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Preface

The American Cancer Society report states that skin cancer is the most com-
mon cancer of all cancer types with numbers exceeding all of the other cancers 
altogether. In spite of melanoma representing only about 1% of all skin cancers, 
this tumour is still responsible for most skin cancer deaths. The incidence of 
melanoma is steadily on the rise in respect to all thicknesses and stages. The peak 
incidence of the tumour is noted in late adulthood, yet according to US Surgeon 
General’s 2018 report it is reported to be the third most common cancer in adoles-
cents and young adults and the reason for this situation is multifactorial. A worry-
ing trend is both outdoor and indoor tanning especially among young people and 
this is a main factor, even though the awareness of the need for sun protection is 
slightly on the rise due to social media campaigns. Recent reports indicate that the 
lifetime risk of developing a secondary melanoma has been underestimated for 
many years. This is a large-scale medical problem for the patients and a financial 
burden for the healthcare systems as many of these people will see the practitio-
ners too late to avoid metastatic disease. Therefore, melanoma should be a matter 
of concern worldwide. 

The book is divided into 3 sections. The first section focuses on the genetics and 
epigenetics of melanoma. Understanding the underlying mechanisms in tumour 
development and progression is pivotal for the development of new therapies. 
There has been massive progress in drug development for advanced stage disease 
in recent years. Presurgical biological treatment of a melanoma with dabrafenib/
trametinib (BRAF/MEK inhibitors), nivolumab/ipilimumab and tissue agnostic 
anti-PD1 drug, pembrolizumab, showed promising outcomes in clinical trials 
regarding the recurrence rate in comparison to post-surgery treatment. Although 
IDO inhibitors are a disappointment, a whole new range of anti-cancer agents (eg. 
tavokinogene telsaplasmid, PKC inhibitors, and novel TLR9 agonists and anti-PD-1 
drugs) give new hope to patients in with the advanced stage disease.

The second section of the book focuses on special melanoma scenarios. This section 
deals with the problem of melanoma in pregnancy. Many myths still surround this 
topic including the incidence, prognosis, available therapeutic options, possible 
complications, and prognosis. This sections also covers the subungual melanoma, as 
this clinical subtype tends to be a diagnostic challenge.

The third section follows the emerging trend of implementing mathematic 
models in skin cancer diagnosis. These models are being implemented nowadays 
in artificial intelligence deep-learning systems opening a new era of AI-assisted 
diagnostics. Although radiology was the first area affected by this process, I 
believe that the forthcoming years will bring it further to areas where visual imag-
ing is crucial to establish the precise diagnosis - dermatology, ophthalmology, and 
pathology.
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Chapter 1

B-Raf-Mutated Melanoma
Sarah E. Fenton, Jeffrey A. Sosman and Sunandana Chandra

Abstract

Until fairly recently, treatment options for advanced melanoma have been 
relatively limited. Fortunately, the last decade has seen dramatic improvements in 
response rates and duration of overall survival after the introduction of checkpoint 
inhibitors and targeted therapies against mutations in the B-isoform of Raf (B-Raf) 
in metastatic or inoperable melanoma. This book chapter will discuss the role of 
wild type B-Raf in the cell, the changes induced by mutations in this protein, and 
current FDA approvals for targeted therapies against B-Raf, both as a monotherapy 
and in combination with MEK inhibitors. We will also summarize mechanisms of 
resistance against these targeted therapies as well as novel therapeutic regimens 
proposed to bypass resistance.

Keywords: melanoma, metastasis, B-Raf, MEK, targeted therapy, adjuvant

1. Introduction

Among all malignancies, melanoma is the fifth most common cancer in men and 
the sixth most common in women in the USA. With 91,270 new cases diagnosed in 
2018 and 9320 fatalities, it has the fastest increase in incidence of any cancer world-
wide [1–4]. Although the majority of cases are treated with excision, approximately 
30% of patients will progress to metastatic disease [5]. On average, 60% of patients 
with local metastases will survive up to 5 years, while only 15% of patients with 
distant metastases will have similar survival rates [6]. Prior to 2011, the only approved 
treatment options for metastatic diseases were dacarbazine or high dose interleukin-2 
(IL-2). These therapies were associated with response rates of 10–20% and rarely 
prolonged overall survival in the population of patients with metastatic melanoma 
[7–9]. Fortunately, the last decade has seen dramatic progress in melanoma treatment 
through the identification and targeting of mutations in the rapidly accelerated fibro-
sarcoma protein (Raf) that is an essential mediator of the mitogen-activated protein 
kinase (MAPK) pathway. First identified as an oncogene in 2002, Raf mutations have 
been found in melanoma, colorectal cancer, papillary thyroid carcinoma, non-small 
cell lung cancer, multiple myeloma, hairy cell leukemia, and specific subset of 
astrocytomas, to name a few malignancies [5]. Up to 50% of melanoma patients were 
found to carry a mutation in the B isoform of Raf (B-Raf), suggesting that targeted 
therapy was a promising strategy in the treatment of this disease [6, 10].

2. Role of B-Raf in the cell

Wild type B-Raf is a serine/threonine-specific protein kinase that acts as an 
important component of the MAPK pathway regulating cellular proliferation, 
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survival, and differentiation. The B-Raf protein is composed of three main con-
served regions that act by maintaining a closed conformation to autoinhibit protein 
function and to activate downstream pathway targets. Conserved region 1 (CR1) 
binds to conserved region 3 (CR3) to autoinhibit B-Raf function until activated by 
Ras. It also contains a zinc finger motif that aids in B-Raf docking at the cell mem-
brane after activation. During activation, Ras binds to the CR1 domain allowing 
release of the bound CR3 domain. Conserved region 2 (CR2) acts to connect CR1 
and CR3 and contains serine and tyrosine residues that are constitutively phos-
phorylated after Ras binding to help keep the protein in an open, active conforma-
tion and allow ATP binding. CR3 contains the enzymatic kinase domain of B-Raf, 
binding ATP and substrate proteins to catalyze the transfer of a phosphate group 
from ATP to the substrate, activating downstream signaling proteins. Importantly, 
this region also contains the valine amino acid at position 600, an amino acid that is 
often mutated resulting in the constitutive activation of B-Raf [11, 12].

B-Raf acts as a signaling protein in the Ras-Raf-Mek-Erk cascade, one of the 
most important oncogenic pathways in cancer. In wild type cells, extracellular 
growth factors and cytokines bind to transmembrane receptors on the cell’s surface 
such as epidermal growth factor receptor (EGFR) and insulin like growth factor-1 
receptor (IGF-1R). Intracellular phosphorylated sites on these receptors attract 
guanine nucleotide exchange factors (GEFs) such as SOS that bind to Ras and acti-
vate it by exchanging GDP for GTP. Once activated, Ras promotes the homo- and 
heterodimerization and activation of Raf kinases such as A-Raf, B-Raf and C-Raf. 
In turn, Raf kinases activate the MAP kinase pathway by phosphorylating MEK1 
and MEK2. MEK proteins activate ERK 1 and 2 and the MAPK signaling pathway 
phosphorylates hundreds of downstream proteins [10, 13–16]. Importantly, activa-
tion of this pathway also sends inhibitory feedback towards upstream signaling 
components, which turn off signaling. This ultimately results in downregulation 
of Ras by ERK-dependent feedback [6]. Although the MAPK pathway is the most 
important downstream target of B-Raf, the JNK cascade, p38-MAPK pathway, and 
ERK-5 pathway have also been shown to be activated by B-Raf signaling [10].

3. Mutations in B-Raf that drive melanoma and their clinical significance

About 40–60% of melanomas will contain mutations in B-Raf at the V600 site, 
driving melanogenesis through upregulation of the Ras-Raf-Mek-ERK MAPK 
pathway [17]. Abnormal activation of the Ras-Raf-Mek Erk MAPK pathway is 
detected in approximately 90% of melanomas including the other genetic subsets 
such as Ras mutant, NF1 loss, and TWT [17]. Interestingly, other common mutations 
in melanoma, such as N-Ras, c-Kit, and NF1, also act through the MAPK pathway. 
B-Raf mutation alone is not considered sufficient to induce melanoma formation, as 
it has also been identified in benign and dysplastic nevi and can induce senescence 
[10, 18]. The vast majority (74–86%) of B-Raf mutations are substitutions of glutamic 
acid for valine at the 600th amino acid (V600E). However, substitutions of lysine 
for valine at amino acid 600 (V600K) in B-Raf is seen in 10–20% of melanomas and 
another 8% have other substations at the same site (V600M, V600D, and V600R) [6]. 
Case reports comparing the clinical significance of these different mutations show 
similar disease presentation and response to treatment [6, 9]. V600K mutations are 
more common in older patients and those with chronic sun exposure [9]. These B-Raf 
mutations occur in CR3 of the B-Raf protein and result in constitutive activation of 
the MAPK signaling pathway by destabilization of the inhibitory interaction between 
CR1 and CR3 through the introduction of a negatively charged or bulky amino acid 
at this site [10]. Mutations have also been identified in exon 15 (the region of DNA 
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adjacent to V600), exon 11 and translocations involving the B-Raf gene in melanomas 
and melanoma cell lines. Despite the alternative locations of these mutations, some 
can also act to drive melanogenesis through activation of the MAPK pathway, but 
do not signal as a monomer like V600 mutant proteins and in some cases require Ras 
activation [9].

Clinically, B-Raf mutations are associated with patients that are younger at 
initial diagnosis (<50 years old), locations with largely intermittent sun exposure, 
earlier diagnosis of distant metastasis (56 versus 63 years old), increased incidence 
of brain metastasis, a higher number of nevi and lesions with a truncal location. 
B-Raf mutations are not induced by UV (sun) DNA damage. Most concerning, 
some studies suggest that these mutations have been associated with shortened 
median survival (5.7 versus 8.5 months). However, these studies are often not 
powered to examine survival [10, 19–21]. This may relate to their association with 
increased ulceration in the tumor, a prognostic factor that independently is associ-
ated with decreased survival [22]. Additionally, B-Raf mutations are more common 
in superficial spreading or nodular subtypes of melanoma [10].

4. Diagnosis and diagnostic testing

Clinical detection of B-Raf mutations is a powerful tool in the management of 
advanced melanoma, allowing clinicians to make decisions regarding treatment 
plans with targeted therapy versus alternatives such as immunotherapy. Molecular 
testing for B-Raf mutations is recommended by both the National Comprehensive 
Cancer Network (NCCN) and European Society for Medical Oncology (ESMO) 
guidelines in patients requiring systemic therapy [23–25]. This now includes most 
patients with stage III melanoma based on recent adjuvant trials. The sensitivity and 
specificity of the screening tests chosen is critical, as B-Raf detection and targeting 
is the only biomarker that can predict a therapeutic response to B-Raf inhibitor 
treatment in melanoma [23, 26]. Additionally, inappropriate treatment of B-Raf 
negative tumors with B-Raf inhibitors may be associated with tumor progression 
through paradoxical activation of the MAPK pathway based on numerous preclini-
cal trials [27].

Due to advances in DNA sequencing, this method is being used more and more 
frequently as the initial method of mutation analysis. However, if there is not suf-
ficient tissue or if rapid identification is needed diagnostic testing can be performed 
using immunohistochemistry with a VE1 monoclonal antibody to detect the V600E 
mutations. This method provides high sensitivity and is inexpensive. Unfortunately, 
it only detects this specific V600E mutation and misses other possible targets for 
B-Raf inhibitor therapy. Interpretation of immunohistochemistry by pathologists 
can also be subjective, making this method difficult to standardize. An alternative 
initial screening test is Sanger sequencing of the tumor DNA, often considered to 
be the gold standard. The tumor DNA is copied with amino acids attached to stop 
codons creating many copies of varying length that can be compared to determine 
the ultimate genetic sequence. This method is used less frequently, as a high ratio of 
mutant to wild type DNA is necessary to detect the B-Raf mutation and it has low 
sensitivity. If the immunohistochemistry or Sanger sequencing testing is negative it 
is often confirmed with pyrosequencing or RT-qPCR. Pyrosequencing is a method 
where DNA is sequenced using light tagged amino acids, allowing sequencing while 
the complementary DNA strand is being synthesized. This method is associated 
with a very high sensitivity for mutation detection; it also allows for quantification 
of mutated alleles in the tumor cell. However, pyrosequencing has a lower specific-
ity than Sanger sequencing. Alternative confirmatory testing includes RT-qPCR, 
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another highly sensitive method that is relatively rapid and inexpensive but relies 
on primer design and selection for mutation detection and may miss uncommon 
mutations. As Next Generation Sequencing (NGS) becomes less expensive and 
more readily available in the clinic, it is becoming a more common method of muta-
tion detection, allowing high sensitivity and specificity as well as the detection of 
rare mutations [6, 28]. Finally, studies evaluating levels of circulating tumor DNA 
show promise in evaluating disease response and relapse [28].

The above testing modalities are all laboratory based and are used in diag-
nostic centers that have been certified by the Clinical Laboratory Improvement 
Amendments and have been reviewed by the US Centers for Medicare and Medicaid 
Services. However, there are two testing modalities that were developed in concert 
with the testing and approval of targeted therapies that are considered companion 
diagnostic tests. These have been reviewed by the FDA and approved for diagnostic 
testing prior to initiation of these specific drug therapies. B-Raf mutations are 
detected using two primary companion diagnostic tests, the cobas 4800 BRAF 
V600 Mutation Test (Roche Molecular Systems, Inc) and the THxID-BRAF kit 
(BioMerieux, Inc). Both RT-qPCR based, these tests were developed with vemu-
rafenib plus cobimetinib and dabrafenib plus trametinib, respectively. Despite their 
high sensitivity, laboratory-based tests such as Sanger sequencing can be used to 
confirm negative results from companion diagnostic tests [28].

5. B-Raf inhibitor monotherapy

Given the frequency and importance of B-Raf in the development and progres-
sion of melanoma, interest in the development of B-Raf inhibitors was a high prior-
ity to all in the melanoma world. Three kinase inhibitors, vemurafenib, dabrafenib 
and encorafenib, are currently approved in the treatment of B-Raf V600-mutated 
melanoma. While they have been FDA approved in the treatment of B-Raf V600E 
and V600K-mutated melanomas, case studies and small trials suggest that these 
agents are also active in V600R mutants [6, 9]. However, based on published case 
reports, V600E mutations have improved response rates and longer progression-
free survival after dabrafenib or vemurafenib treatment than other mutations [27].

Vemurafenib (PLX4032) is a B-Raf inhibitor that acts by binding to the ATP binding 
site in B-Raf, inhibiting the active form of the serine-threonine kinase [29, 30]. The 
BRIM3 trial was a phase III trial by Chapman et al. comparing vemurafenib targeted 
therapy (960 mg twice daily) with dacarbazine chemotherapy in 675 patients with 
untreated metastatic melanoma containing the B-Raf V600E or V600K mutation. 
The 6-month overall survival (OS) was 84% in the vemurafenib-treated group (95% 
confidence interval (CI) 78–89) versus 64% in the dacarbazine-treated group (95% CI, 
56–73). Interim analysis showed a 63% reduction in the risk of death (p < 0.001) and a 
74% reduction in the risk of either death or disease progression (p < 0.001) compared to 
dacarbazine. Overall response rates, a secondary endpoint, were 48% for vemurafenib 
and 5% for dacarbazine [31]. In follow up of this same population, McArthur et al. 
showed a median OS of 13.6 months in the vemurafenib-treated group (95% CI 12–15.2) 
versus 9.7 months in the dacarbazine-treated group (95% CI 7.9–12.8, p < 0.001). 
Progression-free survival (PFS) also improved with a median PFS of 6.9 months in 
the vemurafenib-treated group (95% CI 6.1–7) versus 1.6 months in the dacarbazine-
treated group (95% CI 1.6–2.1, p < 0.001). Overall response rate increased with time to 
57% in the vemurafenib group versus 9% in the dacarbazine group. Complete responses 
were seen in 6% of the vemurafenib-treated group versus 1% of the dacarbazine-treated 
group [32]. Based on these results, vemurafenib was the first approved drug for the 
treatment of B-Raf V600E and V600K-mutated advanced melanoma.
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Dabrafenib (GSK2118436), another approved targeted therapy for the treatment 
of B-Raf V600-mutated melanoma, acts as a competitive inhibitor for ATP bind-
ing on the B-Raf protein and decreases its activity. Break-3 was a phase III trial by 
Hauschild et al. in which dabrafenib treatment (150 mg twice daily) was compared 
to dacarbazine administration. A total of 250 patients with previously untreated 
B-Raf V600E-mutated melanoma were enrolled. Dabrafenib therapy resulted in 
a median PFS of 5.1 months while the dacarbazine treatment group had a median 
PFS of 2.7 months. The hazard ratio for progression was 0.3 (95% CI 0.18–0.51, 
p < 0.0001). The OS hazard ratio was 0.61 (95% CI 0.25–1.48), suggesting sig-
nificantly improved survival with dabrafenib treatment. About 50% of patients 
treated with dabrafenib had an objective response (95% CI 42.4–57.1) versus 7% 
with dacarbazine therapy (95% CI 1.8–15.5). Complete response was seen in 3% 
of patients treated with dabrafenib versus 2% of those treated with dacarbazine. 
Median time to response was 6.3 weeks (95% CI 6.1–6.3) with a median duration 
of response of 5.5 months. Patients that progressed on dacarbazine were allowed 
to cross over to treatment with dabrafenib, at the end of the study 44% of patients 
had crossed to dabrafenib treatment [33]. Based on these results, dabrafenib was 
approved by the FDA for treatment of B-Raf V600E-mutated advanced melanoma.

There has not been a direct head-to-head trial comparing dabrafenib and 
vemurafenib monotherapy in advanced melanoma with a B-Raf V600 mutation. 
However, extrapolating from the above trials suggests that they have very com-
parable clinical activity. Despite this, there is evidence suggesting that patients 
experience different drug-related toxicities. Vemurafenib was associated with toxic-
ity requiring dose reduction due to grade 2 side effects in 38% of patients, while 
28% of dabrafenib-treated patients required a dose reduction for grade 2 or greater 
side effects [32, 33]. Common toxicities of both drugs include rash, secondary skin 
malignancies (squamous cell carcinoma and keratoacanthomas), fatigue, arthral-
gia, and nausea. Vemurafenib was associated with higher rates of hepatic transami-
nitis, photosensitivity, and cutaneous hyperproliferative lesions; while, dabrafenib 
was associated with higher rates of pyrexia and chills. Despite the higher association 
with vemurafenib treatment, secondary skin hyperproliferative disorders and 
malignancies are seen with all B-Raf inhibitors. Median time to development of a 
squamous cell carcinoma after B-Raf inhibitor initiation is approximately 8 weeks 
and is seen in 20% of patients [10, 32]. These cutaneous side effects are primarily 
mediated by loss of feedback inhibition on the MAPK pathway after B-Raf suppres-
sion. In wild type cells, these B-Raf inhibitors accelerate B-Raf and C-Raf dimeriza-
tion to activate the MAPK pathway. However, in B-Raf-mutated cells, signaling 
through negative feedback inhibition results in downregulation of MAPK signaling. 
After the addition of B-Raf inhibitors this negative feedback is lost, resulting in 
upregulation of MAPK signaling through C-Raf and Ras. Uncontrolled Ras activity 
has been associated with skin tumor formation, particularly squamous cell carci-
nomas. These patients are also at increased risk of new primary B-Raf wild type 
melanomas through similar mechanisms of action [6, 10].

B-Raf inhibition induces an overall response in approximately 50–60% of 
melanomas with B-Raf mutations. Predictors of response include B-Raf V600E 
mutations, higher PTEN levels at baseline (patients with deleted or mutant PTEN 
showed shorter PFS with dabrafenib therapy), initially increased levels of phos-
phorylated ERK followed by downregulation of phosphorylated ERK after treat-
ment initiation, absence of MEK1p124 mutation, absence of CDKN2a gene deletion 
or chromosomal gains of the CCND1 gene [10]. Unfortunately, median progression-
free survival with B-Raf targeted therapy is only 7 months [27, 31, 33]. Clinical fac-
tors that may be associated with a shorter PFS include an ECOG performance status 
of greater than 2, an elevated LDH at treatment initiation and M1C disease [10]. 
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Even after clinical evidence of progression during treatment with vemurafenib or 
dabrafenib, studies suggest that continued treatment with B-Raf inhibitors may 
prolong survival through impedance of disease growth while preventing a disease 
flare that can be seen with cessation of treatment [10, 34, 35].

6. Combination therapy with B-Raf and MEK 1/2 inhibitors

Compared to the treatment modalities that were available prior to the develop-
ment of targeted therapies, treatment with B-Raf inhibitors resulted in exceptional 
response rates and increases in overall survival. Investigation into inhibition at 
another downstream protein of the Ras-Raf-MEK-ERK MAPK pathway with MEK 
1/2 inhibitors in the METRIC trials resulted in an overall response rate of approxi-
mately 30% and improved PFS of the oral selective MEK inhibitor trametinib when 
given orally (dose 2 mg) compared to treatment with dacarbazine in B-Raf-mutated 
melanoma [9, 36, 37]. Toxicities seen in the trial attributed to both drugs included 
rash, hypertension, diarrhea, edema, cardiac dysfunction, serum creatinine eleva-
tion, and ocular toxicities [10]. However, extrapolation from these studies and those 
of B-Raf inhibitors suggested that B-Raf inhibition was a more efficacious targeted 
therapy than MEK inhibition alone [38]. Relapse rates and side effect profiles with 
B-Raf inhibitor monotherapy were much higher than expected and were thought 
to be associated with reactivation of the MAPK pathway. For this reason, basic 
scientists and clinical investigators began combining B-Raf inhibitors with MEK 
inhibitors to block at two levels of this signaling pathway, intending to block any 
paradoxical activation after B-Raf inhibition [6]. Trametinib, cobimetinib, and 
bimimetinib are MEK inhibitors currently approved to be used in combination with 
B-Raf inhibitors in the treatment of advanced melanoma. Case reports also suggest 
that MEK inhibitors may be an effective therapy choice in patients with alternative 
mechanisms of MAPK activation, such as mutations in codons adjacent to that 
containing V600 [9].

The COMBI-DT, an initial phase II trial by Flaherty et al. evaluating dabrafenib 
and trametinib treatment in 247 patients with untreated B-Raf V600E- or V600K-
mutated melanoma, found that dual targeted therapy (150 mg dabrafenib twice 
daily and 1 or 2 mg trametinib daily) resulted in a median PFS of 9.4 months versus 
5.8 months for dabrafenib monotherapy. Median overall survival was 27.4 months 
for the combination therapy versus 20.2 months for the monotherapy. The hazard 
ratio for progression or death was 0.39 (95% CI 0.25–0.62, p < 0.001). Overall 
response was 76% in the dual therapy group compared to 54% with dabrafenib 
monotherapy (p < 0.03). Cutaneous side effects were significantly decreased 
with the addition of the MEK inhibitor [36, 37]. Following these results, phase III 
trials were performed showing similar outcomes. The COMBI-D phase III trial by 
Long et al. evaluated 423 patients with mutated B-Raf V600E or V600K advanced 
melanoma, who were treated with the combination of dabrafenib (150 mg twice 
daily) plus trametinib (2 mg daily) or dabrafenib alone. Median overall survival 
was 25.1 months in the combination group (95% CI 19.2–not reached) versus 
18.7 months in the dabrafenib treatment group (95% CI 15.2–23.7, p = 0.017). 
Overall survival was 74% at 1 year and 51% at 2 years in the combination therapy 
group versus 68 and 42% in the monotherapy group. Median PFS was 11 months 
in the combination therapy group (95% CI 8–13.9) versus 8.8 months (95% CI 
5.9–9.3, p = 0.0004). Rates of grade 3–4 adverse events were similar between both 
(32 versus 31%), pyrexia was the most common side effect with dabrafenib and 
trametinib combination therapy, while hyperkeratosis was the most common side 
effect in the dabrafenib alone group [39]. The COMBI-V study was a phase III trial 
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by Robert et al. evaluating combination dabrafenib and trametinib therapy against 
vemurafenib monotherapy. A total of 704 patients with untreated mutant B-Raf 
V600E or V600K were randomized to receive dabrafenib (150 mg twice daily) with 
trametinib (2 mg once daily) versus vemurafenib (960 mg twice daily). Overall 
survival at 1 year was 72% in the combination therapy group (95% CI 67–77) versus 
65% in the vemurafenib alone group (95% CI 59–70). Hazard ratio for death with 
combination therapy was 0.69 (95% CI 0.53–0.89, p = 0.005). Median PFS was 
11.4 months in the combination therapy group and 7.3 months in the vemurafenib 
monotherapy group (HR 0.56, 95% CI 046–0.69, p = 0.001). Objective response 
rates were 64% in the combination therapy group and 51% in the monotherapy 
group (p < 0.001). Similar to the COMBI-D trial, rates of severe adverse events were 
comparable but rates of squamous cell carcinoma and other skin complications were 
significantly higher with vemurafenib monotherapy [40]. Based on these results, 
combination therapy with dabrafenib and trametinib was approved by the FDA for 
treatment of B-Raf-mutated V600E and -V600K advanced melanoma.

