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Abstract The progression of melanoma toward the meta-
static phenotype occurs in a defined stepwise manner. While
many molecular changes take place early in melanoma
development, progression toward the malignant phenotype,
most notably during the transition from the radial growth
phase (RGP) to the vertical growth phase (VGP) involves
deregulated expression of several transcription factors. For
example, the switch from RGP to VGP is associated with
the loss of the transcription factor AP2α and gain of transcrip-
tional activity of cAMP-responsive element binding protein.
Together with the upregulation of microphthalmia-associated
transcription factor, activating transcription factor 2, nuclear
factor kappa B, and other transcription factors, these changes
lead to dysregulated expression or function of important cel-
lular adhesion molecules, matrix degrading enzymes, survival
factors, as well as other factors leading to metastatic melano-
ma. Additionally, recent evidence suggests that microRNAs
and RNA editing machinery influence the expression of tran-
scription factors or are regulated themselves by transcription
factors. Many of the downstream signaling molecules regu-
lated by transcription factors, such as protease activated
receptor-1, interleukin-8, and MCAM/MUC18 represent
new treatment prospects.
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1 Introduction

Malignant melanoma is a highly aggressive type of skin
cancer for which a successful treatment has not yet been
established, albeit some success with V600E BRAF inhibi-
tors. Treatment of metastatic melanoma is a challenge, as most
therapeutic agents have failed to demonstrate an improved
survival rate in phase III trials. Therefore, it is important to
determine the molecular events leading to melanoma metas-
tasis to identify novel therapeutic molecular targets to cure the
disease. For the last four decades, the incidence of malignant
melanoma continues to rise. In the USA, melanoma is the fifth
and sixth most common cancer in men and women, respec-
tively [1]. In the year 2012, it is estimated that more than
76,000 new cases will be diagnosed, and the estimated num-
ber of deaths frommelanoma will be more than 9,000 patients
[1].Whenmelanoma is detected early (stage I), patients have a
97 % 5-year survival rate after surgical removal of nonulcer-
ated, thin (<1 mm) primary melanomas [2]. On the other hand,
advanced melanoma patients, with regional lymph nodes or
metastasis in other organs, have a 5-year survival rate
of <10 % [2].

Melanoma has become an excellent model for identifying
molecular changes that are associated with the metastatic
phenotype as the disease progresses through five very de-
fined sequential steps based on clinical and histopathologi-
cal features [3]. These steps include a variety of genetic and
epigenetic changes as well as changes in microenvironmen-
tal factors [4]. First, genetic alterations in normal melano-
cytes, such as BRAF mutations, lead to transformation into
benign nevi [5]. Benign nevi are defined by having normal
melanocytic morphology and are characterized by an initial
phase of melanocytic proliferation in the basal layer of the
epidermis. Next, dysplastic nevi begin to show structural
and architectural atypia, brought on by NRAS mutations or
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loss of PTEN [5]. Further molecular alterations lead to the
third step, which is characterized by growth and spread hori-
zontally through the epidermis by the premalignant lesions.
This step is termed the radial growth phase (RGP) [6]. A small
population of cells acquire the necessary molecular changes,
such as increased extracellular matrix degrading enzymes and
loss of adhesive molecules, needed to invade vertically
through the dermis into the subcutaneous tissue, termed the
vertical growth phase (VGP) [5, 7]. The transition from the
radial growth phase to the vertical growth phase is the key step
in the progression to metastatic melanoma, which subsequent-
ly leads to poor clinical outcome [8]. Finally, only if melano-
ma cells have gained the ability to survive in the circulation,
arrest in the capillary bed of a distant organ, enter the paren-
chyma, grow within the organ microenvironment, and further
initiate angiogenesis, a metastatic lesion can be formed [9].
Commonmetastatic sites include the lymph nodes, lung, liver,
and brain [10, 11].

Transcriptional regulation of the genes, which lead to
enhanced invasiveness, mobility, and homing of melanoma
cells to distant organs, is altered during these progressive
steps [12]. The deregulation of transcription factors during
the transition from RGP to VGP, along with their down-
stream target genes, can regulate the metastatic phenotype of
melanoma. In this review, we will summarize the data on the
roles of the transcription factors that play major roles in the
acquisition of the malignant melanoma phenotype.

