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ABSTRACT

To investigate the hypothesis that increased malignant potential cor
relates with increased genetic instability, we measured spontaneous mu
tation rates for the production of ouabain-resistant mutants in two benign

(nonmetastatic) murine cell lines and their recently induced metastatic
variants. Metastatic variants of the NIH 3T3 and CBA SP-1 cells were
induced by transfection with the h-ras oncogene. Metastatic variants were
also induced from the CBA SP-1 cell line by treatment with either 2'-

deoxy-5-azacytidine or hydroxyurea. Mutation rates for the parent NIH
3T3 cells and their metastatic variants were less than 3x10* variants

per cell per generation, with no significant differences between them.
Rates for the CBA SP-1 line and its variants ranged from 9 x 10"' to 8

x 10" variants per cell per generation, again without statistically signif

icant differences. We conclude that in the cell lines studied the rate of
spontaneous mutation for ouabain resistance was unrelated to the acqui
sition of the metastatic phenotype. This conclusion was based on the view
that the generation of ouabain-resistant mutants is a reflection of the

overall stability of the genome. Since the spontaneous mutation rate for
ouabain resistance was unchanged in cells that had recently acquired the
ability to metastasize, other genetic or epigenetic events were probably
responsible for progression to the malignant (metastatic) phenotype.

INTRODUCTION

That tumors progress from benign to more malignant phe-
notypes is a fundamental assumption in cancer biology. While
tumor progression is likely caused by the genetic instability of
individual cells, the mechanisms of this instability remain un
clear (1, 2). Point mutation, gene amplification, DNA rear
rangements, and chromosomal alterations are some possible
mechanisms. In addition, epigenetic mechanisms such as DNA
hypomethylation may play a role (3). It is our view that it is
unrealistic to expect any single mechanism to explain the
complicated nature of tumor progression. However, an analysis
of single mechanisms is a reasonable approach, considering the
limitations of current experimental methods.

Central to the concept of tumor progression is the hypothesis
that genetic instability increases as tumors evolve into more
malignant phenotypes. This view derives primarily from the
histopathological studies of Foulds (4) and the large body of
evidence demonstrating that more aggressive tumors are asso
ciated with larger numbers of karyotypic abnormalities (5).
Many researchers have proposed that the basis of tumor pro
gression lies in an inherent genomic instability, which is pre
sumed to result in some way from whatever initiated the trans
formation event. Nowell (1) proposed that the consequence of
genomic instability is an increase in somatic mutation, and
others have presented data supporting the view that sponta
neous mutation rates are increased in highly metastatic cells
when compared to less metastatic populations (6).

Our laboratory in collaboration with R. S. Kerbel has pro-
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posed that epigenetic mechanisms could also produce consid
erable changes in tumor cell phenotypes (3). Whereas we fo
cused our attention on levels of DNA methylation, recent
studies have provided several additional potential mechanisms
for these alterations in phenotype. Gene amplification (7) and
gene rearrangements (8) are but 2 such examples.

Our own interest in tumor progression led us to examine the
relationship of the rate of spontaneous mutation to tumor
progression by using murine cells with recently acquired meta
static potential. NIH 3T3 cells and the CBA SP-1 mammary
carcinoma line were each transfected with the h-ras oncogene
and became metastatic. In addition, we analyzed spontaneous
mutation rates in murine cells that had been converted to the
metastatic phenotype by 2 agents known to have different
effects on cells. Metastatic ability was induced in the CBA SP-
1 cell line by treatment with either 5-aza-dCyd3 or hydroxyurea.

These cell lines therefore provided a means for assessing differ
ences in spontaneous mutation rates of cells with recently
acquired phenotypic differences.

The conventional measurement of spontaneous mutation
rates involves fluctuation analysis, a procedure designed by
Luria and Delbruck (9) for the measurement of mutation rates
in bacterial cell populations. Cifone and Fidler (6) applied this
method to clones of 3 murine cell lines and demonstrated higher
spontaneous mutation rates in the clones with greater meta
static potential. Later, Elmore et al. (10), through similar
methods, showed no significant differences between sponta
neous mutation rates of normal and transformed human fibro-
blasts. Recently, Yamashina and Heppner (11) found no cor
relation of spontaneous mutation rates with metastatic poten
tial in a murine mammary carcinoma. These conflicting studies
indicated the need for further investigation of the role of spon
taneous mutation in tumor progression.

