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ABSTRACT

To test the hypothesis that genetic instability correlates with malignant
potential, we compared the rate of generation of marker chromosomal
abnormalities in clones of B16 Fl and B16 FIO murine melanoma. These
rates were estimated through an adaptation of fluctuation analysis of
Luria and Delbruck (S. E. Luria and M. Delbruck, Genetics, 28: 491-

511, 1943). The highly metastatic FIO line showed the same degree of
marker chromosomal instability as the poorly metastatic Fl line (0.01
variants/cell/generation). When subclones of a karyotypically unstable
FIO clone were compared with those of a more stable FIO clone, both
groups caused the same number of pulmonary mÃ©tastases, thus demon
strating a further lack of correlation of malignant potential with the level
of genomic instability. Since measurements based on marker chromo
somes may not truly reflect all of the changes detectable by G-banding,
we also analyzed the G-banded karyotypes of the cell lines and their

clones (chromatid or chromosomal breaks were not considered in this
study). The FIO clones possessed an additional copy of chromosome 1
and also a significantly higher prevalence of the translocation t(9,12)
when compared with the Fl clones. Rather than general rates of major
karyotypic change determining tumor progression, we suggest the impor
tance of other genetic or epigenetic mechanisms, particularly subtle
nonrandom genetic or molecular changes, as the determining factors for
malignant potential.

INTRODUCTION

The best evidence for the correlation of increased genetic
instability with increased malignant potential is cytogenetic.
Studies with chronic myeloid leukemia (1), Richter's syndrome

(2), Rous rat sarcoma (3), and others (4, 5), linking karyotypic
changes with malignant progression have provided considerable
support for this view. The change observed most commonly in
these studies was an increased prevalence of chromosomal
abnormalities associated with more highly malignant neo
plasms.

Rather than prevalence of genetic changes, Nowell (6) hy
pothesized that tumor progression depends more upon the rate
of production of genetic abnormalities. This hypothesis was
based on the concept that the evolution of tumor cell popula
tions results from the interplay of both the generation of new
variant cells and the selection of the fittest variants by host
factors (7). It followed that higher rates of generation of variants
would result in an increased chance for variants with greater
selective advantages to be produced. Although many studies
have centered on the prevalence of chromosomal variants, the
relationship of the rate of generation of chromosomal variants
to malignant potential has not, to our knowledge, been previ-
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ously studied. We consider that the rate of production of a
genetic abnormality rather than its prevalence is more appro
priate to the assessment of genomic instability.

The measurement of the rate of generation of karyotypic
abnormalities is not trivial. Prevalence of any specific abnor
mality depends upon two processes: the generation of a chro
mosomal abnormality in cells with no such previous abnormal
ity, and the successful propagation of cells expressing the
abnormality. Luria and Delbruck (8) provided a mathematical
method for measuring the rate of generation of genetic abnor
malities in bacterial cell populations. Their method could be
applied to the generation of karyotypic abnormalities, provided
that the karyotypic changes are heritable and have a finite
probability of developing in each unaffected cell per unit time.
We considered these assumptions reasonable, and they were
supported by our subsequent experiments.

In the present study we measured the rate of generation of
karyotypic abnormalities in the B16 Fl (poorly metastatic) and
B16 FIO (highly metastatic) murine melanoma. This murine
model was chosen because the metastatic behavior of these cells
lines has been well documented (9), and because B16 melanoma
possesses an abundance of easily distinguishable metacentric
marker chromosomes that reflect the unique development of
each clone (10). Since the measurement of the rate of generation
of karyotypic abnormalities required the characterization of
hundreds of metaphase spreads, these metacentric marker chro
mosomes provided a practical basis for these analyses. Because
we were aware that this approach was limited in that such
marker chromosomal changes may not reflect all of the changes
detectable by G-banding, we also studied the G-banded kary
otypes of B16 clones in an attempt to correlate more subtle
changes with malignant potential.

MATERIALS AND METHODS

Cell Lines and Animals. B16 Fl and FIO murine melanoma cells
were obtained from Dr. I. J. Fidler, M. D. Anderson Hospital and
Tumor Institute, Houston, TX. The origin of these lines has been
described elsewhere (9). All cells were routinely screened and shown
not to contain Mycoplasma. In addition, the cells were tested with the
murine antibody production test (Microbiological Associates) and
found free of the following viruses: Sendai, mouse hepatitis, pneumonia
virus of mice, Reo3, GDV11, K, ectromelia, MVM, polyoma, lactate
dehydrogenase virus, M.Ad, and lymphocytic choriomeningitis.