2 Activator protein-2α

The transcription factor activator protein-2α (AP2α) is a 52-
kD protein regulated by retinoic acid and cyclic AMP [13,
14]. The gene can be alternatively spliced to form the AP2B
isoform, which acts as a dominant negative, inhibiting
AP2α transcriptional activity [15]. AP2α binds to the con-
sensus DNA-binding motif, CCCCAGGC, and regulates a
variety of cell processes, including cell growth, apoptosis,
and differentiation both in embryonic development and in
adult homeostasis [16–19]. In many tumors, including mel-
anoma, AP2α acts as a tumor suppressor through enhanced
expression of p21WAF1/Cip1 and stimulation of p53-
dependent transcription, thereby inducing cell cycle arrest
and apoptosis [20–22]. We have shown through progressive
tissue microarray analysis from a cohort of melanoma
patients that a high cytoplasmic to nuclear expression ratio
of AP2α correlates with a poor patient prognosis and that
loss of expression of nuclear AP2α is connected to melano-
ma progression [23–25]. A strong inverse correlation be-
tween loss of AP2α and upregulation of cAMP-responsive
element binding (CREB) in melanoma progression has also
been observed, leading our group to identify a mechanism in
which CREB binds to the promoter region of AP2α, directly

repressing its transcriptional activity during the transition to
the metastatic phenotype [26].

Loss of AP2α has been shown to play a key role in
progression from the radial growth phase to the vertical
growth phase in melanoma (Fig. 1). Re-expression of AP2α
in highly metastatic melanoma cell lines significantly reduced
tumor growth and decreased experimental lung metastasis in
vivo [27]. Conversely, inactivation of AP2α in nonmetastatic
melanoma cell lines using the dominant negative AP-2B iso-
form increased tumorigenicity in mice [28]. AP2α repression
has been linked to several genes, including the loss of c-KIT
expression as well as the gain of the melanoma cell adhesion
molecule (MCAM/MUC18), protease activated receptor-1
(PAR-1), and vascular endothelial growth factor (VEGF)
leading to dysregulation of cell proliferation, cell cycle, and
apoptosis as well as enhanced tumor cell adhesion and inva-
sion, and increased angiogenesis [23, 27, 29–32].

The tyrosine kinase receptor, c-KIT, plays an important role
in normal growth and differentiation of embryonic melano-
blasts. However, approximately 70 % of metastatic melanoma
lesions do not express c-KIT. Re-expression of c-KIT in
highly metastatic melanoma cells resulted in decreased tumor
growth and metastasis, indicating the importance of c-KIT in
melanoma metastasis [33]. Promoter analysis of the c-KIT
gene identified three putative binding sites for AP2α [34].
Additionally, re-expression of AP2α in highly metastatic cell
lines leads to increased expression of c-KIT, indicating a direct
effect on c-KIT expression through AP2α [27].

The adhesion molecule MCAM/MUC18 is over expressed
in metastatic melanoma. Its expression is commonly used as
an independent prognostic indicator for decreased patient
survival [35]. MCAM/MUC18 functions to mediate homo-
typic adhesion between melanoma cells, as well as heterotypic
adhesion between melanoma cells and endothelial cells during
tumor progression [36, 37]. The introduction of MCAM/
MUC18 in primary melanoma cells led to a highly tumori-
genic and metastatic phenotype in nude mice [38]. This phe-
notype included an increase in adhesion between melanoma
cells, increased binding to endothelial cells, decreased ability
to adhere to laminin, and increased matrix metallopeptidase 2
(MMP2) activity [38, 39]. Promoter analysis of the MCAM/
MUC18 gene revealed four AP2α binding sites. Our group
has established that AP2α binds directly to the MCAM/
MUC18 promoter and inhibits its transcription [30]. Addition-
ally, when AP2α is expressed in highly metastatic melanoma
cells, a significant decrease in MCAM/MUC18 expression
was observed, further establishing the regulation of MCAM/
MUC18 by AP2α [30]. These data indicate that the loss of
AP2α during melanoma progression results in increased
MCAM/MUC18 expression.

Another gene that is upregulated in the transition from
RGP to VGP is the G-protein-coupled receptor, protease
activated receptor-1 (PAR-1) [23, 29]. Interestingly, there
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are two AP2α/SP1 binding complexes in the promoter re-
gion of PAR-1. In nonmetastatic melanoma cell lines, AP2α
binds to the PAR-1 promoter and inhibits PAR-1 transcrip-
tion. However, in highly metastatic melanoma cells, AP2α
no longer competitively inhibits the binding of SP1 to the
promoter, which allows for SP1-driven transcription of
PAR-1 [5, 29].

