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Abstract

Mouse B16 melanoma sublines were selected sequentially for their abilities to colonize brain meninges and
leptomeninges of C57BL/6 mice. After 14 selections subline B16-Bl4b was established that formed signifi-
cantly more brain tumor colonies than the parental B16 line. Examination of brains at various times after
intravenous or intra-arterial injection of B16 cells by electron microscopy revealed that Bi4b melanoma cells
lodged in small brain blood vessels, proliferated and invaded through vessel walls into brain parenchyma and
also along small blood vessels at perivascular sites. Invasion into brain parenchyma was characterized by ex-
tension of melanoma cell filopodia resulting in fragmentation and sometimes enfulgment of glial and neural
cells.

Analysis of cell surface proteins of B16 melanoma sublines revealed increased exposure of a M; ~90000
glycoprotein on the high brain-colonizing cells. Antibodies against the M, ~90000 glycoprotein reacted
with a variety of human melanoma cell lines and with some fetal and adult tissues, indicating that this
melanoma-associated component is not species-, tumor- or tissue-specific. The glycoprotein could be a cell
surface receptor important in the survival and growth properties of melanoma cells in brain microenviron-

ments.

Introduction

Preferential metastasis of malignant melanoma
to such distant secondary sites as brain and other
organs is believed to be the result of several highly
selective, sequential steps (1—3). The malignant tu-
mor cells capable of metastasis to brain possess
unique properties that are probably important in
the metastatic process (4—9). In addition, the
unique environment of the brain is undoubtedly
important in determining implantation, survival,
and growth of circulating malignant cells (9—12).

In malignant melanoma, the majority of patients
with advanced disease have some evidence of brain
or leptomeningeal metastases (13—15) and, at au-
topsy, these are found in more than 70—90% of pa-

tients (16, 17). When metastasis occurs at these
sites, palliation is possible, but effective treatments
are rarely achieved (17, 19, 20).

There are few models to study the process of
melanoma metastasis to brain and/or lep-
tomeninges and to develop new therapeutic strate-
gies (4, 6, 21—-23). We recently reported the de-
velopment of an animal model for brain meningeal
metastasis that uses in vivo selected sublines of B16
melanoma of low metastatic potential in CS7BL/6
mice. We selected the subline B16-F1 for the ability
of blood-borne cells to implant, survive and grow
at brain surface sites. After 14 in vivo selections for
brain tumor colonization, subline B16-B14b was es-
tablished, and it showed dramatically increased
preference for tumor formation in brain meninges
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and subsequent invasion of brain parenchyma than
the parental B16-F1 melanoma line (6, 9, 22).

We have used the melanoma subline B16-B14b to
study the modes of brain tumor colonization in
syngeneic hosts by injecting tumor cells into the cir-
culation via three routes: tail vein (iv.), left ventri-
cle intracardiac (i.c.), or left common carotid artery
(i.a.) (22). Using these three routes of tumor cell ad-
ministration, we noted the formation of slightly
different distributions of brain and meningeal
tumors. The predominating tumor structural types
were intravascular, nodular, or diffuse-infiltrative.
The former was the most common type found after
iv. injection of tumor cells, although at later times
of tumor development the other types were found
also. Intracardiac or intra-arterial injection of
B16-B14b cells resulted in the formation of mainly
nodular or diffuse-infiltrative types of tumors (9,
22).

The cell surface properties of metastatic tumor
cells have been shown to be of important in certain
steps of the metastatic cascade (1-3, 10, 23). Ex-
amination of the cell surface proteins and
glycoproteins of B16 melanoma cells has revealed
differences in the amounts or displays of particular
components (4, 6, 7). We have been interested in a
cell surface glycoprotein of M, ~90000 that is ex-
pressed at higher levels or is more exposed on Bl16
sublines, such as B16-Bl4b, that have high brain
and meningeal colonization properties (6, 7, 24).

