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chosen to study smaller quantitative changes in growth capacity
of cells which are already transformed. This has enabled us to
use CFEag3 as a quantitative indicator of growth capacity.
Hundreds of discrete agar colonies can be counted on individual
culture dishes and then isolated for clonal studies. We have
applied the method to a comparison of cells before and after
their inoculation into nude mice to form tumors (3â€”5).We
studied nine populations of cells derived from two independent
transforming events in the same clonal line of BALB 3T3 cells.
Four ofthe populations were derived from a single transformed
clone and differed in origin only in their cryopreservation
history (3, 4). The other five populations were subclones from
a newly transformed single colony in agar which appeared
during routine testing of nontransformed BALB 3T3 cells (5).
Despite their close relationships, the populations differed in a
number ofproperties including morphology, CFEag, and ability
to produce tumors in nude mice. When the tumors were re
moved from the mice and their cells passaged in culture some
were virtually unchanged in CFEag whereas others had under
gone a marked reduction in this property. Of the latter, some
returned quickly to their original CFEag while others returned
gradually, only after several mo of weekly passaging. Since the
altered CFEag of the tumor cells in the latter case persisted to
some extent for many cell generations in culture, it can be
considered heritable, although obviously subject to change by
the microenvironment. In the formal sense the restoration of
CFEag after repeated passage of tumor cells in culture resem
bles tumor progression. It was evident that passage ofthe tumor
cells on plastic improved their ability to form colonies in agar.
This implied a relationship between growth rate on plastic and
CFEag. It was noted that some tumors initiated by small
numbers of cells underwent a greater reduction in overall
growth capacity in culture than those initiated by large numbers
of cells (5). We decided to examine the relationship between
inoculum size and tumor cell growth properties more closely
with an eye toward obtaining cells with greatly diminished
capacity for growth on plastic. In the present study the growth
rates of the cells on plastic and their CFEag were determined
at weekly intervals. Early in the study it was discovered that the
CFEag of the particular cell population used in these studies
was markedly inhibited by TPB, which was routinely incorpo
rated into the agar, and so the TPB was dispensed with. We
then found that two tumors which had been initiated by a
relatively low cell inoculum yielded cells with diminished ca
pacity for growth on plastic and in agar. Both ofthese properties
were gradually restored during passage of the cells in culture.
The marked reduction during tumor development of ability to
multiply on plastic and its gradual restoration during passage
in culture allowed us to make a much more detailed quantitative
evaluation of the frequency of changes in growth capacity than
we had been able to do previously. There was a relationship

3 The abbreviations used are: CFEag, colony forming efficiency in agar; TPB,

tryptose phosphate broth.

ABSTRACT

Decimal dilutions containing 5 x 10@to 5 x 10' cells were inoculated
s.c. into nude mice and the course of tumor development was recorded.
The highest concentration of cells produced rapidly growing poorly
differentiated sarcomas within 2â€”3weeks of their inoculation. Upon
explantationthe resultant tumors yieldedcellswhichmultipliedon plastic
almost as rapidly as did their progenitorsused to initiate the tumors, and
had as high a colony forming efficiency in agar as long as tryptose
phosphate broth was omitted from the agar medium. Tumors initiated by
the lowerconcentrationsof cells weredisproportionatelydelayed in their
appearance and tended to increase in size at a low rate. At least one
tumor regressed and one which apparently regressed appeared again at
a later time. These changes are characteristically described under the
rubric of tumor regression. Host reactive cells such as neutrophils,
eosinophils, macrophages, and fibroblasts were observed in some tumors.
One of the tumors was a low grade hemangiosarcoma,another a well
differentiated fibrosarcoma,and the rest poorly differentiatedsarcomas.
Cells from two tumors initiated by 500 and 5000 cells multipliedslowly
in early passages in culture, particularly when seeded at lowdensities at
which they appeared to sustain cumulative damage even when multiply
ing. In later passages, the â€œlowdoseâ€•tumor cells gained the capacity to
multiply in culture after seeding at low densities, but it took up to 50 cell
generations to reach this capacity. The loss of growth capacity on plastic
of cells from the low dose tumors and its subsequent restoration by
passaging in culture may provide a quantitative method for analyzing the
type of cellular change which underlies tumor progression.