Female C57BL/6 x C3H F, mice were obtained from the NCI-

Frederick Cancer Research Center animal production facility. All mice
were age matched and kept in identical pathogen-free conditions.

Culture Methods. Cell lines and clones were maintained in RPMI
1640, (Grand Island Biological Company, Grand Island, NY) supple
mented with 50,000 units penicillin G, 50,000 units streptomycin, 150
mg L-glutamine, 20 mM Ar-2-hydroxyethylpiperazine-/V'-2-ethanesul-

fonic acid, 375 mg sodium bicarbonate, and 10% fetal bovine serum,
in 500 ml medium. Cultures were grown as monolayers at 37"C in 5%

CO2 in 80-100% humidity. Cells were detached and harvested by a 1-
min incubation at 37Â°C with 0.05% trypsin and 0.02% EDTA in

phosphate-buffered saline.

Cell cloning was performed by seeding cells in 0.2 ml of medium per
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well in 96-well tissue culture plates (Costar) at a density of 0.5 cell per
well. After several days of incubation those wells with readily identifi
able single colonies of cells were harvested and propagated as clones.
The clonality of each sample was confirmed through karyotypic analysis
by the absence of more than one distinct karyotypic population, using
the method of Hu et al. (IO).

Animal Experiments. To assess the metastatic potential of each clone,
single-cell suspensions of 5 x IO4 cells in 0.2 ml phosphate-buffered

saline were injected i.v. via the lateral tail vein into groups of 5 to 8
mice. Twenty-one days after injection the animals were killed and their
lungs were removed and placed in Bouin's fixative (Poly Scientific

Research and Development Corp., Bay Shore, NY). After fixation the
number of mÃ©tastasesin each pair of lungs was counted, and the degree
of pigmentation of each metastasis was recorded.

Cytogenetic Methods. Subconfluent cultures were incubated with
Colcemid (0.02 Â¿ig/ml)for l h prior to harvesting. The suspended cells
were treated with 0.075 M KC1 solution for 20 min and then fixed in
Carnoy's fixative (methanohacetic acid, 3:1 by volume) for 20 min,

washed with this fixative 3 times, spread on wet slides, and then air
dried. Sample slides were stained with 4% Giemsa solution (Gurr
Giemsa, R66, BDH Chemicals Ltd., Poole, England) in 0.01 M phos
phate buffer for conventionally stained preparations.

G-banding was performed following the method of Seabright (11).
Briefly, the slides were moistened in Hanks' balanced salt solution and

then treated with 0.4% Enzar T (Armour Pharmaceutical Co., Kan-
kakee, IL) in Hanks' balanced salt solution for 60 to 90 s, depending

upon optimal chromosomal puffing. The slides were then treated with
70% ethanol and stained with a solution of 4% Giemsa.

Nomenclature. To avoid confusion between the markers detected by
conventional Giemsa staining and markers detected through G-band
ing, the conventionally stained markers were designated by lower case
letters and the G-banded markers were designated by numerals.

Fluctuation Analysis. Ten clones each of B16 Fl and FIO melanoma
were propagated for the same number of population doublings and then
samples were taken simultaneously for karyotypic analysis and i.v.
injection into mice. Thirty to 50 Giemsa-stained metaphase spreads
from each clone were examined and the presence of specific metacentric
marker chromosomes was recorded for each spread. A modal pattern
of marker chromosomes was easily discernible for each clone. For most
clones over 60% of the metaphases had the modal pattern of markers.
This pattern represented the initial pattern for that clone. The pattern
of marker chromosomes for each metaphase was compared with the
modal pattern of the respective clone, and the number of gains and
losses of each marker was tallied. In the subsequent calculations we
assumed that the gain or loss of any marker occurred independently of
any other distinguishable marker in that clone. The total number of
marker chromosomal changes for each clone was then calculated by
using the number of cells per clone at the time of sampling and the
total number of marker chromosomal changes observed in the 30-50
metaphases of the same clone. Taking the average number of marker
chromosomal changes for each set of 10 clones, r, and the average
number of cells per clone, N, it was then possible to estimate a rate of
generation of marker chromosomal changes by using Luria and Del-
bruck's formula (8):

r = aN \n(NCa).

Here, C is the number of clones from each cell line and a is the rate of
generation of marker chromosomal changes.