We note that the in vitro measurement of spontaneous mu
tation rates is fraught with difficulty (10, 12). Metabolic coop
eration, selective growth advantage for variants, delayed phe
notypic expression, alterations in chromosomal or gene copy
number, and the concentration of selective agents could all
influence these measurements. Furthermore, the mathematical
methods used in measuring fluctuation analysis may themselves
be inefficient estimators for mutation rates. Thus, if the muta
tion rates of 2 related cell lines are to be compared, it is essential
that some estimate of the inherent statistical error be made.
Given the inaccuracies of the experimental methods, measure
ments without these estimates are difficult to interpret. Such
considerations are included in this report.

MATERIALS AND METHODS

Cell Lines. NIH 3T3 embryonal fibroblasts only rarely form tumors,
and then only in nude mice. Variants of these cells, transfected with
the h-ras oncogene and found to be metastatic in nude mice, were
kindly supplied to us by Drs. Lance Liotta and Ruth Muschell of the
Department of Pathology at the National Cancer Institute. The selec-

3The abbreviations used are: 5-aza-dCyd, 2'-deoxy-5-azacytidine; oua", oua
bain resistant; ouas, ouabain sensitive.
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tion of h-ras transfected cells is described elsewhere (13).
CBA SP-1 is a spontaneous murine breast carcinoma (14) that does

not metastasize when injected s.c. into mice. Transfected variants of
the line were provided to us by Dr. Robert Kerbel of the Mt. Sinai
Research Institute, Toronto, Canada. Additional metastatic variants
were produced in our laboratory by the treatment of CBA SP-1 cell
monolayers with either 3 nM 5-aza-dCyd or 1 mM hydroxyurea for 24
h prior to s.c. injection into CBA mice. The variants were recovered
from micrometastases in the lungs after mechanical dissociation of
these organs and the growth of derived tumor cells in vitro. The
metastatic cells used in these experiments were passaged in vivo 3 times
and retained their metastatic phenotype.

Culture Methods. All cell lines were grown in RPMI 1640 (Grand
Island Biological Co., Grand Island, NY) supplemented with 50,000
units penicillin G, 50,000 units of streptomycin, 150 mg L-glutamine,
20 HIM 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid, 375 mg
sodium bicarbonate, and 10% fetal bovine serum in 500 ml of medium.
Drug selection was done with 2 mM ouabain in culture medium. Cell
monolayers were grown under constant humidity in a 5% CO2 environ
ment at 37Â°C.Cell harvesting was done with 0.05% trypsin and 0.02%

EDTA in phosphate-buffered saline.
Animal Experiments. To confirm the metastatic behavior of the

specific cell variants, each variant was injected s.c. into mice. The NIH
3T3 cell line and its transfected variants were injected into nude mice,
whereas the CBA SP-1 cell line and variants were injected into synge-
neic CBA mice. In the case of the CBA SP-1 tumor, the presence of
metastasis was tested by visual inspection and organ culture, followed
by the s.c. reinjection of cultured cells into CBA mice, so as to confirm
the cells' tumorigenicity. On several occasions, cells that appeared

morphologically as tumors in vitro were found not to be tumorigenic
in vivo.

Drug Resistance. To determine the optimal concentration of ouabain
for all of the cell lines used and the prevalence of oua" mutants within
the population of cells, 500 to 5 x 10' cells were seeded into 100-mm

culture dishes containing media with ouabain at set concentrations (0
to 5 mM). The dishes were stained 14 days later with mÃ©thylÃ¨neblue
and the numbers of colonies were counted.

Cell Density Experiments. To determine if metabolic cooperation
between cells might influence the prevalence of ouaR mutants, 2 exper

iments were performed. In the first experiment, parallel cultures of
CBA SP-1 cells were seeded with defined numbers of oua" and ouas
CBA SP-1 cells and were then allowed to grow to different cell densities
before the application of ouabain. (The ouaR CBA-SP1 cells were
obtained after a single treatment of CBA-SP1 cells with l-methyl-3-
nitro-1-nitrosoguanidine and selection in 2 mM ouabain.) Once visible
ouaR colonies had formed, the plates were stained with mÃ©thylÃ¨neblue
and the number of oua" colonies was counted.

