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ABSTRACT

We have developed a human melanoma metastasis model in nude mice.
In this model, a human variant cell line (451-LU) was obtained that
spontaneously metastasized in nude mice. This variant cell line was
selected from the lung of a nude mouse after several in vivo passages of
human melanoma WM164 cells previously isolated from a melanoma
metastasis of a patient. The WIY1164 cells were not competent for
metastasis in nude mice prior to this selection. We compared the phe-
notypes of the parental nonmetastatic cell line and the metastatic variant
with respect to growth at clonal seeding densities in protein-free medium
(growth factor independence), in vitro invasion through reconstructed
basement membranes, secretion of proteolytic enzymes, expression of
tumor-associated antigens, and chromosomal abnormalities. IVletastatic
451-LU cells showed significantly increased growth factor independence
when grown at clonal seeding densities as compared to the parental cells.
In in vitro chemoinvasion assays, metastatic 451-LU cells were signifi
cantly more invasive than the parental cells. The metastatic variant
secreted collagenase and tissue type plasminogen activator at levels 10-
and 3-fold higher than the parental WM164 cells, respectively. Poly-
clonal antibodies to tissue type plasminogen activator significantly inhib
ited invasion through reconstructed basement membranes. In metastatic
451-LU cells, expression of nerve growth factor receptor was elevated,
both at the protein and transcriptional level. Metastatic cells were
aneuploid with a mode of 97 chromosomes, whereas the parental non
metastatic cells had a mode of 52 chromosomes.

Our studies suggest that metastatic melanoma cell variants selected
in vivo show increased independence of exogenous growth factors when
grown at clonal cell densities, enhanced invasiveness in vitro, greater
secretion of proteolytic enzymes, and increased chromosome mode as
compared to the nonmetastatic parental cells. The data further suggest
that melanoma cells isolated from metastatic lesions and maintained in
vitro have an unstable invasive phenotype but that metastatic variant
cells can readily be selected.

INTRODUCTION

Models for spontaneous metastasis of human melanoma have
recently been developed in nude mice (1-7). These models have
helped to define the three major steps within the metastatic
cascade: cell attachment to basement membranes, membrane
degradation, and cell locomotion (8). Cells selected in these
animal models have a relatively stable metastatic phenotype.
Cultured cells from metastatic melanoma lesions, on the other
hand, show instability of their metastatic phenotype. They are
noninvasive when injected into nude mice (7) and have antigenic
and genetic similarities with primary melanoma cells (9). Insta
bility of the metastatic properties of cells from metastatic
lesions occurs either during in vitro growth or as a result of
variant selection during rapid proliferation in the human host
(10).

We have developed a human melanoma metastasis model in
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nude mice and demonstrated inhibition of metastasis by a M Ab'1

to GD2/GDÃ•gangliosides (7). In this model, a human variant
cell line (451 -LU) was obtained that spontaneously metastasizes
in nude mice. This variant cell line was selected from the lung
of a nude mouse after several passages in vivo of human mela
noma WM164 cells, which were previously isolated from a
melanoma metastasis of a patient (11) but are without compe
tence for metastasis in nude mice (7).

The current study characterizes the phenotypes of the met
astatic variant (451-LU) cells and nonmetastatic, parental
(WM164) cells with respect to growth at clonal cell densities,
invasiveness of the cells, proteolytic enzyme activity, expression
of melanoma-associated antigens, and karyotype. These studies
demonstrate that metastatic cells, derived from a heterogeneous
population of nonmetastatic cells, have distinct phenotypic
characteristics, suggesting that mÃ©tastasesare produced by the
selective growth of specialized aggressive subpopulations of
metastatic cells that preexisted in the parent tumor, rather than
by random survival of circulating tumor emboli.

MATERIALS AND METHODS

Cell Lines. Human melanoma cell line WM164 and its clone E9,
both without competence for metastasis in nude mice, have been
described (7, 11). After four sequential passages of WM164 cells in
vivo in nude mice, variant cell line 451-LU and its clone G4 were
obtained, both of which spontaneously metastasized to the lungs and
lymph nodes in 100% of nude mice following s.c. injection of 5 x IO6
tumor cells (7). 451-LU cells retained their metastatic capability in
nude mice over a >l-year period of in vitro culture of the cells. In vitro
selection of WM164 cells in a chemoinvasion assay (see below) resulted
in the isolation of the highly invasive (both in vitro and in vivo) variant
cell line, WM164-Bch4. Melanoma cell line WM9 derived from a
different patient (11) was used in control experiments.

For analysis of colony-forming efficiency, invasiveness, and enzyme
activity, cells were maintained in protein-free WM489 medium (12).
For all other assays, cells were grown in Leibovitz L-15 medium
supplemented with 10% fetal bovine serum.

Mice. Female nude mice (nu/nu, BALB/c background) were obtained
from HarÃanSprague-Dawley, Indianapolis, IN. Mice were housed in
a germ-free environment; tumor cell inoculations were performed under
a laminar flow cabinet.

Growth Assays. Two types of growth assays were performed with
melanoma cells adapted to continuous growth in protein-free medium
(12). Growth at high cell density was determined by seeding cells at 2
x IO4cells/cm2 in 2-cm2 wells precoated with 1% gelatin, and counting

cells with a Coulter cell counter on days 1, 3, 5, 7, and 9 after seeding.
Growth at clonal cell densities was determined by seeding cells at 30,
60, 90, 180, and 360 cells/cm2 in 10-cm2 wells coated with 1% gelatin.
Seven days later, cells were fixed with 10% formaldehyde in Dulbecco's

modified phosphate-buffered saline, stained with eosin solution, and
PD time (h) was calculated by using the following formula:

PD (h) = h of incubation
Logi (mean no. of cells/colony)

3The abbreviations used are: MAb, monoclonal antibody: EOF, epidermal

growth factor; NGF. nerve growth factor; PA. plasminogen activator; PD, popu
lation doubling; tPA, tissue type plasminogen activator; uPA, urokinase type
plasminogen activator; cDNA, complementary DNA; SSC, standard saline ci
trate; GD2/GD3. abbreviations for gangliosides follow the Svennerholm nomen
clature. J. Neurochem.. 10: 613. 1983.
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HUMAN MELANOMA METASTASIS

Colony-forming efficiencies (%) were determined as described (13).
All determinations were done in duplicate, and values presented in

Table 1 are the means of three independently performed experiments.
Invasion and Motility. Invasion of melanoma cells through a recon

structed basement membrane (Matrigel. Collaborative Research, Inc.,
Bedford, MA) was tested as described (14). The highly invasive variant
cell line WMI64-Bch4 was obtained from WM164 cells by four serial
passages of these cells in the Boyden chamber assay.