Statistical Analysis. Data contrasting the prevalence of specific chro
mosomes between groups of clones were evaluated with the Mann-
Whitney test. Data contrasting measurements of chromosomal diversity
were evaluated with Student's / test. We rejected the null hypothesis

for P values of 0.05 or less. All error bounds given in this paper
represent 1 SD.

Two separate sources of error were accounted for in the rate calcu
lations. For both N and r the respective SDs were calculated from the
raw data. These two sources were assumed to be statistically independ
ent, as a first approximation. The error from each was then propagated
through the equation of Luria and Delbruck by using the Taylor series
expansion:

var(a) = \ar(N)(a/N)i + var(r)/(/V \n(NCa) + N)2.

The variances of a, N, and r were var(a), \ar(N), and var(r), respectively.

RESULTS

Animal Experiments with Fl and FIO. Parental B16 Fl cells
produced a median of 1 (range, 1-7) metastasis per mouse,
whereas B16 FIO cells produced 12 (range, 1-13) mÃ©tastases
per animal. While these numbers are lower than those found
by Fidler (9), they are in agreement with more recent studies
(12), suggesting that the B16 lines may have altered their
metastatic potential with prolonged culture. Clones from B16
Fl and FIO were propagated through approximately 28 popu
lation doublings prior to injection and karyotypic study. The
numbers of resultant pulmonary mÃ©tastasesare recorded in
Table 1. As expected, the FIO clones produced significantly
more mÃ©tastasesthen did the Fl clones (P = 0.02).

In addition to the absolute number of mÃ©tastaseswe also
assessed the degree of pigmentation in individual metastatic
nodules and found this to vary between clones (Table 1). The
degree of pigmentation was used as an independent measure of
phenotypic instability, although there was no significant differ
ence in pigmentation between the Fl and FIO clones. However,
certain clones such as F10-2 had a significantly higher fraction
of nonpigmented nodules than did all the other FIO clones
combined (P < 0.005). Coincidentally, clone F10-2 demon
strated the most variable karyotype.

Karyotypic Characteristics. G-banded karyotypes from the
parental Fl and FIO lines are shown in Figs. 1 and 2. (Kary
otypes were constructed from selected cells representing each
of the 10 clones from both Fl and FIO, but it was impractical
to present them all.) The stem line number ranged from 68 to
77, with a mean of 73, for both the Fl and FIO clones. Over
80% of the chromosomes were acrocentric, but metacentric
marker chromosomes were observed in all clones. The relative

Table 1 Numbers of lung mÃ©tastasesfollowing i.v. injection ofBlÃ³ FI
and FIO clones

Groups of 5-8 C57BL/6 x C3H F, mice were given injections i.v. of 5 X IO4
cells/animal from each clone. Twenty-one days later the animals were killed and
the numbers of pulmonary mÃ©tastaseswithin each animal were counted. Signifi
cantly more mÃ©tastaseswere produced by the FIO clones than the Fl clones (/' =
0.02). There was no significant difference between the fraction of nonpigmented
per total number of mÃ©tastaseswhen the Fl clones were compared to the FIO
clones.

CloneFl-1Fl-2Fl-3Fl-4Fl-5Fl-6Fl-7Fl-8Fl-9Fl-10F10-1F

10-2F
10-3F
10-4F
10-5FlO-6F

10-7F
10-8F10-9FIO-IOMeanNo.

of
population
doublings26.828.228.027.926.827.927.729.226.528.928

Â±0.928.228.029.029.229.129.229.429.129.329.129.0

Â±0.5No.

of mÃ©tastases/
mouse median

(range)1(0-5)4(0-10)0

(0-5)1(0-6)4(0-17)1

(0-4)3
(0-6)0.5
(0-8)0(0-1)0.5

(0-3)1.51

(0-13)18(10-38)45(11-76)4(0-12)13(6-29)8(4-11)2

(0-8)6(0-13)12

(6-35)34(11-113)14Fraction

of nonpig
mented mÃ©tastases/to
tal no. ofmÃ©tastases0/91/250/70/112/390/60/150/10/00/20.01

Â±0.023/526/656/2731/252/670/400/51/155/865/1240.1

Â±0.2
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Fig. l. Karyotype of B16 FI melanoma. This G-banded karyotype was taken
from a representative metaphase in the Fl cell line. There are 72 chromosomes.
The top 4 rows represent normal murine chromosomes. The bottom row consists
of the following markers: M2, i(12q); MS, i(l9q); M6, t(3;10)(qAlFl;qA4D3);
M7, t(5;l6)(qAlF;qB2C4); M8, t(X;15)(qAID;qA2F3); Mil, t(6;15),(qAlC3;
qD2F3); and M12, inv, ins(2) (qE2qH3E3).