INTRODUCTION

The development of most tumors involves many steps. In
addition to the steps involved in the predetectable stages, pal
pable tumors continue to progress toward increasingly auton
omous growth and metastasis (1, 2). A central problem of tumor
biology is to increase our understanding of how the progressive
changes come about. It is generally accepted that tumor initia
tion and progression result from discrete, inheritable changes
in the cells which constitute the tumor but it is not known to
what extent the effects are brought about by physical alterations
in the genome of the cells, by adaptive, nongenetic changes in
cellular phenotype, or by some combination of the two. To
evaluate the relative contribution of these processes to tumor
development, it is necessary to have reliable quantitative mea
surements of the growth behavior of tumor cells and to carry
out clonal analysis of populations. This can only be done
effectively in cell culture, although it is important to assess the
significance of the results for the growth behavior of the cells
in animals. Instead ofmeasuring the frequency ofthe essentially
qualitative transformation from normal to malignant behavior,
which is generally a rare event in a cell population, we have
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TUMOR GROWTH AND CELLULAR ADAPTATION OF TRANSFORMED 3T3 CELLS

between the extent of delay in appearance of palpable tumors
and the degree of reduction in growth capacity of the tumor
cells in culture. We suggest that the readaptation to culture of
the cells from the â€œlowdoseâ€•tumors has a similar basis as the
changes which underlie tumor progression and can serve as a
model for analyzing those changes.

MATERIALS AND METHODS

Cells and Culture Methods. The cells used in the present experiments
were derived from a spontaneously transformed clone (clone 14) of the
A31 clone of BALB 3T3 cells. They had been cryopreserved for 3 years
before they were thawed for culture and designated 14g. The 14g cells
were inoculated into nude mice to form tumors, the tumor cells recul
tivated (l4gI) and again inoculated into nude mice (4). Cells (14g2)
from one of the resulting tumors were cloned directly from the tumor
to give clone l4g2.1. This clonal population was frozen 23 days after
tumor removal. It was then thawed, cultured (14g2A), and a stock made
for cryopreservation 2 days after the thaw. The newly frozen cells were
thawed 47 days later and designated 14g2C. The l4g2A and l4g2C
cells had been passed in culture for a total of 80 and 36 days, respec
tively, from the time the initial cloning was begun to the time they were
inoculated into mice for tumor formation.

The cells were cultured in molecular, cellular, and developmental
biology Medium 402 (6) with 10% calfserum. They were seeded in 21-
cm2 plastic dishes and transferred once a week. The standard seeding
density was l0@cells/dish, but cells from some tumors had to be seeded
at much higher densities in order to multiply, as is noted in â€œResultsâ€•
where appropriate. Medium was always changed the day before cell
transfer. The cells were transferred by incubation with 0.01% trypsin
in 0.5 mM EDTA in Tris-saline to detach them, then packed into a
loose pellet by low speed centrifugation and resuspended in growth
medium for electronic counting and seeding. They were incubated at
37.5'C in an atmosphere of 5% CO2 in humidified air.

Flow Cytometry. Trypsinized cells were washed with Tris-saline
buffer, pelleted, and resuspended for fixation in 2 ml of Tris-saline
buffer with 25% ethanol and 15 mM MgCl2. They were treated for 1 h,
with RNase, 50 @zg/ml(5 times recrystallized; Calbiochem, La Jolla,
CA). The cells were then washed twice with phosphate buffered saline
glucose medium (1.5 mM Na2HPO4-1.l mM KH2PO4-l.1 mM glucose
140 mM NaCI 5 mM KCI, pH 7.4) and stained with propidium iodide
(50 ,@g/ml) in saline-glucose medium for 15 mm at room temperature.
The stained cells were passed through a flow cytometer by Dr. Chris
Amy using the procedure of Varga et aL (7).

Colony Formation in Agar. Fresh medium was added to cultures 18
to 20 h before they were suspended for seeding in agar. In all previous
papers from this laboratory and in the early part of the present work,
10% TPB was included in the agar medium following conventional
methodology (8). However, it was discovered that growth on plastic
and in agar of the 14g cell populations were partly inhibited by 10%
TPB and in subsequent work it was excluded from all media. The base
layer was 7 ml of 0.9% molecular, cellular, and developmental biology
Medium 402 osmotically adjusted for the volume ofagar with 10%calf
serum. The top layer containing cells was 1.5 ml of 0.4% agar with
10% calf serum. Colonies@ 0.14 mm diameter were counted in an
inverted microscope with the aid of an ocular micrometer after 13 days
incubation. The Bacto-Difco agar at the concentrations used was found
equal to Sea-Plaque agarose for colony formation and superior to a
variety of other agars and agaroses. When colony size was to be
determined, 100 colonies were measured with the ocular micrometer,
averaged, and grouped in size-range categories.

