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 Developments in genomic and proteomic technologies are shedding light on 
the molecular pathobiology of melanoma, and uncovering diagnostic and 
prognostic biomarkers and therapeutic targets for this deadly disease. In this 
book, experts review recent major advances in melanoma biomarker research. 
The clinical applications of a wide range of genetic, epigenetic and protein 
biomarkers are outlined. The integration of these biomarkers with traditional 
prognostic and predictive indicators in the management of patients with mel-
anoma is described. 

 I would like to thank all my colleagues in Australia, Germany, Italy, Japan, 
the Netherlands, the United Kingdom, and the United States of America for 
contributing chapters to this endeavor. 

   Michael J. Murphy
Farmington, CT, USA             
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     1    Introduction to Diagnostic 
and Prognostic Biomarkers 
and Therapeutic Targets 
in Melanoma       

     Michael   J.   Murphy                  

 The aim of this book is to discuss both the 
 technologies used in the discovery of melanoma 
biomarkers and the clinical application of these 
biomarkers for diagnosis and staging of disease, 
determination of prognosis, prediction of drug 
response, monitoring the effi cacy of therapy, 
identifi cation of novel therapeutic targets, and 
drug development. A broad range of biomarkers 
[described as any measurable molecular altera-
tion within a cancer cell (i.e., DNA/chromosomal, 
mRNA, microRNA, mitochondrial DNA, epige-
netic and protein)] is outlined. Of note, individ-
ual/panels or patterns of molecular markers may 
now be employed to stratify microscopically-
similar melanocytic tumors into subsets with dif-
ferent biological behaviors and outcomes  [  1,   2  ] . 
In addition, with the more widespread use of 
molecular-targeted melanoma therapies, it has 
become increasingly necessary to evaluate puta-
tive drug targets in order to predict clinical 
response  [  3  ] . An important goal is the enhance-
ment of both safety and effi cacy of melanoma 
management by facilitating the tailoring of 
treatment(s) to individual patients (“personalized 
medicine”). Novel biomarkers could be used to 
distinguish patients with melanomas requiring 
targeted intervention from those individuals 

who require no further therapy. Some of these 
biomarkers may also have a role in cancer screen-
ing, early detection and/or risk assessment. In 
this regard, current high-throughput laboratory 
technologies have facilitated the discovery and 
validation of biomarkers in patients with mela-
noma; although, efforts are still hampered by 
some of the limitations of currently available 
methodologies. The ideal biomarker should be 
sensitive, specifi c, rapidly analyzable, reliable, 
cost-effective, and demonstrate clinical relevance 
beyond traditional “gold-standard” clinical and 
histopathological data available at the time of 
diagnosis and/or follow-up. Despite some nota-
ble discoveries, the translation from “bench-to-
bedside” has been slow and the number of 
biomarkers validated for use in the management 
of patients with melanoma remains limited. It is 
likely that further advances in genomic and pro-
teomic technologies and bioinformatics will lead 
to the identifi cation of additional clinically-useful 
biomarkers for disease classifi cation, staging, 
prognostication, treatment selection, and moni-
toring of therapeutic response, in addition to 
novel drug target discovery and facilitation of 
drug development. 

 Melanoma is considered an epidemic cancer 
as its worldwide incidence has increased 697% 
between 1950 and 2000, faster than that of any 
other cancer subtype; although, recent evidence 
suggests that this rise may have peaked  [  4  ] . 
The American Cancer Society now estimates that 
the lifetime risk of developing melanoma is 
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approximately 1 in 50 for Caucasians, 1 in 200 
for Hispanics and 1 in 1,000 for African-
Americans  [  4  ] . In the United States, invasive 
melanoma is the 6th most common cancer in men 
and the 7th in women; the lifetime probability of 
developing this tumor is 1 in 37 for males and 1 
in 56 for females. An estimated 68,130 new cases 
of cutaneous melanoma were diagnosed in 2010, 
with 8,700 estimated deaths from this disease  [  4  ] . 
While representing <7% of all skin malignancies, 
melanoma is the most lethal cutaneous malig-
nancy and accounts for ~75% of all deaths from 
skin tumors. 

 The TNM staging categories and groupings of 
the updated 2009 American Joint Committee on 
Cancer (AJCC) Melanoma Staging System are 
outlined in Tables   4.1     and   4.2     of this book  [  5  ] . 
 “T”  parameters are defi ned by primary tumor 
thickness, ulceration, and mitotic status;  “N”  
parameters by the number of lymph nodes with 
metastatic disease and extent of metastatic bur-
den; and  “M”  parameters by the site(s) of metas-
tases and serum lactate dehydrogenase (LDH) 
levels. For patients with melanoma, the formal 
TNM system currently provides the basis for 
tumor staging, prediction of survival, treatment 
selection and stratifi cation of patients in clinical 
trials. Approximately 84% of cutaneous melano-
mas are locally confi ned; 8% of patients are diag-
nosed after the tumor has spread regionally; and 
4% are diagnosed with distant metastasis. In the 
remaining 4% of patients, the staging information 
is unknown. For patients with invasive melanoma, 
the single best indicator of prognosis is the stage 
at fi rst clinical presentation, which for AJCC 
stages I, II, and III is determined by histopatho-
logical fi ndings. Specifi cally, primary tumor depth 
(Breslow thickness), the presence or absence of 
ulceration, the presence or absence of microscopic 
metastases [either peritumoral microsatellites or 
regional sentinel lymph node (SLN) disease], and 
the number of regional lymph nodes involved are 
key to the correct staging of early- and intermedi-
ate-stage melanoma. The 5-year survival rate is 
~90% for AJCC stage I melanoma and ~70% for 
AJCC stage II melanoma, but decreases signifi -
cantly to 25–50% for AJCC stage III melanoma 
(depending on the number of lymph nodes 

involved), and ~10% for stage IV disease  [  1,   2  ] . 
Because the identifi cation of metastatic disease is 
a major prognostic factor for melanoma recur-
rence and outcome, accurate tumor staging is 
important for optimal management of these 
patients. However, the clinical and histopatholog-
ical features cannot accurately predict the behav-
ior of melanoma in all cases  [  1,   2  ] . Individuals at 
identical clinical and/or pathological stages can 
exhibit different survival probabilities. A small 
subset of patients with thin melanomas will 
develop metastases and die from their disease, 
while many patients with thick melanomas never 
develop recurrent disease after excision of the pri-
mary tumor. The discovery of biomarkers that 
could predict which patients are likely to develop 
metastasis is one approach that would allow ear-
lier therapeutic intervention for those individuals 
identifi ed to be at high risk for relapse. A major 
drawback with the current TNM staging system is 
that it does not easily allow for the integration of 
newly discovered pathobiological concepts, data 
revealed by ancillary diagnostic techniques, and/
or novel tumor biomarkers. Therefore, a need 
exists for biomarkers which would help to iden-
tify patients at risk for disease progression, in 
addition to those individuals whose disease has 
already progressed subclinically  [  1,   2  ] . 

 Research is on-going into the molecular 
mechanisms that underlie the malignant trans-
formation of melanocytes to melanoma and the 
progression of primary cutaneous tumors to 
invasive and metastatic disease. Signifi cant 
progress has been made in our understanding of 
the cellular, molecular and genetic basis for mel-
anoma. The traditional classifi cation of mela-
noma into four subtypes (i.e., acral lentiginous, 
superfi cial spreading, nodular, and lentigo 
maligna), which is based on clinical-histopatho-
logical features, is now being challenged by the 
results of molecular studies  [  1,   2,   6  ] . The identi-
fi cation of key melanoma-associated somatic 
gene mutations (i.e., BRAF, NRAS, and KIT) is 
likely to play a signifi cant role in the develop-
ment of a future molecular classifi cation scheme 
for this tumor. Furthermore, the integration of 
clinical, morphologic and genomic data may 
help to characterize each individual melanoma 
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and guide the selection of novel target-oriented 
drugs in clinical trials. Unfortunately, the  number 
of melanoma-related deaths continues to increase 
and results of cytotoxic and immunologic ther-
apy for metastatic disease have remained largely 
disappointing. Tumor heterogeneity hinders the 
optimal use of currently available therapeutic 
modalities in patients with melanoma. In addi-
tion, for patient cohorts grouped by established 
TNM clinical staging systems, response to treat-
ment and corresponding survival rates never 
approach 100% concordance. Poor treatment 
results in some patients could be partly due to 
imprecise staging at the time of diagnosis, inap-
propriate selection of therapy, or a combination 
thereof. Subgroups of patients with melanoma 
may not be given the opportunity to receive nec-
essary therapeutic intervention, while others may 
be subjected to inappropriate and potentially 
harmful treatment. There have been several sig-
nifi cant breakthroughs in the past decade with 
regard to the management of patients with mela-
noma  [  3  ] . Again these advances are based on the 
recognition of discrete subsets of melanoma; 
each with distinct chromosomal aberrations, 
gene mutations and oncogenic pathway activa-
tion. Several obvious benefi ts may be realized 
from recent molecular discoveries. Firstly, mela-
nomas can be classifi ed into cohorts that have 
potentially similar clinical course and treatment 
responses. Secondly, if the pathogenic mecha-
nisms within a distinct subgroup of melanomas 
are well understood, targeted therapies could be 
potentially developed. Pharmacogenetic and 
pharmacogenomic strategies in melanoma are 
reviewed elsewhere  [  3  ] . 

 As stated previously, numerous molecular 
biomarkers, which highlight the mechanisms of 
melanoma pathogenesis and progression, have 
been identifi ed  [  1,   2  ] . The clinical utility of a 
number of these biomarkers, for improving upon 
routine histopathological methods in the staging 
and prognostication of melanoma patients, has 
also been investigated  [  1,   2  ] . In this regard, the 
role of molecular diagnostic techniques in the 
detection of both SLN and circulating melanoma 
cells is an area of active research and warrants 

further discussion. Although molecular analysis 
of melanocyte-related markers has also been 
undertaken in bone marrow specimens and bio-
logical fl uids (effusions and cerebrospinal fl uid), 
the most commonly performed assays in mela-
noma patients have been on SLN and peripheral 
blood specimens  [  2  ] . The detection of tumor 
cells in specimens from melanoma patients with 
early-stage disease could identify those at 
high risk for metastasis. The amplifi cation of 
tumor-related DNA or mRNA sequences, by 
techniques such as standard reverse transcription-
 polymerase chain reaction (RT-PCR) and quan-
titative real-time polymerase chain reaction 
(qRT), has been undertaken in SLNs and periph-
eral blood of melanoma patients in an effort to 
detect the presence of occult tumor cells  [  2  ] . 
A review of tumor biomarkers used in this set-
ting is provided in Chaps.   15     and   16    . Of note, 
amplifi cation of melanocyte-specifi c transcripts 
by standard RT-PCR allows for the detection of 
one melanoma cell among 10 6 –10 7  non-tumor 
cells. The use of qRT may increase this sensitiv-
ity of detection to 1 melanoma cell per 10 7 –10 8  
background cells. This is in contrast with the 
lower detection sensitivities for laboratory 
 techniques more routinely employed in SLN 
analysis. Immunohistochemistry can detect 1 
melanoma cell in a background of 10 5 –10 6  non-
tumor cells. This sensitivity further decreases to 
1 tumor cell per 10 4 –10 5  non-tumor cells by light 
microscopic review alone (i.e., hematoxylin and 
eosin [H + E] stained sections) of SLNs. Routine 
molecular testing could have diagnostic utility 
in the detection of subclinical and/or submicro-
scopic metastases in SLNs and/or peripheral 
blood of patients with melanoma  [  2  ] . Molecular 
technologies may also have utility in the micro-
staging of primary melanoma and the differen-
tiation of second primary tumors from cutaneous 
metastases  [  1,   2  ] . 

 The alkylating agent dacarbazine (DTIC) is the 
only FDA-approved chemotherapeutic agent for 
treatment of metastatic melanoma; although, 
responses are infrequently seen (5–10% of patients) 
and are generally short-lived  [  3  ] . Other chemo-
therapeutic agents, such as carmustine (BCNU), 
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temozolomide, taxanes and platinum-analogs, 
have equally poor effi cacy in this setting. In addi-
tion, there are two FDA-approved biological 
response modifi ers for metastatic  melanoma, inter-
leukin-2 (IL-2) and interferon- a 2b (IFN- a 2b)  [  3  ] . 
Studies report that high-dose IL-2 results in dura-
ble responses in only 10–20% of stage IV mela-
noma patients, and is associated with severe, albeit 
short-lived, toxicities. IFN- a 2b is an approved 
adjuvant immunotherapy for stage III melanoma, 
and while demonstrating a 10–20% improvement 
in relapse-free survival, no clear effect on mela-
noma-related mortality is seen  [  3  ] . A large set of 
genes are found to be differentially regulated in 
IFN-sensitive and IFN-resistant melanoma cell 
lines, identifying both sensitivity- and resistance-
associated genomic signatures  [  3  ] . A recent study 
explored the impact of cytokine gene polymor-
phisms on clinical outcome for stage IV melanoma 
patients treated with biochemotherapy (cisplatin, 
vinblastine, and DTIC; combined with IL-2 and 
IFN- a )  [  3  ] . The IFN- g  +874 single nucleotide 
polymorphism (SNP) was found to be signifi cantly 
associated with treatment response, progression-
free survival, and overall survival  [  3  ] . When three 
gene polymorphisms (IFN- g  +874, IL-10 
-1082G>A, and ERCC1 codon 118) were com-
bined, four distinct groups of patients with signifi -
cantly different outcomes were identifi ed  [  3  ] . 
Another study reported that a 32 bp deletion poly-
morphism in the chemokine receptor 5 gene 
(CCR5Δ32) was signifi cantly associated with 
decreased survival in stage IV melanoma patients 
receiving immunotherapy (IFN, IL-2, or vaccina-
tion)  [  3  ] . Because current therapy for advanced 
melanoma utilizes cytotoxic agents and biological 
response modifi ers that mediate tumor regression 
by different mechanisms, combined testing for 
multiple genetic polymorphisms could potentially 
generate more accurate pharmacogenomic infor-
mation than single SNP analysis. 

 The mitogen-activated protein kinase (MAPK) 
signaling pathway (RAS/RAF/MEK/ERK) has 
been found to be constitutively activated in up to 
80–90% of melanomas  [  1–  3  ] . The two most 
 common mechanisms for this activation are gain-
of-function mutations in either NRAS 

(15–30% of melanomas) or BRAF (50–70% 
of melanomas) (Fig.   3.1    ). Therefore, drugs that 
target this pathway are of considerable interest 
(see Chap.   20    ). Since the discovery of BRAF 
mutations in melanoma, several oral targeted 
multi-kinase inhibitors which decrease BRAF 
activity have been developed  [  3  ] . For example, 
the broad-spectrum multi-kinase inhibitor 
sorafenib (BAY 43-9006) targets BRAF, vascular 
endothelial growth factor receptor (VEGFR)-2, 
VEGFR-3, platelet-derived growth factor recep-
tor (PDGFR)- b , FMS-like tyrosine kinase 3, and 
KIT. Unfortunately, early clinical studies using 
sorafenib in melanoma patients, as a single agent 
or in combination with chemotherapy, demon-
strated little benefi t beyond disease stabilization 
 [  3  ] . Clinical trials are now ongoing with second 
generation selective and non-selective RAF 
inhibitors, such as PLX4032 (vemurafenib), 
SB-590885/GSK2118436, XL-281, and RAF-
265 (  www.clinicaltrials.gov    ). In recent Phase 
I-III trials, XL-281 (ARAF, BRAF, and CRAF 
inhibitor) and PLX4032 (BRAF V600E  inhibitor) 
were shown to have single-agent antitumor activ-
ity in patients with melanoma, with the achieve-
ment of objective responses  [  3,   7  ] . These studies 
indicate the potential therapeutic value of single-
agent therapy against a mutated oncogene in mel-
anoma. However, not all patients respond to this 
treatment, and dose-limiting toxicities, primary 
and secondary drug resistance, and the develop-
ment of therapy-related cutaneous squamous cell 
carcinomas/keratoacanthomas (in up to 30% of 
patients) represent issues that must be addressed. 
While PLX4032 selectively inhibits downstream 
MEK/ERK signaling and cellular activation in 
BRAF V600E  mutant cells, it paradoxically activates 
this signaling pathway in cells with wild-type 
BRAF. It therefore has the potential to induce 
carcinogenesis in cells lacking the BRAF V600E  
mutation. These fi ndings emphasize the require-
ment for current and future clinical studies 
of BRAF inhibitors to select for patients who 
have BRAF-mutant melanomas. In addition, 
MEK, which is directly activated by BRAF, 
is another potential drug target in patients with 
melanoma  [  3  ] . 
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 Imatinib mesylate, a tyrosine kinase inhibitor 
of BCR-ABL, KIT and PDGFR, is an FDA-
approved treatment for both chronic myeloge-
nous leukemias (which harbor the BCR-ABL 
fusion protein) and gastrointestinal stromal 
tumors (GISTs; which harbor oncogenic KIT 
and/or PDGFRA mutations)  [  3  ] . There is a strong 
association between specifi c activating mutations 
of KIT with clinical responses to imatinib in 
GISTs and mastocytosis  [  3  ] . In a study of 102 
primary melanomas, KIT mutations were identi-
fi ed in 17% of chronic sun-damaged cutaneous, 
11% of acral, and 21% of mucosal melanomas, 
but not in any melanomas on skin without chronic 
sun damage; supporting a role for KIT as an 
oncogene in a subset of tumors  [  1  ] . In addition, 
KIT gene amplifi cation has been found to be 
present in 6% of chronic sun-damaged, 7% of 
acral, and 8% of mucosal melanomas  [  1  ] . Similar 
rates of KIT alterations in acral and mucosal mel-
anomas, but lower rates (~2%) in chronic sun-
damaged cutaneous tumors are reported by other 
studies  [  1  ] . Point mutations in KIT result in con-
stitutive activation of the c-KIT protein in mela-
noma cells, and the activation of downstream 
proliferative and pro-survival signaling path-
ways. At the protein level, immunohistochemical 
studies have shown c-KIT expression in 81% of 
mucosal and acral melanomas  [  3  ] . Interestingly, 
cases with activating mutations are commonly 
positive for c-KIT protein expression; although, 
this is not uniformly the case. Furthermore, many 
tumors that do not have detectable gene mutation 
or amplifi cation show high expression levels of 
c-KIT protein  [  3  ] . Inhibition of KIT signaling has 
been shown  in vitro  to inhibit proliferation of cul-
tured melanoma cells  [  3  ] . In addition, several 
anecdotal case reports have noted remarkable 
responses to small molecule KIT inhibitors (ima-
tinib, sorefenib, and dasatinib) in patients with 
widely metastatic melanoma  [  3  ] . However, recent 
Phase II trials using imatinib reported that, among 
63 patients with melanoma, only one clinical 
response was seen (in a patient with an acral 
tumor)  [  3  ] . Importantly, these patients’ melano-
mas were not tested for the presence of a KIT (or 
PDGFRA) mutation, with only c-KIT (and 
PDGFRA) immunohistochemical testing (for 

protein expression) being performed. C-KIT 
receptor protein expression, in the absence of 
downstream signaling activity, has not been 
shown to be highly predictive of clinical response 
to imatinib  [  3  ] . More specifi cally, KIT mutations, 
and not gene amplifi cations, appear to be associ-
ated with drug response in melanoma patients 
 [  3  ] . These fi ndings clearly illustrate the impor-
tance of proper patient selection prior to imatinib 
treatment, including KIT and PDGFRA gene 
mutational analysis. With this in mind, a number 
of multicenter Phase II clinical trials, using ima-
tinib, in addition to sunitinib, nilotinib, and dasa-
tanib, for the treatment of metastatic melanomas 
with KIT genomic aberrations (i.e., from acral, 
mucosal, and chronically sun-damaged sites) 
have been initiated. 

 Many treatment-responsive patients ultimately 
relapse as a result of acquired resistance to selec-
tive kinase-targeted therapies. This may be due to 
a number of factors, including re-establishment 
of negative feedback and/or alternative activation 
of MAPK signaling, other BRAF mutations or 
amplifi cations, mutations in RAS (HRAS, KRAS, 
or NRAS) or MEK1 genes, or activation of alterna-
tive pathways that drive proliferation, resistance 
to apoptosis or tumor escape (PI3K-AKT, CMET, 
KIT, FGFR, and EGFR)  [  3  ] . As a result of the 
intrinsic redundancy in the multiple genetic path-
ways that are activated in melanoma, it is likely that 
the use of synergistic combinations of mutation-
targeted agents will be required to achieve optimal 
outcomes and overcome potential drug resistance 
in patients with metastatic disease  [  3  ] . In addition 
to MAPK-related mechanisms, other possible 
therapeutic targets in melanoma include GNAQ, 
CDK4, ERBB4, and ETV 

1
 , as well as PI3K-AKT, 

apoptosis, DNA repair, angiogenesis, ubiquitin-
proteosome and epigenetic pathways  [  3  ] . Clinical 
trials evaluating novel drugs directed against 
some of these targets are currently underway  [  3  ] . 

 Melanoma tumors can demonstrate spontane-
ous immune-mediated regression  [  3  ] . In addition, 
tumor-specifi c cytotoxic T-cells and antibodies 
may be found in the peripheral blood of patients 
with melanoma  [  3  ] . Therefore, immunotherapy 
is a potentially effective treatment strategy for 
individuals with this disease  [  3  ] . One approach is 
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the enhancement of anti-melanoma immune 
responses through the optimization of T-cell acti-
vation. The latter involves interactions between 
the T-cell receptor (TCR), the co-stimulatory 
receptor CD28, and the ligands CD80 and CD86 
 [  3  ] . T-cell inhibition is mediated by the inhibitory 
receptor, cytotoxic T lymphocyte-associated anti-
gen-4 (CTLA-4), a molecule that shares 30% 
structural homology with CD28, and is expressed 
by activated T-cells and T-regulatory cells (Tregs). 
CTLA-4 binds CD80/CD86 with greater affi nity 
than CD28 does, thereby inhibiting CD28-
mediated T-cell activation and IL-2 production 
 [  3  ] . CTLA-4 is critical in maintaining immune 
tolerance to self-antigens, but may also limit host 
responses to tumor antigens and the effi cacy of 
vaccine therapy. CTLA-4 blockade, either alone 
or in combination with melanoma-specifi c vac-
cines, has been explored as a potential strategy to 
treat advanced-stage melanoma  [  3  ] . A recent 
Phase III clinical trial found that patients with 
previously treated metastatic melanoma who 
received ipilimumab (MDX-010, a monoclonal 
antibody targeting CTLA-4), with or without a 
gp100 peptide vaccine, showed improved overall 
survival compared with those who received 
gp100 alone  [  8  ] . Importantly, this clinical trial 
was the fi rst randomized study to show an 
improvement in overall survival in patients with 
advanced disease  [  8  ] . In march 2011, the FDA 
approved ipilimumab for the treatment of unre-
sectable or metastatic melanoma. However, not 
all patients have responded well to CTLA-4 
blockade, and some have developed severe auto-
immune reactions  [  3  ] . Of note, the presence of 
serum antibodies against the cancer-associated 
antigen, NY-ESO-1, has been found to be associ-
ated with effi cacy of anti-CTLA-4 therapy  [  3  ] . 
In addition, metastatic tumors at different sites in 
an individual patient can demonstrate distinct 
immunological signatures and local microenvi-
ronmental changes, possibly explaining the vari-
able responses to immunotherapy seen in some 
patients. Variations in the CTLA-4 gene could 
also infl uence the response to its inhibition in 
patients with metastatic melanoma. In a recent 
study, three SNPs in this gene were found to be 
associated with responses to CTLA-4 blockade: 
proximal promoter SNPs, rs4553808 and 

rs11571327, and the nonsynonymous SNP 
rs231775  [  3  ] . A haplotype analysis, that included 
seven SNPs, suggested that the common haplo-
type TACCGGG is associated with no response, 
whereas the haplotype TGCCAGG predicts 
 treatment outcome. Unfortunately, no specifi c 
haplotype or SNP predicts which patients will 
develop the severe autoimmune reactions trig-
gered by CTLA-4 blockade therapy  [  3  ] . Other 
potential immunological approaches in mela-
noma patients include the use of Toll-like recep-
tor antagonists (i.e., imiquimod) and a HLA-B7/
 b 2-microglobulin gene transfer product  [  3  ] . 

 In the future, molecular technologies could be 
used to determine pathway activation and indi-
cate which combinations of drugs would be most 
effective in an individual patient with melanoma. 
For example, the employment of laser capture-
microdissection to isolate both melanoma cells 
and “normal-appearing” surrounding tissue 
would facilitate gene expression profi ling and 
genotyping for both germline aberrations and 
somatic mutations (i.e., those acquired by mela-
noma cells) in routine surgical specimens. Disease 
outcome may depend on a combination of both 
the inherited germline and tumor genomes. 
Determination of germline DNA alterations could 
be used to assess the host baseline pharmacog-
enomic profi le. This strategy could have impor-
tant consequences for clinical trial design, with 
the incorporation of pharmacogenomics into 
inclusion (and exclusion) criteria. Previous stud-
ies of targeted drugs may have failed in part 
because of inadequate melanoma characteriza-
tion, resulting in the inclusion of few to no poten-
tially treatment-responsive patients. 

 It is envisioned that newer technologies, such 
as SNP-based arrays, DNA sequencing methods 
and mass spectrometry-based proteomic strate-
gies (see Chap.   14    ), will be increasingly employed 
in the evaluation of melanocytic tumors, with 
results of molecular studies incorporated into 
current morphological-based diagnostic and 
prognostic classifi cation systems (i.e., clinical 
fi ndings and light microscopic changes). In addi-
tion to the wider use and acceptance of compara-
tive genomic hybridization (CGH), fl uorescence 
in situ hybridization (FISH), DNA microarray 
and epigenetic profi ling tools, these genomic/
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proteomic technologies will: (1) facilitate more 
accurate diagnosis and classifi cation of melano-
cytic tumors; (2) improve on current staging crite-
ria and lead to better stratifi cation of melanoma 
patients into prognostically relevant groups; and 
(3) promote the individualization of therapy (“per-
sonalized medicine”), based on a patient’s germline 
genetic variation, somatic genomic aberrations that 
arise during tumor development, and protein abun-
dance, structure, stability, and function in estab-
lished tumors. Melanoma management is currently 
moving toward prospective profi ling of tumors at 
diagnosis for patterns/panels of genomic aberra-
tions and protein changes relevant to both the 
sensitivity and resistance of targeted therapies.     
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     2    Diagnostic and Prognostic 
Biomarkers in Melanoma: 
Current State of Play       

     Jochen   Utikal ,        Jürgen   C.   Becker ,           and    Selma   Ugurel              

   Introduction    

 Melanoma    is the most deadly skin cancer. The 
incidence and mortality rates of this tumor have 
been increasing over the last number of decades. 
Besides clinical and histopathological characteris-
tics (i.e., anatomic site and subtype of the primary 
tumor, Breslow thickness, ulceration, vascular 
invasion, mitotic index), an increasing variety of 
molecular markers have been identifi ed, providing 
the possibility of a more detailed diagnostic and 
prognostic categorization of melanoma. Recently 
published gene expression and proteomic profi ling 
data indicate new candidate molecules involved 
in melanoma pathogenesis, which are currently 
being validated. This ongoing process of bio-
marker identifi cation and validation is resulting in 
a rapidly changing molecular view of cutaneous 
melanoma, which holds the promise of improving 
our diagnostic and prognostic classifi cation sys-
tems, as well as identifying therapeutic targets. In 
this chapter, we provide a comprehensive over-
view of the currently known serological and 
immunohistochemical biomarkers in melanoma.  

   Tumor Tissue-Based Biomarkers 

 Cutaneous melanoma develops in three sequen-
tial stages (i.e., radial growth phase, vertical 
growth phase and metastases). The prognosis in 
any stage is only partially explained by morpho-
logical and histopathological parameters, such as 
primary tumor localization, patient gender and 
age, mitotic rate, tumor thickness and ulceration. 
Moreover, while some parameters seem to refl ect 
merely the tumor burden, others, such as ulcer-
ation, appear to be intrinsically related to tumor 
biology. Additional technologies that help to 
assign patients to specifi c risk groups include 
immunohistochemistry, gene expression profi l-
ing, comparative genomic hybridization, and 
gene mutational analysis. 

 For diagnostic purposes, a small panel of mel-
anocytic lineage markers (i.e., S100, MART-1, 
and gp100/HMB45) is suffi cient to discriminate 
melanoma from non-melanocytic skin cancer. 
However, no marker has proven useful in distin-
guishing spindle cell/desmoplastic melanoma 
from other tumors. Ki-67 remains the most useful 
adjunct in distinguishing benign from malignant 
melanocytic tumors  [  1  ] . 

 For prognostic classifi cation, the situation is 
more complex. The transformation from benign 
melanocytes to metastatic melanoma results from 
a combination of genetic alterations contributing 
to the hallmarks of cancer (i.e., uncontrolled 
proliferation, unlimited replicative potential, 
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apoptosis resistance, invasion, and angiogenesis). 
Several marker molecules involved in these 
genetic alterations have been identifi ed, and their 
expression in primary melanoma has been stud-
ied and correlated with prognosis. Table  2.1  sum-
marizes the most important tissue biomarkers 
known for melanoma, whose abnormal expres-
sion is associated with patient prognosis. It is 
likely that the most detailed prognostic classifi ca-
tion for melanoma will not result from analysis of 
one biomarker, but rather from a panel of multi-
ple biomarkers in this list.  

 In a recent retrospective study, primary 
melanomas (for which long-term clinical follow-
up was available) were analyzed using a cDNA 
expression microarray  [  22  ] . The authors described 
a signature of 174 genes that identifi ed patients at 
risk of developing distant metastasis. From these 
174 genes, 141 were underexpressed and 33 over-
expressed in tumors whose host remained free of 
metastasis for 4 years. Thirty of these 174 genes 
had already been studied in melanoma; these 
genes are involved in cell cycle regulation (CKS2, 
CDC2, CCNB1, CENPF, and DHFR), mitosis 

   Table 2.1    Immunohistochemical markers of melanoma associated with impaired prognosis   

 Association with 
impaired prognosis  References 

  Melanocyte lineage/differentiation antigens  
 gp100/HMB45  Increased expression  Niezabitowski et al.  [  2  ]  
  Tumor suppressors/oncogenes/signal transducers  
 AP-2 (activator protein-2alpha) transcription factor  Loss of nuclear AP-2 expression  Berger et al.  [  3  ]  
 bcl-6  Expression  Alonso et al.  [  4  ]  
 c-Kit  Expression  Janku et al.  [  5  ]  
 c-met  Expression  Cruz et al.  [  6  ]  
 c-myc  Increased expression  Kraehn et al.  [  7  ]  
 CYLD  Decreased expression  Massoumi et al.  [  8  ]  
 EGFR (epidermal growth factor receptor)  Increased expression  Udart et al.  [  9  ]  
 ERK (extracellular signal-regulated kinase)  Absence of cytoplasmic 

ERK activation 
 Jovanovic et al.  [  10  ]  

 HER3  Increased expression  Reschke et al.  [  11  ]  
 HDM2 (human homologue of murine mdm2)  Increased expression   Polsky et al.  [  12  ]  
 ING3/ING4  Decreased nuclear expression  Wang et al.  [  13  ]  
 MITF (microphthalmia-associated 
transcription factor) 

 Gene amplifi cation  Ugurel et al.  [  14  ]  

 P16 INK4A   Decreased expression  Mihic-Probst et al.  [  15  ]  
 Alonso et al.  [  4  ]  

 p-Akt (activated serine-threonine protein kinase B)  Increased expression  Dai et al.  [  16  ]  
 pRb (retinoblastoma protein)  Inactivation due to protein 

phosphorylation 
 Roesch et al.  [  17  ]  

 PTEN  Decreased expression  Mikhail et al.  [  18  ]  
 SNF5  Loss of expression  Lin et al.  [  19  ]  
  Cell cycle-associated proteins  
 Cyclin A, B, D, E  Increased expression  Florenes et al.  [  20  ]  

 Florenes et al.  [  21  ]  
 Geminin  Increased expression  Winnepenninckx et al.  [  22  ]  
 Ki-67 (detected by MIB-1)  Increased expression  Gimotty et al.  [  23  ]  

 Alonso et al.  [  4  ]  
 Ostmeier et al.  [  24  ]  

 P21 CIP1   Decreased expression  Alonso et al.  [  4  ]  
 PCNA (proliferating cell nuclear antigen)  Increased expression  Winnepenninckx et al.  [  22  ]  

(continued)
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Table 2.1 (continued)

 Association with 
impaired prognosis  References 

  Regulators of apoptosis  
 APAF-1 (Apoptotic protease activating factor-1)  Decreased expression  Fujimoto et al.  [  25  ]  
 Bak  Decreased expression  Fecker et al.  [  26  ]  
 Bax  Decreased expression  Fecker et al.  [  26  ]  
 bcl-2  Increased expression  Tas et al.  [  27  ]  
 Survivin  Increased expression  Tas et al.  [  27  ]  
  Molecules involved in angiogenesis  
 LYVE-1 (lymphatic vascular endothelial 
hyaluronan receptor-1) 

 Increased expression  Dadras et al.  [  28  ]  

 PTN (pleiotrophin)  Increased expression  Wu et al.  [  29  ]  
  Molecules involved in cell adhesion and motility  
 Beta-catenin  Loss of nuclear staining  Bachmann et al.  [  30  ]  
 CEACAM1 (carcinoembryonic-
antigen-related cell-adhesion molecule 1) 

 Increased expression  Thies et al.  [  31  ]  

 Dysadherin  Increased expression  Nishizawa et al.  [  32  ]  
 E-cadherin  Decreased expression  Andersen et al.  [  33  ]  
 Integrins beta1 and beta3  Increased expression  Saalbach et al.  [  34  ]  
 MMPs (matrix metalloproteinases)  Increased expression  Redondo et al.  [  35  ]  
 Osteonectin [also termed BM40 or SPARC 
(secreted protein, acidic and rich in cysteine)] 

 Increased expression  Massi et al.  [  36  ]  

 P-cadherin  Strong cytoplasmic expression  Bachmann et al.  [  30  ]  
  Immunoregulators  
 HLA allele frequency  Specifi c expression  Luongo et al.  [  37  ]  

 Ostmeier et al.  [  24  ]  
  Others  
 ALCAM/CD166 (Activated leukocyte 
cell adhesion molecule) 

 Increased expression  Swart et al.  [  38  ]  

 CXCR4 receptor  Increased expression  Scala et al.  [  39  ]  
 HSP90 (heat shock protein 90)  Increased expression  McCarthy et al.  [  40  ]  
 MCM4 and MCM6 (minichromosome 
maintenance complex component 4 and 6) 

 Increased expression  Winnepenninckx et al.  [  22  ]  

 Melastatin  Decreased expression  Duncan et al.  [  41  ]  
 Metallothionein  Increased expression  Weinlich et al.  [  42  ]  
 NCOA3 (nuclear receptor coactivator 3)  Increased expression  Kashani-Sabet et al.  [  43  ]  
 Nestin  Increased expression  Bakos et al.  [  44  ]  

 Piras et al.  [  45  ]  
 Nodal  Increased expression  Strizzi et al.  [  46  ]  

 Nuclear 8-hydroxy-2 ¢ -deoxyguanosine  Increased expression  Murtas et al.  [  47  ]  

 Osteopontin (OPN, SPP1)  Increased expression  Rangel et al.  [  48  ]  
 Kashani-Sabet et al.  [  43  ]  

 RGS1 (regulator of G-protein signaling 1)  Increased expression  Kashani-Sabet et al.  [  43  ]  
 Sox9 (sex determining region Y-box 9)  Increased expression  Bakos et al.  [  44  ]  
 TA (telomerase activity)  Increased expression  Carvalho et al.  [  49  ]  
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(HCAP-G and STK6), mitotic spindle checkpoint 
(BUB1), inhibition (BIRC5) or stimulation 
(GPR105) of apoptosis, DNA replication 
(TOP2A, RRM2, TYMS, PCNA, MCM4, and 
MCM6), stress response (GLRX2, DNAJA1, 
HSPA4, HSPA5, HSPD1, and TXNIP), ubiquitin 
cycle (SIP), actin and calmodulin binding 
(CNN3), intracellular signaling (STMN2), nega-
tive regulation of the Wnt signaling pathway 
(CTNNBIP1), inhibition of MITF expression 
(EMX2), regulation of proteolysis (TNA), testis 
cancer (CML66), and metastasis suppression 
(NME1). The authors speculated that the use of 
immunohistochemistry with antibodies directed 
against corresponding encoded proteins would 
facilitate improved prognostication of mela-
noma patients, and thereby allow for treat-
ment stratifi cation. In particular, determination of 
karyopherin-alpha2, MCMs (minichromosome 
maintenance proteins), geminin and PCNA could 
be used to screen for melanoma patients with 
poor clinical outcome. 

 In another recent study, Gould Rothberg et al. 
used a multimarker prognostic assay to help 
 triage patients at increased risk of recurrent 
 melanoma  [  50  ] . Protein expression for 38 candi-
date biomarkers relevant to melanoma oncogen-
esis was evaluated, using an automated 
quantitative analysis (AQUA) method for immu-
nofl uorescence-based testing in formalin-fi xed 
paraffi n-embedded (FFPE) specimens. A favor-
able prognosis was predicted by the expression 
of ATF2, p21(WAF1), p16(INK4A), beta-catenin 
and fi bronectin. Primary tumors that met at least 
four of these fi ve conditions were considered a 
low-risk group, and those that met three or fewer 
conditions formed a high-risk group for metasta-
sis development. 

 Similarly, genetic abnormalities have recently 
been recognized to infl uence the prognosis of 
cancer patients. Indeed, a new classifi cation sys-
tem for melanoma that combines genetic aberra-
tions with histomorphological characteristics has 
been proposed by Bastian et al.  [  51–  53  ] . Of note, 
MITF gene copy number in tumor cells seems 
to be a useful prognostic marker in metastatic 
melanoma  [  14  ] . 

 Moreover, it has recently been shown that an 
in vitro ATP-based chemosensitivity assay helps 
to differentiate between chemosensitive and 
chemoresistant melanoma patients, and can be 
used as a biomarker of chemotherapy response 
and survival outcome. A phase II study evaluating 
this assay in 53 patients with metastatic mela-
noma, followed by sensitivity-directed individu-
alized chemotherapy, demonstrated that the 
chemosensitivity profi le of an individual patient 
(refl ected by the best individual chemosensitivity 
index [BICSI]) correlated with therapeutic out-
come  [  54  ] . A surprisingly high proportion (~40%) 
of the investigated patient cohort were classifi ed 
as chemosensitive, the remaining (~60%) classi-
fi ed as chemoresistant. Objective response was 
reported as 36.4% in chemosensitive patients 
compared to 16.1% in chemoresistant patients 
(p = 0.114); progression arrest (CR + PR + SD) was 
59.1% versus 22.6% (p = 0.01). Chemosensitive 
patients showed an increased overall survival of 
14.6 months compared to 7.4 months in their 
chemoresistant counterparts (p = 0.041).  

   Serological Markers 

 Despite a large research effort, the prognosis of 
metastasized melanoma is still poor, and best 
results have been achieved in cases when the 
tumor is still amendable to surgical intervention. 
Thus, the search for reliable methods to detect 
early metastases and identify patients with high 
risk of disease progression who should undergo 
more vigorous follow-up is of major importance. 
Serological markers for tumor progression com-
bine several advantages, such as the ease of 
obtaining serum samples and the availability of 
numerous methods to detect small molecules or 
proteins that correlate with tumor burden. 
Accordingly, several serological biomarkers 
have been established. In a number of European 
countries, the melanocyte lineage/differentiation 
antigens S100-beta and melanoma inhibitory 
activity (MIA) are routinely used for early detec-
tion of tumor relapse or metastasis during follow-
up of melanoma patients (Table  2.2 ). Both 
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proteins show high (but not exclusive) specifi city 
for melanoma cells, and both correlate with the 
patient’s tumor load.  

 The S100 protein is a 21-kd thermo-labile 
acidic dimeric protein which was originally iso-
lated from the central nervous system. It consists 
of two subunits, alpha and beta in any pairing (i.e., 
alpha/alpha, alpha/beta, and beta/beta). It affects 
the assembly and disassembly of microtubules 

and also interacts in a calcium-dependent manner 
with p53, the product of a tumor suppressor gene. 
The beta subunit is expressed by cells of the 
 central nervous system as well as cells of melano-
cytic lineage. Initially, the presence of S100-beta 
in the cerebrospinal fl uid was used as a marker 
of central nervous system damage  [  90  ] . More 
recently, it was observed that S100-beta was ele-
vated in the serum of melanoma patients  [  55  ] . 

   Table 2.2    Serologic markers of melanoma   

 Serologic marker  References 

  Melanocyte lineage/
differentiation antigens  

 S100-beta 

 MIA (melanoma inhibitory activity) 

 Tyrosinase 
 5-S-Cysteinyldopa 
 L-dopa/L-tyrosine 

 Guo et al.  [  55  ]  
 Schultz et al.  [  56  ]  
 Hauschild et al.  [  57  ]  
 Krahn et al.  [  58  ]  
 Garbe et al.  [  59  ]  
 Bogdahn et al.  [  60  ]  
 Blesch et al.  [  61  ]  
 Bosserhoff et al.  [  62  ]  
 Stahlecker et al.  [  63  ]  
 Garbe et al.  [  59  ]  
 Agrup et al.  [  64  ]  
 Wimmer et al.  [  65  ]  
 Stoitchkov et al.  [  66  ]  

  Proangiogenic factors   VEGF (vascular endothelial growth factor) 
 BFGF (basic fi broblast growth factor) 
 IL-8 (interleukin-8) 

 Ugurel et al.  [  67  ]  
 Ugurel et al.  [  67  ]  
 Ugurel et al.  [  67  ]  

  Molecules involved in cell 
adhesion and motility  

 sICAM-1 (soluble intracellular adhesion molecule 1) 

 sVCAM (soluble vascular cell adhesion molecule 1) 

 Matrix metalloproteinases (MMP-1 and MMP-9) 
 Tissue inhibitor of metalloproteinases (TIMP-1 and TIMP-2) 

 Hirai et al.  [  68  ]  
 Vuoristo et al.  [  69  ]  
 Franzke et al.  [  70  ]  
 Vuoristo et al.  [  69  ]  
 Nikkola et al.  [  71  ]  
 Yoshino et al.  [  72  ]  

  Cytokines and cytokine 
receptors  

 IL-6 (interleukin-6) 
 IL-10 (interleukin-10) 
 sIL-2R (soluble interleukin-2-receptor) 

 Mouawad et al.  [  73  ]  
 Dummer et al.  [  74  ]  
 Nemunaitis et al.  [  75  ]  
 Boyano et al.  [  76  ]  

  HLA molecules   sHLA-DR (soluble HLA-DR) 
 sHLA-class-I (soluble HLA-class I) 

 Rebmann et al.  [  77  ]  
 Westhoff et al.  [  78  ]  

  Others   LDH (lactate dehydrogenase) 
 CRP (C-reactive protein) 
 Albumin 
 TuM2-PK (tumor pyruvate kinase type M2) 
 CD95 (Fas) 
 YKL-40 

 CYT-MAA (cytoplasmic melanoma-associated antigen) 
 HMW-MAA (high-molecular-weight melanoma-associated 
antigen) 
 sULBP2 (soluble UL16 binding protein 2) 
 TA90IC (tumor-associated antigen 90 immune complex) 
 Serum amyloid A 
 anti-HERV-K antibodies 

 Sirott et al.  [  79  ]  
 Deichmann et al.  [  80  ]  
 Sirott et al.  [  79  ]  
 Ugurel et al.  [  81  ]  
 Ugurel et al.  [  82  ]  
 Schmidt et al.  [  83  ]  
 Schmidt et al.  [  84  ]  
 Vergilis et al.  [  85  ]  
 Vergilis et al.  [  85  ]  

 Paschen et al.  [  86  ]  
 Faries et al.  [  87  ]  
 Findeisen et al.  [  88  ]  
 Hahn et al.  [  89  ]  
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MIA was originally detected in melanoma cell 
culture supernatants  [  60  ] , and has been shown to 
exert an important role in cell-matrix-interaction 
and metastasis  [  61  ] . 

 Studies comparing both these serum markers 
have demonstrated that S100-beta is superior to 
MIA as an early indicator of tumor progression, 
relapse or metastasis  [  58,   91  ] ; hence, S100-beta is 
more often used in this setting  [  92  ] . Both markers 
have been shown to be useful prognostic markers 
in melanoma patients with distant metastases  [  56, 
  57  ] , but have failed to provide prognostic signifi -
cance in early stages of melanoma, especially in 
patients who are tumor-free after surgical excision 
 [  63  ] . Moreover, S100-beta fails to identify patients 
with lymph node micrometastases detected by 
sentinel lymph node biopsy  [  93  ] . Nonetheless, the 
correlation of serum S100 concentration with 
tumor load makes it a useful marker for monitor-
ing therapeutic response in patients with advanced 
metastatic melanoma  [  57  ] . 

 The strongest prognostic serum biomarker in 
advanced metastatic melanoma is lactate dehy-
drogenase (LDH), a nonspecifi c marker that indi-
cates high tumor load in a variety of human 
tumors, including melanoma. Studies comparing 
LDH, S100-beta and MIA, using multivariate 
data analysis, showed that LDH was the strongest 
independent prognostic factor in stage IV mela-
noma patients  [  91  ] . Due to its high prognostic 
signifi cance, in addition to its easy and cost- 
effi cient detection, serum LDH is the only molec-
ular marker that has been incorporated into the 
current melanoma staging and classifi cation sys-
tem of the American Joint Committee on Cancer 
(AJCC)  [  94  ] . In fact, it serves as a stratifi cation 
parameter in most randomized clinical trials that 
test therapeutic interventions in advanced mela-
noma, and may also be used to monitor therapeu-
tic response in these patients. 

 Other potential serum biomarkers have been 
reported to correlate with tumor load and disease 
progression in melanoma. These are related to 
different characteristic features of melanoma, 
such as melanocytic differentiation (i.e., tyrosi-
nase), tumor angiogenesis (i.e., VEGF, bFGF, 
IL-8), cell adhesion and motility (i.e., ICAM-1, 
MMPs), cytokines and their receptors (i.e., IL-6, 

IL-10), antigen presentation (i.e., HLA mole-
cules), tumor cell metabolism (i.e., TuM2-PK), 
apoptosis (i.e., Fas/CD95), and many others 
(Table  2.2 ). However, none of these markers has 
been demonstrated to be superior to S100-beta or 
LDH in refl ecting the prognosis of patients with 
advanced stage disease. Moreover, these markers 
have also failed to be of prognostic relevance in 
early-stage tumor-free patients. 

 An innovative approach to identify novel, 
potentially better serological biomarkers in mela-
noma patients is serum proteomic profi ling. This 
methodology offers the possibility of screening 
the whole serum proteome for markers which 
correlate with different criteria, such as prognos-
tic signifi cance and prediction of therapeutic 
response. Using this technology, marker proteins 
from thematic fi elds, that are different to those 
mentioned above, might be found and subse-
quently validated for their clinical utility. Studies 
have shown that stage I and stage IV melanoma 
patients can be differentiated by their serum pro-
teomic profi les  [  95  ] . Another recent proteomic 
profi ling study reported the identifi cation of 
serum amyloid A as a new prognostic serum bio-
marker in melanoma patients  [  88  ] .  

   Perspective 

 Melanoma is a highly aggressive form of skin 
cancer which is diffi cult to treat once the tumor 
has metastasized beyond the locoregional area. 
Established biomarkers include the morphologi-
cal and histopathological characteristics of the 
primary tumor. More recently, molecular bio-
markers have been identifi ed, facilitating more 
detailed diagnostic and prognostic categorization 
of melanoma patients and allowing for stratifi ed 
or even personalized therapy.      
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        Introduction 

 Melanoma is the eighth most common malig-
nancy in the USA and has shown a rapid increase 
in its incidence rate over the past two decades, 
especially for early-stage disease  [  1–  4  ] . A recent 
analysis of data from the Surveillance 
Epidemiology and End Results (SEER) Program 
indicates that the incidence of melanoma 
increases with age, showing somewhat different 
patterns in men and women  [  3  ] . This cancer 

arises from melanocytes, which are specialized 
pigmented cells that are predominantly found in 
the skin and eyes, where they produce melanin, 
the pigment responsible for skin and hair color. 
Cutaneous melanocytes originate from highly 
motile neural crest progenitors that migrate to the 
skin during embryonic development. In the skin, 
melanocytes reside in the basal layer of the epi-
dermis and hair follicles, and their homeostasis is 
regulated by epidermal keratinocytes  [  1  ] . In 
response to ultraviolet (UV) radiation, keratino-
cytes secrete factors that regulate melanocyte 
survival, differentiation, proliferation and motil-
ity, stimulating melanocytes to produce melanin 
and resulting in the tanning response. Accordingly, 
melanocytes play a key role in protecting our 
skin from the damaging effects of UV radiation 
and in preventing skin cancer. Individuals with 
pigmentary disorders, such as vitiligo and albi-
nism, lack functional melanocytes and are hyper-
sensitive to UV radiation vis-à-vis critical growth 
regulatory genes; the production of autocrine 
growth factors and the loss of adhesion recep-
tors all contribute to disrupted intracellular sig-
naling in melanocytes, allowing them to escape 
their tight regulation by keratinocytes  [  4  ] . 
Consequently, melanocytes can proliferate and 
migrate, leading to the formation of a nevus or 
common mole. Melanocytic proliferation can be 
restricted to the epidermis (junctional nevus), the 
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dermis (intradermal nevus) or show combined 
components (compound nevus). Melanocytic 
nevi are benign, but can rarely show transforma-
tion to radial growth phase (RGP) melanoma, an 
intraepidermal lesion that may demonstrate focal 
microinvasion of the dermis. RGP cells can prog-
ress to vertical growth phase (VGP), with nod-
ules or nests of malignant cells invading the 
dermis, a more dangerous stage in which the cells 
have metastatic potential. Not all melanomas 
pass through each of these individually distinct 
phases – RGP or VGP can both develop directly 
from isolated melanocytes or nevi, and both can 
progress directly to metastatic disease  [  5  ] . 
Exposure to UV radiation is an important caus-
ative factor for melanocytic transformation; 
although, the relationship between risk and expo-
sure is complex. Intermittent sun exposure and 
sunburn history have been identifi ed from epide-
miological studies as important risk factors for 
the development of melanoma  [  5  ] . 

 The pathogenic effects of sun exposure can 
involve genotoxic, mitogenic, or immunosuppres-
sive responses to UVB- and/or UVA-induced 
damage in the skin  [  6,   7  ] . It is unclear whether the 
UVB or UVA component of solar radiation is 
more important in melanoma development  [  8,   9  ] . 
One of the major reasons for this uncertainty is 
that sunlight is a complex and changing mix of 
different UV wavelengths, so it is very diffi cult to 
accurately delineate the precise lifetime exposures 

of individuals and entire populations to UVB and 
UVA from available surrogates, such as latitude at 
diagnosis or exposure questionnaires  [  10  ] . A sig-
nifi cant body of epidemiological evidence sug-
gests that both UVB and UVA are involved in 
melanoma pathogenesis  [  11–  13  ] .  

   Molecular Pathways Involved 
in Melanoma 

 The clinical heterogeneity of melanoma has been 
historically explained by the existence of four dis-
tinct subtypes of this tumor with different suscep-
tibilities to UV radiation: superfi cial spreading 
melanoma, nodular melanoma, acral lentiginous 
melanoma, and lentigo maligna melanoma  [  14  ] . 

 However, melanoma is a complex genetic dis-
ease and notoriously resistant to current thera-
pies. Therefore, the future successful management 
of this disease will require an in-depth under-
standing of the biology underlying its initiation 
and progression. This will allow improved stag-
ing and subtype classifi cation, and will lead to 
the design of better therapeutic approaches and 
agents. Comprehensive testing strategies, such as 
comparative genomic hybridization and gene 
mutational analysis using DNA sequencing, have 
identifi ed some of the crucial cell signaling path-
ways in melanoma, as discussed below (Table  3.1  
and Figs.  3.1  and  3.2 ).    

   Table 3.1    Genetic aberrations in melanoma according to anatomical location (Adapted from Gerami et al.  [  2  ] )   

 Melanoma 
subtype 

 Predominant 
histopathological 
subtype 

 BRAF 
mutation 
(%) 

 NRAS 
mutation 
(%) 

 KIT mutation/
amplifi cation 
(%)  Chromosomal alterations 

 Melanoma 
on NCSD skin 

 SSM  59  22  0  Gain on 6p,7,8q,17q,20q 
 Loss on 9p,10,21q 

 Melanoma 
on CSD skin 

 LMM  11  15  2–17  Gain on 6p,11q13,17q,20q 
 Loss on 6q,8p,9p,13,21q 

 Acral 
melanoma 

 ALM  23  10  7–23  Gain on 6p,7,8q,17q,20q 
 Amplifi cation on 
5p13,5p15,11q13,12q14 
 Loss on 6q,9p,10,11q,21q 

 Mucosal 
melanoma 

 Unspecifi ed  11  5  8–21  Gain on 1q,6p,7,8q,11q13,17q,20q 
 Amplifi cation on 1q31,4q12,12q14 
 Loss on 3q,4q,6q,8p,9p,10,11p,11q,21q 

   NCSD  non-chronic sun-damaged,  CSD  chronic sun-damaged,  SSM  superfi cial spreading melanoma,  LMM  lentigo 
maligna melanoma,  ALM  acral lentiginous melanoma  
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   Established Pathways 

   RAS/RAF/MEK/ERK Signaling 
 RAS and BRAF are two important molecules 
belonging to the mitogen-activated protein kinase 
(MAPK) signal transduction pathway, which reg-
ulates cell growth, survival, and invasion 
(Fig.  3.1 ). MAPK signaling is initiated at the cell 
membrane, either by the binding of receptor 
tyrosine kinases (RTKs) to ligand(s) or integrin 
adhesion to the extracellular matrix, with trans-
mission of activation signals via RAS-GTPase on 
the inner surface of the cell membrane. Active, 
GTP-bound RAS binds to effector proteins, such 
as RAF serine-threonine kinase or phosphati-
dylinositol 3-kinase (PI3K)  [  15,   16  ] . 

 The most commonly mutated component of 
this pathway is BRAF, one of the three human 

RAF genes (together with ARAF and CRAF). The 
most common mutation in the BRAF gene (~90% 
of cases) results in the substitution of valine with 
glutamic acid at position 600 (V600E)  [  17  ] . 
BRAF V600E  induces constitutive ERK signaling, 
stimulating proliferation and survival, and pro-
viding essential tumor growth and maintenance 
functions  [  18  ] . BRAF V600E  also contributes to neo-
angiogenesis by stimulating autocrine vascular 
endothelial growth factor (VEGF) secretion  [  19  ] . 
Recent studies have identifi ed several genes in 
melanoma that function downstream of BRAF. 
These include those encoding: the transcription 
factors MITF (microphthalmia-associated tran-
scription factor)  [  20  ]  and BRN-2 (POU domain 
class 3 transcription factor)  [  18  ] ; the cell cycle 
regulators cyclin D1  [  21  ]  and p16 CDKN2A   [  22,   23  ] ; 
and the tumor maintenance enzymes, matrix 

  Fig. 3.1    Established molecular pathways in melanoma. 
The identifi cation of recurrent aberrations in signaling 
pathways, such as mitogen-activated protein kinase 
(MAPK; RAS/RAF/MEK/ERK), KIT and PI3K-AKT, is 

promoting the development of targeted therapies for mel-
anoma ( green boxes ) (Modifi ed from Gerami et al.  [  2  ] . 
Reprinted with permission from Springer, Copyright © 
2011)       
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 metalloproteinase-1  [  24  ]  and inducible nitric oxide 
synthase (iNOS)  [  25  ] . Thus, BRAF is implicated 
in several aspects of melanoma induction and pro-
gression; although, the presence of BRAF muta-
tions in melanocytic nevi strongly suggests that 
BRAF activation is necessary, but not suffi cient 
for the development of melanoma (also known as 
melanomagenesis). As evidence for a role of acti-
vated BRAF in melanocytic proliferation and 
transformation, a transgenic zebrafi sh expressing 
BRAF V600E  has been shown to develop patches of 
ectopic melanocytes (termed fi sh-nevi)  [  26  ] . 

 Remarkably, the presence of activated BRAF 
in p53-defi cient zebrafi sh leads to the formation 
of melanocytic lesions that rapidly develop into 
invasive melanomas, which resemble human 
melanomas in terms of histopathological features 
and biological behavior  [  27  ] . These data provide 
direct evidence that the p53 and BRAF pathways 
functionally interact to induce melanomagenesis. 

 BRAF also cooperates with the CDKN2A 
gene, which encodes two proteins: (1) the cyclin-
dependent kinase inhibitor p16 CDKN2A , which is a 

component of the cyclin D1-RB pathway, and (2) 
the tumor suppressor p14 ARF , which has been 
functionally linked to the Murine Double Minute 
(MDM2)-p53 pathway (see below). Activating 
BRAF mutations are reported to constitutively 
induce up-regulation of p16 CDKN2A , leading to cell 
cycle arrest (this phenomenon appears to be a 
protective response to inappropriate mitogenic 
signals). In particular, mutant BRAF protein 
induces cellular senescence by increasing the 
expression levels of p16 CDKN2A  protein, which in 
turn may limit the cellular proliferation caused 
by mutations of BRAF  [  23  ] . 

 However, while BRAF mutation appears to be 
an early and important event in the development 
of melanocytic tumors, it is not suffi cient for 
malignant transformation (i.e., melanoma). In 
this regard, up to 80% of benign melanocytic 
nevi may demonstrate mutations of BRAF. 
Recently, it has been demonstrated that other fac-
tors, such as those regulated by the IGFBP7 pro-
tein, may participate in the cell cycle arrest and 
cellular senescence caused by BRAF activation 

  Fig. 3.2    Novel molecular pathways in melanoma. The identifi cation of novel aberrations in signaling pathways, such 
as Notch, NF- k B and iNOS, is promoting the development of targeted therapies for melanoma ( green box )       
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 [  27–  29  ] . As for p53 defi ciency, genetic and/or 
epigenetic inactivation of the p16 CDKN2A  gene and/
or alterations of additional cell cycle-related fac-
tors may contribute to BRAF-driven melanocytic 
proliferation. 

 The fi rst BRAF inhibitor used in clinical trials 
was sorafenib (BAY43-9006), an oral multi-
kinase inhibitor that decreases the activity of not 
only RAF, but also VEGF receptor -1, -2 and -3, 
PDGFR, Flt-3, p38, c-KIT, and FGFR-1, theoreti-
cally inhibiting both tumor cell growth and angio-
genesis (Fig.  3.1 )  [  30  ] . However, while sorafenib 
inhibits the growth of melanoma xenografts in 
mice  [  20  ] , it has shown little or no antitumor 
activity in advanced melanoma patients if used as 
a single agent  [  31  ] . To improve the effi cacy of 
sorafenib in this setting, it has been combined 
with standard chemotherapeutic drugs; prelimi-
nary results of studies using sorafenib with carbo-
platin and paclitaxel were encouraging  [  32  ] . 
Clinical trials are now ongoing with second gen-
eration selective and non-selective RAF inhibi-
tors, such as PLX4032 (vemurafenib), SB-590885/
GSK2118436, XL-281, and RAF-265 (  www.
clinicaltrials.gov    ). In recent Phase I-III trials, 
XL-281 (ARAF, BRAF and CRAF inhibitor) and 
PLX4032 (BRAF V600E  inhibitor) were shown to 
have single-agent antitumor activity in melanoma 
patients with the achievement of objective 
responses  [  2  ] . These studies indicate the potential 
therapeutic value of single-agent therapy against 
a mutated oncogene in melanoma. 

 Recently, it has been shown that melanoma 
cell lines with mutant BRAF are also sensitive to 
MEK inhibition  [  33  ] . In BRAF-mutant tumors, 
MEK inhibition results in down-regulation of 
cyclin D1, up-regulation of p27, hypophosphory-
lation of the retinoblastoma-susceptibility tumor 
suppressor protein (RB), and growth arrest in the 
G 

1
  phase of the cell cycle  [  33  ] . MEK inhibition 

also induces differentiation and senescence of 
BRAF-mutant cells, in addition to apoptosis in 
some, but not all, BRAF V600E  mutant models. Two 
MEK inhibitors are currently being tested in clin-
ical trials: PD-0325901  [  34  ]  and ARRY-142886 
(AZD6244)  [  35  ] . 

 Mutations in NRAS, another key regulator of 
the MAPK pathway upstream of BRAF, can also 
be found in melanoma (Fig.  3.1 ); although, at a 

signifi cantly lower frequency than BRAF V600E  
(Table  3.1 ). Overall, 15–30% of melanomas show 
activating NRAS mutations that are located pre-
dominantly within exon 1 (codons 12 and 13) or 
exon 2 [codons 59 and 61 (90%)] of the gene  [  2  ] . 
NRAS mutations have been identifi ed in 22% of 
melanomas on non-chronic sun-damaged skin, 
10% of acral lentiginous melanomas, 5% of 
mucosal melanomas, and 15% of melanomas 
from skin with chronic sun damage  [  2  ] . Similar 
to BRAF V600E , it appears that NRAS mutations 
are infrequently found in melanomas on chroni-
cally sun-damaged skin, and are more commonly 
seen in melanomas on skin with intermittent sun 
exposure (i.e., trunk and extremities)  [  2  ] . In gen-
eral, NRAS and BRAF mutations are mutually 
exclusive; although, rare double-mutant cases 
have been reported. Together, they account for 
MAPK pathway activation in >80% of melano-
mas  [  2  ] . However, in contrast to BRAF-mutant 
melanomas, which typically require a synchro-
nous mutation in a member of the PI3K pathway, 
the upstream location of NRAS allows for mutant 
forms to simultaneously activate both MAPK 
and PI3K-AKT signaling. In melanomas lacking 
BRAF or NRAS mutations, the signaling cascade 
can be triggered by autocrine mechanisms, that 
include the down-regulation of RAF-1 or SPRY-2 
(MAPK inhibitory proteins), or up-regulation of 
c-MET. Of note, mutations in the other RAS 
genes, KRAS and HRAS, occur in only ~2% and 
~1% of melanomas, respectively  [  2  ] .  

   KIT 
 Mutations of KIT (another RTK) have been iden-
tifi ed in 17% of chronic sun-damaged cutaneous, 
11% of acral and 21% of mucosal melanomas, 
but not in any melanomas on skin without chronic 
sun damage; supporting a role for KIT as an 
oncogene in a subset of tumors (Fig.  3.1  and 
Table  3.1 )  [  2  ] . In addition, KIT gene amplifi ca-
tion has been found to be present in 6% of chronic 
sun-damaged cutaneous, 7% of acral and 8% of 
mucosal melanomas  [  2  ] . Point mutations in KIT 
result in constitutive activation of the c-KIT pro-
tein (CD117) in melanoma cells, and the activa-
tion of downstream proliferative and pro-survival 
signaling pathways. At the protein level, immu-
nohistochemical studies have shown c-KIT 
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expression in 81% of mucosal and acral 
melanomas  [  2  ] . Interestingly, cases with activat-
ing mutations are commonly positive for c-KIT 
protein expression; however, many tumors that 
do not have detectable gene mutation or amplifi -
cation also show high expression levels for this 
protein  [  2  ] . Several anecdotal case reports have 
noted remarkable responses to small molecule 
KIT inhibitors (imatinib, sorafenib and dasatinib) 
in patients with widely metastatic melanoma  [  2  ] . 
Of note, KIT mutations, and not gene amplifi ca-
tions, appear to be predictive of clinical response 
to imatinib in melanoma patients  [  2  ] . These fi nd-
ings clearly illustrate the importance of proper 
patient selection prior to imatinib treatment, 
including the performance of KIT (and PDGFRA) 
gene mutational analysis. 

 In summary, somatic BRAF, NRAS and KIT 
mutations are now recognized as frequent events 
associated with melanoma development 
(Table  3.1 ). Whereas KIT mutations are most 
common in acral, mucosal and chronically sun-
damaged skin melanomas, BRAF and NRAS 
mutations seem to predominate in melanomas 
that arise on skin without chronic sun damage. 
The identifi cation of somatic gene mutations in 
melanoma may serve as the basis for a future 
integrated genomic-morphologic classifi cation 
scheme for this tumor, in addition to the rationale 
for drug development and more effective targeted 
therapy.  

   High-Risk Melanoma Susceptibility Genes 
(CDKN2A and CDK4) 
 Genetic risk factors for melanoma include germ-
line mutations in (1) the cyclin-dependent kinase 
inhibitor 2 (CDKN2A, chromosome 9p21) gene, 
also called Multi-Tumor Suppressor MTS1  [  36  ]  
and (2) the cyclin-dependent kinase 4 (CDK4, 
chromosome 12q14) gene. These are designated 
as “high-risk” melanoma susceptibility genes. The 
CDKN2A gene consists of four exons (1 a , 1 b , 2 
and 3) and encodes for two proteins, p16 CDKN2A  
(including exons 1 a , 2 and 3) and p14 ARF  (a prod-
uct of an alternative splicing that includes exons 
1 b  and 2), which are known to function as tumor 
suppressors  [  37  ] . In particular, p16 CDKN2A  is part of 
the G 

1
 –S cell cycle checkpoint mechanism that 

involves RB. The p16 CDKN2A  protein inhibits 
CDK4, which in turn phosphorylates RB and 
allows progression through the G 

1
 –S checkpoint. 

The p14 ARF  protein interacts with MDM2, which 
targets p53 for degradation  [  38  ] . 

 Under normal conditions, the cellular expres-
sion level of p53 is low. In response to DNA 
damage, p53 accumulates and prevents cell divi-
sion. Therefore, inactivation of the TP53 gene 
can result in an accumulation of genetic damage 
within cells, promoting tumor formation  [  39  ] . In 
the case of melanoma, such inactivation is pre-
dominantly due to functional gene silencing, 
since the frequency of TP53 mutation is low in 
this tumor  [  40  ] . 

 The majority of melanomas are sporadic, but 
5–10% of cases occur in familial clusters. 
Approximately 20–40% of highly penetrant 
familial melanoma is the result of germline alter-
ations in the CDKN2A gene  [  2,   41,   42  ] . In 
addition, somatic mutations in CDKN2A (pre-
dominantly involving exons 1 and 2) and/or chro-
mosomal deletions of 9p21 (where CDKN2A 
resides) are extremely frequent events in mela-
noma  [  2,   41,   42  ] . CDKN2A polymorphisms 
(C500G and C540T) and mutations in cyclin-
dependent kinase inhibitor 2A/p14 alternate read-
ing frame (CDKN2A/ARF) are also associated 
with increased melanoma risk  [  2,   41,   42  ] . 

 The penetrance of CDKN2A mutations is 
infl uenced by UV radiation exposure  [  43  ]  and 
varies according to the incidence rates of mela-
noma in different populations (indeed, the same 
factors that affect population incidence of mela-
noma may also mediate CDKN2A mutation pen-
etrance). The penetrance of CDKN2A mutations 
is also greatly infl uenced by geographic location 
and ethnicity, with reported rates of 13% in 
Europe, 50% in the USA, and 32% in Australia 
by 50 years of age; and 58% in Europe, 76% in 
the USA, and 91% in Australia by age 80  [  44  ] . In 
addition, clinical features including age at mela-
noma diagnosis, presence and number of dys-
plastic melanocytic nevi, and occurrence of 
pancreatic cancer vary signifi cantly among 
CDKN2A mutation carriers  [  42–  46  ] . It has been 
hypothesized that differences in CDKN2A pene-
trance could also be related to additional modifi er 
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factors, such as the co-existence of common 
genetic polymorphisms in DNA repair, apoptosis 
and immune response pathways, or other co-
inherited predisposing genetic variants [i.e., mel-
anocortin-1-receptor (MC1R)]  [  2  ] . 

 CDKN2A mutations are more frequent in 
patients with a strong family history of melanoma 
(three or more affected family members; 35.5%) 
compared with patients without familial recur-
rence of the disease (8.2%)  [  47  ] . Although fami-
lies with CDKN2A mutations display an average 
disease penetrance of 30% by 50 years of age and 
67% by age 80, studies have shown that mela-
noma risk is greatly infl uenced by the geographic 
latitude in which an individual is born, levels of 
sun exposure, and other modifi er genes  [  48  ] . 

 The role of CDKN2A testing within mela-
noma genetics is controversial  [  2  ] . There are now 
at least fi ve commercial laboratories which offer 
serum- or buccal swab-based testing for germline 
mutations in CDKN2A (  http://www.genetests.
org    ). Mutations in this gene are identifi ed in only 
~1% of unselected melanoma cases and routine 
genetic analysis in all melanoma patients is inap-
propriate. The incidence of CDKN2A mutation is 
quite low when using single criteria, such as the 
presence of clinically atypical melanocytic nevi 
(4%), two or more primary melanomas (2%), or 
early onset (<40 years old) melanomas (1%); 
although, combinations thereof may increase the 
rate of detection signifi cantly. In a recent study, 
which reviewed the likelihood of fi nding 
CDKN2A germline mutations, it was proposed 
that in moderate-to-high melanoma incidence 
areas, (1) individuals with three or more primary 
cutaneous melanomas or (2) families with at least 
one invasive melanoma and two or more other 
diagnoses of melanoma and/or pancreatic cancer 
among fi rst- or second-degree relatives on the 
same side of the family may be ideal candidates 
for evaluation  [  2  ] . Based on current evidence, 
CDKN2A testing of patients with clinically atyp-
ical nevi and/or dysplastic nevi does not appear 
to be useful. Currently, the primary benefi t of 
testing for the presence of mutations in this gene 
is to identify patients and family members who 
may benefi t from increased surveillance and 
intensive skin cancer screening, with the possible 

earlier detection of melanoma in carriers  [  2  ] . The 
patient’s ethnicity, age at diagnosis, and other 
risk factors, such as sun exposure history, are 
important considerations. Useful resources for 
familial melanoma testing are GenoMEL, an 
international melanoma genetics research con-
sortium (  www.genomel.org    ), and the Huntsman 
Cancer Institute Melanoma and Skin Cancer 
Program (  http://www.huntsmancancer.org/group/
melanomaProgram/overview.jsp    ). 

 Recently, a meta-analysis was conducted to 
assess the modifi er effect of MC1R allelic vari-
ants on the penetrance of CDKN2A mutations in 
melanoma-prone families. Data from seven inde-
pendent populations  [  41,   49–  53  ] , including 96 
melanoma families carrying CDKN2A muta-
tions, clearly showed that MC1R variants dou-
bled melanoma risk in CDKN2A mutation 
carriers. Moreover, the risk was more than tripled 
for carriers of MC1R-RHC variants, while carri-
ers of multiple MC1R variants had almost four-
fold risk of developing melanoma than wild-type 
MC1R subjects  [  49  ] . 

 CDK4 is a rare high-penetrance melanoma 
predisposition gene  [  2,   54  ] . Indeed, only three 
melanoma families worldwide are known carri-
ers of mutations in CDK4 (Arg24Cys and 
Arg24His)  [  55  ] . From a functional point of view, 
the Arg24Cys mutation, located in the p16 CDKN2A -
binding domain of CDK4, makes the p16 CDKN2A  
protein unable to inhibit the cyclin D1-CDK4 
complex, resulting in a form of oncogenic activa-
tion of CDK4.  

   Low-Risk Melanoma Susceptibility Genes 
 Epidemiological studies have directly linked spe-
cifi c phenotypic traits, such as skin pigmentation, 
eye color, and tanning ability to melanoma pre-
disposition  [  2  ] . MC1R, a gene involved in skin 
pigmentation, has been recently implicated in 
melanoma susceptibility  [  2  ] . Activation of 
MC1R, through  a -melanocyte stimulating hor-
mone ( a -MSH) binding, results in increased 
cAMP production with up-regulation of down-
stream melanosomal enzymes, such as tyrosinase 
and tyrosinase-related protein (TYRP1). Acti-
vation of this pathway stimulates melanin synthe-
sis and a switch from basal pheomelanogenesis to 
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eumelanogenesis, resulting in darker skin 
pigmentation and increased protection from UV 
radiation. MC1R is extremely polymorphic, with 
over 60 variant alleles identifi ed to date. 
Importantly, the MC1R allelotype can infl uence 
skin and hair color, as well as susceptibility to 
melanoma. One of the earliest studies noted a 
relative risk of 3.9 for melanoma in carriers of 
MC1R variants compared with normal homozy-
gotes  [  2  ] . Interestingly, the infl uence of MC1R 
on melanoma susceptibility appears to go beyond 
its effect on pigmentary phenotype. As stated pre-
viously, MC1R may play a role as a modifi er gene 
in melanoma risk among CDKN2A mutation car-
riers. One study has found that co- inheritance of 
CDKN2A mutations and MC1R red-hair variants 
increase the risk of melanoma from 50% to 80% 
 [  2  ] . Investigations have also suggested that MC1R 
variants increase the risk for development of 
BRAF-mutant melanomas  [  2  ] . 

 Genome-wide association studies have identi-
fi ed single nucleotide polymorphisms (SNPs) or 
genetic variants of other pigmentation-related 
genes, including TPCN2, ASIP, KITLG, NCKX5, 
IRF4, OCA2, SLC24A4, TYR and TYRP1, that 
are associated with variable melanoma risk and 
confi rming the importance of gene-environment 
interactions in tumor pathogenesis  [  2,   54  ] . BSM1, 
a vitamin D receptor variant, is also associated 
with elevated melanoma susceptibility. In addi-
tion, individuals with hereditary retinoblastoma 
(resulting from germline RB mutations) and 
xeroderma pigmentosum (resulting from defects 
in nucleotide excision repair) are at increased risk 
of melanoma development  [  2,   54  ] .  

   PTEN and PI3K-AKT Pathways 
 Phosphatase and tensin homolog deleted in chro-
mosome ten (PTEN), originally known as mutated 
in multiple advanced cancers or TGF- b -regulated 
and epithelial cell-enriched phosphatase 1, is a 
tumor suppressor gene that is mutated in a large 
fraction of human melanomas (Fig.  3.1 )  [  56  ] . 

 The PTEN protein has at least two biochemical 
functions: it demonstrates both lipid phosphatase 
and protein phosphatase activity. The lipid phos-
phatase activity of PTEN decreases intracellular 
phosphatidylinositols [3,4-bisphosphate (PIP2) 

and 3,4,5-triphosphate (PIP3)] that are produced 
during intracellular signaling via activation of the 
lipid kinase phosphatidylinositol 3-kinase (PI3K). 
PI3K activation results in increased PIP3 and a 
consequent conformational change leading to 
activation of AKT  [  57–  59  ] . This latter protein is a 
serine/threonine kinase and belongs to the AKT 
protein kinase family: comprising AKT1, AKT2, 
and AKT3. 

 AKT activation stimulates cell cycle progres-
sion, survival, metabolism and migration via 
phosphorylation of many physiological substrates 
 [  57–  62  ] . Based on its role as a key regulator of 
cell survival, AKT is emerging as a central player 
in tumorigenesis. Activated AKT appears to pro-
mote cell proliferation, possibly through the 
down-regulation of the cyclin-dependent kinase 
inhibitor p27, as well as the up-regulation and 
stabilization of cyclins E and D1  [  63  ] . The acti-
vation of AKT also results in the suppression of 
apoptosis that may be induced by a variety of 
stimuli, including growth factor withdrawal, 
detachment of extracellular matrix, UV irradia-
tion, cell cycle disturbance, and/or activation of 
FAS signaling  [  64–  66  ] . Mechanisms associated 
with the ability of AKT to suppress apoptosis 
include the phosphorylation and inactivation of 
many pro-apoptotic proteins, such as BAD (Bcl-2 
antagonist of cell death, a Bcl-2 family member) 
 [  66  ] , caspase-9  [  67  ] , MDM2 (that leads to 
increased p53 degradation)  [  68–  70  ] , and the 
forkhead family of transcription factors  [  71  ] , as 
well as the activation of NF- k B  [  72  ] . UV irradia-
tion induces apoptosis in human keratinocytes 
both in vitro and in vivo, but also activates sur-
vival pathways including PIP3 kinase and its 
substrate AKT in order to limit the extent of cell 
death  [  73  ] . A direct correlation between radiation 
resistance and levels of PI3K activity has indeed 
been described. While activating mutations of 
AKT are rarely found in melanoma (<5%; 
although rare mutations in the AKT1 and AKT3 
genes have been recently reported in a limited 
number of human melanomas and melanoma cell 
lines  [  74–  76  ] ), the silencing of AKT function via 
targeting of PI3K inhibits cell proliferation and 
reduces the sensitivity of melanoma cells to UV 
radiation  [  77  ] . Constitutive activation of AKT 
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(preferentially AKT3) has been reported in >60% 
of melanomas. 

 The lipid phosphatase activity of PTEN pro-
tein is capable of degrading the products of PI3K 
 [  78  ] , suggesting that PTEN may function to 
directly antagonize the activity of the P13K-AKT 
pathway  [  79,   80  ] . As predicted by this model, 
genetic inactivation of PTEN in human cancer 
cells leads to constitutive activation of this AKT 
pathway and promotion of tumorigenesis. 
Numerous mutations and/or deletions in the 
PTEN gene have been found in human tumors, 
including lymphoma, thyroid, breast and pros-
tatic carcinomas, and melanoma  [  81–  83  ] . PTEN 
somatic mutations are found in 40–60% of mela-
noma cell lines and 10–20% of primary melano-
mas  [  84  ] , with the majority of such mutations 
occurring in the phosphatase domain  [  82,   83  ] . 
The paradox between the detection of a low muta-
tion frequency and a higher level of gene silenc-
ing in primary melanomas has led to speculation 
that PTEN inactivation may predominantly occur 
through epigenetic mechanisms  [  85  ] . Several 
distinct methylation sites have been found within 
the PTEN promoter and hypermethylation at 
these sites has been shown to reduce PTEN 
expression in melanoma  [  86  ] . Therefore, loss of 
PTEN function may result in aberrant cell growth, 
escape from apoptosis, and abnormal cell spread-
ing and migration. In addition, alterations of the 
BRAF-MAPK pathway are frequently associated 
with PTEN-AKT impairment, with BRAF muta-
tions and PTEN loss co-existing in >20% of mel-
anomas  [  87  ] . In the case of melanoma, PTEN 
inactivation has been largely observed as a late 
event; although, a dose-dependent down- 
regulation of PTEN expression has been impli-
cated in the early stages of tumorigenesis  [  88  ] . 
The protein phosphatase activity of PTEN appears 
to be less important in tumorigenesis. 

 Therapeutic agents used to target the PI3K 
pathway include CCI-779 (Temsirolimus) and 
RAD001 (Everolimus) (Fig.  3.1 ). Both of these 
molecules target mTOR (mammalian target of 
rapamycin), a serine/threonine kinase downstream 
of AKT, which modulates protein synthesis, cell 
cycle progression, and angiogenesis. Since mTOR 
is a cytosolic protein expressed by all tissues, 

these inhibitors do not have high specifi city in the 
targeting of melanoma tumor cells. Furthermore, 
it has been determined that the mTOR pathway 
has a complicated feedback loop that involves 
suppression of AKT; hence, mTOR inhibitors 
could potentially activate AKT in some cells  [  89  ] . 
The MAPK and PI3K signaling pathways play 
key roles in melanoma cell proliferation and sur-
vival, suggesting that parallel inhibition of targets 
in both pathways may result in synergistic inhibi-
tion of growth in melanomas.  

   MITF 
 Microphthalmia-associated transcription factor 
(MITF) is a basic helix–loop–helix leucine zip-
per transcription factor that is considered to be 
the master regulator of melanocyte biology, partly 
because it regulates the expression of melano-
genic proteins such as tyrosinase, silver homo-
logue (gp100) and melanoma-associated antigen 
recognized by T cells-1 (MART-1, also known as 
Melan-A)  [  90  ] . MITF also regulates melanoblast 
survival and melanocyte lineage commitment, 
and is a key player in melanoma pathobiology 
(Fig.  3.1 )  [  90  ] . The connection between MITF 
and melanoma development is complex, as it is 
known to play the dual roles of both inducer and 
repressor of cellular proliferation  [  91  ] . High lev-
els of MITF expression lead to G 

1
  cell cycle arrest 

and differentiation, through induction of the cell 
cycle inhibitors p16 CDKN2A  and p21 Waf1/Cip   [  92,   93  ] , 
whereas very low or null expression levels pre-
dispose to apoptosis. Only intermediate levels 
promote cell proliferation. Therefore, it is thought 
that melanoma cells have developed strategies to 
maintain MITF levels in the range compatible 
with tumorigenesis. It has been shown that con-
stitutive ERK activity, stimulated by BRAF V600E  
in melanoma cells, is associated with ubiquitin-
dependent degradation of MITF  [  94  ] . 
Nevertheless, continued expression of MITF is 
necessary for both proliferation and survival of 
melanoma cells via regulation of CDK2 and bcl-2 
genes, respectively  [  95,   96  ] . Furthermore, BRAF 
mutation is associated with MITF amplifi cation 
in 10–15% of melanomas  [  97  ] . Since a low frac-
tion of melanomas carrying BRAF mutations 
demonstrate MITF amplifi cation, one could 
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speculate that other mechanisms are likely to be 
involved in ERK-dependent proteosomal degra-
dation of MITF. 

 MITF has also been recently shown to act 
downstream of the canonical WNT pathway, 
which includes cysteine-rich glycoproteins that 
play a critical role in cancer development  [  98  ] . In 
particular, the WNT gene family is found to be 
involved in the development of the neural crest 
during melanocyte differentiation from pluripo-
tent cells among several species (from zebrafi sh 
to mammals)  [  98–  101  ] . Moreover, several WNT 
proteins have been shown to be overexpressed in 
various human cancers; among them, the up- 
regulation of WNT2 appears to participate in 
inhibiting the normal apoptotic machinery in 
melanoma cells  [  102  ] . It has also been recently 
suggested that WNT2 protein expression levels 
may be useful in the distinction of melanocytic 
nevus from melanoma  [  103  ] . A key downstream 
effector of this pathway is  b -catenin. In the 
absence of WNT signals,  b -catenin is targeted for 
degradation through phosphorylation controlled 
by a complex consisting of glycogen synthase 
kinase-3-beta (GSK3 b ), axin, and adenomatous 
polyposis coli (APC) proteins. WNT signaling 
leads to inactivation of GSK3 b , thereby stabiliz-
ing the intracellular levels of  b -catenin and subse-
quently increasing the transcription of downstream 
target genes. Mutations in multiple components 
of the WNT pathway have been identifi ed in 
many human cancers; all of these mutations 
induce nuclear accumulation of  b -catenin  [  104  ] . 
In human melanoma, stabilizing mutations of 
 b -catenin have been found in a signifi cant frac-
tion of established cell lines. Almost one third of 
these cell lines display aberrant nuclear accumu-
lation of  b -catenin, although few mutations have 
been classifi ed as pathogenic variants  [  104,   105  ] . 
These observations support the hypothesis that 
this pathway contributes to the development 
and behavior of melanoma. Another mechanism 
could involve mutant BRAF; it has been recently 
shown that oncogenic BRAF controls MITF on 
two levels: it down-regulates the protein by stim-
ulating its degradation, but then counteracts this 
by increasing MITF expression through the tran-
scription factor BRN2  [  106  ] .   

   Novel Pathways 

   Notch1 
 Notch proteins are a family of single-pass type I 
transmembrane receptors of ~300 kDa that were 
fi rst identifi ed in  Drosophila melanogaster  (at 
this level, a mutated protein causes “notches” in 
the fl y wing)  [  107  ] . 

 These receptors are activated by specifi c trans-
membrane ligands which are expressed on an 
adjacent cell and activate Notch signaling through 
direct cell-cell interaction. The Notch signaling 
pathway plays a pivotal role in tissue homeosta-
sis and regulation of cell fate, including self-
renewal of adult stem cells and differentiation of 
precursors along specifi c cell lineages  [  108,   109  ] . 
Increasing evidence suggests its involvement in 
tumorigenesis, since deregulated Notch signaling 
is frequently observed in a variety of human can-
cers, including T-cell acute lymphoblastic leuke-
mia  [  110  ] , small cell lung carcinoma  [  111  ] , 
neuroblastoma  [  112,   113  ] , and cervical  [  114,   115  ]  
and prostatic carcinoma  [  116,   117  ] . Notch can act 
as either an oncogene or a tumor suppressor gene, 
depending on both the cellular and tissue context. 
Many studies suggest a tumor suppressor role for 
Notch1 in keratinocytes  [  118  ] . In such cells, 
Notch signaling induces growth arrest and differ-
entiation (deletion of Notch1 in murine epider-
mis leads to epidermal hyperplasia and skin 
carcinoma)  [  119–  121  ] . The anti-tumor effect of 
Notch1 in murine skin appears to be mediated by 
p21 Waf1/Cip  induction and repression of WNT sig-
naling  [  117  ] . 

 Unlike keratinocyte-derived squamous cell 
carcinoma and basal cell carcinoma, melanomas 
have signifi cantly higher Notch activity in com-
parison with normal melanocytes (Fig.  3.2 )  [  122, 
  123  ] . Investigations of the expression of Notch 
receptors and their ligands in benign and malig-
nant cutaneous melanocytic lesions indicate 
that Notch and its ligands are signifi cantly up-
regulated in atypical nevi and melanomas com-
pared to common melanocytic nevi  [  122,   123  ] . 
Furthermore, constitutively-induced gene activa-
tion in human melanocytes strongly suggests that 
Notch1 acts as a transforming oncogene in this 
cell type  [  124  ] . The versatile effects of Notch1 
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signaling on cell differentiation, proliferation, 
survival, and tumorigenesis may easily explain 
why Notch1 plays different roles in various types 
of skin cancer. Such different activities of Notch1 
in skin cancer are probably determined by its 
interaction with the downstream  b -catenin target. 
In murine skin carcinoma,  b -catenin is function-
ally activated by Notch1 signaling and mediates 
tumor-suppressive effects  [  123  ] . In melanoma, 
 b -catenin mediates oncogenic activity by also 
cross-talking with the WNT pathway or by regu-
lating N-cadherin, with different effects on tum-
origenesis depending on Notch1 activation  [  125  ] . 

 Recent evidence suggests that Notch1 enhances 
the development of vertical growth phase (in mel-
anoma) through activation of the MAPK and 
PI3K-AKT pathways; inhibition of either the 
MAPK or PI3K-AKT pathway reverses the tumor 
cell growth induced by Notch1 signaling  [  126  ] . 
Future studies aimed at identifying new targets of 
Notch1 signaling will allow the assessment of the 
mechanisms underlying the cross-talk between 
Notch1, MAPK, and PI3K-AKT pathways. 
Finally, Notch signaling can enhance cell survival 
by interacting with the transcriptional factor 
NF- k B (Notch1 seems to directly interact with 
NF- k B, leading to retention of NF- k B within the 
nucleus of T-cells)  [  127  ] . Nevertheless, it has 
been shown that Notch1 can directly regulate 
IFN- g  expression through the formation of com-
plexes between NF- k B and the IFN- g  promoter 
 [  127  ] . Although there is a lack of consensus con-
cerning the cross-talk between Notch1 and 
NF- k B, existing data suggest that two mecha-
nisms of NF- k B activation may be present: (1) an 
early Notch-independent phase and (2) a late 
Notch-dependent phase  [  128  ] . Finally, RAS-
mediated transformation requires the presence of 
intact Notch signaling; impairment of such Notch1 
receptor signaling may signifi cantly reduce the 
ability of RAS to transform cells  [  129,   130  ] .  

   Nuclear Factor- k B 
 Nuclear factor- k B (NF- k B) plays an important 
role in infl ammation, cell proliferation and sur-
vival, as well as in the regulation of virus replica-
tion. The NF- k B family (also known as the Rel/
NF- k B family) of transcription factors consists of 

fi ve members: p50, p52, RelA (also known as 
p65), RelB and c-Rel  [  131,   132  ] . All proteins 
carry a Rel Homology Domain (RHD), followed 
by a Nuclear Localization Signal (NLS). The 
RHD domain is involved in homo- or heteromeric 
dimer formation and interacts with the ankyrin 
repeat motifs present in the seven members of the 
I k B family: I k B a , I k B b , I k B g , I k B e , I k B z , 
I k BNS and bcl-3. Among them, I k B z , I k BNS 
and bcl-3 are nuclear proteins that regulate tran-
scription by interacting with NF- k B family mem-
bers in the nucleus. The remaining I k B family 
members interact with the RHD of NF- k B in the 
cytoplasm and mask the NLS, thereby sequester-
ing NF- k B family members in the cytoplasm. 
Therefore, NF- k B family members are transcrip-
tionally inactive when they form complexes with 
cytoplasmic I k B family proteins. A wide range of 
stimuli activate NF- k B, which upon activation 
must translocate to the nucleus to interact with 
 k B-sites located in the regulatory regions of tar-
get genes. Nuclear translocation of NF- k B can be 
driven by three distinct signaling pathways: the 
classical activation pathway, the alternative acti-
vation pathway, and the atypical pathway  [  132  ] . 

 The classical pathway (or canonical pathway) 
is triggered by pro-infl ammatory cytokines, anti-
gens, bacterial cell-wall components, viruses and 
genotoxic stress, which leads to the activation of 
the I k B kinase (IKK) complex, consisting of 
IKK a , IKK b  and NEMO (NF- k B essential mod-
ulator, also known as IKK g ). In the classical acti-
vation pathway, activated IKK b  phosphorylates 
specifi c serine residues of I k B in a NEMO-
dependent manner, which results in polyubiquit-
ination and subsequent degradation of I k B by 
26S proteasomes. Then, released NF- k B, primar-
ily the p50:RelA heterodimer, translocates to the 
nucleus, binds to the NF- k B site and activates 
gene transcription. This pathway, which mostly 
targets p50:RelA and p50:c-Rel dimers, is essen-
tial for innate immunity and responsible for the 
inhibition of apoptosis under most conditions. 

 The second pathway, the alternative or non-
canonical pathway, leads to the selective activa-
tion of p52:RelB dimers by inducing the 
processing of p100 precursor protein. This path-
way is triggered by certain members of the TNF 
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cytokine family, such as lymphotoxin  b , B-cell 
activating factor belonging to the TNF family 
(BAFF) and CD40 ligand through the selective 
activation of IKK a  homodimers by NF- k B-
inducing kinase. The alternative pathway is 
important for the development of secondary lym-
phoid organs and the adaptive immune response 
 [  132–  136  ] . 

 The third signaling pathway is classifi ed as 
atypical because it is independent of IKK, and is 
activated by UV radiation and doxorubicin, both 
of which cause DNA damage. 

 It has become clear that aberrant regulation of 
NF- k B and the signaling pathways that control 
its activity are involved in cancer development 
and progression. Aberrant NF- k B regulation has 
been observed in many cancers, including both 
solid and hematopoietic malignancies. NF- k B 
can affect all six hallmarks of cancer through the 
transcriptional activation of genes associated 
with cell proliferation, angiogenesis, metastasis, 
tumor promotion, infl ammation and suppression 
of apoptosis  [  137–  142  ] . There is evidence that 
NF- k B plays an important role in melanoma 
pathobiology (Fig.  3.2 )  [  143–  146  ] . In fact, NF- k B 
is constitutively activated in melanoma  [  147  ] , 
with expression levels greater in primary mela-
nomas than in normal melanocytes  [  148,   149  ] . 
Evidence also suggests that I k B expression is 
signifi cantly reduced in melanomas relative to 
melanocytic nevi  [  149  ] . These results suggest 
that increased expression and phosphorylation of 
NF- k B occur at the stage of the benign melano-
cytic nevus, but that there may be suffi cient lev-
els of the inhibitory protein I k B to sequester 
NF- k B in the cytoplasm. In contrast, melanomas 
have high RelA expression and high activation of 
the phosphoserine-529 form of RelA, but have 
reduced I k B expression  [  150  ] . 

 A number of mechanisms have been proposed 
to explain the activation of NF- k B in melanoma. 
AKT/PKB increases IKK activity and also 
directly phosphorylates NF- k B  [  151,   152  ] . 
Activation of the RAS/RAF/MEK/ERK pathway, 
which occurs frequently in melanoma, can induce 
activation of NF- k B  [  153,   154  ] . The mechanisms 
through which this occurs are as yet unknown. 

 Since NF- k B seems to be frequently activated 
in melanoma, different therapeutic approaches 
aimed to inhibit this pathway have been proposed. 
One of these drugs, bortezomib (Velcade) also 
known as PS-341, is already FDA-approved for 
use in patients with multiple myeloma, and is 
capable of blocking the proteosomic degradation 
of I k B  [  155  ] . Unfortunately, no clinical responses 
were observed in a trial of 27 patients with meta-
static melanoma using bortezomib as single-agent 
therapy  [  156  ] . However, in preclinical studies, 
bortezomib demonstrated dramatic synergy with 
temozolomide, suggesting that it may be effec-
tive when combined with cytotoxic chemother-
apy  [  157  ] . Other therapeutic approaches 
undergoing clinical evaluation include the direct 
inhibition of IKK, which could similarly block 
activation of NF- k B. Some of these are small-
molecule inhibitors that block NF- k B and induce 
apoptosis in melanoma cells both in vitro and 
in vivo  [  145,   146,   151  ] . One of the most problem-
atic aspects of cancer therapy based on the inhibi-
tion of NF- k B activity is a lack of specifi city. So 
far, the vast majority of investigated drugs also 
interfere with other NF- k B activities (i.e., immu-
nity, infl ammation, cellular homeostasis), thus 
resulting in a high frequency of toxic side effects. 
To this end, research efforts are now focused on 
identifying novel NF- k B targets that are specifi -
cally activated in tumors, but not in normal cells. 
The inhibition of such targets should theoretically 
block the oncogenic potential of NF- k B in cancer 
cells without affecting its role in normal tissues.  

   iNOS 
 Nitric oxide (NO) is a free radical that is largely 
synthesized by the NO synthase (NOS) enzyme. 
Recently, studies of NO function have focused on 
its role in tumor pathobiology. A majority of 
human and experimental tumors are stimulated 
by NO, which contributes to tumor growth and 
metastasis by promoting migratory, invasive, and 
angiogenic properties of tumor cells  [  158  ] . In one 
experiment, the scavenging of endogenous NO 
resulted in inhibition of melanoma cell growth; 
this was restored with the introduction of an NO 
donor  [  159  ] . 
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 An increasing number of publications support 
the notion that UV radiation stimulates the pro-
duction of NO in human keratinocytes, resulting 
in a series of secondary downstream changes and 
release of cytokines and other molecules that are 
of critical importance in the maintenance of nor-
mal melanocyte homeostasis and in the modula-
tion of melanocyte proliferation and melanin 
synthesis  [  160,   161  ] . Therefore, NO generation 
by keratinocytes is postulated to be involved in 
melanomagenesis and progression (Fig.  3.2 ). 

 NO can be produced by three NOS isoforms: 
(1) endothelial NOS (eNOS, NOS III) and (2) neu-
ronal NOS (nNOS, NOS I), which are both consti-
tutively expressed, and (3) inducible NOS (iNOS, 
NOS II), which is regulated at the transcriptional 
level by a variety of mediators (such as interferon 
regulatory factor-1  [  157,   162  ] , NF- k B  [  163,   164  ] , 
TNF- a  and INF- g   [  165,   166  ] ) and has been found 
to be frequently expressed in melanoma  [  167–
  170  ] . The iNOS gene is located at chromosome 
17q11.2 and encodes a 131 kDa protein. Although 
the exact function of iNOS in tumorigenesis 
remains unclear, the overproduction of NO may 
infl uence the development and/or progression of 
melanoma. It has been shown that transfection of 
the iNOS gene into murine melanoma cells induces 
apoptosis, suppresses tumorigenicity, and abro-
gates metastasis  [  171,   172  ] . More generally, NO 
induces apoptosis by altering the expression and 
function of multiple apoptosis-related proteins 
(i.e., down-regulation of bcl-2, accumulation of 
p53, cleavage of PARP)  [  173–  179  ] . 

 The role of iNOS in melanoma progression 
remains controversial. Higher levels of iNOS 
have been found in subcutaneous and lymph node 
metastases as compared to distant metastases 
of melanoma patients  [  180  ] . However, iNOS 
is found to be expressed to a lesser extent in 
metastases as compared with melanocytic nevi 
and primary melanomas  [  181  ] . Nevertheless, the 
expression of iNOS in both lymph node deposits 
and in-transit metastases has been proposed as 
an indicator of poor prognosis in patients with 
melanoma  [  182  ] .    

   Conclusion 

 Melanoma remains a prototype of solid cancers 
with an increasing incidence and extremely poor 
prognosis at advanced stages  [  183  ] . It demon-
strates a plethora of genetic (gene mutation, dele-
tion, amplifi cation or translocation) and epigenetic 
[a heritable change other than in the DNA 
sequence, generally transcriptional modulation by 
DNA methylation, chromatin alterations (such as 
histone modifi cation), and/or microRNA expres-
sion] alterations that contribute to the limited effi -
cacy of current anti-cancer treatments  [  184,   185  ] . 

 This scenario is further complicated by the 
fact that a signifi cant percentage of melanomas 
do not seem to evolve from melanocytic nevi, 
with only ~50% of them associated with dysplas-
tic nevi  [  186  ] , strongly suggesting that melanoma 
often arises from “normal-appearing” skin with-
out following a sequential accumulation of phe-
notypically evident molecular events, as seen for 
some other human tumors  [  161,   187  ] . 

 Recently, it has been suggested that melanomas 
may be derived from transformed melanocytic 
stem cells, melanocyte progenitors, or de-differ-
entiated mature melanocytes  [  188,   189  ] . In the 
very near future, the biologic and molecular char-
acterization of melanoma stem cells will deter-
mine whether the well-known drug resistance of 
melanoma is a function of quiescent or drug-resis-
tant cancer stem cells and whether the inhibition 
of self-renewing cancer stem cells prevents mela-
noma growth. What we can affi rm with certainty 
is that the targeting of a single component in such 
complex signaling pathways is unlikely to yield 
signifi cant anti-tumor responses in melanoma 
patients. For this reason, further evaluation of all 
known molecular targets along with the molecular 
characterization of melanoma tumors may be 
helpful in predicting those subsets of patients who 
would be expected to be more or less likely to 
respond to specifi c therapeutic interventions. Now 
is the time to successfully translate the knowledge 
from such research into clinical practice.      
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     4    Staging of Melanoma       

     Zendee   Elaba      ,    Michael   J.   Murphy   ,    Philip   Kerr   , 
and    Jane   M.   Grant-Kels             

 The Melanoma Staging Committee of the 
American Joint Committee on Cancer (AJCC) 
was formed in 1998 and is comprised of experts 
from all relevant medical specialties, including 
many of the major melanoma centers in North 
America, Europe, and Australia  [  1  ] . This com-
mittee set up the AJCC Melanoma Staging 
Database for the collection of prospective out-
come data on melanoma patients from 13 cancer 
centers and cooperative groups in order to estab-
lish and subsequently revise a melanoma staging 
system  [  2  ] . The staging system for melanoma has 
undergone multiple revisions in the last decade, 
refl ecting the rapid and continuous acquisition of 
new information and advances in this fi eld  [  3  ] . 
The most recent 7th edition AJCC melanoma 
staging recommendations are based on multivari-
ate analysis of 30,946 patients with Stages I, II, 
and III melanoma and 7,972 patients with Stage 
IV melanoma  [  4  ] . The 7th edition AJCC cancer 
staging system was formally implemented in 
January 2010. 

   TNM    Classifi cation 

 The TNM classifi cation system is widely used to 
characterize cancers, based on the extent of the pri-
mary tumor (T), involvement of regional lymph 
nodes (N), and distant metastasis (M)  [  5  ] . The TNM 
categories for melanoma used in the 7th edition 
AJCC Staging Manual are outlined in Table  4.1 .   

   T – Primary Tumor 

   Primary Tumor Thickness 

 Melanoma thickness (Breslow depth) principally 
defi nes the T category, while ulceration and 
mitotic rate are used as secondary criteria to char-
acterize the primary tumor. Breslow depth is a 
measurement in millimeters of the thickness of 
the tumor from the top of the granular layer of the 
epidermis to the deepest point of invasion  [  6  ] . To 
obtain accurate thickness measurements, the 
biopsy sample must include the deepest portion 
of the tumor  [  7  ] . The T category thresholds of 
melanoma thickness are defi ned as: T1: less 
than or equal to 1.0 mm, T2: 1.01–2.0 mm, 
T3: 2.01–4.0 mm, and T4: greater than 4.0 mm  [  5  ] .  

   Ulceration 

 Ulceration, the second determinant of the T cate-
gory, is regarded as the absence of a completely 
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intact epidermis above the primary melanoma on 
microscopic evaluation  [  8–  10  ] . Specifi cally, 
ulceration is defi ned as the combination of the 
following histopathologic features: full-thickness 
epidermal defect to include absence of stratum 
corneum and basement membrane, evidence of 
reactive changes (i.e., fi brin deposition and neu-
trophils), and thinning, effacement, or reactive 
hyperplasia of the surrounding epidermis without 
a history of trauma or recent surgical procedure 
 [  5  ] . A primary melanoma without ulceration is 
classifi ed under T subcategory “a”; an ulcerated 
melanoma is grouped under subcategory “b”. 
Ulceration signifi es a greater risk for metastases, 
such that the survival rates for patients of a given 
T category with ulceration are almost equivalent 
to patients of the next highest T category without 
ulceration  [  7  ] . To illustrate, the 5-year survival for 
a T2 ulcerated melanoma (T2b) is ~82%, similar 

to ~79% for a T3 non-ulcerated melanoma (T3a). 
Both are categorized as Stage IIA  [  4  ] . When mul-
tiple primaries are present, the T category is deter-
mined by the melanoma with the poorest 
histopathologic features  [  7  ] .  