In the second experiment oua" and ouas cells were mixed in varying

proportions and plated directly into culture medium containing 2 mM
ouabain. The number of oua" colonies was determined 2 weeks later.

Fluctuation Analysis. Less than 300 viable cells per well were seeded
in 2 ml of medium in 24-well flat-bottom tissue culture plates. For each
experiment 48 to 120 such wells were seeded. The cells were incubated
for 1 to 2 weeks until IO4to IO5cells/well were present. The cells were

then trypsinized, and each well was individually harvested and its
contents plated in individual 100-mm plastic tissue culture dishes
containing 10 ml of medium. These cultures were incubated until each
dish contained the number of cells required for each experiment. This
varied from one-half million to 3 million cells per dish. Four culture
dishes were then selected at random, and the number of viable cells in
each was counted. The medium from the remaining tissue culture dishes
was decanted and replaced with 10 ml of fresh medium containing 2
mM ouabain without dispersion of the cells. The plates were incubated
for an additional 2 to 3 weeks. At weekly intervals, the cultures were
refed with fresh medium containing 2 mM ouabain. After this final
incubation, the culture dishes were stained with mÃ©thylÃ¨neblue and the
proportion of cultures without any oua" colonies was recorded.

To determine if omission of cell dispersion in our fluctuation analysis
had any influence on the measurement of mutation rates we performed
a control fluctuation analysis that did use cell dispersion. Twenty

parallel cultures were seeded in a 24-well tissue culture plate with 500
CBA SP-1 cells in 2 ml RPMI 1640 for each well. After 6 days of
incubation each well was trypsinized, harvested, and the cells were
transferred to T-75 flasks with 15 ml RPMI 1640. After an additional
7 days of incubation the cells of each flask were trypsinized, harvested,
and counted. For each parallel culture eight 100-mm culture dishes
were seeded with 1 x IO6 cells per dish in 10 ml of 2 mM ouabain

medium. Two of the parallel cultures were selected at random and
additional cells from these cultures were seeded into 5 ml RPMI 1640
at a density of 200 cells/60-mm tissue culture dish. The plates were
incubated for 2 weeks and the colonies were stained with mÃ©thylÃ¨ne
blue prior to counting.

Calculations. For most of our experiments the mutation rate, a, was
calculated using the P0 method (9). Given the fraction of culture plates
with no resistant colonies, Po, and the average number of cells per plate
at the time of ouabain application, X the following equation was used:

a = -ln(2) ln(P0)/N.

Two sources of error were accounted for: first, the error arising from
the estimate of P0, and, second, the error arising from the estimate of
N. The error from the first source was estimated by the method of Li
et al. (12). The error from the second source was estimated using a SD
calculated from each set of 4 plates counted at the time of ouabain
application. As a first approximation, P0, and N can be treated as
independent quantities. The contribution of error from each may then
be calculated using a Taylor series expansion:

var(a) = (1 - Po) \n(2)2/(CN2Po) + [\n(P0)/N2f ln(2)2 vai(N).

Here the variance of the mutation rate is var(a). C is the number of
parallel cultures treated with ouabain, and var(/V) is the variance of N.
All error bounds in this paper represent 1 SD about the mean.

For the control fluctuation analysis using cell dispersion and the
method of Luria and Delbruck (9) based on the mean number of drug-
resistant colonies per parallel culture, we used the equation

r = aN ln[JVCa/ln(2)]/ln(2)

to estimate the mutation rate. Here r is the mean number of drug-
resistant colonies. The number, ln(2), has been inserted to convert the
measurement units from the natural logarithmic base to base 2.

RESULTS

Animal Experiments. NIH 3T3 cells and their transfected
variants were injected s.c. into groups of 3 nude mice, at a dose
of 1 x IO6 cells/mouse. As found by other investigators (13),

the nontransfected cells were nontumorigenic and nonmeta-
static, whereas the transfected cells were tumorigenic and met
astatic.

