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The brain is a unique microenvironment enclosed by the skull, lacking lymphatic drainage and maintaining a
highly regulated vascular transport barrier. To metastasize to the brain malignant tumor cells must attach to
microvessel endothelial cells, respond to brain-derived invasion factors, invade the blood-brain barrier and respond
to survival and growth factors. Trophic factors are important in brain invasion because they can act to stimulate
this process. In responsive malignant cells trophic factors such as neurotrophins can promote invasion by enhancing
the production of basement membrane-degradative enzymes (such as type IV collagenase/gelatinase and heparanase)
capable of locally destroying the basement membrane and the blood-brain barrier. We examined human melanoma
cell lines that exhibit varying abilities to form brain metastases. These melanoma lines express low-affinity
neurotrophin receptor p75™™® in relation to their brain-metastatic potentials but the variants do not express trkA,
the gene encoding a high affinity nerve growth factor (NGF) tyrosine kinase receptor p140"*. Melanoma cells
metastatic to brain also respond to paracrine factors made by brain cells. We have found that a paracrine form
of transferrin is important in brain metastasis, and brain-metastatic cells respond to low levels of transferrin and
express high levels of transferrin receptors. Brain-metastatic tumor cells can also produce autocrine factors and
inhibitors that influence their growth, invasion and survival in the brain. We found that brain-metastatic melanoma
cells synthesize transcripts for the following autocrine growth factors: TGFf, bFGF, TGF« and IL-18. Synthesis
of these factors may influence the production of neurotrophins by adjacent brain cells, such as oligodendrocytes
and astrocytes. Increased amounts of NGF were found in tumor-adjacent tissues at the invasion front of human
melanoma tumors in brain biopsies. Trophic factors, autocrine growth factors, paracrine growth factors and other
factors may determine whether metastatic cells can successfully invade, colonize and grow in the central nervous
system.
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Introduction

The brain, because of its anatomical and physiological
properties, provides a unique target for metastasis
formation [1]. Due to confinement by the skull,
homeostasis in the brain is highly sensitive to the
slightest change in the local microenvironment. The
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brain is surrounded by a formidable blood-brain
barrier that must be penetrated by brain-metastatic
tumor cells, and lacks lymphatic drainage which could
remove fluid buildup that accompanies tumor growth.
Cerebral edema represents a major complication
resulting from central nervous system (CNS) tumors.
Brain metastases are difficult to treat, therapy is often
only palliative, and brain metastases are often
accompanied by additional complications. A relatively
small metastasis in the brain cavity can cause severe
symptoms, including paralysis, headache, seizure, and
impaired cognition.
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Malignant melanoma metastasizes to the brain with
one of the highest frequencies of any cancer that is
capable of colonizing the CNS. Patients with
disseminated malignant melanoma frequently develop
metastatic lesions in the brain and spinal cord that
can result in severe and debilitating neurological
complications [1]. Although melanoma metastasis
formation in other organs may be tolerated or remain
asymptomatic, once melanoma cells colonize the brain,
tumor growth often results in a rapid decline in the
quality of life and death ensues. Approximately 13%
of cancer patients will present with symptomatic
complications related to brain metastases [2], but
almost 40% of melanoma patients will be treated for
complications due to brain metastases. At autopsy,
70-80% of malignant melanoma patients have CNS
lesions [1].

Malignant melanomas undergo progressive changes
during their pathogenesis, especially those that
progress to form brain metastases. Of the phenotypic
changes that occur during metastatic melanoma
progression, differences in the expression of receptors
for paracrine growth factors and the production of
various autocrine growth factors are important
[3, 4]. Progression-associated differences in growth
factor production between cultured melanocytes and
malignant melanoma cell lines include increased
autocrine production of transforming growth factor
beta (TGFp), transforming growth factor alpha
(TGFx), basic fibroblast growth factor (bFGF),
keratinocyte growth factor and the A-chain of
platelet-derived growth factor (PDGF) [4]. The
significance of these autocrine factors in modulating
the malignant properties exhibited by melanoma cells
remains largely unknown but they are thought to be
important in allowing malignant cells to survive in
unusual environments such as the brain.

Trophism, survival, and clonal evolution within
tumors

Malignant tumor growth depends on tumor cell
proliferation, and this usually occurs in response to
growth factors from either autocrine or paracrine
sources [5]. Another mechanism leading to tumor
growth is the failure to initiate programmed cell death
(apoptosis) [6]. During their rapid growth phase,
tumors frequently contain highly malignant cells that
become clonally selected from the proliferating growth
fraction and eventually become the dominant cell
subpopulation [ 7]. When conditions within the tumor
microenvironment become growth limiting, however,
malignant cells may be forced to utilize other
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mechanisms in order to survive. Trophic factors that
can support malignant cells in a state of growth stasis,
suppression, or dormancy under growth limiting
conditions may have a profound effect on cell survival.
Consequently, tumor cells that are responsive to
trophic factors may survive host selection to
proliferate, further diversify and become clonally
dominant. Although widely investigated in the area of
developmental biology [8, 9], trophism as a support
mechanism for cell survival is an area of cancer biology
that remains largely unexplored.

The neurotrophins are one of the best examples of
trophic substances. Neurotrophins can promote
targeted tissue invasion and survival of certain
neuronal cells [8], and such observations have resulted
in what is known as the ‘neurotrophic theory’
[8]. This theory was proposed to account for the
massive neuronal cell death and innervation of tissue
target tissues in developing embryos [8]. The
neurotrophic hypothesis states that neuronal cells that
are overproduced in the embryo must compete for
limited supplies of target tissue-derived neurotrophins.
Hence, only small numbers of successful neurons
survive and invasively innervate the target tissue and
the majority of neurons then die by apoptosis.
Applying the concept of trophism to rapidly growing
tumors or large numbers of metastatic cells in the
blood circulation or at implantation sites may account
in part for tumor cell survival under growth-
limiting conditions. This may be particularly true
of neurotrophic effects on tumors that have
neuroectodermal origins, such as malignant melanoma
cells that arise from the neural crest [10].

Neurotrophins: a family of homologous
trophic proteins

The neurotrophins are a family of small (~ 13 kDa)
proteins that are highly basic (PI 9-10.5; Figure 1).
The neurotrophins are synthesized as prepropeptides,
whereupon they are N-terminally processed to
proteins containing three interchain disulfide bonds
[11]. The circulating forms of neurotrophins are
nonglycosylated proteins of 26 kDa size. Each protein
monomer contains an elongated central axis made of
an antiparallel B-sheet structure with a flattened
hydrophobic face that is involved in dimer formation
[11]. At one end of each monomer there are three
f-hairpin loops, and one at the opposite end
comprising regions that vary between homologous
neurotrophin family members [11]. In addition to
nerve growth factor (NGF), all members of the



Figure 1. Diagram of a nerve
growth factor (NGF) monomer
and some of the important
structural features. Dark sha-
ded amino acids are the highly
conserved regions tha occur
along the central axis of the
molecule. The light shaded
amino acids make up the
variable loops of the molecule.
The cysteine double bonds are
the heavy lines at the base of
the molecule’s central axis.
Noncovalent interactions are
represented by dashed arrows.

homologous neurotrophin protein family exhibit
neurotrophic properties. Brain-derived neurotrophic
factor (BDNF), isolated from brain tissue, shows
significant amino acid sequence homology (50%) with
NGF. Similarly, neurotrophin-3 (NT-3) isolated by
various methods and neurotrophin-4 (NT-4), isolated
originally from Xenopus, and its mammalian homolog
neurotrophin-5 (NT-4/5) are all highly conserved in
the amino acid sequence in the region of the central
axis of the molecule [11]. The various neurotrophin
family members derive their unique functional
properties from the molecular regions that encompass
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much of the four variable S-hairpin loops in these
molecules. These regions are involved in binding to
various neurotrophin receptors. It is important to
note that another neurotrophin exists, namely;
ciliary neurotrophic factor (CTNF). This molecule
exhibits neurotrophic properties and yet bears no
homology to the other neurotrophins. The structural
properties of the CTNF molecule show distinct
similarities to a number of hematopoetic cytokines,
including interleukin-6, leukemia inhibitory factor
(LIF), granulocyte colony stimulating factor (G-CSF)
and oncostatin M [12].
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Neurotrophin receptors

The neurotrophin receptors can be divided into two
affinity classes (Figure 2), a low-affinity receptor class
(Kd~2x107°) and a high-affinity receptor class
(Kd~2x10"11), The gene encoding the human
low-affinity nerve growth factor receptor (NGFR or
p75NT®) was cloned by Chao and coworkers [13]. This
human gene encodes a 75 kDa cell surface glycoprotein
made up of 399 amino acids, including a 222
amino acid extracellular domain, a 22 amino acid
transmembrane domain, and a 155 amino acid
cytoplasmic segment. The molecule contains four

cysteine-rich extracellular domains and a G protein-
binding consensus sequence in the cytoplasmic
domain.