   Mitotic Rate 

 In the most recently revised 7th edition AJCC 
melanoma staging system, the mitotic rate is 
introduced as a T1 category modifi er. Data from 
the AJCC Melanoma Staging Database and mul-
tiple publications have shown that increasing 
mitotic rate is associated with declining survival 
rates, particularly within thin melanoma sub-
groups (Stages I and II)  [  4,   11–  14  ] . Multiple 
thresholds of mitotic rate were examined statisti-
cally, and the most signifi cant correlation with 

   Table 4.1    TNM staging categories for cutaneous melanoma   

 T  Thickness (mm)  Ulceration status/mitoses 

 Tis  NA  NA 
 T1   £ 1.00  a: Without ulceration and mitosis <1/mm 2  

 b: With ulceration or mitoses  ³ 1/mm 2  
 T2  1.01–2.00  a: Without ulceration 

 b: With ulceration 
 T3  2.01–4.00  a: Without ulceration 

 b: With ulceration 
 T4  >4.00  a: Without ulceration 

 b: With ulceration 
  N    No. of Metastatic Nodes    Nodal Metastatic Burden  
 N0  0  NA 
 N1  1  a: Micrometastasis* 

 b: Macrometastasis† 
 N2  2–3  a: Micrometastasis* 

 b: Macrometastasis† 
 c: In-transit metastases/satellites without metastatic nodes 

 N3   ³  4 metastatic nodes, or matted nodes, 
or in-transit metastases/satellites 
with metastatic nodes 

  M    Site    Serum LDH  
 M0  No distant metastases  NA 
 M1a  Distant skin, subcutaneous, or nodal metastases  Normal 
 M1b  Lung metastases  Normal 
 M1c  All other visceral metastases  Normal 

 Any distant metastasis  Elevated 

   Tis  melanoma in situ,  NA  not applicable,  LDH  lactate dehydrogenase 
 *Micrometastases are diagnosed after sentinel lymph node biopsy and completion lymphadenectomy 
 †Macrometastases are defi ned as clinically detectable nodal metastases confi rmed histopathologically  
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survival was identifi ed at a threshold of at least 
1 mitosis/mm 2   [  4  ] . For T1 melanomas ( £ 1 mm), 
a mitotic rate of at least 1 mitosis/mm 2  now 
replaces Clark level of invasion (used in the 6th 
edition) as a primary criterion for upgrading the 
tumor from T1a to T1b  [  5  ] . According to the cur-
rent defi nition, T1b melanomas are those having 
a tumor thickness of  £ 1.0 mm with the presence 
of at least 1 mitosis/mm 2  and/or tumor ulceration. 
The incorporation of mitotic rate to subclassify 
thin melanomas as T1b in the 7th edition of the 
AJCC staging system was based on survival stud-
ies showing that melanomas with <1 mitosis/mm 2  
or <0.5 mm in thickness have a very low risk of 
nodal micrometastases  [  5  ] . 

 With its inclusion in the AJCC staging system, 
mitotic rate should be assessed in all primary 
melanomas. The recommended approach is to 
fi rst identify the area in the dermis showing the 
most mitotic fi gures, the so-called “hot spot”  [  5  ] . 
The mitoses in the hot spot are enumerated and 
the count is then extended to adjacent fi elds until 
an area corresponding to 1 mm 2  is evaluated. As 
a guide, 1 mm 2  corresponds to an area equivalent 
to approximately four high power fi elds at ×400 
magnifi cation in most, but not all, microscopes. 
For accuracy, calibration of individual micro-
scopes is recommended  [  14  ] . The count is 
expressed as the number of mitoses/mm 2 . If mito-
ses are sparse and no hot spot can be found, a 
representative mitosis is chosen from which the 
count is started and extended to adjacent fi elds 
until an area corresponding to 1 mm 2  is again 
assessed  [  5,   15  ] . When the area of the invasive 
tumor component is less than 1 mm 2 , the number 
of mitoses present in 1 mm 2  of dermal tissue that 
includes the tumor should be counted and 
recorded as a number per square millimeter. As 
an alternative, in tumors with an invasive compo-
nent less than 1 mm 2  in area, the presence or 
absence of a mitosis can be designated as at least 
1/mm 2  (i.e., “mitogenic”) or 0/mm 2  (i.e., “non-
mitogenic”), respectively. Some institutions use 
the designation <1/mm 2  when mitotic fi gures 
are not found after examining multiple fi elds. 
Most tumor registries interpret this designation 
“<1/mm 2 ” as equivalent to zero  [  4,   5,   15  ] .   

   N – Regional Lymph Nodes 

 The N category is based on the status of regional 
lymph nodes. The number of metastatic nodes is 
the primary criterion for defi ning the N category. 
It has been shown to correlate most strongly with 
10-year survival rates compared to other prog-
nostic factors in melanoma patients with regional 
lymph node metastases  [  4  ] . The tumor is classi-
fi ed as N0 when no regional metastasis is detected. 
N1 is defi ned as a single nodal metastasis. N2 
indicates that two or three nodes are involved, or 
that in-transit metastases or satellite lesions, 
including microsatellites (see below) are present 
in the absence of regional nodal involvement. 
Those with  ³ 4 metastatic nodes, matted nodes or 
in-transit metastases/satellites with metastatic 
nodes are classifi ed as N3  [  5,   7  ] . 

   Micrometastases Versus 
Macrometastases 

 Tumor burden is another important prognostic 
feature for patients with lymph node metastases, 
as survival rates differ signifi cantly between 
patients with micrometastatic versus macrometa-
static disease  [  8,   16,   17  ] . In a multivariate analysis 
of prognostic factors among patients with Stage 
III melanoma, the 5-year overall survival was 67% 
for patients with nodal micrometastases and 43% 
for those with nodal macrometastases  [  18  ] . 
Patients who have histopathologically documented 
nodal metastases [after sentinel lymph node biopsy 
(SLNB) or elective lymphadenectomy], but with 
no clinical or radiologic evidence of lymph node 
metastases, are defi ned as having micrometastases 
(subcategory “a”)  [  3,   5  ] . In the updated AJCC 
Melanoma Staging Database used for the 7th edi-
tion of the AJCC staging manual, more than 90% 
of micrometastases were detected by SLNB  [  18  ] . 
Patients who have clinical evidence of nodal 
metastases that are subsequently confi rmed by 
microscopic evaluation, or nodal metastases that 
show gross extracapsular extension, are defi ned as 
having macrometastases (subcategory “b”)  [  5  ] . 
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 Regardless of micrometastatic or macrometa-
static status, the number of involved lymph nodes 
remains the most signifi cant prognostic factor, 
correlating inversely with survival rates. In mul-
tivariate analysis of Stage III patients, the 5-year 
survival rates for patients with one, two, and 
three micrometastatic nodes were 71%, 65%, and 
61%, respectively. The survival rates for those 
with similarly stratifi ed macrometastatic nodes 
were 50%, 43%, and 40%, respectively. When 
four or more nodes are involved, the 5-year sur-
vival rates are ~36% for both groups  [  18  ] .  

   Intralymphatic Metastases 

 The third criterion for defi ning the N category 
(subcategory “c”) is the presence or absence of 
satellites or in-transit metastases. Satellite lesions 
are discontinuous foci of tumor that reside within 
5 cm from the primary tumor. In-transit metasta-
ses are lesions of discontinuous foci that reside 
more than 5 cm from the primary tumor. Both 
tumor foci represent intralymphatic metastases 
and signify a poorer prognosis  [  19  ] . Available 
data show that there is no signifi cant difference in 
outcome between these two anatomically defi ned 
entities  [  20  ] . The presence of in-transit metasta-
ses or satellites without metastatic nodes is clas-
sifi ed as N2c, while in-transit metastases or 
satellite lesions associated with regional nodal 
involvement is categorized as N3  [  5  ] . 
Microsatellites are defi ned as any discontinuous 
nests of metastatic cells that are >0.05 mm in 
diameter and clearly separated by normal dermis 
(not fi brosis or infl ammation) from the main 
invasive component of melanoma by a distance 
of at least 0.3 mm  [  5  ] . As in the 6th AJCC edi-
tion, the presence of microsatellites is classifi ed 
in the N2c category. 

   Immunohistochemical (IHC) Detection 
of Micrometastases 
 In the 6th edition of the Cancer Staging Manual, 
histopathologic confi rmation by hematoxylin and 
eosin (H&E) staining was mandatory to defi ne 
micrometastasis  [  15  ] . With the current availability 

and use of immunohistochemical (IHC) stains, 
the AJCC Melanoma Staging Committee now 
considers it acceptable to classify nodal metas-
tases based solely on IHC staining with at least 
one melanoma-specifi c marker (i.e., HMB-45, 
MelanA/MART-1). In addition, the cells should 
have malignant morphologic features that are 
 discernible in the IHC-stained tissue  [  21  ] .    

   M – Distant Metastasis 

 The M category is divided into 3 site-based 
groups that differ signifi cantly with respect to 
survival: M1a, M1b, and M1c. Both the site(s) 
of metastases and serum levels of lactate dehy-
drogenase (LDH) are used to subclassify the 
M category. 

 Studies have repeatedly shown that the great-
est difference in survival exists between patients 
with melanoma metastases in visceral sites com-
pared to those with metastases in non-visceral 
sites  [  8  ] . M1a designates patients who have dis-
tant metastases in the skin, subcutaneous tissue, 
or distant lymph nodes, and normal LDH levels. 
These patients have a relatively better prognosis 
compared to those with metastases in any other 
anatomic site(s)  [  8,   22–  24  ] . M1b defi nes patients 
with metastases to the lung and normal LDH 
 levels. They have a slightly better prognosis 
 compared to those individuals with metastases 
to other visceral sites  [  22,   25,   26  ] . Patients with 
metastases to any other visceral site(s), or any 
site(s) associated with an elevated LDH level, are 
classifi ed as M1c. These patients show the worst 
survival curves  [  23,   27  ] . 

 The serum factor LDH is included as a second 
qualifi er of M staging. It has been demonstrated 
by multiple studies, as well as the updated 
Melanoma Staging Database, to be an indepen-
dent and highly signifi cant predictor of survival in 
Stage IV melanoma patients  [  5,   8,   23,   28,   29  ] . An 
elevated LDH is among the most predictive inde-
pendent factors of diminished survival upon mul-
tivariate analysis, even after accounting for site 
and number of visceral metastases  [  24  ] . In the 
2008 AJCC Melanoma Staging Database, the 
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1- and 2-year overall survival rates for Stage IV 
patients with normal serum LDH levels were 65% 
and 40%, respectively. For those with elevated 
LDH levels, the survival rates were reduced to 
32% and 18%, respectively  [  4  ] . Hence, when the 
LDH level is elevated at the time of staging, 
patients are classifi ed as M1c, regardless of the site 
of metastasis. For staging purposes, it is recom-
mended that two or more serum LDH determina-
tions are obtained and taken more than 24 h apart 
 [  5  ] . A single determination can yield a false- 
positive result, as a function of hemolysis or other 
factors that are not related to melanoma metastases. 

 The number of metastases at distant sites, previ-
ously documented as an important prognostic fac-
tor  [  22,   23,   25,   28–  30  ] , is not included in the current 
staging system. This is due to the lack of standard-
ization of diagnostic tests employed to search for 
metastases among the published studies. Until bet-
ter test standardization, the number of metastases 
cannot be reliably utilized for staging  [  5  ] . 

   Metastatic Melanoma of Unknown 
Primary Site 

 Metastatic melanoma of unknown primary site is 
defi ned as histopathologically confi rmed subcuta-
neous, lymph nodal or visceral metastatic mela-
noma with no evidence of concomitant cutaneous, 
mucosal or ocular primary lesion or a previous 
skin tumor excised without microscopic examina-
tion  [  31  ] . An accepted theory for possible origin of 
such a metastatic tumor is an undetected primary 
melanoma that has undergone spontaneous regres-
sion  [  32  ] . Patients with metastatic melanoma of 
unknown primary site have been shown to have a 
natural history and prognosis that is similar to, or 
even better than, those with known primary tumors 
 [  33,   34  ] . This suggests that the endogenous 
immune response which led to the regression of 
the primary melanoma may somehow contribute 
to a more favorable outcome  [  34  ] . 

 In general, metastatic melanomas of both 
known and unknown primary sites should 
be staged with the same criteria. When patients 

present with lymph node metastases and staging 
work-up does not reveal any other sites of dis-
ease, these metastases should be presumed to be 
regional (i.e., Stage III, instead of Stage IV). 
Careful examination of the entire cutaneous sur-
face with special attention to the areas of skin 
containing lymphatics which drain to that nodal 
basin should be performed with and without a 
Wood’s lamp in order to look for scars from pre-
vious procedures or areas of depigmentation. 
Pathology from any previous biopsy should be 
reviewed to check for the possibility of a primary 
melanoma. Localized metastases to the skin or 
subcutaneous tissues with no other sites of metas-
tases should also be considered regional disease 
(Stage III). All other circumstances, including 
metastases to a visceral site by melanoma of 
unknown primary site, should be classifi ed as 
Stage IV disease  [  5  ] .   

   Clinical Versus Histopathologic 
Staging 

 The defi nitions of clinical versus histopathologic 
grouping depend on whether lymph nodes are 
staged clinically/radiographically or by light 
microscopic evaluation (Table  4.2 ).  

   Clinical Staging 

 Clinical Stages I and II include patients who have 
no evidence of regional or distant metastases 
based on clinical, radiologic, and/or laboratory 
evaluation. Clinical Stage III includes patients 
with clinical or radiologic evidence of regional 
metastases involving either the regional lymph 
node basin or intralymphatic metastases (satellite 
or in-transit disease). No subgrouping with 
respect to the number of metastatic nodes is nec-
essary, and all patients with nodal or intralym-
phatic regional metastases are classifi ed as 
clinical Stage III. Clinical Stage IV includes 
patients with metastases at a distant site(s) and is 
not further substaged.  
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   Histopathologic Staging 

 Histopathologic Stages I and II include patients 
with no evidence of regional or distant metasta-
ses after careful microscopic examination of the 
regional lymph nodes, in addition to an absence 
of distant metastases on clinical and radiologic 
examination. Histopathologic Stage III includes 
patients showing microscopic evidence of 
regional metastasis, either in the regional lymph 
nodes or at intralymphatic sites. For quantitative 
classifi cation of histopathologic nodal status, 
careful microscopic evaluation of the resected 
nodal basin with documentation of the number of 
lymph nodes examined and the number of those 
containing metastases should be performed. 
Histopathologic Stage IV includes patients with 
microscopic documentation of metastases at one 
or more distant sites.   

   Stage Groups 

   Localized Melanoma (Stages I and II) 

 Patients with primary melanoma, in the absence 
of clinical or histopathologic evidence of regional 
or distant metastases, are categorized into Stages 
I and II. 

 Stage I includes patients with low-risk primary 
melanomas, and is further divided into subgroups 
“A” and “B” on the basis of ulceration and pres-
ence of mitoses. Stage IA includes primary lesions 
 £ 1 mm in thickness and a mitotic rate of <1 mito-
sis/mm 2 , but without ulceration of the overlying 
epithelium (T1aN0M0). Stage IB includes pri-
mary lesions that are either (1)  £ 1 mm in thick-
ness with epithelial ulceration or a mitotic rate of 
at least 1 mitosis/mm 2  (T1bN0M0) or (2) between 

   Table 4.2    Anatomic stage groupings for cutaneous melanoma   

 Clinical staging *   Pathologic staging †  

 0  Tis  N0  M0  0  Tis  N0  M0 
 IA 
 IB 

 T1a 
 T1b 
 T2a 

 N0 
 N0 
 N0 

 M0 
 M0 
 M0 

 IA 
 IB 

 T1a 
 T1b 
 T2a 

 N0 
 N0 
 N0 

 M0 
 M0 
 M0 

 IIA 

 IIB 
 
IIC 

 T2b 
 T3a 
 T3b 
 T4a 
 T4b 

 N0 
 N0 
 N0 
 N0 
 N0 

 M0 
 M0 
 M0 
 M0 
 M0 

 IIA 

 IIB 

 IIC 

 T2b 
 T3a 
 T3b 
 T4a 
 T4b 

 N0 
 N0 
 N0 
 N0 
 N0 

 M0 
 M0 
 M0 
 M0 
 M0 

 III  Any T  N > N0  M0  IIIA 

 IIIB 

 IIIC 

 T1–4a 
 T1–4a 
 T1–4b 
 T1–4b 
 T1–4a 
 T1–4a 
 T1–4a 
 T1–4b 
 T1–4b 
 T1–4b 
 Any T 

 N1a 
 N2a 
 N1a 
 N2a 
 N1b 
 N2b 
 N2c 
 N1b 
 N2b 
 N2c 
 N3 

 M0 
 M0 
 M0 
 M0 
 M0 
 M0 
 M0 
 M0 
 M0 
 M0 
 M0 

 IV  Any T  Any N  M1  IV  Any T  Any N  M1 

  *Clinical staging includes microstaging of the primary melanoma and clinical/radiologic evaluation for metastases. By 
convention, it should be used after complete excision of the primary melanoma with clinical assessment for regional 
and distant metastases 
 †Pathologic staging includes microstaging of the primary melanoma and pathologic information about the regional 
lymph nodes after partial (i.e., sentinel node biopsy) or complete lymphadenectomy. Pathologic stage 0 or stage IA 
patients are the exception; they do not require pathologic evaluation of their lymph nodes  
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1.01 and 2 mm in thickness without ulceration 
and regardless of mitotic rate (T2N0M0). 

 Stage II patients with high-risk primary tumors 
are divided into three subcategories: (1) Stage 
IIA includes lesions between 1.01 and 2 mm in 
thickness with ulceration of the overlying epithe-
lium (T2bN0M0), and those >2 mm and  £ 4 mm 
in thickness without epithelial ulceration 
(T3aN0M0); (2) Stage IIB lesions are >2 mm to 
4 mm in thickness with epithelial ulceration 
(T3bN0M0), or > 4 mm in thickness without 
ulceration (T4aN0M0); and (3) Stage IIC con-
sists of primary lesions > 4 mm with overlying 
ulceration (T4bN0M0).  

   Regional Metastases (Stage III) 

 Stage III includes lesions with histopathologi-
cally documented involvement of regional lymph 
nodes or the presence of in-transit or satellite 
metastases. No substaging is required for clinical 
Stage III melanoma. For histopathologic stage, 
the major determinants of outcome are: (1) the 
number of metastatic lymph nodes; (2) tumor 
burden (microscopic – detected histopathologi-
cally versus macroscopic – detected by physical 
or radiographic examination and verifi ed micro-
scopically); (3) features of the primary mela-
noma, including ulceration, mitotic rate and/or 
Breslow thickness, in the presence of nodal 
micrometastasis; and (4) presence of satellite or 
in-transit metastases  [  20,   35–  40  ] . Of note, tumor 
features are signifi cant predictors of adverse out-
come in patients with nodal micrometastases, but 
not in those with nodal macrometastases  [  5  ] . 

 Using the above prognostic parameters, Stage 
III is divided into three subgroups with statisti-
cally signifi cant differences in survival: (1) Stage 
IIIA includes patients with 1–3 microscopi-
cally involved lymph nodes and without ulcer-
ation in the primary tumor (T1-4aN1aM0 
or T1-4aN2aM0); (2) Stage IIIB includes: (a) 
patients with 1–3 microscopically involved lymph 
nodes and an ulcerated primary tumor 
(T1-4bN1aM0 or T1-4bN2aM0); (b) those with 
1–3 macroscopically involved lymph nodes and a 
non-ulcerated primary tumor (T1-4aN1bM0 or 

T1-4aN2bM0); or (c) patients with intralymphatic 
regional metastases, but without nodal disease 
(T1-4aN2cM0); and (3) Stage IIIC defi nes: (a) 
patients with 1–3 macroscopic lymph node metas-
tases and ulceration in the primary melanoma 
(T1-4bN1bM0 or T1-4bN2bM0); (b) patients 
with satellite(s)/in-transit metastases from an 
ulcerated primary melanoma (T1-4bN2cM0); or 
(c) any patient with N3 disease, regardless of T 
status.  

   Distant Metastases (Stage IV) 

 Stage IV melanoma is defi ned by the presence 
of distant metastases (any M1). Survival differ-
ences between the M categories are not statisti-
cally signifi cant, and patients are not further 
substaged  [  5  ] .   

   Updates and Changes in the 7th 
Edition AJCC Melanoma Staging 
System 

 Changes in the current edition result from the 
analysis of an expanded sample size in the mela-
noma staging database (~17,600 patients in the 
6th edition versus ~39,000 patients in the 7th edi-
tion), through the collaboration of 17 major can-
cer centers and organizations  [  3  ] . The key features 
and revisions of the current 2010 AJCC staging 
system are highlighted as follows:
    1.    Primary tumor mitotic rate (defi ned as mito-

ses/mm 2 , not mitoses/10 high power fi elds) 
replaces Clark level of invasion in defi ning the 
subcategory of T1b. Currently, a mitotic rate 
of  ³ 1 mitosis/mm 2  defi nes T1b; whereas in the 
2002 AJCC staging system, T1b melanomas 
were defi ned as either ulcerated or with a 
Clark level IV or V.  

    2.    Either H&E or IHC staining can now be used 
to defi ne the presence of microscopic nodal 
metastases. Previously, only H&E staining 
could be used for staging purposes.  

    3.    The threshold previously used for defi ning 
nodal metastasis in the AJCC 6th edition was 
a metastasis measuring  ³ 0.2 mm. As a result 
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of the recent consensus that regional nodal 
metastatic melanoma of <0.2 mm in diameter 
is clinically important, nodal tumor deposits 
of any size are now included in the staging of 
nodal disease  [  14  ] . There is no lower thresh-
old of tumor burden used to defi ne the pres-
ence of regional nodal metastasis, and isolated 
melanoma cells or tumor deposits of <0.1 mm 
in diameter that are histopathologically or 
immunohistochemically detected should be 
considered N+  [  4  ] . As yet, an evidence-based 
lower threshold of clinically insignifi cant 
nodal metastases has not been identifi ed  [  15  ] .  

    4.    The M category continues to be primarily 
defi ned by the site(s) of distant metastases: 
non-visceral (i.e., skin/soft tissue/distant 
nodal) (M1a); lung (M1b); and all other vis-
ceral metastatic sites (M1c).  

    5.    An increased serum LDH remains a powerful 
adverse predictor of survival. Regardless of 
the site of distant disease, patients with ele-
vated LDH are all categorized as M1c.  

    6.    While survival estimates for patients with intra-
lymphatic regional metastases (i.e., satellite 
and in-transit disease) are somewhat better than 
for the remaining cohort of patients with Stage 
IIIB disease, Stage IIIB represents the closest 
statistical fi t for this former group. The defi ni-
tion of intralymphatic regional metastasis has 
been retained in the current staging system.  

    7.    As recommended by the Melanoma Staging 
Committee, microsatellites are to be retained 
in the N2c category. The prognostic signifi -
cance of this uncommon feature has not been 
clearly established, but limited evidence 
shows survival outcome to be similar to 
patients with satellite metastases  [  5  ] . Current 
published data are insuffi cient to substantiate 
a revision of the defi nitions used in the 6th 
edition of the staging manual.  

    8.    Metastatic melanoma identifi ed in lymph 
nodes, skin, or subcutaneous tissues, without a 
known associated primary melanoma (meta-
static melanoma of unknown primary site), is 
to be classifi ed as Stage III rather than Stage 
IV disease.  

    9.    Lymphatic mapping and SLNB continue to be 
important staging tools in melanoma  [  41  ] , and 
should be used to identify occult Stage III 
regional nodal disease among patients who pres-
ent with clinical Stage IB or Stage II melanoma.      

   Final Comments and Future 
Applications 

 The AJCC Melanoma Staging System recom-
mends that SLNB be accomplished as a staging 
procedure in melanoma patients for whom results 
will be used in the subsequent treatment and fol-
low-up decision-making process. In this regard, 
SLNB is recommended for patients with T2, T3 
or T4 melanomas and clinically uninvolved 
regional lymph nodes (clinical Stage IB and 
Stage II), in addition to those individuals with T1 
melanomas associated with adverse prognostic 
characteristics: ulceration, mitotic rate  ³ 1 mito-
sis/mm 2 , and/or Clark level IV. 

 Melanoma staging critically depends on the 
identifi cation of the most relevant predictive fac-
tors of survival outcome. The need to further sub-
classify melanomas, particularly those that have 
already metastasized, and the continuous evolu-
tion of our understanding of cancer biology have 
led to advances beyond purely anatomical stag-
ing. Relevant biologic markers that impact dis-
ease (i.e., serum LDH) have now been included in 
the groupings and infl uence therapeutic selection. 
In the future, staging and outcome prediction in 
melanoma patients will be enhanced by the avail-
ability of tools that facilitate subcategorization 
beyond the conventional TNM staging system 
 [  42  ] . Efforts are now geared towards defi ning 
genetic markers that may bear predictive prog-
nostic potential in metastatic melanoma  [  43  ] . For 
example, gene expression profi ling has been used 
to establish molecular signatures of disease pro-
gression in melanoma and defi ne different subsets 
of melanoma with varying survival potential. Of 
note, immune profi ling studies have yielded sets 
of genes that are signifi cantly associated with sur-
vival in patients with metastatic melanoma  [  44  ] .      
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     5    Clinical and Histopathological 
Parameters in Melanoma       

     Cheryl   Bilinski ,        Avery   LaChance ,     
and    Michael   J.   Murphy             

        Introduction 

 A preliminary diagnosis of suspected cutaneous 
melanoma can be made by a well-trained medical 
professional in the clinical setting; yet, a defi ni-
tive diagnosis requires clinicopathological corre-
lation. In addition to diagnostic features, the 
histopathology of these lesions contains a multi-
tude of clues that can be useful in predicting clin-
ical course and outcome. Found within a thorough 
dermatopathology report, factors such as (1) age; 
(2) anatomic location; (3) gender; (4) Breslow 
thickness; (5) Clark anatomic level; (6) tumor 
volume; (7) cross-sectional profi le; (8) ulceration; 
(9) mitotic rate; (10) growth phase; (11) regres-
sion; (12) host infl ammatory response; (13) tumor 
vascularity; (14) vascular invasion; (15) angiotro-
pism; (16) histologic tumor type; (17) cytologic 
variation; (18) desmoplasia; (19) neurotropic 
 factors; (20) cytologic atypia; (21) borderline 
melanocytic lesions; (22) association with a 

benign melanocytic nevus; (23) paratumoral 
 epidermal hyperplasia; and (24) satellite and/or 
in-transit metastasis can provide further insight 
into prognosis for patients with melanoma. This 
chapter will provide a thorough review of the 
 signifi cance of each of the predictive factors listed 
above, as well as how they may be interpreted 
and used by the clinician to guide appropriate 
therapy and patient education.  

   Age 

 Several of studies examining disease-free sur-
vival among melanoma patients have found sta-
tistically signifi cant differences in outcome 
amongst individuals in different age brackets. In 
these studies, increased patient age at diagnosis 
was found to correlate with a worse prognosis 
 [  1–  3  ] . This relationship may be explained by the 
fi nding that certain features associated with poor 
prognosis, including increased tumor thickness, 
ulceration, regression, and male gender, have a 
higher prevalence in older patients with mela-
noma  [  4  ] . This correlation is not mirrored in the 
pediatric population. Although younger chil-
dren (ages 3–9 years) generally present with 
thicker lesions that have achieved more advanced 
stages, these patients tend to have a better 5-year 
disease-free survival than older children (ages 
10–14 years) presenting with melanoma  [  5  ] .  
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   Anatomic Location 

 Many studies show that lesions located on an 
extremity carry a better prognosis than those 
located on the trunk  [  6–  10  ] . The prognostic sig-
nifi cance of melanoma location with regard to 
those on extremities has been further evaluated. 
Interestingly, not all extremity lesions share simi-
lar prognoses  [  11–  13  ] . Of note, survival rates 
tend to be better in patients with melanomas 
on the proximal compared to the distal extremity. 
One study demonstrated increasingly dismal out-
comes for leg melanomas located further from 
the trunk; 10-year survival rates for the thigh, 
calf, and foot were 94%, 84%, and 66%, respec-
tively, with 5-year survival rates following the 
same trend  [  11  ] . For foot lesions, survival rates 
are higher for dorsal compared with plantar mel-
anomas  [  13  ] . Head and neck melanomas have a 
poorer prognosis than both truncal and extremity 
lesions, with lower survival rates for scalp and 
ear melanomas than for those on the face and 
neck  [  14–  17  ] . While there is substantial evidence 
that melanoma site is an important predictor of 
survival, some studies have failed to show such a 
relationship, especially when controlled for other 
prognostic factors such as Breslow thickness, 
Clark level, number of positive lymph nodes and 
gender  [  1,   18,   19  ] . Another study showed a dis-
ease-free survival advantage for extremity lesions 
over melanomas of the head and neck and trunk, 
but failed to demonstrate an improved overall 
survival rate  [  20  ] . Thus, a correlation between 
anatomic location and prognosis is supported by 
a number of studies  [  6–  17  ] . However, the nature 
of this relationship with other prognostic factors 
deserves further study.  

   Gender 

 For patients younger than 75 years of age, 
female sex has been found to be a protective fac-
tor in melanoma prognosis  [  2,   9,   21  ] . Of note, 
one study involving 5,903 patients showed it to 

be a highly signifi cant predictor of prolonged 
survival  [  7  ] . The reason for the seemingly pro-
tective effect of female sex is currently unknown. 
However, it may be due, in part, to the fact that 
women tend to present with thinner lesions 
 [  22–  25  ]  and at an earlier age than men  [  2,   5  ] . 
In addition, women are more likely to have 
extremity lesions (excluding those of the hand 
and foot), while men have a higher incidence of 
truncal tumors  [  2  ] . While these associations 
are potential confounders, studies that have 
 controlled for lesional thickness between male 
and female patients suggest that female sex is, 
in itself, an independent predictor of positive 
prognosis  [  22,   23  ] .  

   Breslow Thickness 

 Of all histopathological parameters, tumor thick-
ness shows the strongest correlation with survival 
rates and is considered the most important factor 
in determining melanoma prognosis  [  26–  30  ] . The 
Breslow method is considered the “gold standard” 
for measurement of tumor thickness. A calibrated 
ocular micrometer is placed perpendicular to the 
epidermal surface and the distance from the top 
of the granular layer to the point of deepest tumor 
invasion is measured. The latter may be the deep 
edge of the main tumor mass or of an isolated 
nest. If ulceration is present, measurement should 
begin at the ulcer base  [  26,   31–  34  ] . If the deep 
aspect of the tumor cannot be evaluated (i.e., 
 following a superfi cial shave biopsy which 
transects the tumor), thickness can be defi ned as 
“at least ____ mm,” with a comment in the der-
matopathology report explaining the specimen’s 
limitation  [  34  ] . Tumor cells associated with adn-
exal structures are not taken into account when 
measuring Breslow thickness, unless the adnexal 
site is the tumor’s sole area of dermal invasion. 
In the future, this practice may be reevaluated, as 
recent evidence suggests that there is a signifi cant 
association between T1 tumors with adnexal 
involvement beyond 1 mm and positive sentinel 
lymph node status  [  32  ] . 
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 The seventh edition of the American Joint 
Committee on Cancer (AJCC) Staging Handbook 
(2009) continues to use Breslow thickness as the 
primary determinant of the T staging category in 
melanoma and defi nes discrete “cutoff groups,” as 
shown in Table  5.1   [  26,   31–  33  ] . The appropriate-
ness of these “cutoff groups” is highly debated. 
Recent studies indicate that tumor thickness is 
most appropriately considered as a continuous 
variable  [  28,   33  ] . The AJCC notes that the current 
distinct categories are arbitrary and exist primarily 
for the purpose of discrete staging. Nonetheless, 
the current cutoffs are also consistent with “best 
fi t” statistical analysis of the correlation between 
survival rates and tumor thickness for patients with 
localized melanoma. Analysis of clinical data from 
the AJCC Melanoma Staging Database on 27,000 
patients with Stage I and Stage II disease is shown 
in Table  5.2   [  33  ] .   

 While Breslow thickness is the best micro-
scopic indicator of prognosis, it is not a perfect 
marker and must be considered in combination 
with other factors. Prolonged survival times 
have been documented for certain patients with 
thick melanomas  [  26  ] . Likewise, although prog-
nosis for thin melanomas is generally excellent, 

lesions less than 1 mm in thickness are known 
to  metastasize at a rate of approximately 4.8% 
 [  30,   31  ] . According to one study, features that add 
to this risk include increased Clark level, presence 
of ulceration and features of regression. Recently, 
mitotic rate was also determined to be an impor-
tant predictor of sentinel lymph node positivity in 
thin melanomas  [  30,   33  ] .  

   Clark Anatomic Level 

 In 1969, Clark reported fi ve levels of cutaneous 
melanoma invasion, as outlined in Table  5.3  
 [  32,   35  ] . These levels describe the depth of tumor 
invasion in relation to anatomic landmarks  [  32  ] . 
Anatomic depth of invasion refl ects tumor biol-
ogy: the interaction between malignant cells and 
skin stroma is a crucial determinant of tumor 
invasion. Consequently, Clark level is used to 
study the role of biological markers, such as 
adhesion molecules and matrix metalloprotei-
nases, in melanoma development and progres-
sion  [  32  ] . Numerous studies demonstrate a 
signifi cant relationship between prognosis and 
anatomic depth of invasion, particularly for mel-
anomas that measure 1 mm or less in Breslow 
thickness  [  30,   32,   33  ] . Nevertheless, Clark level 
has long been considered inferior to Breslow 
thickness in predicting patient outcome  [  26,   33, 
  36–  38  ] . Correlation with patient survival rates is 
weaker, and assessment of Clark level is incon-
sistent among pathologists  [  33  ] . There are two 
likely reasons for this. First, there is no defi ned 
boundary between the papillary and reticular 
 dermis, which obscures the distinction between 
level III and level IV lesions. Second, Clark  levels 
are discrete, whereas Breslow thickness can be 
considered as a continuous variable  [  39  ] . Recent 
evidence shows the prognostic signifi cance of 
factors such as mitotic rate and ulceration to be 
superior to that of Clark level, even for thin mela-
nomas  [  32,   33  ] . Furthermore, when mitotic rate 
and ulceration are considered in concert with 
Breslow thickness, Clark level does not have a 
signifi cant effect on prognosis  [  33  ] .  

   Table 5.1    Correlation between Breslow thickness and 
AJCC Tumor (T) category  [  26,   31–  33  ]    

 Breslow thickness  T stage 

 1 mm or less  T1 
 >1–2 mm  T2 
 >2–4 mm  T3 
 > 4 mm  T4 

   AJCC  American Joint Committee on Cancer,  T  tumor  

   Table 5.2    Relationship between Breslow thickness and 
Survival  [  33  ]    

 Breslow thickness (mm)  10-year survival rate (%) 

 0.01–0.5  96 
 0.51–1.00  89 
 1.01–2.00  80 
 2.01–3.00  65 
 3.01–4.00  57 
 4.01–6.00  54 
 > 6.00  42 
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 The sixth edition of the AJCC Cancer Staging 
Handbook used Clark level to stratify T1 melano-
mas according to metastatic potential. T1 lesions 
with Clark level I or II were designated T1a. 
Clark level III and IV lesions were defi ned as 
T1b, and considered to carry a worse prognosis 
 [  32,   33  ] . In the seventh edition of this handbook, 
the AJCC has replaced anatomic level by mitotic 
rate as a means of subclassifying T1 lesions 
 [  33,   34  ] . Only when mitotic rate cannot be deter-
mined and ulceration is absent should Clark level 
be used as a tertiary factor to upstage a T1a lesion 
to a T1b lesion. In such cases, anatomic depth of 
invasion remains an essential component of the 
dermatopathology report  [  33,   34  ] .  

   Tumor Volume 

 Tumor volume is quantifi ed by the three-dimen-
sional space occupied by a melanoma lesion, and 
can be approximated by calculating maximal 
cross-sectional area (CSA). Breslow’s 1970 esti-
mations of CSA proved to hold less prognostic 
relevance than tumor thickness or anatomic depth 
of invasion  [  26  ] . Recent studies using techno-
logically advanced methods to calculate tumor 
volume and CSA have found statistically signifi -
cant relationships between overall survival and 
these parameters. However, CSA and tumor vol-
ume appear to offer no prognostic value over 
Breslow thickness. Furthermore, measurement is 
cumbersome. In one study, tumors were sectioned 
into 2 mm slices. CSA was estimated for each 
slice, and values were plugged into an algorithm 
to calculate total tumor volume. CSA has also 
been measured using digital photography  [  40  ] . 
While these parameters may be closely correlated 
with prognosis, their measurement is impractical 
compared to that of Breslow thickness  [  30  ] .  

   Cross-Sectional Profi le 

 Melanomas display a range of growth patterns that 
can be identifi ed by histopathological examination 
of the cross-sectional profi le  [  30  ] . Polypoid and 
verrucous variants are commonly reported  [  41  ] . 

 Polypoid, or pedunculated, melanomas dis-
play an exophytic growth pattern. A nodule of 
neoplastic cells, which is often ulcerated and fri-
able, is attached to the skin by a stalk (the latter 
often composed of benign cells)  [  42  ] . Polypoid 
melanomas carry a poor prognosis with an 
 average 10-year survival rate of less than 40% 
 [  43–  45  ] . Depth of invasion has been shown to be 
an inaccurate predictor of prognosis for peduncu-
lated lesions  [  39  ] . 

 Verrucous melanomas display prominent papil-
lomatous epidermal hyperplasia with varying 
degrees of hyperkeratosis, parakeratosis, and acan-
thosis  [  42  ] . Studies controlling for patient gender, 
anatomic site and tumor thickness show similar 
prognoses for verrucous and non-verrucous lesions 
 [  46  ] . However, thickness of these tumors may be 
overestimated due to the epidermal hyperplasia 
and papillomatous architecture. Thus, verrucous 
melanomas may actually carry a worse prognosis 
than their non-verrucous counterparts  [  42  ] . 

 Additional variants have been described, but 
are rarely reported  [  41  ] . These include hemispher-
ical, dome-shaped and plaque-shaped subtypes 
 [  30  ] . Current evidence shows a decrease in 5-year 
survival rate as the complexity of cross-sectional 
profi le increases. Flat lesions generally have the 
best prognosis, followed by convex or plateau-like 
lesions, with the worse prognosis for nodular and 
polypoid tumors. However, with the exception of 
polypoid melanomas, survival rates differ mini-
mally between groups  [  47  ] . It appears that little 
additional prognostic information is likely obtained 
by assessing cross-sectional tumor profi le  [  30  ] .  

   Table 5.3    Clark anatomic level  [  32,   35  ]    

 I  Intraepidermal melanoma/melanoma in situ 
 II  Invasion of the papillary dermis by single or nested melanoma cells 
 III  The papillary dermis is fi lled and widened by melanoma cells, which impinge on the reticular dermis 
 IV  Invasion of the reticular dermis by melanoma cells 
 V  Subcutaneous tissue involvement 
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   Ulceration 

 After Breslow thickness, the AJCC considers ulcer-
ation to be the most important parameter in staging 
localized melanoma. Ulceration is characterized 
by: (1) full-thickness absence of the epidermis, 
including stratum corneum and basement mem-
brane; (2) evidence of reactive changes, namely 
fi brin deposition and neutrophil infi ltration; and (3) 
atrophy or reactive hyperplasia of the epidermis, 
not explained by trauma or a recent surgical proce-
dure  [  33,   34  ] . 

 Ulceration may be an indication of tumor 
aggressiveness  [  30,   32  ] . It is postulated that a 
lesion ulcerates when angiogenesis cannot 
keep up with rapid tumor growth; the latter lead-
ing to tissue ischemia  [  28  ] . Ulcerated melanomas 
tend to invade through the epidermis, while non-
ulcerated tumors lift the overlying skin  [  34  ] . 
Pathologists usually report the presence or 
absence of ulceration, although there may be 
additional value in quantifying this parameter 
(i.e., diameter of ulceration)  [  30  ] . 

 Ulceration is positively correlated with tumor 
thickness. Median thickness at diagnosis is 
3.0 mm for ulcerated melanomas and 1.3 mm for 
non-ulcerated lesions  [  34  ] . There is evidence that 
ulceration is also an independent predictor of sur-
vival, especially in melanomas of thickness 
greater than 1 mm  [  30,   34  ] . For patients with 
Stage I and Stage II melanomas, the presence of 
ulceration decreases the overall survival rate 
from 78% to 50%  [  34  ] . However, recent data 
suggest that ulceration may lose independent 
prognostic signifi cance when considered in con-
junction with mitotic rate  [  34  ] . 

 While the prognostic signifi cance of ulcer-
ation in thin melanomas has been debated, the 
AJCC continues to use this feature to differenti-
ate between T1a and T1b tumors  [  30,   32–  34  ] . 
T1a lesions measure less than or equal to 1 mm 
in thickness, lack ulceration, and exhibit a mitotic 
rate of less than 1 mitosis/mm 2 . Melanomas of 
similar thickness, but with ulceration or mitotic 
count greater than 1 mitosis/mm 2  are classifi ed as 
T1b  [  31–  34  ] . The latter group of patients should 
be considered for sentinel lymph node staging 

procedures  [  33,   34  ] . This difference in clinical 
management is reasonable in light of the AJCC 
statistical analysis of survival rates for patients 
with tumor ulceration. Patients with ulcerated 
melanomas have survival rates similar to those 
of patients in the next highest T category with 
non-ulcerated tumors. For example, a patient 
with an ulcerated T1 tumor will have an expected 
survival rate similar to that for a patient with a 
non-ulcerated T2 tumor, but signifi cantly lower 
than that for a patient with a non-ulcerated T1 
lesion  [  34  ] . It is for this reason that evaluation 
for sentinel lymph node disease is extended to 
T1b category patients, in addition to those who 
present with lesions that are T2 or higher  [  34  ] .  

   Mitotic Rate 

 Similar to ulceration, mitotic rate, also called 
mitotic index  [  48  ] , is considered a key prognostic 
factor, particularly for thin melanomas  [  31–  34  ] . 
Mitotic rate should be calculated from an area of 
maximal proliferation  [  28,   33  ] , and the patholo-
gist must scan the specimen to identify a “mitotic 
hot spot” in the lesion’s dermal component that 
can be used as a starting point  [  28,   32–  34  ] . If 
mitoses are rare or fairly evenly dispersed, and no 
distinctive “hot spot” can be found, the AJCC rec-
ommends that the count begin at a “representative 
mitosis”  [  33  ] . Counting should continue in adja-
cent fi elds until an area of 1 mm 2  has been exam-
ined  [  28,   32–  34  ] , usually corresponding to about 
4 high-power fi elds using a x40 objective  [  33  ] . 
However, standard light microscopes vary signifi -
cantly in this respect and should be calibrated to 
ensure accurate assessment  [  30,   33,   34  ] . 

 For melanomas with an invasive component 
measuring at least 1 mm 2 , mitotic index can be 
reported in mitoses/mm 2   [  30,   33,   34  ] . For lesions 
with a smaller dermal component, the AJCC rec-
ommends dichotomous classifi cation: a melanoma 
is “mitogenic” if it displays at least 1 mitosis/mm 2 , 
and “nonmitogenic” if it demonstrates less than 
1 mitosis/mm 2   [  33  ] . Alternatively, the College of 
American Pathologists advises extrapolation of 
mitotic index in such lesions  [  34  ] . 
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 Some studies have determined mitotic index 
to be the second most important prognostic factor 
for melanoma after tumor thickness  [  33,   49  ] . 
As mitotic rate increases, prognosis worsens 
  [  30–  34,   50  ] . This relationship is particularly sig-
nifi cant for thin melanomas  [  22,   31,   33,   51  ] . 
Recent evidence shows mitotic index to be an 
independent predictor of lymph node metastases 
in T1 lesions  [  50  ] . As a result, mitotic rate has 
been introduced as a prognostic factor in the 
 seventh edition of the AJCC Cancer Staging 
Handbook. Similar to the presence of ulceration, 
mitotic rate greater than or equal to 1 mitosis/mm 2  
upstages a T1 melanoma from T1a to T1b  [  33  ] . 

 Opposing studies suggest that there is no rela-
tionship between mitotic rate and prognosis  [  52  ] . 
Others indicate that mitotic index is signifi cantly 
correlated with prognosis, but only because of its 
association with ulceration and tumor thickness 
 [  52  ] . These authors maintain that mitotic rate is 
not, in itself, an independent predictor of progno-
sis and is inextricably intertwined with tumor 
thickness. If this is true, a “prognostic index”, 
which considers mitotic rate in the context 
of tumor thickness, may prove to be more appro-
priate than disparate evaluation of these factors 
 [  30,   53,   54  ] . 

 An alternative method of determining tumor 
cell proliferation involves the use of immunohis-
tochemistry with MIB-1 antibody (direct against 
the Ki-67 protein). Ki-67 is expressed in cells 
during the G 

1
 , S, and G 

2
 , but not G 

0
  phases of the 

cell cycle. Therefore, antibodies to this protein 
function as good markers of proliferative activity. 
The Ki-67 proliferation index is estimated by the 
percentage of tumor cell nuclei that stain posi-
tively with MIB-1, and can be used as a prognos-
tic indicator in melanoma patients. MIB-1 may 
also be used to assess the biological potential of 
borderline melanocytic lesions; however, it is 
not well-established as a means of differentiating 
between benign and malignant lesions  [  32  ] .  

   Radial and Vertical Growth Phases 

 Growth pattern is correlated with melanoma 
stage  [  3  ]  and subtype  [  3,   5  ] ; lesions that exhibit a 
predominantly vertical pattern of growth carry a 

poorer prognosis than those with a primarily 
radial pattern  [  22,   27,   30,   32,   34,   55  ] . 

 The radial growth phase (RGF) is largely lim-
ited to the epidermis, and contributes to increased 
tumor width, rather than depth  [  30–  34  ] . Typically, 
cytology is uniform  [  34  ]  and dermal mitoses are 
absent  [  30  ] . A microinvasive component may be 
present  [  30–  34  ] . However, intradermal nests do 
not exceed the size of intraepidermal clusters  [  30  ]  
and are cytologically and architecturally similar 
to the superfi cial component  [  32  ] . If dermal inva-
sion is present, the tumor’s intraepidermal por-
tion extends at least three rete ridges beyond the 
invasive area  [  31,   34  ] . RGP lesions are always 
Clark level I (in-situ) or II (microinvasive)  [  32  ] . 

 The presence of vertical growth phase (VGF) 
correlates with tumor aggressiveness and implies 
increased likelihood of metastasis  [  32  ] . VGF can 
be defi ned in two ways: (1) by intradermal nests, 
at least one of which displays a greater diameter 
than the largest intraepidermal aggregate, or (2) 
by the presence of dermal mitoses  [  30,   34  ] . 
Dermal melanoma cells often display different 
morphology than those of the epidermal compo-
nent  [  32  ] . Architectural distortion of the papillary 
dermis may be present  [  32  ] . VGF lesions are 
commonly at least Clark Level III or more  [  32  ] . 
A comparison between RGF and VGF is pro-
vided in Table  5.4   [  22,   27,   30–  34,   55  ] .  

 Melanomas that demonstrate only RGF gener-
ally carry an excellent prognosis, and surgical 
excision is usually curative  [  32  ] . However, these 
lesions do have the potential to metastasize 
 [  30,   32,   56  ] . The presence of an “early vertical 
growth phase” is associated with a 10% risk of 
metastasis in the 8 years following diagnosis 
 [  32  ] . Early VGF lesions exhibit primarily a radial 
growth pattern, but also features indicative of 
imminent progression to a true vertical pattern. 
Namely, at least one intradermal nest with diver-
gent cytology exceeds the size of intraepidermal 
aggregates, cellularity is increased, and dermal 
mitotic activity may or may not be present  [  32  ] . 
These lesions are regarded as Clark level II, 
sometimes bordering on level III  [  32  ] . 

 Some studies have failed to show a correlation 
between VGF and poor prognosis, especially for 
thin melanomas  [  57,   58  ] . Varying classifi cation 
of early VGF lesions may have contributed to 
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this discrepancy. In addition, there is evidence 
that invasive growth is signifi cantly correlated 
with other histopathological parameters, such as 
ulceration and mitotic rate, and may not be inde-
pendently predictive of prognosis  [  30  ] .  

   Regression 

 Regression is defi ned as a focal absence of tumor 
in the epidermis and dermis, bordered on one or 
both sides by malignant cells in the epidermis, 
dermis or both  [  30,   32  ] . The associated epidermis 
is atrophied, and the tumor cells are typically 
replaced by disorganized dermal fi broplasia, 
 melanophages, telangiectasias, and infl amma-
tory cells, most often lymphocytes  [  28,   30,   32, 
  34,   59  ] . Vessels are prominent and oriented per-
pendicular to the epidermis  [  32  ] , consistent with 
scar tissue morphology. The extent of this pro-
cess can vary from tumor to tumor  [  30  ] . In com-
plete regression, melanoma cells are completely 
absent from both dermis and epidermis. “Severe” 
regression describes the near or complete replace-
ment of neoplastic cells by dense fi brosis  [  28  ] . 

 Regression represents the interaction between 
melanoma cells and the host immune system 
 [  32  ] . Its prognostic implications are controversial 
 [  30,   32,   34  ] . The majority of studies indicate that 
the presence of regression is a negative prognos-
tic factor  [  30,   32,   34,   60–  64  ] . Depending on the 

criteria used, overall rates of regression in thin 
melanomas range from 7% to 61%. Additionally, 
40–100% of metastatic thin melanomas display 
regression  [  63  ] . This is counterintuitive given 
that increased host immune response in regres-
sive melanomas negatively correlated with patient 
outcome  [  32  ] . 

 One possible contributor to the discordance 
between regression and its observed impact is 
inter-study variation in its defi nition. Some 
researchers take into account only complete 
tumor regression, while others also consider evi-
dence of a partial process. Some studies include 
the active phase of host immune response, which 
eventually leads to the microscopic appearance of 
regression, in their defi nition. Furthermore, there 
are no standard criteria to differentiate between 
true tumor regression and other stromal reactions 
 [  59  ] . As a result, the College of American 
Pathologists deems tumor regression a signifi cant 
predictor of poor prognosis only in invasive mel-
anomas with complete regression or regression 
involving more than 75% of the lesion  [  34  ] . 

 Tumor regression is positively correlated with 
lymph node metastasis and increased tumor vas-
cularity; thus, these factors may be confounders 
for its negative impact on prognosis  [  30,   65,   66  ] . 
It has been suggested that the interaction between 
metastatic melanoma cells with host immune 
cells in lymph nodes could promote regression of 
the primary tumor  [  37  ] .  

   Table 5.4    Comparison between radial growth phase and vertical growth phase   

 Factor  Radial growth phase  Vertical growth phase 

 Location  Epidermis  Dermis 
 Intraepidermal 
component 

 Dominant component; uniform cytology; 
extends at least 3 rete ridges beyond 
any intradermal nests 

 Often cytologically and architecturally distinct 
from intradermal component 

 Intradermal component  Rare; cytological and architectural 
uniformity that is similar to superfi cial 
component 

 Present; often morphologically varied 

 Dermal mitoses  Absent  Usually present 
 Clark level  I or II  III+ 
 Architectural distortion 
of papillary dermis 

 Absent  May be present 
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   Host Infl ammatory Response 

 The key indicator of the host immune response to 
melanoma cells is the presence and distribution 
of tumor-infi ltrating lymphocytes (TILs)  [  30,   32, 
  34,   67  ] . To be considered TILs, lymphocytes 
must surround, directly contact and disrupt VGF 
tumor cells  [  32,   34  ] . Degree of TIL infi ltration is 
stratifi ed into inherently subjective categories: 
absent, nonbrisk and brisk infi ltrates. These are 
outlined in Table  5.5   [  28,   32,   34,   68  ] .  

 Increasing TIL presence is associated with 
positive prognosis  [  30,   34,   67–  76  ] . This is not sur-
prising, as TILs are believed to be cytotoxic and 
target malignant cells for destruction  [  32  ] . 
Immunohistochemistry can confi rm the degree of 
TIL infi ltration observed on hematoxylin and 
eosin (H&E) staining, and is used experimentally 
to assess the nature and activity of TILs  [  32,   67, 
  73–  76  ] . Markers for T-cell activation, such as 
CD25 and OX40, can be used to assess prognosis 
 [  76  ] . Large numbers of marker-positive TILs are 
associated with increased survival rates and nega-
tive sentinel lymph node status  [  32,   74  ] . Regulatory 
T-cell (Treg) markers include TIA-1, granzyme B 
and perforin  [  32  ] . Peritumoral positivity for 
DC-lamp (dendritic cell maturation factor) or 
CD1a (a marker expressed on Langerhans cells) 
are also associated with positive prognosis  [  76  ] . 
The relationship between immune cell marker 
positivity and prognosis indicates the potential for 
immunotherapy in patients with melanoma  [  32  ] . 

 Some studies have failed to show a correla-
tion between TIL infi ltration and prognosis 
 [  27,   77,   78  ] . There are several possible explana-
tions. First, some researchers include both RGF 
and VGF lesions, while others evaluate only 

invasive tumors  [  27  ] . TIL distribution in VGF 
lesions correlates more strongly with progno-
sis. Also, there is evidence that TILs may be 
anergic or functionally defi cient, and may not 
represent a true immune response. When deter-
mining prognosis, the TIL activation state may 
be more important than degree of infi ltration 
 [  74,   76,   79,   80  ] .  

   Tumor Vascularity 

 Tumor vascularity can be evaluated quantita-
tively (number of vessels) and qualitatively (ves-
sel diameter) on routine H&E sections  [  30  ] . Color 
Doppler sonography has also been used to assess 
melanoma vascularity in a research setting  [  81  ] . 
Vascular endothelial growth factor (VEGF) and 
other growth factors, produced by tumor and 
stromal cells, promote angiogenesis at the base of 
the invasive vertical phase  [  59,   82  ] . Elevated lev-
els of VEGF are associated with increased angio-
genesis, lymphangiogenesis and metastasis. 
VEGF is also increased during the transition from 
RGF to VGF  [  83  ] . 

 Numerous studies have shown a correlation 
between tumor vascularity and poor prognosis 
 [  84–  86  ] . Increased vessel density and vascular 
cross-sectional area are associated with (1) 
increased rates of metastasis and (2) decreased 
overall and relapse-free survival  [  84,   87–  89  ] . 
However, some research groups report no rela-
tionship between tumor vascularity and progno-
sis  [  90–  92  ] . Others report prognostic signifi cance 
only for thin melanomas, which would imply that 
vascularity is important only in early stages of 
lesion development  [  93  ] . There is evidence that 

   Table 5.5    Quantifi cation of host infl ammatory response  [  28,   32,   34,   68  ]    

 TILs absent  No lymphocytes, or lymphocytes present do not qualify as TILs; perivascular lymphocytes may 
be present, within or outside the lesion 

 TILs nonbrisk  Focal or multifocal lymphocytic infi ltration 
 TILs brisk  Diffuse lymphocytes throughout the entire invasive component of the lesion or across the entire 

base of the vertical growth phase; some authors maintain that 90% infi ltration of the lesion base 
is suffi cient to declare a brisk response 
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tumor vascularity is a precursor to ulceration and 
vascular invasion, and that it is correlated with 
tumor thickness. Thus, vascularity may be a 
marker for other poor prognostic factors, rather 
than an independent predictor of survival and 
metastasis  [  30  ] .  

   Vascular Invasion 

 Vascular invasion is defi ned as the presence of 
tumor cells within a vessel lumen  [  30,   94–  96  ] . 
Three types of vascular invasion have been iden-
tifi ed in melanomas:
    1.    “Classic,” or certain, invasion is defi ned by 

the presence of viable neoplastic cells in the 
vessel lumen.  

    2.    “Uncertain vascular invasion” is said to exist 
when tumor cells are observed within a vessel 
wall, but not in the lumen.  

    3.    Perivascular cuffi ng by melanoma cells is 
termed “angiotropism” or “extravascular 
migratory metastasis”  [  32  ] .     
 True vascular invasion refl ects aggressive 

tumor biology  [  32  ] , and is classifi ed by most 
studies as a negative prognostic factor. It is asso-
ciated with regional lymph node and distant 
metastasis, in addition to reduced overall and 
disease-free survival  [  94,   97  ] . The prognostic 
signifi cance of vascular invasion is particularly 
strong in T4 melanomas and in patients with 
lymph node metastases  [  59,   98  ] . Classic vascular 
invasion can be diffi cult to assess microscopi-
cally, as artifact from tissue shrinkage or from the 
folding of tortuous vessels can create the false 
impression of lumina  [  99  ] .  

   Angiotropism 

 Angiotropism is defi ned as the presence of mela-
noma cells directly opposed to the external sur-
face of lymphatic or microvascular structures. 
These cells may be arranged in a linear array, an 
aggregate or both. If only aggregates are present, 
there must be at least two or more nests at or near 
the advancing tumor front. No aggregates should 

be visible in vascular or lymphatic lumina, as this 
would characterize frank invasion  [  99,   100  ] . 

 The few studies that have examined the rela-
tionship between angiotropism and metastasis have 
shown a strong link between the two  [  100–  104  ] . 
Melanoma cells are hypothesized to travel along 
the external surface of vessels; this is one mecha-
nism by which the tumor spreads to near and/or 
distant sites  [  99,   105,   106  ] . Supportive evidence 
comes from immunopathologic studies showing 
melanoma cells abutting on, but not invading, 
external vessel surfaces. Ultrastructural studies 
have demonstrated an “amorphous matrix,” called 
the angiotumoral complex, which binds neoplastic 
cells to vascular structures  [  99,   107–  110  ] .  

   Histological Tumor Type 

 In 1970, Clark identifi ed three histologic sub-
types of melanoma: superfi cial spreading, nodu-
lar, and lentigo maligna  [  30,   32  ] . A fourth subtype, 
acral lentiginous, was added in 1977  [  32,   111  ] . 
Growth patterns and depth of invasion exhibited 
by these variants have shown greater prognostic 
signifi cance than the subtypes themselves  [  34  ] . 

 Superfi cial spreading melanoma (SSM) is by 
far the most common architectural subtype, com-
prising 70–80% of all melanomas. SSMs usually 
arise on skin of the trunk or extremities that has 
received little or intermittent sun exposure 
 [  32,   39  ] . Clinically, lesions may display a combi-
nation of colors, including tan, brown, gray, 
black, violaceous, and pink. Rarely, they may be 
blue or white  [  32  ] . SSM usually appears as 
a sharply marginated, palpable papule or nodule 
of several millimeters in height, often with one 
or more “peninsula-like” projections  [  32  ] . 
Microscop ically, SSMs are likely to be poorly 
circumscribed  [  112  ] . They are primarily com-
posed of atypical epithelioid melanocytes with 
eosinophilic, amphophilic, or fi nely pigmented 
cytoplasm and large nuclei with prominent nucle-
oli. The migration of single neoplastic cells (pag-
etoid spread) into a normal or hyperplastic 
epidermis is common  [  32,   39,   112  ] . Dermal 
nests may vary substantially with regard to size 
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and cytologic features  [  32  ] . Given anatomic 
 locations, solar elastosis may be absent  [  39  ] . 

 Nodular melanomas (NMs) are also fairly 
common, comprising 15–30% of melanomas 
 [  113  ] . NMs have a similar anatomic distribution 
to SSMs, appearing primarily on areas of the 
trunk and extremities that receive sporadic sun 
exposure  [  32  ] .  NM appears as a smooth nodule, 
ulcerated polyp or elevated plaque without a sur-
rounding fl at, pigmented lesion. NMs do not 
 display the range of colors seen in SSMs, and are 
usually brown, black or blue-black  [  32  ] . NMs are 
defi ned by a primarily vertical growth pattern. 
Intraepidermal spread, or RGF, is absent or lim-
ited to less than three rete ridges beyond the inva-
sive component. In the dermis, NMs form nests 
of neoplastic cells that coalesce into an expansile 
nodule  [  32,   39,   112  ] . 

 Approximately 4–15% of melanomas are clas-
sifi ed as lentigo maligna melanomas (LMMs) 
 [  112  ] . In contrast to SSMs and NMs, LMMs occur 
in areas of chronic sun exposure and, by defi ni-
tion, display solar elastosis  [  32,   112  ] . LMMs usu-
ally appear as irregular, fl at, sometimes slightly 
raised lesions on the face or neck  [  32  ] . They range 
in color from tan to brown to black, and may dis-
play dark fl ecks of pigment on a paler background 
 [  32  ] . Microscopically, LMMs are poorly circum-
scribed with epidermal atrophy  [  112  ] . Spindled 
melanocytes may predominate  [  32,   39,   112  ] , and 
often exhibit large, hyperchromatic nuclei with 
multinucleation  [  32  ] . Neoplastic cells are concen-
trated in the basal layers of the epidermis  [  32,   39, 
  112  ] . Extension down adnexal structures is often 
found, but pagetoid spread is uncommon  [  32,   39  ] . 

 Acral lentiginous melanomas (ALMs) are rare 
in white populations (2–8% of all melanomas), 
but account for 29–72% of melanomas in Asians, 
African-Americans and Hispanics  [  113  ] . These 
lesions appear on the acral skin of the hands and 
feet  [  32,   112  ] . Neoplastic cells are commonly 
spindled or banal-appearing  [  39,   112  ] , and tend 
to be dispersed as single cells, rather than nests, 
in the epidermis  [  112  ] . Lentiginous elongation of 
rete ridges may be observed  [  39  ] . 

 A 1982 international committee in Sydney, 
Australia determined that melanoma subtype has 
no bearing on clinical course or prognosis, and 

that outcome is most closely associated with 
tumor thickness  [  32  ] . Indeed, most studies have 
shown minimal prognostic signifi cance of sub-
type when Breslow thickness is controlled for as 
a possible confounder  [  28,   112  ] . Additionally, the 
association between NM and ALM with high-
risk factors such as vertical growth phase and 
hand/foot distribution, respectively, may play a 
role in determining the relationship between his-
tologic tumor type and prognosis. Nevertheless, 
different studies have used varying criteria to 
classify melanoma subtype, and LMM and SSM 
are often found to have a better prognosis than 
ALM and NM  [  114–  117  ] . However, not all mela-
nomas fi t neatly into these discrete categories 
 [  28,   118  ] . In light of this, recent evidence sug-
gests that melanoma subtypes may be appropri-
ately considered as a spectrum, rather than 
discrete categories  [  112  ] . 

 Importantly, the AJCC TNM staging criteria 
are derived primarily from data on the most com-
mon melanoma subtypes: SSM and NM  [  33  ] . 
The AJCC acknowledges that other types of 
lesions, namely LMM, ALM and desmoplastic 
melanoma (DM), may have divergent natural his-
tories. However, no separate staging criteria cur-
rently exist to more accurately classify these 
latter tumors  [  33  ] .  

   Cytologic Variants 

 Melanoma cells exhibit a broad spectrum of cyto-
logic features. Limited available evidence sug-
gests that prognosis may be worsened for certain 
cytologic variants of melanoma, namely amelan-
otic, signet-ring, or small cell lesions  [  30  ] . 

 Amelanotic cells are characterized by their 
lack of pigment on H&E staining  [  6  ] . Accurate 
identifi cation of amelanotic lesions may require 
immunohistochemical studies for evidence of 
melanocytic differentiation (i.e., S-100, HMB-
45, or MART-1). Electron microscopy may be 
used to identify melanosomes within the tumor 
cells  [  39,   42  ] . 

 Signet-ring cell melanomas are defi ned by 
cytoplasmic vacuoles containing vimentin and 
other intermediate fi laments. Nuclei are pushed 
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to the periphery, resulting in the characteristic 
“signet-ring” morphology  [  119,   120  ] . These 
cytologic variants of melanoma are rare, and 
found more often in metastatic or recurrent 
tumors than in primary lesions. 

 Small cell melanomas are composed of uni-
form cells and may resemble other small cell 
neoplasms  [  39  ] . It is the only cytologic variant 
signifi cantly associated with sentinel lymph node 
metastasis. This risk is further increased by the 
presence of ulceration in these tumors  [  56  ] . 

 Spindle cell melanomas are composed of a 
prominent fusiform cellular component and scant 
stroma  [  42  ] , and may show better survival rates 
than epithelioid tumors  [  121  ] . 

 Spitzoid melanomas exhibit enlarged epithe-
lioid and spindle cells similar to those seen in 
benign Spitz nevi  [  40  ] . While one study showed 
improved prognosis for children with spitzoid 
melanomas compared to other variants  [  122  ] , 
other case studies demonstrate equivalent sur-
vival rates with prolonged follow-up  [  123  ] . 

 Nevoid or minimal deviation melanomas 
resemble benign compound or intradermal nevi 
when viewed at low power  [  39,   42  ] . These lesions 
display uniform cytology in the VGF with mitotic 
activity, but may be prognostically favorable  [  42  ] .  

   Desmoplasia 

 The desmoplastic melanoma (DM), a rare histo-
logic variant, is composed of fusiform to spindle-
shaped melanocytes within a prominent 
collagenous stroma  [  124  ] . These lesions are usu-
ally amelanotic and fi brosing  [  124,   125  ] . 
Diagnostic diffi culty is not uncommon, as pre-
dominantly fi brous lesions may resemble der-
mal scars, dermatofi bromas or fi brosarcomas 
 [  124,   125  ] . Criteria used to differentiate DMs 
from benign lesions are the presence of atypical 
cells, a host infl ammatory response and/or over-
lying lentigo maligna changes. S-100 positivity 
can be used to confi rm melanocytic differentia-
tion  [  39  ] ; although, MART-1 and HMB-45 are 
less sensitive in this setting. 

 DMs tend to occur on sun-damaged skin of 
the head and neck. Average age of incidence is 

10 years older than for other melanoma subtypes 
 [  126–  132  ] . Multiple studies have shown patients 
with DMs to be at lower risk for lymph node 
metastasis than other melanoma variants of simi-
lar thickness  [  125–  127,   133–  136  ] . However, risk 
of local recurrence may be increased in DMs 
 [  127,   129–  131,   133,   137  ] . Some researchers have 
compared pure DMs, usually defi ned as tumors 
that are 80–90% fi brotic, with mixed or combined 
DMs, which contain more cellular areas. These 
studies indicate that prognosis may be better for 
pure DMs  [  125,   133  ] .  

   Neurotropic Melanoma 

 Neurotropism, also called perineural invasion 
 [  34  ] , is defi ned by melanoma infi ltration into and 
extension along nerve fi bers  [  138–  140  ] . Pure 
 neurotropic lesions comprise less than 1% of all 
melanomas  [  141  ] . More commonly, neurotropism 
is observed in conjunction with desmoplasia in 
the context of desmoplastic neurotropic mela-
noma (DNM)  [  34,   129,   130,   140,   142  ] . In either 
case, neurotropism is likely to be an adverse prog-
nostic indicator worthy of mention in the der-
matopathology report  [  30,   34  ] . 

 Although not as rare as pure neurotropic 
tumors, DNMs are uncommon. They generally 
display Schwann-like differentiation and 
perineural invasion, and may resemble neural 
sheath tumors  [  129,   130,   140,   142  ] . DNMs do 
not tend to metastasize, but have high local 
recurrence rates  [  34,   129,   140,   142–  147  ] . DNMs 
are generally deeply infi ltrative and poorly cir-
cumscribed. These features, combined with 
extension along nerve sheaths, may complicate 
surgical excision. DNMs may be amelanotic, a 
feature which is reported to indicate a poorer 
prognosis  [  141,   142  ] .  

   Cytologic Atypia 

 Limited studies have assessed the correlation 
between degree of cytologic atypia and mela-
noma prognosis. Current evidence indicates that 
this parameter is not as signifi cant as tumor 
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thickness or mitotic activity, and may only be 
relevant in cases of severe atypia. The latter has 
been found to correlate with increased rates of 
metastasis  [  30  ] .  

   Borderline Melanocytic Lesions 

 Borderline lesions, also referred to as melano-
cytic tumors of uncertain malignant potential 
(MELTUMP), pose an important diagnostic chal-
lenge. These lesions are often composed of epi-
thelioid and/or spindle cells with spitzoid 
morphology. In such cases, a defi nitive distinc-
tion between a Spitz nevus and malignant spit-
zoid lesion may be challenging  [  32  ] . Key 
differences are as follows: 

 Spitz nevi are symmetrical and sharply demar-
cated  [  32,   39  ] , with an epidermal component that 
generally does not extend beyond the dermal 
constituent. They tend to measure 6 mm or less in 
greatest diameter  [  32  ] . Noticeable epidermal 
hyperplasia is observed  [  32,   39  ] , and aggregates 
of melanocytic cells are often nestled between 
rete ridges  [  39  ] . Melanocytic distribution may be 
junctional, dermal, or compound  [  39  ] , and nests 
are generally uniform, ovoid, and perpendicular 
to the skin surface  [  32  ] . Cells are spindle-shaped, 
epithelioid, or both. Highly atypical or multinu-
cleated cells and scant mitoses may be present 
superfi cially  [  39  ] . Melanocytes “mature,” by 
decreasing in size and degree of atypia, in the 
deep aspect of the lesion  [  32,   39  ] . Prominent 
eosinophilic, hyaline Kamino bodies may be 
observed at the dermal-epidermal junction 
 [  32,   39  ] . Lymphocytic infi ltration tends to be 
patchy, rather than lichenoid  [  39  ] . Melanin may 
be absent, scarce or abundant  [  39  ] . 

 In contrast, malignant spitzoid lesions are 
asymmetric  [  32,   39  ] , and may measure greater 
than 6 mm  [  32  ] . Melanocyte maturation is 
decreased  [  32,   39  ] , while cytologic atypia is 
increased  [  39  ] . Pagetoid spread (of single 
cells into the epidermis) is prominent and extends 
into poorly defi ned epidermal “shoulders”  [  32  ] . 
Size, shape and orientation of melanocytic nests 

are variable, and melanin pigment is prominent 
and irregularly distributed  [  32  ] . Epidermal reac-
tion is usually minimal  [  32,   39  ] . Mitoses are often 
atypical and distributed throughout the lesion, 
including at the base  [  32,   39  ] . Mitoses within 
0.25 mm of the deep edge signal a particu-
larly poor prognosis  [  32  ] . It is reported that 
malignant lesions do not contain Kamino bodies. 
Lymphocytic infi ltration is more lichenoid than 
patchy  [  39  ] . 

 Borderline lesions display a combination of 
benign and malignant features. Borderline spit-
zoid lesions may also be called “borderline spit-
zoid melanocytic proliferations,” “Spitz tumors 
with severe atypia” or “atypical Spitz tumors.” 
While prognosis is usually favorable, metastasis 
can occur. These lesions are highly controversial 
and are often treated like melanomas, including 
sentinel lymph node biopsy and lymphadenec-
tomy (when the former indicates “metastatic” 
disease)  [  32  ] .  

   Association with a Benign 
Melanocytic Nevus 

 Approximately one-quarter to one-third of mela-
nomas are associated with a preexisting benign 
melanocytic nevus  [  39,   148  ] . An estimated 
0.00005–0.003% of nevi undergo malignant 
transformation to become melanoma, and the 
likelihood of this increases with patient age  [  148  ] . 
The remaining tumors are assumed to have 
arisen de novo  [  39  ] . Overall, the literature shows 
that this distinction has minimal bearing on 
 prognosis  [  30  ] .  

   Paratumoral Epidermal Hyperplasia 

 Melanoma-induced changes in local tissue archi-
tecture may play a role in prognosis. Paratumoral 
epidermal hyperplasia (PTEH) is characterized 
by epithelial proliferation that directly envelopes 
a melanoma. One study, which described PTEH 



615 Clinical and Histopathological Parameters in Melanoma

as the difference between the deepest paratumoral 
epidermal penetration and thickness of the adja-
cent normal epidermis, found PTEH of at least 
1 mm to be strongly associated with decreased 
rates of metastasis  [  149  ] . While further research 
is warranted, it is likely that PTEH is a positive 
prognostic factor  [  149  ] . 

 PTEH should not be confused with pseudoep-
itheliomatous hyperplasia, which is a nonspecifi c 
reactive response that results in overall epithelial, 
rather than simply paratumoral, proliferation. 
Unlike PTEH, pseudoepitheliomatous hyperpla-
sia can occur in response to infection, infl amma-
tion and trauma, in addition to neoplasia 
 [  149–  151  ] . Pseudoepitheliomatous hyperplasia 
is not uncommon in melanocytic nevi, but is rare 
in melanomas  [  150,   152,   153  ] .  

   Satellite and In-Transit Metastasis 

 A satellite metastasis, also called microsatellito-
sis or a microscopic satellite, is a discontinuous 
tumor cell aggregate measuring 0.05 mm or more 
in diameter and separated from the primary inva-
sive tumor mass by 0.3–2.0 cm of normal dermis 
 [  32–  34,   154, 155  ] . Microsatellites are located 
deep to the principal tumor mass in the reticular 
dermis or subcutaneous tissue  [  32,   34  ] . The inter-
vening cutaneous tissue should not be fi brotic or 
infl amed  [  33  ] . In-transit metastases are identical 
to microsatellites, except that they are located, 
by defi nition, more than 2 cm from the primary 
melanoma  [  154, 155  ] . 

 Satellite and in-transit metastases are indica-
tive of intralymphatic tumor cell migration from 
the main mass to regional lymph nodes, and form 
when melanoma cells become trapped en route 
between the tumor and those nodes  [  33,   34, 
  154, 155  ] . Their identifi cation is suffi cient to 
declare the presence of intralymphatic metasta-
sis, a defi ning criterion for AJCC Stage III mela-
noma  [  32,   33  ] . Current evidence does not support 
microsatellitosis and/or in-transit metastases as 
independent prognostic factors, likely because 

the defi nitions of these entities have fl uctuated 
over time. However, their identifi cation, in the 
presence of thicker tumors (>1.5 mm), is associ-
ated with a higher risk of local recurrence and an 
increased frequency of regional lymph node dis-
ease (12–53%)  [  33  ] .  

   Sentinel Lymph Nodes 

 While sentinel lymph node status is not included 
in a basic histopathology report for a cutaneous 
lesion, certain prognostic clues suggestive of an 
aggressive tumor can be used to indicate the need 
for its evaluation. The fi rst node draining a cuta-
neous lesion is considered the sentinel lymph 
node. Its status is regarded as a good predictor of 
additional lymphatic metastasis for a number of 
neoplasms. Patients with cutaneous melanomas 
staged as 1B or greater may be candidates for sen-
tinel lymph node biopsy. Results of this proce-
dure can be used to detect lymphatic metastasis, 
correctly stage aggressive cutaneous tumors, and 
determine appropriate therapy  [  156  ] . Of note, 
sentinel lymph node status has been considered 
the most important prognostic criterion in pre-
dicting survival in melanoma patients  [  156  ] . 
Although an extremely important measure for 
prognosis and therapy, sentinel lymph node 
biopsy is a more invasive surgical procedure than 
cutaneous biopsy or excision. Therefore, clinico-
pathological correlation and preliminary staging 
should be used to determine the appropriate 
patient population requiring sentinel lymph node 
biopsy.  

   Conclusion 

 Accurate reporting is essential for diagnosis, 
staging and clinical management of patients with 
melanoma. Table  5.6  provides a summary of 
prognostic information relating to clinical and 
histopathological parameters for melanoma con-
tained in the dermatopathology report.       



   Table 5.6    Summary of prognostic information relating to clinical and histopathological parameters for melanoma 
contained in the dermatopathology report a    

 Parameter  Prognostic signifi cance  Comment 

 Age  Increasing age worsens prognosis 
 Anatomic location  Acral and head and neck melanoma worse 

than trunk which is worse than proximal 
extremity lesions 

 Value of extremity vs. trunk lesions is 
controversial 

 Gender  Female sex improves prognosis 
 Breslow thickness b   Increasing thickness worsens prognosis  Strongest prognostic factor; should be 

considered as a continuous variable 
 Clark anatomic level b   Increasing level worsens prognosis  Prognostic value may be increased for 

thin melanomas 
 Tumor volume  Increasing tumor volume worsens prognosis  Diffi cult to calculate 
 Cross-sectional profi le  Polypoid lesions carry worse prognosis  Little additive value beyond other 

histopathological factors 
 Ulceration b   Ulceration worsens prognosis  Signifi cance in thin lesions is 

controversial 
 Mitotic index b   Increasing number of mitoses worsens 

prognosis 
 Prognostic value may be increased for 
thin melanomas 

 Radial and vertical 
growth phase 

 VGP carries worse prognosis than RGP  Signifi cance in thin lesions is 
controversial 

 Regression  Regression may worsen prognosis  Lack of agreed-on defi nitions; may only 
be signifi cant when >75% of lesion is 
involved 

 Host infl ammatory 
response 

 Brisk infl ammatory response may 
improve prognosis 

 Degree of immune system activation 
likely more valuable than mere presence 
of TILs 

 Tumor vascularity  Increased vascularity may worsen prognosis  May be correlated with other poor 
prognostic factors, rather than a 
prognostic factor itself 

 Angiotropism  Angiotropism worsens prognosis  Limited studies in the literature 
 Vascular invasion  Vascular invasion worsens prognosis  Potential artifacts can create false 

vascular spaces 
 Histologic tumor type  Controversial  Lack of agreed-on defi nitions; may 

represent a continuous spectrum, rather 
than discrete categories 

 Cell type  Amelanotic, signet-ring cell, and small cell 
phenotype may worsen prognosis; nevoid and 
spindle-cell phenotype may improve prognosis 

 Limited studies in the literature 

 Desmoplasia  Desmoplasia appears to improve prognosis  Increased local recurrence despite 
decreased SLN metastases; prognostic 
value may be increased for thick 
melanomas 

 Neurotropism  Neurotropism may worsen prognosis  Increased local recurrence despite 
decreased SLN metastases; diffi cult to 
excise 

 Cellular atypia  Marked atypia worsens prognosis  Little additive value over other histo-
pathological factors; limited studies in 
the literature 

 Association with nevus  Controversial  Little additive value over other histo-
pathological factors 

 PTEH  PTEH may improve prognosis  Limited studies in the literature 
 Satellite and in-transit 
metastasis 

 Either metastasis worsens prognosis  No prognostic difference between type of 
metastasis 

   RGP  radial growth phase,  VGP  vertical growth phase,  TILs  tumor-infi ltrating lymphocytes,  SLN  sentinel lymph node, 
 PTEH  paratumoral epidermal hyperplasia 
  a Adapted from Payette et al.  [  52  ]  
  b Part of American Joint Committee on Cancer (AJCC) melanoma staging system  
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     6    Genetic/Epigenetic Biomarkers: 
Distinction of Melanoma from Other 
Melanocytic Neoplasms       

     Minoru   Takata             

        Introduction 

 Although it is considered the “gold standard” for 
classifi cation of cutaneous melanocytic tumors, 
light microscopic analysis is often equivocal  [  1  ] . 
In some cases, there is considerable disagree-
ment, even among expert pathologists  [  2–  6  ] . The 
most frequent diagnostic problem is the distinc-
tion of a Spitz nevus from a spitzoid melanoma. 
One large study, retrospectively reviewing the 
histopathology of cases presented to a multidisci-
plinary panel, found a signifi cant change from 
the original diagnosis in 559 (11%) of 5,136 
specimens. In this study, the microscopic inter-
pretation was changed from nevus to melanoma, 
or vice versa, in 120 (2.3%) of the cases  [  5  ] . 
A misdiagnosis or the incorrect interpretation of 
a melanocytic lesion can result in unnecessary psy-
chological stress to the patient, under-treatment 
or over-treatment, and improper follow-up. Thus, 
diagnostically applicable parameters other than 
routine histopathology are needed. 

 Recent investigations have revealed signifi -
cant differences in genetic alterations between 
melanomas and benign melanocytic prolifera-

tions (reviewed in reference  [  7  ] ). The distinct 
patterns of somatic genetic alterations between 
melanoma and benign melanocytic tumors offer 
an opportunity to develop diagnostic strategies 
based on molecular genetic methods. This chap-
ter discusses several molecular genetic analyses, 
which could be used as additional diagnostic 
tools, to distinguish melanoma from other mel-
anocytic neoplasms.  

   Allelic Imbalance (AI) Analysis 

 Analyses of allelic imbalance (AI) or loss of 
heterozygosity (LOH) reveal the presence of 
deletions or gains of specifi c alleles. PCR ampli-
fi cation of microsatellite polymorphic markers 
followed by gel electrophoresis is used for this 
analysis, and can be easily performed on DNA 
obtained from formalin-fi xed paraffi n-embedded 
(FFPE) tissues. If one fi nds two alleles in the nor-
mal tissue of a patient, this marker is regarded as 
informative. An imbalance is assumed if only one 
allele is detected in the tumor tissue. It should be 
noted that contamination of tumor samples by 
normal cells can produce false-negative results; 
although, laser capture microdissection may 
enhance the sensitivity of detection. As some 
markers will be homozygous at a particular locus 
and thus uninformative, a combination of mark-
ers is normally employed. 

 Healy et al.  [  8  ]  allelotyped 41 primary cutane-
ous melanomas and 32 benign melanocytic nevi, 
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using 45 microsatellite markers that spanned all 
autosomal arms. They found frequent AI on sev-
eral arms, including 9p, 10q, 6q, and 18q in pri-
mary melanomas. In contrast, 30 of 32 nevi 
showed no AI. Two nevi demonstrated AI, includ-
ing a loss of 9p in one case. These latter nevi 
were described as showing atypical histopatho-
logical features that suggested dysplastic nevi. 
The authors also examined 27 Spitz nevi with 
markers that showed frequent loss in melanomas, 
and found that two cases had interstitial deletions 
of 9p. Thus, AI of 9p may not be confi ned to mel-
anoma, and other genetic lesions, such as loss of 
10q, 6q, and 18q, could be markers of a malig-
nant phenotype  [  8  ] . 

 Van Dijk et al.  [  9  ]  tested the diagnostic utility 
of AI analysis in a series of 55 tumors that included 
benign Spitz nevi, Spitz tumors of unclear malig-
nant potential (atypical Spitz tumors), and spit-
zoid melanomas. Twelve microsatellite markers 
that mapped to chromosomal arms 1p, 3p, 6q, 8q, 
9p, 10q, and 11q were selected for analysis. AI 
was found in 2 of 12 (17%) typical Spitz nevi, 3 
of 9 (33%) atypical Spitz tumors, 12 of 17 (65%) 
atypical Spitz tumors suspected of being melano-
mas, and 15 of 17 (88%) spitzoid melanomas. 
The authors concluded that this approach had no 
direct applicability for distinguishing between 
benign and malignant spitzoid tumors  [  9  ] .  

   Comparative Genomic 
Hybridization (CGH) 

 CGH is a method to detect and map DNA copy 
number changes throughout the entire genome, 
using a cytogenetic map supplied by metaphase 
chromosomes. It involves the simultaneous hybrid-
ization of two differentially labeled DNA popula-
tions; one from a tumor sample and the other from 
a healthy donor serving as a reference. Recently, a 
new variation of the CGH methodology was 
reported, in which metaphase chromosomes are 
replaced by arrays of genomic bacterial artifi cial 
chromosome clones (array CGH). This allows for 
accurate quantifi cation of DNA copy number vari-
ations over a wide dynamic range and signifi cantly 

improves the resolution of measurements. 
Importantly, CGH can be performed on archival 
FFPE samples, although a relatively large amount 
of tissue is needed to obtain suffi cient DNA  [  10  ] . 

 A number of CGH-based studies have found 
that the majority of melanomas show chromo-
somal aberrations, whereas benign melanocytic 
nevi do not  [  11,   12  ] . Spitz nevi may demonstrate 
isolated gain of the short arm of chromosome 11 
(11p), a fi nding that is not observed in melanoma 
 [  13  ] . The clear differences in patterns of aberra-
tions between benign and malignant melanocytic 
tumors suggest that they could be of diagnostic 
use. Several cases have been reported in which 
CGH provided additional information for diag-
nosis of histopathologically ambiguous spitzoid 
tumors  [  10,   14,   15  ] . Raskin et al.  [  16  ]  examined 
copy number variations in 16 atypical Spitz 
tumors by array CGH, and found chromosomal 
aberrations in seven cases. However, the vast 
majority of chromosomal abnormalities observed 
in these cases are not commonly found in mela-
nomas, suggesting that the atypical Spitz tumor 
may, in fact, be a distinct entity different from 
conventional Spitz nevus and melanoma. 

 CGH may also be useful in solving other diag-
nostic problems relating to melanocytic tumors, 
such as distinguishing between a benign prolif-
erative nodule and a melanoma arising within a 
congenital melanocytic nevus (CMN), and 
the distinction of malignant blue nevi from 
benign dermal-based melanocytic proliferations. 
A recent CGH-based analysis examining neo-
plasms arising in CMN revealed that proliferative 
nodules showed numerical aberrations of whole 
chromosomes. This pattern differed signifi cantly 
from the fi ndings for melanoma that arose within 
CMN  [  17  ] . In the case of dermal-based melano-
cytic proliferations, unequivocally benign and 
malignant lesions show non-overlapping patterns 
of chromosomal aberration; however, ambiguous 
tumors can be separated into lesions with and 
without genomic changes  [  18  ] . The differences 
in CGH patterns may be of diagnostic value 
in ambiguous cases of these rather rare, but 
 sometimes diagnostically challenging, melano-
cytic neoplasms.  



716 Genetic/Epigenetic Biomarkers: Distinction of Melanoma from Other Melanocytic Neoplasms

   Multiplex Ligation-Dependent 
Probe Amplifi cation (MLPA) 

 MLPA is a novel technique to measure the copy 
number of up to 45 nucleic acid sequences in one 
single reaction  [  19  ] . This method relies on 
sequence-specifi c probe hybridization to genomic 
DNA, followed by multiplex-PCR amplifi cation 
of the hybridized probe, and semi-quantitative 
analysis of the resulting PCR products. The assay 
is easily performed; requiring only 50 ng of DNA 
extracted from routinely processed FFPE sec-
tions, and thus, may be a superior adjunctive 
diagnostic tool to CGH. Another advantage of 
this technique is that it is fast, and multiple sam-
ples can be tested in one reaction. 

 Van Dijk et al.  [  20  ]  evaluated the reliability of 
MLPA on DNA isolated from archival melano-
cytic tumors. They compared MLPA results with 
those simultaneously determined by CGH, and 
found 86% concordance of results by both meth-
ods. Discordance commonly involved alterations 
that were detected by MLPA and not by CGH, 
probably due to a combination of the lower reso-
lution of CGH and occasional false-positive 
MLPA results. The authors concluded that MLPA 
is a feasible method to screen large numbers of 
archival tissues for DNA gains and losses. 

 Takata et al.  [  21  ]  examined copy number 
alterations of 55 melanocytic tumors (24 primary 
melanomas, 14 Spitz nevi and 17 banal nevi) 
using commercially available MLPA kits, SALSA 
P005 and P006. These kits include 76 target genes 
spanning almost all chromosomal arms. DNA 
was extracted from archival FFPE tissues. The 
authors found multiple ( ³ 3) copy number gains 
and losses in all but two primary melanomas. In 
contrast, all of the examined Spitz nevi and banal 
melanocytic nevi showed copy number changes 
at <2 loci. Receiver operator characteristic curve 
analysis showed that the threshold value of copy 
number aberrations corresponding to 98% speci-
fi city for melanoma was 2.42, with a sensitivity 
using this threshold value of 92.5%. This prelimi-
nary study indicates that MLPA could be used as 
an adjunctive diagnostic tool for melanocytic 
tumors  [  21  ] .  

   Fluorescence In Situ 
Hybridization (FISH) 

 FISH uses fl uorescently labeled probes that are 
complementary to stretches of genomic DNA. 
The analysis may be performed on FFPE sections, 
and can detect cells with aberrations in the pres-
ence of signifi cant numbers of adjacent normal 
cells. However, while gene amplifi cation is rather 
easy to detect by FISH analysis of FFPE sections, 
the detection of heterozygous deletion is more 
diffi cult (i.e., the detection of a single copy of a 
gene in a nucleus may be an artifact of tissue- 
sectioning procedures). Thus, analysis of large 
numbers of both tumor and normal cells is 
required to determine a potential decrease in aver-
age copy number of a test probe relative to a refer-
ence probe. Furthermore, FISH is time-consuming, 
and can only investigate a few loci at a time. 

 To overcome the disadvantages of FISH, 
Gerami et al.  [  22  ]  used existing data on DNA copy 
number alterations in melanoma to assemble pan-
els of FISH probes suitable for distinction of mel-
anoma from melanocytic nevi, and tested their 
validity in large cohorts of melanocytic tumors. 
The authors found that a four-probe combination 
targeting 6p25 (RREB1), centromere 6, 6q23 
(MYB), and 11q13 (cyclin D1) provided the high-
est diagnostic discrimination, correctly classify-
ing melanomas with 86.7% sensitivity and 95.4% 
specifi city. As the four probes were labeled with 
four different colors, one hybridization reaction 
was suffi cient. For the enumeration of FISH sig-
nals, ten random nuclei were counted in three 
selected areas. The same authors further evaluated 
the diagnostic sensitivity of FISH targeting these 
four loci in larger numbers of melanocytic nevi 
and melanomas of different histological subtypes, 
and confi rmed the high performance of this probe 
set in distinguishing melanoma from nevi. They 
additionally found that clonal abnormalities in 
chromosome 6 with increased copies of short arm 
relative to long arm are common in all melanoma 
subtypes, and that copy number increase of 11q13 
is most common in lentigo maligna melanomas 
 [  23  ] . This probe set has also assisted with the 
diagnostic classifi cation of melanocytic tumors 
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with ambiguous pathology  [  22  ] , distinguishing 
blue nevus-like cutaneous melanoma metastasis 
from epithelioid blue nevus  [  24  ] , nevoid mela-
noma from mitotically active nevus  [  25  ] , and len-
tigo maligna from benign junctional nevus  [  26  ] . 
This four-probe FISH assay appears to be a useful 
diagnostic aid to traditional histopathologic 
evaluation. 

 FISH is also helpful in the diagnosis of early 
acral melanoma in situ. Although early forms of 
acral melanoma in situ may show clinical fea-
tures suggestive of malignancy, including large 
size, variegated color, and/or irregular shape, the 
light microscopic diagnosis of these tumors may 
be diffi cult or even impossible. Often, such 
lesions show only a slight increase in melano-
cytes with absent or minimal cytologic atypia 
 [  27  ] . Yamaura et al.  [  28  ]  performed FISH analy-
sis on clinically atypical, but histopathologically 
near-normal pigmented lesions on the sole of the 
foot, and demonstrated cyclin D1 amplifi cations 
in normal-appearing intraepidermal melanocytes 
in some cases. Such lesions show a parallel ridge 
pattern on dermoscopy, a characteristic fi nding of 
acral melanoma in situ  [  29  ] . Amplifi cation of the 
cyclin D1 gene is a genetic hallmark of acral 
melanoma, detected in atypical melanocytes in 
the macular portion of overt tumor, as well as in 
non-atypical melanocytes in the epidermis 
beyond the histopathologically recognizable bor-
der  [  30,   31  ] . Thus, lesions containing melano-
cytes with cyclin D1 amplifi cation appear 
to represent a latent progression phase of acral 
melanoma that precedes the atypical melanocytic 

proliferation in the epidermis  [  28  ] . Although 
cyclin D1 amplifi cation is found in only ~40% of 
acral melanoma  [  32  ] , the addition of probes that 
target other chromosomal regions amplifi ed in 
this tumor, such as 5p12  [  30,   31  ] , could facilitate 
the detection of early in situ lesions.  

   Analysis of BRAF, NRAS, and HRAS 
Gene Mutation 

 BRAF and NRAS oncogene mutations have been 
described in melanoma and melanocytic nevi, but 
are not detected in Spitz nevi (reviewed in refer-
ences  [  7,   33  ] ). In contrast, HRAS mutations 
are found in a subset of Spitz nevi, but not in 
melanoma  [  34  ] . Thus, testing for mutations in 
these oncogenes may contribute to a more accu-
rate diagnosis of histopathologically ambiguous 
spitzoid melanocytic lesions. As these mutations 
are limited to several known hotspots (i.e., codon 
600 of the BRAF gene, and codons 12, 13, and 61 
of the NRAS and HRAS genes), they are rela-
tively easy to analyze in routinely processed 
specimens by PCR amplifi cation of a few target 
exons, followed by sequencing of amplicons. 

 The results of mutational analyses in pub-
lished studies  [  35–  42  ]  are summarized in 
Tables  6.1  and  6.2 . Although two studies identi-
fi ed BRAF or NRAS mutations in Spitz nevi and 
atypical Spitz nevi  [  35,   37  ] , these mutations are 
rare in these categories of melanocytic tumors. 
In contrast, BRAF or NRAS mutations have been 
detected in 37% of primary spitzoid melanomas. 

   Table 6.1    Frequency of BRAF and NRAS mutations in published studies   

 Study  Spitz nevus 
 Atypical 
Spitz nevus 

 Suspected 
melanoma/
STUMP 

 Primary 
spitzoid 
melanoma 

 Spitzoid 
melanoma 
metastasis 

 Common 
primary 
melanoma 

 Palmedo  [  40  ]   0/21  –  –  2/6  –  – 
 Gill  [  38  ]   0/10  –  –  –  –  – 
 Lee  [  39  ]   –  –  –  1/33  0/2  8/12 
 van Dijk  [  42  ]   0/14  0/16  8/23  30/36  6/7  – 
 Fullen  [  37  ]   5/23  5/25  0/7  2/13  –  – 
 Takata  [  41  ]   0/12  0/11  1/2  1/2  –  15/24 
 Da Forno  [  35  ]   1/16  1/9  3/9  4/27  –  13/25 
 Emley  [  36  ]   0/6  1/13  –  –  –  – 
 Total  6/102 (6%)  7/74 (9%)  12/41 (29%)  40/107 (37%)  6/9 (67%)  36/61 (59%) 
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Interestingly, up to 29% of suspected melanoma/
spitzoid tumors of uncertain malignant potential 
(STUMP) showed BRAF or NRAS mutations, 
suggesting that a substantial number of these 
tumors were actually melanomas. While HRAS 
mutations were identifi ed in a few Spitz nevi, 
atypical Spitz nevi and STUMP, none of the mel-
anomas analyzed showed this aberration. Thus, 
the presence of a HRAS mutation would favor 
the diagnosis of a benign melanocytic tumor.   

 One concerning issue with these analyses is 
that the grouping of lesions was based on light 
microscopic examination. The histopathologic 
diagnosis of spitzoid tumors is notoriously diffi -
cult, even for expert pathologists  [  3,   4  ] . Thus, a 
long-term follow-up of patients is imperative to 
establish the diagnostic value of molecular test-
ing. At the present time, mutational analysis can-
not replace conventional light microscopic 
examination; however, it may provide important 
additional diagnostic information.  

   Gene Expression Analysis Using DNA 
Microarrays 

 High-density microarrays have been used to 
monitor the expression of thousands of genes in 
tissue samples. Recent studies have resulted in 
the identifi cation of genes that are differentially 
expressed in benign and malignant melanocytic 
lesions  [  43–  45  ] . In one study, Talantov et al.  [  45  ]  
compared the gene expression profi les of primary 
melanomas and benign melanocytic nevi, identi-
fying two melanoma-specifi c genes, PLAB and 
L1CAM. The authors demonstrated the feasibil-
ity of using this two-gene combination in a 
reverse transcription-polymerase chain reaction 

(RT-PCR) assay to distinguish benign from 
malignant melanocytic tumors  [  45  ] . Alexandrescu 
et al.  [  46  ] , who used the same gene expression 
profi le dataset, selected SILV as the most useful 
marker. They tested SILV expression levels by 
quantitative RT-PCR in a total of 193 specimens 
including 98 atypical cases, and showed clear 
discrimination between melanoma and nevi as 
well as between different atypia subgroups in the 
group of atypical samples. Koh et al.  [  44  ]  suc-
cessfully employed archival FFPE tissues for 
microarray gene expression profi ling, and also 
reported genes that showed differential expres-
sion between melanomas and melanocytic nevi. 
However, unlike the Talantov study  [  45  ] , expres-
sion of L1CAM was found to be decreased in 
melanomas  [  44  ] . Kashani-Sabet et al.  [  43  ]  
selected fi ve transcripts (ARPC2, FN1, RGS1, 
SPP1 and WNT2), which were found to be over-
expressed in melanomas compared with melano-
cytic nevi by gene expression profi ling  [  47  ] , and 
showed that immunohistochemistry for corre-
sponding proteins can be useful in the distinction 
of melanocytic tumors. Importantly, this multi-
marker assay correctly identifi ed ~75% of the 
cases in which incorrect histopathological diag-
noses had been made, including melanomas ini-
tially diagnosed as melanocytic nevi. These 
candidate melanoma-specifi c markers should be 
validated in larger cohorts.  

   Epigenetic Biomarkers 

 Aberrations in DNA methylation, post-transla-
tional modifi cations of histones, chromatin 
remodeling, and microRNA expression patterns 
are epigenetic alterations associated with the 

   Table 6.2    Frequency of HRAS mutations in published studies   

 Study  Spitz nevus 
 Atypical 
Spitz nevus 

 Suspected 
melanoma/
STUMP 

 Primary 
spitzoid 
melanoma 

 Spitzoid 
melanoma 
metastasis 

 Common 
primary 
melanoma 

 Gill  [  38  ]   0/10  –  –  0/9  –  – 
 van Dijk  [  42  ]   4/14  2/16  1/23  0/36  0/7  – 
 Takata  [  41  ]   0/12  0/11  0/2  0/2  –  0/24 
 Da Forno  [  35  ]   0/16  1/9  1/9  0/27  –  0/25 
 Total  4/52 (8%)  3/36 (8%)  2/34 (6%)  0/74 (0%)  0/7 (0%)  0/49 (0%) 
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development of various human cancers, including 
melanoma (reviewed in reference  [  48  ] ). Hyper-
methylation of CpG islands is one of the most 
prevalent molecular markers for melanoma. 
Although the list of methylated genes identifi ed in 
melanoma continues to grow  [  48  ] , there have 
been few attempts to use these genes as diagnostic 
markers of melanocytic tumors. Takata et al.  [  41  ]  
employed methylation-specifi c MLPA, a novel 
method to detect CpG methylation of 25 tumor 
suppressor genes commonly found in human can-
cers  [  49  ] , to examine a series of melanomas and 
spitzoid tumors. They found CpG methylation in 
10 of 24 primary melanomas, but in no Spitz nevi 
or atypical Spitz tumors. Because CpG methyla-
tion can be detected in archival FFPE tissue with 
rapid and sensitive methylation-specifi c PCR, this 
approach may be a promising adjunctive diagnos-
tic tool for melanocytic tumors.  

   Combination of Mutational 
Analysis and Methylation-Specifi c 
MLPA 

 While none of the methods discussed above is 
suffi cient as an applicable diagnostic parameter 
beyond routine histopathology, a combination of 
molecular assays may be more useful in the dis-
tinction of melanoma from benign melanocytic 
tumors. Takata et al.  [  41  ]  combined mutational 
analysis of the BRAF, NRAS and HRAS genes 
with methylation-specifi c MLPA (which simulta-
neously detected CpG methylation and copy 
number changes of 40 chromosomal sequences 
in a simple reaction  [  49  ] ) to examine conven-
tional melanomas and Spitz nevi, as well as atyp-
ical spitzoid lesions that had posed diagnostic 
diffi culties. They found at least one genetic and/
or epigenetic alteration in almost all melanomas, 
whereas none of the Spitz nevi with unambigu-
ous histopathology showed such aberrations. 
Although most of the ambiguous spitzoid lesions, 
designated as atypical spitzoid tumors, showed 
no genomic changes, a subset of cases had chro-
mosomal aberrations that included copy number 
loss of the CDKN2A gene. The authors con-
cluded that this combined analysis may be useful 

in distinguishing between melanoma and Spitz 
nevi, and could help to defi ne subgroups of atypi-
cal Spitz tumors. The following two cases dem-
onstrate how this combined genetic and epigenetic 
analysis provides additional information in histo-
pathologically ambiguous cases.  

   Case 1 

 A 70-year-old male presented with a pig-
mented lesion on the sole of his foot (Fig.  6.1 ). 
Light microscopic examination showed a well-
circumscribed proliferation of spindle cells. The 
histopathologic diagnoses of two expert dermato-
pathologists were “Spitz nevus” and “atypical 
acral nevus, melanoma not ruled out”. Combined 
genetic and epigenetic analysis showed few DNA 
copy number changes and no mutations in hot 
spots of the BRAF, NRAS and HRAS genes. 
However, methylation-specifi c MLPA revealed 
CpG methylation of the CDKN2B gene. This 
fi nding strongly suggested a melanoma in this 
case. The patient developed inguinal lymph node 
metastasis two and a half years after excision of 
the primary tumor, and died of the disease.   

   Case 2 

 A 27-year-old female presented with a pigmented 
lesion on the groin, clinically diagnosed as a 
Spitz nevus (Fig.  6.2 ). Light microscopic exami-
nation showed a nodular proliferation of spindled 
and epithelioid cells in the dermis. Small nests of 
epithelioid cells with clefting artifacts were also 
noted in the epidermis. Two pathologists diag-
nosed this lesion as a melanoma, while the diag-
nosis of a third pathologist was “atypical Spitz 
tumor”. Methylation-specifi c MLPA showed nei-
ther DNA copy number changes nor CpG methy-
lation. The BRAF, NRAS and HRAS genes were 
all wild-type. These fi ndings were interpreted as 
incompatible with a malignant tumor. Because of 
the histopathologic diagnosis of a melanoma by 
two pathologists, a sentinel lymph node biopsy 
was performed with negative results. The patient 
has been free of disease for 5 years.   



  Fig. 6.1    ( a ) A brownish, slightly keratotic tumor, 6 mm in 
diameter, on the sole of the foot of a 70-year-old male. ( b ) 
Scanning magnifi cation showing a compound proliferation 

of tumor cells that is laterally well-demarcated. ( c ) Nests 
of epithelioid cells in the epidermis and upper dermis. 
( d ) Clear maturation of tumor cells in the deep dermis       

  Fig. 6.2    ( a ) A dermoscopic image of a pigmented tumor 
on the groin of a 27-year-old female. ( b ) Scanning magni-
fi cation shows a nodular proliferation in the dermis with 

sharp lateral demarcation. ( c ) The lesion is composed of 
spindled and epithelioid melanocytes. ( d ) Proliferation of 
epithelioid melanocytes within the epidermis and dermis       
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   Conclusion 

 It is now clear that there are signifi cant differ-
ences in genetic and epigenetic alterations among 
different types of melanocytic tumors. These 
aberrations can be analyzed in FFPE tissues for 
diagnostic purposes. Genetic and epigenetic 
analysis can be of particular diagnostic use in his-
topathologically ambiguous melanocytic tumors.      
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     7    mRNA Biomarkers in Melanoma       

     Giovanna   Chiorino         and    Maria   Scatolini          

        Introduction 

 Over the past decade, microarray-based high-
throughput gene expression analysis has been 
employed in an effort to understand the molecu-
lar alterations involved in tumorigenesis and dis-
ease progression in melanoma. A gene expression 
array is a small glass-platform containing tens of 
thousands of sequences corresponding to specifi c 
mRNA transcripts. The most recent generation of 
microarray platforms are able to probe gene 
expression across the whole genome (Figs.  7.1  
and  7.2 ). These are generally applied to either (1) 
distinct classes of samples (i.e., primary mela-
noma and melanoma metastasis) in order to iden-
tify genes with class-specifi c expression patterns 
or (2) apparently unrelated samples to discover 
previously unknown classes that are character-
ized by similar expression profi les. If clinical 
follow-up is available, gene expression signa-
tures may provide new prognostic markers.   

