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ABSTRACT

Genetic instability is recognized as an important aspect of the devel
opment of tumor heterogeneity and malignancy. In a previous study [Hill
et al. Science (Wash. DC), 244: 998-1001, 1984), we demonstrated that
metastatic variants are generated at a more rapid rate in the highly
metastatic B16F10 mouse melanoma cell line than in the less metastatic
B16F1 cell line. The metastatic variants were phenotypically unstable,
being generated and lost at high rates; consequently, we proposed a
dynamic heterogeneity model of tumor metastasis which describes these
properties quantitatively. As an extension of this work, we have examined
the ability of these two melanoma cell lines to generate variants resistant
to the drugs methotrexate and .V-(phnsphnnacctyl)-i.-a$partate. We ob
served that the highly metastatic B16F10 cell line generated variants
resistant to a given concentration of methotrexate or ,V-(phosplionace(yl)-
L-aspartate at higher rates than the B16F1 cell line. We conclude that
B16F10 cells are genetically less stable than B16F1 cells and since
resistance to methotrexate and jV-(phosphonacetyl)-L-asparate usually
results from gene amplification that B16F10 cells possess increased
ability to amplify DNA. This higher rate of generation of drug-resistant
variants corresponds to the higher rate of generation of metastatic
variants we observed previously and suggests that a gene amplification
mechanism may be involved in the generation of a metastatic phenotype
in B16 melanoma cells.

INTRODUCTION

Genetic instability in malignant cells has been postulated (1)
as an important mechanism in the process of tumor evolution
to increasing malignancy which is termed tumor progression
(2). Highly metastatic tumor cell populations have sometimes
been found to be characterized by an increased rate of mutation
to drug resistance. Cifone and Fidler (3) have reported a 3- to
7-fold increase in the rate of mutation occurring at two inde
pendent genetic loci (6-thioguanine and ouabain resistance) in
high versus low metastatic UV-2237 fibrosarcoma clones. Sim
ilar results were obtained by Fidler (4) using clonal populations
derived from K-1735 melanoma and by Cifone and Fisher (5)
using SF-19 fibrosarcoma cells. In contrast, Yamashina and
Heppner (6) found no correlation between metastatic ability
and the rate of spontaneous mutation in three mouse mammary
tumor cell lines and Elmore et al. (7) were unable to detect
increased mutation rates in chemically transformed versus nor
mal skin fibroblasts, despite using the same genetic loci.

The above studies used drugs to which resistance is thought
to occur through point mutation and deletion, giving rise to
stable mutants which are generated at characteristic rates be
tween 10~6 and 10~8/cell/generation (8). While much of the

instability observed in tumor cell populations could well be a
result of such processes, other mechanisms responsible for drug
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resistance have been identified, e.g., gene rearrangement, move-
able genetic elements, gene amplification, and gene modifica
tion (e.g., methylation). In these cases unstable drug-resistant
variants are often generated at much higher rates of 10~3-10~4/

cell/generation (9).
In the present paper we report on studies of the rate of

generation of drug-resistant variants in the highly metastatic
B16F10 cell line and in the less metastatic B16F1 cell line (10).
The drugs MTX4 and PALA were chosen for the study because

resistance to these drugs usually arises as a result of gene
amplification. The B16F1 and B16F10 cell lines were examined
because we have shown previously that metastatic variant cells
are generated stochastically in these cell populations at a rapid
rate. In fact we demonstrated that the highly metastatic B16F10
cell line generates metastatic variants at a higher effective rate
(~5 x 10~5/cell/generation) than the poorly metastatic B16F1
cell line (~1 x 10~5/cell/generation) (H). Such variants have

been found to express an unstable metastatic phenotype (12,
13).