PAR-1 is activated through cleavage at the N-terminal
domain by thrombin, thus allowing the new N-terminal end,
acting as a tethered ligand, to bind to the body of the receptor
and induce downstream signaling events. These events in-
clude activation of RAS, PI3K, and MAP kinase pathways,
which are involved in cell growth and tumor promotion
[40–44]. We studied the role of PAR-1 in melanoma by
silencing its expression in highly metastatic cell lines. After

PAR-1 silencing, in vivo studies revealed a significant reduc-
tion in tumor growth and metastatic potential [45]. PAR-1
induces several genes, which are important for cell adhesion,
invasion, and angiogenesis; these include αvβ3 and αvβ5
integrins, MMP2, urokinase-type plasminogen activator,
platelet-derived growth factor, interleukin-8 (IL-8), VEGF,
and basic fibroblast growth factor [29, 44, 46, 47].

Recently, we have shown that another G-protein-coupled
receptor, platelet-activating factor receptor (PAFR) is regu-
lated by PAR-1 [48]. PAFR is overexpressed during mela-
noma progression and stimulation by its ligand, platelet-
activating factor (PAF), plays an important role in stimulat-
ing endothelial cells and angiogenesis. Signaling through
PAFR leads to upregulation of several inflammatory mole-
cules, including IL-6, IL-8, IL-10, COX2, and VEGF [40].

Fig. 1 Molecular changes associated with the transition from RGP to
VGP. a In primary melanomas, AP2α directly inhibits the expression of
multiple genes such as PAR-1, BCL-2, and VEGF, which contribute to
melanoma progression. Additionally, AP2α drives the expression of
genes such as p21 and c-KIT. As in the case of PAR-1, AP2α directly
competes with SP1, and for VEGF, AP2α competes with SP3 to suppress
their expression. bDuring the transition from RGP to VGP, the activation
of CREB, through its phosphorylation at ser133, transcriptionally reduces
AP2α expression, thereby affecting the expression of genes regulated by
AP2α. Repression of AP2α leads to PAR-1 expression, which in turn

enhances the expression of PAFR and connexin-43. PAR-1 also reduces
the expression of the tumor suppressor Maspin. CREB itself transcrip-
tionally regulates several genes such as MCAM/MUC18, MITF, and
CYR61. Since CREB functions upstream of AP2α, it may act as the
master switch in melanoma progression. Additionally, NF-κB activation
leads to the upregulation of proinflammatory genes such as IL-6. Phos-
phorylation of ATF-2 by PKCε causes nuclear translocation, which is
associated with melanoma progression. Collectively, these events lead to
increased tumor migration, invasion, and angiogenesis, leading to in-
creased tumor growth and metastasis
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Inhibition of PAFR with the antagonist PCA4248 leads to
growth inhibition of highly metastatic melanoma cell lines
in vitro and an IP injection of PAF into murine B16F10
melanoma tumors enhanced pulmonary metastasis, while a
PAFR antagonist decreased lung colonization [49]. Interest-
ingly, treatment with the nonhydrolyzable PAF analog
(cPAF) in the A375SM cell line resulted in increased phos-
phorylation of the CREB transcription factor [50]. Addition-
ally, cPAF upregulated the invasive molecules MMP2 and
MT1-MMP [50, 51]. These data indicate the importance of
secreted molecules in the tumor microenvironment, such as
PAF, in melanoma progression. Both PAF and thrombin are
abundant within the tumor microenvironment. Since both
receptors, PAR-1 and PAFR, are over expressed in metastatic
melanoma cells, these cells are better equipped to respond to
these ligands and use them for their growth advantage.

Complementary DNA microarray analysis comparing
PAR-1-silenced cells to nontargeting cells revealed differ-
ential expression of several novel downstream target genes
regulated by PAR-1 (Fig. 1b). Among these differentially
expressed genes are connexin-43 and the tumor suppressor
gene Maspin [48, 52]. The gap junction protein connexin-43
is downregulated following silencing of PAR-1 in metastatic
melanoma cells [52]. Connexin-43 has been reported to be
expressed in several tumor types, including melanoma, and
has been shown to mediate tumor cell adhesion to endothelial
cells and extravasation into the site of metastasis [52–54].
Decreased invasive potential through matrigel was observed
in metastatic melanoma cells after connexin-43 silencing [52].
Our group has shown that expression of connexin-43 is tran-
scriptionally regulated through binding of SP1, c-Fos, and c-
Jun to the connexin-43 promoter. Our data show that PAR-1
signaling increases the binding of these transcription factors to
the connexin-43 promoter resulting in its over expression [52].