Studies originally established that the biologic
effects of NGF involve a tyrosine kinase activity
[14, 15]. Sequence analysis of p75NTR, however,
indicates that this molecule lacks a tyrosine kinase
consensus sequence in the cytoplasmic domain [13].
Despite the absence of a tyrosine kinase domain,
transfection of p75"™ into non-neuronal cells
enhanced tyrosine kinase phosphorylation following
NGF stimulation [16]. The search for a high
affinity NGF receptor with tyrosine kinase activity
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Figure 2. Schematic representation of the neurotrophins and the two different affinity class receptors that bind them. The
neurotrophins are a family of small (~ 13 kDa) molecules that are highly basic (PI 9-10.5). The family consists of nerve growth
factor (NGF), brain derived neurotrophic factor (BDNF), neurotrophin 3 (NT-3) and neurotrophin 4/5 (NT-4/5). The high
affinity class receptors (Kd ~2 x 10~ !!) consist of a family of tropomyosin receptor kinase (TRK) molecules. First cloned
from colon carcinoma, trkA has been histochemically localized to nervous tissues. Hybridization cloning led to the discovery
of the other family members trkB and trkC, as well as their isoforms. These isoforms contain both deletions and insertions
in their cytoplasmic domains. The characteristic extracellular domain structures shared by these receptors include: a signal
peptide (SigPep) and a leucine rich domain (LeuRich) flanked by two cysteine cluster regions (CysCl 1 & 2) as well as
immunoglobulin C2 domains (Ig). The cytoplasmic region contains the TRK tyrosine kinase domain that is highly conserved
among full length receptors. The primary ligands for each TRK receptor are NGF, BDNF and NT-3 that bind to trkA4,
1k B and rkC respectively. There is also some crossreactivity of NT-3 for 1504 as well as NT-3 and NT-4 for 145", The
low affinity receptor class consists of only p75NT®, that is distinguished by a series of cysteine clusters (CysCl 1-4) in the
extracellular domain. The p75™™ cytoplasmic domain is characterized by a G protein consensus sequence. The p75™*™®
receptor binds all of the neurotrophins with low affinity (Kd~2 x 107°).
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resulted in the discovery of the TRK family of
neurotrophin receptors [17-20]. The TRK family of
tyrosine receptor protein kinases consists of several
receptor molecules with varying degrees of specificity
for the different members of the neurotrophin family.
In addition to trkd, hybridization cloning led
to the discovery of the closely related proto-oncogenes
trkB and trkC. These receptors, together with the
recently discovered trkE, constitute the high-affinity
neurotrophin family members [17-20]. Each mature
1404 kDa proto-oncogene protein contains a
375 amino acid extracellular domain, a 26 amino acid
transmembrane span, and a large cytoplasmic domain
of 357 amino acids. The mature #kB and trkC
proto-oncogenes encode molecules of 145 kDa which
are known also to exist as truncated forms or contain
inserts in their tyrosine kinase domain. All of the TRK
family members share distinct structural motifs in the
glycosidated extracellular domain, including Ig-C2
immunoglobulin loops and a series of leucine-rich
amino acid motifs that are flanked by cysteine amino
acid clusters. Each mature neurotrophin receptor
cytoplasmic domain contains a tyrosine kinase
consensus sequence that is followed by a highly
conserved 15 amino acid post-kinase domain or tail.
The TRK family members are widely distributed in
neuronal tissues in addition to haematopoietic cells
[17-20].

Neurotrophic regulation of the death and
survival of neuroectodermal derivatives

Homozygous knock-out mice lacking neurotrophins
or their receptors have been very informative
in elucidating the complex function of these
developmental regulatory molecules {9]. There are
major differences in the properties of knock-out mice
depending on which neurotrophic gene has been
targeted and the type of neuronal cell under
observation {9]. For example, both NT-3 and its
principal receptor, 145", regulate the proliferation
and survival of neuronal precursors in addition to
collateral branching of axons into target fields [21-24].
This is consistent with the lack of proprioceptor
production in trkC (—/—) or NT-3 (—/—) mice
[25, 26]. In contrast, BDNF or trkB gene targeting
seems to affect vestibular ganglia to the greatest degree
[27-29], whereas targeted disruption of NGF or 1rkA4
genes yields mice with defects in the superior cervical
ganglia [30, 31]. Significantly, gene targeting or
knock-out experiments performed with each of
the neurotrophins or their receptors demonstrate
profound effects on the survival of dorsal root ganglia
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neurons that have the same neuroectodermal origins
as melanocytes. Aithough effects on melanocytes have
not yet been described in these gene targeting studies,
the effects of neurotrophins on melanocytes may be
more complex. There is evidence that many
neuroectodermaliy-derived sensory neurons switch
their neurotrophin dependence from BDNF or NT-3
during early embryonic development to NGF at later
stages [32]. Therefore, the targeting of more than one
neurotrophin or neurotrophin receptor in homologous
recombination experiments may be required to
observe an effect on melanocytes in null allele mice.

Developmental changes in neurotrophin dependence
may reflect the progressive increase in p75N™®
production that occurs during the progression of
melanocytes to malignant melanoma. Recently,
phorbol 12-tetra decanoate 13-acetate (TPA) previously
reported to induce p75N™® receptor production, has
also been shown to induce synthesis of trk receptors
[33-35]. Interestingly, primary melanocyte cultures
express low levels of trkC that can be upregulated
by TPA stimulation [35 and our unpublished
observations]. Although we did not find rk4
expression in malignant melanoma cells, we have
observed the presence of trkC expression [36]. Since
melanoma cells frequently exhibit genetic instability,
they may be predisposed to switching expression of
neurotrophin receptor genes to those most likely
to support their survival in alternative tissue
compartments.

It is now apparent that the low-affinity p75N™R
neurotrophin receptor may have alternative functions
that are dependent on the cellular context in which it
is expressed. In addition to receiving differentiation or
survival signals in neuronal cells, p758™ may provide
retrograde transport in certain neuronal cell types
[37], triggering of apoptosis in certain virally
transformed neuronal cells [38] or survival when
expressed in neutrophils [39]. Certain properties of
p75NT® may allow it to function in regulating survival
and death of melanoma cells. In this regard, p75~™®
may be analogous to members of the tumor necrosis
factor receptor superfamily, such as Fas (Apo 1),
TNFRI and 11, and the B cell antigen CD40, all of
which regulate programmed cell death [40, 41].
Support for a p75N™®-dependent signaling role in
apoptosis was obtained by introducing p75N™ into a
SV40 large T antigen-immortalized neuronal cell line
deficient in p75N™® and 140*4 receptors. In the absence
of NGF, the p75N™ transfectants died. However,
incubation with exogenous NGF or addition of
monoclonal antibody to p75N™® suppressed neural cell
death [38]. In the embryo, these effects are dependent
on developmental stage. For example, p75N'R supports
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sensory neuron survival from embryonic day 13 to at
least postnatal day 2, but p75N™ can initiate apoptosis
at later developmental stages [42]. In this way, p75N™®
may play a bifunctional role as a molecular switch
that signals either cell survival or cell death.