Another MEK inhibitor, cobimetinib, has also shown efficacy in combination 
with the B-Raf inhibitor vemurafenib in advanced melanoma. The coBRIM trial, a 
phase III trial by Larkin et al., studied 495 patients with untreated B-Raf-mutated 
V600E and -V600K advanced melanoma treated with vemurafenib (960 mg twice 
daily, continuously) and cobimetinib (60 mg daily for 21 days followed by 7 days 
off) versus vemurafenib alone. Median PFS was 9.9 months in the combination 
therapy group versus 6.2 months in the control group. The hazard ratio for death 
or progression was 0.51 (95% CI 0.39–0.68, p < 0.001). Overall response rates were 
68% in the combination group versus 45% in the monotherapy treatment group 
(p < 0.001) with 10% of patients in the combination group achieving complete 
response (versus 4% in the vemurafenib alone group). Rates of adverse events 
trended toward higher occurrence in the combination therapy group; however, 
the difference was not significant (65% versus 59%) and rates of secondary skin 
cancers were lower in the combination therapy group [41]. A follow up study of the 
same patient population found a median PFS of 12.3 months (95% CI 9.5–13.4) in 
the combination therapy group versus 7.2 months in the vemurafenib group (95% 
CI 5.6-7.5, p < 0.0001). Median overall survival was 22.3 months for cobimetinib 
and vemurafenib treatment (95% CI 20.3–not estimable) versus 17.4 months for 
the vemurafenib group (95% CI 15-19.8, p = 0.005). Serious adverse events were 
seen in 37% of the combination treatment patients versus 28% of the monotherapy 
patients, the most significant of which were pyrexia and dehydration [42].

Second generation B-Raf inhibitors such as encorafenib were also tested in 
clinical trials in combination with MEK inhibitors. These drugs are associated 
with a 10× longer half-life than vemurafenib or dabrafenib [43]. Phase I/II trials 
have shown that combination therapy with encorafenib and the MEK inhibitor, 
binimetinib in B-Raf-mutated melanoma resulted in a median PFS of 11.3 months 
(95% CI 7.4–14.6) [44]. The COLUMBUS trial by Dummer et al. evaluated 577 
patients with unresectable stage III or IV B-Raf V600E- or V600K-mutated mela-
noma that were treatment naïve or had progressed on prior immunotherapy treated 
with encorafenib (450 mg daily) plus binimetinib (45 mg twice daily) or with 
encorafenib (300 mg daily) or vemurafenib (960 mg twice daily) monotherapy. 
Median PFS was 14.9 months (95% CI 11–18.5) in the combination encorafenib and 
binimetinib group versus 9.6 months in the encorafenib group (95% CI 7.5–14.8) 
and 7.3 months in the vemurafenib group (95% CI 5.6–8.2) (95% CI 0.41–0.71, 
HR 0.54, p < 0.0001). Overall responses were detected in 63% of patients in the 
combination therapy group versus 51% of patients with the encorafenib group and 
40% of patients in the vemurafenib group [45]. Overall survival was 33.6 months 
(95% CI 24.4–39.2) in the combination therapy group versus 23.5 months (95% 
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daily and 1 or 2 mg trametinib daily) resulted in a median PFS of 9.4 months versus 
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was 25.1 months in the combination group (95% CI 19.2–not reached) versus 
18.7 months in the dabrafenib treatment group (95% CI 15.2–23.7, p = 0.017). 
Overall survival was 74% at 1 year and 51% at 2 years in the combination therapy 
group versus 68 and 42% in the monotherapy group. Median PFS was 11 months 
in the combination therapy group (95% CI 8–13.9) versus 8.8 months (95% CI 
5.9–9.3, p = 0.0004). Rates of grade 3–4 adverse events were similar between both 
(32 versus 31%), pyrexia was the most common side effect with dabrafenib and 
trametinib combination therapy, while hyperkeratosis was the most common side 
effect in the dabrafenib alone group [39]. The COMBI-V study was a phase III trial 
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combination therapy was 0.69 (95% CI 0.53–0.89, p = 0.005). Median PFS was 
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the difference was not significant (65% versus 59%) and rates of secondary skin 
cancers were lower in the combination therapy group [41]. A follow up study of the 
same patient population found a median PFS of 12.3 months (95% CI 9.5–13.4) in 
the combination therapy group versus 7.2 months in the vemurafenib group (95% 
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the vemurafenib group (95% CI 15-19.8, p = 0.005). Serious adverse events were 
seen in 37% of the combination treatment patients versus 28% of the monotherapy 
patients, the most significant of which were pyrexia and dehydration [42].

Second generation B-Raf inhibitors such as encorafenib were also tested in 
clinical trials in combination with MEK inhibitors. These drugs are associated 
with a 10× longer half-life than vemurafenib or dabrafenib [43]. Phase I/II trials 
have shown that combination therapy with encorafenib and the MEK inhibitor, 
binimetinib in B-Raf-mutated melanoma resulted in a median PFS of 11.3 months 
(95% CI 7.4–14.6) [44]. The COLUMBUS trial by Dummer et al. evaluated 577 
patients with unresectable stage III or IV B-Raf V600E- or V600K-mutated mela-
noma that were treatment naïve or had progressed on prior immunotherapy treated 
with encorafenib (450 mg daily) plus binimetinib (45 mg twice daily) or with 
encorafenib (300 mg daily) or vemurafenib (960 mg twice daily) monotherapy. 
Median PFS was 14.9 months (95% CI 11–18.5) in the combination encorafenib and 
binimetinib group versus 9.6 months in the encorafenib group (95% CI 7.5–14.8) 
and 7.3 months in the vemurafenib group (95% CI 5.6–8.2) (95% CI 0.41–0.71, 
HR 0.54, p < 0.0001). Overall responses were detected in 63% of patients in the 
combination therapy group versus 51% of patients with the encorafenib group and 
40% of patients in the vemurafenib group [45]. Overall survival was 33.6 months 
(95% CI 24.4–39.2) in the combination therapy group versus 23.5 months (95% 
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CI 19.6–33.6) in the encorafenib group and 16.9 months in the vemurafenib group 
(95% CI 14–24.5) (HR 0.62, 95% CI 0.47–0.79, p < 0.0001) [46]. Adverse events in 
the combination therapy group included increased γ-glutamyltransferase, creati-
nine phosphokinase and hypertension. Encorafenib monotherapy was associated 
with palmoplantar erythrodysaesthesia syndrome, myalgia and arthralgia; while 
vemurafenib monotherapy was associated with arthralgia. Interestingly, combina-
tion therapy with encorafenib and binimetinib allowed a higher maximum tolerated 
dose of encorafenib, suggesting as with the other combinations of B-Raf and MEK 
inhibitors dual blockade of the MAPK pathway abrogates side effects associated 
with B-Raf inhibition alone. Fewer adverse events ultimately resulted in treatment 
discontinuation in the combination therapy group [45, 46]. Although it is dif-
ficult to compare end points between clinical trials, median PFS for encorafenib 
and binimetinib in the COLUMBUS trial was longer (14.9 months) than for either 
dabrafenib-trametinib in the COMBI-D (11 months) and COMBI-V (11.4 months) 
trials or for vemurafenib-cobimetinib in the coBRIM trial (12.3 months) [39, 40, 42, 
45, 46]. This difference may be due to the longer half-life of encorafenib or it may 
also be the result of B-Raf treatment in a population of patients that did not all have 
access to immunotherapy due to local approved indications and regulations. This 
may have resulted in a group of patients on the COLUMBUS trial that was dissimilar 
to those studied in the other B-Raf inhibitor trials [45].

Overall, the above studies suggest that dual therapy with B-Raf and MEK 
inhibitors provides a longer PFS and increased overall response rates compared 
to B-Raf inhibition alone [38, 42, 47–50]. Most importantly, combination therapy 
is also associated with a modified side effect profile, particularly in those caused 
by reactivation of Ras and the MAPK pathway such as cutaneous squamous cell 
carcinomas [27]. Although the data suggest that encorafenib-binimetinib treatment 
may result in a slightly longer PFS, there is little direct evidence available to help 
clinicians pick between B-Raf/MEK inhibitor therapies [45, 46]. Therefore, the 
potential side effect profile may be helpful in guiding the decision. Approximately 
50% of patients treated with dabrafenib and trametinib develop pyrexia, while 47% 
of patients treated with vemurafenib and cobimetinib develop significant pho-
tosensitivity [36, 40–42, 47]. Encorafenib and binimetinib dual therapy resulted 
in elevated γ-glutamyltransferase, creatinine phosphokinase, and hypertension 
[45, 46]. All combinations are associated with similar rates of MEK inhibitor-
related toxicities such as serous retinopathy and left ventricular dysfunction [45, 
46]. Other potential differences that may aid in picking therapy include the need to 
refrigerate trametinib and to take dabrafenib and trametinib on an empty stomach.

Monotherapy with a MEK inhibitor in B-Raf wild type tumors has been of great 
interest. Binimetinib treatment in melanomas with N-Ras mutations resulted in a 
PFS of 2.8 months (versus 1.5 months with dacarbazine), however overall survival 
was not improved [51, 52]. In vivo studies have also seen clinical activity from MEK 
inhibitor treatment in combination with CDK4/6 inhibitors, MDM2 antagonists, 
and PI3K/AKT inhibitors in melanoma [9]. Unfortunately, monotherapy with 
a MEK inhibitor such as trametinib after failure or B-Raf treatment showed no 
response [6, 10].

7. Adjuvant therapy with B-Raf inhibition

The above studies evaluated combined targeted therapy in advanced melanoma, 
where the patients were either not surgical candidates or had metastatic disease. 
However, investigators have also evaluated whether adjuvant targeted therapy 
after surgical resection may result in increased progression-free or overall survival. 
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The COMBI-AD trial by Long et al. was a phase III trial, where 870 patients with 
resected stage IIIA, IIB and IIIC B-Raf V600E- or V600K-mutated melanoma were 
randomly assigned to placebo or treatment with dabrafenib (150 mg twice daily) 
and trametinib (2 mg daily). Estimated relapse free survival rates at 3 years were 
58% in the treatment group versus 39% in the placebo group (HR for death 0.47, 
95% CI 0.39–0.58, p < 0.001). Overall survival at 3 years was 86% in the treatment 
group versus 77% in the placebo group (HR for death 0.57, 95% CI 0.42–0.79, 
p = 0.0006). Combination treatment with dabrafenib and trametinib also resulted 
in increased metastasis-free survival and lower rates of relapse. Despite the 53% 
improvement in relapse free survival and 43% improvement in overall survival, 
these improvements must be weighed against the 26% discontinuation rate due to 
adverse events (most frequently pyrexia and fatigue) [53]. Hauschild et al. con-
firmed these results in an extended follow up, evaluating relapse free survival rates 
at 3 and 4 years for dabrafenib and trametinib co-therapy versus placebo. At 3 years, 
relapse free survival rates were 59% for combination therapy (95% CI 55–64%) ver-
sus 40% in the placebo arm (95% CI 35–45%). At 4 years, relapse free survival rates 
were 54% for combination therapy (95% CI 49–59%) versus 38% in the placebo arm 
(95% CI 34–44%) [54]. Single agent vemurafenib (960 mg twice daily) as adjuvant 
therapy was also studied after resection in patients with stage IIC, IIIA, IIIB, or 
IIIC melanoma. Treatment resulted in a substantial but not significant increase in 
disease-free survival [55]. These new data suggest that B-Raf and MEK inhibition 
not only play an important role in the treatment of metastatic melanoma, but they 
also may provide benefit to patients with stage III disease after surgical resection.

8. B-Raf targeted therapy in brain metastases

As discussed previously, B-Raf inhibitor therapy is an effective treatment 
option for patients with inoperable or metastatic melanoma. Unfortunately, mela-
noma has one of the highest cerebral tropisms of any malignancy. Approximately 
20% of stage IV patients have brain metastases at time of diagnosis and up to 
40–50% of patients with stage IV melanoma will ultimately develop intracranial 
disease [56]. This development contributes significantly to mortality in 20–54% of 
metastatic melanoma patients; and once brain metastases are diagnosed, median 
survival decreases to 4–5 months [56–58]. Therefore, in evaluating the efficacy of 
targeted and immunotherapies in advanced melanoma, it is important to evaluate 
whether these agents are active in the central nervous system. The BREAK-MB 
trial showed that dabrafenib (150 mg twice a day) had an acceptable safety profile 
and induced a response in the metastatic brain lesions of 39% of B-Raf V600E 
mutant advanced melanoma if no prior local therapy had been used and in 31% of 
patients with prior local therapy. Median progression-free survival was 16 weeks 
and median overall survival was 31 weeks [59]. The COMBI-MB trial by Davies 
et al. was a phase II trial of dabrafenib (150 mg twice a day) and trametinib (2 mg 
daily) in 125 patients with V600 mutant melanoma. About 58% of patients with 
asymptomatic brain metastases and no prior therapy showed a response (95% CI 
46–69) with a median progression-free survival of 5.6 months (95% CI 5.3–7.4) 
and a median overall survival of 10.8 months (95% CI 9.7–19.6). About 56% of 
patients who had received prior therapy showed a response with a median PFS 
of 7.2 month (95% CI 1.7–6.5), while 59% of patients with symptomatic brain 
metastases showed a response with a median PFS of 5.5 months (95% CI 2.8–7.3). 
About 44% of patients with V600D/K/R mutations responded to dabrafenib and 
trametinib with a median PFS of 4.2 months (95% CI 1.7–6.5) [60]. Vemurafenib 
has been studied in a phase 2 trial with similar results [57, 58]. Interestingly, these 
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dose of encorafenib, suggesting as with the other combinations of B-Raf and MEK 
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discontinuation in the combination therapy group [45, 46]. Although it is dif-
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potential side effect profile may be helpful in guiding the decision. Approximately 
50% of patients treated with dabrafenib and trametinib develop pyrexia, while 47% 
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in elevated γ-glutamyltransferase, creatinine phosphokinase, and hypertension 
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was not improved [51, 52]. In vivo studies have also seen clinical activity from MEK 
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The COMBI-AD trial by Long et al. was a phase III trial, where 870 patients with 
resected stage IIIA, IIB and IIIC B-Raf V600E- or V600K-mutated melanoma were 
randomly assigned to placebo or treatment with dabrafenib (150 mg twice daily) 
and trametinib (2 mg daily). Estimated relapse free survival rates at 3 years were 
58% in the treatment group versus 39% in the placebo group (HR for death 0.47, 
95% CI 0.39–0.58, p < 0.001). Overall survival at 3 years was 86% in the treatment 
group versus 77% in the placebo group (HR for death 0.57, 95% CI 0.42–0.79, 
p = 0.0006). Combination treatment with dabrafenib and trametinib also resulted 
in increased metastasis-free survival and lower rates of relapse. Despite the 53% 
improvement in relapse free survival and 43% improvement in overall survival, 
these improvements must be weighed against the 26% discontinuation rate due to 
adverse events (most frequently pyrexia and fatigue) [53]. Hauschild et al. con-
firmed these results in an extended follow up, evaluating relapse free survival rates 
at 3 and 4 years for dabrafenib and trametinib co-therapy versus placebo. At 3 years, 
relapse free survival rates were 59% for combination therapy (95% CI 55–64%) ver-
sus 40% in the placebo arm (95% CI 35–45%). At 4 years, relapse free survival rates 
were 54% for combination therapy (95% CI 49–59%) versus 38% in the placebo arm 
(95% CI 34–44%) [54]. Single agent vemurafenib (960 mg twice daily) as adjuvant 
therapy was also studied after resection in patients with stage IIC, IIIA, IIIB, or 
IIIC melanoma. Treatment resulted in a substantial but not significant increase in 
disease-free survival [55]. These new data suggest that B-Raf and MEK inhibition 
not only play an important role in the treatment of metastatic melanoma, but they 
also may provide benefit to patients with stage III disease after surgical resection.

8. B-Raf targeted therapy in brain metastases

As discussed previously, B-Raf inhibitor therapy is an effective treatment 
option for patients with inoperable or metastatic melanoma. Unfortunately, mela-
noma has one of the highest cerebral tropisms of any malignancy. Approximately 
20% of stage IV patients have brain metastases at time of diagnosis and up to 
40–50% of patients with stage IV melanoma will ultimately develop intracranial 
disease [56]. This development contributes significantly to mortality in 20–54% of 
metastatic melanoma patients; and once brain metastases are diagnosed, median 
survival decreases to 4–5 months [56–58]. Therefore, in evaluating the efficacy of 
targeted and immunotherapies in advanced melanoma, it is important to evaluate 
whether these agents are active in the central nervous system. The BREAK-MB 
trial showed that dabrafenib (150 mg twice a day) had an acceptable safety profile 
and induced a response in the metastatic brain lesions of 39% of B-Raf V600E 
mutant advanced melanoma if no prior local therapy had been used and in 31% of 
patients with prior local therapy. Median progression-free survival was 16 weeks 
and median overall survival was 31 weeks [59]. The COMBI-MB trial by Davies 
et al. was a phase II trial of dabrafenib (150 mg twice a day) and trametinib (2 mg 
daily) in 125 patients with V600 mutant melanoma. About 58% of patients with 
asymptomatic brain metastases and no prior therapy showed a response (95% CI 
46–69) with a median progression-free survival of 5.6 months (95% CI 5.3–7.4) 
and a median overall survival of 10.8 months (95% CI 9.7–19.6). About 56% of 
patients who had received prior therapy showed a response with a median PFS 
of 7.2 month (95% CI 1.7–6.5), while 59% of patients with symptomatic brain 
metastases showed a response with a median PFS of 5.5 months (95% CI 2.8–7.3). 
About 44% of patients with V600D/K/R mutations responded to dabrafenib and 
trametinib with a median PFS of 4.2 months (95% CI 1.7–6.5) [60]. Vemurafenib 
has been studied in a phase 2 trial with similar results [57, 58]. Interestingly, these 
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trials show that there is a decreased response in the brain lesions when compared 
to extracranial lesions after B-Raf inhibition and overall the duration of response is 
approximately 50% that of extracranial sites, which may be due to higher concen-
trations of drug at the extracranial tumor site [61, 62].

Unfortunately, investigators have also found that the brain is a frequent site of 
disease recurrence or metastases after B-Raf inhibition [58]. This is thought to be 
related to signaling changes in the metastatic cell. MAPK downregulation is associ-
ated with upregulation of the PI3K/AKT pathway. Increased signaling through this 
pathway is often found in brain metastases [62, 63]. Therefore, it is also important 
to continue to investigate optimal treatment for intracranial disease after treatment 
with B-Raf inhibitors.

9. Mechanisms of resistance

Initial response rates to B-Raf inhibitors in B-Raf-mutated melanoma ranged 
between 50 and 70%, suggesting that 30–50% of these tumors have a mechanism 
of primary resistance prior to therapy. Additionally, approximately 50% of patients 
treated with B-Raf targeted therapy develop resistance within 1 year and only 10% 
of patients will respond to combination B-Raf and MEK targeted therapy for at least 
3 years [10]. On average, resistance to B-Raf inhibition occurs after 6–8 months  
of treatment, although this is prolonged with dual MEK inhibition [38]. Evaluation 
of tumor samples after the development of B-Raf inhibitor resistance showed  
38% of the mechanisms of resistance were non-genomic in origin, while 56% were 
due to both genomic and non-genomic changes [64]. About 79% of these mecha-
nisms are associated with MAPK signaling reactivation [38]. Adjusting treatment 
regimens to address B-Raf inhibitor resistance is made even more difficult by the 
finding that several resistance mechanisms often coexist within the same tumor or 
between different tumor sites in patients treated with B-Raf inhibitors [27, 38].

Although mechanisms of primary resistance have been defined, it is difficult to 
conclusively establish that there was no response to treatment. Almost all patients 
with B-Raf-mutated melanoma respond initially to B-Raf inhibition; however, the 
duration of response is so short that there is evidence of progression at the time of 
disease evaluation. Alterations in the MAPK pathway such as predominance of sig-
naling through C-Raf or the PI3K pathway increases immunity to B-Raf inhibition. 
NF1 is a tumor suppression that acts to inhibit Ras, and loss of NF1 function leads 
to constitutive Ras activation and activation of the MAPK pathway irrelevant of 
B-Raf inhibition. Through similar signaling changes, alterations in the PI3k-AKT-
mTOR pathway (such as loss of function in PTEN) lead to constitutive activation 
of AKT and cell survival. Alterations in the RB1 pathway through mutations in 
cyclin D1, CDK4, or CDK6 can also lead to cell cycle progression irrelevant of 
B-Raf signaling [6].

Mechanisms of secondary resistance that develop after treatment with B-Raf 
inhibitors predominantly occur through changes allowing MAPK signaling despite 
B-Raf inhibition. Signaling through the MAPK pathway can be restored through 
N-Ras or MEK1/2 activating mutations. Upregulation and activation of the receptor 
tyrosine kinases and the PI3K-AKT-mTOR pathway (through IGF1-R, PDGFRβ, 
MET, mTORC1/2, EGFR, and ERBB3) can also activate MAPK signaling regardless 
of B-Raf inhibition. These changes have been identified in cell lines and in biopsies 
from the tumors of B-Raf inhibitor-treated patients after progression. Feedback 
activation of EGFR following B-Raf inhibition causes resistance through deactiva-
tion of MIG6 and increased expression of SOX10, restoring downstream signaling. 
But the most important pathways effect the B-Raf V600 molecule themselves, 
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including alternative splicing of the B-Raf V600E protein resulting in loss of the 
RAS binding domain and decreased sensitivity to the inhibitor as well as amplifica-
tion of the B-RAF V600 gene inducing an overabundance of ligand. Copy number 
amplification of the B-Raf mutation can result in drug saturation and lead to dimer-
ization despite inhibitor exposure, allowing downstream activation. Upregulation 
of C-Raf can increase signaling through a similar mechanism. MAP3K8 encodes 
COT, a protein that phosphorylates MEK independently of Raf signaling. Mutations 
in MAP3K8 have been identified in resistant tumors. Shifts in cellular metabolism 
to favor oxidative metabolism through increased expression of PGC1alpha have 
also been associated with B-Raf inhibition [6, 10]. Increased signaling through the 
YAP pathway and escape from cell death through upregulation of Bcl-XL have been 
identified in resistant cells after treatment with B-Raf inhibitors [9]. Mutations 
in the PI3K-AKT pathway (either through positive regulation of the pathway or 
negative regulation of its inhibitors PIK3R2 or PHLPP1) can upregulate signaling 
through this pathway, allowing cell survival despite B-Raf inhibition [6, 10]. The 
tumor microenvironment can also upregulate MAPK signaling through increased 
MAPK signaling in melanoma-associated fibroblasts after B-Raf inhibitor expo-
sure. These fibroblasts act to promote matrix formation and remodeling, creating 
a protective environment for the tumor cell [38, 65]. In a study of 132 melanoma 
samples collected after the development of B-Raf inhibitor resistance, 20% had 
a N-Ras/K-Ras mutation, 16% had developed a B-Raf splice variant, 13% showed 
B-Raf amplification, 7% had a MEK1/2 mutation, and 11% developed an alteration 
in a non-MAPK signaling pathway [66]. Combined treatment with B-Raf and MEK 
inhibitors has shown development of resistance through similar mechanisms [67]. 
In fact, resistance after treatment with combination therapy is more often mediated 
through MAPK signaling reactivation than after treatment with B-Raf inhibitor 
monotherapy (82 versus 50%) [66, 67].

Due to the relative high rate of primary and secondary resistance to B-Raf 
inhibitors, alternative dosing schedules are being studied to see if these slow the 
rate of treatment escape. Intermittent dosing schedules show some promise in 
increasing the average time to progression for B-Raf-mutated melanomas treated 
with B-Raf inhibition [10].