The tumor suppressor Maspin was increased following
PAR-1 silencing in our gene expression analysis by ∼46-
fold. This observation was further validated at the protein
levels. In highly metastatic melanoma cell lines, very little
Maspin is expressed, indicating a loss of its tumor suppres-
sive function. At the transcriptional level, Maspin is regu-
lated by Ets-1 and c-Jun after PAR-1 silencing. However,
PAR-1 had no effect on Ets-1 or c-Jun expression, but rather
increased expression of CBP-300 and decreased activity of
p38, leading to increased binding of Ets-1 and c-Jun to the
Maspin promoter [55]. Expression of Maspin in these cell
lines reduced tumor growth and metastasis in nude mice.
Additionally, silencing Maspin in PAR-1-silenced cells
reverted the inhibition of tumor growth and metastasis ob-
served in PAR-1-silenced cells [55]. These data indicate that
PAR-1 negatively regulates Maspin during melanoma pro-
gression. These downstream events, which enhance mela-
noma metastasis, however, only occur following the loss of
the AP2α transcription factor.

3 cAMP-responsive element binding/activating
transcription factor-1

The progression of melanoma from RGP to VGP leads to
the upregulation of activating transcription factor-1 (ATF-1)
and cAMP-responsive element (CRE)-binding protein. Both
ATF-1 and CREB are known to be involved in cAMP and
Ca2+-induced signaling [56, 57]. CREB belongs to the bZIP
superfamily and binds to CREs located in gene promoter
sequences. Activation of CREB occurs through phosphory-
lation at Ser133 and through binding to its coactivators CBP
and p300 [58, 59]. After phosphorylation, CREB can either
homodimerize or heterodimerize with other members of its
subfamily, including ATF-1 and CREM, to become tran-
scriptionally active [60]. CREB mostly heterodimerizes,
but it is unclear if the specific dimers are connected to
specific targets. Several stimuli can lead to increased cAMP
or Ca2+ levels, including growth factors, neurotransmitters,
inflammatory biolipids, stress signals, and other factors that
lead to activated CREB [50, 59, 61, 62]. The method in
which CREB is activated can vary greatly and allows CREB
to selectively regulate a certain set of genes, depending upon
the stimulus used to activate it [63]. Our group has shown
specifically that one biolipid, platelet activating factor stim-
ulates phosphorylation of CREB, through phosphorylation
of intermediate signaling proteins PKA and p38. This phos-
phorylation of CREB leads to induction of MMP2 and
MT1-MMP [50].

In melanoma, CREB activation regulates the expression
of many genes important for invasion, inflammation, and
survival including MCAM/MUC18, MMP2, IL-8, and
BCL2 [64–66]. Quenching of CREB activity in highly
metastatic melanoma cells using a dominant-negative form
of CREB (KCREB) or the addition of anti-ATF-1 single
chain antibody fragment (ScFv) led to decreased tumorige-
nicity and metastatic potential in in vivo studies [50, 67–70].
Two distinct roles have been shown for the overexpression
of CREB and ATF-1 in metastatic melanoma. First, CREB
and ATF-1 regulate invasion through activating MMP2 and
MCAM/MUC18 [67]. Secondly, CREB and ATF-1 act as
survival factors for melanoma cells. Metastatic melanoma cells
were shown to become sensitive to thapsigargin-induced apo-
ptosis after the expression of the dominant-negative form of
CREB (KCREB) or with the addition of the single chain
antibody fragment (ScFv) against ATF-1 [70, 71].

Silencing of CREB in highly metastatic melanoma cell
lines identified the cysteine-rich protein 61 (CYR61) to act
as a tumor suppressor in melanoma [72]. CYR61 belongs to
the growth factor-inducible immediate-early gene family.
Members of this family have been shown to regulate cell
proliferation, migration, adhesion, survival, and extracellu-
lar matrix formation [73]. In highly metastatic melanoma,
expression of CYR61 specifically inhibits tumor growth and
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metastasis through decreasing angiogenesis and inducing
apoptosis in nude mice [72]. We have shown that CYR61
is transcriptionally repressed by CREB binding to the pro-
moter region at two different binding sites [72].