\m i-i '
m u Â¿tm mu
M

Ml3 Mi5 M2

r
ir

iÃ¼Ã¼iÃ®Mi ai IM

Mg MÃ§ MX)

Fig. 2. Karyotype of B16 BIO melanoma. This G-banded karyotype was taken
from one representative metaphase of the FIO cell line. There are 77 chromo
somes: the first 4 rows represent normal murine chromosomes. The bottom row
contains additional markers not shown in Fig. 1: Ml, i(2q); M4, 1(9;12)-
(qDF4;qAlF2); M9, t(6,5)(qAIE;qFG3); and MIO, del(5)(qE15).

prevalence of each specific marker varied considerably between
individual clones. The Fl clones showed more variability within
their group than did the FIO clones, indicating that Fl mela
noma may have an inherently more heterogeneous karyotype.

Fig. 3 demonstrates the most prevalent marker chromosomes
that were distinguishable on the Giemsa-stained preparations.
The markers M2 [i(12q)] and M5 [i(19q)] were present in over
80% of metaphases in both the Fl and FIO clones.

Comparison between Fl and FIO Clones. The Fl clones were

( C l
M M M MIÃ“

Fig. 3. Marker chromosomes. The eight most prevalent marker chromosomes
that were detectable on Giemsa-stained preparations are presented here with their
G-banded morphology, arranged in order of size. The markers were identified as
follows: M2, i(12q); M3, t(9;12)(ql3F4;qAlF2); M4, t(9;12)(qDF4;qAlF2);
M5, i(19q); M13, t(14;12;12;14)(qD2;qAIF2;qF2Al;qD2); M14, t(12;3;10)
(qAlF2;qA2Fl;qA4D3); MIS, t(12;10)(qAlF2;qAlD3); and M16, unidentified.
The unusual marker, M13, (composed of multiple tandem translocations) was
observed only in clone F10-2 and its subclones. This clone was coincidentally the
most karyotypically unstable of all the Fl and FIO clones examined.

Table 2 Catalogue of marker chromosomes sampled from 30 metaphases of
clones FIO-2 and F10-5

Thirty metaphase spreads were sampled on Giemsa-stained slides and the
number of each distinguishable metacentric marker chromosome was recorded
for each spread. The modal pattern for clone F10-2 was 2a and Ib; for F10-5 it
was 2:i. Ib, and le. The pattern of metacentric marker chromosomes was much
more diverse for the FIO-2 clone than for the F10-S clone. A blank space indicates
the absence of the marker.

No. of each marker found in each metaphase

FIO-2 markers F10-5
markers

Metaphase abc f g

123456789101112131415161718192021222324252627282930222222222222222222222222222222211

1112
111

11
11

1122222

111

12
111221

1222222222222222222222221

221

11
22221111111
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Table 3 Marker chromosomal diversity in BÃŒ6Fl and FIO clones
Thirty metaphases from each clone of FI and FIO melanoma were catalogued for their pattern of marker chromosomes. The number of gains or losses for each

distinguishable marker was tallied for each clone. For example, in clone Fl-I there were 4 distinguishable metacentric markers, of which the first and second marker
deviated from the modal pattern 2 times each. The remaining 4 columns on the right hand side of Table 3 served as indices for the diversity of the marker chromosomal
pattern over the sample of 30 metaphases. The Fl clones were compared to the FIO clones for each index of diversity; / tests yielded P values that indicated no
significant differences.