Tumor Formation in Nude Mice and Explantation to Culture. Tryp
sinized cells were suspended in growth medium 1 day after medium
change, and 0.5 ml containing the appropriate number of cells was
inoculated s.c. in the interscapular region of the back of N:NIH(S)II
nu/nu mice raised at the California Department of Health Services.
They were inspectedweeklyfor the appearance oftumors and beginning
when the tumors wereabout 2 mm their diameter was measured weekly.
When a tumor was to be further studied the mouse was killed by cervical

dislocation and the tumor was removed aseptically, Part of the tumor
was fixed in formalin. The remainder was minced into small fragments
and placed in 3 ml of growth medium in T25 plastic flasks. The small
volume of medium allowed the fragments to attach to the surface of
the flask without floating off when the flask was moved. Once firmly
attached, 4 ml medium was added to the amount present. After about
1 wk, when there was extensive migration of cells from the fragments,
the fragments themselves were removed and the migrating cells were
trypsinized for transfer. In the case of one particularly firm tumor, in
addition to the foregoing procedure, part of the tumor was minced and
then treated with trypsin-EDTA to disperse the cellsdirectly for culture.
The tumors were designated by their passage number through mice, the
cells of origin, and the exponent of the concentration per ml of which
0.5 ml was used to initiate the tumor. For example, 14g3A6 designates
cells from a tumor initiated by the third passage through mice of 14g
cells (... 14g3) of the 14g2A population (:. I4g3A) using 0.5 ml from a
preparation containing 10@cells/ml (... 14g3A6).

RESULTS

Growth Rates and Histopathology of Mouse Tumors Initiated
by Varying Numbers of Inoculated Cells. The l4g2A and l4g2C
populations of transformed cells were decimally diluted from
106 to 10' cells, and 0.5 ml ofeach dilution ofboth populations
was inoculated into 6 nude mice. The mice were examined for
tumors at the site of inoculation at approximately weekly
intervals, and the diameters of the tumors were measured. The
history ofthe onset and growth ofthe tumors is shown in Table
1. Almost all the mice inoculated with 5 x l0@ cells had
developed detectable tumors at 12 days, and these grew pro
gressively until 40 days when all had died or were killed for
autopsy. The mice inoculated with 5 x l0@cells of the l4g2A
population developed progressively growing tumors between 12
and 33 days and were killed for autopsy at 40 days. All those
inoculated with 5 x 10@cells of 14g2C developed tumors by 19
days. Four of the tumors grew progressively but one remained
stationary after reaching a diameter of 5 mm and another,
which had become barely detectable, regressed completely.

Four of six mice inoculated with 5 x iO@cells of 14g2A
developed tumors by 33 days, but three of the four tumors grew
very slowly, and one regressed after reaching a diameter of 3
mm. The largest of these slowly growing tumors was explanted
for culture at 55 days and designated 14g3A4. Five of six mice
inoculated with 5 x 10@cells of 14g2C developed detectable
tumors by 26 days. Three of these tumors grew slowly but the
other two regressed. One of those which had regressed reap
peared at 68 days and grew very slowly.

No mice inoculated with 5 x 102 cells of l4g2A developed
tumors but one inoculated with 5 x 10@cells of l4g2C developed
a tumor, designated 14g3C3, after a long delay of 68 days. One
mouse of each of the groups inoculated with 50 cells developed
a tumor after 55 and 68 days. These were called 14g3A2 and
14g3C2.

All tumors initiated by 5 x iO@cells appeared early and
increased to very large sizes within a few weeks. The tumors
initiated by 5 x 10@and 5 x 10@cells not only appeared later,
as expected, but grew at a slower rate after their appearance,
some remaining at constant size for several weeks. As already
noted, one tumor which had reached a diameter of 3 mm
regressed, and there were three others which were barely de
tectable but later regressed, although one of these reappeared.
There was only sporadic tumor development in mice inoculated
with the two lowest concentrations of cells, and these tumors
appeared at much later times than might be expected by extrap
olating the intervals between appearance of tumors from the
three highest concentrations of cells. Delayed appearance and
decreased growth rate of the â€œlowdoseâ€•tumors suggests either
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Table IGrowthoftumors, diameter(mm)Days

afterinoculation19

26 334047 54 61 68 74 96 103

TUMOR GROWTH AND CELLULAR ADAPTATION OF TRANSFORMED 3T3 CELLS

@b@ 2 12 25,K
+ + 2 12 20,K
0 0 + 3 1O,K
0 0 0 2 5,K
0 0 0 2 5,K
0 0 0 D

0 0 ++
0 0 0
0 0 0
0 0 0 0 0 0 0
0 0 0 0 0,D
0 0 0

0 0
0 0
0 0
0 0
0 0
D

0 ++ 8 K,77 days = I4g3A2
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

4 20 40 K,27 days = l4g3C6
3 18 30 D
3 18 30 50 60,D
2 15 25 45 55,K
+ 12 25 45 55,K
0 12 25 35 40,D

