Metastasis Results from Preexisting Variant Cells

Within a Malignant Tumor

Abstract. Clones derived in vitro from a parent culture of murine malignant mela-
noma cells varied greatly in their ability to produce metastatic colonies in the lungs
upon intravenous inoculation into syngeneic mice. This suggests that the parent tu-
mor is heterogeneous and that highly metastatic tumor cell variants preexist in the

parental population.

The question of why cancer cells me-
tastasize is one of the most important is-
sues in tumor biology. In human cancer
it is the process of metastasis, the forma-
tion of secondary tumor foci at distant
sites, that eventually defeats the efforts
of both surgeon and clinical oncologist.
In spite of the importance of this phe-
nomenon, little is known about the path-
ogenesis of metastatic foci or their rela-
tionship to the primary tumor. Studies
with transplantable tumors in rodents
have shown that both host factors and
properties of the tumor cells can contrib-
ute to the success or failure of the meta-
static process (1).

Earlier studies with the B16 melanoma
in syngeneic C57BL mice showed that
the majority of tumor cells injected intra-
venously die very rapidly in the circula-
tion, and only about 0.1 percent survive
and yield metastases (2). Further experi-
ments suggested that the survival of
these few tumor cells was not a random
occurrence, but was due to certain
unique properties of the surviving cells
3). In this study, we wished to deter-

mine whether these unique metastatic
cells preexisted in the tumor cell popu-
lation, or whether they arose during me-
tastasis by a process of adaptation to lo-
cal environmental conditions. If highly
metastatic variant cells could be shown
to preexist in the parent population, this
would support the suggestion by Nowell
@) that tumor cell variants arise within
developing tumors, are subjected to host
selection pressures, and are responsible
for the emergence of new sublines with
increased malignant potential.

To distinguish between these possi-
bilities, we performed an experiment
similar in design to the classical fluctua-
tion test devised by Luria and Delbriick
to distinguish between selection and ad-
aptation in the origin of bacterial mutants
(5). In our study a cell suspension of the
B16 melanoma parent line was divided
into two parts. One portion was used to
inject syngeneic C57BL/6 mice intra-
venously. The other portion was used to
produce clones, which were then also in-
jected intravenously into groups of
C57BL/6 mice (Fig. 1). Eighteen days af-

ter the tumor cells were injected, the
number of lung metastases in each recip-
ient was counted. If the number of me-
tastatic foci in the lungs of the mice re-
ceiving the cloned sublines was similar
to the number of foci seen in mice receiv-
ing the parent line, this would indicate
that the parent population was homoge-
neous and that the metastatic foci prob-
ably resulted from adaptation during the
process of metastasis. Alternatively, if
the cloned sublines gave rise to widely
different numbers of lung colonies, this
would suggest that the parent tumor was
heterogeneous and that cells of both high
and low metastatic potential preexisted
in the parent population.

This experiment was performed with
the transplantable B16 melanoma, which
originated spontaneously in a C57BL/6
mouse in 1954. We obtained it from Jack-
son Laboratory, Bar Harbor, Maine, in
1970 and passaged it several times in
syngeneic recipients prior to establishing
it in cell culture 6). After four to five
passages in vitro, this parent line was
frozen and stored in liquid nitrogen until
used in these studies. The cells were
thawed and cultured for three passages
in vitro to obtain the starting material for
this experiment. Seventeen single cell
clones were derived by a combination of
the soft agarose and microculture tech-
niques (7). All cell suspensions for intra-
venous injection were prepared in an
identical manner by light trypsinization
from cultures in exponential growth

Table 1. Metastases resulting from intravenous injection of cells from parent B16 tumor line and its in vitro cloned sublines.

Source . Number Nulmber of ' .
of of mice Number of pulmonary tumor puimonary Number of animals with
B16 per colonies per mouse* tumor colonies extrapulmonary metastases
group Median Range

Parent line 60 8, 20, 24, 26, 27,27, 27,28, 28, 30, 30, 40.5 8-131 8/60 ovary, 6/60 liver, 3/60 gut,
30, 30, 31, 31, 32, 33, 33, 33, 34, 34, 11/60 lymph nodes, 2/60 adrenal,
35, 36, 36, 37, 37, 39, 40, 40, 40, 41, 1/60 heart, 4/60 kidney,
43,44,44,44,44, 44, 46, 46, 46, 49, 1/60 nasal sinuses
56, 56, 59, 60, 62, 64, 66, 66, 67, 68,
69,72,72,72,73,78, 84,98, 131