CloneFl-1Fl-2Fl-3Fl-4Fl-5Fl-6Fl-7Fl-8Fl-9Fl-10MeanF10-1F

10-2F
10-3F
10-4F
10-5F
10-6F10-7F

10-8F
10-9FIO-IOMeanP

valueâ€¢
NS, not significant.No.

of changes in each
marker2,

2, 5,10,
0, 0,00,0,

1,1,2,04,2,
1,30,06,8,

1, 1,10,
1,0,1,24,
1,21,

1,8,2,11,0,
10,

1,5,1,10,
16, 16,6, 1, 1, 1,1,40,

1,40,
0, 5,11,

1.05,0,
11,
1,02,

1, 0. 1,11,0,22,

3, 0, 3, 3, 1Total

no. of
changes/30
metaphases100410017471327Â±6846562625312I0Â±

13NS'Mean

no. of
changes/
marker2.500.672.503.40.802.32.60.672Â±

11.65.11.71.50.672.00.671.01.02.02Â±

1NSFraction

of me
taphases with
modalpattern0.701.00.900.771.00.670.900.770.600.930.8

Â±0.10.800.100.870.830.930.800.930.900.900.670.8

Â±0.3NSTotal

no. of
marker changes

in thepopulation4.0
xIO703.6

x10"8.3
xIO701.4X

10'2.9
xIO71.5
x10Â«3.8
xIO73.3
xIO75x

107Â±6xIO78.3

xIO74.1
x10"9.0
xIO71.2
x10'3.9
xIO71.2
x10'4.7
xIO79.7
xIO76.6
xIO72.3
x10"1

x 10" Â±1 x10*NS

compared with the FIO clones with respect to the prevalence of
individual chromosomes. Only marker M3 [t(9;12)
(ql3F4;qAlF2)] differed significantly between both groups.
Seven of the FIO clones had this marker, whereas none of the
Fl clones did (P = 0.009). The only other significant karyotypic
difference between the Fl and FIO clones was an increase in
the number of copies of chromosome 1 (including the copies
within markers). The Fl clones had a modal number of 3 copies
of chromosome 1, while the FIO clones had 4 copies (P = 0.02).

Fluctuation Analyses. Thirty metaphase spreads from each
clone were catalogued for marker chromosomes. The data for
2 selected clones, F10-2 and F10-5, are presented in Table 2.
Inspection of Table 2 clearly shows that clone F10-2 had more
marker variability than did clone F10-5.

The number of gains and losses for each marker (there were
from 2 to 9 distinguishable markers per clone) relative to the
modal pattern was tallied for each metaphase within individual
clones. These data are shown in Column 2 of Table 3. The
degree of variability in the occurrence of individual markers
differed for each clone. For example, there were 3 distinguish
able markers in clone F10-5. The first (marker a) and second
markers (marker b) were present in 29 of 30 metaphase spreads,
and the third marker (marker c) was uniformly present. In
contrast, clone F10-2 had 9 distinguishable markers, 2 of which
differed from the modal pattern 16 times in the sample of 30
metaphases. Of interest was the fact that changes in the pres
ence or absence of specific markers tended to cluster within
clones, a finding consistent with the heritable transmission of
the change.

The total number of marker chromosome changes occurring
within the 30 spreads from each clone was obtained by summing
the numbers in each row of Column 2 (Table 3). In order to
reduce the bias introduced in these measurements by the tem
poral variations in occurrence of each marker change during
the expansion of each clone, we divided the total number of

changes by the number of distinguishable markers within that
clone. This provided the mean number of marker chromosomal
changes per marker (Column 4). The fraction of metaphase
spreads within each clone that possessed the modal pattern of
marker chromosomes provided an additional assessment of
marker chromosomal diversity. These data are shown in Col
umn 5 of Table 3. We then calculated the total number of
marker chromosomal changes in the entire clonal population
of cells as a final measure of diversity (Column 6).

By using all these indices for assessing chromosomal diversity
we were able to compare the Fl and FIO clones (Table 3,
Columns 3-6). We found no significant difference in marker
chromosome diversity. This was true even when we repeated
these calculations, treating marker chromosome losses and
gains separately (data not given). Since both the Fl and FIO
clones were propagated through similar numbers of population
doublings (Table 1), this negative result implied that the rates
of generation of marker chromosomal changes were similar for
Fl and FIO. The actual rates of generation of marker changes
were then calculated based on a knowledge of the number of
cells per clone, at the time of sampling. The mean number of
cells of all clones at sampling was 2.7 x 10" Â±1.7 x IO8 cells
for Fl and 5.4 x 10* Â±1.4 x IO8cells for FIO. (The large SDs

reflect the heterogeneous growth rates of the clones.) Using
Luria and Delbruck's method the rates were shown to be

identical: 0.01 Â±0.01 changes per cell per generation for both
theFl and FIO cell lines.

