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ABSTRACT

Growth autonomy and high levels of invasiveness are characteristics
of human melanoma cells that are metastatic in vivo. By consecutive
passage through a reconstructed basement membrane, we have selected
from 5 of 6 primary melanoma cell lines variants which show an up to
10-fold increase in invasiveness. The invasive variants grew more rapidly
than the parental, noninvasive cells in serum- and growth factor-free
medium and one of the 3 variant cell lines with the highest invasive
capacity in vitro metastasized to the lungs when injected s.c. into nude
mice. In a second approach, variants of 6 primary melanoma cell lines
were clonali) selected in medium without exogenous growth factors
(protein-free medium). These selected cells showed higher invasive prop
erties in vitro and in vivo than the parental cells. Clones of invasive and
growth factor-independent cell variants were heterogenous and changed
over time in the absence of selected pressure to a phenotype similar to
that of parental nonselected cells. These results indicate that primary
melanoma cells contain subpopulations of cells that have the phenotype
of an advanced (metastatic) stage of tumor progression, but this pheno
type is not stable without selective pressure.

INTRODUCTION

Tumors often acquire more aggressive biological character
istics during their life history. This phenomenon has been
termed tumor progression, and Foulds (1) first pointed out that
the alterations in cellular behavior and morphology appear to
develop in a stepwise fashion through qualitatively different
stages. Subsequently, Nowell (2) proposed the "clonal evolu
tion" hypothesis of tumor progression stating that most neo

plasms arise from a single altered cell with sequential selection
of subpopulations.

Tumor progression in the human melanocytic system has
been extensively studied, clinically and histopathologically (3)
and experimentally with cells maintained in culture and in
immunosuppressed mice (4, 5). In vivo, malignant cells of
primary melanomas of the vertical growth phase have the
potential for metastatic dissemination (6) and, in vitro, they
share similarities with cells derived from mÃ©tastasesin the
expression and shedding of tumor-associated antigens and in
chromosomal abnormalities (7, 8). On the other hand, striking
differences between primary and metastatic melanoma cells
have been observed in the requirements for exogenous growth
factors (9). Primary melanoma cells, isolated from early or
intermediate lesions (10), are unable to proliferate in vitro in
the absence of exogenous growth factors. Metastatic cells grow
independently of exogenous growth factors, but they require
seeding at high cell densities (10); however, they can proliferate
at low (clonal) cell densities in medium without growth factors
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(11), if they have been previously selected for highly invasive
growth in vivo.

For the present study, we hypothesized that it is possible to
select subpopulations from primary melanoma cell lines that
have invasive properties or that can grow independently of
exogenous growth factors at clonal cell seeding densities. The
in vitro selection of invasive cell variants was performed in
chemoinvasion assays (12), in which tumor cells penetrate a
reconstructed basement membrane consisting of type IV colla
gen, heparan sulfate proteoglycan, entactin, and laminili as the
main protein components (13). We demonstrate here that in
v/'/ro-selected invasive cell variants from primary melanomas

can, in some but not all cases, also metastasize in vivo in
experimental animals and that, unlike the parental cells, they
are able to grow in medium depleted of exogenous growth
factors. Conversely, cell variants selected for independence from
exogenous growth factors are also more invasive in vitro than
the parental cultures. Regardless of the in vitro selection pro
cedure, cell variants have heterogenous properties, and they
change again to the parental phenotype if a continuous selective
pressure is not maintained.

MATERIALS AND METHODS

Cell Lines. Primary and metastatic human melanoma cell lines
included in this study are listed in Table 1.

Fetal lung fibroblast cell line Wl 38 was obtained from P. Phillips,
The Wistar Institute, Philadelphia, PA, and the highly metastatic
murine melanoma cell line B16F10 was kindly provided by J. Fidler,
M.D., Anderson Hospital and Tumor Institute, Houston, TX.

Cell Culture. Cells were grown in medium W 489 (9), supplemented
with insulin (5 Mg/m') and 2% FCS.4 The selection of cell variants that

grew independently of exogenous growth factors and other mitogens is
illustrated in Fig. 1. Initially, the concentration of FCS was reduced to
0.1% followed by the omission of insulin from the medium. Medium
W 489 without any supplements is referred to as protein-free medium.
It was stored at 4Â°Cfor <8 days. Cells cultured in protein-free medium

were seeded on 1% gelatin-coated tissue culture plastic for better
attachment, and they were refed twice/week. Cells adapted to growth
in protein-free medium were cultured for at least 4 weeks before
inclusion in experiments. Cell cloning was done by the limiting dilution
method.