Clone 16 10 2,2,2,3,3,4,6,9,11, 15 3.5 0-15 0/10

Clone 15 11 2,3,3,4,5,5,6,8,9,15,20 5 2-20 1/11 lymph node

Clone 12 9 0,0,1,4,6,10,16,27,34 6 0-34 0/9

Clone 24 9 5,6,7,9,10,11,13,23,29 10 5-29 1/9 ovary, 1/9 liver, 1/9 lymph node

Clone 19 10 0,3,4,8,9,17,20,22,23,42 13 0-42 0/10

Clone 7 10 0,5,9,10,16, 18, 19, 27, 29, 43 17 0-43 0/10

Clone 21 8 1,5,8,15,21,22,23,48 18 1-48 1/8 lymph node

Clone 18 11 0,1,1,2,8,36,41,42,70,75,91 36 0-91 0/11

Clone 5 10 2,25,31,44,45,46,67,74,78, 171 45.5 2-171 0/10

Clone 6 9 5,41,42,89,99, 115, 115, 149, 232 99 5-232 0/9

Clone 17 9 104, 110, 132, 144, 150, 151, 173, 206, 210 150 104-210 0/9

Clone 3 9 160, 166, 196, 208, 214, 229, 241, 261, 450 214 160450 1/9 lymph node

Clone 1 9 73,114, 153, 165, 237, 272, 273, 290, 321 237 73-321 0/9

Clone 2 10 7,128,206, 218,241, 268, 336, 353, 378, 450 254.5 7-450 0/10

Clone 13 9 50, 62, 79, 91, 260, 306, 320, 338, 350 260 50-350 2/9 ovary, 1/9 liver

Clone 14 9 All nine >500 >500 2/9 ovary

Clone 9 10 All ten >500 2/10 adrenal, 1/10 kidney, 1/10 brain,

>500

6/10 lymph node, 2/10 liver

*Mice were injected intravenously with 50,000 viable tumor cells and killed 18 days later.

26 AUGUST 1977

893



phase (3). The cells were washed in cul-
ture medium, resuspended in physiologic
saline, and pipetted gently to dissociate
any cell clumps. Only cell suspensions of
more than 95 percent viability, as mea-
sured by trypan-blue exclusion, and that
were free of cell aggregates were used
for injection. C57BL/6 mice were in-
jected in the lateral tail vein with 5 x 10*
viable tumor cells in a volume of 0.2 ml.
Eighteen days after injection, the mice
were killed. The number of pulmonary
tumor colonies in each animal was
counted in double-blind fashion under a
dissecting microscope by two indepen-
dent observers. The B16 melanoma,
which appears as superficial black nod-
ules, grows preferentially in the lungs af-
ter intravenous injection (3). Complete
autopsies were performed, and all sus-
pected extrapulmonary metastases were
confirmed by microscopic examination
of fixed histological sections.

Table 1 lists the number of pulmonary
nodules per mouse obtained from intra-
venous injection of the parent B16 line
and each of the 17 clones. The metastatic

pulmonary tumor colonies per mouse (60 mice)

Table 2. Pulmonary metastases resulting from
intravenous injection of cells from B16 clones
21 and 24 and their subclones.

Num- Number of
B16 bel_” of pulmonary
source nilxllc-e tumor colonies
jected Median Range
Parent clone 21 8 18 1-48*
Subclone 21-d 9 6 0-45
21-b 10 24 0-135
21-¢ 10 38.5 0-118
21-a 10 42.5 0-138
Parent clone 24 9 10 5-29%
Subclone 24-b 10 3.5 0-30
24-a 10 8 048
24-c 9 9 0-96

*No statistically significant differences were de-
tected between parent clones and their subclones or
among the related subclones using a two-tailed
Mann-Whitney U test (8).

potential of the clones, as seen from the
median number of pulmonary colonies,
differs dramatically from that of the par-
ent B16 line. In fact, only two clones, 18
and 5, are indistinguishable from the par-
ent line, based on the Mann-Whitney U
test (8). There was also considerable

B16
in culture

variation among the clones in the num-
ber and sites of extrapulmonary metas-
tases. We conclude, therefore, that the
cells with a high metastatic potential are
present within the parent B16 line prior
to their injection into animals.
However, the variability among the
clones could have resulted from the
process of cloning rather than from het-
erogeneity of the parent tumor. To test
whether the cloning procedure could be
responsible for generating these vari-
ants, clones 21 and 24 were recloned to
produce several subclones. If the cloning
procedure were responsible for intro-
ducing the variation, then the sub-
clones should also exhibit wide variation
in metastatic potential. The distributions
of the number of lung colonies produced
by the groups of subclones do not differ
statistically from each other or from their
respective parent clones (Table 2). This
suggests that the process of cloning is
not the major factor responsible for the
variability of the clones seen in Table 1.
We conclude that the parent B16 tumor
is extremely heterogeneous with respect

B16 Melanoma Growing Subcutaneously

pulmonary tumor colonies (10 mice per clone)