Materials and methods
Animals

Barrier-raised 4- to 6-week-old female C57BL/6
mice, which were certified to be free of Sendai vi-
rus, were obtained from Charles River (Wilming-
ton, MA). The mice were shipped in filtrated cages
and were quarantined for 2 weeks before use. They
were fed normal chow and chlorine-free spring wa-
ter ad libitum and their weights were monitored
weekly. All animals were maintained according to
the guidelines established by the National Institutes
of Health and The University of Texas System Can-
cer Center. For each experiment the animals were
matched for sex, age (6—8 weeks), and weight
(25-30 g) (25).

Cells

The murine melanoma subline B16-Bl4b was
used. Tumor cells were maintained in vitro in Fal-
con (Falcon Plastic) tissue culture plates in
Dulbecco-modified Eagle’s medium (DME) with-
out antibiotics and containing 5% fetal bovine se-
rum and 1% non-essential amino acids. Cells were
grown in a humidified gas mixture of 5% CO,,
950 air at 37 °C and were harvested by overlaying
the cells with calcium-magnesium-free phosphate-
buffer solution (PBS) containing 2 mM EDTA.
The harvested, suspended single cells were washed
twice by centrifugation and stored at 0°C until use.
Tumor cells were used within ten passages from fro-
zen stocks to eliminate phenotypic drift (6, 24).

Experimental metastasis assays

B16 cells were grown to subconfluency and har-
vested as described above. Animals were placed un-
der mild anesthesia by Metofane inhalation, and
they were injected iv. or i.a. with the singly sus-
pended tumor cells (10° cells/0.2 ml) in serum-free
DME. For the i.a. injections the left common
carotid artery was carefully separated from the va-
gus nerve and ligated with thread. Within 30 s after
ligation, a 0.2 ml tumor cell suspension was inject-
ed i.a. using a 27 gauge needle. Each animal’s brain
and other major organs were removed at various
times, fixed in Bouin’s or buffered formalin solu-
tion, and prepared for histologic examination by
standard methods. The brains of some animals
were fixed in situ in buffered formalin and decalci-
fied with 5% formic acid for 1 week (9, 22).

Electron microscopy

B16-Bl4b cells (10° cells/0.2 ml of inoculum)
were injected ia. into the sex-, age- and size-
matched groups of mice. Three to 14 days later, the
animals were placed under slight Metofane
anesthesia and injected iv. with 0.1 ml of heparin
solution (100 unit/0.1 ml). Two to 3 min later, the
animals were perfused i.c. via the left ventricle to
inferior caval vein with Ringer’s solution for 2 min,
followed by perfusion with 1% glutaraldehyde in
cacodylate buffer, pH 7.34, using the same route
for an additional 2 min. As soon as possible after
perfusion, the brains were removed and placed in



cold (4 °C) modified Karnovsky’s fixative for 1.2 to
1.5 h. Then the brains were carefully washed in cold
0.1 M cacodylate buffer three times for 10 min
each, and the tissue pieces were post-fixed in 2%
osmium tetraoxide in the same cacodylate buffer
for 1.0 to 1.2 h at 4°C. After being rinsed again in
cacodylate buffer, the tissue fragments were stained
in situ with 4% uranyl acetate in 50% ethanol, so-
lution for 5 min at room temperature, dehydrated
in a graded series of ethanol, and embedded in
Spur resin. Thin and ultrathin sections were cut on
a Reichert OMU-O ultramicrotone using a dia-
mond knife. The sections were stained with Azur
and Methylane Blue, and ultrathin sections with
2% uranyl acetate and lead citrate. The former were
observed in an Olympus Vanox research micro-
scope, and the latter were observed in a Hitachi
Model HU-12 transmission electron microscope