Growth Assays. Two growth assays were performed: (a) growth at
high density was determined by seeding cells at 1-2 x IO4cells/cm2 in
2-cm2 well plates precoated with 1% gelatin and by counting cells on

days I through 7 using a Coulter cell counter; and (b) growth at clonal
cell densities was determined by seeding cells at 30, 90, 270, and 810
cells/cm2 in 10-cm2 well plates precoated with gelatin. In the latter
assay, cells were fixed and stained 7 days later, and population-doubling
times and colony-forming efficiencies were determined as described
previously (18).

Invasion in Vitro. Penetration of melanoma cells through a recon
structed basement membrane was tested in a modification of the Boyden
chamber assay (12). As illustrated in Fig. 1, two-compartment chemo-
taxis chambers (Teflon) were separated by polyvinylpyrrolidone-free
polycarbonate filters (Nucleopore, Pleasanton, CA; pore size, 8-/xm)
coated with 50 Mg/filter of basement membrane Matrigel (12, 13).

4The abbreviation used is: FCS, fetal calf serum.
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EXPERIMENTAL PROGRESSION IN MELANOMA

Table 1 Primary and metaslatic melanoma cell lines from lesions of patients
with long-term clinical follow-up

After establishment of cell lines from priman melanomas, patients were
continuously observed. In cases of recurrences, cell lines were then established
from the metastatic lesions.

MetastaticmelanomaPrimanmelanoma\VM

35WM
75\VM98-1\VM

115WM

278WM
793WM
902B-Recurrence(mo)None

(140)Â°33601684None

(88)None
(80)-Cell

line_Â»WM

373NoneWM

239A and 7additionalcell
linesWM
1817-â€”WM

164Ref.14-1687816101011, 15, 17
" Numbers in parentheses, numbers of months of clinical follow-up.
* Information not available.

Selection ol Melinomi Celli For

Growth Factor Independence Invatlveneti

Parental cell line Parental cell line

Adaptation to growth in protein-free
medium at nigh seeding densities

Seeding atimitmg dilutions

Selection o* clones for proliferation
at cionai seeding densities m
protein-free medium

1 passage

Boyden Chamber

1 passage

Continuous selection of clones
proliferating at limiting dilutions
m protein-tree medium

Continuous selection of cells
invading Matngel-coated
filters m Boyden Chamber

5 passage 5 passage

Continuous growth of isolated clones
m proiem-frw medium

Continuous growth of
selected cells in mediun
containing 2% FCS

Fig. I. Left, the selection of primary melanoma cells for growth in medium
without exogenous growth factors or other mitogens (protein-free medium). Cells
were initially selected for growth at high seeding densities followed by selections
at low densities. Right, the selection of cells through Matrigel-coated Boyden
chambers. The lower chamber was filled with conditioned medium of a fibroblast
cell line for chemotaxis. Melanoma cells were added to the upper chamber and,
after invasion, collected from the lower chamber for further culture.

Conditioned serum-free medium of WI 38 fibroblasts was applied to
the lower chamber, and 2 x 10s melanoma cells in Dulbecco's modified

minimal essential medium with 0.1 % bovine serum albumin were added
to the upper chamber. Five h after incubation at 37Â°C,two procedures

were used either to select invasive cell variants or to determine inva-
siveness quantitatively. In the first procedure, medium in the upper
chamber was removed and Hank's balanced salt solution without Ã‡a2*
and Mg2+ and supplemented with 30 mM 4-(2-hydroxyethyl)-l-pipera-

zineethanesulfonic acid, pH 7.2, containing 0.125% trypsin and 0.1%
Versene, was added. After a 5-h incubation at room temperature,
noninvading cells from the upper compartment were carefully removed.
The entire chamber was then placed in a 50-ml centrifuge tube, and

cells in the lower compartment were sedimented by centrifugation at
200 x g for 5 min. Resuspended and washed cells were seeded and
grown in W 489 medium supplemented with FCS and insulin until
approximately 5x10* cells were available for further selection, freez

