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1.  ABSTRACT 
 

At the end of the last decade, sporadic 
melanomas were still considered a genetic black box.  
Fortunately, in the last few years the box has been opened 
bringing to light melanoma-relevant oncogenes, aberrant 
signal transduction pathways, critical alterations in the 
melanoma cell cycle that go beyond p16INK4a, and 
melanoma- microenvironment interactions that are essential 
for tumor progression.  This review will discuss some of 
the latest findings in melanoma research including the 
critical role of the MAPK pathway in the genesis of 
melanoma and senescence of nevi, the paradoxical tumor 
suppressor and oncogenic activities of the transcription 
factor MITF, and the unexpected oncogenic activities of the 
low molecular weight forms of cyclin E.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.  INTRODUCTION 
 

The incidence of cutaneous malignant melanoma 
has been increasing steadily over the last 30 years at an 
annual rate of approximately 6%.  It is believed that 1 in 75 
Americans will develop melanoma during their lifetime (1).  
The American Cancer Society estimates that 59,580 new 
cases of melanoma will have been diagnosed in 2005 with 
7,700 deaths related to the disease 
(http://www.cancer.org/docroot/MED/content/downloads/
MED_1_1x_CFF2005_Estimated_New_Cases_Deaths_by_
Sex_US.asp).   
 

While early-stage melanoma is curable by simple 
surgical excision, late-stage disease has a poor rate of 
clinical response to currently available therapies.  As such,
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Figure 1. The MAPK/ERK Pathway. 

 
considerable clinical effort has been placed on early 
diagnosis and treatment of melanoma.  Developing new 
forms of therapy for late stage disease has been confounded 
by the complexities involved in the process of tumor 
progression despite several clear advances in our 
understanding of melanoma biology during the past decade 
(Reviewed in (2)).  Critical to this understanding was the 
recognition of genetic instability and the resultant cell cycle 
dysregulation driven by loss of tumor suppressor functions 
(Reviewed in (3,4)).  Among the tumor suppressors that 
have been implicated in melanomagenesis, 
p16INK4a/CDKN2 has been studied most extensively (5,4).  
While aberrations of tumor suppressor function are 
common in melanoma, they do not by themselves, provide 
a universal target for therapy.   
 

Other studies of melanoma progression have been 
focused on the level of gene expression. During the past ten 
years, it has been shown that several genes essential to a 
melanoma cell’s ability to migrate, invade, and to escape 
apoptosis are regulated by critical transcription factors 
and/or transcriptional regulators including CREB (6,7), AP-
2 (8,9,10), and ATF2 (11).  Furthermore, aberrations of the 
TGF-β growth inhibitory pathway as effected by Smad 
signaling have identified a critical role for the oncogenic 
protein SKI in melanoma progression (Reviewed in 

(12,13)).   Each of these lines of investigation has opened 
avenues for the development of novel therapeutic 
interventions. 
 
This review will now focus on the most recent 
developments in our understanding of critical events in the 
early stages of melanoma formation and in tumor 
progression.  Particular emphasis will be placed on 
signaling pathways known to be important in normal 
melanocyte biology.  This will involve examination not 
only of aberrations of cell cycle regulatory proteins, but 
also key elements of upstream signaling pathways that link 
the melanocyte to its microenvironment ultimately leading 
to events significant to differentiation, proliferation, and 
survival.   To this end, we shall discuss the myriad roles of: 
the mitogen-activated protein kinase (MAPK) / 
extracellular signal regulated kinase (ERK) pathway 
including its individual members such as RAS and B-RAF; 
the transcription factor Microphthalmia (MITF); Cyclin 
E/CDK2 interactions; and the recently emerging field of 
epigenetics in melanoma. 
 
3.  THE MITOGEN-ACTIVATED PROTEIN KINASE 
(MAPK) / EXTRACELLULAR SIGNAL-
REGULATED KINASE (ERK) PATHWAY: 
UPSTREAM DETERMINANTS OF NORMAL CELL 
BEHAVIOR ARE ABERRANT IN MALIGNANT 
MELANOMA 
 

Although genetic instability can lead to 
dysregulation of the cell cycle through oncogenic stimuli, 
or by loss of tumor suppressor functions, the pathogenesis 
and progression of melanoma also must be considered in 
the context of the cellular microenvironment.  Signaling 
from the cell surface to the nucleus is a major determinant 
of normal cellular function and homeostasis.  In normal 
cells, external stimuli can influence morphology, motility, 
proliferation, and even survival, terminal differentiation, 
senescence, and induction of apoptosis.  One of the most 
important mechanisms for relaying environmental signals 
to the nucleus involves the mitogen-activated protein 
kinase (MAPK) / extracellular signal-regulated kinase 
(ERK) pathway (Figure 1).  The relevance of this pathway 
in the biology of human melanocytes is underscored by the 
loss of ERK2 activity and consequent failure of its nuclear 
translocation as melanocytes become senescent (14).  It is 
now clear that involvement of the MAPK/ERK pathway is 
a critical event in the pathobiology of malignant melanoma.  
As such, identifying aberrations of this pathway in vivo 
would potentially identify targets for specific biological or 
pharmacological therapies in patients with advanced 
disease.   
 

The MAPK/ERK pathway transmits an 
extracellular signal to the nucleus through a series of 
membrane-associated and cytosolic protein kinases (for 
review, see (15)).  The extracellular signal is coupled to the 
downstream membrane and cytoplasmic protein kinase 
cascade by SH2-containing adapter proteins and exchange 
proteins such as Grb2 and Son of Sevenless (SOS).  In 
melanocytes, certain receptor kinases (RKs) are key 
regulators of downstream MAPK/ERK signaling and 
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include: the Fibroblast Growth Factor Receptors, Insulin-
like Growth Factor Receptors, Hepatocyte Growth Factor 
Receptor, the neurotrophin receptors, CD117/c-kit, and 
erbB/HER/neu family of receptors (Reviewed in (3,16).  In 
normal melanocytes, these proteins function as receptors 
for major ligands necessary for cell function and survival.  
Among these, the erbB family of RKs has been studied 
extensively in melanoma cells (Reviewed in (17)).  
 
3.1. Oncogenic Ras:  recruitment of the MAPK/ERK 
cascade and a potential target for constitutive pathway 
activation 

The RAS family of oncogenes that includes N-
RAS, K-RAS, and H-RAS are small guanine-nucleotide 
binding proteins that localize to the inner plasma 
membrane.  These proteins are activated by a variety of 
stimuli including receptor tyrosine kinases and adaptor 
proteins (Reviewed in (18).  Activated, GTP-bound RAS 
recruits the next member of the MAPK/ERK cascade, RAF 
to the plasma membrane where it is activated by 
phosphorylation.  Activating mutations in codon 61 of N-
RAS occur in approximately 20-30% of melanomas, a 
phenomenon not reported for benign melanocytic nevi 
(19,20).   The most common mutation results in a glutamine to 
arginine substitution, a missense mutation that impairs GTP 
hydrolysis and thus maintains RAS in a state of constitutive 
activation.  Early studies suggested that the activation of RAS 
in melanoma may not have significant biological effects 
because alterations of p21waf1 often are not detected in cell 
lines harboring such mutations (19).  However, silencing 
mutant N-RAS expression in cell lines harboring this mutation 
leads to apoptosis, as well as decreased levels of activated 
ERK and cyclin D1 (20).  Looking at global gene expression, it 
is not surprising that many of the genes upregulated in 
melanoma lines harboring N-RAS mutations are related to cell 
survival and MAPK activation  (21). 
 

RAS also can be activated by cAMP, a feature 
independent of Protein Kinase A activation, an observation 
that suggests the presence of a novel melanocyte-specific 
RAS exchange factor (22).  Indeed, high levels of activated 
RAS have been reported in melanoma lines lacking RAS 
mutations further supporting a role for receptor-mediated or 
autocrine signaling in melanoma (23). 
 