Subcloning Experiments. In the above analyses we observed
that certain clones demonstrated more variable marker chro
mosomal patterns than others. For example, clone F10-2 was
more variable than F10-5 (Table 2). To test whether such
marker chromosomal instability was heritable and whether
differences in stability would affect metastatic potential, we
repeated the fluctuation analysis and animal tests by using
subclones of FIO-2 and F10-5. We also knew that the metastatic
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potential of clones F10-2 and F10-5 were comparable and we
wished to determine whether the difference in marker chro
mosomal instability was significant. Table 4 quantitates the
marker chromosomal diversity of the F10-2 and F10-5 sub-
clones. The F10-2 subclones demonstrated significantly more
diversity than did the F10-5 subclones (Columns 3-6). The fact

that both groups of subclones had been propagated through
similar numbers of population doublings implied that the rate
of generation of marker chromosomal changes was higher
within clone F10-2. The actual rates of generation of marker
chromosomal changes were then estimated by using the method
of Luria and Delbruck. Since the average number of cells at the
time of sampling was 2.8 x 10s Â±1.8 x 10" cells for the F10-2
subclones, and 1.8 x 10" Â±1.3 x 10" cells for the F10-5
subclones, the rates were 0.03 Â±0.03 (F10-2) and 0.01 Â±0.01
(F10-5) marker chromosomal changes per cell per generation.
(These values for the rates indicate that we can only detect, at
the 95% confidence level, differences of 0.08 or greater by using
fluctuation analysis.) While the SDs for these rate estimates
were relatively large, the significant differences between the
indices of marker chromosomal diversity for the F10-2 and
F10-5 subclones (Table 4) substantiated higher rates of insta
bility for F10-2 relative to F10-5.

With the knowledge that F10-2 was more "unstable" than

F10-5 we attempted to determine if this instability would cor
relate with increased metastatic potential. Table 5 lists the
numbers of mÃ©tastasesper mouse found after groups of mice
were given injections of cells from subclones of F10-2 and F10-

5. There was no significant difference between the metastatic
potentials of the F10-2 and F10-5 subclones. However, the F10-

2 subclones demonstrated a significantly higher fraction of
nonpigmented mÃ©tastasesthan did the F10-5 subclones. These

data further support the view that the increased chromosomal
variability as measured in our studies does not correlate with
the aquisition of a more malignant (metastatic) phenotype.

DISCUSSION

Our data indicate that genetic instability, as measured by the
rate of generation of metacentric marker chromosomal changes,
does not correlate with the metastatic potential of B16 Fl or
FIO melanoma cells. While FIO clones were, on average, 10
times more capable of producing pulmonary mÃ©tastasesthan
Fl clones, there was no difference between their rates of gen
eration of marker chromosomal changes. Conversely, while
clone F10-2 demonstrated more marker chromosomal instabil
ity than did F10-5, they had the same metastatic potential.

A central issue, relevant to our findings, is how genetic
instability should be defined. Chromosomal changes, point
mutation, gene amplification, DNA rearrangement, and epige-
netic processes could each have a role in genetic instability.
Thus, experiments designed to test only one of these processes
might reveal false-negative results. It was for this reason that
our study was specifically designed to test the hypothesis of
Nowell (6), which argues that the rate of mutation (whatever
its mechanisms) should correlate with a more malignant phe
notype, i.e., metastatic potential. With this specific goal in
mind we clearly could not, nor did we intend to, measure every
possible variable.

We are aware of limitations in assessing metacentric marker
chromosomal changes (acrocentric markers, chromosomal
breaks, and chromatid breaks were excluded in our experi
ments) detectable on Giemsa-stained slides, since such changes

reflect only a fraction of all the karyotypic changes detectable
through G-banding, and they reflect spindle-related events. The
assessment of the rate of generation of all G-banded abnormal
ities is impractical since several hundred metaphases would
have to be catalogued for each experiment. We would, however,
argue that, even if it were possible to perform such a Herculean
task, it is probable that the inclusion of all G-banded anomalies
in our calculations would have made no difference. This view
is based on the knowledge that the smallest detectable G-banded

Table 4 Marker chromosomal diversity in subclones ofFJO-2 and FIO-S
Ten subclones each of F10-2 and F10-5 were grown through similar numbers of population doublings and then samples of each clone were prepared on Giemsa-

stained slides. Fifty metaphases from each clone were catalogued for their marker chromosomes and the numbers of gains and losses relative to the modal pattern for
that clone were recorded. These values are given for each distinguishable marker in Column 2. The remaining 4 columns are indices of marker chromosomal diversity.
When these indices were compared by using Student's / test the F10-2 clones were found to be significantly more heterogeneous than the F10-5 clones. Both groups
of clones were propagated through similar numbers of population doublings, implying that the rate of marker chromosomal changes was higher in clone F10-2.