Additionally, CREB can positively or negatively regulate
the expression of other transcription factors, which are impor-
tant for melanoma progression. One that is positively regulat-
ed by CREB is the microphthalmia-associated transcription
factor (MITF). CREB binds to two CREs located at −140 and
−147 bp from the transcription start site in theMITF promoter,
leading to increased transcription ofMITF [74, 75]. Our group
recently identified that CREB negatively regulates the tran-
scription of AP2α during melanoma progression [26].

Several studies had identified an inverse correlation be-
tween upregulation of CREB and the loss of AP2α during
melanoma progression [5, 76, 77]. We found that blocking
the phosphorylation of CREB in highly metastatic cell lines,
using the inhibitor H-89, led to increased expression of
AP2α. This finding led our lab to further investigate the
correlation between these two important transcription fac-
tors to determine the mechanism. We identified three CREB
binding sites in the promoter of AP2α and, using CHIP and
luciferase promoter analyses, showed that CREB is indeed
binding to and repressing transcription of AP2α (Fig. 1b)
[26]. Furthermore, we identified that CREB is regulating
E2F-1, which can also bind to the AP2α promoter. Analysis
of downstream targets of AP2α after CREB silencing
revealed an upregulation of p21 and downregulation of
MCAM/MUC18 [26]. These data indicate that the down-
regulation of AP2α in melanoma progression can be attrib-
uted to CREB activity, suggesting that CREB may act as the
master switch in melanoma progression.

4 Microphthalmia-associated transcription factor

The MITF is a basic–helix–loop–helix–leucine–zipper family
member that binds to a conical E-Box and is transcriptionally
active duringmelanocyte development andmelanoma progres-
sion. Although multiple isoforms of MITF exist, which vary at
the 5′ messenger RNA (mRNA) region, the isoform MITF-M
is predominantly transcribed in melanocytes [78]. Its role in
melanocyte development was first realized in mice as MITF
mutants lose pigmentation and histologically represent a loss
of melanocytes within the epidermis [79]. The loss of pigmen-
tation is due to the transcriptional ablation of melanin-
producing enzymes, such as tyrosinase, which are controlled
by MITF [80]. Its expression has been positively associated
with multiple pathways involved in melanocyte cell fate such
as Wnt/β-catenin signaling, factors SOX10 and PAX3 [74,
81–83]. Mutations in MITF, SOX10, PAX3, or EdnrB can
result in Waardenburg syndromes, which phenotypically pres-
ent irregular pigmentation [79].

During melanoma development MITF expression is main-
tained at high levels in benign and primary tumors [77, 84]. It
has also been observed that MITF is amplified at the genomic
level in approximately 10–20 % of melanoma specimens.
Interestingly, this decreased the 5-year survival rate of mela-
noma patients [85]. In the majority of melanoma specimens,
MITF expression is transcriptionally regulated by the same
genes that regulate MITF during melanocyte development. In
B16 mouse melanoma cells, β-catenin expression enhances
MITF expression by interacting with the TCF/LEF DNA-
binding site within the MITF promoter. MITF expression in
these cells increased colony formation, and a dominant nega-
tive MITF reduces this phenotype [86]. However, others have
shown that WNT3A reduces melanoma proliferation even
though WNT3A increases MITF expression [87, 88]. This
could be contributed to varied activity of MITF or that MITF
expression was minimally induced by WNT3A and might be
induced more strongly by other WNTs such as WNT1 [87].
Other deregulated pathways in melanoma can also induce
MITF. The endothelin receptor B is highly expressed in pri-
mary and metastatic melanomas, and targeting EdnrB with
monoclonal antibodies in vivo reduces subcutaneous tumor
growth [89]. Interestingly EdnrB and MITF levels are highly
correlated in melanoma cell lines and patient tumors [89].
EdnrB is a G-protein-coupled receptor that is activated by its
ligands endothelin 1 and 3. This induces downstream effectors
such as ERK activation and increased cAMP levels [90, 91]
cAMP enhances another prominent gene that is activated
during melanoma progression, CREB. CREB has been iden-
tified to increase MITF expression during melanoma devel-
opment [92], and we have previously shown that CREB
activity is critical for melanoma proliferation, survival, and
metastasis [26, 63]. Its regulation of MITF and the down-
stream genes, such as HIF1-α, Bcl2, CDK2, and p27Kip1

[93–96], whichMITF controls, can contribute to this observed
phenotype.