Inhibitory effects of polyclonal goat anti-tPA antiserum on cell
invasion were determined by preincubating cells for 90 min with the
specific or normal goat IgG at a final concentration of 100 ng/m\ before
the assay. Inhibition was quantified as the difference between the
number of invaded cells with and without specific antibody treatment.

Motility of cells was determined essentially as described for the
invasion assay except that filters were left uncoated. All determinations
were done in duplicate, and values presented in Table 2 are the means
of two to three independently performed experiments.

PA Activity Assay. PA activity in cell lysates and conditioned media
was measured with the '"I-fibrin plate assay as described by us previ

ously (15). To determine the type of PA activity present, aliquots of
lysates and conditioned media were preincubated with anti-uPA IgG
(20 fug/mi), anti-tPA IgG (4 jig/ml, gift of Dr. Paul Horan, Smith Kline
& French Laboratories), or normal rabbit IgG (20 Mg/ml) for 30 min
at room temperature prior to addition to the fibrin plate assay (16, 17).

For radioimmunoassay a double antibody procedure was used, sim
ilar to that described by others (18). Briefly, wells of microtiter plates
were coated with goat antibodies to either human tPA or uPA (Amer
ican Diagnostica, New York, NY). Samples (conditioned media or
lysates) were then added to the wells followed by the addition of rabbit
anti-tPA or anti-uPA IgG (16, 17). Antibody binding was detected by
'"I-labeled goat F(ab')2 against rabbit IgG (Organon Teknika, West

Chester, PA). In both assays, single chain tPA (American Diagnostica)
and single chain uPA (gift of D. Moir, Collaborative Research) were
used as standards.

Data were standardized to 1 mg of cell protein in the lysates. Protein
concentrations in the lysates were determined with the Bio-Rad (Bio-
Rad, Richmond, CA) assay using bovine serum albumin as a standard.

Immunocytochemical staining was performed directly in the 6-well
tissue culture plates with anti-tPA IgG (17) or affinity-purified anti-
uPA IgG (16), as described previously (17).

Table 1 Population doubling time ofnonmetastatic WMI64 cells and metastatic
451-LU cells maintained in protein-free medium

PD time (h)Â°
(mean Â±SD of 3 experiments)

Growth condition W M164 451-LU \VM164-Bch4
Clonal seeding density* 221Â±34C</ 94 Â±16' 166 Â±2*
High seeding density' 71 Â±18 93 Â±23 59 Â±15

" PD (h) was calculated as described in "Materials and Methods."
'Cells were seeded at 30-360 cells/cm1 in 10-cm! wells, precoated with 1'r

gelatin.
'â€¢dValues differ significantly (c = P < 0.001; d = P< 0.05) from each other.
' Cells were seeded at 2 x 10*cells in 2-cm2 wells precoated with I % gelatin.

Table 2 In vitro invasiveness and motility of nonmetastatic WM164 and
metastatic 451-I.C cells

No. of migrated cells/field
{mean Â±SD of 2-3 experiments)

Invasion0Cell

lineWM164

451-LU
WM164-Bch4Without

preincu-
bation of cells
withantibody9.2Â±3.l*<

25.6 Â±f>.bdf
20A Â±0.0* *Preincubation

of
cells with anti-tPA

antibody' (% of

invasioninhibition)5.3

Â±2.7 (42.3)
9.2 Â±3.4 (64.6/
5.0 Â±0.7 (75.5)*Motility*69.8

Â±6.3'-'
49.8 Â±8.8'

163.1 Â±2.3'

"'* Assays were performed in Boyden chambers with Matrigel-covered filters

(a) or uncovered filters (h).
'Cells were preincubated with goat anti-tPA antibodies at 100 Mg/ml for 90

min before testing their invasiveness in chemoinvasion assays.
*" Values with same symbols differ significantly (d, i = P < O.OOI;e = P <

0.05;/= P < 0.01; g, h = P < 0.005).

Collagenase Activity. Serum-free culture supernatants of cells were
tested for collagenolytic activities. Type IV collagen, radioiodinated
with I2'I, using the Bolton Hunter reagent (New England Nuclear,

Boston, MA), was absorbed to polyvinyl chloride microtiter wells, and
collagenolytic activity of protein-free supernatants of 3-day-old con
fluent melanoma cultures was measured by the release of radioactivity
from the wells after a 3-h incubation at 36Â°C.Values are expressed as

ng collagenase activity/ml, using bacterial collagenase type IV (Sigma,
St. Louis, MO) as standard.

Expression of Melanoma-associated Antigens. Binding of MAbs to
melanoma cells was tested in mixed hemadsorption assay (19). Briefly,
sheep erythrocytes preincubated with mouse anti-sheep erythrocyte
antibodies and then reacted with goat anti-mouse immunoglobulin
antibodies were used as indicator cells. Melanoma cells were incubated
with MAbs present in tissue culture supernatants of hybridoma cultures
and binding was tested by adding indicator cells to cultures. MAbs used
for studies were ME31.3 [anti-chondroitin sulfate proteoglycan (20)];
MEDA3 [anti-130/105 kDa (21)); ME77.1 [anti-120 kDa (21)]; PL77
[anti-120/94 kDa (13)]; ME77-36 (anti-125/104/99 kDa (22)]; ME491
[anti-highly glycosylated 30/60 kDa (23)]: 425 |anti-EGF receptor (24)];
ME20.4 [anti-NGF receptor (25)]; ME96-1 |anti-p97 or mela-
notransferrin (22)]; 13-17 [anti-HLA-DR (26. 27)]: and 452 [anti-170
kDa].4 Binding of anti-GI3:/GD, MAb ME361 (28) to melanoma cells