Fig. 1. Scheme for demonstrating that metastatic variants preexist within a malignant tumor. B16 melanoma grown in vitro was divided into two
parts. One part was injected intravenously into syngeneic C57BL/6 mice and the other was used to produce several clones. Once established, the
clones were also injected intravenously into syngeneic mice. All tumor cell suspensions were prepared in an identical manner. Mice were injected
intravenously with 5 x 104 viable tumor cells and were killed 18 days later. The number of pulmonary and extrapulmonary metastases in each
mouse was determined with the use of a dissecting microscope.
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to the metastatic potential of its individ-
ual cells. This high degree of hetero-
geneity is probably attributable to the
fact that the B16 melanoma has existed
as a transplanted tumor for more than 20
years. It is quite likely that many vari-
ants would arise during this period by the
process of mutation and selection and by
epigenetic mechanisms ). In addition,
the process of metastasis is a complex
one with many sequential steps. It begins
with the invasion of tissues and vessels
by cells originating in the primary can-
cer. After their entry into the circulation,
most cells are arrested in the first capil-
lary bed encountered, but some continue
and are trapped in other organs. After
this arrest, the tumor cells must invade
the parenchyma, proliferate, establish a
vascular supply, and escape host defense
mechanisms in order to develop into sec-
ondary foci. A cell that acquires an in-
creased ability to survive any one of
these steps would be viewed as having
an increased metastatic potential. Thus,
there are probably many different path-
ways by which a cell could acquire an in-
creased or decreased capacity to form a
new colony at a distant site.

The possible existence of highly meta-
static variant cells within a primary tu-
mor may have important consequences
for cancer therapy. Efforts to design ef-
fective therapeutic agents and proce-
dures should be directed toward the few,
albeit fatal, metastatic subpopulations.
Continuing efforts to eradicate the bulk
of neoplastic cells, without regard to
their biological behavior, are likely to be
unproductive. Perhaps the highly meta-
static clones described in our study
would be useful tools for testing new
therapeutic approaches to cancer.

IsaiaH J. FIDLER
MARGARET L. KRIPKE
Basic Research Program, National
Cancer Institute Frederick Cancer
Research Center,
Frederick, Maryland 21701
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Phi Bodies: Peroxidatic Particles that Produce

Crystalloidal Cellular Inclusions

Abstract. Unique, spindle-shaped particles (¢ bodies) and rods with peroxidatic
activity are found in certain epithelial cells of normal mice, clofibrate-fed rats, and in
leukemic leukocytes. The ellipsoidal shape of ¢ bodies apparently results from the
deformation of spherical granules by extrusion of axial crystalloid that subsequently

fragments into rods.

While studying the abundant per-
oxisomes in mouse salivary gland distal
duct luminal epithelial cells with light mi-
croscopic histocytochemical methods
for the direct demonstration of their iso-
citrate dehydrogenase (/) and catalase,
we observed (2) enzyme-reactive rods as
well as filaments of different dimensions
(Fig. 1). Study of the size and distribu-
tion of these rods and filaments sug-
gested that they could not be micro-
organisms (3). This was confirmed by
correlative studies with the electron mi-
croscope, which also demonstrated that
these structures were crystalloid rather
than crystalline.

In our earliest studies of these rods we
observed spindle-shaped particles (Figs.
1 to 3) which, at first, were thought to
consist of microbodies superimposed on
rods. At this time, neither the change in
conformation of the peroxisome from
spheroidal to ellipsoidal nor the increase
in size that accompanies its transforma-
tion to the ¢ body had been recognized.
Indeed, the elucidation of the ¢ body as
a unique and distinct cellular particle vis-
ible with the light microscope in histocy-
tochemical enzyme preparations was de-
layed by our ability to resolve several of
these putative spindle-shaped particles
into rods superimposed on peroxisomes
with the light microscope.

Study of the specimen shown in Fig. 1,
however, suggested that a considerably
higher incidence of these particles than
might be expected from the fortuity of
superimposition could be found in cer-
tain areas of the ductal epithelium. Fur-
ther study of this specimen revealed that
the centers of almost all of these unique
spindle-shaped particles, which could
not be resolved with the light microscope
as being due to overlapping peroxisomes

and rods, were ellipsoidal rather than
spherical. It was also noted at this time
that the rods or filaments which extruded
from the poles of the ¢ body invariably
appeared to coincide with the major axis
of its ellipsoidal center. The ¢ body cen-
ters were also generally larger than near-
by spheroidal microbodies.

These observations led to the hy-
pothesis that the deformation of the
spherical microbody to an ellipsoidal
shape and its increase in size could re-
sult from internal pressure exerted by
crystalloid growing in the centers of the
relatively small numbers of transforming
microbodies prior to and during the
extrusion of the same material from
their poles. This proposed mechanism
is similar to the ‘‘tent-pole’” effect
proposed for the protein crystalloid of
immature eosinophil granules by which
their spherical contours become angu-
lated (4). A similar effect appears to
account for the population of ellipsoidal
azurophilic granules of normal neutro-
philic promyelocytes which have an
axial band of crystalloid (5).

Several other considerations also
tended to relate ¢ bodies to free rods ob-
served in the luminal epithelial cells of
the distal ducts of mouse salivary glands.
Light microscopic study of the subman-
dibular glands of many strains of mice
and several strains of rats revealed that,
although nonparticulate catalase and
peroxisomes were prominent in the dis-
tal salivary gland duct cells of all strains,
¢ bodies were observed only in the tis-
sues of the rodent strains that contained
catalase-positive rods or filaments and
vice versa (3). This similarity in distribu-
tion, although a very important consid-
eration, was perhaps not as significant as
the frequent observation with the light
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