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ABSTRACT

Apoptotic cell death is involved in development and tissue homeostasis in numerous organisms, and changes
in the apoptotic pathways are associated with many diseases, including cancer. The first evidence for an
association between apoptosis and cancer was the discovery that the oncogene bc/-2 was involved in cell
survival in lymphoma. Since then, alterations in the expression of genes that participate in cell survival
pathways and resistance to apoptosis have become a hallmark of cancer. A failure to trigger apoptosis
properly is an essential requirement during tumor progression and contributes to tumor resistance to radio-
or chemotherapy. Melanoma, one of the most aggressive cancers, is characterized by an elevated capacity
to metastasize and by a high resistance to drugs. The strategies used by melanoma cells to avoid apoptosis
often differ from those in other cancer cells. For example, in contrast to many tumors that frequently show
a loss of p53 expression, melanoma maintains p53 expression but alters the p53 pathways. In this review,
we summarize various aspects of melanocyte biology and consider the genetic alterations exploited by
melanoma cells to escape apoptosis. We also discuss recent findings that have extended our understanding
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of the resistance of melanocytes to apoptosis during tumor progression.
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INTRODUCTION

Neoplastic transformation is a complex, multi-
step process in which cancer cells gain the abilities
for uncontrolled proliferation and enhanced survival
during tumor development. In 2000, Hanahan and
Weinberg [37], in an outstanding review on the core
mechanisms of cancer development, defined the
evasion of programmed cell death as one of the six
capabilities required for tumor cells to survive dur-
ing tumor progression. Apoptosis is a type of pro-
grammed cell death in which either specific extracel-
lular signals or internal stimuli induce an enzymatic
cascade orchestrated by cysteine aspartate proteases
(caspases) that results in a controlled process of
cell destruction characterized by rapid, dramatic
morphological changes. Although other processes
of programmed cell death have been reported in
association with cancer development [9], the role
of apoptosis in tumorigenesis is currently the best
characterized. In addition to allowing cancer cells to
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survive all challenging events during oncogenesis,
the avoidance of apoptosis also confers therapeutic
resistance to tumors [37,46].

The basic molecular mechanisms involved in
the induction and execution of apoptosis have been
extensively reviewed elsewhere and are beyond the
scope of this review [36,45,106]. Briefly, apoptosis
can be triggered by two major pathways: the
extrinsic or death receptor pathway and the intrinsic
or mitochondrial pathway. The extrinsic apoptotic
pathway is initiated by the binding of cytokines such
as tumor necrosis factor-a (TNF-a), TNF-related
apoptosis inducing ligand (TRAIL) and fibroblast
associated ligand (FasL) to their receptors, referred
to as death receptors. Through a series of adaptor
proteins, death receptors trigger the activation of
pro-caspase-8, a regulatory caspase that in turn
activates the executor caspases (caspases 3, 6 and 7),
leading to cell destruction. In the intrinsic apoptotic
pathway (Fig. 1), internal stimuli, such as DNA
damage, hypoxia, oxidative stress, growth factor
deprivation and cell detachment trigger the activation
of pro-apoptotic Bcl-2 family members, including
Bax/Bak and BH3-only proteins. Interference
with the pro-survival Bcl-2 members and/or direct
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activation of Bax/Bak by BH3-only proteins leads
to mitochondrial outer membrane permeabilization
(MOMP). This permeabilization results in the
release of cytochrome-c and other molecules from
the mitochondrial intermembrane space.

The release of cytochrome-c is considered to
be a central event in the intrinsic apoptotic pathway
and a series of anti- or pro-apoptotic proteins of the
Bcl-2 family are involved in its regulation. In the
cytosol, cytochrome c binds to apoptotic activator
factor-1 (Apaf-1) which then oligomerizes to form the
apoptosome, a multi-molecular complex that recruits
and activates caspase-9; like caspase-8, this caspase
activates executor caspases. Both apoptotic pathways
converge on the activation of effector caspases and are
interconnected. In certain cells, caspase-8, which is
activated by death receptors, cleaves Bid, a BH3-only
pro-apoptotic protein, promoting its translocation to
mitochondria where it induces MOMP.

All cancer cells show a certain resistance to
apoptosis, with some types being remarkably resistant
to cell death. Melanoma, one of the most aggressive
malignancies, is characterized by an -elevated
capacity to metastasize and by high resistance to
drugs (reviewed in [33,38,86]). Although several
chemotherapeutic drugs have been tested for the
treatment of advanced melanoma, none of them has
shown any improvement over the alkylating agent
dacarbazine, the only drug approved by the Food and
Drug Agency (FDA) as a single agent. Dacarbazine
is effective in 10-20% of melanoma cases, with
complete remission in only 5% [33,38,86].

Although the frequency of melanoma in Brazil
is lower than in the United States, Australia and
European countries, the incidence of this disease and
its associated mortality have risen progressively in
recent years. Thus, the Brazilian National Institute of
Cancer estimated that in 2003 there were 4,370 new
cases of melanoma whereas in 2006 the number of new
cases is estimated to be 5,760 (http//: www.inca.br).

Melanoma often arises from inherited or common
acquired nevi, which are pigmentary melanocytic
lesions that can progress to dysplastic nevi and may
culminate in radial growth phase (RGP) melanoma,
an early melanoma lesion that is confined to the
epidermis (reviewed in [62]). Preneoplastic and early
neoplastic lesions are characterized by double-strand
breaks in DNA caused by replication stress during
aberrant cell cycles driven by oncogene activation,
or by impairment of the cell cycle barrier at the G1/S
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transition. This breakage leads to activation of the
DNA damage checkpoint (including ATM, Chk2
and Cdkl1-Y15 phosphorylation) that is associated
with cell cycle arrest in the dysplastic lesion, and
increased proliferation in the primary melanoma [31].
Thus, a malignant tumor will only arise from cells
that are released from the constraints on cell cycle
progression. The growth of aberrant cells enhances
genetic instability and, together with the suppression
of apoptosis, potentiates the malignancy [6,31,95].

A crucial histological alteration seen in the
primary tumor during melanoma progression is the
transition from an RGP to a vertical growth phase
(VGP). In this transition, the cells that were growing
only laterally in the epidermis invade the dermis and
acquire metastatic potential. In contrast to RGP cells,
VGP cells become independent of growth signals
from keratinocytes, display anchorage-independent
growth and are tumorigenic if inoculated into
immunodeficient mice (reviewed in [62]). All of
these features indicate that for this transition to
proceed the cells probably acquire defects in their
apoptotic machinery since growth factor withdrawal
and loss of adhesion are pro-apoptotic stimuli
for melanocytic cells harboring initial genetic
alterations, such as a loss of function in pl6™ (a
Cdk4a inhibitor with a role in G1 arrest). Despite
their extended life span in culture, melanocytic cells
lacking p16™ show a high rate of apoptotic death
when cultured independently of keratinocytes or
growth factors produced by these cells [91].

Clinically, the thickness and ulceration of the
primary tumor are considered the major prognostic
factors. However, the lack of molecular markers
for specific stages of melanoma progression makes
prognosis difficult. Gene expression analyses have
indicated that melanoma, like other tumors, can
be divided into several subtypes based on their
molecular profiles that, in some cases, have been
related to tumor aggressiveness and patient survival
[1,13]. Hence, it may be possible to define more
powerful prognostic markers by characterizing the
molecular alterations displayed by melanoma cells.
In addition, characterization of the main molecular
pathways and mechanisms that sustain melanoma
survival will probably allow the targeting of specific
molecules in order to allow effective therapy.

Instead of acquiring drug resistance as a conse-
quence of treatment pressure, as occurs in other can-
cers, melanoma has an intrinsic resistance to many
anti-cancer drugs. This intrinsic resistance to death
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can be partly explained by the biology of melano-
cytes, the precursor cells of melanoma, that provide
protection against UV radiation through the synthe-
sis and distribution of melanin to keratinocytes. As
a requirement for these functions, melanocytes have
evolved a potent DNA repair system that renders

(reviewed in [43,44,86]). The inhibition of apopto-
sis in melanoma, as also in other cancers, can result
from the activation of anti-apoptotic factors, down-
regulation of pro-apoptotic factors, strengthening
of cell survival signals and expression of multidrug
resistance transporters. However, this inhibition may

them highly resistant to UV irradiation. These cells
are also adapted to oxidative stress resulting from
melanogenesis [86], and to hypoxia, a common con-
dition in normal skin [7].