CloneF10-2a

F10-2b
F10-2cF10-2d

F10-2e
F10-2f
F10-2gF10-2h

F10-2ÃŒ
F10-2JNo.

of changes in
eachmarker3,

1,4,8,8,2, 11,12,3

4,0, 16, 16,8, 1,11,0,0

1,3, 21,41, 1,14,
4, 8, 27, 1

6,3,9, 12,3,11,8,
14,1

3,3, 1
5,4, 10Total

no. of
changes/50
metaphases38

5
461

3144

3424

7
19Mean

no. of
changes/
marker4.8

2.5
6.60.33

5.2
8.8
5.76.0

2.3
6.3Fraction

of me
taphases with
modalpattern0.50

0.90
0.340.98

0.56
0.40
0.560.58

0.86
0.70Total

marker
changes/population4.1

x 10"
3.8 x IO7
3.5 x10'1.4

x 10'
5.5 x IO7
2.6 x IO7
2.4 x10"1.3

x 10"
2.2 x IO7
1.8 x 10'

Mean 25 Â±16 5Â±3 0.64 Â±0.22 1.5 x 10'Â± 1.5 x 10'

F10-5aF10-5bFlO-ScF10-5dF10-5eF10-5fF10-5gF10-5hF10-5ÃŒF10-5JMeanP

value3,

2, 3, 1,12,
7, 2,41,0,32,4,

14,
1, 3,2, 1,11,
1,3,12,
2, 2, 3,12,
0, 2,12,2,0,

1,21,
1,3,3101547126105788Â±30.012.03.81.32.32.01.51.41.31.42.01.9

Â±0.80.0050.840.720.920.860.900.880.820.900.900.860.86Â±0.060.012.6

xIO71.1
x10"2.0
xIO73.8
x10"2.6
xIO79.2
x10"2.6
xIO74.1
xIO72.0
xIO73.2
xIO73.1

X 107Â±3.0xIO70.03
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Table 5 Numbers of lung mÃ©tastasesfollowing i.v. injection ofF10-2
and F10-5 subclones

Subclones of clones F10-2 and F10-5 were grown through similar numbers of
population doublings; then cells from each clone were injected into groups of 5
mice at a dose of 5 X IO4cells/mouse. Twenty-one days later the mice were killed
and the numbers of mÃ©tastaseswere counted in each pair of lungs. There was no
significant difference between the numbers of mÃ©tastasesproduced by the F10-2
clones and F10-5 clones. The F10-2 clones produced significantly higher fractions
of nonpigmented mÃ©tastasesthan did F10-5 (P = 0.004).

Subclone

No. of
population
doublings

No. of mÃ©tas
tases median

(range)

Fraction of non
pigmented me-

tastases/total no.
of mÃ©tastases

F10-2a
F10-2b
F10-2C
F10-2d
F10-2e
F10-2f
F10-2g
F10-2h
F10-2ÃŒ
F10-2J

Mean

29.0
28.5
28.5
26.1
26.4
24.8
28.4
28.1
27.3
28.8

27.6Â±1.4

2(1-6)
15(3-33)
3(2-4)
13(7-25)
6(0-22)
6(0-12)
15(0-27)
2(1-5)
31(15-94)
3(2-5)

10

1/14
3/84
6/16
8/78
21/39
9/28
6/69
4/12
40/204
2/26

0.2Â±0.2

F10-5aF10-5bFIO-ScF10-5dF10-5eF10-5fF10-5gF10-5hFIO-SÃŒFlO-SjMean26.928.527.924.726.626.226.928.627.127.627.1

Â±1.223

(10-35)19(2-27)14(4-41)14(3-19)1

(0-2)16(5-28)6(3-11)13(10-15)1

(0-9)1(0-1)113/1210/860/840/610/44/820/320/630/120/30.01

Â±0.01

abnormalities involve 2 x IO6nucleotide pairs (13). Thus, if the

genetic instability related to tumor progression occurs mainly
at the molecular level, then the measurement of the rate of
generation of G-banded abnormalities would also fail to corre
late with metastatic potential.