10. Future directions

In vivo data and studies involving patient tumor samples have found that soon 
after B-Raf inhibitor initiation, immune activation is enhanced in the tumor 
microenvironment through multiple mechanisms [6]. The microphthalmia-
associated transcription factor (MITF) is activated by MAPK signaling to suppress 
the expression of melanocyte-lineage antigens. Blockade of this pathway with 
B-Raf inhibitors upregulates expression of these melanoma-specific antigens, 
increasing the immune system’s ability to recognize and target tumor cells. By the 
time tumor progression is noted on B-Raf inhibitors, these markers are usually 
downregulated and suppressed. B-Raf inhibition is also associated with an increase 
in tumor infiltrating lymphocytes early after treatment initiation. Finally, B-Raf 
inhibition often results in decreases in the immunosuppressive cytokines interleu-
kin (IL)-6 and IL-8. Associated with a better tumor response to B-Raf inhibition, 
these findings suggest that adding immunotherapy or employing immunotherapy 
somewhere in the treatment course may be beneficial [38, 68]. Mouse studies have 
also demonstrated that treatment with dabrafenib, trametinib, and an anti-PD1 
immunotherapy resulted in improved outcomes compared to either therapy alone 
[38, 69]. Attempts at combining vemurafenib and ipilimumab have been terminated 
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trials show that there is a decreased response in the brain lesions when compared 
to extracranial lesions after B-Raf inhibition and overall the duration of response is 
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trations of drug at the extracranial tumor site [61, 62].
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related to signaling changes in the metastatic cell. MAPK downregulation is associ-
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to continue to investigate optimal treatment for intracranial disease after treatment 
with B-Raf inhibitors.
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3 years [10]. On average, resistance to B-Raf inhibition occurs after 6–8 months  
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Although mechanisms of primary resistance have been defined, it is difficult to 
conclusively establish that there was no response to treatment. Almost all patients 
with B-Raf-mutated melanoma respond initially to B-Raf inhibition; however, the 
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B-Raf signaling [6].

Mechanisms of secondary resistance that develop after treatment with B-Raf 
inhibitors predominantly occur through changes allowing MAPK signaling despite 
B-Raf inhibition. Signaling through the MAPK pathway can be restored through 
N-Ras or MEK1/2 activating mutations. Upregulation and activation of the receptor 
tyrosine kinases and the PI3K-AKT-mTOR pathway (through IGF1-R, PDGFRβ, 
MET, mTORC1/2, EGFR, and ERBB3) can also activate MAPK signaling regardless 
of B-Raf inhibition. These changes have been identified in cell lines and in biopsies 
from the tumors of B-Raf inhibitor-treated patients after progression. Feedback 
activation of EGFR following B-Raf inhibition causes resistance through deactiva-
tion of MIG6 and increased expression of SOX10, restoring downstream signaling. 
But the most important pathways effect the B-Raf V600 molecule themselves, 
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including alternative splicing of the B-Raf V600E protein resulting in loss of the 
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downregulated and suppressed. B-Raf inhibition is also associated with an increase 
in tumor infiltrating lymphocytes early after treatment initiation. Finally, B-Raf 
inhibition often results in decreases in the immunosuppressive cytokines interleu-
kin (IL)-6 and IL-8. Associated with a better tumor response to B-Raf inhibition, 
these findings suggest that adding immunotherapy or employing immunotherapy 
somewhere in the treatment course may be beneficial [38, 68]. Mouse studies have 
also demonstrated that treatment with dabrafenib, trametinib, and an anti-PD1 
immunotherapy resulted in improved outcomes compared to either therapy alone 
[38, 69]. Attempts at combining vemurafenib and ipilimumab have been terminated 
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due to poor tolerability including fulminant hepatitis [6]. However, clinical 
investigators have been evaluating responses to alternative combinations of B-Raf 
and MEK inhibitors with checkpoint inhibitors. Ribas et al. performed a phase I 
study combining dabrafenib, trametinib, and an anti-PD-L1 monoclonal antibody 
MEDI4736. Six patients with B-Raf-mutated advanced melanoma were treated with 
either MED14736 (3 or 10 mg/kg IV every 2 weeks), dabrafenib (150 mg twice 
daily) and trametinib (2 mg daily), or trametinib alone. Thrombocytopenia was 
the main dose limiting toxicity identified. About 100% of patients had a response 
to combination therapy [70]. Another phase I trial combining atezolizumab, an 
anti-PD-L1 antibody (800 mg every 2 weeks), cobimetinib (60 mg daily) and 
vemurafenib (960 mg twice a day for the first 21 days, then 720 mg daily) in 34 
patients with B-Raf-mutated advanced melanoma found that this combination 
resulted in a manageable and reversible safety profile. Partial or complete responses 
were detected in 85.3% of patients [71, 72]. Combination therapy in a phase 1/2 trial 
with pembrolizumab (2 mg/kg every 3 weeks), dabrafenib (150 mg twice daily) 
and trametinib (2 mg daily) in 15 patients with advanced B-Raf mutant melanoma 
found manageable and reversible dose limiting toxicities and adverse events. About 
60% of patients had a complete or partial response [73]. Finally, a phase I trial of 
pembrolizumab (2 mg/kg every 3 weeks), dabrafenib (150 mg twice a day), and 
trametinib (2 mg daily) was compared with dabrafenib/trametinib treatment in 
60 patients with B-Raf-mutated metastatic melanoma found a median PFS in the 
triple therapy group of 16 months (95% CI 8.6–21.5) versus 10.3 months in the 
dual therapy group (95% CI 7–15.6, HR 0.66, p-0.04287). Rates of response were 
also more durable, 60% of patients on triple therapy had responses that lasted 
over 18 months compared to 26% dual therapy [74]. Many other clinical trials are 
ongoing evaluating the clinical benefit of treatment with combinations of B-Raf 
inhibitors and immunotherapy (NCT02130466, NCT02967692, NCT02908672, 
NCT02858921, NCT02224781, NCT01656642, NCT01673854, NCT01940809, 
NCT02631447, NCT03235245, and NCT02902042). Some tissue and mouse stud-
ies indicate that MEK inhibition impairs T cell proliferation and localization to the 
tumor tissue, suggesting combination therapies with MEK inhibitors and immuno-
therapy may not be synergistic. However, these findings have not been recapitulated 
in clinical trials (NCT01767454) [9].

Additionally, immunotherapy monotherapy trials have shown that treatment 
with nivolumab and pembrolizumab in B-Raf mutant and B-Raf inhibitor refrac-
tory disease is associated with promising results [9, 38]. A small study of 19 pts 
showed an improved overall survival with a transition of therapy from vemurafenib 
to ipilimumab within 4 months of starting [10].

In addition to combination therapies, clinicians and scientists have been evaluat-
ing alternative methods to avoid or overcome resistance mechanisms after B-Raf 
therapy. These include using Bcl inhibitors to prevent cell escape through the YAP 
pathway, autophagy inhibitors that act through Bcl-2m Bcl-XL and Bcl-w, mTor 
inhibitors, ERK inhibitors, additional MAPK inhibitors, or Jak inhibitors to bypass 
other mechanisms of survival [9, 10].

11. Conclusions

Compared to other currently approved therapies for advanced melanoma, 
B-Raf inhibitors are associated with a rapid onset of tumor regression, often within 
1–2 weeks of treatment [9]. The speed of response is particularly beneficial in 
patients with a rapidly progressive or high burden of disease, as well as those with 
a poor performance status. The ECOG 6134 trial (NCT02224781) is accruing in an 
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attempt to answer whether initial treatment with checkpoint inhibitors or targeted 
therapy is more beneficial. This is a crucial study for which an answer will provide 
vital evidence for the sequencing of immunotherapy and B-Raf targeted therapy.

The introduction of B-Raf inhibitors has been an important component 
in the revolution of melanoma treatment that has occurred in the last decade. 
Vemurafenib, dabrafenib, and encorafenib in combination with MEK inhibitors 
such as cobimetinib, trametinib, and binimetinib, have resulted in unprecedented 
overall responses and increases in survival. Combination therapy has also improved 
patient outcomes and decreased the likelihood of significant side effects such as 
new cutaneous malignancies. Testing for B-Raf mutations and treatment with 
B-Raf inhibitors is now standard of care in oncology clinics throughout the world. 
However, there is still significant ongoing work in management of tumor resistance 
mechanisms and combination and/or sequential regimens are being studied with 
immuno-oncologic agents, as an example, to try to further boost the efficacy, while 
maintaining an acceptable safety and tolerability profile.
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Abstract

Melanoma is one of the fastest growing types of cancer worldwide in terms 
of incidence. To date, reports show over 92,000 new cases in the United States 
in 2018. Previously, we introduced protein kinase C-iota (PKC-ι) as an oncogene 
in melanoma. PKC-ι promotes survival and cancer progression along with PKC-
zeta(ζ). In addition, we reported that PKC-ι induced metastasis of melanoma cells 
by increasing Vimentin dynamics. Our previous results showed that PKC-ι inhibi-
tion downregulated epithelial-mesenchymal transition (EMT), while inducing 
apoptosis. In this chapter, we summarized these findings which were based on the 
in-vitro applications of five specific atypical PKC (aPKC) inhibitors. In addition, the 
underlying mechanisms of the transcriptional regulation of PRKCI gene expression 
in melanoma is also discussed. Results demonstrated that c-Jun promotes PRKCI 
expression along with Interleukin (IL)-6/8. Furthermore, forkhead box protein O1 
(FOXO1) acts as a downregulator of PRKCI expression upon stimulation of IL-17E 
and intercellular adhesion molecule 1 (ICAM-1) in melanoma cells. Overall, the 
chapter summarizes the importance of PKC-ι/ζ in the progression of melanoma and 
discusses the cellular signaling pathways that are altered upon inhibitor applica-
tions. Finally, we established that aPKCs are effective novel biomarkers for use in 
the design of novel targeted therapeutics for melanoma.

Keywords: PKC-iota (ι), PKC-zeta (ζ), metastasis, FOXO1, c-Jun

1. Introduction

The protein kinase C (PKC) is a family of Ser/Thr kinases which are involved 
in transmembrane signal transduction pathways triggered by various extra and 
intracellular stimuli [1]. Over time, more information has become available since 
the 1st discovery of PKCs in 1970s. Activation of PKCs may depend on calcium ions 
and cofactors like the lipid metabolite diacylglycerol (DAG) and phosphatidyl-
serine (PS) [2, 3]. The PKC family consists of fifteen isozymes which are grouped 
into three on the basis of their co-factor requirements [4, 5]. First group is the 
conventional PKCs (cPKC) which includes the isoforms alpha (α), beta I (βI), beta 
II (βII) and gamma (γ) and they require calcium ions, DAG and phospholipids for 
the activation. Second group is the novel PKCs (nPKC) and it includes delta (δ), 
epsilon (ε), eta (η) and theta (θ). These are calcium ion independent but dependent 
on DAG and phospholipids. The aPKC isozymes are the third group, which are 
independent of Calcium and DAG for their activation. PKC-ζ and PKC-ι in humans 
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(lambda (λ) is the mouse homologs of iota) are the three aPKCs. Protein kinase D, 
mu (μ) and some PKC-related kinases (PRK1, PRK2 and PRK3), known as PKN are 
also considered as PKCs [6].

PKCs have extremely conserved carboxyl-terminal catalytic domain (kinase 
domain) and PKC isozymes differ from each other on the basis of their amino-
terminal (N-terminal) regulatory domain. The N-terminal domain is very impor-
tant for secondary messenger binding, recruiting the enzyme to the membrane and 
protein-protein interactions [2]. The pseudosubstrate (PS) domain is located at the 
N-terminal. PS has a peptide-sequence similar to that of a substrate but lacks ala-
nine in the phosphoacceptor position. In the inactive form of PKCs, the PS prevents 
complete activation of PKC by blocking the substrate binding pocket [7]. The PS is 
released upon activation [8, 9]. The activation of PKCs typically involves a cascade 
of three coordinated phosphorylation events [10, 11]. First, phosphorylation takes 
place at the activation loop triggered by phosphoinositide-dependent kinase-1 
(PDK-1) [12–14]. This initiates a chain reaction that involves autophosphorylation 
at the turn motif that further stimulates the autophosphorylation at hydrophobic 
motif of N-terminal [13]. The autophosphorylation at hydrophobic motif is the 
third and concluding step of the activation.

Atypical PKCs contains two structurally and functionally distinct isozymes in 
human, PKC-ι and PKC-ζ. The amino acid sequences in both PKC-ι and PKC-ζ 
are very similar to each other [15, 16]. PKC-ι is encoded by the PRKCI gene and 
PKC-ζ is encoded by the PRKCZ gene. They are believed to be involved in cell cycle 
progression, tumorigenesis, cell survival and cell migration of carcinoma cells. 
Additionally, aPKCs play important roles in insulin-stimulated glucose transport 
[16, 17]. PKC-ι specifically has a strong influence on cell cycle progression. It is also 
involved in changing cell polarity during cell division [17]. Lung cancer cell pro-
liferation is highly dependent on the PKC-ι level since it increases tumor cell pro-
liferation by activating the ERK1 pathway [15]. PKC-ι and PKC-ζ are expressed in 
both transformed and malignant melanoma [18]. Overexpression of PKC-ι plays an 
important role in the chemoresistance of leukemia [19]. PKC-ι is involved in glioma 
cell proliferation by regulating by phosphorylation of cyclin-dependent kinase 
activating kinase/cyclin-dependent kinase 7 pathway [20, 21]. A very important 
study by Selzer et al., investigated the presence of 11 PKC isoforms in 8 different 
melanoma metastases, 3 normal melanocyte cell lines and 3 spontaneously trans-
formed melanocytes along with several melanoma tumor samples. PKC-ζ and PKC-ι 

Figure 1. 
aPKC expression comparison of normal melanocytes and melanoma cell lines. The expression of PKC-ι and 
PKC-ζ was reported at approximately 50 and 100% confluency for PCS-200-013 and MEL-F-NEO normal 
melanocytes against SK-MEL-2 and MeWo metastatic melanoma cells. Western blots were conducted with 
50 μg of total proteins loaded in each lane and the complete procedure was adapted from Ratnayake et al. [67].
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were found in all transformed melanocytes and melanoma metastases samples in 
very high levels. PKC-ζ was also found in normal melanocytes in low levels. Figure 1  
demonstrates a comparison of the aPKC expression in two normal melanocyte cell 
lines (PCS-200-013 and MEL-F-NEO) against two melanoma cell lines (SK-MEL-2 
and MeWo) which were used for our studies in Acevedo-Duncan’s laboratory at the 
University of South Florida. As demonstrated in Figure 1, normal melanocytes did 
not show detectable levels of PKC-ι compared to the larger expression observed in 
SK-MEL-2 and MeWo cell lines. Moreover, PKC-ζ expression was very low in both 
normal melanocyte cell lines compared to heightened expression in melanoma cells. 
These results supported the expression patterns demonstrated by patient samples as 
described in Selzer et al. [18]. All these results indicate a strong relationship between 
aPKCs and melanoma progression. Here, we discuss our key findings of our recent 
research on melanoma owing to its relationship with aPKCs in a detailed manner.

2.  Atypical PKCs promote cell differentiation, survival of melanoma 
cells via NF-κB and PI3K/AKT pathways

Nuclear factor kappa-light-chain-enhancer of activated B (NF-κB) and phos-
phatidylinositol 3-kinase and protein kinase B (PI3K/AKT) pathways are often 
hyper-activated in many different cancers in order to promote cellular differen-
tiation, growth and survival. Overexpression of aPKCs is often associated with 
anti-apoptotic effects in many cancers. We have published outcomes of in-vitro 
treatments of aPKC specific inhibitors in which, treatments decreased melanoma 
cell population markedly compared to normal melanocytes [22–25]. These results 
confirm that melanoma cellular functions are highly dependent on aPKCs, but 
normal melanocytes do not depend on aPKCs.

Our recent publications describe the in-vitro effects of five aPKC inhibitors on 
melanoma cell lines compared to normal melanocytes [22, 23]. 2-Acetyl-1, 
3-cyclopentanedione (ACPD) and 3,4-diaminonaphthalene-2,7-disulfonic acid 
(DNDA) are specific to both PKC-ι and PKC-ζ while [4-(5-amino-4-carbamoy-
limidazol-1-yl)-2,3-dihydroxycyclopentyl] methyl dihydrogen phosphate (ICA-1T) 
along with its nucleoside analog 5-amino-1-((1R,2S,3S,4R)-2,3-dihydroxy-4-
methylcyclopentyl)-1H-imidazole-4-carboxamide (ICA-1S) which are specific 
to PKC-ι and 8-hydroxy-1,3,6-naphthalenetrisulfonic acid (ζ-Stat) is specific to 
PKC-ζ. These compounds were identified from the National Cancer Institute/
Developmental Therapeutics Program (NCI/DTP) database using molecular dock-
ing simulations. “AutoDockTools” and “AutoDock Vina” programs were used for the 
docking simulation by selecting structural pockets in PKC-ι and PKC-ζ which were 
compatible with small drug like molecules. Sixteen different pockets were identi-
fied on PKC-ι and PKC-ζ structures using “fpocket,” a very fast open source protein 
pocket (cavity) detection system based on Voronoi Tessellation. We confirmed 
the presence of a potentially druggable allosteric site in the structure of PKC-ι 
using solved crystal structure of PKC-ι. The pocket located in C-lobe of the kinase 
domain, is framed by solvent exposed residues of helices ⍺F-⍺I and the activation 
segment. PKC-ι inhibitors were predicted to interact with this site with moderate 
affinity based on molecular docking. Combinations of drugs targeting the ATP 
binding site and allosteric sites would be expected to more effectively inhibit cancer 
cell growth [23]. More details about other aPKC inhibitors form different research 
groups can be found in the latter portion of the chapter.

All five inhibitors were cytostatic to malignant cells rather than cytotoxic. Cells 
underwent growth arrest before apoptotic stimulation. Regardless, ICA-1S and 
ICA-1T showed a minor toxicity towards malignant melanoma cells, suggesting 
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that all inhibitors were effective against malignant cells without harming normal 
cells. This is an indication that melanoma cells heavily rely on aPKCs to remain 
viable which was observed in some other cancers [19, 20, 26, 27]. These previous 
reports show that overexpression of aPKCs have an anti-apoptotic effect [15, 19–21, 
28, 29]. Our two previous publications on the applications of aPKC specific inhibi-
tors report apoptosis analysis on MeWo and SK-MEL-2 cells. The data confirmed 
that inhibition of aPKCs lead to induce apoptosis [22, 23]. Increase in Caspase-3, 
increase in poly ADP ribose polymerase (PARP) cleavage, and a decrease in B-cell 
lymphoma-2 (Bcl-2) all indicate apoptosis stimulation [30–33]. All five inhibitors 
have demonstrated similar pattern on these markers. But, increase in Caspase-3 
levels is not always a direct indication of inducing the apoptosis due to the tight 
binding of cleaved Caspase-3 with X-linked inhibitor of apoptosis protein (XIAP). 
XIAP undergoes auto-ubiquitylation, but this process delays apoptosis until all 
XIAP is removed [34]. On the other hand, PARP is a known downstream target 
for Caspase-3, therefore we have also tested direct PARP and cleaved PARP levels 
upon inhibitor treatments. PARP cleavage increases upon inducing the apoptosis 
[35]. Bcl-2 inhibits Caspase activity by preventing Cytochrome c release from the 
mitochondria and/or by binding to the apoptosis-activating factor (APAF-1). In 
our studies, PKC-ι and PKC-ζ inhibition decreased Bcl-2 levels which depicted an 
increase in apoptotic activity in both SK-MEL-2 and MeWo cell lines. These data 
confirms that aPKCs have an anti-apoptotic effect in the tested melanoma cells.

PI3K/AKT mediated NF-κB activation is a major anti-apoptotic pathway, 
wherein aPKCs play a role in releasing NF-κB complex to translocate to the nucleus 
and promote cell survival. Win et al. reported that PKC-ζ actively upregulates the 
activation of NF-κB nuclei translocation thereby inducing cancer cell survival in 
prostate cancer cells [36, 37]. In addition, PI3K stimulates IκB kinase (IKKα/β) 
through activation of AKT by phosphorylation at S473 or S463, which ultimately 
stimulates translocation of NF-κB complex into the nucleus, heightening cell 
survival [38]. Phosphatase and tensin homolog (PTEN) regulates the levels of 
PI3K. Phosphorylation at S380 leads to the inactivation of PTEN, thereby increasing 
the levels of PI3K followed by enhancement in phosphorylated AKT (S473/S463). 
Our data indicates that inhibition of PKC-ι and PKC-ζ expressively decreased the 
levels of phosphorylated PTEN and phosphorylated AKT [23]. This specifies that 
PKC-ζ and PKC-ι may upregulate the PI3K/AKT pathway to induce cellular survival 
of melanoma cells. Additionally, we tested the levels of NF-κB translocation by 
separating the nuclear extracts from the cell lysates and found that NF-κB levels in 
the nuclei decreased upon aPKC inhibition. This suggested that translocation of acti-
vated NF-κB into nuclei was blocked as a result of inhibition of aPKCs. Furthermore, 
we also found that aPKC inhibition increased the levels of inhibitor of kappa B (IκB) 
while decreasing the levels of phosphorylated IκB (S32) and phosphorylated IKKα/β 
(S176/180), confirming that both PKC-ι and PKC-ζ play a role in phosphorylation of 
IKKα/β and IκB: increased levels of IκB therefore remain bound to NF-κB complex 
and prevent the translocation to the nucleus to promote cell survival (Figure 2). As 
summarized in Figure 2, our data also demonstrate the effects of TNF-α stimulation 
on the expression of aPKCs [23]. TNF-α is a cytokine, involved in the early phase of 
acute inflammation by activating NF-κB. TNF-α stimulation significantly increased 
NF-κB levels in both cytosol and nuclei. Increased NF-κB production promotes 
increases in total and phosphorylated aPKCs and increased the levels of Bcl-2, which 
enhanced melanoma cell survival. We observed amplified levels of IκB and NF-κB, 
which together enhanced the phosphorylation of IκB due to the augmented levels of 
aPKCs [23]. On the other hand, PI3K/AKT signaling can be diminished by inhibiting 
aPKCs via downregulation of NF-κB. These results confirm that both PKC-ζ and 
PKC-ι are rooted in cellular survival via NF-κB and PI3K/AKT pathways.

27

Atypical Protein Kinase Cs in Melanoma Progression
DOI: http://dx.doi.org/10.5772/intechopen.83410

3.  PKC-ι promotes metastasis by promoting epithelial-mesenchymal 
transition (EMT) and activating Vimentin

Throughout EMT, epithelial cells lose apical-basal polarity, remodel the extra 
cellular matrix (ECM), rearrange the cytoskeleton, drive changes in signaling pro-
grams that control the cell shape maintenance and adapt gene expression to obtain 
mesenchymal phenotype, which is invasive and increases individual cell motility 
[39]. EMT’s key features comprise downregulation of E-cadherin to destabilize tight 
junctions between cells and upregulation of genes such as Vimentin that may assist 
mesenchymal phenotype.

Vimentin is a very important structural protein which belongs to the family of 
type III intermediate filament proteins. Intermediate filaments (IFs) make up a 
vast network of interconnecting proteins between the plasma membrane and the 

Figure 2. 
A schematic summary of the involvement of PKC-ι and PKC-ζ in melanoma progression via NF-κB and PI3K/
AKT pathways. Upon extracellular stimulation with TNF-α, activation of AKT through PIP3 takes place as 
a result of inactivation of PTEN. Activated AKT pathway can lead to cell survival, rapid proliferation and 
differentiation which are critical parts of melanoma progression. AKT could indirectly stimulate NF-κB 
pathway along with PKC-ι and PKC-ζ in which they play a stimulatory role on IKK-α/β in order to promote 
the releasing the NF-κB complex from IκB to translocate into nucleus.
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that all inhibitors were effective against malignant cells without harming normal 
cells. This is an indication that melanoma cells heavily rely on aPKCs to remain 
viable which was observed in some other cancers [19, 20, 26, 27]. These previous 
reports show that overexpression of aPKCs have an anti-apoptotic effect [15, 19–21, 
28, 29]. Our two previous publications on the applications of aPKC specific inhibi-
tors report apoptosis analysis on MeWo and SK-MEL-2 cells. The data confirmed 
that inhibition of aPKCs lead to induce apoptosis [22, 23]. Increase in Caspase-3, 
increase in poly ADP ribose polymerase (PARP) cleavage, and a decrease in B-cell 
lymphoma-2 (Bcl-2) all indicate apoptosis stimulation [30–33]. All five inhibitors 
have demonstrated similar pattern on these markers. But, increase in Caspase-3 
levels is not always a direct indication of inducing the apoptosis due to the tight 
binding of cleaved Caspase-3 with X-linked inhibitor of apoptosis protein (XIAP). 
XIAP undergoes auto-ubiquitylation, but this process delays apoptosis until all 
XIAP is removed [34]. On the other hand, PARP is a known downstream target 
for Caspase-3, therefore we have also tested direct PARP and cleaved PARP levels 
upon inhibitor treatments. PARP cleavage increases upon inducing the apoptosis 
[35]. Bcl-2 inhibits Caspase activity by preventing Cytochrome c release from the 
mitochondria and/or by binding to the apoptosis-activating factor (APAF-1). In 
our studies, PKC-ι and PKC-ζ inhibition decreased Bcl-2 levels which depicted an 
increase in apoptotic activity in both SK-MEL-2 and MeWo cell lines. These data 
confirms that aPKCs have an anti-apoptotic effect in the tested melanoma cells.