ing, and culture. In the second procedure, filters were removed after
the 5-h incubation, and the cells on the upper surface were wiped off.
Filters with cells on the lower surface were fixed and stained using the
Diff Quick Stain set (American Scientific Products, McGraw Park, IL)
before mounting on glass slides. Cells that had migrated through the
basement membrane and attached to the lower surface of the filter were
counted. Each assay was performed in duplicate and cells in 5-10
randomly selected fields were counted using a xlO objective on an
inverted light microscope. The quantitative invasion assay was modified
to measure the attachment and survival of invasive cells. After invading
the lower chamber, cells were reseeded in tissue culture dishes precoated
with gelatin and, 24 h later, fixed, stained, and counted.

In Vivo Studies. To test for experimental metastasis formation, 1-2
x IO6melanoma cells were injected i.v. into athymic nude mice (BALB/
c, nu/nu, from HarÃanSprague-Dawley, Indianapolis, IN). Six to 8
weeks later, mice were sacrificed and the lungs were removed, fixed,
stained, and histologically examined in at least three separate sections
for metastatic foci. To test for spontaneous metastasis formation, 1 x
IO7 melanoma cells were injected s.c. into nude mice between the

shoulders. Six to 8 weeks later, when the tumors at the primary injection
site were between 0.5 and 1.2 g, mice were sacrificed and lungs, livers,
and spleens were removed and fixed. Serial sections from three locations
of each organ were microscopically examined for metastatic foci (11).

RESULTS

In Vitro Selection by Invasion through Reconstructed Base
ment Membranes. Six primary melanoma cell lines, WM 35,
WM 75, WM 115, WM 278, WM 793, WM 902B, when tested
for invasion through a reconstructed basement membrane, were
3- to 8-fold more invasive than control fetal human fibroblasts
and 1.5- to 4-fold less invasive than the highly metastatic
murine melanoma cell line B16F10 (Table 2). After five con
secutive selection passages through basement membrane Ma-
trigel, five of the six primary melanoma and one of two met
astatic melanoma cell lines showed increased invasiveness rang
ing between 3.1- and 10.5-fold. One primary melanoma cell
line, WM 75, and the respective metastatic cell line from the
same patient reverted between the third and fifth passage to the
original levels of invasiveness, and repeated attempts to rescue
cell variants with increased invasiveness were unsuccessful. The
invasive phenotype of cultures was unstable after a 3-month
incubation period of culture after selection (data not shown).
Therefore, all experiments described below with selected cells
were carried out within 6-8 weeks after selection.

Growth Factor Independence of Primary Melanoma Cells Se
lected for Invasiveness. Cell lines selected for invasiveness
through basement membrane Matrigel grew independently of
exogenous growth factors, whereas the parental cell lines were
either unable to proliferate under these conditions or grew very
slowly (Fig. 2, left). Doubling times of selected cell lines were
from 2-5 days. Cell line WM 75, which was not more invasive
than the parental cells even after five selection passages, did
not grow in protein-free medium (data not shown). In the
presence of 2% FCS, on the other hand, parental cells, with the
exception of cell line WM 902B, grew more rapidly (Fig. 2,
right). Cell lines WM 278, WM 793, and WM 902B, selected
for invasiveness, formed colonies when seeded at clonal cell
densities only in serum-containing medium. As many as five

additional selection passages for invasiveness of five cell lines
(WM 75, WM 115, WM 278, WM 793, and WM 902B) did
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EXPERIMENTAL PROGRESSION IN MELANOMA

Table 2 Serial selection of invasive cell variants from primary melanoma cell lines by passage through a reconstructed basement membrane
Primary melanoma cells that invaded the basement membrane reconstruct Matrigel were collected after 5 h, reseeded for growth, and subsequently selected four

times in the same manner. For quantitative assessment of invasion, cells were removed from the upper side of the filter, and the remaining cells at the opposite side
were fixed and counted.