Interestingly, mutations of N-RAS (and of B-
RAF) occur at much lower frequency in non-cutaneous 
melanomas (24).  Activating mutations of N-RAS (and B-
RAF) also are rare occurrences in Spitz nevi; however, H-
RAS mutations are common especially in those lesions 
with increases in copy number of chromosome 11p (25).  
These observations in sum identify N-RAS as a possible 
target for therapy in human cutaneous melanoma. 
  
3.2.  RAF kinases:  a target for pathway activation 
responsible for carrying the signal downstream 

Upon activation, RAS recruits members of the 
serine-threonine kinase RAF family to the plasma 
membrane.  In mammals, RAF family members include: A-
RAF, B-RAF, and C-RAF (RAF-1). Activated RAS  
activates the RAF kinases which then dissociate from the 
membrane complex and enter the cytosolic compartment to 

in turn activate members of the MEK family of proteins 
(26,27).  
 

Much interest has been generated by the recent 
observation that activating mutations of B-RAF occur in 
approximately 60% of melanomas (28,29).  These 
mutations occur with greatest frequency in codon 15 
V600EB-RAF (originally reported to NCBI as V599EB-RAF) 
(30).  This missense mutation results in a valine to leucine 
substitution leading to constitutive activation of the kinase 
with a multi-fold increase in its basal activity resulting in 
downstream activation of MEK1/2 and ERK1/2 without 
effects on MKK4 and subsequent involvement of the 
JNK/p38MAPK pathway (26). 
 

Interestingly, activating mutations of B-RAF 
occur almost exclusively in melanomas lacking activating 
mutations of N-RAS (31).  As such, approximately 90% of 
all melanomas will have upstream activating mutations 
within the MAPK pathway involving either N-RAS or B-
RAF.  Although B-RAF mutations occur in a 60% of 
melanomas, it must be remembered that similar aberrations 
affect greater than 80% of melanocytic nevi and are not 
observed in most Spitz nevi, a lesion histologically similar 
to melanoma (32).  Another study found B-RAF mutations 
in only 20-30% of melanomas and nevi (33), a finding that 
may be related to differences in the methods of mutation 
analysis used in the various laboratories (34).  Melanomas 
harboring B-RAF mutations are more likely to produce 
liver and multi-organ metastases, but have not been shown 
to have any effect on patient survival (35).  The complexity 
of B-RAF signaling in melanocyte biology is underscored 
by recent observations that this component of the MAPK 
pathway also has a role in cellular senescence.   
 
3.3. The B-RAFv6003 oncogene triggers cellular 
senescence in nevi 

Normal human cells respond to potentially 
oncogenic events such as short telomeres, DNA damage 
and activating oncogenes by irreversibly arresting growth 
with a characteristic phenotype termed cellular senescence 
(Reviewed in (36,37,38,39).  Senescent cells exhibit 
multiple changes in gene expression, including down 
regulation of cell cycle regulatory and stress-response 
genes and up-regulation of matrix-remodeling proteins 
(Reviewed in (40)).  Activating oncogenes have been 
known for some time to induce cellular senescence in 
cultured cells.  These studies suggested but did not prove 
that cellular senescence is a tumor suppressive mechanism 
that also contributes to aging (40).  In fact, based on the 
high frequency of chromosomal aberrations in melanomas, 
and their relative absence in nevi, it was proposed that 
replicative senescence is a tumor-suppressive mechanism in 
melanocytic neoplasia (41).   
 

Common nevi are benign pigmented lesions 
characterized by nested proliferations of melanocytes that 
usually appear at an early age, remaining quiescent for 
several decades, losing pigmentation with increased donor 
age and occasionally disappearing from the skin.  
Confirming the aforementioned hypotheses, four different 
laboratories have mechanistically demonstrated that 
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cellular senescence functions as a protective guard against 
cancer in vivo (42,43,44,45).  The study of Michaloglou et 
al. (45) is particularly important for understanding how the 
common nevus is virtually a senescent entity that never 
progresses to melanoma.  First, it is important to remember 
that 82% of nevi display the B-RAFV600E mutation also 
present in melanomas (32), which indicates that activation 
of the RAS/RAF/MAPK pathway alone is insufficient for 
human melanoma tumor progression; 2) even large 
congenital nevi are positive for the senescent-associated 
acidic β galactosidase (SA-β-gal) marker (46).  It is now 
evident that what triggers senescence in these melanocytes 
is the oncogenic B-RAFV600E mutation.  Thus, critical, 
regulated levels of activated ERK may be required for 
maintaining limited proliferation, as both excess activation 
by oncogenic signals (46), or loss of activation at the end of 
the proliferative lifespan (14), correlate with melanocyte 
senescence. 
 

Intriguingly, Michaloglou et al. (45) found that 
the growth arrested state of nevi correlated with positive 
SA-β-gal staining rather than with positive staining for the 
tumor suppressor p16INK4a.  This is certainly unexpected, as 
p16INK4a is induced in senescent melanocytes in culture and 
epigenetically silenced or deleted in melanoma cells 
(47,48).   The B-RAF study confirmed in nevi previous 
results showing that both p53 and p21Waf-1 (initially 
identified in senescent fibroblasts) do not play any evident 
role in melanocyte senescence (Reviewed in (49)).  A 
potentially interesting candidate for maintaining the 
permanent state of growth arrest in nevi is p27Kip1.  
Although not studied in the context of the B-RAF mutation, 
p27Kip1 is highly expressed in benign nevi (50,51) and 
primary melanomas (52), and is required by the RB 
pathway to mediate senescence (53,54).   
 

It is important to mention, though, that the 
senescent role of CDK-Is is not yet fully understood.  For 
example, fibroblasts up-regulate and down-regulate p21Waf-

1 and p16INK4a at different stages of senescence.  Adding to 
this complexity, CDK-I expression and function appear to 
be cell- and tissue-type dependent (55). 
 

Clearly, the relationship between the MAPK 
cascade and cell cycle regulation needs to be further 
clarified.  At this point in time it is safe to say that the 
activation of the MAPK pathway by B-RAF alone is 
insufficient to induce melanoma genesis in humans.  In the 
future, considerable effort may be directed toward 
discovery of new pharmacologic agents that target specific 
points in the MAPK pathway such as N-RAS and B-RAF 
(56,27). 
 
3.4. MEK and ERK: kinases that transmit signals to the 
nucleus and mediate cross talk with other signaling 
pathways 

Whether activation of the MAPK/ERK pathway 
occurs via stimuli from plasma membrane receptors, or by 
RAS / RAF signaling, the ultimate cellular effects are 
mediated by the downstream serine-threonine kinases in the 
MAPK pathway (26,57).  These downstream kinases 
include MEK1/2 and ERK1/2.  Cytoplasmic, activated B-

RAF is capable of propagating a signal downstream by 
phosphorylation of MEK1/2.  MEK1/2 in turn activates 
ERK1/2.   Activated ERK1/2 may interact with cytosolic 
proteins serving as a point of cross-talk with other signaling 
pathways or it can translocate to the nucleus and activate 
several transcription factors thereby influencing expression 
of myriad genes including: cell cycle regulatory proteins, 
matrix metalloproteinases, angiogenic factors, survival 
factors, and inhibitors of apoptosis (Figure 1).  Many of 
these downstream proteins have been implicated in the 
pathogenesis and the progression of human malignant 
melanoma (57). 
 

As would be predicted, increased levels of 
phospho-p42/p44 ERK1/2 have been demonstrated in 
melanomas in vivo, including the early radial growth phase 
of tumor progression (58).  Furthermore, increased levels of 
phosphorylated ERK in melanoma correlates with tumor 
thickness and cyclin D levels, but does not predict overall 
survival (59).  Neither of these studies found significant 
phosphorylated ERK levels in melanocytic nevi. 
 

Activation of ERK also has been shown in uveal 
(60) and in acral (61) melanomas, in which N-RAS and B-
RAF mutations are rare further stressing the importance of 
downstream elements of  the MAPK/ERK pathway in 
melanoma.  It is also important to note the role of ERK in 
establishing cross talks with other signaling pathways such 
as the p38MAPK/JNK, p90RSK, CREB, and MITF 
(62,57). 
 
