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The pathogenesis of melanoma is beginning to be better
understood due to a broad effort in defining clinically and
pathohistologically the different stages of the disease.
Cell culture and animal models have helped us to under-
stand the dynamics of tumor progression. In recent years
the field has begun systematic approaches to dissect the
biological basis of melanoma. The molecular pathways
and biological processes that are currently under inves-
tigation are expected to yield new markers for diagnosis
and prognosis of melanoma, which currently solely rely
on clinical and histopathological information. We also
predict that the biological investigations will yield new
target molecules for rational therapy. This review summa-
rizes highlights of some of the most significant findings in
recent years in melanoma biology (for additional reviews,
see references 1–7).

Molecular Determinants in Melanoma
Development and Progression

Mouse models of melanoma are beginning to help us
understand the genetic and molecular events in mela-
noma. Lynda Chin summarized the work on the molecular

pathways that are critical for melanoma and that have
been dissected with mouse genetic models. The INK4a/
ARF locus at the 9p21 chromosomal hotspot has a highly
unusual genomic organization. It contains two upstream
exons (1a and 1b) driven by separate promoters, splicing
onto a common acceptor site of common downstream
exons 2 and 3. Since the open reading frames used are
different in the shared exon 2, two distinct protein prod-
ucts are encoded by this locus. One transcript is
p16INK4a, a cyclin-dependent kinase inhibitor (INK4) that
binds to cyclin-dependent kinases 4 and 6 (CDK4/6) and
inhibits CDK4/6 phosphorylation of RB. The second tran-
script is p14ARF (or p19ARF in mouse), a negative regu-
lator of cell growth that inhibits MDM2-mediated degra-
dation of p53. Hence, the INK4a/ARF locus harbors two
genes that impinge on the two major tumor suppression
pathways, RB and p53.7–9

A mouse model of cutaneous melanoma has been
generated previously through the combined effects of
Ink4a/Arf deficiency (null for p16INK4a and p19ARF) and
melanocyte-specific expression of activated RAS (tyrosi-
nase-driven H-RASV12G, Tyr-RAS).10 In this model, it was
demonstrated that loss of Ink4a/Arf function significantly
reduces latency and increases incidence of melanoma
development. Moreover, in the Ink4a/Arf heterozygous
background, 100% of the melanomas that emerged sus-
tained loss of heterozygosity (LOH) of the remaining wild-
type allele, providing further genetic evidence for the
requirement of Ink4a/Arf inactivation on the level of tu-
morigenesis. However, since the Ink4a/Arf locus encodes
two distinct proteins, p16INK4a and p19ARF, both of which
has been shown to demonstrate tumor suppressor activ-
ity in genetically distinct tumor suppressor pathways (ie,
the “Rb pathway” for p16INK4a and the “p53 pathway” for
p14ARF), the frequent loss of both products of the INK4a/
ARF locus in melanoma raises the question as to which
INK4a/ARF gene product functions to suppress mela-
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nomagenesis in vivo. The role of p16INK4a as a melanoma
suppressor in humans is unequivocal. Most compelling is
the presence of germline mutations that compromise
p16INK4a, but preserve p14ARF function and confer a
hereditary susceptibility to melanoma and pancreatic ad-
enocarcinoma.8 Until recently, germline mutations of
exon 1b (targeting p14ARF only) have not been identified
in melanoma-prone kindreds,11,12 thus, raising a ques-
tion regarding the importance of this axis of the p53
pathway in melanoma biology.

To address the relevance of the p19ARF-p53 axis in
melanomagenesis, Chin and co-workers made use of the
Tyr-RAS melanoma-prone transgenic allele to determine
whether activated RAS could cooperate with p53 loss in
melanomagenesis, whether such melanomas were bio-
logically comparable to those arising in Ink4a/Arf�/�
mice, and whether tumor-associated mutations emerged
in the p16INK4a-RB pathway in such melanomas. It was
found that p53 inactivation can cooperate with activated
RAS to promote the development of cutaneous melano-
mas that are clinically indistinguishable from those of
Ink4a/ARF�/� derived tumors.13 As anticipated, p19ARF