PI3K/AKT mediated NF-κB activation is a major anti-apoptotic pathway, 
wherein aPKCs play a role in releasing NF-κB complex to translocate to the nucleus 
and promote cell survival. Win et al. reported that PKC-ζ actively upregulates the 
activation of NF-κB nuclei translocation thereby inducing cancer cell survival in 
prostate cancer cells [36, 37]. In addition, PI3K stimulates IκB kinase (IKKα/β) 
through activation of AKT by phosphorylation at S473 or S463, which ultimately 
stimulates translocation of NF-κB complex into the nucleus, heightening cell 
survival [38]. Phosphatase and tensin homolog (PTEN) regulates the levels of 
PI3K. Phosphorylation at S380 leads to the inactivation of PTEN, thereby increasing 
the levels of PI3K followed by enhancement in phosphorylated AKT (S473/S463). 
Our data indicates that inhibition of PKC-ι and PKC-ζ expressively decreased the 
levels of phosphorylated PTEN and phosphorylated AKT [23]. This specifies that 
PKC-ζ and PKC-ι may upregulate the PI3K/AKT pathway to induce cellular survival 
of melanoma cells. Additionally, we tested the levels of NF-κB translocation by 
separating the nuclear extracts from the cell lysates and found that NF-κB levels in 
the nuclei decreased upon aPKC inhibition. This suggested that translocation of acti-
vated NF-κB into nuclei was blocked as a result of inhibition of aPKCs. Furthermore, 
we also found that aPKC inhibition increased the levels of inhibitor of kappa B (IκB) 
while decreasing the levels of phosphorylated IκB (S32) and phosphorylated IKKα/β 
(S176/180), confirming that both PKC-ι and PKC-ζ play a role in phosphorylation of 
IKKα/β and IκB: increased levels of IκB therefore remain bound to NF-κB complex 
and prevent the translocation to the nucleus to promote cell survival (Figure 2). As 
summarized in Figure 2, our data also demonstrate the effects of TNF-α stimulation 
on the expression of aPKCs [23]. TNF-α is a cytokine, involved in the early phase of 
acute inflammation by activating NF-κB. TNF-α stimulation significantly increased 
NF-κB levels in both cytosol and nuclei. Increased NF-κB production promotes 
increases in total and phosphorylated aPKCs and increased the levels of Bcl-2, which 
enhanced melanoma cell survival. We observed amplified levels of IκB and NF-κB, 
which together enhanced the phosphorylation of IκB due to the augmented levels of 
aPKCs [23]. On the other hand, PI3K/AKT signaling can be diminished by inhibiting 
aPKCs via downregulation of NF-κB. These results confirm that both PKC-ζ and 
PKC-ι are rooted in cellular survival via NF-κB and PI3K/AKT pathways.
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3.  PKC-ι promotes metastasis by promoting epithelial-mesenchymal 
transition (EMT) and activating Vimentin

Throughout EMT, epithelial cells lose apical-basal polarity, remodel the extra 
cellular matrix (ECM), rearrange the cytoskeleton, drive changes in signaling pro-
grams that control the cell shape maintenance and adapt gene expression to obtain 
mesenchymal phenotype, which is invasive and increases individual cell motility 
[39]. EMT’s key features comprise downregulation of E-cadherin to destabilize tight 
junctions between cells and upregulation of genes such as Vimentin that may assist 
mesenchymal phenotype.

Vimentin is a very important structural protein which belongs to the family of 
type III intermediate filament proteins. Intermediate filaments (IFs) make up a 
vast network of interconnecting proteins between the plasma membrane and the 

Figure 2. 
A schematic summary of the involvement of PKC-ι and PKC-ζ in melanoma progression via NF-κB and PI3K/
AKT pathways. Upon extracellular stimulation with TNF-α, activation of AKT through PIP3 takes place as 
a result of inactivation of PTEN. Activated AKT pathway can lead to cell survival, rapid proliferation and 
differentiation which are critical parts of melanoma progression. AKT could indirectly stimulate NF-κB 
pathway along with PKC-ι and PKC-ζ in which they play a stimulatory role on IKK-α/β in order to promote 
the releasing the NF-κB complex from IκB to translocate into nucleus.
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nuclear envelope and convey molecular and mechanical information between the 
cell surface and the nucleus. IF protein expression is cell type and tissue specific. 
Mesenchymal cells, fibroblasts, lymphocytes and most types of tumor cells express 
Vimentin [40, 41]. Vimentin is essential for organizing microfilament systems, 
changing cell polarity, and thereby changing cellular motility. Moreover, increased 
Vimentin expression during EMT is a hallmark of metastasis which plays a very 
important role in gaining rear-to-front polarity for transforming epithelial cells. In 
addition to EMT, Vimentin expression is observed in cell mechanisms involved in 
cellular development, immune response and wound healing [22, 23, 42].

Vimentin is activated via phosphorylation. Various kinases such as; RhoA 
kinase, protein kinase A, PKC, Ca2+/calmodulin-dependent protein kinase II 
(CaM kinase II), cyclin-dependent kinase 1 (CDK1), RAC-alpha serine/threonine-
protein kinase (AKT1) and RAF proto-oncogene serine/threonine-protein kinases 
(Raf-1-associated kinases) have been shown to play a role in regulation of Vimentin 
via phosphorylation. Studies show that amino acid sites S6, S7, S8, S33, S38 (same 
as S39 since some literature use M as the starting amino acid of Vimentin), S55 (or 
S56), S71, S72, and S82 (S83) amongst others, serve as specific phosphorylation 
sites on the head region of Vimentin [41, 43–50].

Our previous reports demonstrated the effects of aPKC inhibition on melanoma 
cell migration and invasion [22, 23]. Migration and invasion studies in cancer 
research are very important because the main cause of death in cancer patients is 
related to metastatic progression. For cancer cells to spread and distribute through-
out the body, they must migrate and invade through ECM, undergo intravasation 
into blood stream and extravasation to form distant tumors [51]. ACPD and DNDA 
treated samples demonstrated a reduction of melanoma motility but it was not 
conclusive which aPKC is responsible for upregulating metastasis, since both ACPD 
and DNDA inhibit PKC-ι and PKC-ζ [22]. This was solved using specific PKC-ι 
inhibitors (ICA-1S and ICA-1T) and a PKC-ζ specific inhibitor ζ-Stat. Migration 
and invasion were markedly reduced for samples treated with ICA-1T and ICA-1S 
compared to ζ-Stat treated samples, suggesting that PKC-ι inhibition significantly 
diminishes melanoma cell migration and invasion suggesting that only PKC-ι is 
involved in EMT in melanoma [23]. aPKC/Par6 signaling is known to stimulate 
EMT upon activation of TGF-β receptors in lung cancer cells. TGF-β activated 
aPKC/Par6 stimulates degradation of RhoA which leads to the depolymerization 
of filamentous actin (F-actin) and loss of epithelial structural integrity resulting a 
reduction in cell-cell adhesion [52]. RhoA is a GTPase, which promotes actin stress 
fiber formation thereby maintains cell integrity. Furthermore, TGFβ upregulates 
Zinc finger protein SNAI1 (SNAIL1) and Paired related homeobox-1 (PRRX1) 
transcription factors that drive genetic reprogramming to facilitate EMT [53]. 
Cells lose E-cadherin while gaining Vimentin during this process. We have recently 
reported that inhibition of PKC-ι using ICA-1T and ICA-1S significantly increased 
the levels of E-cadherin and RhoA while decreasing total and phosphorylated 
Vimentin (S39) and Par6. None of these protein levels were significantly changed as 
a result of PKC-ζ inhibition. We also reported that TGFβ treatments increased the 
expression of PKC-ι, Vimentin, phosphorylated Vimentin and Par6 while decreas-
ing E-cadherin and RhoA [23]. These results confirmed the involvement of PKC-ι 
in EMT stimulation. Immunoprecipitation of PKC-ι confirmed a strong association 
with Par6 in both melanoma cells which was confirmed with reverse-immunopre-
cipitation of Par6. Previously published reports state that both aPKCs associate with 
Par6 and phosphorylate at S345 [54]. Interestingly, only PKC-ι showed an associa-
tion with Par6, which confirmed that PKC-ι is a major activator of EMT in mela-
noma. In addition, immunoprecipitation of PKC-ι and Vimentin strongly confirmed 
an association between PKC-ι and Vimentin [22]. siRNA knockdown of PKC-ι and 
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PKC-ζ, immunofluorescent staining and real time quantitative polymerase chain 
reaction (RT-qPCR) techniques were also used to study the association of Vimentin 
with PKC-ι. Our immunofluorescence staining revealed that the shape of melanoma 
cells significantly changed upon inhibition of PKC-ι. Both Vimentin and PKC-ι 
levels were relatively low in ICA-1T treated cells in comparison to their respective 
controls. In addition, invasive characteristics such as formation of lamellipodia, 
filopodia and invadopodia were distinctively visible in both controls, though they 
were not apparent in PKC-ι inhibited cells. Reduction of nuclei volume and cell size, 
also confirmed the growth retardation we observed in melanoma cells upon aPKC 
inhibitor treatments that had resulted in lesser growth in treated cells. As observed 
in qPCR experiments, treatments with PKC-ι specific inhibitors ICA-1T and ICA-1S, 
depicted a corresponding downregulation of PKC-ι suggested that PKC-ι plays a 
role in its own regulation [23]. This is further discussed in the next topic in Part 4.

Phosphorylation of Vimentin at S39 is required for its activation and inhibition 
of PKC-ι diminishes this activation process. The reduced levels of total Vimentin 
observed in Western blots for ICA-1T and ICA-1S treated cells indicate that without 
PKC-ι, unphosphorylated Vimentin undergoes rapid degradation. In addition to 
activating Vimentin, PKC-ι appears to play a role in regulating Vimentin expression 
in some carcinoma cells [55].

Figure 3. 
A schematic summary of the involvement of PKC-ι in melanoma progression via activation of EMT and Vimentin 
signaling. Upon extracellular stimulation with TGFβ, PKC-ι associates and activates Par6, which stimulates 
the degradation of RhoA thereby upregulates EMT. SNAIL1 and PRRX1 are two very important transcription 
factors and they drive EMT process by upregulating Vimentin while downregulating E-cadherin. PKC-ι activates 
Vimentin by phosphorylation and this initiates disassembly of VIF and facilitates cellular motility. During 
this process, cadherin junctions are disrupted as a result of loss of E-cadherin and β-catenin is translocated to 
nucleus to upregulate the production of facilitating proteins such as CD44 which further stimulate migration and 
EMT. Activated Vimentin changes cell polarity to maintain the mesenchymal phenotype of melanoma cells in-vitro.
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nuclear envelope and convey molecular and mechanical information between the 
cell surface and the nucleus. IF protein expression is cell type and tissue specific. 
Mesenchymal cells, fibroblasts, lymphocytes and most types of tumor cells express 
Vimentin [40, 41]. Vimentin is essential for organizing microfilament systems, 
changing cell polarity, and thereby changing cellular motility. Moreover, increased 
Vimentin expression during EMT is a hallmark of metastasis which plays a very 
important role in gaining rear-to-front polarity for transforming epithelial cells. In 
addition to EMT, Vimentin expression is observed in cell mechanisms involved in 
cellular development, immune response and wound healing [22, 23, 42].

Vimentin is activated via phosphorylation. Various kinases such as; RhoA 
kinase, protein kinase A, PKC, Ca2+/calmodulin-dependent protein kinase II 
(CaM kinase II), cyclin-dependent kinase 1 (CDK1), RAC-alpha serine/threonine-
protein kinase (AKT1) and RAF proto-oncogene serine/threonine-protein kinases 
(Raf-1-associated kinases) have been shown to play a role in regulation of Vimentin 
via phosphorylation. Studies show that amino acid sites S6, S7, S8, S33, S38 (same 
as S39 since some literature use M as the starting amino acid of Vimentin), S55 (or 
S56), S71, S72, and S82 (S83) amongst others, serve as specific phosphorylation 
sites on the head region of Vimentin [41, 43–50].

Our previous reports demonstrated the effects of aPKC inhibition on melanoma 
cell migration and invasion [22, 23]. Migration and invasion studies in cancer 
research are very important because the main cause of death in cancer patients is 
related to metastatic progression. For cancer cells to spread and distribute through-
out the body, they must migrate and invade through ECM, undergo intravasation 
into blood stream and extravasation to form distant tumors [51]. ACPD and DNDA 
treated samples demonstrated a reduction of melanoma motility but it was not 
conclusive which aPKC is responsible for upregulating metastasis, since both ACPD 
and DNDA inhibit PKC-ι and PKC-ζ [22]. This was solved using specific PKC-ι 
inhibitors (ICA-1S and ICA-1T) and a PKC-ζ specific inhibitor ζ-Stat. Migration 
and invasion were markedly reduced for samples treated with ICA-1T and ICA-1S 
compared to ζ-Stat treated samples, suggesting that PKC-ι inhibition significantly 
diminishes melanoma cell migration and invasion suggesting that only PKC-ι is 
involved in EMT in melanoma [23]. aPKC/Par6 signaling is known to stimulate 
EMT upon activation of TGF-β receptors in lung cancer cells. TGF-β activated 
aPKC/Par6 stimulates degradation of RhoA which leads to the depolymerization 
of filamentous actin (F-actin) and loss of epithelial structural integrity resulting a 
reduction in cell-cell adhesion [52]. RhoA is a GTPase, which promotes actin stress 
fiber formation thereby maintains cell integrity. Furthermore, TGFβ upregulates 
Zinc finger protein SNAI1 (SNAIL1) and Paired related homeobox-1 (PRRX1) 
transcription factors that drive genetic reprogramming to facilitate EMT [53]. 
Cells lose E-cadherin while gaining Vimentin during this process. We have recently 
reported that inhibition of PKC-ι using ICA-1T and ICA-1S significantly increased 
the levels of E-cadherin and RhoA while decreasing total and phosphorylated 
Vimentin (S39) and Par6. None of these protein levels were significantly changed as 
a result of PKC-ζ inhibition. We also reported that TGFβ treatments increased the 
expression of PKC-ι, Vimentin, phosphorylated Vimentin and Par6 while decreas-
ing E-cadherin and RhoA [23]. These results confirmed the involvement of PKC-ι 
in EMT stimulation. Immunoprecipitation of PKC-ι confirmed a strong association 
with Par6 in both melanoma cells which was confirmed with reverse-immunopre-
cipitation of Par6. Previously published reports state that both aPKCs associate with 
Par6 and phosphorylate at S345 [54]. Interestingly, only PKC-ι showed an associa-
tion with Par6, which confirmed that PKC-ι is a major activator of EMT in mela-
noma. In addition, immunoprecipitation of PKC-ι and Vimentin strongly confirmed 
an association between PKC-ι and Vimentin [22]. siRNA knockdown of PKC-ι and 
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PKC-ζ, immunofluorescent staining and real time quantitative polymerase chain 
reaction (RT-qPCR) techniques were also used to study the association of Vimentin 
with PKC-ι. Our immunofluorescence staining revealed that the shape of melanoma 
cells significantly changed upon inhibition of PKC-ι. Both Vimentin and PKC-ι 
levels were relatively low in ICA-1T treated cells in comparison to their respective 
controls. In addition, invasive characteristics such as formation of lamellipodia, 
filopodia and invadopodia were distinctively visible in both controls, though they 
were not apparent in PKC-ι inhibited cells. Reduction of nuclei volume and cell size, 
also confirmed the growth retardation we observed in melanoma cells upon aPKC 
inhibitor treatments that had resulted in lesser growth in treated cells. As observed 
in qPCR experiments, treatments with PKC-ι specific inhibitors ICA-1T and ICA-1S, 
depicted a corresponding downregulation of PKC-ι suggested that PKC-ι plays a 
role in its own regulation [23]. This is further discussed in the next topic in Part 4.

Phosphorylation of Vimentin at S39 is required for its activation and inhibition 
of PKC-ι diminishes this activation process. The reduced levels of total Vimentin 
observed in Western blots for ICA-1T and ICA-1S treated cells indicate that without 
PKC-ι, unphosphorylated Vimentin undergoes rapid degradation. In addition to 
activating Vimentin, PKC-ι appears to play a role in regulating Vimentin expression 
in some carcinoma cells [55].

Figure 3. 
A schematic summary of the involvement of PKC-ι in melanoma progression via activation of EMT and Vimentin 
signaling. Upon extracellular stimulation with TGFβ, PKC-ι associates and activates Par6, which stimulates 
the degradation of RhoA thereby upregulates EMT. SNAIL1 and PRRX1 are two very important transcription 
factors and they drive EMT process by upregulating Vimentin while downregulating E-cadherin. PKC-ι activates 
Vimentin by phosphorylation and this initiates disassembly of VIF and facilitates cellular motility. During 
this process, cadherin junctions are disrupted as a result of loss of E-cadherin and β-catenin is translocated to 
nucleus to upregulate the production of facilitating proteins such as CD44 which further stimulate migration and 
EMT. Activated Vimentin changes cell polarity to maintain the mesenchymal phenotype of melanoma cells in-vitro.



Cutaneous Melanoma

30

As summarized in Figure 3, based on our published reports, we believe that 
TGFβ stimulated PKC-ι/Par6/RhoA and Smad2/3 pathways to induce EMT in mela-
noma through transcriptional activities of SNAIL1 and PRRX1. Vimentin and PKC-ι 
activation are upregulated simultaneously to facilitate EMT in melanoma. PKC-ι 
activated Vimentin thereby regulates the dynamic changes in melanoma metastasis. 
Our results further confirms that PKC-ι inhibition using specific inhibitors such 
as ICA-1T and ICA-1S, not only reduce melanoma cell survival but also negatively 
affects the melanoma metastatic progression by downregulating EMT. Taken 
together, this novel concept can be used to develop more specific effective therapeu-
tics for melanoma patients based on PKC-ι. PKC-ι can be used as a novel biomarker 
to mitigate melanoma metastasis using specific inhibitors.

4.  Self-regulation of PKC-ι is a crucial mechanism making PKC-ι an 
important novel target in melanoma anti-cancer therapeutics

In our previous study, we identified PKC-ι as a major component responsible for 
inducing cell growth, differentiation, survival and EMT promotion in melanoma, 
as a result of PKC-ι specific inhibitor applications [22, 23]. In addition to these find-
ings, we noted that the inhibition of PKC-ι leads to a decrease in its own expression 
of PRKCI gene. This indicates that PKC-ι plays a role in its expression in melanoma. 
The PRKCI gene is located on chromosome 3 (3q26.2), a region identified as an 
amplicon [56]. Our latest published results describe the transcriptional regulation 
of PRKCI with an insight view of cell signaling crosstalk in melanoma cells. FOXO1 
and c-Jun were identified as possible transcription factors that can bind to the 
PRKCI promoter region through PROMO and Genomatix Matinspector. These two 
transcription factors (TFs) were systematically silenced to analyze the downstream 
effect on PKC-ι expression.

c-Jun is the first discovered oncogenic TF that is associated with metastatic 
breast cancer, non-small cell lung cancer and several other types of cancer 
[57–59]. We found a positive correlation between c-Jun with PKC-ι expression. 
Phosphorylation at S63 and S73 by JNKs (c-Jun N-terminal kinases) activates 
c-Jun, thereby increasing c-Jun targeted gene transcription. c-Jun stimulates the 
oncogenic transformation of ‘ras’ and ‘fos’ in several type of cancers [60]. FOXO1 
is a well-known tumor suppressor and we found it suppresses the expression of 
oncogenic PKC-ι. FOXO1 also plays a key role in gluconeogenesis, insulin signaling 
and adipogenesis. AKT is known to deactivate FOXO1 by phosphorylating FOXO1 
at T24, which drives FOXO1 nuclear exclusion, leading to ubiquitination [61, 62]. 
Therefore, the phosphorylation of FOXO1 is an indication of its downregulation. 
FOXO1 plays a crucial regulatory role in both the intrinsic and extrinsic pathways 
of apoptosis in many types of cancers, demonstrating an association between 
FOXO dysregulation and cancer progression [63, 64]. Additionally, upregulation 
of FOXO1 inhibits cancer cell proliferation, migration and tumorigenesis [65]. 
Notably, FOXO1 can also be downregulated by ERK1/2 and PKC-ι, in addition to 
AKT [66]. In our most recent study, we demonstrated that, due to PKC-ι inhibition, 
the availability of active phosphorylated PKC-ι decreases, making it ineffective at 
deactivating FOXO1 through phosphorylation at T24. Importantly, this is the first 
showing direct involvement of PKC-ι in its own expression regulation and PKC-ι 
inhibition that leads to continuous upregulation of FOXO1 [67].

As we discussed earlier in Part 2, our previous data showed that PKC-ι inhibition 
significantly downregulated the PI3K/AKT1 pathway, thereby suppressing the acti-
vation of AKT [22, 23]. Downregulation of NF-κB due to PKC-ι inhibition, result in 
downregulation of AKT. Our latest data shows that it increases total FOXO1 level, 
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while reducing its phosphorylated levels [67]. This confirms that NF-κB downregu-
lation upregulates FOXO1 activity as a result of PKC-ι specific inhibition. Elevated 
FOXO1 negatively influenced PKC-ι expression and phosphorylation at T555. This 
further confirms our previous observations with PKC-ι inhibition with ICA-1T and 
ICA-1S, where total PKC-ι, phosphorylated PKC-ι, NF-κB activation and activated 
AKT (S473) were significantly reduced [23]. These results could be due to the tight 
regulation of PKC-ι expression by FOXO1, which retards PRKCI from transcrip-
tion. Such results confirmed that FOXO1 is a major regulator which suppresses the 
expression of PRKCI. Interestingly, c-Jun and phosphorylated c-Jun (S63) levels 
were not significantly altered as a result of NF-κB siRNA knockdown. This suggests 
that NF-κB diminution does not affect PKC-ι expression over c-Jun. Instead, c-Jun is 
known to protect cancer cells from apoptosis by cooperating with NF-κB signaling 
to facilitate survival upon TNF-α stimulation [68]. These overall effects have been 
summarized in Figure 4. We have previously shown how TNF-α upregulates NF-κB 
and AKT pathways along with PKC-ι expression in these two melanoma cell lines 

Figure 4. 
A schematic summary of the regulation of the expression of PKC-ι in melanoma. This model depicts the 
interactions between NF-κB, PI3K/AKT/FOXO1, JNK/c-Jun and STAT3/5 signaling pathways during the 
PKC-ι regulation. PKC-ι plays an important role in the regulation of its own expression in an intricate 
signaling web through c-Jun and FOXO1. PKC-ι is overexpressed in melanoma cells due to elevated 
transcriptional activity of c-Jun with the aid of PI3K/AKT, NF-κB, STAT3/5 signaling. The specific inhibition 
of PKC-ι initiates a disruption to rapid PKC-ι expression cycle in melanoma where the reduced activity 
of PKC-ι downregulates the NF-κB pathway and its transcriptional activity, which in turn diminishes the 
expression of IL-6/8. As a result of this AKT activity reduction, FOXO1 gets upregulated. FOXO1 turns out 
to be the most important TF regulating PKC-ι expression after the disruption initiated as a result of PKC-ι 
inhibition. Dominant FOXO1 negatively regulates the expression of PKC-ι and also diminishes the JNK activity 
to retard its activation of c-Jun. we found c-Jun as the transcription component which upregulates PKC-ι 
expression. The downregulation of IL-6 and IL-8 expression leads to the lessened STAT3/5 signaling, which 
causes c-Jun transcriptional reduction. This whole process continues and leads to the further downregulation of 
NF-κB, AKT and JNK/c-Jun while upregulating FOXO1, which leads to the continuation of the attenuation of 
PKC-ι expression. As a result, the total PKC-ι level decreases in melanoma cells.
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As summarized in Figure 3, based on our published reports, we believe that 
TGFβ stimulated PKC-ι/Par6/RhoA and Smad2/3 pathways to induce EMT in mela-
noma through transcriptional activities of SNAIL1 and PRRX1. Vimentin and PKC-ι 
activation are upregulated simultaneously to facilitate EMT in melanoma. PKC-ι 
activated Vimentin thereby regulates the dynamic changes in melanoma metastasis. 
Our results further confirms that PKC-ι inhibition using specific inhibitors such 
as ICA-1T and ICA-1S, not only reduce melanoma cell survival but also negatively 
affects the melanoma metastatic progression by downregulating EMT. Taken 
together, this novel concept can be used to develop more specific effective therapeu-
tics for melanoma patients based on PKC-ι. PKC-ι can be used as a novel biomarker 
to mitigate melanoma metastasis using specific inhibitors.