During tumor progression, melanomas accumu-
late alterations in several genes that encode proteins
involved in apoptotic pathways, including the p53
pathways, or those acting in pro-survival pathways,
such as Akt/Pi3K, PTEN, B-Raf, NF-kB. Deregula-
tion of pro- and anti-apoptotic members of Bcl2
family and inhibitor of apoptosis proteins (IAP) such
as ¢c-FLIP, survivin and livin has also been detected
in melanoma. In addition, death receptors such as
TRAIL, Fas and TNFR, their ligands, and adaptor
proteins such as TRAF2 are targets for dysfunctions
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involve specific targets different from those used in
most other cancers. Although recent studies have
provided new insights on these targets, there has
been a corresponding increase in the complexity of
the interactions involved and the role of molecules
such as Apaf-1 and MITF in cell transformation and
drug resistance remains controversial.

In this review, we summarize recent findings about
some of the main molecular mediators involved in the
intrinsic apoptotic pathway that have been implicated
in the ability of melanoma cells to escape apoptosis.
We also discuss the controversial contribution of
certain genes implicated in the resistance of melanoma
to apoptosis.
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Figure 1. Strategies used by melanoma cells to disrupt the mitochondrial p53-dependent apoptotic pathway. Melanoma
cells often lack p14*RF expression, a stabilizer of p53 protein (1). However, instead of expressing reduced p53 levels,
melanoma cells frequently display high levels of wild-type p53 protein, indicating that other mechanisms contributing to
the disruption of the p53 pathway are involved. The p53-dependent transcription pathway can be altered by expression of
av integrin, leading to downregulation of its DNA-binding activity and a reduced expression of its direct target PUMA
(2), or by aberrant phosphorylation of p53 protein, thereby attenuating its binding to 14-3-3 protein and, consequently,
its activity in transactivation (3). Melanomas also overexpress the anti-apoptotic proteins Bcl-x; and Mcl-1, which could
increase inhibition of the MOMP in these tumors (4). A possible direct mitochondrial proapoptotic function of p53 may
be downregulated by Bcl-x; overexpression and the reduction in PUMA levels seen in these cells, although this remains
to be confirmed (4 and 5). A reduction in or lack of Apaf-1 expression (6), the overexpression of the IAPS ML-IAP (7)
and survivin (8) could also contribute to the reduced levels of apoptosis seen in melanoma cells. Green - downregulated
molecules, red - upregulated molecules, gray - suppressed molecules or pathways.
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What is new about the paradoxical expression of
wild type p53 protein in melanoma cells?

The p53 tumor suppressor protein is induced by
several types of cellular stress stimuli and plays a
fundamental role in the apoptosis triggered by dif-
ferent mechanisms. The intrinsic apoptotic pathway
can be regulated by p53 through the transactivation
of genes, including Apaf-1, PUMA, Noxa, Bax, and
the repression of anti-apoptotic genes such as Bcl-2
and the TAP survivin [46,96]. p53 can also induce
the expression of proteins involved in the extrinsic
apoptotic pathway, such as the death receptors Fas
and TRAIL-R2 [46].

In contrast to most tumors, melanomas have
a low frequency of p53 mutations (see [62]). An
important factor that regulates p53 activity is p14ARF
(alternative reading frame), a protein that stabilizes
p53 through inhibition of the E3 ubiquitin ligase
HDM2 (MDM2 in mice). pl4**F is coded by a gene
that maps to a locus frequently mutated or deleted
in melanomas, especially in familial melanoma in
which such mutations occur in ~40% of the cases
[70]. However, this locus codes for pl6™* and
pl42RF (reviewed in [16]), and although exclusive
disruption of pl4*RF (mutation on exon 1f) has
rarely been described [51,72]), many (nearly half) of
the mutations mapped in this locus are present in the
common exon 2 and several of them affect the amino
acid sequences of p16™K4 and p144RF [71]. Rizos et
al. [71] have shown that mutations in exon 2 of this
gene impair the cellular localization of pl14*%F in
human cells.

The relative contribution of p19A% and pl6!kse
and how they cooperate in tumorigenesis have
been studied in transgenic mice [47,50,83]. These
studies have shown that pl92*F has a role in
melanoma susceptibility, but it is unclear whether
mutations affecting this protein in exon 2 play a
role in tumorigenesis in humans. Inherited or early
preneoplastic mutations in this locus that affect
pl6ta p14ARF or both gene products could lead to
oncogenic-like replication stress or the accumulation
of UV light-induced DNA damage because of
inefficient repair. Gourgolis et al. [31] and Riinger
et al. [75] have provided evidence to support this
suggestion. The findings of these two studies
indicate that the intrinsic resistance of melanocytes
to apoptosis, in contrast to the progression to
carcinoma, mitigates the constraints of p53 on
cell survival, resulting in selective pressure for the
inactivation of other genes in order to escape cell
cycle arrest and allow a progression to melanoma.
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Over-expression of wild-type p53 protein is
frequently seen in melanoma (reviewed in [43]).
p53 activity can be disrupted through defects in
other molecules acting upstream or downstream
in the p53 pathway. However, the predicted effect
of pl4*RF dysfunction is a decrease in the level of
p53 protein (Fig. 1). Hence, other defects probably
contribute to pS3 pathway dysfunction in melanoma
cells. Satyamoorthy et al. [78] reported that some
melanoma cells with high levels of wild-type
p53 expression have deficient phosphorylation
and dephosphorylation of this protein, thereby
attenuating the association of p53 with 14-3-3
proteins (Fig. 1). In such cells, the intranuclear
localization and the DNA binding capacity of p53
were preserved whereas the positive transcriptional
targets of p53 were not induced, even when the cells
were infected with an adenoviral vector expressing
wild-type p53. In contrast, the expression of an
exogenous wild-type p53 in cells with a mutant
p53 increased the expression of p53 target genes.
Based on these results, the authors argued that a
defect in the regulation of p53 phosphorylation
and/or dephosphorylation could explain the lack of
a functional p53 pathway, even in cells with a high
level of the wild-type protein.

Another interesting mechanism involved in
the regulation of p53 function during melanoma
progression is the integrin signaling pathway. The role
of integrin-mediated signaling in tumor progression
has been recognized for a long time. This signaling
pathway influences cell invasion and migration
(reviewed in [41]) as well as apoptosis triggered
by cell detachment (anoikis). The involvement of
avf3 integrin in melanoma progression was first
suggested based on the lack of expression of this
integrin in normal melanocytes, nevi and first stage
melanoma (non-invasive cells from the RGP), in
contrast to the remarkably high levels of expression
in melanoma from the VGP (invasive cells) and
metastases (reviewed in [81]). Later functional
studies demonstrated that the forced expression of
B3 integrin induced the progression of RGP cells
into a VGP phenotype in three-dimensional skin
reconstructs [42].

More recent data suggest that the survival and
tumorigenic role of av integrin in melanoma cells is
mediated by the inhibition of p53 protein activity [4].
In this study, electrophoretic mobility shift analysis
showed a reduced ability of p53 protein to bind to
oligonucleotides containing the p53 recognition
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site in melanoma cells expressing av integrin, in
contrast to cells that lack expression of this integrin.
Interestingly, the effect of av integrin expression on
p53 DNA-binding activity was only seen when cells
were grown in a 3D-collagen model, which mimics
the tissue architecture. Remarkably, silencing p53
complemented the lack of av integrin and produced
similar levels of survival and tumorigenicity to
those in integrin-positive cells. Assessment of the
expression of some p53 transcriptional targets
revealed reduced levels of PUMA but not of Bax or
Apaf-1 in melanoma cells expressing av integrin,
or in cells with p53 knockdown by siRNA in a 3D-
collagen model. Thus, in addition to providing a
novel element for explaining the deregulated activity
of p53 pathway in melanoma progression, the work
by Bao and Stromblad [4] highlighted the critical role
of the tissue environment on the cellular responses
to integrins and indicated the need to consider this
aspect in studies on tumor progression.

A novel aspect of p53 function that has recently
emerged relates to the ability of this protein to induce
apoptosis by direct interaction with Bcl-2 family
members in mitochondria (for a recent review see
[5]). p53 shows high affinity interaction with Belx,
in which it displaces BH3-only members or frees
Bax, and a direct activation of Bax (without direct
interaction). Interaction with Belx, may cooperate to
promote MOMP [64] or exert a primary inhibitory
role on MOMP by sequestering p53 and avoiding
Bax activation [18]. In addition, a temperature-
sensitive interaction of a polymorphic variant of
p53, R72, with Bak has been shown [52]. Melanoma
cells are an excellent model for investigating the
direct mitochondrial role of p53 and for exploring
possible mechanisms of evading the p53-induced
mitochondrial apoptotic response. There are at least
three reasons for this: (i) melanomas frequently
display high levels of p53, (ii) high rates of Bclx,
over-expression have been observed [94] and (iii)
reduced levels of PUMA have been detected in
melanoma cells [49]. According to a recent report
by Chipuk et al. [17], PUMA plays a pivotal role
in displacing p33 from its complex with Bclx,
thereby sensitizing cells to apoptosis induced by
DNA-damaging stimuli. High levels of Bclx, and a
loss of PUMA therefore fit well as events involved in
resistance to a putative apoptotic function of p53 in
the mitochondria of melanoma cells (Fig. 1).