Migratedcells/field"Cell

linePrimary

melanomaWM35WM75JWM

115'WM278WM793WM

902BMetastatic

melanomaWM
373*WM

239A'FibroblastsW138"Nonselectedparental

cells9

Â±2Â°11

Â±114
Â±324

Â±419Â±216Â±

29+

18Â±23Â±218Â±414Â±312Â±

125
Â±520
Â±316Â±224

Â±39Â±44Â±2Selections*325

Â±239
Â±632
Â±438
Â±525
Â±320
Â±332

Â±522
Â±32Â±

1545

Â±49Â±390

Â±874
Â±5>200

Â±1150
Â±711

Â±332
Â±43Â±3Fold

increaseat
passage5compared

to
parentalcells5.0<\f6.43.110.53.11.2'4.0

Murine metastatic melanoma
B16F10" 37 Â±5 42 Â±6 45 Â±6 50 Â±8

" Human fetal lung fibroblasts WI 38 and mouse metastatic melanoma cells B16F10 were used as negative and positive controls, respectively, in each assay without

selecting variants.
* Invasiveness after 1. 3. and 5 rounds of selections.
c Mean of 10 fields Â±SD.
d' ' From same patient, respectively.
'No significant increase, all others significant (P< 0.01).

5 - -

Days

Fig. 2. Growth of primary melanoma cell lines before (â€¢)and after (O) selection
of invasive cell variants in medium either without exogenous growth factors or
other proteins (left) or with 2% PCS (right). A and B, WM 793; C and D, WM
902B; E and F, WM 278.

not increase the proliferation rate at clonal cell densities in
protein-free medium (data not shown).

Selection for Independence from Exogenous Growth Factors.
Six primary melanoma cell lines (WM 75, WM 98-1, WM
115, WM 278, WM 793, and WM 902B) were gradually
adapted to proliferate in medium at high seeding densities (Fig.
1). Five cell lines could then be adapted to grow in growth
factor-free (protein-free) medium at clonal seeding densities.
The exception was cell line WM 98-1 which differentiated,

after seeding at low densities, into large, polygonal cells that
survived for >3 months but did not proliferate.

Three selected cell lines (WM 75, WM 793, and WM 902B)
had doubling times of approximately 48 h, and two selected
cell lines (WM 278 and WM 115) proliferated with doubling
times of 5-7 days (not shown). Selected cell lines WM 75 and
WM 278 remained responsive to added insulin and PCS,
whereas selected cell lines WM 793 and WM 902B were not
stimulated by 5 Mg/ml insulin or 2% PCS in medium. Two
selected cell lines, WM 75 and WM 793, were continuously
maintained in medium without exogenous growth factors for
>2 years; all others were maintained for at least 8 months.

When tested for growth at high (optimal) cell densities,
melanoma cell lines previously adapted to proliferate in protein-
free medium either at high or low densities did not differ
significantly in growth (Fig. 3/1). However, when seeded at
clonal cell densities, only the clonally selected cell variants
could proliferate (Fig. 3B). Colony-forming efficiency of clon
ally selected cells was between 8 and 13% for WM 278, WM
793, and WM 75 cell lines and 1% for WM 902B. In the
presence of 2% PCS, selected and parental cell lines had similar
colony-forming efficiencies. The exception was the parental cell

line WM 75 which could not proliferate at clonal cell densities,
even if cultured in the presence of PCS. If selected cultures
were maintained for >3 months in protein-free medium at high
cell densities without clonal selections, they lost their ability to
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Fig. 3. Growth of primary melanoma cells before and after selection for growth
factor independence. A, growth of cells at high seeding density (1 x 10" cm2) in

medium without exogenous growth factors. Columns, fold increase on day 7 of
cells selected either at clonal cell densities (O. left), at high cell densities (D.
middle), or nonselected parental cells (â€¢.right). B, growth of primary melanoma
cells at clonal cell densities in protein-free medium. Columns, percentage of
colony-forming efficiencies of cells; bars, Â±SEM.

proliferate at clonal cell densities in protein-free medium (not
shown).

Invasiveness in Vitro of Primary Melanoma Cells Selected for
Growth Factor Independence. Five primary melanoma cell lines
selected for growth factor independence at clonal cell seeding
densities were more invasive in in vitro invasion assays when
compared to the parental cell lines. Invasiveness and survival
after 24 h were highest for selected cell lines WM 902B and
WM 793 (Fig. 4). Selected WM 75 cells showed the least
increase in invasiveness and survival. Cells selected for growth
in growth factor-free medium at high cell densities were not
more invasive than parental cells (not shown).