 To date, molecular profi ling studies of mela-
noma samples have resulted in interesting, 
although sometimes inconsistent data. The lack 
of concordance between studies may be due to 
different parameters employed with regard to 
sample selection and experimental design. Many 

studies have used a small number of samples and 
arrays with different probe types/densities, mak-
ing validation across different cohorts diffi cult. 
Furthermore, most investigations of transcrip-
tional changes that occur during melanoma pro-
gression have been carried out on melanoma cell 
lines. Cell cultures derived from melanocytes 
have several limitations. For example, cultured 
cells are grown outside their natural environment, 
which may be crucial for maintaining a specifi c 
gene expression pattern. Moreover, studies con-
ducted on tissue (and biological fl uid) samples 
are necessary to study the interplay between the 
tumor and host infl ammatory response, in addi-
tion to the identifi cation of prognostic markers 
and therapeutic targets. However, gene expres-
sion profi ling data derived from primary and/or 
metastatic melanocytic lesions are scarce. A lack 
of large collections of banked frozen tumor sam-
ples is a contributing factor  [  1,   2  ] . However, two 
recent studies have analyzed the gene expression 
profi les of large cohorts of formalin-fi xed paraf-
fi n-embedded (FFPE) tumors  [  3,   4  ] . The fi rst 
study compared the transcriptomes of melano-
cytic nevi and melanomas, using the Combimatrix 
12000 feature CustomArray platform, while the 
second study used the Illumina DASL Array 
Human Cancer Panel (502 genes) to investigate 
the association between gene expression profi les 
of primary melanoma and patient outcome. 

 Microarrays can be used to test hundreds-
to-thousand of genes in a single experiment and 
facilitate the performance of data-driven, rather 
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  Fig. 7.1    Comparative hybridization involves total RNA 
isolation from test and reference tissues, mRNA amplifi -
cation, and labeling with different fl uorochromes. RNA 

quality and quantity are checked. During the hybridization 
step, labeled samples are applied to a microarray that con-
tains thousands of probes specifi c for different transcripts       

  Fig. 7.2    After hybridization, the microarray is scanned 
and an image is generated for each sample. Results are 
combined, processed and normalized, and statistical anal-
ysis is applied for the selection of differentially expressed 

transcripts between test and reference samples. When 
results from many samples are available, class discovery, 
comparison or prediction tools may be applied to the 
matrix of differentially expressed genes       
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than hypothesis-driven, analyses. Moreover, many 
of the putative biomarkers detected by microarray-
 based experiments have been subsequently vali-
dated using other techniques, such as real-time 
quantitative polymerase chain reaction (qPCR) 
and immunohistochemistry  [  5,   6  ] . Although gene 
lists from different studies do not always show 
signifi cant overlap, enrichment of specifi c bio-
logical processes is a common feature. 

 In this chapter, we will review the diagnostic and 
prognostic biomarkers and therapeutic targets in 
melanoma that have been determined by microarray-
 based gene expression profi ling experiments.  

   Melanomagenesis 

 Only a few studies have investigated genes that are 
differentially expressed in benign and malignant 
lesions. Among the in vitro studies, Hoek et al.  [  7  ]  
compared the expression profi les of a number of 
melanoma and normal melanocyte cell lines. 
Genes and pathways modulated in melanoma were 
identifi ed, including activation of the NOTCH sig-
naling pathway and cancer testis antigens, in addi-
tion to downregulation of several genes implicated 
in immune response, membrane traffi cking and 
growth suppression. In another study, Ryu and col-
leagues  [  8  ]  compared melanoma cell lines with 
primary human melanocyte cultures and reported 
that normal melanocytes were more similar to 
aggressive melanomas than their less aggressive 
counterparts with respect to gene expression. The 
authors hypothesized that this similarity was due 
to their proliferative potential. 

 The fi rst important in vivo investigation was 
conducted by Haqq et al.  [  9  ] . In this study, the 
gene expression profi les of a series of normal 
skin samples, melanocytic nevi, primary melano-
mas and metastatic melanomas were compared. 
A number of transcripts useful in discriminating 
between these lesions were identifi ed. In a fol-
low-up study, Kashani-Sabet et al.  [  10  ]  described 
an immunohistochemistry-based diagnostic assay 
for melanocytic tumors, using fi ve markers 
[ARPC2, FN1, RGS1, WNT2, and SPP1 (osteo-
pontin)] whose transcripts were found to be over-
expressed in melanomas by prior gene expression 

profi ling  [  9  ] . Both the intensity and pattern of 
expression of each marker were noted to be sig-
nifi cantly different between melanomas and mel-
anocytic nevi  [  10  ] . Based on comparison with the 
actual histopathological diagnoses, this commer-
cially available multimarker assay is reported to 
show 95% specifi city and 97% sensitivity for 
diagnosing melanomas arising in melanocytic 
nevi, 95% accuracy in identifying both Spitz nevi 
and dysplastic nevi, and 75% accuracy in cor-
rectly diagnosing previously misinterpreted mel-
anocytic lesions  [  9,   10  ] . 

 Talantov et al.  [  11  ]  also performed gene 
expression profi ling of normal skin samples, mel-
anocytic nevi and primary melanomas. Similar to 
Ryu et al.  [  8  ] , Talantov and colleagues  [  11  ]  
showed that, for a cluster of genes, the expression 
profi les of benign nevi and melanomas were very 
similar. In particular, conventional markers of 
melanocytic differentiation, such as tyrosinase 
(TYR) and MART-1, were equally overexpressed 
in both melanoma and nevus tissue specimens. 
However, Talantov et al.  [  11  ]  did identify novel 
genes specifi cally overexpressed in melanoma. 
Importantly, the studies by Talantov et al.  [  11  ]  
and Haqq et al.  [  9  ]  reported a set of common 
transcripts that could be employed to distinguish 
melanoma from benign nevi. These included 
kinesin-like 5 (KNSL5), prostate differentiation 
factor (PLAB), Cbp/p300-interacting transacti-
vator 1 (CITED1), osteopontin (SPP1), cathepsin 
B (CSTB), cadherin 3 (CDH3), and presenilin 2 
(PSEN2). Interestingly, two of these transcripts, 
CITED1 and CDH3, were also determined by 
these and other groups to be differentially 
expressed in the early stages of melanoma pro-
gression  [  5,   7–  9,   11,   12  ] . Noteworthy is the fact 
that these two genes were identifi ed in studies 
using both cell cultures and tissue biopsies. 
Talantov et al.  [  11  ]  confi rmed the utility of a two-
gene (PLAB and L1CAM) reverse transcription 
(RT)-PCR assay to distinguish between benign 
and malignant melanocytes in skin and lymph 
node samples. Importantly, these two markers 
showed superior performance compared with 
those commonly employed to determine melano-
cytic differentiation, such as TYR, gp100/HMB-
45, and MART-1  [  11  ] . 
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 Koh et al.  [  3  ]  successfully used archival FFPE 
tissues for microarray analysis, and also identi-
fi ed genes that were differentially expressed in 
melanomas and melanocytic nevi. However, in 
contrast to the study by Talantov et al.  [  11  ] , 
expression of L1CAM was found to be decreased 
in melanomas  [  3  ] . 

 Recently, Scatolini et al.  [  6  ]  performed whole 
genome expression profi ling on a wide variety of 
melanocytic tumors, including common melano-
cytic nevi (CMN), dysplastic nevi (DN), radial 
growth phase (RGP) melanoma, vertical growth 
phase (VGP) melanoma and metastatic tumors. 
For each progression step, they found genes that 
had been previously described in association with 
(melanoma) tumorigenesis, in addition to novel 
transcripts. A small number of differentially 
expressed genes were found between CMN and 
RGF melanoma; these were largely involved in 
the deregulation of intra/intercellular adhesion. 
Among them, three transcripts were common to 
previous studies: Hairy/enhancer-of-split related 
with YRPW motif 1 (HEY1)  [  5,   7,   11,   12  ] , homo 
sapiens growth differentiation factor 15 (GDF15) 
 [  11,   12  ] , and homo sapiens glycoprotein M6A, 
transcript variant 1, GPM6A  [  7  ] . 

 A patented combined noninvasive/tape-strip-
ping and gene-based assay (MelDTect™) is also 
available for the detection of melanoma  [  13  ] . 
RNA is harvested from the surface layer of the 
skin, without the need for biopsy, and analyzed 
using a 19-gene classifi er. This test is purported 
to demonstrate a sensitivity of 100% and a speci-
fi city of 88% in discriminating melanomas from 
melanocytic nevi (Sherman Chang, Ph.D., per-
sonal communication, 2010)  [  13  ] .  

   Dysplastic Nevi and Melanoma 
Progression 

 Direct comparison of CMN and DN samples has 
revealed a small number of differentially 
expressed genes associated with cellular adhe-
sion and neurogenesis (n = 24)  [  6  ] . A potent neu-
rite outgrowth inhibitor (RTN4) was found to 
be expressed at lower levels in DN compared 

with CMN. In contrast, CD44 was found to be 
differentially upregulated in DN. CD44 is a 
 cell-surface glycoprotein involved in cell-cell 
interactions, cell adhesion, migration and possi-
bly metastasis (in the setting of malignant 
tumors). Comparing DN with RGP melanoma, a 
large number of deregulated transcripts were 
found (n = 100); most of which are involved in 
transcriptional regulation (i.e., EP300, BHLHB2, 
FBXO18, CNBP, and POLR2B)  [  6  ] . However, 
multiclass comparison identifi ed a group of genes 
expressed by both DN and VGP melanoma at 
higher levels than in CMN, but downregulated 
in RGP melanoma. These included a set of mis-
match repair system transcripts (PMS2, PMS2L2, 
PMS2L3, and PMS2L5). DN show variable risk 
to develop into melanoma, as evidenced by the 
heterogeneity of their global transcriptional 
changes  [  6  ] . To date, DN have been categorized 
according to morphological criteria, without any 
molecular characterization. In the study by 
Scatolini et al.  [  6  ] , the expression pattern of a 
group of genes enriched in cellular detoxifi  cation, 
RNA processing and antigen presentation sepa-
rated DN into two subclasses: (1) one similar 
to RGP melanoma, with expression levels 
higher than in CMN and (2) one similar to VGP 
melanoma, with expression levels lower than 
in CMN  [  6  ] .  

   From RGP Melanoma to VGP 
Melanoma: The Big Step 

 Numerous studies suggest that the transition from 
RGP melanoma to VGP melanoma in primary 
lesions is the most critical step in melanoma 
progression. 

 Haqq et al.  [  9  ]  were the fi rst group to apply 
high-throughput gene expression analysis to the 
RGF and VGF components of a single melanoma 
lesion. They found that a number of genes were 
downregulated in VGP. Reduced expression of 
corresponding proteins for two transcripts 
(MMP10 and CDH3) was subsequently validated 
by immunohistochemistry in a cohort of VGP 
melanoma samples  [  9  ] . 
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 Using whole genome expression profi ling of 
tissue specimens representing normal skin, 
benign and atypical nevi, and early- and advanced-
stage melanoma, Smith et al.  [  5  ]  determined that 
signifi cant molecular changes occur with the 
transition from RGP to VGP disease. The princi-
pal enriched biological processes included mitotic 
cell cycle, cell proliferation, and immune 
response. Moreover, Smith et al.  [  5  ]  selected the 
top 50 genes that were either upregulated or 
downregulated in the advanced-stage melano-
mas. Upregulated genes with the greatest fold-
change included osteopontin 1 (SPP1) and Cbp/
p300-interacting transactivator 1 (CITED1). 
Dermicidin (DCD) was found to be the most 
downregulated gene  [  5  ] . From the results of their 
in vitro study, Ryu et al.  [  8  ]  identifi ed two distinct 
groups of melanoma cell lines (“less aggressive” 
and “more aggressive”), based on differences in 
their gene expression patterns. The less aggres-
sive group comprised RGP melanoma and some 
VGP melanoma cell lines. The more aggressive 
group was characterized by some VGP melanoma 
and all the metastatic melanoma cell lines. Genes 
with altered expression in the latter group were 
involved in cell cycle control, cell proliferation, 
DNA repair and replication (i.e., CDCA2, 
NCAPH, NCAPG, NCAPG2, PBK, NUSAP1, 
BIRC5, ESCO2, HELLS, MELK, GINS1, 
GINS4, RAD54L, TYMS, and DHFR), and neg-
ative regulation of apoptosis (BIRC5/survivin). 
The less aggressive group of melanomas 
expressed higher levels of genes associated with 
cellular adhesion and melanocytic differentiation 
(i.e., CDH3, CDH1, c-KIT, PAX3, CITED1/
MSG-1, TYR, MELANA, MC1R, and OCA2). 

 Scatolini et al.  [  6  ]  also analyzed transcrip-
tional changes associated with the transition from 
RGP to VGP melanoma, identifying 540 differ-
entially expressed genes. Results indicated that 
this process is characterized by a general decrease 
in the ability of melanoma cells to undergo apop-
tosis, supported by altered regulation of DAPL1, 
TP63, SMAD3, and TNFRSF25. Another impor-
tant feature was synergy between the Wnt and 
mitogen-activated protein kinase (MAPK) path-
ways in both melanoma growth phases, which 

may represent an important mechanism under-
pinning the pathogenesis and progression of this 
tumor  [  6  ] . In addition, fi ve of the modulated tran-
scripts identifi ed (AP1S2, PLP1, BCL2A1, 
KRT77, and STARD3NL) were previously 
reported by Smith et al.  [  5  ]  to be differentially 
expressed between nevi/melanoma in situ and 
advanced-stage melanomas. However, unlike the 
study by Smith et al.  [  5  ] , Scatolini and colleagues 
 [  6  ]  did not fi nd mitotic cell cycle regulation and 
cell proliferation to be the predominant overrep-
resented biological processes. This may be due to 
the fact that Smith et al.  [  5  ]  did not separate com-
mon nevi, atypical lesions and in situ melanomas 
into unique classes.  

   From Primary Melanoma 
to Metastatic Disease 

 In order to identify a metastatic phenotype for 
melanoma, Bittner et al.  [  14  ]  used cDNA microar-
rays to analyze the gene expression profi les of 
biopsies and cell cultures of primary tumors. They 
identifi ed the downregulation of genes involved 
in cell spreading, migration and focal adhesion 
(integrin-beta 1, integrin-beta 3, integrin-alpha 1, 
sindecan 4, and vinculin), that may be associated 
with less aggressive tumor behavior. 

 To investigate the invasive capacity of mela-
noma, Roesch et al.  [  15  ]  combined laser capture 
microdissection with cDNA microarray technol-
ogy and compared the gene expression profi les of 
the invasive margin and tumor core in nine cases 
of VGP melanoma. Genes encoding PEPCK, 
TEB4, the ribosomal protein L19, the interleukin-3 
receptor alpha subunit, the inositol 1,4,5-triphos-
phate 3-kinase isoenzyme, and three anonymous 
expressed sequence tags (ESTs) were capable of 
separating the two classes of melanoma tissue. 

 Haqq et al.  [  9  ]  reported that melanoma metasta-
ses could be divided in two distinct groups. 
Moreover, a correlation between the RGP mela-
noma signature and one of the metastatic classes 
was identifi ed, suggesting that a small, but clini-
cally signifi cant proportion of metastases may arise 
from this growth phase of primary melanoma. 
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 Hoek et al.  [  16  ]  carried out three separate 
DNA microarray analyses on a total of 86 mela-
noma cultures. The authors identifi ed three differ-
ent sample cohorts representing melanoma groups 
with different metastatic potential. A model for 
the transition from weakly to strongly metastatic 
melanoma was proposed, in which TGF-beta 
 signaling upregulates genes for vasculogenic/
extracellular matrix remodeling factors and Wnt 
signal inhibitors. Interestingly, the expression 
pattern of one of the Hoek subgroups  [  16  ]  strongly 
correlated with the weakly metastatic signature 
identifi ed by Bittner et al.  [  14  ] . 

 A study by Jaeger et al.  [  17  ]  analyzed the gene 
expression signature of microdissected mela-
noma cells, derived from primary melanoma and 
melanoma metastasis. More than 300 genes were 
identifi ed to be differentially expressed between 
both groups, with the overrepresented gene ontol-
ogy categories including cell cycle regulation, 
mitosis, cell communication, and cell adhesion. 

 Riker et al.  [  12  ]  compared the transcriptomic 
profi les of primary melanomas and melanoma 
metastases (lymph node, subcutaneous and dis-
tant metastases). Metastatic tumors expressed 
higher levels of MAGE, GPR19, BCL2A1, 
MMP14, SOX5, BUB1, and RGS20, but showed 
relative underexpression of SPRR1A/B, 
KRT16/17, CD24, LOR, GATA3, MUC15, and 
TMPRSS4. The transition from non-metastatic 
expression levels to metastatic expression levels 
occurred as primary melanomas increased in 
thickness. Riker et al.  [  12  ]  identifi ed several puta-
tive genes associated with tumor progression and 
metastasis, including SPP1, MITF, CITED1, 
GDF-15, c-Met, and several of the HOX loci, 
some of which were reported by other studies  [  7, 
  11  ] . A number of genes believed to be important 
for suppression of tumor growth (PITX-1, CST-6, 
PDGFRL, DSC-3, POU2F3, and CLCA2) were 
also identifi ed  [  12  ] . Only two genes (LGALS7 
and SFN), both of which were underexpressed in 
the metastasis signature, were common to the 
studies by Riker et al.  [  12  ]  and Jaeger et al.  [  17  ] . 

 In a study comparing metastatic melanoma 
cell lines, Jeffs et al.  [  18  ]  identifi ed an invasion 
signature that was characterized by decreased 

expression of developmental and lineage specifi -
cation genes (MITF, EDNRB, DCT, and TYR) 
and increased expression of genes involved in 
extracellular environment interaction (PLAUR, 
VCAN, and HIF1a). Interestingly, a 24-gene 
overlap between the 96-gene signature of Jeffs 
et al.  [  18  ]  and that reported by Hoek et al.  [  16  ]  
was found. Overlapping genes were involved in 
melanin biosynthesis, pigmentation, development 
and lineage specifi cation, and included MITF. 
Moreover, the 96-gene signature was capable of 
classifying normal skin, benign nevi and primary 
melanomas in the Talantov et al.  [  11  ]  dataset. 
Similar to the Riker et al.  [  12  ]  and Haqq et al.  [  9  ]  
data, melanocytic nevi with molecular profi les 
similar to malignant tumors were identifi ed  [  18  ] . 

 Scatolini et al.  [  6  ]  determined genes that were 
differentially expressed between VGP melanoma 
and metastatic tumors. Although only a small 
cohort of metastasis from different sites were ana-
lyzed (n = 5), their expression profi les were rather 
homogeneous and showed high concordance with 
the results of studies by Jaeger et al.  [  17  ]  and 
Riker et al.  [  12  ] . In metastatic melanoma, there is 
alteration of pathways involved in cell cycle and 
DNA repair. As shown in Table  7.1 , most of the 
modulated transcripts are underexpressed in met-
astatic tumors and can be classifi ed into a small 
number of families: laminins, collagens, kal-
likreins, keratins, cadherins, desmocollins, etc.  

 More recently, Eichhoff et al.  [  19  ]  have sug-
gested that melanoma cells are capable of cycling 
between proliferative and invasive phases (phe-
notype-switching model). Based on their microar-
ray data, they analyzed protein expression in a 
matched primary/metastasis pair from a mela-
noma patient  [  19  ] . The expression of the prolif-
erative phenotype markers Melan-A and Mitf 
inversely correlated with the expression of both 
the invasive phenotype marker Wnt5A and the 
hypoxia marker Glut-1. Protein expression pat-
terns were similar in the primary and metastasis 
samples. Eichhoff et al.  [  19  ]  hypothesized that 
disease progression involves melanoma cells 
retaining the capacity to regulate the expression 
of metastasis-promoting factors according to 
changing microenvironmental conditions.  
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   Gene Expression Profi ling 
and Outcome 

 DNA microarray technology has also been used 
to identify supplemental prognostic indicators to 
the Breslow thickness, as well as biomarkers of 
patient survival and treatment response. The most 
extensive study of this type was conducted on 
behalf of the Melanoma Group of the European 
Organization for the Research and Treatment of 
Cancer (EORTC)  [  20  ] . Winnepennickx et al.  [  20  ]  
collected 83 primary melanomas from 58 patients, 
and used an oligonucleotide-based microarray to 
identify 254 genes that were associated with dis-
tant metastasis-free survival. Twenty-three of 
these genes were studied at the protein level by 
immunohistochemistry, with the expression of 
fi ve markers (MCM4, MCM3, MCM6, KPNA2, 
and geminin) found to be statistically associated 
with overall survival  [  20  ] . In multivariate regres-
sion analysis adjusted for tumor thickness, ulcer-
ation, age and gender, the expression of MCM4 

and MCM6 were still signifi cantly associated 
with overall survival in these patients  [  20  ] . 

 A follow-up investigation by Kauffmann et al. 
 [  21  ]  on 60 fresh/frozen primary melanomas (with 
and without metastases) determined that differ-
ential expression of 48 genes (predominantly 
overexpression of DNA repair genes) was associ-
ated with metastatic progression and poor 
prognosis. 

 Gene expression profi ling studies by Conway 
et al.  [  4  ]  and Jewell et al.  [  22  ] , on FFPE primary 
melanomas, confi rmed that upregulation of SPP1 
(osteopontin) and DNA repair genes (predomi-
nantly those involved in double-strand break 
repair, RAD51, RAD52, and TOP2A) were asso-
ciated with poor prognostic histopathological 
features and predicted reduced relapse-free 
 survival. These data support the hypothesis 
that maintenance of genomic stability (via intact 
DNA repair pathways) is required for melanoma 
progression, and infl uences response to chemo-
therapeutic agents and radiotherapy  [  21,   22  ] . 
Interestingly, the prognostic role of SPP1 had 

   Table 7.1    Families of 
transcripts underexpressed 
in the transition from 
primary to metastatic 
melanoma   

 Gene Family  Gene symbol  Gene Family  Gene symbol 

 Laminins  LAMC2 a  
 LAMA3 a  
 LAMB3 a  

 Cadherins  CDH1 a  
 CDH13 
 CELSR1 

 Collagens  COL13A1 
 COL17A1 a  
 COL4A6 a  

 Cystatins  CSTA a  
 CST6 a,b  
 CSTB 

 Kallikreins  KLK5 
 KLK7 a  
 KLK8 a,b  
 KLK10 a,b  
 KLK11 a,b  

 Serpins  SERPINEB3 a,b  
 SERPINE2B 
 SERPINEB5 a,b  
 SERPINEB13 
 SERPINEB7 b  

 Keratins  KRT6B a  
 KRT10 a  
 KRT14 a  
 KRT23 a  
 KRT80 
 KRT17 a,b  
 KRT33A 
 KRT6A a  
 KRT5 a,b  
 KRT2A 
 KRT16 a,b  
 KRT15 a  
 KRT6E 

 Calcium-binding proteins 

 Small proline-rich proteins 

 Desmocollins 

 S100A8 a  
 S100A14 a,b  
 S100A7 a,b  
 S100A9 a  
 S100A10 
 S100P a  
 S100A2 a  
 SPRR1B a  
 SPRR1A a  
 SPRR2D 
 SPRR2E 
 DSC3 a,b  
 DSC1 a,b  

  Adapted from Scatolini et al.  [  6  ]  
  a Indicate results in agreement with Jaeger et al.  [  17  ]  
  b Indicate results in agreement with Riker et al.  [  12  ]   
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been previously reported by other microarray 
studies on frozen tissue samples  [  17,   23  ]  and 
immunohistochemical assays for SPP1 protein 
expression  [  24  ] . Of note, Conway et al.  [  4  ]  
applied the Illumina DASL assay to RNA 
extracted from FFPE tissue. With the most recent 
version of this technology, large cohorts of archi-
val samples can now be analyzed on a whole 
genome scale (~24,000 genes). 

 Based on their prior cDNA microarray studies 
 [  9  ] , Kashani-Sabet et al.  [  25  ]  described a three-
marker (NCOA3, SPP1, and RGS1) immunohis-
tochemistry-based assay with independent 
prognostic signifi cance vis-à-vis sentinel lymph 
node status and disease-specifi c survival in 
patients with primary melanoma. 

 In another study, Mandruzzato et al.  [  26  ]  cor-
related gene expression to survival in a cohort of 
38 melanoma patients with metastatic disease 
(stages III and IV). A 30-probe-set survival pre-
diction model was generated. Transcripts overex-
pressed in patients with longer survival included 
those associated with innate and acquired immu-
nity (i.e., IL-4R, TNFAIP3, and CD2), confi rm-
ing the interplay between immunological 
mechanisms and the biological behavior of mela-
noma. In contrast, the poor-survival group was 
characterized by the expression of genes related 
to cellular proliferation and tissue invasion (i.e., 
GJB2, CSPG4, and MCM3)  [  26  ] . 

 Investigations by John et al.  [  27  ] , Bogunovic 
et al.  [  28  ] , and Jönsson et al.  [  29  ]  have also deter-
mined that transcriptomic profi les are capable of 
distinguishing clinical outcomes in patients with 
metastatic melanoma. These studies included 
both treated (i.e., radiotherapy, immunotherapy, 
and/or chemotherapy) and untreated patients with 
metastatic disease  [  27–  29  ] . John et al.  [  27  ]  devel-
oped a 21-gene prognostic predictor and identi-
fi ed a list of differentially expressed transcripts 
between good and poor prognosis classes of 
patients, including molecules involved in Wnt 
signaling, nuclear factor kappa B and apoptosis 
pathways, and immune response. The study 
by Bogunovic et al.  [  28  ]  underlined the prognos-
tic role of immune response and cell proliferation-
related genes, which are positively and negatively 
associated with survival, respectively. The authors 
reported that gene expression signatures, as well 

as quantifi cation of tumor-infi ltrating leukocytes, 
CD3+ cells and the mitotic index, improved upon 
the ability of TNM staging to predict post-recur-
rence survival in patients with melanoma  [  28  ] . 
Jönsson et al.  [  29  ]  used global gene expression 
profi les to stratify stage IV melanoma patients 
who had received standard treatment with dacar-
bazine (DTIC). Using hierarchical clustering, 
they identifi ed four distinct tumor subtypes char-
acterized by gene signatures representing diverse 
biological mechanisms. These subtypes were 
named proliferative, high-immune response, pig-
mentation and normal-like, refl ecting the pattern 
of genes representative for each subtype. 
Importantly, they observed a signifi cant differ-
ence in clinical outcome between the four tumor 
classes, with the proliferative subtype having the 
worst prognosis. Results suggested a predictive 
role of the pigmentation subtype with respect to 
DTIC treatment. The authors also investigated the 
prognostic impact of  a priori -defi ned genes 
related to immune response signaling, using their 
own and other publicly available melanoma data-
sets. Signifi cantly poor overall survival was 
observed in tumors with low expression of 
immune response genes. Moreover, their fi ndings 
suggested that expression of T-cell-related genes 
should be explored as a potential predictive factor 
for response to immunotherapy in melanomas. 

 In an interesting study designed to evaluate sur-
vival, antiapoptotic, antioxidant and proapoptotic 
genes and their signaling pathways in melanoma 
cells, Su et al.  [  30  ]  developed a third-generation 
human mitochondria-focused cDNA microarray 
and profi led 21 melanoma cell lines and three nor-
mal melanocyte controls. Two distinct types of 
melanoma cells were identifi ed, each with a spe-
cifi c set of deregulated survival-apoptosis genes. 
The presence of two different survival pathways in 
melanoma indicates that drugs targeting both path-
ways need to be designed and developed. Above 
all, these results highlight the necessity to “geneti-
cally pre-select” appropriate patient populations 
before clinical trials with proapoptotic agents, 
such as oblimersen, are undertaken. 

 Finally, Augustine et al.  [  31  ]  reported that 
gene expression signatures can be used to predict 
response to chemotherapy in patients with in-
transit metastatic melanoma.  
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   Conclusion 

 The studies described in this chapter report sev-
eral potential diagnostic and prognostic markers 
for melanoma, as well as gene expression 
signatures associated with different clinical and 
histopathological classes of melanocytic tumors. 
A number of genes, such as CDH3 and SPP1, 
have been identifi ed in more than one study and 
validated in large cohorts both at the mRNA and 
protein level. For an in-depth comparative analy-
sis of human melanoma gene expression, we sug-
gest an interesting review on the impact of 
genomics in our understanding of melanoma pro-
gression and metastasis  [  32  ] . With regard to gene 
expression signatures, many studies show little or 
no overlap in identifi ed transcripts. However, 
most studies are in agreement concerning which 
biological processes are (1) altered during mela-
noma progression and (2) present among differ-
ent prognostic classes of patients. In addition, 
histopathological parameters are not suffi cient to 
defi nitively classify melanocytic lesions in some 
instances. Molecular testing could be used to 
identify subgroups of tumors characterized by 
similar biological process alterations and behav-
ior, supplementing microscopic analysis. A clear 
example is the molecular characterization of dys-
plastic nevi, which is not in line with their current 
histopathological classifi cation. Furthermore, the 
molecular analysis of metastatic lesions could be 
tailored to select biological processes, such as 
apoptosis, immune system response, DNA repair, 
pigmentation and cell proliferation, since their 
alteration has been associated with differential 
clinical outcome. Results of microarray-based 
studies indicate that metastatic melanoma is bio-
logically diverse, and reiterate the importance of 
tailoring clinical trials to the molecular and cel-
lular profi les of tumors in individual patients. In 
the near future, the availability of novel profi ling 
methodologies applicable to large cohorts of 
archival FFPE tissue will facilitate the identifi ca-
tion of robust biomarkers that are translatable to 
clinical practice.      
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     8    Epigenetic Biomarkers in Melanoma       

     Suhu   Liu,         Suping   Ren ,        Paul   M.   Howell Jr., 
    and    Adam   I.   Riker                  

 Epigenetics, defi ned in its most basic sense as a 
stable heritable change in gene function that is not 
a result of changes in the actual DNA sequence, 
has been one of the fastest growing fi elds of cancer 
research over the past decade. DNA promoter 
methylation is known to directly inhibit gene 
expression and is a common occurrence during 
tumor formation and progression. This action may 
lead to the formation of a heterochromatic envi-
ronment at the promoter or other sites by histone 
deacetylases to further suppress target genes. 
MicroRNAs are short, ~22 nucleotides in length, 
fragments of single-stranded RNA that bind the 
3 ¢ -untranslated region (3 ¢ -UTR) of complemen-
tary mRNA sequences, inhibiting their translation 
and signaling them for destruction, in many cases. 
These processes are highly interactive and, when 
their expression, activity or safe-guards are dereg-
ulated, they serve to propagate aberrant gene 
expression toward uncontrolled cellular prolifera-
tion, evasion of apoptosis, and an increased inva-
sive potential. Development of therapies targeting 

the actions of some important epigenetic 
 modulators have proven somewhat successful and 
with good tolerance in the clinic for patients with 
melanoma and other cancers. Currently, the only 
epigenetic drugs approved by the FDA for the 
treatment of cancer are Vidaza ®  (azacytidine) and 
Dacogen ®  (decitabine), two DNA hypomethylat-
ing agents, and Zolinza ®  (vorinostat), a histone 
deacetylase inhibitor; although, these are only 
approved for blood-based malignancies, as these 
tumors have been the most responsive to date. To 
this point, the effective treatment of solid tumors, 
including melanoma, has proven more diffi cult. 
Despite different drug targets, an up-regulation of 
silenced tumor suppressor genes is a common 
effect. Given the vast potential of epigenetic-based 
therapies for cancer, it is important to establish a 
panel of epigenetic biomarkers in order to better 
tailor treatment and uncover epigenetic modes 
which regulate normal and tumor cell processes. 

   Introduction 

 The transformation and malignant progression of 
human cells is a complex process, involving the 
initiation of uncontrolled proliferation, unlimited 
replicative potential, resistance to apoptosis, 
invasion of tissue and tumor cell angiogenesis, 
with fi nal implantation and subsequent growth 
within secondary sites. Over the last decade, can-
cer researchers worldwide have found that epige-
netic processes appear to be intimately involved 
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at each of these steps along the metastatic pro-
cess, thereby allowing for the discovery of 
numerous potential therapeutic targets and tumor 
markers in a multitude of cancers. Epigenetics 
can be simply defi ned as stable heritable changes 
in gene function that are not a result of changes in 
the actual DNA sequence. 

 Heritable epigenetically silenced regions of 
DNA are generally characterized by specifi c 
identifying markers, such as the methylation of 
DNA itself, or methylation and loss of acetyla-
tion associated with the histones that regulate 
DNA transcription. This results in a heterochro-
matic-like cellular environment that may involve 
either one or several genes. Hypermethylated 
gene promoter regions comprised of CpG dinu-
cleotides with global hypomethylation, di- or 
trimethylation of histone 3 lysine 9 (H3K9me2 or 
H3K9me3), H3K27me3, and loss of both H4K16 
acetylation and trimethylation of H4K20 are all 
hallmarks of cancer  [  1–  4  ] . DNA methyltrans-
ferases (DNMTs) and methyl-CpG-binding 
domain (MBD) proteins maintain silencing of 
DNA regions via covalent modifi cation of CpG 
dinucleotide cytosines. In a similar fashion, his-
tone deacetylases (HDACs) maintain silencing of 
a region of chromatin by removing transcription-
ally-activating acetyl groups from histones 
marked by histone acetyltransferases (HATs). 
Histone methyltransferases (HMTs) and the het-
erochromatin protein 1 (HP1) gene act to further 
silence chromatin and counter the actions of his-
tone demethylases (HDMs). Most recently, 
microRNAs (miRNAs) have been described for 
their capacity to regulate the cellular landscape 
by binding target mRNAs (up to hundreds per 
single miRNA) and preventing their translation. 

 Deregulation of epigenetic states has been 
implicated in the formation and progression of 
multiple cancers, including melanoma. DNMTs 
and HDACs are commonly over-expressed in 
cancer and have the capacity to down-regulate 
the expression of several known tumor suppres-
sor genes (TSGs). As such, drugs targeting these 
enzymes have an inherent tumor-specifi city, with 
inhibitors of the transcriptionally-repressive 
HDAC and DNMT complexes currently being 
studied for their therapeutic effects  [  5  ] . Both have 

produced a wealth of basic and translational 
knowledge as well as data lending to their effi ca-
cies, low side-effect profi le and tolerability, and 
specifi city for various tumor types. The complex-
ity in the sheer number and interaction of pro-
teins and small RNAs involved in epigenetic 
regulation has spurred great interest for identify-
ing therapeutic targets and effective diagnostic 
and prognostic tumor biomarkers. 

 Notable melanoma diagnostic biomarkers 
have included S-100, MART-1, gp100, and Ki-67, 
which, when utilized as a combined panel of 
markers, are suffi cient for distinguishing mela-
noma from non-melanocytic tumors. Ki-67 is 
currently the most effi cient marker at separating 
benign from malignant melanocytic lesions  [  6  ] . 
Some of the most common and effective prog-
nostic indicators are S100 b , MIA (melanoma 
inhibitory activity) and LDH (lactate dehydroge-
nase). S100 b  and MIA are markers routinely used 
in Europe for early detection of melanoma tumor 
relapse or metastasis during patient follow-up. 
The American Joint Committee on Cancer 
(AJCC) notes serum LDH levels as a signifi cant 
predictor of survival in stage IV metastatic mela-
noma, incorporating LDH levels into the most 
recent version of the AJCC staging system  [  7  ] . 
LDH, a non-specifi c marker that indicates high 
tumor load, is the strongest independent prognos-
tic factor in stage IV metastatic melanoma  [  6  ] . 

 Serological screening is an important method 
for biomarker identifi cation in cancer patients. 
Circulating DNA, miRNA and histones in periph-
eral blood allow for a minimally invasive means 
of identifi cation and measurement of epigenetic 
markers. Serum mass spectrometry-based pro-
teomic profi ling and immunological assays can 
also provide valuable methods for both diagnostic 
and prognostic determinations of disease. For 
example, stage I primary melanoma and stage IV 
metastatic melanoma can be effectively differen-
tiated by examining their respective serum pro-
teomic profi les  [  8  ] , with serum amyloid A (SAA) 
found to be a signifi cant individual discriminator 
 [  9  ] . Employing immunoassays, Findeisen et al. 
 [  9  ]  further described the superior capacity of com-
bined SAA and C-reactive protein (CRP) over 
S100 b  analysis for predicting progression-free 
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and overall survival in a cohort of 399 stage I-III 
melanoma patients. Qiu and Wang  [  10  ]  presented 
a method for plasma membrane protein detection 
utilizing stable isotope labeling by amino acids in 
cell culture (SILAC), liquid chromatography-
mass spectrometry, and cell surface biotinylation 
and affi nity peptide purifi cation with patient-
paired primary and metastatic melanoma cell 
lines. Use of biotinylation and peptide purifi ca-
tion in turn resulted in reduced cytoplasmic and 
non-membrane protein contamination. 

 It is important to bear in mind a few points 
when seeking to characterize the utility of a bio-
marker: (1) redundancy: does the marker display 
unique qualities in normal and tumor cells, 
capable of differentiating between the two, or is 
it capable of differentiating between tumor type 
or stage?; (2) reliability: how strongly or often 
does the marker correlate with diagnostic, prog-
nostic, or chemoresistance measurements?; (3) 
specifi city: how specifi c is the marker for its 
indication(s) class(es); (4) therapeutic potential: 
how may the presence or therapeutic manipula-
tion of this marker benefi t the ultimate goal of 
developing personalized treatment strategies?; are 
therapies targeting the marker or its pathologic 
indication available or reasonably possible?; and 
is the drug specifi city such that inhibition or 
activation of the target likely to result in too 
many unknown/non-specifi c  cellular events?; 
and (5) detection: is there a reliable and reason-
able procedure available for detection of the 
marker and all pertinent data regarding its 
indication(s) in the patient? We thus seek to 
effectively examine the current fi eld of epige-
netic biomarkers in melanoma.  

   DNA Methylation 

 DNA methylation refers to the methylation of 
C-5 of cytosines, which occur as part of a CpG 
dinucleotide; the only clearly identifi ed epige-
netic modifi cation of DNA in mammalian cells 
 [  11  ] . The mammalian DNA methylation machin-
ery is made up of two components: DNMTs, 
which establish and maintain genome-wide DNA 
methylation patterns, and the MBD proteins, 

which are involved in ‘reading’ and interpreting 
the methylation patterns. Properly established 
and maintained DNA methylation patterns are 
essential for mammalian development and nor-
mal functioning in humans, with changes in DNA 
methylation patterns being important characteris-
tics of most human cancers. In general, cancer 
cells have reduced levels of genomic DNA meth-
ylation and contain aberrantly hypermethylated 
CpG islands, both of which contribute to malig-
nant transformation and progression. The full 
extent and sequence context of DNA hypermeth-
ylation and hypomethylation is still relatively 
unknown. 

   Aberrant DNA Hypermethylation 

 The molecular and cellular processes associated 
with promoter region CpG hypermethylation act 
as an alternate and/or complementary mecha-
nism to gene deletion or mutation, resulting in 
the inactivation of specifi c gene expression and 
function. DNA hypermethylation contributes to 
gene silencing by preventing the binding of acti-
vating transcription factors and by attracting 
repressor complexes that induce the formation of 
inactive chromatin structures. Numerous TSGs 
and  miRNAs have been shown to be regulated by 
DNA hypermethylation in different types of 
 cancer. To date, more than 50 protein-encoding 
genes have been identifi ed to be aberrantly 
hypermethylated during some phase of mela-
noma  progression and metastasis (Table  8.1 ) 
 [  12  ] . However, there are only two miRNAs, 
miR-34a  [  13  ]  and miR-9  [  14  ] , shown to be 
 methylated in melanoma. Although the exact 
function of most of these aberrantly silenced 
genes and miRNAs is still unknown, most data 
would support the notion that they possess a 
wide range of alternative gene functions, such as 
cell cycle control, apoptosis, cell signaling, 
tumor cell invasion and metastasis, angiogenesis, 
and immune recognition  [  15  ] .  

 The 14-3-3 s  gene, also known as stratifi n, 
was fi rst identifi ed as an epithelial cell antigen 
(HME-1), exclusively expressed in human epi-
thelia. It has been implicated in p53-mediated 
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   Table 8.1    Genes with an altered DNA methylation status in melanoma (modifi ed from Sigalotti et al.  [  196  ] )   

 Pathway  Gene 
 Methylation status 
in melanoma a   % 

 Apoptosis  DAPK b  
 HSPB6 
 HSPB8 
 RASSF1A 
 TMS1 
 TNFRSF10C 
 TNFRSF10D 
 TP53INP1 
 TRAILR1 
 XAF1 

 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 

 19 
 100 
 69 
 19–69 
 8–50 
 57 
 80 
 19 
 13–80 
 – 

 Anchorage-independent growth  TPM1  Methylated  8 
 Cell cycle  CDKN1B 

 CDKN1C 
 CDKN2A 
 TSPY 

 Methylated 
 Methylated 
 Methylated 
 Methylated 

 0–9 
 35 
 10–76 
 100 

 Cell fate determination  MIB2 
 APC 
 WIF1 

 Methylated 
 Methylated 
 Methylated 

 19 
 15–17 
 – 

 Chromatin remodeling  NPM2  Methylated  50 
 Degradation of misfolded proteins  DERL3  Methylated  23 
 Differentiation  ENC1 

 GDF15 
 HOXB13 

 Methylated 
 Methylated 
 Methylated 

 6 
 75 
 20 

 DNA repair  MGMT  Methylated  0–63 
 Drug metabolism  CYP1B1 

 DNAJC15 
 Methylated 
 Methylated 

 100 
 50 

 Extracellular matrix  COL1A2 
 MFAP2 

 Methylated 
 Methylated 

 63–80 
 30 

 Immune recognition  BAGE 
 HLA class I 
 HMW-MAA 
 MAGE-A1, -A2, -A3, -A4 

 Demethylated 
 Methylated 
 Methylated 
 Demethylated 

 83 
 – 
 – 
 – 

 Infl ammation  PTGS2  Methylated  20 
 Invasion/metastasis  CCR7 

 CDH1 
 CDH8 
 CDH13 
 CXCR4 
 DPPIV 
 EPB41L3 
 SERPINB5 
 LOX 
 SYK 
 TFPI-2 
 THBD 
 TIMP3 

 No CpG island 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 

 – 
 88 
 10 
 44 
 – 
 80 
 5 
 13–100 
 45 
 3–30 
 13–29 
 20–60 
 13 

 Proliferation  MT1G 
 WFDC1 

 Methylated 
 Methylated 

 21 
 20–25 

(continued)



Table 8.1 (continued)

 Pathway  Gene 
 Methylation status 
in melanoma a   % 

 Signaling  DDIT4L 
 ER a  
 PGR b  
 PRDX2 
 PTEN 
 3-OST-2 
 RARRES1 
 RAR b 2 
 RIL 
 SOCS1 
 SOCS2 
 SOCS3 
 UNC5C 

 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 

 29 
 17–51 
 56 
 8 
 0–62 
 15–56 
 13 
 13–70 
 88 
 75–76 
 44–75 
 60 
 23 

 Vesicle transport  Rab33A  Methylated  100 
 Transcription  HAND1 

 OLIG2 
 NKX2-3 
 PAX2 
 PAX7 
 RUNX3 

 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 

 15–63 
 63 
 63 
 38 
 31 
 4–29 

 Unknown b   BST2 
 FAM78A 
 HS3ST2 
 LRRC2 
 LXN 
 PCSK1 
 PPP1R3C 
 PTPRG 
 QPCT 
 SLC27A3 

 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 
 Methylated 

 50 
 8 
 56 
 5 
 95 
 60 
 25 
 8 
 100 
 46 

   APAF-1  Apoptotic Protease Activating Factor 1,  APC  adenomatous polyposis coli,  BAGE  B melanoma antigen,  BST2  
bone marrow stromal cell antigen 2,  CCR7  chemokine (C-C motif) receptor 7,  CDH1  cadherin 1,  CDH8  cadherin 8, 
 CDH13  cadherin 13,  CDKN1B  cyclin-dependent kinase inhibitor 1B,  CDKN1C  cyclin-dependent kinase inhibitor 1C, 
 CDKN2A  cyclin-dependent kinase inhibitor 2A,  COL1A2  alpha 2 type I collagen,  CXCR4  chemokine (C-X-C motif) 
receptor 4,  CYP1B1  cytochrome P450, family 1, subfamily B, polypeptide 1,  DAPK  death-associated protein kinase, 
 DDIT4L  DNA-damage-inducible transcript 4-like,  DERL3  Der1-like domain family, member 3,  DNAJC15  DnaJ 
homolog, subfamily C, member 15,  DPPIV  dipeptidyl peptidase IV,  ENC1  ectodermal-neural cortex-1,  EPB41L3  eryth-
rocyte membrane protein band 4.1-like 3,  ER a   estrogen receptor alpha,  FAM78A  family with sequence similarity 78, 
member A,  GDF15  growth differentiation factor 15,  HAND1  heart and neural crest derivatives expressed 1,  HLA class 
I  human leukocyte class I antigen,  HMW-MAA  high molecular weight melanoma associated antigen,  HOXB13  homeo-
box B13,  HS3ST2  heparan sulfate (glucosamine) 3-O-sulfotransferase 2,  HSPB6  heat shock protein, alpha-crystallin-
related, B6,  HSPB8  heat shock 22 kDa protein 8,  LRRC2  leucine rich repeat containing 2,  LOX  lysyl oxidase,  LXN  
latexin,  MAGE  melanoma-associated antigen,  MFAP2  microfi brillar-associated protein 2,  MGMT  O-6-methylguanine-
DNA methyltransferase,  MIB2  mindbomb homolog 2,  MT1G  metallothionein 1G,  NKX2-3  NK2 transcription factor 
related, locus 3,  NPM2  nucleophosmin/nucleoplasmin 2,  OLIG2  oligodendrocyte lineage transcription factor 2,  PAX2  
paired box 2,  PAX7  paired box 7,  PCSK1  proprotein convertase subtilisin/kexin type 1,  PGR b   progesterone receptor  b , 
 PPP1R3C  protein phosphatase 1, regulatory (inhibitor) subunit 3C,  PRDX2  peroxiredoxin,  PTEN  phosphatase and 
tensin homologue,  PTGS2  prostaglandin-endoperoxide synthase 2,  PTPRG , protein tyrosine phosphatase, receptor 
type, G,  QPCT  glutaminyl-peptide cyclotransferase,  RARB  retinoid acid receptor  b 2,  RASSF1A  RAS association 
domain family 1,  RIL  reversion-induced LIM,  RUNX3  runt-related transcription factor 3,  SERPINB5  serpin peptidase 
inhibitor, clade B, member 5,  SLC27A3  solute carrier family 27,  SOCS  suppressor of cytokine signaling,  SYK  spleen 
tyrosine kinase,  TFPI-2  tissue factor pathway inhibitor-1,  THBD  thrombomodulin,  TIMP3  tissue inhibitor of metallo-
proteinase 3,  TMS1  target of methylation silencing 1,  TNFRSF10C  tumor necrosis factor receptor superfamily, member 
10C,  TNFRSF10D  tumor necrosis factor receptor superfamily, member 10D,  TP53INP1  tumor protein p53 inducible 
nuclear protein 1,  TPM1  tropomyosin 1 (alpha),  TRAILR1  TNF-related apoptosis inducing ligand receptor 1,  TSPY  
testis specifi c protein, Y-linked,  UNC5C  Unc-5 homologue C,  WFDC1  WAP four-disulfi de core domain 1,  WIF1  Wnt 
inhibitory factor 1,  XAF1  XIAP associated factor 1 
  a Methylation status of the gene found in melanoma as compared to that found in normal tissue 
  b To be determined  
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G2/M cell cycle arrest and acts as a TSG in 
colorectal cancer  [  16  ] . Gene silencing of 14-3-3 s  
by CpG hypermethylation has been found to 
occur in many human epithelial cancers, includ-
ing breast cancer  [  17  ] , hepatocellular carcinoma 
 [  18  ] , vulval squamous neoplasia  [  19  ] , gastric car-
cinoma  [  20  ] , oral carcinoma  [  21  ] , and epithelial 
ovarian cancer  [  22,   23  ] , as well as prostate 
and endometrial carcinoma  [  23  ] . Most recently, 
14-3-3 s  gene expression and regulation was 
investigated in melanoma, with the 14-3-3 s  gene 
found to be highly expressed in human skin, but 
undetectable in either normal human melano-
cytes or melanoma cells  [  24  ] . Unlike epithelial 
cancers, the promoter CpG islands in the 14-3-3 s  
gene are heavily methylated in both normal 
 melanocytes and most melanoma cells in a cell-
lineage specifi c manner  [  24  ] . Spontaneous dem-
ethylation of 14-3-3 s  CpG islands was not 
observed in clinical melanoma tissue samples or 
in short-passaged melanoma cell lines. These 
results indicate that 14-3-3 s  might have a tenta-
tive negative effect on melanoma progression, as 
recently demonstrated by Schultz et al.  [  25  ] . On 
the other hand, since 14-3-3 s  is methylated in 
melanoma in a cell-lineage specifi c manner, the 
methylation status of 14-3-3 s  is not suitable as a 
marker for evaluating disease progression in mel-
anoma patients.  

   Aberrant DNA Hypomethylation 

 Epigenetic silencing of TSGs is a well-docu-
mented and important cellular phenomenon; 
although, there is relatively little research into the 
role of hypomethylation in the initiation and 
transformation events of melanoma. It was 
recently demonstrated that hypomethylation in 
cancers may contribute to tumor progression by 
inducing genomic instability via the demethyla-
tion of transposons and peri-centromeric repeats 
 [  26  ] . For instance, genome-wide hypomethyla-
tion was observed in mice that carried a hypo-
morphic DNMT1 and developed aggressive T-cell 
lymphomas  [  27  ] . This demonstrated the potential 
consequences of tumor development as a result of 
spontaneously-occurring or chemically-induced 

DNA hypomethylation. The molecular basis for 
hypomethylation-induced tumors in this model 
involves chromosomal instability events accom-
panied by the activation of endogenous retroviral 
elements. Further evidence has shown that exten-
sive DNA hypomethylation in lung cancer occurs 
specifi cally at repetitive sequences, through the 
analysis of the hypermethylation patterns of pro-
moter regions in squamous cell carcinoma of the 
lung and matched normal lung tissue  [  28  ] . These 
fi ndings validate the role of DNA methylation in 
maintaining the stability of the human genome 
and the suppression of transposable elements in 
mammalian cells. 

 DNA hypomethylation not only exists at 
repetitive sequences of the genome in tumors, but 
also at specifi c promoter regions, possibly result-
ing in the activation of genes with suspected 
oncogenic activities  [  26  ] . A few such genes have 
been reported in several types of cancer, includ-
ing: cyclin D2, maspin  [  29,   30  ] , and R-RAS  [  26  ]  
promoter CpG hypomethylation and over-expres-
sion in gastric cancer; MN/CA9 in renal cancer 
 [  31  ] ; SNCG/BC SG1 in breast and ovarian can-
cer  [  32  ] ; BORIS/CTCFL in ovarian cancer  [  33  ] ; 
heparinase in bladder cancer  [  34  ] ; WNT5A, 
CRIP1, and S100P in prostate cancer  [  35  ] ; and 
c-ROS in malignant gliomas  [  36  ] . Importantly, 
cancer-testis antigens (CTAs) and several other 
related genes have been shown to be aberrantly 
hypomethylated in melanomas, such as PRAME 
(preferentially expressed antigen of melanoma), 
SSX 1-5 (sarcoma, synovial, breakpoint 1-5), 
GAGE 1-6 (G antigen 1-6), MAGE-A2, -A3 and 
-A4 (melanoma antigen)  [  37  ] , HMW-MAA (high 
molecular weight melanoma-associated antigen) 
 [  38  ] , NY-ESO-1 (New York esophageal squamous 
cell carcinoma 1)  [  39  ] , and PI5 (protease inhibi-
tor 5/maspin)  [  40  ] . 

 Expression of these genes appears to be sup-
pressed in normal human skin melanocytes, pri-
marily due to presumably heavily methylated 
promoter regions in a cell lineage-specifi c man-
ner. However, these same genes can exist in a 
demethylated state and are aberrantly re-
expressed in subsets of melanoma cells. The bio-
logical signifi cance of gene re-expression 
continues to be poorly understood, with current 
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evidence suggesting that their reactivation may 
contribute to overall tumorigenesis. It is clear 
that the expression of these tumor antigens can 
result in their recognition and possible destruc-
tion by the host immune system. There is also 
evidence showing that CTA gene products can 
infl uence a range of cellular processes, including 
cell signaling, transcription, translation, and 
chromosomal recombination  [  41  ] . For instance, 
recent data suggested that NY-ESO-1 promotes 
growth in normal and human non-small cell lung 
cancer cell lines  [  42  ] . Additionally, there are data 
suggesting that expression of MAGE genes in 
cancer cells contributes directly to the malignant 
phenotype and response to therapy  [  41  ] .  

   Clinical Applications 

 It appears that epigenetic alterations in cancer 
cells affect virtually every cellular pathway 
involved in cell cycle progression, apoptosis, cell 
survival, angiogenesis, and immunogenicity. 
Therefore, it is not surprising that ‘epigenetic 
drugs’ display pleiotropic activities. The use of 
demethylating agents in clinical practice for the 
treatment of patients with cancer has increased in 
recent years. The therapeutic goal is to reverse 
such hypermethylated regions in order to ‘reacti-
vate’ those genes involved in either tumor sup-
pression or some other related function, possibly 
contributing to the regression of established 
tumors. There are several agents that are capable 
of inhibiting DNMTs and associated with the 
capacity to reactivate silenced genes and induce 
differentiation or apoptosis of malignant cells. 
The most intensively studied class of such agents 
are the DNMT inhibitors, which include 5-azacy-
tidine (5-aza, azacytidine) and 5-aza-2 ¢ -deoxy-
cytidine (decitabine), currently approved in the 
United States for the treatment of patients with 
myelodysplastic syndromes (MDS)  [  43  ] . 

 Combinations of demethylation drugs with 
chemotherapy, interferon, and tumor vaccines 
have been proposed as a means to increase their 
clinical effi cacy; since genes involved in chemo-
therapy and/or interferon resistance and CTAs 
are all at least partially modulated by promoter 

gene methylation. In pre-clinical murine 
experiments, such combination therapies have 
shown some impressive results, with evidence of 
tumor regression  [  44,   45  ] . Clinical trials have 
also shown limited, but promising results  [  46  ] . 
These clinical trials demonstrated that demethy-
lation agents (decitabine) can be combined safely 
with carboplatin, causing epigenetic changes in 
patients with solid tumors. Decitabine can also 
be safely administered with, and may enhance 
the activity of, high-dose interleukin-2 (IL-2), 
with responses occurring in 31% of melanoma 
patients  [  47  ] . 

 Although reactivation of TSGs and inhibition 
of tumor growth through the use of demethylat-
ing agents has been well documented, there is 
concern that the lack of specifi city of current 
demethylating agents often produces global 
hypomethylation of the genome, resulting in not 
only re-expression of previously silenced TSGs, 
but also activation of ‘tumor-promoting genes’. 
Further research is needed to determine appropri-
ate patient selection and dosing schedules. As we 
identify new genes and improve our current 
understanding of the epigenetic mechanisms 
involved in melanoma, we foresee the develop-
ment of an array-based DNA methylation assay 
capable of identifying a panel of methylated 
genes within a freshly procured melanoma sam-
ple. By doing so, we can selectively modulate 
these promoter regions utilizing demethylating 
agents or HDAC inhibitors, thereby resulting in 
the re-activation of methylation-suppressed gene 
function.  

   DNA Methylation as Biomarkers 
in  Melanoma 

 Due to the extensive differential methylation 
patterns between malignant cells and normal cells, 
aberrantly hypermethylated or hypomethylated 
genes or genetic loci may serve as clinically useful 
biomarkers for early detection of disease, tumor 
classifi cation, and response to treatment with 
classical chemotherapeutic agents, target com-
pounds, and epigenetic drugs. Numerous studies 
have shown the promise of DNA methylation as 
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potential biomarkers with clinical applications. 
Furthermore, the demonstration of identical pat-
terns of DNA methylation in cancer cells and in 
circulating DNA in bodily fl uids of the same 
patient has opened the possibility for the devel-
opment of non-invasive or minimally invasive 
diagnostic tests  [  48  ] . Although cancer cells show 
both aberrant regional hyper methylation and 
global as well as regional hypomethylation, most 
work on biomarker identifi cation is still limited 
to aberrantly hypermethylated genes or genomic 
loci. Indeed, there are several potential advan-
tages for utilizing DNA methylation as biomark-
ers  [  49  ] . First, changes in the status of DNA 
methylation are characteristic of neoplastic cells. 
Different patterns can be  useful in diagnosing 
and classifying tumors of different histology. 
Second, techniques for methylation detection, 
such as methylation-specifi c polymerase chain 
reaction (MS-PCR), are both quick and sensitive. 
Third, compared to protein or RNA biomarkers, 
DNA is very stable and can be obtained from a 
wide variety of sources. 

 Several studies have demonstrated the clinical 
utility of detecting circulating methylated tumor-
related genes in the peripheral blood of cancer 
patients, employing quantitative methylation-
specifi c PCR (Q-MS-PCR) for gene methylation 
analysis of clinical samples  [  50  ] . For instance, 
signifi cantly less frequent circulating methylated 
RASSF1A was reported for biochemotherapy 
responders compared with non-responders, with 
methylation of RASSF1A signifi cantly correlated 
with overall survival and biochemotherapy 
response  [  51  ] . Furthermore, Mori et al.  [  52  ]  
reported that estrogen receptor alpha (ER-A) 
methylation is predictive of melanoma progres-
sion. Although the role of ER-A in melanoma is 
unknown, it was found to be methylated more fre-
quently in metastatic than primary melanomas. In 
addition, serum methylated ER-A was detected 
more frequently in advanced compared to local-
ized melanomas and was the only factor predic-
tive of both progression-free and overall survival 
in patients treated with biochemotherapy  [  52  ] . 
Such data suggest that this biomarker may indeed 
be considered an unfavorable prognostic factor 
when discussing treatment options with patients. 

 The true source of tumor-related methylated 
DNA in serum is unknown. Circulating tumor 
cells (CTCs) in the peripheral blood may be one 
potential source of serum methylated DNA. To 
test this hypothesis, Koyanagi et al.  [  53  ]  obtained 
matched pairs of peripheral blood lymphocytes 
and serum specimens simultaneously from 50 
stage IV melanoma patients before the adminis-
tration of biochemotherapy. Peripheral blood leu-
kocytes were analyzed for three mRNA markers 
of CTCs: MART-1, GalNAc-T, and MAGE-A3; 
with sera analyzed for two methylated DNA 
markers: RASSF1A and RAR- b 2. The number of 
detected CTC markers was found to correlate 
with the overall percentage of methylated DNA in 
the peripheral blood  [  53  ] . A signifi cant difference 
in overall survival in this group of patients treated 
with biochemotherapy was also noted  [  53  ] . 

 There are still many lingering questions con-
cerning specifi c methylation phenotypes, such as 
a CpG island methylator phenotype (CIMP) in 
melanoma. It is often perceived that cancer cells 
can be classifi ed according to their degree of 
DNA methylation, with those cancers with higher 
levels of promoter region methylation represent-
ing a clinically and etiologically distinct group 
that is best characterized by what is described as 
‘epigenetic instability’  [  54  ] . The CIMP is marked 
by methylation of both tumor-related genes and 
multiple non-coding methylated-in-tumor 
(MINT) loci. In gastric and colorectal cancer, the 
existence of such CIMPs have been described 
and found to be associated with tumor develop-
ment. The CIMP has also been shown to be a pre-
dictive marker of survival benefi t from adjuvant 
5-fl uorouracil-based chemotherapy in patients 
with colorectal carcinoma that is metastatic to 
regional lymph nodes  [  55  ] . 

 The question of whether there are also CIMPs 
that exist for melanoma was recently pursued by 
Tanemura et al.  [  56  ] . They investigated the methy-
lation status of promoter CpG islands of six tumor-
related genes (WIF1, TFPI2, RASSF1A, RARh2, 
SOCS1, and GATA4) and a panel of MINT loci 
(MINT1, MINT2, MINT3, MINT12, MINT17, 
MINT25, and MINT31) in primary and metastatic 
tumors of different clinical stages ( n =  122). They 
found that an increase in hypermethylation of four 
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tumor-related genes, that included WIF1, TFPI2, 
RASSF1A, and SOCS1, was associated with 
advancing clinical tumor stage. This fi nding indi-
cates that a CIMP pattern is associated with 
advancing clinical stage of melanoma. 
Interestingly, the methylation status of MINT31 
was associated with disease outcome in stage III 
melanoma patients, with its methylation found to 
be a signifi cant predictor of improved overall sur-
vival. Future prospective large-scale studies will 
be necessary in order to validate CIMP-positive 
primary melanomas as being of high risk of metas-
tasis or recurrence. 

 Thus, the detection of hypermethylated DNA 
may contribute to a more sensitive classifi cation 
system for melanoma, with the further identifi ca-
tion of prognostic markers as predictors of out-
come to treatment. It is also possible that a panel 
of methylation markers, rather than a single 
marker, may be more valuable in predicting 
the overall prognosis of melanoma patients. As 
more prognostic markers are identifi ed, it will be 
important to validate their utility by examining 
their gene expression related to clinical outcome 
in a series of properly staged patients with 
melanoma.   

   Histone Modifi cations 

 Epigenetic modifi cations of histones are vital for 
normal human development and the maintenance 
of cellular homeostasis. Such modifi cations may 
include acetylation, methylation, ubiquitination, 
phosphorylation, sumoylation, proline isomeriza-
tion, and ADP ribosylation  [  1  ] . While DNA meth-
ylation represses target gene expression, the 
marking of histone tails by alternative means can 
result in repressive or activating potential. As 
these modifi cations directly and indirectly affect 
gene expression, they also hold an important role 
in the development and progression of cancer. 
Many hallmarks of cancer, such as insensitivity to 
growth inhibitory and apoptotic signals, increased 
potential for proliferation, capacity for invasion 
and metastasis, and maintenance of angiogenesis, 
are indeed induced and/or maintained by certain 

epigenetic states  [  57,   58  ] . Several authors have 
reported on the utilization of certain modifi ed his-
tone states, particularly involving acetylation and 
methylation, as biomarkers for numerous cancers, 
including those of the breast  [  59  ] , prostate  [  4,   60  ] , 
lung  [  61,   62  ] , and esophagus  [  63  ] . The character-
ization of those involved in melanoma may help 
to identify biomarkers for developmental risk, 
diagnosis, prognosis, metastatic propensity, and 
chemoresistance  [  3,   64,   65  ] . 

 Eukaryotic DNA is found in the nucleus pack-
aged into dense chromatin, a tightly twisted com-
paction of DNA, histones (H1, H2A, H2B, H3, 
and H4; each with their own specialized variants) 
and non-histone proteins. The functional unit of 
chromatin is the nucleosome, which consists of a 
histone octamer of two H2A-H2B dimers and an 
H3-H4 tetramer around which ~147 bp of core 
DNA is wound ~1.7 times. Histone H1 acts to 
link nucleosomes together for a higher order 
compaction of chromatin. Between each 
nucleosome lies a stretch of ~50 bp, which gives 
the overall appearance of ‘beads on a string’ in 
actively transcribed euchromatin. The NH 

2
 -

terminal histone domain extends from the core as 
a charged histone ‘tail’. Amino acid residues such 
as lysine and arginine contribute to the overall 
basic properties of the histone tail and to the 
binding of the negatively charged DNA phos-
phate backbone. 

 Post-translational modifi cation of these and 
other residues on the nucleosomal tails primes 
the sites for unique interaction with chromatin 
remodeling complexes and transcription factors, 
thus providing a myriad of ways to affect chro-
matin assembly and gene expression. Specifi c 
combinations of histone modifi cations determine 
the overall expression status of a region of chro-
matin, the proposed ‘histone code’. This code 
may be useful as a marker for predicting past and 
future gene expression trends and targeting 
unique cell characteristics based on a current and 
fl uid epigenetic ‘fi ngerprint’  [  66–  69  ] . While 
numerous covalent modifi cations of histones 
are known, two have been identifi ed as effective 
cancer biomarkers, acetylation and methylation 
 [  3,   4,   59–  63  ] . 
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   Histone Acetylation and Methylation 

 DNA-binding histones are directly targeted by 
the lysine-modifying proteins, HATs and HDACs, 
affecting the strength with which they bind and 
segregate DNA from the transcriptional machin-
ery. Specifi cally, reversible acetylation of the 
 e -amino group on N-terminal tail lysine residues 
reduces the positive charge of the histone and 
alleviates the charge-attraction between it and 
DNA, relaxing chromatin and making DNA more 
accessible to DNA transcription factors. 

 Lysine acetylation is associated with open, 
transcriptionally active euchromatin. Further-
more, lysine acetylation can regulate  protein 
 stability through either directly or indirectly 
affecting protein interaction with the cell ubiquit-
ination machinery  [  70  ] , regulating gene expres-
sion through the modifi cation of higher-order 
chromatin folding  [  71  ] , and recruiting tran-
scriptional activators such as the SWI/SNF 
 adenosine triphosphatase (ATP)-dependent chro-
matin remodeling complex  [  72,   73  ] . Notably, 
loss of the tumor suppressor SNF5, the core sub-
unit of this complex, is associated with increased 
chemoresistance and poor patient survival in 
melanoma  [  74  ] , which in many instances requires 
the presence of the ATPase subunit, BRG1  [  75  ] . 
Lysine deacetylation is thus associated with 
tightly bound, inactive heterochromatin and is 
important for its repression of tumor suppressor 
genes during cancer progression. 

 Methylation and demethylation of histones is 
mediated by HMTs and HDMs, respectively. 
While lysine acetylation is transcriptionally acti-
vating, lysine methylation can be either repres-
sive (H3K9, H3K27) or activating (H3K4), 
depending on the location of the methylated resi-
dues and the degree of methylation in the region. 
Furthermore, acetylation and methylation of his-
tones may in turn lead to the epigenetic modifi ca-
tion of DNA, and vice versa. For instance, Fuks 
et al.  [  76  ]  show that the methyl-CpG-binding 
protein, MeCP2, binds methylated CpG (met-
CpG) sites and recruits both HDAC and H3K9-
specifi c HMT activity. HDACs and HMTs work 
together at this met-CpG site by removal of the 
acetyl group from H3K9 in order to allow room 

for methyl group addition, an initiation factor for 
the formation of heterochromatin  [  77,   78  ] . 
Additionally, a complex of the HMTs, G9a and 
GLP independently regulates both H3K9 and 
DNA methylation in murine and human embry-
onic stem cell populations  [  78,   79  ] . Histone 
methylation may also regulate gene transcription 
independent of promoter DNA methylation  [  80  ] . 
These types of interactions are vital for establish-
ing a more complete and coherent description of 
the current cellular environment by which to 
defi ne important markers.  

   Clinical Applications 

 Regulation of histone modifi cations has shown to 
be a valuable approach for halting and reversing 
tumor development, either directly or through the 
enhancement of chemosensitivity to certain drug 
classes. In cancer, many TSGs are found to be 
down-regulated jointly through promoter hyper-
methylation and the reversible deacetylation of 
lysine residues of local histones by HDACs  [  81  ] . 
Furthermore, HDACs are known to act on pro-
teins that regulate cellular differentiation, prolif-
eration, gene expression, and death  [  82,   83  ] . 
Reversible epigenetic mechanisms allow for the 
manipulation of tumor cell activity at a level that 
can produce widespread, immediate and inherit-
able change. Therefore, HDAC inhibitors are 
currently being studied as treatment for patients 
with multiple cancers, including melanoma. 

 The cell type-specifi c anti-tumor effects of 
HDAC inhibitors are generally thought to result 
in large part from the re-expression of TSGs and 
increased acetylation of non-histone proteins, 
including p53, Hsp90, NF- k B, and tubulin, which 
are active in multiple cellular processes  [  84  ] . 
Notably, protein acetylation may either stabilize 
the protein or promote its degradation; for exam-
ple, HDAC2 and p300 are rapidly degraded upon 
treatment with the HDAC inhibitors valproic acid 
(valproate, VPA) or butyrate  [  85,   86  ] . Targeting 
HDACs is also somewhat tumor-specifi c as they 
are known to be over-expressed in many cancers. 
Multiple HDAC inhibitors have been shown 
to inhibit angiogenesis through attenuation of 
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vascular endothelial growth factor (VEGF)  [  87  ]  
and also to induce generation of reactive oxygen 
species (ROS)  [  88  ] , premature chromatid separa-
tion  [  89  ] , autophagic cell death  [  90  ] , and cell 
senescence  [  91  ]  in transformed cells. More gen-
eral effects of treatment with HDAC inhibitors 
are the induction of intrinsic (mitochondrial) and 
extrinsic (death receptor-mediated) apoptotic 
pathways  [  92  ] , growth arrest, and differentiation 
in vitro and in vivo  [  93,   94  ] ; albeit only about 
2–20% of genes show a change in expression 
after HDAC inhibitor treatment in tumor cells, 
most of those genes being involved in cell growth 
and survival  [  95  ] . Boyle et al.  [  96  ]  described an 
equal number of genes repressed or reactivated in 
melanoma cell lines treated with either butyrate 
or suberic bishydroxamate (SBHA), consistent 
with fi ndings in other tumor cell types. 

 The importance of chemoresistance and the 
current lack of effective treatment strategies for 
advanced stage melanoma cannot be overstated. 
To this end, HDAC inhibitors have been used to 
identify and modulate the expression of notable 
chemoresistance markers. Class III  b -tubulin 
(TUBB3) over-expression promotes resistance to 
taxane derivative chemotherapies and demon-
strates up-regulation in normal melanocytes and 
a majority of primary melanoma tumors, albeit 
gradually lost in a subset of melanomas with 
increasing stage of disease  [  97  ] . Recently, 
Akasaka et al.  [  97  ]  described the correlation of 
TUBB3 protein expression with chemosensitiv-
ity to paclitaxel-induced apoptosis in melanoma 
cells. Upon treatment of the human melanoma 
cell line HMV-I with an HDAC inhibitor, TUBB3 
expression was induced, correlating with 
increased TUBB3 promoter-region H3/4 acetyla-
tion. HDAC inhibitor-promotion of retinoic acid 
(RA)-signaling was also recently shown to be 
counteracted to a great degree by the retinoic acid 
receptor (RAR) and PRAME  [  98  ] . Suppression 
of these proteins resulted in the sensitization of 
cells to HDAC inhibitors both in vitro and in 
mouse xenografts. 

 Combination decitabine and the HDAC inhib-
itor belinostat (PXD101) markedly increased the 
expression of methylation-silenced MLH1 and 
MAGE-A1 in vitro and in vivo over decitabine 

alone and enhanced cisplatin sensitivity of 
previously resistant ovarian cancer xenografts 
 [  99  ] . Combination therapies, particularly using 
HDAC and DNMT inhibitors, have produced 
clinically relevant data and are currently being 
employed as effective treatment strategies. The 
joint action of ‘opening up’ chromatin and releas-
ing repressive CpG methylation allows for the re-
expression of silenced TSGs. 

 Similar patient data from combinations of 
HDAC inhibitors with other drug classes have 
also been achieved. In a recent case presented by 
Daud et al.  [  100  ] , VPA potentiated the cytotoxic-
ity and DNA strand cleavage induced by a novel 
topoisomerase I inhibitor, karenitecin (KTN), in 
melanoma cell lines and a metastatic melanoma 
xenograft. Furthermore, inclusion of this combi-
nation therapy in a small phase I/II trial for 
patients with stage IV melanoma was associated 
with disease stabilization in 47% (7 of 15) of 
patients. Exhibition of hyperacetylation of his-
tones in peripheral blood mononuclear cells and 
CTCs indicates an important ability to serologi-
cally verify HDAC inhibitor activity. Munster 
et al.  [  101  ]  reported on combination vorinostat and 
another notable topoisomerase inhibitor, doxoru-
bicin, and described HDAC2 pre-treatment 
expression correlating with post-treatment hyper-
acetylation, indicating the potential for HDAC2 
expression to act as a marker predictive of 
HDAC inhibition. Vo et al.  [  102  ]  recently 
described an up-regulation in tumor expression 
of MHC and tumor-associated antigens and an 
increase in proliferation and activity of adop-
tively transferred gp100 melanoma antigen- 
specifi c pmel-1 T-cells after treatment of B16 
murine melanoma cells with combination HDAC 
inhibitor (LAQ824) and adoptive transfer lym-
phocytes, validating these fi ndings with combi-
nation LAQ824 and the melanoma antigen 
tyrosinase-related protein 2 (TRP2). Histone 
acetylation mechanisms thus play a major role in 
multiple cellular processes and are proving a 
 viable fi eld for tumor marker discovery. 

 With the advent of epigenetic therapy for can-
cer and the presence of a myriad of interactions 
between various epigenetic effectors, interest in 
development and use of HMT inhibitors for 
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 deciphering the least well understood of these 
effectors has recently been growing. It was not 
until 2005 that chaetocin, a fungal metabolite, 
became the fi rst lysine-specifi c HMT inhibitor to 
be described  [  103  ] . G9a, an H3K9 HMT, was 
screened against for inhibitors using a panel of 
125,000 compounds  [  104  ] . One inhibitor was 
identifi ed to selectively target G9a and reduce 
H3K9me2 formation, without competing with the 
S-adenosyl methionine cofactor. Transient 
 demethylation was evident upon removing the 
inhibitor from the cells, an important note for 
therapeutic development. RNA interference 
knockdown of G9a and SUV39H1, another H3K9 
HMT, in PC3 prostate cancer cells resulted in 
marked reduction of cell growth including telo-
meric shortening  [  80  ] . Independently, SUV39H1 
knockdown resulted in G2/M arrest, while G9a 
knockdown resulted in a 1.7-fold increase in total 
DNA, associated with a near doubling of chro-
mosome number, in addition to abnormal cen-
trosome number and morphology in 25% of cells. 
Of note, gene up-regulation was not seen after 
knockdown of either HMT for the vast majority 
of 39,000 genes included in an mRNA microar-
ray, indicating a possible non-gene-based mecha-
nism by which HMTs propagate malignancy. 

 Combination HMT and HDAC inhibitor treat-
ment has been shown to reduce levels of the HMT 
enhancer of zeste homolog 2 (EZH2) and induce 
apoptosis in acute myeloid leukemia cells above 
independent treatment levels  [  105  ] . DZNep 
(3-deazaneplanocin A) is one of a few new HMT-
inhibiting compounds currently being studied. It is 
found to inhibit global histone methylation 
(including that of H3K27 and H4K20), signifi -
cantly reduce PRC2 levels, and induce re-expres-
sion of some TSGs in a reversible manner, inducing 
apoptosis of breast cancer cells  [  106,   107  ] .  

   Histone Modifi cations as Biomarkers 
in Melanoma 

 Some members of the three main HAT families, 
GNAT [general control non-depressible 5 (Gcn5)-
related  N -acetyltransferase], MYST [named for 
family members MOZ, Ybf2-Sas3, Sas2, and 
Tip60, and which also includes HBO1, MOF, 

GCN5, PCAF (p300/CBP-binding associated 
factor) and MORF (MOZ-related factor)], and 
p300/CBP (adenoviral E1A-associated protein, 
300 kDa; CREB-binding protein), have been 
described in melanoma-associated systems. 
Tip60 and HBO1 present in a complex with the 
putative melanoma tumor suppressors ING3 and 
ING4, respectively  [  108–  111  ] . Notably, down-
regulation of nuclear ING3 or cytosolic accumu-
lation in primary melanomas of 2 mm or greater 
Breslow thickness is correlated with a reduced 
5-year survival rate, while its phosphorylation 
inhibits melanoma growth through down-regula-
tion of cyclin B1 and reduction of downstream 
cyclin-dependent kinase (CDK) 1 activity  [  111  ] . 

 Both Tip60 and HBO1 also functionally link 
NF-кB  [  112–  114  ] , while acetylation by Tip60, 
GCN5, and PCAF can stabilize the transcription 
factor c-Myc  [  115,   116  ] , all of which are putative 
melanoma oncoproteins  [  117–  122  ] . Bhoumik 
et al.  [  123  ]  described the promotion of Tip60 
degradation through the interaction of activating 
transcription factor-2 (ATF2), which recruits 
Tip60 to acetylate histones H2B and H4, and 
Cul3 ubiquitin ligase. Inhibition of ATF2 expres-
sion was further shown to induce Tip60 protein 
expression in a panel of melanoma and prostate 
cancer cell lines, while down-regulation of ATF2 
inhibits melanoma proliferation in vitro and 
tumor growth in vivo  [  124  ] . Increased ATF2 
localization to the nucleus is a marker of poorer 
melanoma prognosis; while its cytoplasmic 
sequestration has been shown to inhibit mouse 
xenograft tumor growth  [  125  ] . Sakuraba et al. 
 [  126  ]  recently provided clinical data correlating 
Tip60 down-regulation in 5 of 38 (13%) primary 
colorectal cancer specimens with increased tumor 
size, poor differentiation, peritoneal dissemina-
tion, distant metastasis and higher TNM classifi -
cation stage. 

 CBP and p300 have been shown to associate 
with microphthalmia-associated transcription 
factor (MITF), a melanocyte lineage survival 
oncogene  [  127–  129  ] , that transcriptionally regu-
lates melanoma invasiveness, proliferation, and 
apoptosis  [  130  ] , and which is mostly up-regulated 
in metastatic melanomas  [  131  ] , and associated 
with decreased survival in metastatic melanoma 
patients  [  132  ] . Reduced expression or activity of 
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p300/CBP has also been shown to inhibit growth 
and induce senescence in melanocytes and mela-
noma cells via the down-regulation of cyclin E 
due to deacetylation at its promoter  [  133  ] . 

 The DEK proto-oncogene, noted for its 
involvement in leukemogenesis and interaction 
with histones, has been described as a potent 
inhibitor of both p300 and PCAF expression and 
activity  [  134  ] . DEK is amplifi ed in melanoma 
(chromosome 6p, a commonly amplifi ed mela-
noma locus) and is expressed in metastatic 
lesions. Long- and short-term knockdown of 
DEK has been found to result in premature mela-
noma senescence and reduced chemoresistance 
to DNA-damaging agents  [  135  ] . Its anti-apop-
totic role may be due to p53 inhibition in some 
systems. However, short hairpin RNA directed 
against DEK produced no change in p53 or p53-
dependent apoptosis in a melanoma model; 
although up-regulation of anti-apoptotic MCL-1 
was noted  [  135  ] . 

 HDACs generally act as part of transcription-
ally repressive complexes and can reverse the 
actions of HATs, inducing growth arrest, differ-
entiation, and apoptosis  [  136  ] . Importantly, 
HDACs may have either tumor suppressing or 
oncogenic effects depending on their targets; for 
example, HDACs reactivate the expression of 
proteins such as CDK inhibitor-1 (CDKN1/p21) 
 [  137  ]  and urokinase plasminogen activator (uPA), 
a tissue degrading protein implicated in tumor 
cell invasion and metastasis, potentially resulting 
in the induction of cellular senescence/apoptosis 
or promotion of tumor cell invasion  [  138  ] , respec-
tively. Currently, 18 known human HDACs have 
been described  [  139,   140  ] ; separated into four 
classes based on structural homology to yeast 
HDACs, mechanism of enzyme activity, and cel-
lular localization. 

 Histone deacetylase 1 (HDAC1) is a potent 
inhibitor of H3 and H4 acetylation and involved in 
the mediation of human melanocyte senescence, 
likely a result of increased association of HDAC1 
and the retinoblastoma (RB) protein  [  133,   141  ] . 
HDAC1 histone deacetylation is also an important 
prerequisite for H3K9 di- and trimethylation; its 
trimethylation being a marker of senescence in 
melanocytes and melanocytic nevi  [  141  ] . Notably, 
Schultz et al.  [  25  ]  described the induction of 

 melanoma cell senescence by 14-3-3 s , evident in 
part by increased H3K9 methylation levels fol-
lowing over-expression of 14-3-3 s   [  25  ] . The 
metastasis suppressor BRMS1, a noted HDAC1 
co-repressor, has recently been shown to suppress 
expression of uPA via recruitment of HDAC1 to 
the NF- k B binding site of the uPA promoter and 
reducing acetylation of p65 in the metastatic 
 melanoma cell line C8161.9  [  142  ] . 

 Oncostatin M (OSM), an IL-6 type cytokine 
and STAT3 activator, is a noted suppressor of 
melanoma cell proliferation that is highly regu-
lated via histone acetylation near its promoter 
 [  143  ] . Lacreusette et al.  [  144  ]  describe an immu-
notherapeutic approach, utilizing tumor-infi ltrat-
ing lymphocytes (TILs) in stage III melanoma 
patients, whereby there was a relationship 
between responsiveness of cancer cells to 
Oncostatin M and/or IL-6 and survival. Such 
resistance may be due to the inhibition of OSM 
gene expression by HDACs during melanoma 
cell proliferation. Other tumor types may also 
display promoter region hypermethylation by 
DNMTs, particularly colorectal cancer  [  145  ] . 

 Histone methylation plays a key role in estab-
lishing and maintaining stable gene expression 
patterns during cellular differentiation and embry-
onic development. Methylation of H3K4, K36, 
and K79 are generally associated with gene acti-
vation, while gene silencing generally results from 
methylation of H3K9, K20, or K27  [  57  ] . Lysine-
dependent kinase 1 (LSD1), an HDM, specifi cally 
demethylates di- and monomethylated H3K4 and 
K9; for example, H3K4me2 may become 
H3K4me1 and fi nally H3K4me0. In this manner, 
LSD1 may activate or silence gene expression 
depending on its target. Recently, recruitment of 
LSD1 by the melanoma oncogene Myc and tran-
sient LSD1-mediated demethylation of H3K4 at 
the Myc E-box DNA binding site has been shown 
to induce local DNA oxidation, promoting Myc 
target gene mRNA transcription  [  146  ] . 

 Polycomb group (PcG) proteins, which com-
monly harbor HMT domains, remodel chromatin 
such that transcription factors cannot bind pro-
moters. PcG proteins in complex are termed poly-
comb repressive complexes (PRCs), and their 
repressive function is stable over multiple gener-
ations, only overcome by germline differentiation 
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processes. Over-expression of PcGs is correlated 
with severity and invasiveness of some cancers 
 [  147  ] . One of the best described oncogenic PcGs 
is EZH2. Expression of EZH2 as a member of 
PRC 2/3 allows activity of its SET (suppressor of 
variegation-enhancer of zeste-trithorax) HMT 
domain to methylate H3K27 and purportedly 
H3K9  [  148  ] . EZH2 is signifi cantly up-regulated 
in melanoma and associated with poor prognosis 
in prostate, breast and other cancers  [  149–  151  ] . 

 Two identifi ed polymorphisms of EZH2 have 
also recently been associated with reduced lung 
cancer risk  [  152  ] . The co-expression of the EZH2 
and Ras genes is required for the epigenetic 
silencing of the Fas gene, also responsible for 
anchorage-independent growth and tumorigenic-
ity  [  153  ] . It may also act as a platform for DNMT 
function by facilitating DNA methylation and 
repressing E-cadherin gene expression, thought 
to be important during epithelial-mesenchymal 
cell-type transition (EMT) involved in tumor cell 
invasion and metastasis. Furthermore, EZH2 
represses the expression of RUNX3, an impor-
tant tumor suppressor gene that up-regulates the 
cell cycle regulators p21 WAF1/Cip1  and p57 KIP2  and 
the pro-apoptotic protein Bim  [  154,   155  ] . 

 Wang et al.  [  156  ]  described the identifi cation 
of two  Drosophila  polycomb-like (PCL) protein 
human homologs, hPCL3S and hPCL3L, short 
and long mRNA, respectively. Northern blot 
analysis revealed the absence of both in normal 
melanocytes, while their expressions were dra-
matically higher in all tested melanoma cell lines, 
including those derived from radial and vertical 
growth phase primaries and metastatic tumors. 
Additionally, a stage IV melanoma tissue sample 
and all tested stage III skin cancers expressed 
higher hPCL3 and hPCL3S levels, respectively, 
than did earlier stage samples.   

   MicroRNAs 

 MicroRNAs are endogenous, ~22 nucleotide in 
length, non-coding RNAs that play a central role 
in gene regulation and expression through direct 
interaction with mRNA either by inhibiting 
mRNA translation  [  157–  160  ]  or promoting 

mRNA degradation  [  161–  163  ] . There are 
currently several hundred confi rmed miRNA 
sequences in humans, with computational predic-
tions suggesting that the total count might be 
more than 1,000  [  164  ] . The regulatory nature of 
miRNAs, combined with the large number of 
presumptive target genes, suggests that they are 
essential regulators of a wide range of cellular 
processes. Recent evidence is emerging that par-
ticular miRNAs may play an important role in 
human cancer epigenetic pathogenesis. 

 It is important to understand the basic molecu-
lar mechanisms involved in miRNA-mediated 
gene silencing. Briefl y, miRNA is originally tran-
scribed by RNA polymerase II as a long primary 
miRNA (pri-miRNA)  [  165  ] . It is then processed 
into a 60–70 nucleotide miRNA precursor (pre-
miRNA) by Drosha, a member of the nuclear 
RNase III family. The pre-miRNA is transported 
from the nucleus to the cytoplasm by RanGTP/
exportin 5, where it is subsequently cleaved by 
DICER to generate 20–22 nucleotide duplexes. 
Generally, only one strand of the duplex serves as 
mature miRNA  [  166,   167  ] . Single-stranded 
miRNA is incorporated into a ribonucleoprotein 
effector complex known as the RNA-induced 
silencing complex (RISC). This complex identi-
fi es target messages based on complementarities 
between the ‘guide’ miRNA and the mRNA, 
resulting in either endonucleolytic cleavage of 
targeted mRNA or translational repression 
 [  168–  170  ] . 

 Most recently, researchers have shown that 
miRNAs are not only inactivating factors for 
translation, but play a more diverse role in the 
regulation of gene expression  [  171  ] . Li et al. 
 [  172  ]  identifi ed several double-stranded RNAs 
(dsRNAs) that activate E-cadherin, p21 WAF1/Cip1 , 
and VEGF gene expression by targeting non-cod-
ing regulatory regions in gene promoters. They 
revealed synthesized 21-nt dsRNAs targeting 
selected promoter regions of human genes that, 
when transfected into human cell lines, resulted 
in long-lasting and sequence-specifi c induction 
of the target genes. Ørom et al.  [  173  ]  also revealed 
that the miRNA miR-10a interacts with the 
5 ¢ -UTR of ribosomal protein mRNAs and 
enhances their translation. 
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 Since miRNA-mediated regulation can affect 
the expression of hundreds of genes on several 
chromosomes, unique patterns of altered miRNA 
expression provide complex fi ngerprints that may 
serve as diagnostic markers for tumorigenesis 
 [  171,   172  ] . A few studies have examined the 
miRNA profi les within melanoma cell lines  [  174  ]  
or tumor samples  [  175,   176  ] . Zhang et al. exam-
ined 45 primary cultured melanoma cell lines by 
array comparative genomic hybridization (aCGH) 
and observed that many genomic loci that con-
tain miRNA-coding sequences are frequently 
affected (85.9%) by copy number abnormali-
ties   [  176  ] . Among 59 of the NCI-60 cell lines 
(derived from melanoma, leukemia, and cancers 
of the gastrointestinal tract, kidney, ovary, breast, 
prostate, lung, and central nervous system), 
Gaur et al.  [  174  ]  identifi ed a set of 15 miRNAs 
with signifi cant differential expression in the 
eight melanoma cell lines studied. It appeared 
that the melanoma cell lines clustered into an 
independent terminal branch based on miRNA 
expression. 

 Increasing evidence shows that expression of 
miRNA genes is deregulated in human cancer, 
thus epigenetically adjusting their target gene 
mRNA expression accordingly  [  177–  185  ] . 
Specifi c miRNA over-expression or under-
expression has been shown to correlate with par-
ticular tumor histologies, with over-expression 
resulting in the down-regulation of TSGs, whereas 
their under-expression could lead to oncogene 
up-regulation  [  176  ] . For example, let-7, down-
regulated in lung cancer, suppresses Ras  [  181  ] ; 
miR-15 and miR-16, deleted or down-regulated 
in leukemia, suppress BCL2  [  182  ] ; and miR-
17-5p and miR-20a control the balance of cell 
death and proliferation driven by the proto-onco-
gene c-Myc  [  183  ] . Clear evidence indicates that 
miRNA polycistron miR-17-92 serves as an onco-
gene in lymphoma  [  184  ]  and lung cancer  [  185  ] . 
In addition, miR-372 and miR-373 are novel 
oncogenes in testicular germ cell tumors and act 
by neutralizing p53-mediated CDK inhibition, 
possibly through direct inhibition of the expres-
sion of the tumor-suppressor LATS2  [  186  ] . 

 Several miRNAs have been identifi ed as play-
ing key roles in human melanoma epigenetic 

pathogenesis (Table  8.2 ). The fi rst report linking 
the deregulated expression of a single miRNA to 
its function in melanoma tumorigenesis was pub-
lished by Bemis et al.  [  50  ] . They examined the 
expression of mature miR-137 that was capable 
of down-regulating MITF expression in mela-
noma cell lines, with MITF previously shown to 
be a master regulator of melanocyte develop-
ment, survival, and function  [  130,   187,   188  ] . 
They further identifi ed a 15-bp variable nucle-
otide tandem repeat sequence, which alters the 
processing and function of miR-137 in melanoma 
cell lines  [  50  ] . In another study, Müller et al. 
 [  188  ]  determined let-7a to be an important regu-
lator of integrin  b (3) expression; the latter is 
known to play an important role in melanoma 
progression and invasion. Melanoma cells trans-
fected with synthetic let-7a molecules show 
repressed expression of integrin  b (3) that is 
accompanied by reduced invasive potential, as 
observed in Boyden chamber assays. As a corol-
lary, induction of integrin  b (3) gene expression 
with let-7a anti-miR resulted in invasive behav-
ior of transfected melanocytes  [  188  ] . It appears 
that the loss of let-7a expression is involved in 
the development and progression of melanoma. 
Schultz et al.  [  189  ]  found that members of the 
let-7 family of miRNAs were signifi cantly down-
regulated in primary melanomas compared with 
benign melanocytic nevi. Over-expression of let-
7b in melanoma cells in vitro resulted in the 
down-regulation of expression of cyclins D1, D3, 
and A, as well as CDK4, all of which have been 
described to play a role in melanoma develop-
ment. The effect of let-7b on protein expression 
is due to targeting of the 3 ¢ -UTRs of individual 
mRNAs. In line with its down-modulating effects 
on cell cycle regulators, let-7b inhibited cell cycle 
progression and anchorage-independent growth 
of melanoma cells.  

 Müller et al.  [  190  ]  summarized the functional 
characterization of single miRNA species in mel-
anoma cells in a review published in 2009. They 
underlined the role of miRNAs in the pathogen-
esis of melanoma, as well as future prospects in 
diagnosis and therapy. This group also carried out 
a detailed comparison of the miRNAomes of nor-
mal human melanocytes with well-characterized 



104 S. Liu et al.

melanoma cell lines derived from primary tumors 
and melanoma metastases  [  191  ] . The experimen-
tal setup of this study made it possible to identify 
miRNAs differentially expressed in each step of 
melanoma tumorigenesis, such as early develop-
ment and metastasis. The most important fi ndings 
can be summarized as follows: (1) expression of 
a high number of miRNAs is deregulated in mel-
anoma cells compared with normal melanocytes, 
with the bulk of miRNAs up-regulated in mela-
noma cell lines; (2) the bulk of those miRNAs 
found to be most strongly deregulated were not 
previously described to be of importance in tumor 
development; (3) heterogeneity of melanoma 

cells causes intrinsic changes in the expression of 
some miRNAs, which makes it necessary to ana-
lyze sets of cell lines/tissue samples in order to 
minimize the effects of individual alterations. It 
is interesting to note that several miRNAs, 
proven to harbor oncogenic or tumor-suppressive 
 potential in other types of tumors, were also 
found to be deregulated in melanoma. Thus, these 
mi RNAs may also be relevant in melanoma 
pathobiology; although the mechanisms by which 
they exert their function in this cancer subtype 
remain to be elucidated. 

 The transcriptional regulation of miRNA 
expression in several tumor types has recently 

   Table 8.2    miRNAs altered in melanoma (modifi ed from Sigalotti et al.  [  196  ] )   

 Pathway  miRNA  Targeted gene  Expression a  
 Apoptosis  miR-15b 

 miR-155 
 – 
 NIK (?), SKI (?) 

 Up-regulated 
 Down-regulated 

 Cell cycle  miR-193b 
 miR 17–92 cluster 
 miR 106–363 cluster 
 miR-137 
 miR-182 
 miR-221/-222 
 let-7b 

 Cyclin D1 
 c-MYC 
 Rbp1-like (?) 
 MITF 
 MITF, FOXO3 
 c-KIT, p27 
 cyclins A, D1, D3, CDK4 

 Down-regulated 
 Up-regulated 
 Up-regulated 
 Down-regulated 
 Up-regulated 
 Up-regulated 
 Down-regulated 

 Invasion/metastasis  miR-373 
 miR-137 
 miR-182 
 let-7a 
 miR-34b 
 miR-34c 
 miR-199a*    

 – 
 MITF 
 MITF, FOXO3 
 ITGB3 
 MET 
 MET 
 MET 

 Up-regulated 
 Down-regulated 
 Up-regulated 
 Down-regulated 
 Down-regulated 
 Down-regulated 
 Down-regulated 

 Unknown b   miR-17-5p 
 miR-146a 
 miR-146b 
 miR-16 
 miR-21 
 miR-22 
 miR-106b 
 miR-125b 
 miR-200c 
 miR-203 
 miR-204 
 miR-205 
 miR-211 
 miR-214 
 miR-768-3p 

 – 
 – 
 – 
 – 
 – 
 – 
 – 
 – 
 – 
 – 
 – 
 – 
 – 
 – 
 – 

 Up-regulated 
 Down-regulated 
 Down-regulated 
 Up-regulated 
 Up-regulated 
 Up-regulated 
 Up-regulated 
 Down-regulated 
 Down-regulated 
 Down-regulated 
 Down-regulated 
 Down-regulated 
 Down-regulated 
 Down-regulated 
 Down-regulated 

   CDK4  cyclin-dependent kinase 4,  FOXO3  forkhead box O3,  ITGB3  integrin beta 3,  MITF  
microphthalmia-associated transcription factor,  NIK  nuclear factor-inducing kinase,  Rbp1-like  
retinoblastoma binding protein 1-like,  SKI  v-ski sarcoma viral oncogene homolog 
  a Level of expression of miRNAs in melanoma as compared to that found in normal melanocytes 
  b To be determined
*Passenger strand/star arm  
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been examined, with epigenetic modifi cation of 
DNA identifi ed as a key mechanism. Saito et al. 
 [  192  ]  demonstrated that the induction of a small 
subset of miRNAs was followed by the inhibition 
of DNA methylation and histone deacetylation. 
One of these miRNAs – miR-127, located within 
a CpG island – is generally down-regulated in 
most cancer cells compared with corresponding 
normal cells. MiR-127 was found to be up-regu-
lated following treatment with chromatin-modi-
fying drugs, while the target gene BCL6 was 
translationally repressed  [  192  ] . Meng et al.  [  193  ]  
reported that another CpG island-embedded 
miRNA, miR-370, showed IL-6-driven methyla-
tion regulation in cholangiocarcinoma cells. The 
authors demonstrated that IL-6 can enhance the 
growth of cholangiocarcinoma cells by repress-
ing the expression of miR-370 epigenetically. 
Interestingly, the demethylation agent 5-aza-2 ¢ -
deoxycytidine had an opposite effect on the 
expression of miR-370, but only in malignant 
cells. Among its predicted targets, the oncogene 
MAP3K8 was identifi ed, which may explain the 
altered growth of tumor cells in this context. 
These data illustrate the complex network involv-
ing an infl ammation-associated cytokine, DNA 
methylation, the expression of a miRNA, and its 
target protein-coding gene  [  193  ] . 

 In a study of lung adenocarcinoma, Brueckner 
et al.  [  194  ]  reported that the let-7a-3 locus is gen-
erally hypomethylated and that its expression 
can be epigenetically modulated. Another group 
has identifi ed the promyelocytic leukemia zinc 
fi nger (PLZF) transcription factor as a repressor 
of miR-221 and miR-222 via direct binding to 
their putative regulatory region(s) in melanoma 
 [  195  ] . Specifi cally, PLZF silencing in melano-
mas unblocks miR-221 and miR-222, which in 
turn controls neoplastic progression through 
down-modulation of p27 Kip1/CDKN1B  and c-KIT 
receptor, leading to enhanced proliferation and 
differentiation blockade of melanoma cells, 
respectively. In vitro and in vivo functional stud-
ies confi rmed the key role of miR-221/-222 in 
regulating the progression of human melanoma, 
thus suggesting that targeted therapies suppress-
ing miR-221/-222 may prove benefi cial in 
advanced tumors  [  195  ] .  

   Conclusions 

 With the realization that epigenetic heterogeneity 
is a major driving force in cancer development 
and progression, and known to be further involved 
in some enigmatic and seemingly indecipherable 
disease states, an enlightened assessment of the 
effectiveness of current and future biomarkers is 
needed. Accordingly, the most effective epige-
netic-based therapies for melanoma are likely to 
come from some combination of DNA-, histone- 
and miRNA-directed modalities rather than the 
targeting of a specifi c pathway or effector mole-
cule. Next generation high-throughput technolo-
gies will allow researchers to overcome many of 
the boundaries that have precluded effi cient study 
of epigenetic infl uences on cellular events to 
date, for example: (1) the myriad combinations 
of post-translational modifi cations possible; (2) 
unknown and unanticipated interactions between 
modifi cations; (3) antibody specifi city for a grow-
ing number of markers; and (4) availability of 
suffi cient sample quantity and quality for current 
measurement systems.      
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        Introduction 

 The frontiers of cell science are a  terra incognita . 
At least some of the protein function(s) of cells 
and the systems biology that are emerging have 
been traced to single base changes in the genome, 
single nucleotide polymorphisms, or more rare 
mutations that help to explain functional altera-
tions in the bustling life of a cancer cell. However, 
even the most ambitious genome-wide association 
studies have, in most cases, failed to adequately 
explain complex traits or the underpinnings of 
pathology, placing in doubt the dogma of the 
“common-disease, common-variant” hypothesis – 
a theory that the commonality of some diseases 
must imply a common set of identifi able triggers. 
It has long been presumed that these triggers would 
be visible at the level of the DNA template. Only 
recently, a paradigm shift has begun to emerge 
in genetics. New discoveries are proving that 

 epigenetics and noncoding RNA (ncRNA) account 
for a level of regulatory control that can evade 
detection in simple examinations of the DNA tem-
plate. Such regulatory changes routinely “put the 
slip” on cancer investigators who are focused 
exclusively on gene mutations and/or single nucle-
otide polymorphisms. In fact, exploration of these 
furtive systems under ncRNA control is revealing 
new access points into the genome, and may pro-
vide a “torch” to reveal the mechanistic changes in 
some of the darkest pathologies of cancer cells. 

 Cancers of the skin are the most common of all 
cancers. Melanoma is a cancer that arises from the 
melanocytes or the pigment-producing cells of the 
skin. Trends show the worldwide prevalence of 
melanoma has risen over the past three decades, dis-
similar to other cancer types. In fact, melanoma 
incidence is increasing faster than any other form of 
cancer in the United States, and it is now the sixth 
most common form of cancer diagnosed in this 
country. Though not the most common form of skin 
cancer, melanoma is the most serious and, by far, 
one of the deadliest. The National Cancer Institute 
estimated 68,120 newly identifi ed melanoma cases 
and 8,700 deaths from melanoma in 2010  [  1  ] . 

 A number of studies have identifi ed potential 
risk factors for melanoma development. Risk fac-
tors vary by skin type and include patient age, 
prior personal and family medical histories, and 
increased frequency or presence of atypical mel-
anocytic nevi. Ultraviolet (UV) radiation expo-
sure is the major environmental factor contributing 
to melanoma incidence. A higher incidence of 
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melanoma is reported in fair-skinned people. 
Furthermore, epidemiological analysis suggests 
gender and genetics also affect melanoma inci-
dence. According to the American Cancer Society, 
the occurrence of melanoma in whites is more 
than ten times the incidence in African Americans. 
These results show an age-dependent increase in 
the incidence of melanoma in non-Hispanic 
white, white and even Hispanic individuals of 
both sexes in the United States from 2000 to 2007 
(Fig.  9.1 ). In fact, recent studies demonstrate an 

increase in melanoma incidence among Hispanics 
in California  [  2  ]  and Florida  [  3  ] .  

 Indeed, melanoma results from complex etiolo-
gies and deregulation of cell functions with dispa-
rate origins (Fig.  9.2 ). A few of these origins have 
been well characterized and, for the purposes of 
discussion, we can consider one of the most well-
known causes of initiation: overexposure to ambi-
ent sunlight. The sun’s warm rays can be inviting, 
but sunlight also contains UV radiation that can 
damage DNA, particularly in keratinocytes, 

  Fig. 9.1    Age-specifi c incidence of melanoma in the 
United States distinguished by race. These results show an 
age-dependent increase in the incidence of melanoma in 
non-Hispanic white, white and Hispanic individuals of 
both sexes in the United States from 2000 to 2007. Data 
source is Surveillance, Epidemiology and End Results 
( SEER ,   http://seer.cancer.gov/    ). Cancer sites include inva-
sive cases. Incidence source is SEER 17 areas (San 

Francisco, Connecticut, Detroit, Hawaii, Iowa, New 
Mexico, Seattle, Utah, Atlanta, San Jose-Monterey, Los 
Angeles, Alaska Native Registry, Rural Georgia, 
Kentucky, Louisiana, New Jersey, and California exclud-
ing SF/SJM/LA). Hispanics and non-Hispanics are not 
mutually exclusive from whites, blacks, Asian/Pacifi c 
Islanders, and American Indians/Alaska Natives       
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through the induction of pyrimidine-pyrimidine 
dimers. The TP53 gene has many roles, one of 
which is to activate p21 cip/WAF1 , a cyclin-dependent 
kinase inhibitor, in response to DNA damage and 
thereby arrest the cell cycle or trigger cell death by 
apoptosis (programmed cell death)  [  2  ] . The DNA 
mismatch repair apparatus can help out by self-
editing the pyrimidine dimers. However, these 
governing genes are not impregnable to sun dam-
age. UV-induced mutations that occur in the TP53 
or DNA damage repair genes themselves can pre-
vent skin cells from repair or apoptosis. Skin cells 
exposed to sunlight over a prolonged duration are 
often more resistant to apoptosis and die at a 
slower rate due to compromised TP53 or DNA 
repair genes. More mutations are permitted to 
accumulate in skin cells (epidermal keratinocytes 
and melanocytes), as they continue to divide.  