function is intact in these p53 mutant melanomas. Sur-
prisingly, p16Ink4a was also found to be functionally in-
tact. To uncover other potential RB-pathway lesions, the
group used genome-wide screen with comparative
genomic hybridization (CGH). The analyses revealed fre-
quent gain of gene copy numbers on chromosome 15 in a
region containing many interesting candidates, including
Wnt1, Myc, PDGF�, integrin �5, and integrin �7. Given the
relative low resolution of conventional CGH, array-based
CGH (aCGH) experiments were performed on these tumors
using a genome-wide BAC arrays with 3 MB density cov-
erage of the mouse genome (Spectral Genomics, Inc.,
Houston, TX). The aCGH profile of a RAS-induced p53
mutant melanoma identified a single BAC amplification.
This BAC happened to contain the genomic sequence of a
single gene, c-Myc, which was overexpressed in all p53
mutant melanomas from the model,13 including those with-
out c-Myc gene amplification. Given the known role of Myc
in RB-regulated G1/S transition (see Ref. 13 and references
therein). The observation suggested that Myc overexpres-
sion may serve as the RB-pathway lesion. Taken together,
these data support the notion that dual inactivation of the RB
and p53 pathways is important for melanomagenesis in the
mouse.

To more specifically address the relative contribution
of p16Ink4a and p19ARF in melanoma, the group next
crossed the melanoma-prone Tyr-RAS transgenic mice
onto p16INK4a and p19ARF specific KO. It was found that
Tyr-RAS transgenic mice specifically deficient for either
p16INK4a or p19ARF are prone to melanoma development
with significantly shortened tumor latency compared to
wild-type littermate controls (Figure 1), demonstrating
that loss of either p16INK4a or p19ARF in mice plays a
causal role in development of melanoma. Preliminary
molecular characterization of the RB and p53 pathways
in p19ARF�/� or p16Ink4a�/� melanomas revealed evi-
dence for their respective inactivation, further supporting
the hypothesis that both RB and p53 pathways are im-
portant for melanoma suppression in vivo. Ongoing efforts

in the laboratory focus on detailed molecular character-
ization of these melanomas, by genome-wide array-CGH
approach as well as candidate gene survey.

Tumor Cell Plasticity Allows for Vasculogenic
Mimicry by Aggressive Melanoma Tumor
Cells

The concept of vasculogenic mimicry, presented by Mary
Hendrix, describes the unique ability of aggressive mel-
anoma cells to express vascular-associated genes and
form tubular structures and patterned networks in three-
dimensional culture.14 This process, which mimics the
pattern of embryonic vasculogenic networks, recapitu-
lates the patterned networks seen in patients’ aggressive
tumors. The functional significance of vasculogenic mim-
icry is unclear, but it may facilitate tumor perfusion and
dissemination. A microarray analysis comparing aggres-
sive and non-aggressive melanoma cells has yielded
new markers associated with multiple phenotypes includ-
ing the ability of aggressive melanoma cells to engage in
vasculogenic mimicry and neovascularization.15 One of
the endothelial-specific genes expressed by aggressive
melanoma cells with highest fidelity is vascular endothe-
lial (VE)-cadherin (CD144 or cadherin 5). VE-cadherin is
an adhesive protein, known to be expressed exclusively
by endothelial cells, and belongs to the cadherin family of
transmembrane proteins promoting homotypic cell-to-
cell interaction. In a recent study, VE-cadherin was
shown to be exclusively expressed by highly aggressive
melanoma cells and was undetectable in the poorly ag-
gressive cells, suggesting the possibility of a vasculo-
genic switch.16 Based on the ability of aggressive mela-
noma cells to participate in vasculogenic mimicry,
particularly their expression of endothelial-associated
genes, the Hendrix group examined the plasticity of hu-
man metastatic cutaneous melanoma cells with respect
to vascular function. Fluorescently labeled metastatic
melanoma cells were challenged to an ischemic micro-

Figure 1. Relative importance of p16INK4a in melanoma. Transgenic mice for
ras under the tyrosinase promoter were crossed with animals deficient for
either p16INK4a or p19ARF and melanoma development was recorded over
time.
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environment surgically induced in the hindlimbs of nude
mice. The data reveal the capability of these melanoma
cells to express cell-fate determination molecules (be-
longing to the Notch family), normally expressed during
embryonic vasculogenesis, and participate in the neo-
vascularization of circulation-deficient muscle.17 These
results demonstrate the powerful influence of the micro-
environment on the transendothelial differentiation of ag-
gressive melanoma cells, and may provide new perspec-
tives on tumor cell plasticity that could be exploited for
novel therapeutic strategies.