Neurotrophin receptor signaling mechanisms

The relative roles of the low- and high-affinity
neurotrophin receptor classes remain unclear, but a
number of studies suggest cooperativity can occur
between 140”*4 and p75"™ receptors to establish
functional receptor complexes for NGF. Genetic
ablation of 1rkA or NGF production decreases
responsiveness to painful stimuli in null allele mice.
Most of these animals die by 3 weeks of age [30, 31].
In contrast, p75"™ (—/—) receptor mice exhibit
similar decreases in responsiveness to pain, but many
of these animals live to adulthood [43, 44]. The
differences in responsiveness to pain are explained by
differential survival of various sensory neurons. The
trkA (—/—) animals show more massive losses of
peripheral neurons than the p75N"™ (—/—) animals.
Hempstead et al. [45] have suggested that the p75N™
gene, when transfected into NR 18 (NGF unresponsive
PC12)cells or COS cells, helps to establish cooperation
between 14074 receptors and p75N'R. Similarly,
transfection of trkA into melanoma cells that express
high levels of p75N™® results in the formation of large
numbers of high-affinity NGF receptors [45], greater
than expected for 1404 alone. Recent studies using
immortalized MAH sympathoadrenal progenitor cells
that are unresponsive to NGF support the notion that
the introduction of the p75"™ gene can enhance
catalytic activation of coexpressed 1404 receptors
[37]. Coexpression of p75N™® and 140”*4 resulted in
increases in downstream signaling and neurotrophin
responses including mitotic arrest following neurite
extension and neuronal maturation, relative to cells
expressing only TrkA [19, 46, 47]. According to
another model, p75N™ procures and presents bound
neurotrophin molecules to members of the TRK
receptor tyrosine kinase family to initiate signal
transduction [17-20]. Little is known about p75N™
cooperative interactions with the other neurotrophin
receptors but recent evidence based on anti-p75N™®
antibody injections into chick embryos suggests that
BDNF and NT-3 may cooperate with p75~N® to form
functional signaling pathways [48]. Collectively, these
data emphasize the importance of cooperativity
between the TRK family of receptors and p75N™® for
enhancing the neurotrophin response capabilities of
cells.
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The interactions between 140" and p75N™ may
occur at a subsequent step that does not involve
physical interaction between the two receptor types.
This follows from the failure to co-immunoprecipitate
1404 and p75N™ using various antibodies to either
receptor [49]. Antibodies directed against p75N™®
prevented high concentrations of NGF from binding
to p75N™ on PC12 cells that contained functional
140'*4 receptors. This treatment was unable to prevent
neurite outgrowth suggesting that distal cytosolic
interactions may be involved in cooperative effects
involving p75N™ and 1404 receptors [50]. The same
effect was not observed using low concentrations of
NGF while blocking NGF binding to p75N™®
expressed in PC12 cells using BDNF or anti-p75N™®
antibody [51]. In these studies, the Trk signaling
pathway was still functional, as evidenced by c-fos
activation. However, c-fos activation could be
attenuated by the addition of anti-p75N™ antibodies
competitive with NGF ligand but not by p75N™®
saturated with BDNF ligand [51]. Although the
authors concluded that the p75N™ increases the
local concentration of NGF and stimulates 140"*4
activation (an argument supporting the procurement
hypothesis) they could not rule out direct signaling
effects by p75N™ as being partially responsible for
their observations [51]. In addition, the crosslinking
of NGF to Trk receptors yields only p140"*4-NGF
complexes but not 140"*4.p75NTR.NGF complexes
[49]. Collectively, these data suggest that 140*4 and
p75NTR receptors are not in close physical proximity
in the active NGF signaling complexes and may
involve distal cytosolic interactions between members
of the p75N™ and TRK signaling pathways.

Although the short cytoplasmic tail of p75N™® lacks
a tyrosine kinase domain, some studies have
implicated its involvement in signal transduction
pathways. The p75N™ cytoplasmic tail contains a
14 amino acid mastoparan-(wasp toxin)-like domain
[13, 52]. Activation of a G-stimulatory protein
complex (Gs) in the presence (or absence) of NGF may
lead to the production of cyclic AMP by adenylate
cyclase and activation of protein kinase A (PKA)
followed by transcription factor activation. This
notion is supported by recent evidence indicating that
the introduction of p75N™ into TrkA-deficient PC12
cells resulted in increased cAMP production following
NGF stimulation [53]. Elevated cAMP activation of
a protein kinase pathway may influence neurotrophin
binding or downstream signaling via the Trk pathway.
These pathways may have other as yet undiscovered
functions in the presence or absence of ligand. This
may explain some of the behavioral properties
of cells expressing p75N"™ in the absence of



TRK molecules [38]. Transfection studies involving
sequence deletions of small segments in the cytoplasmic
tail of p75"™ proved them to be essential for
high-affinity NGF binding involving 1404 in
PC12 and NIH3T3 cells [54, 55]. A 45-47kDa
serine/threonine protein kinase that is sensitive to
purine analogs and known as protein kinase N (PKN)
has been isolated with p75N™ following NGF
stimulation of PC12 cells [56, 57]. The activation of
this PKN in association with stimulation of ornithine
decarboxylase activity may play an important role in
the signaling pathways associated with p75NT® [58].
The cooperative interaction of downstream signals
from p75N™/PKN in amplifying signals pre-established
by 140"*4 may be important. In this case, when
neurotrophin concentrations are high, the low-affinity
activation of p75N™®/PKN signals may amplify
the 140"*4 response pathway. In contrast, when
neurotrophin levels are low, p75"™® signals may be
driven along an alternate pathway, allowing p75N™®
to act as a sensitive molecular switch due to its low
affinity for neurotrophins. Since the neurotrophins can
cause such a wide variety of effects including cell
invasion, differentiation, survival or apoptosis, it is
clear that we have much to learn about the specificity
of these signals and how these signaling pathways
interact or become aberrant in melanoma cells.

Neurotrophin receptor signal transduction
pathways

Our current knowledge of receptor tyrosine kinase
(RTK) signal transduction pathways primarily involves
integration of information from studies on insulin
receptors, EGF receptors and neurotrophin receptors.
It is generally agreed that these RTK receptors
are involved in similar sequences of events that
include ligand binding leading to receptor dimer
formation and transactivation, resulting in tyrosine
phosphorylation, with the eventual activation of
serine/threonine phosphorylation cascades (Figure 3).
Active signaling complexes are frequently formed by
interactions between receptor phosphotyrosines and
proteins containing SH2 (Src homology-2) tyrosine-
binding domains. For example, the activated pp140™*4
receptor binds to SH2-bearing phospholipase-Cyl
(PLCy1) [59] and a 38kDa phosphoprotein of
unknown function [16]. In contrast to other RTKs,
however, this occurs in the absence of detectable
associations with GTPase-activating protein (GAP).
Furthermore, unlike other RTKs, phosphotidylinositol-3
kinase (PI3-K) is transiently activated [60], and
accumulation of inositol phosphate-3 (IP3), calcium
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mobilization or an association of pp140™*4 with p85
does not occur [60]. Activation of TRK signal
pathways may involve Shc, an SH2-containing protein
that induces neurite outgrowth in PC12 cells following
She transfection [61]. In addition, a number of reports
have subsequently demonstrated complex formation
between the pp140™*4 receptor and the SH2 domain
of Shc [62-66]. Formation of this complex leads to
tyrosine phosphorylation on Shc and the association
of Shc with Grb2, another SH2-containing protein
[62-66]. Binding sites for PLCyl1, p85/PI3 and Shc
occur on tyrosines 785, 751 and 490, respectively
[62, 63, 66]. Functional signaling complexes for PC12
cell neurite extension appear to rely on possible
co-operative interactions between PLCy1 and Shc but
PI3-K does not seem to be essential [67]. The
association of Shc with Grb2 can lead to further
complex formation with the p21™° nucleotide exchange
factor Son of Sevenless-1 (SOS-1). This may result in
increased GTP-binding and activation of p21™, a
GTP-binding oncoprotein originally identified in a rat
sarcoma virus [68].