Is Apaf-1 a tumor suppressor gene?

A high rate of loss of Apaf-1, a transcriptional
target of p53 that is a key regulator of apoptosis

triggered by the mitochondrial pathway [15,103],
has been shown in melanoma [3,65,85]. Soengas et
al. [84] were the first to show that a lack of Apaf-1 or
caspase-9 leads to reduced c-myc—induced cell death
and enhanced c-myc and ras-induced transformation
in transgenic mouse embryonic fibroblasts (MEFs).
Two years latter, the same group [85] showed that
42% of a panel of 24 metastatic melanoma tumors
had low or undetectable levels of Apaf-1 mRNA
expression and 10 out of 19 cell lines derived from
metastatic melanomas were considered negative
(<20% of the expression level seen in melanocytes)
for Apaf-1 protein expression. In addition, Apaf-1-
negative melanoma cells were found to be extremely
resistant to adriamycin, a pS3-dependent inducer of
apoptosis, and the restoration of Apaf-1 expression
rescued drug sensitivity. Allelic loss within or near
the Apaf-1 locus is frequently linked to melanoma
[27,85], with the loss of Apaf-1 expression in
melanoma cells occurring through epigenetic
silencing by DNA methylation [85].

Several other studies have demonstrated that
Apaf-1 expression is reduced in melanoma cells
compared with nevi and normal melanocytes,
although the correlation between the level of Apaf-
1 expression and the stages of melanoma has not
been clearly defined (reviewed in [12]). Based on
these findings, it has been postulated that Apaf-1
might be a new tumor suppressor gene important
for melanoma development, although recent studies
have contradicted this view (see below).

Many studies using different cell types, but not
melanocytes, derived from Apaf-1 or caspase-9 null
mice have addressed the role of these molecules
in cell transformation and chemoresistance. In
lymphoid cells from caspase-9 and Apaf-1 null mice,
but not in mice over-expressing Bcl-2 or lacking Bim,
the activation of effector caspases and cell death with
morphological characteristics of apoptosis proceeded
as in wild-type cells, leading to the suggestion of
an apoptosome-independent activation of effector
caspases [57]. Scott et al. [80] reported that the loss of
Apaf-1 or caspase-9 did not promote c-myc-induced
transformation in MEFs from knockout mice, nor
did it influence the development of c-myc-induced
B-lymphomas in reconstituted, irradiated mice or
the sensitivity of lymphoma cells to drugs. However,
the involvement of Apaf-1 in the chemoresistance of
human B-lymphoma has been described [90].

The role of Apaf-1 as a tumor suppressor gene
has been contested based on studies using myeloid
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or mast cells derived from Apaf-1", caspase-9” or
caspase-2”- mice. These cells show a delay in the
apoptosis triggered by cytokine withdrawal and an
enhanced resistance to cytotoxic drugs, but have no
clonogenic survival advantage [26,56]. These results
indicate that the requirement for Apaf-1 apparently
depends on the specific cellular context. Although
in most cases a loss of Apaf-1 did not confer any
advantage for cell transformation, murine myeloid
and mast cells required Apaf-1 for apoptotic death
whereas murine lymphocytes showed no absolute
requirement for this protein. Further studies are
required to determine whether the delay in apoptosis
promoted by a loss of Apaf-1 in a particular cell
can, on its own or in association with additional
cellular defects, confer some advantage for cell
transformation.

The role of Apaf-1 in melanoma cells was
recently addressed by Zanon et al. [104] who
found that although Apaf-1 expression is reduced
in most human melanomas, complete loss of this
protein is not a frequent event. Apaf-1 was not
detected in 1 of 5 melanocyte samples, 6 of 16
primary melanomas, 7 of 61 lymph node metastatic
lesions and 2 of 10 subcutaneous metastases. In
addition, this group showed that the resistance to
several chemotherapeutic drugs (acting through the
mitochondrial pathway) was not different in Apaf-
1-and Apaf-1" cells. More intriguingly, apoptosis
triggered by these drugs in Apaf-1- cells (as in
Apafl® cells) was associated with the activation of
caspases-2, -3, -8 and -9. Hence, although melanoma
cells show a marked reduction in Apaf-1 expression
(for more details, see [12]) and some reports
indicate a negative correlation between the level of
Apaf-1 protein and progressive stages of the tumor
[3,65,85], additional studies are required to clarify
the role of Apaf-1 in neoplastic transformation and
drug resistance in melanomas and other tumors.

What is the status of survival signaling pathways
in melanoma?

Signaling mediated by Akt (or protein kinase B)
and mitogen-activated protein (MAP) kinases involves
potent survival and proliferative pathways that induce
survival genes and inhibit pro-apoptotic molecules.
Recent studies have highlighted the importance
of these pathways in melanoma development and
have provided evidence for a strong link between
melanoma and alterations in several genes that play
central roles in these pathways (Fig. 2).
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Through their binding to receptor tyrosine
kinases, growth factors activate phosphatidyl-
inositol-3-kinase (PI3K) that converts phosphatidyl-
inositol biphosphate (PIP2) into phosphatidyl-
inositol triphosphate (PIP3). The protein kinase B or
Akt is activated by PIP3 and stimulates proliferation,
migration and survival (reviewed in [73]). The Akt
family consists of three members (Aktl, Akt2 and
Akt3) encoded by different genes. Akt activity results
in the expression of pro-survival molecules, such as
Bcl-x,, through activation of the transcription factor
NF-kB and the direct inhibition of pro-apoptotic
proteins such as BAD and caspase-9 (Fig. 2). An
important negative regulator of Akt is the dual
lipid and protein phosphatase PTEN (Phosphatase
and Tensin homologue on chromosome 10), which
controls the cellular levels of PIP2 and PIP3. PTEN
is a tumor suppressor gene and studies reporting
PTEN gene mutation and its epigenetic silencing
suggest that a loss of PTEN function may occur in
nearly 60% of melanomas [73]. The activation of
Akt as a consequence of PTEN loss contributes to
melanoma tumorigenesis by enhancing the apoptotic
resistance of melanoma cells [87].

Although alterations in the PTEN gene in
melanoma have been described, direct alterations in
AKT genes were not reported until 2004, when Stahl
et al. [88] found that nearly 60% of the melanoma
tumors analyzed (18 in a panel of 30 metastatic
tumors) had elevated expression of the AKT3
gene. This finding, together with the fact that extra
copy numbers of the chromosomic region 1q43-44,
which harbors the AKT3 gene, had been reported
in melanoma cells lead the authors to suggest that
amplification of the AKT3 gene contributed to the
deregulation of Akt activity in melanoma cells
[88]. In addition, in this same study, Akt3-specific
siRNA alone increased the level of apoptosis in
melanoma tumors in vivo, based on TUNEL assays.
The findings of Stahl ef al. [88] revealed that Akt3
is a target during transformation in melanoma cells
and highlighted the importance of the constitutive
activation of PIP3/Akt signaling for melanoma
resistance to apoptosis. The data on elevated Akt
expression in melanoma were recently confirmed
and extended through tissue microarrays and
immunohistochemical analyses [19]: the strongest
phospho-Akt expression was detected in 17% of
normal nevi (12 samples), 43% of dysplasic nevi (58
samples), 49% of primary melanomas (170 samples)
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and 77% of metastatic melanoma (52 samples). In
addition, there was an inverse correlation between
strong Akt expression and patient survival.

The Ras-Raf-ERK/MAPK pathway is another
important survival and proliferative pathway, the
deregulation of which contributes to melanoma
progression. Although constitutive activation of
Ras has been documented in ~10% of melanoma
cases (reviewed in [29]), the most frequent target
of this pathway in melanoma is the B-Raf kinase
that, in some studies, has been found to have an
activating mutation in up to 80% of cutaneous
melanoma samples [29]. A systematic cataloging of
B-Raf mutational studies in melanoma by Rodolfo
et al. [74] showed that the most common B-Raf
mutation (V600E) has been detected in 50% of more
than 1,300 tumor specimens and 250 melanoma
cell lines analyzed. B-Raf mutations were also
detected in most melanocytic nevi (~68% of the
total), although their frequency differed among the
histological subtypes of nevi; these mutations were
most frequently associated with acquired (junctional,
compound, intradermal), congenital and dysplastic
nevi, but were rarely detected in Blue and Sptiz nevi
[29,74]. The B-Raf gene encodes a serine-threonine
kinase that, in a pathway triggered by growth factors,
cytokines and mitogens, is activated by Ras and then
activates MAP kinase kinase (MEK).