0 10 20 D
0 8 15 35 D
0 5 10 30 45,K
0 ++ 8 20 30,K
0 + 5 5 5,K
0 + + 0 0,K

2 15 15 20 20 D
0 0 5 15 20 D
0 0 + 15 15 15
0 0 + + 0 0
0 D + + 0 0
0 0 0 0 0 0

0 0 0 0 0 0 0 0 8 K,68days=14g3C3
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0
0 0 0 0 0 0 0

a D. found dead; K, killed.

b@ barely visible suggestion of a tumor, ++, definite nodule, too small to measure.
C Metastatic sarcoma in ovary and uterus.

that the host had an opportunity to develop a defensive response trated with neutrophils and eosinophils. The exception was a
or that there is a population-density effect which favors growth low grade hemangiosarcoma. Tumor 14g3C3 contained myxo
of these cells in the animal. matous-looking fibroblasts, and 14g3A2 was a well-differen

With one exception, the tumors initiated by the three highest tiated fibrosarcoma. Tumor 14g3C2 had the appearance of
cell concentrations were poorly differentiated sarcomas with chronic inflammation with scattered spindle cells. The latter
primitive, pleiomorphic cells. Two of them also had myoblast- two tumors produced outgrowths in culture of fibroblastic and
like cells suggestive of rhabdomyosarcoma, and one was infil- round cells which were much smaller than the cells used to
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0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
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ofcells inoculated 12

A. l4g2A tumors
5 x 10' 4 20 40 K,a27 days = l4g3A6

3 18 35 50 D
2 15 35 50 D
2 12 30 45 50,D
2 12 20 35 50,K
1 5 15 30 40,K

S x l0@

5 x l0@

5 x I0@

5 x 10'

B.l4g2C tumors
5 x 10'

5 x 10@

5 x 10'

5 x 102

5 x 10'

0
0
0
0
D

25, Kc
0
0
0

0 2 3 3 D
0 0 0 0 0
0 0 0 0 0

0
0
0
0
0

3 K,55 days = l4g3C2
0 0 0
0 0 0
D
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0 0
0 0
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TUMOR GROWTH AND CELLULAR ADAPTATION OF TRANSFORMED 3T3 CELLS

initiate the tumors. They appeared to be of host origin, and this
was borne out by flow cytometry (see Fig. 1) which indicated a
normal diploid DNA content. Neither culture survived serial
passage or produced colonies in agar (<0.01 %), and they were
not further studied.

Multiplication of the Tumor Cells on Plastic and in Agar. Cells

migrated rapidly from the two tumors l4g3A6 and l4g3C6
which had been initiated with 5 x iO@cells and explanted at 27
days. The tumor cells could not be distinguished from the
parental cells by microscopic examination. Cells from the
l4g3A6 tumor multiplied on plastic as well as their parental
cells from the first passage onward even when seeded at a low
density of 10@cells/culture dish (Fig. 2a, top). Cells from the
l4g3C6 tumor multiplied to a significantly lower extent than
their parental cells in the first three weekly passages in culture
(Fig. 2b, top). There was considerable fluctuation in the weekly
extent of multiplication of l4g3C6 cells in the first three
passages, but it was never less than 200-fold, or an average of
more than one cell division/day.

Up until the fourth passage, the agar assays were done in the
presence of 10% TPB. The CFEag of the l4g2A cells and the
l4g3A6 cells derived from them was about 5% in three succes
sive assays with no significant difference between the two pop
ulations (Table 2). The CFEag ofthe l4g2C cells varied between
1.2 and 2.6%, which was 3 to 5 times higher than the CFEag
oftheir progeny l4g3C6 tumor cells. The colonies ofthe 14g2C
and l4g3C6 cells were small, being just above the threshold
diameter for counting, and the percentage of such colonies
increased with the number of cells seeded. The size of the agar
colonies was increased and the nonlinear dependence on cell
concentration was minimized by the omission of TPB from the
medium, which was begun at the fourth passage. This omission
increased the CFEag of the l4g2A and l4g3A6 cells by 10-fold
but did not change the ratio between the two (Table 2). Omis
sion of TPB increased the CFEag of l4g2C cells almost 20-
fold and that of l4g3C6 cells almost 70-fold to levels almost
equal to each other. This indicated that the differences in CFEag
between parental cells and their tumor cell progeny were mainly
in their sensitivity to TPB rather than their ability to multiply
in suspension. All subsequent agar assays were done in the
absence ofTPB and showed no significant differences in CFEag
between these tumor and parental populations (Fig. 2, bottom).
The diameters of the agar colonies of the l4g2A and l4g3A6
cells were measured several times from the fifth passage of the
latter onward. The diameters varied from assay to assay, but
those of the 14g2A cells were, on the average, slightly larger
than those of the l4g3A6 cells (Table 3). The results of the
studies of growth on plastic and in agar indicated, therefore,
that there was at most only a slight reduction in capacity for
multiplication in culture of cells derived from tumors initiated
with large numbers ofcells. When the slight reduction occurred,
the original capacity was restored within 3â€”4weeks of culturing
the cells.