 Melanoma can present as cutaneous, mucosal, 
or ocular in origin. In fact, four major types of 
cutaneous melanoma exist. From most frequent 
to least common, these four major types are: (1) 
superfi cial spreading melanoma, (2) nodular mel-
anoma, (3) lentigo maligna melanoma, and (4) 
acrolentiginous melanoma. Following diagnosis, 
the melanoma is staged based on the histopatho-
logic parameters of the primary tumor (i.e., tumor 
thickness, ulceration and mitotic index) and the 
status of the sentinel lymph node, as defi ned by 
the American Joint Committee on Cancer  [  3  ] . 
Treatment options vary by type, by stage, and by 
location of the tumor. Recognition of early and 
localized melanoma allows for cure by surgery. 
Metastatic melanoma, on the contrary, can be 
lethal. Regionally and distantly spread melano-
mas show high resistance to current treatment 

  Fig. 9.2    Summary of known molecular pathways in mel-
anoma. This pathway summary is obtained from KEGG 
pathway program. Melanoma arises from the malignant 
transformation of pigment-producing cells, melanocytes. 
The only known environmental risk factor is exposure to 
ultraviolet ( UV ) radiation. In addition, people with fair 
skin are at increased risk. Melanoma pathogenesis is also 
driven by genetic factors. Oncogenic NRAS mutations 
activate both Raf-MEK-ERK and PI3K-Akt effector 
pathways. The Raf-MEK-ERK pathway may also be acti-
vated via mutations in the BRAF gene. The PI3K-Akt 

pathway may also be activated through loss or mutation 
of the inhibitory tumor suppressor gene PTEN. These 
mutations arise early in melanoma pathogenesis and are 
preserved throughout tumor progression. Melanoma 
development has been shown to be strongly associated 
with inactivation of the p16INK4a/cyclin-dependent 
kinases 4 and 6/retinoblastoma protein (p16INK4a/
CDK4,6/pRb) and p14ARF/human double minute 2/
p53 (p14ARF/HDM2/p53) tumor suppressor pathways. 
MITF and TP53 are further implicated in melanoma 
progression       
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modalities. Therefore, a capacity to diagnose 
melanoma before it reaches a metastatic stage 
and the development of exceptionally potent 
drugs to combat metastatic disease remain endur-
ing translational goals within melanoma research. 
To date, physicians make diagnostic and prog-
nostic evaluations that are based on biopsies 
which provide microscopic evidence of mela-
noma and its histopathologic prognostic parame-
ters. However, evaluations based on ostensive 
qualities in biopsied tissues can be an inaccurate 
science in some cases. In addition, accurate prog-
nostic biomarkers are currently lacking. Only in 
the past decade have scientists discovered and 
are now beginning to learn how to exploit a novel 
intrinsic regulatory mechanism in the genome for 
the purpose of making diagnoses and combating 
melanoma.  

   Overview of microRNAs 

 RNA interference (RNAi) explains how endoge-
nous ncRNA molecules are processed by a series 
of enzymes called Drosha, DGCR8 and DICER 
into fi nal mature forms of just 18–23 nucleotides 
in length  [  4  ] . These small ncRNA molecules, 
called microRNA (miRNA), can latch onto mes-
senger RNA (mRNA) under the guardianship of 
a multiprotein complex called the RNA –Induced 
Silencing Complex (RISC), and degrade or disrupt 
their translation into protein. This newly discov-
ered mechanism of miRNA regulation is helping 
to clarify our understanding of a major conundrum 
in genomics – namely, how an organism can be so 
complex while relying on so few genes. miRNA 
regulation also has implications for research into 
complex disease states, including melanoma. 

 Recent research efforts show miRNA mole-
cules to be associated with melanoma progression 
and the development of metastasis. miRNAs 
spring from introns and intragenic regions, shad-
owy facets of the genome that were once consid-
ered mere scaffolding by some, and even “junk 
DNA” by others. These molecules are generated 
in a precursor form as short hairpins, up to 140 
nucleotides in length, before undergoing process-
ing into short, single-stranded RNA molecules. 

The “loop” and unused arm, or “star” arm, of the 
precursor molecule are degraded by enzymes that 
naturally dispose of single-stranded RNA mole-
cules adrift in the cytoplasm. The “mature” arm, 
averaging 22 nucleotides in length and containing 
a critical 7 nucleotide “seed” region, is placed 
under RISC guardianship. The RISC binds the 
mature arm to a complementary region on a 
3 ¢ -untranslated region (UTR) of an mRNA tran-
script, resulting in degradation, or “silencing,” of 
the transcript, and preventing it from ever translat-
ing into a protein. Therefore, the complementary 
binding of miRNAs to UTRs represses translation 
and inhibits gene expression. In fact, a prevailing 
theory on their origin suggests that miRNAs 
emerged as a mechanism to shut down exogenous 
double-stranded RNA viruses, but later became 
incorporated as a means to enhance the regulatory 
complexity of the genome. It should come as no 
surprise that miRNAs are proving to play critical 
roles in the homeostasis of cellular life, while the 
recognition of pervasive deregulation of miRNA 
in cancers is a rapidly emerging research fi eld. 
miRNAs have the potential to be clinically rele-
vant biomarkers in both early- and late-stage mel-
anomas. In the future, miRNAs may have 
important diagnostic  [  5  ]  and prognostic  [  6  ]  appli-
cations with regard to melanoma, and represent 
therapeutic targets in this disease.  

   microRNAs as Novel Therapeutics 

 Consider that therapeutic drugs are typically clas-
sifi ed as one of two types. One type is targeted 
therapy in which the introduction of a drug, such 
as the ATP-blocker Gleevec®, can inhibit bio-
synthesis or “gum up” a pathway. A second type 
of therapeutic agent summons the power of innate 
systems within the body, like a leviathan to fi ght 
disease. An example of the latter type of strategy 
would be the employment of an antibody or adju-
vant to stimulate the host immune system to use 
its own organic defense systems to ward off a dis-
ease. RNAi, via the triggering of miRNAs, is 
being actively investigated as an emerging pros-
pect in this second class of therapeutics. It should 
be noted that many technical limitations are 
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emerging. The fi rst of which is accurate identifi -
cation of miRNA targets. The short stature of 
miRNAs is an intrinsic property that enables 
these molecules to target theoretically hundreds 
of genes. Web-based algorithms, such as PicTar 
and TargetScan, identify hundreds of theoretical 
gene targets based on sequence complementarity 
between a miRNA and the 3 ¢ -UTRs of mRNA 
transcripts. Therefore, the broad effi cacy of 
 miRNAs can enable them to control entire gene 
networks and other properties, such as “cell-to-
cell adherence”, if not “invasiveness,” making 
them particularly attractive triggers for evaluat-
ing cancer progression. miRNAs can function 
like a skeleton key, opening an entire isle of prison 
doors with one turn. However, the ubiquity of 
their targets also remains a prevailing paradox in 
this fi eld, since the worm ball of targets and path-
ways that any given miRNA may infl uence is dif-
fi cult to untangle. Furthermore, the use of in vivo 
models to modulate miRNA represents a cautious 
exercise, since the potential to regulate an entire 
cell network is a power not to be taken lightly. To 
date, most research has centered on cell cultures 
and mouse tumor models. miRNA levels may be 
artifi cially induced with viral vectors and silenced 
with “antagomirs,” exogenous single-stranded 
RNA that can now be procured from a small 
number of start-up companies. Thus, researchers 
typically employ quantitative real-time poly-
merase chain reaction (qRT-PCR) to quantify the 
expression level(s) of miRNA in cultured primary 
cells or cell lines, and then use a gene expression 
profi ling method to identify potential targets. 
Once a researcher narrows hundreds of computa-
tional targets down to a few that appear to be 
under the infl uence of a deregulated miRNA, the 
researcher typically mutates or deletes the 3 ¢ -
UTR of the mRNA transcript and expresses it 
ectopically in a cell line. Rescuing of the target 
mRNA usually indicates that a key target gene 
has been identifi ed. In any case, the quantifi ca-
tion of miRNA expression and identifi cation of 
target genes employs a principle called “consis-
tency,” that is used to decipher relationships 
between molecules. 

 Questions remain regarding the reliability and 
accuracy of cultured cell lines to extrapolate 

diagnostic profi les of miRNA in the context of a 
given organism. Several studies, including work 
in our own laboratory, have shown disparities 
between miRNA expression patterns in estab-
lished melanoma cell lines and melanoma tissue 
samples. Recently, some researchers have begun 
to use archival formalin-fi xed, paraffi n-embed-
ded (FFPE) tissue samples as RNA sources, 
replete with a history of clinical information, in 
an effort to profi le miRNA content. Formalin 
fi xation with paraffi n embedding is a process of 
preserving tissue samples in a waxed state and 
generally breaks up longer RNA molecules, such 
as mRNA. Seminal work in this area has proven 
that miRNAs consistently survive this process 
and the use of FFPE tissue to produce miRNA 
profi les is now considered a  fait accompli   [  7,   8  ] . 
Use of FFPE human tissue samples should pro-
vide a more relevant biomarker discovery plat-
form to construct miRNA signatures that more 
closely refl ect disease progression. Due to the 
complexity of the networks that miRNAs 
 infl uence, initial uses of the now ~2,000 human 
miRNAs discovered would most likely be diag-
nostic and/or prognostic in nature.  

   microRNA Nomenclature 

 Prior to a review of some recent fi ndings, a short 
primer on miRNA nomenclature is in order. 
 miRNAs are generally introduced by number, 
such as hsa-miR-101, where “hsa” refers to the 
genus and species,  Homo sapiens . If dropped, in 
the case of miR-101, it is implied to refer to 
humans. The number typically indicates the order 
of discovery, such that miR-101 was identifi ed 
prior to miR-201. The earliest miRNAs to be dis-
covered are members of the let-7 family and are 
referred to with a “let” rather than “miR” prefi x. 
Both “let” and “lin” are idiosyncratic prefi xes 
that have been preserved from the earliest days of 
miRNA taxonomy. As the naming system pro-
gressed, miRNAs were named according to both 
function and location. miR-17-5p, miR-18a and 
miR-20a are all members of the miR-17-92 clus-
ter and spring from the same genomic region. 
However, miRNAs often spring from more than 
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one place in the genome, and antecedent numbers 
such as miR-194-1 and miR-194-2 are used to 
denote this. In addition, miRNAs with closely 
related function(s) can be denoted by letters, as is 
the case with the miR-200a, miR-200b and miR-
200c family. Sometimes mature miRNA can 
spring from opposite ends of the same precursor 
molecule, thereby gaining a directional distinc-
tion, as in miR-142-3p and miR-142-5p. In some 
cases, the mature arm of the precursor molecule 
is not always the functional component – some-
times it is degraded, while the star arm is guarded 
by RISC; for example, miR-123*.  

   Deregulated microRNAs 
in Melanoma 

 Let’s now turn to some examples of emerging 
miRNA profi les in melanoma. The expression of 
let-7a, a founding member of the let-7 family, has 
been shown to be down-regulated in melanoma 
cell lines compared to ordinary, primary melano-
cyte cell lines  [  9  ] . In fact, computational analysis 
places let-7a in sequence complementarity with 
the 3 ¢ -UTR of integrin  b  

3
  mRNA, a precursor to 

a protein that is an essential component in the 
construction of vitronectin receptors. These 
receptors are built under the command of the 
Raf-MEK-extracellular signal-regulated kinase 
(ERK) signaling pathway and have a role in actin 
fi ber organization and anchorage of cells to the 
extracellular matrix. Transfection of cell lines 
with exogenous let-7a molecules results in down-
regulation of integrin  b  

3
 . In contrast, the intro-

duction of a let-7a antagomir leads to up-regulation 
of the integrin  b  

3
  gene and promotes the invasive 

capacity of melanocytes. Thus, let-7a represents 
a “trigger” on a pathway with a confi rmed role in 
anchorage independence and migration. Let-7b, a 
close family member, plays a role in extracellular 
matrix integrity, compromising it. The let-7b 
molecule has been shown to regulate a transcript 
that encodes Basigin, an inducer of a metallopro-
teinase which degrades the extracellular matrix 
 [  10  ] . Transfection of murine melanoma cells with 

let-7b results in reduced cellular migration and 
metastasis (i.e., more let-7b is associated with 
less metalloproteinase). The implication is that 
healthy skin melanocytes require a basal level of 
let-7a and let-7b to uphold extracellular matrix 
integrity, and melanomas can reduce the levels of 
these miRNAs as a mechanism for tissue inva-
sion. Furthermore, let-7b interferes with cellular 
proliferation and colony formation (anchorage-
independent growth) in melanoma cell lines  [  11  ] . 
These data reinforce the tumor suppressive func-
tions of both let-7a and let-7b. 

 In a few striking instances, miRNAs appear to 
unilaterally control cellular properties. According 
to Glud et al.  [  12  ] , the addition of exogenous 
miR-125b to human metastatic melanoma cell 
lines resulted in the induction of cellular senes-
cence. This indicates that miR-125b is apt to be 
down-regulated in melanoma. Indeed, predicted 
targets of miR-125b include the E2F family of 
proteins, which are overexpressed in melanoma 
and regulate the p16 CDKN2A  pathway, the latter 
implicated in cellular senescence and cell cycle 
arrest (Fig.  9.1 ). In addition, miR-125b expres-
sion levels show an inverse correlation with Akt3/
Protein Kinase B, a kinase that is associated with 
more aggressive melanomas; at high levels pro-
moting cell survival, cell proliferation and anti-
apoptosis effects. Follow-up work by Glud et al. 
 [  13  ] , using archival FFPE samples, proved that 
miR-125b expression levels are reduced in meta-
static melanomas compared to primary melano-
mas, suggesting that it could be useful biomarker 
for metastatic progression. Along a similar line, 
miR-205 was shown to undergo substantial 
down-regulation in melanoma tissue samples, 
archival FFPE samples and cell lines  [  14,   15  ] ; 
being connected thus far to E2F1, one of the most 
well studied and prolifi c cell cycle transcription 
factors. 

 Many other miRNAs are being connected to 
cell cycle regulation in melanoma. Itself a target 
of an interferon (IFN)- b -mediated exoribonu-
clease, miR-221 has been shown to be a regulator 
of the cyclin-dependent kinase inhibitor p27 kip1 , 
with down-regulation of miR-221 found to 
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be related to its metastatic effects as a result of 
this cell cycle connection  [  16  ] . One study used 
qRT-PCR analysis of melanocytes and melanoma 
cell lines to determine that miR-146a, miR-146b 
and miR-155 undergo down-regulation in mela-
noma cell lines, while miR-17-5p, miR-18a and 
miR-20a (encoded through the miR-17-92 clus-
ter) were up-regulated  [  17  ] . Indeed, the up-regu-
lation of miR-17-5p has been demonstrated by 
other investigators  [  18,   19  ] , with miR-146a found 
to have a role in cellular senescence  [  20  ] . In addi-
tion, Levati et al.  [  17  ]  showed that ectopic expres-
sion of miR-155 reduced cellular proliferation in 
12 of 13 melanoma cell lines, indicating its 
importance as a tumor suppressor. A computa-
tionally predicted target of miR-155 is SKI, a 
gene product that functions as a transcriptional 
co-repressor and conspires with important cell 
cycle regulators, including Rb and SMAD family 
members. 

 In a similar vein, miR-137 shows sequence 
complementarity (TargetScan) to the 3 ¢ -UTR of 
the mRNA transcript for carboxyl terminal bind-
ing protein I (CtBPI), a transcriptional co-repres-
sor of tumor suppressor genes. Deng et al.  [  21  ]  
used a luciferase reporter assay to show that miR-
137 suppresses CtBPI activity. This suppressive 
function was lost when the 3 ¢ -UTR of the target 
mRNA transcript was deleted  [  21  ] . Thus, miR-
137 may be down-regulated in melanoma in order 
to increase CtBPI, thereby dampening tumor sup-
pressor effects. For example, PTEN, a tumor sup-
pressor, is a proven CtBPI target  [  22  ] . In addition, 
CtBPI may modulate the activity of the Ink4 fam-
ily of tumor suppressors. The Ink4 region encodes 
for three cell cycle inhibitors – p16Ink4a and 
p15Ink4b, which function in the Rb pathway by 
inhibiting CDK4 and CDK6, and Ink4a/Arf, 
which attains a suppressive function by stabiliz-
ing p53  [  23  ] . It is not surprising that miR-137 is 
located at chromosome site 1p22, a recognized 
melanoma “hot spot”. 

 Furthermore, it is becoming apparent that 
miR-137 may have a broader role in melanoma 
initiation and progression, due to its recent 
 connection with microphthalmia-associated 

 transcription factor (MITF)  [  24  ] . This transcription 
factor is a master regulator of melanocyte devel-
opment and is thought to be up-regulated in 
 melanocytes as a means to protect the skin against 
UV radiation-induced DNA damage. Computa-
tional algorithms have shown that miR-27a, miR-
32, miR-124, miR-137 and miR-148 possess 
conserved binding sites to the 3 ¢ -UTR of MITF. 
To test their biological function(s), Hafl idadottir 
et al.  [  25  ]  used a mouse MITF 3 ¢ -UTR luciferase 
reporter construct and showed that addition of 
miR-137 and miR-148 mimics reduced the sig-
nal, while mutations of the MITF 3 ¢ -UTR restored 
the signal. In the same study, western blotting 
showed down-regulation of MITF protein with 
the introduction of miR-148 and miR-137  [  25  ] . 
Therefore, only two of these fi ve computationally 
relevant miRNAs may actually be triggers on this 
pathway. Using a green fl uorescent protein and 
MITF 3 ¢ -UTR showed down-regulation of the 
fl uorescent tag in cell lines with addition of miR-
137, while no such reduction occurred with a 
GFP empty vector  [  26  ] . The conservation rate of 
the MITF 3 ¢ -UTR sequence in 11 vertebrate spe-
cies is reported to be 36%, a high rate of conser-
vation for a noncoding region  [  26  ] . 

 miR-182 is located at chromosomal loci 7q31-
34 and fl anked by the c-MET and BRAF genes. It 
has been shown that the expression of miR-182 
increases from primary to metastatic melanoma, 
promoting cell migration and survival through 
suppression of MITF and FOXO3  [  27  ] . Western 
blotting has demonstrated near disappearance of 
an MITF signal and reduction in FOXO3 in 
response to the addition of exogenous miR-182, 
while introduction of an antagomir rescued these 
proteins. Coupling of the target genes in a 
luciferase construct resulted in attenuation of the 
signal in response to increasing miR-182 in a 
dose-dependent relationship. It is perhaps no sur-
prise that miR-182 and fl anking partners c-MET 
and BRAF can jointly up-regulate with unique 
targets in melanoma. 

 BRAF is a component of a mitogenic pathway 
and its constitutive up-regulation typically results 
in bystander signals that induce cellular senescence 
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in otherwise normal, healthy cells. BRAF proto-
oncogene is point-mutated (T1799A) in ~65% of 
melanoma tumors. BRAF T1799A  encodes BRAF V600E  
 [  28  ] , a constitutively active protein serine kinase 
that elicits sustained activation of the mitogen-
activated protein kinase (MAPK) pathway 
(Fig.  9.2 ). The induction of BRAF in healthy cells 
has been connected to the up-regulation of miR-
34a, which in turn targets and down-regulates the 
oncogene MYC, thus dampening mitogenic effects 
 [  20  ] . miR-34a has also been shown to target the 
3 ¢ -UTR of c-MET  [  29  ] . According to a number of 
researchers, miR-34a represents a tumor suppres-
sor  [  5,   19  ] . miR-34a undergoes down-regulation 
in uveal melanoma cells, leading to up-regulation 
of c-MET and resulting in higher levels of Akt and 
cell cycle-related proteins  [  29  ] . Such instances of 
oncogenes exerting their regulatory control 
through miRNA pathways are not uncommon. 
The entire miR-34 family of genes is a direct tran-
scriptional target of p53, invoking broad commu-
nication networks. miR-34b, miR-34c and 
miR-199a* have also been connected to c-MET 
 [  30  ] , a potent oncogene that has proven roles in 
tumor invasion  [  31  ] . Transfection of cancer cell 
lines with all three of these miRNAs resulted in 
down-regulation of c-MET, while introduction of 
antagomirs rescued c-MET expression to normal 
levels  [  30  ] . In this study, a luciferase assay was 
used to confi rm direct binding. Furthermore, miR-
34b, miR-34c and miR-199a* were shown to 
impede the invasive capacity of cancerous cells 
compared to controls (i.e., arresting their ability to 
scatter in chamber assays). 

 miR-210, located on chromosome 11, has 
been shown to target MNT, a known MYC antag-
onist. To understand its role, consider that 
hypoxia-inducible factor (HIF-1 a ) causes cell 
cycle arrest by inhibition of c-MYC via binding 
of its cell cycle partner MAX and abrogation of 
MYC-MAX heterodimerization; however, in 
contrast, HIF-2 a  promotes MYC-MAX stabili-
zation. miR-210 is found to be up-regulated under 
hypoxic conditions. Research has demonstrated 
that miR-210 is a direct target of both HIF-1 a  
and HIF-2 a , and overrides hypoxia-induced cell 
cycle arrest  [  32  ] . Western blotting has shown that 

miR-210 over-expression is connected to reduced 
levels of MNT protein. MNT interacts with MAX 
and thus antagonizes the MYC-MAX dimer. 
Thus, HIFs can induce miR-210 in order to reduce 
MNT and, thereby, promote MYC activation in 
the process of tumorigenesis. 

 Recent work in our own laboratory has shown 
that miR-451 undergoes down-regulation from 
primary to metastatic melanoma samples (unpub-
lished results). In fact, miR-451 is placed squarely 
under the control of E2A, a transcription factor 
that is ubiquitinated and degraded in the Notch 
signaling pathway. Furthermore, miR-451 has 
been experimentally proven to repress MYC in 
mouse models  [  33  ] . These fi ndings immediately 
elevate the status of miR-451 in cancer research, 
identifying it as a suppressor of one of the most 
notorious tumor oncogenes. Moreover, cancer 
stem cells have been found to rely on Notch and 
Wnt signaling pathways for perpetual renewal 
 [  34–  36  ] . Notch is a receptor with an intercellular 
domain that fragments and translocates to the 
nucleus, leading to the transcription of MYC, 
and contributing indirectly to Ras-mediated cell 
transformation  [  2  ] . Thus, Notch not only contrib-
utes to down-regulation of miR-451, a suppres-
sor of MYC, but also transcribes MYC as an 
endpoint. To take these connections to a dynamic 
new level, consider that Wnt, Notch and the 
Transforming Growth Factor- b  (TGF- b ) family 
of cytokines are known inducers of epithelial-to-
mesenchymal transition (EMT)  [  37–  40  ] . EMT 
is a process in which cancer cells can change 
their phenotype, in an effort to invade through 
the basal lamina and promote widespread metas-
tasis. This process is mediated via the down-
regulation of membrane-bound glycoprotein 
E-cadherin, which results in reduced cell-cell 
adherence  [  34  ] . Of note, E2A is associated with 
E-cadherin regulation  [  2  ]  and TGF- b  has been 
shown to up-regulate E2A proteins in epithelial 
cells  [  41  ] , reducing the amount of E-cadherin 
available for cell-cell structural adhesion. Thus, 
cancers may use E2A in more than one way – its 
down-regulation connected to the promotion of 
MYC and its up-regulation associated with 
reduced E-cadherin expression. 
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 miR-451 is unique in that it is DICER inde-
pendent  [  42,   43  ]  and has comparatively few com-
putational gene targets. In fact, just 14 targets 
were identifi ed in a TargetScan search, compared 
to most miRNAs that typically have hundreds of 
algorithmically suitable targets. Even so, miR-
451 has previously been connected to glucose 
metabolism in cancer cells  [  44,   45  ] . The kinase 
LBK1 is phosphorylated by other kinases in a 
mitogenic pathway, with the addition of a phos-
phate group to it resulting in activation of AMPK, 
a kinase that then promotes glucose uptake and 
energy conservation under stressful or hypoxic 
conditions. However, tumorigenic cells can use 
energy perpetually in a state of aerobic glycoly-
sis, the so-called “Warberg Effect,” and AMPK 
activation can be suppressed in melanoma cells 
 [  44  ] . In low-glucose situations, cells normally sit 
tight and miR-451 is reduced by targeting of its 
binding partner, enabling LBK1 activation and 
thereby AMPK elevation. In cancer, miR-451 
down-regulation has been associated with cell 
migration; while its up-regulation is associated 
with anti-apoptotic cellular proliferation via 
unrestrained mTOR signaling and poorer rates of 
patient survival  [  45  ] . 

 miR-137, which was previously discussed as 
targeting CtBPI, also appears to contribute to 
regulation of the extracellular matrix. As stated, 
miR-137 undergoes down-regulation in mela-
noma leading to up-regulation of CtBPI  [  21  ] . 
Furthermore, the CtBPI-interacting E box repres-
sor ZEB is a proven negative regulator of 
E-cadherin, while the transcription factor E1A 
may promote E-cadherin expression by disrupt-
ing the CtBPI/ZEB partnership. 

 miR-214 has been shown to be elevated in 
metastatic melanoma cell lines compared to pri-
mary melanoma cell lines  [  46  ] . Of note, miR-214 
was found to be over-expressed in primary mela-
noma cell lines using lentiviral vectors, and com-
pletely repressed with antisense inhibitors in 
metastatic melanoma cell lines. Cells that 
received a boost of miR-214 became invasive 
and mobile, with improved adhesion of fi brin, 
laminin and collagen; while those that had 

 miR-214 occluded demonstrated adhesion defects 
 [  46  ] . A luciferase assay connected miR-214 to 
the 3 ¢ -UTR of the mRNA transcript for integrin 
 a 3 (ITGA3) and transcription factor AP-2 g  
(TFAP2C), which have, among other roles, direct 
regulatory control over E-cadherin, connecting 
these genes to pro-metastatic behaviors. miR-214 
over-expression was also connected to c-MET 
up-regulation  [  46  ] . 

 miR-193b has been shown to undergo sig-
nifi cant down-regulation in cutaneous mela-
noma  [  18  ] . In a recent profi ling experiment, 
over-expression of miR-193b was associated 
with reduced cellular proliferation and down-
regulation of hundreds of genes, with 18 of 
these computationally matched to miR-193b, 
including the mRNA transcript for Cyclin D1; a 
luciferase assay confi rmed binding of these two 
molecules. This study also confi rmed that miR-
200c, miR-203, miR-204, miR-205 and miR-
211 undergo down-regulation in the transition 
from common melanocytic nevus to melanoma. 
Indeed, miR-205 and miR-200c down-regula-
tion and miR-146 up-regulation in melanoma 
reaffi rm fi ndings by Philippidou et al.  [  15  ] . In 
addition, miR-200c has been shown to regulate 
E-cadherin by targeting its partnering repressors 
ZEB1 and ZEB2  [  47  ] . miR-203 is found to 
undergo tumor-specifi c methylation in cancer 
cell lines with a series of putative cell cycle tar-
gets  [  48  ] , providing a striking example of how 
miRNA and epigenetic effects can conspire in 
tumor pathology. 

 miR-196a is reported to be down-regulated in 
melanoma cell lines and fresh/frozen tissue sam-
ples, with proven ties to the transcription factor 
HOX-C8  [  49  ] . Transfection of cell lines with a 
miR-196a expression plasmid was correlated with 
reduced HOX-C8 expression, and a 3 ¢ -UTR 
HOX-C8 luciferase construct confi rmed homolo-
gous binding to miR-196a. Abrogation of miR-
196a resulted in increased HOX-C8 levels, 
associated with: (1) increases in the down-
stream target Osteopontin, an integrin binding 
phospho protein that is involved in extracellular 
matrix adhesion; (2) reduction in the levels of 
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Cadherin-11, a protein that localizes  b -catenin to 
the cell  membrane; and (3) reduction in Calponin-1, 
a protein that stabilizes the cytoskeleton.  

   microRNAs and Prognostication 
in Melanoma Patients 

 miRNAs are attracting interest not only for their 
role(s) in cancer-related pathways, but also as 
potential prognostic markers. For instance, miR-
150 was shown by Segura et al.  [  6  ]  to be a statis-
tically signifi cant prognostic indicator in 
melanoma, with its down-regulation being cor-
related with higher disease-free survival. miR-
211 has captured attention as a tumor suppressor 
 [  50–  52  ] , perhaps unsurprising since it is located 
in intron region 6 of the melastatin gene TRPM1, 
a known tumor suppressor  [  53  ] . Levy et al.  [  50  ]  
made this discovery while surveying miR-211 in 
HeLa cells and connected it to growth factor tar-
gets IGF2R, TGFBR2 and NFAT5. Boyle et al. 
 [  51  ] , also working with HeLa cells, demonstrated 
miR-211 down-regulation with enhancement of 
the transcription factor BRN2, a downstream tar-
get in the MAPK pathway that has been shown to 
be up-regulated in BRAF-mutant mice. In addi-
tion, Mazar et al.  [  52  ]  reported a connection 
between miR-211 and the ion channel gene 
KCNMA1. 

 In a study by Mueller et al.  [  54  ] , microarray 
data showed miR-133a, miR-199b, miR-453, 
miR-520f, miR-521 and miR-551b to be up-reg-
ulated threefold in the transition from melano-
cytes to primary melanoma cells, and again from 
primary melanoma cells to metastatic melanoma 
cells. Of note, miR-141 and miR-145 were asso-
ciated with early progression of melanoma, 
undergoing up-regulation in primary melanoma 
cells lines as compared with normal human 
 epidermal melanocytes  [  54  ] . Another in vitro 
study demonstrated miR-133a up-regulation and 
miR-145 down-regulation in melanoma, and 
additionally proved that miR-126 undergoes 
down-regulation in metastatic melanoma cell 
lines compared to primary melanoma cell lines 
 [  55  ] . miRNA profi ling studies, based on microarray 

technology and qRT-PCR validation, have shown 
that miR-17-5p undergoes up-regulation, and 
miR-181a and miR-194 show down-regulation, 
in melanoma  [  54  ] . miR-373 is strongly induced 
in primary melanoma and undergoes a two-
fold up-regulation in invasive melanoma cells 
 [  54  ] ; however, the contribution of miR-373 to 
melanoma pathobiology has been disputed by 
others  [  56  ] .  

   Future of microRNAs in Melanoma 
Management 

 The literature is quickly becoming inundated 
with miRNA profi ling studies. However, trends 
are diffi cult to sort out since, just like oncogenes 
and tumor suppressors, miRNAs appear to make 
modal contributions to cancer progression. In 
other words, a miRNA can contribute to cancer 
progression in one particular cancer type or 
underpin a specifi c cancerous phenotype, while 
the same miRNA may behave differently in other 
cancer types, suggesting that miRNAs are highly 
cell-type specifi c in their function. A goal of 
ongoing and future miRNA research will be to 
narrow the scope of this fi eld and defi ne a small 
set of dependable diagnostic and prognostic 
miRNA biomarkers in melanoma. It is likely that 
this will happen in three ways: (1) fi rst, through 
the brute force of profi ling studies, either using 
next generation sequencing (NGS) or microarray 
platforms, which enable miRNA trends to emerge 
in melanoma clinical specimens; (2) second, 
through continued plumbing of networks by 
evaluating miRNA levels with NGS and qRT-
PCR, coupled with experimental testing that 
compromises the 3 ¢ -UTR of theoretical gene tar-
gets in order to test connections, and supported 
by protein profi ling to examine the effects of a 
miRNA on gene networks and pathways; and (3) 
third, through investigations of the role of DICER 
and/or other enzymes of the miRNA biogenesis 
pathway in melanoma progression. 

 In a recent study, we examined the expression 
patterns and clinical relevance of DICER in cuta-
neous melanoma  [  57  ] . We showed that a large 
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proportion of cutaneous melanomas exhibited 
up-regulation of DICER, which was signifi cantly 
associated with aggressive cancer features. For 
the fi rst time, we demonstrated defi nitive evi-
dence that DICER up-regulation is specifi c to the 
malignant proliferation of melanocytes (mela-
noma), but not keratinocytes (carcinoma) or 
fi broblasts (sarcoma), in a study of 404 human 
skin tumors. DICER expression was evaluated in 
various subtypes of primary melanomas (i.e., 
arising on glabrous (subungual, palm and sole) 
skin, non-glabrous skin, the eye, and at mucosal 
sites (oral, urothelial and anal mucosa)), in addi-
tion to metastatic tumors (variety of organs), and 
compared to that of melanocytic nevi. Our immu-
nostaining results clearly showed that DICER 
up-regulation was specifi c to cutaneous, acrolen-
tiginous and metastatic melanomas  [  57  ] . We then 
carried out a pooled analysis using two recent 
large studies that profi led gene expression pat-
terns in cutaneous tumors. This analysis corrobo-
rated our immunostaining data and indicated that 
at least a component of DICER up-regulation in 
melanoma is due to differences in mRNA accu-
mulation. Deregulation of DICER, or other 
enzymes in the miRNA biogenesis pathway, may 
be a common central feature that is shared by 
several solid cancers and used to globally regu-
late the biogenesis of oncomirs  [  58–  65  ] . From 
our pooled analysis focusing on all known 
enzymes that participate in the biogenesis and 
maturation of canonical miRNAs, we also pro-
pose the possibility of a more general phenome-
non where several deregulated RNAi enzymes, in 
addition to DICER, may infl uence the various 
steps in melanoma progression (Fig.  9.3 ).  

 Our results show defi nitive up-regulation of 
DICER in cutaneous melanoma compared to 
other skin cancer types, and correlating with 
more aggressive tumor behavior. When con-
fi rmed by independent studies in larger cohorts, 
increased DICER expression may serve as a clin-
ically useful prognostic biomarker for individu-
als with cutaneous melanoma. In addition, an 
understanding of DICER deregulation and its 
infl uence on the expression patterns of mature 
miRNAs may uncover novel therapeutic targets 
in melanoma.      

  Fig. 9.3    Enzymes involved in canonical miRNA biogen-
esis are deregulated during melanoma progression. 
Combined DICER immunoreactivity, presented herein 
(denoted by  asterisk  ‘*’), and mRNA transcriptional pro-
fi ling  [  66,   67  ]  for DICER and other enzymes in the 
miRNA biogenesis pathway showed global changes in 
their expression levels during tumor progression. Enzymes 
shown in  red  are up-regulated and those in  green  are 
down-regulated. Up-regulation of DICER* from common 
melanocytic nevus to invasive melanoma was reported by 
both our study  [  57  ]  and those of other investigators 
 [  66,   67  ] . DICER, DGCR8 and Gemin4 ranked among the 
top 20 percentile of most signifi cantly altered genes       
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     10    MicroRNAs as Biomarkers 
and Therapeutic Targets 
in Melanoma       

     Daniel   W.   Mueller      and    Anja   K.   Bosserhoff                 

 MicroRNAs (abbreviated: miRNAs) represent a 
class of small non-coding RNAs, initially discov-
ered in the nematode  Caenorhabditis elegans . In 
1993, the labs of Victor Ambros  [  1  ]  and Gary 
Ruvkun  [  2  ]  cooperatively characterized the struc-
ture and function of lin-4, the founding member 
of today’s rapidly growing molecule class termed 
microRNAs. However, it was not until the year 
2000 that Reinhart and colleagues detected a sec-
ond miRNA species – let-7  [  3  ] . Given that the 
sequence of let-7 was actually conserved in a 
large variety of Metazoens from Drosophila to 
humans (in contrast to lin-4 which is specifi c to 
 Caenorhabditis ;  [  4,   5  ] ), this fueled further miRNA 
research and eventually revealed that miRNAs 
are involved in posttranscriptional gene regula-
tion in virtually all multicellular organisms. Today, 
it is widely accepted that deregulated expression 
of miRNAs plays a major role in the formation 
and progression of a wide range of human tumors 
 [  6–  8  ] , including melanoma  [  9–  11  ] . Therefore, 
miRNAs harbor great potential to serve as molec-
ular biomarkers and even therapeutic targets in 
diverse tumor types  [  12–  14  ] . With regard to mela-
noma, where (a) early detection of primary lesions 
is necessary to ensure optimal outcome and (b) 
highly effi cient therapeutic strategies benefi cial 
for broad cohorts of patients still do not exist, 

miRNAs could potentially be utilized to improve 
patient survival in the future  [  15,   16  ] . 

   miRNA Biogenesis and Function 

   Transcription of miRNA Genes 
and Processing in the Nucleus 

 MicroRNA genes are embedded in both inter-
genic and intragenic regions of the human 
genome, thereby encoding single miRNAs or 
clusters of multiple miRNAs arranged in a poly-
cistronic manner  [  17  ] . As a fi rst step, miRNA 
genes are transcribed into pri-miRNAs (primary 
miRNA transcripts; Fig.  10.1 ). In most cases, 
transcription is mediated by RNA polymerase II, 
resulting in 5 ¢ -methyl-guanosine capped and 
polyadenylated pri-miRNAs which are up to sev-
eral kilo bases in length and contain local stem-
loop structures  [  18,   19  ] . Specifi c subsets of 
miRNAs are initially transcribed by RNA poly-
merase III  [  20  ] . While still present in the nuclear 
compartment, the pri-miRNA is endonucleolyti-
cally cleaved by the so-called microprocessor 
complex consisting of RNase III enzyme Drosha 
(RNASEN) and its co-factor DGCR8 (DiGeorge 
syndrome critical region on chromosome 8; also 
known as Pasha (Partner of Drosha) in  D. mela-
nogaster  and  C. elegans )  [  21,   22  ] . DGCR8 inter-
acts with the ~33 bp stem-loop as well as the 
adjacent unpaired fl anking regions within the pri-
miRNA, supporting Drosha-mediated cleavage 
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in the stem region  [  23,   24  ] . Rapid translocation 
of the resulting pre-miRNA to the cytoplasm 
occurs via the Ran-GTP-dependent nuclear 
export factor Exportin 5 (EXP5), a member of 
the nuclear transport receptor family  [  25  ] . 
Thereby, recognition of the >14 bp double-
stranded RNA (dsRNA) stem together with a 
short (one to eight nucleotides) 3 ¢  overhang 
ensures export of only correctly processed pre-
miRNAs  [  26  ] . Interestingly, a specifi c sub-group 
of pre-miRNAs exists that can be exported from 
the nucleus circumventing Drosha processing. 

These so-called mirtrons are located in very short 
introns and form hairpins resembling pre-miRNA 
molecules after splicing releases them from their 
host transcripts  [  27  ] .   

   Cytoplasmic Processing and Modes 
of miRNA-Mediated Gene Silencing 

 In the cytoplasm, maturation of pre-miRNAs is 
mediated by a multi-enzyme complex called RISC 
loading complex (RLC). The main components of 

  Fig. 10.1    Schematic overview of miRNA biogenesis and 
function. Please refer to paragraph “miRNA biogenesis 
and function” for detailed explanations of the molecular 

mechanisms involved in each step (Reprinted from  [  11  ] . 
With kind permission from Springer publishing)       
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the RLC are RNase III enzyme Dicer, the dsRNA-
binding domain proteins TRBP (TAR RNA-
binding protein) and PACT (protein activator of 
PKR), as well as Ago2 (Argonaute-2), the latter 
building the complex’s core  [  28,   29  ] . TRBP and 
PACT facilitate Dicer-mediated cleavage of the 
pre-miRNA, which occurs near the terminal loop 
and gives rise to an RNA duplex of ~22 nucleotides 
with two nucleotide overhangs on each 3 ¢  terminus 
 [  30,   31  ] . Subsequently, Dicer and its co-factors 
TRBP and PACT dissociate from the miRNP 
(micro-ribonucleoprotein complex), and the 
miRNA duplex is separated into the guide strand 
(which is functional in gene silencing) and the pas-
senger strand (miRNA*; which usually gets 
degraded). Currently, it appears that there is no 
universal helicase responsible for unwinding of the 
miRNA duplex, but rather specifi c helicases that 
may differentially regulate subgroups of miRNAs 
 [  32  ] . In some cases, a helicase is not required for 
duplex unwinding  [  33,   34  ] . Selection of the guide 
strand is based on the presence of a thermodynam-
ically less stable base pair at the 5 ¢  end of the 
duplex, and is followed by unwinding and loading 
onto a RISC (RNA-induced silencing complex) 
 [  35  ] . The assembly of this miRISC (miRNA-
induced silencing complex) is a dynamic process 
coupled with the preceding steps of pre-miRNA 
processing. Key components of the miRISC are 
proteins of the Argonaute (AGO) family, FMRP 
(fragile X mental retardation protein), and P-body 
components including GW182 and RCK/p54 – all 
of which are essential for miRNA-mediated gene 
repression  [  36  ] . Guided by the mature miRNA, the 
miRISC subsequently recognizes and binds target 
sequences in the 3 ¢  untranslated regions (3 ¢ UTRs) 
of specifi c mRNAs, inhibiting their translation into 
protein. Even today, the general rules for the initial 
miRNA::mRNA interaction, which are fundamen-
tal for target recognition, are only incompletely 
determined experimentally and bioinformatically 
 [  37–  41  ] . 

 The resulting miRNA-induced posttranscrip-
tional silencing can either be mediated by desta-
bilization of the target mRNA  [  42–  45  ]  or by 
repression of protein translation  [  46,   47  ] ; both 
pathways act cooperatively, but yet indepen-
dently of each other. Destabilization of target 

mRNAs starts with recruitment of the P-body 
component GW182 by Argonaute proteins  [  48  ] . 
GW182 then mediates binding of the 
CAF1:CCR4:NOT1 deadenylase complex to the 
target mRNA. Deadenylation is followed by 
removal of the 5 ¢ -methyl-guanosine cap via the 
DCP1:DCP2 decapping complex, ultimately 
leading to 5 ¢  → 3 ¢  exonucleolytic degradation of 
mRNA by exonuclease XRN1  [  49–  51  ] . However, 
there is still a lack of consensus concerning the 
mechanism(s) by which miRNAs induce repres-
sion of mRNA translation. While many experi-
ments point towards initiation of translation as a 
target for repression, there is also evidence that 
diverse post-initiation steps could be affected 
(reviewed in  [  52  ] ). It remains to be elucidated 
whether miRNAs are actually capable of control-
ling translation by multiple mechanisms or if 
these discrepancies can be attributed to the differ-
ent experimental approaches utilized  [  53,   54  ] . 
The mechanisms involved in miRNA biogenesis 
and function are summarized in Fig.  10.1 . 

 The general pathway of miRNA biogenesis 
and function is complicated by a large number 
of regulatory interventions, in which a vast 
quantity of yet unidentifi ed proteins is likely 
involved. There may be specifi c alterations to 
the pathway for every individual miRNA or at 
least for distinct subgroups of these molecules. 
In addition, miRNAs not only repress gene 
expression, but are also able to induce expres-
sion of specifi c genes under certain cellular con-
ditions (for recent and comprehensive reviews 
on regulation of miRNA expression and func-
tion, see references  [  32,   52,   55–  57  ] ). To date, 
more than 800 miRNAs have been discovered in 
the human genome (  http://microrna.sanger.
ac.uk/    ;  [  58  ] ), and are estimated to regulate ~30% 
of all human transcripts  [  39  ] . MiRNAs have 
been shown to be involved in the normal regula-
tion of a variety of cellular processes, such as 
proliferation, apoptosis, cell-cycle control, and 
differentiation  [  59–  64  ] . As a consequence, 
abnormalities in miRNA activity may contribute 
to the pathogenesis and progression of various 
types of human cancers (reviewed in  [  65,   66  ] ), 
including melanoma (reviewed in  [  9,   11  ] ; see 
Fig.  10.2  and Table  10.1 ).     
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  Fig. 10.2    Schematic overview of most prominent vali-
dated miRNAs deregulated during melanomagenesis. 
MiR-17-92, miR-30b/d, miR-182, miR-210, miR-214, 
miR-221/222, and miR-532-5p have been shown to be up-
regulated during melanoma progression, potentially act-
ing as oncogenes. In contrast, expression of the miRNAs 

let-7a/b, miR-34a/b/c, miR-193b, miR-196a, miR-205 
and miR-211 is diminished in melanoma cells, assigning 
them a role as tumor-suppressive microRNAs. For refer-
ences, please refer to Table  10.1  (Modifi ed and reprinted 
from  [  9  ] . With kind permission from the  British Journal 
of Cancer )       

   Table 10.1    MicroRNAs known to be deregulated in melanomagenesis and considered to be potentially suitable for 
therapeutic approaches   

 miRNA 
 Gain/loss in 
melanoma cells  Cause of gain/loss 

 Verifi ed target(s) 
in melanoma  Reference(s) 

 let-7a  ↓  Not yet determined  N-Ras, integrin beta3   [  75,   129,   131,   132,   136  ]  
 let-7b  ↓  Not yet determined  Cyclin D1, EMMPRIN   [  29,   131,   137  ]  
 miR-17-92  ↑  Not yet determined  BIM (?)   [  72,   131,   132,   138  ]  
 miR-30b/d  ↑  Amplifi cation of 8q24 (?   )  GALNT7   [  139  ]  
 miR-34a  ↓  Hypermethylation  None   [  140  ]  
 miR-34b/c  ↓  Hypermethylation  MET (?)   [  141,   142  ]  
 miR-137  ↓ (?)  Amplifi cation of a VNTR 

in the 5 ¢ UTR of the pri-miRNA 
 MITF, CtBP1   [  143,   144  ]  

 miR-182  ↑  Amplifi cation of 7q31-34  MITF, FOXO3   [  145  ]  
 miR-193b  ↓  Not yet determined  Cyclin D1   [  131  ]  
 miR-196a  ↓  Not yet determined  HOX-B7, HOX-C8   [  86,   132,   146,   147  ]  
 miR-205  ↓  Not yet determined  E2F1, E2F5   [  148  ]  
 miR-210  ↑  Hypoxia or constitutive 

HIF-1 a  activity (?) 
 MNT (?)   [  84,   149  ]  

 miR-211  ↓  Melastatin (TRPM1) 
down-regulation 

 KCNMA1, TGFBR2, 
NFAT5, BRN2, PRAME 

  [  150–  153  ]  

 miR-214  ↑  Copy number gain (?)  TFAP2C, ITGA3   [  154  ]  
 miR-221/222  ↑  Loss of PLZF expression, 

MITF level, down-regulation 
of hPNP old-35  

 c-KIT, p27 Kip1    [  72,   132,   155–  157  ]  

 miR-532-5p  ↑  Not yet determined  RUNX3 (?)   [  158  ]  

  (?) Pending confi rmation  
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   Studies on Global miRNA Expression 
and General Potential of miRNAs 
to Serve as Biomarkers 
in Melanoma 

   Initial Studies on Global miRNA 
Expression, Including Data 
on Melanoma Cells 

 As evidence of the participation of deregulated 
miRNA expression in carcinogenesis accumu-
lated, a plethora of initial studies examining 
global miRNA expression patterns in various 
types of cancers were performed. Of note, the 
fi rst studies published by Lu et al.  [  67  ] , Zhang 
et al.  [  68  ] , Gaur et al.  [  69  ] , and Blower et al.  [  70  ]  
contained both melanoma tissue samples and 
melanoma cell lines. A number of general conclu-
sions were reached from these studies. Firstly, 
miRNA expression profi les refl ect the develop-
mental lineage and differentiation state of solid 
tumors  [  67,   69  ] . For example, poorly differenti-
ated tumors can be successfully classifi ed by their 
miRNA expression profi les, in contrast to their 
respective mRNA profi les  [  67,   69  ] . This allowed 
Rosenfeld and colleagues to construct a classifi er 
consisting of 48 miRNAs that was capable of 
determining the origin of metastatic tumors of 
unknown primary origin with high accuracy  [  71  ] . 
The latter fi nding could prove relevant for diag-
nosis of unknown primary melanomas, which 
represent ~5% of all melanoma cases. Secondly, 
it was recognized that a large number of miRNAs 
are subject to DNA copy number abnormalities in 
cancers, indicating that copy number alterations 
of miRNA genes may partially account for dereg-
ulation of miRNA expression. With regard to 
melanoma samples, it was shown that 85.9% of 
genomic loci harboring one or more of 283 exam-
ined miRNA genes exhibited DNA copy number 
alterations and that some of these changes were 
specifi c to this form of skin cancer  [  68  ] . In addi-
tion, 15 miRNAs (4 up- and 11 down-regulated) 
showed signifi cantly different expression in eight 
melanoma cell lines (included in the NCI-60 
panel), separating them from the other cancer cell 
lines investigated  [  69  ] . Unfortunately, due to the 

aims and experimental approaches of the studies 
cited here, no information on specifi c miRNAs or 
subsets of miRNAs differentially expressed in 
melanoma cells compared to their normal bio-
logical correlate (i.e., benign melanocytes) could 
be derived. Nevertheless, the data obtained under-
lined the potential of miRNA profi ling to identify 
miRNAs with diagnostic, staging and prognostic 
value in melanoma, as well as targets for novel 
approaches to therapy of this potentially lethal 
disease.  

   miRNA Profi ling of Melanocytes 
and Melanoma Cell Lines 
and Usefulness of Formalin-Fixed 
Paraffi n-Embedded (FFPE) Tissue 
Samples for the Discovery of miRNA 
Biomarkers 

 Mueller et al.  [  72  ]  were the fi rst to perform a 
detailed comparison of miRNA expression 
between normal human melanocytes and well-
characterized melanoma cell lines derived from 
primary tumors and melanoma metastases. Their 
most important fi ndings can be summarized as 
follows: (1) expression of a high number of 
mi RNAs is deregulated in melanoma cell lines 
compared to normal melanocytes; the majority of 
miRNAs investigated were up-regulated in mela-
nomas; (2) the majority of miRNAs found to be 
most strongly deregulated were not previously 
described to be of importance in tumor develop-
ment; and (3) heterogeneity of melanoma cells 
results in intrinsic variability in the expression of 
some miRNAs, making it necessary to analyze 
sets of cell lines/tissue samples in order to mini-
mize the effects of individual alterations. The 
experimental setup of this study aimed to identify 
miRNAs differentially expressed in different 
stages of melanoma tumorigenesis (such as early 
development and metastasis), which could then 
be analyzed for their cellular function in mela-
nomagenesis and their potential as therapeutic 
targets in the future  [  72  ] . Accordingly, appropri-
ately selected cell lines were used. A miRNA clas-
sifi er for melanoma staging or general diagnostic 
purposes was not investigated. Such a classifi er 
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can only be created by performing large scale 
analysis of miRNA expression on a sizeable quan-
tity of melanoma tissue samples derived from pri-
mary tumors and metastases (preferably including 
paired primary tumor/metastases samples from 
the same patient). Originally, this appeared to be a 
major challenge in the study of melanoma, as 
fresh tissue samples from primary tumors are dif-
fi cult to obtain. This is due to the therapeutic 
guidelines in most countries, which require micro-
scopic analysis of the whole primary tumor to 
determine histopathological prognostic parame-
ters, including Breslow thickness. Fortunately, 
formalin-fi xed and paraffi n-embedded (FFPE) 
specimens of melanocytic lesions have been 
found to be a suitable starting material for miRNA 
expression profi ling  [  73–  75  ] . Recent studies have 
demonstrated that: (1) small-RNA fractions of 
suffi cient quality for miRNA expression profi ling 
can be extracted from FFPE melanocytic lesions; 
and (2) miRNA expression profi les derived from 
FFPE material closely resemble those derived 
from fresh/frozen samples. Importantly, miRNA 
expression profi les are not signifi cantly affected 
by variations in the duration of formalin fi xation 
or storage in paraffi n  [  76–  78  ] . For a number of 
reasons, miRNA is a much more vigorous analyte 
than mRNA in FFPE tissue. Large RNA mole-
cules are chemically modifi ed by addition of 
hydroxymethyl groups to the nucleic acid back-
bones during formalin fi xation  [  79  ] . Additionally, 
formaldehyde facilitates depurination of nucleic 
acids as well as the hydrolysis of phosphodiester 
bonds  [  80,   81  ] . Of note, it is diffi cult to extract 
mRNAs of >300 bp from FFPE tissue  [  82  ] . 
Therefore, mRNA-based gene expression profi les 
derived from FFPE tissue show only low correla-
tion to profi les derived from fresh/frozen tissue 
 [  74,   77  ] . In contrast, miRNAs are well preserved 
in FFPE samples. Due to their small size and their 
association with protein complexes, they can be 
easily extracted and are additionally shielded 
from modifi cation reactions and degradation 
pathways. Remarkably, it has been shown that 
miRNAs are stable for up to 10 years (or even 
longer) in FFPE tissues  [  75,   79,   83  ] . 

 Ma et al.  [  75  ]  provide a simple and effi cient 
protocol for extraction of small RNA fractions 
from FFPE sections. They noted the importance 
of performing two cycles of deparaffi nization; 
the use of siliconized tubes throughout the whole 
procedure (small RNAs were found to otherwise 
adhere to the walls of regular plastic tubes); and 
proteinase K digestion is essential to release RNA 
from the tissue sections. MiRNA fractions in 
quantities and qualities suitable for miRNA 
expression profi ling can be readily recovered 
from FFPE tissue samples using either custom-
ized protocols or commercial kits, making archi-
val FFPE material a unique basis for the 
identifi cation of miRNAs with prognostic rele-
vance in melanoma. The possibility of perform-
ing miRNA expression profi ling on FFPE tissue 
samples has many important advantages. There 
is a bulk of archival material available, collected 
over decades of pathological examination of 
 melanocytic lesions, with every single sample 
representing a morphologically-defi ned case 
accurately staged by trained pathologists. 
Furthermore, FFPE samples are associated with 
detailed disease history (including data on clini-
cal outcome and disease-specifi c survival). 
Correlating this clinico-pathological data with 
miRNA expression profi les will potentially help 
to optimize cancer prognosis and/or treatment 
response. It is of utmost importance to note that 
useful miRNA expression profi les can only be 
obtained if contamination of FFPE melanoma 
samples by non-tumorous cells is eliminated or 
minimized (such as by the use of laser capture 
microdissection). 

 There is now an obvious need for comparative 
studies analyzing large sets of FFPE samples of 
clearly defi ned melanoma tissues with available 
clinical data, benign melanocytic lesions and nor-
mal human melanocytes from several different 
donors, using robust and reliable experimental plat-
forms. This will be essential to defi nitively identify 
miRNAs associated with disease parameters, and 
potentially identify diagnostic and/or prognostic 
biomarkers. Fortunately, during the last 2 years, 
studies with these aims have started to emerge.  
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   Attempts to Identify miRNAs that 
Can Serve as Molecular Biomarkers 
in Melanoma Diagnosis and Prognosis 

 In 2010, Ralf Gutzmer’s group published the fi rst 
study on a miRNA with the potential to serve as an 
independent prognostic marker in melanoma  [  84  ] . 
Determining expression levels of a defi ned set of 
miRNAs in FFPE tissue samples of primary mela-
nomas derived from 128 patients with available 
detailed clinical follow-up information, this group 
demonstrated that high intratumoral levels of miR-
15b were signifi cantly associated with poor recur-
rence-free survival and overall survival. MiR-15b 
overexpression was found to be a statistically 
independent parameter of disease-free survival 
(p = 0.015) and overall survival (p = 0.013), in 
addition to other well-known prognostic factors 
(i.e., Breslow-index and ulceration of the primary 
tumor), on multivariate Cox analysis  [  84  ] . 

 Furthermore, Eva Hernando’s group analyzed 
the expression of 611 miRNAs in 59 FFPE speci-
mens of melanoma metastases derived from 
patients with detailed clinical follow-up  [  85  ] . By 
correlating miRNA profi les with post-recurrence 
survival, they identifi ed a signature composed of 
18 up-regulated miRNAs that was signifi cantly 
associated with longer survival. A miRNA classi-
fi er consisting of six of these miRNAs (miR-150, 
miR-342-3p, miR-455-3p, miR-145, miR-155, 
and miR-497) was able to predict post-recurrence 
survival in their sample set with an estimated 
accuracy of ~80%. Notably, this classifi er was 
able to signifi cantly risk-stratify stage III mela-
noma patients into “better” and “worse” prognos-
tic categories based on survival probability, in 
contrast to the AJCC standard classifi cation 
 system (stages IIIB and IIIC). Interestingly, 
Segura and co-workers also found that nearly 
all miRNAs included in a prolonged survival 
miRNA classifi er were related to the site of 
metastasis. These fi ndings suggest that subsets of 
miRNAs could serve as signatures predictive for 
which organs will develop metastases in mela-
noma patients. Additional studies will be neces-
sary to determine if the classifi er constructed can 
predict for the risk of metastases in patients with 
primary melanoma  [  85  ] . 

 Another study by Caramuta and colleagues 
investigated if miRNA expression profi les could 
separate melanoma patients into those with short-
ened versus prolonged survival  [  86  ] . They spe-
cifi cally analyzed lymph node metastases and 
reported that down-regulation of miR-191, com-
bined with up-regulation of miR-193a, miR-
193b, miR-365, miR-338, and let-7i, identifi ed 
melanoma patients with poor outcomes. 

 In an innovative approach, Jukic and col-
leagues identifi ed miRNAs differentially expressed 
between melanomas from individuals at different 
extremes of age (i.e., young patients <30 years old 
and older patients >60 years old)  [  87  ] . Working 
with a limited set of tumor samples, they demon-
strated that primary melanomas in older patients 
differ in their miRNA expression profi les from 
melanomas in younger individuals. These results 
might potentially refl ect differences in the biologi-
cal processes affected and/or, as remains to be 
investigated, age-dependent differences in the 
melanocytes from which these lesions arose. 

 Interestingly, miRNA classifi ers could poten-
tially be used to discriminate between different 
melanoma subtypes. The fi rst evidence for this 
hypothesis was reported by Chan and colleagues 
who profi led the expression of 384 miRNAs in 
primary melanoma cell cultures derived from 42 
patients and a pool of three normal melanocyte 
samples  [  88  ] . They identifi ed a cohort of seven 
miRNAs that were differentially expressed in 
acral compared to non-acral melanomas, theo-
retically serving as a molecular signature that 
defi nes the acral lentiginous subtype of this 
tumor. If validated in larger samples sets (partic-
ularly in melanoma tissue samples, and not solely 
cell lines), such a signature could potentially sup-
port not only pathologists’ decisions in cases with 
ambiguous histopathology, but also be used to 
select for appropriate treatment regimens among 
different melanoma subtypes.  

   Potential of Blood-Based miRNA 
Biomarker Discovery in Clinical Samples 

 Recently, another promising source for miRNAs 
of prognostic value has emerged – the blood of 
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melanoma patients. MiRNAs have been found to 
be surprisingly stable and readily detectable in 
serum and plasma, in contrast to other circulating 
nucleic acids, and thus show the potential to serve 
as diagnostic and/or prognostic markers in human 
blood samples  [  89–  95  ] . The use of routinely pro-
cessed clinical samples in miRNA biomarker dis-
covery is facilitated by the resistance of circulating 
miRNAs to: (1) incubation at room-temperature 
for several hours; (2) repeated freeze-thaw cycles; 
and (3) endogenous RNase activity  [  91,   93,   94  ] . 
Additionally, the expression profi le of serum 
miRNAs appears to be reproducible and consis-
tent in healthy individuals, but shows signifi cant 
changes in the sera of cancer patients, with 
miRNA levels either elevated or reduced  [  93,   94  ] . 
Based on these fi ndings, it was speculated that 
under healthy conditions, most serum miRNAs 
are derived from circulating blood cells; while 
during cancer pathogenesis and progression, 
miRNAs may also be released by the tissues 
affected  [  93  ] . Indeed, Mitchell and colleagues 
were able to demonstrate that miRNAs derived 
from human prostate cancer cells and xenografted 
into mice entered the circulation of these animals 
 [  91  ] . Variations in the abundances of these tumor-
derived miRNAs within the serum were at least in 
part correlated to the tumor burden of the animals 
 [  91  ] . Two basic prerequisites towards a potential 
miRNA serum biomarker can be concluded from 
these fi ndings: (1) it must be expressed at moder-
ate-to-high levels by cancer cells; and (2) it should 
be undetectable or present at only low levels in 
the serum of normal individuals. This suggests 
that serum miRNAs are better-suited to studies 
evaluating an up-regulation of their expression; a 
fact underlined by the generally low levels of 
serum miRNAs  [  89,   91  ] . 

 A number of different reliable and robust pro-
tocols for the extraction of miRNAs from human 
serum and plasma, as well as for the profi ling of 
serum miRNA expression, have already been 
developed  [  89,   94  ] . Suffi cient amounts of serum 
miRNAs for expression profi ling can be 
extracted from as little as one milliliter (1 ml) of 
serum. Furthermore, both qRT-PCR-based and 
microarray-based techniques are suitable for 
reliable expression profi ling of serum miRNAs 

 [  89–  95  ] . However, if serum miRNAs are to be 
routinely used as biomarkers in the future, stan-
dardization of the profi ling methods employed 
will be necessary. While the extraction of miR-
NAs from blood samples using a simple phenol/
chloroform extraction protocol seems to be suf-
fi cient and can be easily adopted, several issues 
have to be considered regarding which technique 
is employed for expression profi ling of circulat-
ing miRNAs. Firstly, if using the microarray-
based technique, it should be noted that different 
labeling methods may affect the expression pat-
tern found. In general, labeling: (1) by incorpora-
tion of modifi ed oligonucleotides; (2) using an 
extended poly-A tail; or (3) with a modifi ed 
primer is preferred. Secondly, if amplifi cation 
steps are performed during the protocol, they can 
produce different expression patterns as a result of 
differential effi ciencies within the amplifi cation 
process. Thirdly, if using a qRT-PCR-based setup, 
a common normalization molecule has to be 
defi ned, as 5S rRNA and U6 snRNA (two mole-
cules routinely used as internal controls in miRNA 
qRT-PCR reactions) are not stable in serum. A 
miRNA ubiquitously expressed throughout tis-
sues and cell lines – namely miR-16 – appears to 
be an ideal candidate for this purpose  [  95,   96  ] . 

 Although there is currently no assay available 
to examine miRNA signatures in the serum or 
plasma of cancer patients for routine diagnostic 
purposes, some promising results have already 
been obtained  [  7,   8,   89–  93,   95  ] . For example, 
Lawrie et al.  [  95  ]  reported that miR-21 levels 
were signifi cantly elevated in the sera of individ-
uals with diffuse large B-cell lymphoma, and that 
miR-21 serum levels were additionally associated 
with relapse-free survival in these patients. 
Mitchell et al.  [  91  ]  found that serum levels of 
miR-141 can distinguish patients with prostate 
cancer from healthy controls; thereby, establish-
ing a blood-based PCR approach for the detection 
of human prostate cancer. A similar experimental 
setup was utilized to detect serum miRNAs in 
ovarian cancer patients  [  90  ] . Taylor and Gercel-
Taylor  [  92  ]  showed that the miRNA content of 
both ovarian tumor cells and circulating exo-
somes was highly similar, and could be used to 
distinguish cancer patients from individuals with 
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benign ovarian disease and normal controls. Chen 
et al.  [  93  ]  demonstrated that serum expression 
levels of miR-25 and miR-223 were elevated in 
patients with non-small cell lung carcinoma 
(NSCLC), and that these circulating miRNAs 
could serve as blood-based biomarkers for this 
tumor. Lodes et al.  [  89  ]  determined serum miRNA 
expression patterns for fi ve types of human can-
cer (prostate, colon, ovarian, breast, and lung) 
and showed that the resulting patterns can be uti-
lized to correctly discriminate between normal 
and cancer patient blood samples in most cases. 

 To date, more than 100 studies have assessed 
the potential use of serum or plasma miRNAs as 
tumor biomarkers (reviewed in  [  97  ] ). These stud-
ies underline the important impact serum/plasma 
miRNAs could have on future diagnostic and 
prognostic applications in virtually all types of 
human cancers (i.e., prostate cancer, colorectal 
cancer, lung cancer, ovarian cancer, breast can-
cer, and others)  [  98–  102  ] . 

 The fi rst efforts to identify melanoma-specifi c 
blood-based biomarkers were reported by Eckart 
Meese and his group  [  103  ] . Fundamental to their 
experiments was a commercially available 
microarray-based platform developed in cooper-
ation with Febit Biomed GmbH (Heidelberg, 
Germany). This technology was used to identify 
sets of 24 and 48 miRNAs, respectively, which 
provided accurate discrimination of patients with 
NSCLC or multiple sclerosis from healthy indi-
viduals with an accuracy of 95%  [  7,   8  ] . Screening 
the expression of 866 miRNAs in the blood of 20 
healthy control individuals, a test set of 24 mela-
noma patients and an independent validation set 
(comprising 11 additional melanoma patients), 
they identifi ed a 16 miRNA signature which 
achieved a classifi cation accuracy of 97.4%, a 
specifi city of 95% and a sensitivity of 98%  [  103  ] . 
Studies involving larger patient cohorts will be 
necessary to determine if the classifi er con-
structed will actually be able to allow for early 
melanoma detection, as proposed by the authors. 
The same is true for the concept of using periph-
eral blood cells for miRNA biomarker discovery, 
instead of either circulating protein-bound 
mi RNAs or exosomal miRNAs as performed by 
most other groups  [  97  ] . Nevertheless, it should 

be highlighted that the commercially available 
biochip platform on which these experiments 
were performed could potentially be optimized 
for routine diagnostic use in near future. 

 Kanemaru and colleagues found levels of a 
single circulating miRNA, miR-221, to be signifi -
cantly elevated in the sera of melanoma patients 
 [  104  ] . Analyzing 94 melanoma patients and 20 
healthy controls, they additionally revealed that 
stage I–IV melanoma patients had even higher 
miR-221 levels than patients with melanoma in 
situ. Moreover, miR-221 levels tended to decrease 
after surgical removal of the primary tumor and to 
rise again at the time of disease recurrence  [  104  ] . 
On the one hand, miR-221 could be an interesting 
biomarker due to its well-characterized functional 
networking in melanoma (reviewed in  [  11  ] ). 
However, miR-211 overexpression has also been 
observed in a variety of other tumors, so that the 
specifi city of this biomarker for melanoma may 
not be suffi ciently pronounced. 

 In conclusion, serum miRNAs represent a 
“gold mine” for the identifi cation of biomarkers 
with the promise of diagnostic, prognostic and 
therapeutic response prediction  [  97  ] . The most 
obvious advantage of blood-based biomarkers is 
that sample collection represents a non-invasive 
procedure, without the requirement for biopsy or 
other invasive techniques that limit the applica-
tion of some currently available diagnostic pro-
cedures  [  105,   106  ] . Unfortunately, the use of only 
a single serum biomarker molecule might limit 
the sensitivity, specifi city, accuracy, and thus the 
usefulness of blood-based diagnostic tools cur-
rently implemented in the clinic. An approach 
that employs several different serum miRNAs, 
serving as a “fi ngerprint” for a specifi c type of 
cancer, may prove to outperform traditional pro-
tocols and have a huge impact on diagnosis, 
including determining cancer classifi cation, esti-
mating prognosis, predicting therapeutic effi cacy, 
maintaining surveillance following surgery, and 
forecasting disease recurrence. 

 It is expected that additional retrospective 
studies on blood samples of melanoma patients 
will soon be performed as reliable methodologies 
are now available and a multitude of blood sam-
ples from well-documented melanoma cases are 
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stored in clinical archives. Of note, a group from 
the University of Leicester aims to identify serum 
miRNA biomarkers which can determine clinical 
outcome in patients with advanced melanoma 
 [  107  ] . The availability of high-throughput 
approaches for global miRNA characterization 
and simple, universally applicable methods for 
miRNA quantifi cation (i.e., qRT-PCR) suggest 
that the discovery-validation pipeline for miRNA 
biomarkers in melanoma has the potential to be 
highly effi cient and to proceed rather quickly.  

   Future Prospects for miRNAs 
as Melanoma Biomarkers 

 As is true for other cancer types where tumor 
markers for early neoplastic transformation 
remain to be discovered, melanoma biomarkers 
that distinguish between benign melanocytic nevi 
and early melanoma are urgently needed – espe-
cially when one considers that the ability to 
metastasize may be a very early event in the 
pathogenesis of melanoma. MiRNA biomarkers 
hopefully harbor the potential to suit not only this 
purpose, but also to separate primary melanomas 
with the risk for metastasis from non-metastasiz-
ing tumors. Although miRNA analysis is unlikely 
to replace existing tools for tumor diagnosis and 
management (such as immunohistochemical 
staining and detection of serum marker-proteins), 
miRNA biomarkers offer huge benefi ts if used to 
complement such established methodologies.   

   Identifi cation of miRNAs 
Deregulated in Melanoma and Their 
Potential to be Utilized for Future 
Targeted-Melanoma Therapy 

   Recent Progress in Exploitation of RNA 
Interference for Cancer Therapy 

 Although the discovery of RNA interference 
(RNAi) can be dated back to barely more than a 
decade ago, this comparatively short period of 
time has been suffi cient to not only recognize the 
potential utility of this cellular mechanism for the 
treatment of human diseases such as cancer, but 

also to engineer RNAi-based technologies already 
applicable in the clinical setting. 

 To date, artifi cially designed siRNAs (small 
inhibitory RNA molecules) are almost exclusively 
used for therapeutic purposes (for recent reviews 
on clinical trials of siRNA-based therapeutics, see 
 [  108–  110  ] ). Remarkable advancements in the 
delivery of siRNAs to target tissues have been 
made, including the optimization of siRNA mole-
cule stability in the bloodstream, the transduction 
of siRNAs across biological membranes, and 
cell type-specifi c delivery (reviewed in  [  108, 
  111–  114  ] ). Considering that localized siRNA 
delivery directly to the tissue affected has several 
distinct advantages over systemic siRNA adminis-
tration, it may be of special interest for the treat-
ment of primary melanoma tumors that Inoue and 
colleagues reported successful transduction of 
siRNAs into skin cells by intradermal injection of 
unmodifi ed siRNA molecules followed by in vivo 
electroporation  [  115  ] . With regard to the treatment 
of melanoma metastases, improvements in sys-
temic delivery achieved by the development of 
modifi cations stabilizing siRNAs in the blood-
stream, as well as the engineering of siRNA 
 carriers (such as liposomes, polymer-based nano-
particles, and siRNA-cholesterol conjugates), 
thereby optimizing siRNA uptake by tumor cells, 
could prove benefi cial  [  108,   111–  114  ] . Davis et al. 
were the fi rst to report effi cient and cancer cell-
specifi c RNAi in humans by systemic administra-
tion of a targeted nanovesicle siRNA delivery 
system in three metastatic melanoma patients 
 [  116  ] . In addition, direct intra-tumoral injection of 
siRNA delivery complexes may be applicable to 
primary tumors and localized metastases, if this 
method can be translated from animal xenograft 
models into the clinical setting  [  117,   118  ] .  

   Advantages of Utilizing miRNAs 
for RNAi-Based Gene Therapy 

 Due to the fact that both synthetic miRNA mimet-
ics (dsRNA molecules in which one strand 
closely resembles a major miRNA sequence) 
and miRNA-antagonizing molecules (anti-miRs; 
single-stranded RNAs (ssRNAs) which are per-
fectly complementary to a miRNA, thus preventing 
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binding of this miRNA to its target mRNAs) share 
high structural similarity to siRNAs, techniques 
developed for administration of siRNA therapeu-
tics should also be suitable for miRNA-based appli-
cations. MiRNAs offer some intriguing advantages 
over siRNAs when employed in RNAi-based thera-
peutic approaches. In contrast to an siRNA which 
only targets one mRNA, a single miRNA is capable 
of regulating the expression of dozens to hundreds 
of target genes  [  59  ] . As a consequence, modulating 
the expression level of only one miRNA would 
have a broad impact on several cellular functions. 
With regard to cancer treatment, this implies that 
multiple oncogenic pathways could be manipulated 
by altering the expression levels of a single miRNA 
species. On the one hand, considering that tumors 
are of notably heterogeneous nature, this promiscu-
ity of miRNAs is one of the most obvious advan-
tages when using these molecules for therapeutic 
gene silencing. On the other hand, it may be diffi -
cult to anticipate the entirety of effects triggered by 
modifying miRNA expression in a particular tis-
sue. Fortunately, the mode of action of miRNA-
mediated gene silencing may help to attenuate this 
latter concern to some degree, as explained by the 
following. Firstly, it has been suggested that robust 
silencing of an mRNA is only obtained if several 
binding sites for a specifi c miRNA are present in 
the 3 ¢ UTR of the transcript, whereas the presence 
of only a single target site will result in lower effi -
ciency of silencing  [  119  ] . Therefore, as a specifi c 
miRNA does not repress all of its target genes with 
the same effi cacy, it is thought that through careful 
selection of appropriate miRNAs, the effects 
exerted on intended  pathways will be profound 
whereas effects on unintended pathways can 
be limited  [  113  ] . Secondly, it appears that the 
deregulation of expression of at least some of the 
miRNAs involved in cancer formation and progres-
sion is very specifi c and exclusive to malignant 
cells. This conclusion stems from studies demon-
strating that miRNA expression profi les can accu-
rately separate tumor cells from their healthy 
biological correlates  [  67,   69,   71,   120  ] . This indi-
cates that the reconstitution of a miRNA lost during 
the malignant transformation of tumor cells would 
potentially not have a strong impact on the sur-
rounding healthy tissue in which the miRNA is 
already strongly expressed under physiological 

conditions. Of course, the same would be true 
when antagonizing an oncogenic miRNA in tumor 
cells, as miRNA inhibitors would probably pro-
duce no effect in those cells which do not express 
the miRNA at a detectable level. Taking both these 
arguments into consideration, it has been suggested 
that miRNAs known to be involved in a particular 
process could be exploited for therapeutic purposes 
without the knowledge of all of their target genes 
 [  113  ] . Nevertheless, attention must be drawn to 
any potential side-effects caused by the possible 
future use of miRNA therapeutics, as a result of the 
extensive impact of these molecules on global gene 
expression. 

 Another important advantage of utilizing 
mi RNAs, instead of siRNAs, for RNAi-based 
therapy is that the modulation of gene expression 
would not be exclusively limited to genes up- 
regulated during oncogenesis. Although the intro-
duction of miRNA mimetics into tumor cells will 
lead to down-regulation of their target genes (as 
well as transfection of a siRNA promotes silenc-
ing of its single target gene), antagonizing miRNA 
function through administration of anti-miR mol-
ecules will result in re-expression of the corre-
sponding target genes in transfected tumor cells. 
The availability of miRNA mimetics for the 
 re-establishment of tumor-suppressive miRNA 
expression, as well as anti-miRs for blockade of 
oncogenic miRNA function, strongly broadens 
the possible applications of miRNA agents in 
RNAi-based therapy. 

 Besides the use of miRNA mimetics and 
 anti-miRs, several other potential applications 
that exploit the principles of miRNA-mediated 
RNAi for targeted therapy have recently been 
developed. For example, target protectors 
(RNA-binding oligonucleotides, which are com-
plementary to miRNA binding sites in the 3 ¢ UTR 
of the corresponding transcript) were reported to 
successfully prevent miRNA-mediated silencing 
of specifi c target genes  [  121,   122  ] . This technique 
could prove benefi cial if only specifi c transcripts 
are expected to be relieved from miRNA control. 
Additionally, promising results have been obtained 
in experiments utilizing differential expression 
of miRNAs in tumor cells and healthy tissue 
to improve specifi city and effi cacy of gene and 
stem cell therapy, in addition to viral oncolytics in 
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animal models (reviewed in  [  123  ] ). Basically, 
the transgene already expressed under a tissue- 
specifi c promoter is additionally engineered to 
harbor several artifi cial binding sites perfectly 
complementary to the 3 ¢ UTR of a specifi c miRNA. 
By selecting a miRNA which is highly abundant 
in healthy cells but whose expression is lost in 
tumor cells, the transgenic transcript gets silenced 
in healthy cells but remains stable in tumor cells, 
ultimately leading to selective transgene expres-
sion only in tumorous cells  [  124,   125  ] . Therefore, 
miRNA-based techniques show considerable 
potential if used to complement other approaches 
for targeted gene therapy. 

 Several recent fi ndings further highlight both 
the applicability and great potential of miRNA-
based therapeutics. Sakari Kauppinen’s group 
was the fi rst to demonstrate successful and well-
tolerated LNA-mediated miRNA silencing in 
non-human primates  [  126  ] . This was also the 
starting point for the fi rst miRNA-targeted drug 
to enter clinical trials (miravirsen, SPC3649), 
under the leadership of Santoris Pharma A/S 
(Hoersholm, Denmark). Most recently, Kauppinen 
and his co-workers have developed a method to 
synchronously knock-down all members of a 
miRNA family that share the same seed sequence, 
using a single seed-targeting tiny LNA molecule 
 [  127  ] . Interestingly, miRNAs have also recently 
been found to be implicated in drug resistance 
mechanisms in tumors  [  128  ] , indicating that 
miRNA therapeutics could enhance the effi ciency 
of traditional chemo- or radio-therapeutic appli-
cations in otherwise resistant cancers. 
Furthermore, miRNAs have been identifi ed as 
potential key targets in the fi ght against cancer-
promoting/sustaining stem cells  [  13  ] .  

   miRNAs Suitable for RNAi-Based 
Therapeutic Approaches in Melanoma 

 Several miRNAs deregulated during the patho-
genesis and progression of melanoma have 
already been identifi ed (extensively reviewed in 
 [  11  ] ; see Fig.  10.2 ). For some of these miRNAs, 
the causes for their loss or gain of expression, as 
well as for one or more of their related target 

genes, in melanoma cells have been determined 
(Table  10.1 ). Although research into the global 
impact of miRNAs on melanomagenesis is still 
in its infancy, there are already some promising 
candidates that could potentially be used for ther-
apeutic RNAi purposes. In the medium term, the 
rapidly advancing characterization of the mela-
noma miRNAome (representing the entity that 
encompasses all miRNAs expressed by mela-
noma cells) and the concomitant detection of sig-
nifi cant changes in the expression levels of 
specifi c miRNAs as compared to normal, healthy 
melanocytes will accelerate the identifi cation of 
potent miRNA targets for future therapeutic inter-
vention  [  72,   129–  132  ] . 

 Unfortunately, there is no currently available 
data on efforts to optimize in vivo delivery of 
miRNA mimetics or anti-miRs into human mela-
noma cells, nor studies utilizing miRNA-medi-
ated RNAi for the treatment of melanocytic 
tumors in a clinical setting. Nevertheless, Huynh 
and colleagues have demonstrated that targeting 
of miR-182 by intraperitoneal injection of a 2 ¢  
sugar modifi ed anti-miR containing a phosphoro-
thioate backbone resulted in reduced melanoma 
metastases to the liver and spleen in a mouse 
model  [  133  ] . Of note, despite the authors detect-
ing some degree of acute hepatitis in anti-miR 
treated animals, liver toxicity did not reach levels 
as severe as those previously observed with 
shRNA-based approaches  [  134,   135  ] .  

   Future Prospects for miRNA-Based 
Therapeutics in the Treatment 
of Melanoma 

 The recent progress achieved in siRNA technol-
ogy builds a stable foundation for the engineering 
of miRNA-based applications for the treatment of 
human cancers, including melanoma. However, 
there are still many obstacles to be negotiated 
before miRNA therapeutics can be routinely 
applied in the clinic. As outlined above, the main 
hurdle is the accurate estimation of unwanted side-
effects when therapeutically modulating the 
expression level of a particular miRNA in its 
 tissue-specifi c context. It is the responsibility of 
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basic researchers to proceed with the identifi cation 
and verifi cation of miRNA target genes, so that 
existing bioinformatical algorithms can be opti-
mized to better suit this purpose. Only a complete 
understanding of miRNA function and its impact 
on the global cellular network of pathways will 
ultimately lead to the development of miRNA-
based therapeutics.       
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   Mitochondrial DNA Alterations 
in Metabolic Diseases and Cancer 

 The mitochondrial genome is a small [16,569 
base pair (bp)], maternally-inherited circular 
DNA, that is present in copy numbers ranging 
from only a few to several thousand in the cytosol 
of a mammalian cell. The mitochondrial genome 
contains 37 genes. Of these, 13 genes encode 
polypeptides that represent components of the 
major respiratory chain complexes. Seven of 
these are components of complex I (NADH dehy-
drogenase), three are components of complex IV 
(cytochrome c oxidase), two are components of 
the ATP synthase complex (complex V), and one 
is the cytochrome b subunit of complex III. There 
are also genes for 12S and 16S ribosomal RNAs 
and 22 mitochondrial tRNAs (Fig.  11.1 ). The 
mitochondrial DNA (mtDNA), which is com-
pletely sequestered within the mitochondrial 
compartment, is unbound by protein complexes 
and subjected to oxidative damage to a much 
greater extent than nuclear DNA (nDNA). This is 

attributed to the accumulation of reactive oxygen 
species (ROS) that are generated within the mito-
chondrial matrix during electron transport  [  1,   2  ] . 
In addition, DNA repair is much more limited in 
mitochondria than in the nucleus. In mitochon-
dria, mammalian cell nucleotide excision repair 
enzymes (glycosylases) have been demonstrated, 
but mismatch repair and recombinatorial repair 
mechanisms appear to be lacking  [  3–  5  ] . Therefore, 
alterations in mtDNA are relatively stable over 
time and tend to persist in a cell lineage over 
many generations.  

 Mutations in regions of the genome that 
encode components of the electron transport 
chain are known to cause respiratory chain mal-
function and result in genetic diseases that are 
transmitted to offspring via the mitochondria. 
A number of metabolic diseases, mostly myopa-
thies and neuropathies, caused by mutagenic 
changes in these genes have been described 
(Table  11.1 )  [  6–  9  ] . Recently, mitochondrial dys-
function has been implicated in the process of 
carcinogenesis, because of the involvement of 
mitochondria in apoptotic pathways  [  10  ]  and the 
activation of oncogenic signaling pathways by 
ROS  [  11  ] . There have been a number of recent 
studies linking alterations in mtDNA to cancers 
of skin  [  12–  14  ] , breast  [  15  ] , oral epithelium  [  16  ] , 
lung  [  17  ] , bladder  [  18  ] , gastrointestinal tract 
 [  19,   20  ] , and cervix  [  21  ] .   
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   Mitochondrial DNA Replication 
and DNA Instability 

   The Mitochondrial Genome 

 The two complementary strands of mtDNA are 
distinguished on the basis of their G (guanine) or 
C (cytosine) content, and are designated as either 
heavy (H-strand; high G content) or light (L-strand; 
high C content). Each of the two strands has its 
own replication origin. The two replication ori-
gins are separated from one another by a distance 
representing approximately two thirds of the 
genome (from the direction of DNA replication). 

Replication is initiated asynchronously at the two 
origins, with the L-strand being replicated fi rst. 
Initiation of DNA replication from the L-strand 
origin creates a single-stranded segment of the 
H-strand, known as the D-loop. The D-loop spans 
the region between nucleotides (nt) 576–16024, 
which contains the two mtDNA promoters (an 
H-strand promoter at nt 545–567 and an L-strand 
promoter at nt 392–445; summarized in Wallace 
 [  2  ] ). A large fraction of the stable alterations that 
are found in mtDNA occur within the D-loop 
 [  22  ] . This fi nding has been attributed to the fact 
that the D-loop is transiently present as a single-
stranded segment just after the initiation of DNA 
synthesis from the L-strand origin. In the single-
stranded state, damage to the unpaired strand can-
not be repaired by normal template-driven repair 
mechanisms, particularly excision repair. The 
single-stranded segment is also much more likely 
to undergo base mispairing between the single 
strand and the nascent strands of the replicating 
DNA; replication of the mispaired duplex can 
result in the formation of deletions. The clustering 
of nucleotide changes in the D-loop makes this 
segment a particularly rich source of potential 
biomarkers. Two highly polymorphic regions 
exist within the D-loop, known as hypervariable 
regions: (HVR1; nt 16024–16365 and HVR2; nt 
73–340). HVR2 contains a polycytosine micro-
satellite segment (nt 303–315) that is particularly 
mutable. MtDNA alterations in HVR1 and HVR2 
are used as markers of genetic lineage, and foren-
sically as biomarkers of different ethnic and racial 
groupings  [  23  ] .  

   Mutations Related to Exposure 
to Ultraviolet Radiation 

 There is a strong causal link between exposure to 
ultraviolet radiation (UVR) from sun exposure 
and all forms of skin cancer, including melanoma 
 [  24  ] . One particular type of mutagenic DNA dam-
age, which is caused directly by the UVA compo-
nent of UVR, is covalent bonding between 
adjacent pyrimidine residues to form cyclobutane 
dimers (CBD). These lesions are highly muta-
genic, as they tend to produce C → T and CC → TT 

  Fig. 11.1    A map of the mitochondrial genome. The 
genome encodes two ribosomal RNAs and components of 
complexes I, III, IV and V: seven genes encoding proteins 
of the NADH dehydrogenase complex (ND1, ND2, ND3, 
ND4, ND4L, ND5, ND6) in complex I, one gene encod-
ing a cytochrome b polypeptide (cyt b) of complex III, 
three genes (COI, COII, COIII) that encode polypeptide 
components of cytochrome oxidase (complex IV), and 
one gene that encodes a polypeptide in the Fo subunit of 
the FoF1 ATPase (complex V). There are also genes for 
22 tRNAs scattered around the mitochondrial genome. 
Their approximate locations are indicated along the inner 
circle by the single letter amino acid codes which denote 
the amino acid specifi city of each tRNA. The locations of 
the heavy (purine-rich) and light (pyrimidine-rich) strand 
replication origins are indicated by O H  and O L , 
respectively       
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base substitutions during DNA replication. CBDs 
are the predominant type of DNA lesion found in 
skin irradiated with UVA  [  25  ] . UVR exposure of 
tissue also produces ROS, particularly singlet 
oxygen ( 1 O 

2
 ) and hydroxyl radical, which can 

damage DNA directly  [  26  ] . More than 20 base 
lesions resulting from hydroxyl radical attack on 
DNA have been identifi ed  [  5  ] . The most abundant 
DNA modifi cation produced by hydroxyl attack 
is 8-oxodeoxyguanine (8-oxodG), which results 
from the addition of HO· to the C-8 atom of gua-
nine. In the  syn  conformation, 8-oxodG has been 
shown to cause GC → TA transversions  [  27  ] .  

   Mitochondrial DNA Deletions 

 Mitochondrial genomes exhibit an unusual 
 tendency to undergo spontaneous deletion that 
encompasses large DNA tracts. The frequency of 
deletion is greatly increased under conditions of 
oxidative stress  [  2  ] . MtDNA deletions accumu-
late with age and are associated with various dis-
ease states, a number of which are genetic and 
show a mitochondrial pattern of inheritance  [  2–  8  ] . 
A particularly ubiquitous aberration, known as 
the common deletion (CD), involves deletion of 
4,977 bp of mtDNA created by breaks within two 

   Table 11.1    Genetic diseases of mitochondrial DNA   

 Disease a   Manifestations  Mitochondrial DNA alteration 

 DAD (diabetes mellitus and 
deafness) 

 Early-onset diabetes and deafness  10, 423 bp deletion: nt 14812 → nt 
4389 

 KSS/CEOP (Kearns-Sayre 
syndrome/chronic external 
ophthalmoplegia) 

 Early-onset cerebellar ataxia, 
paralysis of the extraocular muscles 
(ophthalmoplegia) 

 4,977 bp deletion (common 
deletion): nt 8470 → nt 8482 

 LHON (Leber’s hereditary optic 
neuropathy) 

 Degeneration of the optic nerves 
and retina, Wolff-Parkinson-White 
syndrome 

 Multiple SNPs 
 nt 3460 G → A 
 nt 4136 A → G 
 nt 4160 T → C 
 nt 4216 T → C 
 nt 4917 A → G 
 nt 5244 G → A 
 nt 11778 G → A 
 nt 13708 G → A 
 nt 15257 G → A 
 nt 15812 G → A 

 Leigh syndrome/NARP (neuropathy, 
ataxia, retinitis pigmentosa, and 
ptosis) 

 Neonatal subacute sclerosing 
encephalopathy, seizures, dementia, 
ventilatory failure 

 nt 8993 T → G (encoding subunit 
6 of mitochondrial ATP synthase) 

 MELAS (mitochondrial myopathy, 
encephalomyopathy, lactic acidosis, 
stroke-like symptoms) 

 As per acronym  7,436 bp deletion: nt 8637 and nt 
16073 

 MERRF (myoclonic epilepsy with 
ragged red fi bers) 

 Seizures  nt 8344 C → G 

 MNGIE (myoneurogenic gastroin-
testinal encephalopathy) 

 Gastrointestinal pseudo- obstruction, 
neuropathy 

 Multiple mtDNA deletions b  
 nt 8482 → 13447 
 nt 6341 → 13994 
 nt 16263 → 572 
 nt 5795 → 13920 
 nt 4469 → 13923 
 nt 5797 → 16071 

   nt  nucleotide,  mtDNA  mitochondrial DNA 
  a  From Wallace  [  2,   7  ]  and Douglas et al.  [  6  ]  
  b  From Nishigaki et al.  [  8  ]   



148 M.L. Steinberg

13 bp direct repeats  [  28  ] . It seems that formation 
of most, if not all, mtDNA deletions involve 
“slipstrand” base mispairing of repeat segments 
at or near the deletion cut sites  [  29  ] . According to 
the model proposed by Berneburg et al.  [  30  ] , mis-
pairing of direct repeats occurs during asymmet-
ric replication of the DNA strands. This leads to 
the extrusion of a single-stranded loop that is sus-
ceptible to attack by ROS and which contains the 
segment that is deleted. Figure  11.2  illustrates 
this model for formation of the common deletion. 
The majority of the mtDNA deletions currently 
databased appear to involve direct repeats (see 
the Mitomap website for a database of mtDNA 

deletions; reference  [  31  ] ), but deletion formation 
mediated by inverted complementary repeats has 
also been reported  [  32  ] . A modifi ed slipstrand 
mechanism has been proposed, in which the cut 
site sequences are aligned in parallel and anneal-
ing of the aligned segments is stabilized by 
Hoogsteen base pairing. A duplex, in which the 
sequences are aligned in parallel, could be gener-
ated by mispairing of the cut sites via an intra-
strand duplex or a triple helical intermediate with 
the double-stranded downstream cut site, similar 
to the model proposed by Rocher et al.  [  33  ] . 
There are also deletion variants that are less com-
mon, in which short insertions between inverted 

  Fig. 11.2    Possible mechanism for formation of the com-
mon deletion (adapted from  [  30  ] ). A slipstrand mispair-
ing intermediate is shown, in which the H strand upstream 
repeat segment mispairs with the complementary 
sequences of its downstream counterpart. This leads to 
the formation of a single-stranded loop which is 
susceptible to attack by ROS, followed by exonucleolytic 
degradation. Recombination within the base-paired 
repeats completes the formation of the deleted strand. 
The  open box  (□) represents the 13 bp direct repeat 
ACCTCCCTCACCA and the  fi lled box  (■) represents its 
complement. The upstream repeat (UR) is located at nt 

8470–8482 and the downstream repeat (DR) is located at 
nt 13447–13459. DNA replication initiated at the heavy 
strand replication origin (O 

H
 ) produces a large single-

stranded loop, in which mispairing between the light 
strand UR and heavy strand DR is possible. The single-
stranded loop is susceptible to strand breaking caused 
by ROS. Exonucleolytic degradation of the nicked 
loop is followed by DNA polymerase-mediated repair, 
completing the formation of the deletion on the unrepli-
cated heavy strand. A round of replication, initiated from 
the light strand replication origin, produces a deleted 
genome       
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repeats are seen  [  29  ] . These types of mtDNA 
deletions are not consistent with a slipstrand 
 mispairing mechanism. Hwang et al.  [  29  ]  have 
proposed template strand switching during DNA 
replication as a possible alternative mechanism 
for generation of these types of deletions. There 
is good evidence for deletion formation caused 
by template strand switching at segments con-
taining both direct and palindromic repeats in 
viral and yeast systems  [  34–  36  ] , as well as in 
bacteria  [  37  ]  and mitochondria  [  38  ] . Hairpin 
structures resulting from alignment of the inverted 
repeats offer a possible mechanism for generat-
ing single or dinucleotide insertions, similar 
to P insertions that are generated from hairpin 
intermediates during the process of VDJ recom-
bination  [  39  ] . Mutation-bearing mitochondrial 
genomes can undergo clonal expansion as a result 
of selective replication  [  40,   41  ] . This mechanism 
has been proposed to explain why, in certain 
mitochondrial disease states, mitochondria bearing 
unique mutations come to predominate in a large 
proportion of cells in affected tissues.    

   Reactive Oxygen Species (ROS) 

   ROS Formation by Mitochondria 
in Cutaneous Tissues 

 It has been estimated that the mutation rate for 
mtDNA is ten times higher than that for nDNA 
 [  21,   42  ] . This is due, in large part, to the high 
levels of DNA-damaging ROS that exist in the 
mitochondrial matrix: singlet oxygen, hydroxide 
ion, hydroxyl radical, superoxide anion, and per-
oxynitrite ion (Fig.  11.3 ). These species are pro-
duced as a natural byproduct of electron fl ow in 
the mitochondrial electron transport chain. In 
particular, they are found in cases where the nor-
mal steady-state fl ow of electrons to molecular 
oxygen through complex IV is blocked, as a 
result of mutation in a gene(s) encoding one or 
more of the upstream carriers.  

 Perturbations in electron transport, that lead to 
accumulation of electrons on an intermediate 
 carrier, can result in aberrant transfer of single 

  Fig. 11.3    Formation of reactive oxygen species (ROS) 
during mitochondrial respiration (adapted from  [  64  ] ). 
Some of the oxygen that enters the mitochondrial 
matrix may be reduced by intermediate electron carri-
ers to produce superoxide radical, instead of reduction 
via the normal pathway through complex IV. A sum-
mary of the major pathways ( thick lines ) for formation 
of ROS from superoxide is shown. (1) MnSOD catalyzes 

the formation of hydrogen peroxide from superoxide, 
(2) cleavage of the -O–O- bond in hydrogen peroxide 
by Fe +2  yields hydroxyl radical and hydroxide ion, (3) 
reaction of hydroxyl radical with superoxide produces 
singlet oxygen, which is also produced as a result of 
solar irradiation of molecular oxygen (4), and (5) super-
oxide can react with nitrous oxide to produce peroxyni-
trite ion       
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electrons directly to molecular oxygen from the 
individual electron carriers/donors within com-
plexes I, III and IV; for example, ubiquinone 
(UQ) either in the semiquinone form (UQ·) or as 
the fully reduced quinol (UQH 

2
 ). It is estimated 

that approximately 1–5% of the oxygen (O 
2
 ) 

 consumed in aerobic respiration becomes reduced 
to superoxide anion (O 

2
 ·¯) by aberrant electron 

transfer  [  43  ] .  

 Superoxide produced in the mitochondrial 
matrix is metabolized by manganese superoxide 
dismutase (MnSOD) in two steps. First, an elec-
tron from the superoxide is transferred to the 
manganese atom to produce molecular oxygen:

     + − ++ ⎯⎯⎯→ +3 MnSOD 2
2 2Mn O · Mn O    (11.1)   

 A second superoxide ion together with an 
electron from the reduced manganese ion (Mn 2+ ) 
can then react with two protons (2H + ) to form 
hydrogen peroxide (H 

2
 O 

2
 ):

     MnSOD2 3
2 2 2Mn O · 2H Mn H O+ − + ++ + ⎯⎯⎯→ +    (11.2)   

 The hydrogen peroxide produced by the action 
of MnSOD can then be acted upon by a peroxi-
dase (i.e., catalase or glutathione peroxidase) to 
complete the detoxifi cation:

     2 2 2 22H O 2H O O⎯⎯→ +    (11.3)   

 Superoxide is released into the cytosol from 
the mitochondrion. In the cytosol, superoxide is 
also produced through the action of NADPH and 
P450 oxidases, and is then detoxifi ed through 
essentially the same reactions shown in 
( 11.1 ) → ( 11.3 ) above, but utilizing a cytosolic 
SOD co-factored by Zn and Cu (Cu-Zn-SOD). 

 In an alternative reaction catalyzed by iron, 
hydrogen peroxide can be decomposed into 
hydroxide ion (HO – ) and the highly reactive 
hydroxyl radical (HO·) (Fenton’s reaction). In this 

reaction, ferric iron ion catalyzes the breakage of 
the oxygen–oxygen bond of hydrogen peroxide to 
produce the hydroxyl(−ide) species:

     + + −+ ⎯⎯→ + +2 3
2 2Fe H O Fe HO  HO·    (11.4)   

 Superoxide participates in this reaction by 
promoting the formation of Fe 2+ , through the 
donation of an electron to Fe 3+  to complete an 
Fe 2+ ↔Fe 3+  redox cycle:

     + − ++ ⎯⎯→ +3 2
2 2Fe O · Fe O    (11.5)   

 Hydroxyl radical can react with superoxide to 
produce singlet oxygen ( 1 O 

2
 ), a highly reactive 

form of molecular oxygen that contains an 
unpaired electron, in contrast to the normal, rela-
tively unreactive form (triplet oxygen):

     + −+ + ⎯⎯→ +
1

2 2 2H O · HO· O H O    (11.6)   

 Superoxide can also react with nitric oxide 
(NO) to produce peroxynitrite (OONO¯):

     2O · NO OONO− −+ ⎯⎯→    (11.7)    

   Role of Melanin in ROS Formation 

 Melanins are pigments composed of heteroge-
neous polymers of linked indolic monomers that 
are found in a wide variety of organisms through-
out both the plant and animal kingdoms 
(Fig.  11.4 ). In humans, the association between 
the development of pigmentation and exposure to 
solar radiation evidences the photoprotective 
function of melanin; the conversion of absorbed 
UVR into heat (photon–phonon coupling) via the 
large network of conjugated double bonds. The 
fact that melanins are so widely distributed 
among organisms and tissues that are never 
exposed to sunlight argues strongly that melanins 
serve functions beyond photoprotection and cam-
oufl age that are yet to be discovered. There is 
now strong evidence that melanin may act as both 
a photoprotector and a photosensitizer  [  44–  47  ] . 
The ability of melanin to sensitize cells to UVR 
has been linked to its redox properties. The simi-
larity of the indolic quinone melanin precursors 
to quinone electron acceptor/donors has been 

UQH· UQ + H+

UQH2 UQH· + H+

O2 O2·
−
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widely noted, and this has lead to the suggestion 
that melanin may function as an electron carrier 
in cellular redox reactions  [  44  ] . If true, then it is 
predicted that single electron transfers would 
generate a semiquinone intermediate. The pres-
ence of the hypothesized semiquinone species in 
eumelanin was directly demonstrated by Sealy 
et al. nearly 30 years ago  [  48,   49  ] , using electron 
spin resonance spectroscopy. Melanins are known 
to undergo photo-oxidation, a process during 
which the pigment undergoes darkening, that 
corresponds to an increase in carbonyl content 
caused by the transfer of electrons from the 
hydroxy intermediates  [  44  ] . Photo-oxidation car-
ried out in the presence of oxygen generates 
superoxide  [  44  ] , and oxidized melanin can react 
with O 

2
  to form H 

2
 O 

2
 , superoxide, and other radi-

cals  [  50  ] . Thus melanin, as an electron transport 
molecule, could provide a direct cytosolic path-
way for reduction of molecular oxygen, leading 
to the formation of superoxide and superoxide-
derived ROS.  

 ROS are also known to be produced during the 
process of melanin formation. This occurs during 
the oxygen-dependent formation of the reactive 

dihydroxyindoles and the corresponding (semi)
quinone intermediates (as well as the phenol/phe-
nolic quinone precursors). ROS are generated as 
a result of redox cycling between the dihydroxy 
and quinone intermediates (Fig.  11.4 )  [  51,   52  ] . 
Exposure of melanin and its precursors to UVR 
has also been shown to lead to the generation of 
ROS  [  53–  55  ] . Hydrogen peroxide production, 
resulting from superoxide formation during mel-
anin irradiation, has been measured directly  [  56  ] . 
In these experiments, the production of hydrogen 
peroxide was shown to be increased in the pres-
ence of superoxide dismutase. Increasing mela-
nin content in cultured melanocytes using high 
tyrosine medium has been shown to lead to an 
increase in their sensitivity to UVA, as measured 
by single strand breaks in the Comet assay  [  57  ] . 

 In a study in which melanin (from DOPA) was 
applied directly to calf thymus DNA, the switch 
from photoprotection to photosensitization was 
found to be dose-dependent, as measured by thy-
mine glycol dimer formation after gamma irradi-
ation  [  58  ] . In the same study, melanin was also 
shown to cause single-stranded breaks in   F  X174 
DNA, as evidenced by the conversion of the 

  Fig. 11.4    Initiation of melanin synthesis – Pathways of 
melanin synthesis from tyrosine-derived precursors show-
ing phenolic and indole intermediates (adapted from  [  44  ] ). 
Cysteinyl DOPA ( dashed outline ) is an intermediate in the 

synthesis of pheomelanins. Redox cycling (RDX) is pos-
sible between the quinone and hydroxy forms of indolic 
and phenolic intermediates       
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supercoiled form (form I) to the nicked circular 
form (form II) following melanin treatment. This 
observation is consistent with the fi nding that 
high levels of mtDNA deletions are present in the 
substantia nigra of patients with Parkinson’s 
 disease  [  59  ] . 

 Pheomelanin in particular has been shown to 
act a photosensitizer  [  60,   61  ] . For example, the 
cytotoxic effects of UVR exposure on Ehrlich 
ascites carcinoma cells were found to be enhanced 
in the presence of melanin, and more so by 
pheomelanin than eumelanin  [  62  ] . Ultraviolet irra-
diation of pheomelanin causes structural changes 
in catalase, resulting in a decrease in enzymatic 
activity and refl ected in an increase in ROS levels 
 [  63  ] . Radiation-induced synthesis of pheomelanin 
uses large amounts of cysteine, which can deplete 
the precursor pool needed for synthesis of glutathi-
one and thus reduce the activity of glutathione-
cofactored peroxidases  [  64  ] . Dyplastic nevi which 
synthesize more pheomelanin than normal skin 
melanocytes also display more DNA fragmenta-
tion in Comet assays than either normal melano-
cytes or common nevi, and these differences are 
enhanced by UVB irradiation  [  65  ] .   