was tested by indirect flow cytometry (29).
Southern, Northern, and Western Blotting Analyses. For Southern

blotting analysis, high-molecular-weight DNA was extracted from mel
anoma cells with 50 jig/ml proteinase K, 0.5% sodium dodecyl sulfate,
50 mM Tris, 10 mM EDTA, pH 8.0, followed by phenol and phenol-
chloroform extractions, and ethanol precipitations (30). Ten MgDNA
was digested with the appropriate restriction enzyme and fractionated
by 1% agarose gel electrophoresis. The DNA was transferred to nitro
cellulose filters and hybridized overnight at 42Â°Cwith 12P-labeled NGF

receptor cDNA probe pHl-3 (31) in 50% formamide, 5 x SSC (1 x
SSC is 0.15 MNaCI and 15 mM sodium citrate, pH 7.0), 5 x Denhardt's

solution, and 100 Mg/m' denatured salmon sperm DNA. The blots were
washed at 65Â°Cwith a final wash of 0.2 x SSC containing 0.1 % sodium

dodecyl sulfate.
For Northern blotting analysis, melanoma cells were suspended for

5 min at 4Â°Cin 10 ml of buffer solution containing 10 mM NaCI, 10

HIM Tris, 1.5 mM MgCl2, pH 7.5; 0.5 ml Nonidet P-40 (10%) was
added and after 10 s the nuclei were pelleted, and the cytoplasmic RNA
was extracted from the supernatant with phenol and chloroform-phenol
and precipitated with ethanol (30). Polyadenylated RNA was selected
by oligodeoxythmidylate cellulose chromatography and fractionated by
1% agarose/formaldehyde gel electrophoresis (3 ^g/lanc). The RNA
was transferred to a nitrocellulose filter and hybridized with nick-
translated NGF receptor cDNA by using the same conditions described
for the Southern blot.

For Western blotting analysis, crude membrane fractions were pre
pared from melanoma cells and proteins were extracted with solubi-
lizing buffer (0.5% Nonidet P-40, 140 HIMNaCI, 10 mM NaF, 10 mM
Tris, 5 mM EDTA, aprotinin (100 kallikrein inhibitory units/ml), I
mM phenylmethylsulfonyl fluoride (pH 7.5) (31). Reactivities of the
antitumor MAbs with proteins in this extract were analyzed by Western
blotting under nonreducing conditions with an 11% gel (32). The blots
were incubated with anti-NGF receptor MAb ME20.4 in ascites diluted
1:500 with Dulbecco's modified phosphate-buffered saline containing
2% -y-globulin-free horse serum and 0.02% NaNj or purified ME491
MAb at 5 Mg/rnl in the same buffer and then incubated with '"I-goat
anti-mouse IgG at 200.000 cpm/ml.

Cytogenetic Studies. Each cell line was treated with colchicine for 45
min at 37Â°C.After treatment with a KCl-sodium citrate hypotonie

solution and standard fixation, air-dried slide preparations were made
for Giemsa banding (9). Karyotypes were determined from a minimum
of 50 counts and two banded karyotypes for each of the three cell lines.

Statistical Analysis. Data were analyzed by Student's t test. Statisti

cally significant differences were determined at P < 0.05 level.

' D. E. Elder, U. Rodeck. J. Thurin, F. M. Cardillo, W. H. Clark. R. Stewart,
and M. Herlyn. Pigmented lesion-associated antigens are differentially expressed
on benign and malignant melanocytic lesions, submitted for publication.

2297

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/50/8/2296/2443466/cr0500082296.pdf by guest on 19 M

ay 2023



HUMAN MELANOMA METASTASIS

RESULTS

In efforts to define properties characteristic of the metastatic
phenotype, the following cell lines were examined for their
growth in growth factor-depleted medium, motility, invasive-
ness, proteolytic enzyme activity, antigenic phenotype and kar-
yotype: (a) melanoma cell line WM164, which does not spon
taneously metastasize in nude mice; (b) variant line 451-LU
which was selected from WM164 cells in nude mice for the
capacity to metastasize spontaneously to the lung from the s.c.
injection point (7); and (c) variant line WM164-Bch4, which
was selected in vitro in the chemoinvasion assay and which
metastasizes spontaneously in vivo in nude mice (not shown).
Results are presented for the mass cultures of each cell line.
Nearly identical results were obtained for three clones, one each
derived from the various lines (not shown).

Growth Characteristics. At clonal seeding densities in me
dium without exogenous growth factors or other proteins (pro
tein-free medium), 451-LU and WM164-Bch4 cells had signif
icantly (P < 0.001, P < 0.05, respectively) shorter PD times
than WM 164 cells, clearly indicating a growth advantage of the
metastatic and invasive variants as compared to the parental
nonmetastatic and noninvasive cells (Table 1). Furthermore,
both 451-LU and WM164-Bch4 cells showed significantly (P
< 0.005) higher colony-forming efficiencies as compared to
WM164 cells (Fig. 1). However, at high seeding density in
protein-free medium, PD times of WM164 cells and WM164-
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Fig. I. Colony-forming efficiency of \VM 164(A). WM 164-Bch4(â€¢).and 451-
LU cells (â€¢)cultured in prolein-frce medium. Bars. SD of duplicale determina
tions. Values for 451-LU and \\MI64-Bch4 cells differ significantly (P < 0.05)
from those for \VM164 cells.

Bch4 cells did not differ significantly (Table 1). Thus, under
more favorable growth conditions, the metastatic and invasive
variant cells have no growth advantage over the nonmetastatic
and noninvasive parental cells (P > 0.05).

Invasion and Motility. When tested for invasion through a
reconstructed basement membrane (Matrigel), 451-LU and
WM164-Bch4 cells were 2- to 3-fold more invasive than
WM164 cells (Table 2). These differences were significant (P
< 0.001, P < 0.005 for 451-LU and WM164-Bch4 cells, re
spectively). The in vitro invasion of WM164, 451-LU, and
WM164-Bch4 cells was inhibited by 42, 65, and 75%, respec
tively, by preincubating cells with goat anti-tPA antibodies
before the assay (Table 2). Inhibition was significant both for
451 -LU (P < 0.01 ) and WM164-Bch4 (P < 0.005) cells. Mo
tility through uncoated filters, on the other hand, was signifi
cantly higher for WM164 cells than for either 451-LU or
WM164-Bch4 cells (Table 2), probably reflecting the smaller
size (approximately 40%) of WM164 cells as compared to 451-
LU and WM164-Bch4 cells (not shown).