One tumor initiated by 5 x iO@cells ofthe 14g2A population
and one initiated by 5 x 102 cells of the l4g2C population were
chosen for long-term study in culture. They were designated
l4g3A4 and l4g3C3, respectively. The 14g3A4 tumor appeared
fairly early (26 days) but was growing slowly at the time of its

Table 2 CFEag with and without TPB during early passages in culture of cells
from tumors initiated in mice by large numbers ofprogenitor cells

Tumors initiated by 5 X 10' cells of either 14g2A or 14g2C were explanted at
27 days. At the times shown, the tumor cells and their progenitors were trypsin
ized, passaged (10' cells/dish), and assayed in agar in the presence of 10% TPB
and at 4 wk in the absence of TPB.

Week % colonies in agar
after

explant TPB 14g2A 14g3/A6 14g2C 14g3/C6

DNA content (relative)

0
0
0
x

U

0

.@
E

z

Fig. 1. DNA histograms of cells from parental and tumor cells analyzed by
flow cytometry. a, l4g2A; b, 14g3A4,end of passage no. 3; c, 14g3A2,end of
passage no. I . d, l4g2C; e, 14g3C3, original explant of tumor fragments after 8
days of culture; f l4g3C3, original trypsinized explant after 8 days of culture; g,
l4g3C3. end of passage no. I of trypsinized explant.

(a) (b)

5,000 -

3.000 -

a

.E 1,000

a

Fâ€” 500

300 -

1v'@ . â€” â€” I I I I I I I I I I

a

?@@@@@@ I I I

1234567123456
Weekly passage

Fig. 2. Growth capacities on plastic and suspended in agar of cells from
tumors initiated by 5 x 10' cells. The tumors were explanted 27 days after cell
inoculation. The cells from the tumors as well as the cell lines used to initiate the
tumors were transferred weekly with a seeding of 10' cells/60-mm dish, and
assayed in agar at the same times. a: , l4g2a; D, 14g3A6. b: U, l4g2C; 0,
l4g3C6.
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CF
Cell popu

lationPassage no.EAG (%)Av;
diameter

Â±SE(mm)l4g2A

l4g3A431â€• 2b46.3 5.80.59Â±0.0220.30 Â±0.01314g2C

l4g3C315â€• 3b30.50.56
Â±0.025

0.26 Â±0.012

TUMOR GROWTH AND CELLULAR ADAPTATION OF TRANSFORMED 3T3 CELLS

Table 3 CFEag and average colony diameters ofcell populations
CFEag and average diameters are based on colonies 0.14 mm.

from the serial passage of l0@cells. After this downshift, there
was an 80-fold increase in each of two serial passages of i0@
cells followed by an increase ofonly 30-fold in the third passage.
This decline suggested that the series was about to expire as
the previous one had; instead there was a dramatic increase in
multiplication in the next serial passage to about half the 2500-
to 3000-fold yield of the progenitor l4g2C cells during this
period. This ratio of multiplication between tumor cells and
their progenitors was maintained in the next 5 weekly passages.
(A similar ratio was maintained up to 6 mo of culturing the
cells from the l4g3A4 tumor.) The sharp increase in growth
capacity at 8 wk suggested that selection of heritably altered
cells had occurred at this point.

Another downshift from l0@to l0@cells was made at 6 wk.
This time there was a 350-fold increase in weekly yield at the
first downshift and successive improvements in growth capacity
in the following serial passages of l0@cells until they reached a
level approaching that of the progenitor cells. The combined
results of the downshift procedures indicate that about fifty cell
divisions were required before the l4g3C3 cells gained their full
capacity for multiplication in culture.

The l4g3A4 and l4g3C cells were seeded for colony forma
tion in agar at every passage. The CFEag and average agar
colony size of early passages of cells from the two tumors are
shown in Table 3 where they are seen to be significantly lower
than their progenitor cells in agar growth. The cells of both
tumors exhibited the same pattern of gradual improvement in
CFEag and colony size in agar as they had in their capacity for
multiplication on plastic (not shown) although the differences
from the progenitor I4g2C cells were not as large, nor was the
agar assay as reproducible, as was weekly growth on plastic.