).
Purification of Bl6 glycoproteins and anti-gp90

B16-Bl14b cells (1x10%) were harvested as
described above and washed three times by cen-
trifugation and resuspension in 0.25 M sucrose,
0.05 mM calcium chloride, 10 uM phenylmethyl-
sulfonylfluoride, 10 mM Tris-HCI, pH 7.2. The fi-
nal cell pellet was lysed in 2 ml of the same buffer
containing, in addition, 0.5% Nonidet P-40 at 4°C.
After 5 min, nuclei were removed by centrifugation
for 5 min in a microfuge (Beckman Instruments,
Model B) at 4°C. The cell lysate was applied to a
10 ml column of Affi-Gel-10-wheat germ aggluti-
nin equilibrated with 0.1% Nonidet P-40, 120 mM
sodium chloride, and 50 mM Tris-HCI, pH 7.3, and
allowed to incubate for 30 min at 4°C (26). The
void volume of the column (~9 ml) was removed
and repassed through the column at 4 °C. Unbound
protein was removed with buffer until the absor-
bance at 280 nm was similar to the rinsing buffer,
whereupon the same buffer containing 0.1 M N-
acetyl-D-glucosamine was used to elute the bound
glycoproteins. Peak fractions were pooled and dia-
lyzed against PBS. The average yield was approxi-
mately 0.5 mg protein from 108 cells (26).

Each affinity-purified glycoprotein fraction was
further purified by preparative sodium dodecyl sul-
fate (SDS) polyacrylamide slab-gel electrophoresis
(26). The gel was washed thoroughly, and the M,
~ 90000 band was cut out (~ 1 ml of gel containing
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~38 ug of protein), emulsified with 1 ml of com-
plete Freund’s adjuvant, and injected intradermally
into New Zealand white rabbits. After boosting the
rabbits with an intragranuloma injection of the
same antigen preparation and then boosting each
rabbit with an iv. injection of about 20 ug of anti-
gen, sera were collected for testing against B16 cells
in a !Cr-release cytotoxicity assay (25). The anti-
gp90 prepared by this procedure specifically im-
munoprecipitated gp90 solubilized from B16 cells
(26).

The relative amounts of gp90 epressed on vari-
ous murine and human tumors were assessed with
an ELISA assay (Hy-BRL-Screen, Bethesda Re-
search Laboratories). Using biotinylated goat anti-
rabbit immunoglobulin instead of biotinylated goat
anti-mouse immunoglobin (26). Whole cells were
used as antigen, and each cell line was tested in
three separate assays.

Immunoperoxidase staining of tissues

For the tissue and cell localization studies, an im-
munoperoxidase staining kit (Vectastain ABC Kit,
Vector Labs) was used with various dilutions of
anti-gp90 (26). The peroxidase substrate was
3-amino-9-ethylcarbazole. Sides were counter-
stained with Moyer’s hematoxylin-cosin.

Results
Experimental brain metastasis

Intravenous tail injection of B16-Bl4b cells
resulted in tumor colonization in brain meninges,
lung, and thoracic cavity, and occasionally in ovary
and kidney (22). Since the brain meningeal tumors
formed after injection iv. of B16-Bl4b cells were
quite small (<1 mm in diameter) and not very pig-
mented, histologic examination for positive iden-
tification of tumor colonies was required. The ini-
tial tumors formed in the brain meninges were
mainly of the intravascular type, but these tumors
proliferated, invaded blood vessel walls, and also
infiltrated into brain parenchyma along blood ves-
sels (22). Intra-arterial injection of B16-Bl4b cells
produced more tumor colonies in brain meninges
than did iv. injection and tumor growths were not-
ed in the cervical or submandibular regions at the
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Fig. 1. Aninvading B16-B14b melanoma cell in mouse cerebrum. Tumor cells (T) are seen below the limiting glial membrane (LGM);
one of these appears to be invading an astrocyte (arrow), while another has invaded deeper in the cerebral cortex (X 3290).

Fig. 2. Nodular tumor formation by B16-B14b tumor cells in the granular layer of the cerebral cortex. Degenerative glial cell (G) is
adjacent to tumor cells. x 3850.



injection site. Intra-arterial injections resulted also
in the formation of nodular tumor colonies in the
brain meninges, with invasion of the dura mater
(22).