Protein tyrosine kinases (PTKs) have been shown to
play important and diverse roles in regulating cell adhe-
sion, migration, and invasion. PTKs can be either trans-
membrane receptors for various growth factors or cyto-
plasmic kinases involved in relaying signals from the cell
surface to its nucleus. Microarray analysis of aggressive
melanoma cells compared with poorly aggressive mela-
noma cells revealed the differential expression of various
protein tyrosine kinases.15 One of the receptor PTKs that
was up-regulated in the aggressive melanoma cells was
EphA2 (Eck, epithelial cell kinase). Eph (ephrin-receptor)
is comprised of a large family of 14 members.18 Binding
of ephrin-A1 (the EphA2 ligand) causes EphA2 to be-
come phosphorylated; however, it has been found that
EphA1 can also be constitutively phosphorylated in un-
stimulated cells.19 EphA2 is not expressed in normal
melanocytes but is often up-regulated in primary and
metastatic melanomas.20 However, the precise role of
EphA2 in tumor progression remains enigmatic. Recent
findings have shown the importance of EphA2 in mela-
noma cell vasculogenic mimicry.21 In this study, EphA2
was expressed and phosphorylated exclusively in the
highly aggressive melanoma cells, compared with no
expression in the poorly aggressive cells. This expres-
sion profile is similar to the one observed for VE-cadherin.
The localization of EphA2 in aggressive human mela-
noma tissues coincides with cell-cell contacts and is
associated with VE-cadherin localization in patterned,
vasculogenic-like networks. Transient knockout of EphA2
in vitro abrogated the ability of the highly aggressive
melanoma cells to form vasculogenic-like networks.21

Additional data suggest a possible interaction between
EphA2 and VE-cadherin, assessed in immunoprecipita-
tion experiments with cell lysates of highly aggressive
melanoma cells. Based on the previous findings of VE-
cadherin and EphA2 expression profiles in highly aggres-
sive together with the immunoprecipitation data, the Hen-
drix group has proposed a hypothetical model for
signaling during vasculogenic mimicry (Figure 2). This
model highlights possible cooperative interactions of VE-
cadherin and EphA2, and suggests downstream signal-
ing events involving PI3K and FAK, initiated by ephrin-A1
ligand binding. Collectively, these results suggest that
VE-cadherin and EphA2 act together as a key regulatory
element in the process of vasculogenic mimicry by ag-
gressive melanoma tumor cells and illuminate a novel
signaling pathway that could be potentially exploited for
therapeutic intervention.

Optical Imaging for Visualization of the
Dynamics of Pathological Changes in
Melanoma

Recent advances in optical imaging modalities such as
confocal and multiphoton scanning fluorescence micros-
copy, bioluminescence, optical coherence tomography,
and spectral imaging have opened new avenues for vi-
sualizing and recording over time dynamic changes in
genetic, developmental, and disease mechanisms that
cannot be captured by conventional light microscopy.
Using spectral imaging, Dorothea Becker reported on
studies to demonstrate the feasibility of the technique to:
1) aid in the detection of melanoma evolving in atypical
nevi, 2) capture gene expression profiles in melanocytic
tissue specimens, and 3) visualize gene functions in mel-
anoma xenografts in vivo.

Spectral imaging, defined as the application of spa-
tially resolved spectroscopic analyses to macroscopic
and microscopic samples,22–24 allows a high-resolution
spectrum, intensity as a function of wavelength, to be
acquired at each pixel in an image. The result is an image
cube that contains spectral as well as spatial information.
The spectral information can be used to aid objective
segmentation by classifying each pixel in an image ac-
cording to its spectral signature. Instead of classifying
each pixel absolutely, intensities can be modeled as a
linear combination of spectra. Given a library of basic
spectra, known to correspond to sample components,
the percentage of each basic spectrum contributing to a
pixel can be determined. Using these percentages and
the total intensity of a pixel, the amount of each material
from the spectral library in a specific pixel can be quan-
titatively measured and spatially resolved.