The morphology of the 14g3A4 and l4g3C3 cells at 6 and 4
wk, respectively, after explantation is shown in Fig. 4 alongside
the morphology of their progenitors. The l4g3A4 cells were
somewhat better spread and more fusiform in outline than their
l4g2A progenitors, but at this point 6 wk after explantation,
they multiplied in 7 days to almost as high a population density
as their progenitors after seeding iO@cells (Fig. 4, a and b). The
l4g3C3 cells 4 wk after explantation were morphologically
indistinguishable from their l4g2C progenitors but multiplied
at a much slower rate (Fig. 4, c and d). This shows that growth
capacity is not necessarily correlated with morphology.

Distinguishing Host from Tumor Cells in Culture. The out
growth from the explants of the â€œhighdoseâ€•tumors and of
l4g3A4 consisted ofcells of fairly uniform size, resembling the
cells used to initiate the tumors. The outgrowth from the
14g3C3 explant contained smaller round and fibroblastic cells
which could have been of host origin as well as cells like the
inoculated ones. The outgrowths from I4g3A2 and 14g3C2
tumors initiated by the inoculation of only fifty cells consisted
only of the smaller cells. Since the chromosome number of all
our transformed BALB 3T3 cell populations averaged about
eighty, or twice the normal diploid chromosome number of
mice, the proportion of host and tumor cells could be deter
mined by flow cytometry, as illustrated in Fig. 1. The cells of
l4g3A4 had G1, S phase, and G2 contents of DNA like those
of the l4g2A cells, indicating that there were no host cells
present. The cells derived from the l4g3A2 tumors were mainly
of host origin since they had about half the G1 content of DNA
of the parental cells, with little evidence of S phase or G2
components, in keeping with their slow growth. The outgrowth
from fragments of the l4g3C3 tumor consisted mainly of small
cells with the normal diploid DNA content. Trypsinization of
the tumor however gave a culture with about 60% host cells

a Number of passagesfrom thawing of cryopreservedclones obtained from
tumor.

h Number of passages from explant of tumor.

Weeks

Fig. 3. Weekly factor of increase of cells from tumor l4g3C3 seeded at l0@
cells/dish. The l4g3C3 tumor was explanted from mice 68 days after inoculation
of 500 cells of l4g2A. Early cell transfers could be made only with 10' cells and
later with l0@cells. At times indicated by arrows, the number ofcells seeded was
downshifted from 10' or 10' to 10' cells/dish. The weekly factor of increase in
cell number after a seeding of 10' cells is shown on the ordinate. Cells of the
l4g2C line, used to initiate the tumor, were transferred and counted in parallel.
.. l4g2C;0, 14g3C3.

removal at 55 days (Table 1A). The l4g3C3 tumor was not
detected until very late (68 days), at which time it was removed
(Table 1B). As the kinetics of growth in culture of cells from
both these tumors followed basically similar patterns, the pat
tern of only the l4g3C3 tumor will be described. When first
explanted from the tumor, the cells multiplied only when l0@
or more were seeded. At the end of the second weekly passage
of l0@cells, they were â€œdownshiftedâ€•to a seeding of lO@cells
which resulted in a weekly increase of only about 20-fold. The
weekly yield in serial passages of iO@cells gradually increased
over the following 6 wk until it reached a maximum of about
500-fold at 8 wk. The serial passage of l0@cells was downshifted
to l0@cells at 3 wk and resulted in a 50-fold weekly increase in
contrast to the average of about 1000-fold during this period
for their progenitor l4g2C cells (Fig. 3). If the 50-fold increase
had been due to selective growth by a rapidly growing fraction
of the population, there should have been a more extensive
multiplication in the next passage of l0@cells; instead there
was such a sharp curtailment of multiplication that this sub
passage series was terminated. This suggested that the cells
sustained cumulative damage even as they were multiplying.

A second downshift to l0@cells was made at 5 wk, this time
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Table 4Distribution ofchromosomenumbera inmitosesfromparental celIs 14g2A and14g2C andfrom tumorsI4g3A4and14g3C3No.

ofSourcemitosesMeanofcellscounted<707071727374757677787980818283848586128no.Â±SDl4g2A5013569156581.0Â±2.7l4g3A454412377136181177.8Â±8.6l4g2C51211448613911180.7Â±2.914g3C35011112129810103179.7Â±2.8
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and 40% neoplastic cells. After a single passage of the trypsin
ized tumor explant, no host cells remained. The results show
that the low growth rates and CFEAG beyond the first passage
of cells from the 14g3A4 and l4g3C3 tumors were not due to
the presence oflarge numbers ofhost cells. A similar conclusion
comes from karyotype analysis of both these populations and
their progenitors in Table 4, although such analysis gives a
biased representation of the faster growing cells in the popula
tion, unlike flow cytometry which measures DNA content of
the entire population. The chromosome counts show that no
large scale shifts in karyotype occurred during tumor formation,
although more subtle changes cannot be ruled out.