   Mitochondrial DNA Alterations 
in Melanoma 

 Alterations in mtDNA derived from melanoma 
tumors have been studied for the purpose of iden-
tifying biomarkers that have utility for disease 
diagnosis and tumor progression. Putative tumor 
biomarkers from sequence analyses of the D-loop 
region in both tumor tissue and melanoma cell 
lines have been reported (Table  11.2 )  [  42,   66,   67  ] . 
These studies have found mainly single nucle-
otide base substitutions, insertions, and deletions; 
almost 75% of which were located within a nar-
row segment of HVR2 spanning nucleotides 
146–319. Of these, about half were C insertions 
within the polycytidine microsatellite region. 
Outside of the microsatellite region, the changes 
tend to be pyrimidine/pyrimidine or purine/purine 
substitutions rather than transversions. A clear 

correlation between the polymorphic changes 
observed in mtDNA and the stage of tumor 
 progression has yet to be established; although, it 
was found that in advanced stages of melanoma, 
mtDNA fragments (carrying some of the altera-
tions seen in the tumors) were also detectable in 
the peripheral blood of patients  [  67  ] . A large 
fraction of the nucleotide changes occur within 
the poly-C (nt 303–315) and CA repeat (nt 
 514–523) microsatellites, suggesting that mito-
chondrial microsatellite instability (mtMSI) may 
be a useful means of distinguishing less aggres-
sive tumors from their more aggressive counter-
parts  [  42  ] . Despite the causal link between 
melanoma and exposure to solar radiation, only a 
small percentage of the nucleotide changes in 
melanoma tumors studied have been found to be 
the UVR “signature” C → T or CC → TT substi-
tutions  [  24  ] . In addition to single nucleotide 
changes, the 4,977 bp common deletion was also 
found in about 10% of the melanoma tumor spec-
imens examined  [  43  ] .  

 Detailed studies on the occurrence of mtDNA 
deletions in melanoma tumors are lacking at pres-
ent. However, there is abundant evidence that 
either solar radiation, or its ultraviolet compo-
nent, which are causatively linked to melanoma, 
can also induce mtDNA deletions. Induction of 
the common deletion has been demonstrated in 
UVA-irradiated fi broblasts in culture  [  30  ] , and 
following UVB irradiation of keratinocytes 
in vitro  [  29,   32  ] . The common deletion has also 
been shown to be a biomarker of sun exposure in 
skin  [  68–  71  ] . More recently, several novel 
mtDNA deletions have also been characterized as 
biomarkers of exposure to solar radiation. For 
example, Krishnan et al.  [  72  ]  have shown that the 
presence of a specifi c 3,895 bp deletion at differ-
ent body sites corresponds to the degree of sun 
exposure. A similar fi nding was reported by 
Steinberg et al.  [  70  ]  in skin specimens taken from 
the margins of melanoma tumors. In this study, 
the relative levels of a novel 5,128 bp mtDNA 
deletion (  D  uv), derived from an in vitro keratino-
cyte system  [  32  ] , were found to correlate with 
history of sun exposure and DNA damage (as 
measured in Comet assays), as well as induction 
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of DNA repair genes in microarray analyses. 
Tests run in parallel, using primer sets that detect 
the common deletion, were found to correspond 
well to those obtained for the   D  uv deletion. 
Eshaghian et al.  [  68  ]  characterized a wide spec-
trum of mtDNA deletions in skin adjacent to non-
melanoma skin cancers. The number of mtDNA 
deletions was strongly correlated with patient 
age, a fi nding consistent with the concept of large 
mtDNA deletions as markers of skin photoaging. 
Of the aberrations studied, the vast majority 
(28 of 37) were noted to be novel deletions, while 
the common deletion was found in eight 
sequenced cases. Most of the deletions identifi ed 
were fl anked by direct or indirect repeats and 
were located within the mitochondrial segment 
between the two replication origins.  

   Mitochondrial Resequencing 
Arrays (Mitochips) 

 Recent advances in chip microarray technology 
have made possible new hybridization-based 
techniques for high-throughput detection of 
sequence alterations in genomes, for which refer-
ence sequences are available. This fi eld is rapidly 
evolving and several iterations of the chip array 
technology have been described over the past 
decade  [  73–  77  ] . Since the reference sequence used 
as the hybridization target must be known in 
advance, information on base changes derived 
from chip hybridizations is referred to as “rese-
quencing”, and the chip arrays themselves are 
referred to as resequencing arrays/chips. In the 

   Table 11.2    Mitochondrial D-loop a  nucleotide alterations in melanoma   

 Study  Microsatellite (MSI) b,c   HVR1 d,e   HVR2 e,f   Other D-loop regions e  

 Takeuchi et al.  [  67  ]  
 Cell lines (n = 20) 

 Tumors (n = 12) 

 C ins (5) 
 C del (2) 

 C ins (2) 

 G16042A 
 A16300G 
 T16362C 
 T16126C 
 C16362T 

 A251G 
 A263G 

 C72T 
 C239T 

 T64C 
 C433–438 ins 

 C438T 
 T16366C 
 G16482A 

 Poetsch et al.  [  42  ]  
 Nodular type (n = 32) 

 Metastatic (n = 43) 

 (4) ND 

 (11) ND 

 N/A 

 N/A 

 T152C 
 T195C 
 C146T 
 A189G 
 A189G 
 T195C 
 T310C 

 N/A 

 A513G 

 Martin et al.  [  66  ]  
 Nodular type (n = 1) 

 Metastatic (n = 9) 

 C309T 
 T310C 
 C ins (3) 
 TCC310 ins 
 TC310 ins 
 A308 ins
T310C 

 N/A 

 N/A 

 N/A 

 G316C 
 T319C 
 T319C 
 A325 ins 
 326A del 
 329C del 
 C340T 

 C324T 
 A374G 
 A384T 
 C387T 

   a  The D-loop spans the region between nucleotides (nt) 16024 → 576 
  b  (#); number of C insertions (ins) or deletions (del) within the microsatellite region (nt 303 → 315) 
  c  ND; alterations not described 
  d  HVR1 (hypervariable region 1; nt 16024–16365) 
  e  N/A; no alterations found 
  f  HVR2 (hypervariable region 2; nt 72–340)  
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standard procedure, labeled probes derived from 
a test DNA are hybridized at high stringency to 
the chip arrays (which consist of oligonucleotides 
attached to a solid support matrix, such as glass). 
Creation of the chip arrays by synthesis and 
attachment of the oligonucleotides is carried out 
using photolithography to create an ordered high-
density array of oligonucleotides over the surface 
of the matrix; a cluster of identical oligonucle-
otides is called a feature of the array. Each oligo-
nucleotide on the array represents a short segment 
of the reference sequence with a base alteration 
that is to be tested by hybridization against the 
query sequence. Each segment of the reference 
sequence is represented by eight features (four 
features for each strand), each containing a dif-
ferent nucleotide substitution at the same posi-
tion in the sequence (Fig.  11.5 ). Hybridization 
targets, representing sequences to be queried, can 
be created in a variety of ways, but are commonly 
generated by polymerase chain reaction (PCR) 
using various fl uorescent or chromogenic labels 
(such as fl uorescein or biotin) that are attached 
to, or incorporated into, the PCR products by any 
of a number of standard procedures. Since each 
oligonucleotide is short (generally 15–35 bp), 
single nucleotide mismatches cause a signifi cant 
reduction in the hybridization of the target to the 
arrayed oligonucleotide probes under stringent 
conditions. Thus relative levels of hybridization 
can be used to determine the presence of base 
(mis)matching for a given feature. Base calls at 
each queried nucleotide position are made using 
algorithms that compare the quantifi ed signal 
intensities of target hybridization to the corre-
sponding oligonucleotide probes(s) from the two 
complementary DNA strands. Averaging of 
results from replicate chips is usually required 
for high accuracy. It must be recognized that 
 variations in hybridization signal, including mis-
matches between probe and target at positions 
fl anking the interrogated nucleotide position, 
introduce complexities which must be taken into 
account by the base-calling algorithm. Based on 
comparison with standard dideoxy sequencing, 
success rates for base calls using resequencing 
chips can often exceed 99% for single nucleotide 
substitutions, insertions and deletions. However, 

resequencing chips cannot be practically applied 
to more complex DNA alterations, such as large 
deletions, insertions, and duplications.  

 Resequencing arrays covering the entire 
human mitochondrial genome (such as the 
GeneChip ®  Mitochondrial Resequencing 2.0 
Array, Affymetrix) have been widely available to 

  Fig. 11.5    Diagrammatic representation of a chip microar-
ray. ( a ) Oligonucleotides representing a short segment of 
genomic sequences, containing all possible base substitu-
tions at a defi ned nucleotide position, are covalently 
attached to a solid matrix by surface engineering. 
Oligonucleotides representing both strands of the same 
substituted segment are placed together in a localized 
cluster (feature). The feature outlined in ( a ) shows substi-
tuted 25-mers spanning nt 10391–10415 of the mitochon-
drial ND3 gene (Fig.  11.1 ) attached to the matrix at the 3 ¢  
end; only the substituted oligonucleotides for one strand 
are shown. ( b ) Chip hybridization strategy. Long-range 
PCR is used to create labeled PCR products that are then 
probed by hybridization to the oligonucleotides arrayed 
on the chip. Hybridization of a PCR product to an oligo-
nucleotide containing the complementary base indicates 
the identity of that base at the interrogated position       
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researchers for several years. In the fi rst genera-
tion of mitochips, more than 29 kb of double-
stranded DNA could be analyzed on a single chip 
 [  76  ] . Probes for the entire mitochondrial coding 
segment were created from three overlapping 
long PCR fragments, and more than two million 
base pairs of mtDNA were tested. Base calls were 
successfully assigned at 96.0% of the nucleotide 
positions and >99.99% reproducibility was found 
in replicate experiments. In a study of melanoma 
tumors using the Mitochip, polymorphic changes 
in mtDNA in 16 melanoma tumors from 14 
patients were catalogued in a high-throughput 
analysis, in which 529,408 bases from 32 sam-
ples were sequenced  [  13  ] . One hundred and fi ve 
single nucleotide changes were described, of 
which 32 were non-synonymous. Single nucle-
otide polymorphisms (SNPs) were distributed 
throughout the mitochondrial genome, but a 
much higher proportion were found in the D-loop 
region than would be expected from the length of 
the D-loop segment relative to the overall length 
of the mitochondrial genome. A large proportion 
of tumors (10/16) also exhibited mutations in the 
NADH dehydrogenase complex.      

   References 

    1.    Druzhyna NM, Wilson GL, LeDoux SP. Mitochondrial 
DNA repair in aging and disease. Mech Ageing Dev. 
2008;129:383–90.  

    2.    Wallace DC. Mitochondrial genetics: a paradigm for 
aging and degenerative diseases? Science. 1992;
256:628–32.  

    3.    Larsen NB, Rasmussen M, Rasmussen LJ. Nuclear 
and mitochondrial DNA repair: similar pathways? 
Mitochondrion. 2005;5:89–108.  

    4.    Croteau DL, Bohr VA. Repair of oxidative damage to 
nuclear and mitochondrial DNA in mammalian cells. 
J Biol Chem. 1997;272:25409–12.  

    5.    Stuart JA, Brown MF. Mitochondrial DNA mainte-
nance and bioenergetics. Biochim Biophys Acta. 
2006;1757:79–89.  

    6.    Douglas C, Wallace DC. Diseases of the mitochon-
drial DNA. Annu Rev Biochem. 1992;61:1175–212.  

    7.    Wallace DC. Mitochondrial diseases in man and 
mouse. Science. 1999;283:1482–8.  

    8.    Nishigaki Y, Martí R, Hirano M. ND5 is a hot-spot for 
multiple atypical mitochondrial DNA deletions in 
mitochondrial neurogastrointestinal encephalomyo-
pathy. Hum Mol Genet. 2004;13:91–101.  

    9.    Zeviani M, Di Donato S. Mitochondrial disorders. 
Brain. 2004;127:2153–72.  

    10.    Martinez-Ruiz G, Maldonado V, Ceballos-Cancino G, 
et al. Role of Smac/DIABLO in cancer progression. 
J  Exp Clin Cancer Res. 2008;26:27–48.  

    11.    Ishikawa K, Takenaga K, Akimoto M, et al. ROS-
generating mitochondrial DNA mutations can regu-
late tumor cell metastasis. Science. 2008;320:661–4.  

    12.    Birch-Machin MA. The role of mitochondria in age-
ing and carcinogenesis. Clin Exp Dermatol. 2006;31:
548–52.  

    13.    Mithani SK, Smith IM, Topalian SL, et al. 
Nonsynonymous somatic mitochondrial mutations 
occur in the majority of cutaneous melanomas. 
Melanoma Res. 2008;18:214–9.  

    14.    Mithani SK, Taube JM, Zhou S, et al. Mitochondrial 
mutations are a late event in the progression of head 
and neck squamous cell cancer. Clin Cancer Res. 
2007;13:4331–5.  

    15.    Zhu W, Qin W, Sauter ER. Large-scale mitochondrial 
DNA deletion mutations and nuclear genome instabil-
ity in human breast cancer. Cancer Detect Prev. 
2004;28:119–26.  

    16.    Shieh DB, Chou WP, Wei YH, et al. Mitochondrial 
DNA 4,977-bpdeletion in paired oral cancer and pre-
cancerous lesions revealed by laser microdissection 
and real-time quantitative PCR. Ann NY Acad Sci. 
2004;1011:154–67.  

    17.    Dai JG, Xiao YB, Min JX, et al. Mitochondrial DNA 
4977 BP deletion mutations in lung carcinoma. Indian 
J Cancer. 2006;43:20–5.  

    18.    Dasgupta S, Hoque MO, Upadhyay S, et al. 
Mitochondrial cytochrome B gene mutation promotes 
tumor growth in bladder cancer. Cancer Res. 2008;
68:700–6.  

    19.    Rigoli L, Di Bella C, Verginelli F, et al. Histological 
heterogeneity and somatic mtDNA mutations in gas-
tric intraepithelial neoplasia. Mod Pathol. 2008;21:
733–41.  

    20.    Kamalidehghan B, Houshmand M, Ismail P, et al. 
Delta mtDNA4977 is more common in non-tumoral 
cells from gastric cancer sample. Arch Med Res. 
2006;37:730–5.  

    21.    Sharma H, Singh A, Sharma C, et al. Mutations in the 
mitochondrial DNA D-loop region are frequent in cer-
vical cancer. Cancer Cell Int. 2005;5:34.  

    22.    Wang Y, Liu VW, Ngan HY, et al. Frequent occur-
rence of mitochondrial microsatellite instability in the 
D-loop region of human cancers. Ann NY Acad Sci. 
2005;1042:123–9.  

    23.    Budowle B, Wilson MR, DiZinno JA, et al. 
Mitochondrial DNA regions HVI and HVII popula-
tion data. Forensic Sci Int. 1999;103:23–35.  

    24.    Nityanand M, Vijayasaradhi S. Role of UV in cutaneous 
melanoma. Photochem Photobiol. 2008;84:528–36.  

    25.    Mouret S, Baudouin C, Charveron M, et al. 
Cyclobutane pyrimidine dimers are predominant 
DNA lesions in whole human skin exposed to 
UVA radiation. Proc Natl Acad Sci USA. 2006;103:
13765–70.  

    26.    Ravanat J-L, Saint-Pierre C, Di Mascio P, et al. 
Damage to isolated DNA mediated by singlet oxygen. 
Helv Chim Acta. 2002;84:3702–9.  



156 M.L. Steinberg

    27.    Grollman AP, Moriya M. Mutagenesis by 8-oxoguanine: 
an enemy within. Trends Genet. 1993;9:246–9.  

    28.    Soong NW, Arnheim N. Detection and quantifi cation 
of mitochondrial DNA deletions. Methods Enzymol. 
1996;264:421–31.  

    29.    Hwang B-J, Kuttamperoor F, Wu J, et al. Spectrum of 
mitochondrial DNA deletions within the common 
deletion region induced by low levels of UVB irradia-
tion of human keratinocytes in vitro. Gene. 2009;
440:23–7.  

    30.    Berneburg M, Grether-Beck S, Kürten V, et al. Singlet 
oxygen mediates the UVA-induced generation of the 
photoaging-associated mitochondrial common dele-
tion. J Biol Chem. 1994;274:15345–9.  

    31.   MITOMAP: a human mitochondrial genome data-
base. 2011.   http://www.mitomap.org    . Accessed 20 
Feb 2011.  

    32.    Fang J, Pierre Z, Liu S, et al. Novel mitochondrial 
deletions in human epithelial cells irradiated with an 
FS20 ultraviolet light source in vitro. J Photochem 
Photobiol. 2006;184:340–6.  

    33.    Rocher C, Letellier T, Copeland WC, et al. Base com-
position at mtDNA boundaries suggests a DNA triple 
helix model for human mitochondrial DNA large-scale 
rearrangements. Mol Genet Metab. 2002;76:123–32.  

    34.    Cheung AK. Detection of template strand switching 
during initiation and termination of DNA replication 
of porcine circovirus. J Virol. 2004;78:4268–77.  

    35.    Lewellyn EB, Loeb DD. Base pairing between cis-
acting sequences contributes to template switching 
during plus-strand DNA synthesis in human hepatitis 
B virus. J Virol. 2007;81:6207–15.  

    36.    Nag DK, Fasullo M, Dong Z, et al. Inverted repeat-
stimulated sisterchromatid exchange events are 
RAD1-independent but reduced in a msh2 mutant. 
Nucleic Acids Res. 2005;33:5243–9.  

    37.    Pinder DJ, Blake CE, Lindsey JC, et al. Replication 
strand preference for deletions associated with DNA 
palindromes. Mol Microbiol. 1998;28:719–27.  

    38.    Mita S, Rizzuto R, Moraes CT, et al. Recombination 
via fl anking direct repeats is a major cause of large-
scale deletions of human mitochondrial DNA. Nucleic 
Acids Res. 1990;18:561–7.  

    39.    Lewis SM. P nucleotide insertions and the resolution 
of hairpin DNA structures in mammalian cells. Proc 
Natl Acad Sci USA. 1994;91:1332–6.  

    40.    Yoneda M, Chomyn A, Martinuzzi A, et al. Marked 
replicative advantage of human mtDNA carrying a 
point mutation that causes the MELAS encephalomy-
opathy. Proc Natl Acad Sci USA. 1992;89:11164–8.  

    41.    Elson JL, Samuels DC, Turnbull DM, et al. Random 
intracellular drift explains the clonal expansion of 
mitochondrial DNA mutations with age. Am J Hum 
Genet. 2001;68:802–6.  

    42.    Poetsch M, Dittberner T, Petersmann A, et al. 
Mitochondrial DNA instability in malignant mela-
noma of the skin is mostly restricted to nodular and 
metastatic stages. Melanoma Res. 2004;14:501–8.  

    43.    Karihtala P, Soini Y. Reactive oxygen species and 
antioxidant mechanisms in human tissues and their 
relation to malignancies. APMIS. 2007;115:81–103.  

    44.    Riley PA. Molecules in focus: melanin. Int J Biochem 
Cell Biol. 1997;29:1235–9.  

    45.    Hill HZ. The function of melanin or six blind people 
examine an elephant. Bioessays. 1992;14:49–56.  

    46.    Wang A, Marino AR, Gasyna Z, et al. Photoprotection 
by porcine eumelanin against singlet oxygen produc-
tion. Photochem Photobiol. 2008;84:679–82.  

    47.    Brenner M, Hearing VJ. The protective role of mela-
nin against UV damage in human skin. Photochem 
Photobiol. 2008;84:539–49.  

    48.    Sealy RC, Felix CC, Hyde JS, et al. Structure and 
reactivity of melanins: infl uence of free radicals and 
metal ions. In: Pryor WA, editor. Free radicals in biol-
ogy, vol. 4. New York: Academic; 1980. p. 209–59.  

    49.    Sarna T, Sealy RC. Photoinduced oxygen consump-
tion in melanin systems. Action spectra and quantum 
yield for eumelanin and synthetic melanin. Photochem 
Photobiol. 1984;39:69–74.  

    50.    Meyskens Jr FL, Farmer PJ, Anton-Culver H. 
Etiologic pathogenesis of melanoma: a unifying 
hypothesis for the missing attributable risk. Clin 
Cancer Res. 2004;10:2581–3.  

    51.    Fridovich I. Superoxide dismutases. Annu Rev 
Biochem. 1975;44:147–59.  

    52.    Nappi AJ, Vass E. Hydrogen peroxide generation asso-
ciated with the oxidations of the eumelanin precursors 
5,6-dihydroxyindole and 5,6-dihydroxyindole-2- car-
boxylic acid. Melanoma Res. 1996;6:341–9.  

    53.    Koch WH, Chedekel MR. Photochemistry and photo-
biology of melanogenic metabolites: formation of 
free radicals. Photochem Photobiol. 1987;46:229–38.  

    54.    Wenczl E, Pool S, Timmerman A, et al. Physiological 
doses of ultraviolet irradiation induce DNA strand 
breaks in cultured human melanocytes, as detected by 
means of an immunochemical assay. Photochem 
Photobiol. 1997;66:826–30.  

    55.    Marrot L, Belaidi J, Meunier J, et al. The human mel-
anocyte as a particular target for UVA radiation and an 
endpoint for photoprotection assessment. Photochem 
Photobiol. 1999;69:686–93.  

    56.    Korytowski W, Pilas B, Sarna T, et al. Photoinduced 
generation of hydrogen peroxide and hydroxyl radicals 
in melanins. Photochem Photobiol. 1987;45:185–90.  

    57.    Wenczl E, Van der Schans G, Roza L, et al. (Pheo)
melanin photosensitizes UVA-induced DNA damage 
in cultured human melanocytes. J Invest Dermatol. 
1998;111:678–82.  

    58.    Hubbard-Smith K, Hill HZ, Hill GJ. Melanin both 
causes and prevents oxidative base damage in DNA: 
quantitation by anti-thymine glycol antibodies. Radiat 
Res. 1992;130:160–5.  

    59.    Krishnan KJ, Morris CM, Taylor GA, et al. High lev-
els of mitochondrial DNA deletions in substantia 
nigra neurons in aging and Parkinson disease. Nat 
Genet. 2006;38:515–7.  

    60.    Chedekel MR, Smith SK, Post PW, et al. 
Photodestruction of pheomelanin: role of oxygen. 
Proc Natl Acad Sci USA. 1978;75:5395–9.  

    61.    Ezzahir A. The infl uence of melanins on the photoper-
oxidation of lipids. J Photochem Photobiol B Biol. 
1989;3:341–9.  



15711 Mitochondrial DNA Biomarkers in Melanoma

    62.    Menon IA, Persad S, Ranadive NS, et al. Effects 
of ultraviolet-visible irradiation in the presence of mel-
anin isolated from human black or red hair upon Ehrlich 
ascites carcinoma cells. Cancer Res. 1983;43:3165–9.  

    63.    Wood JM, Schallreuter KU. UVA-irradiated pheomel-
anin alters the structure of catalase and decreases its 
activity in human skin. J Invest Dermatol. 2006;126:
13–4.  

    64.    Wittgen HG, van Kempen LC. Reactive oxygen spe-
cies in melanoma and its therapeutic implications. 
Melanoma Res. 2007;17:400–9.  

    65.    Noz KC, Bauwens M, van Buul PP, et al. Comet assay 
demonstrates a higher ultraviolet B sensitivity to DNA 
damage in dysplastic nevus cells than in common 
melanocytic nevus cells and foreskin melanocytes. 
J Invest Dermatol. 1996;106:1198–202.  

    66.    Martin D, Birgit K, Axel B, et al. Somatic mitochon-
drial mutations in melanoma resection specimens. Int 
J Oncol. 2004;24:137–41.  

    67.    Takeuchi H, Fujimoto A, Hoon DS. Detection of 
mitochondrial DNA alterations in plasma of malig-
nant melanoma patients. Ann NY Acad Sci. 2004;
1022:50–4.  

    68.    Eshaghian A, Vleuge RA, Canter JA, et al. Mitochondrial 
DNA deletions serve as biomarkers of aging in the skin, 
but are typically absent in nonmelanoma skin cancers. 
J  Invest Dermatol. 2006;126:336–44.  

    69.    Hubbard K, Steinberg ML, Hill HZ, et al. 
Mitochondrial DNA deletions in skin from melanoma 
patients. Ethn Dis. 2008;18(S2):38–43.  

    70.    Steinberg ML, Hubbard K, Utti C, et al. Patterns of 
persistent DNA damage associated with sun exposure 
and the glutathione S-transferase M1 genotype in 
melanoma patients. Photochem Photobiol. 2009;85:
379–86.  

    71.    Berneburg M, Plettenberg H, Medve-Konig K, et al. 
Induction of the photoaging-associated mitochondrial 
common deletion in vivo in normal human skin. 
J Invest Dermatol. 2004;122:1277–83.  

    72.    Krishnan KJ, Harbottle A, Birch-Machin MA. The 
use of a 3895 bp mitochondrial DNA deletion as a 
marker for sunlight exposure in human skin. J Invest 
Dermatol. 2004;123:1020–4.  

    73.    Hacia JG. Resequencing and mutational analysis using 
oligonucleotide microarrays. Nat Genet. 1999;21:
42–7.  

    74.    Bender A, Cutler DJ, Zwick ME, et al. High-
throughput variation detection and genotyping using 
microarrays. Genome Res. 2001;11:1913–25.  

    75.    Shendure J, Mitra RD, Varma C, et al. Advanced 
sequencing technologies: methods and goals. Nat Rev 
Genet. 2004;5:335–44.  

    76.    Maitra A, Cohen Y, Gillespie SE, et al. The human 
mitoChip: a high-throughput sequencing microarray 
for mitochondrial mutation detection. Genome Res. 
2004;14:812–9.  

    77.    Zhou S, Kassauei K, Cutler DJ, et al. An oligonucle-
otide microarray for high-throughput sequencing of 
the mitochondrial genome. J Mol Diagn. 2006;8:
476–82.     



159M.J. Murphy (ed.), Diagnostic and Prognostic Biomarkers and Therapeutic Targets in Melanoma, 
Current Clinical Pathology, DOI 10.1007/978-1-60761-433-3_12, 
© Springer Science+Business Media, LLC 2012

 Melanocytic tumors are some of the most 
diffi cult neoplasms dealt with in the world of diag-
nostic pathology. While most melanocytic lesions 
are not diagnostically challenging, a signifi cant 
minority show histopathological features that are 
ambiguous, making it diffi cult to assess their inva-
sive and metastatic potential. Overdiagnosis of a 
benign nevus may cause signifi cant morbidity; 
scarring following a wide excision in a cosmetically 
sensitive location such as the face, lymphedema 
secondary to lymph node dissection, and/or the 
adverse psychological impact of an erroneous 
malignant diagnosis. Underdiagnosis of a mela-
noma may provide the time during which a 
potentially curable malignancy advances to an 
untreatable illness. 

 This chapter discusses the evaluation of protein 
markers by immunohistochemistry, as an aid in the 
diagnosis of melanoma. Topics to be discussed are:
   Histopathological features of melanoma  
  Immunohistochemical markers of melanocytic 

differentiation  
  Protein markers to distinguish benign and malig-

nant melanocytic lesions  
  Protein markers in special situations  
  Summary/Conclusions    

   Histopathological Features 
of Melanoma 

 On microscopic examination, melanomas are dis-
tinguished from benign nevi by the presence of 
atypical histopathological features. Architectural 
abnormalities include: large size of the lesion, 
asymmetrical growth pattern and asymmetry of 
lymphocytic infi ltrate, lack of circumscription, 
pagetoid upward spread of melanocytes, and 
predominance of single melanocytes over nests. 
Atypical cytologic features include: increased 
amounts of “dusky melanized” cytoplasm, 
enlarged nuclei with prominent nucleoli and 
irregular nuclear membranes, mitoses within the 
deep dermal component, and especially atypical 
mitotic fi gures. The majority of nevi should lack 
most of these features, while melanomas in gen-
eral show several of them  [  1,   2  ] . 

 Some benign melanocytic lesions can show 
atypical features, depending on the age of the 
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patient or anatomic site of the lesion. Nevi in 
young patients may demonstrate an occasional 
mitotic fi gure in the dermal component, and nevi 
on acral sites may show a predominance of single 
cells over nests and even foci of pagetoid spread 
of melanocytes  [  1,   2  ] . 

 Not all benign melanocytic lesions show the 
typical growth pattern of common nevi, but may 
exhibit features that could be regarded as “atypi-
cal”, depending on the clinical context. In these 
cases, immunohistochemistry can be helpful. For 
example, congenital nevi show nevomelanocytes 
that dissect between collagen bundles and track 
down adnexal structures. Blue nevi are composed 
of irregular groups of heavily pigmented, spindle-
shaped melanocytes, unlike common nevi where 
heavy pigmentation, if seen, is usually restricted to 
the superfi cial component. In addition, cellular blue 
nevi may not show maturation with dermal descent 
that is characteristic of common melanocytic nevi. 
Spitz tumors represent a special group of melano-
cytic lesions that are comprised of enlarged epithe-
lioid and spindle-shaped melanocytes with enlarged 
nuclei, and can show focal intraepidermal pagetoid 
scatter of nested melanocytes as well as occasional 
mitotic fi gures in the dermal component, especially 
in young patients. Their clinical behavior may be 
diffi cult to predict on the basis of histopathological 
features alone, particularly in older individuals. 
Lastly, so-called dysplastic or atypical nevi are a 
somewhat ill-defi ned group of melanocytic lesions 
that show architectural and/or cytologic features 
that in a certain clinical context may be worrisome 
for malignancy  [  2  ] . 

 In these challenging cases, adjunctive protein 
biomarkers can be of use in distinguishing nevi 
from melanomas.  

   Immunohistochemical Markers 
of Melanocytic Differentiation 

 Although the melanocytic origin of most 
melanomas is apparent on H&E-stained sections, 
melanomas can show an extremely wide spec-
trum of microscopic features. Melanomas may 
undergo schwannian, fi broblastic, myofi broblas-
tic, rhabdoid, osteoid, cartilaginous, ganglionic, 
and smooth muscle differentiation and can mimic 

epithelial, hematologic, mesenchymal, and neural 
tumors  [  3  ] . Due to this extraordinary histopatho-
logic heterogeneity, the differential diagnostic 
process can be complex and may necessitate the 
use of a wide range of immunohistochemical 
markers to confi rm or exclude melanocytic histo-
genesis. The following proteins belong to the 
group of well-established markers of melanocytic 
differentiation (see Table  12.1 ).  

 S100 is a 21 kDa acidic calcium-binding pro-
tein that is present in the nucleus and cytoplasm 
of melanocytic cells. S100 shows the highest sen-
sitivity for melanocytic tumors (97–100%), but 
has a relatively low specifi city (75–87%), since it 
is also expressed by nerve sheath cells, myoepi-
thelial cells, adipocytes, chondrocytes and 
Langerhans cells, as well as their respective 
tumors  [  4–  6  ] . S100 is therefore generally used in 
conjunction with more specifi c markers of mel-
anocytic lineage, and for most practical purposes 
ensures that a melanocytic lesion will not be 
missed. 

 HMB-45, a marker of the cytoplasmic 
premelano somal glycoprotein gp100, is not as 
sensitive as S100 in this setting, but has greater 
specifi city  [  6  ] . HMB-45 staining is cytoplasmic, 
and characteristically refl ects “maturation” of 
benign melanocytic lesions, with strong staining 
of intraepidermal melanocytes and the more super-
fi cial dermal component in most nevi  [  7,   11–  13, 
  34,   41  ] . Melanomas, in contrast to nevi, may retain 
strong staining even in cells located deep in the 
lesion  [  7,   8,   12  ] . Specifi city is limited, since HMB-
45 is also expressed by PEComas (i.e., angio-
myolipomas, lymphangiomyomatosis, pulmonary 
“sugar” tumors), sweat gland tumors, meningeal 
melanocytomas, clear cell sarcoma of the tendons 
and aponeuroses, some ovarian steroid cell tumors, 
some breast cancers, and renal cell carcinomas 
with a t(6;11)(p21;q12) translocation  [  6,   12,   26–
  33  ] . Because of the characteristic staining pattern 
of HMB-45 in common nevi, this marker is espe-
cially helpful in evaluating the dermal component 
of melanocytic lesions (see below). 

 MART-1 (Melanoma Antigen Recognized by 
T-cells-1) is a cytoplasmic protein of melano-
somal differentiation recognized by T-cells  [  6,   9, 
  10,   14  ] . This marker is widely used as both a con-
fi rmatory marker for melanocytic differentiation 
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in S100-positive lesions and a primary marker to 
evaluate the extent of microscopically apparent 
melanocytic tumors. Two clones of the antibody 
to this protein are used: (1) M2-7C10, generally 
referred to as MART-1, and (2) A103, generally, 
but not exclusively, referred to as Melan-A  [  15, 
  16  ] . In addition to melanocytic lesions, the A103 
clone also labels adrenal cortical tumors and 
gonadal steroid tumors, whereas the M2-7C10 
clone does not  [  16,   36  ] . Both clones stain 
PEComas and can highlight clear cell sarcomas 
 [  30,   32,   33  ] . These antibodies generally show 
more diffuse and intense staining than HMB-45, 
without reduction in intensity in the deeper 
dermal components of melanocytic lesions  [  12, 
  13,   16,   34,   36  ] . 

 Tyrosinase is an enzyme that hydroxylates 
tyrosine during the fi rst step in melanin synthesis 
 [  9  ] . Melanocytic lesions stained for tyrosinase 
exhibit fi ne granular cytoplasmic staining, and 
melanocytic nevi show a similar staining pattern 
to HMB-45  [  37,   41  ] . Positive staining tends to be 
strong and diffuse  [  12,   13  ] . The sensitivity of 
tyrosinase for melanoma is reportedly better than 
that of HMB-45 (84–94%), but sensitivity 
decreases with increasing clinical stage, as well 
as in metastatic lesions (79–93%)  [  10,   12,   17–  19, 
  37  ] . The specifi city of tyrosinase for melanoma 
is reported to be 97–100%  [  8,   17,   19  ] . 
Tyrosinase expression has rarely been found in 
angiolipomas, a minority of angiomyolipomas 
(a type of PEComa), clear cell sarcomas of the 

   Table 12.1    Melanocytic differentiation markers   

 Marker  Sensitivity/specifi city  Also seen in  Comment 

 S100  Sensitivity – 
97–100%; 
specifi city – 
75–87%  [  4  ]  

 Numerous tumors, including but not 
limited to those derived from nerve 
sheath cells, myoepithelial cells, 
adipocytes, chondrocytes, and 
Langerhans cells  [  5,   6  ]  

 Nuclear and cytoplasmic stain 
 [  5,   7–  10  ] ; most sensitive marker 
for spindle cell/desmoplastic 
melanomas  [  11–  23  ]  

 HMB-45  Sensitivity – 69–93% 
(77–100% in primary 
melanomas, 56–83% 
in metastatic 
melanomas)  [  7,   8, 
  11–  13,   15,   24,   25  ]  

 PEComas (angiomyolipomas, 
lymphangiomyomatosis, pulmonary 
“sugar” tumors), meningeal 
melanocytomas, clear cell sarcomas, 
some ovarian steroid cell tumors, 
sweat gland tumors, some breast 
cancers, renal cell carcinoma with a 
t(6;11)(p21;q12) translocation  [  6,   12, 
  26–  33  ]  

 Cytoplasmic stain; decreased 
sensitivity in metastatic melanoma 
 [  6,   8,   10,   11,   34,   35  ] ; can be used to 
help distinguish nevi from 
melanoma  [  7,   8,   12  ]  

 MART-1/
Melan-A 

 Sensitivity – 75–92%; 
specifi city – 95–100% 
 [  10,   12–  17,   23, 
  34,   36  ]  

 PEComas (angiomyolipomas, 
lymphangiomyomatosis, pulmonary 
“sugar” tumors), some clear cell 
sarcomas  [  30,   32,   33  ] ; clone A103 
(Melan-A) also stains adrenal cortical 
tumors and gonadal steroid tumors 
 [  16,   36  ]  

 More intense and diffuse staining 
than HMB-45  [  12,   13,   16,   34,   36  ]  

 Tyrosinase  Sensitivity – 84–94%; 
specifi city – 97–100% 
 [  10,   12,   17–  19,   37  ]  

 Rare angiolipomas, a minority of 
angiomyolipomas and clear cell 
sarcomas of the tendon sheath, and 
pigmented nerve sheath tumors 
 [  17,   19,   20,   38,   39  ]  

 Sensitivity decreases with increased 
clinical stage and in metastatic 
lesions  [  12,   17–  19,   37  ]  

 MITF  Sensitivity – 
81–100%; 
specifi city – 
88–100%; lower in 
spindle cell lesions 
 [  17,   18,   21–  23,   40  ]  

 Spindle cell tumors, lymphoid 
neoplasms, angiomyolipomas, rare 
breast carcinomas and renal cell 
carcinomas  [  17,   22,   23,   38  ] ; can also 
stain histiocytes, lymphocytes, 
fi broblasts, Schwann cells, smooth 
muscle cells and mast cells 
 [  17,   21,   22  ]  

 Nuclear stain – increased ease of 
interpretation, but stains tumors of 
many other lineages  [  9  ]   
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tendon sheath, and pigmented nerve sheath 
tumors  [  17,   19,   20,   38,   39  ] . 

 MITF (Microphthalmia Transcription Factor) 
is a transcription factor protein necessary for the 
development of melanocytes during embryogen-
esis  [  9  ] . As a nuclear stain it may be easier to 
interpret, especially in cases where melanin pig-
ment may overlay reaction product, making eval-
uation of cytoplasmic immunohistochemical 
stains diffi cult. It may be especially useful for the 
assessment of intraepidermal melanocytic lesions 
(see below)  [  9  ] . Apart from expression in 
melanocytic tumors, like other melanocytic mark-
ers, MITF is also positive in angiomyolipomas 
 [  38  ] . MITF has been reported to stain histocytes 
and mast cells in some studies  [  17,   21,   22  ] , with 
Busam et al.  [  22  ]  reporting MITF staining in his-
tiocytes, lymphocytes, fi broblasts, Schwann cells, 
and smooth muscle cells; this relative non-speci-
fi city may represent a potentially troubling pitfall, 
especially in evaluating the extent of melanocytic 
lesions. The advantages of nuclear staining must 
therefore be weighed against the relative non-
specifi city of MITF as a marker in this setting. 

 Once the melanocytic nature of a lesion is 
confi rmed, whether by histopathological features 
on H&E or with the aid of immunohistochemis-
try, the next step is to determine whether a lesion 
is benign or malignant. While microscopic 
changes allow differential diagnosis in most 
cases, immunohistochemical markers can be very 
helpful in making this distinction.  

   Protein Markers to Distinguish 
Benign and Malignant 
Melanocytic Lesions 

   Markers of Tumor Cell Proliferation 

 Mitotic activity is an important factor in the 
assessment of melanocytic lesions with a dermal 
component, and impacts the current American 
Joint Committee on Cancer (AJCC) staging crite-
ria for thin melanomas. In general, the presence 
of several mitoses in dermal melanocytic lesions 
may be considered a feature worrisome for 
potential malignant behavior, depending on the 

clinical context (the major exception being mel-
anocytic tumors in children/younger patients, as 
well as certain types of blue nevi). Protein mark-
ers that can aid in visualizing cells in the active 
stage of the cell cycle have therefore been 
intensely studied. 

 The proliferation marker most widely used is 
Ki-67, a nuclear antigen expressed in all active 
phases of the cell cycle (G 

1
 , S, G 

2
 , and M), but 

not in the quiescent phase (G 
0
 )  [  42–  49  ] . In mul-

tiple studies, Ki-67 staining has been found in 
<5% of nevomelanocytes in most common nevi; 
although, there have been reports of up to 15% 
positivity in Spitz and dysplastic nevi  [  42–  44,   46, 
  50–  54  ] . Conversely, Ki-67 is expressed in 
13–30% of tumor cells in melanoma, and indi-
vidual cases may show up to 100% nuclear posi-
tivity (Fig.  12.1 )  [  42,   43,   45,   46,   50–  54  ] . In 
addition to extent of staining, the location of cells 
positive for Ki-67 is helpful in differentiating 
benign and malignant lesions. Similar to HMB-
45, melanoma cells tend to express Ki-67 in 
deeper portions of the lesion. In contrast, positive 

  Fig. 12.1    Ki-67 immunohistochemical staining in an 
invasive melanoma       
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nuclear staining for Ki-67 is typically restricted 
to the superfi cial portions of melanocytic nevi 
 [  55  ] . The signifi cant utility of Ki-67 will be elab-
orated later in this chapter.  

 Proliferating cell nuclear antigen (PCNA) is a 
36 kDa protein and a co-factor of DNA poly-
merase  d  that is expressed in all active phases of 
the cell cycle (G 

1
 , S, G 

2
 , and M)  [  43,   56–  58  ] . 

There is increased expression of PCNA in mela-
nomas relative to benign nevi, although Spitz 
nevi may also show relatively increased expres-
sion  [  43,   56–  59  ] . Niezabitowski et al.  [  60  ]  found 
increased PCNA expression to be an independent 
prognostic factor for decreased disease-free sur-
vival and increased mortality; however, other 
investigations have been unable to confi rm this 
fi nding  [  56,   61,   62  ] . Whether PCNA provides 
additional diagnostically helpful information 
when used in conjunction with Ki-67 is less well 
studied.  

   Melanocytic Markers 

 Aside from being a marker for melanocytic 
differentiation, HMB-45 may help to distinguish 
benign from malignant melanocytic lesions. As 
outlined above, HMB-45 staining typically 
refl ects “maturation” of benign melanocytic 
lesions, with strong staining of intraepidermal 
melanocytes as well as the more superfi cial der-
mal component in most nevi, and generally a loss 
of staining with increasing nevomelanocyte depth 
in the dermis  [  41  ] . Melanoma cells, on the other 
hand, generally retain HMB-45 staining, even in 
their deep dermal components  [  2  ] . Exceptions to 
this rule are deep penetrating nevi and blue nevi, 
which can show HMB-45 staining throughout the 
dermal component  [  2  ] . HMB-45 can be espe-
cially useful in evaluating a compound melano-
cytic lesion with an overt malignant epidermal 
component (melanoma in situ) and a dermal 
component of uncertain malignant potential. 
A retained HMB-45 staining pattern, in combina-
tion with atypical cytologic features, would be 
worrisome for malignancy and may infl uence 
extent of re-excision of the lesion or consider-
ation for a possible sentinel lymph node biopsy.  

   Cell Cycle-Related/
Anti-Apoptosis Proteins 

 Cyclins are proteins that bind and activate cyclin-
dependent kinases, causing the cell to progress 
through the stages of the cell cycle  [  51,   53,   63–
  65  ] . Cyclins C, D1, D2, D3, and E help the cell 
progress from G 

1
  to S phase, cyclin A from S to G 

2
  

phase, and cyclin B from G 
2
  to mitosis  [  51,   53,   64, 

  65  ] . Overall, cyclin D1 shows increased staining 
in melanomas as compared to nevi, but there is 
considerable overlap in individual cases  [  66–  68  ] . 
Cyclin-dependent kinase inhibitors inhibit pro-
gression through the cell cycle  [  63  ] . P16 inacti-
vates cyclin D/cdk4 complexes, inhibiting 
phosphorylation of the retinoblastoma (RB) pro-
tein that enables cell cycle progression from G 

1
  to 

S phase  [  69–  75  ] . P16 staining is present in most 
benign nevi, but lost in 50–98% of melanomas 
 [  50,   71,   73–  77  ] . P21 also inhibits cyclin/cdk com-
plexes and binds PCNA to directly inhibit DNA 
polymerase  d  (which is involved in DNA synthe-
sis)  [  62,   78–  80  ] . P27 inhibits cyclin D/cdk4 and 
cyclin E/cdk2 complexes, preventing cell cycle 
progression from G 

1
  to S phase  [  81–  84  ] . Another 

marker related to p27 is Skp2, an Fbox protein that 
aids formation of a larger protein complex which 
ubiquitinates and degrades p27  [  84  ] . P57, like 
p27, is a member of the CIP/KIP family of cyclin-
dependent kinase inhibitors that prevent progres-
sion of the cell cycle from G 

1
  to S phase  [  85  ] . P53 

is a 53 kDa tumor suppressor protein that pro-
motes cell cycle arrest in G 

1
  and G 

2
  in response to 

DNA damage  [  42,   54,   83,   84  ] . P53 also induces 
the expression of p21, which helps inhibit DNA 
synthesis  [  76,   86  ] . The gene encoding p53 is the 
most commonly mutated gene in cancer  [  54,   83  ] . 
Mutations of the TP53 gene can result in the for-
mation of abnormal p53 protein which is unable to 
inhibit the cell cycle  [  83  ] . Wild-type p53 has a 
very short half-life and is usually not detected by 
immunohistochemistry; however, the half-life of 
mutant p53 is much longer, and it can therefore be 
readily detected in this way  [  42,   54,   83,   84  ] . P53 
does not stain most common nevi, but is present in 
25–58% of melanomas  [  53,   54,   76,   84,   85  ] . 

 Expression of the Bcl-2 family of anti- apoptotic 
proteins during melanoma progression has been 
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studied by Zhuang et al.  [  87  ] . Bcl-2 staining was 
assessed using a panel of 100 compound and dys-
plastic nevi, in addition to primary and metastatic 
melanomas. Strong cytoplasmic staining for Bcl-2 
was observed in compound nevi, dysplastic nevi, 
and thin primary melanomas (Breslow thickness 
<1.0 mm). Staining for Bcl-2 was signifi cantly 
reduced in primary melanomas thicker than 
1.0 mm and in metastatic tumors. The reverse 
staining pattern was observed for other members 
of the Bcl-2 family (Bcl-xL, Mcl-1); staining for 

these markers was signifi cantly higher in primary 
melanomas thicker than 1.0 mm and metastatic 
tumors as compared to nevi and thin primary mel-
anomas. Apart from possible use of these mole-
cules in the distinction of benign from malignant 
melanocytic lesions, there may be important 
implications for treatment strategies that target 
anti-apoptotic pathways in melanoma  [  87  ] . The 
staining characteristics of cell cycle-related and 
other proteins in nevi vs .  melanomas are outlined 
in Table  12.2 .   

   Table 12.2    Protein markers to distinguish nevi from melanomas   

 Name  Type  Staining  Comment  References 

 Akt  S  • Limited potential to differentiate 
benign from malignant lesions 

 • Does not distinguish dysplastic 
nevi or Spitz nevi from 
melanomas 

 The product of the oncogene Akt is 
a serine-threonine kinase that 
inhibits apoptosis through the 
phosphatidylinositol-3 kinase 
(PI3K) pathway 

  [  88–  90  ]  

 Bcl-2  C  • Strong, diffuse cytoplasmic 
staining in compound and 
dysplastic nevi and thin primary 
melanomas (<1.0 mm), weak 
diffuse/focal staining in thick 
primary melanomas (>1.0 mm) 
and metastatic melanoma 

 –   [  87  ]  

 BMI-1  C  • Reported to be reduced in 
melanomas relative to nevi, but 
the specifi c numbers of lesions 
studied was not reported 

 A hematopoietic stem cell marker 
that helps to regulate p16 

  [  91  ]  

 Cancer/testis 
antigens 

 I  • Panel of six markers shown to 
distinguish nevi from melanoma 
in 19 nevi and 38 primary 
melanomas 

 Proteins normally expressed only in 
the testis, but aberrantly expressed 
in many types of malignancy 

  [  92–  94  ]  

 CD26  I  • Increased staining in the radial 
growth phase of melanomas (22 
of 66) relative to nevi (2 of 44) 

 An adenosine deaminase receptor   [  95  ]  

 CD40  I  • Increased expression in 
melanomas relative to benign 
nevi 

 B-cell marker; also a tumor 
suppressor 

  [  96,   97  ]  

 Cdk2  C  • Signifi cantly increased staining 
for cdk2 in 46 primary cutaneous 
invasive melanomas relative to 
17 benign nevi 

 • No difference was noted between 
melanoma in situ and benign 
nevi 

 Study authors suggest that cdk2 
may be useful in distinguishing 
nevi from early invasive 
melanomas 

  [  98  ]  

 Cyclin A  C  • Rarely expressed in nevi, 
positive in 42–99% of 
melanomas 

 –   [  51,   53,   77  ]  

 Cyclin B  C  • Rarely expressed in nevi, 
expressed in approximately 
50% of melanomas 

 –   [  53,   77  ]  

(continued)
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(continued)

 Name  Type  Staining  Comment  References 

 Cyclin D1  C  • Decreased expression in nevi 
relative to melanomas; however, 
individual cases may show 
considerable overlap in staining 

 • Advanced lesions may show 
decreased staining 

 • Demirkan et al.  [  67  ]  suggested 
using p16 and cyclin D1 to 
differentiate some borderline 
melanocytic lesions, based on 
higher expression of cyclin D1 
by melanomas relative to nevi 

 –   [  66–  68  ]  

 Cyclin D3  C  • Rarely expressed in benign nevi, 
commonly expressed in 
melanomas 

 –   [  65,   77  ]  

 Ezrin  S  • No distinction between nevi and 
95 melanomas studied 

 70 kDa protein involved in the 
phosphatidylinositol-3 kinase 
pathway 

  [  99  ]  

 FAS and 
FAS-ligand 

 I  • Discrepancy between studies as 
to whether there is increased or 
decreased staining in melanomas 
relative to nevi 

 • Bozdogan et al.  [  103  ]  found 
positive membrane and 
cytoplasmic staining for FAS in 
10/10 nevi and 12/12 primary 
melanomas and FAS-ligand in 
6/10 nevi and 12/12 primary 
melanomas 

 Tumor suppressor proteins of the 
tumor necrosis family 

  [  100–  103  ]  

 FLIP  I  • Positive staining in 24/29 
melanomas vs .  1/32 benign nevi 

 –   [  104  ]  

 GADD  C  • Average staining of 82–92% of 
lesional cells in nevi vs .  19–31% 
of lesional cells in melanomas 

 GADD (Growth Arrest DNA 
Damage) proteins control 
transcription factors associated 
with cell cycle arrest, apoptosis, 
and cellular differentiation 

  [  84  ]  

 HDM2  C  • >20% of lesional cells stained 
positive in 67/102 primary 
melanomas as opposed to 3/11 
melanomas in situ and 1/16 
dysplastic nevi 

 HDM2 is a 90 kDa zinc fi nger 
protein which binds to the 
transcription activation domain of 
p53, thereby inhibiting its function 
and targeting it for ubiquitination 
and degradation by proteasomes 

  [  105–  107  ]  

 HLA class I 
and II 

 I  • Increased positive staining in 
melanomas as compared to nevi 

 Follow-up studies are awaited   [  108–  110  ]  

 Jab1  C  • Similar levels of expression of 
Jab1 in nevi and primary 
melanomas, but signifi cantly 
decreased expression in 
metastatic melanomas 

 It has been suggested that 
relocation of p27 to the cytoplasm 
may reduce its ability to act as a 
tumor suppressor, and that Jab1 
(c-Jun activation domain-binding 
protein-1) is involved in transloca-
tion of p27 from the nucleus to the 
cytoplasm, and in its degradation 

  [  79,   111  ]  

Table 12.2 (continued)
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 Name  Type  Staining  Comment  References 

  Ki-67   P  • <5% staining of cells in nevi and 
13–30% in melanomas, although 
individual cases can be higher 

 • Ki-67 is also increased in Spitz 
tumors 

 Distribution of staining in nevi is 
superfi cial, whereas melanomas 
show staining within deeper dermal 
component 

  [  7–  22, 
  26–  34, 
  36–  39, 
  41–  46, 
  50–  55  ]  

  P16   C  • Positive in nevi, loss of staining 
in 50–98% of melanomas 

 Melanoma cells tend to lose 
nuclear staining, but preserve 
cytoplasmic staining 

  [  5,   71, 
  73–  77, 
  112  ]  

 P21  C  • Rare staining in nevi, increased 
staining in melanomas 

 May be evidence of an “attempted 
inhibitory response” to the 
increased proliferation of 
melanoma cells 

  [  55,   76, 
  77,   86, 
  113  ]  

 P27  C  • Confl icting reports as to its 
ability to distinguish benign nevi 
from melanomas 

 • Some studies show decreased 
nuclear staining, but increased 
cytoplasmic staining in 
melanomas 

 • Recurrent nevi tend to show lack 
of expression 

 Absence of p27 expression in blue 
nevi and in foci of neurotization 
within benign nevi 

  [  79–  82, 
  111,   114, 
  115  ]  

 P53  C  • Many reports show lack of 
staining in nevi, positive staining 
in 25–58% of melanomas 

 • Stefanski et al.  [  55  ]  also noted 
the presence of staining within 
deeper portions of melanomas, in 
contrast to nevi which may show 
rare superfi cial staining 

 Chorny et al.  [  42  ]  reported that 
Spitz neoplasms and minimal 
deviation melanomas both show 
approximately 9% staining 

  [  42, 
  53–  55,   76, 
  84,   85  ]  

 P57  C  • Recurrent nevi retain nuclear 
expression of p57 in contrast to 
melanomas, cytoplasmic staining 
is similar in both lesions 

 p57, like p27, is a member of the 
CIP/KIP family of cyclin-depen-
dent kinase inhibitors that prevent 
progression of the cell cycle from 
G 

1
  to S phase 

  [  82  ]  

 PCNA  P  • Increased staining in melanomas 
and Spitz tumors vs .  nevi 

 Proliferating cell nuclear antigen 
(PCNA) is a 36 kDa protein, a 
co-factor of DNA polymerase  d , 
that is expressed in all phases 
of cell cycle proliferation 
(G 

1
 , S, G 

2
 , M) 

  [  43, 
  56–  58  ]  

 PTEN  S  • Generally not considered to 
distinguish nevi from melanomas 

 • However, recent study showed 
no cytoplasmic expression in 41 
nevi vs .  positive cytoplasmic 
expression in 87.7% of 162 
primary melanomas 

 A tumor suppressor that is also 
involved in the phosphatidylinosi-
tol-3 kinase pathway and is the 
main antagonist of phosphoinosit-
ide 3-kinase (PI3K) 

  [  60,   61, 
  69,   77, 
  116–  118  ]  

 Retinoblastoma 
protein (RB) 

 C  • Statistically signifi cant increase 
in nuclear staining in melanomas 
relative to nevi, but difference 
too narrow to be practical in a 
clinical setting 

 Retinoblastoma protein (RB) 
interacts with cyclin-dependent 
kinases and p16 to regulate cell 
cycle progression from G 

1
  to S 

phase 

  [  55,   66  ]  

Table 12.2 (continued)

(continued)
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   Immune Modulatory Markers 
and Signaling Molecules 

 Several smaller studies have investigated the use 
of immune modulatory and signaling molecules 
for the distinction of melanocytic nevi from mel-
anomas. A summary of fi ndings is provided in 
Table  12.2 . 

 In most instances in current clinical practice, 
the decision to treat a melanocytic lesion as either 
benign or malignant does not generally depend 
on the staining profi le of a specifi c immunohis-
tochemical marker. Many studies are limited by 
sample size and lack of information on clinical 
outcome/recurrence. Ki-67 may be regarded as 
the most reliable immunohistochemical marker 
currently applied in the clinical setting, since it is 
one of the very few markers for which there is 
considerable data supporting its use in the differ-
entiation of nevi and melanomas. Numerous 
studies encompassing several hundreds of cases 
have advocated the use of Ki-67 as an adjunctive 
marker. Importantly, to our knowledge, there are 
no signifi cant counter studies that have ques-
tioned its role in this setting (see Table  12.2 ). P16 
also appears to have diagnostic utility, based on 
the results of several larger studies that document 
a decrease in nuclear staining within melanomas 
versus nevi. Since evidence of signifi cant capac-
ity to separate malignant and benign melanocytic 
lesions is scarce for most potential markers, 
large-scale studies are required before reliable 

clinical application becomes possible. Diagnostic 
utility will likely be enhanced by the employment 
of panels of markers, possibly in combination 
with digital imaging techniques.   

   Protein Markers in Special 
Situations 

 A recent review by Prieto and Shea  [  41  ]  points 
out that immunohistochemistry, using combina-
tions of relatively well-established protein mark-
ers, can be especially helpful in the setting of 
specifi c differential diagnostic challenges encoun-
tered in routine dermatopathology. Such special 
situations can include distinction of nevoid mela-
nomas from either atypical nevi or melanomas 
arising in association with melanocytic nevi. The 
distinction of desmoplastic melanomas from des-
moplastic nevi or scar tissue, as well as the dif-
ferentiation of atypical keratinocytes of 
sun-damaged skin from atypical melanocytes can 
also be challenging. Some of these scenarios will 
be discussed below. Key immunohistochemical 
characteristics are listed in Table  12.3 .  

   Spitz Tumors 

 Spitz tumors typically occur in children and young 
adults, arising as pink papules/nodules, often on 
the face. These lesions are characterized by large 

Table 12.2 (continued)

 Name  Type  Staining  Comment  References 

 Skp2  C  • Increased nuclear staining for 
Skp2 in melanomas relative to 
nevi, but increase may be slight 

 • Confl icting results with regards 
to cytoplasmic staining 

 An Fbox protein which aids 
formation of a larger protein 
complex that ubiquitinizes and 
degrades p27 

  [  81,   115  ]  

 Trk-A  S  • Nuclear staining may be seen in 
both nevi and melanomas 

 • Cytoplasmic and membrane 
staining in 21.7% of 152 
melanomas vs .  no staining in 
eight nevi 

 Trk-A is a nerve growth factor 
receptor tyrosine kinase that is 
involved in activation of major 
oncogenic signaling pathways in 
melanoma, including the Ras/
MAPK and phosphatidylinositol-3 
kinase pathways 

  [  119  ]  

  Italics and underlined – Markers which may be most useful in routine clinical practice 
  S  signaling molecule,  C  cell cycle-related/anti-apoptosis markers,  I  immune modulatory marker,  P  proliferation 
marker  
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spindle-shaped and epithelioid melanocytes with 
abundant cytoplasm, and enlarged nuclei with 
prominent nucleoli. Some tumors show focal 
pagetoid spread, may contain dermal mitotic fi g-
ures, and can be accompanied by an infl amma-
tory infi ltrate; the combination of these features 
may pose challenges to their distinction from 
melanoma  [  2  ] . Furthermore, lesions may arise in 
older patients where their clinical behavior is 
uncertain. Some Spitz tumors have been shown 
to metastasize; however, these lesions still may 
not necessarily possess the same potential for 
extensive metastatic spread as conventional 
melanomas. 

 Since the histopathological features of these 
lesions may not defi nitively indicate their behav-
ior, immunohistochemistry in atypical cases can 
be helpful. As reviewed by Prieto and Shea  [  41  ] , 
Ki-67 and HMB-45 are typically expressed at 
lower levels within the deeper dermal compo-
nents of Spitz nevi as compared to spitzoid mela-
nomas. A summary of characteristic expression 
patterns of other immunohistochemical markers 
is outlined in Table  12.3 . In addition, the assess-
ment of spitzoid lesions may also include adjunc-
tive genomic techniques, such as fl uorescence 
in-situ hybridization (FISH).  

   Proliferation Nodules 

 Melanocytic nevi may contain proliferation nod-
ules; nodular aggregates of nevomelanocytes that 
are different from the cells in the remainder of 
the lesion and which may resemble nodular mel-
anoma, with increased cellularity, cellular enlarg-
ment, prominent nucleoli, and occasional mitoses 
 [  124  ] . Herron et al.  [  124  ]  reported that benign 
nevi and both “normal” and “atypical” prolifera-
tion nodules show similar staining patterns for 
Ki-67, p16, p21, p27, c-myc, Bax, CD95, and 
Bcl-2. They found an increase in staining for p53 
in proliferation nodules relative to adjacent 
nevomelanocytes and a prominent increase in 
staining for c-kit (CD117) in the cells comprising 
the proliferation nodules  [  124  ] . However, stain-
ing for Ki-67 was still low, suggesting a role for 
Ki-67 in the distinction of a proliferation nodule 

from melanoma arising within a melanocytic 
nevus.  

   Nevoid Melanoma vs .  Compound/
Intradermal Nevi 

 Nevoid melanomas, similar to melanomas in 
general, are reported to have increased Ki-67 
nuclear staining compared to nevi, and retain 
higher nuclear positivity in their deeper dermal 
components  [  41  ] . Prieto and Shea  [  41  ]  advocate 
the use of HMB-45, in combination with Ki-67, 
to determine if there is a staining gradient between 
the upper and lower dermal components of a mel-
anocytic tumor; this would favor a benign lesion 
in the appropriate clinical context  [  41  ] . Nevi tend 
to show “top heavy” staining, while nevoid mela-
nomas would be expected to show similar stain-
ing patterns in their superfi cial and deep dermal 
components  [  41  ] .  

   Melanoma Arising in Association 
with a Nevus 

 Ki-67 and HMB-45 are useful markers for distin-
guishing the dermal component of invasive mela-
noma from dermal nevomelanocytes present in 
association with an overlying melanoma in situ 
 [  41  ] . The dermal nevus component would not 
express, or expresses at a truly low level, these 
two markers that are well conserved in melano-
mas  [  41  ] .  

   Cellular Blue Nevi and Melanoma 

 Scattered cells throughout melanomas demon-
strate Ki-67 positivity, whereas cellular blue nevi 
typically show both rare and superfi cial reactive 
cells  [  41  ] . HMB-45 will strongly and diffusely 
label the majority of cells in cellular blue nevi, 
while melanomas demonstrate patchy reactivity 
 [  41  ] . Melanomas that arise in cellular blue nevi 
show differences in Ki-67 and HMB-45 staining 
patterns between the benign and malignant com-
ponents  [  41  ] .  
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   Distinction of Desmoplastic Melanoma 
from Desmoplastic Nevus 

 Prieto and Shea  [  41  ]  advocate the use of Ki-67 
and HMB-45 to distinguish desmoplastic nevi 
from melanomas. HMB-45 tends to be diffusely 
positive in desmoplastic nevi, but is usually not 
seen in desmoplastic melanomas. The extent of 
Ki-67 staining is critical in distinguishing des-
moplastic nevi (low frequency of Ki-67 positive 
nuclei) from melanomas (high frequency of 
Ki-67 positive nuclei)  [  41  ] .  

   Distinction of Desmoplastic Melanoma 
from Scar Tissue 

 A particular diagnostic dilemma is posed by 
spindle cell and desmoplastic melanomas, espe-
cially in cases which lack an epidermal compo-
nent. These lesions may be mistaken for scar 
tissue. Although most desmoplastic melanomas 
are positive for S100, many of these lesions lack 
expression of HMB-45, tyrosinase and Melan-A 
(the melanocytic differentiation markers). Prieto 
and Shea  [  41  ]  note that while scars may show 
some S100-positive fi broblasts, they do not show 
the widely distributed positive nuclear staining 
seen in melanomas  [  41  ] . The use of p75 (nerve 
growth factor receptor) in conjunction with S100 
protein has been suggested as an alternative tool 
if more conventional melanocytic markers fail to 
assist in making a conclusive diagnosis  [  41,   126  ] . 
However, specifi city of p75 is limited, since p75 
also stains other malignant spindle cell tumors, 
including malignant peripheral nerve sheath 
tumors, dermatofi brosarcoma protuberans, syn-
ovial sarcomas, and rhabdomyosarcomas  [  131  ] .  

   Distinction Between Solar-Damaged 
Skin/Actinic Keratosis and Melanoma 
In Situ, Lentigo Maligna Type 

 On rare occasions, it may be diffi cult to distin-
guish actinic keratosis from lentigo maligna (or 
the two conditions may co-exist). Careful evalua-

tion using a melanocytic differentiation marker 
(examples: Melan-A, HMB-45, MITF) can be 
helpful in making this distinction  [  41  ] . A confl u-
ent pattern of atypical melanocytes (seen at least 
focally) in melanoma in situ contrasts with scat-
tered enlarged, so-called “solar-activated” mel-
anocytes of solar-damaged skin.   

   Summary/Conclusions 

 In summary, most melanomas are readily diag-
nosed by routine light microscopy. However, in 
borderline lesions a defi nite diagnosis may not be 
reached through the review of histopathological 
features alone, as indicated by the considerable 
lack of consensus on the malignant potential of 
equivocal melanocytic lesions among expert der-
matopathologists  [  132  ] . Despite the accepted 
usefulness of established markers such as S100, 
HMB-45, Melan-A/MART-1, MITF and Ki-67, 
no single marker, or set of markers, can be 
expected to reliably distinguish benign from 
malignant lesions across the wide spectrum of 
melanocytic tumors. However, immunohis-
tochemical analysis, used as an adjunct tool with 
clinical and histomorphologic fi ndings, has a 
defi nite and powerful role in the evaluation of 
melanocytic lesions. 

 A wide array of protein markers has been 
evaluated for their capacity to differentiate 
between nevi and melanomas. Most of these, 
used as single markers, cannot reliably distin-
guish these two entities. However, one interest-
ing and potentially useful approach is the 
simultaneous assessment of multiple protein 
markers. An algorithmic approach that makes 
use of a multimarker assay has recently been 
described by Kashani-Sabet et al.  [  133  ] . Using 
fi ve protein markers identifi ed in genomic 
screens, greater than 90% sensitivity and speci-
fi city for melanomas were achieved  [  133  ] . 
A composite algorithm of intensity scores for 
these fi ve different protein markers (ARPC2, 
FN1, RGS1, SPP1, WNT2), assessed individu-
ally in the superfi cial and deep portions of the 
lesion by a pathologist, generates a diagnostic 



172 S.J. Ohsie et al.

output in the form of a simple binary conclusion 
(benign vs .  malignant). Although this latter report 
demonstrates the potential of more complex 
immunohistochemical analyses, further valida-
tion in different patient cohorts as well as demon-
stration of practicality in routine diagnostics will 
be necessary before such methods can be more 
widely applied.      
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     13    Tissue-Based Protein Biomarkers 
in Melanoma: Immunohistochemistry: 
(B) Prognostication       

     Basil   A.   Horst ,           Steven   J.   Ohsie ,        Alistair   Cochran , 
    and    Scott   W.   Binder          

        Current Melanoma Risk 
Stratifi cation: Challenges 
for Melanoma Biology-Based 
Prognostication 

 Protein biomarkers for primary melanoma are 
discussed in two separate chapters: markers used 
to differentiate melanoma from other melano-
cytic tumors (Chap.   12    ), and markers that aid 
prognostication, as discussed here. As melano-
cytic lesions fall into three categories (benign, 
malignant, and those of uncertain biological 
potential), overlap exists when trying to distin-
guish benign from malignant lesions, and in the 
assessment of how biologically aggressive a spe-
cifi c tumor will be. Placement in these three cat-

egories makes an important statement regarding 
the risk of metastatic disease and is used to guide 
clinical management. 

 The development of protein biomarkers which 
are based on the molecular profi le of a primary 
melanoma and help determine risk for the indi-
vidual patient is the focus of intense investiga-
tion. In this chapter, we discuss the extent to 
which protein biomarkers, detectable by routine 
immunohistochemical assessment, may facilitate 
prediction of outcome for individual melanoma 
patients. Serum-based protein biomarkers and 
those that predict the likelihood of response to a 
particular treatment are discussed elsewhere. 

 In current clinical practice, a light microscopic 
diagnosis of melanoma is followed by risk assess-
ment for regional and systemic disease, using 
clinicopathologic criteria that are defi ned by the 
TNM classifi cation for tumor staging (2009 
American Joint Committee on Cancer [AJCC] 
guidelines, seventh edition  [  1  ] ). The most impor-
tant prognostic factors for primary melanoma (in 
the absence of regional or systemic disease) are 
Breslow thickness, presence versus absence of 
ulceration, and mitotic rate/mm 2   [  1  ] . Sentinel 
lymph node (SLN) tumor status, as a marker for 
regional and systemic disease, remains the single 
most important parameter for outcome, and 
includes detection of micrometastases by immu-
nohistochemistry  [  1–  6  ] . 

 While this evidence-based clinicopathologic 
staging system assigns patients to risk categories, 
it does not predict outcome for individual patients. 
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Some thin ( £ 1 mm) melanomas eventually metas-
tasize, whereas other patients with thick primary 
tumors may never advance to systemic disease. 
The identifi cation of early-stage tumors with risk 
of metastasis is of particular importance. Stage I 
tumors account for ~78% of all cutaneous mela-
nomas reported to the National Cancer Institute 
Surveillance Epidemiology and End Results 
(SEER) cancer registry, more than 80% of which 
are thin tumors  [  7,   8  ] . However, according to 
SEER, a signifi cant proportion (~15%) of mela-
noma deaths results from metastases of thin pri-
mary tumors  [  8  ] . 

 Therefore, in melanoma as in other cancers, 
there is an urgent need to identify precise predic-
tors of outcome. This will facilitate a move 
towards personalized management of patients 
through marker-assisted diagnosis and targeted 
therapy, based on the molecular profi le of the 
individual lesion. To achieve this goal, many stud-
ies are correlating clinical and histopathologic 
features of melanomas with genetic fi ndings in an 
attempt to develop a molecular classifi cation of 
melanocytic tumors. Melanomas can be classifi ed 
on the basis of genomic aberrations that correlate 
with level of sun-exposure, evidenced by altera-
tions in the surrounding skin  [  9  ] , suggesting that 
subsets of melanoma develop along distinctly dif-
ferent genetic pathways. Melanomas with identi-
cal clinical and histopathogical parameters may 
have markedly different mRNA expression pro-
fi les, which could be used to classify tumors into 
subgroups that correlate with differing patient 
outcomes  [  10,   11  ] . The identifi cation of specifi c 
gene-signatures in formalin-fi xed paraffi n-embed-
ded (FFPE) tissue demonstrates the utility of 
combining molecular diagnostic testing with light 
microscopy in the evaluation of diagnostically 
challenging melanocytic lesions  [  12  ] . Such 
molecular genetic classifi cations may be refl ected 
by unique expression profi les of cytoplasmic and/
or nuclear proteins (post-translational modifi ca-
tions aside) amenable to rapid assessment by 
immunohistochemistry, thus avoiding more com-
plex and expensive molecular genetic analysis. 

 A “role-model” for defi ning disease on the 
molecular level is provided by hematologic 
malignancies. The current WHO classifi cation of 

this group of diseases is based on their character-
istic translocations  [  13  ] . In solid tumors, molecu-
lar and cytogenetic studies have also become 
useful adjuncts for the diagnosis of soft-tissue 
sarcomas through the identifi cation of signature 
translocations  [  14  ] . Increasingly detailed knowl-
edge of tumorigenesis is now becoming the basis 
of both molecular diagnosis and the development 
of new techniques for management of melano-
cytic tumors  [  15,   16  ] , and calls for tools to rap-
idly identify biologically distinct lesions which 
are morphologically similar. However, the incor-
poration of immunophenotypic and molecular 
genetic features of melanoma subtypes is compli-
cated by (1) the diversity of genetic alterations 
encountered and (2) the occurrence of these 
changes in both benign and malignant melano-
cytic proliferations. It has become evident that 
melanoma is not a uniform disease, but comprises 
several genetically and mechanistically distinct 
entities. Evidence for this heterogeneity comes 
from studies of melanoma-prone families, candi-
date-gene searches of sporadic melanomas (based 
on functionally relevant cellular processes), and 
recent genome-wide studies of gene expression, 
copy number alterations and allelic imbalances 
 [  17  ] . This diversity greatly complicates the use of 
expressed biomarkers at the protein level for dif-
ferential diagnosis and prognostication. 

 The wide molecular heterogeneity of mela-
noma is indicated by the literally hundreds of 
immunohistochemical studies that have attempted 
to correlate clinical outcome with biomarker 
expression in primary tumors. Markers studied 
derive from all classes of molecules known to 
impact tumorigenesis; cell cycle-associated pro-
teins, tumor suppressors/oncogenes, and regula-
tors of apoptosis, cell adhesion, tissue invasion 
and metastasis (for reviews, see references  [  18–
  23  ] ). Despite these extensive efforts, no immuno-
histochemistry-based protein biomarker is 
currently recommended in the authoritative guide-
lines for routine assessment of metastatic risk. 

 The absence of a practical immunohistochem-
ically detectable marker is in fact attributable to a 
lack of robust, reproducible and validated results 
across broad tumor collectives. The bar for a new 
biomarker to be acceptable for routine clinical 
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use is high: current AJCC recommendations are 
based on cohort studies of more than 30,000 
patients with extensive follow-up data  [  1  ] . Any 
new biomarker must be measured against tumor 
status of the SLN, which represents the current 
“gold standard” and most accurate available indi-
cator of prognosis for patients with localized dis-
ease  [  3  ] . In multivariate analysis, few of the 
numerous immunohistochemical markers tested 
for their ability to identify risk of metastasis 
improved on the performance of morphologic 
phenotypic markers, particularly Breslow’s mea-
sure of tumor thickness  [  4,   20,   24  ] .  

   Mitotic Rate/Proliferation 
Biomarkers 

 Mitotic rate is a powerful prognostic indicator in 
primary cutaneous melanoma  [  1,   25,   26  ] . The 
2009 (seventh edition) AJCC melanoma staging 
system recognizes mitotic rate as an important 
primary tumor prognostic factor. This signifi -
cantly changes classifi cation of thin ( £ 1 mm), 
non-ulcerated melanomas, which are defi ned as 
T1b if one or more mitoses are present/mm 2 , 
replacing Clark level of invasion as a staging cri-
terion in this tumor category (AJCC sixth edition, 
2002). For tumors in which the invasive compo-
nent is <1 mm 2  in area, the mitotic count is given 
for 1 mm 2  of dermal tissue that includes the 
tumor; alternatively, the presence or absence of 
mitoses may be recorded as “at least 1/mm 2 ” or 
“0/mm 2 ”, respectively. These changes are the 
result of analysis of several large multicenter 
studies, including >10,000 patients with clini-
cally localized melanoma, that showed correla-
tion of survival outcome with mitotic activity  [  1  ] . 
Mitotic rate is the most powerful predictor after 
tumor thickness  [  1  ] . 

 In light of these data, an immunohistochemi-
cal marker that visualizes cells in the active stages 
of the cell cycle could be a useful prognostic 
adjunct (Fig. 12.1). Potentially more sensitive 
than mitotic index, especially in thin melanomas, 
an ideal marker of “proliferative” cells would 
relate closely to clinical outcome and be rapidly 
assessable using standardized techniques. 

Statistically sound data from substantial studies, 
stringent adherence to clearly defi ned staining 
protocols and cut-off levels, and demonstration 
of limitations would be necessary prerequisites 
for routine clinical application. 

 The following example illustrates the chal-
lenges to be overcome if an immunohistochemi-
cal marker is to be accepted for routine application. 
Human Ki-67 protein was identifi ed in 1983  [  27  ]  
as a nuclear protein associated with proliferating 
cells. It is expressed during all active phases of 
the cell cycle (G1, S, G2, and M [mitosis]), but 
absent from resting cells (G0). Ki-67 is an excel-
lent marker for determining the growth-fraction 
of a cell population  [  28  ] . MIB-1 antibody is the 
equivalent of Ki-67 antibody, but can be used on 
FFPE tissue following antigen retrieval  [  29  ] . 
Immunohistochemically, Ki-67 is among the 
most widely-studied proteins in human malig-
nancies, and its expression has been shown to 
correlate with outcome in a variety of neoplasms, 
including breast and prostate carcinoma, as well 
as hematologic malignancies (for review, see ref-
erence  [  28  ] ). The use of Ki-67 expression as a 
reference variable in multivariate regression 
analyses further attests to its established role as a 
reliable proliferation marker within experimental 
settings  [  30,   31  ] . 

 Rudolph et al.  [  32  ]  reported the use of Ki-S5 
antibody in melanocytic lesions with equivocal 
histopathology. This antibody is reactive against 
a formalin-resistant epitope of Ki-67 antigen, but 
with no cross-reaction with cytoplasmic struc-
tures of epithelial cells, as may be observed with 
MIB-1. A cut-off of 5% positivity was selected 
for a diagnosis of malignancy, and 70% of cases 
classifi ed as malignant on the basis of their frac-
tion of proliferative cells showed systemic dis-
ease progression, suggesting a role for 
proliferative index as a diagnostic and prognostic 
tool for melanocytic lesions. Ostmeier et al.  [  33  ]  
described the independent prognostic signifi -
cance of Ki-67 staining in a multivariate analysis 
of 399 primary melanomas, with increased 
metastasis-free survival being associated with 
tumors showing lower Ki-67 rates (<75 Ki-67 
positive melanoma cells/mm 2 ). Numerous other 
studies have assessed a possible correlation 
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between Ki-67 expression and outcome in mela-
noma  [  30,   34–  38  ] ; however, results from studies 
using Ki-67 as a prognostic marker vary  [  19  ] , 
and in some cases a variable pattern of Ki-67 
staining between different areas within the same 
tumor can complicate assessment  [  30  ] . Several 
studies have shown a correlation between Ki-67 
staining and metastatic potential or mortality in 
thick melanomas  [  36,   38,   39  ] . Other studies have 
reported an association between MIB-1 reactivity 
and outcome in thick (>1.5 mm), but not in thin 
( £ 0.75 mm) melanomas  [  37  ] . Others have shown 
a correlation between proliferation and outcome 
in thin tumors  [  40,   41  ] , and proposed a prognos-
tic tree based on analysis of 396 thin primary 
melanomas  [  40  ] . These authors demonstrated an 
association between metastasis and  ³ 20% Ki-67 
expression in dermal melanoma cells of tumors 
 £  1.0 mm in thickness. Though many studies have 
shown increased recurrences and mortality 
directly correlated with increasing Ki-67 positiv-
ity, this association was not independent of 
Breslow thickness in several small cohorts  [  30, 
  31,   39,   42–  45  ] . Henrique et al.  [  34  ]  defi ned a 
“proliferation-based prognostic index” by com-
bining Ki-67 index with tumor thickness. This 
showed independent prognostic signifi cance (in 
contrast to the Ki-67 index alone), but only for 
melanomas thicker than 4 mm  [  34  ] . 

 From these divergent results, it is not clear 
whether a possible correlation of Ki-67 with out-
come is linear across different melanoma thick-
nesses. This diffi culty in validating consistent 
prognostic relevance for Ki-67, a marker with 
wide and longstanding application, demonstrates 
how substantial the challenges are for the estab-
lishment of biomarkers of this disease. 

 As reviewed by Haass et al.  [  20  ] , other factors 
associated with cell proliferation correlate with 
outcome. Expression of proliferating cell nuclear 
antigen (PCNA), a cofactor of DNA-polymerase 
expressed during the DNA synthesis-phase of the 
cell cycle, correlates with decreased survival 
when expressed in  ³ 35% of tumor cell nuclei 
 [  39  ]  (see Table  13.1 ). Minichromosome mainte-
nance proteins 4 and 6, part of a protein complex 
which unwinds DNA at the replication fork ori-
gins during cell division  [  46  ] , are also associated 

with poor survival when expressed at higher lev-
els  [  11  ] . Patients whose primary melanomas 
retain expression of microtubule-associated pro-
tein-2 (MAP-2) were found to have signifi cantly 
improved disease-free survival  [  47  ]  (see 
Table  13.1 ).  

 Human double minute-2 (HDM2) and growth 
arrest DNA-damage (GADD) are two other pro-
teins involved in regulation of cell proliferation 
which are reported to have prognostic signifi -
cance in melanoma  [  48–  50  ] . 

 Additional markers associated with the repli-
cative potential of melanoma cells, shown to 
have prognostic signifi cance independent of other 
variables, are discussed below.  

   Emerging Protein Biomarkers: Need 
for Systematic Study Design 

 Several recent reviews have examined the use of 
protein biomarkers in melanoma  [  18–  23  ] . The 
meta-analysis by Gould Rothberg et al.  [  23  ]  pro-
vides an excellent overview of the hurdles to be 
overcome before routine application of prognos-
tic biomarkers in clinical practice. This analysis, 
based on a PubMed medical literature database 
search on January 15, 2008, was restricted to 
studies that rigorously adhered to guidelines rec-
ommended by the National Cancer Institute and 
the European Organization for Research and 
Treatment of Cancer, the REMARK criteria 
(“REporting recommendations for tumor 
MARKer prognostic studies”  [  51  ] ). Adherence to 
these guidelines is also viewed as critical in trans-
lational studies of other cancers  [  52  ] . 

 Six criteria had to be met (for details, see refer-
ences  [  21,   53  ] ): (1) Cohort study design; (2) 
Evaluation of primary cutaneous melanomas; (3) 
Detailed description of methods, including; (4) 
Details of positive and negative controls; (5) Use 
of a multivariable proportional hazards analysis 
that adjusted for clinical prognostic factors; and 
(6) Reported data include hazard ratios and 95% 
confi dence intervals. Table  13.1  outlines poten-
tially applicable protein markers with independent 
prognostic signifi cance that have emerged from 
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cohort studies performed with rigorous methodol-
ogy, as reported by Gould Rothberg et al.  [  23  ] . 
The authors categorized biomarkers according to 
the six acquired capabilities of cancer, as defi ned 
by Hanahan and Weinberg  [  53  ] , and supplemented 
by two additional functional categories, melano-
cyte differentiation and altered immunocompe-
tence (see Table  13.1 ). However, well-defi ned 
biological function is not a pre-requisite for a pre-
dictive marker, and some biological phenomena 
with prognostic impact remain poorly understood, 
such as the correlation of ulceration with metasta-
sis. As our knowledge of cancer biology increases, 
overlap between functional classes of molecules 
will become more apparent. Even though sample 
numbers are small in many of the studies outlined 
in Table  13.1 , the rationale for their inclusion is 
strict adherence to published protocol guidelines, 
facilitating their independent validation. This 
stringency applies not only to molecular targets 
and study methodology, but also to specifi c anti-
body clones, staining protocols, and the cut-off 
points chosen for evaluation. 

 As shown in Table  13.1 , data from two or 
more eligible studies on Ki-67 and Metallothionein 
staining were available for calculation of a com-
bined hazard ratio. Other promising markers 
include melanoma cell adhesion molecule 
(MCAM, MUC18), matrix metalloproteinase-2 
(MMP-2), proliferating cell nuclear antigen 
(PCNA) and p16/INK4a  [  20,   23  ] . For example, 
the expression of p16/INK4a was found to be 
associated with decreased risk of recurrence in a 
recent study  [  54  ] . Microtubule-associated pro-
tein-2, a neuron-specifi c protein involved in 
mitotic spindle assembly and induced in primary 
melanomas  [  55  ] , also distinguishes primary 
tumors with signifi cantly different prognoses, 
independent of other variables (Table  13.1 , and 
references  [  18,   47  ] ). Another interesting candi-
date protein involved in several mechanistic 
pathways, including proliferation and tissue inva-
sion, is osteopontin  [  56  ] . The expression of this 
protein predicted SLN disease and was associ-
ated with reduced disease-specifi c survival in 
melanoma patients (Table  13.1 , and reference 
 [  56  ] ). Osteopontin was also identifi ed as the gene 
most predictive of relapse-free survival in a 

recent RNA-expression study of more than 200 
primary melanomas  [  57  ] . 

 As Gould Rothberg et al.  [  23  ]  point out, only a 
small subset of studies (37/455) that reported 
immunohistochemical results from primary mela-
nomas met all the above inclusion criteria, and 
consequently only 62/387 collectively studied 
proteins could be reviewed for prognostic signifi -
cance. Among assays excluded due to inadequate 
study design or methodology were studies of sev-
eral signal transduction components considered 
critical for melanoma progression, such as c-Met, 
EGFR, FGFR-1, trk-C, Akt, PTEN, p42/22, p38, 
c-Jun and c-Myc. Eligible data were also lacking 
for VEGF, VEGF-receptors and hypoxia-inducible 
transcription factors. The main reasons for exclu-
sion were (1) cross-sectional study design limited 
to determining the association between levels of 
marker expression with either melanocytic lesion 
progression or clinicopathologic parameters (284 
studies), (2) case series without information on 
source population or sampling strategy (53 stud-
ies), (3) incomplete reporting of immunohis-
tochemistry methods (27 studies), and (4) reporting 
of only univariate risk estimates (21 studies)  [  23  ] . 
Studies of non-Caucasian populations and those 
focusing on stromal/vascular markers were not 
included  [  23  ] . Of note, promising markers associ-
ated with the tumor microenvironment include 
connexins, which may have expression patterns in 
the epidermis adjacent to melanocytic lesions that 
relate to prognosis  [  20,   58  ] . 

 The prognostic utility of some of the proteins 
listed in Table  13.1  may be overestimated, since 
many of the ineligible/excluded studies reported 
results with a range of markers that were not sta-
tistically signifi cant. Their inclusion would likely 
have cancelled some of the identifi ed statistical 
associations (publication bias). 

 The signifi cant shortcomings of published 
prognostic biomarker data, derived from immu-
nohistochemical assessment of primary melano-
mas, must be overcome. This will permit the use 
of this data to improve risk stratifi cation in clini-
cal practice. The combination of multiple, inde-
pendent studies with acceptably comparable 
design has the potential to increase the impact of 
prognosis research.  
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   Outlook 

 Given the genetic heterogeneity of melanoma, it 
is likely that no single protein marker will have 
suffi cient predictive strength to supplant tradi-
tional primary melanoma-derived prognostic cri-
teria. Current experimental efforts focus on the 
identifi cation of biomarkers that stratify patients 
for SLN biopsy and identify high-risk groups 
who may benefi t from adjuvant therapy. A recent 
example is the report by Kashani-Sabet et al. 
 [  59  ] , describing a multimarker prognostic assay 
that achieved statistical signifi cance in predicting 
disease-specifi c survival, independent of stan-
dard clinical or histopathologic factors, including 
SLN biopsy. In this study, expression levels and 
cut-off points for three markers (NCOA3, SPP1 
[osteopontin], RGS1) were assessed in a cohort 
of 365 melanoma patients, and validated using an 
independent cohort of 141 patients. In another 
study of 438 primary melanomas by Gould 
Rothberg et al.  [  60  ] , a multimarker prognostic 
model stratifi ed patients into low- and high-risk 
groups based on the expression levels of fi ve pro-
teins: ATF2, p21, p16,  b -catenin, and fi bronectin. 
From this study, disease-specifi c survival was 
signifi cantly better for patients assigned to the 
low-risk group (requiring elevated levels of over-
all  b -catenin and nuclear p21, decreased levels of 
fi bronectin, increased nuclear/cytoplasmic ratio 
of p16 and decreased nuclear/cytoplasmic ratio 
of ATF2, as assessed by automated quantitative 
imaging analysis). Winnepenninckx et al.  [  11  ]  
identifi ed 254 genes in a set of 58 primary mela-
nomas that were differentially expressed in 
tumors with a relatively favorable outcome. 
Immunohistochemical testing for the expression 
of related proteins, for which commercial anti-
bodies were available, yielded a set of fi ve mark-
ers whose expression levels correlated with 
survival. Two of these proteins (minichromo-
some maintenance proteins 6 and 4) demonstrated 
statistical signifi cance, independent of standard 
clinical and histopathologic parameters (tumor 
thickness, ulceration, age, and gender). 

 These recent examples of multimarker studies 
demonstrate the enormous potential for biomarker 
assays as adjunctive tests for use in parallel with 

traditional prognosticators, such as Breslow thick-
ness and SLN status. However, authors of these 
studies acknowledge that applying such tests in 
routine clinical practice and accepting their results 
as a basis for treatment decisions will require 
independent validation in larger melanoma 
cohorts. Validation will be greatly facilitated by 
strict adherence to standardized study guidelines 
such as the REMARK criteria, and will depend on 
consistent application of statistical methods to 
analyze the inter-dependence of multiple differen-
tially expressed variables. 

 Finally, in addressing the important constraint 
of limited sample size on translational studies, tis-
sue microarrays (TMAs) are a popular tool for 
validating (multiple) differentially expressed pro-
teins. These platforms expand on the concept of 
simultaneous study of multi-tumor tissue blocks 
described by Battifora et al.  [  61  ] . TMAs are now 
widely used to validate expression patterns and 
correlate biomarker levels with clinical outcome 
in human cancers  [  62  ] , including melanoma  [  59, 
  60  ] . TMAs are commercially available for a vari-
ety of neoplasms  [  63,   64  ] . Their expanded use 
allows for the simultaneous study of melanoma 
cohorts comprised of hundreds or even thousands 
of tumors. This will help to overcome the limiting 
factor of small sample size and facilitate the iden-
tifi cation of biomarkers that may complement tra-
ditional prognostic criteria. Recent examples 
include the fi nding of an association of increased 
RGS1 (regulator of G protein signaling 1) expres-
sion with decreased disease-specifi c survival in 
primary melanoma patients  [  65  ] . Similarly, levels 
of HER3  [  66  ] , Osteopontin  [  56  ] , and ING4 (inhib-
itor of growth 4)  [  67  ]  had independent prognostic 
signifi cance in multivariate analyses of expres-
sion patterns, as assessed on TMAs of melanoma 
cohorts  [  68  ] . However, access to sizeable cohorts 
of primary melanomas with detailed annotated 
clinical data remains a challenge.  

   Concluding Remarks 

 Despite major advances in our understanding of 
melanoma biology, tumor thickness, mitotic 
rate, and presence or absence of ulceration 
(based on histopathologic assessment) remain 
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the critical primary melanoma parameters for 
prognostication. SLN status as a marker of 
regional or systemic disease is still the single 
most important factor for overall outcome. 

 Molecular biologic studies have yielded 
potential candidates for protein biomarkers which 
may emerge as valuable adjunct prognostic tools. 
The expectation is that such markers of tumor 
biology will enable a shift from assigning patients 
to broad risk categories toward a more individu-
alized risk assessment. Importantly, these mark-
ers are expected to identify lesions which show 
more aggressive behavior than predicted from 
their conventionally assumed risk category, such 
as thin melanomas with risk of metastasis. 

 Among promising proteins which have shown 
independent prognostic value are factors impact-
ing on cell-cycle progression (Ki-67, MAP-2, 
and Metallothionein) and tissue invasion 
(Osteopontin and MMP-2) (see Table  13.1 ). 

 Signifi cant challenges remain, as exemplifi ed 
by the diffi culties of establishing a reliable clini-
cal role even for protein markers with a record of 
widespread use. The need for statistically and 
methodologically sound study design in progno-
sis research is clear. 

 We believe that a concerted effort by the mela-
noma research community to produce and vali-
date data in a rigorous manner will be the most 
promising and rewarding approach to the estab-
lishment of clinically useful biomarkers. High-
throughput methods to search for differentially 
expressed genes, in addition to TMAs which can 
be shared among different institutions for inde-
pendent validation, represent currently available 
powerful tools. Because of the heterogeneity of 
melanoma, it is likely that no single immunohis-
tochemical marker will predict outcome for the 
majority of patients. Rather, different sets of bio-
markers may be relevant for different tumor sub-
classes (possibly based on histopathologic 
subtypes, the mutational spectrum associated 
with the level of sun-exposure, or yet undefi ned 
groupings). The interpretation of expression data 
of any marker (panel) will depend on the clinical 
context and require correlation with routine his-
topathologic fi ndings. As noted earlier, strict 
adherence to general study guidelines, such as 

the REMARK criteria, should allow for validation 
of biomarkers. This will facilitate the development 
of a prognostic tool with suffi cient impact, and 
eventually increase confi dence in its predictive 
value within the broader clinical community.      
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and    David   K.   Han              

 Melanoma is considered an epidemic cancer as 
its incidence has increased 697% between 1950 
and 2000, and continues to increase, faster than 
any other cancer subtype  [  1,   2  ] . Each year, over 
53,000 Americans will be diagnosed with mela-
noma and over 7,000 will die from their disease. 
While representing <7% of all skin malignancies, 
melanoma accounts for ~75% of all deaths from 
skin tumors  [  1,   2  ] . 

 Recent developments in proteomic and 
genomic technologies, coupled with advances in 
biocomputing, have motivated the effort to iden-
tify biomarkers in melanoma  [  3,   4  ] . These are 
tumor- or host-derived factors that are detect-
able in biological specimens, and which corre-
late with biological behavior of the tumor and 
patient prognosis. A number of putative bio-
markers in melanoma have been identifi ed, but 
their relevance to tumor progression, treatment 
selection and clinical outcome remains to be 
established  [  3,   4  ] . Recent genomic studies indi-
cate that melanoma has distinct genetic defects 
(i.e., BRAF mutations)  [  5  ] , but it is diffi cult to 

determine the functional consequence of any 
particular mutation on disease pathogenesis, 
progression or response to treatment. While 
genes contain the instructions for cellular assem-
bly, it is through the actions of their encoded 
proteins that the functional characteristics and 
phenotype of any tumor, including melanoma, 
are manifest  [  6,   7  ] . Changes at the protein level 
do not always correlate with changes at the 
mRNA transcript level, and genomic methodol-
ogies cannot accurately predict the status of 
post-translational protein modifi cations, local-
ization of proteins in tissues and cells, their 
association with other proteins, or protein 
release into the plasma  [  6,   7  ] . Moreover, there 
are genetic aberrations common to both mela-
noma and their benign counterparts (i.e., benign 
melanocytic nevi), limiting the diagnostic utility 
of some genomic analyses  [  5  ] . Therefore, the 
study of the proteome (i.e., ‘proteomics’) can 
provide unique information that is not available 
by other ‘omic’ technologies and holds great 
promise for the identifi cation of protein bio-
markers of clinical value in patients with mela-
noma. Currently, no tissue-based protein 
biomarker has become a standard part of recom-
mended clinical practice in patients with mela-
noma  [  3,   4  ] . The study of the proteome in 
melanocytic lesions, and in particular solid 
tumor samples, is both relatively recent and 
limited  [  8–  16  ] . This is in contrast to the more 
extensive and longstanding genomic investiga-
tions of these tumors been undertaken  [  5  ] . 
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 In many respects, the challenge of proteomic 
studies may be greater than that of genomic anal-
yses. The human genome, which has been 
sequenced, consists of approximately 21,000 
protein-encoding genes  [  6  ] . In contrast, the total 
number of proteins in human cells is estimated to 
be between 250,000 and 1,000,000, of which 
only a small percentage has been identifi ed or 
sequenced  [  6  ] . This 10–50 fold difference in 
abundance between protein-encoding genes and 
actual protein species is predominantly a result of 
alternative splicing, sequence deletions, and post-
translational modifi cations that occur during pro-
tein production  [  6  ] . In addition, cellular proteins 
are continually moving and undergoing changes 
such as binding to cell membranes, interacting 
with other proteins, gaining or losing chemical 
groups, or breaking into smaller proteins or pep-
tides  [  6  ] . Several other properties of proteins vary 
among individuals, between cell types, and even 
within the same cell under different conditions. 
One gene can produce multiple protein species 
(even up to 1,000), and any one particular protein 
may be modifi ed in multiple ways, which can 
change its activity  [  6  ] . Moreover, the quantity of 
different proteins can also vary greatly. With 
some proteins expressed abundantly and others 
expressed at only a few copies per cell, coupled 
with differences in the half-lives of expression, 
proteins can be both diffi cult to isolate and char-
acterize  [  4,   6  ] . Constantly improving mass spec-
trometry (MS)-based peptide-sequencing 
capabilities have led to in-depth analysis of 
highly complex protein mixtures, and the pro-
teomics view has brought about a better under-
standing of malignant disease  [  4,   6,   7  ] . 

 Unlike other protein identifi cation strategies 
(such as immunohistochemistry [IHC]), 
MS-based proteomic technologies allow for the 
analysis of hundreds-to-thousands of proteins 
within a single assay, without the requirement for 
 a priori  knowledge of the proteins identifi ed, and 
without the need for commercially available anti-
bodies or antibody development for biomarker 
discovery  [  4,   6–  16  ] . An MS analyzer consists 
essentially of three components: (1) an ion source 
to create ionized species; (2) a mass analyzer to 
measure the mass to charge (m/z) ratio; and (3) a 
detector to count the number of ions at each m/z 

value. For a given protein, an MS analyzer will 
produce a characteristic peptide spectrum, and 
the measured mass for each of these peptides can 
be used to infer the identity of the original protein 
 [  4,   6–  16  ] . The protein and peptide profi les of 
clinical samples identifi ed by MS-based tech-
niques can then be analyzed by statistical pro-
grams to identify specifi c patterns that may 
correlate with the characteristics of the disease 
 [  4,   6–  16  ] . While tumor pathways may be acti-
vated by different genetic abnormalities, pro-
teomics methods allow for the study of common 
downstream effects at a protein level. In addition, 
proteomics offers the possibility to identify and 
assess changes in important tumor-regulatory 
proteins whose encoding genes may not be tar-
gets for mutation in melanoma. 

 Archival formalin-fi xed paraffi n-embedded 
(FFPE) tissue samples represent a potentially 
valuable resource for retrospective biomarker dis-
covery studies in melanoma  [  4,   11–  14,   17–  19  ] . 
FFPE melanoma specimens are abundantly avail-
able in pathology archives worldwide and are 
linked to a wealth of patient data, including clinical 
outcomes related to disease course and/or response 
to treatment regimens. Fixation of tissue in forma-
lin leads to signifi cant protein-protein and protein-
nucleic acid cross-linking  [  4,   20–  22  ] . While these 
formalin-induced cross-links act to stabilize the 
cellular and morphological details of cells in 
tissue sections, they hinder the effi cient extraction 
of full-length protein species, thereby rendering 
FFPE samples incompatible with many protein 
identifi cation strategies, such as Western blot or 
protein microarrays  [  4,   20–  22  ] . Accordingly, the 
identifi cation of proteins within FFPE melano-
cytic tumor samples has largely been limited to 
IHC-based studies  [  17–  19  ] . This methodology 
has been greatly enhanced by enzymatic and heat-
induced antigen retrieval techniques, which 
‘unmask’ cross-linked epitopes, and dramatically 
reduce the detection thresholds of IHC reactivity 
for a wide range of antibodies  [  17–  19  ] . However, 
IHC-based studies have been limited to the analy-
sis of one or a few proteins at a time, due to the 
nature of the technology  [  17–  19  ] . Another major 
drawback with IHC analysis is that it requires  a 
priori  knowledge of the protein under investiga-
tion  [  17–  19  ] . In addition, many proteins are still 
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not detectable by IHC-methods, partly because 
antibodies to formalin-resistant epitopes are not 
available for all proteins. We and others have 
recently reviewed the published data on hundreds 
of proteins analyzed by IHC methods with respect 
to their possible diagnostic and/or prognostic 
applications in melanocytic tumors  [  17–  19  ] . 
Unfortunately, aside from a small number of mel-
anocytic-differentiation (i.e., HMB-45) and cel-
lular proliferation (i.e., Ki-67) markers, to date no 
other proliferation, immunoregulatory or signal-
ing proteins have proven to signifi cantly improve 
diagnostic or prognostic accuracy in melanocytic 
tumors as a whole  [  17–  19  ] . 

 Proteomic studies of melanoma using 
MS-based strategies have generally been limited 
to cultured melanoma cell lines and serum sam-
ples of patients with melanoma  [  15,   16  ] . In only a 
handful of cases have solid tumor melanoma 
specimens been studied by MS-based approaches 
 [  8–  14  ] . Of these, two studies have utilized xeno-
grafts from melanoma cell lines or solid murine 
melanoma  [  8,   9  ] , one study employed laser micro-
dissected melanoma cells from skin organ cul-
tures  [  10  ] , and four studies analyzed solid tumor 
samples from patients with melanoma  [  11–  14  ] , 
including a report by our group  [  13  ] . Of note, 
MS-based testing of archival cytologic (fi ne nee-
dle aspirate) melanoma samples has been 
employed to determine a distinct, reproducible 
protein fi ngerprint in melanoma, that could be 
used for potential diagnostic purposes in blinded 
specimens  [  11  ] . The ability to perform MS-based 
proteomic analysis on FFPE melanocytic tumor 
specimens would provide signifi cant opportuni-
ties for biomarker and therapeutic target discov-
ery in archival samples with well-documented 
clinical follow-up. A major challenge for 
MS-based strategies has been overcome with the 
development of novel methods to extract peptides, 
and not intact proteins, from FFPE tissue. Prior to 
our report, proteomic analysis of archival FFPE 
melanoma specimens had been performed in only 
one other study  [  12  ] . In this latter study, 120 pro-
teins that were differentially expressed in FFPE 
specimens of primary and metastatic melanoma 
were identifi ed  [  12  ] . While all of the proteins 
uncovered in the latter study are known to 
be implicated in the pathobiology of a variety 

of human cancers, only some of them have been 
previously reported to be associated with mela-
noma progression and metastasis by other protein 
analytical methodologies  [  12  ] . More recently, 
another group has reported that MS analysis of 
FFPE tissue may be useful in the differentiation 
of Spitz nevi from spitzoid melanoma  [  14  ] . 

 Recent work in our laboratory has confi rmed 
that cross-linked proteins in FFPE tissue samples 
can be effi ciently extracted and digested for sub-
sequent MS-based analysis  [  4,   13,   20,   21  ] . It is 
known that tumor cells and normal cells share 
high abundance commonly-expressed house-
keeping proteins, whereas tumor-specifi c protein 
biomarkers are typically expressed at much lower 
abundance levels  [  4  ] . Therefore, it is critical that 
effi cient protein extraction/identifi cation meth-
ods with high coverage are employed to deter-
mine expressed proteins in tumor studies. The 
ability to achieve adequate amounts of proteins 
from FFPE tissue for proteomic analysis is attrib-
utable to the use of heating in combination with a 
detergent (such as SDS or acetonitrile), analo-
gous to the heat-induced antigen retrieval meth-
odologies for protein cross-link reversal 
commonly utilized for IHC. In addition, we have 
confi rmed the feasibility of a method known as 
liquid chromatography-tandem mass spectrome-
try (LC-MS/MS) shotgun proteomics to charac-
terize proteins in a variety of FFPE human tissue 
samples  [  4,   13,   20,   21  ] . With the LC-MS/MS 
shotgun proteomic method applied to FFPE tis-
sue, the entire proteome is fi rst digested into a 
highly complex mixture of peptides, followed by 
multidimensional chromatographic separation of 
the peptides, which are then sequenced by auto-
mated MS/MS analysis. Tandem MS involves the 
identifi cation of a particular ion species (peptide) 
of interest by the fi rst mass analyzer, which is then 
subjected to collision-induced-dissociation (CID) 
to generate a series of peptide fragments, that are 
then evaluated in the second mass analyzer. The 
peaks in the resulting MS/MS spectra from these 
peptide fragments provide additional information 
to infer the amino acid sequence of the protein 
and potentially the site and nature of specifi c 
post-translational modifi cations. Protein identifi -
cation with this approach relies on searching 
against protein sequence databases using one or 
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more algorithms, for which established guide-
lines and statistical tools to ensure consistency 
and confi dence in the identifi ed proteins are avail-
able  [  4,   13,   20,   21  ] . Because the connection 
between the peptides and the proteins from which 
they were derived is ‘lost’ using this approach, it 
is analogous to the shotgun genome sequencing 
strategy that was used to sequence the human 
genome. A number of studies using a similar 
shotgun proteomic approach have demonstrated: 
(1) a remarkable overlap (83–95%) in the num-
ber and identities of proteins between FFPE and 
frozen tissue; (2) no bias in protein identifi cation 
based on sub-cellular localization (i.e., nuclear, 
cytoplasmic, membranous, extracellular); (3) 
identifi ed proteins cover a wide variety of bio-
logical functions and gene ontology categories 
(i.e., structural, transcriptional, translational, 
binding, signaling, etc.); and (4) variations in the 
duration of formalin fi xation (up to 14 days) and 
storage (even up to 10 years) have a minimal 
effect on protein inventories  [  23,   24  ] . Therefore, 

the equivalence of proteome inventories obtained 
from FFPE and corresponding frozen tissue sam-
ples validates the use of FFPE tissue as the start-
ing material for retrospective MS-based methods 
of protein biomarker discovery  [  23,   24  ] . 