MATERIALS AND METHODS

Cell Lines. The origin and characteristics of the B16 melanoma cell
lines (obtained from Dr. I. J. Fidler) have been reported elsewhere (10).
B16 melanoma cells were routinely grown in a-MEM plus 10% fetal
calf serum but for treatment with MTX they were adapted to grow in
low folie acid (0.1 mg/liter) nucleoside free Â«-MEMplus 10% dialyzed
FCS. The cells were also grown in nucleoside free a-MEM plus 10%
dialyzed FCS for treatment with PALA. The cell lines were tested for
their metastatic efficiency using the experimental metastasis assay (14).
C57BL/6J mice were given injections i.v. of 5 x IO4cells in 0.2 ml of

medium, and macroscopic lung colonies were counted 3 weeks later
under a dissecting microscope. The B16F10 cells gave approximately
5 times more lung mÃ©tastasesthan the B16F1 cell line. Growth in low
folate medium did not influence the metastatic effkency of either cell
population (data not shown).

Drugs. For our experiments we have used a commercial source of
methotrexate (Lederle). PALA was obtained from the U. S. National
Cancer Institute (courtesy of Dr. Narayanan, Drug Synthesis and
Chemistry Branch).

The sensitivity of the B16 melanoma cells to the drugs was tested by
plating the cells (up to IO4 cells/plate) in the continuous presence of

the drugs. The resistant colonies were counted after 10 days of incu
bation following mÃ©thylÃ¨neblue staining. Preliminary experiments
demonstrated that the frequency of resistant colonies was linearly
correlated with the number of cells plated up to approximately 2 x IO4
cells/100-mm plate.

Growth of Clonal Populations. Clonal populations of B16 melanoma
cells were obtained by limiting dilution into 24-well Linbro tissue
culture clusters. In some experiments the parental population was
cloned directly (single cloning); in others, an individual clone of about
IO3 cells was picked and subcloned (doublecloning). When a clone
reached a size of approximately 10' cells (directly estimated by counting

the number of the cells in the colonies) it was trypsinized and left in
the well to grow to a size of 10s cells. This "spreading" process resulted

4The abbreviations used are: MTX, methotrexate; PALA, A'-(phosphonacetyl)-
L-aspartate; a-MEM, n minimal essential medium; FCS, fetal calf serum; DHFR,
dihydrofolate reducÃase.
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DRUG RESISTANCE AND METASTASIS

in more uniform growth in the well. At the size of IO5cells (estimated
by eye and confirmed by hemocytometer count) the clones were tryp-
sinized, and the cells were transferred to tissue culture flasks to expand
the clone to 1.5 x IO7cells. In some experiments the same clones were

studied at two different sizes of splitting them into two parts when they
reached approximately 2 x IO5 cells, and expanding one-half of each
clone to approximately 1.5 x IO7cells.

Determination of the Rate of Generation of Drug-resistant Variants.
Parallel clonal populations grown to three different sizes (~103 cells/
clone is a very small clone; 10s cells/clone is a small clone; and 1.5 x
IO7cells/clone is a large clone) were studied for the frequency of drug-

resistant variants. Either the whole clone (very small size) or replicate
samples of IO4 cells/plate (small and large size) for each clone were

plated in the continuous presence of 30 nM MTX or 12 n\i PALA. In
all the experiments, IO2cells/clone were plated in the absence of drugs

in order to determine the plating efficiency of the cells in the clone.
The rates of generation of drug-resistant variants in the clonal popula
tions were calculated using Luria-Delbruck fluctuation analysis (IS).
As described previously (16) the data from analysis of multiple parallel
clones was fitted to the formula

n\n (3.46 uNQ - Iâ€”I In 2 = 0

where Â¿iis the apparent mutation rate (per cell per generation), N is the
number of cells per parallel clonal population, C is the number of
parallel clonal populations, and M is the mean number of drug-resistant
variants per parallel clonal population.

Southern Blot Analysis. Amplification of the gene coding for DHFR
was examined by Southern blot analysis (17). DNA (5 or 10 Mg)from
parental populations and from MTX-resistant cells was digested with
the restriction endonuclease EcoRl, electrophoresed through a 0.6%
agarose gel, transferred to a nitrocellulose filter, hybridized with nick-
translated 32P-labeled plasmili bearing murine DHFR complementary
DNA (pSVS-DHFR obtained from Bethesda Research Laboratories,
Inc. (Gaithersburg, MD); for details, see Ref. 18) and exposed to X-ray
film. The filter was then washed, rehybridized with \-mos complemen
tary DNA (1.2-kilobase Hindlll fragment of \-mos) and reexposed to
X-ray film.