4.  Self-regulation of PKC-ι is a crucial mechanism making PKC-ι an 
important novel target in melanoma anti-cancer therapeutics

In our previous study, we identified PKC-ι as a major component responsible for 
inducing cell growth, differentiation, survival and EMT promotion in melanoma, 
as a result of PKC-ι specific inhibitor applications [22, 23]. In addition to these find-
ings, we noted that the inhibition of PKC-ι leads to a decrease in its own expression 
of PRKCI gene. This indicates that PKC-ι plays a role in its expression in melanoma. 
The PRKCI gene is located on chromosome 3 (3q26.2), a region identified as an 
amplicon [56]. Our latest published results describe the transcriptional regulation 
of PRKCI with an insight view of cell signaling crosstalk in melanoma cells. FOXO1 
and c-Jun were identified as possible transcription factors that can bind to the 
PRKCI promoter region through PROMO and Genomatix Matinspector. These two 
transcription factors (TFs) were systematically silenced to analyze the downstream 
effect on PKC-ι expression.

c-Jun is the first discovered oncogenic TF that is associated with metastatic 
breast cancer, non-small cell lung cancer and several other types of cancer 
[57–59]. We found a positive correlation between c-Jun with PKC-ι expression. 
Phosphorylation at S63 and S73 by JNKs (c-Jun N-terminal kinases) activates 
c-Jun, thereby increasing c-Jun targeted gene transcription. c-Jun stimulates the 
oncogenic transformation of ‘ras’ and ‘fos’ in several type of cancers [60]. FOXO1 
is a well-known tumor suppressor and we found it suppresses the expression of 
oncogenic PKC-ι. FOXO1 also plays a key role in gluconeogenesis, insulin signaling 
and adipogenesis. AKT is known to deactivate FOXO1 by phosphorylating FOXO1 
at T24, which drives FOXO1 nuclear exclusion, leading to ubiquitination [61, 62]. 
Therefore, the phosphorylation of FOXO1 is an indication of its downregulation. 
FOXO1 plays a crucial regulatory role in both the intrinsic and extrinsic pathways 
of apoptosis in many types of cancers, demonstrating an association between 
FOXO dysregulation and cancer progression [63, 64]. Additionally, upregulation 
of FOXO1 inhibits cancer cell proliferation, migration and tumorigenesis [65]. 
Notably, FOXO1 can also be downregulated by ERK1/2 and PKC-ι, in addition to 
AKT [66]. In our most recent study, we demonstrated that, due to PKC-ι inhibition, 
the availability of active phosphorylated PKC-ι decreases, making it ineffective at 
deactivating FOXO1 through phosphorylation at T24. Importantly, this is the first 
showing direct involvement of PKC-ι in its own expression regulation and PKC-ι 
inhibition that leads to continuous upregulation of FOXO1 [67].

As we discussed earlier in Part 2, our previous data showed that PKC-ι inhibition 
significantly downregulated the PI3K/AKT1 pathway, thereby suppressing the acti-
vation of AKT [22, 23]. Downregulation of NF-κB due to PKC-ι inhibition, result in 
downregulation of AKT. Our latest data shows that it increases total FOXO1 level, 
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while reducing its phosphorylated levels [67]. This confirms that NF-κB downregu-
lation upregulates FOXO1 activity as a result of PKC-ι specific inhibition. Elevated 
FOXO1 negatively influenced PKC-ι expression and phosphorylation at T555. This 
further confirms our previous observations with PKC-ι inhibition with ICA-1T and 
ICA-1S, where total PKC-ι, phosphorylated PKC-ι, NF-κB activation and activated 
AKT (S473) were significantly reduced [23]. These results could be due to the tight 
regulation of PKC-ι expression by FOXO1, which retards PRKCI from transcrip-
tion. Such results confirmed that FOXO1 is a major regulator which suppresses the 
expression of PRKCI. Interestingly, c-Jun and phosphorylated c-Jun (S63) levels 
were not significantly altered as a result of NF-κB siRNA knockdown. This suggests 
that NF-κB diminution does not affect PKC-ι expression over c-Jun. Instead, c-Jun is 
known to protect cancer cells from apoptosis by cooperating with NF-κB signaling 
to facilitate survival upon TNF-α stimulation [68]. These overall effects have been 
summarized in Figure 4. We have previously shown how TNF-α upregulates NF-κB 
and AKT pathways along with PKC-ι expression in these two melanoma cell lines 

Figure 4. 
A schematic summary of the regulation of the expression of PKC-ι in melanoma. This model depicts the 
interactions between NF-κB, PI3K/AKT/FOXO1, JNK/c-Jun and STAT3/5 signaling pathways during the 
PKC-ι regulation. PKC-ι plays an important role in the regulation of its own expression in an intricate 
signaling web through c-Jun and FOXO1. PKC-ι is overexpressed in melanoma cells due to elevated 
transcriptional activity of c-Jun with the aid of PI3K/AKT, NF-κB, STAT3/5 signaling. The specific inhibition 
of PKC-ι initiates a disruption to rapid PKC-ι expression cycle in melanoma where the reduced activity 
of PKC-ι downregulates the NF-κB pathway and its transcriptional activity, which in turn diminishes the 
expression of IL-6/8. As a result of this AKT activity reduction, FOXO1 gets upregulated. FOXO1 turns out 
to be the most important TF regulating PKC-ι expression after the disruption initiated as a result of PKC-ι 
inhibition. Dominant FOXO1 negatively regulates the expression of PKC-ι and also diminishes the JNK activity 
to retard its activation of c-Jun. we found c-Jun as the transcription component which upregulates PKC-ι 
expression. The downregulation of IL-6 and IL-8 expression leads to the lessened STAT3/5 signaling, which 
causes c-Jun transcriptional reduction. This whole process continues and leads to the further downregulation of 
NF-κB, AKT and JNK/c-Jun while upregulating FOXO1, which leads to the continuation of the attenuation of 
PKC-ι expression. As a result, the total PKC-ι level decreases in melanoma cells.
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[23]. However, the data from the current study suggest that the TNF-α downstream 
target is mainly FOXO1, where it ‘switches off ’ through the phosphorylation of 
elevated AKT. The inhibition of PKC-ι diminishes this AKT activation, thereby 
upregulating FOXO1 activity [67].

On the other hand, siRNA treatments for of c-Jun and FOXO1 revealed that c-Jun 
also plays a role in PKC-ι expression, apart from FOXO1. Enzyme-linked immu-
nosorbent assay (ELISA) experiments were conducted to investigate cell signaling 
crosstalks. These findings demonstrated links between PKC-ι expression with the 
cytokines, interleukin (IL)-6, IL-8, IL-17E and ICAM-1, along with some other key 
cellular signaling points. Phosphorylation at S536 on the NF-κB p65 transactivation 
domain is an indication of dimerization of NF-κB subunits. ELISA results revealed 
a more than two fold increase of NF-κB p65 (S536) in PKC-ι inhibited samples. 
According to Ratnayake et al., PKC-ι inhibition downregulates NF-κB translocation 
to the nucleus therefore phospho-NF-κB levels increase in order to diminish the 
effect of PKC-ι inhibition. However, elevated FOXO1 does not allow NF-κB to annex 
the control since it is missing the essential assistance needed from PKC-ι due to its 
inhibition from ICA-1T and ICA-1S inhibitors [67] (Figure 4). Abnormal STAT3/5 
activity has been shown to be connected to multiple types of cancer [69–72]. 
Cytokines such as IL-6 and IL-5, upregulate STAT signaling, thereby induces cell 
survival in many types of cancer [69, 70, 73]. Importantly, upregulated STAT3 
increases the transcription of c-Jun [69, 74]. Our ELISA results indicated that STAT3 
and STAT5 activities were retarded due to PKC-ι inhibition, signifying c-Jun dimi-
nution. Hornsveld et al., and few other reports have provided connections between 
the JNK pathway and FOXO1, explaining its tumor suppressing features by weaken-
ing JNK activity [75, 76]. However, JNK activates c-Jun. Our latest Western blot and 
real time qPCR analysis demonstrated that c-Jun depletion lessened PKC-ι expres-
sion, which suggested that c-Jun acts as an activator of PKC-ι expression. This con-
firms that both FOXO1 and c-Jun are involved in regulating PKC-ι expression. The 
results suggest that FOXO1 plays a major role over c-Jun only upon PKC-ι inhibition, 
possibly through multiple mechanisms, such as the reduction of JNK signaling, 
retarding PKC-ι expression and cell cycle arrest. FOXO1 induces cell cycle arrest 
by promoting the transcription of cell cycle kinase inhibitors or cyclin-dependent 
kinase inhibitor (CKI). p21 and p27 are two well-known downstream CKIs induced 
by FOXOs [66, 75]. Especially, FOXO1 is also believed to induce anoikis, which is 
apoptosis that occurs when cells detach from the extracellular matrix. Our ELISA 
results revealed significantly higher levels of p21 in PKC-ι inhibited cells, suggesting 
that the inhibition of PKC-ι induces cell cycle arrest through FOXO1 [67]. This also 
explains why apoptosis was stimulated in melanoma cells as a result of inhibition of 
PKC-ι in addition to downregulation of PI3K/AKT and NF-κB pathways. Overall, 
FOXO1 is very important in enhancing anti-tumor activities upon PKC-ι inhibition 
and it plays the central role of oncogenic PKC-ι depletion.

The next three paragraphs focus on more details concerning cytokine expres-
sion changes observed as a result of PKC-ι inhibition [67]. IL-6, IL-8, IL-17E and 
ICAM-1 expression were significantly altered in melanoma cells upon PKC-ι knock-
down [67]. As shown by the results of both Western blot and RT-qPCR analyses, 
the protein levels of IL-6 and IL-8 (as well as their mRNA levels) decreased, while 
the levels of IL-17E and ICAM-1 increased significantly upon PKC-ι knockdown by 
siRNA [67]. This suggests that c-Jun and FOXO1 driven PKC-ι expression is involved 
in autocrine signaling. The micro-environment of a tumor, and in particular 
melanoma, is regularly exposed to numerous inflammatory factors and immune 
cells. The effect of these factors function to either promote chronic inflammation 
or engage in antitumor activity [77]. Cytokines are examples of these inflammatory 
factors; they play an essential role in regulating the tumor microenvironments [78]. 

33

Atypical Protein Kinase Cs in Melanoma Progression
DOI: http://dx.doi.org/10.5772/intechopen.83410

They are vital in order to promote or dysregulate tumor progression and metastasis. 
Chemokine C-X-C motif ligand-1 (CXCL)-1, CXCL-12, IL-18, CXCL-10, IL-6 and 
IL-8 are known to promote cancer metastasis. Interestingly, CXCL-1, CXCL-10, 
CXCL-12 and IL-18 levels were not significantly altered due to PKC-ι depletion in 
melanoma cells.

IL-6 contributes to the degradation of IκB-α, leading to the upregulation of 
NF-κB translocation. We have previously discussed that PKC-ι stimulates NF-κB 
translocation through IκB-α degradation [23]. The translocation of NF-κB to the 
nucleus induces cell survival through the transcription of various survival factors 
as well as other pro-survival cytokines [69, 73, 79]. IL-8 plays a role in regulating 
polymorphonuclear neutrophil mobilization. In melanoma, IL-8 has been attrib-
uted to extravasation, a key step in metastasis. Studies have shown that the expres-
sion of IL-8 in melanoma is regulated via NF-κB. When NF-κB is translocated to 
the nucleus, IL-8 expression increases, leading to the promotion of a more favorable 
microenvironment for metastasis [80, 81]. Our results indicated that both IL-6 and 
IL-8 expression levels decreased upon diminution of PKC-ι [67].

Some cytokines promote anti-tumor activity by exploiting an immune response. 
ICAM-1 plays a key role in the immune response, including antigen recognition and 
lymphocyte activation [82, 83]. ICAM-1 is known for the inhibition of tumor pro-
gression through the inhibition of the PI3K/AKT pathway. Tumor cells are exposed 
to cytotoxic T-lymphocytes as a result of ICAM-1 [83]. According to ovarian cancer 
clinical data, inhibition of ICAM-1 expression is associated with an increased risk 
of metastasis for the patients within the first 5 years from the point of diagnosis [82, 
83]. IL-17E (IL-25) is another anti-tumor cytokine belongs to a family of cytokines 
known as IL-17. Treatment with recombinant active IL-17E has been shown to 
decrease tumor growth of melanoma and pancreatic cancer [84, 85]. The upregula-
tion of IL-17E is linked to the increased expression of TH17 cells. T cells, such as 
TH17 have been implicated in the inhibition of tumor-infiltrating effector T cells. 
The exact mechanism of IL-17E function in the anti-tumor effect has not been stud-
ied well enough [86]. Particularly, our most recent results indicated that ICAM-1 
and IL-17E protein levels and mRNA expression increased upon PKC-ι knockdown 
by siRNA [67]. This strongly supports that anti-tumor signaling is upregulated 
upon the knockdown or inhibition of oncogenic PKC-ι via an autocrine manner 
through IL-17E and ICAM-1. Moreover, the results suggest that IL-17E and ICAM-1 
play an important down-regulatory role in the regulation of PKC-ι expression along 
with FOXO1, opposite to IL-6/8 assisted c-Jun [67].

In conclusion, based on the published results from Acevedo-Duncan’s laboratory 
and other available information, it is suggested that PKC-ι itself plays an impor-
tant role in its expression in a complex signaling web through the transcriptional 
activation/deactivation of c-Jun and FOXO1. The retarded activity of PKC-ι due 
to application of specific inhibitors such as ICA-1S and ICA-1T, causes a down-
regulation of the NF-κB pathway and its transcriptional activity, which reduces 
the expression/production of IL-6 and IL-8. In addition, as a result, the activity 
of AKT decreases, upregulation of FOXO1 activity takes place. FOXO1 is the most 
important TF regulating PKC-ι expression and IL-17E and ICAM-1 cytokines seem 
to play a stimulatory role for FOXO1 to attenuate PKC-ι. FOXO1 negatively regulates 
the expression of PKC-ι, diminishing JNK activity which leads to retard c-Jun 
activation. IL-6 and IL-8 expression are downregulated via PKC-ι-mediated NF-κB 
transcriptional activity reduction. IL-6/8 attenuation leads to STAT3/5 signaling 
downregulation, further reducing c-Jun expression. This whole process continues 
and leads to the further downregulation of NF-κB, c-Jun and upregulation of 
FOXO1, which leads to the continuation of the depletion of PKC-ι expression. As a 
result of this sequence of events, the total PKC-ι level decreases in melanoma cells, 
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[23]. However, the data from the current study suggest that the TNF-α downstream 
target is mainly FOXO1, where it ‘switches off ’ through the phosphorylation of 
elevated AKT. The inhibition of PKC-ι diminishes this AKT activation, thereby 
upregulating FOXO1 activity [67].

On the other hand, siRNA treatments for of c-Jun and FOXO1 revealed that c-Jun 
also plays a role in PKC-ι expression, apart from FOXO1. Enzyme-linked immu-
nosorbent assay (ELISA) experiments were conducted to investigate cell signaling 
crosstalks. These findings demonstrated links between PKC-ι expression with the 
cytokines, interleukin (IL)-6, IL-8, IL-17E and ICAM-1, along with some other key 
cellular signaling points. Phosphorylation at S536 on the NF-κB p65 transactivation 
domain is an indication of dimerization of NF-κB subunits. ELISA results revealed 
a more than two fold increase of NF-κB p65 (S536) in PKC-ι inhibited samples. 
According to Ratnayake et al., PKC-ι inhibition downregulates NF-κB translocation 
to the nucleus therefore phospho-NF-κB levels increase in order to diminish the 
effect of PKC-ι inhibition. However, elevated FOXO1 does not allow NF-κB to annex 
the control since it is missing the essential assistance needed from PKC-ι due to its 
inhibition from ICA-1T and ICA-1S inhibitors [67] (Figure 4). Abnormal STAT3/5 
activity has been shown to be connected to multiple types of cancer [69–72]. 
Cytokines such as IL-6 and IL-5, upregulate STAT signaling, thereby induces cell 
survival in many types of cancer [69, 70, 73]. Importantly, upregulated STAT3 
increases the transcription of c-Jun [69, 74]. Our ELISA results indicated that STAT3 
and STAT5 activities were retarded due to PKC-ι inhibition, signifying c-Jun dimi-
nution. Hornsveld et al., and few other reports have provided connections between 
the JNK pathway and FOXO1, explaining its tumor suppressing features by weaken-
ing JNK activity [75, 76]. However, JNK activates c-Jun. Our latest Western blot and 
real time qPCR analysis demonstrated that c-Jun depletion lessened PKC-ι expres-
sion, which suggested that c-Jun acts as an activator of PKC-ι expression. This con-
firms that both FOXO1 and c-Jun are involved in regulating PKC-ι expression. The 
results suggest that FOXO1 plays a major role over c-Jun only upon PKC-ι inhibition, 
possibly through multiple mechanisms, such as the reduction of JNK signaling, 
retarding PKC-ι expression and cell cycle arrest. FOXO1 induces cell cycle arrest 
by promoting the transcription of cell cycle kinase inhibitors or cyclin-dependent 
kinase inhibitor (CKI). p21 and p27 are two well-known downstream CKIs induced 
by FOXOs [66, 75]. Especially, FOXO1 is also believed to induce anoikis, which is 
apoptosis that occurs when cells detach from the extracellular matrix. Our ELISA 
results revealed significantly higher levels of p21 in PKC-ι inhibited cells, suggesting 
that the inhibition of PKC-ι induces cell cycle arrest through FOXO1 [67]. This also 
explains why apoptosis was stimulated in melanoma cells as a result of inhibition of 
PKC-ι in addition to downregulation of PI3K/AKT and NF-κB pathways. Overall, 
FOXO1 is very important in enhancing anti-tumor activities upon PKC-ι inhibition 
and it plays the central role of oncogenic PKC-ι depletion.

The next three paragraphs focus on more details concerning cytokine expres-
sion changes observed as a result of PKC-ι inhibition [67]. IL-6, IL-8, IL-17E and 
ICAM-1 expression were significantly altered in melanoma cells upon PKC-ι knock-
down [67]. As shown by the results of both Western blot and RT-qPCR analyses, 
the protein levels of IL-6 and IL-8 (as well as their mRNA levels) decreased, while 
the levels of IL-17E and ICAM-1 increased significantly upon PKC-ι knockdown by 
siRNA [67]. This suggests that c-Jun and FOXO1 driven PKC-ι expression is involved 
in autocrine signaling. The micro-environment of a tumor, and in particular 
melanoma, is regularly exposed to numerous inflammatory factors and immune 
cells. The effect of these factors function to either promote chronic inflammation 
or engage in antitumor activity [77]. Cytokines are examples of these inflammatory 
factors; they play an essential role in regulating the tumor microenvironments [78]. 
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Chemokine C-X-C motif ligand-1 (CXCL)-1, CXCL-12, IL-18, CXCL-10, IL-6 and 
IL-8 are known to promote cancer metastasis. Interestingly, CXCL-1, CXCL-10, 
CXCL-12 and IL-18 levels were not significantly altered due to PKC-ι depletion in 
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IL-6 contributes to the degradation of IκB-α, leading to the upregulation of 
NF-κB translocation. We have previously discussed that PKC-ι stimulates NF-κB 
translocation through IκB-α degradation [23]. The translocation of NF-κB to the 
nucleus induces cell survival through the transcription of various survival factors 
as well as other pro-survival cytokines [69, 73, 79]. IL-8 plays a role in regulating 
polymorphonuclear neutrophil mobilization. In melanoma, IL-8 has been attrib-
uted to extravasation, a key step in metastasis. Studies have shown that the expres-
sion of IL-8 in melanoma is regulated via NF-κB. When NF-κB is translocated to 
the nucleus, IL-8 expression increases, leading to the promotion of a more favorable 
microenvironment for metastasis [80, 81]. Our results indicated that both IL-6 and 
IL-8 expression levels decreased upon diminution of PKC-ι [67].

Some cytokines promote anti-tumor activity by exploiting an immune response. 
ICAM-1 plays a key role in the immune response, including antigen recognition and 
lymphocyte activation [82, 83]. ICAM-1 is known for the inhibition of tumor pro-
gression through the inhibition of the PI3K/AKT pathway. Tumor cells are exposed 
to cytotoxic T-lymphocytes as a result of ICAM-1 [83]. According to ovarian cancer 
clinical data, inhibition of ICAM-1 expression is associated with an increased risk 
of metastasis for the patients within the first 5 years from the point of diagnosis [82, 
83]. IL-17E (IL-25) is another anti-tumor cytokine belongs to a family of cytokines 
known as IL-17. Treatment with recombinant active IL-17E has been shown to 
decrease tumor growth of melanoma and pancreatic cancer [84, 85]. The upregula-
tion of IL-17E is linked to the increased expression of TH17 cells. T cells, such as 
TH17 have been implicated in the inhibition of tumor-infiltrating effector T cells. 
The exact mechanism of IL-17E function in the anti-tumor effect has not been stud-
ied well enough [86]. Particularly, our most recent results indicated that ICAM-1 
and IL-17E protein levels and mRNA expression increased upon PKC-ι knockdown 
by siRNA [67]. This strongly supports that anti-tumor signaling is upregulated 
upon the knockdown or inhibition of oncogenic PKC-ι via an autocrine manner 
through IL-17E and ICAM-1. Moreover, the results suggest that IL-17E and ICAM-1 
play an important down-regulatory role in the regulation of PKC-ι expression along 
with FOXO1, opposite to IL-6/8 assisted c-Jun [67].

In conclusion, based on the published results from Acevedo-Duncan’s laboratory 
and other available information, it is suggested that PKC-ι itself plays an impor-
tant role in its expression in a complex signaling web through the transcriptional 
activation/deactivation of c-Jun and FOXO1. The retarded activity of PKC-ι due 
to application of specific inhibitors such as ICA-1S and ICA-1T, causes a down-
regulation of the NF-κB pathway and its transcriptional activity, which reduces 
the expression/production of IL-6 and IL-8. In addition, as a result, the activity 
of AKT decreases, upregulation of FOXO1 activity takes place. FOXO1 is the most 
important TF regulating PKC-ι expression and IL-17E and ICAM-1 cytokines seem 
to play a stimulatory role for FOXO1 to attenuate PKC-ι. FOXO1 negatively regulates 
the expression of PKC-ι, diminishing JNK activity which leads to retard c-Jun 
activation. IL-6 and IL-8 expression are downregulated via PKC-ι-mediated NF-κB 
transcriptional activity reduction. IL-6/8 attenuation leads to STAT3/5 signaling 
downregulation, further reducing c-Jun expression. This whole process continues 
and leads to the further downregulation of NF-κB, c-Jun and upregulation of 
FOXO1, which leads to the continuation of the depletion of PKC-ι expression. As a 
result of this sequence of events, the total PKC-ι level decreases in melanoma cells, 
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which initiated as a result of PKC-ι inhibition using specific inhibitors. These results 
indicate that PKC-ι is being regulated in a rather complex manner, which involves 
itself as a key component. PKC-ι specific inhibition using ICA-1S and ICA-1T leads 
to a decrease in its own production, and during this process, PKC-ι inhibition also 
triggers multiple anti-tumor/pro-apoptotic signaling. This makes PKC-ι one of 
the central key points of interest to specifically target and diminish as a means of 
treating melanoma. The results also strongly suggest that PKC-ι is a prime novel 
biomarker that can be targeted to design and develop personalized and targeted 
therapeutics for melanoma.

5. State of atypical PKC inhibitors

We have discussed the effects of five aPKC specific inhibitors throughout this 
chapter. The structures of these compounds are shown in Figure 5.

Atypical PKCs were first considered as a novel therapeutic target by Stallings-
Mann et al. in 2006. They screened aurothiomalate as a potent inhibitor of the 
interaction between PB1 domain of PKC-ι and Par6 [87]. Half maximal inhibi-
tory concentration (IC50) of aurothiomalate ranged from 300 nM to 100 μM and 
indicated that some cell lines are insensitive (i.e. H460 and A549 lung cancer cells) 
to the inhibitor [87].

Blázquez et al. tested calphostin C and chelerythrine against West Nile virus 
(WNV) which significantly inhibit WNV multiplication in cell culture without 
affecting cell viability. They report that PKCs have also been implicated in different 
steps during viral replication. Calphostin C and chelerythrine two wide range PKC 
inhibitors that target all three PKC classes. Results indicate that atypical PKCs are 
involved in WNV multiplication process which can be effectively retard using said 
inhibitors [88].

Kim et al. reported the application of Echinochrome A as an inducer of cardio-
myocyte differentiation from mouse embryonic stem cells. Echinochrome A was 

Figure 5. 
Structures of the aPKC specific inhibitors (ACPD, DNDA, ζ-Stat, ICA-1S and ICA-1T). chemical structures 
of ACPD (a) and DNDA are specific to both PKC-ι and PKC-ζ, ζ-Stat (C) is specific to PKC-ζ while ICA-1S 
(D) and ICA-1T (E) are specific to PKC-ι. molecular weights (MW) of ACPD (140.14 g/mol), DNDA 
(318.32 g/mol), ζ-Stat (MW = 384.34 g/mol), ICA-1S (MW = 256.26 g/mol) and ICA-1T (MW = 336.24 g/
mol), respectively.
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extracted from sea urchins. They investigated the potential use of Echinochrome A 
as an aPKC specific inhibitor and found that IC50 for PKC-ι is 107 μM under in-vitro 
kinase assay conditions. Molecular docking simulation results suggested a direct 
binding of Echinochrome A with PKC-ι [89].