Leptomeningeal and cerebral invasion

Tumors formed in the leptomeninges and brain
parenchyma after injection i.a. of B16-Bl14b mela-
noma cells, and they eventually invaded into the ce-
rebral cortex directly or along small blood vessels.
B16-B14b cell invasion began at an area between the
limiting glial membrane and the cerebral surface
basal lamina (Fig. 1). With time expansive nodular
tumors formed in the brain parenchyma, and the
melanoma cells invaded glial and nerve cell tissue
(Fig. 2). The invading B16-Bl4b tumor cells
produced numerous elongated cytoplasmic protru-
sions or filopodia that often penetrated at the
zones of brain parenchymal invasion separating
and fragmenting glial and neural cells, sometimes
engulfing them (Fig. 3A). Tumor cell interactions
with neural cells were found to lead to the forma-
tion of tumor cell cytoplasmic processes in areas of
synapses and synaptic vesicles (Fig. 3B).

A common route of B16-Bl4b tumor cell inva-
sion into brain parenchyma was along blood ves-
sels. Perivascular migration of tumor cells in cere-
bral veins between the leptomeninges and cerebral
cortex was observed (Fig. 4). The melanoma cells
appeared to be proliferating and migrating along
these vessels while remaining attached to the en-
dothelial basal lamina. At some sites, the tumor
cells seemed to push aside perivascular astrocytes
and invade the basal lamina and vascular wall,
causing the blood vessel to constrict (Fig. 4).

Cell surface glycoproteins and brain metastasis

Analysis of cell surface proteins and
glycoproteins of Bl6 melanoma cells by
lactoperoxidase-'%51-jodination and SDS poly-
acrylamide gel electrophoresis indicated that the
exposure of an M; ~ 90000 protein is increased on
the more metastatic B16 cells (4, 6). Staining the
M, ~90000 component (gp90) with various !2°I-
labeled lectins after SDS polyacrylamide gel elec-
trophoresis separation revealed that gp90 is
glycoprotein that binds Ricinus communis aggluti-
nin I and wheat germ agglutinin but not Lens
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culinagris or peanut agglutinins. Removal of sialic
acid by mild acid hydrolysis of gp90 resulted in loss
of wheat germ agglutinin-binding sites, indicating
that gp90 is a sialoglycoprotein (7).

We have purified gp90 by Affi-Gel-10-wheat
germ agglutinin affinity chromatography and
preparative electrophoresis on SDS polyacrylamide
gels (26). The purified gp90 was used to make poly-
clonal rabbit antibodies against gp90. These anti-
bodies have been used, in turn, to examine the
quantities and distributions of gp90 on tumor and
normal cell lines and tissues of fetal and adult ori-
gin. Examination of various Bl16 melanoma cell
lines by immunoprecipitation and ELISA assays in-
dicated that gp90 is expressed on melanoma cells in
the following relative amounts from highest to
lowest: B16-Bldb > SK-MEL-23 > B16-Bl5b >
B16-013 > BI6-F10, B16-F1. Analysis of several
human melanoma cell lines indicated that gp90 is
expressed in the following relative amounts from
highest to lowest: SK-MEL-23 > SK-MEIL-93, DX6
> Hs294 > SK-MEL-40 > SK-MEL-75, SK-
MEL-10, SK-MEL-93, DXl1, SK-MEL-93, DX3,
Hs852T, Hs939, Hs695T.

Since Nishio et al. (27) reported that a
melanoma-associated oncofetal antigen of M,
~90000 is expressed on melanoma cells as well as
on some carcinoma, myeloma, leukemia cells, and
on fetal fibroblasts, we examined the relative
amounts and tissue distributions of gp90 using
peroxidase-labeled antibodies. Fetal mouse tissues
showed little reactivity with anti-gp90 until the 19th
day of development, when gut epithelium stained
with the anti-gp90 reagents. We found that gp90 (or
cross-reacting antigens), although not commonly
expressed in adult tissues, was expressed in the pan-
creas, pituitary, lacrimal, and sebaceous glands,
and on individual cells in the adrenal medulla,
stomach, and small-intestine epithelium, and in
rare cells in the kidney and ovary (Table 1).

Discussion

The formation of brain meningeal and lep-
tomeningeal metastases by B16-Bl4b melanoma
cells occurs via blood-borne tumor cell implanta-
tion in the small vessels of the meninges, lep-
tomeninges, and probably the dura mater (22). Tu-
mor growth occurs at the sites of implantation and
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Fig. 3A. Direct invasion and migration of B16-B14b tumor cells into brain parenchyma. Elongated cytoplasmic protrusions (CP) can
be seen between nerve elements (X 3290).