RESULTS

Survival curves for B16F1 and B16F10 cell populations
plated in the presence of varying concentrations of methotrex-
ate are shown in Fig. 1. The highly metastatic B16F10 cell line
was consistently found to be more resistant to MTX than the
poorly metastatic B16F1 cell line; the difference between the
survival curves is about a factor of 10 in survival.

Evidence that the colonies which grew in the drug were truly

10
15 30 45
Methotrexate dose (nM)

Fig. 1. Survival curves for B16F1 and B16F10 cells plated in the continuous
presence of different concentrations of MTX. Error limits are SEs (bars) calcu
lated for three or more separate experiments.

resistant to MTX was obtained from replating experiments.
Colonies of B16F1 and B16F10 cells which grew in 30 nM
MTX were trypsinized after 10 days of growth, and the cells
recovered were replated in the presence or in the absence of the
same concentration of the drug. The number of colonies grow
ing in the presence of MTX was from 35 to 70% of the number
of colonies growing in medium alone. These percentages did
not change significantly if the cells were passaged once or twice
in normal medium before replating in 30 HMMTX.

Methotrexate is an analogue of folie acid, the substrate of
the enzyme DHFR, and inhibits DHFR by competitive binding
to its catalytic site (19). Resistance to MTX in vitro has been
found to occur by a number of mechanisms (20-22), but over
production of DHFR is the most frequent mechanism and
results from the amplification of the DHFR gene (23). To
examine whether amplification of the DHFR gene had occurred
in the clones of B16F1 and B16F10 which grew in 30 HMMTX,
we picked colonies, expanded them in the same concentration
of the drug, and analyzed their DNA by the Southern blot
technique. Fig. 2, top, shows the results obtained when the filter
was hybridized with DHFR complementary DNA. For com
parison of signal intensity two dilutions (0.5 parental and
parental) of each parental DNA were examined. In Fig. 2,
bottom, are the results when the filter was washed and rehy
bridized with \-mos complementary DNA. The intensity of the
single band of the c-mos gene allows a comparison between the
different lanes indicating where there was variation in the
amount of DNA loaded and allowing the signals of the DHFR
gene to be normalized. Taken together the results presented in
Fig. 2 indicate that the DNA from MTX-resistant clones of
both B16F1 and B16F10 cells demonstrates an increase in the

BI6FI BI6FIO

1/2 p p 2 i/2p p l 2 3

F4M â€¢â€¢

kb
-23.0

9.5

- 6.6

- 4.3

DHFR

- 23.0

C-MOS

Fig. 2. Southern blot analysis of the DHFR (top) and c-mos (bottom) genes
from parental (p) and MTX-resistant cells. Lane 1,0.5 dilution of B16FI parental
DNA; Lane 2, parental B16F1 DNA; Lanes 3 and 4, DNA from colonies which
were obtained from BI6F1 parental cells plated in 30 nM MTX (expanded to IO7
cells in the presence of the drug); Lane 5, 0.5 dilution of B16F10 parental DNA;
Lane 6, parental B16F10 DNA; Lanes 7-9, DNA from colonies derived from
B16FIO parental cells plated in 30 nM MTX (expanded to 10' cells in the presence
of drug), kh. kilobase.
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intensity of the bands which correspond to the DHFR gene,
relative to their parental cells. Thus, gene amplification was
most likely responsible for the majority of MTX-resistant var
iants observed in these studies.

The B16F1 and B16F10 cell populations were next plated in
the continuous presence of different concentrations of the drug
PALA. This drug specifically inhibits the aspartate transcar-
bamylase activity of the trifunctional protein carbamyl phos
phate synthetase-aspartate transcarbamylase-dihydroorotase,
which catalyzes the first steps of UMP biosynthesis (24-25).
The only mechanism which has been described for the devel
opment of resistance to PALA, at the drug concentrations used
in our experiments, is the amplification of the gene coding for
CAD (26). The survival curves for PALA treatment are shown
in Fig. 3. It can again be observed that the highly metastatic
B16F10 cell line is substantially more resistant to PALA than
B16F1 cells at any given drug concentration.