Metastasis Formation in Nude Mice. Primary melanoma cells
selected in vitro for growth factor independence were then
examined for experimental metastasis formation in nude mice
(Table 3). After i.v. injection, one of two primary melanoma
cell variants formed tumor cell colonies in the lungs of nude
mice, whereas the parental cells did not. The lungs contained
between 20 and 40 melanoma foci/section. When tested for
spontaneous metastasis formation after s.c. injection, one of
three primary melanoma cell lines (WM 793) selected for

Fig. 4. Invasion and survival of primary melanomas. Cells selected for clonal
growth in protein-free medium (D, left) and parental nonselected cells (â€¢.right)
were tested for invasion of Matrigel-coated filters. Invaded cells were collected,
reseeded, and counted after 24 h incubation. Columns, total number of cells/dish
after fixation; bars, Â±SEM.

invasiveness in vitro metastasized to the lung. Sections of lungs
of all three animals examined contained 3-10 foci/section. No
mÃ©tastaseswere seen in livers or spleens. After culture for >3
months without selective pressure, WM 793 cells were no
longer metastatic. Selected variants of metastatic melanoma
cell line WM 164, as also shown previously and included here
for controls (17), exhibited both experimental and spontaneous
mÃ©tastases.

Heterogeneity of Selected Cell Variants. Melanoma cell lines
selected for invasiveness were cloned after 8-9 passages. Single
cell-derived clones, when tested for colony-forming efficiencies
at clonal cell seeding densities, showed a high degree of heter
ogeneity (Fig. 5). The percentage of colony-forming efficiency
between subclones of the WM 902B cell line ranged from 2 to
32%. Similar variations were seen with subclones from three
other cell lines. Heterogeneity of 47 clones from 5 cell lines
was also observed in invasion assays, when tested for invasive-
ness after 5 h and after reseeding cells for 24 h. As illustrated
in Fig. 6, heterogeneity was observed among individual clones
from cell lines selected for either invasiveness (Fig. 6A) or
growth factor independence (Fig. 6B).

DISCUSSION

Selective pressure in vitro on cells derived from primary
melanomas yielded subpopulations of cells that have properties
generally attributed to cells selected for metastatic ability in
nude mice, i.e., high levels of invasiveness (11) and growth
factor independence at low cell densities (17). In previous
studies, we have demonstrated that cultured cells derived from
primary and metastatic melanomas differ strikingly in their
requirements for exogenous growth factors (9, 10). Whereas
primary melanoma cells need at least one growth factor for
proliferation, metastatic cells isolated from the same patients
proliferate without any growth factor supplements in chemically
defined W 489 medium, which contains only amino acids,
vitamins, buffers, salts, and sugars (19). Proliferation of met
astatic melanoma cells in growth factor-deprived medium re
quires seeding at high cell densities (>2.5 x 10' cells/cm2) (9).
Melanoma cells selected in nude mice for their ability to metas-
tasize from the subcutis to the lungs grow in vitro in W 489
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EXPERIMENTAL PROGRESSION IN MELANOMA

Table 3 Experimental and spontaneous metastasis formation in nude mice of in vitro selected primary melanoma cells
Experimental metastasis formation was tested by injecting 1-2 x IO6cells i.V.;spontaneous metastasis formation was tested by injecting I x IO7cells s.c. Presence

of mÃ©tastasesin lungs and other organs was examined after 6-8 weeks.

No. of micewithMelanomacell

lineWM75WM793WM35WM

278WM

164 Metastaticmelanoma(control)SelectionprocedureGrowth

factorindependenceNonselected
parentalGrowth

factorindependenceInvasivenessNonselected

parentalInvasivenessNonselected

parentalInvasivenessNonselected

parentalInvasivenesstumors/totalExperimentalmetastasis2/40/80/4NT-0/80/3NT0/40/56/6testedSpontaneousmetastasis0/40/80/43/30/80/60/60/30/612/12

Nonselected parental 0/6 0/12
1NT, not tested.
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Fig. 5. Heterogeneity of growth at clonal cell densities of subclones from
primary melanoma cells previously selected for invasiveness of Matrigel-coated
filters. Columns, calculated as the percentage of colony-forming efficiencies; bars,
Â±SEM.

medium not only at high, but also at low (clonal), seeding
densities (17). These data suggest that metastatic ability of
melanoma cells is associated with increased growth factor in
dependence. Similar findings have been reported for animal
tumor cell systems (20, 21).