The importance of B-Raf in melanoma was first
suggested in a relatively recent study in which a
systematic, genome-wide screening for mutations
in cancer-related genes detected B-Raf mutations
in 66% of human melanoma tumors, despite a lower
frequency in most other tumor types analyzed [21].
Additional studies have shown that ERK (the effector
of the Ras/Raf/Mek pathway) is constitutively
activated in melanoma tumor and cell lines [79,105]
and that this activation depends on B-Raf mutation
or on an autocrine mechanism of growth factor
stimulation since melanoma cells harboring wild-
type B-Raf also have constitutively activated ERK
[79]. Although the activation of MAPK pathways
may require additional events other than a B-Raf
mutation, the relevance of activated B-Raf for
melanoma survival has been demonstrated. In a
recent study, abrogation of this kinase by using an
inducible system for the expression of siRNA against
B-Raf increased the level of apoptosis in melanoma
tumors in vivo and unequivocally showed that B-Raf
is required for tumor maintenance [40]. In addition,

an inhibitor of Raf induced apoptosis in melanoma
cell lines harboring a B-Raf mutation, although
the effectiveness of this induction was cell-line
dependent [67]. Apoptosis triggered by Raf inhibition
is apparently caspase-independent since treating cells
with the pan-caspase inhibitor Z-VAD-fmk failed to
prevent apoptosis. Panka et al. [67] also showed
that apoptosis induced by Raf inhibition consisted
of events that were even independent of MAPK
activation, suggesting that the mechanism by which
Raf regulates cell survival is complex and requires
additional studies to improve our understanding.
Although the participation of B-Raf in the onset and
progression of melanoma is not clearly understood,
the current evidence confirms the importance of this
gene in melanoma survival. The high frequency of
mutations in melanoma make this gene an important
target for anti-cancer therapies, such as gene therapy
or blockade by specific kinase-inhibitors.

A major transcription regulator activated by the
PI3K/Akt and Ras/Raf/MAPK signaling pathways
in melanoma cells is the transcription factor NF-xB
[22,23] (Fig. 2). The up-regulation of NF-kB seen
in melanoma and other cancers (reviewed in [48])
has led to the hypothesis that enhanced activation
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Figure 2. Survival signaling pathways in melanoma.
Several positive regulators of survival signaling, such as
growth factors, the small GTPase Ras, the kinases Akt3
and B-Raf and the transcription factor NF-kB are up-
regulated (black boxes) in melanoma cells, whereas the
phosphatase PTEN (gray), a negative regulator of the Akt
pathway, is frequently downregulated. These alterations
could reinforce the inhibition of pro-apoptotic molecules
such as Bad and caspase-9, and the upregulation of
anti-apoptotic factors such as IAPs and Bcl-x , thereby
culminating in reduced apoptotic levels.
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of NF-xB is a central mechanism for melanoma
development ([60,61,102]; reviewed in [2]). NF-xB
is normally involved in pro-inflamatory responses
and in the regulation of growth and apoptosis.
NF-kB is maintained sequestered in the cytoplasm
through binding to IkB, an NF-kB inhibitory factor.
Upon appropriate stimulation, IkB is phosphorylated
and targeted for proteasomal degradation, thereby
allowing NF-kB to translocate into the nucleus to
activate target genes. NF-kB induces the expression
of several genes that can be divided into four
major classes: i) genes involved in the negative
regulation of NF-kB, ii) a series of genes involved in
immunological responses, iii) anti-apoptotic genes,
and iv) pro-proliferation genes. A trimeric complex
referred to as the [kB kinase complex (formed by two
catalytic subunits, IKKa and IKKf, and an adaptor
protein known as IKKy or NEMO) is responsible for
phosphorylating IkB and targeting it for degradation;
hence, the activation of IKK results in the induction
of NF-kB activity (reviewed in [55]).

In cancer cells, including melanoma, constitutive
activation of the NF-kB pathway is involved in
angiogenesis, tumor invasion and the inhibition of
apoptosis (reviewed in [2, 48]). NF-kB activity is
closely associated with tumor resistance to anti-
cancer therapies since TNFa, chemotherapeutic
drugs and radiation induce NF-kB activation leading
to a decreased effect of these agents [99]. In addition,
the down-regulation of NF-kB expression by RNA
interference increases the cell sensitivity to drugs
[35]. NF-xkB induces the expression of several
anti-apoptotic factors in melanoma cells, such as
cellular IAPs [c-IAP1, c-IAP2, ML-IAP (melanoma
IAP) and survivin], Bcl-2-like molecules, including
Bel-x, and Al, and the TNF-related associated
factors TRAF-1, TRAF-2 and c-FLIP, which act as
inhibitors in the extrinsic apoptotic pathway. NF-xB
also induces the expression of cyclin D1 and Cdk2
which allow escape from cell-cycle control and
stimulate proliferation [2,48].

Is MITF an oncogene involved in melanoma
progression?

MITF (Microphthalmia-associated transcription
factor) is a central regulator involved in melanocyte
differentiation and pigmentation. MITF is essential
for melanocyte differentiation and survival since
mutations that inactivate MITF lead to loss of
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the melanocytic lineage (reviewed in [89]). Bcl-
2 is a direct downstream target of MITF that is
essential for melanocyte survival [89]. However,
Bcl-2 is probably not the only pro-survival MITF
effector since clonogenic survival was abrogated in
melanoma cells with MITF disruption, even when
overexpressing Bcl-2 [59].

In contrast to other melanocytic markers, MITF
expression is maintained in nearly all melanomas.
Despite the well-defined, central role of MITF
in melanocytic differentiation and survival, its
participation in the development of melanoma
is controversial. Some studies have indicated
that reduced MITF expression is associated with
melanoma progression [76,82]. In addition,
recent results have shown that MITF activates the
transcription of the cell-cycle regulators p16/INK4a
[54] and p21<?! /CDKN1A [14] and can induce cell-
cycle arrest in melanocytes and melanoma cells in
a pl6- or p2l-dependent manner. Moreover, in B-
Raf-transformed melanocytes, MITF expression is
down-regulated, and restoration of the MITF levels
in these cells leads to a decreased capacity for colony
formation [100]. As expected, the effect of MITF on
cell colony number is not mediated by the induction
of apoptosis (unlike other oncogenes), but rather
caused by the inhibition of proliferation. On the other
hand, indications that MITF may have an oncogenic
role in melanoma progression have also recently
emerged. In a genome-wide analysis aimed at
identifying alterations in chromosomal copy number
in cancer, the MITF gene was found to be amplified
in melanoma cell lines and melanoma tumors [28].
The frequency of MITF locus amplification was
positively correlated with the stage of melanoma
progression and was associated with decreased
patient survival. All of the melanoma cell lines
that showed MITF amplification also harbored
mutations for activation of the B-Raf pathway and
inactivation of the pl6 pathway. In addition, in
melanocytes genetically modified to inactivate the
p53 and pl6/Rb pathways, the over-expression of
MITF together with mutated B-Raf was sufficient to
transform the cells. The influence of MITF on cell
survival is also demonstrated by the finding that the
expression of a dominant negative form of MITF
renders cells more sensitive to growth inhibition by
cisplatin and docetaxel. Hifla has been characterized
as a new transcriptional target activated by MITF in
melanocytes and melanoma cells [10]. Hifla encodes
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the hypoxia-induced factor 1, a transcriptional factor
involved in oxygen homeostasis that controls the
expression of genes associated with several aspects
of cancer, including resistance to apoptosis. In a
very recent and interesting study, McGill ef al. [58]
demonstrated that MITF is activated by and induces
the expression of the c-Met receptor tyrosine kinase,
in a positive regulatory loop. The activation of MITF
occurred via MAPK phosphorylation triggered by
stimulation of the c-Met receptor by hepatocyte
growth factor (HGF); phosphorylated MITF then
directly targeted the c-Met gene promoter and,
within 2 h of stimulation, phospho-MITF was also
targeted to proteasome- dependent degradation. The
HGF/c-Met pathway has been implicated in growth
and invasion in several tumor cell types, including
melanoma.