Proteolytic Enzymes. Metastatic 451-LU and WM164-Bch4
cells showed 2- to 3-fold higher total PA enzymatic activity
than nonmetastatic WM-164 cells, both in culture supernatants
and in cell lysates (Table 3). These differences were statistically
significant (P < 0.05; Table 3) except for the PA activity in
lysates of 451-LU cells versus WM164 cells. All activities were
inhibited by greater than 90% with anti-tPA IgG, indicating
that most, if not all, of the PA activity in the cells was due to
tPA. In solid-phase radioimmunoassays, the concentration of
tPA was significantly (P < 0.05 or less; Table 3) higher in
WM164-Bch4 cells and 451-LU cells as compared to WM164
cells, both for culture supernatants and cell lysates. All cell
lines showed undetectable levels of uPA protein, both in culture
supernatants and cell lysates (<2.0 and <0.6 ng/ml cell protein,
respectively; results not shown).

Supernatants of 451-LU cells grown in protein-free medium
showed ~ 10-fold higher collagenolytic activity than the super

natants obtained from the same number of WM 164 cells (Table
3). These differences were significant (P < 0.001).

By immunocytochemical staining, tPA was concentrated
along the cytoplasmic membrane in all 3 cell lines. There was
no specific staining of cells of any of the 3 lines with antibodies
to uPA (not shown).

Melanoma-associated Antigens. WM164, 451-LU, and
WM164-Bch4 cells were compared in MHA for expression of
the melanoma-associated antigens chondroitin sulfate proteo-
glycan, various glycoproteins, EGF and NGF receptor, mela-
notransferrin, HLA-DR, and Gm/Gm gangliosides (see "Ma
terials and Methods"). Of all antigens, only NGF receptor and

GI>:/GD.I ganglioside expression consistently showed differ
ences between metastatic 451-LU and nonmetastatic WM164
cells. NGF receptor was expressed in â€”¿�100%of the metastatic
451-LU cells, -80% of the invasive WM164-Bch4 cells, and
only -20% of the nonmetastatic WM164 cells (Fig. 2). These
results were confirmed by Western blotting analysis (Fig. 3).
Extracts of metastatic cell line 451-LU reacted much more
strongly than extracts from WM164 cells or from melanoma
cell line WM9. These results were not due to a difference in the
quality of the protein extracts since antimelanoma MAb
ME491 (23) reacted strongly with all three extracts. The results
are consistent with Northern blotting analyses of nonmetastatic
and metastatic cells with the NGF receptor cDNA probe (Fig.
4). RNA from cell line 451-LU had an intense 3.8-kilobase
NGF receptor mRNA, but WM9 cells had a barely detectable
band, and no band was visible for WM164 cells. These differ-
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Table 3 Plasminogen activator and collagenase activity in H'MÂ¡64,H'MI64-Bch4, and 451-LU cells

Cell line

PA en/ymatic activity (mPU/mg cell
protein)0

Amount of (PA (ng/mg cell protein)"

' n.mi â€¢¿�supernatant Cell lysates Culture supernatant Cell lysates

Collagenase activity in
culture supernatants

(ng/ml)r

WM164-Bch43381 Â±38"29?
uir384
Â±32"8.5

Â±2.7"''
25.1 Â±9.5'
16.4 Â±0.3"2.0

Â±O.T'-"
6.5 Â±1.5'7.5

Â±i.y0.05
Â±0.02"

0.60 Â±0.25*

n.t.
* Fibrin plate assay. All results are the mean Â±SD of 2-4 experiments; mPU = milliploug unit.
'' Solid phase radioimmunoassay (mean Â±SD of 2-4 experiments).
' Substrate was '"l-labeled collagen IV.
*"*For each parameter, values with the same symbols differ significantly: d, e = A><0.05;/= P<0.0\:g = P < 0.005; h = P < 0.001.
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Fig. 2. Reactivity in mixed hcmadsorption assay of adherent WMI64 cells
(A). WM164-Bch4 cells (â€¢).and 451-LU cells (â€¢)with anti-NGF receptor MAb
ME20.4.
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â€”¿�30 /

123 456
Fig. 3. Detection of NGF receptor by Western blotting analysis. Detergent

extracts of cell membrane fractions (10 pg protein/lane for Lanes 1-3 and 3.3
fg/lane for Lanes 4-6) were subjected to sodium dodecyl sulfate-polyacrylamide
gel electrophoresis under nonreducing conditions and transferred to a nitrocellu
lose filter. The filter was incubated with anti-NGF receptor MAb ME20.4 (Lanes
1-3) or. as a control, with anti-melanoma-associated glycoprotcin MAb ME491
(Lanes 4-6) and then with '"l-goat anti-mouse IgG to visualize the antigens by
autoradiography. Lanes I and â€¢¿�*.melanoma WM164; Lanes 2 and 5. mctastatic
variant 451-LU; Lanes 3 and 6. melanoma WM9.

enees in NGF receptor expression were not due to gene ampli
fication in metastatic cells as demonstrated by Southern blot
analysis. DNA was digested with either BamH] or EcoR] and
analyzed by gel electrophoresis and Southern blotting analysis.
No significant differences in the intensities of the bands were
noticed for WM164 and 451-LU cells (results not shown).

â€”¿�28S

- 18S

Fig. 4. Northern blotting analysis of human melanoma cells for NGF receptor
mRNA. Polyadcnylated RNA (3 (ig/lane) was separated on a 1.0% agarose/
formaldehyde gel. After transfer to a nitrocellulose filter, the RNA was probed
with NGF receptor cDNA plasmid pHl-3. Lane I, melanoma cells VVMI64;
Lane 2. metastatic variant 451-LU; iMne 3, melanoma cell line WM9.