The growth autonomy of metastatic melanoma cells may be
explained by endogenous production of autocrine growth fac
tors. Indeed, melanoma cells are known to produce a variety of
growth factors, including basic fibroblast growth factor (22),
melanocyte growth-stimulating activity (23), transforming
growth factors a (24) and ÃŸ(25), A and B chains of platelet-
derived growth factor (26), interleukin la and ÃŸ(27, 28), and
colony-stimulating factors (29, 30). Of these, at least basic
fibroblast growth factor (29, 30) and melanocyte growth-stim
ulating activity (31) act as autocrine mitogens, but others may
have the same properties. It is generally conceived that, with
the exception of basic fibroblast growth factor, autocrine growth

2209

factors are secreted by cells and bind to cell surface receptors
for self-stimulation of growth. In support of this concept,
blockage of the cell membrane epidermal growth factor receptor
with a monoclonal antibody can inhibit the proliferation of
ligand-producing carcinoma cells (32). However, autocrine fac
tors produced by cells seeded at clonal densities are diluted into
the culture medium so that conditioning of the medium with
sufficient quantities of growth factor may not be possible.

Based on these considerations, it appears possible that mel
anoma cell proliferation at low and high cell concentrations is
differently regulated. The inability of nonselected metastatic
melanoma cells or primary melanoma cells selected for inva
siveness to proliferate in protein-free medium at clonal cell
densities suggests that these cells depend on secreted growth
factors. Alternatively, clonally selected cells may rely more on
autostimulation by growth factors acting intracellularly, or their
proliferation may be due to the constitutive activation of second
messenger signals and thus be entirely independent of growth
factor receptor stimulation. Such cells may survive better in
growth factor-poor microenvironments such as the circulatory
system or poorly vascularized, newly formed metastatic foci.

It remains unclear which chemotactic factor was present in
the conditioned medium of fibroblasts that attracted the mela
noma cells to migrate through the reconstructed basement
membranes. Fibroblast-conditioned medium is highly chemoat-
tractive for various cultured cells (13). Of several potential
factors, basic fibroblast growth factor, transforming growth
factor n, or melanocyte growth-stimulating activity (see Ref. 33
for review), none has yet been clearly identified to be chemoat-
tractive in the chemoinvasion assays as described here.

Selection of melanoma cells in vivo for metastatic ability (11,
17) and in vitro for growth factor independence at low (but not
at high) cell densities gives rise to subpopulations of cells which
also invade reconstructed basement membranes more effec
tively, suggesting coselection of these two properties. The emer
gence of subpopulations of cells with metastasizing capacity
from primary malignant lesions has been experimentally dem
onstrated in animal (34) and human (35) tumor systems. Over
growth of a primary murine mammary adenocarcinoma by one
or two clones occurred in only 6 weeks (36).

It is important to note that in v/'fro-selected invasive cells had

no growth advantage over noninvasive cells when cultured
under optimal conditions at high seeding densities or in medium
supplemented with growth factors. In addition, we have ob
served a striking heterogeneity with respect to invasive and
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Fig. 6. Invasion of clones of melanoma cells
previously selected for either growth at clonal
cell densities in protein-free medium (A) or for
invasiveness in vitro (B). Cells invading Matri-
gel-coated filters were fixed and counted after 5
h. Each column represents one clone. The most
invasive clones for each cell line were shown as
100% for calculation of invasiveness compared
to other clones from the same cultures. Bars, Â±
SEM.
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growth properties in clones of cells derived from selected cell
populations. The dynamic heterogeneity model of tumor pro- g
gression (37) predicts the frequent generation of cell variants
with metastatic ability in rapidly proliferating tumor cell pop
ulations. In the absence of selective pressure, however, cell 9.
variants with invasive or growth factor-independent properties
are subsequently lost because of the instability of the more 10
aggressive malignant phenotype. Similar selective pressure ap
pears necessary in vivo since even metastatic cells isolated from
patients show few metastatic abilities when injected into
athymic nude mice (38). Orthotopic injections may improve
the metastatic ability of human malignant cells in nude mice
(39); however, we still know little concerning the regulatory
factors that contribute in patients to the metastatic phenotype
of malignant cells.
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