In another series of experiments we studied whether variants
resistant to either MTX or PALA were actually being generated
during the growth of populations of BI6F1 and B16F10 cells.
Parallel clonal populations of cells were grown to three different
sizes (very small, ~103 cells/clone; small, ~1 x IO5cells/clone;
or large, ~1.5 x IO7 cells/clone) and then tested for the fre
quency of drug-resistant variants which they contained. The
results of experiments using B16F1 and B16F10 cells and the
drug MTX are shown in Figs. 4 and 5. Some of the very small
(B16F10) or small (B16F1) clones were found to contain no
resistant variants, and on average the clones grown to a larger
population size had a higher frequency of drug-resistant var
iants. This latter result was obtained both when individual
clones were grown to different sizes before testing and when
clonal populations of different size were obtained from the
same original selected cell. Similar results were obtained in
experiments involving either single- or double-cloning proce
dures (see "Materials and Methods" for details). These findings

demonstrate that the clones were derived from cells which were
not drug resistant at the time of their selection, that drug-
resistant variants were being generated as the clonal populations
expanded in size, and that the large variability in the frequency
of drug-resistant variants between the clones in any one size
group was not due to preexisting heterogeneity in the cell
population. Similar results were obtained when clones were
tested with the drug PALA (data not shown).

To examine whether or not a common metabolic mechanism
might account for the generation of resistance to PALA and
MTX, we tested the same clonal populations of B16F1 and
B16F10 cells by plating one-half of each clone in the presence
of MTX and the other half in the presence of PALA. The

10s BI6FI cells + 30nM MTX

iff2

IO-

IO'4
â€¢BI6FI cells

â€¢BI6FIO cells

IO 15

TOLA dose Ã•/J.M}

20

Fig. 3. Survival curves for B16F1 and B16F10 cell lines plated in the contin
uous presence of different concentrations of PALA. Error limits are SEs (bars)
calculated for three or more separate experiments.

. â€¢N=1.5x IO5

fio
9}

O -

(a (b
.0 N =1.5 x IO7

123456789 123456789

Clonol population (rank order)

Fig. 4. Number of MTX (30 nM)-resistant colonies observed from clones of
B16F1 grown to two sizes, 10' cells/clone (small, â€¢)and 1.5 x IO7 cells (large,
O). The arrangement of the clones goes from the one showing the smallest number
of MTX-resistant variants/IO4 cells to the clone with the highest number of
MTX-resistant variants/10* cells (rank order).
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Fig. 5. Number of MTX (30 niu)-resistant colonies observed from clones of
B16FIO grown to three sizes, IO3cells/clone (a, very small, 8), 10* cells/clone
(A, small, â€¢).and 1.5 x IO7cells/clone (c, large, Q). Clones are arranged in the

same way as described in Fig. 4.

Table 1 Generation of MTX- and PALA-resistant variants in the same clone
MTX- and PALA-resistant variants obtained from the same clones of B16F10

cell line each grown to the size of 1.5 x IO7cells.

CloneNo.12345678910MTX
(30 nM)

variants/104cells256.7281.6358.2421.3268.9137.523.681.81181.832.6PALA
(12 KM)

variants/ 10*cells011.734.34.23.416.78.67.89.130.2
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results of such an experiment, reported in Table 1, demonstrate
no correlation between different clones in the frequency of
MTX- and PALA-resistant variants observed, indicating that
these resistant variants arise independently and that resistance
to one drug does not automatically confer resistance to the
other.