Although genomic amplification of MITF in select mel-
anomas maintains its expression in metastatic lesions, it is
variably expressed in metastatic lesions that do not have
MITF gene amplification [77]. Others have shown that
downregulation of MITF and other melanoma development
genes lead to a more invasive phenotype in vitro [97]. For
example, it has been shown that ablation of MITF increases
tumor growth of B16 melanoma cells in vivo [98]. Hypoxic
conditions have been reported to reduce MITF expression
while inducing HIF1-α, mesenchymal markers, and exper-
imental lung metastasis [99]. Nevertheless, others have
shown that cAMP increases the binding of MITF to the
promoter of HIF1-α and induces its expression [93]. MITF
also functions to induce progression of melanoma by tran-
scribing the antiapoptotic Bcl2, the cell cycle driver CDK2,
and represses the growth arrest protein p27Kip1. [94–96].
These data suggest that although MITF is expressed in

Cancer Metastasis Rev



primary melanomas, its expression and role in metastasis is
yet to be determined.

5 Activating transcription factor 2

Another ATF/CREB family basic-region leucine zipper
(bZIP) transcription factor is activating transcription factor 2
(ATF-2) [100, 101]. Its activity is regulated by p38 and
mitogen-activated protein kinases which heterodimerizes with
other transcription factors such as CREB, nuclear factor kappa
B (NF-κB), and c-Jun [102, 103]. It is known to regulate
multiple genes involved in cell cycle, inflammation, and stress
such as c-Jun, cyclin-A, transforming growth factor beta, and
tumor necrosis factor alpha (TNF-α) [104–107]. ATF-2 ex-
pression has been correlated with melanoma progression.
More interestingly, in two separate studies, a higher ratio of
cytoplasmic ATF-2 compared to active, nuclear expression
predicts better survival for patients. High levels of nuclear
ATF-2 predict poor survival, and metastatic lesions stain
higher for nuclear ATF-2 as compared to primary tumors
[103, 108]. It has recently been reported that high nuclear
ATF-2 is attributed to the activity of PKCε, which is highly
expressed inmelanoma (Fig. 1b). This maintains the transcrip-
tional role of ATF-2 to promote melanoma growth and metas-
tasis, as compared to its more tumor suppressive and apoptotic
functions when sublocalized in the cytoplasm [109]. Gene
silencing of ATF-2 in B-RAFV600E mutant mouse melano-
cytes significantly decreases soft agar colony formation in
vitro [110]. Others have shown that injecting SW1 mouse
melanoma cells that express an ATF-2 blocking peptide
(ATF-250-100) significantly decreases tumor growth and me-
tastasis and increased the survival rate of mice injected with
B16F10 ATF-250–100 melanoma cells [101].

6 Nuclear factor kappa B

NF-κB is a member of the RelA/NF-κB family of transcrip-
tion factors which all contain a similar DNA-binding do-
main, the REL homology domain [111]. NF-κB acts as a
first line of defense in inflammation as proinflammatory
cytokines induce activation of IKK, which then phosphor-
ylates the inhibitor of NF-κB, IκB. This leads to proteoso-
mal degradation of IkB and nuclear localization of Rel/NF-
κB heterodimers, followed by the upregulation of inflam-
matory genes such as COX2, TNF, and IL-6 [111, 112]. In
solid tumors, including melanoma, activation of NF-κB
enhances cancer progression. NF-κB can have a proinvasive
effect on melanoma cells. This is mediated through αvβ3

integrin signaling induced by HABP1, which activates NF-
κB and increases MT1-MMP. MT1-MMP then proteolyti-
cally cleaves pro-MMP-2, which generates the active form

of MMP-2 [113]. Furthermore, the cytosolic interacting pro-
tein of integrins, integrin-linked kinase (ILK), has been shown
to induce migration and invasion [114]. ILK activates the NF-
κB p65 (RelA), which binds to the IL-6 promoter and induces
its expression in melanoma cells (Fig. 1b). This leads to
further downstream signaling of STAT3 activation, which
increases VEGF expression [115]. This loop highlights the
scaffolding of multiple genes that originate from extracellular
signals, to IL-6 secretion, and then to VEGF production.
Conditioned media from melanoma cells treated with small-
interfering RNA (siRNA) against IL-6 or STAT3 reduced
endothelial cell tube formation. Additionally, targeting NF-
κB with the inhibitor BI-69A11 significantly reduced tumor
growth of melanoma cells in vivo. Furthermore, melanoma
cells that are resistant to B-RAF inhibitors are still sensitized
by the inhibition of NF-κB [116]. Inhibition of IKKb or
inhibiting IkB proteosomal degradation reduces the number
of pulmonary metastasis of B16F10 melanoma cells [117].
This also results in an increase in p21 expression and in-
creased cytochrome C within the cytoplasm and induced cell
cycle arrest and apoptosis after the inhibition of NF-κB [117].