The downstream effectors of p21™* include proteins
involved in serine/threonine phosphorylation cascades
[69]. Studies have demonstrated that p21™ can
coordinate the NGF-mediated, phosphorylation-
dependent activation of several key growth and
differentiation molecules including: (1) c-Raf-1, a
cytoplasmic ser/thr kinase discovered as the oncoprotein
v-raf in a mouse sarcoma virus; (2) mitogen-activated
protein kinase/extraceliular-signal-regulated kinase
(MAPK/ERK kinase, MEK); and (3) mitogen
activated protein kinase (MAPK). The activation of
MAPK can transiently induce the expression of a
number of primary response genes that encode
transcription factors, such as c-fos, c-jun, NGFI-B, and
krox24 [70]. The MAPK activity may also affect other
ser/thr kinases and/or cytoskeletal elements [71].
Recently, MEK kinase (MEKK), a ser/thr kinase that
can activate MEKs independently of c-Raf-1, has been
observed to phosphorylate MEK in PC12 cells as they
respond to NGF [72].

The recent connection between Ras and Raf
pathways has prompted a great deal of research
interest [69]. The association of Ras with Raf may
help to explain the coupling of signal transduction
pathways initiated by the tyrosine kinases to the
ser/thr phosphorylation cascades that result in cell
differentiation or division. Following a series of
postranslational modifications (farnesylation, proteolysis
and carboxymethylation), Ras is known to be
transported to and becomes situated on the inner
leaflet of the plasma membrane. The c-Raf-1 protein
is characterized by three highly conserved regions,
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Figure 3. A diagram of the possible mechanisms involved in neurotrophic signal transduction. The dimerized form of the
NGF molecule, as an example, binds to either 140"*4 or p75N™. Homodimerization followed by phosphorylation of 1404
and possible recruitment of p75™™® leads to the cytosolic binding of src homology 2 (SH2) phosphotyrosine binding proteins.
The SH2 domain of She binds to the phosphotyrosine at position 490 on the Trk cytoplasmic domain. Phosphorylation of
Shc promotes the SH2 driven binding and activation of Grb2 that binds to and activates Son of Sevenless 1 (SOS 1) a
nucleotide exchange factor. The action of SOS 1 elicits the stabilization of GTP association with p21ras. The activated form
of p21ras-GTP is stably associated with the plasma membrane during it’s recruitment to the signaling complex leading to
Raf-1 binding to p21ras-GTP. Raf-1 activation occurs by an unknown mechanism that may utilize as yet unidentified factors
and causes the ser/thr phosphorylation of MEK (MAPK/ERK) that in turn phosphorylates mitogen activated protein
kinase (MAPK) on ser/thr. MAPK activation leads to further activation of other ser/thr kinases, cytoskeletal elements and
transcription factors (excluding fos/jun). The binding of NGF to p75~® can initiate G-stimulatory protein complexes (Gs)
to activate cyclic adenosine monophosphate (CAMP) production by adenylate cyclase and activation of protein kinase A
(PKA) followed by transcriptional factor activation. The p75NT® receptor is associated with the ser/thr phosphorylate protein
kinase N (PKN) which may interact directly with Raf 1, MEK or MAPK to amplify the NGF response. Other MEK kinases
(MEKK) may act on the ser/thr kinase cascade independently of Raf-1.

CR-1 containing a zinc finger, CR-2 with no distinctive
motif and CR-3 which inscribes a catalytic domain
[69]. Recent studies have demonstrated that Raf-1
associates with the plasma membrane and becomes
constitutively activated if the Ras-derived CAAX
farnesylation motif is added to the carboxyl terminal
of Raf-1 [73, 74]. Furthermore, starvation of cells
stimulates the formation of a membrane-bound,
activated Raf-1 complex containing two molecular
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chaparones, heat shock protein 90 (hsp90) and an
unspecified 50kDa protein [75]. Activated Raf-1
phosphorylates MEK but the mechanism of Raf
activation remains uncertain. It has been speculated
that other ligands, phosphorylation reactions by
downstream ERKSs, or other kinases or zinc finger
interactions may be essential for Raf-1 activation [69].
It is interesting that there may be convergent
pathways between the Trk signaling pathway and the



cooperative interaction of p75"™® by virtue of
activating Raf-1 by p75N™®/PKN or direct activation
of MEK or MAPK by p75"™/PKN (Figure 3).
Recently, MEK (ERK1) and MAPK (ERK2) were
found to co-immunoprecipitate with p75™™® lending
support for this hypothesis [76]. CHO cells transfected
with p75SNTR alone, however, did not result in activation
of downstream effector molecules such as Raf-1 or
MAPK, indicating that p75N™ alone is probably
insufficient to activate this pathway [77].

Activation of the sphyngomyelin cycle may be an
alternate signaling pathway for p75™™®. Recent studies
using p75VTR-expressing T9 glioma cells and addition
of cell-permeable ceramide analogs resulted in growth
inhibition and the formation of dendritic cell processes
[78]. The sphyngomyelin pathway also seems to be
important during signaling by TNFa receptors, and
this pathway appears to involve a ceramide-activated
protein phosphatase [79]. This alternate form of signal
transduction by p75"™® may be important to cells
invading the brain. Brain tissue injured by tumor cell
invasion may provide a ready source of ceramide that
might also influence invading cells.

Neurotrophin receptors and progression of
malignant melanoma cells

Malignant melanoma cells are transformed melanocytes
derived from the neural crest and their expression of
certain cell surface receptors is indicative of this origin.
During malignant progression melanoma cells show
progression-associated increases in the expression of
p75V™R for neurotrophins [3, 36]. In situ examination
of p75N™® expression revealed increased synthesis in
advanced stages of malignant melanoma [80]. Human
melanoma cells established in short term tissue
culture from brain metastases exhibit characteristic
chromosomal alterations [81]. There is a high
frequency of translocation or deletion breakpoints at
the 23q locus on chromosome 11 [81]. There is also
a high frequency of terminal translocations at the q25
locus on chromosome 17 or an isochromosome for the
long arm of chromosome 17 [81]. It is significant that,
although p75NTR expression was not examined in these
cells, [81] the gene is located at 17q21-22 and
may be amplified in tumor cells containing the
isochromosome. The neural cell adhesion molecule
(NCAM) locus is at 11g23 and may also be important
in establishing melanoma brain metastases.

We have examined the role of neurotrophin
receptors in brain invasion and colonization of
malignant melanomas. Using a human melanoma
variant cell subline (70W) that has the capacity to form
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colonies in the brains of nude mice, we have studied
the effects of neurotrophins and growth factors on the
malignant properties of these cells. The 70W subline
was derived as one of a series of human MeWo
melanoma cell variants selected by treatment with
wheat germ agglutinin [82]. Parental MeWo cells
exhibit intermediate metastatic potential compared
with other cell lines, such as the nonmetastatic subline
3S5 and the brain-metastatic 70W subline. Using the
MeWo melanoma cell lines, we have shown that
overexpression of p75N™® is associated with brain
colonization and enhancement of extracellular matrix
invasion [36].