The variability in the frequency of drug-resistant variants
between the different clonal populations was further investi
gated (see Table 2). When repeated samples (8 or 9 plates) were
plated from a single clone, the ratio of the variance to the mean
was close to unity, as would be predicted for sampling error by
the Poisson distribution. In contrast the variance to mean ratio
was nearly 20 when the variance between the different clones
was analyzed. The results are similar to those obtained by Luria
and Delbruck (15) in their study of bacterial mutants. They
demonstrated that wide clonal variation, as observed here, was
consistent with the generation of variants by a stochastic proc
ess and not consistent with the supposition that the variants
were induced by the testing process. Our results thus fulfill the
criteria applied by Luria and Delbruck (IS) to indicate that the
generation of variants is a stochastic process. These authors
developed a statistical method of analyzing such stochastic (or
random) events (Luria-Delbruck fluctuation analysis), which
has been widely used to study the development of both stable
and unstable drug-resistant variants in mammalian cells (27).
We have applied this analysis to calculate the rate of generation
of the drug-resistant variants in the B16F1 and B16F10 clonal
populations. In Table 3 are reported the effective rates of
generation of variants resistant to 30 HMMTX or 12Â¿Â¿MPALA,
calculated for parallel clonal populations of B16F1 and B16F10
cells. For both the drugs used in our study the effective rate of
generation of resistant variants is substantially higher in the
highly metastatic B16F10 cell population compared to the
poorly metastatic B16F1 cell population. In the last column of
Table 3 are given, for comparison, the effective rate of genera-

Table2 TreatmentofclonesofBloFlOcellswithmethotrexate(30nu)
Clones of B16F10 cells were grown to 10s cells and the cells plated (8 or 9

plates at IO4cells/plate) in the presence of methotrexate (30 HM).The plates were

incubated for 10 days, stained, and the colonies counted. The mean to variance
ratio was then calculated within individual clones and between the clones as
indicated.

CloneNo.51525354555657585960Mean
colonies/

IO4cells20.331.042.7517.252.621.655.3758.01.870.71Variance61.6111.535.3535.073.421.9914.29110.671.250.58Meanivarianceratio3.033.590.832.031.310.652.661.910.670.82

18.15 400.80 22.08

Table 3 Effective rates of generation of drug resistant variants
The rate of generation of drug-resistant variants was obtained by applying the

Luria-Delbruck fluctuation analysis to at least nine parallel clones for each
determination. The size to which the clones were grown (before testing) did not
significantly affect the calculated rate.

Rate* of
generation of drug-

No, of deter- resistant variants
Cells Drug minations(xlO4)B16F1

MTX(30nM)
PALA (12MM)B16F10

MTX(30nM)PALA
(12 MM)8

5931.3

Â±0.38Â°

1.4 Â±1.1414.8

Â±2.74
4.4 Â±3.31Rate*

of generation

of metastatic var
iants (xlO5) (from

Ref.11)1.3

Â±0.88

5.2 Â±0.69

' Mean Â±SE.
* Per cell per generation.

tion of metastatic variants previously determined (11) for the
two cell lines. It should be noted that the numerical values of
the rates apply only for the drug concentrations studied and
that because of the instability of the phenotypes, these effective
rates could be underestimates of the real rate.

DISCUSSION

The results of the experiments reported here indicate that
there is a stochastic generation of variant cells resistant to
MTX or PALA in the B16 melanoma cell lines studied. Fur
thermore the finding that some of the clones contained no drug-
resistant variants when grown to small (B16F1) or very small
(B16F10) size (see Figs. 4 and 5) indicates that the clones were
derived largely from non-drug-resistant cells and that the drug-
resistant variants arose during the growth of the clonal popu
lations. The results presented in Fig. 2 indicate that gene
amplification was most likely responsible for the majority of
resistant variants observed in these studies, since all five MTX-
resistant colonies studied demonstrated amplification of their
DHFR gene. Overall these results therefore suggest that gene
amplification can occur stochastically at a rapid rate in the B16
melanoma cell populations.