Parental CBA SP-1 cells and their transfected variants were
injected s.c. into groups of 10 mice. Neither the parental cells
nor the cells transfected with inactive h-ras oncogenes produced
mÃ©tastases.However, the cells transfected with the neomycin-
resistant gene alone and those transfected with active h-ras
formed recoverable lung mÃ©tastases.

The two chemically treated CBA SP-1 cells were: (a) cells
treated with 1 mM hydroxyurea and then injected s.c. into 20
mice, the cells later recovered from lung mÃ©tastases;and (b)
cells treated with 5-aza-dCyd, injected into 20 mice, and re
covered from lung mÃ©tastases.On 2 additional occasions, 5 x
IO5of both the hydroxyurea- and 5-aza-dCyd-treated cells were

reinjected s.c. into groups of 5 mice. These cells retained their
metastatic potential, as demonstrated by the presence of lung
tumors in all animals.

Drug Resistance. The drug sensitivity experiments detailed in
Table 1 showed that the relative plating efficiencies of all the
cell lines used were essentially zero at ouabain concentrations
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Table 1 Relative plating efficiencies for cell lines at different ouabain concentrations
Cells from each of the cell lines used in this study were seeded into 11)11nun tissue culture dishes in 10 ml medium containing ouabain at fixed concentrations. The

dishes were stained with mÃ©thylÃ¨neblue 14 days later and the plating efficiencies were assessed.

Ouabain
concentration

(DIM)00.51235NIH3T31>4

x10~30000NIH

3T3h-ras1>6

XIO'27
x10-'000CBA

SP-1II

xIO"21
x 10-'000CBA

SP-1
h-roi11

xIO'21
x IO"6000CBA

SP-1
inactive
k-ras13

x IO-20000CBA

SP-1
neomycingene16x

IO"*6
x 10-'000CBA

SP-1
5-aza-dCyd11

xIO"27
xIO"707

x IO'70CBA

SP-1hydroxyurea14

XIO'20000

of 2 mM or greater. Only variant cells were able to survive at
these concentrations. We thus chose 2 IHM as the optimal
ouabain concentration for our further experiments. The preva
lence of ouaR variants within the NIH 3T3 lines was less than

1/million viable cells at this concentration. Similarly for the
CBA SP-1 lines, the prevalence was from 1 to 3 variants/
million viable cells.

Cell Density Experiments. Cell density experiments were
performed so as to determine whether metabolic cooperation
was important in enhancing the recovery of ouaR mutants. In

addition, we were concerned that the death of a large number
of the cells when ouabain was added could impair the growth
of the remaining ouaR cells. The latter issue was resolved by

decanting on a weekly basis the spent medium containing
cellular debris. Resolution of the former issue required a series
of more detailed experiments.

The cell density experiment detailed in Table 2 revealed no
significant change in the plating efficiency of <>u;i"cells when
they were plated in ouabain with increasing numbers of ouas

cells. These data do not demonstrate any detectable effect of
metabolic cooperation on plating efficiency in ouabain.

In addition to this standard analysis of the effect of cell
density on mutant selection, we performed an additional study
that more closely simulated the assays used in our experimental
protocols. In the method we used, cells were plated and allowed
to multiply prior to the application of ouabain. To simulate this
aspect in a cell density experiment, we plated fixed numbers of

Table 2 Failure to demonstrate metabolic cooperation
Increasing numbers of ouas CBA SP-1 cells were seeded into 100 mm tissue

culture dishes with 200 oua" cells in IS ml of medium containing 2 mM ouabain.

After 1 week, the dishes were stained with mÃ©thylÃ¨neblue and the number of
oua" colonies was counted.

Totalno.oua1200

200
200
200
200of

cells platedoua81

xIO41
x IO5

5x 10s
1 x IO6
2x 10*No.

of oua"

colonies73
Â±5"

81 Â±6
82 Â±10
71 Â±10
79 Â±5

â€¢Mean Â±SD.

Table 3 Effect of cell density on the survival of oua' cells
Plastic tissue culture dishes (100 mm) were seeded with 100 oua" cells and 1.0

x 1(I4mi.r cells in 10 ml RPMI 1640. At daily intervals thereafter. 2 mM ouabain

was applied to a subgroup of dishes, an additional plate was trypsinized, and the
number of viable cells was counted. After visible oua" colonies had formed, the

dishes were stained with mÃ©thylÃ¨neblue and the colonies were counted.