3.5.  Oncogenic signaling through erbB family 
receptors:  another way of activating the MAPK/ERK 
pathway in melanomas? 

The identification of ligand-independent 
activating mutations in erbB family receptors in the 
melanoma-prone swordtail fish Xiphophorus first 
implicated the MAPK/ERK pathway in melanoma 
pathogenesis (63).  These mutations result in constitutive 
activation of the receptor and the downstream MAPK/ERK 
pathway and are sufficient to induce tumorigenesis in 
Xiphophorus.  The mutant oncogenic receptor has been 
termed Xmrk (Xiphophorus melanoma receptor kinase).  
Although the Xmrk oncogene has not been described in 
human melanomas, functional erbB receptors are present in 
human melanocytes and melanoma cell lines (64).  In 
addition, melanoma lines over-express and secrete 
heregulins, a ligand for erbB receptor family members.  
Interestingly, erbB receptors can mediate migration and/or 
proliferation in melanocytes and melanoma cells (65).   
Thus, erbB receptor ligands may have some as yet 
unidentified autocrine function in melanomas in vivo 
allowing for growth factor independence.   
 
4.  THE MANY LIVES OF MITF: A MASTER 
PIGMENT REGULATOR, A SURVIVAL 
ONCOGENE, A GROWTH INHIBITORY/ PRO-
APOPTOTIC PROTEIN, OR ALL OF THE ABOVE?  
 

The micropthlamia-associated transcription factor 
(MITF) promotes the differentiation of neural crest cells 
into the melanocyte differentiation pathway (Reviewed in 
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(66,67)).  Although MITF is considered a master 
transcriptional activator and lineage-specific regulator of 
major pigment genes that include tyrosinase, the 
tyrosinase-related protein 1 (TRP-1) and p-Mel-17 (68), its 
transcriptional activity can be very puzzling.  For example, 
the human dopachrome tautomerase gene (DCT), also a 
major pigment gene, is repressed by MITF in human 
normal melanocytes cultured with phorbol esters (69).  This 
is quite surprising, as the DCT promoter also contains the 
MITF canonical binding sequence TCATGTG (M-box) 
(70).  Similar studies showed that MITF had either no 
effect on DCT in human melanomas or it activated the dct 
promoter in B16 mouse melanomas (71).  These 
contradictory results suggest that that the promoter context 
is also critical for MITF activity.  Supporting this 
hypothesis, promoter-reporter assays demonstrated that the 
transcriptional co-activator p300 switches MITF from a 
repressor to an activator of DCT whereas MITF alone can 
induce robust activation of the tyrosinase and TRP-1 
promoters (69,72).  But the paradoxical activities of MITF 
do not end with the pigment genes.   
 

MITF expression is regulated by several 
transcription factors including Sox 10, Pax3, CREB, OC, 
and Lef-1 (reviewed in (73)).  So, what does MITF do in 
melanomas?  1) MITF is amplified in ~ 10% on human 
melanomas, 2) overexpression of both MITF and B-
RAFV600E can transform telomerase-(hTERT) immortalized 
human melanocytes in culture, 3) overexpression of a 
dominant negative MITF (dnMITF) can inhibit growth and 
increase the susceptibility of melanoma cell lines to the 
chemotherapeutic agents cysplatin and docetaxel (74).  
Thus, MITF functions as a survival oncogene.   
Contradicting these results, MITF can also function as an 
anti-proliferative protein by associating with the 
retinoblastoma protein RB and activating expression of the 
cyclin-dependent kinase inhibitor p21Waf-1 (75).   
 

To this end, SKI and mutated B-RAF show 
opposing roles in MITF expression. Overexpression of B-
RAFV600E can suppress MITF expression via ERK-induced 
degradation, whereas its reintroduction inhibits 
proliferation of human melanocytes (76).  Conversely, 
overexpression of SKI induces MITF transcription in 
melanoma (77) and non-melanoma cells (E. Stavnezer, 
personal communication).  We propose that as human 
melanomas display considerable levels of MITF protein 
(78), SKI-mediated MITF transcription (78) may 
counteract MITF protein degradation (79,80) induced by 
the MAPK signaling pathway. 
 

New data also suggests that MITF may also 
participate in apoptotic pathways.  In this scenario, a low 
molecular weight, caspase-cleaved MITF can function as a 
proapoptotic protein in melanocytes and melanoma cells 
(81).  It is presently unclear, though, whether such fragment 
truly exists in the notoriously apoptosis-resistant human 
melanoma tissues.  One can speculate that enhancing 
caspase activation may be one way to switch MITF’s 
survival activities to pro-apoptotic functions in a melanoma 
tumor-specific manner.    

In conclusion, additional studies are needed to 
place the current MITF data in an appropriate context.  In 
the interim, we suggest that protein levels, oncogenic load 
of the melanoma tumor and promoter context may all 
contribute to the ultimate role of MITF in melanoma tumor 
progression. 
 
5. MORE THAN JUST p16INK4A: THE (VERY) 
ALTERED MELANOMA CELL CYCLE 
 

Progression of normal cells through the cell cycle 
is tightly regulated by the rapid synthesis and degradation 
of a family of proteins known as cyclins. Cyclins constitute 
the regulatory subunit of proteins known as the cyclin-
dependent kinases (CDKs), which can be negatively 
regulated by proteins generically known as the cyclin-
dependent kinase inhibitors (CDK-Is) of which several 
have been identified.  Among several substrates, the CDKs 
phosphorylate members of the retinoblastoma (RB) protein 
family and abrogate their cell cycle inhibitory activity 
allowing E2F transcription factors to activate genes 
necessary for DNA synthesis.   
 

Cancer cell cycles exhibit, in a tumor-type 
dependent manner, high levels and activity of cyclins 
and/or CDKs and abnormal expression of CDK-Is,  Such 
abnormal cell cycles favor accelerated proliferation, 
chromosomal instability, resistance to apoptosis and 
immortality (resistance to the senescence response).    For 
example, cyclin D1 may function as a melanoma oncogene 
(82).   This cyclin is frequently amplified in acral 
melanoma (44.4%), a particular melanoma sub-type, 
whereas occasional amplifications have been observed in 
lentigo maligna melanoma (10.5%) and superficial 
spreading melanoma (5.6%).  However, cyclin E is the only 
cyclin consistently overexpressed during the progression of 
human malignant melanoma (83,84).  The high number of 
cyclin E-positive cells within the melanoma lesions 
suggests that cyclin E has lost the cell cycle-regulated 
periodicity.  
 
5.1. Oncogenic activity of the low molecular weight 
forms of cyclin E 

Cyclin E is perhaps the most interesting of the 
known cyclins; in association with CDK2 controls three 
major S phase events, DNA replication, centrosome 
duplication, and histone gene expression (85).  
Overexpression of cyclin E alters cell cycle dynamics: it 
promotes progression into S and G2-M phases and 
increases the frequency of centrosome duplication which 
results in genetic instability.   In breast and melanoma 
tumors, cyclin E displays and intriguing pattern; in addition 
to the full length protein, several low molecular weight 
forms (LMW) of cyclin E are detected by a variety of 
cyclin E antibodies.   Proteolysis of cyclin E results from 
the activation of the elastase class of serine proteases (86).  
The LMW forms of cyclin E show significant biochemical 
and biological activities compared to full length cyclin E.  
Intriguingly, such activities are tumor-dependent.  In 
melanoma cell lines, CDK2 complexes containing 
endogenous or transfected LMW forms of cyclin E display 
decreased affinity for the cyclin-dependent kinase inhibitor 
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p21Waf-1 (87).  In contrast, the LMW forms of cyclin 
E/CDK2 complexes exhibit increased binding to p21Waf-1 in 
breast tumor cell lines (88).   
 