Asindicatedby Merlino [63],itis counter-intuitive
to think that a gene involved in cell cycle arrest could
function as an oncogene. Merlino suggests that the
loss of p16™4 could be a mechanism for uncoupling
the anti-proliferative and pro-survival activities of
MITF. Since MITF amplification has been detected
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Figure 3. Is MITF an oncogene or a tumor-suppressor
gene? MITF is an essential molecule for melanocyte dif-
ferentiation and survival, but its role in the progression
of melanoma is complex and controversial. MITF acti-
vates the transcription of genes involved in cell cycle ar-
rest, such as p16 and p21, genes involved in cell survival,
such as Bcl-2 and HIF-1, and genes involved in melanoma
growth and invasion, such as the receptor tyrosine kinase
c-Met. Opposite effects (pro-transformational and anti-
proliferative) have been demonstrated for MITF expres-
sion in melanoma cells (see text for details). Hence, the
cellular context in which the complex and diverse roles of
MITF are integrated will determine the final effect of this
protein on tumorigenesis.

only in cells with a p16 pathway dysfunction [28],
the resulting transformation by MITF overexpression
in association with B-Raf mutation could depend on
the status of p16. However, Wellbrock e al. [100]
reported an inhibitory effect of MITF overexpression
on the proliferation of melanocytes transformed by
the expression of a mutant B-Raf in a murine cell
line (melan-a) also lacking functional p16 [92,101]
Thus, additional defects are probably required to
change the antiproliferative activity of MITF into
one capable of transforming cells (Fig. 3). The link
for this switch may reside in pathways controlled by
the c-Met receptor or the transcriptional factor Hifla.
In addition, the status of the proteasome-dependent
degradation pathway might be fundamental in
balancing MITF activities and in driving the cell
towards growth or arrest. Future studies will need to
address the roles of molecules such as Cdk4/6-cyclin
D and the small Cdk inhibitors p21¢P! or p27%?!. The
dual function of the latter two proteins on cell cycle
progression, in which they activate Cdk4/6-cyclin
D and inhibit Cdk2-cyclin E, may be central to
understanding when MITF activation will result in
progression through G1 or arrest.

What anti-apoptotic factors help melanomas
evade apoptosis?

The studies discussed above indicate that
melanoma cells have several strategies for up-
regulating anti-apoptotic molecules and reducing or
inactivating pro-apoptotic ones. For pro-apoptotic
factors such as members of the Bcl-2 family there
is limited and still inconclusive data for their role in
melanoma; in contrast, a greater number of studies
has addressed the status of anti-apoptotic factors in
melanoma progression (reviewed in [11]). There
is no clear association between the level of Bcl-2
expression and melanoma progression since some
studies have detected an increase in Bcl-2 expression
during melanoma development whereas others have
reported an opposite change. Nevertheless, many
functional studies using gene interference strategies
have indicated the importance of Bel-2 for melanoma
cell survival. Unlike Bcel-2, the other two pro-survival
members of the Bcl-2 family, Bel-x; and MCL-I,
have been found to be more consistently associated
with melanoma resistance to apoptosis (see [11]).

Other important negative regulators of apoptosis
are IAPs (reviewed in [77]). [APs play an anti-
apoptotic function by inhibiting caspases and their
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activity is blocked by Smac/Diablo, a protein also
released from mitochondria after apoptotic stimuli.
Recent studies have raised the possibility that some
IAPs might suppress apoptosis through binding to
and inhibiting Smac/Diablo [25], thus indicating
that the mechanism of IAP action is not simple.
Two important IAPs associated with melanoma are
survivin and ML-IAP (melanoma-IAP). Survivin is
not expressed in normal melanocytes, but is detected
in melanocytic nevi and metastatic melanomas [34].
Survivin inhibits apoptosis by caspase-dependent
and independent pathways, and plays a role in the
mitotic spindle checkpoint [53]. Functional studies
have shown that survivin contributes to increased
apoptosis resistance in melanoma cells [68,69].
Recent studies have indicated that survivin is a
prognostic factor for melanomas since melanomas
with higher levels of survivin expression are
more resistant to therapeutic agents [93]. Ding et
al. [24] recently reported the nuclear localization
of survivin in a series of melanoma samples, but
not in nevi, a result that may contribute for the
histopathological staging of melanoma. A nuclear
localization of survivin has also been described in
other types of tumors, some of which were related
to poor prognosis. The mechanisms controling the
localization of survivin are poorly understood. Since
survivin is preferentially expressed in tumor cells, it
probably represents a potential target for anti-cancer
therapies. Clearly, further investigation into the roles
of survivin and its regulation in melanoma and other
cancers is required.

Livin/ML-IAP/KIAP is another IAP that was
discovered independently by different groups.
ML-IAP (melanoma-IAP) is highly expressed in
melanoma cell lines [98], and a recent study using
archived melanoma tissues showed that ML-IAP
is expressed in 20% of nevus samples and in up to
70% of melanoma samples, although there was no
significant difference between primary and metastatic
melanomas [30]. The role of ML-IAP in apoptosis
and melanoma is still poorly understood, although
this molecule is apparently under complex regulation.
Nachmias et al. [66] demonstrated that livin/ML-IAP
is a target for cleavage by caspase-3 and -7 to yield
a fragment with pro-apoptotic activity. The potent
action of ML-IAP as an anti-apoptotic factor may
not depend only on direct caspase inhibition, but also
on its capacity to bind and sequester Smac/Diablo,
thereby blocking its inhibitory effect on XIAP [97].
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The results discussed above illustrate the complexity
of TAP function and regulation, as also seen for other
regulators of apoptosis. Although many studies have
helped to elucidate the role of apoptotic factors in
regulating apoptosis and in the ability of tumors to
escape apoptosis, many more studies will be required
to provide a better understanding of the molecular
players involved and to allow the design of specific
and potent anti-tumor drugs.

CONCLUSIONS

The resistance of melanomas to apoptosis is a
challenge to be overcome by patients, clinicians
and scientists. Many genes that contribute to the
suppression of apoptosis in melanoma cells have
been recognized, and many others remain to be
discovered. In this review, we have focused on new
information about some of the well-known genes
and pathways widely implicated in the resistance of
melanomas to programmed death. Results obtained
in the last three years have raised new possibilities
regarding the function and regulation of these genes.
However, the new data also indicate that most
molecules are engaged in complex circuits that are
still poorly characterized. The function of a specific
molecule apparently depends on the contextual
aspects of the cells and tissues. Many questions
such as Can Apaf-1 act as a tumor suppressor gene?
Is MITF a melanocytic-specific oncogene? and Is
B-Raf a relevant target for anti-melanoma therapy?
will only be answered when key molecular pathways
have been well dissected. Other questions will need
to consider the tissue context and the relationship
between the tumor and its neighboring cells. As
discussed above, the ability of av integrin to regulate
pS3 activity is only appreciated in conditions that
mimic a natural tissue architecture, such as found
in 3D-collagen models. Another important aspect
is the redundancy of and the interplay among anti-
apoptotic pathways, as exemplified by the repression
of Bad by Akt and MAPK pathways (Fig. 2). This
interplay highlights the importance of developing
combined therapies to allow treatment via different
specific targets.

Despite this complexity, one thing is clear: evasion
of apoptosis is one of the most important factors in
permitting the progression of cancer. Green and Evan
[32] have proposed that uncontrolled proliferation
and the suppression of apoptosis form the basic
platform necessary for all tumor development
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since the other capabilities acquired by tumors are
a consequence of deregulated proliferation. Cancer
cells need to meet both conditions simultaneously
since many, if not all, molecular pathways that trigger
proliferation are coupled to mechanisms that induce
or sensitize the cells to apoptosis. A remarkable
example is the classic oncogene MYC that, in
addition to its proliferative effect, also sensitizes
the cell to several pro-apoptotic stimuli such as
nutrient deprivation, hypoxia and DNA damage. The
pro-apoptotic action of MYC is achieved through
activation of the ARF/p53 pathway and activation
of Bim in a p53-independent manner. (reviewed in
[8,20]). Suppression of either the p53 pathway or
Bim activity is sufficient to impair the pro-apoptotic
action of MYC, thereby allowing proliferation and
rendering the cells susceptible to transformation.
Interestingly, point mutations in MYC in Burkitts’s
lymphoma cells can specifically abolish the ability
of the mutant Myc protein to activate Bim. Since
this mechanism uncouples proliferative and pro-
apoptotic actions through an alteration in a single
gene, the mutated MYC induces tumorigenesis
much more efficiently than does overexpression
of the wild-type gene [39] (see [8,20]). Since the
mechanisms that allow cells to suppress apoptosis
are so essential for tumor development and since
the repertoire exploited by tumor cells to avoid
apoptosis can be extremely diverse, understanding
the mechanisms used by melanoma cells to evade
apoptosis is fundamental for developing efficient
therapies to combat the resistance of melanomas to
programmed death.

ACKNOWLEDGMENTS

We are grateful to all members of our laboratory, past
and present, for their support and enthusiasm, especially to
the technicians Silmara Reis Banzi and Benedita Oliveira
Souza. We wish to thank Rogério Gomes dos Santos for
his support and help with the reference formatting. We
gratefully acknowledge Dr. Roy E. Larson for helpful
advice and comments on the manuscript. We apologize
to those scientists whose work we failed to cite. We thank
FAPESP, CNPq and FAEPA for research support to our
laboratory and CNPq for current post-doctorate fellowship
to J.E.S. and a research fellowship to E.M.E. Also, we thank
FAPESP for a doctorate fellowship to J.F.S. during the

period of 2002-2005.