Thus, both cells have similar numbers of NGF receptor genes.
Also, there were no obvious gene rearrangements as judged by
Southern blotting of melanoma DNA digested with either
BamH\ or EcoRl (results not shown).

The results obtained in indirect flow cytometry with MAb
ME361 against Gm/Gm gangliosides indicate a 2.2-fold in
crease in the percentage of cells binding the MAb and a 1.8-
fold increase in the mean fluorescence intensity per cell in 451-
LU cells as compared to WM164 cells (results not shown).

Cytogenetic Studies. The parental cell line WM164 was first
karyotyped in 1981 at passage 17 (33). The cells had a modal
number of 52 chromosomes, including an isochromosome for
the long arm of chromosome 21 (iso21q) and a characteristic
marker chromosome (Ml) whose origin could not be deter
mined. This cell line was studied on four additional occasions
throughout a period of 5.5 years and each time contained the
same marker chromosomes (Ml, iso21q) and a similar modal
number. A few cells in each of these preparations were approx
imately tetraploid (Table 4). The metastatic variant cell line
451-LU also contained the Ml and iso21q markers present in
the parental WM164 line but had a modal number of 97
chromosomes including 5 copies of chromosome 7 and 9 of
chromosome 20 (Table 4). WM164-Bch4 cells similarly con
tained the Ml and iso21q markers with a modal number of 90
chromosomes including 5 and 7 copies of chromosomes 7 and
20, respectively. In addition, a dell(p22) was now present in
every cell along with six new marker chromosomes.
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Table 4 Karyotypic analyses of H M164, WM164-BcH4, and 4SI-LU cells

CelllineWM164

451-LUWM164-Bch4No.

of
counts50

50
50No.

of
karyotypes2

3
6Chromosome

mode52

9790ct

of tetraploid

cells14

-100
-100No.

ofcopies/cellChromosome

7 Chromosome202

5
54

97Karyotypic

markersMl.

iso2Iq
Ml, iso21q + random markers
Ml, iso21q M2 â€”¿�Â»M7 random
markers + dell(p22)

DISCUSSION

Melanoma cells, isolated from a metastatic lesion of a patient
and maintained in culture, were shown to represent a hetero
geneous population of cells with respect to metastatic capabil
ities in nude mice and invasiveness through a reconstructed
membrane in vitro. Although heterogeneity of the metastatic
and invasive phenotype in the parental melanoma cells, de
scribed here, may be related to prolonged in vitro culture of the
cells, other studies have shown heterogeneity of the metastatic
phenotype in murine tumors at an early stage of their develop
ment (34). Less than 1% of the parental WM164 cells sponta
neously metastasized to the lungs of nude mice (7) or invaded
through a reconstructed membrane in vitro (Table 2). Given the
origin of WM164 from a melanoma metastasis of a patient, the
fraction of metastatic/invasive cells seems rather low and is in
the range of that reported for murine tumors (35). Reversion
of the metastatic/invasive phenotype, as suggested for WM164
cells, is a common phenomenon (36) and was as high as 10~2
to 10~' per cell generation in murine tumor systems (37).

However, it is difficult to ascertain whether this phenomenon
reflects the situation in vivo or rather may be related to pro
longed in vitro culture of tumor cells. Successful isolation from
nonmetastatic WM164 cells of invasive variants in vitro, with
metastatic properties in vivo (WM 164-Bch4 cells), suggests that
a subpopulation of invasive cells present a priori in the parental
nonmetastatic cells gave rise to the metastatic 451-LU cell line
that was isolated under selective pressure in vivo. This is further
supported by the similarities in phenotypic differences observed
in the in vitro and in vivo selected variants when compared to
the nonmetastatic parent line. Phenotypic differences between
metastatic/invasive and the parental cells were found with
respect to invasiveness, proteolytic enzymes, expression of mel
anoma-associated antigens, and karyotype. The demonstration
of distinct phenotypic differences between metastatic/invasive
and nonmetastatic cells seems to indicate that mÃ©tastasesare
produced by the selective growth of specialized aggressive sub-
populations of cells that preexisted in the parent tumor rather
than by random survival of circulating tumor emboli (38, 39).

A striking difference between nonmetastatic and metastatic/
invasive melanoma cells is the increased growth factor inde
pendence at low cell density of the latter cells. When cultured
in protein-free medium at clonal seeding densities, invasive
cells had a significantly shorter PD time and higher colony-
forming efficiency than the parental cells. The increased growth
autonomy of invasive and metastatic cells compared to non
metastatic cells has recently been demonstrated for human
melanoma cells (11, 40) and murine tumor cells (41-43). In
dependence from exogenous growth factors and higher survival
at clonal (nonoptimal) cell densities may be due to the produc
tion of growth factors for autocrine growth stimulation, several
of which have recently been demonstrated in melanoma cells,
including transforming growth factor Â«(44), platelet-derived
growth factor (45), and fibroblast growth factor (46).

The increase in the invasiveness of melanoma cell variants as
compared to the parental cells (Table 2) might be at least

partially explained by the increased tPA and collagenolytic
activity in the variant cells. Invasiveness was significantly inhib
ited by preincubation of the cells with antibodies to tPA. The
preferential expression of tPA and not uPA in all three cell
lines is consistent with the reports by other investigators on the
prevalency of tPA in human melanoma (47). A correlation
between the metastatic phenotype and PA/collagenase activity
also has been established in other systems (48, 49).

We have demonstrated here that metastatic 451-LU cells
have increased NGF receptor protein and mRNA. However,
the role of NGF receptor in metastasis is highly speculative.
Current studies on the metastasic properties of a WM164 clone
that has been transfected with the NGF receptor gene may
clarify this point.

In agreement with our previous results (50) and results re
ported by Rosenberg et al. (51), we have demonstrated here
increased expression of melanoma-associated gangliosides in
metastatic versus nonmetastatic lesions of human melanoma.
Thus, metastatic 451-LU cells showed higher expression of
GDZ/GBÃŒgangliosides than the parental nonmetastatic WM164
cells. Since gangliosides have been implicated in the attachment
of tumor cells to substrate (52), the increased ganglioside level
in 451-LU cells may relate to the invasiveness of these cells.