 In our recent study, we described a protocol for 
the extraction of proteins from FFPE melanoma 
samples for subsequent sequencing, identifi cation 
and validation, using a MS-, bioinformatics-, and 
IHC-based approach  [  13  ] . In this study, 250  m g of 
protein was successfully extracted from six 10  m m-
thick tissue sections of a 0.8 cm × 0.8 cm in- 
diameter melanoma tumor sample. Fifty  m g of 
protein was subsequently analyzed by LC-MS/
MS. We identifi ed 935 proteins with high confi -
dence (false discovery rate of <1%) using multiple 
sequence criteria (based on >2 peptide hits). 
Proteins were noted to cover all sub-cellular local-
izations and a wide variety of biological functions. 
The expression of a number of identifi ed proteins 
was then validated by IHC on the same tissue 
block. Results are illustrated in Figs.  14.1  and  14.2 . 

  Fig. 14.1    Identifi cation of Nestin in formalin-fi xed 
 paraffi n-embedded melanoma tumor using mass spec-
trometry (MS). ( a ) A total of 15 tryptic peptides matched 
to the Nestin protein sequence, shown in bold and pink 
colored (partial). ( b ) MS/MS spectrum from m/z 1262.4430 

[M + H]+, corresponding to the peptide SLETEILESLK 
from Nestin. Detected  b - and  y -series ions are highlighted 
in red and blue colors, respectively. See Fig.  14.2  for vali-
dation of Nestin expression       
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Nestin is a 177 kDa protein of 1621 amino acids. 
It is an intermediate fi lament that is also consid-
ered as a hair follicle stem cell and neural stem 
cell marker  [  25,   26  ] . Recent studies have demon-
strated that tumor cells may behave as stem cells 
and show re-expression of progenitor cell pro-
teins  [  25,   26  ] . Nuclear, cytoplasmic and/or mem-
branous expression of nestin has been previously 
reported in 35–57% of primary and metastatic 
melanoma, suggesting that stem cells or at least 
the expression of stem cell markers may play a 
role in melanoma pathogenesis and progression 
 [  26–  28  ] . A number of studies have suggested that 
nestin expression may be a predictor of poor 
prognosis in patients with melanoma  [  27,   28  ] . In 
our study, MS identifi ed peptides belonging to 
the full-length protein nestin in the FFPE mela-
noma sample  [  13  ] , as shown in Fig.  14.1 . 
Follow-up IHC confi rmed strong diffuse cyto-
plasmic staining for nestin within tumor cells 
 [  13  ] , as shown in Fig.  14.2 . Stromal cells were 
found to be negative for this protein by IHC.   

 An integrated MS- and IHC-based approach on 
the same tissue blocks can be used to: (1) confi rm 
the validity of the protocol, by documenting the 
presence of previously known melanoma-related 
proteins; (2) identify novel proteins expressed in 
melanoma; and (3) correlate the MS-identifi cation 
of proteins with their cellular/tissue distribution in 
tumor samples (i.e., tumor cells versus stroma). 
MS-based proteomic profi ling of archival FFPE 

melanoma tumor samples could potentially be 
 utilized to discover novel protein biomarkers in 
this disease. Subsequent IHC can be employed 
to correlate protein identifi cation with the tissue 
distribution and intracellular localization of par-
ticular molecules.     
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        Introduction 

 Mortality rates for melanoma have remained con-
stant in all age groups, largely due to frequent, 
drug-resistant tumor metastasis, for which the cure 
rate is currently less than 20%. A great deal of 
information has been compiled in an attempt to 
identify prognostic factors that correlate with clin-
ical outcomes. However, current clinical staging 
system parameters, based upon histopathological 
evaluation of the primary tumor, lymph node and 
distant metastases  [  1  ] , as well as serum Lactate 
Dehyorogenase (LDH) levels and genomic changes 
within the primary tumor  [  2–  5  ] , are not suffi cient 
for predicting the risk and outcome of metastatic 
disease in an individual patient. 

 To date, metastases remains undiagnosed in 
~30% of cases  [  6,   7  ] , with the result that recur-
rences transpire within a year, or even several 
years, after removal of the primary tumor. 
Metastases at ten or more years after surgery indi-
cate that disseminated tumor cells can remain 
quiescent for decades and change their biological 
behavior at any time  [  8  ] . The inability to accu-
rately predict melanoma progression, and thus the 
low cure rates, may be related to the fact that the 
majority of studies use primary and, less often, 
metastatic tumor tissue to stratify patients and 
delineate prognostic markers. Very few studies 
investigate the circulating Tumor Cell (CTC) phe-
notype that actually gives rise to metastatic dis-
ease. Accordingly, there is an urgent need for 
detailed analyses of CTCs to provide early identi-
fi cation of metastatic risk, determine prognosis, 
and evaluate response to adjuvant therapies.  

   Metastatic Melanoma 

 Although metastasis is widely regarded as an 
ineffi cient process, most cancer patients die as a 
result of metastatic spread rather than from their 
primary tumors  [  9,   10  ] . Metastatic ineffi ciency of 
the primary tumor is likely overcome by the large 
number of malignant cells that may enter the sys-
temic circulation daily, estimated to be up to 
~4 × 10 6  cells per gram of primary tumor  [  11,   12  ] . 
CTCs may invade the venous or lymphatic 
circulation very early in the disease course 
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 [  13–  16  ] , and this being an obligate event in 
systemic metastasis, it is likely to be associated 
with disease progression  [  17  ] . In fact, a recent 
meta-analysis showed that the number of CTCs 
in patient peripheral blood increases with advanc-
ing stages of melanoma  [  18  ] . However, the vari-
ety and phenotype of these CTCs, their ability to 
remain in the circulation for many years (thus 
evading the immune system), and their subse-
quent re-activation to produce metastatic depos-
its, remain largely unexplored, particularly for 
melanoma.  

   The Process of Melanoma 
Cell Metastasis 

 Cell metastasis requires several steps, including 
loss of adhesion, dermal invasion, migration from 
the primary site, intravasation and survival in the 
bloodstream, migration into target tissues, and 
increased proliferation in the new tissue microen-
vironment, followed by orchestration of angio-
genesis at the new site  [  19  ] . 

 Melanoma cells arise in the epidermis, teth-
ered tightly to other melanoma cells and sur-
rounding keratinocytes by cell surface molecules 
 [  20  ] . On entering the invasive stage, melanoma 
cells may lose many of the cell surface proteins 
responsible for tight epithelial cell-cell adhesive 
interactions  [  6  ] . One of the key cell surface pro-
teins, CDH1 (Cadherin 1, E-cadherin), is bound 
via its cytoplasmic tail to  a -catenin and  b -catenin, 
and thus to the actin cytoskeleton, maintaining 
tight cell junctions  [  21  ] . In fact, the replacement 
of CDH1 with CDH5 (V-cadherin) or CDH2 
(N-cadherin) indicates the start of an epithelial-
to-mesenchymal transition (EMT)  [  22  ] . The 
EMT process, also utilized by migrating cells 
during embryonic development, involves switch-
ing of polarized cells to contractile, motile mes-
enchymal progenitor cells, and is triggered by 
secretion of growth factors, such as EGF (epithe-
lial growth factor), FGF (fi broblast growth 
factor), and chemotactic/pro-migratory factors 
SF/HGF (hepatocyte growth factor) and chemok-
ines from stromal fi broblasts and macrophages. 
This secretion induces intracellular transduction 

pathways (Wnt, Notch), which in turn activate 
transcription factors (Twist, SNAI1 and 2) 
 [  23,   24  ] , bringing about the invasion of melanoma 
cells into the circulation and tumor progression 
 [  14,   25  ] . 

 When cancer cells detach from the primary 
tumor and intravasate into blood vessels or lym-
phatics, they can do so either actively or passively 
 [  7  ] . Passive cell intravasation, where cells are 
simply dislodged from the primary tumor, occurs 
as a result of increased hemodynamic fl ow and 
low CDH1 levels  [  10,   26,   27  ] . In contrast, active 
migration defi nes a process whereby cells separate 
from their neighbors as a result of an EMT transi-
tion and migrate as a result of activated signaling 
cascades, such as the NEDD9- DOCK3-Rac 
(Neural precursor cell expressed developmentally 
down-regulated protein 9-Dorsocross 3-Rac) 
pathway. The highly plastic movement of these 
cells through the extracellular matrix and their 
migration toward blood vessels is assisted by 
integrin and matrix metalloproteinase expression 
 [  14,   28,   29  ] . The next step in the active migration 
process is the attraction of tumor cells to lymphat-
ics and blood vessels, a process mediated by 
ligand-receptor interactions between tumor cells 
and stromal and/or endothelial cells. Tumor cells 
secrete CSF1 (colony stimulating factor 1) and 
growth factors (such as EGF) which activate the 
formation and proliferation of tumor-associated 
macrophages in the stroma. These cells in turn 
secrete chemokines, including SDF-1 (stromal-
cell-derived factor 1), SCL/CCL21 (chemokine 
C-C motif ligand 21) and I309/CCL1 (chemokine 
C-C motif ligand 1), which assist with the chemot-
axis into blood vessels of tumor cells expressing 
the appropriate receptors (CXCR4, CCR7 and 
CCR8)  [  14,   30,   31  ] . 

 Whether cells actively move toward and into 
nearby blood vessels, or whether the process is 
passive and coincidental, may be of some signifi -
cance (Fig.  15.1 ). The expression of specifi c 
genes that assist entry into the circulation, either 
passively or actively, may determine cell survival 
and metastatic capability. That is, cells express-
ing genes associated with EMT or cell migration 
may be more prone to tumorigenesis and metas-
tasis. Therefore, markers that delineate actively 
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migrating, metastasizing cells could provide 
better measures of progression than those which 
measure cells that are merely sloughed off the 
tumor.  

 In order to investigate CTCs in more detail, 
models have been developed in which a tumor 
and its vascular system are isolated, and blood 
vessels are monitored so as to quantify and char-
acterize cells entering and leaving the tumor mass 
 [  11,   32,   33  ] . Notably, a high rate of cancer cell 

shedding is observed (3–4 × 10 6  malignant cells/
day per gram of tumor), confi rming that millions 
of cells are shed from a tumor every day, yet rela-
tively few establish clinically detectable metasta-
ses. Characterization of these CTCs indicates that 
they are predominantly apoptotic or necrotic and 
unlikely to survive  [  34,   35  ] , as evidenced in 
patients with advanced breast and prostate cancer 
 [  36,   37  ] . Furthermore, it is thought that shear 
stress and immune cells in the circulation destroy 

  Fig. 15.1    A schematic representation of active versus pas-
sive melanoma cell migration and intravasation into blood 
vessels. An actively migrating melanoma cell would acquire 
mutations that assist it to actively migrate into the circula-
tory system and survive. In contrast, cells that are passively 

sloughed off the tumor, and pass into the bloodstream, 
would be predominantly apoptotic and necrotic and not sur-
vive for long periods of time in the circulation (Courtesy of 
Dr. Lance L. Munn, Massachusetts General Hospital & 
Harvard Medical School, Charlestown, MA, USA)       
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the bulk of CTCs and prevent all but the most 
profi cient from producing secondary colonies 
 [  6,   38  ] . Recent evidence suggests that self- 
seeding of the original tumor by CTCs may also 
contribute to tumor progression  [  39  ] . 

 Nevertheless, some cells do survive for long 
periods of time in the vasculature where, with the 
exception of cells from hematopoietic cancers, 
they do not typically circulate as independent 
entities (as depicted in Fig.  15.1 )  [  6,   40  ] . Rather, 
they are usually found in clumps or clusters 
known as circulating tumor microemboli 
 [  41–  43  ] . These may be surrounded by a “cloak” 
of platelets and leukocytes which assist in tumor 
cell survival  [  41–  43  ] . 

 Melanoma cell survival in the bloodstream 
can be attributed to mechanisms that ensure eva-
sion from attack by natural killer (NK)-cells, the 
most potent mode of host defence against can-
cers. One such mechanism, which provides 
immune privilege and prevents NK-cell-mediated 
cytotoxicity, is the intracellular localization 
within melanoma cells of the ligand that typically 
activates NKD2D receptors on NK-cells  [  44  ] . 
Metastatic melanoma cells also develop resis-
tance to inhibitory cytokines through the modifi -
cation of oncostatin M receptors  [  45,   46  ] . 
A melanoma cell may invade the circulation and 
survive even without clinical evidence of a pri-
mary tumor; not infrequently, a patient may have 
metastatic melanoma without a known cutaneous 
primary site  [  47,   48  ] . A recent case of lethal mel-
anoma in a patient with defective tumor angio-
genesis resulted from CTC proliferation and 
survival in the complete absence of large solid 
tumor masses (either primary or secondary) 
 [  49  ] . As ~15% of patients whose lymph nodes 
are negative for melanoma at the time of surgical 
intervention eventually develop metastatic dis-
ease  [  7,   50–  53  ] , it is clear that CTCs are a signifi -
cant prognostic factor.  

   Differential Gene Expression 
Profi les of CTCs 

 The question remains then, how do we differenti-
ate those cells that are able to survive in the circu-
lation and metastasize from those that cannot? 

Fundamentally, the genetic factors and mutations 
that prompt a melanoma cell to proliferate in situ 
must be different from those that permit a cell to 
proliferate and survive as a CTC, and these may 
be different again from events required to estab-
lish a secondary tumor. Analysis of the gene 
expression signature of CTCs relative to cells of 
respective primary and secondary solid tumors is 
likely to shed light on their phenotype, adaptabil-
ity and association with disease progression. 
Some support for this approach is provided by 
observations of differential gene expression pat-
terns in primary versus circulating cells from the 
same melanoma patient  [  15,   16  ] . 

 The evolution theory of cancer development 
depicts malignant progression as a series of 
changes in the genome of tumor cells through 
amplifi cation, translocation, or loss of heterozy-
gosity. These changes produce a subpopulation 
of cells capable of overcoming all barriers to suc-
cessful metastasis. Of note, different gene expres-
sion patterns have been observed within a subset 
of primary tumor cells that are predictive of met-
astatic potential  [  54  ] . A cancer cell could acquire 
the ability to disseminate at any time, even prior 
to overt tumor formation  [  51,   55  ] . For heteroge-
neous tumors, such as melanoma, an unstable, 
genetically-variant, invasive cell could intravasate 
and prevail in the circulating cell population, but 
not exist in great abundance in the primary tumor 
 [  14,   56  ] . Metastasis-promoting genes that pro-
vide an aggressive edge in survival during both 
intravasation and extravasation at the new meta-
static site may not be advantageous to the primary 
tumor, and too rare to infl uence its population-
averaged, gene expression profi le  [  14  ] . 

 In recent years, a number of researchers have 
demonstrated the existence of a subset of tumor-
initiating or melanoma stem cells within the pri-
mary tumor that possess two important features. 
Firstly, they are capable of asymmetric cell 
division, allowing both self-renewal to maintain 
the subset and differentiation into cancer progen-
itor cells. Secondly, they are inherently resistant 
to both chemotherapy and radiotherapy  [  57–  61  ] . 
These cells are believed to be responsible for 
relapse and metastasis by virtue of their ability to 
survive treatment and initiate new tumor forma-
tion. Rare cancer stem cells would therefore be 
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capable of effectively managing the metastatic 
process  [  62  ] . The few melanoma stem cells that 
escape the primary tumor and invade the circula-
tion would evade therapy due to their stem cell 
properties of slow turnover and chemotherapy 
resistance, and upon reaching their homing organ, 
act as a seed for metastasis formation  [  63  ] . 
Melanoma stem cells have been identifi ed in both 
primary tumors and cell lines. Recently identifi ed 
melanoma stem cell markers include JARID1B 
(jumonji, AT-rich interactive domain 1B)  [  64  ] , 
ABCB5 (ATP-binding cassette subfamily B 
(MDR/TAP) member 5), ABCG2 (ATP-binding 
cassette subfamily G member 2), and MDR1 
(multi-drug resistance 1)  [  58,   65–  71  ] . A recent 
study reported that melanoma cells in peripheral 
blood expressed stem cell-associated markers 
nestin and CD133  [  72  ] . Higher expression of 
nestin by CTCs might represent an index of poor 
prognosis  [  72  ] . Reports of disseminated tumor 
cells with stem cell-like phenotypes have been 
confi rmed in the bone marrow of patients with 
other cancers  [  73  ] .  

   Methods of Detecting CTCs 

 Since very few tumor cells survive in the circula-
tion, CTCs are expected to be present at relatively 
low concentrations; one tumor cell per 10 6 –10 7  
normal blood cells  [  63,   74  ]  or, on average, 60 cells 
in 7.5 mL of blood. When quantifi ed in 2,183 
blood samples from 964 metastatic carcinoma 
patients, CTC levels ranged from 0 to 23,618 CTCs 
per 7.5 mL of blood, with a mean of 60 ± 693 CTCs 
per 7.5 mL of blood  [  75  ] . Consequently, a tech-
nique that can accurately detect low levels of CTCs 
is required for accurate prognostic analysis. Over 
the past 40 years, several techniques have been 
developed, but few have withstood the scrutiny 
required to confi rm their reproducibility and sig-
nifi cance. To date, the most promising techniques 
include (1) indirect analysis of CTC gene expres-
sion in peripheral blood by quantitative reverse 
transcription- polymerase chain reaction (RT-PCR) 
 [  18,   53,   76–  78  ]  and (2) direct analysis using immu-
nomagnetic bead capture, microscopic cell label-
ing, fi ber-optic array scanning technology or 
photoacoustics  [  15,   16,   79–  81  ] . 

 Quantitative RT-PCR (qPCR) appears to be 
the most sensitive and extensively studied tech-
nique for circulating melanoma cell analysis 
 [  53,   76,   77,   82,   83  ] . Typically, assays are designed 
to detect expression of melanocyte-differentia-
tion genes, such as tyrosinase (TYR)  [  84,   85  ] . 
Since normal melanocytes are not thought to 
circulate in peripheral blood, detection of mel-
anocytic gene transcripts should correlate with 
identifi cation of CTCs  [  86,   87  ] . The sensitivity 
and specifi city of qPCR for circulating melanoma 
cells is increased by analysis of multiple markers 
 [  87  ] , including melan-A (MLANA), beta-1,4-N-
acetyl-galactosaminyl transferase 1 (B4GALNT1), 
silver homolog (SILV), melanoma cell adhesion 
molecule (MCAM), melanoma associated anti-
gen p97 (MFI2), melanoma antigen family A3 
(MAGEA3) and microphthalmia-associated tran-
scription factor 4 (MITF4)  [  76,   77,   88,   89  ] . 
Several studies, albeit with relatively few patients, 
have shown that melanoma CTCs detected by 
multimarker qPCR correlate to AJCC stage, sur-
vival and disease recurrence  [  18,   86,   90  ] . 
Additionally, serial monitoring of CTC levels 
by qPCR can be used to assess the effi cacy of 
therapy for metastatic melanoma  [  90,   91  ] . For 
example, a change in CTC positivity from 23% to 
11% of patients was noted 5 months after vaccine 
treatment  [  18,   76,   88  ] . 

 To date, there is no consensus on which mark-
ers are the most appropriate for analysis of mela-
noma CTCs. Results are often highly inconsistent 
and confounded by false-positive and false- 
negative results  [  92,   93  ] . For example, samples 
may be positive and negative, or even have sub-
stantially different gene expression levels, within 
the same day for an individual patient  [  94  ] . False-
positive results, indicated by the expression of 
melanocyte-specifi c markers in the blood of non-
cancer patients, often arise as a result of the cap-
ture of normal melanocytes during epidermal 
puncture for blood sample collection. Discarding 
the fi rst few millilitres of blood draw can allevi-
ate melanocyte cell contamination  [  18  ] . PCR 
product carry-over is a much more common 
cause of statistical inaccuracy. Nowadays, com-
mercial PCR mixtures often contain UDG 
(Uracil-DNA-glycosylase) to ensure destruction 
of contaminating PCR products  [  95  ] . In addition, 
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the preparation of PCR reactions in fl ow cabinets 
containing decontaminating ultraviolet (UV) 
light are considered mandatory. Furthermore, 
nucleic acids are fragile and susceptible to degra-
dation, if not stabilized and stored at −80°C 
immediately after isolation  [  92  ] . The use of PAX 
blood tubes has largely alleviated this problem, 
but often causes another compounding issues, 
including the unlikelihood of obtaining the same 
number of circulating cells for a patient at any 
given time point from the small amount of blood 
collected for analysis  [  87  ] . Standardization of 
sample quality can be achieved by concurrent 
analysis of “house-keeping genes”  [  96  ] , includ-
ing hydroxymethylbilane synthase (HMBS), 
beta-2-microglobulin (B2M) and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH). 

 Two recent meta-analyses highlight the incon-
sistencies obtained with RT-PCR testing  [  18,   82  ] . 
Tsao et al.  [  82  ]  analyzed RT-PCR detection of 
CTCs in 1,799 melanoma patients and reported 
an overall CTC positivity rate of 18% for stage I, 
28% for stage II, 30% for stage III, and 45% for 
stage IV disease. Similar numbers have been 
found in other studies  [  78,   97–  99  ] . In contrast, a 
meta-analysis by Mocellin et al.  [  18  ]  reported 
>80% positivity in patient peripheral blood 
regardless of clinical stage. While gene expres-
sion analysis remains extremely promising, strin-
gent technical measures must be routinely adopted 
before qPCR measures of patient CTC levels can 
be considered clinically relevant  [  100  ] . 

 Alternatively, detection of whole CTCs in 
peripheral blood is possible by a variety of tech-
niques. Automated digital microscopy and fi ber-
optic array scanning technology (FAST) rely on 
advanced optics to detect labeled CTCs, by locat-
ing immunofl uorescently labeled rare cells on 
glass substrates at scan rates 500 times faster than 
conventional automated digital microscopy. 
These high scan rates are achieved by collecting 
fl uorescent emissions using a fi ber bundle with a 
large (50 mm) fi eld of view  [  101  ] . FAST can 
detect rare epithelial cells with a sensitivity of 
98% and a specifi city of 99.99%, in a background 
of 25 million total cells in 2 min. During a scan, 
the locations of fl uorescent objects are recorded, 
enabling the relocation of CTCs for automated 

digital fl uorescent microscopy for additional 
viewing or analysis. 

 The selection of CTCs from a background of 
normal hematopoietic cells can also be achieved 
with the use of immunomagnetic beads  [  79  ] . This 
technology is used in the CellSearch system 
(Veridex LLC), which was recently approved by 
the USA FDA for breast cancer CTC detection. 
With this system, which employs a combination of 
immunomagnetic labeling and automated digital 
microscopy, CTCs are shown to be an independent 
prognostic indicator and a predictor of progres-
sion-free and overall survival  [  102  ] . To date, the 
CellSearch system applied to analysis of mela-
noma patient peripheral blood has only detected 
CTCs in those with stage IV disease  [  103  ] . 

 An immunomagnetic bead technology has 
been developed specifi cally for enrichment of 
tumor cells from peripheral blood, bone marrow, 
and lymphoid tissue of melanoma patients – 
the anti-Melanoma-Associated Chondroitin 
Sulphate Proteoglycan 4 (CSPG4) MicroBead 
kit. The CSPG4 antigen is expressed on mela-
noma cells, but not on carcinoma cells, 
mesenchymal cells, or cells of hematopoietic ori-
gin. The kit provides an FcR-blocking reagent to 
prevent nonspecifi c binding to Fc receptor- 
containing cells, including B-cells, monocytes 
and macrophages  [  80,   104  ] . With this kit, spiking 
of peripheral blood cells (PBCs) with melanoma 
cells showed that the bead-based detection assay 
can identify ~1 melanoma cell in 5 × 10 6  PBCs 
 [  104  ] . Moreover, using immunomagnetic beads 
to isolate CTCs, an association with prognosis 
was fi rmly established for melanoma  [  15  ] , as it 
has been for many other cancers  [  75  ] . 

 Recent advances in technology suggest that 
highly selective and sensitive detection of rare can-
cer cells may be possible using multi- wavelength 
photoacoustic imaging and molecular-specifi c gold 
nanoparticles  [  105,   106  ] . Gold nanoparticles tar-
geting epidermal growth factor receptor (EGFR) 
via antibody conjugation undergo molecular-spe-
cifi c aggregation when they bind to receptors on 
cancer cell surfaces, leading to a red shift in their 
plasmon resonance frequency  [  106  ] . 

 In summary, it seems likely that one or more 
of these highly sensitive techniques will allow the 
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problems and issues associated with detection of 
rare CTCs to be overcome and provide highly 
specifi c analysis of CTCs for clinical use. It 
remains for researchers to identify the most reli-
able, informative melanoma markers for use in 
conjunction with any of these methods of CTC 
analysis.  

   Melanoma Markers: Which to Use? 

 A plethora of studies have focused on identifi ca-
tion of markers with suffi cient specifi city to accu-
rately predict melanoma progression. Although 
many of these markers were initially identifi ed 
using primary tissue or melanoma cell lines, they 
have been employed in the multitude of CTC 
studies conducted thus far  [  86,   107–  109  ] . As 
mentioned above, melanocytic and melanoma 
cell markers commonly used for qPCR analysis 
of CTCs include SILV, MLANA, TYR, MAGEA3 
and MAGEA10  [  18,   53,   76,   77,   86,   110  ] , and, 
more recently, ABCB5  [  57,   58  ] . From high-
throughput analyses of melanoma, several key 
progression pathways have been identifi ed  [  109, 
  111–  114  ] , but remain to be tested and validated 
as informative for CTC analysis. Key amongst 
these pathways are: receptor tyrosine kinase 
(RTK) pathways (i.e., VEGFR, ERBB2, TGF-
betaR), the Ras/Raf/MEK/ERK pathway, the 
PI3K/Akt/PTEN/mTOR pathway, cell cycle reg-
ulation pathways (Rb/p53/p16INKA/p14ARF/
HDM2), epigenetic gene expression regulation 
(DNA methylation, histone modifi cations, 
microRNA expression), DNA repair pathways, 
apoptotic pathways (FAS, TRAILR, TNFR, 
Bcl-2 family), common apoptosis effectors, pro-
tein chaperoning, and degradation mediators 
(HSP, proteasome)  [  18,   115,   116  ] , and EMT 
(reviewed in  [  117  ] ). A thorough screening for 
these activated pathways in CTCs from patients 
with metastatic melanoma is required. This will 
establish their involvement in CTC survival, pro-
liferation, intravasation and extravasation. By 
detecting additional markers specifi c for 
melanoma stem cells and metastatic pathways, 
RT-PCR analyses might be signifi cantly 
enhanced, particularly when detecting CTCs 

from amelanotic tumors which have signifi cantly 
lower expression of melanocyte-differentiation 
genes  [  118  ] . 

 Due to the fact that the metastatic process 
requires dissemination of tumor stem cells and/or 
tumor cells showing EMT, it seems likely that 
such cells should be detectable amongst CTCs in 
cancer patients  [  119,   120  ] . The detection and 
characterization of CTCs with EMT and/or stem 
cell-like signatures may assist with earlier thera-
peutic intervention, selection of more targeted 
treatment strategies, and/or provide evidence of 
resistance to a given therapeutic intervention.  

   Other Serological Markers 
of Melanoma 

 Recent studies provide strong evidence that 
microRNA (miRNA) expression signatures in 
peripheral blood may be useful diagnostic 
biomarkers for melanoma  [  121,   122  ] . MiRNAs 
are endogenous, small (~22 nucleotide in length), 
noncoding RNAs that regulate gene transcription 
and translation. Using a microarray-based 
approach, 51 differentially regulated miRNAs, 
including 21 downregulated miRNAs and 30 
upregulated miRNAs, were identifi ed in the 
peripheral blood of melanoma patients as com-
pared with healthy controls  [  121  ] . A subset of 16 
signifi cantly deregulated miRNAs distinguished 
melanoma patients from healthy individuals with 
an accuracy of 97.4%  [  121  ] . In another study, cir-
culating levels of fi ve cancer-associated miRNAs 
(let-7a, miR-10b, miR-145, miR-155, and miR-
21) were deregulated in the presence of several 
cancers (including melanoma), with no specifi c 
one of these fi ve markers denoting a particular 
malignancy  [  122  ] . The usefulness of miRNA 
signatures as prognostic, predictive, or early 
detection biomarkers in melanoma patients 
requires further study. 

 Intact circulating tumor-related DNA has also 
been identifi ed in the peripheral blood of patients 
with melanoma  [  104,   123  ] . This can result from 
tumor cell turnover, physical disruption of tumor 
cells, and/or tumor necrosis or apoptosis. 
Its detection appears to have some clinical utility 
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as a marker of disease stage, therapeutic response 
and disease recurrence in melanoma patients  [  76, 
  124–  126  ] . However, DNA from non-malignant 
cells is also commonly found in peripheral blood, 
probably as a result of normal cellular apoptosis. 
Therefore, the challenge has been to fi nd DNA 
markers specifi c for melanoma cells, in order to 
distinguish between non-malignant and 
melanoma-related DNA. A number of studies 
have now identifi ed an association between 
detectable circulating microsatellite loss, methy-
lated DNA, mitochondrial DNA alterations, and 
mutant BRAF with disease stage and progres-
sion, response to therapy, and overall survival in 
melanoma patients  [  76,   124–  129  ] . Prospective 
studies, combining serial peripheral blood 
analyses with long-term clinical follow-up, are 
needed to fully evaluate the clinical utility of 
these assays.  

   Circulating Melanoma Cells 
as a Prognostic Measure: Précis 

 In summary, conventional prognostic measures 
and treatment regimens are based on clinical and 
histopathological staging, but would be more 
precise and dramatically improved by analyses 
that measure molecular and cellular markers/
pathways which play key roles in tumor progres-
sion. Such markers could include proteolytic 
enzymes, such as proteinases of the plasmin sys-
tem, serine proteinases, and matrix metallopro-
teinases (MMPs), which degrade the extracellular 
matrix (ECM). Analysis of superfi cial glycopro-
teins and factors responsible for cell adhesion 
(integrins) and intercellular communication (cad-
herins) could also be undertaken. Neoangiogenesis 
markers, including vascular endothelial growth 
factor (VEGF), endoglin (CD105, a transmem-
branous glycoprotein and component of the 
receptor for transforming growth factor beta 
[TGF-beta]), and neuropilin (NRP1, the co-
receptor for VEGF), may be included  [  22  ] . As 
previously described, markers of EMT transition 
and stem cell phenotype are also important. 

 Several reports also suggest that altered regu-
lation of melanocyte developmental pathways in 

melanoma cells is key to the acquisition of meta-
static potential  [  130–  135  ] . Indeed, melanoma 
metastases refl ect to some extent the migratory 
capacity of melanoblast developmental precur-
sors, the neural crest cells. Moreover, genes that 
are critical for melanocyte development have 
been recognized as important factors of mela-
noma growth; for example, MITF, DCT and 
SOX10 all function to maintain the stem or pro-
genitor cell population of melanoblasts during 
migration from the neural crest and promote mel-
anoblast survival in the hair follicle niche  [  86, 
  117,   136–  138  ] . These genes may be equally 
important in melanoma cell maintenance and 
migration. 

 From our own studies  [  139  ]  (Fig.  15.2 ) and 
other reports  [  6,   35–  38  ] , it is clear that positivity 
 per se  is not a prognostic indicator (i.e., it may be 
that observable gene expression does not arise 
from circulating melanoma cells or that not all cir-
culating melanoma cells establish successful tissue 
metastases). Of note, in uveal melanoma, measures 
of quantity and quality of CTCs, not presence, are 
required for prognosis  [  80  ] . Moreover, it requires 

  Fig. 15.2    A graphical representation of real-time quanti-
tative reverse transcription-polymerase chain reaction 
(qPCR) results indicating circulating melanoma cell posi-
tivity in patients with respect to clinical stage and tumor 
recurrence. Peripheral blood RNA was analyzed by qPCR, 
using a number of melanoma markers. Samples were col-
lected from 217 patients at the time of surgery and 6 
monthly over the following 3 years. Marker detection was 
found to signifi cantly correlate with disease recurrence 
only at advanced disease stages (p = 0.001) (From Ziman 
et al.  [  139  ] )       
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confi rmation whether increased marker levels 
equate to increased CTC numbers in more advanced 
tumors. A thorough investigation of circulating 
melanoma cells requires that these cells be isolated 
and quantifi ed, so as to assess the association of 
CTC numbers and phenotype with melanoma pro-
gression. Increased marker levels may arise from 
an altered phenotype rather than an increase in cell 
numbers. A more comprehensive set of experi-
ments using newly identifi ed markers is required to 
better understand the diagnostic and prognostic 
signifi cance of circulating melanoma cells  [  86, 
  91  ] . For example, improved isolation, character-
ization and quantifi cation of circulating melanoma 
cells will reduce the risk of false-positive results 
due to the detection of non-melanoma cells.  

 Serial evaluations for the presence of CTCs 
during the post-operative period or following 
adjuvant therapy are recommended rather than 
the performance of a single test, since the pro-
longed presence of CTCs is strongly associated 
with disease progression and poor outcome in 
melanoma patients  [  140  ] . Sequential assays to 
detect CTCs would also provide: (1) earlier evi-
dence of the effectiveness of therapy and (2) ear-
lier indication of disease recurrence. The detection 
of CTCs in peripheral blood both at baseline and 
during follow-up could be correlated with 
response to treatment, development of new meta-
static sites, time to progression and survival.  

   Conclusion 

 This chapter addresses one of the most perplex-
ing questions of biomedical science, namely how 
cells switch from a quiescent to a metastatic pro-
liferating phenotype. We hypothesize that the 
ability of circulating melanoma cells to become 
activated, proliferative and migratory depends on 
the expression of several key genes. An alterna-
tive hypothesis is that malignant cells disseminate 
from the primary tumor early in the disease course 
and remain in a clinically latent state until either 
the cells themselves or the host environment is 
receptive to the development of metastases. 

 Both Quintana et al.  [  141  ]  and Roesch et al. 
 [  64  ]  have shown that single human melanoma 

cells with no specifi cally identifi able gene 
signature can re-establish melanoma tumors when 
xenotransplanted into severely immunocompro-
mised mice. Therefore, it is of paramount impor-
tance that we identify pathways associated with 
metastasis of CTCs (i.e., those pathways that con-
fer metastatic properties on quiescent melanoma 
stem cells capable of evading human anti-tumor 
immune responses). Furthermore, it is necessary 
to identify whether CTC numbers, gene expres-
sion profi les, or a combination of both, are key 
factors in patient outcome. It also remains to be 
seen whether other serological biomarkers, such 
as microRNAs, tumor-related DNA and/or pro-
teins, provide more accurate measures of mela-
noma progression. A combination of biomarker 
types may yet prove to be more accurate than mea-
sures of CTCs alone. Future multi-institutional 
collaborations will likely identify serological bio-
markers that can be incorporated into the routine 
clinical management of melanoma patients.      
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     16    Molecular Markers of Lymph 
Node Disease in Melanoma       

     Sandro   Pasquali ,        Augustinus   P.  T.   van der   Ploeg,     
and    Simone   Mocellin                 

 The molecular profi ling of primary melanoma 
tumors and sentinel lymph node (SLN) specimens 
might improve patients’ stratifi cation according to 
their risk of disease progression, and thus the 
selection for surgical (e.g., radical lymph node dis-
section) and medical (e.g., interferon-alpha and 
molecular-targeted strategies) therapies. SLN sta-
tus represents the most important prognostic factor 
in early-stage melanoma patients. Approximately 
80% of patients undergoing sentinel lymph node 
biopsy (SLNB) will have negative results. 
Molecular profi ling of primary melanomas might 
add important predictive information to the cur-
rently used clinico-histopathological features for 
predicting SLN status. Herein, the role of lymph-
angiogenic biomarkers in identifying patients at 
high risk of harboring lymph node metastasis is 
discussed. Following lymphadenectomy for SLN 
disease, more than 80% of patients demonstrate 
negative non-SLNs. Micromorphometric evalua-
tion of SLN tumor burden shows meaningful 
results for predicting non-SLN status and progno-
sis. A number of studies have investigated the 
molecular characterization of SLNs using poly-

merase chain reaction (PCR). To date, however, 
results have been inconclusive, and further evalua-
tions are currently in progress. 

   Sentinel Lymph Node Biopsy (SNLB) 
in Melanoma: Current Standard 
and Open Issues 

 In the 1970s and 1980s, randomized controlled 
trials failed to demonstrate a positive impact on 
survival using elective lymph node dissection 
compared to radical lymph node dissection per-
formed in melanoma patients with clinically evi-
dent lymph node metastases  [  1,   2  ] . During this 
period, a new procedure, the sentinel lymph node 
(SLN) biopsy (SLNB), was developed by Donald 
Morton and Alistair Cochran at the John Wayne 
Cancer Institute  [  3  ] . This minimally invasive 
procedure for the initial treatment of early-stage 
melanoma patients has gained favor with surgical 
oncologists around the world, and has now been 
extended to other solid malignancies, including 
breast cancer  [  4  ] . 

 SLN status is the most important prognostic 
factor in patients with stage I–II melanoma and 
has been included in the TNM staging system 
since its 6th edition in 2001  [  5,   6  ] . SLNB is char-
acterized by a high negative predictive value 
(NPV) (i.e., when the SLN is negative, there is 
likelihood approaching 95% that the remaining 
lymph nodes in the regional basin are disease-
free). SLNB leads to early identifi cation and 
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removal of involved lymph nodes at a subclinical 
stage (i.e., microscopic disease), maximizing the 
likelihood of survival benefi t for patients receiv-
ing lymphadenectomy. 

 However, there are several controversies 
regarding the actual role of SLNB in the manage-
ment of patients with melanoma, particularly 
from the therapeutic point of view, but also with 
a view to selection criteria and technical aspects 
of the procedure. The predominant unanswered 
question on SLNB regards its impact on patient 
survival. Interim results from the only con-
ducted randomized controlled trial comparing 
SLNB and observation (Multicenter Selective 
Lymphadenectomy Trial-I, MSLT-I) reported that 
the procedure impacted disease-free survival, but 
not overall survival, in melanoma patients  [  7  ] . In 
this study, patients undergoing lymphadenectomy 
for SLN-positive disease showed a better progno-
sis compared to those who underwent delayed 
lymphadenectomy for clinically-evident disease 
that developed during follow-up. This survival 
benefi t is consistent with fi ndings from non-ran-
domized studies, and recent meta-analysis has 
confi rmed that the early removal of metastasis 
using SLNB and complete lymph node dissection 
(CLND) might provide patients with the best sur-
vival opportunity  [  8  ] . Further analysis of MSLT-I 
patients after longer follow-up, MSLT-II (a ran-
domized trial comparing CLND versus observa-
tion in patients with positive SLNs), and the 
MINITUB study (a prospective single-arm study 
within the EORTC Melanoma Group Network) 
will provide more evidence-based information. 
In addition to the possible survival benefi t, SLNB 
fails to identify metastases in approximately one 
of fi ve-to-ten patients with positive lymph nodes 
(i.e., the false-negative rate), with patients devel-
oping later lymph node recurrence  [  9–  18  ] . 

 Current indications for SLNB are based on 
staging parameters (mainly tumor thickness greater 
than 1 mm or other adverse prognosticators, such 
as the presence of ulceration and/or mitoses in the 
case of thin melanomas), and ~80% of patients 
will have a negative SLN  [  19  ] . Considering the 
lack of defi nitive evidence of a survival benefi t for 
melanoma patients discussed above, in addition to 
the low, but defi ned morbidity (~10%)  [  20  ] , and 
the cost to the health care system of SLNB  [  21  ] , 

SLN-negative patients might be considered as 
“over-treated”. With the aim of improving the 
selection of patients for SLNB, researchers have 
tried to assess the statistical association between 
clinico-histopathological variables and SLN status 
in an effort to stratify patients into a predictive 
model according to their different risks of harbor-
ing lymph node metastases  [  22,   23  ] . In addition, 
the introduction of molecular biomarkers of pri-
mary tumors seems to be a promising approach to 
improve the selection of patients for SLNB  [  24, 
  25  ] . In particular, lymphangiogenic markers, as 
identifi ed by immunohistochemistry (IHC), appear 
to be reliable and promising predictive and prog-
nostic factors and are advocated as more meaning-
ful than current histopathological parameters, such 
as tumor thickness  [  26,   27  ] . Unfortunately, puta-
tive biomarkers for SLN status prediction have not 
been widely implemented in the clinical setting to 
date. This is as a result of controversial fi ndings 
from studies conducted thus far  [  28  ] . 

 Another highly discussed topic is the manage-
ment of patients with positive SLNs  [  29  ] . Patients 
with SLN disease are eligible for CLND. 
Approximately one in fi ve patients shows addi-
tional non-SLN metastases in the CLND speci-
men. The optimal identifi cation of this group 
might spare the remaining ~80% of SLN-positive 
patients an unnecessary and morbid CLND  [  30, 
  31  ] . Many melanoma researchers and specialists 
around the world have tried to determine criteria 
which identify this latter group of patients who 
do not develop additional non-SLN metastases 
and have good prognostic outcomes  [  32–  37  ] . 
These criteria are based on a number of different 
factors regarding primary tumor characteristics 
and SLN tumor burden with similar or different 
cut-off values for the assessment of these micro-
morphometric parameters  [  29  ] . The conclusion 
of all these studies, despite different measure-
ments, methods and concepts, is that SLN tumor 
burden is of high predictive and prognostic value. 
However, although there is a high level of agree-
ment between pathologists in the evaluation of 
overall histopathologic stage, the signifi cant level 
of inter-observer discordance in histopathologic 
substaging suggests that accurate and reliable 
substage-based prognostic prediction might not 
be possible in all cases of melanoma  [  38  ] . 
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 Standard histopathological examination with 
light microscopic and IHC assessment still repre-
sents the gold standard for the diagnosis of SLN 
metastasis in patients with melanoma. The use of 
polymerase chain reaction (PCR) is a novel 
molecular approach, based on the hypothesis that 
the presence of melanoma deposits in the SLN 
can be identifi ed through the detection of mRNA 
for melanoma-specifi c markers  [  39–  41  ] . The 
PCR technique is performed using the following 
steps: mRNA isolation from SLN; complemen-
tary DNA (cDNA) synthesis by reverse transcrip-
tion; the gene of interest (i.e., tyrosinase, 
MART-1, MAGE-3) is amplifi ed by a primer in a 
polymerase-driven reaction; and fi nally, identifi -
cation of the PCR product. Using several targets, 
numerous studies have been performed and thou-
sands of patients have been enrolled; however, 
there is no consensus on the diagnostic and/or 
prognostic role of the PCR status of SLNs in 
patients with melanoma, and thus on the routine 
use of this molecular biology tool in the clinical 
setting  [  42–  46  ] . Results support, at least in part, 
the use of PCR to improve metastatic detection; 
however, available evidence is not suffi cient to 
conclude that PCR status is a prognostic indica-
tor reliable enough to be clinically implemented 
in the therapeutic decision-making process  [  47  ] . 

 In this chapter, the current standard for pre-
dicting SLN and non-SLN status is discussed. 
Primary melanoma biomarkers, and in particular 
molecules involved in lymphangiogenesis, are 
reported as promising descriptors for improving 
patients’ selection for SLNB. Finally, PCR analy-
sis of SLNs represents a tool to improve the 
detection of SLN metastasis and evaluate the 
potential prognostic implications of molecularly-
evident metastatic disease.  

   Prediction of SLN Status from 
Primary Melanoma Analysis 

   Pathological Parameters 

 Nowadays the indications for SLNB are based 
mainly on tumor thickness and TNM staging 
parameters. SLNB is considered when Breslow 
thickness is greater than 1 mm  [  19,   48  ] . Patients 

with melanoma thicknesses of less than 1 mm 
have a ~5% probability of having lymph node 
metastases  [  49  ] . While it is diffi cult to predict 
the behavior of these latter thin lesions, SLNB 
may be appropriate when other adverse histo-
pathologic prognostic features, such as ulcer-
ation, high Clark level and/or mitoses are present 
 [  19,   48  ] . 

 Using these selection criteria, most patients 
have negative SLNs after SLNB. With the aim of 
improving selection criteria, several studies have 
investigated the ability of different statistical meth-
ods (especially logistic regression) to  predict SLN 
status based on common clinico-histopathological 
features of the primary tumor  [  10,   15,   50–  55  ] . 
However, most of these studies simply addressed 
the issue of whether or not each variable is statisti-
cally associated with SLN status. Although this 
approach is useful in proving the concept, it does 
not answer the question of whether clinico-histo-
pathological variables have predictive power(s) of 
clinical signifi cance  [  22,   23,   52,   56  ] . 

 Nomograms, which are statistical models gen-
erally based on multivariate logistic regression 
analysis, allow for the study of simultaneously 
interacting variables, that are identifi ed as rele-
vant factors in defi ning the probability of an 
event; in this case, SLN status  [  57  ] . In this regard, 
investigators from Memorial Sloan-Kettering 
Cancer Center have developed ( n =  979) and val-
idated ( n =  3,108) a nomogram for improved risk 
estimation of SLN positivity, which might lead to 
the optimization of patient counseling and treat-
ment selection  [  23  ] . The accuracy of this nomo-
gram in predicting SLN status approached 70%, 
which is a superior result to the one obtained 
using the AJCC TNM staging system (6th edi-
tion) parameters (66%)  [  6,   23  ] . However, it must 
be noted that accuracy is a global measure of the 
performance of a diagnostic test that simply 
describes the proportion of correct predictions 
among all tested patients (positive and negative). 
This approach is predominantly oriented towards 
enhancing patient counseling (i.e., the risk of 
having a positive SLN). The nomogram is unable 
to provide any decisional “rule” that might help 
in the selection of newly diagnosed melanoma 
patients for SLNB. The NPV is the parameter 
that could better address this issue. In the case of 



212 S. Pasquali et al.

SLNB, NPV represents the proportion of patients 
who test negative and are truly negative on histo-
pathological examination. The use of a test with a 
high NPV, performed before SLNB, might safely 
identify patients with low risk of SLN metastasis 
who could avoid the procedure. “Safely” indi-
cates the test as having a low rate of false- negative 
prediction (i.e., patients predicted as negative by 
the test, but with a positive SLN). 

 In the light of these considerations and based 
on commonly available clinico-histopathological 
variables (patient age and sex, tumor thickness, 
Clark level of invasion, presence of regression 
and/or ulceration, mitotic index and histological 
subtype), different statistical models have been 
evaluated for their ability to improve the selec-
tion of patients for SLNB  [  22  ] . For instance, 
logistic regression achieved a NPV of 93.6%, 
resulting in a SLNB reduction rate of 27.5% and 
an overall error rate of 1.8%. Further steps are 
required to assess the suitability of predictive 
models in improving patient selection for SLNB. 
Of note, the accuracy and NPV of these models 
might prove to be meaningful when biomarkers 
are added, as reported for other cancers  [  58  ] .  

   Biomarkers: The Case 
of Lymphangiogenesis 

 In the last decade, several biomarkers of primary 
melanoma have been assessed for their ability to 
stratify melanoma patients according to their risk 
of SLN metastasis and melanoma death  [  59  ] . 
Promising biomarkers include those related to 
cell cycle regulation (p16 and Ki-67)  [  60  ] , inva-
siveness (such as osteopontin  [  61  ] , CCR10  [  62  ] , 
Tenascin-C  [  63  ] , nuclear receptor coactivator-3 
(NCOA3)  [  64,   65  ] , melanoma cell adhesion mol-
ecules (MCAM)  [  64  ] , metallothioneins  [  66,   67  ] , 
c-ski  [  68  ] , SnoN  [  68  ] , and RGS1  [  69  ] ), and lymph-
angiogenesis  [  26,   27,   70–  76  ] . 

 Since the development of monoclonal antibod-
ies for the detection of angiolymphatic vessels, 
the signifi cance of lymphangiogenesis in mela-
noma and other solid tumors has been studied 
 [  77  ] . The vascular endothelial growth factor 
(VEGF)-related gene family of angiogenic and 
lymphangiogenic growth factors comprises seven 

secreted glycoproteins, referred to as VEGF-A, 
VEGF-B, VEGF-C, VEGF-D, VEGF-E, and pla-
centa growth factor (PGF)-1 and -2  [  77  ] . VEGF-A 
(commonly referred to as VEGF) was the fi rst fac-
tor identifi ed, capable of coupling both VEGFR-1 
and -2 receptors and contributing to the neoangio-
genesis phenomenon  [  78  ] . VEGF-C and VEGF-D 
and their receptor VEGFR-3 are the most relevant 
factors for the lymphangiogenic process in cancer 
 [  77  ] . In cutaneous melanoma, lymphangiogenic 
biomarkers, particularly VEGF-C, VEGF-D and 
VEGFR-3 are over-expressed when compared to 
normal melanocytic nevi  [  79,   80  ] . Interestingly, 
these biomarkers are expressed in the early stages 
of melanoma progression, underlying the impor-
tant role of lymphangiogenesis in the fi rst steps of 
melanomagenesis  [  80  ] . 

 Using monoclonal antibodies, hundreds of 
melanoma samples have been evaluated to assess 
the relationship between lymphangiogenesis and 
lymph node status (Table  16.1 : LYVE-1, CD31 
and D2-40)  [  26,   27,   70–  72,   75,   76,   81–  87  ] . Several 
studies have suggested a signifi cant correlation 
between the presence of lymphangiogenic vessels 
in the primary tumor and lymph node status  [  26, 
  27,   70,   71,   83,   84,   87  ] . In two separate studies, 
Dadras et al.  [  26,   27  ]  reported that lymphangio-
genesis can be used as an accurate predictor of 
SLN status; the lymphatic vascular area of pri-
mary melanomas, an index of tumor lymphangio-
genesis, was found to be a highly sensitive (83%) 
and specifi c (89%) prognostic marker of SLN 
metastasis. The authors suggested that the evalua-
tion of primary tumor lymphangiogenesis status 
might be considered as an alternative to SLNB. 
However, as SLNB may have a potential thera-
peutic benefi t for melanoma patients, we think 
that lymphangiogenesis has to be considered as a 
predictive/prognostic marker and not a surrogate 
for this procedure. Emmett et al.  [  87  ]  reported 
that the Shields’ index (combined measurements 
of lymphatic density, Breslow thickness, and the 
presence or absence of lymphatic invasion) accu-
rately predicted outcome in 90% of patients with 
metastases and 84% without metastases. In these 
patients, the Shields’ index was noted to be more 
predictive than tumor thickness or lymphatic den-
sity. In another study of 45 melanoma patients, 
the identifi cation of high peritumorous and intra-
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tumorous lymphatic vessel density was found to 
be associated with SLN metastasis and reduced 
survival  [  71  ] . Interestingly, the intratumorous lym-
phatic vessel area was reported as the most signifi -
cant predictive factor for SLN disease  [  71  ] . 
Similarly, Niakosari et al.  [  83  ]  reported that lym-
phovascular invasion (absent or present) remained 
a signifi cant predictive factor for SLN status when 
adjusted for other predictive factors in a multivari-
ate model  [  83  ] . The detection of lymphangiogen-
esis biomarkers by PCR has demonstrated results 
that are comparable with those achieved by IHC 
 [  70  ] . However, two studies failed to identify any 
 signifi cant correlation between lymphangio-
genesis and lymph node status, either by count-
ing the absolute number of lymphatic vessels 
 [  72  ]  or the number of vessels per mm 2   [  81  ] . 
Interestingly, the latter study by Straume et al.  [  81  ]  
did not clearly state which procedure was imple-
mented for the assessment of lymph node involve-
ment. It is well established that SLNB can detect 
subclinical metastatic deposits. Therefore, the 
presence of lymphatic metastasis could have been 
underestimated in this study  [  81  ] , probably 
explaining the lack of a statistical association 
between the presence of lymphovascular invasion 
and lymph node status.  

 The results of studies that utilized the lymph-
angiogenic markers VEGF-C and VEGF-D and 
their receptor VEGFR-3 are controversial. A 
study of 130 patients which assessed the expres-
sion of VEGF-A and -C, as well as the three 
receptors VEGFR-1, -2 and -3, did not fi nd any 
relationship between lymphangiogenesis and 
SLN status (positive SLNB rate of 33%)  [  82  ] . 
Dadras et al.  [  26  ]  identifi ed VEGF-C, but not 
VEGF-D, as a signifi cant predictor of lymph node 
involvement. In another study, VEGF-C, VEGF-D 
and VEGFR-3 were found to signifi cantly predict 
lymph node status following IHC and PCR analy-
sis  [  70  ] . Boone et al.  [  84  ]  also reported a signifi -
cant association between lymph node metastasis 
and VEGF-C expression in the primary tumor. 

 In conclusion, lymphangiogenic markers 
appear to have some promise in stratifying 
patients according to their risk of harboring lym-
phatic disease. However, further work needs to 
be done before their routine assessment can enter 
the clinical setting.   

   SLN and Non-SLN Metastasis 

   Pathological Parameters 

 Protocols used for SLNB assessment vary world-
wide  [  88–  91  ] . Since the area close to the central 
meridian of the SLN is regarded as the most 
common site for melanoma metastasis, most 
authors recommend that the SLN be bi-valved 
through the longest dimension of the hilum. Each 
part of the SLN is then serially sectioned for 
review of hematoxylin-eosin (H&E) and IHC 
stained slides. Among the different protocols, 
there is a general lack of consensus concerning 
both the number and thickness of the tissue sec-
tions that should be evaluated. In this setting, 
S-100, HMB-45, Melan-A/MART-1 and/or tyro-
sinase are the most frequently used antibodies 
for IHC. Different protocols have resulted in 
metastatic detection rates ranging from 15–20% 
to ~34%  [  37,   88  ] . This is lower than that reported 
using reverse transcription (RT)-PCR methodol-
ogies (up to 38%); however, the detailed histo-
pathology work-up protocol proposed by Cook 
et al.  [  88  ]  was found to be virtually free of false-
positive results, as compared with RT-PCR, 
which was subject to a false-positive rate of 7% 
in their study. 

 The presence of metastatic disease in the SLN 
(~20% of patients undergoing SLNB) is an indi-
cation for follow-up CLND. Approximately 80% 
of these patients will not have non-SLN disease. 
Numerous studies have tried to identify those 
patients with good prognostic outcome and low 
risk of developing non-SLN metastasis who might 
avoid CLND and its potentially high morbidity 
 [  30  ] . Lymph node disease is the most important 
prognostic factor for patients with early-stage 
melanoma  [  7  ] . Therefore, tumor burden in the 
SLN has been evaluated as a possible risk stratifi -
cation factor in order to identify those patients 
who might benefi t from follow-up CLND. 
Important in this assessment would be the ability 
to address both predictive and prognostic data 
with appropriate statistical methodology; although, 
most studies provide results for one or the other 
outcome (Table  16.2 ). A number of markers of 
SLN tumor load have been studied, including: 
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   Table 16.2    Different parameters evaluated as predictive factors for non-sentinel lymph node (non-SLN) involvement   

 Parameters  Author, year  Parameter subgroup 
 Non-SLN 
positivity (%) 

 5-year overall 
survival (%) 

 Size as largest diameter 
of largest lesion 

 Ranieri 2002  [  92  ]    £ 3 mm  –  86 (3 year) 
 Carlson 2003  [  93  ]   Isolated tumor cells 

  £ 2 mm 
 – 
 – 

 86 (3 year) 
 90 (3 year) 

 Lee 2004  [  94  ]   <2 mm  16  – 
 Sabel 2005  [  95  ]   Micrometastasis  2  – 
 Pearlman 2006  [  96  ]    £ 2 mm  6  85 
 van Akkooi 2006  [  97  ]   <0.1 mm  0 a   100 
 Govindarajan 2007  [  98  ]    £ 0.2 mm  0  – 
 Debarbieux 2007  [  99  ]    £ 2 mm 

  £ 1 mm 
(smallest diameter) 

 18 a  
 13 
 12 

 ±80 
 – 
 87 

 Scheri 2007  [  100  ]    £ 0.2 mm  8 a   – 
 Roka 2008  [  101  ]    ³ 2 mm  16 a   – 
 Rossi 2008  [  33  ]    £ 2 mm  0 a   – 
 Satzger 2008  [  102  ]   <0.1 mm 

 <1 mm 
 9 a  

 11 a  
 – 
 – 

 Guggenheim 2008  [  103  ]   <2 mm  16 a   – 
 Gershenwald 2008  [  32  ]    £ 2 mm  5  – 

  £ 0.5 mm  8  – 
 van Akkooi 2008  [  35  ]    £ 2 mm  3  91 
 van der Ploeg 2009  [  36  ]   <0.1 mm  0 a   100 a  
 Glumac 2008  [  104  ]    £ 2 mm  0  – 

 Penetrative depth  Starz 2004  [  105  ]    £ 0.3 mm 
 0.3–1.0 mm 

 8 
 – 

 ±80 
 ±90 

 Scolyer 2004  [  34  ]    £ 2 mm  12 b   – 

 Fink 2005  [  106  ]    £ 1.0 mm  0 b   – 

 van Akkooi 2006  [  97  ]   0.3–1.0 mm 
  £ 1.5 mm 

 8 a  
 14 a  

 – 
 – 

 Debarbieux 2007  [  99  ]   <2 mm  –  ±80 
 Satzger 2007  [  102  ]    £ 0.3 mm  0 a   – 

 Rossi 2008  [  33  ]    £ 1 mm  6 a   – 

 Satzger 2008  [  107  ]    £ 2 mm  9 a   – 

 van der Ploeg 2009  [  108  ]    £ 0.3 mm  0  92 
 Location  Dewar 2004  [  109  ]   Subcapsular  0  – 

 van Akkooi 2006  [  97  ]   Combined  9 a   – 
 Govindarajan 2007  [  98  ]   Sinusoidal  0 a   – 
 Roka 2008  [  101  ]   Non-extensive  13  – 
 Rossi 2008  [  33  ]   Subcapsular  0 a   – 
 Gershenwald 2008  [  32  ]   Subcapsular  10  – 
 Frankel 2008  [  110  ]   Subcapsular  10 a   – 
 van Akkooi 2008  [  35  ]   Subcapsular  8 a   – 
 van der Ploeg 2009  [  36  ]   Subcapsular  3 a   83 

 Area  Cochran 2004  [  111  ]   <4%  3  – 
 Scolyer 2004  [  34  ]    £ 10 mm² 

  £ 10% 
 13 b  
 15 a  

 – 
 – 

 Vuylsteke 2005  [  112  ]   <0.03 mm²  0  – 
 Satzger 2008  [  102  ]    £ 10%  9  – 
 Frankel 2008  [  107  ]    £ 1%  9  – 
 Gershenwald 2008  [  32  ]    £ 10 mm²  10  – 

(continued)



216 S. Pasquali et al.

Table 16.2 (continued)

 Parameters  Author, year  Parameter subgroup 
 Non-SLN 
positivity (%) 

 5-year overall 
survival (%) 

 Combinations of different 
parameters 

 Reeves 2003  [  113  ]   SU score = 0 c   0  – 
 Vuylsteke 2005  [  110  ]   Group A d   0  94 
 Satzger 2007  [  102  ]   Score = 0 e   –  ±100 
 Satzger 2008  [  106  ]   Risk score = 0 f   5  100 
 Roka 2008  [  101  ]   SU score = 0 c   12  – 
 Gershenwald 2008  [  32  ]   Total score = 0 g   0  – 

   a Variable is not signifi cant for non-SLN positivity in multivariate analyses 
  b Multivariate analyses were not performed 
  c SU Score = Size/Ulceration Score; 1 point is given when largest diameter of metastasis is  ³ 2 mm and 1 point is given 
for the presence of ulceration 
  d Group A consists of patients with Breslow thickness <2.5 mm and a tumor area of <0.3 mm² 
  e Capsular invasion; tumor infi ltrative depth (<2 or  ³ 2 mm); size of largest tumor deposit (<30 cells or  ³ 30 cells) 
  f Risk score = 1 point for perinodal intralymphatic tumor, 1 point for relative tumor burden >10%, and 1 point for positiv-
ity by H&E staining 
  g Total Score = Sum of scores for tumor thickness (0 for tumor thickness  £ 2 mm and 1 for >2 mm), largest SLN meta-
static focus (0, 1, 2 or 3 for  £ 0.5 mm, >0.5 to  £ 2 mm, >2 to  £ 10 mm or >10 mm, respectively), and number of SLNs 
harvested (0, 1 or 2 for  ³ 3, 2, or 1, respectively)  

size as maximum diameter of the largest lesion; 
site of the tumor deposit; tumor penetrative depth; 
and, more recently, the percentage or square area 
of the tumor burden  [  7,   34,   35,   37,   105,   109,   111, 
  114  ] . Other parameters assessed include the num-
ber of positive SLNs, number of metastatic foci, 
extracapsular spread and capsular invasion  [  33, 
  111,   115  ] . Some studies have combined primary 
melanoma and SLN features into working models 
for prediction of survival and/or non-SLN status 
 [  32,   116  ] .  

 A number of authors have suggested that 
patients with low tumor burden in the SLN (i.e., 
a small amount of metastatic deposit) might be 
spared CLND. In this respect, some studies report 
minimal tumor burden as highly predictive for 
non-SLN negativity and good prognostic out-
come. For instance, van Akkooi et al.  [  35,   97  ]  
demonstrated that patients with SLN disease of 
less than 0.1 mm have an excellent prognosis 
comparable to SLN-negative cases and could 
probably be referred to as having “false-positive” 
disease. However, these results have not been 
confi rmed by other investigators, who suggest 

that these patients do not represent a subgroup 
with different biological behavior  [  100  ] . Other 
authors have suggested that a subcapsular local-
ization  [  109  ] ; a thin penetrative depth of invasion 
into the lymph node  [  23,   36,   108,   114  ] ; or models 
generated using several parameters  [  32  ]  might 
identify patients who will not benefi t from CLND. 
A recent study, that included seven pathologists 
who are experts in the melanoma fi eld, reported 
that there was excellent inter-observer agreement 
concerning: the maximal size of the largest 
deposit; estimated percentage area occupied by 
metastases; and tumor penetrative depth  [  117  ] . 
While there is no international agreement as to 
which parameter shows the best prognostic and 
predictive value and/or the best accuracy and 
reproducibility, on-going prospective studies 
(i.e., MINITUB and MSLT-II) may provide addi-
tional data. 

 Some authors have suggested that features of 
the primary tumor, such as Breslow thickness, 
are not predictive of non-SLN status  [  33,   34  ] . 
Instead, tumor migration to additional lymph 
nodes might be related to some biological 
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characteristics of the SLN metastasis (e.g., 
microanatomy of individual lymph nodes, expre-
ssion of adhesion molecules that promote malig-
nant cell homing within the SLN, and/or patient 
immune response). As described previously, 
some investigators have reported that biomark-
ers of lymphangiogenesis might have a greater 
predictive effi cacy than primary tumor staging 
features  [  26,   27  ] . Moreover, fi ndings from mel-
anoma and breast cancer studies suggest that 
tumor cells express chemokine receptors (e.g., 
CXCR4 and CCR7) which bind to cognate 
ligands (e.g., CXCL12 and CCL21) present on 
cells in lymph nodes, lung, liver, and bone mar-
row, promoting metastases to these sites  [  118, 
  119  ] . Moreover, the expression of these factors 
has been shown to correlate with patient prog-
nosis  [  118,   119  ] . Therefore, it would appear 
that the arrest of malignant cells in a given 
target organ or tissue hinges not only on pri-
mary tumor features, but also on the molecular 
characteristics of the microenvironment of the 
metastatic site.  

   Molecular Markers: The Case 
of Polymerase Chain Reaction 

 As stated previously, SLNB is associated with 
false-negative results in approximately one of 
fi ve-to-ten patients with lymph node metastasis. 
We have observed locoregional disease recur-
rence in about 10–20% of patients  [  9,   11,   12,   18  ] . 
Of course, the reliability of nodal staging depends 
on the accuracy of the procedure utilized for mel-
anoma cell identifi cation. Although the most 
appropriate protocol is still a matter of debate 
(e.g., SLN sampling, type/number of target anti-
gens), IHC has been shown to increase the detec-
tion rate of micrometastatic disease as compared 
to standard H&E staining  [  120  ] . 

 It has been suggested that the use of PCR 
could improve the detection of SLN metastases 
in patients with melanoma  [  16,   47  ] . Moreover, 
PCR analysis of SLNs could provide clinicians 
with a powerful tool with which to identify 
patients with very low tumor burden and allow 

for the stratifi cation of patients for medical and 
surgical therapies. However, despite this poten-
tial, the many studies conducted to date have pro-
vided confl icting results  [  42,   46  ] . Early studies 
with limited follow-up suggested that patients 
with histopathologically-negative SLNs could be 
stratifi ed into those at high or low risk for metas-
tasis on the basis of the PCR results (i.e., positive 
vs. negative)  [  42,   43  ] . However, a prospective 
randomized trial, designed to assess the role of 
SLNB, CLND and adjuvant therapy with inter-
feron-alpha in the treatment of patients with 
early-stage melanoma, failed to demonstrate a 
signifi cant prognostic difference between patients 
on the basis of SLN status following PCR analy-
sis  [  46  ] . 

 We performed a recent meta-analysis of the 
fi ndings from 22 studies, encompassing 4,019 
patients who underwent SLNB for clinical stage I 
or II cutaneous melanoma (Table  16.3 )  [  47  ] . 
Histopathological examination of SLNs consisted 
of H&E staining combined with IHC in virtually 
all studies. IHC protocols utilized antibodies spe-
cifi c for S-100 and gp100 (HMB-45), in addition 
to tyrosinase and MART-1/Melan-A (melanoma 
antigen recognized by T cells-1). With regard to 
molecular biology methods, a number of different 
PCR-based techniques (i.e., standard PCR, nested 
PCR and quantitative real-time PCR) were 
employed and directed to amplify genes coding 
for different melanoma-associated markers, 
including tyrosinase, MART-1, melanoma anti-
gen gene family (MAGE-3),  b -N-acetyl- 
galactosaminyl-transferase, TRP1, TRP2, and 
paired box homeotic gene transcription factor-3 
(PAX3). Histopathology-based and PCR-based 
positivity rates were 20.3% and 51.1%, respec-
tively  [  47  ] . Interestingly, among patients with 
histopathologically-positive SLNs, PCR was 
found to be negative in 49% of cases (PCR false-
negative rate); while among patients with histo-
pathologically-negative SLNs, PCR was reported 
as positive in 42.3% of cases (PCR false-positive 
rate). If melanoma patients with positive fi ndings 
for both histopathology and PCR were considered 
as true-positive results, and those non-melanoma 
patients negative for both histopathology and 
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PCR were considered as true-negative results, 
molecular analysis sensitivity, specifi city, accu-
racy, positive predictive value (PPV), and NPV 
were found to be 94.9%, 95.9%, 95.2%, 98.0%, 
and 89.9%, respectively  [  47  ] . Upon investigating 
the potential prognostic value of PCR status, both 
false-positive and true-negative results were iden-
tifi ed among melanoma patients who experienced 
disease recurrence. Under these conditions, 
molecular analysis sensitivity, specifi city, accu-
racy, PPV, and NPV were found to be 57.4%, 
61.1%, 60.6%, 16.8%, and 91.3%, respectively 
 [  47  ] . With regard to overall survival, meta-analy-
sis of pooled data showed a signifi cantly increased 
risk of death in patients with PCR positivity (haz-
ard ratio, HR: 5.08, 95% confi dence interval, CI: 
1.83–14.08; P = 0.002)  [  47  ] . Considering disease-
free survival, meta-analysis of pooled data indi-
cated a signifi cantly increased risk of disease 
progression in patients with PCR positivity (HR: 
3.41, CI: 1.86–6.24; P < 0.0001)  [  47  ] . These 
results support the hypothesis that PCR status 
may play a clinically useful prognostic role in 
patients with melanoma. In fact, most investiga-
tors have reported a signifi cant correlation 
between PCR status and patient survival, with 
many studies demonstrating the independent 
prognostic value of PCR on multivariate analysis. 
Most importantly, meta-analysis of pooled data 
has confi rmed that PCR status represents a sig-
nifi cant meta-risk for both overall and disease-
free survival  [  47  ] . These fi ndings could support 
the incorporation of SLN molecular ultrastaging 
into the TNM melanoma staging system. 
Nevertheless, caution is required. PCR appears 
better as a diagnostic (95.2% accuracy) rather 
than prognostic test (60.6% accuracy); although, 
it must be taken into consideration that these data 
come from pooled series in which the disease 
recurrence rate was 12.1% after a mean follow-up 
of 35.4 months, a time that may not be suffi cient 
to observe the expected disease recurrence rate 
(~30%, according to 10-year survival data from 
TNM stage I–IIIA patients)  [  47  ] . This fi nding is 
corroborated by the satisfactory NPV of PCR 
(91.3%); the only parameter potentially not 
affected by time (if a patient is destined not 
to recur, the length of follow-up will not change 

the classifi cation in that particular instance). 
The signifi cant heterogeneity found in this meta-
analysis for both overall and disease-free survival 
is likely to result from a number of differences 
that exist between the studies, including: PCR 
methods used (standard vs. nested vs. quantitative 
real-time); SLN sampling (bi-valved vs. alternate 
vs. paraffi n-embedded sections); type of tumor 
marker analyzed (up to eight different genes were 
utilized); number of tumor markers amplifi ed per 
study (from one to four); defi nition of risk [PCR 
positivity/negativity vs. number of positive mark-
ers vs. mRNA cut-off values (quantitative real-
time PCR)]; clinical end-points (correlation with 
disease stage or survival); and statistical analysis 
(univariate vs. multivariate survival analysis, dif-
ferent covariates investigated using multivariate 
analysis). Moreover, intra-study variability with 
regard to the enrollment of patients with different 
treatment regimens made it impossible to assess 
the potential impact of this important variable.  

 In addition, although the incidence of lymph 
node metastasis during the natural history of clin-
ical stage I and II melanoma patients is known to 
be up to 30%, the mean PCR positivity rate in 
this meta-analysis was noted to be 51.4%  [  47  ] . 
Technical limitations of PCR-based analysis 
(e.g., contamination or carryover events, amplifi -
cation of pseudogenes, illegitimate transcription) 
might underlie some false-positive results. In this 
regard, the use of quantitative real-time PCR 
methods has been advocated as a means to set 
cut-off values that distinguish illegitimate tran-
scription from marker expression by malignant 
cells. The MSLT-II trial is currently assessing the 
potential signifi cance of quantitative real-time 
PCR-based molecular ultrastaging of melanoma 
SLNs. In addition, PCR false-positivity may 
result from the use of gene markers that are not 
specifi c for melanoma, but also identify melano-
cytic nevus cells in SLNs  [  129  ] . Some investiga-
tors have observed that the risk of disease 
recurrence or death signifi cantly increases with 
the number of transcripts found to be expressed 
in the SLN  [  131  ] , suggesting that the low speci-
fi city of PCR (due to a relatively high false-posi-
tivity rate) might be counterbalanced through the 
use of a multimarker assay. 
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 Aside from these technical issues, it is impor-
tant to consider a biological hypothesis which 
suggests that the presence of melanoma cells in 
the SLN might be a reliable marker of cancer 
aggressiveness and dissemination [which corre-
lates with disease recurrence (any site) and patient 
survival], rather than a sign of lymph node colo-
nization (which correlates strictly with locore-
gional disease recurrence). In other words, as for 
the detection of melanoma cells circulating in the 
peripheral blood which appears to correlate with 
patient clinical outcome  [  141  ] , the presence of 
melanoma cells in the lymphatic system (and in 
particular, within the SLN) might refl ect the met-
astatic potential of the primary tumor, as dis-
cussed above with regard to lymphangiogenesis. 
If this concept holds true, the correlation between 
PCR status and survival (instead of lymph node 
metastasis rate) might be explained: of note, 
10-year survival data indicate that 5–60% of 
patients with clinical stage I–II melanoma will 
recur at any site  [  5,   142,   143  ] , underscoring the 
fact that a signifi cant proportion of patients can 
experience disease recurrence in the absence of 
regional lymph node metastasis  [  15  ] . This 
hypothesis has been supported by the results of 
two different studies  [  16,   140  ] , which show that 
patients experiencing regional lymph node recur-
rence after being reported as SLN-negative (i.e., 
false-negative SLNB) could be positive by PCR 
examination .  

 Whether the PCR status of the SLN is a poten-
tial marker for adjuvant treatment selection 
remains unclear. In a recent systematic analysis 
and meta-analysis, we reported that interferon-
alpha (IFN- a ) adjuvant treatment was associated 
with statistically signifi cant improvement in dis-
ease-free and overall survival in patients with 
high-risk cutaneous melanoma (i.e., radically 
resected TNM stages II–III disease)  [  144  ] . A 
search for predictive markers of drug response 
might identify those patients who would benefi t 
from this treatment. In this regard, several ran-
domized controlled trials have reported IFN- a  to 
be more effective in cases of low tumor burden 
 [  145–  147  ] . Of note, the Sunbelt Melanoma Trial is 
the only study that has addressed the role of IFN- a  
in patients with histopathologically-negative, but 

PCR-positive SLNs  [  148  ] . This subgroup of 
patients was randomized to receive observa-
tion only (180 patients), CLND (192 patients), 
or CLND and high dose IFN- a  (184 patients). 
No differences in either disease-free or overall 
survival were demonstrated among these cohorts 
 [  148  ] . 

 In conclusion, the role of PCR analysis in the 
assessment of SLN status and patient prognosis 
seems promising, but requires further investiga-
tion; as is being undertaken in the side study of 
the MSLT-II trials.   

   Final Remarks 

 The molecular characterization of primary mela-
nomas and SLNs represents an important step 
towards improved stratifi cation of patients 
according to their risk of tumor progression. 
Primary tumor biomarkers, such as those belong-
ing to the lymphangiogenic family, and PCR 
analysis of SLN metastases provide reliable 
information to improve upon the histopathologi-
cal parameters currently used in the evaluation of 
primary melanomas and SLNs, respectively. 
Further studies must be encouraged. These should 
incorporate large prospective tumor specimen 
collections to be analysed with standardized 
methodologies in order to assess the true role of 
these biomarkers in the management of mela-
noma patients.      
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 Melanoma is a signifi cant health problem 
worldwide. Available treatments can induce tran-
sient tumor regression in a small percentage of 
patients; however, these responses are not always 
associated with improved long-term survival. 
The mechanisms underlying therapeutic resis-
tance and tumor recurrence in melanoma are still 
elusive. Tumor escape as a result of cancer cell 
heterogeneity and genomic instability may 
explain the persistence of disease despite an 
apparent primary response to therapy. For a long 
time, the accumulation of random mutations was 
believed to be associated with progressive trans-
formation of normal cells into malignant cells, 
based on a classic “survival of the fi ttest” 
evolutionary model. Among other factors, these 
genetic alterations were also believed to be 
responsible for the acquisition of drug resistance 
during treatment. Recent progress in cancer 
research suggests that melanomas, as for other 
solid tumors, contain a subpopulation of cells 
which have unlimited self-renewal capability, 
based on their direct descent from an original 

founder cell and characterized by relatively stable 
genetic properties throughout disease evolution. 
This model also applies to the development of 
each individual metastasis and, as we will dis-
cuss, may be responsible for drug resistance and 
cancer recurrence. These cells with tumor- 
initiating ability are termed cancer stem cells 
(CSCs). However, with few exceptions, no uni-
versal CSC marker has been identifi ed. Different 
technologies and methods employed to identify 
biomarkers characterizing CSCs have produced 
inconsistent results, even in those instances when 
the same cancer type was being investigated. 
Therefore, there is a need to reevaluate the crite-
ria and models used to identify CSCs in order to 
advance this fi eld of research. This chapter pro-
vides an overview of the advances and challenges 
in melanoma stem cell (MSC) research. In addi-
tion, the clonal evolution and interconversion 
(cancer cell plasticity) models for tumorigenicity 
will be discussed. Current evidence suggests that 
all these models of cancer progression may be 
relevant to melanoma pathobiology. 

   Introduction 

 The incidence of melanoma has been increasing 
over the past several decades. In USA, the life-
time risk of melanoma in the year 2000 was esti-
mated at 1 in 75 individuals  [  1  ] . Patients with 
advanced disease have a poor prognosis, with a 
reported median survival ranging between 3 and 
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11 months. For these patients, immunotherapy 
[systemic high-dose interleukin (IL)-2 or inter-
feron (IFN)- a ], antigen-specifi c immunization 
and/or chemotherapy (dacarbazine or temozolo-
mide) show responses in only 5–20% of cases 
 [  2,   3  ] . Adoptive transfer of autologous tumor- 
infi ltrating lymphocytes following myeloabla-
tive/lymphodepleting regimens has been reported 
to induce objective tumor regression in ~60% of 
selected patients  [  4–  6  ] . However, in most cases, 
these responses do not result in overall survival 
benefi t, as the large majority of patients die with 
relapsing disease that is often resistant to further 
therapeutic intervention. It has been hypothesized 
that the stubborn recurrence of cancer, following 
a primary response to treatment, is likely due to 
the survival of a subset of tumor cells that display 
an intrinsic resistance to treatment-induced cell 
apoptosis  [  7,   8  ] . The existence of cancer stem 
cells (CSCs), which are characterized by a less 
differentiated state and lower immunogenicity 
(i.e., resistance to immune rejection)  [  9  ] , might 
explain cancer relapse and resistance to therapy 
 [  8,   10  ] . It is important to note that the term “can-
cer stem cells” is more of a functional defi nition, 
created to defi ne a subgroup of cancer cells which 
can self-renew, initiate tumors, and differentiate 
into a heterogeneous progeny that maintain some 
similarity to the original tissue from which they 
derived. Unlike normal stem cells, CSCs share 
the accumulated genomic instability that is 
responsible for tumor development and acquire 
additional genetic alterations required to promote 
malignant progression  [  11  ] . 

 The concept of CSCs and the hierarchical 
model of tumorigenesis have implications for our 
understanding of tumor biology and the develop-
ment of more effective anti-cancer treatments. 
However, different methods employing distinct 
putative biomarkers for the identifi cation of 
CSCs, particularly in melanoma, have yielded 
confl icting results. It is important to understand 
the criteria and models used for the identifi cation 
of CSCs in melanoma and the reasons for the 
variable results reported by different studies. The 
purpose of this chapter is to provide an overview 
of advances in melanoma stem cell (MSC) 
research and highlight unresolved issues. The 

potential relevance of MSCs to the initiation, 
progression, and response to treatment in mela-
noma will be discussed. The concepts of clonal 
evolution and interconversion as they relate to 
melanoma propagation will also be described.  

   Research on Cancer Stem 
Cells (CSCs) 

   Identifi cation of CSCs 

 As a refl ection of their genomic instability, can-
cer cells are both phenotypically and functionally 
heterogeneous. Individual clones with higher 
survival and proliferation potential eventually 
become dominant within a given tumor popula-
tion (clonal evolution model of cancer develop-
ment)  [  12  ] . In recent years, CSCs have been 
described in several human tumors, including 
melanoma. This term refers to a subset of tumor 
cells that have the ability to self-renew and gener-
ate diverse progenies with decreasing prolifera-
tive potential. Both CSCs and their progenies 
contribute to tumor heterogeneity and the differ-
ential responses seen with anti-cancer therapy. 

 With the availability of a broad range of 
differentiation markers for hematopoietic cells, 
CSCs were fi rst identifi ed in hematopoietic malig-
nant disease. Normal hematopoietic cell develop-
ment is organized according to a hierarchical 
model that is sustained by a small population of 
quiescent, multi-potential stem cells which are 
capable of self-renewal and differentiation into all 
cell types of the hematopoietic system. 
Hematopoietic cells can be characterized by a 
panel of markers that are distinctive for each cell 
type. Using an animal model of bone marrow 
radio-ablation, Goodell et al.  [  13  ]  observed that 
only CD34 + /CD38 −  cells could regenerate whole 
blood cells, providing a basis for more detailed 
phenotypic and functional characterization of 
hematopoietic stem cells (HSCs). This animal 
model also facilitated the identifi cation of CSCs in 
leukemia and other malignant hematopoietic dis-
eases. Lapidot et al.  [  14  ]  subsequently observed 
that a subset of human acute myeloid leukemia 
cells with a CD34 + /CD38 −  phenotype could  initiate 
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disease when engrafted in severe combined 
 immunodefi ciency (SCID) mice. Others investiga-
tors have confi rmed that engrafted CD34 + /CD38 − /
Lin −  cells could differentiate and reconstitute the 
heterogeneous phenotype that was observed in 
the original tumor  [  15  ] . Moreover, serial trans-
plantations have demonstrated that these cells pos-
sess self-renewal capacity. Such studies have 
provided evidence of the existence of cells with 
stem cell-like properties in leukemia. The pres-
ence of malignancy-initiating cells, termed leuke-
mia stem cells, was subsequently demonstrated in 
other malignant hematopoietic diseases  [  14–  19  ] . 

 The isolation of CSCs from the metastatic 
pleural effusions of a breast cancer patient by 
Al-Hajj et al.  [  16  ]  represented the fi rst 
demonstration of CSCs in a solid tumor. These 
investigators observed that CD44 + /CD24 − /ESA +  
cells, but not CD44 + /CD24 + /ESA +  cells, had 
tumor-initiating capacity in immunodefi cient 
mice, with regenerated tumors recapturing the 
phenotypic heterogeneity of the original tumor. 
Moreover, only CD44 + /CD24 − /ESA +  cells dem-
onstrated the potential for self-renewal following 
serial transplantation in immunodefi cient mice. 
This fi nding might explain why CSCs within 
breast cancers, although infrequently found 
among malignant cells, may be responsible for 
the initiation and maintenance of tumor masses. 
Subsequently, Hemmati et al.  [  20  ]  identifi ed 
brain tumor-derived progenitor cells. Neuron 
stem cells were successfully cultured  in vitro  
using specifi c culture media, growing and expand-
ing as undifferentiated neurospheres. With the 
same culture media, it was found that brain tumor 
cells could also grow as neurospheres. Of note, 
the enrichment of cancer cell neurospheres with 
CD133 +  cells resulted in a high potential for pro-
liferation  in vitro  and tumorigenicity in immuno-
defi cient mice. CD133 +  cells were also noted to 
produce both CD133 +  and CD133 −  cells, but only 
passed on the potential for tumorigenicity to 
their CD133 +  progeny  [  21  ] . CSCs have been 
subsequently identifi ed in variety of human 
tumors, including glioblastoma, medulloblas-
toma, squamous cell carcinoma, pancreatic can-
cer, colon cancer, lung cancer, liver cancer, and 
melanoma  [  22–  29  ] .  

   Methods for the Identifi cation of CSCs 

 Candidate CSCs are often isolated from fresh 
human tumor samples, where they appear to be 
more hierarchically structured and more pheno-
typically stable than under  in vitro  cell culture 
conditions. Surface markers are essential for can-
didate CSC isolation and are similar to those used 
to identify their normal counterparts. For exam-
ple, CD34 expression is shared by normal and 
malignant hematopoietic stem cells  [  30,   31  ] . 
CD133 is the most common biomarker employed 
for the isolation of normal adult stem cells and 
CSCs  [  32,   33  ] . CD133 +  cells have high prolifera-
tive capacity and are often observed to be in the 
G 

2
 /M phases of the cell cycle. Accordingly, fl uo-

rescence-activated cell sorting (FACS) is the most 
commonly employed enrichment method to dis-
tinguish CD133 +  from CD133 −  cells in CSC stud-
ies. Most biomarkers for adult stem cells or 
candidate CSCs in human tissues have not been 
conclusively validated. Therefore, other methods 
for CSC enrichment are often employed. These 
include the use of special culture media, which 
favor the growth of CSCs among other cancer 
cell types and prevent cellular differentiation and/
or apoptosis. 

 Flow cytometric analysis, based on the expres-
sion of ATP-binding cassette (ABC) transporters, 
has also been used for CSC isolation. This method 
identifi es a side population (SP), as fi rst observed 
by Goodell et al.  [  13  ] . Using the DNA dye Hoechst 
33342, two populations of hematopoietic cells 
can be identifi ed: one which is stained strongly by 
the dye and another with minimal staining. The 
latter is referred to as an SP. The SP is dependent 
upon the expression of ABC transporter family 
members, such as ABCG2. ABC transporters are 
transmembrane molecules which translocate a 
broad spectrum of molecules across the cell mem-
brane and participate in diverse cellular processes, 
including drug resistance and metabolism  [  34  ] . 
Stem cells express higher levels of the ABC trans-
porters than their differentiated counterparts. This 
may represent a mechanism by which CSCs are 
protected from the action of cytotoxic agents. 
This SP represents a fraction of the whole cancer 
cell population, but it is highly enriched with stem 
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cells. FACS-based identifi cation of CSCs as an 
SP is now widely employed as it does not require 
the use of specifi c biomarkers. Obviously, this is 
particularly useful in instances where a validated 
biomarker is unavailable, such as in MSC isola-
tion studies  [  35  ] . 

 The sphere cell formation assay (SCA) is 
another technique employed in many normal 
stem cell and CSC studies  [  36,   37  ] . Fang et al. 
 [  38  ]  reported that both fresh melanoma speci-
mens and melanoma cell lines could grow and 
propagate as non-adherent spherical aggregates. 
Unlike their counterparts cultured in RPMI 1640, 
multi-potential sphere melanoma cells can 
differentiate along multiple mesenchymal lin-
eages (i.e., adipogenic, chondrogenic and osteo-
genic), suggesting that these cells possess certain 
mesenchymal stem cell properties. Moreover, 
melanoma cells grown as spheres in culture could 
also form xenografts when injected into immuno-
defi cient mice, suggesting an MSC phenotype. 
However, as a caveat, non-sphere forming cells 
were not investigated for their potential ability to 
initiate xenografts in these experiments. 

 By demonstrating their self-renewal capaci-
ties, the cancer-initiating capability of isolated 
candidate CSCs can be confi rmed (i.e., functional 
validation). This is commonly performed by test-
ing their potential to initiate xenografts following 
serial transplantation in immunodefi cient mice. 
Limiting dilutions of transplanted cells are used 
to evaluate CSC frequency in a given tumor cell 
population. Theoretically, no xenografts should 
grow following the injection of any concentration 
of non-CSCs. However, technical limitations in 
the purifi cation of non-CSCs often do not allow 
for the isolation of a pure non-CSC population. 
Therefore, in the CSC model, only a high rate of 
xenograft initiation by CSCs compared to non-
CSCs in considered signifi cant.  

   Animal Models for the 
Identifi cation of CSCs 

 Since the molecular characteristics and unique 
biomarkers specifi c for CSCs are still in discov-
ery phases, the identifi cation of CSCs remains 

heavily dependent on functional assays  [  39  ] . To 
effectively exert their properties of self-renewal 
and generation of differentiated progeny, both 
normal stem cells and CSCs require a favorable 
local environment, commonly referred to as a 
“niche”. Niches are specifi c anatomical locations 
that provide a nurturing microenvironment for 
stem cell growth, by nourishing them, protecting 
them from apoptosis, and regulating the differen-
tiation of their progeny. Niches are comprised of 
fi broblasts, endothelial cells and extracellular 
matrix; with each type of stem cell possessing a 
distinct relationship with its own niche cell popu-
lation  [  40  ] . Stem cells, their progeny, and other 
components of the niche work together as a func-
tional unit. Stem cells either cannot function or 
function less effectively in the absence of a niche 
 [  41  ] . Although, niches have been well character-
ized in different model systems of normal stem 
cells, little is known about the microenvironmen-
tal requirements that are conducive to CSC niche 
development  [  42  ] . 

 Attempts to create a self-organizing niche in 
mice xenograft experiments, which could favor 
the establishment of CSC-initiated tumors, have 
been made through the co-infusion of potential 
“helper” cells  [  43  ] . An infusion of breast cancer 
cells together with human mesenchymal cells can 
greatly reduce the number of cells required to ini-
tiate tumors, suggesting that this co-injection may 
provide a tool to develop a “niche-like” environ-
ment in the mouse recipient. In fact, the cancer 
microenvironment is characterized by an intricate 
network of distinct supporting cells, including 
fi broblasts, endothelial cells, macrophages, mes-
enchymal stem cells, and their products, includ-
ing cytokines and their respective receptors. 
However, the tumor microenvironment, a putative 
CSC niche, remains different from a normal stem 
cell niche; the latter supporting a steady-state 
number of stem cells and their progeny. In normal 
tissues, the niche maintains an organized struc-
ture where the self-renewal capabilities of stem 
cells are highly regulated. In contrast, the cancer 
microenvironment has no capacity to regulate the 
growth, differen tiation and/or self-renewal capac-
ity of CSCs. It is hypothesized that tissue niches, 
which are responsible for normal stem cell growth 
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and behavior, could nurture early CSCs in primary 
tumors; while in metastatic lesions, migrating 
CSCs may be able to prime the target tissue and 
re-establish a surrogate niche that facilitates their 
growth and differentiation. Such a surrogate 
might not have the complete repertoire of factors 
which regulate the function of a normal stem 
cell niche. 

 In CSC validation models, immunodefi cient 
mice provide an environment that is conducive to 
their engraftment. This environment, however, 
cannot be equated to that of normal stem cell 
niches. Cancer cells with greater survival poten-
tial, proliferative capacity and autocrine growth 
factor production are likely to preferentially grow 
and form tumors in immunodefi cient mice. The 
frequency of xenograft tumor initiation depends 
not only on the intrinsic self-renewal capabilities 
of CSCs, but also on the anti-apoptotic status of 
cancer cells and their autocrine production 
of growth factors  [  44  ] . Tumor growth alone can-
not be used as surrogate proof that the implant 
contained populations of CSCs. Animal models 
may be used to test the functional properties of 
putative CSCs (i.e., their self-renewal and tumor-
initiation capacity), when injected under con-
trolled experimental conditions. However, they 
are not useful in the qualitative identifi cation of 
pure CSC populations.  

   Three Theories for the Phenotypic 
and Functional Heterogeneity 
of Tumor Cells 

 Tumor heterogeneity may be one reason for the 
differential responses to treatment and the sur-
vival of some, but not all, cancer cells following 
a given therapy  [  44–  46  ] . A number of models 
have been proposed to explain the phenotypic 
and functional heterogeneity that is found among 
the cells within a given malignant neoplasm, 
including melanoma. These include (1) the clonal 
evolution model; (2) CSC model; and (3) the 
concept of cancer cell plasticity, also known as 
interconversion  [  45  ] . 

 According to the clonal evolution model, 
tumor heterogeneity results from the continuous 

development of different clones as a function of 
cancer cell genomic instability  [  45,   46  ] . Clones 
with high potential for proliferation and survival 
are preferentially selected, and demonstrate 
enhanced growth and/or metastatic potential. 
While clonal populations are being established, 
the ancestral clone gradually disappears and the 
original genetics of the progenitor cell that 
initiated the cancer are lost. According to this 
theory, drug resistance is due to the stochastic 
development of a clonal population bearing 
genetic and/or epigenetic aberrations. Therefore, 
evolution theory-based strategies to prevent 
cancer recurrence focus on the discovery of a 
putative drug resistance gene or an epigenetic 
alteration that could be targeted, and assume its 
presence in all cancer cells. 

 According to the CSC theory, cancer cells are 
hierarchically organized, with CSCs sitting at the 
top. In contrast to the clonal evolution model, 
CSCs have a relatively stable genome; thereby, 
maintaining more faithfully the genetic makeup 
of the ancestral founder cell. At the same time, 
drug resistance is an intrinsic property of these 
cells that is related to their functional status and 
not a result of selection during a specifi c therapy. 
Based on the CSC theory, drug resistance should 
be considered at the outset of any therapy, if 
tumor eradication is to be achieved. According to 
this model, heterogeneity in the cancer cell popu-
lation is dependent predominantly on differenti-
ation of the CSC progeny and is somewhat 
irrelevant to resistance development, since these 
diverse cancer cells have limited self-renewal 
capacity and their long-term survival and colony 
formation is unlikely. This is a relatively well-
recognized phenomenon  in vitro , where individ-
ual cell cultures at a given time are less genetically 
similar compared with cultures of the same cell 
lines after multiple passages  [  47  ] . 

 Cancer cell plasticity or interconversion 
describes the ability of cancer cells to “switch” 
between different phenotypic states that may be 
associated with more or less aggressive behaviors 
and differential responses to treatment  [  45  ] . The 
development of a population of cancer cells with 
limited self-renewal capability is conceptualized 
by a stepwise progression from CSCs, to 
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transit-amplifying (TA) cells, to differentiated 
cancer cells. These three-cell stages are similar at 
the genomic level, but differ in their transcrip-
tional and translational profi les  [  48  ] . In addition, 
these stages may have different sensitivities to 
drug treatment, and cooperate within their niche 
to survive cytotoxic agents. 

 As described by Shackleton et al.  [  45  ] , it is 
likely that these three proposed models of tumor 
cell heterogeneity are not mutually exclusive. An 
individual cancer, including melanoma, may 
employ one or more of them, either simultane-
ously or at different times, during its evolution 
and progression. For example, if differentiated 
cancer cells and/or TA cells are eliminated by an 
anticancer agent, the CSCs can regenerate new 
cells. As discussed in a later section, should CSCs 
be destroyed, TA cells might dedifferentiate to 
regenerate them. Importantly, CSCs are believed 
to be more resistant to chemotherapeutic agents, 
as they are more frequently found in the G 

0
  phase 

of the cell cycle and display constitutively acti-
vated drug resistance mechanisms  [  49  ] .   

   Melanoma Stem Cells (MSCs) 

   The Development of Melanoma 

 Stem cells of melanocytic lineage are derived from 
the neural crest and migrate to the hair follicle or 
the basal layer of the epidermis during embryonic 
development. At these sites, they remain in a qui-
escent state or asymmetrically divide when 
required; with one remaining as a steady-state 
stem cell, while the other becomes a TA cell which 
proliferates and eventually produces a progeny of 
differentiated melanocytes. TA melanocytes fur-
ther differentiate into pigmented melanocytes, 
which are interspersed among basilar keratino-
cytes in the epidermis at a ratio of approximately 
1:35, forming “epidermal-melanin units”  [  50  ] . TA 
melanocytes maintain a partial self-renewal capa-
bility, and can return to a quiescent state in the hair 
bulge area if the original stem cells are absent. 
Although they have similar properties, TA cells 
are different from the originating stem cells  [  51  ] . 
In fact, in contrast to TA cells, melanocyte stem 

cells globally suppress transcription, including 
that of “melanocyte- specifi c” genes, such as 
MLANA and SILV, but express embryonic stem 
cells markers, such as NESTIN, SLUG, SNAIL, 
TWIST, SOX9, BMP4, NANOG, and OCT4, 
which are less consistently expressed by TA cells 
 [  50,   52,   53  ] . Furthermore, under appropriate con-
ditions, melanocyte stem cells are capable of dif-
ferentiating not only into melanocytes, but also 
into neuronal and smooth muscle cells, demon-
strating their potential plasticity. 

 Cancer arises as result of the accumulation of 
genetic and/or epigenetic alterations. Importantly, 
mutations of critical growth regulatory genes 
contribute to tumor initiation and progression 
 [  54,   55  ] . Ras/Raf/MEK/ERK signaling is one of 
the most critical signaling pathways for mela-
noma proliferation, with hyper-activation of ERK 
identifi ed in up to 90% of melanomas. BRAF 
mutations are found in 50–70% of melanomas 
and drive ERK signaling activation. Besides this 
common initiation mechanism, the transforming 
cell needs to accumulate additional genetic and/
or epigenetic changes in order to develop its full 
malignant potential, with this process taking 
years or even decades to occur. There are two 
models that have been proposed to explain how 
transformed cells retain their genetic code, while 
at the same time sequentially accumulating fur-
ther genetic mutations that could be relevant or 
irrelevant to their survival: (1) one model describes 
the long-term survival of the founder(s) cell, and 
(2) the other suggests the continuous passage of 
genetic alterations through serial cell divisions 
that proceed vertically, generation by generation. 
Because of their intrinsic long-term survival in 
the host and ability to generate a progeny, adult 
melanocyte stem cells and TA melanocytes are 
the critical target cells for melanoma develop-
ment, since mature differentiated melanocytes 
are the least likely to survive long enough to 
accumulate the required repertoire of genetic 
alterations for fully fl edged malignant transfor-
mation  [  56  ] . Mutated melanocyte stem cells 
transform into MSCs and pass their self-renewal 
capacity on to them  [  56  ] . 

 CSCs derived from normal stem cells would 
be expected to bear markers similar to those 
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borne by the latter, whereas CSCs derived from 
differentiated cells might express differentiation-
related markers. In fact, CSCs identifi ed in differ-
ent types of cancers have been found to share 
several phenotypic characteristics with their nor-
mal counterparts  [  57  ] . For example, mouse leu-
kemias (induced by the fusion gene products 
MLL-AF9 and MOA-TIR2) are reported to con-
tain leukemogenic cells with a phenotype closer 
to differentiated hematopoietic cells than HSCs 
 [  58  ] . However, this may not always be the case. 
In mouse models, mammary CSCs display lower 
expression of CD29 compared to normal mouse 
mammary stem cells  [  59  ] . As we will see later, 
the situation in the case of melanoma remains 
unclear. 

 It has been suggested that a reversal of genetic 
and/or epigenetic alterations could allow termi-
nally differentiated cells to dedifferentiate back 
into stem cells. For instance, quail embryo mel-
anocytic cells can dedifferentiate into multi-
potential stem cells  [  60  ] . Furthermore, it is 
possible to transform cultured differentiated nor-
mal melanocytes into MSCs through the intro-
duction of oncogenes  [  61,   62  ] . However, the 
question remains whether these populations of 
differentiated melanocytes contained a small per-
centage of normal melanocytic stem cells or TA 
cells that could account for their plasticity. 
Clarifi cation of this point is diffi cult because the 
cancer genome may be characterized by sporadic 
alterations which do not necessarily contribute 
to malignant transformation, but are rather due to 
the stochastic accumulation of mutations related 
to genomic instability. These “irrelevant” genetic 
patterns confound our understanding of tumor 
progression according to the CSC hypothesis, as 
it is diffi cult to distinguish variable phenotypes 
derived from random genetic alteration from 
unidirectional progression. Genomic analysis of 
metachronous melanoma metastases from a sin-
gle patient, who underwent repeated treatments 
and experienced several recurrences over a 
decade, demonstrated that all metastatic lesions 
shared a core genetic pattern derived from the 
original progenitor cell, in addition to unique 
genetic alterations which appeared and disap-
peared over time without following a sequential 

pattern  [  63,   64  ] . Thus, only a small proportion of 
the molecular and cellular make-up of any cancer 
is likely due to alterations that promote its malig-
nant behavior. However, these specifi c “driver” 
mutations may be diffi cult to identify unless the 
long-term progression of the disease can be fol-
lowed, as was possible in this rare case  [  63,   64  ] . 

 It may be that the driving genetics of cancer 
are regulated by key transcription factors which 
control the pluripotent state  [  65,   66  ] . Mouse and 
human somatic cells can be reprogrammed to a 
pluripotent-like state by ectopic expression of a 
variety of proteins, such as OCT4, SOX2, KLF4, 
c-MYC, NANOG and LIN28  [  67–  72  ] . However, 
successful reprogramming could include the 
sequential accumulation of epigenetic alterations 
that are acquired during culture and are similar to 
those arising during normal stem cell develop-
ment. Though genetic and epigenetic changes are 
essential to the development of melanoma, a dis-
tinction between pure normal stem cells, CSCs 
and differentiated cells with pluripotent-like phe-
notypes may be diffi cult, as all these cells overlap 
within a continuum of molecular alterations of 
hierarchically decreasing relevance.  

   MSC Markers and Limitations 

 In many cases, CSC marker profi les are similar to 
those of their normal stem cell counterparts. For 
example, both human mammary stem cells and 
mammary CSCs lack CD24 expression  [  16,   57, 
  73  ] . Similarly, human acute myeloid leukemia 
stem cells and normal HSCs are enriched in the 
CD34 + /CD38 −  fraction of the bone marrow  [  14  ] . 
Markers of normal melanocyte stem cells have not 
yet been identifi ed. Therefore, putative markers 
for MSCs have been deduced, based on our knowl-
edge of prevalent stem cell markers and common 
methods used for identifying CSCs in other can-
cer systems. As we will discuss later in this chap-
ter, the adoption of neuronal crest markers points 
to CD271 (neural crest nerve growth factor recep-
tor) as a useful MSC marker  [  74  ] . 

 The SCA assay used by Fang et al.  [  38  ]  
demon strated that melanoma spheres are 
negative for embryonic, endothelial, neural and 
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hematopoietic stem cells markers, such as SSEA-3, 
TRA-1-80, TRA-1-60, vWF, CD31, CD34, 
VEGFR2, GAP-43, CD56/NCAM, CD3, CD4, 
CD8, and CD45; but positive for melanoma- 
associated markers, including MCAM, SOX10 
and MITF. This study also found that melanoma 
spheres are enriched with CD20 +  cells  [  38  ] . CD20 
is present in ~20% of human melanoma speci-
mens and it is possible that this marker identifi es 
a subpopulation of melanoma-initiating cells. Na 
et al.  [  75  ]  reported that melanoma sphere cells 
from WM-266-4 (a highly metastatic melanoma 
cell line) express stem cell markers, such as 
ABCG2, BMI1, WNT5A, CD133, NESTIN, 
SCF, PROX1 and VEGFR3. However, the authors 
were unable to demonstrate differential tumori-
genicity between WM-266-4 sphere cells and 
their non-sphere counterparts, since this cell line 
is characterized by high intrinsic tumorigenicity.  