Neurotrophins enhance matrix invasion and
degradative enzyme activities of brain-
metastatic melanoma cells

To evaluate the effect of NGF on brain-metastatic
melanoma cells we used Matrigel™-coated membranes,
and as a chemoattractant we placed brain microvessel
endothelial cell-conditioned medium in the lower
chamber of a Transwell™ apparatus. The presence of
brain endothelial cell motility factors in the invasion
assay was essential; endothelial cell motility factors
from lung or liver did not substitute for brain
endothelial cell motility factors. Melanoma cells that
migrate into the lower chamber of the Transwell™
apparatus must first degrade the matrix barrier.
Following NGF treatment, brain-invasive 70W
melanoma cells showed a 7.9-fold increase in the extent
of matrix invasion over a 72 h period (Figure 4). In
NGF treated 70W cells, there were corresponding
increases in MMP-2 type IV collagenase/gelatinase A
and heparanase activities, but there was a slight
decrease in NGF-treated 70W cells in the production
of MMP-9 type IV collagenase/gelatinase B (Figure 5).
In comparison, NGF treatment induced a 2.1-fold
increase in matrix invasion by MeWo parental cells
and no increase in invasion of nonmetastatic 385 cells
(Figure 4). NGF treatment of MeWo cells also
increased their production of MMP-2 gelatinolytic
activity and increased their heparanase activity. The
noninvasive, nonmetastatic 3S5 cells exhibited a slight
decrease in gelatinase A and heparanase activities
(Figure 5). The ability to invade a reconstituted
basement membrane was only apparent if the cells
were grown on extracellular matrix and placed on an
invasion substrate in the presence of brain microvessel
endothelial cell-conditioned medium, suggesting that
in addition to their response to neurotrophic factors,
melanoma cells must receive the appropriate matrix
and paracrine motility signals to be highly invasive
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Figure 4. Treatment of human melanoma cells with 2.5S
NGF enhances invasion of ECM as shown in an
invasion assay using a Transwell™ apparatus [5].
Briefly, reconstituted basement membrane Matrigel™
(Collaborative Research, Bedford, MA) was applied to the
upper surface of a polycarbonate filter insert in a Transwell™
chamber (Costar, Cambridge, MA). Cells were seeded into
the upper compartment in serum-free medium with or
without the addition of 50ng/ml 2.5S NGF. The
lower compartment contained human brain microvessel
endothelial cell-conditioned medium as a chemoattractant.
The cells were incubated for 72h on Matrigel™ and the
number of cells that penetrated the Matrigel and filter were
counted after fixation and staining [5]. B, 70W; &, MeWo;
[, 385.

[36, 83]. In fact, adhesive contact with RGD-
containing substratum may be essential for the proper
expression and function of p75NT® [36].

Elevated p75~ TR expression in brain-
metastatic 70W melanoma cells

We examined the expression of p75~™ on brain-
metastatic 70W cells by p75N™ immunoprecipitation
analysis of radioiodinated cell surface proteins. The
anti-p75"™ monoclonal antibody Me20.4 specifically
precipitated more of an appropriately sized, radio-
iodinated component in lysates of the 70W and A875
cells (Figure 6, lanes 3 and 4) than of the MeWo or
385 cell lysates(Figure 6, lanes 1 and 2). The expression
of p75N™R on the surface of the MeWo parental cell
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line was low but detectable, and we could not detect
p75N™ on nonmetastatic 3S5 cells. This indicates that
the amount of p75N™ expressed on the cell surface by
the nonmetastatic melanoma cells was below the
sensitivity of the immunoprecipitation assay, or the
p75NTR exists as a cytoplasmic form of the mature cell
surface p75N™®, The observed Mr for the protein
immunoprecipitated by the anti-p75N™ antibody was
~90 000 for MeWo cells and ~ 97000 for 70W cells,
consistent with other reports on p75NTR [13, 84]. The
observed difference in Mr between the MeWo and
70W p75NT® receptors probably reflects differences in
glycosylation resulting from lectin selection of the 70W

100
A - NGF

50 Brain Metastasis

Relative Activity

MMP-9

MMP-2
B +NGF

Heparanase

Relative Activity
(6]
T

N

MMP-2

Figure 5. NGF-induced production of degradative enzymes
in human MeWo melanoma sublines. Degradative enzymes
were determined by assaying the melanoma cell-conditioned
medium (72h) in the upper chamber of a Transwell™
apparatus that contained endothelial cell-conditioned
medium in the lower chamber. Gelatinase A and gelatinase
B activities are represented as the level of increase following
NGF treatment after digitizing and integrating the total
gelatinolytic area per cm? on a zymogram using computer
analysis [5]. Heparanase activity is represented as the level
of increase following NGF treatment and separation by
HPLC [14]. The increases in degradative enzymes were
found in the following order: 70W > MeWo > 3S5. Standard
deviations did not exceed 10% in the primary data used for
these comparisons. B, 70W; g, MeWo; [, 3S5.
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Figure 6. NGF receptor p75N™® expression correlates with
invasive behavior and the ability to form brain metastases.
Immunoaffinity isolation of cell surface radioiodinated
proteins was performed using anti-p75"™ monoclonal
antibody and resolved by SDS-PAGE. We used a vectorial
cell surface-labeling procedure that retains biological activity
in whole cells [141]. Briefly, subconfluent cell cultures were
washed and removed with buffer containing 2mM EDTA.
After resuspension, 2 x 107 tumor cells were radioiodinated
with '2*I-sulfosuccinimidyl-3(4-hydroxyphenyl)proprionate
(Pierce, Rockford, IL). Radiolabeled cells were solubilized
in CHAPS solubilization buffer at five times the packed cell
volume. CHAPS detergent cell lysates were precleared
with affinity purified rabbit anti-mouse IgG(H+L) and
recombinant protein A/G {Oncogene Science, Manhassat,
NY). After centrifugation, the supernatants were immuno-
precipitated with the appropriate antibody: 10pug of
anti-p758™ ME20.4 monoclonal antibody (Amersham,
Arlington Heights, IL). After washing, agarose beads were
treated with SDS sample buffer and electrophoretically
resolved on a 6-16% moving boundary velocity gradient-
SDS-polyacrylamide gradient gel electrophoresis. Gels were
fixed, vacuum dried and exposed to Kodak XAR 5 film for
72h with an intensification screen at —70°C and
then photographically processed. Weakly immunoreactive
products were observed in samples from MeWo parental
cells (lanes 1 and 6) and nonmetastatic 3S5 cells (lanes 2 and
7). Strongly immunoreactive products were observed in
samples from brain-metastatic 70W cells (lanes 3 and 8) and
A875 cells established from brain metastasis (lanes 4 and 9).
NGF (10 mg) increased the amounts of immunoreactive
products (lanes 7-10).

cells. We also observed in the A875 melanoma cell
lysates the presence of lower Mr forms of p75N™® that
were previously described to be the result of
proteolytic processing of the low-affinity NGF
receptor (Figure 6, lane 4) [85].

To evaluate if NGF binding involves the formation
of NGF receptor complexes, immunoprecipitation was
performed in the presence of 10 ug of exogenous NGF.

Trophic factors, growth factors and brain metastasis

Addition of excess NGF caused a significant increase
in the amount of immunoprecipitate formed and an
increased organization of proteins into high Mr
immunocomplexes (Figure 6, lanes 7 and 8). A complex
of Mr ~200000 was increased in amount by pric:
treatment with NGF or the presence of excess
exogenous NGF. Similar ~200kDa complexes with
high affinity for NGF have been reported to be
formed on A875 cells after NGF treatment [86].
In addition we observed receptor complexes by
immunofluorescence using anti-p75N™ that are
rapidly turned over following treatment (unpublished
observations). These data suggest that once neuro-
trophins such as NGF bind to melanoma cells,
multimeric complexes containing p758™ form by
lateral aggregation of receptors.

Brain-metastatic 70W melanoma cells
spontaneously produce growth factors

The production of autocrine and paracrine growth
factors by MeWo melanoma cells could influence their
invasion and growth in the brain. To determine those
that could be important in brain metastasis, we
examined 70W melanoma cells for the synthesis
of various growth factor transcripts by reverse
transcriptase-polymerase chain reaction (RT-PCR).
RT-PCR revealed the production of TGF-f1 and
bFGF (Figure 7a, lanes 1 and 3) as well as TGFo and
interleukin IL-18 (Figure 7b, lanes 1 and 3). There was
no transcript observed using PDGF primers. All
primers were intron-spanning to ensure that the
PCR products were RNA-derived and not derived
from genomic DNA contamination. The TGF-f1,
bFGF, TGF« and IL-18 products migrated at the
expected product sizes (161bp, 177bp, 441bp, 802bp,
respectively). Thus we concluded that brain metastatic
70W cells expressed certain cytokines that might be
important in conditioning the brain microenvironment
or alternatively, these factors could operate to
stimulate autocrine growth.