An important study by Kwiatkowski et al. identified an azaindole-based scaffold 
for the development of more potent and specific PKC-ι inhibitors. They described 
fragmented based approach an introduced a new class of potential aPKC inhibitors 
based on azaindole [90].
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Chapter 3

Hormonal Regulation of 
Cutaneous Melanoma: A Brief 
Review of In Vivo and In Vitro 
Studies and Its Clinical Implication
Pandurangan Ramaraj

Abstract

Skin is an endocrine organ. Skin produces various hypothalamic, pituitary, adrenal 
and sex steroid hormones. This raises the question whether skin cancer melanoma is 
a hormone dependent cancer. But, a review of in-vivo and in-vitro studies suggested 
that melanoma could be a hormone responsive cancer or hormone sensitive cancer. In 
fact, previous clinical study showed that menstruating females were better protected 
in melanoma than post-menopausal women and men of any age. However, the study 
did not show any direct effect of steroid hormone on melanoma cells. Our in-vitro 
study showed that progesterone, a female sex hormone significantly inhibited human 
melanoma (BLM) cell growth. Progesterone inhibitory effect on other melanoma 
cell lines was also reported by Fang et al., Moroni et al. and Kanda and Watanbe. So, 
it was hypothesized that progesterone could be protecting menstruating females in 
melanoma. Our further research showed that progesterone action was mediated by a 
specific suppression of pro-inflammatory cytokine IL-8. Several in-vivo and in-vitro 
studies showed the importance of IL-8 in the regulation of melanoma growth. Hence, 
IL-8 could be considered as a potential target for melanoma treatment.

Keywords: skin, steroid hormones, melanoma, in vivo and in vitro studies, 
progesterone, IL-8

1. Introduction

The skin is not only a target organ for sex hormones [1] but also an endocrine 
organ. The skin produces sex hormones, viz., androgens, estrogen, and progestins, 
which function locally [2, 3]. Weak androgens such as dehydroepiandrosterone 
(DHEA), DHEA sulfate (DHEAS), and androstenedione are converted to more 
potent testosterone and 5-α-dihydrotestosterone in the skin [4]. In addition, the 
skin has all the elements of neuroendocrine axis with the expression of corticotro-
phin-releasing hormone (CRH), pro-opiomelanocortin (POMC), and associated 
peptides ACTH, α-melanocyte-stimulating hormone (MSH), β-endorphin, and 
corticotrophin-releasing hormone receptor-1 [5, 6]. The presence of receptor and 
the peptides in the same cell suggests auto-, para-, and intracrine functions of these 
axes. The skin has nervous and hormonal pathways not only to regulate itself but 
also to regulate systemic homeostasis. Imbalances in hormones affect skin texture 
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1. Introduction
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also to regulate systemic homeostasis. Imbalances in hormones affect skin texture 
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and cause skin diseases such as rosacea, atopic dermatitis, and psoriasis [7, 8]. 
Melanoma is one such fatal disorder or disease of the skin [9], which is believed to 
be caused by UV rays [10]. According to the Cancer Society Report, melanoma is 
on the rise. In 2018 alone 91,720 new cases would be diagnosed in the United States 
with an estimated 9000 deaths in the United States alone [11]. It has been shown 
that sex steroids are essential for a healthy skin. Since melanoma is a serious skin 
disease, the question, whether melanoma is a hormone dependent cancer or not is 
relevant here. Literature survey showed possible dependence of melanoma on endo-
crine influences [12–14]. Several in vivo and in vitro studies showed the involve-
ment of steroids in the regulation of melanoma growth.

2. Brief review of in vivo studies

2.1 Animal studies

Animal studies showed the involvement of sex steroid hormones in the regula-
tion of melanoma growth, and there were also differences in the regulation of 
growth between male and female mice:

a. In one study, estrogen receptor-positive human melanoma cells grew more 
slowly in female than in male mice [15].

b. Female survival benefit with metastatic melanoma was observed, when 
melanoma cells produced liver metastases preferentially in male compared to 
female mice [16].

c. In another study, dihydrotestosterone was shown to stimulate proliferation, 
whereas anti-androgen receptor hydroxyflutamide [17] showed anticancer 
action in a male mouse transplanted with melanoma.

In the following two studies, it was shown that male mice were more prone to 
cancer than female mice:

d. When induced with carcinogen [18].

e. When exposed to UV-B [19].

2.2 Clinical studies

Overall survival outcome for young women (45 years of age and under) was 
far superior to older women (55 years of age and older) and men of any age group 
[20]. A 22% survival advantage and 17% 5 year disease-free interval advantage were 
observed in females [21]. In addition, women were found to survive longer than 
men after the development of stage III disease [22]. Clinical studies also suggested 
the involvement of hormones in the regulation of melanoma growth. So, clinical 
studies underlined the involvement of female sex steroid hormones in protecting 
menstruating females in melanoma. But, these clinical studies did not identify 
the exact female hormone involved in the protection. In addition, there was no 
statistically significant difference observed in the survival rates between controls 
and women diagnosed with melanoma stage I or stage II during pregnancy [23–25]. 
Data also showed no correlation between melanoma and oral contraceptives 
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[26, 27]. Available data suggested no connection between exogenous hormones and 
the risk for malignant melanoma [28, 29].

3. Brief review of in vitro studies

The following in vitro studies showed inhibitory effect of steroid hormones on a vari-
ety of melanoma cell lines, suggesting melanoma could be a hormone-sensitive cancer:

a. 2-Methoxyestradiol (2-ME), an estrogenic metabolite, inhibited all tested 
melanoma cell line growth, without affecting the growth of non-tumorigenic 
cells [30].

b. Kanda and Watanbe showed that 17-β-estradiol, progesterone, and dihydrotes-
tosterone inhibited melanoma cell growth in a receptor-dependent manner by 
suppressing IL-8 transcription [31].

c. Amelanotic strain cells grew faster in vivo in female hamsters [32], whereas 
testosterone inhibited the cell growth in vitro.

d. Glucocorticoids also showed their effect on melanoma cell growth in a  
receptor-dependent manner [33].

e. Another in vitro study showed that melatonin at physiological concentra-
tions (1 nM to 10 pM) inhibited metastatic mouse melanoma (B16BL6) cell 
growth [34].

4. In vitro studies from our lab

Our lab in vitro studies showed involvement of progesterone in the regulation of 
mouse and human melanoma cell growth.

4.1  Dose-response studies of progesterone with mouse (B16F10) and human 
melanoma (BLM) cell line

Initially four sex steroids, viz., dehydroepiandrosterone (DHEA), androstene-
dione (AD), testosterone (T), and progesterone (P4), were checked for their effect 
on mouse melanoma (B16F10) cell growth [35]. Though all four steroids showed a 
dose-dependent effect, progesterone showed a significant effect on the inhibition of 
mouse melanoma cell growth (Figure 1). As the initial study was carried out at high 
concentrations (100, 150, and 200 μM), dose-response study was carried out to rule 
out toxic effect of high concentrations of steroids on melanoma cell growth inhibi-
tion. Mouse (B16F10) and human melanoma (BLM) cells showed a dose-dependent 
cell growth inhibition [35, 36], suggesting the inhibition was not due to toxic effect 
at high concentration of steroids (Figure 1).

4.2 Mechanism of inhibition of human melanoma (BLM) cell growth

After having ruled out necrosis and apoptosis as the cause of cell growth inhibition, it 
was found out that autophagy was the mechanism of cell growth inhibition (Figure 2), 
using a known inducer of autophagy (spermidine) in a control experiment [36].
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Figure 2. 
Mechanism of cell death by progesterone. After having ruled out necrosis and apoptosis, autophagy was 
checked by adding 3-methyladenine (3-MA). Control experiment with 100 μM of spermidine-induced 
autophagy was partially rescued by the addition of 2 mM of 3-methyladenine (as 3-MA inhibited the 
assembly of autophagosome formation [37, 38]). Similar partial rescue of cell growth was observed at various 
concentrations of progesterone, suggesting the mechanism of inhibition of cell growth was due to autophagy.

Figure 1. 
Dose-response studies of progesterone with mouse (B16F10) and human melanoma (BLM) cell lines. Initially 
dehydroepiandrosterone, androstenedione, testosterone, and progesterone were tested for their effects on mouse 
melanoma (B16F10) cell growth by MTT assay. Progesterone, a female sex hormone, showed significant 
inhibition at 150 and 200 μM concentrations. As steroids were tested initially at high concentrations (100, 150, 
and 200 μM), dose-response study was carried out to rule out toxic effect of steroid at high concentrations. 
Dose-response studies of mouse (B16F10) and human melanoma (BLM) cell lines showed a sigmoidal dose-
response curve, ruling out toxic effect of steroids due to high concentrations.
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4.3  Effect of progesterone on adhesion and migration functions of human 
melanoma cells

Effects on adhesion and migration functions were checked after 48 h incubation 
of human melanoma cells with progesterone. Progesterone at 100 μM concentration 
partially inhibited adhesion function (Figure 3). Similarly, progesterone (50 μM) 
treatment significantly decreased migration function of human melanoma cells 
(Figure 3). This study indicated that progesterone treatment decreased adhesion 
and migration functions [39] which were essential for metastasis of melanoma.

5. In vitro studies from other labs

In addition, in vitro inhibition of melanoma cell growth by progesterone was 
also shown by other labs:

a. Fang et al. showed inhibition of human melanoma cell lines (A375, A875) by 
progesterone and RU-486, which were not mediated through progesterone 
receptor [40].

b. Moroni et al. repeated the studies with A375 cell line and used progesterone 
concentration up to 1000 μM, which also showed inhibition of human mela-
noma cell growth [41].

c. Kanda and Watanbe used progesterone along with dihydrotestosterone and 
estrogen and showed that all the three steroids inhibited human melanoma 
cell growth by decreasing IL-8 transcription [31].

6. Biochemical basis of progesterone action

Further research [42] involving ELISArray of supernatants of the cells treated 
with progesterone along with untreated control cells showed that progesterone action 
was mediated by a specific suppression pro-inflammatory cytokine IL8 (Figure 4).

Figure 3. 
In vitro adhesion and migration functions of human melanoma cell line. Human melanoma cells were treated 
with progesterone at 100 μM for 48 h in petri dish. After 48 h, both control and progesterone-treated cells were 
harvested, and adhesion assay was carried out as per the protocol in Ref. [28]. For migration assay, control and 
progesterone (50 μM)-treated cells were harvested after 48 h of treatment. Adhesion experiment showed partial 
inhibition of adhesion in progesterone-treated cells compared to untreated control cells. Similarly, progesterone-
treated cells showed a significant decrease in migration function in progesterone-treated cells compared to 
untreated control cells.



Cutaneous Melanoma

46

Figure 2. 
Mechanism of cell death by progesterone. After having ruled out necrosis and apoptosis, autophagy was 
checked by adding 3-methyladenine (3-MA). Control experiment with 100 μM of spermidine-induced 
autophagy was partially rescued by the addition of 2 mM of 3-methyladenine (as 3-MA inhibited the 
assembly of autophagosome formation [37, 38]). Similar partial rescue of cell growth was observed at various 
concentrations of progesterone, suggesting the mechanism of inhibition of cell growth was due to autophagy.

Figure 1. 
Dose-response studies of progesterone with mouse (B16F10) and human melanoma (BLM) cell lines. Initially 
dehydroepiandrosterone, androstenedione, testosterone, and progesterone were tested for their effects on mouse 
melanoma (B16F10) cell growth by MTT assay. Progesterone, a female sex hormone, showed significant 
inhibition at 150 and 200 μM concentrations. As steroids were tested initially at high concentrations (100, 150, 
and 200 μM), dose-response study was carried out to rule out toxic effect of steroid at high concentrations. 
Dose-response studies of mouse (B16F10) and human melanoma (BLM) cell lines showed a sigmoidal dose-
response curve, ruling out toxic effect of steroids due to high concentrations.

47

Hormonal Regulation of Cutaneous Melanoma: A Brief Review of In Vivo and In Vitro Studies…
DOI: http://dx.doi.org/10.5772/intechopen.86593

4.3  Effect of progesterone on adhesion and migration functions of human 
melanoma cells

Effects on adhesion and migration functions were checked after 48 h incubation 
of human melanoma cells with progesterone. Progesterone at 100 μM concentration 
partially inhibited adhesion function (Figure 3). Similarly, progesterone (50 μM) 
treatment significantly decreased migration function of human melanoma cells 
(Figure 3). This study indicated that progesterone treatment decreased adhesion 
and migration functions [39] which were essential for metastasis of melanoma.

5. In vitro studies from other labs

In addition, in vitro inhibition of melanoma cell growth by progesterone was 
also shown by other labs:

a. Fang et al. showed inhibition of human melanoma cell lines (A375, A875) by 
progesterone and RU-486, which were not mediated through progesterone 
receptor [40].

b. Moroni et al. repeated the studies with A375 cell line and used progesterone 
concentration up to 1000 μM, which also showed inhibition of human mela-
noma cell growth [41].

c. Kanda and Watanbe used progesterone along with dihydrotestosterone and 
estrogen and showed that all the three steroids inhibited human melanoma 
cell growth by decreasing IL-8 transcription [31].

6. Biochemical basis of progesterone action

Further research [42] involving ELISArray of supernatants of the cells treated 
with progesterone along with untreated control cells showed that progesterone action 
was mediated by a specific suppression pro-inflammatory cytokine IL8 (Figure 4).

Figure 3. 
In vitro adhesion and migration functions of human melanoma cell line. Human melanoma cells were treated 
with progesterone at 100 μM for 48 h in petri dish. After 48 h, both control and progesterone-treated cells were 
harvested, and adhesion assay was carried out as per the protocol in Ref. [28]. For migration assay, control and 
progesterone (50 μM)-treated cells were harvested after 48 h of treatment. Adhesion experiment showed partial 
inhibition of adhesion in progesterone-treated cells compared to untreated control cells. Similarly, progesterone-
treated cells showed a significant decrease in migration function in progesterone-treated cells compared to 
untreated control cells.



Cutaneous Melanoma

48

6.1 Involvement of IL-8 in melanoma growth

In vivo and in vitro studies from other labs showed the involvement of IL-8 in 
melanoma growth:

1. IL-8 cytokine produced in vitro was an essential autocrine growth factor for 
melanoma cells [43].

2. Expression of IL-8 in human melanoma cells upregulated the activity of matrix 
metalloproteinase (MMP) and increased tumor growth and metastasis [44].

3. Expression of IL-8 correlated with metastatic potential of human melanoma 
cell in nude mouse [45].

7. Summary

In vivo and in vitro studies showed the inhibition of melanoma growth by vari-
ous hormones. This inhibition of cell growth by various hormones suggested that 
melanoma could be a hormone-responsive cancer, where hormones were essential 
for survival in melanoma. This was supported by the clinical studies carried out 
in the 1950s and 1960s. One clinical study reported that menstruating females 
were better protected in melanoma than postmenopausal women and men of any 
age [20]. But, the study did not correlate with steroid status of females. Literature 
showed that progesterone level peaked in menstruating females between 1000 and 
1500 ng/dl, whereas progesterone level ranged between 20 and 100 ng/dl  
in postmenopausal women [46]. Our research also showed that progesterone 
inhibited human melanoma (BLM) cell growth in vitro significantly. In addition, 
progesterone inhibitory action was also shown by Fang et al., Moroni et al., and 
Kanda and Watanbe. So, it was hypothesized that progesterone could be protecting 
menstruating females. Recently, it was shown that the protective function of pro-
gesterone was mediated by a specific suppression of pro-inflammatory cytokine 
IL-8. Various in vitro and in vivo studies already showed the importance of IL-8 in 
melanoma cell growth.

Figure 4. 
Biochemical basis of progesterone action. An ELISArray, containing pro- and anti-inflammatory cytokine 
antibodies coated in different wells, showed a specific suppression of IL-8 cytokine alone in the supernatant of 
cells treated with progesterone (50 μM) compared to untreated control cell supernatant.
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8. Conclusion

Several studies showed the involvement of progesterone in the regulation of 
in vitro melanoma cell growth and also in the regulation of in vivo melanoma 
growth. Further in vitro research showed that the progesterone inhibitory action 
was mediated by a specific suppression of pro-inflammatory cytokine IL-8. The 
connection between IL-8 and melanoma growth was already established by other 
investigators. This brought IL-8 into focus in melanoma and suggested that IL-8 
could be considered as a potential target for melanoma treatment.
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Chapter 4

Melanoma and Pregnancy: Risks, 
Current, and Forecast
Ignatko Irina Vladimirovna and  
Strizhakov Alexander Nikolaevich

Abstract

Currently, the term “melanoma associated with pregnancy” is used, implying 
the inclusion of all clinical observations of melanoma diagnosis during pregnancy 
and in the first 2 years after delivery. The management of pregnant women with 
newly diagnosed melanoma is likewise controversial, especially with regard to the 
management of women with an advanced melanoma. Thrombotic complications 
are the most common form of paraneoplastic syndrome, which largely determines 
the prognosis of the disease. The presented chapter is intended to familiarize 
practical physicians with the complexities that arise in the management of pregnant 
women with a developing metastatic disease, with questions of the progression 
of the disease during pregnancy, with the emergence of severe paraneoplastic 
complications involving secondary thrombophilia, amaranthine endocarditis, and 
widespread arterial thrombosis. The possibility of using modern antitumor drugs 
(Zelboraf) is shown. It is emphasized that in the management of such patients, 
the need for an effective team of specialists of various profiles is especially high: 
oncologists, obstetrician-gynecologists, surgeons, hematologists, anesthesiologist-
resuscitators, and US and magnetic resonance imaging (MRI) diagnostics.

Keywords: melanoma, pregnancy, secondary thrombophilia, paraneoplastic 
syndrome, vemurafenib

1. Introduction

Melanoma of the skin (lat. —melanoma, melanoma malignum) is a malignant 
tumor that results from neoplastic transformation of melanocytes—cells that 
produce various variations of melanin pigment [1]. In recent years, there has 
been an increase in the incidence of skin melanoma in Russia. Between 1998 and 
2008, the incidence rate in the Russian Federation was 38.17%, and the standard-
ized morbidity rate rose from 4.04 to 5.46 per 100,000 population. In 2008, the 
number of new cases of melanoma in the Russian Federation was 7744 people. 
Mortality from melanoma in the Russian Federation in 2008 was 3159 people and a 
standardized death rate of 2.23 people per 100,000 population [2]. Approximately 
one-third of women diagnosed with melanoma are of childbearing age, and a 2015 
Swedish population-based cancer registry study found that melanoma was the 
most common malignancy in pregnancy [3]. Melanoma is a significant proportion 
of all tumors diagnosed during pregnancy, and this figure is up to 25% among all 
tumor diseases during gestation. There is continuing controversy concerning the 
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prognosis of women diagnosed with melanoma during pregnancy. Initial concerns 
about pregnancy’s impact on prognosis in women diagnosed with melanoma date 
back to case reports from the 1950s. These reports suggested that pregnancy might 
lead to transformation of nevi into melanomas, increase the growth rate of existing 
melanomas, and cause localized melanomas to metastasize [4]. Subsequently, mul-
tiple observations seemed to support the argument that melanoma is a hormonally 
responsive malignancy: changes in skin pigmentation during pregnancy, detection 
of hormone receptors on some melanomas using older technology, a higher inci-
dence of melanoma after puberty, and relative immunosuppression during preg-
nancy. The management of women diagnosed with melanoma during pregnancy is 
likewise controversial, particularly concerning sentinel lymph node biopsy (SLNB) 
and decisions about the management of the patient with nodal or metastatic 
disease [5]. Multiple studies have looked at the relationship between pregnancy and 
cutaneous melanoma. Factors limiting the interpretation of the literature include 
the following:

• Many of the case series prior to the 1980s did not account for the most 
important prognostic factors, such as depth of tumor or stage of disease. 
Subsequently, there have been a number of small case-control studies and 
large population-based cohort studies. While the case-control studies have 
the advantage of including important prognostic factors, the small numbers 
of patients included are an important limitation. Conversely, the larger cohort 
studies lack complete data on staging and Breslow depth.

• Some of the larger studies do not distinguish between diagnosis of melanoma 
during pregnancy and diagnosis during the postpartum period. Such studies 
refer to these patients as having pregnancy-associated melanoma (PAM). The 
definition of PAM varies in different studies and ranges from diagnosis during 
pregnancy to diagnosis up to 5 years after delivery [6].

• There is significant variability in the techniques and quality of the statistical 
analysis of the data between studies and in the presence of age-matched nonpreg-
nant control groups, as well as a lack of consideration of important confounding 
factors, including but not limited to age, anatomic site of lesion, sun exposure or 
season at time of diagnosis, depth of the melanoma, the absence or presence of 
ulceration, and the presence as well as number of mitoses per mm2 [2].

2. Definition

Deciding on the role of pregnancy in the development of melanoma is impor-
tant, as more women are planning a pregnancy from 30 to 40 years, and an increase 
in the number of melanoma diagnoses during fetal growth is expected [3, 4]. 
Currently, the term “melanoma associated with pregnancy” is used, implying the 
inclusion of all clinical observations of the diagnosis of melanoma during preg-
nancy and in the first 2 years after delivery [5].

2.1 Diagnosis prior to pregnancy

Few studies have addressed the impact on prognosis when melanoma is diag-
nosed before a woman becomes pregnant, but based upon the available data, 
there does not appear to be an effect on prognosis. In a large Swedish retrospective 
cohort study [6], 966 women who had pregnancies after a diagnosis of a primary 
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melanoma were compared with 4567 women who did not become pregnant after 
diagnosis. After adjustment for Breslow depth, tumor site, Clark level, and age, 
pregnancy did not significantly affect survival (HR 0.58, 95% CI 0.32–1.05). For 
patients with a history of melanoma and multiple dysplastic nevi, we suggest more 
frequent dermatology examinations during pregnancy [7].

2.2 Diagnosis during pregnancy

Most of the multiple small controlled studies and large population-based 
cohort studies [6] do not show a negative influence of pregnancy on survival [2]. 
In a review of 10 case-control studies that included 185 women diagnosed with 
melanoma during pregnancy and 5348 women of the same childbearing age who 
were diagnosed with melanoma but were not pregnant, pregnancy did not have 
an impact on survival and did not increase the risk of a second melanoma [8]. The 
higher the parity and the younger the age of the mother at her first delivery, the 
lower the risk of melanoma. Thus, the authors concluded that there was no reason 
for physicians to recommend deferral of subsequent pregnancies in women who 
have been diagnosed with a stage I melanoma during a previous pregnancy [1]. 
A controversial study is a single-institution study that compared 41 women diag-
nosed with PAM with a control group of women of childbearing age who were not 
pregnant within 1 year of diagnosis [9]. PAM was defined as melanoma diagnosis 
either during pregnancy or within 1 year after delivery. After adjustment for stage, 
age, and location, the PAM group showed a five-, seven-, and ninefold increase in 
mortality, metastasis, and recurrence, respectively, when compared with controls.

2.3 Diagnosis postpartum

Multiple large population-based cohort studies [3, 10] and one small controlled 
study have generally found no influence on prognosis when melanoma is diagnosed 
up to 5 years following delivery, except for one study that observed an enhanced 
risk of death from melanoma in the first year postpartum, which may be due to 
delayed diagnosis during pregnancy. A large retrospective English study that linked 
data from a national cancer registry and hospital discharge data evaluated patients 
diagnosed with melanoma up to 5 years postpartum [10]. There was a significant 
increased death rate in the first year after delivery (HR 1.92, 95% CI 1.32–2.79) but 
not in the four subsequent years postpartum. Another study found a lower inci-
dence of melanoma diagnosed during pregnancy than expected compared with the 
first 6 months postpartum [2]. The spike in melanoma diagnosis and death in the 
early postpartum period may be caused by a delay in diagnosis.