Figure 2. Model for cooperation of VE-cadherin and EphA2 during vascular
mimicry of melanoma cells. Hypothetical model for the regulation of EphA2
by VE-cadherin in aggressive melanoma cells. In this model, VE-cadherin
association with other VE-cadherin molecules on adjacent cells facilitates the
organization of EphA2, either by interacting directly or indirectly with EphA2,
on the cell membrane. Once organized on the cell membrane, EphA2 is able
to bind to its ligand, ephrin-A1, resulting in the phosphorylation of the
receptor. Phosphorylated EphA2 can then bind to PI 3-kinase and lead to its
activation. Furthermore, phosphorylated EphA2 can bind to phosphorylated
FAK. The ability of EphA2 to interact with both FAK and PI 3-kinase may play
an important role in the signaling pathways underlying melanoma cell vas-
culogenic mimicry. (Developed by A. Hess)
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To determine whether macroscopic spectral imaging
can detect in vivo melanoma at first presentation, the
Becker group undertook a study in which 40 atypical nevi
in patients with a clinical history of melanoma were sub-
jected, noninvasively, to spectral imaging. Three of the 40
atypical nevi revealed spectrally segregated regions that
were clearly distinct from the surrounding tissue. On sur-
gical resection of the lesions, histological examination
revealed that in two of them, the spectrally segregated
areas corresponded to melanoma in situ,25 and in one of
them, to radial growth phase melanoma.26

In contrast to primary vertical growth phase and met-
astatic melanomas, cells derived from atypical nevi, mel-
anoma in situ, and radial growth phase melanoma are
difficult to propagate in vitro. Thus, the only way to explore
gene expression profiles in the early stages of melanoma
development is by analysis of specimens. Regarding
immunohistochemical and in situ hybridization analyses
of tissue sections prepared from pigmented lesions, it is
often difficult to detect a hybridization signal in cells
producing melanin. Furthermore, the small size of nevo-
cytic lesions and early-stage melanomas limits the num-
ber of sections that can be derived from these specimens
and thus, the number of parameters that can be as-
sessed. Microscopic spectral imaging can overcome
these difficulties because it has the capacity to segment
single cells, spectrally and spatio-temporally, localize
and co-localize proteins and cellular features, count dis-
crete objects on a cell-by-cell basis, and correlate ex-
pression of individual and multiple markers with tissue
microarchitecture. Furthermore, microscopic Spectral im-
aging has the ability to determine, on a cell-by-cell basis,
whether a protein resides in the cytoplasm or nucleus.27

Using microscopic spectral imaging, it is currently pos-
sible to simultaneously visualize up to six different param-
eters in a 5-�m tissue section.

Gaining insights into the molecular and cellular mech-
anisms governing tumor angiogenesis has become one
of the central themes in cancer biology, and the charac-
terization of pro- and antiangiogenic molecules has led to
a series of clinical trials to assess whether antiangiogenic
treatment can be an effective strategy to restrict tumor
growth. Given the recent advances in optical imaging
combined with the application of cyanine-based fluoro-
chromes that fluoresce in the near-infrared,28,29 it has
become possible to visualize noninvasively and in real
time, dynamic changes in living biological systems that
cannot be captured by conventional light microscopy.30

Conducting noninvasive, dynamic fluorescence imaging
of human melanoma xenografts, injected with human
tyrosinase promoter-driven bFGF or FGFR-1 antisense
vector constructs and fluorochrome-conjugated antibod-
ies to a human melanoma and mouse blood vessel
marker, data were presented that antisense targeting of
bFGF and, likewise, FGFR-1 in only the melanoma cells is
as effective in inhibiting tumor growth as blocking expres-
sion of bFGF and FGFR-1 simultaneously in the mela-
noma cells and the melanoma cell-interspersing blood
vessels. In addition, the results of this macroscopic and
microscopic cyanine fluorochrome-based optical imag-
ing study provided first-time evidence that targeting

bFGF and likewise, FGFR-1, in the melanoma cells in-
duces extensive melanoma cell-specific apoptosis, a
process the melanoma cells are unable to circumvent by
activating or increasing expression of another growth
factor/receptor.