Fig. 3B. Higher magnification shows tumor cell cytoplasmic protrusions (CP) separating nerve elements. Seen at the tips of some of
the melanoma cell protrusions are virus-like particles (small arrow) (x 13230).
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Fig. 4. Perivascular migration of B16-B14b melanoma cells. Tumor cells (T) are seen along cerebral capillary in perivascular space

(x 3290).

Table 1. Histochemical detection of melanoma-associated on-
cofetal antigen gp90 in normal fetal and adult mouse tissues.

Tissue  Anti-gp90 reactivity No anti-gp90 reactivity

Fetal none 9.5 days age, all tissues

none 10 days age, all tissues

none 14 days age, all tissues

none 17 days age, all tissues

gut epithelium 19 days age, all tissues except
gut

Adult  adrenal medulla* adrenal cortex

small intestine* colon

stomach* esophagus

sebaceous gland salivary gland

lacrimal gland skin

pituitary thyroid, parathyroid
liver* lung, trachea, bronchi
kidney* ureter, urinary bladder
ovary* testes, uterus, aveal tract
pancreas mammary gland, lymph

nodes, retina, cornea, lens,
sclera, skeletal muscle, heart,
veins, arteries, brain, spinal
cord, peripheral nerves

*Individual specialized cells in organ-reactive tissues (26).

is followed by direct invasion into underlying dura
mater and brain parenchyma and along cerebral
blood vessels (9). Although other researchers have
proposed a role for macrophages and other host-
invasive cells in brain tumor invasion (28), we have
not noted the association of large numbers of host
inflammatory cells with invading melanoma cells
(9, 22). This may be because B16-B14b cells are rela-
tively refractory to host-mediated antitumor
responses, such as macrophage-mediated tumor
cell cytolysis (25). We did note, however, that tumor
foci growing in the dura mater were accompanied
occasionally by some immunocyte infiltration and
development of granulomatous tissue (22).

At the invasive edges of B16-B14b tumors, many
elongated cytoplasmic protrusions were found that
separated and fragmented normal tissue cells, such
as nerve elements, glial cells, and endothelial cells.
The tissue-destructive effects of B16-B14b cells may
be mediated by release of melanoma-degrading en-
zymes, such as heparanase (29, 30), collagenase (31,
32) and cathepsin B (33, 34), which are believed to
be also responsible for destruction of the basal
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lamina of blood vessels (1—3). We found that some
B16-B14b cells migrated along the blood vessels’
basal lamina and appeared to displace the perivas-
cular astrocytes. This could reflect the melanoma
cells’ strong preference for adhering to endothelial
basal lamina (5, 35). The formation of cytoplasmic
protrusions on B16-B14b cells seemed to be tissue-
dependent. Protrusions were extensive at the lead-
ing edges of the melanoma cells invading brain
parenchyma, but not many were found on B16 cells
in dura mater. This difference may be related to tu-
mor microenvironment and the local release of sub-
stances from nervous elements (11, 12).

One notable characteristic of brain-colonizing
B16 melanoma cells is the expression of an M,
~90000 molecular weight glycoprotein that we
have called gp90. We thought at first that gp90
might play a role in metastasis to brain meninges as
a cell surface molecule involved in implantation in
the blood vessels of brain meninges. Experiments
to demonstrate this role for gp90, however, were in-
conclusive. We attempted to coat brain-colonizing
B16 melanoma cells with anti-gp90 (Fab’), anti-
body fragments before the cells were injected iv.
into mice, but this did not result in a reduction of
brain tumor colonies (26). In other systems we have
been able to inhibit experimental metastasis coms-
pletely by blocking organ cell adhesion sites with
specific F(ab '), antibody fragments (36, 37). Thus,
gp90 may not be a cell surface(s) molecule involved
in organ preference of implantation. Since we
found that gp90 or cross-reacting molecules are
present in a number of adult murine tissues (Ta-
ble 1), we reasoned that gp90 might be more impor-
tant in the survival and growth characteristics of
B16 melanoma cells after their brain implantation.