The LMW forms of cyclin E are oncogenic in 
vivo.  Melanoma xenografts expressing the LMW forms of 
cyclin E can generate tumors in mice that exhibit prominent 
perineural invasion and increased vasculogenesis compared 
to full length cyclin E (87) .  In addition, overexpression of 
the LMW forms of cyclin E can dramatically augment the 
incidence and number of metastases in an experimental 
lung metastasis assay (87).  Thus, the LMW forms of cyclin 
E not only contribute to the total cyclin E protein dosage; 
they also augment and expand cyclin E function by their 
poor affinity for p21Waf-1.  Further studies are expected to 
determine whether the increased tumorigenicity and 
metastatic potential of the LMW forms results from CDK2-
dependent and/or independent activities including 
phosphorylation of novel substrates and/or association with 
alternative protein partners.  In summary, sufficient 
experimental evidence indicates that overexpression of total 
levels of cyclin E may be considered a relevant marker for 
highly invasive melanoma tumors.  It is less certain, 
though, that the LMW forms of cyclin E can be used as 
prognostic markers for aggressive melanoma; the small size 
of the primary melanoma tissues will likely prevent its 
analysis by conventional techniques such as western 
blotting or immunoprecipitation.   

 
5.2 CDK2 is required for melanoma proliferation 

CDK2, the catalytic partner of cyclins E and A is 
overexpressed in approximately 50% of primary invasive 
and in 50-70% of the metastatic melanoma tumors (87,84).  
However, absence of CDK2 activating mutations in 
melanomas (89), indicates that increased levels of CDK2 
may result from transcriptional and/or translational events.  
Recent findings support the transcriptional hypothesis (90).  
Cdk2 localizes less than 800 nucleotides apart from the 
SILVER gene, and is regulated by the same enhancer.  
Unexpectedly, and due to the close vicinity of SILVER, 
MITF also functions as a CDK2 transcriptional regulator 
(90).  Correlation studies using microarray expression 
profiling from ten primary melanomas demonstrated that 
whereas CDK2 is significantly associated with MITF, 
expression of CDK1, CDK4 and CDK5 do not show such 
correlation.   Functional studies showed that CDK2 is 
essential for melanoma clonogenicity and proliferation 
(90).  In contrast, Cdk2 ablation in mice demonstrated that 
the CDK2 protein is dispensable for proliferation and 
survival of most cell types (91), and for cell cycle 
inhibition and tumor suppression mediated by the cyclin-
dependent kinase inhibitors p21Cip-1 and p27Kip1 (92).  The 
fact that both cyclin E and CDK2 are disregulated in 
melanoma tumors suggests a cancer-specific role of these 
cell cycle regulators.   
 

Yet it is still unclear why high levels of MITF 
(69) do not up-regulate CDK2 in normal human 
melanocytes (55).  Possible explanations for these 
intriguing results include activation of normal melanocyte 
checkpoints that prevent abnormal cell cycles, and/or 
alterations in MITF protein levels or activity resulting from 

post-translational modifications.  For example, 
phosphorylation of MITF in serine 73 by the MAP kinases 
triggers its degradation via the ubiquitin-proteasome 
pathway (80), whereas the function of sumoylated MITF 
depends on the promoter context (93,94).  Alternatively, 
MITF and yet to be defined transcription factors may 
synergistically activate the CDK2 gene in melanoma 
tumors.  A TESS (Transcription Element Search Software, 
URL: http://www.cbil.upenn.edu/tess/) search of the human 
CDK2 promoter identified a number of candidate 
transcription factor binding sites that are relevant for 
melanoma including AP-1, TCF-1, E2F-1 and two 
TCATGgG sequences containing the critical 5’ flanking T 
residue of the core CATGTG E-box required for MITF 
binding (95).  It remains to be seen whether CDK2 
expression in melanomas can be directly regulated by any 
of the proteins mentioned above.  
 

In summary, exploration of the melanoma cell 
cycle has yielded unexpected lessons in its complexity.  
Future work should determine whether any of the lesions 
identified so far can be the target of therapeutical 
interventions. 
 
6. EPIGENETICS AND MELANOMA 
 

Epigenetics, which means outside genetics, is the 
study of stable alterations in gene expression that arise 
during development and cellular proliferation, and, 
importantly, by the influence of the environment 
(Reviewed in (96,97)).  Epigenetic modifications consist of 
DNA-methylation, histone post-transcriptional 
modifications including methylation, acetylation and 
phosphorylation, and ATP-dependent, structural 
modifications of chromatin.  Genome modifications 
resulting from epigenetic changes appear to play a critical 
role in the development and/or progression of cancer.  
Histone deacetylase (HDAC) inhibitors have proven to be 
potent inducers of apoptosis in human cancers including 
melanoma (Reviewed in (98)).  For example, sodium 
butyrate (NaBu), a classical HDAC inhibitor, induces rapid 
melanoma apoptosis by increasing the levels of acetylated, 
transcriptionally active p53 and Bax (99).  In addition, 
HDAC1 inhibitors may impair the senescence-suppressor 
activity of TBX2, a developmental transcription factor 
highly expressed in melanomas, pancreatic cancer and 
breast tumors (100).  However, lethality of NaBu and other 
HDAC inhibitors likely results from massive histone 
acetylation and genome-wide transcriptional alterations.  A 
major advantage of HDAC inhibitors compared to other 
therapeutic modalities is that they can kill both proliferating 
and non-proliferating tumor cells but spare proliferating or 
arrested normal cells (101).  Although not yet proven, one 
critical HDAC target may be the slow proliferating, tumor 
stem cells (102,103).   
 

The potency of several HDAC inhibitors is 
currently being tested in several clinical trials (Reviewed in 
(104)).   One word of caution, however, is the fact that the 
killing potency of these inhibitors is mostly regulated by 
HDACs levels in the tumor’s cell (99).  Other chromatin-
targets include the histone- and DNA- methyltransferases.  
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For instance, 5-Azacytidine, a DNA methyltransferse 
inhibitor was approved by the FDA for treating 
myelodysplastic syndrome (105), and has shown promising 
results in cultured melanoma cells (106,107). 
 

Recent data also suggest that global changes in 
histone modifications have predictive risk value for tumor 
recurrence.  For example, increased levels of dimethylated 
arginine 3 in histone H4 can predict the risk that a low 
grade prostate tumor will recur after surgical removal 
(108,109).  It will be interesting to determine whether 
similar changes can predict tumor recurrency in other 
human cancers including melanoma.  Such studies may be 
forthcoming, as antibodies specific for a variety of histone 
modifications are currently available for 
immunhistochemical analysis of surgical specimens in the 
pathology laboratory.  
 
7. CONCLUSIONS 
 

We now know that several mutated proteins 
including those discussed in this review but also AKT 
(110), AP-2 (10), ATF2 (111), β-catenin (112), NFκB 
(113), RB/E2F-1 (114) and SKI (Reviewed in (12,13)),  
participate in altering physiological events that collectively 
characterize the “mutator” phenotype (115) of human 
melanoma.  Thus, in theory, some if not all should become 
useful targets for specific melanoma therapies.   Indeed, 
clinical trials are in progress evaluating inhibitory agents 
that target specific activating mutations in the B-RAF 
pathway.   However, the B-RAF inhibitor BAY32-9006 has 
shown limited potency in melanoma patients (Discussed in 
(30)).  It is important to mention, though, that the BAY32-
9006 inhibitor was originally designed as a C-RAF 
inhibitor.  Thus, more specific B-RAF inhibitors may 
provide better outcomes.  However, results from a variety 
of clinical trials have taught us that monotherapies are in 
general a poor choice.   In fact, clinical trials including both 
BAY32-9006 and conventional agents are under way.  In 
the bigger picture of the post-genomic era, one could 
envision future clinical trials that will be based not only the 
faulty protein/pathway but also on how it interacts with 
gene networks in regulatory circuits of the tumor cell.   
 