Repeated cytogenetic studies of WM164 over a period of 5.5
years showed an essentially constant modal number of chro
mosomes and the same marker chromosomes. These results
are indicative of the karyotypic stability of this line in culture.
Previous cytogenetic studies have indicated that genetic abnor
malities increase in severity with clinical progression of mela
noma (53). These abnormalities often include progressive aneu-
ploidy and the appearance of additional marker chromosomes.
It is interesting, therefore, that the metastatic 451-LU variant
of WM164 had increased aneuploidy as did the WM164 cells
that had been passed through a Boyden chamber. In addition
to the near tetraploidy of the two selected cell populations, the
cells isolated in the Boyden chamber also contained new marker
chromosomes and a dell(p22). Deletions of the proximal seg
ment of chromosome 1 are frequently seen in cells derived from
advanced melanomas (53). The oncogene N-ras and the ÃŸ
subunit of NGF have been mapped to Ip22 (54). However, the
role of these gene deletions in the development of the invasive
phenotype in melanoma is unclear. Both variants of WM164
cells showed increased dosages of chromosomes 7 and 20.
While the role of chromosome 20 in tumor progression is
unclear, interesting associations have been found with respect
to chromosome 7. It seems that genes involved in invasion and
metastasis are located on human chromosome 7 (55). Increased
dosage of chromosome 7 has been detected in advanced met
astatic melanomas and has been shown to be associated with
high expression of the EGF receptor (56).

The described model of human melanoma metastasis has
provided valuable information on the metastatic phenotype of
subpopulations of cells derived from a metastasis of a patient.
Although studies in animals do not directly bear on the situation
in humans, our results obtained in the nude mouse model
suggest that metastatic lesions of melanoma in the natural host

2300

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/50/8/2296/2443466/cr0500082296.pdf by guest on 19 M

ay 2023



HUMAN MELANOMA METASTASIS

may contain subpopulations of cells with enhanced capability
to further metastasize to additional sites. The demonstration,
using in vitro selection methods, of the presence within these
lesions of cells (WM 164-Bch4) with enhanced invasive capabil
ities further supports this notion.

We have recently applied the nude mouse model to melanoma
cells derived from early nonmetastatic lesions (vertical growth
phase) of a patient.5 A comparison of the metastatic variant

cells derived from these lesions with the variants from the
metastatic lesion described here will help in our understanding
of the evolution of the metastatic phenotype during various
stages of tumor progression in melanoma.

ACKNOWLEDGMENTS

We thank Marie Prewett, Roseann Kowalski, Laura M. Holland,
and Crystal Thorpe for excellent technical assistance, and Shirley
Peterson for editorial assistance.

REFERENCES

1. Kerbel, R. S, Man, M. S., and Dexter, D. A model of human cancer
metastasis: extensive spontaneous and artificial metastasis of a human pig-
mented melanoma and derived variant sublines in nude mice. J. Nail. Cancer
Inst., 72:93-108. 1984.

2. Kozlowski, J. M.. Fidler, I. J., Campbell, D., Xu, Z. L., Kaighn. M. E., and
Hart, I. R. Metastatic behavior of human tumor cell line growth in the nude
mouse. Cancer Res., 44: 3522-3529. 1984.

3. Gitelman, I., Dexter, D. F., and Roder, J. C. DNA amplification and
metastasis of the human melanoma cell line MeWo. Cancer Res., 47: 3851-
3855, 1987.

4. Zimmerman, R. J.. Gaillard, E. T., and Goldin. A. Metastatic potential of
four human melanoma xenografts in young athymic mice following tail vein
inoculation. Cancer Res., 47: 2305-2310, 1987.

5. Ishikawa, M.. Fernandez, B., and Kerbel, R. S. Highly pigmented human
melanoma variant which metastasises widely in nude mice, including to skin
and brain. Cancer Res., 48:4897-4903, 1988.

6. Fodstad, O., Kjonniksen, I., and Aamdal, S. Extrapulmonary, tissue-specific
metastasis formation in nude mice injected with FEMX-1 human melanoma
cells. Cancer Res., 48: 4382-4388. 1988.

7. Iliopoulos, D., Ernst, C., Steplewski, Z., Jambrosic, J., Rodeck, U., Herlyn.
M., Clark, W. H., Jr., Koprowski. H.. and Herlyn. D. Inhibition of mÃ©tastases
of a human melanoma xenograft by monoclonal antibody to the GD2/GD3
gangliosides. J. Nati. Cancer Inst., 81: 440-444, 1989.

8. Liotta, L. A. Tumor invasion and mÃ©tastases.Role of the extracellular matrix.
Cancer Res., 46: 1-7, 1986.

9. Herlyn, M., Balaban. G., Bennicelli, J., Guerry. D.. IV. Halaban. R.. Herlyn,
D., Elder, D. E.. Maul. G. G.. Steplewski. Z.. Nowell. P. C., Clark, W. H.,
and Koprowski, H. Primary melanoma cells of the vertical growth phase:
similarities to metastatic cells. J. Nail. Cancer Inst.. 74: 283-289, 1985.

10. Kerbel, R. S.. Waghorne. C., Korczak. B., Lagarde, A., and Breitman. M.
Clonal dominance of primary tumours by metastatic cells: genetic analysis
and biological implications. Cancer Surv., 7: 597-629. 1988.

11. Herlyn. M.. Clark. W. H., Jr.. Mastrangelo, M. J., Guerry, D., IV, Elder. D.
E., LaRossa, D., Hamilton. R.. Bondi. E., Tuthill, R.. Steplewski, Z., and
Koprowski, H. Specific immunoreactivity of monoclonal anti-melanoma
antibodies. Cancer Res., 40: 3602-3609. 1980.

12. Rodeck. U., Herlyn, M., Menssen, H. D., Furlanetto, R. W.. and Koprowski,
H. Metastatic but not primary melanoma cell lines grow in vitro independ
ently of exogenous growth factors. Int. J. Cancer, 40: 687-690, 1987.

13. Herlyn, M.. Rodeck. U., Mandanti, M. L., Cardillo. F. M., Lang, A.. Ross.
A. H., Jambrosic, J., and Koprowski, H. Expression of melanoma-associated
antigens in cultured rapidly dividing human melanocytes. Cancer Res., 47:
3057-3061, 1987.