   MSCs Identifi ed According 
to Tumorigenic Potential 

 As a result of insuffi cient validated MSC mark-
ers, the distinction of MSCs from non-MSCs 
relies on their tumor-initiation capability. 
Monzani et al.  [  76  ]  demonstrated that distinct 
subsets of CD133 +  cells (0.2–0.8% of the overall 
melanoma cell population) existed in seven 
human melanoma specimens. Following injec-
tion of a nonobese diabetic (NOD)-SCID mouse 
with 1 × 10 5  CD133 +  melanoma cells on one side 
and the same number of CD133 −  melanoma cells 
on the other, the authors determined that tumor 
growth only occurred in the former. Monzani 
et al.  [  76  ]  also reported that the WM115 mela-
noma cell line, which shows 100% positivity for 
CD133 + , possesses many stem cell-like proper-
ties, including the expression of neurogenic 
markers and an ability to differentiate into vari-
ous mesenchymal lineages. Moreover, WM155 
cells can grow as spheres in serum-free media. 
More importantly, when injected into immunode-
fi cient mice, they form tumors that include a 
progeny of differentiated CD133 −  cells  [  76  ] . 
CD133 is a commonly used marker of normal 
stem cells and CSCs, including MSCs  [  77  ] . It has 
been reported that CD133 +  melanoma cells not 

only have enhanced tumorigenic potential in 
mice, but also express higher levels of angiogenic 
and lymphangiogenic genes, promoting mela-
noma initiation and metastasis  [  77  ] . Klein et al. 
 [  78  ]  observed that CD133 +  melanoma cells show 
over-expression of both CD166 and NESTIN 
compared with melanocytic nevus cells. 

 MDR1, a multi-drug resistance gene and mem-
ber of the ABC transporter family, has been reported 
to be enriched in melanoma sphere cells, represent-
ing 1.3–9.7% of the entire cellular population  [  79  ] . 
These multi-drug resistance gene-expressing cells 
show co-expression of a number of stem cell mark-
ers, such as ABCB5, NANOG and hTERT, but 
interestingly are negative for CD133. The expres-
sion of multi-drug resistance-associated genes may 
have signifi cant implications regarding the respon-
siveness of MSCs to therapy  [  8  ] . 

 Schatton et al.  [  25  ]  suggested that ABCB5 (an 
ABC transporter that mediates resistance to 
doxorubicin) is an MSC marker and demonstrated 
that its expression correlated with clinical progres-
sion in melanoma patients. This marker is reported 
to be expressed by 1.6–20.4% of cells in mela-
noma specimens. Isolated ABCB5 +  or ABCB5 −  
melanoma cells display signifi cantly different 
levels of tumorigenicity, with cells bearing this 
marker found to be more effective in initiating 
tumors in immunodefi cient mice  [  25  ] . Of note, 
14/23 mice formed tumors when ABCB5 +  cells 
were injected compared with only 1/23 mice in the 
ABCB5 −  group  [  25  ] . In addition, the tumorigenic 
competence of ABCB5 +  cells could be inhibited 
by the use of anti-ABCB5 antibodies  [  25  ] . 
ABCB5 +  cell-derived xenografts re-established 
tumor heterogeneity (i.e., both ABCB5 +  and 
ABCB5 −  progenies developed). By light micros-
copy, ABCB5-positivity correlated with non-
pigmented, undifferentiated regions of human 
tumor samples, whereas pigmentation was more 
frequent in areas of ABCB5-negativity. ABCB5 +  
cells also co-expressed other melanoma progression-
related markers, such as TIE1, CD144, CD133 
and BMPR1. While ABCB5 may represent an 
essential component of the MSC repertoire, purifi ed 
ABCB5 +  cell populations do not invariably lead to 
tumor formation in animal models, suggesting that 
not every ABCB5 +  cell represents an MSC or has 
tumor-initiation capability. Other factors may be 
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necessary to achieve the complete stem cell 
phenotype. 

 ABCG2, another member of the ABC trans-
porter family, has also been found to be expressed 
by a subpopulation (~4%) of melanoma cells 
with CD133-positivity  [  76  ] . However, any puta-
tive role for ABCG2 in the self-renewal capacity 
of MSCs remains to be investigated. 

 In one important study, Quintana et al.  [  80  ]  
were able to improve the conditions that favor 
engraftment, and thereby signifi cantly reduce the 
number of cells required for xenograft initiation. 
Using a highly immune-compromised NOD/SCID 
IL-2R g  −/−  mouse model, these investigators dem-
onstrated that melanoma cells co-injected with 
matrigel grow faster than when injected alone. 
Moreover, a substantial difference in tumorigenic-
ity was not observed between cells bearing stem 
cell markers (i.e., CD133, CD166, CD20, and 
ABCB5) and those that did not. In fact, a marker 
characteristic of melanoma- initiating ability was 
not identifi able. This study demonstrated that the 
number of cells required to propagate melanoma 
is determined to a large extent by the environment 
in which cells are placed, and not the frequency of 
CSCs  [  80  ] . In fact, in this and a subsequent study, 
Quintana et al.  [  80,   81  ]  demonstrated that up to 
one quarter of cells obtained directly from human 
primary cutaneous or metastatic melanoma sam-
ples are capable of forming tumors following 
injection into immunodefi cient mice. The authors 
were unable to fi nd any large subpopulation of 
melanoma cells that lacked tumorigenic potential 
 [  81  ] . Moreover, results suggested that any single 
cell within a melanoma population can form a 
xenograft and, therefore, tumorigenic cells might 
be more common in melanoma than previously 
believed. In this regard, unlimited proliferation is 
an intrinsic property of all cancer cells and each 
cell maintains similar growth kinetics under favor-
able environmental conditions. Importantly, this 
study questioned some of the methods previously 
used to study CSCs/MSCs and suggested that the 
characterization of self-renewal properties may be 
biased through the provision of an environment 
which is not representative of natural conditions in 
human subjects  [  80  ] . 

 Recently, Boiko et al.  [  74  ]  reported that MSCs 
could be isolated prospectively according to their 

expression of the neural crest nerve growth factor 
receptor CD271. In this study, both CD271 +  
and CD271 −  melanoma cells were re-suspended in 
a matrigel and implanted into T-, B- and 
NK-defi cient Rag2 −/−   g c −/−  mice. CD271 +  subsets 
formed xenografts at 90% of injected sites and 
were considered MSCs. At the same time, CD271 −  
subsets did not develop tumors. Interestingly, 
CD271 +  melanoma cells lacked expression of 
TYR, MART-1 and MAGE (known melanocyte 
differentiation markers). This may help to explain 
why T-cell therapies directed against these anti-
gens result in only temporary tumor shrinkage. To 
date, this is the most convincing characterization 
of MSCs and may have some application in the 
future analysis of subcategories of melanoma and 
their responsiveness to treatment. However, in 
their recent study, Quintana et al.  [  81  ]  determined 
that both CD271 −  and CD271 +  melanoma cells, 
both CD133 −  and CD133 +  melanoma cells, and 
both ABCB5 −  and ABCB5 +  melanoma cells can 
form tumors in NOD/SCID IL2R g  −/−  mice. In addi-
tion, CD133 appeared to be reversibly expressed 
by tumorigenic melanoma cells and could not be 
used to differentiate cells at different levels of hier-
archy  [  81  ] . The confl icting results from the studies 
by Boiko et al.  [  74  ]  and Quintana et al.  [  81  ]  may 
be due to different assay conditions employed.  

   Plasticity of MSCs 

 The variable MSC frequency reported in many 
studies might be accounted for by their 
plasticity (i.e., phenotype switching potential) 
under different conditions. Highly aggressive 
melanoma cells have molecular signatures that are 
reminiscent of pluripotent stem cells  [  82,   83  ] . The 
concept of interconversion between tumorigenic 
and non-tumorigenic cells was recently proposed 
(i.e., a cell which is non-tumorigenic in one con-
text could become tumorigenic in another)  [  84  ] . 
The majority of melanoma cells might be in a 
state of TA and share some degree of self-renewal 
potential, but could be easily dedifferentiated back 
to an MSC state under favorable environmental 
conditions  [  51  ] . Using different melanoma mouse 
models, Held et al.  [  85  ]  identifi ed three subsets 
of melanoma cells that could be segregated by 
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surface marker expression and function: a CD34 + /
p75 −  subset acted as stem cells, a CD34 − /p75 −  sub-
set as TA (“intermediate”) cells, and a CD34 − /
p75 +  subset representing differentiated cells. 
Tumor formation occurred at high rates when 
CD34 + /p75 −  melanoma cells were injected, while 
intermediate and low rates of growth were 
observed when CD34 − /p75 −  or CD34 − /p75 +  cells 
were injected, respectively  [  85  ] . Similar to the 
studies by Quintana et al.  [  80,   81  ] , these fi ndings 
suggest that tumorigenic melanoma cells may be 
more common than previously believed and sup-
port the existence of multiple distinct populations 
of melanoma- propagating cells within a single 
tumor. Interestingly, individual CD34 − /p75 −  cells 
could regenerate cellular heterogeneity after tumor 
formation in mice, whereas CD34 + /p75 −  cells 
underwent self-renewal only  [  85  ] . 

 The plasticity and TA dedifferentiation of 
melanoma cells might also contribute to the vari-
able expression of MSC biomarkers. Melanoma 
cells cultured  in vitro  are noted to be heteroge-
neous, even when derived from a single cell 
expansion  [  86  ] . Therefore, a high degree of het-
erogeneity that exists in long-term dense cultures 
may confound the detection of MSC-to-TA cell 
conversion, and vice versa. It will be important to 
evaluate the stability of the CSC (and MSC) 
immunophenotype over time, in order to confi -
dently determine the signifi cance of expressed 
biomarkers as stable predictors of self-renewal 
capacity within a continuously evolving and cha-
otic cancer cell population. If some markers prove 
to be transiently expressed, prospective isolation 
of CSCs will be an approach of limited validity.  

   Metastasis and CSCs 

 The metastatic capability of a tumor depends on 
a number of factors, including tumor cell growth, 
survival, angiogenesis, and tissue invasion. Not 
every cell in a malignant tumor has the ability to 
metastasize to other organs. Similarly, the major-
ity of circulating tumor cells are incapable of 
forming metastatic tumor deposits. It is possible 
that only CSCs can give rise to metastatic 
disease. Both CD44 + /CD24 −/low  cells and CD44 + /

CD24 +  cells can be isolated from metastatic pleu-
ral effusions of breast cancer patients  [  16  ] . 
However, only CD44 + /CD24 −/low  cells show 
potential for tumor initiation in xenograft models 
 [  16  ] . Although a substantial percentage of CD44 + /
CD24 +  cells can be found in metastatic foci, it is 
possible that they arise via in situ differentiation 
of their CSC counterparts. Hermann et al.  [  21  ]  
observed that a distinct subset of CD133 + /
CXCR4 +  pancreatic CSCs exhibited signifi cantly 
stronger migratory activity  in vitro  than CD133 + /
CXCR4 −  CSCs; thus, identifying another poten-
tial CSC marker relevant to the metastatic pro-
cess (i.e., CXCR4). However, despite numerous 
publications and reports, no clear markers that 
specify the metastatic potential of MSCs have 
been identifi ed, beyond those molecules already 
known to be functionally relevant to the general 
process of melanoma metastasization. 

 It is possible that a niche is required in order for 
CSCs to initiate a metastatic deposit, possibly 
explaining why some tumors show preferential 
development of metastases in particular tissues. It 
has also been hypothesized that primary tumors 
may infl uence the development of a niche, even 
before the onset of metastasis  [  87,   88  ] . Cancer 
cells may improve the effi ciency of metastasis for-
mation through the recruitment of mesenchymal 
and endothelial cells from the bone marrow  [  44, 
  89,   90  ] . Moreover, fi broblasts actively cooperate 
in the process of cancer development and progres-
sion within the niche  [  91  ] . It has also been observed 
that the early spread of cancer occurs through 
direct migration of CSC-like progenitors to the 
bone marrow, where they retain a quiescent phe-
notype and asymmetrical self-renewal capacity 
within a bone marrow niche, and only later migrate 
to metastatic foci  [  92  ] . Whether this concept 
applies to melanoma remains to be determined.   

   CSCs and Drug Design 
for Treatment of Melanoma 

 Melanoma is characterized by resistance to 
chemotherapy and immunotherapy. One reason 
could be a particular resistance of MSCs to these 
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therapeutic modalities. As for other CSCs, MSCs 
might maintain properties of normal stem cells, 
including drug resistance mechanisms. 

   Limitations of Drug Testing 
Against CSCs 

 It is possible that the successful treatment of can-
cer rests on the use of multiple therapeutic 
approaches which target different cell types within 
the same tumor population. Cancer as a functional 
unit includes CSCs, TA cells, and differentiated 
cells. Each one of these cell types may have vari-
able sensitivities to different drugs. If an agent is 
effective against CSCs, then as a function of the 
previously discussed system plasticity, resistant 
TA cells may restore the CSC populations, and 
vice versa. Therefore, the testing of drug effi cacy 
cannot be limited to the elimination of CSCs. 

 Currently, drug testing relies heavily on the 
sensitivity of cancer cell lines cultured  in vitro . 
These cell lines are almost all monoclonal in 
nature and may not recapitulate  in vivo  human 
tumor complexity with its variable subpopula-
tions of CSCs, TA cells and differentiated cells. 
In addition, heterogeneity of drug resistance 
within cells of each cultured cell line, potentially 
due to CSCs (i.e., SP), is also often ignored. 
Similarly,  in vivo  xenograft models may not 
accurately predict drug effi cacy, as they may not 
fully represent the niche-like environment (i.e., 
complex interactions between CSCs and other 
cells) in human tumors which both fosters cancer 
growth and protects against therapeutic interven-
tion. Thus, a primary tumor model may better test 
drug effects. In this regard, drug evaluation stud-
ies performed on primary human glioblastomas 
seem to have greater accuracy in predicting treat-
ment results in the preclinical setting  [  93  ] . 

 There is no good experimental model with 
which to study the interactions between 
therapeutic modalities and different tumor sub-
populations. The mechanisms of asymmetric cell 
division, TA cell dedifferentiation, and self-
renewal capacity will require better understand-
ing before a rational approach to the identifi cation 
of effective drugs can be applied.  

   Targeting Pathways 
that Regulate CSC Growth 

 Many self-renewal pathways involved in the 
propagation of CSCs appear to be shared by 
normal stem cells, raising the possibility that 
CSC-targeted therapies will also destroy their 
normal counterparts. Therefore, it is important to 
determine unique targets that are not present on 
normal stem cells; some of which have indeed 
been identifi ed. For example, leukemia stem cells 
show loss of PTEN tumor-suppressor activity 
necessary for their self-renewal capacity, while 
normal HSCs employ different mechanisms for 
their survival  [  94,   95  ] . Of note, rapamycin, which 
targets mTOR, eradicates leukemia-initiating 
cells in mice, and further restores normal HSC 
function  [  94,   95  ] . Moreover, parthenolide selec-
tively targets human leukemia stem cells and not 
normal stem/progenitor cells  [  96  ] . Unfortunately, 
with the exception of NOTCH signaling which 
appears to be required for the maintenance of 
MSCs within a niche, no known pathways that 
are specifi c to MSCs as compared to normal stem 
cells have been identifi ed to date. 

 In addition, it has been proposed that CSCs 
(and MSCs) may function to promote tumor 
growth and immunologic tolerance by inhibiting 
host anti-tumor immune effector responses. In 
this regard, Schatton et al.  [  97  ]  have identifi ed 
that ABCB5 +  subpopulations of melanoma cells 
possess distinct T-cell-modulatory functions.   

   Conclusion 

 Following the publication of our last review of 
MSCs  [  98  ] , signifi cant progress has been made in 
their characterization, particularly at the basic 
experimental level. Since the development of the 
CSC hypothesis more than 100 years ago  [  99  ] , 
evidence is now growing for the existence of a 
virtual subpopulation of cancer cells that is 
responsible for tumor initiation, maintenance, 
growth and metastasis. These CSCs may demon-
strate dramatically different biological properties 
compared with the broader population of cancer 
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cells. Such changes could explain the poor effi -
cacy of current therapies; given the fact that most 
were originally developed for their effect against 
“the bulk” of cancer cells and not functional 
subsets. 

 Many other questions remain. For example, 
the characterization of CSCs, including MSCs, 
has largely rested on: (1) the expression of surface 
stem cell markers; (2) the ability to form spheri-
cal aggregates under non-adherent culture condi-
tions; and (3) the capacity to self-renew, 
proliferate, differentiate and initiate tumors when 
injected into immunodefi cient mice. These arbi-
trary criteria have some limitations. For instance, 
markers that are used to isolate CSCs are not 
unique to these cell types, and are often expressed 
by somatic cells in normal tissues  [  100  ] . In addi-
tion, the expression levels of these markers can 
be modulated by different experimental and envi-
ronmental conditions; for example, hypoxia 
interferes with the gene expression machinery of 
cancer cells and induces increased expression of 
stem cell-like surface markers  [  101  ] . Therefore, 
the detection of surface markers might not spe-
cifi cally identify a pure population of CSCs; 
however, it could be potentially used to enrich for 
a specifi c subpopulation of cells that bear stem 
cell-like properties, which are then tested for 
their ability to initiate tumors in animal models. 
However, the results of such  in vivo  assays may 
be diffi cult to interpret, because of the extreme 
variability of experimental conditions and the 
host microenvironment  [  102  ] . The ability of 
tumor cells to survive and regenerate in xeno-
grafts may be unrelated to stem cell-like features. 
Instead, it could be due to random alterations in 
cell cycle and/or apoptotic pathway regulators, 
or, indeed, aberrant methylation patterns. 

 Research on MSCs suffers for the same limita-
tions as those experienced in other tumor models. 
It is also hampered by the high plasticity of mela-
noma, its unpredictable behavior and its unique 
resistance to current therapeutic modalities. As 
other aspects of cancer biology are being discov-
ered, including “driver” mutations that promote 
tumor growth and immune system interactions 
responsible for tumor survival/rejection, it is 
becoming increasingly clear that combination 

therapies likely represent the best approach to 
disease eradication  [  103,   104  ] . It is possible that 
another level of complexity should be added to 
the current algorithm used to design anti-mela-
noma therapies; that is, the “plastic” interaction 
within each tumor of distinct subpopulations of 
cells with differential drug responses. For 
instance, the development of novel immunothera-
pies might take into consideration alternate target 
antigens unrelated to tissue differentiation  [  97  ] , 
such as (1) cancer/testis antigens whose expres-
sion is increasingly stabilized in the later stages 
of cancer progression  [  105  ]  or (2) mutated neoan-
tigens that are associated with the oncogenic pro-
cess and which identify CSCs  [  106,   107  ] . 
However, even these antigens may not always 
represent good MSC targets due to their differen-
tial sensitivities to cytotoxic agents and/or their 
intrinsic downregulation in some instances  [  74  ] . 
Future chemotherapeutic strategies may target 
pathways that are less strictly associated with 
rapidly-dividing differentiated melanoma cell 
populations and more closely related to the 
metabolism of resting MSCs  [  108  ] .      
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     18    Surgical Management of Melanoma: 
Concept of Field Cancerization 
and Molecular Evaluation 
of Tissue Margins       

     Amanda   Phelps         and    Michael   J.   Murphy               

 The concept of fi eld cancerization, fi rst proposed 
by Slaughter in 1953, describes a process whereby 
cells in a particular tissue or organ are sequen-
tially transformed by multiple cumulative genetic 
and epigenetic alterations, such that a clonal 
expansion of pre-neoplastic genetically-altered, 
but morphologically normal-appearing cells is 
present, prior to the development of overt malig-
nancy  [  1  ] . Additional genomic aberrations are 
required for cancer development, but these pre-
cursor cells may persist with the malignant cells 
of a tumor  [  1  ] . 

 The recent application of molecular technolo-
gies to the examination of perilesional and more 
distant adjacent normal skin samples has demon-
strated many of the genotypic aberrations found 
in cancer  [  2,   3  ] . These defects are the earliest 
changes of oncogenesis that occur in a stepwise, 
cumulative fashion culminating in metastatic 
cancer via initiation, promotion, selection, and 
clonal expansion. Moreover, these fi ndings impli-
cate two distinct levels of fi eld cancerization (1) 
molecular progression where microscopically 
normal cells accumulate genomic damage; and 
(2) phenotypic progression denoted by evolution 

of microscopically normal skin to precursors to in 
situ cancer that can be followed by invasion and, 
ultimately, metastatic disease  [  2,   3  ] . In this model, 
the cutaneous fi eld develops a “tumor stem cell”, 
which acquires a growth advantage and exhibits a 
“mutator phenotype” (i.e., genomic instability) 
that enables it to expand beyond its microscopi-
cally defi ned stem cell niche, form diverse clonal 
fi elds, and accrue further genetic alterations that 
eventuate into invasive cancer  [  2,   3  ] . Genomic 
instability is manifested as single base mutations, 
gain or loss of whole or partial chromosomes, 
amplifi cation of oncogenes, mismatch repair gene 
defects, and/or epigenetic alterations including 
hypermethylation of promoter regions of key 
tumor suppressor genes  [  2,   3  ] . 

 The skin is the most suitable organ to investi-
gate the mechanisms and potential clinical utility 
of fi eld cancerization—due to its contiguous 
nature, accessibility, and ease of removing wide 
tissue margins. The study of fi eld cancerization in 
the skin may have a role in (1) the assessment of 
tumor risk; (2) the detection of early neoplasia; 
(3) the study of tumor pathogenesis and progres-
sion; and (4) the accurate delineation of “true” 
tumor margins (i.e., overt tumor and surrounding 
“fi eld cells”), and as a consequence, the planning 
of appropriate surgical treatment. 

 The standard treatment of primary melanoma 
is wide excision with a defi ned margin of clini-
cally uninvolved skin, in an effort to reduce the 
risk of local recurrence. It is the presence of occult 
fi eld cells peripheral to a tumor which explains 
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the effi cacy of wide excisions in reducing local 
recurrences in patients with melanoma  [  4  ] . 
At present, standardized excision recommenda-
tions are based on Breslow thickness (i.e., 0.5-cm 
margins for melanoma in situ, 1-cm margins for 
invasive melanoma of <2 mm, and 2-cm margins 
for invasive melanoma of >2 mm)  [  5  ] . These 
guidelines are supported by subsequent histo-
pathological assessment of the microscopic dis-
tance between the excision specimen margins and 
any residual melanocytes which are cytologically 
atypical, abnormally distributed, and/or increased 
in number  [  5  ] . However, studies have noted that 
the frequency of local, regional, or distant metas-
tases is not affected by the margins of excision in 
some patients with melanoma  [  6  ] . The develop-
ment of such melanoma recurrences following 

recommended excision guidelines could be due 
to (1) false-negative microscopic review of the 
excision specimen (due to different tissue pro-
cessing techniques, pathologist experience, etc.); 
or (2) intraepidermal pre-neoplastic or frankly 
neoplastic melanocytes (i.e., melanocytic fi eld 
cancerization), which cannot be readily identifi ed 
by current routine histopathological methods, 
present at or peripheral to the excision site. 

 The recent use of fl uorescence in situ hybrid-
ization (FISH) analysis to determine the presence 
of overt residual disease and/or fi eld cells in acral 
lentiginous melanoma (ALM) is a potentially 
exciting application of a molecular test to guide 
management and control local recurrence of this 
disease (Fig.  18.1 ). Recent studies have demon-
strated frequent amplifi cations of regions on 

  Fig. 18.1    CCND1 (Cyclin D1) amplifi cation in acral len-
tiginous melanoma (ALM). Fluorescence in situ hybridiza-
tion (FISH) demonstrating CCND1 (11q13) amplifi cation 
in an invasive ALM ( left panels ) and an adjacent in situ 
macular lesion ( middle panels ). An additional case of ALM 
in situ with CCND1 amplifi cation is shown ( right panels ). 
CCND1 probe,  red signal ; chromosome 11 centromeric 

probe/CEP11,  green signal  (From Murphy  [  2  ] . Reprinted 
with permission from Springer, Copyright ©  2011. Original 
fi gure courtesy of Dr. Minoru Takata, Department of 
Dermatology, Okayama University Postgraduate School 
of Medical, Dentistry and Pharmaceutical Sciences, 
Okayama, Japan)       
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chromosomes 5p15, 22q11–13 and 11q13 (site of 
CCND1) in ALM  [  4,   5,   7,   8  ] . Interestingly, in 
84% of cases studied, copy number increases of 
11q13 and 5p15 have also been identifi ed in the 
melanocytic cells of histopathologically normal 
epidermis at varying distances from the overt 
ALM tumor margins (mean: 6.1 mm for mela-
noma in situ; 4.5 mm for invasive melanoma)  [  5  ] . 
However, the extent of these latter fi ndings does 
not appear to correlate with either the Breslow 
thickness or diameter of the ALM  [  5  ] . Both (1) 
the pattern of aberrations (i.e., stable or progres-
sive increase in gene amplifi cation levels from 
fi eld cells to in situ to invasive components) and 
(2) the asymmetric distribution of fi eld cells sup-
port the acquirement of additional oncogenic 
aberrations for progression to frank malignancy 
 [  5  ] . According to the concept of fi eld canceriza-
tion, these morphologically normal, but geneti-
cally aberrant melanocytes would represent a 
latent progression phase/early melanoma in situ 
(supported by gene profi ling studies), which pre-
cedes a stage of uncontrolled melanocyte prolif-
eration within the epidermis  [  5,   7,   8  ] . The results 
of these FISH studies suggest that the current rec-
ommendations for excision margins based on the 
Breslow thickness are suboptimal for a subset of 
melanomas  [  6  ] . The routine clinical use of FISH 
technology to detect fi eld cells in melanoma could 
help determine the appropriate surgical margins 
required to minimize the risk of tumor recurrence. 
At present, this technique is only applicable to 
those melanomas with frequent gene amplifi ca-
tions (i.e., ALM and mucosal subtypes).  

 A number of studies have investigated the use 
of additional technologies, such as immunohis-
tochemistry (IHC), for margin analysis in melano-
mas  [  5,   9,   10  ] . Protein expression in excision 
specimens has been evaluated using antibodies 
directed against cyclin D1 and melanocyte- 
differentiation markers, such as MART-1, HMB-
45, S-100 and Mel-5  [  5,   9,   10  ] . Of note, HMB-45 
(an antibody directed against a melanosomal anti-
gen) has been reported in overt in situ and invasive 
ALM, but can also be identifi ed in fi eld cell areas 
of these tumors (in up to 56% of cases)  [  5,   10  ] . 
However, HMB-45 is a marker of melanocytic 

differentiation, and not genetic instability  per se , 
and therefore its ability to reliably distinguish 
between benign, premalignant or overtly malig-
nant individual melanocytes in the epidermis is 
questionable. Levels of cyclin D1 protein have 
also been found to increase from the periphery 
towards the in situ and invasive portions of ALM 
 [  5  ] . However, the use of IHC analysis for this 
marker to delineate the extent of the fi eld area in 
ALM has also been questioned, as cyclin D1 pro-
tein expression has not been identifi ed in all fi eld 
cells that show FISH-detected increased copy 
numbers of 11q13  [  5  ] . 

 Pathologists often identify changes designated 
as “atypical melanocytic hyperplasia” (AMH) 
adjacent to melanomas in tissue sections  [  11  ] . 
However, histopathological and immunohis-
tochemical criteria to distinguish AMH from oth-
erwise benign sun-damaged melanocytes are not 
fully defi ned (i.e., such as the number of atypical 
melanocytes per high-power fi eld/number of 
keratinocytes). Using loss of heterozygosity 
(LOH) analysis, Pashaei et al.  [  11  ]  found increas-
ingly higher defects in the hOGG1 gene progress-
ing from AMH to adjacent melanoma in situ 
(60% vs .  80%). hOGG1 is an important gene for 
repair of free radical-induced DNA damage  [  11  ] . 
The authors suggested that AMH could represent 
an early morphologically-evident stage in mela-
noma development, and that its presence at the 
resection margins of melanoma warrants appro-
priate treatment or close clinical follow-up. 

 Other studies have found aneusomy of chro-
mosome 7 and mitochondrial DNA (mtDNA) 
mutations/deletions in perilesional “normal” skin 
surrounding melanomas  [  2,   3,   12–  14  ] . The peri-
tumoral skin of melanoma may harbor expanded 
mtDNA-mutant melanocytes, analogous to the 
p53 clones seen adjacent to non-melanoma skin 
cancers  [  2,   3  ] . 

 In the future, the tailoring of surgical manage-
ment, in order to ensure removal of both overt 
melanoma and its fi eld cells, could be based on 
the results of molecular diagnostic tests, and may 
be particularly useful at those cutaneous sites 
where function or cosmetic outcome are impacted 
by current margin guidelines.     
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        Introduction 

 When detected in its early stages, melanoma is a 
curable disease in the vast majority of patients. 
Once metastases occur, the prognosis of this dis-
ease worsens dramatically. Metastasis localiza-
tion and tumor burden are critical determinants of 
survival. In 2008, an estimated 8,420 deaths due 
to metastatic melanoma were reported in the 
United States  [  1  ] . For distant metastatic disease, 
the overall 10-year survival rate is less than 10% 
and median survival of these patients ranges 
between 6 and 9 months  [  2  ] . 

 Although surgery and radiotherapy are impor-
tant therapeutic approaches for metastatic mela-
noma, chemotherapy is indispensable, especially 
in cases where complete resection of metastases 
cannot be achieved  [  2,   3  ] . There are several chemo-
therapeutic agents that are applied as single-agent 
substances, combined chemotherapies (poly-
chemotherapy), and biochemotherapies (combina-
tion of cytotoxic and immunomodulatory agents). 
The objective response (OR) rates for single-agent 
therapies range between 5% and 20%. Combined 
chemotherapies and biochemotherapies are able to 
clearly improve OR rates at the expense of enhanced 
toxicities and impaired quality of life, but unfortu-

nately without prolonging overall survival  [  4–  9  ] . In 
a small minority of patients, systemic therapy 
induces durable remissions  [  2  ] . However, due to 
the poor response rates, especially in achieving 
durable complete remissions, chemotherapy for 
melanoma is considered palliative rather than cura-
tive. The preservation of quality of life and minimi-
zation of tumor-associated symptoms should be 
the focus of all therapeutic strategies, taking into 
consideration the expected benefi t and potential 
side effects associated with any specifi c therapeutic 
approach  [  3  ] . 

 In this chapter, we will fi rst give an overview 
of tumor biology, outline general mechanisms of 
action of cytostatic therapy, and discuss the 
several chemotherapeutic agents used in the 
treatment of melanoma, including combined che-
motherapies and biochemotherapies. We will 
then describe the mechanisms involved in 
chemoresistance of melanoma, and conclude 
with an outlook on the efforts to enhance the effi -
cacy of systemic antitumor therapy in metastatic 
melanoma  [  10–  12  ] .  

   Tumor Biology 

   Cell Cycle and Effects 
of Chemotherapeutic Agents 

 Based on decades of experience, it is well estab-
lished that fast-growing tumors (i.e., Hodgkin 
lymphoma, testicular cancer) are sensitive to the 
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action of cytostatic agents. Such tumors may 
have a doubling time of a few days and can be 
cured by chemotherapy. Other tumors with a 
doubling time of a month or more cannot be erad-
icated by such treatment  [  13  ] . These fi ndings 
highlight the fact that an understanding of tumor 
kinetics is crucial for selection of cytostatic ther-
apy. In almost every tumor, several distinct cell 
populations can be identifi ed. These can be 
divided into the proliferating cell, the quiescent 
stem cell-like cell, and the differentiated cell 
fractions (Fig.  19.1 ). Differentiated cells have 
lost their ability to proliferate. Quiescent cells are 
in the G0 phase, but can enter the proliferating 
population following activation. The G1 phase 
prepares cells for the following S phase (the lon-
gest phase of the cell cycle), in which DNA syn-
thesis and replication occur. In the G2 phase, 
which follows the S phase, accurate replication 
of DNA is determined. If necessary, mistakes are 
repaired by the cellular DNA repair machinery. 
The following M phase is characterized by mito-
sis formation (division of the nucleus and genetic 
information) and cell division.  

 Within this cell cycle, two check-points are 
incorporated: one between the G1 and S phases 
and another between the G2 and M phases. These 

cell cycle check-points are necessary to ensure 
that all processes pertaining to DNA synthesis 
and replication are correct  [  14  ] . If the cell is 
unable to repair DNA, the cell cycle is arrested 
and the cell undergoes apoptosis (programmed 
cell death). The tumor suppressor protein p53 
plays a crucial role in cell cycle regulation and 
apoptosis induction. In many tumors, mutations 
of TP53 are responsible for uncontrolled prolif-
eration. In melanoma, mutations of TP53 and 
other cell cycle regulating genes, such as 
CDKN2A (p16), p19, and CDK4 may be found, 
particularly in advanced stages of the disease. 

 Chemotherapeutic agents act predominantly 
on the proliferating cell fraction in tumors. This 
explains why fast-growing tumors with a large 
proliferating cell fraction are more sensitive to 
cytotoxic drugs than their slow-growing counter-
parts. The most vulnerable cell cycle phases are 
the S and M phases, whereas quiescent cells are 
essentially insensitive to cytostatic drugs. 

 Chemotherapeutic agents can be divided in two 
distinct groups, depending on their mode of action 
in the different phases of the cell cycle. Phase-
specifi c agents exert their effects in a distinct 
phase of the cell cycle. Antimetabolites (metho-
trexate, gemcitabine) and DNA intercalating 

  Fig. 19.1    Schematic illustration of the cell cycle. 
Chemotherapeutic agents show phase-specifi c (S-phase: 
DNA synthesis; M-Phase: mitosis) or phase-unspecifi c 

(throughout the cell cycle) mechanisms of action.  C  cell 
cycle check-points       
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agents (anthracyclines) act in the S phase by inhib-
iting DNA synthesis, while mitosis inhibitors 
(vinca alkaloids, taxanes) act on cells in the late 
G2 and M phases. Phase-unspecifi c agents (alky-
lating agents, platinum derivatives) are effective 
during the entire cell cycle with pronounced 
effects on proliferating cells. All cytostatic agents 
have in common the destruction of cells via apop-
tosis induction. Therefore, apoptosis resistance 
(i.e., through inactivating mutations of proapop-
totic genes [TP53] or upregulation of antiapop-
totic pathways [Bcl-2], either acquired by tumor 
cells or pre-existing in tumor precursor cells) 
impairs the effi cacy of chemotherapeutic agents 
 [  10,   12  ] .  

   Kinetics of Tumor Growth 
and the Fractional Cell Kill Hypothesis 

 The interactions between tumor kinetics and 
cytostatic effects over time are mathematically 
described by growth curves. These curves are 
useful to study disease course and provide an 
approach toward improved cancer therapy. Tumor 
growth is based on three main criteria: (1) the time 
required to complete the cell cycle, (2) the pro-
portion of proliferating cells, and (3) the cell loss 
fraction (Fig.  19.1 ). The proliferating cell frac-
tion typically exceeds the cell loss fraction, with 
the relationship between both remaining constant 
over time. As a consequence, exponential tumor 
growth kinetics can be assumed. However, in 
most tumors, growth is not exponential at all 
times. It is observed that the proliferative fraction 
gets relatively smaller over time, while the cell 
loss fraction is increased. Hence, with increasing 
tumor burden, the growth curve reaches a plateau 
phase (Fig.  19.2 ). This phenomenon has been 
explained by insuffi cient vascularization of grow-
ing tumors. However, other hypotheses suggest 
an important relationship between tumor cells 
and the tumor environment, thereby implicating 
autocrine and paracrine growth factor interac-
tions  [  10  ] .  

 Incorporating the effects of cytostatic agents 
into the mathematical curve of exponentially 
growing tumors reveals that specifi c doses of 

these drugs result in the destruction of a constant 
number of malignant cells (fractional cell kill 
hypothesis) (Fig.  19.2 )  [  15–  17  ] . Due to this con-
stant dose-effect relationship, the absolute num-
ber of eliminated cells is dependent on tumor 
burden, whereas the actual percentage of these 
cells always remains the same. Hence, several 
cycles of chemotherapy are required to ensure 
tumor elimination. Treatment should theoreti-
cally be continued, even when tumor mass falls 
below the threshold for clinical detectability 
(around 1 g or ~ 10 9  cells) and evidence of clinical 
complete remission is achieved.   

   Chemotherapeutic Agents 
for Melanoma 

 Several chemotherapeutic agents are used in the 
treatment of melanoma as either single agents 
or in combination regimens with other chemo-
therapeutic or immunomodulatory substances. 

  Fig. 19.2    Fractional cell kill hypothesis. Chemotherapy 
( green arrows ) eliminates a constant fraction (~99.9%) of 
tumor cells ( red curve ). In this example, the tumor 
consists of 10 11  cells at the beginning of chemotherapy. 
Following the fi rst administration of the cytostatic agent, 
0.1% = 10 8  cells remain alive. The surviving tumor cell 
population grows exponentially to 10 10  cells before the 
next drug administration, which again eliminates 99.9% 
of cells and so on. Based on this model, at least six further 
cycles of chemotherapy are required to eradicate the 
tumor. Clinical detection threshold = ~10 9  cells       
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The most important cytotoxic drugs, their modes 
of actions, and characteristic side effects are 
described in the following sections and summa-
rized in Table  19.1 .  

   Single-Agent Chemotherapy 

   Dacarbazine 
 As the fi rst approved cytotoxic agent for treat-
ment of melanoma in the 1970s, Dacarbazine 
( D imethyl-1- t riazeno- i midazole-4- c arboxamide: 
DTIC) is considered to be a reference substance 
in melanoma chemotherapy. DTIC is a triazene 
derivative. Following intravenous administration, 

it requires oxidative demethylation in the liver by 
a microsomal P450 enzyme to become its active 
metabolite MTIC ( M ethyl-1- t riazeno- i midazole-
4- c arboxamide). It exerts its antitumoral effects 
by alkylation and methylation of nucleic acids 
(DNA and RNA)  [  18,   19  ] . DTIC is associated 
with rather moderate toxicity. Nausea is one of 
the major side effects, although myelosuppres-
sion (leucopenia, neutropenia) and fl u-like symp-
toms can also be observed. As a rare fatal 
event, sudden hepatic vein thrombosis (Budd-
Chiari syndrome) has been reported with 
DTIC therapy. DTIC is also associated with 
photosensitivity and must be administered in 
light-protected settings. The typical dosage is 

   Table 19.1    Overview of chemotherapeutic substance groups (agents frequently used in the treatment of melanoma 
are underlined)   

 Alkylating agents (Phase unspecifi c, cell cycle active)  Antimetabolites (Phase specifi c, S-Phase) 

  Nitrogen mustards  
 Cyclophosphamide 
 Chlorambucil 
  Melphalan  

  Triazenes, hydrazines and related compounds  
  Dacarbazine  
  Temozolomide  

  Folate antagonists  
 Methotrexate 

  Pyrimidine antimetabolites  
 Fluorouracil 
  Gemcitabine  

  Purine antimetabolites  
 Fludarabine 
 Pentostatin 
 Azathioprine 

  Nitrosureas  
  Carmustine (BCNU)  
  Lomustine (CCNU)  
  Fotemustine  

  Platinum-Compounds  
  Cisplatin (CDDP)  
  Carboplatin  

  Alkyl sulfonates and bismethanesulfonates  
 Busulfan 
  Treosulfan  

 Plant alkaloids and other plant-derived substances 
(Phase specifi c, M-Phase) 

 Antibiotics and related substances (Phase specifi c, 
S-Phase) 

  Vinca Alkaloids  
  Vindesine  
 Vincristine 
  Vinblastine  

  Anthracyclines  
 Doxorubicin 

  Bleomycines  
  Bleomycin  

  Taxanes  
  Paclitaxel  
 Docetaxel 

  Topoisomerase inhibitors  
 Topotecan 
 Iridotecan 
 Etoposide 
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150–250 mg/m²/d for 5 consecutive days or a 
single dose of 800–1200 mg/m² repeated every 
3–4 weeks (Table  19.2 ). The latter schedule is 
more convenient for the patient and demonstrates 
comparable clinical outcomes as the other dosage 
schedule. DTIC is considered the standard for 
controlled randomized trials that evaluate novel 
therapies in melanoma  [  20  ] .  

 The OR rates in recent phase III studies with 
stringent tumor response evaluation were 5–12%, 
with a low frequency of complete remissions  [  21  ] . 
Responses are seldom durable, and the 6-year 
patient survival is <2%  [  22  ] . Nevertheless, in a 
minority of patients, particularly those with 
AJCC stage M1a or M1b disease, effective dis-
ease control can be achieved. In its three decades 
of use, DTIC monochemotherapy has never been 
evaluated in controlled trials versus placebo; 
therefore, there is a lack of evidence concerning 
overall survival benefi t. To date, no other cyto-
toxic drug or chemotherapy-based combination 
regimen has been proven superior to DTIC for 
treatment of metastatic melanoma. Resistance 
to DTIC may be due to the induction of DNA 

repair enzymes (i.e., O6-methylguanine-DNA 
Methyl transferase: MGMT)  [  23  ] .  

   Temozolomide 
 Temozolomide (TMZ) is a DTIC-related com-
pound. It exerts its antitumoral effects by alkyla-
tion and methylation of nucleic acids (RNA and 
DNA, preferentially in the O6-guanine position). 
TMZ has been approved for the treatment of 
primary brain tumors, emphasizing its ability 
to penetrate the blood–brain barrier, in contrast to 
DTIC. Furthermore, TMZ does not require active 
metabolization, converting spontaneously to its 
active metabolite MTIC. It is orally administered, 
making it more comfortable for patients  [  24,   25  ] . 

 The side effects associated with TMZ are 
comparable to those of DTIC, but with more pro-
nounced thrombocytopenia. To date, Budd-Chiari 
syndrome has not been reported. The typical dos-
age of TMZ is 150–200 mg/m², depending on 
fi rst- or second-line treatment, for 5 days repeated 
every 4 weeks (Table  19.2 )  [  4  ] . The OR rates, 
time to progression, overall and progression-free 
survival with TMZ are comparable to those for 

   Table 19.2    Palliative single agent chemotherapies used in the treatment of metastatic melanoma: treatment regimens 
and reported objective response (OR) rates   

 Cytotoxic drug 
 Substance class 
 Mode of action  Treatment schedule  OR 

 Dacarbazine   Triazenes  
 Alkylation and methylation of nucleic acids 

 250 mg/m² i.v. 
 d1-5, q3w or q4w 
 800–1,200 mg/m² i.v. 
 d1, q3w or q4w 

 5–23% 

  Temozolomide    Triazenes  
 Alkylation and methylation of nucleic acids 

 150–200 mg/m² p.o. 
 d1-5, q4w 

 14–21% 

  Fotemustine    Nitrosoureas  
 Alkylation of nucleic acids and proteins 

 100 mg/m² i.v. 
 d1,8,15 (induction) 
 after 5 w rest: d1, q3w 
(maintenance) 

 7–25% 

  Vindesine    Vinca alkaloids  
 Microtubule disruption 

 3 mg/m² i.v. weekly  ~14% 

  Paclitaxel    Taxanes  
 Microtubule disruption 

 80 mg/m² i.v. 
 d1,8,15, q4w 
 250 mg/m² i.v. (24 h) 
 d1, q3w 

 0–14% 

  Docetaxel    Taxanes  
 Microtubule disruption 

 100 mg/m² i.v. 
 d1, q3w 

 6–13% 

  Carboplatin    Platinum drugs  
 DNA and protein cross-linking 

 400 mg/m² i.v. 
 d1, q4w 

 11–19% 
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DTIC in melanoma patients who are free of brain 
metastases  [  4,   26  ] . In patients with brain metasta-
ses, TMZ may be a useful alternative to DTIC. 
However, as TMZ has not been shown to be 
superior to DTIC, it is currently not approved for 
the treatment of melanoma by the FDA or 
European authorities. 

 Similar to DTIC, TMZ resistance mechanisms 
are predominantly MGMT-driven. It has been 
shown that the activity of this repair enzyme is 
decreased in peripheral blood mononuclear cells 
within 4 h of TMZ administration; an effect 
which remains stable for the fi rst 24 h  [  23  ] . As a 
result of this fi nding, it has been suggested that a 
prolonged escalated daily dose of TMZ may 
increase the chemosensitivity of malignant cells 
in brain tumors and melanoma  [  27  ] . Unfortunately, 
several different extended TMZ treatment 
schedules, evaluated in phase II and III studies in 
melanoma (i.e., 75 mg/m²/d for 6 weeks followed 
by a 2- to 4-week break; EORTC trial 18032: 
150 mg/m²/d, 7 days on/off), did not demonstrate 
any impact on antitumor activity, especially when 
randomized against DTIC  [  26,   27  ] .  

   Fotemustine 
 Fotemustine is an alkylating agent from the group 
of nitrosoureas, which degrades spontaneously 
under physiological conditions generating 
electrophilic species that are responsible for DNA 
and RNA alkylation. The generation of 
isocyanates as by-products explains its toxicity. 
Fotemustine is administered intravenously, but as 
a result of its high lipophilicity, it easily pene-
trates the blood–brain barrier  [  28  ] . 

 The antitumoral activity of fotemustine is con-
sidered comparable to that of DTIC; although, 
there are studies which report some advantages 
concerning overall survival and time to develop-
ment of brain metastases with fotemustine therapy 
 [  29–  32  ] . Compared to DTIC, fotemustine is asso-
ciated with higher myelotoxicity, particularly 
severe thrombocytopenia. Fotemustine is adminis-
tered intravenously at a dosage of 100 mg/m², with 
induction (d1, d8, d15) and maintenance (three 
times weekly from week 8) phases (Table  19.2 ). 

 A particular indication for fotemustine therapy 
is metastatic uveal melanoma. As a result of a 

lack of lymphatic drainage in the retina, the 
 common site for metastasis of this tumor is the 
liver. Patients with uveal melanoma and diffuse 
liver metastases can be effectively treated with 
catheter-guided intra-arterial fotemustine admin-
istration, with OR rates of 36–40% and a median 
overall survival of 15 months  [  33,   34  ] . However, 
to date, fotemustine is only approved in a few 
European countries for the treatment of meta-
static melanoma.  

   Vindesine 
 Vindesine is a vinca alkaloid that inhibits micro-
tubular assembly by specifi cally binding to the 
cytoskeletal protein tubulin  [  35  ] . Impaired 
polymerization of microtubules leads to a 
disruption of mitotic spindles and metaphase 
arrest, resulting in apoptosis. As microtubules are 
involved in a wide variety of cellular functions 
(in addition to mitosis), including motility, 
mechanical cell stability and intracellular trans-
port processes, many side effects can result from 
its cytostatic action  [  36,   37  ] . 

 Vindesine is administered intravenously and 
shows no signifi cant penetration of the blood–
brain barrier. Neurotoxicity, encompassing 
peripheral and even autonomic neuropathy, can 
be seen. Myelosuppression and myalgia may also 
occur, although alopecia is rather moderate. The 
typical dosage of vindesine is 3 mg/m² every 
14 days. Based on phase I and II studies, the effi -
cacy of vindesine is comparable to that of DTIC; 
although, phase III trials in the palliative setting 
have not been undertaken (Table  19.2 )  [  38  ] . 
Vindesine is commonly used in combination che-
motherapy regimens (CVD, see below).  

   Paclitaxel 
 Paclitaxel is a taxane that specifi cally binds to 
tubulin, stabilizing the microtubules through 
inhibition of microtubular disassembly. This 
results in a perturbation of cellular processes as 
tubulin assembly and disassembly are necessary 
for normal cellular function  [  39  ] . 

 Paclitaxel is administered intravenously and 
shows no signifi cant penetration of the blood–
brain barrier. Neurotoxicity and myelosuppres-
sion are described. Its co-solvent substance 
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cremophor EL may induce hypersensitivity and 
even anaphylactic reactions in 2–4% of cases, 
requiring careful monitoring of patients, espe-
cially during the initial drug administration. 
Prophylactic corticosteroid and antihistamine 
administration is recommended (i.e., dexametha-
sone 20 mg, clemastine 2 mg, and ranitidine 
50 mg i.v. 30 min before paclitaxel administra-
tion)  [  40,   41  ] . Paclitaxel is also known to cause 
cardiac arrhythmia and profound alopecia, in 
addition to onycholysis. 

 The typical dosage of paclitaxel is 80–100 mg/m² 
on days 1, 8 and 15, every 4 weeks (Table  19.2 ). 
Phase III studies using paclitaxel as single-agent 
therapy are unavailable. However, based on the 
response rates seen in phase I and II studies, its 
effi cacy is not superior to that of DTIC  [  42–  44  ] . 
In melanoma patients, paclitaxel has been 
reported to be more effective in combination reg-
imens and is commonly used with platinum 
derivatives  [  45  ] . 

 Recently, an albumin-bound nanoparticle form 
of Cremophor-free paclitaxel (Abraxane, ABI-
002) was tested as single-agent therapy in a phase 
II study of metastatic melanoma. The drug was 
well-tolerated, and demonstrated an improved 
OR rate of 21.6% with a median overall survival 
of 12.1 months in chemo-naive patients, but with 
only minor effects in pretreated patients (OR rate 
2.7%, median overall survival 9.6 months)  [  46  ] .  

   Cisplatin and Carboplatin 
 Cisplatin and Carboplatin are platinum deriva-
tives, which act via DNA and protein crosslink-
ing. They are activated non-enzymatically in cells 
to reactive platinum complexes. As the aquo-
platinum-complexes are highly nucleophilic, they 
react preferentially with guanine N7 and adenine. 
The activation process of carboplatin is much 
slower than that of cisplatin. 

 Cisplatin is administered intravenously and 
does not penetrate the blood–brain barrier. 
Nephrotoxicity, neurotoxicity, ototoxicity, and 
both short-term and prolonged nausea are 
described. Because of its associated nephrotoxic-
ity, cisplatin should be administered with appro-
priate hydration and osmotic diuresis. In a recent 
study, a combination of enhanced-dose cisplatin 

with the cytoprotective thiol form of amifostine 
(WR-2721) revealed no benefi t with regard to 
toxicity or antitumoral effects in patients with 
melanoma  [  47  ] . Results with cisplatin as single-
agent therapy for metastatic melanoma are poor. 
It is now typically used in combination chemo-
therapy regimens (CVD, see below). 

 Carboplatin is also administered intravenously, 
although its possible penetration through the 
blood–brain barrier is not fully determined. Side 
effects are similar, but milder than those seen with 
cisplatin. Effi cacy and side effects of carboplatin 
correlate with renal clearance of the drug, which is 
dependant on the glomerular fi ltration rate (GFR). 
As the GFR differs in each patient, irrespective 
of body surface area, the carboplatin dosage is 
calculated according to the Calvert Formula 
[total dose (mg) = (target AUC) x (GFR + 25), 
where AUC = target area under the concentration 
versus time curve in mg/mL min]. Typical carbo-
platin doses range between AUCs of 5–7.5 mg/ml/
min, every 3–4 weeks (Tables  19.2  and  19.3 ).  

 Response rates of 11–19% were observed in 
early phase II studies of metastatic melanoma, in 
which carboplatin was not administered in AUC-
defi ned doses (400 mg/m² i.v. every 4 weeks) 
 [  48–  50  ] . However, phase III studies with carbo-
platin as single-agent therapy for melanoma have 
not been undertaken. Carboplatin is commonly 
used with taxanes in combination chemotherapy 
regimens  [  45  ] .   

   Combination Chemotherapy 

 The modest effi cacy of single-agent chemother-
apy resulted in attempts to improve antitumor 
activity by combining several agents. Initial sin-
gle-institution studies suggested increased 
response rates and survival outcomes using com-
bination chemotherapy. At fi rst, two-agent regi-
mens were used, in which DTIC was combined 
with one of the previously described drugs. 
Response rates of 10–20% were observed, but no 
real evidence for a superior response compared to 
single-agent therapy with DTIC could be found. 
Subsequently, combinations with three or four 
agents were studied. 
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 Frequent polychemotherapies used in the 
treatment of metastatic melanoma are the CVD-, 
BHD-, BOLD- and DBCT-regimens (Table  19.3 ). 
The CVD ( c isplatin,  v indesine/ v inblastine,  D TIC) 
and Dartmouth (DBCT) ( D TIC, carmustine 
( B CNU),  c isplatin and  t amoxifen) regimens are 
the most investigated in this setting. Phase II 
studies of the latter drug combinations have 
shown signifi cantly higher OR rates: up to 40% 
and 54%, respectively (Table  19.3 )  [  51,   52  ] . 
However, phase III studies comparing those 
polychemotherapies to DTIC did not reveal sig-
nifi cant benefi t with regard to overall survival 
 [  20,   53  ] . Paclitaxel with carboplatin is another 
combination regimen recently studied in mela-
noma patients  [  45,   54  ] . In an ongoing phase III 
study, evaluating the multikinase inhibitor 
sorafenib in pretreated metastatic melanoma 
patients, paclitaxel and carboplatin combination 
chemotherapy resulted in an OR rate of only 

11%, but a remarkable median progression free-
survival of 4 months  [  55  ] . Unfortunately, none of 
these combination chemotherapies has been 
shown to improve overall survival compared to 
single-agent DTIC. Using chemosensitivity test-
ing, combination therapy with gemcitabine and 
treosulfan was found to generate antitumor activ-
ity and response rates up to 28.6% in metastatic 
uveal melanoma (Table  19.3 )  [  56  ] . 

 Combination chemotherapies are more likely 
to be accompanied by adverse events and cumula-
tive toxicities that impair quality of life. Therefore, 
the selection of a specifi c treatment regimen 
should be carefully weighed against a patient’s 
performance status and life expectancy. For 
patients with metastatic melanoma, combination 
chemotherapies might be indicated in those situa-
tions where an effi cient tumor response is required 
(tumor-associated symptoms, high tumor burden, 
etc.), following failure of monochemotherapy.  

   Table 19.3    Palliative combination chemotherapies used in the treatment of metastatic melanoma: treatment regimens 
and reported objective response (OR) rates   

 Drug  Treatment schedule  OR 

  CVD   DTIC 450 mg/m² i.v. d1 + 8 or 250 mg/m² i.v. d1-5 
 Vindesine 3 mg/m² i.v. d1 + 8 
 Cisplatin 50 mg/m² i.v. d1 + 8, 100 mg/m² i.v. d1 
 q3w or q4w 

 24–45% 

  CP   Paclitaxel 175–225 mg/m² i.v. d1 
 Carboplatin AUC 6–7.5 i.v. d1 
 q3w 

 10–24% 

  BHD   BCNU 150 mg/m² i.v. d1 odd cycles 
 Hydroxyurea 1,500 mg/m² p.o. d1-5 
 DTIC 150 mg/m² i.v. d1-5 
 q4w 

 13–30% 

  BOLD   Bleomycin 15 mg i.v. d1 + 4 
 Vincristine 1 mg/m² i.v. d1 + 5 
 CCNU 80 mg/m² p.o. d1 
 DTIC 200 mg/m² i.v. d1-5 
 q4w–q6w 

 22–40% 

  DBCT   DTIC 220 mg/m² i.v. d1-3 
 BCNU 150 mg/m² i.v. d1 odd cycles 
 Cisplatin 25 mg/m² i.v. d1-3 
 Tamoxifen 2 × 10 mg p.o./d 
 q3w or q4w 

 19–54% 

  Treosulfan/
Gemcitabine (uveal 
melanoma)  

 Treosulfan 5 g/m² i.v. d1 
 Gemcitabine 1 g/m² i.v. d1 
 q3w or q4w  or  
 3.5 g/m² i.v. d1 and d8 
 1 g/m² i.v. d1 and d8 
 q3w 

 28.6% 
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   Biochemotherapy 

 Melanoma has been shown to be susceptible to 
agents that modulate the immune system. 
Accordingly, cytokines were introduced for the 
systemic adjuvant and palliative treatment of this 
disease. Interleukin-2 (IL-2) and Interferon (IFN) 
alpha are widely investigated as either a single-
agent approach or in combination with cytostatic 
agents (biochemotherapy, BCT)  [  57–  59  ] . 

 IL-2 is a lymphokine that is known to stimu-
late T-cell proliferation and immune response, 
augment natural killer (NK)-cell proliferation 
and cytotoxicity, and trigger cytokine release 
(IFN gamma, tumor necrosis factor [TNF]) from 
activated lymphocytes. In 1998, high-dose IL-2 
was approved by the FDA for the treatment of 
metastatic melanoma. As a single-agent regimen, 
IL-2 is administered at doses between 6 and 
7.2 MU/kg every 8 h on days 1–5 and 15–19 
(Table  19.4 ).  

 IFN alpha shows moderate antitumor activity 
in metastatic melanoma when used as single-
agent therapy. As a consequence, it has been 
primarily investigated in combination chemother-
apeutic regimens. In several studies, combined 
high-dose IL-2, IFN alpha and cytostatic therapy 
(BCT) was associated with high response rates 

(up to 50%) and even durable complete remis-
sions  [  59–  61  ] . However, a recent meta-analysis of 
18 trials comparing BCT with chemotherapy con-
fi rmed that while tumor response and time to dis-
ease progression were signifi cantly better for 
BCT, these benefi ts did not translate into signifi -
cantly better overall survival  [  62  ] . As cytokine 
therapy is associated with considerable toxicity, 
including rhabdomyolysis (high-dose IFN alpha), 
sepsis, myocardial infarction, and capillary leak 
syndrome (high-dose IL-2), with treatment-
related deaths in individual cases, the use of BCT 
is dependent on excellent patient performance 
status. Predictive markers to identify those mela-
noma patients who would benefi t from BCT are 
urgently needed, but currently not available. 
Therefore, BCT may be useful in isolated cases, 
but is not generally recommended as fi rst-line 
treatment for metastatic melanoma.   

   Adjuvant Chemotherapy 

 In the 1980s and 1990s, cytostatic agents began 
to be tested in the adjuvant setting. Initially, posi-
tive results with adjuvant vindesine treatment 
were reported in a non-randomized study. 

   Table 19.4    Palliative biochemotherapies used in the treatment of metastatic melanoma: treatment regimens and 
reported objective response (OR) rates   

 Drug  Treatment schedule  OR 

  Interferon alpha   9–18 MU/m² s.c. tiw, continuously  13–25% 
  Interleukin-2 (IL-2)   6 MU/kg i.v. every 8 h d1-5 and d15-19 

 each up to 14 consecutive doses 
 q6w–q12w 

 16–21.6% 

  DTIC (or TMZ) + IFN alpha   DTIC 850 mg/m² i.v. d1 (or TMZ) 150 mg/m² p.o. d1-5 
 IFN- a 2a/b 3 MU/m² d1-5 s.c., w1 
 IFN- a 2a/b 5 MU/m² tiw s.c., w2-4, 
 q4w 

 14–28% 

  Vindesine + IFN alpha   Vindesine 3 mg/m² i.v. d1 
 IFN- a 2a/b 5 MU/m² d1-5 s.c., 3x/w 
 q2w 

 24% 

  “Legha”   DTIC 800 mg/m² i.v. d1 
 Vinblastine 1.5 mg/m² i.v. d1-4 
 Cisplatin 20 mg/m² i.v. d1-4 
 IL-2 9 MU/m² i.v. d1-4 
 IFN- a 2a/b 9 MU s.c. d1-5,7,9,11,13 
 q3w 

 48% 
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However, these were not reproducible in a ran-
domized, observation-controlled trial by the 
German DeCOG  [  63  ] . Data on adjuvant BCT, 
using DTIC and IFN alpha, are confl icting  [  64, 
  65  ] . Larger randomized trials and a recent 
meta-analysis have not shown any benefi t with 
adjuvant chemotherapy, while the use of cyto-
static drugs clearly enhances morbidity  [  66  ] . 
Therefore, adjuvant chemotherapy is not currently 
recommended outside of clinical trials.  

   Locoregional Chemotherapy 

 Locoregional administration of cytostatic agents 
and cytokines (IL-2), either intra-arterially or 
intralesionally, is a useful means of treating cuta-
neous or subcutaneous metastases in melanoma. 
Isolated hyperthermic limb perfusion has been 
shown to be an effective approach when the dis-
ease is localized to a distal extremity  [  67  ] . A novel 
method to treat skin and soft-tissue melanoma 
metastases is electroporation, combined with 
systemic or intralesional chemotherapy (electro-
chemotherapy)  [  68  ] . With regard to isolated liver 
metastasis (i.e., from primary uveal melanoma), 
intra-arterial chemotherapy via the common 
hepatic artery, isolated hepatic perfusion, or 
transarterial chemoembolization (TACE) may be 
feasible treatment options  [  34,   69  ] . 

   Isolated Hyperthermic Limb Perfusion 

 Using isolated limb perfusion (ILP), cytostatic 
drugs can be administered intra-arterially at much 
higher doses without the potential for enhanced 
toxicity. Melphalan is the agent mostly com-
monly used in this setting, showing optimal effi -
cacy if administered at a temperature of 42°C 
(hyperthermic). For bulky disease, melphalan 
may be combined with TNF alpha, in an effort to 
enhance antitumor response. ILP was initially 
established as an adjuvant treatment option for 
melanoma in the 1960s and 1970s. However, in a 
recent randomized multicenter adjuvant trial, ILP 
failed to show any benefi t with regard to time to 
distant metastasis or overall survival compared 

with observation  [  70  ] . In contrast, ILP is a very 
effective palliative treatment option for control of 
unresectable locoregional metastasis on the 
extremities, with high response rates (up to 70%) 
and reductions in recurrent in-transit metastasis 
 [  67,   71  ] .  

   Electrochemotherapy 

 Electrochemotherapy (ECT) is another option for 
treatment of unresectable bulky metastases of the 
skin and superfi cial subcutaneous tissue, particu-
larly in the setting of melanoma, sarcoma, breast 
and head and neck cancer. This treatment consists 
of intravenous or intralesional administration of a 
chemotherapeutic agent (bleomycin or cisplatin), 
followed by the application of electrical impulses 
to the metastases in order to increase drug uptake 
by tumor cells (Fig.  19.3 ). The treatment can 
result in painful muscle contractions and is typi-
cally administered under general anesthesia. In a 
prospective multicenter study, OR rates of up to 
85% and complete responses of up to 73% were 
observed for the above tumor entities  [  72  ] . 
However, any effect on overall survival, which 
would not be expected due to the local mode of 
action of ECT, has not been investigated to date. 
ECT is a useful treatment in the palliative setting, 
in order to combat tumor-associated symptoms, 
achieve locoregional disease control, and poten-
tially improve quality of life  [  68,   72,   73  ] .   

   Hepatic Intra-Arterial 
Chemotherapy and Transarterial 
Chemoembolization (TACE) 

 Isolated liver metastases occur frequently in 
patients with primary uveal melanoma. Systemic 
chemotherapy has been shown to be widely inef-
fective in this setting, with the exception of treo-
sulfan and gemcitabine  [  56  ] . Therefore, local 
chemotherapy, involving intra-arterial intrahe-
patic cytotoxic drug administration, may be a 
useful treatment modality. Fotemustine is the 
most commonly used agent. Response rates of 
30–40%, median overall survival of 15 months, 
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and occasional complete remissions have been 
reported for metastases from ocular and primary 
cutaneous melanoma  [  33,   34,   74  ] . Catheter dislo-
cations and occasional severe thrombocytopenia 
are treatment limitations. 

 In cases that are refractory to systemic and 
local chemotherapy, liver metastases may also be 
treated by selectively administered transarterial 
chemoembolization (TACE), using fotemustine 

or cisplatin combined with starch microspheres 
and intermittent oily substrates (Lipiodol). 
Single-center experiences and a small number of 
case reports have demonstrated some clinical 
benefi t, with an overall survival of up to 6 months 
in pretreated patients with liver metastasis from 
uveal melanoma  [  69,   75  ] . Controlled randomized 
studies have not been undertaken.   

   Chemoresistance 

 Several factors can contribute to impaired effi cacy 
of chemotherapeutic agents. Toxicity can infl u-
ence optimal dosing and/or drugs may not reach 
suffi cient concentrations in particular body 
compartments because of pharmacokinetic 
characteristics. In addition, tumors may become 
resistant to the cytostatic effects of a chemothera-
peutic agent. Therapeutic “pressure” can lead to 
the selection of cells that contain mutations of 

  Fig. 19.3    A 46-year-old female patient with advanced 
melanoma and predominantly locoregional metastases to 
her right thigh and groin area [Stage IV; pT4b pN3 M1c 
(AJCC 2009)]. ( a ) Treatment with electrochemotherapy 

(ECT) 8 min after i.v. administration of 30 mg bleomycin 
(15 mg/m²). Clinical signs ( b ) before and ( c ) 3 weeks after 
ECT, with evidence of partial remission           
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genes related to chemosusceptibility. With a muta-
tion rate of one per 10 4 –10 8  cell divisions, the prob-
ability for initial chemoresistance is much lower 
for small tumors compared to their larger counter-
parts  [  76–  79  ] . Specifi c cellular mechanisms lead-
ing to chemoresistance include (1) mutations which 
hamper the cellular infl ux of cytostatic drugs (i.e., 
carrier proteins) and (2) upregulation of proteins 
which augment their cellular effl ux [multi-drug 
resistance proteins and other ABC (ATP-binding 
cassette) transporters: ABCC2 (MRP2), Ral-
binding protein 1 (RALBP1)]  [  80–  82  ] . Furthermore, 
a chemotherapeutic agent may be inactivated by 
specifi c enzymes, repair enzymes can antagonize 
cytostatic-induced DNA damage (i.e., MGMT in 
DTIC- and TMZ-induced DNA alkylation), and/or 
drug targets may be altered (i.e., mutated tubulin 
proteins—targets for vinca alkaloids and taxanes). 

 In normal skin melanocytes, physiological resis-
tance to apoptosis (“programmed cell death”) pro-
tects against ultraviolet radiation (UVR)-induced 

damage. In contrast to keratinocytes which 
become apoptotic via a p53-dependent pathway, 
melanocytes are stimulated to produce melanin 
by UVR exposure. In melanocytes, resistance to 
apoptosis results from intracellular upregulation 
of antiapoptotic proteins (i.e., Bcl-2) and DNA 
repair mechanisms via endocrine and  paracrine 
signals (melanocortins, endothelin-1)  [  83,   84  ] . 
For melanoma, the most important mechanisms 
for chemoresistance appear to be related to spe-
cifi c antiapoptotic features of tumor cells. As 
cytostatic agents promote apoptosis, mechanisms 
that inhibit cell death are likely to play a crucial 
role in chemoresistance  [  85  ] . Mechanisms 
counteracting apoptosis in  melanoma cells are 
the mitogen-activated protein kinase (MAPK), 
phosphoinositol-3-kinase (PI3K), and nuclear 
factor-kappa B (NF-kB) pathways (Fig.  19.4 ) 
 [  12,   86–  88  ] . The selective inhibition of these 
pathways (i.e., “targeted therapy”) is currently 
regarded as one of the most promising approaches 

  Fig. 19.4    Mechanisms of chemoresistance in melanoma. Activation of oncogenic signaling pathways may counteract 
drug-mediated apoptosis       
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to overcome therapeutic resistance in metastatic 
melanoma. The effects of chemotherapeutic drugs 
might be improved if administered in parallel or 
sequentially with targeted agents. One of these 
promising agents is PLX4032, a selective BRAF V600E  
inhibitor, which showed an OR rate of 70% and a 
progression-free survival of 7 months in a recent 
phase I study of metastatic melanoma  [  89  ] . A phase 
III trial comparing PLX4032 with DTIC therapy is 
currently in progress.  

 An ongoing phase III study by the German 
DeCOG is evaluating chemosensitivity-directed 
cytostatic treatment. The chemosensitivity index 
of a patient’s tumor is calculated using a luciferase-
based  in vitro  luminometric assay. Patients are 
then randomized to the most sensitive chemothera-
peutic drug combination or DTIC as control group. 
A prior phase II study demonstrated a signifi cant 
median overall survival benefi t of 14.6 months 
in chemosensitive melanoma patients versus 
7.4 months in the drug-resistant group  [  90  ] .  

   Overcoming Chemoresistance 
by Stroma-Targeted Combinations 
of Biomodulating Agents 

 The tissue microenvironment is crucial for tumor 
survival and growth. Consequently, drugs directed 
against the tumor stroma represent a promising 
molecular-targeted approach in oncology. 

 Stroma-targeted strategies appear to have 
some major advantages compared with estab-
lished chemotherapeutic agents. Acquired drug 
resistance might be delayed, since the stroma is 
genetically more stable than respective tumor 
cells. As stroma-targeted drugs are administered 
at lower does, toxic side effects are usually milder 
than those due to conventional chemotherapies. 
However, the aims of a stroma-targeted approach 
are often the control/stabilization of disease and 
prolongation of progression-free survival rather 
than the achievement of high response rates, 
which is very different to many established high-
dose chemotherapy schedules. 

 The endothelial cell is an important compo-
nent of the tumor stroma. Tumors cannot grow 

beyond a critical size (about 100–200  m m) or 
metastasize to other organs without adequate 
nutritional support through a vascular network. 
Angiogenesis has therefore been identifi ed as a 
hallmark of cancer. Metabolic stress (hypoglyce-
mia, low pH, low pO2), infi ltrating infl ammatory 
cells, genetic mutations (activation of oncogenes 
or inhibition of tumor suppressor genes that regu-
late the transcription of angiogenic factors), and 
other mechanisms can shift the highly sensitive 
balance between pro- and antiangiogenic factors 
and promote tumor angiogenesis. 

 A number of drugs, originally developed for 
the management of metabolic and rheumatologi-
cal disorders, have demonstrated antitumor 
effects. This activity is mediated by the inhibition 
of angiogenesis and attenuation of tumor- 
associated infl ammation, thereby modulating the 
tumor stroma and making the tissue environment 
less permissive and supportive for the tumor itself. 
Drugs with antiangiogenic activity, such as PPAR g  
agonists, COX-2 inhibitors, thalidomide, and 
mTOR (mammalian target of rapamycin) antago-
nists, have been evaluated in clinical trials with 
very promising results  [  91–  93  ] . Furthermore, it 
has been found that low-dose continuous admin-
istration of conventional chemotherapeutic drugs, 
referred to as “metronomic” chemotherapy, spe-
cifi cally targets endothelial cells within tumors. 
Therefore, metronomic scheduling of conven-
tional cytostatic agents is regarded as an effective 
component of broader antiangiogenic therapy. In 
a recent randomized phase II trial in second-line 
advanced melanoma patients, the addition of anti-
angiogenic drugs to metronomic chemotherapy 
was found to signifi cantly enhance progression-
free survival, with a trend toward improved over-
all survival (18.8 vs .  8.2 months), compared with 
metronomic chemotherapy alone  [  94  ] .  

   Concluding Remarks 

 Besides surgical resection of localized 
metastases, chemotherapy is the most important 
pillar of current palliative melanoma treatment 
approaches. Unfortunately, the antitumor effects 
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of chemotherapeutic agents are limited and con-
fi ned to transient tumor responses in the majority 
of patients. With more than 30 years of use, DTIC 
remains the reference chemotherapeutic agent for 
treatment of metastatic melanoma. No other cyto-
static drug or combination regimen has demon-
strated a better overall survival advantage. 
Therefore, an urgent need exists to both discover 
novel biomarkers of disease and develop novel 
therapeutic strategies, so that individualized mel-
anoma therapy can be realized. A number of dif-
ferent approaches are currently under 
investigation—agents targeting melanoma sig-
naling pathways, angiogenesis, apoptosis and 
immune escape. The use of novel strategies may 
complement established chemotherapeutic 
approaches and fi nally improve the prognosis of 
patients with metastatic melanoma.      
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        Introduction 

 In its early stages, melanoma can be surgically 
cured, leading to 5-year survival rates exceeding 
90%  [  1  ] . However, metastatic melanoma is 
refractory to current therapies and has a very poor 
prognosis, with a median survival rate of only 
~6 months  [  2  ] . 

 Numerous studies have shown that the mito-
gen-activated protein kinase (MAPK; RAS/RAF/
MEK/ERK) and the phosphoinositide 3-kinase/
AKT pathways are upregulated in the majority of 
human melanomas, with alterations of signaling 
through both pathways playing key roles in mela-
noma proliferation, progression and survival 
 [  3,  4  ] . Mutations of microphthalmia-associated 
transcription factor (MITF), KIT and cyclin-
dependent kinases (CDKs) have also been pro-
posed to contribute to melanoma development 
 [  5–  8  ] . Several pharmacologic inhibitors that tar-
get various effectors of these pathways continue 
to be developed. Most agents are still being eval-
uated in preclinical studies, although some have 
already reached phase III evaluation. 

 However, despite encouraging preclinical 
fi ndings, early clinical trials with these drugs as 
single agents have been largely disappointing. 
A possible explanation for the lack of effective 
single-agent therapies is functional redundancy 
between the numerous signaling pathways 
embedded within complex networks that infl u-
ence each other’s activity. Therefore, melanoma 
researchers now point to the need to simultane-
ously target several pathways in order to control 
melanoma growth, invasion and survival. 

 In addition, failure of single-agent targeted 
therapy could also be due to melanoma heteroge-
neity. Melanomas can be effectively subtyped 
based on distinct mutational profi les. Therefore, 
in order to maximize the probability of success in 
future targeted therapy trials, it will be necessary 
to “genetically pre-select” patients so that appro-
priate drugs can be matched to the genetic lesions 
that drive each individual’s tumor.  

   Activating Mutations Within the RAS/
RAF/MEK/ERK Pathway 

 The RAS/RAF/MEK/ERK pathway, also known as 
the MAPK (mitogen-activated protein kinase) path-
way, is a signal transduction cascade relaying extra-
cellular signals from the plasma membrane to the 
nucleus via an ordered series of consecutive phos-
phorylation events  [  9  ] . In response to a variety of 
cellular stimuli, including growth factor-mediated 
activation of receptor tyrosine kinases (RTKs), 
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RAS assumes an activated, GTP-bound state, leading 
to recruitment of RAF from the cytosol to the cell 
membrane where it becomes activated, likely via a 
Src-family tyrosine kinase  [  10–  12  ] . Activated RAF 
causes the phosphorylation and activation of MAPK 
extracellular signal-regulated kinases 1 and 2 
(MEK1/MEK2), which in turn phosphorylate and 
activate extracellular signal-regulated kinases 1 and 
2 (ERK1/ERK2) at specifi c Thr and Tyr residues 
 [  13–  15  ] . Activated ERK translocates to the nucleus 
and phosphorylates several nuclear transcription 
factors (i.e., Elk-1, Myc, CREB, and Fos) which 
bind promoters of many genes, including growth 
factor and cytokine genes that are important for 
stimulating the cellular proliferation, differentia-
tion, and survival of multiple cell types  [  16–  36  ] . 

 Dysregulation of the RAS/RAF/MEK/ERK 
pathway plays an important role in melanoma 
cell proliferation and survival, with ERK being 
constitutively activated in up to 90% of melano-
mas  [  37  ] . ERK hyperphosphorylation most com-
monly results from mutations of the NRAS 
(15–30%) and particularly BRAF (50–70%) 
genes  [  38,  39  ] . The NRAS aberration often repre-
sents a substitution of leucine for glutamine at 
residue 61; this change impairs GTP hydrolysis 
and maintains the protein in a state of constitutive 
activation  [  40  ] . Mutations in other RAS isoforms 
are rare in melanoma, suggesting context-depen-
dent activity for specifi c RAS isoforms  [  41  ] . 

 The most frequent BRAF mutation, which 
accounts for more than 90% of BRAF alterations 
in melanoma, results in a glutamic acid for 
valine substitution at codon 600 (Val600Glu; 
BRAF V600E )  [  38  ] . This mutation introduces a 
conformational change in protein structure, with 
glutamic acid acting as a phosphomimetic 
between the Thr 598  and Ser 601  phosphorylation 
sites, leading to constitutive activation of the pro-
tein and a large increase in basal kinase activity 
 [  42  ] . The resulting hyperactivity of the MAPK 
pathway promotes tumor development  [  38,  43,  44  ] . 
BRAF V600E  also promotes vascular development 
by stimulating autocrine vascular endothelial 
growth factor (VEGF) secretion  [  45  ] . Mutations 
in ARAF and CRAF have not been found in this 
tumor. Likely, this pattern of mutations is due to 
the different mechanisms of activation for the 

three RAF genes: BRAF requires one genetic 
mutation for oncogenic activation, while ARAF 
and CRAF require two mutations  [  46,  47  ] . 

 Interestingly, genetic alterations in NRAS and 
BRAF rarely coexist in melanoma  [  38,  48,  49  ] , 
suggesting that either mutant BRAF or NRAS is 
able to activate the MEK-ERK pathway. The RAF/
MEK/ERK and PI3K/AKT pathways, in addition 
to the gene alterations that activate these path-
ways, in melanoma are outlined in Fig.  20.1 .  

   RAF Inhibitors 

 Sorafenib was the fi rst BRAF inhibitor to be clin-
ically available. It is an oral multi-kinase inhibi-
tor that decreases activity of RAF, VEGFR-1, -2 
and -3, PDGFR, Flt-3, p38, c-KIT, and FGFR-1 
 [  50  ] , thereby inhibiting both tumor cell growth 
and angiogenesis  [  45,  51,  52  ] . Sorafenib inhibits 
the growth of melanoma xenografts in mice  [  46  ] . 
However, it has little or no antitumor activity in 
advanced melanoma patients as a single agent 
 [  53  ] . The reasons for sorafenib failure in clinical 
trials are not clear. Perhaps, it is unable to reach a 
concentration suffi cient to inhibit BRAF, or pro-
liferation of melanoma cells may be driven by 
alternative signaling pathways upon RAF/MEK/
ERK signaling blockade  [  53  ] . To improve 
sorafenib effi cacy in the therapy of melanoma, it 
has been used in combination with standard che-
motherapeutic drugs. Preliminary results from 
studies combining sorafenib with carboplatin and 
paclitaxel have been encouraging  [  54  ] . However, 
phase III trials have shown that this combination 
failed to improve progression-free survival of 
patients with advanced melanoma  [  54  ] . 

 Sorafenib has also been combined with dacar-
bazine (DTIC)  [  55,  56  ] . In a randomized, double-
blind, placebo-controlled multicenter study, 
improvements in progression-free survival and 
time to progression were observed with the addi-
tion of sorafenib to dacarbazine  [  56  ] . However, 
these fi ndings did not translate into an improve-
ment in overall survival  [  56  ] . 

 Recently, it was reported that sorafenib acti-
vates glycogen synthase kinase-3beta (GSK-
3beta) in melanoma cell lines  [  57  ] . Constitutive 
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activation of this kinase correlates with a marked 
increase in basal levels of Bcl-2 and Bcl-xL, 
and decreased antitumor effi cacy of sorafenib. 
Therefore, sorafenib given in conjunction with 
targeted therapies against glycogen synthase 
kinase-3beta or antiapoptotic Bcl-2 family mem-
bers may prove useful  [  57,  58  ] . 

 The limited activity of sorafenib in tumors 
with mutant BRAF has prompted the evaluation 
of more specifi c BRAF inhibitors, such as RAF-
265 and PLX4032, in phase I–III clinical trials in 
melanoma subjects (  http://clinicaltrials.gov    ).  

   MEK Inhibitors 

 It has been demonstrated that melanoma cell lines 
with mutant BRAF are more sensitive to MEK 
inhibition than melanoma cell lines harboring 
oncogenic RAS  [  59  ] . In BRAF-mutant tumors, 
MEK inhibition results in downregulation of 
cyclin D1, upregulation of p27, hypophosphory-

lation of retinoblastoma protein (Rb), and growth 
arrest in G

1
. MEK inhibition also induces differ-

entiation and senescence of BRAF-mutant cells 
and apoptosis in some, but not all, BRAF V600E -
mutant models  [  59–  61  ] . Two MEK inhibitors are 
currently being tested in clinical trials: PD0325901 
and AZD6244. 

 Phase I trials with PD0325901 have reported 
clinical activity in melanoma, with two patients 
demonstrating partial responses and eight patients 
having stable disease that lasted 3–7 months  [  62–
  64  ] . However, the ocular toxicities associated 
with PD0325901 have halted its further evalua-
tion. AZD6244 was tested in a randomized phase 
II trial of 200 patients with stage IV melanoma. 
Patients were randomized to AZD6244 or temo-
zolomide, but recently reported fi ndings indicate 
that there was no signifi cant difference in pro-
gression-free survival between both arms  [  65  ] . 
However, AZD6244 monotherapy was noted to 
result in lasting remissions, particularly in patients 
with documented BRAF mutations.   

  Fig. 20.1    RAF/MEK/ERK and PI3K/AKT pathways are activated by genetic alterations in melanoma       
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   Dysregulation of the PI3K/AKT 
Pathway 

 In response to activated growth factor receptors, 
the phosphoinositide-3-OH kinase (PI3K) phos-
phorylates phosphatidylinositol-4,5-biphosphate 
(PIP2) to phosphatidylinositol-3,4,5-triphosphate 
(PIP3), leading to activation of the major down-
stream effector of the PI3K pathway, AKT  [  66  ] . 
Once activated, AKT phosphorylates further 
downstream cellular proteins that promote cell 
proliferation and survival  [  66–  68  ] . The lipid 
phosphatase PTEN negatively regulates this cas-
cade through dephosphorylation of PIP3  [  68  ] . 

 Recent studies have revealed aberrant regula-
tion of PI3K signaling in a high proportion of 
melanomas. Indeed, PTEN is deleted and the 
downstream AKT gene is amplifi ed in ~45% of 
tumors  [  69,  70  ] . Both of these genetic alterations 
result in overexpression of AKT3  [  70  ] , an isoform 
of AKT. Increased phospho-AKT expression in 
melanoma is associated with tumor progression 
and lower survival rates  [  71,  72  ] . Oncogenic RAS 
can also bind and activate PI3K, resulting in 
increased AKT activity  [  73  ] . These data suggest 
that loss of PTEN and oncogenic activation of 
RAS are largely equivalent with regard to their 
ability to increase oncogenic signaling through 
the PI3K pathway  [  74  ] . This hypothesis is sup-
ported by the fi nding that PTEN somatic muta-
tions are seen in melanomas harboring mutations 
in BRAF, but not NRAS  [  75  ] . This is consistent 
with the ability of NRAS to activate both the PI3K 
and MAPK cascades, so that in the presence of 
oncogenic NRAS, additional mutations in BRAF 
and PTEN are unnecessary  [  1,  72  ] . In recent stud-
ies of genomic alterations in primary melanomas, 
tumors with BRAF mutations had fewer copies of 
PTEN than those with NRAS mutations, suggest-
ing that dual activation of the PI3K and MAPK 
pathways are important events in melanoma 
development  [  72,  76  ] . The effects of PTEN dele-
tion on PI3K/AKT and RAF/MEK/ERK activa-
tion in melanoma are outlined in Fig.  20.2 .  

  Fig. 20.2    Effects of PTEN deletion on PI3K/AKT and 
RAF/MEK/ERK activation in melanoma. Upregulation of 
the RAF/MEK/ERK cascade by PTEN deletion and AKT 
hyperactivation results in the continuous proliferation, 
rather than differentiation, of melanocytic cells       
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   Combined Inhibition of MAPK 
and mTOR Signaling 

 Temsirolimus and everolimus, which target the 
PI3K/AKT pathway, have shown minimal activ-
ity as single agents in melanoma  [  77,  78  ] . They 
target mTOR, a serine/threonine kinase down-
stream of AKT, which modulates protein synthe-
sis, cell cycle progression, and angiogenesis  [  79  ] . 
Since mTOR is a cytosolic protein expressed by 
all tissues, these inhibitors do not show high 
specifi city with regard to melanoma cell target-
ing  [  58  ] . Furthermore, it has been determined 
that the mTOR pathway has a complicated feed-
back loop that involves suppression of AKT. 
Hence, mTOR inhibitors could potentially acti-
vate AKT in some cells  [  80  ] . 

 Given the cooperation between the MAPK 
and PI3K pathways in melanoma cell prolifera-
tion and survival  [  75  ] , parallel inhibition of tar-
gets in both pathways may result in synergistic 
inhibition of melanoma cell growth. Several stud-
ies have demonstrated the feasibility of this new 
therapeutic approach  [  71,  81–  86  ] . In particular, 
combining nanoliposomes containing ceramide 
(a lipid-based AKT inhibitor) with sorafenib has 
been shown to decrease tumor development 
through enhanced effects on the signaling cas-
cades  [  85  ] . Simultaneously targeting the MAPK 
pathway with sorafenib and the PI3K/AKT path-
way with rapamycin was also reported to inhibit 
growth, induce cell death, and suppress invasive 
potential of melanoma cells  [  86  ] . 

 However, no study has described complete 
regression of melanoma tumors with the use of 
PI3K and MAPK inhibitors, indicating that other 
targets or drug combinations will need to be iden-
tifi ed and validated.  

   PI3K Inhibitors in Combination 
with Chemotherapeutic Agents 

 Recent studies suggest that anticancer agents can 
trigger prosurvival events that attenuate their 
therapeutic effi cacy. In particular, cisplatin has 
been shown to induce activation of the AKT path-
way and to attenuate cisplatin-induced apoptosis 

in several human cancer cell lines  [  87,  88  ] . The 
MAPK signaling pathway also appears to play a 
role in chemoresistance  [  89  ] . Sinnberg et al.  [  90  ]  
investigated the effects of the AKT pathway 
inhibitors LY294002, wortmannin, and rapamy-
cin, and the MAPK pathway inhibitors sorafenib, 
U0126, and PD98059, on chemosensitivity of 
melanoma cells to cisplatin and temozolomide. 
The AKT pathway inhibitors signifi cantly 
increased the growth inhibitory effects of cispla-
tin and temozolomide, whereas the MAPK path-
way inhibitors did not enhance chemosensitivity. 
Moreover, combinations of the PI3K inhibitor 
LY294002 or the mTOR inhibitor rapamycin with 
the chemotherapeutics cisplatin or temozolomide 
signifi cantly induced apoptosis of melanoma cells 
in monolayer culture and completely suppressed 
invasive tumor growth of melanoma cells in orga-
notypic culture. These effects were associated 
with nearly complete abolishment of the anti-
apoptotic Bcl-2 family protein Mcl-1. A recently 
opened phase II study of everolimus in combina-
tion with temozolomide in patients with unresect-
able stage IV melanoma will provide insight into 
this potential chemosensitization strategy.   

   Resistance of Melanoma 
to Drug-Induced Apoptosis 

 It has been shown that melanoma cells have low 
levels of spontaneous apoptosis  in vivo  compared 
with other tumor cell types, and are relatively 
resistant to drug-induced apoptosis  in vitro   [  1,  91  ] . 
As most chemotherapeutic drugs function by 
inducing apoptosis in malignant cells, resistance 
to apoptosis is thought to be the main cause of 
treatment failure in melanoma  [  91  ] . 

 Dysregulation of the intrinsic (mitochondrial-
dependent) apoptotic pathway forms the basis for 
resistance to chemotherapy-induced apoptosis in 
melanoma  [  92–  98  ] . The p53/Bcl-2 signaling net-
work is one of the most important regulators of 
cell apoptosis; the Bcl-2 superfamily includes 
proapoptotic (BAX, BAK, BAD, BID, Bim, 
NOXA, and PUMA) and antiapoptotic (Bcl-2, 
Bcl-xL, Mcl-1, Bcl-w, and A1) members. In 
response to irreversible DNA damage, p53 
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becomes activated and induces the expression 
of proapoptotic members of the Bcl-2 family. 
These effectors promote mitochondrial mem-
brane permeabilization and release of cyto-
chrome c, which binds to Apaf-1 and leads to 
the activation of effector caspases that result in 
apoptosis  [  99  ] . 

 The loss of p53 function allows cells that have 
suffered DNA damage to survive and divide, 
propagating pro-cancerous mutations; however, 
unlike many other chemoresistant cancers, mela-
nomas harbor a very low frequency of p53 muta-
tions  [  100–  103  ] . Therefore, other components of 
the p53 pathway, either upstream or downstream 
of p53 are likely defective in melanoma. It has 
been shown that aberrant methylation leads to 
loss of Apaf-1 expression, rendering cells unable 
to execute the normal apoptotic response follow-
ing p53 activation  [  58,  95  ] . Decreased levels of 
Apaf-1 correlate with advanced disease and 
chemoresistance in melanoma  [  58,  104  ] . 

 High levels of Bcl-2 expression have been 
demonstrated in both melanoma and benign mel-
anocytes  [  91,  105  ] . Recent evidence suggests that 
mutant BRAF and CRAF signaling may lead to 
ERK-dependent  [  106  ]  and ERK-independent 
prosurvival signals by directly engaging Bcl-2 
family members  [  107  ] . 

 Alterations in other members of the Bcl-2 
family are also found to be involved in melanoma 
progression and chemoresistance. Several studies 
have reported that resistance to a variety of both 
traditional and targeted chemotherapeutic agents 
is largely mediated by Mcl-1 overexpression 
 [  58,  108–  114  ] . Unlike other antiapoptotic Bcl-2 
family members, Mcl-1 suppresses apoptosis 
induced by BAK, but not BAX  [  115  ] . Mcl-1 also 
has the unique property of rapid steady-state 
turnover due to proteasomal degradation  [  58,  115  ] . 
Thus, in the presence of chemotherapeutics that 
inhibit proteasome function, such as bortezomib, 
Mcl-1 can accumulate and result in decreased 
sensitivity to these agents  [  58,  111  ] . 

   Apoptosis Signaling Inhibitors 

 The fi rst targeted therapy against Bcl-2 was 
oblimersen (OBL), an antisense oligonucleotide 

that binds to native Bcl-2 mRNA leading to its 
degradation. OBL improves the chemosensitivity 
of human melanoma tumors grown in severe com-
bined immunodefi cient (SCID) mice  [  116  ] . In a 
large randomized phase III trial, patients with 
advanced melanoma received either DTIC or 
DTIC and OBL  [  117  ] . The DTIC plus OBL-
containing regimen improved median overall 
survival compared to patients treated with DTIC 
alone (9.0 vs .  7.8 months); however, the difference 
between both groups was not signifi cant ( p  = 0.077). 
Conversely, a subgroup analysis revealed signifi -
cant improvement in overall survival in patients 
with normal baseline Lactate Dehydro genase (LDH). 
These fi ndings suggest that serum LDH can be used 
to identify patients who are unlikely to benefi t from 
oblimersen-dacarbazine treatment, and support the 
use of LDH as a key stratifi cation factor in future 
randomized trials. 

 Other inhibitors of Bcl-2 family members 
have been developed and are currently entering 
clinical trials. Two of these are ABT-737 and the 
orally available analogue ABT- 263, which mimic 
the BH domain and tightly bind to Bcl-2, Bcl-xL, 
and Bcl-w. Both molecules have demonstrated 
promising activity alone and in combination with 
cytotoxic and other targeted therapies in preclini-
cal studies  [  118,  119  ] .   

   Novel Therapeutic Targets 
in Melanoma 

 Our understanding of melanoma biology has 
increased substantially with the availability of 
genomic technologies. The Sanger Center (  http://
www.sanger.ac.uk/    ) maintains a catalogue of all 
mutations reported in cancer. Currently, there are 
over 600 genes which have been shown to be 
altered in melanoma. The number of putative 
melanoma oncogenes and melanoma tumor sup-
pressor genes (TSGs) continues to grow at a rapid 
pace and their identifi cation has the potential to 
promote development of novel, more effective 
targeted therapies. Molecular-targeted therapies 
for melanoma used in recent clinical trials are 
summarized in Table  20.1 . Currently, CRAF, 
c-KIT, MITF, and CDKs seem to be promising 
targets in melanoma patients.  
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   C-KIT or CRAF Signaling-Driven 
Melanoma Subsets 

 The recent publication of studies showing the 
presence of KIT mutation or amplifi cation in acral 
and mucosal melanomas has evoked interest in 
c-KIT signaling as a therapeutic target  [  6,  124–
  127  ] . C-KIT is a receptor tyrosine kinase that 
triggers many downstream events, including 
activation of the MAPK and PI3K pathways 
 [  128,  129  ] . The validity of c-KIT as a therapeutic 
target in melanoma was recently shown by two 
clinical case reports, in which melanoma patients 
with activating mutations in KIT showed remark-
able responses to the c-KIT inhibitor imatinib 
 [  120,  121  ] . Imatinib binds the ATP-binding site of 
(inactive conformation) c-KIT  [  130  ] . Therefore, 
mutations that stabilize the active conformation 
of c-KIT will be resistant to imatinib therapy. 
Dasatinib, a second generation c-KIT inhibitor, 
may be more relevant as it binds both the active 
and inactive conformations of c-KIT  [  122  ] . On the 
basis of these data, multiple phase II investiga-
tions with imatinib or dasatinib, alone or in com-
bination with other agents, have been initiated. 

 CRAF has also been proposed as a suitable 
therapeutic target for subgroups of melanoma 
presenting with defi ned characteristics. In RAS- 
mutant melanoma cells, it is CRAF and not 
BRAF which activates MEK  [  131  ] . In normal 
melanocytes, activation of the MAPK pathway 

only proceeds via BRAF, as constitutive protein 
kinase A (PKA) activity leads to the phosphory-
lation and inactivation of CRAF. In contrast, for 
melanomas with NRAS mutations, the cyclic 
AMP/PKA system is dysregulated, so that PKA 
no longer suppresses CRAF, allowing CRAF-
mediated MAPK activation to occur  [  131  ] . 

 Although most studies have focused on the 
BRAF V600E  mutation, at least 70 other BRAF 
mutations have been identifi ed  [  42  ] . Many of 
these show reduced BRAF kinase activity rela-
tive to the V600E mutant form; however, they are 
able to activate the MAPK pathway by directly 
binding to CRAF, leading to its phosphorylation 
and transactivation  [  42  ] . 

 In addition, it has recently been reported that 
elevated CRAF expression mediates resistance to 
BRAF inhibitors in BRAF V600E  melanoma cells 
 [  132  ] . Thus, it is likely that CRAF is a valid ther-
apeutic target in (1) subgroups of melanomas 
with activating NRAS mutations, (2) those with 
low-activity mutations in BRAF, or (3) those that 
become resistant to BRAF inhibitors. 

 A limited number of drugs targeting CRAF 
have been developed and tested in preclinical 
studies. RAF antisense oligonucleotides have 
shown promising results in preclinical studies, 
but were disappointing in later clinical studies in 
which no benefi t was seen  [  133–  138  ] . The failure 
of antisense treatment could be due to poor selec-
tion of study patients (i.e., based on CRAF tumor 

   Table 20.1    Molecular-targeted therapy for melanoma   

 Agent  Function  Target(s)  Reference 

 Sorafenib  Multi-kinase inhibitor  RAF, VEGFR-1, -2 and -3, PDGFR, 
Flt-3, p38, c-KIT, and FGFR-1 

  [  53–  58,  85,  86  ]  

 RAF-265  Multi-kinase inhibitor  Mutant BRAF, VEGFR-2  [  http://clinicaltrials.gov    ] 
 PLX4032  Selective kinase inhibitor  Mutant BRAF  [  http://clinicaltrials.gov    ] 
 PD0325901  Selective kinase inhibitor  MEK   [  62–  64  ]  
 AZD6244  Selective kinase inhibitor  MEK   [  65  ]  
 Sirolimus  PI3K/AKT pathway inhibitor  mTOR   [  86  ]  
 Temsirolimus  PI3K/AKT pathway inhibitor  mTOR   [  77,  84  ]  
 Everolimus  PI3K/AKT pathway inhibitor  mTOR   [  78  ]  
 Oblimersen  Antisense oligonucleotide  Bcl-2   [  117  ]  
 ABT-263  BH domain-mimetic  Bcl-2, Bcl-xL, and Bcl-w   [  118,  119  ]  
 Imatinib  RTK inhibitor  c-KIT   [  120,  121  ]  
 Dasatinib  RTK inhibitor  c-KIT   [  122  ]  
 SNS-032  Multi-CDK inhibitor  CDK2, −7, and −9   [  123  ]  
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expression levels). Sorafenib is a potent CRAF 
inhibitor  [  50  ] , but it is not CRAF-specifi c and 
involves multiple targets and mechanisms. Studies 
are underway to assess combinations of CRAF 
inhibitors with other small molecule inhibitors, 
such as Bcl-2 inhibitors and MEK inhibitors.  

   Inactivation of Both MITF and BRAF V600E  
Signifi cantly Inhibit Melanoma Growth 

 The link between microphthalmia-associated 
transcription factor (MITF) and melanoma devel-
opment is complex. MITF acts as a master regu-
lator of melanocyte development, function and 
survival  [  139,  140  ] , and plays a double role of 
inducer/repressor of cellular proliferation  [  141  ] . 
High levels of MITF expression lead to G

1
 cell 

cycle arrest and differentiation, through induction 
of the cyclin-dependent kinase inhibitors p16 INK4a  
and p21 Cip   [  142,  143  ] , whereas very low, or null, 
expression levels predispose to apoptosis  [  1  ] . 
Only intermediate levels promote cell prolifera-
tion. Therefore, it is thought that melanoma cells 
have developed strategies to maintain MITF levels 
in the range compatible with tumorigenesis. It has 
been shown that constitutive ERK activity, stimu-
lated by BRAF V600E  in melanoma cells, is associ-
ated with ubiquitin-dependent MITF degradation 
 [  144  ] . Nevertheless, continued expression of 
MITF is necessary for proliferation and survival 
of melanoma cells, as a function of CDK2 and 
Bcl-2 gene regulation  [  145,  146  ] . Furthermore, 
BRAF mutation is associated with MITF amplifi -
cation in 10–15% of melanomas  [  5  ] . However, 
other mechanisms likely counteract ERK-
dependent proteasomal degradation of MITF, 
since MITF amplifi cation occurs in only a minor-
ity of melanomas in which BRAF and NRAS 
genes are mutated. MITF is a downstream target 
of  b -catenin, a key effector of the Wnt signaling 
pathway, which stimulates growth of melanoma 
cells  [  147  ] . Thus, an alternative mechanism of 
MITF recovery could involve stabilizing muta-
tions in  b -catenin leading to induction of MITF 
 [  58,  148,  149  ] . Another mechanism could involve 
mutant BRAF. It has recently been shown that 
oncogenic BRAF controls MITF on two levels. 

It downregulates the protein by stimulating its 
degradation, but then counteracts this by increas-
ing MITF expression through the transcription 
factor BRN2  [  150  ] . 

 To clarify the therapeutic role of MITF as a 
molecular target in human melanoma, Kido et al. 
 [  151  ]  evaluated its effect on cell proliferation in a 
panel of human melanoma cell lines which 
expressed different levels of MITF. It was 
observed that both MITF depletion and overex-
pression signifi cantly suppressed proliferation. 
However, half of the melanoma cell lines were 
relatively resistant to MITF depletion. Therefore, 
in an effort to enhance the anti-proliferative effect 
of MITF downregulation, the authors combined 
shRNA-mediated MITF depletion with BRAF V600E  
inactivation. This resulted in a signifi cant inhibi-
tion of melanoma growth, even in those cell lines 
resistant to MITF depletion. These data suggest 
simultaneous inhibition of MITF and MAPK sig-
naling may be an attractive strategy for mela-
noma treatment.  

   Cell Cycle Changes in Melanoma 

 The p16 INK4a -Rb pathway is a critical gatekeeper 
for cell cycle progression. In the CDK4/6-
mediated phophosphorylated state, Rb drives 
cells towards G

1
/S-phase transition, while in the 

hypophosphorylated state, Rb binds and represses 
the E2F transcription factor and prevents the pro-
gression through S-phase  [  152  ] . p16 INK4a  retards 
the cell cycle and inhibits the cyclin D/CDK4 
complex, thereby preventing the latter from phos-
phorylating Rb  [  153  ] . 

 The exit of cells from the cell cycle is a physi-
ological process. Indeed, normal somatic cells 
have a fi nite lifespan, and following a defi ned 
number of divisions, they exit from the cell cycle 
and enter a state of senescence  [  1,  154  ] . Senescence 
also occurs in response to oncogenic stresses, 
thereby acting as a cellular protection mechanism 
against cancer formation  [  155,  156  ] . It has been 
shown that abnormally high activation of the 
MAPK pathway can inhibit cellular growth in a 
wide variety of both normal cells and cancer cells 
by promoting cellular senescence  [  157,  158  ] . 
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Notably, BRAF V600E  was recently found to induce 
p16 INK4a  expression and senescence in primary 
human melanocytes  in vitro   [  157,  159  ] . Therefore, 
senescence can only be overcome if the p16 INK4a -
Rb pathway is not fully engaged (such as when 
p16 INK4a  is inactivated)  [  8,  160  ] . It has been 
reported that germline mutations in CDKN2A 
(site of p16 INK4a ) are linked to familial melanoma 
susceptibility  [  161–  163  ] . Somatic mutations of 
CDKN2A are also found in many sporadic mela-
nomas  [  7,  164  ] . p16 INK4a  is inactivated by dele-
tions, point mutations, and promoter methylation 
 [  165,  166  ] , or through transcriptional silencing 
via overexpression of the transcriptional suppres-
sor, inhibitor of differentiation 1 (ID1)  [  167  ] . 
Given that p16 INK4a  requires direct interaction 
with the cyclin-CDK complex in order to inhibit 
its protein kinase activity, changes in CDK4 that 
render it resistant to p16 INK4a  mimic those associ-
ated with p16 INK4a  loss  [  149  ] . In fact, somatic and 
germline mutations in CDK4 have been detected 
in melanoma cell lines  [  168  ]  and familial mela-
nomas  [  169  ] , respectively. 

 Molecular-targeted therapeutic approaches 
aimed at restoration of cell cycle control in mela-
noma are actively being explored. Because resto-
ration of lost tumor suppressor function (i.e., 
p16 INK4a ) is diffi cult, major efforts have been 
directed at targeting CDKs (the catalytically 
active downstream components). Unfortunately, 
the initial studies of early CDK inhibitors, includ-
ing a single-agent phase II study of fl avopiridol 
(inhibitor of CDK1/2/4/6), as well as a single-
agent phase II study of UCN-01 (7-hydroxy- 
staurosporine), a CDK2 and protein kinase C 
inhibitor, have not been promising  [  73  ] . Recently, 
PD-0332991, an orally bioavailable, highly selec-
tive and potent CDK4/6 inhibitor, demonstrated 
G

1
 arrest in Rb-positive tumor cells and signifi -

cant tumor regression or growth delay in murine 
xenografts  [  170,  171  ] . Another novel small 
 molecule inhibitor, SCH 727965, potently inhib-
its CDK2, in addition to CDK1/5/7/9  [  172  ] . 
Treatment with SCH 727965 inhibited DNA syn-
thesis and caused cell cycle arrest and apoptosis 
 in vitro . In tumor xenograft models, treatment 
resulted in tumor growth inhibition and regres-
sion, which was enhanced by combination with 

cytotoxics. Other promising agents that target 
multiple CDKs and are under early clinical inves-
tigation include SNS-032 (BMS-387032), which 
inhibits CDK2/7/9  [  123  ] ; AG-024322, which tar-
gets CDK1/2/4  [  173  ] ; and ZK 304709, a multi-
targeted inhibitor of CDK1/2/4/7/9, VEGFR-1, 
-2, and -3, and PDGFR- b   [  174  ] .   

