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ABSTRACT The metastatic stability of clones, which were
derived from the murine UV-2237 fibrosarcoma and which exhibit
low or high metastatic potential, was examined after 60-72 days
of continuous growth in vitro and in vivo. Subclones of the high
metastatic clone exhibited a 140-fold variation in the production
ofexperimental pulmonary metastases after intravenous injection
into syngeneic C3H- mice. In contrast, subelones from the low
metastatic clone varied only slightly (8-fold). Using cloned cells
from three mouse tumors with differing metastatic potential, we
determined the spontaneous mutation rates of cells with low or
high metastatic capacities with respect to the selective genetic
markers, 6-thiopurine resistance or ouabain resistance, or both.
In all cases, cells with high metastatic potential had a 3- to 7-fold
increase in the rate of mutation (per cell generation) at both ge-
netic loci, as compared with their low metastatic but tumorigenic
cell controls. These results support the hypothesis that the evo-
lution of tumors from the benign to the malignant state could be
the consequence of acquired genetic instability in the neoplastic
cells.

At the time of diagnosis, many human and animal tumors are
heterogeneous and contain numerous subpopulations of cells
with different biological characteristics, including metastatic
potential (1-3). In some tumors, this biological diversity results
from their multicellular origin (4) but, in other tumors that
originate from a single transformed cell (5, 6), the source of the
biological diversity is less clear. The evolution oftumors or their
progression (7, 8) from the benign to the malignant state has
been attributed by Nowell (9) to be the consequence ofacquired
genetic variation in the cells populating a neoplasm. Tumor cells
are thought to be less stable genetically than normal cells (10),
and the spontaneous mutation rate of virally transformed cells
can increase with each level of transformation (11). This in-
creased genetic instability could produce new variants (clones,
sublines) within the developing neoplasm. These clones would
be subjected to environmental selection pressures (12, 13) that
favor the survival ofvariants with increased malignant capacity.

Nowell's hypothesis for tumor progression (9) predicts that
those tumor cells that progress to an advanced stage of malig-
nancy (i.e., metastatic cells) would be less stable genetically
than nonmetastatic tumor cells. In this study, we have examined
Nowell's hypothesis by determining the phenotypic stability of
metastatic and nonmetastatic tumor cell lines by counting the
number ofpulmonary metastases that they produce after intra-
venous injection. In addition, we have compared the rates of
mutation to ouabain resistance or 6-thiopurine resistance, or
both, ofhigh metastatic (HM) cells from three different murine
tumors to that of low metastatic (LM) or nonmetastatic tumor-
igenic cells isolated from the same neoplasms.

MATERIALS AND METHODS
Animals. Six- to 8-week-old specific pathogen-free C3H/

HeN mammary tumor virus negative (C3H-) female mice were
obtained from the Animal Production Area of the Frederick
Cancer Research Center. In individual experiments, all mice
were matched by age.

Cell Cultures. The UV-2237 is a fibrosarcoma that was in-
duced in a female C3H- mouse by chronic UV irradiation (14).
The tumor was established in culture from the first in vivo pas-
sage in immunosuppressed syngeneic mice. Cloned cell lines
were obtained from the sixth in vitro passage as described (14).
The K-1735 melanoma developed in a C3H- female mouse that
had been treated with a short course of exposures to UV radia-
tion, followed by chronic painting of the skin with croton oil
(15). The primary tumor was adapted to growth in culture and
cloned as described (16). SF-19 is a spontaneous fibrosarcoma
that arose in a female C3H- mouse and was established in cul-
ture (17). A line of SF-19 tumor cells with HM propensity was
derived from the parent SF-19 tumor after its exposure in vitro
to nine cycles ofUV radiation (18). All cell lines were grown as
monolayers on tissue culture plastic dishes in McCoy's 5A me-
dium (Flow Laboratories, McLean, VA) supplemented with
10% (vol/vol) fetal bovine serum, glutamine, and gentamicin
sulfate (Shering, Kenilworth, NJ). The cultures were main-
tained at 37C in a humidified incubator in 95% air/5% CO2.
All cell lines were tested and found to be free of Mycoplasma
and the following murine viruses: reovirus type 3, pneumonia
virus of mice, K virus, Theiler's virus, Sendai virus, minute
virus of mice, mouse adenovirus, mouse hepatitis virus, lym-
phocytic choriomeningitis virus, ectromelia virus, and lactate
dehydrogenase virus (MA Bioproducts, Walkersville, MD). In
order to ensure the reproducibility of the in vitro assays, the
cultures were used within 4 wk after recovery from frozen
stocks. For in vivo (experimental metastasis) and in vitro stud-
ies, tumor cells were always harvested from subconfluent cul-
tures (50-70% confluence) by rinsing the monolayers with
0.25% trypsin/0.02% EDTA. After 1 min, the flasks were
tapped sharply to dislodge the monolayers, and the cells were
pipetted carefully into medium containing 10% fetal bovine
serum. Cells used for intravenous injections were resuspended
in Ca2+/Mg2+-free Hanks' balanced salt solution. Only suspen-
sions containing single cells of >90% viability (as measured by
trypan blue exclusion) were used in the experiments.