7 MicroRNA regulation of melanoma metastasis

MicroRNAs are small noncoding RNAs, which repress gene
expression through binding to complementary mRNA sequen-
ces. A single microRNA can regulate hundreds of mRNA
sequences [118]. MicroRNAs were first discovered in Caeno-
rhabditis elegans when a noncoding RNA, lin-4, was reported
to bind at the 3′ untranslated region (UTR) of lin-14 mRNA,
which decreased its protein expression [119, 120]. They are
transcribed by RNA polymerase II and are further modified by
drosha to form a hairpin pre-microRNA (miRNA). This is then
exported to the cytoplasm and processed into a single-strand
miRNA by dicer, followed by binding to the 3′ UTR of target
mRNA via the RNA-induced silencing complex [121, 122].
Currently, there are over 1,000 discovered microRNAs in
humans [121, 123].

Since miRNAs regulate the expression of many cellular
genes leading to various biological functions, it can be hy-
pothesized that the deregulation of these genes can lead to the
progression of many different cancers. Expression profiles of
miRNAs in cancer have clustered mostly based on tissue of
origin, indicating that the deregulation of most miRNAsmight
be specific for each type of tumor [124–126]. Expression
profiling of miRNA during the development of melanoma
have identified the up- and downregulation of several miR-
NAs during the progression from melanocytes to malignant
melanoma [127].

A number of these microRNAs have been reported to
affect the expression of genes involved in melanoma pro-
gression. miRs 137, 148, and 182 can bind to and inhibit the
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translation of the transcription factor MITF, a regulator of
melanocyte growth, maturation, and pigmentation [122,
128–130]. The loss of functional miR-137 and miR-148
might play a role in progression of melanoma; however,
overexpression of miR-182 in established melanoma cell
lines increased the metastatic phenotype and decreased ex-
pression of FOXO3 and MITF [128–130]. Other miRNAs
such as miR-221 and miR-222 are over expressed in mela-
noma and have been identified to repress c-Kit and p27
expression [131]. Downregulation of miR-193b in melanoma
leads to increased cyclin D1 expression [132]. The expression
of miR-532-5p is increased in metastatic tumors and leads to
the downregulation of RUNX3 [133]. Furthermore, the let-7
family has been observed in melanoma progression. The loss
of let-7a leads to increased expression of integrin beta-3 to
enhance migration and invasion [134]. Cell-cycle control can
be regulated by let-7b as let-7b mimics reduce the expression
of cyclins and decreases cell proliferation [135]. Recently, the
overexpression ofmiR-214 inmetastatic melanomas led to the
identification of the transcription factors AP2γ (directly) and
AP2α (indirectly) as novel targets [136, 137]. As previously
mentioned, AP2α plays a major role in melanoma metastasis
through regulation of genes involved in angiogenesis, extrav-
asation, and invasion. The identification of these microRNAs
and their functions in melanoma indicate that microRNA can
play an epigenetic role in regulating melanoma progression.
The deregulation of other microRNAs in melanoma is most
likely capable of contributing to various functions such as
invasion, survival, angiogenesis, and metastasis.

8 A link between CREB and RNA editing in melanoma

RNA transcripts undergo numerous post-transcriptional
modifications including alternative splicing and RNA edit-
ing, which are important for increasing the variability of the
transcriptome in a cell [138]. The most common type of
RNA editing is the deamination of adenosine (A) to inosine (I)
in double-stranded RNAs, through the action of the adenosine
deaminase acting on double-stranded RNA (ADAR) enzymes
[139]. Inosine is read as a guanosine by the cellular translation
machinery, which can lead to codon changes, alternative
splicing, or introduction or removal of stop codons. Addition-
ally, ADAR editing can modify regulatory RNAs, such as
microRNAs, which can affect their processing or their binding
specificity [140]. These events are highly regulated during
development and homeostasis, but many cancers are associ-
ated with an imbalance in RNA editing events. Global hypo-
editing in Alu repeats in brain, prostate, lung, kidney, and
testis tumors were shown using a bioinformatic approach
[141]. Several of these findings were further validated, includ-
ing a reduction of ADAR enzymes in brain tumors [141, 142].
Our lab has recently identified the ADAR1 enzyme to be

transcriptionally regulated by CREB in highly metastatic
melanoma cell lines (unpublished data). During melano-
ma progression, ADAR1 expression is reduced, indicating
potentially altered editing events that are contributing to mel-
anoma metastasis.