Malignant cells capable of dissemination to dis-
tant sites must successfully invade and implant at
these sites, but their failure to respond to local con-
centrations of hormones and growth factors could
limit their growth and the formation of detectable
metastases. Recently we demonstrated that the
proliferation of organ-colonizing B16 melanoma
cells is stimulated or inhibited by soluble factors
released from specific organ tissues (38). Thus, we
hypothesized that gp90 might be a cell surface
receptor for hormones or growth factors.

A cell surface receptor found on most tumor
cells similar to gp90 in molecular weight and other
characteristics is the transferrin receptor, the major

serum-iron transport system for most mammalian
cells (39—41). The transferrin receptor has been
identified as an M; ~180000 cell surface
glycoprotein composed of two disulfide-linked
chains of M; ~90000 (42, 43). Transferrin recep-
tors have been found on human malignant melano-
ma cells (44), as well as on a variety of normal tis-
sues (45). Since gp90 and the transferrin receptor
have similar molecular weights, disulfide-linked
subunits, pI and bind to similar lectins, it is likely
that gp90 is a transferrin or transferrin-like recep-
tor that functions in melanoma cells by transport-
ing transferrin or transferrin-like molecules into
cells where they are required for cell growth. Since
the melanoma cells that colonize brain meninges
and leptomeninges have higher amounts of gp90,
these may be sites where tissue transferrin levels are
particularly low. Melanoma cells that implant and
invade into brain meninges, leptomeninges and
brain parenchyma might, therefore, have to express
higher amounts of transferrin receptors in order to
respond to low transferrin levels and proliferate in
these tissues (24).

To escape dormancy and proliferate at metastatic
sites, malignant cells must be capable of respond-
ing to their organ and stromal environments. Al-
though such tumor cell responses may not be ‘nor-
mal’, they could mimic certain normal cell
responses that occur during cellular differentiation
and development (24). Since almost all gene
products of malignant cells are probably identical
or nearly identical to those that control or are in-
volved in normal cellular differentiation, growth,
and development, it is likely that most malignancy-
associated properties are also expressed during cer-
tain stages of normal development (10, 11).

Acknowledgment

Support from the National Cancer Institute
(RO1-CA42346), NIH, and the National Founda-
tion for Cancer Research are gratefully ac-
knowledged. We also thank K. Dulski and S. Cus-
tead for technical assistance and E. Felonia for help
in preparing the manuscript.

References

1. Nicolson GL, Poste G: Tumor cell diversity and host
responses in cancer metastasis. I. Properties of metastatic
cells. Curr Probl Cancer 7(6):1—83, 1982.



10.

11.

12.

13.

16.

17.

18.

19.

. Nicolson GL, Poste G: Tumor cell diversity and host

responses in cancer metastasis. II. Host immune responses
and therapy of metastases. Curr Probl Cancer 7(7):1 —43,
1983,

. Nicolson GL, Poste G: Tumor implantation and invasion

at metastatic sites. Int Rev Exp Pathol 25:77 — 181, 1983.

. Brunson KW, Beattie G, Nicolson GL: Selection and al-

tered tumour cell properties of brain-colonizing metastatic
melanoma. Nature 272:543 — 545, 1978.

. Nicolson GL: Metastatic tumor cell attachment and inva-

sion assay utilizing vascular endothelial cell monolayers. J
Histochem Cytochem 30:214 — 220, 1982.

. Miner KM, Kawaguchi T, Uba GW, Nicolson GL: Clonal

drift of cell surface, melanogenic and experimental
metastatic properties of in vivo-selected, brain-meninges-
colonizing murine Bl6 melanoma. Cancer Res
42:4631 — 4638, 1982.

. Irimura T, Nicolson GL: Carbohydrate chain analysis by

lectin  binding to  electrophoretically  separated
glycoproteins from murine B16 melanoma sublines of vari-
ous metastatic properties. Cancer Res 44:791 — 798, 1984.