Role of the Extracellular Matrix in Melanoma
Proliferation

The switch from a low risk radial to high risk vertical
growth phase primary melanoma is characterized by sig-
nificant changes in the expression of molecules involved
in cell-cell and cell-extracellular matrix (ECM) contact
and in proteases. These changes typically involve a de-
crease in E-cadherin and increase in N-cadherin expres-
sion,1 an increase in the expression of the integrins �v�3

and �4�1 and the adhesion molecule MUC18/MCAM and
an increase in the expression of several collagen degrad-
ing proteases, including matrix metalloproteinases
(MMP). MMP consists of a large family of neutral en-
dopeptidases with proteolytic activity for many proteins of
the ECM but also for non-ECM proteins.31,32 For a long
time, the degradation of ECM proteins such as collagen
by melanoma cells has been considered as a necessary
step to remove a physical barrier to local invasion and
metastasis. Yves DeClerk reported that proteolytic mod-
ification and remodeling of the ECM has three important
consequences for tumor cell proliferation. First, because
the ECM is a reservoir of many growth factors, its degra-
dation has a positive effect on their bioavailability.32,33

Secondly, the ECM is also a reservoir of biologically
active peptides generated on proteolytic degradation of
larger precursor molecules. For example, proteolytic pro-
cessing of type XVIII collagen by MMP-12 generates
endostatin, a 20-kd peptide inhibitor of angiogene-
sis.34,35 Third, degradation of the ECM exposes cryptic
binding domains in ECM proteins, which on contact with
cell surface proteins affect cell growth and survival. For
example, proteolytic degradation of collagen by mela-
noma cells generates new cryptic epitopes which on
contact with the integrin �v�3, protect cells from going
into apoptosis.26 The DeClerk laboratory has been inter-
ested in examining the molecular mechanisms by which
ECM proteins can affect the proliferation of melanoma
cells. Melanoma cells in which the collagenolytic activity
has been suppressed by forced overexpression of a
natural inhibitor of MMPs, TIMP-2, grew at a much slower
rate than parental cells when plated in vitro in the pres-
ence of polymerized fibrillar collagen. In contrast, in the
presence of denatured non-fibrillar collagen (gelatin),
similar growth rates were observed between parent cells
and TIMP-2 overexpressing cells,37 suggesting that
TIMP-2 inhibited tumor growth by its ability to prevent the
degradation of fibrillar collagen in the tumor environment.
On contact with of fibrillar collagen, melanoma cells are
growth arrested with 90% of the cells being in G0/G1

phase in comparison to 51% when cells were in contact
with gelatin. The inhibition of cell cycle entry on contact
with fibrillar collagen was associated with an increase in
p27KIP1 expression in the absence of changes in the
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expression of cyclin D1, cyclin E, Cdk2, p21WAF1/CIP1,
and p57KIP2.38 The increase in p27KIP1 resulted in an
increased association with cyclin E and in a correspond-
ing inhibition of cyclin E-associated kinase activity. This
inhibitory effect was specific to type I collagen and was
not observed in the presence of other ECM proteins such
as laminin, fibronectin or vitronectin.38 Treatment of mel-
anoma cells plated in the presence of fibrillar collagen
with bisindolylmaleimide I, an inhibitor of protein kinase C
or Rottlerin, an inhibitor of protein kinase C �, resulted in
up-regulation of Skp2, with a corresponding down-regu-
lation of p27KIP1 and inhibited entry into the cell cycle,
without enhancing cell spreading. These data demon-
strate that type I collagen has a profound effect on the
expression of proteins that control cell cycle progression,
Skp2 and p27KIP1 and that this effect depends on the
physical structure of the protein (fibrillar versus non-fibril-
lar). When present in an intact fibrillar form, type I colla-
gen exerts a negative effect on cell proliferation, whereas
when denatured or proteolyzed, it has a positive effect.
Degradation of fibrillar collagen by MMPs may therefore
remove an important barrier not only against invasion but
also proliferation (Figure 3). The data also demonstrate
that anchorage independent malignant cells remain re-
sponsive to growth regulatory signals that originate from
their contact with the ECM.

Proteoglycan/MMP Interactions in Melanoma
Invasion

Membrane bound MMP (MT-MMPs) on the cell surface
have a basic amino acid motif at the end of the propep-
tide that can be recognized and processed by furin or
related proteinases to facilitate activation and cell surface
expression. Among MT-MMPs, MT1-MMP is frequently
expressed in invasive cancer cells. MT1-MMP directly
degrades various ECM proteins such as collagens and
fibronectin. It also activates other soluble MMPs such as

MMP-2 and MMP-13. Thus, MT1-MMP is well placed to
control pericellular proteolysis associated with cell
growth and invasion by triggering the activation of multi-
ple downstream proteases. MT1-MMP and MMP-2 are
both up-regulated in human melanoma tissue samples,39

and MT3-MMP and MT2-MMP have also been detect-
ed,40 indicating that melanoma cells can overexpress
multiple MT-MMPs for invasion. However, the potential
importance of MT3-MMP in melanoma invasion and pro-
gression has not been previously documented or char-
acterized.