9 Therapy

Recently, two new drugs, ipilimumab, an anti-CTLA-4 anti-
body, and vemurafenib, a V600E BRAF inhibitor, also known
as PLX4032, have been approved by the Food and Drug
Administration. These drugs offer an emerging new hope for
patients bearing unresectable metastatic melanoma. Several
phase III clinical trials have shown that metastatic melanoma
patients treated with ipilimumab or vemurafenib have a sig-
nificantly longer overall survival rate when compared to the
control groups [143, 144]. However, treatment with ipilimu-
mab causes severe immune-related side effects [144, 145]. In
addition, many patients treated with vemurafenib acquired a
resistance to the treatment, and it is only effective in 50–60 %
of patients, those that harbor the V600EBRAFmutation [146,
147]. Therefore, other alternative molecular-targeted thera-
peutic modalities are still needed for melanoma patients who
are not eligible to be treated with these drugs.

The vital function of transcription factors contributing to
metastatic progression has been highlighted in melanoma,
which makes them an attractive therapeutic target. Phosphor-
ylation of CREB has been shown to act as a master regulator
of the metastatic phenotype in melanoma [148]. However,
targeting CREB for treatment is challenging, as it has been
previously shown in a CREB knockout mouse model that
complete deletion of CREB is lethal perinatally, due to respi-
ratory distress and dysfunctional fetal T cell development
[149]. These results indicate that CREB is important for
normal cell homeostasis and development. Therefore, impor-
tant downstream molecules regulated by AP2-α and CREB,
such as PAR-1, MCAM/MUC18, and IL-8, may be ideal
therapeutic targets in metastatic melanoma patients.

We have shown that PAR-1 repression through delivery
of PAR-1 siRNA-incorporated neutral liposomes to tumors
and surrounding tissues inhibited tumor growth and metas-
tasis in nude mice through modulating the tumor microen-
vironment. Additionally, significant decreases in expression
of MMP-2, IL-8, VEGF, and CD31 were observed in tumors
treated with PAR-1 siRNA when compared to the control
group [45]. A PAR-1 pepducin inhibitor, P1pal-7, has also
been shown to inhibit tumor growth in a breast carcinoma
model [150]. One potential disadvantage of utilizing lip-
osomes is that nanoparticles are not only delivered to tumor
cells but also to normal tissue. An important function of
PAR-1 on platelets is hemostasis and thrombosis, and due to
this nanoparticle characteristic, an anticipated adverse side
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effect could be bleeding caused by the repression of PAR-1 on
platelets. However, in a recent clinical trial, no increased risk
of bleeding was observed when a PAR-1 inhibitor was applied
as an antiplatelet agent [151]. We have also developed a fully
humanized monoclonal antibody (ABX-MA1) targeting
MCAM/MUC18, which is constitutively expressed in meta-
static melanoma cell lines. Treatment with ABX-MA1 in
highly metastatic melanoma cell lines inhibited tumor growth
and decreased the formation of lung metastasis in nude mice.
Furthermore, a significant reduction of tumor vessel formation
and decreased MMP-2 expression was seen when compared
to the control group [152]. We have also generated a fully
human anti-IL-8 antibody. Interestingly, IL-8 is regulated by
PAR-1 and acts as a major angiogenic factor in melanoma.
Treatment with ABX-IL-8 inhibited melanoma tumor growth
and metastasis in vivo [153]. Taken together, PAR-1, MCAM/
MUC18, and IL-8 represent novel alternative therapeutic tar-
gets for patients with metastatic melanoma.

10 Concluding remarks

We have summarized the evidence indicating that altered
transcriptional activity of each of the transcription factors
discussed leads to enhanced tumorigenicity and/or progres-
sion toward the metastatic phenotype. Altered activities of
CREB and AP2α leads to downregulation of c-KIT and over-
expression of MMP2, MCAM/MUC18, PAR-1, and PAFR
(Fig. 1). Signaling events through these molecules lead to
increased invasion, angiogenesis, and survival, all of which
contribute to melanoma progression. We are only just begin-
ning to understand the role of microRNAs and RNA editing in
regulation of genes, and further studies are needed to identify
potential roles in transcriptional regulation of microRNAs as
well as microRNA regulation of transcription factors in mel-
anoma. Taken together, these transcription factors, and their
downstream signaling effectors, represent novel therapeutic
targets for the treatment of melanoma.
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