3. Classification

The eighth edition of the American Joint Committee on Cancer (AJCC) tumor, 
node, and metastasis (TNM) staging system is based upon an evaluation of the pri-
mary tumor, the regional lymph nodes and lymphatic drainage, and the presence or 
absence of distant metastases. The information from TNM staging is then combined 
to classify patients into AJCC prognostic stage groups. There are four major growth 
patterns of melanoma: lentigo maligna, nodular, superficial spreading, and acral 
lentiginous. In an observational study of close to 120,000 patients with melanoma, 
nodular melanoma was an independent risk factor for death, after controlling 
for thickness, ulceration, and stage [11]. Nevertheless, the eighth edition of the 
American Joint Committee on Cancer tumor, node, and metastasis staging system, 
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melanoma were compared with 4567 women who did not become pregnant after 
diagnosis. After adjustment for Breslow depth, tumor site, Clark level, and age, 
pregnancy did not significantly affect survival (HR 0.58, 95% CI 0.32–1.05). For 
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increased death rate in the first year after delivery (HR 1.92, 95% CI 1.32–2.79) but 
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node, and metastasis (TNM) staging system is based upon an evaluation of the pri-
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which relies upon the primary tumor thickness and other features, involvement of 
regional lymph nodes, and presence or absence of distant metastases, should be 
used to stage melanomas of any growth pattern. Most melanomas arise as superfi-
cial tumors that are confined to the epidermis, where they may remain for several 
to many years. During this stage, known as the horizontal or “radial” growth phase, 
the melanoma is almost always curable by surgical excision alone. Melanomas that 
infiltrate into the dermis are considered to be in a “vertical” growth phase and have 
metastatic or “tumorigenic” potential. Nodular melanomas have no identifiable 
radial growth or in situ phase and appear to enter the vertical growth phase from 
their inception, resulting in thicker tumors at diagnosis.

In order to determine the stage of melanoma and, consequently, the physician’s 
tactics and therapy regimen, it is common to use the levels of Clarke’s invasion 
(1969), as well as the international TNM system. The level of invasion by Clark 
allows you to determine the number of layers of the epidermis affected by mela-
noma at the time of its detection. The system for determining the level of invasion 
according to Clark is historically the first system for determining the stage of inva-
sion of melanoma into the epidermis, according to which tumors are divided into 
five stages (Table 1).

The depth of invasion is determined by the stages of Breslow (1970) [12]:

• Thin: the depth of invasion is less than 0.75 mm.

• Intermediate: the depth of invasion is 0.76–3.99 mm.

• Thick (deep): the depth of invasion is more than 4 mm.

After establishing the categories T, N, and M, they are grouped to determine the 
stage of the disease, which is expressed in Roman numerals from I to IV.

Stage 0: melanoma in situ (Clark level I), 99.9% survival rate
Stage I/II: invasive melanoma, survival rate of 89–95%
T1a: primary tumor thickness less than 1.0 mm, without ulceration <1/mm2

T1b: primary tumor thickness less than 1.0 mm, with ulceration ≥1/mm2

T2a: thickness of the primary tumor 1.01–2.0 mm, without ulceration.
Stage II: high-risk melanoma, 45–79% survival
T2b: primary tumor thickness 1.01–2.0 mm, with ulceration
T3a: primary tumor thickness 2.01–4.0 mm, without ulceration
T3b: primary tumor thickness 2.01–4.0 mm, with ulceration
T4a: thickness of the primary tumor is more than 4.0 mm, without ulcer-

ationT4b: thickness of the primary tumor is more than 4.0 mm, with ulceration.
Stage III: regional metastases, survival 24–70%
N1: single lymph node affected
N2: from two to three affected lymph nodes or regional metastases of the skin
N3: four affected lymph nodes or one lymph node with regional skin metastases.
Stage IV: distant metastases, survival rate of 7–19%
M1a: distant skin metastases, normal LDH.
M1b: lung metastases, normal LDH.
M1c: other distant metastases or any distant metastases with elevated LDH [6, 8].

The American Joint Committee on Cancer recently published its eighth edi-
tion of staging criteria, which went into effect as of 1 January, 2018. The impact of 
Breslow depth and mitoses has been adjusted in the new AJCC staging. The most 
significant change is that all tumors with a Breslow depth of 0.8–1.0 mm are now 
staged as T1b. Non-ulcerated tumors with a Breslow depth of <0.7 mm are still 
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classified as T1a. In addition, Breslow depth is now reported to the nearest 10th 
decimal place. Therefore, with rounding, T1b tumors encompass 0.75–1.04 mm or 
any ulcerated tumor of <0.7 mm [8]. Mitoses are no longer part of the criteria to 
upstage from T1a to T1b. There were no changes to T2–T4 staging. The clinical stage 
groups were not altered; T1a is still stage 1A, and T1b is still stage 1B [8].

4. Etiopathogenesis

One of the theories supporting the possible effect of pregnancy on tumor 
transformation is that pregnancy is considered a state of immunodeficiency, 
necessary to prevent the development of an immune response to fetal antigens. 
Although the exact mechanism by which tolerance to the fetus development 
is unclear, several immunological changes may allow the fetus to develop and 
grow. During pregnancy, the level of granulocytes increases, the number of 
monocytes remains unchanged, and a significant decrease in lymphocytes is also 
observed. T-lymphocyte activity is suppressed, and a disruption in the produc-
tion of interleukins and interferon-G is demonstrated. However, the function of 
B-lymphocytes remains unchanged, and therefore the immune system during 
pregnancy is described as a bias toward the humoral immunity, which is more 
responsible for the formation of antibodies. This change in the balance of Th1 
and Th2 cells is similar to the immunological state of patients with oncology [6]. 
Another possible mechanism of fetal tolerance involves the secretion of protein 
B7-H1 (CD274) by trophoblast cells; the B7-H1 protein induces apoptosis of 
activated T cells. This is important because it is also reported that melanoma can 
elude immune surveillance and secrete B7-H1. The combined secretion of B7-H1 
can lead to the fact that melanoma during pregnancy grows and metastasizes 
more quickly. In addition, it was found that human leukocyte antigen HLA-G is 
expressed by placental trophoblast cells. Recent studies have shown the role of 
mutations BRAF V600E in 50% of all skin melanoma development [9]. The fact 
is that under the influence of excessive UV irradiation, there is a V600 mutation 
consisting of replacing valine with leucine (V600L), lysine (V600K), or glutamic 
acid (V600E) in the 600th position, which serves as a signal for the onset of 
neoplastic transformation. An important role in determining the prognosis is also 
the age and gender of the patient (women have a better prognosis), tumor local-
ization, lymph node involvement, and the presence of tumor suppressor genes 

Clark stage Characteristics Patient 
survival

The level of 
invasion I

All tumor cells are in the epidermis and do not reach the basal 
membrane

98–100%

The level of 
invasion II

Tumor cells infiltrate the papillary layer of the dermis 72–96%

The level of 
invasion III

The tumor reaches the border between the papillary and reticular 
dermis. The tumor enters the phase of vertical growth

46–90%

The level of 
invasion IV

Tumor cells are detected in the reticular layer of the dermis 31–67%

The level of 
invasion V

The tumor invades in the fatty tissue 12–48%

Table 1. 
Microscopic melanomas by Clark (1969) [7].
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(CDKN2A, CDK4) and proliferative markers (PCNA, Ki-67) and the presence 
of thromboses and thromboembolism. Thrombotic complications are the most 
common complications of paraneoplastic syndrome, manifested by arterial and 
venous thrombotic occlusions, migrating thrombophlebitis, pulmonary embo-
lism, palpable non-bacterial thromboendocarditis, paradoxical bleeding, and 
thrombotic microangiopathy. Clinically, venous thromboembolism and malignant 
neoplasm have two main manifestations: firstly, thrombosis can be the only clinical 
manifestation of the tumor process, and secondly, in patients with cancer at all 
stages of the disease, thrombosis may develop [7, 10, 11]. Approximately 10% 
of melanomas are familial. Among subjects from melanoma families, defined as 
kindreds in which melanoma occurred in two or more blood relatives, the likeli-
hood of developing melanoma is even greater among those family members who 
have dysplastic nevi. In a subset of these kindreds, the apparent familial pattern 
of inheritance may be attributable to clustering of sporadic cases in families who 
share common heavy sun exposure and susceptible skin type, making genetic 
analysis and risk stratification more challenging. This concept is substantiated 
by studies in which CDKN2A mutation status, sun exposure, and prevalence of 
dysplastic/benign nevi influence melanoma risk in families unselected for family 
history as well as melanoma-prone families.

5. Factors of the risk and clinical picture

The clinical recognition of melanoma, and in particular of early melanoma, 
may be challenging, even for the most experienced dermatologist. It has been 
estimated that the sensitivity of the clinical diagnosis of experienced dermatologists 
is approximately 70% [13]. However, the use of diagnostic aids such as dermoscopy, 
which requires some training, may greatly improve the sensitivity and specificity of 
the clinical diagnosis [14].

5.1 History and risk factors

Key questions that should be asked to patients presenting with a lesion that is of 
concern or for a general examination of their nevi include:

• When was the lesion (or a change in a preexisting lesion) first noticed?

• Does the patient have a personal or family history of melanoma or other skin 
cancers?

• Does the patient have a history of excessive sun exposure and/or tanning bed use?

• Did the patient suffer severe sunburns during childhood or teenage years?

• Does the patient have a cancer-prone syndrome (e.g., familial atypical multiple 
mole-melanoma syndrome or xeroderma pigmentosum)?

• Is the patient immunosuppressed?

• Did the patient receive prolonged psoralen plus ultraviolet A (PUVA) therapy?

The patient’s phenotypic features associated with an increased risk of melanoma 
should also be assessed. They include:
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• fair-complexioned phototype

• red or blond hair

• light eye color

• presence of a large number (>50) of melanocytic nevi (common nevi)

• presence of atypical melanocytic nevi (benign nevi that clinically share some of 
the clinical features of melanoma, such as large diameter, irregular borders, and 
multiple colors)

Clinicians assess the probability that a pigmented lesion is a melanoma using a 
complex cognitive process that includes a combination of the following steps: visual 
analysis and pattern recognition, comparative analysis of nevus patterns in an 
individual patient, and dynamic analysis:

• Visual analysis and pattern recognition typically assess whether a given pig-
mented lesion has one or more features that may suggest melanoma, includ-
ing asymmetry, irregular borders, variegated color, and diameter > 6 mm. 
These features have been included in the widely adopted ABCDE checklist: 
Asymmetry (if a lesion is bisected, one half is not identical to the other half), 
Border irregularities, Color variegation (the presence of multiple shades of red, 
blue, black, gray, or white), Diameter ≥ 6 mm, and Evolution (a lesion that is 
changing in size, shape, or color or a new lesion, a clinical prediction rule that 
was devised to help clinicians and laypeople identify suspicious lesions).

• The intrapatient comparative analysis uses the so-called “ugly duckling” sign, 
which refers to the presence of a single lesion that does not match the patient’s 
nevus phenotype (the so-called signature nevus).

• A history of change in size, color, or shape of a preexisting melanocytic lesion 
(the “E” for “evolution” in the ABCDE checklist) is the most important clinical 
criterion for the diagnosis of melanoma. A change can be noted by the patient 
or documented by comparison of serial clinical or dermoscopic images.

6. Management of melanoma during pregnancy

The evaluation and management of the pregnant woman are similar to that of 
the nonpregnant woman and are based upon the stage of disease. However, there 
are potential concerns that arise even in the initial biopsy of suspected melanoma. 
As the stage of disease becomes more advanced, evaluation and management 
decisions become more complex in order to ensure safety of the mother and the 
fetus [1, 2].

A changing pigmented lesion during pregnancy that is clinically and dermato-
scopically of concern as a possible melanoma should be biopsied immediately, as it 
would be in a nonpregnant patient. Excisional biopsy is the optimal way to evaluate 
a primary cutaneous melanoma. If the pregnant patient is considered a candidate 
for sentinel lymph node biopsy, there is controversy about the technique and timing 
of the procedure. In the case of a woman with advanced melanoma, imaging studies 
may be considered. According to a Committee Opinion Summary published by 
the American College of Obstetrics and Gynecologists’ Committee on Obstetric 
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Practice, chest radiograph with appropriate shielding, ultrasonography, and mag-
netic resonance imaging (MRI; preferably without gadolinium) are the techniques 
of choice for imaging of the pregnant female [15]. In addition, studies such as other 
radiography, computed tomography (CT) scan (without contrast), and nuclear 
medicine imaging studies can be utilized since they are typically administered at 
doses that do not lead to fetal harm.

Some studies have suggested that melanomas diagnosed during pregnancy are 
more often of greater Breslow depth [16], but a larger proportion of studies have not 
observed a significant difference. Likewise, a retrospective review analyzed both 
clinical and pathologic characteristics of 34 melanomas diagnosed during preg-
nancy and up to 1 year after delivery and compared these with melanomas from 
age- and disease-matched controls. There was no significant difference in Breslow 
depth, ulceration, mitotic rate, stage of disease, anatomic location of the primary 
tumor, histologic subtype, Clark level, regression, necrosis, or vascular invasion [2].

While melanoma is the most common cancer to metastasize to the fetus, metas-
tasis across the placenta to the fetus is rare and is only observed in women with 
widely metastatic disease [17–19] (Figure 1). Even if placental involvement with 
melanoma is identified, it has been estimated that the fetus is affected in only 25% 
of these cases. In cases of maternal advanced disease, it is important to alert the 
pathologist to perform meticulous sectioning of the placenta since many sections 
may be needed to detect small foci of melanoma.

The general approach to the treatment of pregnancy-associated melanoma is 
based upon the same prognostic factors as for nonpregnant woman. Melanoma 
diagnosed during pregnancy is a rare clinical case presentation which must be 
mastered. In the absence of guidelines for this clinical challenge, we performed a 
review of the literature and provide a practical guideline on how to manage such 
rare clinical cases based on our clinical experience. Expecting mothers require 
adequate counseling and explanation of all therapeutic options as they take respon-
sibility for more than their own lives. However, they should be guided through the 
process of diagnostic and therapeutic measures in a potentially life-threatening 
situation. Pregnancy itself is no reason to withhold any type of necessary melanoma 
surgery. Perioperative management, however, requires certain adjustments in order 
to comply with this special situation. If indicated, even adjuvant and palliative 
systemic therapies need to be given to the patient, but they also have to be adapted 
to the specific circumstances as data is still sparse, especially for the new first- and 
second-line therapies with antibodies and targeted molecules.

Management becomes more complex once the need for SLNB is established or 
if the patient has more advanced disease and should be individualized. In advanced 
melanoma, the newest agents, such as BRAF inhibitors (vemurafenib and dab-
rafenib) and checkpoint inhibitors [nivolumab and ipilimumab (anti-programed 
cell death-1 and anti-CTLA, respectively)], may be teratogenic [17–21]. The 
FDA-approved patient labeling recommends avoidance of pregnancy and lactation 
during BRAF inhibitor therapy and up to 2 weeks after the last dose, during ipilim-
umab therapy and up to 3 months after the last dose, and during nivolumab therapy 
and up to 5 months after the last dose.

The patient with a thin melanoma with excellent prognosis need not delay 
future pregnancies or avoid the use of oral contraceptives or hormone replacement 
therapy, if the latter are indicated.

The combination of pregnancy and the high stage of melanoma are a danger-
ous condition requiring careful risk assessment by the obstetrician-gynecologist 
and oncologist. Earlier, women with melanoma III and IV stages were artificially 
interrupted by pregnancy according to medical indications. However, at present, in 
relation to risk stratification and pregnancy management in women with melanoma 
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associated with pregnancy, there is a view that therapeutic approaches are almost 
the same as those of nonpregnant ones and are determined by the stage of the 
disease. For patients with a history of melanoma and multiple dysplastic nevi, a 
more frequent dermatological examination during pregnancy is suggested. With 
regard to recommendations for the implementation of the reproductive function, 
it is shown that a future pregnancy should not be delayed in a woman with a thin 
localized melanoma with a favorable prognosis. For patients with progressive 

Figure 1. 
Histological examination of biopsy (intraoperative) material (hematoxylin-eosin staining). The material is 
represented by a lymph node located among adipose tissue with tumor metastasis (a), which has the structure 
of epithelioid cell melanoma with a high content of pigment (b). The tumor totally replaces the tissue of the 
lymph node with the germination of the capsule (c).
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disease, it is recommended to wait at least 2–3 years before pregnancy, since during 
this time interval relapses are most likely [13, 15, 22]. However, this issue should 
be considered individually in each specific observation, since a woman of late 
reproductive age may be concerned about the implementation of reproduction in 
the event of a pregnancy failure. The problem becomes even more controversial in 
a woman with a common form of the disease, because her life expectancy remains 
unclear. Decision-making becomes much more complex in the woman with a more 
uncertain prognosis where a delay in future pregnancy may be considered, but this 
should be evaluated on a case-by-case basis.
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Chapter 5

Subungual Melanoma
Mariana Catalina De Anda Juárez

Abstract

Subungual melanoma (SUM) is a subtype of acral melanoma. Its incidence in 
dark phototypes, Hispanics and Asians, is around 20% and accounts for 50% of 
acral melanomas. It is an infrequent subtype in Caucasians representing only 3%. 
Subungual melanoma arises from dormant melanocytes in the nail matrix and 
exceptionally from melanocytes in the nail bed. In its initial phases of radial growth, 
it presents as longitudinal melanonychia. The differential diagnoses are melanocytic 
activation (racial, traumatic), nail matrix nevi, and lentigos. Prognosis depends on 
Breslow depth at diagnosis. For in situ melanoma, treatment consists of conservative 
surgical removal of the nail unit with 5 mm margins.

Keywords: subungual melanoma, longitudinal melanonychia, acral melanoma,  
nail melanoma

1. Introduction

Subungual melanoma (SUM) is a subtype of acral lentiginous melanoma. It is a 
rare subtype in Caucasians accounting for 3% of all melanomas. In dark phototypes, 
Hispanics and Asians, it represents 20%, and it is the most frequent malignancy of 
the nail unit [1].

SUM or nail melanoma arises from dormant melanocytes in the nail unit, mainly 
in the nail matrix, and exceptionally in the nail bed.

UV radiation is not considered an important risk factor for this subtype of 
melanoma. Trauma has been a hypothetical etiologic agent. Many patients associate 
direct trauma to the onset of this malignancy, and it has been hypothesized that 
inflammation can cause mutations in melanocytes during trauma-induced prolifer-
ation; but a direct association has not been proven, and it may only be a coincidence 
due to increased attention to a longitudinal melanonychia after trauma [2].

SUM has a long radial growth phase that can last for many years; in this stage it 
presents as longitudinal melanonychia, and the differential diagnosis includes racial 
and traumatic melanocytic activation, nail matrix nevi, and lentigo of the nail unit [3].

Nail plate pigmentation can also be caused by blood and external pigments such 
as silver in argyria. Many drugs cause nail pigmentation by drug deposition or by 
melanocytic activation (minocycline, psoralens, cyclophosphamide, zidovudine). 
Bacterial or fungal infections (Proteus mirabilis, Aspergillus sp., Candida sp., 
Trichophyton rubrum) can cause nail pigmentation; other subungual tumors such 
as epidermoid carcinoma and even a subungual wart can present as longitudinal 
melanonychia [3].

Clues to the diagnosis of melanoma include a single-digit affection, mela-
nonychia wider than 3 mm with a triangular form (this means that the band is 
growing), rapid widening of a longitudinal melanonychia, onset in adulthood 
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(melanoma in children is quite rare), and Hutchinson’s and micro-Hutchinson’s 
sign [4] (Figure 1 and Table 1).

In more advanced stages, SUM causes nail dystrophy, ridging, partial destruction of 
the nail plate, ulceration, bleeding, and total destruction of the nail unit (Figure 2).

SUM affects women and men equally, although some series report a slight pre-
dominance in women. SUM is more common on the dominant hand, and it is more 
frequently reported on the thumbs and on the first finger on both toes [1].

A Age: 40–60 years. Does not rule out in children
African, American, Asian, Hispanics

B Band: brown-black irregular
Blurred borders
>4 mm

C Change: rapid increase in size
No change: failure to improve

D Single digit:
Thumb-hallux-index finger
Dominant hand
Nail dystrophy: ridging ulceration

E Extension—Hutchinson’s sign: pigment on nail folds
Micro-Hutchinson: cuticle pigmentation visible with dermoscopy

F Family or personal history of melanoma

Adapted from [4].
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SUM is frequently diagnosed in advanced stages, due to a delay in diagnosis by 
healthcare providers not aware of its existence and clinical presentation or due to lack of 
access to medical services. The median Breslow at diagnosis is between 4 and 6 mm [1].

2. Dermoscopy

Dermoscopy of the nail unit is a noninvasive method that can help identify high-
risk features.

Dermoscopy is useful to distinguish blood; subungual hemorrhage has a distinc-
tive pattern of globules with distal streaks, a filamentous end, and red to brown 
or deep purple color. It is important to consider a bleeding tumor and rule out that 
possibility [5].

Figure 2. 
Invasive SUM with Hutchinson’s sign and partial destruction of the nail plate.

Figure 3. 
Dermoscopy of SUM in situ. Irregular multiple heterogenous brown bands with blurred edges and 
microhutchinson’s sign.
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Subungual melanoma should be suspected and ruled out in heterogeneous longi-
tudinal brown or black melanonychias, when bands are irregular in color, thickness, 
and spacing. SUM can also present as a diffuse dark background with barely visible 
lines (Figure 3). When a brown coloration in the background is overlaid by regular, 
parallel, and pigmented lines, the most probable diagnosis is a nevus.

Edge blurring is another sign associated with SUM. Hutchinson’s sign is consid-
ered an indicator of SUM; however, it can also be found in benign nevi. Atypical 
Hutchinson’s sign in SUM is asymmetric and polychromatic, and the pigment is 
distributed in a disorderly fashion. Micro-Hutchinson’s sign is periungual pigmen-
tation invisible to the naked eye and only observed with dermoscopy; it has only 
been described in SUM. Triangular shape of the longitudinal band (wider proxi-
mally than distally) indicates rapid growth [5, 6].

A grayish longitudinal background either alone or overlaid by thin homogenous 
gray lines is suggestive of melanocytic hyperplasia as in lentigo or lentiginoses 
(Laugier-Hunziker syndrome, Leopard syndrome, Peutz-Jeghers-Touraine disease), 
in drug-induced, ethnic, and traumatic nail pigmentation.

Amelanotic SUM is a very difficult diagnosis; in this rare case, the nail plate 
is often partially destroyed by a bleeding, erythematous vegetating tumor. 
Dermoscopy can show areas of remanant pigmentation and vascular disorder: 
irregular vessels and milky-red areas [5].

3. Nail matrix biopsy

Nail matrix biopsy remains essential for diagnosis. Most melanomas arise from 
the distal matrix; by performing dermoscopy of the free edge of the nail plate, it is 
sometimes possible to determine the origin of melanonychia. If the distal matrix is the 
origin of melanonychia, the ventral aspect of the nail plate will be affected, and if the 
proximal nail matrix is the origin, the dorsal aspect of the nail plate will be pigmented.

Figure 4. 
Nail matrix biopsy technique: proximal nail fold flap and exposure of the nail matrix.
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The surgical technique consists in exposing the nail matrix, identifying the ori-
gin of melanonychia, and taking a representative sample of the nail matrix without 
leaving permanent nail dystrophy. This technique is performed under digital block 
anesthesia. First, the nail plate has to be removed, and a flap of the proximal nail 
fold elevated so that the proximal and distal nail matrix is exposed (Figure 4).

Intraoperative dermoscopy of the nail matrix is an effective tool to precisely 
identify the origin of the pigment. A longitudinal matrix biopsy, no more than 
3-mm-wide or a 3-mm-punch biopsy, can be done without risk of dystrophy; a shave 
biopsy of the matrix 1 mm deep is enough to make the diagnosis and lessens the risk 
of permanent dystrophy. There is no need to suture the nail matrix; the nail plate and 
the proximal nail fold are relocated and sutured with a 4-0 nonabsorbable suture.

In cases of invasive SUM, a lateral longitudinal nail biopsy that includes the 
proximal fold, the matrix lateral horn, the nail bed, the plate, and the distal nail fold 
is easier to perform and gives the pathologist enough tissue to make the diagnosis 
and report Breslow depth (Figure 5).

4. Histology

Nail matrix biopsy is still essential for SUM diagnosis. Normal nail matrix has 
between 4 and 14 melanocytes per mm (mean 6.86 cells/mm per mm stretch of nail 
matrix epithelium) [7].

The presence of nests without atypia is distinctive of nevi, especially in a child 
with a well-demarcated, uniformly pigmented, single, longitudinal band [8].

The histologic distinction between a benign subungual pigmented macule (len-
tigo or lentigo-like hyperpigmentation) and an early lesion of SUM can be difficult.

This benign lentigos may histologically only show an increase in melanin 
deposition in keratinocytes, melanocytes, and/or macrophages without prolifera-
tion of melanocytes (melanocytic activation). However, these benign lesions may 
show proliferation of melanocytes as well. The mean density of melanocytes in 
lentigos is around 15.3 cells per 1-mm-stretch nail matrix. There is no confluence of 
melanocytes. Cytologic atypia has to be absent or mild. There is no inflammation 
associated. Pagetoid spread may be present but only focally.