8. ACKNOWLEDGMENTS 
 

Work in the authors’ laboratories is supported by 
grants from the National Cancer Institute.  
 
9. REFERENCES 
 
1. Rigel D. S., R. J. Friedman, & A. W. Kopf: The 
incidence of malignant melanoma in the United States: 
issues as we approach the 21st century. J Am Acad 
Dermatol 34, 839-847 (1996) 
2. Thompson J. F., R. A. Scolyer, & R. F. Kefford: 
Cutaneous melanoma. Lancet 365, 687-701 (2005) 
3. Chin L., G. Merlino, & R. A. DePinho: Malignant 
melanoma: Modern black plague and genetic black box. 
Genes Dev 12, 3467-3481 (1998) 
4. Reed J. A. & A. P. Albino: Update of diagnostic and 
prognostic markers in cutaneous malignant melanoma. Clin 
Lab Med 20, 817-838 (2000) 

5. Liggett W. H. J. & D. Sidransky: Role of the p16 tumor 
suppressor gene in cancer. J Clin Oncol 16, 1197-1206 
(1998) 
6. Jean D., M. Harbison, D. J. McConkey, Z. Ronai, & M. 
Bar-Eli: CREB and its associated proteins act as survival 
factors for human melanoma cells. J Biol Chem 273, 
24884-24890 (1998) 
7. Xie S., J. E. Price, M. Luca, D. Jean, Z. Ronai, & M. 
Bar-Eli: Dominant-negative CREB inhibits tumor growth 
and metastasis of human melanoma cells. Oncogene 15, 
2069-2075 (1997) 
8. Bar-Eli M.:Role of AP-2 in tumor growth and metastasis 
of human melanoma. Cancer Metastasis Rev 18, 377-385 
(1999) 
9. Bar-Eli M.:Gene regulation in melanoma progression by 
the AP-2 transcription factor. Pigment Cell Res 14, 78-85 
(2001) 
10. Leslie M. C. & M. Bar-Eli: Regulation of gene 
expression in melanoma: new approaches for treatment. J 
Cell Biochem 94, 25-38 (2005) 
11. Bhoumik A., S. Takahashi, W. Breitweiser, Y. Shiloh, 
N. Jones, & Z. Ronai: ATM-dependent phosphorylation of 
ATF2 is required for the DNA damage response. Mol Cell 
18, 577-587 (2005) 
12. Medrano E. E.:Repression of TGF-beta signaling by the 
oncogenic protein SKI in human melanomas: consequences 
for proliferation, survival, and metastasis. Oncogene 22, 
3123-3129 (2003) 
13. Reed J. A., Q. Lin, D. Chen, I. S. Mian, & E. E. 
Medrano: SKI pathways inducing progression of human 
melanoma. Cancer Metastasis Rev 24, 265-272 (2005) 
14. Medrano E. E., F. Yang, R. E. Boissy, J. Z. Farooqui, 
V. Shah, K. Matsumoto, J. J. Nordlund, & H.-Y. Park: 
Terminal differentiation and senescence in the human 
melanocyte: Repression of tyrosine-phosphorylation of the 
extracellular signal-regulated kinase 2 selectively defines 
the two phenotypes. Mol Biol Cell 5, 497-509 (1994) 
15. Robinson M. J. & M. H. Cobb: Mitogen-activated 
protein kinase pathways. Curr Opin Cell Biol 9, 180-186 
(1997) 
16. Polsky D. & C. Cordon-Cardo: Oncogenes in 
melanoma. Oncogene 22, 3087-3091 (2003) 
17. Easty D. J. & D. C. Bennett: Protein tyrosine kinases in 
malignant melanoma. Melanoma Res 10, 401-411 (2000) 
18. Giehl K.:Oncogenic Ras in tumour progression and 
metastasis. Biol Chem 386, 193-205 (2005) 
19. Albino A. P., D. M. Nanus, I. R. Mentle, C. Cordon-
Cardo, N. S. McNutt, J. Bressler, & M. Andreeff: Analysis 
of ras oncogenes in malignant melanoma and precursor 
lesions: Correlation of point mutations with differentiation 
phenotype. Oncogene 4, 1363-1374 (1989) 
20. Eskandarpour M., S. Kiaii, C. Zhu, J. Castro, A. J. 
Sakko, & J. Hansson: Suppression of oncogenic NRAS by 
RNA interference induces apoptosis of human melanoma 
cells. Int J Cancer 115, 65-73 (2005) 
21. Bloethner S., B. Chen, K. Hemminki, J. Muller-
Berghaus, S. Ugurel, D. Schadendorf, & R. Kumar: Effect 
of common B-RAF and N-RAS mutations on global gene 
expression in melanoma cell lines. Carcinogenesis 26, 
1224-1232 (2005) 
22. Busca R., P. Abbe, F. Mantoux, E. Aberdam, C. 
Peyssonnaux, A. Eychene, J. P. Ortonne, & R. Ballotti: Ras 



Recent advances in melanoma research   

3010 

mediates the cAMP-dependent activation of extracellular 
signal-regulated kinases (ERKs) in melanocytes. EMBO J 
19, 2900-2910 (2000) 
23. Satyamoorthy K., G. Li, M. R. Gerrero, M. S. Brose, P. 
Volpe, B. L. Weber, P. Van Belle, D. E. Elder, & M. 
Herlyn: Constitutive mitogen-activated protein kinase 
activation in melanoma is mediated by both BRAF 
mutations and autocrine growth factor stimulation. Cancer 
Res 63, 756-759 (2003) 
24. Wong C. W., Y. S. Fan, T. L. Chan, A. S. Chan, L. C. Ho, 
T. K. Ma, S. T. Yuen, & S. Y. Leung: BRAF and NRAS 
mutations are uncommon in melanomas arising in diverse 
internal organs. J Clin Pathol 58, 640-644 (2005) 
25. van Dijk M. C., M. R. Bernsen, & D. J. Ruiter: Analysis of 
Mutations in B-RAF, N-RAS, and H-RAS Genes in the 
Differential Diagnosis of Spitz Nevus and Spitzoid Melanoma. 
Am J Surg Pathol 29, 1145-1151 (2005) 
26. Mercer K. E. & C. A. Pritchard: Raf proteins and cancer: 
B-Raf is identified as a mutational target. Biochim Biophys 
Acta 1653, 25-40 (2003) 
27. Tuveson D. A., B. L. Weber, & M. Herlyn: BRAF as a 
potential therapeutic target in melanoma and other 
malignancies. Cancer Cell 4, 95-98 (2003) 
28. Brose M. S., P. Volpe, M. Feldman, M. Kumar, I. Rishi, R. 
Gerrero, E. Einhorn, M. Herlyn, J. Minna, A. Nicholson, J. A. 
Roth, S. M. Albelda, H. Davies, C. Cox, G. Brignell, P. 
Stephens, P. A. Futreal, R. Wooster, M. R. Stratton, & B. L. 
Weber: BRAF and RAS mutations in human lung cancer and 
melanoma. Cancer Res 62, 6997-7000 (2002) 
29. Davies H., G. R. Bignell, C. Cox, P. Stephens, S. Edkins, 
S. Clegg, J. Teague, H. Woffendin, M. J. Garnett, W. 
Bottomley, N. Davis, E. Dicks, R. Ewing, Y. Floyd, K. Gray, 
S. Hall, R. Hawes, J. Hughes, V. Kosmidou, A. Menzies, C. 
Mould, A. Parker, C. Stevens, S. Watt, S. Hooper, R. Wilson, 
H. Jayatilake, B. A. Gusterson, C. Cooper, J. Shipley, D. 
Hargrave, K. Pritchard-Jones, N. Maitland, G. Chenevix-
Trench, G. J. Riggins, D. D. Bigner, G. Palmieri, A. Cossu, A. 
Flanagan, A. Nicholson, J. W. Ho, S. Y. Leung, S. T. Yuen, B. 
L. Weber, H. F. Seigler, T. L. Darrow, H. Paterson, R. Marais, 
C. J. Marshall, R. Wooster, M. R. Stratton, & P. A. Futreal: 
Mutations of the BRAF gene in human cancer. Nature 417, 
949-954 (2002) 
30. Gray-Schopfer V. C., D. S. da Rocha, & R. Marais: The 
role of B-RAF in melanoma. Cancer Metastasis Rev 24, 165-
183 (2005) 
31. Omholt K., A. Platz, L. Kanter, U. Ringborg, & J. 
Hansson: NRAS and BRAF mutations arise early during 
melanoma pathogenesis and are preserved throughout tumor 
progression. Clin Cancer Res 9, 6483-6488 (2003) 
32. Pollock P. M., U. L. Harper, K. S. Hansen, L. M. Yudt, M. 
Stark, C. M. Robbins, T. Y. Moses, G. Hostetter, U. Wagner, J. 
Kakareka, G. Salem, T. Pohida, P. Heenan, P. Duray, O. 
Kallioniemi, N. K. Hayward, J. M. Trent, & P. S. Meltzer: 
High frequency of BRAF mutations in nevi. Nat Genet 33, 19-
20 (2003) 
33. Yazdi A. S., G. Palmedo, M. J. Flaig, U. Puchta, A. 
Reckwerth, A. Rutten, T. Mentzel, H. Hugel, M. Hantschke, 
M. H. Schmid-Wendtner, H. Kutzner, & C. A. Sander: 
Mutations of the BRAF gene in benign and malignant 
melanocytic lesions. J Invest Dermatol 121, 1160-1162 
(2003) 