Total no. of cells at time
of ouabainapplication2x

IO4
1.5 x 10s
5.2 x 10!
2.5 x IO6
7.7 x IO6No.

of surviving
oua"cells27

Â±6"17Â±4

32 Â±32
28 Â±7
42 Â±8

â€¢Mean Â±SD.

ouaR and ouas cells and allowed them to propagate before

application of ouabain. These results are presented in Table 3
with no significant cell-to-cell interaction shown.

Fluctuation Analyses. Spontaneous mutation rates for the
generation of ouaR mutants and the relationship of these rates

to the malignant potential of each cell line were analyzed and
are shown in Table 4. For NIH 3T3 cells, no significant differ
ence was observed between the spontaneous mutation rates of
the parental and metastatic cells. In general, the mutation rates
must have been extremely low, since no mutations were ob
served under these experimental conditions.

Similar results were obtained when analyzing the CBA SP-1
line and its metastatic variants. No significant differences in
spontaneous mutation rates were observed. There were no
differences for the cells transfected with either the active or
inactive h-ras oncogene, or the gene for neomycin resistance.
In addition, the metastatic CBA SP-I cells developed after
treatment with 5-aza-dCyd or hydroxyurea had spontaneous
mutation rates similar to those of the parental cell line.

We did not find any major difference in mutation rates
obtained by the method of fluctuation analysis used here and
the method based on Luria and Delbruck's method of means.

As an example we present data obtained from the latter method
using parental CBA SP-1 cells. For the 20 parallel cultures
grown to 1.7 x IO7Â±0.4 x IO7(SD) cells and then seeded into
2 HIM ouabain we found a mean number of 2.5 Â±8.8 ouaR
colonies per parallel culture. The plating efficiency in ouabain-
free medium was 0.43. The mutation rate (corrected for the
plating efficiency) was thus 7 x IO"8 variants/cell/generation.

DISCUSSION

We have demonstrated that despite the recent acquisition of
a more malignant phenotype, NIH 3T3 and CBA SP-1 cells
did not manifest an increase in spontaneous mutation rate when
compared to their less malignant counterparts. This was true
for both oncogene-transfected metastatic variants as well as
metastatic cells derived after treatment with 2 unrelated drugs.
These findings imply that, for the cell lines analyzed, the
acquisition of a more malignant phenotype probably results
from mechanisms other than an increase in spontaneous mu
tation rate.

We recognize that the use of ouaR as a measure of sponta

neous mutation rates has its limitations. There is no reason to
presume that ouaR per se has any relation to metastatic poten

tial, but it is currently impossible to assess spontaneous muta
tion rates at loci important for the metastatic phenotype, since
the gene or genes exclusively responsible for this phenotype are
unknown. The basic assumption of these (and other) studies (7,
10, 11) is that a change in spontaneous mutation rate is a
general genomic event and that detection of a rate change in
any one locus is a reflection of general genomic instability.

6133

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2424402/cr04612p16131.pdf by guest on 19 M

ay 2023



METASTATIC POTENTIAL AND SPONTANEOUS MUTATION

Table 4 Spontaneous mutation rates for cell lines with different malignant potentials
Fluctuation analyses were performed using the Pa method (9) comparing NIH 3T3 and CBA SP-1 cell lines with their more malignant variants. These variants

were induced by transfection with the active or inactive h-ras oncogene, the gene for neomycin resistance alone, or treatment of the parent cells with either 5-aza-
dCyd or hydroxyurea.