REFERENCES

1. Alizadeh AA, Ross DT, Perou CM, van de Rijn M (2001)
Towards a novel classification of human malignancies
based on gene expression patterns. J. Pathol. 195, 41-52.

2. Amiri KI, Richmond A (2005) Role of nuclear factor-k B
in melanoma. Cancer Metastasis Rev. 24, 301-313.

3. Baldi A, Santini D, Russo P, Catricala C, Amantea A,
Picardo M, Tatangelo F, Botti G, Dragonetti E, Murace R,
Tonini G, Natali PG, Baldi F, Paggi MG (2004) Analysis
of APAF-1 expression in human cutaneous melanoma
progression. Exp. Dermatol. 13, 93-97.

4. Bao W, Stromblad S (2004) Integrin ov-mediated
inactivation of p53 controls a MEKI-dependent
melanoma cell survival pathway in three-dimensional
collagen. J. Cell Biol. 167, 745-756.

5. Baptiste N, Prives C (2004) p53 in the cytoplasm: a
question of overkill? Cell 116, 487-489.

6. Bartkova J, Horejsi Z, Koed K, Kramer A, Tort F,
Zieger K, Guldberg P, Sehested M, Nesland JM, Lukas
C, Orntoft T, Lukas J, Bartek J (2005) DNA damage
response as a candidate anti-cancer barrier in early
human tumorigenesis. Nature 434, 864-870.

7. Bedogni B, Welford SM, Cassarino DS, Nickoloff
BJ, Giaccia AJ, Powell MB (2005) The hypoxic
microenvironment of the skin contributes to Akt-
mediated melanocyte transformation. Cancer Cell 8,
443-454.

8. Berns A (2005) Cancer: two in one. Nature 436, 787-
789.

9. Broker LE, Kruyt FA, Giaccone G (2005) Cell death
independent of caspases: a review. Clin. Cancer Res. 11,
3155-3162.

10. Busca R, Berra E, Gaggioli C, Khaled M, Bille K,

Marchetti B, Thyss R, Fitsialos G, Larribere L, Bertolotto
C, Virolle T, Barbry P, Pouyssegur J, Ponzio G, Ballotti
R (2005) Hypoxia-inducible factor 1o is a new target of
microphthalmia-associated transcription factor (MITF)
in melanoma cells. J. Cell Biol. 170, 49-59.

11. BushJA, Li G (2003) The role of Bcl-2 family members
in the progression of cutaneous melanoma. Clin. Exp.
Metastasis 20, 531-539.

12. Campioni M, Santini D, Tonini G, Murace R, Dragonetti
E, Spugnini EP, Baldi A (2005) Role of Apaf-1, a key
regulator of apoptosis, in melanoma progression and
chemoresistance. Exp. Dermatol. 14, 811-818.

13. Carr KM, Bittner M, Trent JM (2003) Gene-expression
profiling in human cutaneous melanoma. Oncogene 22,
3076-3080.

14. Carreira S, Goodall J, Aksan I, La Rocca SA, Galibert
MD, Denat L, Larue L, Goding CR (2005) Mitf
cooperates with Rbl and activates p21Cipl expression
to regulate cell cycle progression. Nature 433, 764-769.

15. Cecconi F, Alvarez-Bolado G, Meyer BI, Roth KA,
Gruss P (1998) Apafl (CED-4 homolog) regulates
programmed cell death in mammalian development.
Cell 94, 727-737.

16. Chin L, Pomerantz J, DePinho RA (1998) The INK4a/
ARF tumor suppressor: one gene--two products--two
pathways. Trends Biochem. Sci. 23, 291-296.

17. Chipuk JE, Bouchier-Hayes L, Kuwana T, Newmeyer
DD, Green DR (2005) PUMA couples the nuclear and
cytoplasmic proapoptotic function of p53. Science 309,
1732-1735.

18. Chipuk JE, Kuwana T, Bouchier-Hayes L, Droin NM,
Newmeyer DD, Schuler M, Green DR (2004) Direct
activation of Bax by p53 mediates mitochondrial

Braz. J. morphol. Sci. (2006) 23(1), 43-56



54

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

J. F. Sousa and E. M. Espreafico

membrane permeabilization and apoptosis. Science 303,
1010-1014.

Dai DL, Martinka M, Li G (2005) Prognostic
significance of activated Akt expression in melanoma: a
clinicopathologic study of 292 cases. J. Clin. Oncol. 23,
1473-1482.

Dang CV, O’Donnell KA, Juopperi T (2005) The great
MYC escape in tumorigenesis. Cancer Cell 8, 177-178.
Davies H, Bignell GR, Cox C, Stephens P, Edkins S,
Clegg S, Teague J, Woffendin H, Garnett MJ, Bottomley
W, Davis N, Dicks E, Ewing R, Floyd Y, Gray K, Hall
S, Hawes R, Hughes J, Kosmidou V, Menzies A, Mould
C, Parker A, Stevens C, Watt S, Hooper S, Wilson R,
Jayatilake H, Gusterson BA, Cooper C, Shipley J,
Hargrave D, Pritchard-Jones K, Maitland N, Chenevix-
Trench G, Riggins GJ, Bigner DD, Palmieri G, Cossu A,
Flanagan A, Nicholson A, Ho JW, Leung SY, Yuen ST,
Weber BL, Seigler HF, Darrow TL, Paterson H, Marais
R, Marshall CJ, Wooster R, Stratton MR, Futreal PA
(2002) Mutations of the BRAF gene in human cancer.
Nature 417, 949-954.

Dhawan P, Richmond A (2002) A novel NF-k B-
inducing kinase-MAPK signaling pathway up-regulates
NF-kappa B activity in melanoma cells. J. Biol. Chem.
277, 7920-7928.

Dhawan P, Richmond A (2002) Role of CXCLI1 in
tumorigenesis of melanoma. J. Leukoc. Biol. 72, 9-18.
Ding Y, Prieto VG, Zhang PS, Rosenthal S, Smith KJ,
Skelton HG, Diwan AH (2006) Nuclear expression
of the antiapoptotic protein survivin in malignant
melanoma. Cancer 106, 1123-1129.

Duckett CS (2005) IAP proteins: sticking it to Smac.
Biochem. J. 385, el-¢2.

Ekert PG, Read SH, Silke J, Marsden VS, Kaufmann H,
Hawkins CJ, Gerl R, Kumar S, Vaux DL (2004) Apaf-1
and caspase-9 accelerate apoptosis, but do not determine
whether factor-deprived or drug-treated cells die. J. Cell
Biol. 165, 835-842.

Fujimoto A, Takeuchi H, Taback B, Hsueh EC, Elashoff
D, Morton DL, Hoon DS (2004) Allelic imbalance of
12q22-23 associated with APAF-1 locus correlates with
poor disease outcome in cutaneous melanoma. Cancer
Res. 64,2245-2250.

Garraway LA, Widlund HR, Rubin MA, Getz G, Berger
AJ, Ramaswamy S, Beroukhim R, Milner DA, Granter
SR, Du J, Lee C, Wagner SN, Li C, Golub TR, Rimm
DL, Meyerson ML, Fisher DE, Sellers WR (2005)
Integrative genomic analyses identify MITF as a lineage
survival oncogene amplified in malignant melanoma.
Nature 436, 117-122.

Gill M, Celebi JT (2005) B-RAF and melanocytic
neoplasia. J. Am. Acad. Dermatol. 53, 108-114.

Gong J, Chen N, Zhou Q, Yang B, Wang Y, Wang X
(2005) Melanoma inhibitor of apoptosis protein is
expressed differentially in melanoma and melanocytic
naevus, but similarly in primary and metastatic
melanomas. J. Clin. Pathol. 58, 1081-1085.

Gorgoulis VG, Vassiliou LV, Karakaidos P, Zacharatos
P, Kotsinas A, Liloglou T, Venere M, Ditullio Jr RA,
Kastrinakis NG, Levy B, Kletsas D, Yoneta A, Herlyn
M, Kittas C, Halazonetis TD (2005) Activation of the

Braz. J. morphol. Sci. (2006) 23(1), 43-56

32.
33.

34.

35.

36.

37.
38.

39.

40.

41.
42.

43.

44,

45.
46.

47.

48.

49.

DNA damage checkpoint and genomic instability in
human precancerous lesions. Nature 434, 907-913.
Green DR, Evan GI (2002) A matter of life and death.
Cancer Cell 1, 19-30.

Grossman D, Altieri DC (2001) Drug resistance in
melanoma: mechanisms, apoptosis, and new potential
therapeutic targets. Cancer Metastasis Rev. 20, 3-11.
Grossman D, McNiff JM, Li F, Altieri DC (1999)
Expression and targeting of the apoptosis inhibitor,
survivin, in human melanoma. J. Invest. Dermatol. 113,
1076-1081.