James McCarthy and co-workers had previously
shown that melanoma-associated chondroitin sulfate pro-
teoglycan (MCSP), also termed high-molecular weight
melanoma-associated antigen (MMW-MAA), is important
for invasion through type I collagen and that it has gela-
tinolytic activity against denatured collagen.41 MCSP ac-
tivity has now been linked to MT3-MMP.42 A construct
encoding MT3-MMP in the antisense orientation could
inhibit the invasion it stably transduced into cells. Inhibi-
tion of surface MT3-MMP expression led to correspond-
ingly less gelatinolytic activity of melanoma cells, dem-
onstrating that MT3-MMP could initiate gelatinolytic
activity by melanoma cells. MT3-MMP and MCSP co-
precipitated from detergent extracts of these cells. The
association of these two molecules is chondroitin sulfate-
dependent, since it was not observed in cells that had
been treated to remove cell surface chondroitin sulfate,
and recombinant MT3-MMP was shown to bind chon-
droitin sulfate affinity columns. The results suggest a
model in which MCSP binds MT3-MMP on the cell sur-
face, which leads to increased proteolysis of the ECM
and tumor invasion (Figure 4). It is based on a model for
TIMP-2 mediated activation of proMMP-2 by MT1-MMP.43

Since MMP-2 also binds chondroitin sulfate (J. McCarthy,
unpublished observations), these data suggest that
MCSP might act as a cell surface nucleation site for
MT3-MMP and MMP-2, facilitating the activation of

Figure 3. Collagen degradation and cell cycle progression. On contact with
fibrillar collagen melanoma cells are growth inhibited, whereas they are
stimulated on non-fibrillar collagen (gelatin). Activation of PKC� by attach-
ment to fibrillar collagen results in down-regulation of Skp2 and up-regula-
tion of p27KIP1, whereas the effect is reversed when cells are cultured on
denatured collagen (gelatin).

Figure 4. Model for MCSP mediated activation of MMPs on melanoma cells.
Shown is a working model for how MCSP might act to stimulate melanoma
invasion mediated by MT3-MMP. We have determined that MT3-MMP binds
to MCSP via a CS-dependent mechanism. Based on other studies examining
MT1-MMP mediated activation of pro-MMP-2, we propose that MCSP may act
to assemble activation complexes of MT3-MMP, pro-MMP2 and possibly
TIMP-2 on the cell surface, leading to activation of proMMP-2 and enhanced
tumor invasion.
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proMMP-2 by bringing it into proximity with MT3-MMP
(Figure 4). Whether or not TIMP-2 is important for this
process remains an open question; however, the cells
used in this study do express endogenous TIMP-2, sug-
gesting that it may be involved in this mechanism. Un-
derstanding the mechanisms by which proteoglycans
facilitate proteolysis will help to develop novel ap-
proaches for inhibiting MMP activation on melanoma
cells, thereby limiting invasion and growth of the tumor.

Apoptotic Signaling in Melanoma Cells

Failure of cells to undergo apoptotic cell death contrib-
utes to the pathogenesis of several cancers including
melanoma. Work from Mark Nelson and co-workers dem-
onstrate that deletion of chromosome band region 1p36
is frequent in malignant melanoma44,45 and the Cdc2L
locus encoding the PITSLRE protein kinases maps to
1p36.3. The PITSLRE protein kinases are part of the
p34cdc2 family of cyclin dependent kinases and its cy-
clin partner appears to be Ania 6 (cyclin 1).46 The Nelson
group has shown that one allele of the Cdc2L locus on
1p36 is either deleted or translocated in melanoma cell
lines47 and decreased expression of the PITSLRE pro-
teins has also been seen in melanoma cell lines and
surgical specimens. Mutational analysis of the Cdc2L1
gene in germ line DNA samples from 1p36 linked mela-
noma kindreds and sporadic melanoma cell lines re-
vealed that few genetic alterations occur within the cod-
ing region of the gene. However, polymorphisms in the
putative promoter do occur. These data suggests that
haploinsufficiency of Cdc2L locus may account for the
decreased PITSLRE protein levels.48