MalignantpotentialNo.
ofculturesFinal

no. of cells (x10')No.
of cultures with oua"colonies/>oMutation

rate (x 10*)variants/cell/divisionMalignant

potentialNo.
ofculturesFinal

no. of cells (xIO6)No.
of cultures with oua"coloniesP,Mutation

rate (x 10")variants/cell/divisionNIH

3T3None501.9

Â±0.50I<0.7

Â±0.7CBA

SP-1h-rasMetastatic450.8

Â±0.530.936Â±5NIH

3T3None562.9

Â±0.301<0.4

Â±0.4CBA

SP-1inactive
h-rasMetastatic881.5

Â±0.510.990.5

Â±0.6NIH

3T3h-rasTumorigenic510.43

Â±0.0501<3Â±3CBA

SP-1neomycin
geneMetastatic862.0

Â±0.950.942Â±

1NIH

3T3h-rasTumorigenic602.7

Â±0.201<0.4

Â±0.4CBA

SP-1neomycin
geneMetastatic911.4

Â±0.350.953Â±2CBA

SP-1Nonmetastatic861.6

Â±1.6150.838Â±9CBA

SP-15-aza-dCydMetastatic670.7

Â±0.430.965Â±4CBA

SP-1Nonmetastatic622.0

Â±0.6100.846Â±3CBA

SP-15-aza-dCydMetastatic881.1

Â±0.650.944Â±3CBA

SP-1Nonmetastatic671.2

Â±0.2160.7616

Â±3CBA

SP-1hydroxyureaMetastatic632.4

Â±1.420.970.9

Â±0.9CBA

SP-1h-rasMetastatic890.5

Â±0.110.992Â±2CBA

SP-1hydroxyureaMetastatic910.5

+0.150.958Â±4

While this may be an imperfect assumption, it is a reasonable
one given the experimental circumstances.

Besides these theoretical considerations, there are practical
problems in measuring mutation rates. For example, rates
measured by different investigators on the same cell lines may
differ by orders of magnitude (15). Li et al. (12) noted that
differences in tissue culture techniques, cell density, culture
medium, or the concentration of selective agents may all influ
ence rate measurements. Perhaps more importantly, the error
that arises from the statistical methods of rate calculation may
be manyfold larger than the rate itself. Thus, a severalfold
difference in mutation rates between parental and variant cell
lines may have no statistical significance.

The problem of cell density as a factor in the estimation of
mutation rates also deserves consideration. We chose to mini
mize this effect by using a dominant marker, namely, ouaR.

Although we performed standard assays for the effect of cell
density, we also devised experiments that did not require cell
dispersion, so as to reflect more closely the actual experimental
methods we used. We observed no significant decrease in num
ber of oua" colonies for cell densities up to seven million cells

per tissue culture dish. Moreover, repeated fluctuation analyses,
differing only in the density of cells at the time of ouabain
application, failed to show any significant influence of cell
density on the measurement of mutation rates. For these rea
sons, we did not consider cell density as a significant factor in
our experiments.

Our inability to correlate mutation rates with malignant
potential is different from the results published by Cifone and
Fidler (6). This may be due to differences between the respective
methods, including cell dispersion prior to ouabain application,
different concentrations of ouabain, the use of Luria and Del-
bruck's method of means, different cell lines, and possibly the

use of uncloned rather than cloned populations. This latter
issue is currently being addressed.

Our work is of added significance in that it is the first to use
cell lines that recently acquired their metastatic potential either
through transfection or through chemical induction. The ad
vantage of using cells with a recently acquired phenotype is that
the mechanisms responsible for the phenotypic change may still
be operative. The fact that we could not demonstrate any change
in spontaneous mutation rates in these cell lines implies that
the number of spontaneous mutations was probably not biolog
ically significant.

These findings also demonstrate that transfection itself does
not result in an increase in spontaneous mutation rates. How
ever, our analyses do not address the issue of insertional mu-
tagenesis.

These data do not rule out a role for spontaneous mutation
at some point in tumor progression. This mechanism may still
be important in the early stages of tumor development, whereas
other host or environmental factors may be more important in
later stages of tumor progression. Also, other mechanisms for
genetic instability, not detectable by the induction of ouabain
resistance, may have a predominant role. In addition, findings
from a few murine cell lines should not be assumed to apply to
all tumor cells.

It is our view that the rate of spontaneous mutation, while it
may contribute to tumor progression, does so at low frequency
or at early stages in tumor development, which are not easily
measured. This implies that other mechanisms of genomic
"deregulation" could play a major role in affecting tumor

progression. The evidence presented herein of drug-induced
metastatic potential by agents that appear to have different
effects on the genome, indicates that tumors may progress by a
plethora of means. Single, mechanistic explanations of tumor
cell genomic changes are unlikely to be true.
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