34. Miller C. J., M. Cheung, A. Sharma, L. Clarke, K. 
Helm, D. Mauger, & G. P. Robertson: Method of mutation 
analysis may contribute to discrepancies in reports of 
(V599E)BRAF mutation frequencies in melanocytic 
neoplasms. J Invest Dermatol 123, 990-992 (2004) 
35. Chang D. Z., K. S. Panageas, I. Osman, D. Polsky, K. 
Busam, & P. B. Chapman: Clinical significance of BRAF 
mutations in metastatic melanoma. J Transl Med 2, 46-(2004) 
36. Campisi J.:Cellular senescence as a tumor-suppressor 
mechanism. Trends Cell Biol 11, S27-S31 (2001) 
37. Campisi J.:Cancer and ageing: rival demons? Nat Rev 
Cancer 3, 339-349 (2003) 
38. Campisi J.:Aging and cancer: the double-edged sword of 
replicative senescence. J Am Geriatr Soc 45, 482-488 (1997) 
39. Campisi J.:The biology of replicative senescence. Eur J 
Cancer 33, 703-709 (1997) 
40. Campisi J.:From cells to organisms: can we learn about 
aging from cells in culture? Exp Gerontol 36, 607-618 (2001) 
41. Bastian B. C.:Understanding the progression of 
melanocytic neoplasia using genomic analysis: from fields to 
cancer. Oncogene 22, 3081-3086 (2003) 
42. Braig M., S. Lee, C. Loddenkemper, C. Rudolph, A. H. 
Peters, B. Schlegelberger, H. Stein, B. Dorken, T. Jenuwein, & 
C. A. Schmitt: Oncogene-induced senescence as an initial 
barrier in lymphoma development. Nature 436, 660-665 
(2005) 
43. Chen Z., L. C. Trotman, D. Shaffer, H. K. Lin, Z. A. 
Dotan, M. Niki, J. A. Koutcher, H. I. Scher, T. Ludwig, W. 
Gerald, C. Cordon-Cardo, & P. P. Pandolfi: Crucial role of 
p53-dependent cellular senescence in suppression of Pten-
deficient tumorigenesis. Nature 436, 725-730 (2005) 
44. Collado M., J. Gil, A. Efeyan, C. Guerra, A. J. 
Schuhmacher, M. Barradas, A. Benguria, A. Zaballos, J. M. 
Flores, M. Barbacid, D. Beach, & M. Serrano: Tumour 
biology: senescence in premalignant tumours. Nature 436, 
642-(2005) 
45. Michaloglou C., L. C. Vredeveld, M. S. Soengas, C. 
Denoyelle, T. Kuilman, C. M. van der Horst, D. M. Majoor, J. 
W. Shay, W. J. Mooi, & D. S. Peeper: BRAFE600-associated 
senescence-like cell cycle arrest of human naevi. Nature 436, 
720-724 (2005) 
46. Dimri G. P., X. Lee, G. Basile, M. Acosta, G. Scott, C. 
Roskelley, E. E. Medrano, M. Linskens, I. Rubelj, & O. 
Pereira-Smith: A biomarker that identifies senescent human 
cells in culture and in aging skin in vivo. Proc Natl Acad Sci U 
S A 92, 9363-9367 (1995) 
47. Bandyopadhyay D. & E. E. Medrano: Melanin 
accumulation accelerates melanocyte senescence by a 
mechanism involving p16INK4a/CDK4/pRB and E2F1. 
Annals New York Academy of Sciences 908, 71-84 (2000) 
48. Sviderskaya E. V., S. P. Hill, T. J. Evans-Whipp, L. Chin, 
S. J. Orlow, D. J. Easty, S. C. Cheong, D. Beach, R. A. 
DePinho, & D. C. Bennett: p16(Ink4a) in melanocyte 
senescence and differentiation. J Natl Cancer Inst 94, 446-454 
(2002) 
49. Bennett D. C. & E. E. Medrano: Molecular regulation 
of melanocyte senescence. Pigment Cell Res 15, 242-250 
(2002) 
50. Florenes V. A., G. M. Maelandsmo, R. S. Kerbel, J. M. 
Slingerland, J. M. Nesland, & R. Holm: Protein expression 
of the cell-cycle inhibitor p27Kip1 in malignant melanoma: 



Recent advances in melanoma research   

3011 

inverse correlation with disease-free survival. Am J Pathol 
153, 305-312 (1998) 
51. Ivan D., A. H. Diwan, F. J. Esteva, & V. G. Prieto: 
Expression of cell cycle inhibitor p27Kip1 and its 
inactivator Jab1 in melanocytic lesions. Mod Pathol 17, 
811-818 (2004) 
52. Li Q., M. Murphy, J Ross, C. Sheehan, & J.A. Carlson: 
Skp2 and p27kip1 expression in melanocytic nevi and 
melanoma: an inverse relationship: J Cutan Pathol 31,633-
42, (2004) 
53. Wagner M., B. Hampel, E. Hutter, G. Pfister, W. Krek, 
W. Zwerschke, & P. Jansen-Durr: Metabolic stabilization 
of p27 in senescent fibroblasts correlates with reduced 
expression of the F-box protein Skp2. Exp Gerontol 37, 41-
55 (2001) 
54. Alexander K. & P. W. Hinds: Requirement for 
p27(KIP1) in retinoblastoma protein-mediated senescence. 
Mol Cell Biol 21, 3616-3631 (2001) 
55. Bandyopadhyay D., N. Timchenko, T. Suwa, P. J. 
Hornsby, J. Campisi, & E. E. Medrano: The human 
melanocyte: a model system to study the complexity of 
cellular aging and transformation in non-fibroblastic cells. 
Exp Gerontol 36, 1265-1275 (2001) 
56. Flaherty K. T.:New molecular targets in melanoma. 
Curr Opin Oncol 16, 150-154 (2004) 
57. Smalley K. S.:A pivotal role for ERK in the oncogenic 
behaviour of malignant melanoma? Int J Cancer 104, 527-
532 (2003) 
58. Cohen C., A. Zavala-Pompa, J. H. Sequeira, M. Shoji, 
D. G. Sexton, G. Cotsonis, F. Cerimele, B. Govindarajan, 
N. Macaron, & J. L. Arbiser: Mitogen-actived protein 
kinase activation is an early event in melanoma 
progression. Clin Cancer Res 8, 3728-3733 (2002) 
59. Jorgensen K., R. Holm, G. M. Maelandsmo, & V. A. 
Florenes: Expression of activated extracellular signal-
regulated kinases 1/2 in malignant melanomas: relationship 
with clinical outcome. Clin Cancer Res 9, 5325-5331 
(2003) 
60. Zuidervaart W., N. F. van, M. Stark, R. Dijkman, L. 
Packer, A. M. Borgstein, S. Pavey, d. van, V, C. Out, M. J. 
Jager, N. K. Hayward, & N. A. Gruis: Activation of the 
MAPK pathway is a common event in uveal melanomas 
although it rarely occurs through mutation of BRAF or 
RAS. Br J Cancer 92, 2032-2038 (2005) 
61. Takata M., Y. Goto, N. Ichii, M. Yamaura, H. 
Murata, H. Koga, A. Fujimoto, & T. Saida: Constitutive 
activation of the mitogen-activated protein kinase 
signaling pathway in acral melanomas. J Invest 
Dermatol 125, 318-322 (2005) 
62. guirre-Ghiso J. A., Y. Estrada, D. Liu, & L. 
Ossowski: ERK(MAPK) activity as a determinant of 
tumor growth and dormancy; regulation by p38(SAPK). 
Cancer Res 63, 1684-1695 (2003) 
63. Winnemoeller D., C. Wellbrock, & M. Schartl: 
Activating mutations in the extracellular domain of the 
melanoma inducing receptor Xmrk are tumorigenic in 
vivo. Int J Cancer (2005) 
64. Stove C., V. Stove, L. Derycke, M. Van, V, M. 
Mareel, & M. Bracke: The heregulin/human epidermal 
growth factor receptor as a new growth factor system in 
melanoma with multiple ways of deregulation. J Invest 
Dermatol 121, 802-812 (2003) 