There exists much evidence for nonrandom chromosomal
changes in association with specific malignancies. The Phila
delphia chromosome [t(9;22)] in chronic myelocytic leukemia
(14), the t(8;14) translocation in Burkitt's lymphoma (15), and

a t(3;l 1) translocation in familial renal cell carcinoma (16) are
a few of these well-documented associations. Indeed, as some
tumors progress certain chromosomal changes are found with
regularity (6). We do not discount the importance of these
findings. In fact, we demonstrated 2 chromosomal changes that
were associated with a more metastatic phenotype. The FIO
clones had significantly more copies of chromosome 1 and
marker M3; however, we do not know whether these nonran
dom changes were responsible for the increased metastatic
behavior. We would further emphasize that if the nonrandom
chromosomal changes relevant to progression represent only a
small minority of the plethora of changes observed, then rate
measurements based on all observable chromosomal changes
may not reflect the genetic instability at the loci specific to
progression. On the other hand, rate measurements based on
changes at these specific loci conceivably would reflect differ
ences in association with increased malignancy. Since these loci
are unknown, such a proposition must remain speculative. We
recognized these limitations but believed that it was important
to test the hypothesis regarding rates of generation of kary-
otypic abnormalities by using currently available experimental
methods.

Karyotypic progression may occur without concomitant ob
servable tumor progression (1,4). Or, as we have observed with
B16 melanoma, a great diversity in karyotypes may be found

within a single tumor without obvious phenotypic correlates
(17). Such findings are consistent with the hypothesis that most
of these random karyotypic changes represent epiphenomena,
and thus the measurements of the rate of generation of these
changes may have little relation to tumor progression. The
presence of very specific chromosomal changes may be of far
greater importance to progression than the rate at which they
are generated.

One other issue must be addressed. It is well recognized that
only a small fraction (usually <0.1%) of tumor cells injected
i.v. into animals successfully form mÃ©tastases(9). If one as
sumes that this small fraction represents a subpopulation of
cells capable of forming mÃ©tastases,while the majority of cells
are intrinsically incapable of metastasizing, then measurements
of karyotypic instability based upon the whole cell population
may not reflect the instability of this small subpopulation.
However, the assumption that 100% of metastatically compe
tent cells will form mÃ©tastasesafter i.v. injection is not sup
ported by experimental evidence. Recently, Price et al. (18)
demonstrated that even with highly metastatic cells only 2% of
the i.v. administered cells eventually formed mÃ©tastases.They
proposed that stochastic elements prevented a significant frac
tion of the metastatically competent cells from forming mÃ©tas
tases. Although no methods are presently available to quantitate
this fraction, the indications are that it is significant, and thus
the subpopulation of metastatically competent cells would be
greater than indicated by simple kinetic studies. These findings,
plus the fact that after screening many hundreds of metaphases
from each experiment we found no evidence of an unusually
unstable subpopulation of cells, support our contention that the
measurements of major karyotypic changes are representative
of the metastatically competent population.

Our observations on pigmentation of individual mÃ©tastases
warrant further comment. As each clone expanded, variant cells
with different pigmentation arose within the population. This
phenotypic instability, measured via the fraction of nonpig
mented mÃ©tastasesper clone, correlated with marker chromo
somal instability. However, we consider this finding coinciden
tal since the correlation did not persist between individual
clones of each group.

These results, as well as those showing no correlation between
spontaneous mutation rates and malignant potential (19-21)
and further studies showing no relationship between induced
mutation and malignant potential,4 lead us to propose a modi

fied hypothesis of tumor progression. Rather than the rate of
generation of global genetic changes determining the malignant
potential of tumors, malignancy is determined by specific ge
netic changes that are as yet undefined. These specific changes
occur in tumor progression as a result of genetic instability;
however, their frequency of occurrence does not depend upon
the degree of genetic instability. Instead, a constant level of
genomic instability, probably originating from the transforma
tion event, results in a cumulative acquisition of genetic changes
resulting in increasing malignancy and ultimately metastasis
(22).

Why metastasis should be the ultimate malignant phenotype
remains obscure. One may hypothesize that increased survival
advantage results from the increased living space gained in
metastasis; however, the growth advantage in primary tumors
is probably comparable to secondary sites. Perhaps rather than
genomic instability leading to random alterations in expression
of multiple genes and ultimately resulting in metastasis, nu-las

4 P. Frost, W. S. Kendal, Hunt, and Ellis, manuscript in preparation.
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tasis may result from the nonrandom reexpression of genetic
loci normally expressed during embryological development.
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