DISCUSSION

We have previously reported that cells from mouse tumors
initiated by some populations of spontaneously transformed
3T3 cells have a much lower CFEag than the initiating cells
(3â€”5).Almost all ofthe tumors previously studied were initiated
by inoculation of 5 x 10@cells or more (high dose tumors). The
14g2 cells used in the present study had exhibited this behavior
(4), but we now show that much of the difference in CFEag
between parental cells and high dose tumor cells in this popu
lation was in their sensitivity to inhibition by the TPB in the
agar medium. It should be noted, however, that the 14a cells
used in our first report of adaptive changes (3) grow better in
agar, i.e., have a higher CFEag when TPB is present than when
it is absent.

In both the earlier studies and the present one there was only
a marginal reduction in growth rate on plastic of the high dose
tumor cells. A different picture emerged in the present study
when smaller numbers of cells were inoculated, especially in
the l4g2C series (Table 1B). There was only about 1 wk
difference in the time ofappearance of tumors after inoculation
of 5 x l0@ and 5 x l0@ cells, respectively, and about another
week until the 5 x iO@cell tumors were detectable. The l4g3C3
tumor, however, which was initiated by 5 x 102 cells was not
detected until almost 10 wk after inoculation, although by
extrapolation from the larger inocula, it should have appeared
at about 5 wk. Furthermore, some mice inoculated with 5 x
10@and 5 x l0@cells escaped tumor formation or had very
small growths which regressed. While the tumors initiated by
5 x i0@ cells grew rapidly and progressively to large sizes, one
of those induced with 5 x l0@and all those induced with 5 x
10@cells increased in size at a much slower rate and even
seemed to remain stationary for 3 or 4 weeks (Table 1).

Two explanations suggest themselves for this behavior. One
is that the inoculation of smaller numbers of cells allows the
host sufficient time to mount an effective response to the growth
of the tumor cells. While nude mice are athymic and do not
possess a competent T-cell system, they do have natural killer
cells and macrophages (9â€”11). Macrophages as well as neutro
phils and eosinophils were identified in some of the low dose
tumors, but not in others. The failure to find host reactive cells
in some of the tumors indicates that it is unlikely that a cellular
response by the host can fully account for the retarded growth
and development of low dose tumors.

A second explanation is that the inoculated cells grow poorly
at low density when switched from culture into the mouse. Such
effects of low population density are well known in primary
culture when cells ofthe chicken or mouse embryo are explanted
at low population densities (12, 13). A similar effect was seen
in the present work when the two tumors initiated by interme
diate numbers of cells, l4g3A4 and l4g3C3, were explanted,
as discussed below. More directly related to the effects of
population density on tumor growth in mice is the phenomenon
extensively described by Revesz (14). He found that the latent
period for tumors induced in mice by small numbers of neo
plastic mouse cells could be markedly shortened by coinjecting
large numbers of heavily irradiated cells at the same site. The
presence of the X-irradiated cells also increased the fraction of
mice which developed tumors from the few coinjected viable
cells. Metabolically active cells were required to produce the
stimulatory effect. The need for a high local concentration of
cells to achieve early appearance of tumors would account for
the disproportionate delay in appearance of our low dose tu
mors. The delay might, in turn, allow the host to mount a more
effective response in the form ofthe neutrophils and eosinophils
found in some tumors. The host response might then account
for the slower growth of the tumors after their initial appear
ance. Another possibility, however, is that cells capable of rapid
growth in mice formed only a small fraction of the progenitor
population. Such cells therefore might be present in abundance
when large numbers of cells are inoculated but absent in some
inocula when small numbers of cells are inoculated. The data
do not permit us to distinguish between these possibilities.

It might be expected that the transfer of an established line
of cultured cells into mice would require an adaptive response
on the part of the inoculated cells to the radically new environ
ment. However, the rapidly growing tumors, which were initi
ated with a large number of inoculated cells, yielded cultures
which grew almost as well as their parental cells from the
earliest measurements onwards. The slower growth of the low
dose tumors suggested that they were encountering an unfavor
able environment which would require some adaptive adjust
ment. This might be likened to the type of change that occurs
in tumor progression. It is difficult at best to make a detailed
cellular analysis of the dynamics of change in the mouse. The
readaptation of the tumor cells to culture, however, does offer
the opportunity for such analysis. The cells from the two low
dose tumors which could be cultured had indeed changed as
exhibited in their markedly reduced capacity for multiplication
when explanted to culture. This is not surprising in view of the
fact that the cells used to initiate the tumors in the first place
had been growing at a maximal rate of almost two divisions a
day, and any change which accompanied their adaptation to the
mouse could only detract from their optimal capacity for mul
tiplication in culture.