65. Gordon-Thomson C., J. Jones, R. S. Mason, & G. P. 
Moore: ErbB receptors mediate both migratory and 
proliferative activities in human melanocytes and 
melanoma cells. Melanoma Res 15, 21-28 (2005) 
66. Goding C. R.:Mitf from neural crest to melanoma: 
signal transduction and transcription in the melanocyte 
lineage. Genes Dev 14, 1712-1728 (2000) 
67. Steingrimsson E., N. G. Copeland, & N. A. Jenkins: 
Melanocytes and the microphthalmia transcription factor 
network. Annu Rev Genet 38, 365-411 (2004) 
68. Du J., A. J. Miller, H. R. Widlund, M. A. Horstmann, S. 
Ramaswamy, & D. E. Fisher: MLANA/MART1 and 
SILV/PMEL17/GP100 are transcriptionally regulated by 
MITF in melanocytes and melanoma. Am J Pathol 163, 
333-343 (2003) 
69. Schwahn D. J., N. A. Timchenko, S. Shibahara, & E. E. 
Medrano: Dynamic regulation of the human dopachrome 
tautomerase promoter by MITF, ER-alpha and chromatin 
remodelers during proliferation and senescence of human 
melanocytes. Pigment Cell Res 18, 203-213 (2005) 
70. Yokoyama K., K. Yasumoto, H. Suzuki, & S. 
Shibahara: Cloning of the human DOPAchrome 
tautomerase/tyrosinase-related protein 2 gene and 
identification of two regulatory regions required for its 
pigment cell-specific expression. J Biol Chem 269, 27080-
27087 (1994) 
71. Bertolotto C., R. Busca, P. Abbe, K. Bille, E. Aberdam, 
J. P. Ortonne, & R. Ballotti: Different cis-acting elements 
are involved in the regulation of TRP1 and TRP2 promoter 
activities by cyclic AMP: pivotal role of M boxes 
(GTCATGTGCT) and of microphthalmia. Mol Cell Biol 
18, 694-702 (1998) 
72. Yasumoto K., K. Yokoyama, K. Takahashi, Y. Tomita, 
& S. Shibahara: Functional analysis of micropthalmia-
associated transcription factor in pigment cell-specific 
transcription of the human tyrosinase family genes. J Biol 
Chem 272, 503-509 (1997) 
73. Vance K. W. & C. R. Goding: The transcription 
network regulating melanocyte development and 
melanoma. Pigment Cell Res 17, 318-325 (2004) 
74. Garraway L. A., H. R. Widlund, M. A. Rubin, G. Getz, 
A. J. Berger, S. Ramaswamy, R. Beroukhim, D. A. Milner, 
S. R. Granter, J. Du, C. Lee, S. N. Wagner, C. Li, T. R. 
Golub, D. L. Rimm, M. L. Meyerson, D. E. Fisher, & W. 
R. Sellers: Integrative genomic analyses identify MITF as a 
lineage survival oncogene amplified in malignant 
melanoma. Nature 436, 117-122 (2005) 
75. Carreira S, Goodall J, Aksan I, La Rocca SA, Glibert 
M-D, Denat L, Larue L, & Goding CR: MITF cooperates 
with Rb1 and activates p21Cip1 expression to regulate cell 
cycle progression. Nature 3269, (2005) 
76. Wellbrock C. & R. Marais: Elevated expression of 
MITF counteracts B-RAF-stimulated melanocyte and 
melanoma cell proliferation. J Cell Biol 170, 703-708 
(2005) 
77. Chen D., W. Xu, E. Bales, C. Colmenares, M. Conacci-
Sorrell, S. Ishii, E. Stavnezer, J. Campisi, D. E. Fisher, A. 
Ben Ze'ev, & E. E. Medrano: SKI activates Wnt/beta-
catenin signaling in human melanoma. Cancer Res 63, 6626-
6634 (2003) 
78. King R., K.N. Weilbaecher, G McGill, E Cooley, M Mihm 
and D. E. Fisher. Microphthalmia transcription factor. A 



Recent advances in melanoma research   

3012 

sensitive and specific melanocyte marker for Melanoma 
Diagnosis.  Am J Pathol 155:731-8 (1999). 
 79. Wu M., T. J. Hemesath, C. M. Takemoto, M. A. 
Horstmann, A. G. Wells, E. R. Price, D. Z. Fisher, & D. E. 
Fisher: c-Kit triggers dual phosphorylations, which couple 
activation and degradation of the essential melanocyte 
factor Mi. Genes Dev 14, 301-312 (2000) 
80. Xu W., L. Gong, M. M. Haddad, O. Bischof, J. 
Campisi, E. T. H. Yeh, & E. E. Medrano: Regulation of 
microphthalmia-associated transcription factor MITF 
protein levels by association with the ubiquitin-conjugating 
enzyme hUBC9. Experimental Cell Research 255, 135-143 
(2000) 
81. Larribere L., C. Hilmi, M. Khaled, C. Gaggioli, K. 
Bille, P. Auberger, J. P. Ortonne, R. Ballotti, & C. 
Bertolotto: The cleavage of microphthalmia-associated 
transcription factor, MITF, by caspases plays an essential 
role in melanocyte and melanoma cell apoptosis. Genes 
Dev 19, 1980-1985 (2005) 
82. Sauter E. R., U. C. Yeo, A. von Stemm, W. Zhu, S. 
Litwin, D. S. Tichansky, G. Pistritto, M. Nesbit, D. Pinkel, 
M. Herlyn, & B. C. Bastian: Cyclin D1 is a candidate 
oncogene in cutaneous melanoma. Cancer Res 62, 3200-
3206 (2002) 
83. Bales E. S., C. Dietrich, D. Bandyopadhyay, D. J. 
Schwahn, W. Xu, V. Didenko, P. Leiss, N. Conrad, O. 
Pereira-Smith, I. Orengo, & E. E. Medrano: High levels of 
expression of p27KIP1 and cyclin E in invasive primary 
malignant melanomas. J Invest Dermatol 113, 1039-1046 
(1999) 
84. Georgieva J., P. Sinha, & D. Schadendorf: Expression 
of cyclins and cyclin dependent kinases in human benign 
and malignant melanocytic lesions. J Clin Pathol 54, 229-
235 (2001) 
85. Moroy T. & C. Geisen: Cyclin E. Int J Biochem Cell 
Biol 36, 1424-1439 (2004) 
86. Porter D. C., N. Zhang, C. Danes, M. J. McGahren, R. 
M. Harwell, S. Faruki, & K. Keyomarsi: Tumor-specific 
proteolytic processing of cyclin e generates hyperactive 
lower-molecular-weight forms. Mol Cell Biol 21, 6254-
6269 (2001) 
87. Bales E., L. Mills, N. Milam, M. Gahren-Murray, D. 
Bandyopadhyay, D. Chen, J. A. Reed, N. Timchenko, J. J. 
van den Oord, M. Bar-Eli, K. Keyomarsi, & E. E. 
Medrano: The Low Molecular Weight Cyclin E Isoforms 
Augment Angiogenesis and Metastasis of Human 
Melanoma Cells In vivo. Cancer Res 65, 692-697 (2005) 
88. Akli S., P. J. Zheng, A. S. Multani, H. F. Wingate, 
S. Pathak, N. Zhang, S. L. Tucker, S. Chang, & K. 
Keyomarsi: Tumor-specific low molecular weight forms 
of cyclin E induce genomic instability and resistance to 
p21, p27, and antiestrogens in breast cancer. Cancer Res 
64, 3198-3208 (2004) 
89. Walker G. & N. Hayward: No evidence of a role for 
activating CDK2 mutations in melanoma. Melanoma 
Res 11, 343-348 (2001) 
90. Du J., H. R. Widlund, M. A. Horstmann, S. 
Ramaswamy, K. Ross, W. E. Huber, E. K. Nishimura, T. 
R. Golub, & D. E. Fisher: Critical role of CDK2 for 
melanoma growth linked to its melanocyte-specific 
transcriptional regulation by MITF. Cancer Cell 6, 565-
576 (2004) 