Diminution of PITSLRE kinases may also lead to de-
regulation of apoptosis in melanoma cells. The melanoma
cell lines A375 (Cdc2L wild-type allele) and UACC 1227
(Cdc2L altered alleles) have a differential sensitivity to
agonistic anti-Fas monoclonal antibodies. In A375 cells,
cell death was evident as early as 24-hours post-treat-
ment and maximal by 72 hours. On the other hand, UACC
1227 cells were resistant to Fas-mediated apoptosis. In-
duction of PITSLRE kinase activity was observed in A375
but not UACC cells. Also, PITSLRE protein kinase activity
occurred before maximal morphological evidences of
apoptosis. It has been reported that PITSLRE kinases are
specifically cleaved in response to TNF by caspase 1
and 3 resulting in the activation of the PITSLRE kinase,
both in vitro and in vivo.49 The proteases responsible for
processing and activation of PITSLRE kinase during
apoptosis are the caspases 3 and 8. Caspase 3 and 8
inhibitors significantly reduced stimulation of PITSLRE
kinase activity during Fas or staurosporine-mediated cell
death and caspase inhibitors can block cleavage of
PITSLRE. These results suggest that the PITSLRE protein
kinases may be involved in apoptotic signaling in mela-
noma cells and that reduced levels of PITSLRE protein
levels may result in resistance to apoptotic stimuli.50 A
key question still remains as to how exactly the PITSLRE
protein kinases contribute to apoptosis. Current studies
by the Nelson group suggests that caspase 3 cleavage

of p110 PITSLRE results in generation of p60 and p46
PITSLRE fragments. The p46, which contains the kinase
domain, appears to phosphorylate and regulate unknown
downstream substrates, whereas the p60 PITSLRE frag-
ment compromises other cellular functions. Thus, the
PITSLRE protein kinases may be effectors in Fas- and
staurosporine-induced apoptosis, acting at two distinct
levels within a cell.

Conclusion

Progress in melanoma biology has been made in several
areas that span from the role of oncogenes and tumor
suppressor genes to the extracellular matrix. Although we
still do not have unequivocal understanding of the ge-
netic abnormalities that are the underlying cause of spo-
radic and familial melanoma, we now better understand
molecular pathways related to cell growth. The p16INK4a

gene may not structurally be altered in a high percentage
of sporadic melanomas, but it is functionally not active.
The p53 tumor suppressor gene is, similar to p16INK4a,
structurally normal in most melanomas but not function-
ally active.51 Apoptosis signaling can also be dysfunc-
tional in melanoma, as studies on Apaf-152 have demon-
strated. On the other hand, protein tyrosine kinase
pathways that are activated in normal cells through
growth factors are constitutively activated in metastatic
cells through either autocrine or paracrine production of
growth factors,53 or through activating mutations in the
B-Raf gene.54 Thus, activation of critical pathways for
melanoma cell survival, growth and invasion can occur
through distinct interconnected mechanisms (Figure 5).
The PI3 and MAP kinase pathways appear critical for
melanoma cells. The convergence of signaling from CAM
molecules, integrins, and receptor tyrosine kinases ex-
pressed abundantly by melanoma cells through these
pathways provide powerful stimulation for the malignant
cells, particularly if B-Raf mutations in 70% of all melano-
mas are present.

The plasticity of melanoma cells appears unique
among all human tumors. The malignant cells share not
only many markers with endothelial cells, fibroblasts and
monocytes, they can also take over some of the differen-
tiated functions of stromal cells. The remarkable ability of
melanoma cells to invade distant organs and proliferate
in a difficult environment suggests that the malignant
cells can effectively interact with any scaffolding struc-
tures to which they are exposed. They not only attach to
matrix, digest it, and then migrate over it, they create their
own microenvironment in which matrix-degrading enzymes,
adhesion receptors, and growth factor receptors combine
to functional units with strong biological activities.

What are the “tender spots” of melanoma cells that
provide vulnerability to antagonists? We can only spec-
ulate at this time and have to target each pathway indi-
vidually to get a better understanding. We know already
that keratinocytes can control melanoma cells when
proper E-cadherin-mediated attachment is enforced.55

Keratinocytes achieve their dominance by decreasing
the expression of invasion-related molecules such as
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MUC18/Mel-CAM and �v�3 vitronectin receptor. Such ex-
periments suggest that a better understanding of the
mechanisms of the normal homeostatic balance will help
us to develop new strategies for therapy of metastatic
disease.
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