Analogous to the situation in mice, high concentrations of
these tumor cells multiplied much better than low concentra
tions in early passages. With successive passage of the cells at
high concentrations, the cells gradually gained the capacity to
multiply at low concentrations. At first the low cell concentra
tions multiplied at a low rate, and they could not be maintained
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in serial passage. One might suppose that those cells which did

multiply at low concentrations would be selected, and subse
quent passages would multiply to a greater extent than the first
successful passage. Instead, the second serial passage multiplied
even less than the first, indicating that the cells had accumulated
damage even as they were multiplying. Similar effects have been
observed during early passages in cultures ofmouse and hamster
embryo cells (13, 15). Newly explanted mouse embryo cells
grow poorly at low density, and this trait worsens during the
early passages (I 3). After a period of crisis, the capacity for
multiplication of low cell density gradually improves. The ca
pacity for growth of even large numbers of hamster embryo
cells decreases in early passages (I 5). This decrease cannot be
explained by detectable chromosome defects because it reaches
its nadir when more than 60% of the cells are karyotypically
normal diploids. The effect may be likened to the senescence
phenomenon of human cells in culture, which also has no
grossly demonstrable chromosomal basis until the degenerative
stage is reached (16, 17). It should be noted, however, that
molecular studies have revealed changes in DNA organization
and expression in cultured human fibroblasts (18).

Eventually, of course, cells from the low dose tumors were
able to multiply at low density in culture. In the case of the
l4g3C3 tumor, the cells did not regain their full capacity for
multiplication at low density until they had undergone at least
50 divisions in culture, and it can be easily shown that the
variants capable of such a feat of multiplication could not have
preexisted in the originally explanted culture since even one
such cell would have quickly overgrown the others. So the
variants must have arisen during passage of the cells in culture.
Analysis of the data from the 14g3C2 cells allows us to make
some estimates about when the faster growing variants ap
peared. After two successive early passages of 10@cells, there
was less than one cell in 1000 capable of multiplying at the rate

of the parental cells. This is evident from the sharp decline in
growth rate when the cells were downshifted to I 0@cells and
passaged twice. Even if only a single fast growing cell were
present in the first seeding of l03/dish, it would have made up
2% of the population at the end of the first passage, and these
20 cells would have grown to five times the measured total yield
of the second serial passage. Similar calculations show that
there were no fast growing cells present when the downshift
was made from l0@ to l0@ cells/dish at 5 wk nor in the following

serial passage of l0@cells. At the end of the third serial passage
of I 03 cells, however, more than one-half of the cells had to be
fast growing, because there was a 1000-fold increase in the next
serial passage. Because of the long period of time required for
the development of fast growing cultures and the subsequent
stability of this property, it is unlikely to be the result of mere
physiological adaptation. The question remains whether the
variants appeared at a fixed rate, independent of the new
environment or were induced by the switch from growth in the
s.c. tissue of the mouse to cell culture. A wide variety of
chromosomal variants appear within a few passages when ham
ster embryo cells are explanted into cell culture (1 9). Since
these are not seen at all in the hamster embryo, it is apparent
that they are produced by the environmental change. The great
variety of chromosomal combinations seen in the cultured
hamster cells indicate the great variety of phenotypes that may
result. Studies on gene amplification have shown that as much
as 40% of a cell population can undergo amplification of the
dihydrofolate reductase gene in a single cell cycle when DNA
synthesis is inhibited by hydroxyurea (20). Since there is no

relation between the inhibitor and the gene studied, it can be
assumed that similar changes occur at many other sites in the
genome. When our low dose tumor cells are explanted their
growth is inhibited, and this will probably foster changes at the
chromosomal and gene levels which ultimately provide the
variants capable of rapid multiplication in culture. Similarly,
the switch from culture into the mouse of low doses of cells
apparently inhibits the multiplication of cells since the latent
period of the tumors is prolonged. The unfavorable environ
ment ofthe mouse may thereby induce the formation of variants
which are capable of forming a tumor, analogous to the phe
nomenon of tumor progression. If changes in the genetic ma
terial of cells occur as frequently as studies quoted indicate, it
may be extremely difficult to distinguish between a genetic and
epigenetic basis for the changes in growth properties of cells
and hence in the processes that underlie tumor progression.
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