14. Albini. A.. Iwamoto, Y., Kleinman. H. U., Martin, G. R., Aaronson, S. A.,
Kozlowski, J. M., and McEwan. R. N. A rapid in vitro assay for quantitating
invasive potential of tumor cells. Cancer Res., 47: 3239-3245, 1987.

15. Morioka, S., Lazarus, G. S., and Jensen, P. J. Involvement of urokinase type
plasminogen activator in acantholysis induced by pemphigus IgG. J. Invest.
Dermatol., 89: 474-477. 1987.

16. Morioka. S., Jensen, P. J., and Lazarus, G. S. Human epidermal plasminogen
activator. Exp. Cell Res., 161: 364-372, 1985.

17. Jensen, P. J., Baird, J., Morioka. S., Lessin. S., and Lazarus, G. S. Epidermal
plasminogen activator is abnormal in cutaneous lesions. J. Invest. Dermatol.,
90:777-782, 1988.

18. Binnema, D. J., vanlersel, J. J. L.. and Dooijewaard. G. Quantitation of

*K. Adachi. D. Herlyn. D. Iliopoulos, and M. Herlyn. Human melanoma cells

derived from vertical growth phase are metastatic in nude mice, manuscript in
preparation.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

urokinasc antigen in plasma and culture media by use of an ELISA. Thromb.
Res., 43: 569-577. 1986.
Herlyn. M.. Guerry. D., and Koprowski. H. Recombinant Â¡nterferon-7 in
duces changes in expression and shedding of antigens associated with normal
human melanocytes, nevus cells, and primary and metastatic melanoma cells.
J. Immunol., 134:4226-4231. 1985.
Ross. A. H.. Herlyn. M., Ernst. C. S.. Guerry, D., Bennicelli. J.. Christ, B.
F. D.. Atkinson, B., and Koprowski, H. Immunoassay for melanoma-asso
ciated proteoglycan in sera of patients using monoclonal and polyclonal
antibodies. Cancer Res.. 44: 4642-4647, 1984.
Herlyn. M.. Thurin, J.. Balaban, G., Bennicelli, J. L., Herlyn. D., Elder, D.
E., Bondi. E.. Guerry. D.. Nowell, P. C., Clark, W. H., and Koprowski. H.
Characteristics of cultured human melanocytes isolated from different stages
of tumor progression. Cancer Res.. 45: 5670-5676, 1985.
Herlyn, M., Steplewski, Z., Herlyn, D., Clark, W. H., Ross, A. H., Blaszczyk.
M., Pak, K. Y., and Koprowski, H. Production and characterization of
monoclonal antibodies against human malignant melanoma. Cancer Invest..
/: 215-224, 1983.
Atkinson, B., Ernst, C. S., Christ. B. F. D., Ross, A. H., Clark, W. H.,
Herlyn, M., Herlyn, D., Maul, G. G., Steplewski, Z., and Koprowski, H.
Monoclonal antibody to a highly glycosylated protein reacts in fixed tissue
with melanoma and other tumors. Hybridoma, 4: 243-255. 1985.
Rodeck. U., Herlyn. M.. Herlyn. D.. Molthoff. C.. Atkinson. B., Vorello,
M., Steplewski. Z., and Koprowski, H. Tumor growth inhibition by a mono
clonal antibody to the epidermal growth factor receptor: immunologically
mediated and effector cell independent effects. Cancer Res., 47: 3692-3696.
1987.
Ross, A. H.. Grob. P.. Bothwell, M., Elder, D. E., Ernst, C. S.. MaraÃ±o.N.,
Christ. B. F. D.. Slemp. C. C.. Herlyn, M., Atkinson, B., and Koprowski. H.
Characterization of nerve growth factor receptor in neural crest tumors using
monoclonal antibodies. Proc. Nati. Acad. Sci. USA, 81: 6681-6685, 1984.
Koprowski, H., Steplewski, Z., Herlyn, D., and Herlyn, M. Study of antibod
ies against human melanoma produced by somatic cell hybrids. Proc. Nati.
Acad. Sci. USA, 75: 3405-3409, 1978.
Lloyd, K. O., Ng, J., and Dippold. W. G. Analysis of the biosynthesis of
HLA-DR glycoproteins in human malignant melanoma cell lines. J. Immu
nol.. 726:2408-2413. 1981.
Thurin. J., Thurin. M.. Kimoto, Y., Herlyn. M., LÃ¼beck,M., Elder, D. E.,
Smereczynska, M.. Karlsson, K. A., Clark, W. H., Jr., Steplewski, Z., and
Koprowski, H. Monoclonal antibody-defined correlation in melanoma be
tween levels of GD2 and GD3 antigens and antibody-mediated cytotoxicity.
Cancer Res., 47: 1229-1233, 1987.
Herlyn, D., Powe, J., Ross, A. H., Herlyn, M., and Koprowski, H. Inhibition
of human tumor growth by IgG2a monoclonal antibodies correlates with
antibody density on tumor cells. J. Immunol., 134: 1300-1304, 1985.
Maniatis, T., Fritsch, E. F.. and Sambrook, J. Molecular Cloning. A Labo
ratory Manual. Cold Spring Harbor, NY: Cold Spring Harbor Laboratory,
1982.
Johnson, D.. LaÃ±aban,A., Buck. C. R., Sehgal, A., Morgan, C., Mercer, E.,
Bothwell. M.. and Chao, M. Expression and structure of the human NGF
receptor. Cell. 47: 545-554. 1986.
Towbin. H.. Stachel in. T.. and Cordon. J. Electrophoretic transfer of proteins
from polyacrylamide gels to nitrocellulose sheets: procedure and some appli
cations. Proc. Nati. Acad. Sci. USA, 76:4350-4354, 1979.
Balaban, G., Herlyn. M., Guerry, D., IV, Bartolo, R., Koprowski, H., Clark,
W. H., and Nowell, P. C. Cytogenetics of human malignant melanoma and
premalignant lesions. Cancer Genet. Cytogenet., / 7:429-439, 1984.
Fidler, LG.. and Hart, I. R. The origin of metastatic heterogeneity in tumors.
Eur. J. Cancer, 77: 487-494. 1981.
Fidler, I. J.. and Talmadge, J. E. Evidence that intravenously derived murine
pulmonary melanoma mÃ©tastasescan originate from the expansion of a
single tumor cell. Cancer Res., 46: 5167-5171, 1986.
Heppner, G. H. Tumor heterogeneity. Cancer Res., 44: 2259-2265, 1984.
Young, S. D., and Hill, R. P. Dynamic heterogeneity: isolation of murine
tumor cell populations enriched for metastatic variants and quantification of
unstable expression of the phenotype. Clin. Exp. Metastasis, 4: 153-176,
1986.
Talmadge, J. E., and Fidler, I. J. Cancer metastasis is selective or rather
depending on the parent tumor population. Nature (Lond.), 27: 593-597,
1982.
Talmadge, J. E., and Fidler, I. J. Enhanced metastatic potential of tumor
cells harvested from spontaneous mÃ©tastasesof heterogeneous murine tu
mors. J. Nati. Cancer Inst., 69: 975-980, 1982.
Sauvaigo, S.. Fretts. R. E.. Riopelle, R. J., and Lagarde. A. E. Autonomous
proliferation of MeWo human melanoma cell lines in serum-free medium:
secretion of growth-stimulating activities. Int. J. Cancer, 37: 123-132. 1986.
Chadwick. D. E., and Lagarde, A. E. Coincidental acquisition of growth
autonomy and metastatic potential during malignant transformation of fac
tor-dependent CCL39 lung fibroblasts. J. Nati. Cancer Inst., SO: 318-325,
1988.
Ethier, S. P., and Cundiff, K. C. Importance of extended growth potential
and growth factor independence on in vivo neoplastic potential of primary
rat mammary' carcinoma cells. Cancer Res., 47: 5316-5322, 1987.
Waghorne, C., Thomas. M., Lagarde. A., Kerbel, R. S., and Breitman, M.
L. Genetic evidence for progressive selection and overgrowth of primary
tumors by metastatic cell subpopulations. Cancer Res.. 48:6109-6114, 1988.
Richmond, A., Lawson, D. H.. Nixon. D. W.. Stevens. J. S., and Chawla, R.
K. Extraction of a melanoma growth-stimulatory activity from culture me-