. Nicolson GL: Cancer metastasis: Organ colonization and

the cell surface properties of malignant cells. Biochim Bi-
ophys Acta 695:113 - 176, 1982.

. Kawaguchi T, Kawaguchi M, Dulski K, Nicolson GL: Cel-

lular behavior of metastatic B16 melanoma in experimental
blood-borne implantation and cerebral invasion: An elec-
tron microscopic study. Invasion Metast 5:16—30, 1985.
Nicolson GL: Cell surface molecules and tumor metastasis.
Regulation of metastatic diversity. Exp Cell Res 150:3 —22,
1984.

Nicolson GL: Generation of phenotypic diversity and
progression in metastatic tumors, Cancer Metast Rev
3:25-42, 1984.

Nicolson GL: Tumor progression, oncogenes and the evo-
lution of metastatic phenotypic diversity. Clin Exp Metast
2:85—105, 1984.

Einhorn LH, Burgess MA, Vallejos C, Bodey GP, Gutter-
man J, Mavligit G, Hersh EM, Luce JK, Frei E, Freireich
EJ, Gottlieb JA: Prognostic correlations and response to
treatment in advanced metastatic malignant melanoma.
Cancer Res 34:1995—2004, 1974.

. Patel JK, Didolkar MS, Pickren JW, Moore RH: Metastat-

ic pattern of malignant melanoma. A study of 216 autopsy
cases. Am J Surg 135:807—810, 1978.

. de la Monte SM, Moore GW, Hutchin M: Patterned distri-

bution of metastases from malignant melanoma in hu-
mans. Cancer Res 43:3427 — 3422, 1983.

Chason JL, Walker FB, Landers JW: Metastatic carcinoma
in the central nervous system and dorsal root ganglia: a
prospective autopsy study. Cancer 16:781 —787, 1963.
Amer MH, Al-Sarraf M, Baker LH, Vaitkevicius VK:
Malignant melanoma and central nervous system
metastases: incidence, diagnosis, treatment and survival.
Cancer 42:660— 668, 1978.

Grooms GA, Eilber FR, Morton DL: Failure of adjuvant
immunotherapy to prevent central nervous system
metastases in malignant melanoma patients. J Surg Oncol
9:147 - 153, 1977.

Katz HR: The relative effectiveness of radiation therapy,
corticosteroids, and surgery in the management of melano-

20.

21.

22.

23.

24,

25.

26.

27.

28.

29,

30.

31.

32.

33.

34,

35.

36.

217

ma metastatic to the central nervous system. Int J Radiat
Oncol Biol Phys 7:897 —906, 1981.

Byrne TN, Cascino TL, Posner JB: Brain metastasis from
melanoma. J Neuro-Oncol 1:313 —317, 1983.

Raz A, Hart IR: Murine melanoma. A model for in-
tracranial metastasis. Br J Cancer 42:331 —341, 1980.
Kawaguchi T, Kawaguchi M, Miner KM, Lembo TM,
Nicolson GL: Brain meninges tumor formation by in vivo-
selected metastatic B16 melanoma variants in mice. Clin
Exp Metast 3:247 — 259, 1983.

Irimura T, Gonzalez R, Nicolson GL: Effects of tunicamy-
cin on B16 metastatic melanoma cell surface glycoproteins
and blood-borne arrest and survival properties. Cancer Res
41:3411-13418, 1981.

Nicolson GL, Van Pelt C, Irimura T, Kawaguchi T: Stabili-
ties and characteristics of brain meninges-colonizing mu-
rine melanoma cells. Prog Exp Tumor Res 29:17—35,
1985.

Miner KM, Klostergaard J, Granger GA, Nicolson GL:
Differences in the cytotoxic effects of activated peritoneal
macrophages and J774 monocytic cells on metastatic vari-
ants of B16 melanoma. J Natl Cancer Inst 70:717 — 724,
1983.

Van Pelt C: A study of the role of gp90 in organ-specificity
of metastasizing murine melanoma cells. Doctoral Disser-
tation, Texas A & M University, 1984.