Brain tissue neurotrophin production at the
melanoma tumor invasion front

After establishing that MeWo 70W melanoma cells
could produce growth factors, including TGF 8, TGFa,
bFGF, and IL-18, we reasoned that these might
act as paracrine factors influencing neurotrophin
production in the brain. Many of these factors can
stimulate brain astrocytes or oligodendrocytes to
produce neurotrophins. Therefore, we examined
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A Primers

bFGF
5'-GCCTTCCCGCCCGGCCACTTCAAGG

3-GCACACACTCCTTTGATAGACACAA

PDGF
5-TCTCTGCTGCTACCTGCGTCTG

3'-CACCATCTACAGCAGCTCAACA

IL-1B
5'-ATGGCAGAAGTACCTAAGCTCGC

3-ACACAAATTGCATGGTGAAGTCAGTT

TGF-o
5-CTGTTCGCTCTGGGTATTGTG

3-TGAGTGGCAGCAAGCGGTTCT

TGF-B1
5.GCCCTGGACACCAACTATTGCT

3-AGGCTCCAAATGTAGGGGCAGG

Figure 7. Detection of growth factor transcripts produced by brain-colonizing 70W cells. Total RNA was isolated from
subconfluent cell cultures by extraction with guanidinium thiocyanate-phenol-chloroform [142]. Total RNA was used as a
template for first strand cDNA synthesis using Superscript AMYV reverse transcriptase (Gibco/BRL, Gaithersburg, MD)
and oligo-d(T) as an extension primer. Oligonucleotide primers were prepared by GenoSys Biotechnologies (The Woodlands,
TX)for PCR analysis based on their specificity using GCG Sequence Analysis Software (Genetics Computer Group, Madison,
WI) and the OLIGO-4 Primer/Probe Analysis Software Package (National Biosciences, Plymouth, MN). Primer, template,
salt concentration and annealing temperatures were provided by OLIGO-4. The amplification profile consisted of an initial
template denaturation step at 94°C for 2 min followed by 30 cycles of 94°C, 1 min; 60°C, 1 min; 72°C, 1 min. Amplification
products were analyzed on a 1% agarose/TBE gel using a 123 bp ladder fragment size standard (Gibco/BRL). All primer
sequences were based on published cDNA sequences for the various cytokines. RT-PCR demonstrated the production of
TGF-p1 and bFGF, (al and a3) in addition to TGFx and IL-B1 (1 and $3). The expected product sizes of 161 bp, 177 bp,
441 bp, and 802 bp, correspond to TGF-$1, bFGF, TGFa and IL-f1, respectively. The use of intron-spanning primers
assured that all products were derived from cDNA, not genomic DNA.

whether brain-invading melanoma cells can induce
changes in NGF concentration or distribution at the
invading edge of melanoma tumors in vivo.
Brain-tissue samples from human melanoma metastases
and uninvolved brain tissues in adjacent sections were
examined immunohistochemically for the presence of

NGF. Hematoxylin-eosin staining confirmed the
presence of brain invasive melanoma and adjoining

brain tissue with extensive gliosis [10]. Staining of
serial sections with anti-NGF monoclonal antibody
revealed increased concentrations of NGF in the
tumor-adjacent tissue at the invasive front. Staining
was highest at the interface between melanoma and
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adjacent normal brain tissue and gradually decreased
in concentration until NGF was undetectable at more
distant sites [10]. Controls without primary antibody
[10] or uninvolved brain tissue distant from the
melanoma lesion [10] possessed very low or
undetectable concentrations of NGF.

Paracrine growth factors and melanoma brain
metastasis

Tumor cells metastatic to brain must respond to local
growth factors in the brain environment. A major



tissue-derived paracrine growth factor for metastatic
melanoma cells has been purified to homogeneity [87]
and found to be a transferrin (Tf) [88]. Tf-like factors
(TfLFs) are probably used as paracrine growth
stimulators at organ sites such as lung, bone and brain.
TfLFs and Tf may utilize the same receptor on
melanoma cells, the ~180kDa dimeric Tf receptor.
We examined the '25I-labeled Tf-binding properties
and growth response to Tf of tumor cell sublines of
different metastatic properties. In the murine B16
melanoma system, we found that brain-colonizing
sublines exhibited the greatest growth response to Tf,
followed in order by the ovary-colonizing, the highly
lung-colonizing, and finally the poorly lung-colonizing
sublines. The rank order of binding of !?°I-labeled Tf
to the B16 cell sublines paralleled their growth
responses to Tf[89]. We also found a close relationship
between the binding of '?°I-labeled Tf, growth
responses to Tf, and spontaneous metastatic potential
in a rat mammary adenocarcinoma model. The results
indicated that Tf receptor numbers increased as
spontaneous metastatic properties increased in the
following order: high brain-metastasizing ability > high
lung-metastasizing ability > poor metastatic capability
[90]. Examination of the responses of human
melanoma cell lines to Tf in the absence of FBS
indicated that the brain-metastatic sublines responded
best to Tf (Figure 8A) and expressed the highest
numbers of Tf receptors (Figure 8B), suggesting that
Tf response may be an important property of
brain-metastatic melanoma cells.

Overexpression of particular growth factor receptors
may be important in metastatic cell growth response
at certain sites, and also in stimulating the growth
responses of normal cells at sites of wounding or
inflammation. Tumor cells that express high numbers
of Tf receptors should be able to respond to low,
limiting concentrations of Tf that exist in some tissue
compartments, such as the brain. In the brain, Tfs, or
more likely Tf-like growth factors (TfLFs), are
probably used as paracrine growth factors during fetal
development [91]. With the possible exception of the
choroid plexus, uninjured adult brain does not
synthesize large amounts of Tf, and Tf is normally
present in limited quantities in the brain, probably
due to its poor penetration through the blood-brain
barrier. When malignant cells metastasize to brain, it
may be advantageous for them to express high
numbers of Tf receptors and to respond to low
concentrations of Tf. Alternatively, brain synthesizes
TfLFs that may not possess the same efficiency in
binding to the Tf receptor. We have recently found
that fetal brain synthesizes relatively large amounts of
a T{LF that we have called TfLF-3 [92]. It is likely
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Figure 8. Binding of '*5I-labeled Tf to human MeWo
melanoma variants and their growth responses to Tf. A; time
course of binding of '2I-labeled Tf. Murine or human Tf
(5 mg/ml) in phosphate-buffered saline (PBS) was saturated
with iron by incubation with ferric ammonium citrate
(0.1 mg/ml) in 0.01 » NaHCO3 for 4 h at room temperature.
Unbound iron ions were removed by dialysis against PBS
overnight. Iron-saturated Tf was labeled with !2°T according
to Inoue er al. [90]. The specific activities of !2°I-labeled Tf
ranged from 60 to 65 cpm/fmol. Confluent cell monolayers
were incubated with '2%I-labeled Tf for various times at 4°C
washed with PBS, and cell-associated radioactivity was
determined. Nonspecific binding of '2°I-labeled Tf was
estimated by the amount of labeling in the presence of a
200-1000-times excess concentration of unlabeled Tf. M,
70W; &, MeWo; [, 3S5. B; growth response to Tf in the
absence of fetal bovine serum at 72 h. Cells were plated at
1000 cells/well in 96-well plates or at 5000 cells/well in 24-well
plates in medium containing 1% fetal bovine serum. After
24 h, the medium was changed to that containing 0.3% or
0% serum and increasing amounts of human-holo-Tf was
added. After 3-6 days, the cells were enumerated using a
crystal violet cell quantitation assay.

that TfLF-3 is only one of several growth and
inhibitory factors important in the organ preference
of metastatic cells to the brain [93]. TILF-3 is
synthesized only in low amounts in uninjured brain,
but after wounding (and probably after brain injury
by invading malignant cells) TfLF-3 synthesis is
dramatically increased. The expression of TfLF-3 then
appears to return to normal low levels once the brain
injury is repaired. In the normal brain Tfs/TfLFs
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are produced primarily by oligodendrocytes and
astrocytes in the choroid plexus, cerebral plexus,
amygdala, hippocampus, brain stem and cerebellar
Purkinje cells [94-96]. The production of Tfs (more
likely TfLFs) by brain astrocytes can be induced by
both IL-1 and TNFa« [97]. Injury to the brain leads
to a significant increase in both Tfs/TfLFs and TfR
expression [98]. Similarly, during brain injury
astrocytes can also respond to bFGF, EGF, IL-1a and
interleukin 2 (IL-2) [99].