2301

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/50/8/2296/2443466/cr0500082296.pdf by guest on 19 M

ay 2023



HUMAN MELANOMA METASTASIS

dium conditioned by the HS0294 human melanoma cell line. Cancer Res.,
Â«.-2106-2112, 1983.

45. Westermark, B.. Johnsson, A., Paulsson, Y., Betsholtz, C, Heldin, C-H.,
Herlyn, M.. Rodeck, U., and Koprowski, H. Human melanoma cell lines of
primary and metastatic origin express the genes encoding the chains of
platelet-derived growth factor (PDGF) and produce a PDGF-like growth
factor. Proc. Nati. Acad. Sci. USA, 83: 7197-7200, 1986.

46. Moscatelli, D., Presta, M.. Joseph-Silverstein, J., and Rifkin, D. B. Both
normal and tumor cells produce basic fibroblast growth factor. J. Cell
Physiol., 129: 273-276, 1986.

47. Hoal-Van Helden, E. G.. Wilson, E. L., and Dowdle, E. B. Characterization
of seven human melanoma cell lines: melanogenesis and secretion of plas-
minogen activators. Br. J. Cancer, 54: 287-295, 1986.

48. Ramshaw, I. A., Badenoch, J. P., Grant, A., Maxted, M., and Claudianos,
C. Enhanced plasminogen activator production by highly metastatic variant
cell lines of a rat mammary adenocarcinoma. Invasion Metastasis, 6: 133-
144, 1986.

49. Garbisa. S., Pozzatti, R., Muschel, R. J., Saffiotti. U., Ballin, M., Goldfarb,
R. H., Khoury, G., and Liotta, L. A. Secretion of type IV collagenolytic
protease and metastatic phenotype: induction by transfection with c-Ha-ras
but not c-Ha-raj plus Ad2-ElA. Cancer Res., 47: 1523-1528, 1987.

50. Thurin, J., Thurin, M., Herlyn, M., Elder, D. E.. Steplewski, Z., Clark, W.

H.. and Koprowski, H. GD2 ganglioside biosynthesis is a distinct biochemical
event in human melanoma tumor progression. FEBS Lett., 208: 17-22, 1986.

51. Rosenberg. J. M., Sander, D. J., Derango, R. E., and Cheresh, D. A.
Enzymatic basis for increased expression of GD3 on human melanoma cells
derived from metastatic lesions. J. Clin. Lab. Anal., 2:91-100. 1988.

52. Cheresh, P., A.. Harper, J. Râ€žSchulz, G., and Reisfeld, R. A. Localization
of the gangliosides GD2 and GD3 in adhesion plaques on the surface of
human melanoma cells. Proc. Nati. Acad. Sci. USA, 81: 5767-5771, 1984.

53. Balaban, G. B.. Herlyn, M.. Clark, W. H., Jr., and Nowell. P. C. Karyotypic
evolution in human malignant melanoma. Cancer Genet. Cytogenet., 19:
113-122, 1986.

54. Francke, U., De Martinville, B., Coussens, L., and Ullrich, A. The human
gene for the beta subunit of nene growth factor is located on the proximal
short arm of chromosome 1. Science (Wash. DC), 222: 1248-1251, 1983.

55. Collard, J. G.. VanDePoll, M., Scheffer, A.. Roos. E., Hopman, A. H. M.,
Geurts van Kessel, A. H. M., and van Dongen, J. J. M. Location of genes
involved in invasion and metastasis on human chromosome 7. Cancer Res.,
47:6666-6670, 1987.

56. Koprowski. H., Herlyn, M., Balaban. G.. Parmiter, A., Ross, A. H., and
Nowell, P. C. Expression of the receptor for epidermal growth factor corre
lates with increased dosage of chromosome 7 in malignant melanoma.
Somatic Cell Mol. Genet., //: 297-301. 1985.

2302

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/50/8/2296/2443466/cr0500082296.pdf by guest on 19 M

ay 2023