Experimental Pulmonary Metastasis. Unanesthetized mice
were inoculated intravenously with 1 x 105 tumor cells sus-
pended in 0.2 ml of Hanks' balanced salt solution through the
lateral tail vein. All mice were killed 21 days after tumor cell
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injection, and their lungs were removed, rinsed in water, and
fixed overnight in Bouin's solution (19). Because most experi-
mental metastases in mice are found on the surface of the lungs
(19), the number oftumor colonies was determined by counting
parietal metastases under a dissecting microscope. The number
oflung metastases produced by individual clones and subclones
was compared to that produced by parental populations using
the Mann-Whitney U test to ascertain the significance of the
differences observed (20).

Cloning Procedures. Cells were cloned by end-point dilu-
tion. Single cell suspensions of viable tumor cells were seeded
into wells of a Falcon 3034 microtest plate at 0.5 cell per well.
Wells containing single cells were marked, and the colonies
were transferred after sufficient growth to vessels of increasing
size to expand the cell population. The cloned cultures were
frozen until needed for in vivo testing.

Fluctuation Analysis. For each clone or cell line studied, 2
X 103 cells were plated in 27 plastic Petri dishes (100 mm). After
7-10 days at 370C in a humidified CO2 incubator, two sample
plates were fixed and stained with methylene blue dissolved in
50% (vol/vol) methanol, and colonies were counted to deter-
mine the initial cell number. Cells from the remaining 100-mm
Petri dishes were trypsinized, transferred to 150-cm2 Falcon
flasks (one Petri dish per flask), and then incubated 4-5 days
until there were approximately 107 cells per flask. The cells
were trypsinized and counted; the total content of each flask
was divided among 10 replicate 100-mm plastic Petri dishes
containing medium and 5mM ouabain (Sigma) or 4 ,ug of6-thio-
purine (Sigma) per ml. Parallel duplicate control cultures were
counted and plated in medium without ouabain to determine
the efficiency of colony formation. After 13-15 days at 370Cin
a humidified CO2 incubator, the cultures were fixed and stained
with methylene blue in 50% methanol. The rate ofmutation was
calculated by the equation described by Luria and Delbrfick in
formula 8 of ref. 21: r = aNdn(NCa) where r is the average
number of resistant cells per plate, a is the mutation rate (to be
solved for), N, is the number of cells in the growing cultures
(at the time of testing), and C is the number of cultures (sam-
ples). Because in this equation a solves for the mutations per
cell (bacterium) per time unit, we multiplied a by the natural
logarithm of 2 (ln 2) to solve for the mutations per cell division
cycle (cell generation), as explained by Luria and Delbruck (21).
The formula used was:

r =
a

Nt In [(Nt) (C) (a)2]

The numbers were adjusted for colony-forming efficiency.

RESULTS
The Stability of the Metastatic Phenotype in Cloned UV-

2237 Cell Lines. We first assessed the stability ofthe metastatic
phenotype in UV-2237 fibrosarcoma cloned cell lines with LM
or HM potential. The clones were classified as having a LM or
HM potential, based on their capacity to produce both spon-
taneous and experimental metastases (14). Cells ofLM and HM
clones were recovered from frozen stocks and subcloned within
1 wk after recovery. The LM and HM clones were cultured in
vitro for 72 or 60 days, respectively. At these times, a series of
subelones were isolated from both the clones and tested for their
ability to produce experimental lung metastases. In parallel
studies, cells from the LM or HM clone lines were injected
subcutaneously into C3H- mice (104 cells per mouse). Devel-
oping tumors were excised surgically on day 72 (LM) or day 60
(HM). Cell cultures were established from the subcutaneous

tumors by enzymatic dispersal of tumor tissue with 0.2% col-
lagenase type I and 0.1% trypsin. One week later, a second se-
ries of subclones were isolated, and these also were tested for
their ability to produce experimental lung metastases. Cells of
the LM clone produced lung metastases at frequencies of one
lung nodule per mouse per 105 cells injected (Fig. 1). In con-
trast, cells ofthe HM clone produced about 50 lung nodules per
mouse per 105 cells injected. The data also show that the LM
clone is relatively stable in its metastatic phenotype. Whether
passaged in vitro (72 days, approximately 80 cell doublings) or
grown in vivo (72 days), the majority of the subclones were in-
distinguishable from the parent LM clone for production of ex-
perimental metastases. Some ofthe subclones isolated from the
in vitro or in vivo propagated lines showed a minor but signif-
icant shift (P < 0.01) toward a higher metastatic potential, but
others exhibited a lower frequency ofmetastasis than the parent
LM clone.
The results with the HM clone were strikingly different (Fig.