Some cell types in the brain, such as oligodendrocytes
and type 2 astrocyte (O-2A) progenitor cells, can
respond to trauma-associated mitogenic cues from
bFGF and PDGF [100]. Microglial cells also
synthesize cytokines in response to trauma, such as
bFGF, IL-1 and TNFa« [101-1037. Brain trauma that
occurs during the pathogenesis of glioma brain tumors
often leads to the production of both bFGF and

vascular endothelial cell growth factor (VEGF). The
levels of bFGF and VEGF are the highest in the
anaplastic astrocytes that surround abnormal blood
vessels, usually areas of endothelial cell proliferation
[104]. Brain microvascular endothelial cells are also
important sources of cytokines [105]. Furthermore,
since endothelial cells respond to angiogenesis factors
released by tumor cells, a reciprocal relationship
probably exists between tumor cells and specific
organ-derived endothelial cells at the secondary site
(Figure 9). Coculture and conditioned medium
experiments have provided important information
about the reciprocal cytokine relationships between
tumor cells and their parenchymal counterparts
(reviewed in [89]). This reciprocal cytokine regulation
of growth probably also extends to parenchymal cell
types as well as to extracellular matrix (Figure 9). The
observation of metastatic growth explosion at certain
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Figure 9. Reciprocal interactions between brain-invading melanoma cells and normal cells in the brain microenvironment.
Tumor cells release cytokines that can affect host cells such as parenchymal cells, endothelial cells, glial cells, oligodendrocytes,
astrocytes and host tissue extracellular matrix. Reactive astrocytes can arise from stimulation by blood derived vasogenic
factors, factors released by brain-invading melanoma cells and factors released from other brain cells. In turn, the host cells
release factors that stimulate or inhibit tumor cell motility and proliferation. Astrocytes, oligodendrocytes and neurons can
release neurotrophins in response to brain-invading melanoma cells.

80 Clinical & Experimental Metastasis Vol 13 No 2



organ sites can easily be explained by the notion that
reciprocal release of cytokines and other factors by
tumor and host cells stimulate the motility, invasion,
and growth of both tumor and host cells.

In the confined environment of the brain, inhibitory
cytokines help to moderate the growth stimulatory
effects of many other growth factors. Following brain
injury there is an increase in TGFp production
coincident with an inhibition of astrocyte proliferation.
It is thought that TGF S suppresses the mitotic effects
of bFGF and EGF on astrocytes and microglial cells
[99, 106, 107]. Interestingly, inhibition of astrocyte
cell division is accompanied by transient increases in
NGF production, whereas BDNF levels remain
unchanged [99, 106, 107]. Certain melanoma cells that
colonize the meninges and ventricles are growth
stimulated by TGF-$ while others that colonize the
brain parenchyma are growth inhibited by TGF-§
[108]. Other growth factors, such as EGF, IL-1p,
TNF« acidic fibroblast growth factor (aFGF) and
bFGF, can also stimulate NGF synthesis, a response
that can be potentiated by treatment with dibutyryl-
cAMP [109-113]. Another cell type that can increase
the synthesis of NGF in response to bFGF treatment
are the fibroblasts found in the meninges [110].
An important inhibitory cytokine for melanoma
cells produced by astrocytes after TNF treatment
was identified as interleukin 6 (IL-6) [114, 115].
Neurotrophin  BDNF and NGF production is
regulated in hippocampal neurons and astrocytes by
glutamate and the gamma-aminobutyrate (GABA)
system in response to neuronal activities and cytokines
[116]. Another neurotrophin, ciliary neurotrophic
factor (CTNF) can be produced by astrocytes [117].
The normal role of these neurotrophins is to promote
neuronal cell survival, but they also can promote the
survival of brain metastatic cells [118].

The brain as a unique compartment for the
in—asion and growth of malignant melanoma
cells

Homeostasis and the control of material flow into the
brain is strictly regulated by the blood-brain barrier.
Anatomically, the barrier is defined by specialized
endothelial cells that are jointed by an extensive
network of tight junctions. The endothelial barrier is
supported by a thick basement membrane and
underlying astrocytes that control the traffic of ions,
nutrients and cells into the brain. This is a formidable
barrier that metastatic cells must breach to invade into
and colonize the brain parenchyma. As discussed
above, invasion into brain requires that metastatic
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cells increase their expression of certain cell surface
receptors, degradative enzymes, growth factors and
possibly cytokines, and they must respond to
invasion-stimulating cytokines such as neurotrophins
and paracrine growth factors.

Brain-metastasizing melanoma cells express relatively
high levels of basement membrane hydrolytic enzymes,
such as type IV collagenases, cathepsins, plasminogen
activators and heparanase [89]. For example, we
found that murine and human melanoma cells that
possess high brain-colonization properties secreted the
highest amounts of various basement membrane-
degrading enzymes [89]. Although highly metastatic
cells generally expressed higher amounts of degradative
enzymes than nonmetastatic cells, as discussed above,
some of these enzymes may be induced to even higher
levels by the microenvironment (paracrine invasion
factors), or they can be provided by certain normal
cells (microvessel endothelial cells, among others)
[119]. If the appropriate paracrine signals are received
by malignant cells, they can be stimulated to increase
their synthesis and release of blood-brain barrier-
degrading enzymes. For example, as discussed in
previous sections, we found that brain-metastatic
human and murine melanoma cells are sensitive to
exogenous NGF [36, 83] and treatment of brain
metastatic cells with NGF increases their expression
of MMP-2 type IV collagenase, gelatinase A and
heparanase (Figure 5).

Cellular responses to brain tissue injury as a
paradigm for brain metastasis

Astroglial cells constitute the primary cellular response
following brain injury [120]. Astrocytes are the
predominant cell type in the brain, outnumbering
neurons by a factor of ten to one. These numbers mean
that astrocytes make up one-third of the cerebral
cortex; however, as a population of cells they are
widely heterogeneous [121]. Astrocytes are organized
into a well developed syncytium containing gap
junctions that mediate homeostasis and intercellular
communication [122]. Astrocytes are influenced by
neuronal interactions and regulate brain function
including: the blood brain barrier; water, ion and
basal metabolism; immune responses neuronal cell
migration; neurite outgrowth, and functional synapse
formation [120]. The integrated organization of the
astrocytic cellular compartment of the brain provides
tremendous potential for large scale recruitment of
astrocytes in response to tumor cell invasion.

One of the earliest pathological responses to
brain trauma involves astrocyte swelling occurring
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predominantly in the perivascular astrocytic endings
[123, 124]. In experimental brain tumors, cerebral
edema has been associated with significant alterations
in vascular permeability [125]. If the blood-brain
barrier is compromised, astrocyte swelling may involve
vasogenic edema. In this case, the astrocytes swell as
they take up proteins and water that may induce
cytotoxicity due to increases in potassium ion and
glutamate uptake [126]. This may also include
the production of arachidonic acid metabolites
[prostaglandins (PG’s) and leukotrienes (LT’s)] and
diffusion of cytokines into the astrocytic cell
compartment [120, 124], (Figure 9). It is generally
believed that astrocyte swelling is caused by increases
in intracellular osmolarity followed by water influx.
This may occur without loss of blood-brain barrier
integrity and may simply represent a redistribution of
water from the neuronal cell compartment to
the astrocytic cell compartment. This mild form of
astrocyte swelling is generally not as severe as
the astrocyte swelling that can result from vasogenic
edema associated with trauma caused by tumor cell
invasion. If astrocyte swelling becomes too severe it
can cause astroglial cells to depolarize, leading to the
loss of homeostatic ion gradients and membrane
rupture resulting in cell death. These dynamic
astrocyte changes in response to tumor cell invasion
can lead to increased intracranial pressure and further
complications. The massive tumor-induced response
by astrocytes is a possible reason for small metastases
causing severe symptoms, such as paralysis, headache,
seizures, and impaired cognition.