   Conclusions 

 A better understanding of the molecular path-
ways responsible for melanoma progression has 
led to the development of novel targeted thera-
pies for this devastating disease. Currently, a 
whole array of molecular-targeted agents against 
BRAF signaling, MEK signaling and mTOR are 
undergoing clinical evaluation. Interestingly, the 
inhibition of one pathway can result in the upreg-
ulation of other related or redundant pathways. 
Therefore, the simultaneous targeting of several 
pathways may be required for disease control and 
improved patient survival. Moreover, the “genetic 
pre-selection” of melanoma patients for targeted 
therapy trials will likely enhance results and 
improve clinical outcomes.      
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  ATP    Adenosine triphosphate   
  Ang    Angiopoietins   
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  CR    Complete response   
  DTIC    Dacarbazine   
  DFS    Disease-free survival   
  EPC    Endothelial progenitor cells   
  EGF    Epidermal growth factor   
  EGFR    Epidermal growth factor receptor   
  FGF    Fibroblast growth factor   
  FGFR    Fibroblast growth factor receptor   
  IMiDs    Immunomodulatory drugs   
  IFN    Interferon   
  IL    Interleukin   
  mTOR    Mammalian target of rapamycin   
  MTD    Maximum tolerated dose   
  MS    Median survival   
  PTX    Paclitaxel   
  PR    Partial response   
  PS    Performance status   
  PLGF    Placenta growth factor   
  PDGFR    Platelet-derived growth factor receptor   
  PD    Progressive disease   
  PFS    Progression-free survival   
  OS    Overall survival   

  RTKs    Receptor tyrosine kinases   
  RR    Response rate   
  SD    Stable disease   
  TTP    Time to progression   
  VEGF    Vascular endothelial growth factor   
  VEGFR     Vascular endothelial growth factor 

receptor   
  TMZ    Temozolimide   
  TGF    Transforming growth factor   
  TNF    Tumor necrosis factor     

     Angiogenesis in Melanoma 

 Angiogenesis is a necessary condition for tumor 
growth and dissemination  [  1  ] . The ability of tumor 
cells to induce angiogenesis occurs through a mul-
tistep process—the ‘angiogenic switch’  [  2,   3  ] . The 
vascular endothelial growth factor (VEGF) family 
of growth factors and receptors (VEGFR) are key 
regulators of this process  [  4,   5  ] . The VEGF family 
includes six structurally related glycoproteins 
referred to as VEGF-A, VEGF-B, VEGF-C, 
VEGF-D, VEGF-E, and placental growth factor 
(PLGF). VEGF acts through specifi c binding to 
three different cell membrane receptors belonging 
to the superfamily of receptor tyrosine kinases 
(RTKs): VEGFR-1 (Flt-1), VEGFR-2 (Flk1/KDR) 
and VEGFR-3 (Flt-4)  [  5,   6  ] . Ligand–receptor 
interaction induces activation of the tyrosine kinase 
domain of VEGFR, which leads to subsequent 
activation of multiple intracellular signaling trans-
duction pathways (Fig.  21.1 ). The activation of 
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these pathways results in endothelial cell survival, 
mitogenesis, migration, differentiation, vascular 
permeability, vasodilatation, and mobilization of 
endothelial progenitor cells (EPC) from the bone 
marrow into the peripheral circulation  [  7,   8  ] . In 
addition, many other molecules can serve as pro-
angiogenic factors, including fi broblast growth 
factors (FGF), transforming growth factors (TGF), 
tumor necrosis factor alpha (TNF a ), angiogenin, 
and interleukin-8 (IL-8)  [  9  ] .  

 The angiopoietins (Ang) act in concert with 
VEGF to control the later stages of the angio-
genic cascade related to vessel assembly, matura-
tion, and quiescence  [  10  ] . Ang-1 and Ang-2 have 
been identifi ed as agonistic and antagonistic 
ligands, respectively, of the vascular receptor 
tyrosine kinase Tie2/Tek  [  11,   12  ] . Ang-1 acts as 
an endothelial cell survival factor, leading to ves-
sel stabilization and maturation  [  11  ] . Constitutive 
Ang-1/Tie2 signaling is required to maintain the 

quiescent phenotype of vascular endothelium. 
Ang-2 acts as a context-specifi c antagonist of 
Ang-1/Tie2 signaling. As such, it destabilizes the 
quiescent endothelial cell phenotype, induces 
permeability and leads to dissociation of cell-cell 
contacts in cultured endothelial cells  [  13  ] . Ang-2 
has also been reported to be capable of acting as 
an agonist of Tie2  [  14  ] . Interestingly, Nasarre and 
colleagues demonstrated that Ang-2 effects tumor 
growth only during early stages of tumor devel-
opment (<0.2–0.4 cm 3 )  [  15  ] . 

 An increasing number of studies on the molec-
ular basis of angiogenesis are disclosing novel 
signaling pathways involved in the blood vessel 
formation process. These include extracellular 
signaling pathways such as Notch, ephrin/Eph 
receptor, roundabout/slit, and netrin/UNC (unco-
ordinated) receptor families, as well as intracel-
lular proteins such as hedgehog and sprouty  [  16  ] . 
Intercellular signaling via Dll4 (Delta-like 4), 

  Fig. 21.1    Schematic representation of targets of anti-angiogenic therapy.  ECM  extracellular matrix,  VEGF  vascular 
endothelial growth factor,  VEGFR  vascular endothelial growth factor receptor       
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Jagged-1 and Notch1 has recently emerged as a 
key regulator of endothelial cell differentiation 
and specifi cation during formation of a functional 
vascular network  [  17,   18  ] . Multiple connections 
between the VEGFR system and the Dll4/Notch 
signaling pathway have been described, indicat-
ing the existence of intricate regulatory feedback 
loops that play a critical role in proper vascular 
formation  [  17,   19  ] . 

 Cultured melanoma cell lines and melanoma 
cells derived from primary tumors and metasta-
ses have been shown to produce a plethora of 
cytokines and growth factors, such as TGF- b  
(beta), IL-1, IL-6, VEGF, PDGF, and IL-8 
 [  20–  24  ] . These factors may have autocrine and/
or paracrine effects resulting in tumor growth 
and invasion. In addition, they may stimulate 
endothelial cell proliferation, migration, and 
angiogenesis  [  25  ] . In melanoma, the transition 
from radial to vertical growth phase has been 
found to be accompanied by induction of VEGF 
expression and angiogenesis  [  26,   27  ] . There are 
reports that VEGF expression is associated with 
progression of melanoma  [  28  ] , and evidence that 
links expression of angiogenic serum factors 
VEGF, FGF-b, and IL-8 with prognosis in mela-
noma patients  [  29  ] . Mouawad and colleagues 
reported that pre-treatment median soluble 
VEGF-A, VEGF-C and VEGFR-3 levels were 
signifi cantly higher in melanoma patients  [  30  ] . 
In addition, elevated levels of serum VEGFR-1 
were found to exert a signifi cantly adverse impact 
on both disease-free survival (DFS) and overall 
survival (OS), while serum VEGFR-3 levels 
correlated with response  [  30  ] . Moreover, the 
presence of high circulating TGF- b 1 and 
VEGFR-1 in metastatic melanoma patients have 
been correlated with tumor burden  [  31  ] . However, 
studies have shown that VEGF is expressed in 
only ~30% of primary melanomas, with increased 
expression levels in metastases  [  32  ] ; hence, other 
angiogenic factors may play important roles in 
melanoma. Circulating soluble Ang-2 has been 
identifi ed as a potential biomarker of melanoma 
progression and metastasis, correlating with 
tumor load and OS  [  33  ] . Analysis of serum 
samples during the transition from stage III to 
stage IV identifi ed an increase in soluble Ang-2 
of up to 400%  [  33  ] . 

 The process of tumor angiogenesis is remark-
ably complex and depends on interaction 
between tumor, stromal, endothelial and bone 
marrow-derived cells. Integrins are a family of at 
least 24 cell surface heterodimeric glycoproteins, 
consisting of  a  (alpha) and  b  (beta) subunits non-
covalently bound, and involved in cell-cell and 
cell-matrix interactions. Integrins mediate cellu-
lar processes such as cell adhesion and migration 
that are essential not only for embryonic develop-
ment and tissue regeneration, but also for tumor 
development, invasion and metastasis in a variety 
of human cancers, including melanoma  [  34  ] . 
During melanoma development, changes in 
 integrin expression, intracellular control of integ-
rin functions, and signaling through integrin- 
associated pathways might impact the ability of 
tumor cells to interact with their environment, and 
enable melanoma cells to convert from a sessile, 
stationary phenotype to a migratory and invasive 
one  [  34  ] . Integrin expression also plays an impor-
tant role in tumor angiogenesis and lymphangio-
genesis. Select integrins promote endothelial cell 
migration and survival during these processes, 
whereas other integrins are associated with 
myeloid cell traffi cking to tumors  [  35  ] .  

   Clinical Experience with 
Angiogenesis-Targeting Agents 
in Melanoma 

 An understanding of the molecular changes 
underlying angiogenesis-dependent tumor 
growth has led to the identifi cation of various 
potential targets for therapeutic intervention. 
Numerous anti-angiogenic agents are presently 
used in clinical trials or are being developed for 
treatment of melanoma. Most of these novel 
anti-angiogenic drugs currently being evaluated 
are (1) monoclonal antibodies or soluble forms 
of receptors designed to bind and neutralize 
growth factors, (2) small molecules designed to 
inhibit growth factor-receptor interaction or 
protein kinase activity of components of the 
VEGF signaling pathway, and (3) molecules that 
target the extracellular matrix or receptors for 
extracellular matrix (Tables  21.1 – 21.4  and 
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   Table 21.1    Selected anti-angiogenic agents under development in melanoma   

 Anti-angiogenic drugs  Target  Clinical development 

  VEGF-blocking agents  
 Bevacizumab 
 Afl ibercept (VEGF Trap) 

 VEGF 
 VEGF 

 Phase III 
 Phase II 

  Multi-target protein kinase inhibitors  
 Semaxanib 
 Axitinib 
 Cediranib 
 Sunitinib 
 Pazopanib 
 Dovitinib 
 Sorafenib 
 Vatalanib 

 VEGFR, c-Kit 
 VEGFR, PDGFR, c-Kit 
 VEGFR, PDGFR, c-Kit 
 VEGFR, PDGFR, c-Kit, Flt-3 
 VEGFR, PDGFR, c-Kit 
 VEGFR, FGFR, PDGFR, c-Kit 
 VEGFR, Raf, PDGFR, c-Kit, RET, Flt-3 
 VEGFR, PDGFR, c-Kit 

 Phase II 
 Phase II 
 Phase II 
 Phase II 
 Phase II 
 Phase II 
 Phase III 
 Phase II 

  Drugs targeting integrins  
 Cilengitide 
 Vitaxin 
 CNTO95 
 Volociximab 
 Etaracizumab 

 Integrin  a v b 3 and  a v b 5 
 Integrin  a v b 3 
 Integrin  a v 
 Integrin  a v b 1 
 Integrin  a v b 3 and  a v b 5 

 Phase II 
 Phase II 
 Phase II 
 Phase II 
 Phase II 

  Anti-angiogenic and immunomodulatory  
 Thalidomide 
 Lenalidomide 

 Multiple mechanisms of action 
 Multiple mechanisms of action 

 Phase II 
 Phase III 

   VEGFR  vascular endothelial growth factor receptor,  VEGF  vascular endothelial growth factor,  PDGFR  platelet-derived 
growth factor receptor,  FGFR  fi broblast growth factor receptor  

   Table 21.2    Phase II trials of bevacizumab in combination with IFN a  (alpha), chemotherapy or biological agents in 
unresectable stages III and IV melanoma   

 Author  Study design  Treatment   n   Main results 

 Varker et al .   [  44  ]   Randomized 
Phase II 

 Bev with or without 
low-dose IFN a  2b 

 32  The addition of low-dose IFN had 
no effect on RR; eight patients had 
prolonged disease stabilization 
(24–146 weeks) 

 Vihinen et al .   [  45  ]  a   Phase II  Bev + low-dose IFN a  
(alfa) 2a and DTIC 

 24  RR 17% 

 Perez et al.  [  46  ]   Phase II  Bev + CBDCA 
and weekly PTX 

 53  PR 17%; SD 50%; median PFS 
6 months; median OS 12 months 

 Boasberg et al .   [  47  ]  a   Phase II  Bev + nab-paclitaxel  41  PFS 6.25 months 

 González-Cao et al .   [  48  ]   Phase II  Bev + weekly PTX  12  RR 16%; SD 58.3%; median DFS 
3.7 months; median OS 7.8 months 

 Von Moos et al .   [  49  ]  a   Phase II  Bev + TMZ  62  RR 26%; SD 44% 

 Wyman et al.  [  50  ]  a   Phase II  Bev + Erlotinib  29  RR 9%; SD lasting > 6 months 22% 

 Peyton et al .   [  51  ]  a   Phase II  Bev + Everolimus  56  PR 4%; SD 68% 

 O’Day et al .   [  52  ]  a   Randomized 
placebo-controlled 
Phase II 

 PTX and CBDCA 
with or without Bev 

 214  RR higher in Bev arm (26.4% versus 
16.4%); OS longer in Bev arm (12.3 
versus 9.2 months, HR 0.79, 
 P  = 0.19); PFS longer in Bev arm (5.6 
versus 4.2 months, HR 0.78,  P  = 0.14) 

   Bev  bevacizumab,  CBDCA  carboplatin,  DFS  disease-free survival,  DTIC  dacarbazine,  IFN  interferon,  nab-paclitaxel  
nanoparticle albumin-bound paclitaxel,  OS  overall survival,  PFS  progression-free survival,  PR  partial response, 
 PTX  paclitaxel,  RR  response rate,  SD  stable disease,  TMZ  temozolimide 
  a Abstract only  
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Fig.  21.1 ). The majority of the data in this area 
have not matured fully and are mostly published 
in abstract form.     

   VEGF-Blocking Agents 

 Blockade of the VEGF pathway has been 
achieved by many different approaches, includ-
ing antibodies targeting VEGF or its receptors, 
soluble decoy receptors that prevent VEGF from 
binding to its normal receptors (VEGF-trap), and 
small molecule inhibitors of the tyrosine kinase 
activity of VEGFR. 

 Bevacizumab is a recombinant humanized 
monoclonal antibody that prevents VEGF-A from 

binding to its receptors  [  39  ] . It is reported to be 
effective for treatment of various advanced can-
cers  [  40–  43  ] , and has been tested in several phase 
II trials in patients with metastatic melanoma in 
combination with IFN a  (IFNalpha), chemother-
apy or biological agents (Table  21.2 )  [  44–  51  ] . An 
ongoing phase II, multicenter, randomized, pla-
cebo-controlled trial (BEAM) is estimating the 
effi cacy and safety of bevacizumab when com-
bined with carboplatin and paclitaxel in previ-
ously untreated advanced melanoma. Two hundred 
and fourteen subjects were randomized to receive 
these drugs in a 2:1 fashion. Preliminary results 
were presented at the ESMO Congress in 2009 
 [  52  ] . At a median follow-up of 17.5 months, 
results showed a trending benefi t with the addition 

   Table 21.3    Phase II trials of sorafenib in combination with chemotherapy in unresectable stages III and IV melanoma   

 Author  Study design  Treatment   n   Main results 

 Flaherty et al .   [  58  ]  a   Phase I-II  Sorafenib plus 
CBDCA and PTX 

 35  PR 31%; SD 54% 

 Eisen et al .   [  61  ]  a   Phase II  Sorafenib plus DTIC  83  Median PFS 14 weeks; PR 10%; SD 41% 

 McDermott et al .   [  63  ]   Double-Blind 
 Randomized 
 Phase II 

 DTIC with either 
placebo or sorafenib 

 101  PFS longer in sorafenib arm (21.1 versus 
11.7 weeks, HR 0.66,  P  = 0.068) 
 TTP signifi cantly longer in sorafenib arm 
(21.1 versus 11.7 weeks, HR 0.61,  P = 0. 039) 
 OS longer in placebo arm (51.3 versus 
45.6 weeks, HR 1.022,  P = 0. 927) 

 Amaravadi et al.  [  64  ]   Four-arm 
Phase II trial 

 Sorafenib plus 
extended dose TMZ 
or standard dose TMZ 

 167  PR between 15% and 24% in patients without 
prior history of TMZ 
 No signifi cant difference in effi cacy 
outcomes between extended versus standard 
dosing of TMZ 

   CBDCA  carboplatin,  DFS  disease-free survival,  DTIC  dacarbazine,  OS  overall survival,  PFS  progression-free survival, 
 PR  partial response,  PTX  paclitaxel,  RR  response rate,  SD  stable disease,  TTP  time to progression,  TMZ  temozolimide 
  a Abstract only  

   Table 21.4    Randomized, double-blind trials that have tested anti-angiogenic drugs in relapsed or refractory metastatic 
melanoma   

 Author  Treatment   n   RR%   P  value  TTP (months)   P  value 

 Median 
survival 
(months)   P  value 

 Hauschild 
et al .   [  36  ]  

 Placebo + CP versus 
Sorafenib + CP 

 135 
 135 

 11 
 12 

 1.0  17.9 wks ( PFS ) 
 17.4 wks (PFS) 

 0.49  42 wks 
 42 wks 

 0.92 

 Glaspy 
et al .   [  37  ]  

 Lenalidomide 25 mg 
versus Lenalidomide 5 mg 

 146 
 148 

 5.5 
 3.4 

 0.38  2.2 
 1.9 

 0.24  6.8 
 7.2 

 0.71 

 Eisen et al .   [  38  ]   Lenalidomide 25 mg 
versus Placebo 

 152 
 154 

 5.3 
 5.8 

 0.82  2.1 
 3.0 

 0.19  5.9 
 7.4 

 0.19 

   RR  response rate,  CP  carboplatin + paclitaxel,  PFS  progression-free survival,  TTP  time to progression,  wks  weeks  
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of bevacizumab for progression-free survival 
(PFS) (5.6 versus 4.2 months, HR 0.78,  p  = 0.14) 
and OS (median of 12.3 versus 9.2 months, HR 
0.79,  p  = 0.19), with 1-year survival of 53% versus 
39%. Response rate (RR) was also higher in the 
bevacizumab arm (26.4% versus 16.4%). 
Bevacizumab-related safety events were in line 
with observations from other disease-based clini-
cal studies using similar chemotherapy. 
Interestingly, subgroup analysis suggested a sur-
vival benefi t in patients with performance status 0 
(PS0), M1c disease and elevated serum LDH, 
indicating that anti-angiogenic therapy may be 
more benefi cial in late stage melanoma. A number 
of other studies evaluating bevacizumab in com-
bination with chemotherapy and other targeted 
agents are ongoing. A randomized, multicenter 
phase III trial (AVAST-M) comparing bevaci-
zumab as adjuvant therapy versus standard obser-
vation in high-risk melanoma patients following 
complete resection is underway in the UK. The 
translational component of this trial could also 
potentially identify biomarkers of minimal resid-
ual disease, predictive markers for bevacizumab 
response, and markers of disease relapse. 

 Afl ibercept is a high-affi nity anti-VEGF com-
pound, engineered by combining domains from 
VEGFR-2 and VEGFR-1. VEGF Trap, function-
ing as a soluble decoy receptor, binds to pro-
angiogenic VEGF, thereby preventing VEGF from 
binding to respective cell receptors. Single agent 
afl ibercept is currently being evaluated in a phase 
II trial in individuals with recurrent stage III and 
stage IV melanoma. Eight of the fi rst 21 patients 
enrolled had at least 4 months of PFS  [  53  ] .  

   Multi-Target Protein Kinase Inhibitors 

 Protein kinases play important roles in regulating 
most cellular functions, including proliferation/
cell cycle, cell metabolism, survival/apoptosis, 
DNA damage repair, cell motility, response to the 
microenvironment, and angiogenesis. Several 
means of targeting these enzymes therapeutically, 
such as with antibodies or small molecules that 
block kinase-substrate interaction or inhibit an 
enzyme’s adenosine triphosphate (ATP) binding 
site, have been developed. 

 Dysregulated signaling via the mitogen-activated 
protein kinase (MAPK) pathway is associated 
with the development of solid tumors  [  54  ] . BRAF 
somatic mutations have been identifi ed in about 
60% of cases of melanoma  [  55  ] . Sorafenib is an 
oral multikinase inhibitor that was originally 
developed because of its inhibitory effects on 
Raf. However, its anti-angiogenic properties 
through the inhibition of VEGFR-1, -2, and -3, 
and platelet-derived growth factor receptor 
(PDGFR ) - a  (alpha) and - b  (beta), in addition to 
Raf kinases, may be relevant to its antitumor 
effects  [  56  ] . Early studies showed a favourable 
safety profi le, but little activity for single agent 
sorafenib in melanoma  [  57  ] . However, a combi-
nation phase I/II study of carboplatin and pacli-
taxel with escalating doses of sorafenib reported 
an extremely encouraging 85% disease control 
rate  [  58  ] . Of interest, there was no correlation 
between BRAF mutational status and treatment 
responses in patients with melanoma  [  59  ] . These 
promising results have led to the conduct of two 
randomized phase III trials comparing sorafenib, 
carboplatin, and paclitaxel with carboplatin and 
paclitaxel alone. One phase III trial was initiated 
by the Eastern Cooperative Oncology Group 
(Intergroup Trial E2603), in which 824 patients 
were enrolled and randomized to carboplatin and 
paclitaxel with either placebo or sorafenib. 
However, this trial was stopped early after an 
interim analysis found that further study conduct 
was futile with regard to achieving the primary 
end point of signifi cantly improved OS. Final 
results are still pending. A similar, but smaller 
phase III trial (PRISM) was conducted to com-
pare the same regimens as second-line treatment 
in patients with advanced melanoma  [  36  ] . Two 
hundred and seventy patients were randomized. 
No improvement in PFS (17.9 weeks for the pla-
cebo-containing arm and 17.4 weeks for the 
sorafenib-containing arm) or RR (11% versus 
12%) was seen. The study was not powered for 
survival. The reasons for the negative fi ndings of 
this trial as compared with the promising results 
of the phase I/II expansion study with the same 
regimen are unclear. The PFS was signifi cantly 
better than would be expected for patients receiv-
ing fi rst-line therapy, indicating that those indi-
viduals fi t enough to have second-line therapy for 
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melanoma are probably a self-selecting group 
with better prognosis. 

 The results observed with the combination of 
sorafenib and DTIC were similar  [  60,   61  ]  (Table 
 21.3 ). The rationale for this drug combination is 
that DTIC treatment has been demonstrated to 
regulate IL-8 and VEGF protein expression in 
melanoma cells  [  62  ] . A randomized, double-blind, 
placebo-controlled phase II study of DTIC with 
either placebo or sorafenib in 101 chemotherapy-
naïve advanced melanoma patients confi rmed an 
improvement in PFS in favor of the sorafenib arm 
(median, 21.1 versus 11.7 weeks). There were sta-
tistically signifi cant improvements in PFS rates at 
6 and 9 months, and in time to progression (TTP) 
in favor of the sorafenib plus DTIC arm. However, 
no difference in survival was observed, with a 
trend toward a benefi t for the DTIC plus placebo 
arm (median, 51.3 versus 45.6 weeks)  [  63  ] . An 
alternative attractive approach would be a com-
pletely oral combination regimen. In a complex 
randomized phase II study of TMZ and sorafenib, 
advanced melanoma patients received either 
extended dose TMZ or standard dose TMZ days 
1–5, with sorafenib in each case. Separate cohorts 
were available for patients who had either brain 
metastases or prior TMZ. TMZ plus sorafenib 
was well tolerated and showed antitumor activity 
(partial response [PR] rate between 15% and 
24%) in melanoma patients without prior history 
of TMZ therapy. There was no signifi cant differ-
ence in effi cacy outcomes between extended 
versus standard dosing of TMZ  [  64  ] . In addition, 
no signifi cant association between BRAF muta-
tional status and RR or PFS in patients treated 
with TMZ and sorafenib was reported. 

 Axitinib is an oral, potent and selective 
tyrosine kinase inhibitor of VEGFR-1, -2 and -3, 
that is in clinical development for multiple tumor 
types, and which has demonstrated single-agent 
activity in melanoma  [  65  ] . In a phase II study, 
axitinib demonstrated a 15.6% RR with response 
duration ranging from 2.3 to more than 10.2 
months. Interestingly, unplanned subgroup analy-
sis showed benefi t for patients developing hyper-
tension. The relationship between blood pressure 
and OS was also explored retrospectively across 
six separate phase II axitinib studies. An associa-
tion between hypertension and longer OS was 

reported in this retrospective analysis across 
 multiple tumor types  [  66  ] . 

 Semaxanib is a potent inhibitor of VEGFR-2 
and c-Kit, which has exhibited modest single-
agent activity in melanoma patients  [  67  ] . A phase 
II study evaluated the combination of semaxanib 
and thalidomide in patients with metastatic mela-
noma who had failed at least one prior therapy. 
Of ten patients evaluable for response, one com-
plete response (CR) lasting 20 months and one 
PR lasting 12 months were observed. Additionally, 
four patients had stable disease (SD) lasting from 
2 to 10 months  [  68  ] . 

 Pazopanib, cediranib, sunitinib and valatinib 
are other multi-target tyrosine kinases inhibitors 
either planned for or currently under evaluation 
in phase II studies in advanced melanoma. 

 More recently, compounds that act through the 
complex inhibition of multiple kinase targets have 
been reported and may exhibit improved clinical 
effi cacy. A series of potent, orally effi cacious 
4-amino-3-benzimidazol-2-ylhydroquinolin-2-
one analogues as inhibitors of VEGF, PDGF, and 
FGF RTKs have been developed  [  69  ] . Compounds 
in this class, such as dovitinib lactate, are revers-
ible ATP-competitive potent inhibitors of 
VEGFR-2, FGFR-1, and PDGFR- b  (PDGFR-
beta). Initial data from a phase I study in meta-
static melanoma patients demonstrated that 
dovitinib is safe and well tolerated at doses below 
500 mg/day. Dovitinib has shown preliminary 
biological activity that tended to correlate with 
disease control. Twenty additional patients will 
be enrolled at the maximum tolerated dose (MTD) 
to confi rm these preliminary fi ndings  [  70  ] .  

   Anti-Angiogenic 
and Immunomodulatory Drugs 

 Thalidomide is an orally bioavailable agent with 
multiple mechanisms of action, including anti-
angiogenesis activity, that has been used success-
fully in the treatment of multiple myeloma  [  71  ] . 
The activity of thalidomide in solid tumors is less 
evident, but the most promising results have been 
reported in Kaposi’s sarcoma and renal cell can-
cer  [  72  ] . Thalidomide inhibits vasculogenic mim-
icry channels and mosaic vessel formation in 
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melanoma, through the regulation of vasculo-
genic factors  [  73  ] . It can also induce necrosis of 
melanoma cells, possibly via the NF- k B signal-
ing pathway  [  73  ] . Immunomodulatory effects 
may include blockade of NF- k B activation 
through suppression of I k B kinase activity  [  74  ] , 
alterations of CD8+ and CD4+ T-cell function, 
stimulation of IL-2 and IFN- g  (IFNgamma) pro-
duction, and inhibition of other cytokines such as 
IL-6 and IL-12  [  75  ] . Although single-agent phase 
II studies reported mixed results in patients with 
advanced melanoma  [  76–  78  ] , the combination of 
thalidomide with TMZ demonstrated antitumor 
activity  [  79–  81  ] . A randomized phase II study 
compared TMZ administered every 8 h or daily 
in combination with either IFN a -2b or thalido-
mide in 181 patients  [  79  ] . A response or disease 
stabilization was seen in 25% of patients receiv-
ing the TMZ plus thalidomide combination, with 
a median survival of 7.3 months  [  79  ] . This com-
bination was well tolerated, with any toxicity 
attributable to thalidomide being manageable. A 
single-institution phase II trial combining TMZ 
with thalidomide reported a RR of 32% and a 
median survival time of 9.5 months  [  80  ] . The 
same group published a phase II study which 
demonstrated that this drug combination was an 
active oral regimen in patients with brain metas-
tases from melanoma  [  81  ] . However, many 
patients did not complete a full treatment cycle 
because of adverse events, which included CNS 
hemorrhage, deep vein thrombosis or pulmonary 
embolism, and severe rash. Given the poor prog-
nosis and limited treatment options available, 
together with these preliminary data, the Cancer 
and Leukemia Group B (CALGB) initiated a 
multicenter phase II trial with combined extended 
dose TMZ and thalidomide in patients with mela-
noma and brain metastases. The trial was closed 
to accrual due to an unexpected high rate of 
thromboembolic adverse events  [  82  ] . The 
Cytokine Working Group conducted a phase II 
trial to test the effi cacy of a regimen including 
TMZ, thalidomide, and whole brain radiation 
therapy (WBRT) in patients with brain metasta-
ses from melanoma  [  83  ] . Thirty nine patients 
received treatment, with three exhibiting response 
(RR 7.6%). Grade 3–4 side effects included deep 
venous thrombosis, pulmonary embolism, and 

CNS events. Eighteen (45%) patients required 
hospital admission for side effects. More recently, 
the Southwest Oncology Group (SWOG) con-
ducted a multicenter phase II trial to better defi ne 
the clinical effi cacy of thalidomide and TMZ in 
patients with metastatic melanoma  [  84  ] . Sixty 
four patients were enrolled. This drug combina-
tion did not appear to have a clinical benefi t that 
exceeded DTIC alone. The 6-month PFS was 
15%, the 1-year OS was 35%, and the RR was 
13%, all partial. One treatment-related death 
occurred from myocardial infarction, and three 
other grade 4 events arose, including pulmonary 
embolism, neutropenia, and CNS ischemia. There 
was no signifi cant correlation between biomark-
ers and PFS or OS. Another SWOG protocol 
evaluated IFN a -2b (IFNalpha-2b) plus thalido-
mide  [  85  ] . Grade 3 treatment-related adverse 
events arose in 14 of 26 enrolled patients. Because 
of concern for patient safety, the study was per-
manently closed. No treatment responses were 
seen in the 22 evaluable patients. Thalidomide 
had been the subject of extensive off-label admin-
istration in melanoma, but data do not support 
continuation of its use in this setting. 

 A class of thalidomide analogues, called 
immunomodulatory drugs (IMiDs), have recently 
been developed in order to optimize certain 
thalidomide properties including its anticancer 
activity, and minimize much of the drug’s toxicity 
 [  86  ] . Lenalidomide is a potent analogue of 
thalidomide that enhances T-cell stimulation, 
and has shown single-agent activity in refractory 
melanoma  [  87  ] . A phase II/III trial (MEL-001) 
comparing the effi cacy and safety of two daily 
doses of lenalidomide (5 mg versus 25 mg) in 
the treatment of stage IV refractory metastatic 
melanoma showed no signifi cant RR or PFS 
differences with either dose, and an acceptable 
safety profi le for lenalidomide at each dose  [  37  ] . 
However, another phase II/III study (MEL-002), 
comparing lenalidomide monotherapy with pla-
cebo, concluded that treatment with lenalido-
mide (25 mg) had no benefi t in RR, TTP, or OS 
in patients with previously treated metastatic 
melanoma  [  38  ] . Preliminary results of a phase I/II 
study of lenalidomide in combination with 
DTIC has established the dose for phase II 
testing  [  88  ] .  
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   Drugs Targeting Integrins 

 The integrin family plays important roles during 
tumor angiogenesis. Both monoclonal antibodies 
directed against  a v (alphav) integrins and low-
molecular-mass peptides blocking  a v (alphav) or 
vitronectin receptors have been developed. 

 Vitaxin is a humanized monoclonal antibody 
targeting the  a v b 3 (alphavbeta3) integrin, which 
is highly expressed on both activated endothelial 
cells and tumor cells, but is not present on resting 
endothelial cells and most normal organ systems, 
making it a suitable target for anti-angiogenic 
cancer therapy  [  89  ] . An open-label phase II study 
randomized 112 metastatic melanoma patients 
to receive vitaxin with or without DTIC. While 
vitaxin alone showed no objective responses, 
the median survival was longer in this group 
(11.8 versus 9.3 months)  [  90  ] . 

 CNTO-95 is a fully human monoclonal anti-
body against  a v (alphav) integrins, which has 
shown activity in metastatic melanoma  [  91,   92  ] . 
Interim results of a randomized phase II study of 
CNTO-95 alone, or in combination with DTIC, in 
129 patients with stage IV metastatic melanoma 
have shown a trend toward improvement in PFS for 
DTIC plus CNTO-95 when compared with DTIC 
plus placebo (median, 75 versus 54 days)  [  92  ] . 

 Volociximab is a high-affi nity chimeric mono-
clonal antibody that specifi cally binds to  a 5 b 1 
(alpha5beta1) integrin. Integrin  a 5 b 1 (alpha-
5beta1), the principal fi bronectin receptor, is an 
important survival factor and possible anti-mela-
noma target, as it plays a key role in angiogenesis 
 [  93,   94  ] . The combination of volociximab with 
DTIC was evaluated in a multicenter, open-label, 
pilot phase II study of 40 patients with metastatic 
melanoma. Fifteen patients experienced serious 
adverse events, two of which were possibly 
related to volociximab, including hypertension 
and deep vein thrombosis. Best overall response 
at 8 weeks was SD in 16 of 30 patients evaluable 
for effi cacy, while 14 patients had progressive 
disease (PD)  [  95  ] . More recently, preliminary 
data on 19 patients from a multicenter, two-stage 
phase II study of volociximab in patients with 
relapsed metastatic melanoma have been pre-
sented. Weekly volociximab was well tolerated, 

but demonstrated insuffi cient clinical activity to 
proceed to the second stage of the trial  [  96  ] . 

 Cilengitide is a cyclic Arg-Gly-Asp peptide 
that blocks the binding domain on  a v b 3 (alphav-
beta3) integrin. A phase II study showed minimal 
single-agent activity in melanoma  [  97  ] . However, 
cilengitide and TMZ exerted synergistic antipro-
liferative effects against melanoma and endothe-
lial cells  in vitro   [  98  ] .   

   Key Challenges of Anti-Angiogenic 
Cancer Therapy 

 Effectively targeting the complex pathways 
involved in angiogenesis as a therapeutic strategy 
in the treatment of cancer is an ambitious under-
taking, but one which has shown signifi cant clini-
cal benefi t in patients with colorectal cancer, 
breast cancer, non-small cell lung cancer and 
renal cell cancer. Nevertheless, our fundamental 
understanding of how these drugs work is poor, 
and we are increasingly appreciating the chal-
lenges that this approach poses. Key issues are 
why all patients do not respond to anti-angiogenic 
treatment and why some patients develop resis-
tance to this treatment? Although resistance to 
VEGF pathway-targeted therapy may be  mediated 
in large part by intrinsic or acquired characteris-
tics of the tumor cells, the vascular microenvi-
ronment can also be involved in mediating 
eventual tumor relapse and regrowth  [  99  ] . 
Furthermore, the timing of intervention and the 
context in which it is given may be clinically 
important. Ebos and colleagues showed that 
short-term (7-day) pretreatment with VEGF RTK 
inhibitors in mice, prior to intravenous inocula-
tion of human tumor cells or immediately after 
removal of a primary tumor, “conditioned” them 
to more aggressive metastasis with decreased 
survival  [  100  ] . Another group reported that 
angiogenesis inhibitors targeting the VEGF path-
way had antitumor effects, but concomitantly 
elicited tumor adaptation and progression to 
stages of greater malignancy, with heightened 
invasiveness and in some cases increased lym-
phatic and distant metastasis. Increased invasive-
ness was also seen following genetic ablation of 
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the VEGF-A gene in both models, substantiating 
the results of pharmacological inhibitor studies 
 [  101  ] . An increasing number of preclinical 
 investigations have disclosed novel pathways 
implicated in the blood vessel formation process, 
including angiopoietins, neuropilins and Notch, 
which might contribute to the inherent refractori-
ness and/or escape of tumors from VEGF-targeted 
therapy. Further studies on these molecular 
mechanisms and their interconnections with the 
VEGF pathway may provide new approaches in 
anti-angiogenic therapy  [  102  ] . 

 The activity of anti-angiogenic drugs may be 
dose- and/or schedule-dependent. Compounds 
that inhibit tumor growth and angiogenesis at 
high concentrations might stimulate tumor 
growth at lower levels  [  103  ] . In most clinical tri-
als,  a v b 3 inhibitors were administered as infu-
sions of short duration twice weekly. Under these 
circumstances, plasma drug concentrations fall to 
nanomolar levels between administration ses-
sions as a consequence of drug metabolism. 
Reynolds and colleagues recently showed nano-
molar concentrations of cilengitide can actually 
enhance the growth of tumors  in vivo  by promot-
ing VEGF-mediated angiogenesis  [  103  ] . 

 Drugs active against metastatic disease will 
not necessarily work in the adjuvant setting (i.e., 
potential differential effi cacies of treatments at 
different stages of tumor progression can exist). 
Currently, there are more than 40 adjuvant clini-
cal trials underway involving multiple VEGF 
pathway inhibitors in numerous cancer types. 
With respect to bevacizumab, one such trial was 
completed in 2009. In a phase III study, postop-
erative colorectal patients with stage II–III dis-
ease were treated with adjuvant bevacizumab 
plus chemotherapy  [  104  ] . The results showed no 
benefi t in DFS at 3-years after therapy initiation. 
There was a transient benefi t in DFS during the 
1-year interval in which bevacizumab was uti-
lized, but this benefi t gradually disappeared over 
time. The potential application of anti-angiogenic 
strategies in the adjuvant setting is of particular 
interest in melanoma. A recent analysis of two 
large studies on adjuvant IFN therapy indicated 
that ulceration is a determinant of IFN sensitivity 
 [  105  ] , and that increasing tumor vascularity is 

highly correlated with ulceration  [  106  ] . However, 
recent fi ndings from the BEAM study indicated a 
survival benefi t with addition of bevacizumab in 
patients with PS0, M1c disease and elevated 
serum LDH, suggesting that anti-VEGF targeted 
therapy might be more benefi cial in late stage 
melanoma  [  52  ] . 

 A new generation of trials is evaluating 
whether simultaneous inhibition of multiple tar-
gets through the use of novel multi-targeting 
drugs can overcome tumor resistance. However, 
it is more likely that combinations of anti-angio-
genic agents with chemotherapy and/or other tar-
geted therapy will be needed to subvert signaling 
redundancies and produce signifi cant clinical 
benefi t. To date, combinations of targeted agents 
have shown mixed results in early phase studies, 
which have been limited by overlapping, on- target 
 toxicity  [  107  ] . 

 Taken together, these preclinical and clinical 
observations have important implications with 
respect to optimal dose and schedule of therapy 
in the adjuvant/neoadjuvant setting. 

 Finally, several clinical and methodological 
questions need to be addressed. The advent of 
agents that have different molecular targets and 
involve new mechanisms of action may necessi-
tate new methodological approaches in clinical 
development, particularly in relation to clinical 
trial end-points  [  108–  110  ] . It would be desirable 
to have reliable biomarkers that select patients 
who are most likely to benefi t from angiogenesis-
targeting therapy, and that optimize scheduling, 
dosing and choices of drugs for combination 
therapies. Currently, no validated biomarkers of 
either angiogenesis or anti-angiogenesis are 
available for routine clinical use. However, a 
number of systemic, circulating, tissue and imag-
ing biomarkers are emerging and need to be pro-
spectively validated  [  111  ] .  

   Conclusions 

 Clinical trials evaluating the role of anti-angiogenic 
strategies are less advanced in melanoma than in 
other tumor types. A large number of early phase 
clinical trials have been completed, and showed 
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promising results in some cases. However, data 
from two phase III studies did not show the 
desired improvement in survival with the addi-
tion of sorafenib to carboplatin and paclitaxel. 
More encouraging results have been observed 
with the addition of bevacizumab to the same 
chemotherapy regimen. 

 In the coming years, results from ongoing 
phase III trials will both clarify the role of angio-
genesis-targeting agents in the treatment of mela-
noma and infl uence future development of 
anti-angiogenic strategies. Despite some set-
backs, angiogenesis remains a very promising 
therapeutic target, and researchers are exploring 
new agents and approaches to maximize the 
effects of anti-angiogenic therapy.      
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 Advanced melanoma is an aggressive disease. It 
is among the most immunogenic of all tumors 
and many of the lessons learned in cancer immu-
nology have involved the study of melanoma. 
Clinical regression of both benign and malignant 
melanocytic neoplasms lends further support for 
the potential powerful effect of the immune 
system targeting these neoplasms. However, only 
a subset of patients shows a favorable response 
to immune-based therapeutic interventions. 
Therefore, the identifi cation of biomarkers that 
may assist in identifying patients who are likely 
to respond to immunotherapy would be a tremen-
dous improvement with respect to the risk/benefi t 
ratio, patient safety and cost. Gene expression 
profi ling has been used to identify patients with a 
favorable tumor microenvironment; that is, by 
detecting activated T-cells in the tumor and cytok-
ines promoting T-cell traffi cking to the tumor  [  1  ] . 
This profi ling procedure could lead to improved 
clinical responses to immunotherapy. 

   Proof of Principle That 
Immunotherapy in Patients 
with Melanoma is Effective  

    1.    Cytokine-based therapies, such as interleukin 
(IL)-2, enhance the function of cytotoxic 
T-cells (CTLs) with clinical responses seen in 
15% of patients, and durable, complete 
responses in up to 5% of cases  [  2  ] .  

    2.    The number of responders to immunotherapy is 
higher in the group of patients who develop 
early signs of autoimmunity, such as vitiligo and 
thyroiditis  [  3,   4  ] . The presence of antithyroglob-
ulin, antinuclear and anticardiolipin antibodies 
seems to be a reasonable index for autoimmu-
nity. Clinical manifestations of autoimmunity in 
the absence of the above antibodies are excep-
tionally rare. Overall, response rates for the two 
United States Food and Drug Administration 
(FDA)-approved therapies for metastatic mela-
noma, IL-2 and dacarbazine, are 12–15%  [  5  ] .  

    3.    Several vaccine-based therapeutic approaches 
have been shown to increase the immune 
response. Although some studies demon-
strated slightly improved survival rates, the 
success rates have so far been rather humbling 
with clinical responses being observed in only 
15–20% of patients  [  6,   7  ] .     
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 Several avenues of immune therapy for 
melanoma are currently under investigation 
including (1) melanoma vaccine therapy, (2) heat 
shock protein therapy, (3) adoptive T-cell transfer 
therapy, (4) cytokine therapy, (5) administration 
of activating antibodies, (6) biochemotherapy, 
and (7) nonspecifi c immune adjuvants.  

   Details of Current 
Immunotherapeutic Approaches 
in Melanoma 

   Basic Physiology 
of the Immune Response 

 Antigens are processed and then presented to 
naïve T-cells by antigen-presenting cells (APCs). 
This maneuver requires the interaction of a par-
ticular antigen via the major histocompatibility 
complex (MHC) with the specifi c T-cell  receptor 
(TCR) on the naïve T-cell. However, this inter-
action in itself does not lead to a stable immune 
response, which includes the proliferation of a 
specifi c T-cell clone and the generation of mem-
ory T-cells. Additional so-called co-stimulatory 
signals are required, which can be generally 
divided into the tumor necrosis factor receptor 
(TNFR) and immunoglobulin (Ig) superfami-
lies. To enhance T-cell activation, one approach 
includes the use of monoclonal antibodies 
(mAb), such as CD28, 4-1BB and OX40, to 
trigger co-stimulatory signals. Antibodies can 
also be used to enhance antigen presentation 
by triggering CD40 on APCs. Anti-CTLA-4 
 antibodies can target the CTLA-4 receptor 
located on the surface of T-cells and block the 
signal that is triggered by physiologic binding 
of its ligand. Physiologic engagement of 
CTLA-4 would inhibit CD28 signaling, which 
is the most important co-stimulatory molecule. 
Therefore, CTLA-4 blockade ensures uninhib-
ited interaction between CD28 and its ligands 
B7.1 (CD80) and B7.2 (CD86). Last, but not 
least, anti-CD25 antibodies can be used to neu-
tralize the effects of regulatory T-cells (Tregs), 
also increasing the net immune response. In the 

absence of  mandatory co- stimulatory factors, 
anergy (T-cell unresponsiveness) may result. 

 Successful immunotherapy of cancer is 
multifactorial and requires fully functional T-cells 
(both cytotoxic CD8+ and helper CD4+ subsets). 
In order to mount an effective response, several 
components must be satisfi ed including respon-
siveness of T-cells to antigen presentation 
(including proliferation to the antigenic stimuli), 
T-cell survival, T-cell homing to the tumor 
microenvironment, powerful T-cell effector 
functions and, ultimately, the mounting of an 
immunological memory response  [  8–  10  ] . 
Therefore, all of these components must be 
addressed in order to optimize the effi cacy of any 
immune-based therapy. 

   Melanoma Vaccine Therapy 
 The overarching principle of all cancer vaccine 
therapy is the immune recognition of antigens 
expressed by the tumor. Immune responses have 
been frequently observed using vaccine-based 
strategies. However, clinical responses only 
occurred in 15–20% of patients  [  6,   7  ] . Over the 
past three to four decades, a plethora of approaches 
have been tested. These have included whole-cell 
and lysed-cell vaccines, peptide/protein-based 
vaccines, dendritic cell-based vaccines, DNA-
based vaccines, and vaccines using viral vectors 
for antigen delivery.   

   Whole-Cell and Lysed-Cell Vaccines 

 Allogenic and autologous whole tumor cells have 
been tested as potential immunotherapy. In the-
ory, the abundance of antigens presented with 
this preparation should create powerful anti-
tumor responses. However, an early phase II 
clinical trial using the whole cell vaccine 
Melacine, in combination with interferon (IFN)-
alpha-2b, showed similar relapse-free survival 
and overall survival when compared with the 
IFN-alpha-2b arm alone  [  11  ] . The limitations of 
whole-cell/lysed-cell preparations may be due to 
angiogenic and immune-suppressant factors in 
the vaccine mixture.  
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   Peptide/Protein-Based Vaccines 

 Antigenic peptides are either injected intra- or 
subcutaneously, as emulsions with an adjuvant, 
such as incomplete Freud’s adjuvant (IFA). Of 
note, incomplete Freud’s adjuvant has been given 
the appellation “incomplete” as it is devoid of 
dried and inactivated mycobacteria, which are 
part of the original (“complete”) formulation. 
Clinically durable responses using peptide 
vaccines have so far been largely marginal. 
However, small successes have been observed. 
For instance, vaccination with the synthetic 
modifi ed peptide gp100:209–217, which was 
modifi ed to enhance the peptide’s affi nity for 
HLA-A2 molecules, increased its immunogenic-
ity both  in vitro  and  in vivo   [  12  ] . In another 
approach, the addition of tetanus helper peptide 
to the vaccine adjuvant resulted in helper T-cell 
responses in 79% of patients and an overall 
patient survival of 75% at 4.7 years follow-up 
 [  13  ] . In the adjuvant setting, administration of 
multiple peptides has been tested and found to be 
safe and immunogenic. The most immunogenic 
antigens, among 12 melanocyte differentiation 
and cancer testis proteins tested, are tyrosinase, 
gp100, MAGE-A1 and MAGE-A10  [  14  ] . 

 Improved progression-free survival has been 
documented in a phase III clinical trial comparing 
peptide vaccine (gp100) and IL-2 versus IL-2 
therapy alone  [  15  ] . Therefore, there is enthusiasm 
to continue efforts to improve peptide vaccine 
therapy by optimizing antigen combinations and 
adjuvants. The addition of toll-like receptor (TLR) 
agonists has shown promising results  [  16,   17  ] . 

 A recent study examined the composition of 
immune cell infi ltrates at vaccination sites subject 
to repeated intradermal and subcutaneous vacci-
nation with a multipeptide vaccine, with or with-
out the addition of an incomplete Freud’s adjuvant 
(IFA)—Montanide ISO51. The multipeptide/IFA 
combination induced a Th2-dominant microenvi-
ronment, which was reversed with repeated vac-
cination. However, repeat vaccination also 
increased FoxP3+ T-cells and eosinophils, there-
fore creating a less favorable milieu  [  18  ] . These 
data suggest opportunities to optimize vaccine 

regimens and potential endpoints for monitoring 
the effects of novel adjuvants.  

   Dendritic Cell-Based Vaccines 

 Dendritic cells (DCs) are crucial for the  de novo  
activation of antigen-specifi c T-cell responses. 
Therefore, large efforts have been made to take 
advantage of DCs’ antigen-presenting capabili-
ties. For example, DCs have been loaded with 
either mRNA encoding the desired antigen or the 
antigen itself. Alternatively, DCs have also been 
loaded with full tumor cell lysates in an attempt 
to increase the antigenic repertoire. However, 
clinical response rates have been rather disap-
pointing and only rarely resulted in stable disease 
regression  [  19  ] . One trial even concluded that 
there was no clinical benefi t of peptide-pulsed 
DC therapy when compared to dacarbazine 
(DTIC) treatment  [  20  ] . The effectiveness of this 
strategy may be associated with (1) the matura-
tion state of the aforementioned manipulated 
DCs once they are released  in vivo  and (2) the 
immune suppressive effects of Tregs  [  21  ] . It has 
also been postulated that melanomas may secrete 
factors inhibiting DC function  [  22,   23  ] .  

   Viral Vectors and Plasmid Vaccines 

 Delivery of immunogenic antigens using a viral 
vector has been attempted with some success. 
However, immunodominance of viral antigens 
competing with the target antigens is problematic. 
In addition, high titers of neutralizing antibodies to 
adenoviral vectors have been detected, which may 
explain the low effi cacy of this approach. Therefore, 
a modifi cation of the vector concept using naked 
plasmid DNA is currently being explored. For 
example, the use of Allovectin-7, a plasmid DNA 
which encodes for HLA-B7 and beta-2 microglob-
ulin, may induce a local infl ammatory response 
within the tumor parenchyma  [  24  ] . 

   Heat Shock Protein (HSP) Therapy 
 Heat shock proteins chaperone intracellular 
antigenic peptides and are capable of inducing 
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dendritic cell maturation and activation of 
immune effector cells (CD8+ and CD4+ T-cells 
and NK-cells). Vaccination with autologous 
HSPPC-97 (vitespan) induces clinical and tumor-
specifi c T-cell responses in a signifi cant minority 
of patients  [  25  ] . This response could not be 
enhanced with IFN-alpha or granulocyte- 
macrophage colony-stimulating factor (GM-CSF) 
 [  26  ] . A recent phase III clinical trial found no 
difference in overall survival between vitespan 
and physician’s choice of treatment, which 
included dacarbazine, temozolomide, IL-2 or 
complete tumor resection  [  27  ] .  

   Adoptive T-Cell Transfer Therapy 
 Adoptive T-cell transfer therapy (ACT) is based 
on the concept of autologous tumor reactive 
 ex vivo  lymphocytes. These lymphocytes are 
either extracted from tumor (tumor infi ltrating 
lymphocytes, TILs) or from peripheral blood. 
The expanded reactive T-cell clone is then admin-
istered as a peripheral infusion. This approach 
requires lymphodepleting, non-myeloablative 
chemotherapy (cyclophosphamide and fl udara-
bine) or radiotherapy (12 Gy of total body irra-
diation) before cell transfer. The rationale for 
lymphodepletion is threefold: fi rst, it reduces 
the population of Tregs; second, it increases the 
availability of cytokines, such as IL-7 and IL-15, 
required for a powerful reactive T-cell response; 
and lastly, it engages toll-like receptors (TLRs) 
on antigen-presenting cells (APCs) which further 
enhances the cytotoxic T-cell attack  [  28  ] . Clinical 
response rates of 50–70% have been attained 
using adoptive transfer therapy. 

 Modifi cations of ACT therapy have evolved, 
motivated by the striking clinical responses. Since 
lymphocyte isolation and  in vitro  expansion of 
T-cells is both labor- and cost-intensive, addi-
tional avenues have been sought. Peripheral 
T-cells can be reprogrammed to target any desired 
antigen, which can be accomplished by the 
genetic transfer of antigen-specifi c TCRs. These 
receptors can be human leukocyte antigen (HLA) 
restricted, heterodimeric TCRs or chimeric anti-
gen receptors. The latter usually recognize native 
cell surface antigens. Using gene transfer of TCR 
genes via retroviruses, some responses were 

reported in a pilot clinical trial  [  29  ] . However, 
this modifi cation will need refi nement since the 
approach has been challenged by the mispairing 
of TCR chains and the fact that transduced TCRs 
may not successfully compete against the over-
whelming amount of endogenous TCRs  [  30,   31  ] . 

 Genetically-modifi ed lymphocytes (GMLs) 
expressing the cancer germline gene MAGE-A3 
were used for treatment in another pilot clinical 
trial. Ten patients with advanced melanoma were 
treated with GMLs. Anti-MAGE-A3 lympho-
cytes were elicited and found in the tumor micro-
environment in a subset of patients  [  32  ] .  

   Cytokine Therapy 
 IL-2, IL-12 and IFN-alpha have been used alone 
and in combination with varied success. In fact, 
twenty one phase III clinical trials have been car-
ried out testing several combinations of IFN-alpha 
and IL-2 with mono- or combination therapy  [  33  ] . 
Additional combinations with GM-CSF, tumor 
necrosis factor (TNF)-alpha or IL-1, IL-4, IL-6, 
IL-12, IL-18 and IFN-gamma did not improve 
clinical outcome. Although the number of clinical 
responses increased, so did the number of adverse 
events (toxicity) and, unfortunately, overall sur-
vival was not improved. IL-2 therapy leads to 
increased lysis by CTLs and NK-cells, even in the 
absence of HLA class I restriction. IFN-alpha has 
multiple anticancer effects. These include antipro-
liferative/pro- apoptotic effects, anti-angiogenic 
effects and modulation of both the innate and 
adaptive immune responses.  

   Administration of Activating Antibodies 
 Physiologically, T-cells possess a family of 
immune-suppressive receptors which counter bal-
ance immune effector cell activation and serve to 
stabilize the immune response. These receptors 
include cytotoxic T lymphocyte antigen-4 (CTLA-
4) and PD-1. CTLA-4 blockade with neutralizing 
antibodies disables these immune-suppressive 
receptors and enhances T-cell function and prolif-
eration. The proportion of responders to CTLA-4 
therapy is much higher in patients who also experi-
ence immune-related adverse events, such as der-
matitis and colitis  [  34,   35  ] , a phenomenon also 
encountered in other immune-based therapies. The 
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latter are in large part successfully managed with 
corticosteroids. Dose-escalation studies have shown 
an improved response rate with higher doses. For 
example, doses of 10 mg/kg of ipilimumab, a 
CTLA-4-blocking antibody, have led to long-term 
survival benefi t in at least one third of melanoma 
patients tested  [  36  ] . In addition to ipilimumab, a 
newer agent that also targets CTLA-4, tremeli-
mumab, is now available. Tremelimumab has so far 
demonstrated lower response rates than ipilimumab. 
However, the dose-escalation tested with tremeli-
mumab may not have been aggressive enough. 

 Additional immunomodulatory monoclonal 
antibodies include PD-1 antibodies, CD40 ago-
nist mAbs and toll-like receptor agonists.   

   PD-1 Antibodies 

 A recent phase I clinical study of single-agent 
anti-PD-1 (MDX-1106) concluded that blockade 
of the PD-1 immune checkpoint is well tolerated 
and associated with antitumor activity. Testing of 
combination therapy, including vaccines, targeted 
therapies and/or other checkpoint inhibitors, is 
now warranted  [  37  ] .  

   CD40 Agonist mAbs 

 CD40 is a member of the tumor necrosis factor 
(TNF) receptor superfamily and is expressed by 
antigen-presenting cells (APCs), B-lymphocytes 
and monocytes. CD40 is also expressed by 
30–70% of primary solid human tumors, includ-
ing melanoma. The natural ligand for CD40 is 
CD154. This ligand is primarily expressed on 
activated T-lymphocytes. CD40 engagement 
enhances both the immune response of APCs and 
direct cytotoxic effects on tumor cells. In an early 
phase I trial, use of the CD40 agonist CP-870,893 
resulted in objective tumor responses in 27% of 
melanoma patients  [  38  ] . Of note, CD40 antibod-
ies have recently been shown to trigger antitumor 
activity in a macrophage-dependent and T-cell-
independent manner in pancreatic carcinoma 
 [  39  ] . This fi nding highlights the signifi cance of 
the cancer micro environment.  

   Toll-Like Receptor Agonists 

 Toll-like receptors (TLRs) are signaling mole-
cules on the surface of DCs, which upon engage-
ment enhance DC activation and heighten 
antitumor immune responses. In a phase II trial of 
patients with metastatic melanoma, activation of 
TLR-9 using PF-3512676 (formerly CpG 7909) 
resulted in partial responses in 10% of patients 
 [  40  ] . Furthermore, TLR-7/8 agonists have been 
shown to exert multiple immunomodulatory 
effects including: stimulation of maturation, acti-
vation and migration of critical effector cells; 
increased cytokine production by dendritic cells 
(IFN-alpha, IL-12 and TNF-alpha); up-regulation 
of co-stimulatory molecules (CD80 and CD86), 
skewing the immune response towards the Th1 
phenotype; and enhanced tumor cell lysis  [  41–
  43  ] . TLR-7/8 agonists also directly activate both 
B- and T-cells. Current studies investigating the 
role of TLR agonists as part of the adjuvant emul-
sion in cancer vaccine therapy are underway. 

   Biochemotherapy 
 Chemotherapy induces cellular disruption and 
release of antigens. When combined with IL-2 
triggered enhanced immune recognition and 
effector cell function, improved immune 
responses to released tumor antigens is expected. 
Several phase III clinical trials have demonstrated 
mixed results and meta-analyses showed no 
improvement of overall survival.  

   Nonspecifi c Immune Adjuvants 
 Nonspecifi c immune adjuvants, such as levami-
sole,  Corynebacterium parvum , or Bacille 
Calmette Guerin (BCG), have been tested in ran-
domized trials in the adjuvant setting and shown 
to reduce the risk of tumor recurrence  [  44,   45  ] .    

   Immune-Evasion Strategies 

 Tumors develop a rather diverse, and often 
rapid, armamentarium of strategies to evade 
immunological attacks that are stimulated by 
immunotherapy. Several factors within the tumor 
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microenvironment can negatively affect the 
immune response. For instance, neoangiogenesis 
within the tumor is controlled by regulator of 
G-protein signaling 5 (Rgs5), which has been 
identifi ed as a master gene responsible for the 
generation of abnormal new blood vessels. In a 
mouse model, loss of Rgs5 results in pericyte 
maturation and vascular normalization. As a con-
sequence, there is reduced tumor hypoxia and 
vessel leakiness leading to enhanced infl ux of 
immune effector cells into the tumor microenvi-
ronment. Markedly prolonged survival of tumor-
bearing mice was observed in this study  [  46  ] . 

 Overexpression of endothelin B receptor 
(ETBR) is another factor leading to an adverse 
milieu for immune cell attack. Increased expres-
sion of ETBR tips the endothelin B receptor/
endothelin A receptor ratio. The effects are 
threefold: fi rstly, this further promotes tumor 
neoangiogenesis; secondly, it decreases endothe-
lial expression of ICAM1; and thirdly, it increases 
generation of endothelial nitric oxide (NO), which 
decreases transendothelial migration and homing 
of immune effector cells  [  47  ] . Therefore, ETBR 
and NO antagonists, as well as TNF-alpha, miti-
gate these negative effects and lead to upregulation 
of cadherins, integrins and connexins. This combi-
nation of effects can lead to increased transend-
othelial cell migration and T-cell survival  [  47  ] . 

 Regulatory T-cells (Tregs) can be present both 
systemically and locally in the tumor microenvi-
ronment  [  48–  53  ]  and suppress the antitumor 
responses of both CD4+ and CD8+ T-cells  [  1,   8, 
  54,   55  ] . Their number in patients with metastatic 
melanoma inversely correlates with patient sur-
vival  [  56  ] . Several strategies to deplete Tregs are 
currently being investigated. IL-21 has proven to 
enhance systemic effector and memory CD8+ 
T-cell responses, and to decrease the accumulation 
of Tregs in the tumor microenvironment by up to 
50%  [  57  ] . Inhibition of STAT3 signaling has been 
found to directly inhibit Tregs in a dose-dependent 
manner  [  58  ] . Finally, CD25-directed immunotox-
ins were shown in preclinical trials to reduce 
Treg populations; however, objective tumor 
responses have not been achieved in humans. 

 Functional T-cells require a close spatial 
association between both the T-cell receptor 

(TCR) and CD8. Loss of co-localization of these 
protein complexes leads to anergic cytotoxic 
T-cells (CTLs). This loss, however, can be res-
cued by  ex vivo  treatment with galectin disac-
charide ligands, with recovery of T-cell effector 
functions  [  59  ] . 

 Tumor infi ltrating lymphocytes (TILs) have 
been found to express high levels of the programmed 
cell death 1 receptor (PD-1), as compared to nor-
mal tissue T-cell infi ltrates and peripheral blood 
lymphocytes. PD-1 expression correlated with an 
exhausted phenotype and impaired effector func-
tion  [  60  ] . Recently, PD-1 blockade has been shown 
to lead to immune enhancement via direct aug-
mentation of melanoma antigen-specifi c CTL pro-
liferation and direct limitation of the inhibitory 
ability of Tregs  [  61  ] . 

 Downregulation of human leukocyte antigen 
(HLA) class I expression in surgically removed 
melanoma lesions has been described  [  62  ] . 
Melanomas can produce several immune- 
dysregulating factors  [  22  ] . In addition, downregu-
lation of components belonging to the antigen 
processing machinery also results in immuno-
suppressive effects. These antigen processing 
machinery components are required for MHC 
class I antigen presentation and include beta2 
microglobulin and transport associated with antigen 
processing (TAP)-1/2 peptide transporters  [  63–  65  ] . 
Histone deacetylase inhibitors, such as valproic 
acid, have been shown to increase the expression 
of the antigen processing machinery (TAP1, 
TAP2, LMP2, Tapasin), costimulatory molecules 
(CD40, CD80) and MHC class I on melanoma 
cells, thereby enhancing immunogenicity  [  66  ] . 

 Infi ltration of tumors by myeloid-derived sup-
pressor cells (MDSCs) has also been described. 
MDSCs have a remarkable ability to suppress 
T-cell responses  [  67,   68  ] . Additional tumor escape 
mechanisms include suppression of co-stimulatory 
molecules (i.e., CD40, CD80 and CD86). 

 The following biomarkers have been proposed 
and tested for use in the diagnosis and prognosti-
cation of primary melanoma: 

 A biomarker is defi ned as a marker which can 
be used as an indicator of a particular disease 
state or some other biological state of an 
 organism. As such a biomarker may indicate the 
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normal/physiological state, pathologic events or 
the response to a therapeutic pharmacological 
intervention. While prognostic biomarkers con-
vey a defi ned clinical outcome, predictive bio-
markers foretell the clinical effect of a specifi c 
therapeutic intervention.
    1.     C-reactive protein (CRP)  has shown some 

promise in the prognostication of advanced 
melanoma. For instance, patients with meta-
static melanoma and high serum CRP levels 
show decreased survival. Furthermore, patients 
with elevated CRP are likely to respond to 
treatment with IL-2  [  69  ] . However, CRP 
appears to be of less value in predicting patient 
responses to IFN treatment.  

    2.    Elevation of  peripheral blood neutrophil and 
monocyte counts  have been shown to be asso-
ciated with a worse prognosis in patients with 
stage IV melanoma  [  70  ] . As a rare event, para-
neoplastic granulocytosis has been reported in 
patients with metastatic melanoma. Increased 
serum GM-CSF, possibly produced by mela-
noma tumor cells, may induce peripheral 
leukocytosis.  

    3.    Responders to IL-2 therapy exhibited increased 
 absolute lymphocytes counts (ALCs)  com-
pared with non-responders  [  3  ] . Patients with 
low ALCs (less than 1,000 cells/ m l) may not 
benefi t from ipilimumab therapy. However, 
patients with high ALCs showed improved 
survival.  

    4.     Human leukocyte antigen (HLA) status  has 
been linked to the risk of developing mela-
noma. HLA-DQB*0301 and HLA-DRB*1101 
have been associated with increased risk for 
disease recurrence  [  71,   72  ] . Homozygosity of 
HLA-DR has been linked to tolerance to IL-2 
therapy  [  73  ] .     
 Additional predictive biomarkers in melanoma 

patients gauging the probability of successful 
immune-based therapy:
    1.    Pre-treatment elevations of  vascular endothe-

lial growth factor (VEGF)  and  fi bronectin  
have been shown to be negative predictive bio-
markers for IL-2 therapy  [  74  ] .  

    2.     Germline polymorphisms in host immunoreg-
ulatory genes  have been examined in the 
context of cancer vaccine clinical trials  [  75  ] . 

Both sequencing analysis of specifi c genes 
and the examination of large collections of 
genes by microarray profi ling have been per-
formed. As a result, a distinct profi le of gene 
expression has been identifi ed. In essence, this 
analysis broadly divides metastatic tumors 
into two groups: patients with or without evi-
dence of a baseline (prior to vaccination) 
infl ammatory tumor microenvironment. 
Patients likely to respond to melanoma vac-
cine therapy showed a so-called infl ammatory 
tumor microenvironment prior to treatment, 
which included the presence of immune effec-
tor cells and chemokines. These chemokines 
are responsible for the locomotion and hom-
ing of effector cells to the tumor microenvi-
ronment. Therefore, the pre-treatment 
“infl ammatory” status of a tumor may be 
decisive as to whether a patient will be suc-
cessful in mounting a strong and durable 
immune attack following melanoma vaccine 
treatment. The infl ammatory tumor microen-
vironment seems to play a similar role in other 
non-vaccine immune-based interventions, 
such as anti-CTLA-4 directed therapy  [  76  ] .      

   Concluding Remarks 

 As outlined in this chapter, there is proof-of-prin-
ciple that immune-based therapies can effectively 
improve outcome in patients with melanoma. 
However, responses are often limited and do not 
exceed a 15% response rate threshold. Any future 
advances in immunotherapy will need to take into 
consideration several factors, including (1) poly-
morphisms in immunoregulatory genes of the 
host; (2) tumor-induced immunosuppression; (3) 
standardized biomarkers for immune monitoring 
methods to allow comparison of clinical trials; 
and (4) development of more accurate diagnostic 
biomarkers. The Society for Immunotherapy of 
Cancer (SITC, formerly known as iSBTc) has 
established a task force in collaboration with the 
United States FDA to address the development of 
predictive biomarkers both for monitoring and 
diagnostic purposes  [  77  ] .      
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        Introduction    

 Biomarkers that are of interest in patients with 
melanoma may relate to the individual host or to 
the tumor, and may represent molecules or other 
factors that indicate genetic predisposition, prog-
nosis, clinical course or therapeutic outcome. 
Biomarkers include clinical covariates, host pro-
teomic/genomic markers and tumor proteomic/
genomic markers that allow improved prognostic 
assessment and/or serve to predict and subclas-
sify patients in relation to their disease and/or its 
therapy. 

 Identifi cation of biomarkers that are predictive 
of therapeutic outcome would enable the better 
selection of patients, in order to treat only those 
who are most likely to benefi t from therapy, while 
sparing those at risk from the signifi cant toxicities 
associated with treatment. Currently, BRAF muta-
tional status leads the way as a well-established 
therapeutic predictor to BRAF kinase inhibitors 
designed for this purpose. Of interest, recent 
information suggests that BRAF mutational status 
is also a prognostic biomarker in melanoma, with 
patients who have BRAF-mutant melanomas 
appearing in one series to exhibit more aggressive 
disease than those with wild-type tumors. While 

equally useful predictive biomarkers for other 
classes of cytotoxic, immunologic, and targeted 
therapies have not been identifi ed at this time, 
some progress has been made. In addition, disease 
prognostic biomarkers may also advance patient 
management, by enabling the identifi cation of 
individuals who are most likely to relapse and 
therefore derive the most benefi t from therapy in 
the adjuvant and advanced disease settings. 

 This chapter reviews current melanoma bio-
markers with prognostic or therapeutic predictive 
value. While this is a rapidly advancing fi eld with 
various biomarkers being evaluated on a continu-
ous basis, we will focus on those biomarkers that 
we consider to be the most well-established and 
likely to serve as a model or basis for the devel-
opment of the next generation of biomarkers in 
melanoma.  

   Melanoma Staging 

 Melanoma is a malignant tumor of cutaneous 
melanocytes that is highly curable when detected 
early, but also has a dismal prognosis when it 
advances to inoperable stages. The American 
Joint Committee on Cancer (AJCC) divides the 
spectrum of cutaneous melanoma into four stages. 
In the seventh edition (2010), stages I and II are 
assigned to primary tumors that are confi ned to 
the skin and without regional lymph node involve-
ment  [  1  ] . These stages are defi ned on the basis of 
histopathological parameters of the primary 
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tumor that carry signifi cant prognostic value. 
These include the Breslow thickness (depth) of 
the tumor and ulceration of the overlying epithe-
lium. In the seventh edition, the prognostic sig-
nifi cance of mitotic activity (microscopically 
defi ned as mitoses/mm 2 ) has been recognized as 
an important primary tumor prognostic factor  [  1  ] . 
The mitotic rate (equal to or greater than 1/mm 2 ) 
has now replaced the Clark level of invasion as a 
primary criterion (in addition to tumor ulceration) 
for defi ning the T1b subcategory. 

 Stage III melanoma comprises a disease with 
clinical and/or histopathological evidence of 
regional lymph node involvement, or the pres-
ence of in-transit or satellite metastases. Among 
these patients, the number of tumor-bearing 
lymph nodes, tumor burden at the time of staging 
[i.e., microscopic (identifi ed by sentinel lymph 
node biopsy and completion lymphadenectomy) 
versus macroscopic], presence or absence of pri-
mary tumor ulceration, and thickness of the pri-
mary melanoma are the most predictive 
independent factors for survival  [  1  ] . Moreover, 
there is no lower threshold of tumor burden now 
taken to defi ne the presence of regional nodal dis-
ease. Specifi cally, nodal tumor deposits less than 
0.2 mm in diameter (previously adopted as the 
threshold for defi ning nodal metastasis in the 
AJCC sixth edition) are not ignored in the staging 
of nodal disease. The consensus that smaller vol-
umes of metastatic tumor are still clinically sig-
nifi cant for patients with melanoma differs from 
understandings held for other solid tumors, such 
as breast cancer, where the biological conse-
quences of tumor burden are not felt to be signifi -
cant. The presence of nodal micrometastases can 
be defi ned by either hematoxylin and eosin 
(H&E) or immunohistochemical staining (in the 
sixth edition, only H&E staining could be used). 

 Stage IV disease is defi ned by the presence of 
distant metastases. In these patients, the site(s) of 
metastases and elevated serum levels of lactate 
dehydrogenase (LDH) are used to subclassify the 
M1 stage into three categories: M1a, M1b, and 
M1c with varying prognosis  [  1  ] . Patients with 
distant metastasis in the skin, subcutaneous tis-
sue, or distant lymph nodes, and a normal LDH 
level are classifi ed as M1a and have a better 

prognosis compared to M1b and M1c. Patients 
with metastasis to the lung (with or without cuta-
neous, subcutaneous or nodal metastases) and a 
normal LDH level are classifi ed as M1b and have 
an intermediate prognosis. Patients with metasta-
ses to any other visceral sites or at any location 
with an elevated LDH level are classifi ed as M1c 
and have the worst prognosis  [  1  ] .  

   Host Immunity in Primary 
Melanoma, Regional Nodal 
Metastases and Advanced Disease 

 Host immunity to melanoma appears to be impor-
tant for disease control in both early and advanced 
disease settings. Spontaneous regression of dis-
ease has been reported more frequently in patients 
with melanoma compared with other solid 
tumors, suggesting a role for host immunity in 
the pathobiology of this disease. This concept is 
indirectly supported by the frequent presence of 
microscopically evident lymphocytic infi ltrates at 
the primary melanoma site, and associated pri-
mary tumor regression features, such as dermal 
fi brosis and melanophagocytosis. Host cellular 
immune responses associated with melanoma 
have potential prognostic and predictive signifi -
cance. T-cell infi ltrates in primary melanoma are 
reported to be of prognostic value  [  2  ] . In addi-
tion, T-cell infi ltrates within regional nodal 
metastases predict benefi t in patients undergoing 
neoadjuvant interferon (IFN)- a 2b therapy  [  3–  5  ] . 

 The quality of the host immune response has 
been shown to differ between early localized and 
regional or more advanced disease settings. 
While T helper type 1 (Th1) CD4+ antitumor 
T-cell function appears to be critical for the induc-
tion and maintenance of antitumor cytotoxic 
T-lymphocyte (CTL) responses  in vivo , and Th2- 
or Th3/Tr-type CD4+ T-cell responses may sub-
vert Th1-type cell-mediated immunity yielding a 
microenvironment that facilitates disease pro-
gression, patients with active melanoma (and 
renal cell carcinoma) have been shown to display 
strong tumor antigen-specifi c Th2-type polariza-
tion. In contrast, normal donors and patients who 
are disease-free following therapy demonstrate 



30723 Diagnostic and Prognostic Biomarkers and Therapeutic Targets in Melanoma: An Overview

either weak, mixed Th1-/Th2-type responses or 
strongly polarized Th1-type responses to the 
same epitopes  [  6,   7  ] . Therefore, host immune tol-
erance appears to be an impediment to therapy of 
advanced disease. This may be avoidable in the 
high-risk setting of operable disease, where host 
susceptibility to immunologic interventions may 
be greater, and where IFN- a 2b has demonstrated 
its most signifi cant impact upon melanoma 
relapse and survival.  

   Serum Biomarkers of Prognostic 
and/or Therapeutic Predictive Value 
in Melanoma 

   Lactate Dehydrogenase (LDH) 

 The sixth edition (2002) AJCC staging system 
for melanoma fi rst recognized the importance of 
serum LDH as an independent prognostic factor 
in patients with disseminated disease. Patients 
with elevated serum LDH and distant metastases 
at any site have very short survival, and are des-
ignated as M1c. 

 LDH has been shown to have a strong, incre-
mental prognostic value (p < 0.0001), based on 
the analysis of a recent phase III trial with oblim-
ersen (GM301; Genesense®, Bcl-2 antisense; 
 n = 771 )  [  8  ]  and a large EORTC study with bio-
chemotherapy +/− interleukin (IL)-2 (EORTC 
18951 Biochemotherapy Trial;  n = 365 )  [  9  ]  in 
patients with advanced melanoma. Overall, the 
higher the LDH value at baseline, the shorter the 
overall survival (OS). Median OS in patients with 
baseline LDH < 0.8 × upper limit of the normal 
range (ULN) was ±1 year versus <2 months in 
patients with LDH > 5 × ULN. Patients with 
 baseline LDH in the range of 0.8–1.1 × ULN had 
a shorter median OS (±9 months) compared 
to patients with LDH < 0.8 × ULN. Overall, 
 treatment outcomes were not statistically sig-
nifi cant in either study  [  8,   9  ] . An interaction 
between LDH and treatment was observed in the 
 oblimersen study (p = 0.01): the greatest benefi t 
with oblimersen was achieved in patients with 
LDH < 0.8 × ULN (hazard ratio [HR] = 0.64, 
with 24-month follow-up)  [  8  ] . In the EORTC 

study, no similar interaction was observed, and 
the trend for an IL-2 advantage was distributed 
across several LDH categories  [  9  ] .  

   S100B 

 Serum S100B (isoforms S100AB and S100BB) 
are proteins of the S100 family that have shown 
promise as prognostic markers for melanoma 
relapse and mortality risk. S100B is shed by mel-
anoma cells  [  10  ] , and its level in the peripheral 
blood has been investigated as a melanoma bio-
marker  [  11–  13  ] . Its prognostic potential is sup-
ported by many reports in the literature  [  14–  32  ] . 
Serum S100B was found to be as reliable as 
serum LDH with respect to the prediction of clin-
ical outcome in a recent study of 179 AJCC stage 
III-IV melanoma patients tested at diagnosis. 
Survival analysis indicated that initially elevated 
LDH and S100B levels in patients with stage IV 
disease predict comparably short survival  [  16  ] . 
S100B has been shown to be an independent 
prognostic factor in melanoma, and valuable for 
the detection of tumor progression and metasta-
ses  [  19,   20,   33  ] . The mean serum concentration 
of S100B protein is reported to be signifi cantly 
related to the clinical stage of disease, and to have 
a high sensitivity and specifi city for the detection 
of metastatic deposits  [  15,   17,   34  ] . 

 A recent report from our laboratory high-
lighted that serum S100B level is a prognostic 
marker for patients with high-risk melanoma 
 [  35  ] . Sera from 691 patients, banked at baseline 
and subsequently at three additional time-points, 
were tested by chemiluminescence for S100B in 
this phase III E1694 trial. Univariate analysis 
showed baseline S100B  ³  0.15  m g/l signifi cantly 
correlated with OS (p = 0.010). Cox multivariate 
analysis was performed, adjusting for signifi cant 
prognostic factors (ulceration and lymph node 
status) and treatment. Baseline S100B was found 
to be a signifi cant prognostic factor for survival 
(HR = 1.39; 95% CI, 1.01–1.92; p = 0.043). S100B 
values measured at later time-points over 1 year 
were also demonstrated to be signifi cant prog-
nostic factors for both relapse-free survival (RFS) 
and OS. Lower S100B values at baseline and 
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during follow-up were associated with longer 
survival. A changing S100B level from low at 
baseline to high on follow-up was associated 
with the worst RFS and OS  [  35  ] .  

   Melanoma-Inhibiting Activity (MIA) 

 MIA is a soluble small protein secreted by mela-
noma cells that has been found to have growth-
inhibiting activities  [  36  ] . Like S100B, MIA was 
shown to be potentially valuable in the monitor-
ing of therapy and the detection of tumor progres-
sion in melanoma patients at different stages of 
disease  [  37  ] . Serum MIA levels increase with dis-
ease progression and are elevated in 60% and 
89.5% of patients with stage III and IV mela-
noma, respectively  [  38  ] . Simultaneous evaluation 
of MIA and S100B may have added prognostic 
value. The sensitivity and specifi city of S100B 
and MIA levels have been compared in a study of 
96 patients with no evidence of disease (NED) 
and 86 patients with measurable metastatic mela-
noma. Abnormal S100B (>0.2  m g/l) and elevated 
MIA (>14 ng/ml) were found in 1.1% and 3.2% 
of patients with NED and in 59.3% and 54.6% of 
patients with metastatic disease (p < 0.001). Using 
both tumor markers simultaneously, the sensitiv-
ity increased to 69.8%, with the specifi city 
unchanged at 96.8%  [  39  ] .  

   C-Reactive Protein (CRP) 

 Serum CRP has been shown to be potentially 
superior to conventional LDH measurement for 
initial detection of stage IV melanoma. In a pro-
spective study, serum LDH and CRP levels were 
measured in 91 consecutive melanoma patients 
progressing to AJCC stage IV disease and 125 
patients staying in AJCC stages I, II or III. 
Comparing distributions of the parameters by 
median values and quartiles, LDH was not sig-
nifi cantly elevated in patients entering AJCC 
stage IV melanoma (p = 0.785), whereas CRP 
was (p < 0.001). Analyzing the sensitivity and 
specifi city jointly by the areas under the receiver 
operating characteristic curves (ROC-AUC), 

LDH did not discriminate between the defi ned 
groups of patients (AUC = 0.491; 95% confi dence 
interval, 0.410, 0.581), whereas CRP did 
(AUC = 0.933; 95% confi dence interval, 0.900, 
0.966; p < 0.001). Upon logistic regression analy-
sis, LDH provided no additional information to 
CRP. Choosing a cutoff point of 3.0 mg/l, CRP 
yielded a sensitivity of 76.9% and specifi city of 
90.4% in diagnosing AJCC stage IV entry  [  40  ] . 

 Baseline serum CRP was found to have poten-
tial therapeutic predictive value in patients treated 
with the anti-CTLA4 antibody tremelimumab 
 [  41,   42  ] . CRP was evaluated in 525 patients par-
ticipating in a randomized phase III study compar-
ing tremelimumab to dacarbazine or temozolomide 
in patients with unresectable melanoma  [  41  ] . In 
the low baseline CRP group (CRP < 1.5 × ULN; 
 n = 326  [62%]), the HR for survival was 1.48 
(95% CI: 1.14, 1.94) favoring tremelimumab, with 
a median OS of 19.1 months for the tremelimumab 
arm versus 12.7 months for the chemotherapy 
arm (p = 0.0037). For patients with baseline 
CRP > 1.5 × ULN, the HR for survival was 0.86 
(95% CI: 0.64, 1.15), favoring the chemotherapy 
arm. Similar fi ndings were noted in a phase II 
study testing the combination of tremelimumab 
and high-dose IFN- a 2b (HDI)  [  42  ] . In this study, 
baseline CRP  £  2.5 × ULN was signifi cantly asso-
ciated with therapeutic benefi t (p = 0.049).  

   Vascular Endothelial Growth 
Factor (VEGF) 

 The VEGF family plays a critical role in mediat-
ing angiogenesis and lymphangiogenesis, and 
has an impact on host innate and adaptive immu-
nity  [  43,   44  ] . In cancer, in contrast to normal tis-
sues, VEGF is not produced by endothelial cells, 
but rather by tumor cells and/or the tumor stroma, 
consistent with a paracrine mode of action  [  45–
  47  ] . Therefore, one might expect elevated serum 
VEGF levels in patients with high tumor burden. 
The role of excess VEGF in tumor angiogenesis 
is well documented, and high circulating levels 
of VEGF were recently found to be associated 
with poor prognosis in patients with metastatic 
melanoma  [  48  ] . VEGF has been shown to block 



30923 Diagnostic and Prognostic Biomarkers and Therapeutic Targets in Melanoma: An Overview

the maturation of dendritic cells and inhibit effec-
tive priming of T-cell responses  [  49,   50  ] . These 
data support an important role for VEGF in the 
progression of cancer and evasion of antitumor 
immunity. 

 Serum VEGF-A and VEGF-C levels are 
reported to be elevated in patients with high tumor 
burden as compared to those with low burden dis-
ease  [  51–  53  ] . Pretreatment sVEGF-C levels are 
higher in patients who are refractory to biochemo-
therapy (CDDP, recombinant IL-2 and  a -IFN) as 
compared with responding patients. Following 
treatment, sVEGF-C was noted to be specifi cally 
increased in non-responding patients with high 
tumor burden. Prior to treatment, sVEGF-A levels 
were not signifi cantly different between respond-
ers and non-responders. However, an increase in 
VEGF-A levels has been shown to correlate with 
disease progression following biochemotherapy. 
In addition, a decrease of serum VEGF-A levels is 
associated with objective response to treatment, 
as assessed by WHO criteria. 

 Recent studies have identifi ed baseline serum 
VEGF as a marker of immune resistance and pre-
dictive for non-response to high-dose IL-2  [  54  ] . 
A proteomic analysis evaluated the sera of 
patients ( n = 100 , including 48 with predomi-
nantly metastatic melanoma and 11 with renal cell 
carcinoma) who were treated with high-dose IL-2, 
using a customized, multiplex antibody-targeted 
protein array platform to survey expression of 
soluble factors associated with tumor immunobi-
ology. Patients with serum VEGF levels >125 pg/
ml or fi bronectin levels >8 × 10 6  pg/ml did not 
respond to IL-2 therapy. Elevated levels of these 
proteins were also associated with signifi cantly 
worse OS.  

   Other Serum Biomarkers 

 A number of other serum biomarkers have been 
evaluated in patients with melanoma. These 
include the tumor-associated antigen 90-immune 
complex (TA90IC)  [  25  ] , YKL-40 (a heparin- and 
chitin-binding lectin secreted by activated neu-
trophils and macrophages)  [  55  ] , and the L-DOPA/
tyrosine ratio  [  56  ] .   

   Induction of Autoimmunity 
is Associated with the Therapeutic 
Benefi ts of Immunotherapy 

 Paraneoplastic depigmentation among patients 
with melanoma has been reported to be a sign of 
favorable prognosis  [  57–  59  ] . Recent studies of 
immunotherapy for melanoma, including high-
dose IL-2 and anti-CTLA4 blocking antibody, 
have suggested a correlation between antitumor 
effects and induced autoimmune phenomena, 
such as thyroiditis, hypophysitis, enteritis, hepa-
titis and dermatitis  [  42,   60–  72  ] . A strong associa-
tion with prolonged RFS and OS was recently 
documented among high-risk melanoma patients 
treated with a modifi ed adjuvant IFN regimen 
(HeCOG 13A/97), where a strong correlation 
between favorable clinical outcome and prospec-
tively assessed autoimmune phenomena and/or 
the appearance of serum autoantibodies was rig-
orously established  [  73  ] . Autoantibodies were 
detected in 52 (26%) of 200 patients tested. 
Clinical manifestations of autoimmunity were 
observed among 15 (7%) patients, including viti-
ligo-like depigmentation in 11 cases (5%). A total 
of 113 patients have subsequently relapsed and 
82 have died. The median time to progression 
(TTP) was 27.6 months, with a median survival 
of 58.6 months. The median TTP for those 
patients who did not develop clinical or serologi-
cal evidence of autoimmunity was 15.9 months, 
while it has not been reached for the 52 patients 
who developed autoimmunity (106 vs 7; 
p < 0.0001). The median survival was 37.5 months 
for those who were negative for autoimmunity, 
but has also not been reached for the autoim-
mune group (80 vs 2, p < 0.001). In multivariate 
analysis, the presence of autoimmunity was an 
independent favorable prognostic marker. 

 We, at the University of Pittsburgh and Eastern 
Cooperative Oncology Group (ECOG), have 
evaluated the E2696 and E1694 trials to better 
understand the prognostic value of serological 
evidence of HDI-induced autoimmunity. In 
E2696, patients with resectable high-risk mela-
noma were randomized to GM2-KLH/QS–1 
(GMK) vaccine plus concurrent HDI, GMK plus 
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sequential HDI, or GMK alone. Sera from 103 
patients in E2696 and 691 patients in E1694, 
banked at baseline and up to three additional 
time-points, were tested by enzyme-linked immu-
nosorbent assay (ELISA) for the development of 
fi ve autoantibodies. In E2696, autoantibodies 
were induced in 17 subjects (25%;  n = 69 ) receiv-
ing HDI and GMK versus two subjects (6%; 
 n = 34 ) receiving GMK alone (p = 0.029). In 
E1694, 67 subjects (19.3%;  n = 347 ) who received 
HDI developed autoantibodies versus only 15 
subjects (4.4%;  n = 344 ) in the vaccine control 
group (p < 0.001). In the HDI arms, almost all 
induced autoantibodies were detected at 
 ³ 12 weeks after initiation of therapy. A 1-year 
landmark analysis of E1694 resected stage III 
patients showed survival advantage associated 
with HDI-induced autoimmunity that approached 
statistical signifi cance (HR = 1.54; p = 0.072), 
adjusting for treatment  [  72  ] . 

 IFN- a 2b-mediated induction of autoimmunity 
may provide a useful surrogate biomarker of 
adjuvant therapeutic benefi t. Studies of autoim-
munity and its genetic determinants could help 
identify patients most likely to benefi t from HDI 
and other newer immunotherapies, such as the 
anti-CTLA4 blocking antibodies ipilimumab and 
tremelimumab.  

   Primary Tumor Ulceration 

 A meta-analysis of individual patient data from 
13 IFN- a  adjuvant trials has suggested that the 
histopathological presence of primary tumor 
ulceration predicted therapeutic benefi t to IFN 
 [  74  ] . A more recent analysis of the adjuvant trials 
EORTC 18952 and EORTC 18991 has assessed 
the predictive value of ulceration in relation to 
the therapeutic impact of IFN- a  on RFS, distant 
metastases-free survival (DMFS), and OS, 
according to stage of disease (IIB and III; N1 
microscopic nodal and N2 macroscopic nodal 
disease). Among 2,644 patients randomized in 
these studies, less than one third ( n = 849 ) had 
ulcerated primaries and 1,336 had non-ulcerated 
primaries, while the ulceration status was 

unknown for 459 individuals. The estimated 
reduction or increase in HR (SE %) of pegylated-
IFN- a 2b versus observation for the ulcerated 
group versus the non-ulcerated group was −27% 
(7%) versus −4% (7%) for RFS, −33% (7%) ver-
sus +7% (8%) for DMFS, and −31% (7%) versus 
+11% (8%) for OS. The most profound therapeu-
tic effects were noted in patients with ulcerated 
and stage IIB/III-N1 tumors. Based on this retro-
spective analysis, the EORTC 18081 trial has 
been planned and will compare the benefi t of 
pegylated-IFN- a 2b versus observation in patients 
with ulcerated primaries of Breslow thickness 
>1 mm and lymph node-negative disease. It is 
noteworthy that, unlike US cooperative groups, 
the EORTC does not perform centralized histo-
pathological review for its melanoma trials  [  1  ] . 
Interestingly, the E1684, E1690, and E1694 stud-
ies have never shown an association between pri-
mary tumor ulceration and response to HDI.  

   Cytokine Levels in Patients 
with Melanoma 

 Melanoma cell lines in culture and cultured mel-
anoma cells derived from primary melanoma and 
metastatic tumors have demonstrated bFGF, 
IL-1 a , IL-1 b , IL-6, VEGF, PDGF, and IL-8 pro-
duction  [  75–  77  ] . These factors appear to promote 
tumor cell growth and increase the capacity of 
tumor cells to survive. In addition, they have 
paracrine effects and may stimulate endothelial 
cell proliferation, migration and angiogenesis, 
which are important for melanoma growth and 
metastasis  [  78  ] . Increased production of pro-
angiogenic and growth factors by both mela-
noma and stromal cells  in vivo  might result in 
elevated circulating levels of these factors in the 
peripheral blood. In fact, numerous studies have 
demonstrated signifi cantly increased serum IL-6 
and IL-8 levels in melanoma patients  [  75,   79–  81  ] . 
Elevated levels of IL-6 have been linked to poor 
prognosis in patients with stage IV melanoma 
 [  82–  84  ] . In addition, EGF and IL-1, which mod-
ulate the tumor microenvironment and stimulate 
tumor growth and invasion, have also been 
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reported to be elevated in the sera of patients with 
melanoma  [  78,   81  ] . Elevated levels of IL-10 are 
associated with advanced stage (III and IV) dis-
ease  [  85  ] . sIL-2R levels correlate with outcome 
in patients with melanoma  [  85  ] . In addition, 
serum levels of TNF- a  and soluble TNF receptor 
55 (sTNFR55) have been shown to have prog-
nostic roles  [  86  ] . 

 Baseline pro-infl ammatory cytokine levels 
were reported to predict RFS benefi t with HDI in 
the E1694 trial  [  87  ] . The detection of serum bio-
markers that are either prognostic of clinical out-
come or predictive of response to IFN- a 2b has 
been pursued, utilizing the high-throughput 
xMAP ®  multiplex immunobead assay (Luminex 
Corp.). This technology was employed to simul-
taneously measure the levels of 29 cytokines, 
chemokines, angiogenic factors, growth factors 
and soluble receptors in the sera of 179 patients 
with high-risk melanoma who participated in the 
E1694 trial, and 378 healthy age- and gender-
matched controls. The 179 melanoma patients 
were chosen at random from the two trial arms 
based on disease status (whether the subject had 
relapsed at <1 year, between 1 and 3 years, or 
more than 5 years). Of those samples tested, 93 
were derived from patients who received GMK 
vaccination and 86 were derived from patients 
treated with HDI. The clinical data from the 
E1694 trial were then matured to a median of 
4.6 years of follow-up. The results demonstrated 
that serum concentrations of IL-1 a , IL-1 b , IL-6, 
IL-8, IL-12p40, IL-13, G-CSF, MCP-1, MIP-1 a , 
MIP-1 b , IFN- a , TNF- a , EGF, VEGF, and 
TNFRII were signifi cantly higher among patients 
with resected high-risk melanoma when com-
pared to healthy controls. Serum levels of immu-
nosuppressive, angiogenic/growth-stimulatory 
factors (VEGF, EGF, and HGF) were decreased 
signifi cantly by IFN- a 2b therapy, while levels of 
anti-angiogenic IP-10 and IFN- a  were elevated 
posttreatment. Comparing patients according to 
relapse outcome, pretreatment levels of the pro-
infl ammatory cytokines IL-1 a , IL-1 b , IL-6, and 
TNF- a , and chemokines MIP-1 a  and MIP-1 b , 
were signifi cantly higher in sera of patients with 
longer RFS of >5 years, compared with patients 
who experienced shorter RFS of less than 1 year.  

   Biomarkers Associated 
with Anti-CTLA4 Therapy 
for Advanced Melanoma 

 Melanoma tumors can demonstrate spontaneous 
immune-mediated regression  [  71,   88–  97  ] . In 
addition, tumor-specifi c cytotoxic T-cells and 
antibodies may be found in the peripheral blood 
of melanoma patients  [  71,   88–  97  ] . Therefore, as 
described previously, immunotherapy could be 
an effective treatment strategy for individuals 
with this disease  [  71,   88–  97  ] . 

 One approach is the enhancement of anti-mel-
anoma immune responses through the optimiza-
tion of T-cell activation. The latter involves 
interactions between the T-cell receptor (TCR), 
the co-stimulatory receptor CD28, and the ligands 
CD80 and CD86  [  71,   88–  97  ] . T-cell inhibition is 
mediated by the inhibitory receptor, cytotoxic T 
lymphocyte-associated antigen 4 (CTLA4), a 
molecule that shares 30% homology with CD28, 
and is expressed by activated T-cells and 
T-regulatory cells (Tregs)  [  88  ] . CTLA4 binds 
CD80/CD86 with greater affi nity than CD28 
does, thereby inhibiting CD28-mediated T-cell 
activation and IL-2 production  [  88  ] . CTLA4 is 
critical for maintaining immune tolerance to self-
antigens, but may also limit host responses to 
tumor antigens and the effi cacy of vaccine ther-
apy. CTLA4 blockade, either alone or in combi-
nation with melanoma-specifi c vaccines, has been 
explored as a potential strategy to treat advanced-
stage melanoma  [  71,   88–  97  ] . A recent phase III 
clinical trial found that patients with advanced, 
previously treated melanoma who received ipili-
mumab (MDX-010, a monoclonal antibody tar-
geting CTLA4), with or without a gp100 peptide 
vaccine, showed improved OS compared with 
those who received gp100 alone  [  94  ] . Importantly, 
this clinical trial was the fi rst randomized study to 
show an improvement in OS in advanced mela-
noma, where few treatment options exist  [  94  ] . 
However, not all patients have responded well to 
CTLA4 blockade, and some have developed 
severe autoimmune reactions. Of note, the pres-
ence of serum antibodies against the cancer- 
associated antigen, NY-ESO-1, has been found to 
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be associated with effi cacy of anti-CTLA4 ther-
apy. In addition, metastatic tumors at different 
sites in an individual patient can demonstrate dis-
tinct immunological signatures and local microen-
vironmental changes, possibly explaining the 
variable responses to immunotherapy seen in 
some patients. Variations in the CTLA4 gene 
could also infl uence the response to its inhibition 
in patients with metastatic melanoma. In a recent 
study, three single nucleotide polymorphisms 
(SNPs) in this gene were found to be associated 
with responses to CTLA4 blockade: proximal 
promoter SNPs, rs4553808 and rs11571327, and 
the nonsynonymous SNP rs231775  [  89  ] . A hap-
lotype analysis, that included seven SNPs, sug-
gested that the common haplotype TACCGGG is 
associated with no response, whereas the haplo-
type TGCCAGG does predict treatment response. 
Unfortunately, no specifi c haplotype or SNP pre-
dicts which patients will develop the severe auto-
immune reactions triggered by CTLA4 blockade 
therapy  [  89  ] . Other potential immunological 
approaches in melanoma patients include the use 
of Toll-like receptor antagonists (i.e., imiquimod) 
and a HLA-B7/ b 2-microglobulin gene transfer 
product  [  88  ] . 

 In a pooled analysis of three studies (CA184-
007, CA184-008, and CA184-022), and confi rmed 
prospectively in another study testing anti-CTLA4 
blockade in metastatic melanoma (CA184-004), 
higher peripheral blood absolute lymphocyte 
counts (ALC) were signifi cantly associated with 
clinical activity  [  98  ] . In a smaller analysis of 51 
evaluable patients who received ipilimumab at a 
single institution, ALC also correlated with clini-
cal benefi t  [  99  ] . Patients with an ALC  ³  1,000/ m l 
after two ipilimumab doses (week 7) had a signifi -
cantly improved clinical benefi t rate and median 
OS than those with an ALC < 1,000/ m l (51% vs 
0%; 11.9 months vs 1.4 months)  [  99  ] . In addition 
to an association with increased ALC, relapse-free 
survival following ipilimumab treatment also 
correlates with an increase in IL-17-secreting 
helper T-cells  [  100  ] . In a phase II study of ipili-
mumab, examining tumor biopsies (comparing pre- 
and post-ipilimumab effects), clinical activity was 
associated with high expression of both FOXP3 
(p = 0.014) and indoleamine 2,3-dioxygenase 

(IDO) (p = 0.012) at baseline, in addition to an 
increase from baseline of tumor-infi ltrating lym-
phocytes (TILs) (week 4) (p = 0.005)  [  101  ] . 

 Interesting data has recently emerged showing 
that hair depigmentation develops alongside 
durable responses to ipilimumab in patients with 
metastatic melanoma  [  102  ] . In two trials that 
involved a total of 43 patients, six patients with 
hair depigmentation following treatment (median 
10 months) demonstrated stable disease (SD) or 
complete remission (CR), ranging from 24 to 
36 months. No non-responsive patient demon-
strated hair depigmentation, although fi ve patients 
without hair depigmentation had durable SD, 
ranging from 24 to 48 months. Hair depigmenta-
tion suggests an association between induced 
autoimmunity and clinical benefi t for ipilimumab, 
and appears to be a potential surrogate biomarker 
for therapeutic response in some patients. 
However, it can take some time to evolve, and a 
link between its presence and drug response is 
not absolute. Finally, an association between low 
baseline serum CRP and survival benefi t from 
tremelimumab compared to chemotherapy in 
patients with advanced melanoma has also been 
reported  [  41,   42  ] . It is possible that a similar 
association may be found for ipilimumab.  

   Molecular Biomarkers of Predictive 
Value for Novel Molecular-Directed 
Therapies 

 The BRAF gene encodes a Ras-regulated kinase, 
which mediates cell growth and is a component of 
the mitogen-activated protein kinase (MAPK) 
pathway. Activating mutations in BRAF have been 
described in two thirds of melanoma tumors in pri-
mary culture and in 70% of melanoma cell lines 
 [  103  ] . BRAF V600E  is the most common kinase muta-
tion found in melanoma (~50–60% prevalence). 
Results of phase I-III studies with Vemurafenib 
(PLX4032), a selective inhibitor of oncogenic 
BRAF V600E , were recently completed and have 
shown signifi cant antitumor activity, although 
responses appear to be transient  [  104,   105  ] . BRAF 
mutational status is a predictor of response to this 
class of specifi c inhibitors  [  88,   104  ] . 
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 Mutations and amplifi cations in the receptor 
tyrosine kinase KIT have been recently reported 
in acral melanomas (palms, soles, and subungual 
sites), mucosal melanomas, and cutaneous mela-
nomas that arise in the setting of chronic sun 
damage  [  106  ] . These categories account for only 
~25% of all melanomas in Western countries. 
However, acral and mucosal melanomas are the 
most prevalent subtypes in the rest of the world. 
In a cohort of 102 primary melanomas, KIT gene 
alterations (defi ned as mutations or copy number 
increases) were found in 15/38 (39%) of mucosal 
melanomas, 10/28 (36%) of acral melanomas, 
5/18 (28%) of melanomas on skin with chronic 
sun-induced damage, and 0/18 (0%) of melano-
mas on skin without sun-induced damage  [  106  ] . 
Three phase II trials were initiated to examine 
the role of KIT/PDGFR inhibition (utilizing 
imatinib mesylate in two studies and dasatinib in 
the third) in patients with metastatic melanoma, 
regardless of whether their tumors displayed 
KIT/PDGFR expression  [  107–  109  ] . Only modest 
activity was demonstrated in this unselected pop-
ulation  [  107–  109  ] . A fourth study with imatinib 
mesylate enrolled only patients with unresectable 
melanoma arising from acral, mucosal, and 
chronic sun-damaged cutaneous sites. Patients 
were included if their tumors harbored (1) ampli-
fi cations on chromosome 4q12 (site of KIT) 
detected by fl uorescence in situ hybridization 
(FISH) or (2) KIT gene mutations (exons 9, 11, 
13, 17, or 18)  [  110  ] . Of 146 patient tumors 
screened, 21% (31/146) were characterized by 
either mutation or amplifi cation of KIT. Among 
the fi rst 12 patients treated in this ongoing trial, 
response rate was 33% (4/12) with 2CR (18+ and 
37+ weeks), 2PR (partial response), and 6SD. An 
ECOG study (E2607) is currently testing the role 
of dasatinib in this selected patient population. 
Following additional molecular analyses of 
patients with mucosal, acral, and chronic sun 
damage-associated melanoma, the incidence of 
KIT mutation has been found to be substantially 
lower than originally observed, and may be as 
low as 10% among mucosal and acral subtypes, 
with lower mutational frequencies in melanomas 
associated with chronic sun damage. Thus, it is 
important to evaluate molecular interventions 

specifi cally in terms of the appropriate somatic 
genomic alterations, and not use clinical and/or 
histopathological features as guides to the admin-
istration of these therapies. 

 Many treatment-responsive patients ulti-
mately relapse as a result of acquired resistance 
to selective kinase-targeted therapies. This may 
be due to a number of factors, including alterna-
tive activation of MAPK signaling (CRAF-
bypass signaling), other BRAF mutations or 
amplifi cations, mutations in RAS genes (HRAS, 
KRAS, or NRAS), mutations in MEK1, activa-
tion of alternative pathways that may drive pro-
liferation and resistance to apoptosis (PI3K-AKT), 
or upregulation of escape pathways (CMET, KIT, 
FGFR, and EGFR)  [  88,   111–  117  ] . As a result of 
the intrinsic redundancy in the multiple genetic 
pathways that are activated in melanoma, it is 
likely that the use of synergistic combinations of 
mutation-targeted agents will be required to 
achieve optimal outcomes and overcome poten-
tial drug resistance in patients with metastatic 
disease  [  88,   111–  117  ] . In addition to MAPK-
related mechanisms, other possible therapeutic 
targets in melanoma include GNAQ, CDK4, 
ERBB4, and ETV 

1
 , as well as PI3K-AKT, apop-

tosis, DNA repair, angiogenesis, ubiquitin-prote-
osome and epigenetic pathways  [  29,   46–  51  ] . 
Clinical trials evaluating novel drugs directed 
against some of these targets are currently in 
progress  [  88,   111–  116  ] .      
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