91. Ortega S., I. Prieto, J. Odajima, A. Martin, P. Dubus, R. 
Sotillo, J. L. Barbero, M. Malumbres, & M. Barbacid: 
Cyclin-dependent kinase 2 is essential for meiosis but not 
for mitotic cell division in mice. Nat Genet 35, 25-31 
(2003) 
92. Martin A., J. Odajima, S. L. Hunt, P. Dubus, S. Ortega, 
M. Malumbres, & M. Barbacid: Cdk2 is dispensable for 
cell cycle inhibition and tumor suppression mediated by 
p27(Kip1) and p21(Cip1). Cancer Cell 7, 591-598 (2005) 
93. Miller A. J., C. Levy, I. J. Davis, E. Razin, & D. E. 
Fisher: Sumoylation of MITF and its related family 
members TFE3 and TFEB. J Biol Chem 280, 146-155 
(2005) 
94. Murakami H. & H. Arnheiter: Sumoylation modulates 
transcriptional activity of MITF in a promoter-specific 
manner. Pigment Cell Res 18, 265-277 (2005) 
95. Aksan I. & C. R. Goding: Targeting the micropthalmia 
basic helix-loop-helix-leucine zipper transcription factor to 
a subset of E-box elements in vitro and in vivo. Mol Cell 
Biol 18, 6930-6938 (1998) 
96. Jaenisch R. & A. Bird: Epigenetic regulation of gene 
expression: how the genome integrates intrinsic and 
environmental signals. Nat Genet 33 Suppl, 245-254 (2003) 
97. Sutherland J. E. & M. Costa: Epigenetics and the 
environment. Ann N Y Acad Sci 983, 151-160 (2003) 
98. Boyle G. M., A. C. Martyn, & P. G. Parsons: Histone 
deacetylase inhibitors and malignant melanoma. Pigment 
Cell Res 18, 160-166 (2005) 
99. Bandyopadhyay D., A. Mishra, & E. E. Medrano: 
Overexpression of histone deacetylase 1 confers resistance 
to sodium butyrate-mediated apoptosis in melanoma cells 
through a p53-mediated pathway. Cancer Res 64, 7706-
7710 (2004) 
100. Vance K. W., S. Carreira, G. Brosch, & C. R. Goding: 
Tbx2 is overexpressed and plays an important role in 
maintaining proliferation and suppression of senescence in 
melanomas. Cancer Res 65, 2260-2268 (2005) 
101. Burgess A., A. Ruefli, H. Beamish, R. Warrener, N. 
Saunders, R. Johnstone, & B. Gabrielli: Histone 
deacetylase inhibitors specifically kill nonproliferating 
tumour cells. Oncogene 23, 6693-6701 (2004) 
102. Dean M., T. Fojo, & S. Bates: Tumour stem cells and 
drug resistance. Nat Rev Cancer 5, 275-284 (2005) 
103. Behbod F. & J. M. Rosen: Will cancer stem cells 
provide new therapeutic targets? Carcinogenesis 26, 703-
711 (2005) 
104. Nome R. V., A. Bratland, G. Harman, O. Fodstad, Y. 
Andersson, & A. H. Ree: Cell cycle checkpoint signaling 
involved in histone deacetylase inhibition and radiation-
induced cell death. Mol Cancer Ther 4, 1231-1238 (2005) 
105. Issa J. P. & H. Kantarjian: Azacitidine. Nat Rev Drug 
Discov Suppl, S6-S7 (2005) 
106. Mori T., J. Kim, T. Yamano, H. Takeuchi, S. Huang, 
N. Umetani, K. Koyanagi, & D. S. Hoon: Epigenetic up-
regulation of C-C chemokine receptor 7 and C-X-C 
chemokine receptor 4 expression in melanoma cells. 
Cancer Res 65, 1800-1807 (2005) 
107. Sigalotti L., E. Fratta, S. Coral, S. Tanzarella, R. 
Danielli, F. Colizzi, E. Fonsatti, C. Traversari, M. 
Altomonte, & M. Maio: Intratumor heterogeneity of 
cancer/testis antigens expression in human cutaneous 
melanoma is methylation-regulated and functionally 



Recent advances in melanoma research   

3013 

reverted by 5-aza-2'-deoxycytidine. Cancer Res 64, 9167-
9171 (2004) 
108. Seligson D. B., S. Horvath, T. Shi, H. Yu, S. Tze, M. 
Grunstein, & S. K. Kurdistani: Global histone modification 
patterns predict risk of prostate cancer recurrence. Nature 
435, 1262-1266 (2005) 
109. Marte B.:Cancer: a changing global view. Nature 435, 
1172-(2005) 
110. Robertson G. P.:Functional and therapeutic 
significance of Akt deregulation in malignant melanoma. 
Cancer Metastasis Rev 24, 273-285 (2005) 
111. Ivanov V. N., A. Bhoumik, & Z. Ronai: Death 
receptors and melanoma resistance to apoptosis. Oncogene 
22, 3152-3161 (2003) 
112. Larue L. & V. Delmas: The WNT/Beta?catenin 
pathway in melanoma. Front Biosci 11, 733-742 (2006) 
113. Amiri K. I. & A. Richmond: Role of nuclear factor-
kappa B in melanoma. Cancer Metastasis Rev 24, 301-313 
(2005) 
114. Halaban R.:Rb/E2F: a two-edged sword in the 
melanocytic system. Cancer Metastasis Rev 24, 339-356 
(2005) 
115. Hanahan D. & R. A. Weinberg: The hallmarks of 
cancer. Cell 100, 57-70 (2000) 
 
Key Words: Melanoma, Nevus, Melanocyte, Nevi, B-
RAF, MITF, Cyclin E, HDAC Inhibitors, Senescence, 
Review  
 
Send correspondence to: Dr Estela E. Medrano, Baylor 
College of Medicine, One Baylor Plaza M320, Houston, 
TX 77030, USA, Tel: 713-798-1569, Fax: 713-798-4161, 
E-mail: medrano@bcm.tmc.edu 
 
http://www.bioscience.org/current/vol11.htm 
 
 
 
 
 
  
 
 
 
 
 
 
 