In addition to astrocyte swelling, the most profound
cellular response of brain tissue to invasive injury
is the production of reactive astrocytes (fibrous
astrocytes). This is a condition known as reactive
astrocytosis or reactive gliosis [120]. Histologically
reactive astrocytes exhibit cytoplasmic hypertrophy in
the form of dense, elongated cellular processes or a
fibrous-appearing glial scar. These fibrous processes
stain positively for glial fibrillary acidic protein
(GFAP) and vimentin intermediate filaments [120].
Unlike fibrosis in other scar tissues, gliosis consists
predominantly of cellular processes or glial fibers and
lacks collagen or equivalent fibrous extracellular
matrix proteins. Reactive astrocytes often contain
enlarged nuclei having multiple nucleoli (Figure 9).
This is accompanied by increases in the numbers of
organelles such as mitochondria, golgi, endoplasmic
reticulum, lysosomes, microtubules and dense bodies.
Membrane alterations  include increases in hemi-
desmosomes and gap junctions [120]. Receptor
up-regulation includes p185"“ p145*" and class II
histocompatibility antigens [127, 128]. The induction
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of reactive astrocyte formation involves a number of
cellular products from different brain cells including:
glial maturation factor (GMF), S100 protein from
astrocytes; IL-1, TNFa, IL-6 and 7-IFN from
microglial cells; myelin basic protein (MBP) from
oligodendrocytes; K*, ATP and bFGF from neurons.
Vasogenic edema leads to the influx of thrombin
platelet derived growth factor steroids, insulin and
various cytokines from the blood and lymphocytes as
well as endothelin, ATP and bFGF from endothelial
cells. The induction of reactive astrocytes, when
associated with tumor cell invasion, is probably
initiated by endogenous factors in the brain in addition
to those provided by the invading tumor cells. The
reactive astrocytes, for example, in addition to NGF
and NT-3, can synthesize S100 protein, lipocortin (a
precursor to f-melanocyte stimulating hormone,
p-MSH), TGFp and bFGF which can affect
the reciprocal cytokine loops described previously
(Figure 9). We have observed extensive reactive
astrocytosis or gliosis in brain tissue associated with
melanoma invasion front illustrating the cellular
response of the adjacent brain tissue [10]. As
previously mentioned, the adjoining brain produces
high levels of NGF in comparison with uninvolved
brain tissue in addition to the morphological changes
observed [10]. Thus, brain-metastatic melanoma cells
may induce the production of brain cytokines such as
NGF that aid in the invasion and survival of
melanoma cells in' the CNS.

Melanotropic peptides may modulate
astroglial cell and melanoma cell behavior
during brain metastasis formation

The melanotropins are small stress-released brain
neuropeptides that are derived from pro-opiomelano-
cortin (POMC) precursor molecules [129]. Pro-
opiomelanocortin is proteolytically cleaved by a
subtilisin-like serine protease, proprotein convertase
(PC) [130] to form an N-terminal fragment
containing y-melanocyte-stimulating-hormone (y-MSH);
adrenocorticotropic hormone (ACTH) containing the
sequence for a-melanocyte-stimulating-hormone («-
MSH) and pS-lipocortin that contains both -
melanocyte-stimulating-hormone (8-MSH) and f-
endorphin sequences (Figure 10A). Melanotropins are
derived from the pituitary and hypothalamic neurons
[131] and are capable of bidirectional passage
across the blood barrier [132]. Traditionally,
the melanotropins are known to control adrenal
steroidogenesis (ACTH) and melanogenesis (MSH).
It is now apparent that melanotropins have a



Figure 10. A: The structure and
proteolytic processing of pro-opio- A
melanocortin (POMC). The arrows
indicate the proteolytic cleavage sites

N-terminal fragment
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ACTH B-lipocortin

contained within POMC. A large [
N-terminal fragment is the segment
from which is derived y-melanocyte-
stimulating-hormone (y-MSH). The
internal fragment contains adreno-
corticotrophic hormone (ACTH) that
includes (2-MSH). The C-terminal
fragment contains the sequences for
B-lipocortin, B-melanocyte-stimulat-
ing-hormone  (f-MSH) and -
endorphin. B: The MSH receptor
contains seven trans-membrane do-
mains with two extracellular N-
glycosidation sites (Y symbols). The
second intracellular domain contains

Y

BMSH pB-endorfin

two serine-phosphorylation sites and
the consensus sequence for cAMP-
dependent protein kinase recognitton.

The C-terminal segment contains a
tyrosine-phosphorylation site and a
site for the covalent attachment of
palmitic acid (zig-zag line).

wide range of additional mitogenic and trophic
functions, including mediating nerve regeneration and
functional recovery from CNS trauma; modulating
electrophysiological activity of nerve cells, regulating
neuromuscular synapse formation; promoting growth
stimulation and stimulating morphological differen-
tiation of brain astrocytes [133]. The melanocortin
receptors belong to a family of G-protein coupled
receptors that rely on extracellular calcium for activity
[134]. The melanoma MSH receptor consists of a 317
amino acid 34.8kDa protein that has 7 trans-
membrane domains (Figure 10B). The N-terminus has
two potential N-glycosylation sites at positions 15 and
29, and the C-terminus has one phosphorylation site
and a palmitoylation site. The second intracellular
loop has two phosphorylation sites and contains
consensus sequences for cAMP-dependent protein
kinase recognition [133]. Stimulation of melanoma
cells results in elevation of cAMP leading to
melanogenesis, differentiation and growth inhibition
of melanoma cells [135-137]. Surprisingly, treatment
of murine melanoma cells with MSH can either
enhance or suppress metastasis formation depending
on the melanoma cells that are analyzed [136, 138].
Melanotropins can affect not only invading melanoma
cells but also the morphology and behavior of brain
astroglial cells (Figure 9). Notably, «-MSH can act
within the brain to mediate a neurogenic anti-

inflammatory response to a wide range of cytokines
[139, 140]. If melanotropins alter the responsiveness
of astrocytes to swelling or gliosis for example,
this could significantly modulate their effectiveness
in responding to invading melanoma cells. The
pleiotropic nature of melanotropin effects may have
important effects systemically following stress-induced
release. A greater understanding of the signaling
mechanisms used by MSH receptors and their role in
melanoma metastasis to brain may provide useful
targets for diagnosis and therapy in patients with
melanoma.

Concluding comments

Clearly, we have much more to learn about the
mechanisms utilized by melanoma cells in colonizing
the brain. In this review we have attempted to identify
certain topics that require further examination: 1) The
response by brain tissues to invading melanoma cells
requires further research emphasis. In particular, we
need a better understanding of what triggers the
reactive astrocytosis and the interactions between
brain cells and invading melanoma cells. 2) We need
a greater understanding of the brain microenviron-
ment and the reciprocal cytokine signaling circuits
that enable melanoma cells to invade and colonize the
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brain. Since many of the cytokines involved in brain
metastasis are effective at stimulating both the brain
tissue and the invading melanoma cells, this will be
one of the most difficult problems to decipher. It will
be important to establish clearly, if possible, those
growth factors that are essential in maintaining brain
homeostasis versus those that are needed by invading
melanoma cells. 3) The precise role of neurotrophins
and melanotropins in promoting melanoma cell
invasion, triggering differentiation and maintaining
the survival or initiating apoptosis of both melanoma
cells and brain tissues. 4) Understanding the trophic
responses of brain-metastatic tumor cells may be
important to understand not only how melanoma cells
invade and colonize the brain but also how these
factors promote tumor cell survival. The implications
of trophic support as a tumor cell survival mechanism
are certainly far reaching. Although neurotrophins and
melanotropins are some of the best examples of trophic
substances, certain growth factors not thought of as
typical trophic factors may actually support survival
of certain tumor cells. The implications of these
phenomena may be particularly profound for the
tumor biologist, clinician and most importantly the
cancer patient.
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