The survival curves in Figs. 1 and 3 do not demonstrate a
tail or plateau indicating the presence of a discrete resistant
subpopulation of cells despite the evidence discussed above that
resistant variants are generated as the cell populations grow.
The probable explanation for the shape of the curves is provided
by the observation (28-30) that in cell populations undergoing
gene amplification, individual cells demonstrate varying degrees
of amplification and presumably different levels of drug resis
tance. Thus as the drug concentration of selection increases a
smaller and smaller subpopulation of the cells exhibits resis
tance. It should be noted that the cells growing to form colonies
in the presence of drug are indeed drug resistant and are not
probabilistic survivors, since when cells were recovered from
the colonies and replated in the same concentration of drug
they demonstrated a resistant phenotype.

Although the difference between the survival curves for
B16F1 and B16F10 cells might superficially suggest that the
B16F10 cells are innately more resistant to the drug, the curves
are more likely to be explained by the gene amplification
occurring in the cell populations. The cloning studies demon
strated that growing B16F10 cell populations generate variants
resistant to 30 HM MTX at a higher rate than B16F1 cell
populations. It might thus be expected that B16F10 cell popu
lations would contain a higher frequency of such variants, with
the result that the population as a whole would demonstrate a
higher level of survival following treatment with the drug.
Following the argument from the paragraph above, this effect
would result in a higher level of survival at all drug concentra
tions. Survival curves of similar shape to those seen in Figs. 1
and 3 have been reported for other cell lines in which an
increased amplification of the DHFR gene was deliberately
induced by treatment with hydroxyurea, UV irradiation, and
hypoxic exposure (31-33). A higher innate level of resistance
to drug in B16F10 cells is also unlikely because (a) the two cell
lines were derived from the same population in the absence of
drug selection (10), and (/>)in the cloning studies (Figs. 4 and
5), clones with no cells resistant to 30 nM MTX were observed
for both populations, indicating that the clones are derived
primarily from drug-sensitive cells and that the drug-resistant
variants arise during clonal growth.

Determination of rates of generation of variants resistant to
drugs in tumor cell populations has been used as a sensitive
and quantitative measure of genetic instability (9, 27). Such
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studies have supported Nowell's original hypothesis (1), that

during tumor progression, increased genetic instability leads to
increased malignancy. Many of the earlier studies have used
markers such as thioguanine or ouabain resistance which are
thought to arise as a result of point mutations or deletions (27,
35). Recently, Sager et al. (34) have used the methotrexate
resistance marker to measure the ability of hamster cells to
amplify their DHFR gene. They noted that two tumorigenic
lines were able to amplify their DHFR gene more readily than
a nontumorigenic line and concluded that gene amplification
may play an important role in malignant progression.

In the present study we have taken a similar approach,
examining the ability of B16F1 and B16F10 cells to generate
variants resistant to MTX or PALA. We observed that variant
cells resistant to either of these drugs were generated stochast
ically at rapid rates during the growth of clonal populations
comprised largely of drug-sensitive cells. Moreover, the B16F10
line was found to generate the drug-resistant variants at an
appreciably higher rate than the B16F1 line (Table 3).

In our previous studies (11-13, 16) we demonstrated that, in
B16 melanoma and Kill sarcoma cell lines, metastatic variants
were spontaneously generated but were phenotypically unstable
and lost at high rates. The metastatic ability of a tumor cell line
was therefore dependent on the dynamics of generation and
loss of such variants, and a dynamic heterogeneity model of
tumor metastasis was proposed to describe these features in a
quantitative fashion. It was postulated that the increased met
astatic ability observed in the 15161Id cell line compared with
the B16F1 cell line was due to its increased rate of generation
of metastatic variants (see Table 3). This higher rate of gener
ation of metastatic variants corresponds to the higher rates of
generation of drug-resistant variants observed in the present
study. This correspondence suggests that a gene amplification
mechanism may be involved in expression of the metastatic
phenotype.

The possibility that a common genetic mechanism may be
responsible for the generation of metastasis and for resistance
to anticancer drugs allows speculation that differences between
early and late stages of tumor progression might involve an
increase in the rate of gene amplification. Putative DNA se
quences able to control the rate of the amplification process
might thus play an important role during tumor development.
If mÃ©tastaseshave a high probability of being initiated by cells
which have high rates of amplification, this could explain why
mÃ©tastasesoften are resistant to chemotherapy.
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