1). When theHM clone was thawed and subcloned immediately
after becoming reestablished in cell culture, most subelones
were indistinguishable from their parent in their ability to pro-
duce experimental metastases. However, after 60 days of
growth in vitro (approximately 65 cell doublings) or 60 days of
growth in the subcutaneous tissue, many subelones had meta-
static properties that differed significantly from their parent
clone. The median number ofpulmonary metastases per mouse
produced by cells ofthe different HM subclones varied as much
as 140-fold (from 2 to 280 nodules per mouse), suggesting that
the metastatic phenotype of the HM clone is unstable. Sixty
days of growth of the HM clone in vitro or in vivo leads to the
development of heterogeneity for metastasis that is similar to
the heterogeneity originally found for the uncloned parent UV-
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FIG. 1. Experimental metastasis produced by cells of individual
subclones (e) isolated from parent UV-2237 clones (A). Subcloning ex-
periments were performed immediately after cells were recoveredfrom
frozen stocks (A) at 72 days (LM clone) (Left) or 60 days (HM clone)
(Right) after the parent clones were grown in culture (B) or subcuta-
neously injected into syngeneic C3H- mice (C). The median number
of pulmonary metastases per mousewas derived from the counts taken
from at least 10 mice per group. Mice were injected intravenously with
10' cells and were killed 3 wk later; the experimental metastases were
counted under a dissecting microscope (19).
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Table 1. Rate of mutation to ouabain resistance or 6-thiopurine
resistance of UV-2237 fibrosarcoma cells with LM or HM
potential

Fold
Metastatic Selective Rate of increase,

Cell line potential* agentt mutations HM/LM
UV-2237-LM-1 Low Ouabain 0.158
UV-2237-HM-2 High Ouabain 0.728 4.6
UV-2237-LM Low 6-Thiopurine 0.434
UV-2237-HM High 6-Thiopurine 1.30 3.0
* See Fig. 1.
t Selection for mutants was performed in 5 mM ouabain or 4 gg of 6-
thiopurine per ml.

*The rate of mutation (x 106 per cell generation) was calculated by
the equation described by Luria and Delbruick (21).

2237 fibrosarcoma (14). The differences in the stability of met-
astatic properties between the LM and HM clones could not
be attributed to differences in the number of cell doubling
times. At least in vitro, the cell doubling times ofthese two lines
are similar (20-24 hr) (22). Furthermore, the LM clone was

cultured for a longer period before the subcloning experiments
than was the HM clone.

Spontaneous Mutation Rates of Cells with Low and High
Metastatic Potential. In an effort to determine the spontaneous
mutation rates of cells from the UV-2237 LM and HM clone
lines, we performed fluctuation analyses as described by Luria
and Delbruck (21). Two well-characterized genetic markers
were studied: resistance to the metabolite 6-thiopurine, in-
volving a mutation in the gene for hypoxanthine/guanine phos-
phoribosyl-transferase, and resistance to the drug ouabain, in-
volving an alteration in the cell membrane-bound Na+,K+-
ATPase (23). Data from a representative experiment are shown
in Table 1. The mutation rates for conversion both to 6-thio-
purine resistance and ouabain resistance were higher for the
HM cells than for the LM cells (3.0- and 4.6-fold, respectively).
The differences in the rate of mutation to 6-thiopurine resis-
tance could not be attributed to differences in the chromosome
number of the clones. Both the LM and HM clones were pri-
marily diploid. The mode and range of chromosome number
for the LM clone was 39 (23-68) and for the HM clone was 40
(19-85) (22). The increased rate of mutation for metastatic cells
relative to their nonmetastatic control was also found in three
additional pairs oftumors. For these experiments, we analyzed
a different set of UV-2237 fibrosarcoma clones with LM or HM
potential (14), LM or HM clones of the K-1735 melanoma (16),
and LM or HM cells of the SF-19 fibrosarcoma (18, 19) (Table
2). In all three systems, the rate of mutation to ouabain resis-
tance of the metastatic cells was higher than that of their LM
or nonmetastatic counterparts (6.5-, 7.0- and 5.8-fold, respec-

tively). In all of the fluctuation assays we performed, some of
which were repeated two or three times for a given set of cells,
we never failed to detect at least a 3-fold greater rate ofmutation
(per cell generation) in metastatic cells than in their nonmeta-
static cell controls. In each of the four pairs ofLM or HM cells
examined, the cell doubling times in monolayer cultures, as well
as mean chromosome numbers, were very similar (data not
shown). We also confirmed that the tumor colonies growing in
the selected dishes were indeed resistant to the drugs ouabain
or 6-thiopurine by isolating them and replating them in selec-
tive media.

