

68 Â±27
6.8 Â±2.7 x 10Â«

31 Â±6
3.1 Â±0.6 x 10Â«

Total cell divisions per culture per week.
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Doys after initiating clone
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Fig. 7. Growth rates of subclone H from clone P at high and loÂ»densities
with different passage and feeding schedules. Cells from the subclone were
passaged at concentrations of 10* or 10J cells per dish. One 105-cell series was
passaged twice a week; all the others were passaged once a week. One 105-cell
weekly passage series was fed on days 3, 4, 5, and 6 while the other weekly IO3
cell as well as the KP-cell passages were fed only on day 6. Once a week, a
subpassage at IO3cells was made from the lO'-cell passage cultures. The weekly
increases in each of the 10-'-cellsubpassages from IO5cell as well as the successive
lO^-cell passages are shown in the figure. H, successive HP-cell passages; O,
biweekly passages of IO5cells; A, weekly passage of 10s cells, fed at 3, 4, 5, and
6 days; D, weekly passage of 10s cells, fed at 6 days. (The weekly increases in the
10* cell passages themselves are shown in Table 3, as well as the total number of
divisions per culture.) Different lines are used to aid in visual discrimination of
curves.

moid carcinoma cells produce malignant growth in chicken
embryos that disappears progressively in cell culture (1). This
disappearance occurs in all clones under conditions which ap
pear to rule out selection. It was suggested that the malignant
phenotype of the cells is conditioned by the physiological en
vironment. In another case, lymphoma cells stably altered their
immunospecifÃc resistance to lysis at a high frequency in re
sponse to an altered environment (10). There was no evidence
for preexisting cells of the resistant type in the starting, twice-
cloned population, indicating that the change was adaptive.

Study of the evolution of cells resistant to bromodeoxyuridine
supports either an epigenetic or an unconventional genetic
mechanism (11,12). Chinese hamster cells grown for prolonged
periods in bromodeoxyuridine are extremely heterogeneous in
their capacity to multiply in HAT3 medium. Brief exposure of
these cells to 5-azacytidine results in a massive conversion from
the HAT" to the HAT+ state. Large increases in the frequency
of HAT+ cells followed treatment with n-butyrate and L-ethio-

nine which affect gene expression but have no mutagenic poten
tial. By contrast, the incidence of HAT+ cells rose only slightly

in populations mutagenized with ethyl methanesulfonate. The
results support the view that the conversion is mediated by a
stable epigenetic change.

In none of these instances, including the present one, is the
mechanism of the proposed physiological adaptation known.
Perhaps the best-known adaptive mechanism is that of enzyme
induction in bacteria (13). Once induced, synthesis of the en
zyme can be made to persist for many bacterial generations in
the presence of concentrations of inducer too low to initiate a
primary induction. This gives the appearance of inheritance of
an acquired character.

3The abbreviation used is: HAT, medium consisting of hypoxanthine, ami-
nopterin, and thymidine.

Enzyme induction has also been reported in animal cells in
which glu Iam ic acid is substituted for glu tam ine (14). The level
of glutamyl transferase in Hela cells rises gradually to a value
13 times greater than the initial value during an 8-fold increase
in cellular protein, which is the equivalent of three cell divisions.
Another instance of an apparent physiological adaptation oc
curs when bovine adrenocortical cells are explanted for culture
(15). The ratio of CO2 produced from glutamine to that pro
duced from pyruvate gradually increases over 15 cell divisions.
In both instances, the full physiological adaptation requires a
period considerably longer than the doubling time of the cells.
Physiological adaptation to hyperosmotic NaCl requires a pe
riod extending up to 7 weeks and might be mistaken for a
purely genetic phenomenon were it not for the early kinetics of
the adaptation (16).

A theoretical model for persistence of an altered steady-state
has been proposed (17). In the model, a pathway leads to a
product A which inhibits another pathway yielding product B.
The latter, in turn, inhibits the pathway to A. As long as A is
produced, B is not produced. If some event disturbs the pro
duction of A, this allows B to be produced, thereby stably
suppressing A and allowing the persistent production of B.

The present case of progressive changes in clonal growth
properties is undoubtedly more complicated than any model
dealing with one or two pathways. Since the discovery of high
frequency genetic events in animal cells, such as gene amplifi
cation (18) and chromosomal aberration (19), which are greatly
increased in growth inhibitory conditions, we cannot rule out
the possibility that genetic change underlies stable physiological
adaptation. Indeed, the case of long-term osmotic tolerance
seems to involve both physiological and genetic changes in that
order (16).

The great heterogeneity of growth capacity exhibited by
tumor cell clones may also be related to the adaptive process.
A large variety of phenotypes is expressed among the clones
and it is unlikely that this is due to just a few allelic determi
nants. An immense number of chromosomal combinations and
aberrations is potentially available and actually encountered
when rodent cells are explanted into cell culture (20, 21). In
one case in which a careful banding study was made of kary-
otypes of a rat hepatoma line, every single one of 22 cells
analyzed was found to be unique in chromosomal composition
(22). Postmetaphase aberrations occur with frequencies as high
as 95% in cells treated with antimetabolites (23, 24). Given the
stress of altered growth conditions, chromosomal aberrations
could be responsible for the high degree of heterogeneity in
growth potential and for the changes in growth capacity of
cells. Although there were no changes in the average numbers
of chromosomes per cell of the two tumors considered here (5),
more subtle changes cannot be ruled out. It is hard to see how
they could account for the week-to-week fluctuations in growth
capacity of whole cultures of the tumor clones, or for the rapid
decline and final eclipse of some clones. It seems much more
likely that some epigenetic processes akin to differentiation, or
amplified metabolic perturbations (25) are responsible for the
behavior of these groups of cells. At least for the present, no
simple mechanistic explanation is available. Indeed, it may be
worth considering that mechanistic explanations are intrinsi
cally inappropriate for phenomena of such complexity in living
things (26).
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