Guo J, Verma UN, Gaynor RB, Frenkel EP, Becerra
CR (2004) Enhanced chemosensitivity to irenotecan by
RNA interference down-regulation of the nuclear factor-
kB p65 subunit. Clin. Cancer Res. 10, 3333-3341.

Hail Jr N, Carter BZ, Konopleva M, Andreeff M (2006)
Apoptosis effector mechanisms: a requiem performed in
different keys. Apoptosis (Available at www.pubmed.gov
DOI: 10.1007/s10495-006-6712-8)

Hanahan D, Weinberg RA (2000) The hallmarks of
cancer. Cell 100, 57-70.

Helmbach H, Rossmann E, Kern MA, Schadendorf
D (2001) Drug-resistance in human melanoma. Int. J.
Cancer 93, 617-622.

Hemann MT, Bric A, Teruya-Feldstein J, Herbst A,
Nilsson JA, Cordon-Cardo C, Cleveland JL, Tansey WP,
Lowe SW (2005) Evasion of the p53 tumour surveillance
network by tumour-derived MYC mutants. Nature 436,
807-811.

Hoeflich KP, Gray DC, Eby MT, Tien JY, Wong L,
Bower J, Gogineni A, Zha J, Cole MJ, Stern HM,
Murray LJ, Davis DP, Seshagiri S (2006) Oncogenic
BRAF is required for tumor growth and maintenance in
melanoma models. Cancer Res. 66, 999-1006.

Hood JD, Cheresh DA (2002) Role of integrins in cell
invasion and migration. Nat. Rev. Cancer 2, 91-100.
Hsu MY, Shih DT, Meier FE, Van Belle P, Hsu JY,
Elder DE, Buck CA, Herlyn M (1998) Adenoviral
gene transfer of $3 integrin subunit induces conversion
from radial to vertical growth phase in primary human
melanoma. Am. J. Pathol. 153, 1435-1442.

Hussein MR, Haemel AK, Wood GS (2003) Apoptosis
and melanoma: molecular mechanisms. J. Pathol. 199,
275-288.

Ivanov VN, Bhoumik A, Ronai Z (2003) Death receptors
and melanoma resistance to apoptosis. Oncogene 22,
3152-3161.

Jin Z, El-Deiry WS (2005) Overview of cell death
signaling pathways. Cancer Biol. Ther. 4, 139-163.
Johnstone RW, Ruefli AA, Lowe SW (2002) Apoptosis:
a link between cancer genetics and chemotherapy. Cell
108, 153-164.

Kamijo T, Zindy F, Roussel MF, Quelle DE, Downing
JR, Ashmun RA, Grosveld G, Sherr CJ (1997) Tumor
suppression at the mouse INK4a locus mediated by the
alternative reading frame product p19ARF. Cell 91, 649-
659.

Karin M, Cao Y, Greten FR, Li ZW (2002) NF-kappaB
in cancer: from innocent bystander to major culprit. Nat.
Rev. Cancer 2,301-310.

Karst AM, Dai DL, Martinka M, Li G (2005) PUMA
expression is significantly reduced in human cutaneous
melanomas. Oncogene 24, 1111-1116.



50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Melanoma resistance to apoptosis 55

Krimpenfort P, Quon KC, Mooi WJ, Loonstra A, Berns
A (2001) Loss of pl6Inkda confers susceptibility to
metastatic melanoma in mice. Nature 413, 83-86.
Kumar R, Sauroja I, Punnonen K, Jansen C, Hemminki
K (1998) Selective deletion of exon 1 of the p 98 gene
in metastatic melanoma cell lines. Genes Chromosomes
Cancer 23,273-277.

Leu JI, Dumont P, Hafey M, Murphy ME, George DL
(2004) Mitochondrial p53 activates Bak and causes
disruption of a Bak-Mcll complex. Nat. Cell Biol. 6,
443-450.

Li F, Ambrosini G, Chu EY, Plescia J, Tognin S,
Marchisio PC, Altieri DC (1998) Control of apoptosis
and mitotic spindle checkpoint by survivin. Nature 396,
580-584.

Loercher AE, Tank EM, Delston RB, Harbour JW
(2005) MITF links differentiation with cell cycle arrest
in melanocytes by transcriptional activation of INK4A.
J. Cell Biol. 168, 35-40.

Luo JL, Kamata H, Karin M (2005) IKK/NF-kappaB
signaling: balancing life and death — a new approach to
cancer therapy. J. Clin. Invest. 115, 2625-2632.
Marsden VS, Kaufmann T, O’Reilly LA, Adams JM,
Strasser A (2006) Apaf-1 and caspase-9 are required for
cytokine withdrawal-induced apoptosis of mast cells but
dispensable for their functional and clonogenic death.
Blood 107, 1872-1877.

Marsden VS, O’Connor L, O’Reilly LA, Silke J,
Metcalf D, Ekert PG, Huang DC, Cecconi F, Kuida K,
Tomaselli KJ, Roy S, Nicholson DW, Vaux DL, Bouillet
P, Adams JM, Strasser A (2002) Apoptosis initiated by
Bcl-2-regulated caspase activation independently of the
cytochrome c/Apaf-1/caspase-9 apoptosome. Nature
419, 634-637.

McGill GG, Haq R, Nishimura EK, Fisher DE (2006)
c-Met expression is regulated by Mitf in the melanocyte
lineage. J. Biol. Chem. 281, 10365-10373.

McGill GG, Horstmann M, Widlund HR, Du J,
Motyckova G, Nishimura EK, Lin YL, Ramaswamy S,
Avery W, Ding HF, Jordan SA, Jackson 1J, Korsmeyer
SJ, Golub TR, Fisher DE (2002) Bcl2 regulation by the
melanocyte master regulator Mitf modulates lineage
survival and melanoma cell viability. Cell 109, 707-
718.

McNulty SE, del Rosario R, Cen D, Meyskens Jr
FL, Yang S (2004) Comparative expression of NFkB
proteins in melanocytes of normal skin vs. benign
intradermal naevus and human metastatic melanoma
biopsies. Pigment Cell Res. 17, 173-180.

McNulty SE, Tohidian NB, Meyskens Jr FL (2001)
RelA, p50 and inhibitor of kappa B alpha are elevated
in human metastatic melanoma cells and respond
aberrantly to ultraviolet light B. Pigment Cell Res. 14,
456-465.

Meier F, Satyamoorthy K, Nesbit M, Hsu MY, Schittek
B, Garbe C, Herlyn M (1998) Molecular events in
melanoma development and progression. Front. Biosci.
3,D1005-D1010.

Merlino G (2005) Cancer biology: the weakest link?
Nature 436, 33-35.

Mihara M, Erster S, Zaika A, Petrenko O, Chittenden
T, Pancoska P, Moll UM (2003) p53 has a direct

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

apoptogenic role at the mitochondria. Mol. Cell 11, 577-
590.

Mustika R, Budiyanto A, Nishigori C, Ichihashi M,
Ueda M (2005) Decreased expression of Apaf-1 with
progression of melanoma. Pigment Cell Res. 18, 59-62.
Nachmias B, Ashhab Y, Bucholtz V, Drize O, Kadouri
L, Lotem M, Peretz T, Mandelboim O, Ben-Yehuda D
(2003) Caspase-mediated cleavage converts Livin from
an antiapoptotic to a proapoptotic factor: implications for
drug-resistant melanoma. Cancer Res. 63, 6340-6349.
Panka DJ, Wang W, Atkins MB, Mier JW (2006) The
Rafinhibitor BAY 43-9006 (Sorafenib) induces caspase-
independent apoptosis in melanoma cells. Cancer Res.
66, 1611-1619.

Pennati M, Binda M, De Cesare M, Pratesi G, Folini
M, Citti L, Daidone MG, Zunino F, Zaffaroni N (2004)
Ribozyme-mediated down-regulation of survivin
expression sensitizes human melanoma cells to
topotecan in vitro and in vivo. Carcinogenesis 25, 1129-
1136.

Pennati M, Colella G, Folini M, Citti L, Daidone MG,
Zaffaroni N (2002) Ribozyme-mediated attenuation of
survivin expression sensitizes human melanoma cells
to cisplatin-induced apoptosis. J. Clin. Invest. 109, 285-
286.

Piepkorn M (2000) Melanoma genetics: an update with
focus on the CDKN2A(p16)/ARF tumor suppressors. J.
Am. Acad. Dermatol. 42, 705-726.

Rizos H, Darmanian AP, Holland EA, Mann GJ, Kefford
RF (2001) Mutations in the INK4a/ARF melanoma
susceptibility locus functionally impair p14ARF. J. Biol.
Chem. 276, 41424-41434.

Rizos H, Puig S, Badenas C, Malvehy J, Darmanian AP,
Jimenez L, Mila M, Kefford RF (2001) A melanoma-
associated germline mutation in exon 1f inactivates
pl4ARF. Oncogene 20, 5543-5547.