DISCUSSION

Tumor progression has been attributed, in part, to a genetic
mechanism (9). According to this hypothesis, progression occurs

Table 2. Rate of mutation to ouabain resistance of tumor cells
with LM or HM potential

Fold
Metastatic Rate of increase,

Cell line potential* mutationt HM/LM
UV-2237 LM42 Low 0.0764
UV-2237 HM-39 High 0.502 6.5
K-1735 melanoma-LM Low 0.0873 -

K-1735 melanoma-HM High 0.610 7.0
SF-19 Low 0.0178 -

SF-19-UV9 High 0.103 5.8
* UV-2237 (14), K-1735 melanoma (16), SF-19 (24).
t The rate of mutation (x 106 per cell generation) was calculated as
described (21).

as a result of acquired genetic alterations in the developing tu-
mor cells. It has been postulated that as a tumor progresses to
an advanced state of malignancy, it contains cells that are more
mutable than cells that did not progress as far and are still non-
metastatic (i.e., benign) (9). Our results support this hypothesis.
We demonstrate that a metastatic clone (HM-2) isolated from
the murine UV-2237 fibrosarcoma was less stable for metastasis
than a LM clone (LM-1) isolated from the same tumor (Fig. 1).
When the HM-2 clone was subcloned immediately after recov-
ery from frozen stock, all of its subclones exhibited metastatic
behavior similar to that oftheir parent line. However, subclones
isolated from the HM-2 clone after its continuous growth in
vitro and in vivo for 60 days varied significantly among them-
selves (up to 140-fold) and from the parent HM-2 clone. The
development of metastatic diversity in the HM-2 clone was not
unidirectional. Some of the HM-2 subclones were more met-
astatic, but others were dramatically less metastatic than the
parent clone.

The degree ofheterogeneity for metastasis thatwe found with
the propagated HM-2 clone (from a median of 2 to 280 metas-
tases per mouse) was very similar to that originally observed
with the unselected parent UV-2237 tumor (14). The fact that
the HM clone did not show a unidirectional progression is com-
patible with the hypothesis that a genetic mechanism plays a
role in the process. An increased rate of mutation, in the ab-
sence ofselection pressures, could lead to the emergence ofless
malignant, as well as more malignant, variants. Evidence for
this concept comes from mutagenesis experiments on different
murine neoplasms. Mutagenesis ofa malignant teratocarcinoma
cell line or the Lewis lung carcinoma cell line resulted in the
appearance ofvariant clones incapable ofprogressive growth in
normal syngeneic recipients (25, 26). Also, mutagenesis of an
uncloned population of mouse fibrosarcoma cells led to the
emergence of variants with increased malignant potential (24),
whereas the mutagenesis ofmouse sarcoma cells led to variants
with malignant properties less than or equal to the parental tu-
mor (27).
The growth of tumor cells in a subcutaneous space does not

select for a metastatic phenotype (1-3, 11). This could explain
why we did not observe any differences in the degree or the
direction of variability between the HM-2 clone propagated in
vitro and that propagated in vivo. These results also agree with
a recent observation that cloned populations of the mouse B16
melanoma are not stable for expression of their metastatic phe-
notype, whether propagated in culture or by serial subcuta-
neous passage (28).
A possible explanation for the finding that the UV-2237 LM-

1 clone is more stable for the phenotype of metastasis than the
UV-2237 HM-2 clone is that the HM clone, being more "pro-
gressive," is less stable genetically than the less "progressive"
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LM clone. The data shown in Tables 1 and 2 support this sug-
gestion. We studied the rate ofmutation in four pairs ofLM and
HM tumor cell lines isolated from three different murine tu-
mors. In two of the three tumor systems that we used (UV-2237
and K-1735), the LM and HM clones arose spontaneously
(14-16). In the third tumor system, the HM line of the SF-19
fibrosarcoma was obtained after multiple in vitro treatments of
the parent SF-19 tumor with mutagenic doses of UV radiation
(18, 24). In all of these systems, however, an increased rate of
mutation was found to be associated with increased malignancy
(metastasis).
Our studies demonstrate that metastatic cells have a higher

spontaneous mutation rate than nonmetastatic cells isolated
from the same neoplasm. This suggests that a genetic mecha-
nism may be responsible for the process of tumor progression,
but it does not rule out the possibility that epigenetic factors
also may influence the process (8, 12, 13). Given the complex
relationship between host and tumor, it is probably unlikely that
processes such as tumor progression or metastasis, or both, can
be explained by a single mechanism (29). However, our result
supports the concept that mutational events can be responsible
for the evolution and progression of at least some tumors
(24-27).
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