Nishio C, Ishii Y, Ishii K, Kikuchi K: Identification of an
oncofetal antigen (gp80) on murine B16 melanoma cells.
Eur J Cancer Clin Oncol 18:579— 588, 1982.

Machinami R: Study on the invasive growth of malignant
tumors. II. Ultrastructural features of the metastatic
growth of Yoshida ascites hepatoma 7974 in the rat brain.
Acta Pathol Jpn 23:261 —278, 1973.

Nakajima M, Irimura T, Di Ferrante DT, Di Ferrante N,
Nicolson GL: Heparan sulfate degradation correlates with
tumor invasive and metastatic properties of B16 melanoma
sublines. Science 220:611 — 613, 1983.

Nakajima M, Irimura T, Di Ferrante N, Nicolson GL:
Metastatic melanoma cell heparanase. Characterization of
heparan sulfate degradation fragments produced by B16
melanoma endoglucuronidase. J Biol Chem 259:2283 —
2290, 1984.

Liotta LA, Tryggvason K, Garbisa S, Hart I, Foltz CM,
Shafie S: Metastatic propensity correlates with tumor cell
degradation of basement membrane collagen. Nature
284:67 — 68, 1980.

Liotta LA, Thorgeirsson UP, Garbisa S: Role of col-
lagenases in tumor cell invasion. Cancer Metast Rev
1:277-317, 1982.

Sloane BF, Dunn JR, Honn KV: Lysosomal cathepsin B:
Correlation  with  metastatic = potential.  Science
212:1151—1153, 1981.

Sloane BF, Honn KV, Sadler JG et al.: Cathepsin B activity
in B16 melanoma cells: A possible marker for metastatic
potential. Cancer Res 42:980 — 986, 1982.

Kramer RH, Gonzalez R, Nicolson GL: Metastatic tumor
cells adhere preferentially to the extracellular matrix under-
lying vascula endothelial cells. Int J Cancer 26:639 — 645,
1980.

Nicolson GL, Mascali JJ, McGuirre EJ: Metastatic
RAWI117 lymphosarcoma as a model for a malignant-



218

37.

38.

39.

40.

normal cell interactions. Possible roles for cell surface anti-
gens in determining the quantity and location of secondary
tumors. Oncodevel Biol Med 4:149— 159, 1982,

McGuire EJ, Mascali JJ, Grady SR, Nicolson GL: Involve-
ment of cell-cell adhesion molecules in liver colonization by
metastatic murine lymphoma/lymphosarcoma variants.
Clin Exp Metast 2:213 — 222, 1984.

Nicolson GL, Dulski KM: Organ specificity of metastatic
tumor colonization is related to organ-selective growth
properties of malignant cells. Int J Cancer 38:289 —294,
1986.

Larrick JW, Cresswell P: Modulation of cell surface iron
transferrin receptors by cellular density and state of activa-
tion. J Supramol Struct 11:579 — 586, 1979.

Hamilton TA, Tin AW, Sussman HH: Regulation of alka-
line phosphate expression in human choriocarcinoma cell
lines. Proc Natl Acad Sci USA 76:323 —327, 1979.

41.

42,

43.

44.

45.

Aisen P, Listowsky I: Iron transport and storage proteins.
Ann Rev Biochem 49:357 —393.

Trowbridge IS, Ralph P, Bevan MJ: Differences in the sur-
face proteins of mouse B and T cells. Proc Natl Acad Sci
USA 72:157 161, 1975.

Trowbridge IS, Lopez F: Monoclonal antibody to transfer-
rin receptor blocks transferrin binding and inhibits human
tumor growth in vitro. Proc Natl Acad Sci USA
79:1175—-1179, 1982.

Sutherland R, Della D, Schneider C, Newman R, Kems-
head, Greaves M: Ubiquitous cell-surface glycoprotein on
tumor cells is proliferation-associated receptor for transfer-
rin. Proc Natl Acad Sci USA 78:4515—4519, 1981.
Gatter KC, Brown G, Trowbridge IS, Woolstron R, Mason
DY. Transferrin receptors in human tissues: Their distribu-
tion and possible significance. J Clin Pathol 36:539 — 545,
1983.