Robertson GP (2005) Functional and therapeutic
significance of Akt deregulation in malignant melanoma.
Cancer Metastasis Rev. 24, 273-285.

Rodolfo M, Daniotti M, Vallacchi V (2004) Genetic
progression of metastatic melanoma. Cancer Lett. 214,
133-147.

Runger TM, Vergilis I, Sarkar P, DePinho RA, Sharpless
NE (2005) How disruption of cell cycle regulating genes
might predispose to sun-induced skin cancer. Cell Cycle
4, 643-645.

Salti GI, Manougian T, Farolan M, Shilkaitis A,
Majumdar D, Das Gupta TK (2000) Micropthalmia
transcription factor: a new prognostic marker in
intermediate-thickness cutaneous malignant melanoma.
Cancer Res. 60, 5012-5016.

Salvesen GS, Duckett CS (2002) IAP proteins: blocking
the road to death’s door. Nat. Rev. Mol. Cell Biol. 3,401-
410.

Satyamoorthy K, Chehab NH, Waterman MJ, Lien
MC, El-Deiry WS, Herlyn M, Halazonetis TD (2000)
Aberrant regulation and function of wild-type p53 in
radioresistant melanoma cells. Cell Growth Differ. 11,
467-474.

Satyamoorthy K, Li G, Gerrero MR, Brose MS, Volpe
P, Weber BL, Van Belle P, Elder DE, Herlyn M (2003)
Constitutive mitogen-activated protein kinase activation

Braz. J. morphol. Sci. (2006) 23(1), 43-56



56

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

J. F. Sousa and E. M. Espreafico

in melanoma is mediated by both BRAF mutations and
autocrine growth factor stimulation. Cancer Res. 63,
756-759.

Scott CL, Schuler M, Marsden VS, Egle A, Pellegrini
M, Nesic D, Gerondakis S, Nutt SL, Green DR, Strasser
A (2004) Apaf-1 and caspase-9 do not act as tumor
suppressors in myc-induced lymphomagenesis or mouse
embryo fibroblast transformation. J. Cell Biol. 164, 89-
96.

Seftor RE, Seftor EA, Hendrix MJ (1999) Molecular
role(s) for integrins in human melanoma invasion.
Cancer Metastasis Rev. 18, 359-375.

Selzer E, Wacheck V, Lucas T, Heere-Ress E, Wu
M, Weilbaecher KN, Schlegel W, Valent P, Wrba
F, Pehamberger H, Fisher D, Jansen B (2002) The
melanocyte-specific isoform of the microphthalmia
transcription factor affects the phenotype of human
melanoma. Cancer Res. 62,2098-2103.

Sharpless NE, Bardeesy N, Lee KH, Carrasco D,
Castrillon DH, Aguirre AJ, Wu EA, Horner JW,
DePinho RA (2001) Loss of pl6™“ with retention of
p19AT predisposes mice to tumorigenesis. Nature 413,
86-91.

Soengas MS, Alarcon RM, Yoshida H, Giaccia AJ,
Hakem R, Mak TW, Lowe SW (1999) Apaf-1 and
caspase-9 in p53-dependent apoptosis and tumor
inhibition. Science 284, 156-159.

Soengas MS, Capodieci P, Polsky D, Mora J, Esteller
M, Opitz-Araya X, McCombie R, Herman JG, Gerald
WL, Lazebnik YA, Cordon-Cardo C, Lowe SW (2001)
Inactivation of the apoptosis effector Apaf-1 in malignant
melanoma. Nature 409, 207-211.

Soengas MS, Lowe SW (2003) Apoptosis and melanoma
chemoresistance. Oncogene 22,3138-3151.

Stahl JM, Cheung M, Sharma A, Trivedi NR,
Shanmugam S, Robertson GP (2003) Loss of PTEN
promotes tumor development in malignant melanoma.
Cancer Res. 63, 2881-2890.

Stahl JM, Sharma A, Cheung M, Zimmerman M,
Cheng JQ, Bosenberg MW, Kester M, Sandirasegarane
L, Robertson GP (2004) Deregulated Akt3 activity
promotes development of malignant melanoma. Cancer
Res. 64,7002-7010.

Steingrimsson E, Copeland NG, Jenkins NA (2004)
Melanocytes and the microphthalmia transcription
factor network. Annu. Rev. Genet. 38, 365-411.

Sun Y, Orrenius S, Pervaiz S, Fadeel B (2005) Plasma
membrane sequestration of apoptotic protease-activating
factor-1 in human B-lymphoma cells: a novel mechanism
of chemoresistance. Blood 105, 4070-4077.
Sviderskaya EV, Gray-Schopfer VC, Hill SP, Smit NP,
Evans-Whipp TJ, Bond J, Hill L, Bataille V, Peters G,
Kipling D, Wynford-Thomas D, Bennett DC (2003)
pl6/cyclin-dependent kinase inhibitor 2A deficiency
in human melanocyte senescence, apoptosis, and
immortalization: possible implications for melanoma
progression. J. Natl. Cancer Inst. 95, 723-732.
Sviderskaya EV, Hill SP, Evans-Whipp TJ, Chin L,
Orlow SJ, Easty DJ, Cheong SC, Beach D, DePinho RA,

Braz. J. morphol. Sci. (2006) 23(1), 43-56

93.

94.

9s.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Bennett DC (2002) p16™4 in melanocyte senescence
and differentiation. J. Natl. Cancer Inst. 94, 446-454.
Takeuchi H, Morton DL, Elashoff D, Hoon DS (2005)
Survivin expression by metastatic melanoma predicts
poor disease outcome in patients receiving adjuvant
polyvalent vaccine. Int. J. Cancer 117, 1032-1038.
Tang L, Tron VA, Reed JC, Mah KIJ, Krajewska M, Li
G, Zhou X, Ho VC, Trotter MJ (1998) Expression of
apoptosis regulators in cutaneous malignant melanoma.
Clin. Cancer Res. 4, 1865-1871.

Venkitaraman AR (2005) Medicine: aborting the birth of
cancer. Nature 434, 829-830.

Vousden KH, Lu X (2002) Live or let die: the cell’s
response to pS3. Nat. Rev. Cancer 2, 594-604.

Vucic D, Franklin MC, Wallweber HJ, Das K, Eckelman
BP, Shin H, Elliott LO, Kadkhodayan S, Deshayes
K, Salvesen GS, Fairbrother WJ (2005) Engineering
ML-IAP to produce an extraordinarily potent caspase
9 inhibitor: implications for Smac-dependent anti-
apoptotic activity of ML-IAP. Biochem. J. 385, 11-20.
Vucic D, Stennicke HR, Pisabarro MT, Salvesen GS,
Dixit VM (2000) ML-IAP, a novel inhibitor of apoptosis
that is preferentially expressed in human melanomas.
Curr. Biol. 10, 1359-1366.

Wang CY, Guttridge DC, Mayo MW, Baldwin Jr
AS (1999) NF-kappaB induces expression of the
Bcl-2 homologue A1/Bfl-1 to preferentially suppress
chemotherapy-induced apoptosis. Mol. Cell Biol. 19,
5923-5929.

Wellbrock C, Marais R (2005) Elevated expression of
MITF counteracts B-RAF-stimulated melanocyte and
melanoma cell proliferation. J. Cell Biol. 170, 703-708.
Wellbrock C, Ogilvie L, Hedley D, Karasarides M,
Martin J, Niculescu-Duvaz D, Springer CJ, Marais R
(2004) VS99EB-RAF is an oncogene in melanocytes.
Cancer Res. 64,2338-2342.

Yang J, Richmond A (2001) Constitutive IkappaB
kinase activity correlates with nuclear factor-kappaB
activation in human melanoma cells. Cancer Res. 61,
4901-4909.

Yoshida H, Kong YY, Yoshida R, Elia AJ, Hakem A,
Hakem R, Penninger JM, Mak TW (1998) Apafl is
required for mitochondrial pathways of apoptosis and
brain development. Cell 94, 739-750.

Zanon M, Piris A, Bersani I, Vegetti C, Molla A, Scarito
A, Anichini A (2004) Apoptosis protease activator
protein-1 expression is dispensable for response of
human melanoma cells to distinct proapoptotic agents.
Cancer Res. 64, 7386-7394.

Zhuang L, Lee CS, Scolyer RA, McCarthy SW, Palmer
AA, Zhang XD, Thompson JF, Bron LP, Hersey P
(2005) Activation of the extracellular signal regulated
kinase (ERK) pathway in human melanoma. J. Clin.
Pathol. 58, 1163-1169.

Zomig M, Hueber A, Baum W, Evan G (2001)
Apoptosis regulators and their role in tumorigenesis.
Biochim. Biophys. Acta 1551, F1-F37.

Received: February 28, 2006
Accepted: March 20, 2006