SUM in situ shows a much greater proliferation of melanocytes (mean 58.9 
cells per 1 mm of stretched nail matrix) that ranges from 39 to 136 melanocytes 
per 1 mm of stretched nail matrix. There is at least focal confluence of cells with 
various grades of cytologic atypia: nuclear enlargement, hyperchromatism, irregu-
lar nuclear contours, and prominent nucleolus. Dendrites are thicker and larger. 
Pagetoid spread is found in almost all lesions of SUM, and inflammation in the 

Figure 5. 
Lateral longitudinal nail biopsy.
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epithelial stromal interface is frequent [6, 7]. In some cases of SUM with lentigi-
nous growth of single atypical melanocytes, immunohistochemical stains with 
MELAN-A and HMB-45 may ease the diagnosis.

Invasive SUM has denser proliferation of atypical melanocytes arranged in 
aggregates and sheaths and may lead to nail dystrophy, nail destruction, and 
ulceration.

It can be difficult to measure Clark level and Breslow thickness, because the 
distinction of the onychodermis is not always clear and the underlying phalanx is 
separated by only a thin dermal collagen layer [6].

5. Treatment

SUM in situ must be surgically removed with wide resection of the entire nail 
unit with a 5-mm-wide margin and periosteum depth (Figure 6).

Reconstruction can be performed with the next finger banner flap and a full 
thickness graft, or it heals by the second intention with good functional results [1].

Treatment for invasive SUM is amputation of the phalanx.
Sentinel lymph node biopsy should be performed in SUM with Breslow depth 

>1 mm and in SUM >0.8 mm with ulceration [1, 9–11].
The most important factors for prognosis and survival are Breslow depth, 

ulceration, and nodal status at diagnosis [10, 11].
SUM has the same prognostic factors as other subtypes of melanoma. The 

adverse outcomes associated with SUM are due to delay in diagnosis because of a 
lack in recognition by health professionals and advanced stages at diagnosis.

Figure 6. 
Resection of the nail unit with 5 mm wide margins and periosteum depth.
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Chapter 6

2D Fourier Fractal Analysis of 
Optical Coherence Tomography 
Images of Basal Cell Carcinomas 
and Melanomas
Wei Gao, Bingjiang Lin, Valery P. Zakharov  
and Oleg O. Myakinin

Abstract

The optical coherence tomography (OCT) technique is applied in the diagnosis 
of the skin tissue. In general, quantitative imaging features obtained from OCT 
images have already been used as biomarkers to categorize skin tumors. Particularly, 
the fractal dimension (FD) could be capable of providing an efficient approach 
for analyzing OCT images of skin tumors. The 2D Fourier fractal analysis (FFA) 
as well as the differential box counting method (DBCM) was used in this paper to 
classify the basal cell carcinomas (BCC), melanomas, and benign melanocytic nevi. 
Generalized estimating equations were used to test for differences between skin 
tumors. Our results showed that the significant decrease of the 2D FD was detected 
in the benign melanocytic nevi and basal cell carcinomas as compared with the 
melanomas. Our results also suggested that the 2D FFA could provide a more effi-
cient way to calculating FD to differentiate the basal cell carcinomas, melanomas, 
and benign melanocytic nevi as compared to the 2D DBCM.

Keywords: skin tumor, basal cell carcinomas, melanomas, fractal dimension, 
differential box counting method, Fourier fractal analysis, optical coherence 
tomography

1. Introduction

The OCT technique is an optical imaging modality that could provide high-
resolution and cross-sectional visualization of biological tissues [1]. The OCT 
technique was firstly utilized for imaging retinal tissue [2]. In 1997, the OCT tech-
nique was used in the evaluation and the detection of diseases in the skin because 
it can detect the diseases or wounds in a noninvasive way. The burn wounds and 
the wound healing processes have been studied by using the OCT technique [3–5]. 
By utilizing the OCT technique, the morphological changes of skin tissue can be 
obtained from OCT images. Besides, the OCT technique has been used to analyze 
the differences in morphological changes in skin tumors [6]. Particularly, the 
morphological changes can be used as an indicator to characterize the different 
types of skin tumors.
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An automatic texture analysis of OCT images did not have a long history. Gan 
et al. received accuracy of the atrial tissue disease definition in 80% for OCT imag-
ing, using his own method with automatic detection of regions of interest [7]. 
Scientists from Stanford offered automatic classifier to determine the basal cell 
carcinomas by using polarization-sensitive OCT that could achieve the sensitivity 
and specificity of about 85% [8]. Lingley-Papadopoulos et al. used texture analysis 
for diseases of the bladder, receiving sensitivity of 92% and specificity of 62% [9]. 
Gambichler et al. in their work received a sensitivity of about 75% and a specificity 
of about 93% for the melanomas and nevi in the skin tissue [10]. Multi-beam OCT 
system has been successfully used to identify the basal cell carcinomas with the sen-
sitivity of 96% and specificity of 75% [11]. The multimodal approach to the problem 
of separation of intestinal adenocarcinomas from healthy bowel tissue, using texture 
analysis of OCT images and chemical information Raman spectroscopy, gives the 
sensitivity and specificity of 94% [12]. Fourier analysis and texture analysis of OCT 
images of breast tissues ex vivo using Fisher’s linear discriminate analysis gives the 
result as 100% sensitivity and specificity for the normal and pathology case and 90 
and 85%, respectively, for the benign/malignant tumors case [13].

Based on the fact that the affected tissue is characterized by the distinct 
structural changes at the molecular, cellular, and tissue architecture levels,  the 
fractal dimension performed by the fractal analysis can be used to analyze the 
disease-dependent irregularities in shape. In 1967, Mandelbrot firstly introduced 
the concept of the fractal dimension to describe the self-similar pattern when he 
measured the length of the coastline of the United Kingdom [14]. Mandelbrot 
found that the total length of the coastline changed when he used the different size 
of ruler to measure the length of coastline. Therefore, he employed the FD as a scale 
that was applied to the ruler. The scale can be recognized as an indicator to describe 
the roughness of a surface such as the coastline. And due to this description, the 
complexity of an object can be evaluated by using the FD. Higher values of the FD 
mean the higher roughness of the surfaces. Fractal analysis has already been used to 
study the morphological change of skin tumors.

Hussain et al. used the box counting method to find out the dimensions of the 
affected cells in skin tumors [15]. Karimi and Farshchi calculated the FD from 
micros by using the box counting method for differentiating normal moles (nevi) 
from melanomas [16]. Gao et al. used the 2D DBCM to extract the FD from OCT 
images for classifying the skin tumors [17]. In those studies, the box counting 
method (including the DBCM) was applied to the skin tumors’ images for extract-
ing the FD.

Though the box counting method is a reasonable methodology to calculate the 
FD from the skin tumors’ images, it is a low-efficient and time-consuming method-
ology that counts the boxes for calculating FD. In order to improve the efficacy, it is 
necessary to employ a cheaper and more efficient methodology to extract FD from 
the images. In this paper, the 2D Fourier fractal methodology was used to reduce the 
computational time of FD from OCT images. The spectral domain OCT (SD-OCT) 
was used to collect images for the basal cell carcinomas, melanomas, and benign 
melanocytic nevi.

2. Methodology

2.1 OCT system and data collection

The SD-OCT equipment was assembled in the department of laser and biotech-
nical system at the Samara National Research University. The schematic diagram 
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is showed in Figure 1. The equipment was characterized by the 14 mW output 
power, 45 nm light source bandwidth, 840 nm central wavelength, and axial/lateral 
resolution ca. 6 μm. A Michelson interferometer in the equipment was used to split 
the incident light in a 50/50 ration for the sample and reference arms. A diffrac-
tion grating that could be capable for providing 1200 groves per millimeter and a 
CCD line scan camera that has the 29.3 kHz line rate in 4096 pixel resolution are 
assembled in the spectrometer. The image acquisition card for digitizing the signal 
is NI-IMAQ PCI-1428.

This study included three universities that are the Samara State Medical 
University, Samara National Research University, and Ningbo University of 
Technology. The institutional review board of each institution approved the study 
protocol. This research adhered to the tenets set forth in the Declaration of Helsinki. 
Informed consent of each subject was obtained.

2.2 OCT images and OCT image processing

The samples of skin tumor with the typical macroscopic features were selected 
from the surgical removal. Three types of skin tumors were included in this study, 
which are malignant melanoma, benign melanocytic nevus, and basal cell carci-
noma (BCC).

The OCT image of the benign melanocytic nevus obtained by using the SD-OCT 
was showed in Figure 2. The structure of the epidermis in OCT images of benign 
melanocytic nevus was typical for a healthy skin, although it featured a certain 
amount of melanocytes and pigmented keratinocytes. As compared to benign 
melanocytic nevus, basal cell carcinoma and melanoma showed the signs of 
malignancy that could be used to differentiate themselves from benign melanocytic 
nevi and normal skin tissue. The OCT image of the basal cell carcinoma was showed 
in Figure 3. The image clearly indicated that the basal cell carcinoma tumor cells 
were roundish or elliptical in shape. In the periphery of the tumor mass, the basal 
cell carcinoma cells had palisading arrangement. The optical densities in basal cell 
carcinoma and normal skin tissue are different, in which the basal cell carcinoma in 
OCT images showed a darker color. The OCT image of the melanoma was showed in 
Figure 4. In the OCT image, the healthy epidermis can be seen as a bright band on 
the skin tissue’s surface. The melanin complex and the small undifferentiated cells 

Figure 1. 
The custom-built SD-OCT system. (1) Broadband light source, (2) 50/50 beam splitter, (3) sample arm,  
(4) reference arm, (5) spectrometer with grating, (6) CCD camera, and (7) computer with IMAQ.
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An automatic texture analysis of OCT images did not have a long history. Gan 
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Figure 4. 
The OCT image of the melanoma.

without pigment are under the epidermis. Due to the heterogeneity of tumor, the 
randomly located multiform objects that have the different optical density can be 
visualized in the OCT images compared to the normal layered structure. The OCT 
image showed the dark or bright areas since the melanoma cells may have a surplus 
amount of pigment or may contain the nonpigmented elements.

Figure 2. 
The OCT image of the benign melanocytic nevi.

Figure 3. 
The OCT image of the basal cell carcinoma.
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OCT images were exported from the custom-built OCT system in the form of 
8 bit gray level. The structural information of biological tissues can be recorded in 
OCT images. However, the OCT images contained not only the “useful” informa-
tion but also the noise. A typical type of noise is called as “speckle” noise. The 
speckle noise is due to the limited spatial-frequency bandwidth of the interference 
signals in OCT [18]. Because OCT images were generated from OCT imaging 
system with the coherent detection, the speckle noise significantly blurred the 
contrast of OCT images by generating a grainy element in OCT images, which 
makes it harder to extract the features from OCT images. Therefore, it is neces-
sary to remove the speckle noise from OCT images and then extract the FD to 
quantitatively classify the skin tumors. In this paper, the interval type II fuzzy 
anisotropic diffusion filter was employed to remove the speckle noise from OCT 
images [19].

2.3 Fractal analysis

In Euclidean space, structures consist of basic Euclidean geometries including 
lines, planes, and cubes. A straight line has exactly one dimension, a plane has 
exactly two dimensions, and a cube has exactly three dimensions. These basic 
shapes in integer dimensions were called “topological dimensions.” For example, a 
fractal curve has dimensions between a straight line and a plane (between one and 
two), and a fractal surface has dimensions between a plane and a cube (between 
two and three). In order to determine the FD of complex objects, several definitions 
of FD were used. One simple and easily understandable definition of the FD is the 
Hausdorff dimension, which can be defined as follows:

  FD =  lim  
r→0

      log  N  r   _ 
log  (  1 _ r  ) 

  ,  (1)

where   N  r    is the number of sets of cells (i.e., a ruler used to measure the coast-
line) and  1 / r  is the magnification factor that was used to reduce the cell in each 
spatial direction.

A typical example of a geometric object with a non-integer dimension is the 
Koch curve (see Figure 5). The straight line A, called the initiator, has a length of 
1. The middle third of the line A was replaced with two lines that each line has the 
same length (1/3) as the remaining lines on each side. Thus, the length of the line B 
has a length 4/3. This form specifies a rule that is used to generate other new forms. 
Thus, the curve A was used as the initiator, and the curve B was used as generator 
for constructing the Koch curve. Each line was replaced with four lines, each 1/3 
the length of the original. Therefore, the lengths of the lines C, D, and E are 16/9, 
64/27, and 256/81, respectively. As indicated in Figure 5, the total length of the 
curve increases with each step, which leads to an infinite length. By applying Eq. 
(1), the relationship between  log  N  r    and  log  (1 / r)   for the Koch curve, the FD could 
be calculated as  ln 4 / ln 3   =   1.26 .

Moreover, the measurement of the FD of the coastline could be treated as the 
Koch curve, which naturally leads to the introduction of the box counting method. 
In the measurement of the coastline, the number of scaled ruler is also counted as 
and is the size of the cell (i.e., ruler). Equation (1) is used in the calculation of the 
FD. Note that the typical cell is a box-shaped cell (a square) for two-dimensional 
objects and that the typical cell is a cube for three-dimensional objects. The box 
counting method is considered the most accepted methodology to measure the 
FD in various applications due to its simplicity and automatic computability [20]. 
However, the box counting method was pointed to overcount or undercount 
the number of boxes (cells), which then led to an inaccurate calculation of the 
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without pigment are under the epidermis. Due to the heterogeneity of tumor, the 
randomly located multiform objects that have the different optical density can be 
visualized in the OCT images compared to the normal layered structure. The OCT 
image showed the dark or bright areas since the melanoma cells may have a surplus 
amount of pigment or may contain the nonpigmented elements.
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The OCT image of the benign melanocytic nevi.

Figure 3. 
The OCT image of the basal cell carcinoma.
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quantitatively classify the skin tumors. In this paper, the interval type II fuzzy 
anisotropic diffusion filter was employed to remove the speckle noise from OCT 
images [19].
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exactly two dimensions, and a cube has exactly three dimensions. These basic 
shapes in integer dimensions were called “topological dimensions.” For example, a 
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two and three). In order to determine the FD of complex objects, several definitions 
of FD were used. One simple and easily understandable definition of the FD is the 
Hausdorff dimension, which can be defined as follows:
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where   N  r    is the number of sets of cells (i.e., a ruler used to measure the coast-
line) and  1 / r  is the magnification factor that was used to reduce the cell in each 
spatial direction.

A typical example of a geometric object with a non-integer dimension is the 
Koch curve (see Figure 5). The straight line A, called the initiator, has a length of 
1. The middle third of the line A was replaced with two lines that each line has the 
same length (1/3) as the remaining lines on each side. Thus, the length of the line B 
has a length 4/3. This form specifies a rule that is used to generate other new forms. 
Thus, the curve A was used as the initiator, and the curve B was used as generator 
for constructing the Koch curve. Each line was replaced with four lines, each 1/3 
the length of the original. Therefore, the lengths of the lines C, D, and E are 16/9, 
64/27, and 256/81, respectively. As indicated in Figure 5, the total length of the 
curve increases with each step, which leads to an infinite length. By applying Eq. 
(1), the relationship between  log  N  r    and  log  (1 / r)   for the Koch curve, the FD could 
be calculated as  ln 4 / ln 3   =   1.26 .

Moreover, the measurement of the FD of the coastline could be treated as the 
Koch curve, which naturally leads to the introduction of the box counting method. 
In the measurement of the coastline, the number of scaled ruler is also counted as 
and is the size of the cell (i.e., ruler). Equation (1) is used in the calculation of the 
FD. Note that the typical cell is a box-shaped cell (a square) for two-dimensional 
objects and that the typical cell is a cube for three-dimensional objects. The box 
counting method is considered the most accepted methodology to measure the 
FD in various applications due to its simplicity and automatic computability [20]. 
However, the box counting method was pointed to overcount or undercount 
the number of boxes (cells), which then led to an inaccurate calculation of the 
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FD. Therefore, a more accurate and robust methodology, the 2D FAA, is utilized for 
the calculation of the FD.

The method for the calculation of the 2D Fourier FD is applied to a 2D grayscale 
image  I (k, l)   with the size  N × N . The Fourier transform    ̄  I    can be expressed as follows:

    ̄  I   (u, v)  =   ∑ 
k=0

  
N−1

    ∑ 
l=0

  
N−1

  I (k, l)  exp  [−   i2π _ N   (uk + vl) ] ,  (2)

where u and  v  are the horizontal and vertical frequency, respectively. The total 
frequency f is given by  f =   √ 

_
 u2 + v2   . Then, the power spectrum of the 2D grayscale 

image  I (i, j)   is given by

  P   =   c  f   −β ,  (3)

where c is a constant.
β can be calculated by fitting the function in Eq. (3) by calculating the slope 

of the curve  lnP × lnf . The least square method was used to obtain the slope in this 
paper. The 2D Fourier FD was then calculated by using the following equation [21]:

  FD   =     8 − β _ 2  .  (4)

The range of possible values is between 2 and 3.
Another methodology the 2D DBCM will be used in this paper to calculate the 

FD. The detail of the 2D DBCM was introduced in Sarkar’s paper [22].

Figure 5. 
Koch curve. The initiator (A) and generator (B) are used for constructing the Koch curve. Curves C, D, and E 
are levels 2, 3, and 4 in the construction of the Koch curve, respectively.
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3. Results and discussion

In our previous paper, the quantitative image features including the FD have 
already been studied to differentiate the skin tumors. However, the FD was 
extracted from OCT images by using the 2D DBCM. Generally speaking, the 
2D DBCM is a time-consuming methodology. In order to quickly detect and 
classify the skin tumors, the 2D FAA was introduced in this paper. Twenty OCT 
images per type of skin tumors were randomly chosen from the database. The 
2D FAA as well as the 2D DBCM was used to calculate the 2D FD. The FD calcu-
lated by using the 2D FAA and the statistical analysis between study groups 
were showed in Table 1. The FD that was obtained by employing the 2D DBCM 
and the statistical analysis between study groups were showed in Table 2. 
The averaged time for extracting the FD by using the two methodologies was 
showed in Table 3. The results in Table 1 indicated that the Fourier FD of the 
basal cell carcinomas is significantly smaller than FD of melanomas. Compared 
to the FD value of melanomas, the Fourier FD of the basal cell carcinomas has 
a 2.79% decrease. The results also indicated that the Fourier FD of the benign 
melanocytic nevi is significantly smaller than FD of melanomas. Compared 
to the FD value of melanomas, the Fourier FD of the benign melanocytic nevi 
has a 2.69% decrease. The results in Table 2 indicated that the FD of the basal 
cell carcinomas by using the 2D DBCM is significantly smaller than the FD 
of melanomas. Compared to the melanomas, the DBCM FD of the basal cell 
carcinomas has a 1.76% decrease. Compared to the melanomas, the DBCM FD 
of the benign melanocytic nevi showed the same tread. Specifically, the FD 
(calculated by using the 2D DBCM) of the benign melanocytic nevi decreased 
1.38% as compared to the melanomas. In order to compare the computational 
time between the two methods, we run the two MATLAB codes (ver. R2007b) 
in the same laptop (i5-4210 CPU, 8GB RAM). In Table 3, the computational 
time was shorter by 91.71% for FAA than 2D DBCM.

Our results showed that the melanomas had a larger FD than the basal cell 
carcinomas and the benign melanocytic nevi when both of the two methodologies 
were utilized in the calculations. As the FD is used to express the abnormality of 
the biological tissue, our results suggested that the melanomas had more irregular-
ity than the basal cell carcinomas and the benign melanocytic nevi. Melanomas 
feature heavily disorganized vessels with chaotic branching, which might be the 
explanation for that finding. These specific results indicated that both the Fourier 
FD and the differential box counting dimension could be used as an indicator to 
differentiate the melanomas from the basal cell carcinomas and the benign mela-
nocytic nevi. It is worth noting that the Fourier FD is bigger than the differential 
box counting dimension in our calculations. The Fourier FD was calculated in the 
frequency domain, while the differential box counting dimension was calculated 
in the spatial domain. One possible reason to explain the difference is due to the 
undercount of the number of the boxes in the 2D DBCM which resulted in a small 
differential box counting dimension in the calculations. Moreover, our results also 

Fractal analysis Melanomas Basal cell carcinomas Nevi

FD 2.836 ± 0.031 2.757 ± 0.023b 2.760 ± 0.045b

bp < 0:001 (ANOVA followed by Newman-Keuls post hoc analysis) between melanomas and benign melanocytic nevi 
(see nevi column) and between melanomas and basal cell carcinomas (see basal column)

Table 1. 
Distribution of FD (mean ± SD) values calculated by performing the FAA.



Cutaneous Melanoma

82

FD. Therefore, a more accurate and robust methodology, the 2D FAA, is utilized for 
the calculation of the FD.

The method for the calculation of the 2D Fourier FD is applied to a 2D grayscale 
image  I (k, l)   with the size  N × N . The Fourier transform    ̄  I    can be expressed as follows:

    ̄  I   (u, v)  =   ∑ 
k=0

  
N−1

    ∑ 
l=0

  
N−1

  I (k, l)  exp  [−   i2π _ N   (uk + vl) ] ,  (2)

where u and  v  are the horizontal and vertical frequency, respectively. The total 
frequency f is given by  f =   √ 

_
 u2 + v2   . Then, the power spectrum of the 2D grayscale 

image  I (i, j)   is given by

  P   =   c  f   −β ,  (3)

where c is a constant.
β can be calculated by fitting the function in Eq. (3) by calculating the slope 

of the curve  lnP × lnf . The least square method was used to obtain the slope in this 
paper. The 2D Fourier FD was then calculated by using the following equation [21]:

  FD   =     8 − β _ 2  .  (4)

The range of possible values is between 2 and 3.
Another methodology the 2D DBCM will be used in this paper to calculate the 

FD. The detail of the 2D DBCM was introduced in Sarkar’s paper [22].

Figure 5. 
Koch curve. The initiator (A) and generator (B) are used for constructing the Koch curve. Curves C, D, and E 
are levels 2, 3, and 4 in the construction of the Koch curve, respectively.

83

2D Fourier Fractal Analysis of Optical Coherence Tomography Images of Basal Cell Carcinomas…
DOI: http://dx.doi.org/10.5772/intechopen.89196

3. Results and discussion

In our previous paper, the quantitative image features including the FD have 
already been studied to differentiate the skin tumors. However, the FD was 
extracted from OCT images by using the 2D DBCM. Generally speaking, the 
2D DBCM is a time-consuming methodology. In order to quickly detect and 
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time was shorter by 91.71% for FAA than 2D DBCM.

Our results showed that the melanomas had a larger FD than the basal cell 
carcinomas and the benign melanocytic nevi when both of the two methodologies 
were utilized in the calculations. As the FD is used to express the abnormality of 
the biological tissue, our results suggested that the melanomas had more irregular-
ity than the basal cell carcinomas and the benign melanocytic nevi. Melanomas 
feature heavily disorganized vessels with chaotic branching, which might be the 
explanation for that finding. These specific results indicated that both the Fourier 
FD and the differential box counting dimension could be used as an indicator to 
differentiate the melanomas from the basal cell carcinomas and the benign mela-
nocytic nevi. It is worth noting that the Fourier FD is bigger than the differential 
box counting dimension in our calculations. The Fourier FD was calculated in the 
frequency domain, while the differential box counting dimension was calculated 
in the spatial domain. One possible reason to explain the difference is due to the 
undercount of the number of the boxes in the 2D DBCM which resulted in a small 
differential box counting dimension in the calculations. Moreover, our results also 

Fractal analysis Melanomas Basal cell carcinomas Nevi

FD 2.836 ± 0.031 2.757 ± 0.023b 2.760 ± 0.045b

bp < 0:001 (ANOVA followed by Newman-Keuls post hoc analysis) between melanomas and benign melanocytic nevi 
(see nevi column) and between melanomas and basal cell carcinomas (see basal column)

Table 1. 
Distribution of FD (mean ± SD) values calculated by performing the FAA.



Cutaneous Melanoma

84

showed that the differences of the Fourier FDs between the melanomas and the 
basal cell carcinomas are bigger than the differences of the differential box counting 
dimension, which could lead to a conclusion that the 2D Fourier FD could be better 
to classify the melanomas from the basal cell carcinomas. Our results also showed 
that the computational time for calculating 2D Fourier FD is much less than the 
computational time for calculating the 2D differential box counting dimension. 
This particular result suggested that the 2D FAA is more efficient to differentiate 
the skin tumors than the 2D DBCM.

There are several potential shortcomings of our study. The custom-built 
SD-OCT technology has some limitations as compared to the more pioneering OCT 
technology. In addition, current OCT devices include different algorithms and 
methodologies for the removal of the speckle noise. Therefore, data analysis is influ-
enced by special assumptions and technological specifications that are in place for 
each individual OCT device. Another limitation is that only 20 scans were randomly 
selected for each type of skin tumors. Thus, more scans would be beneficial for 
extracting the more accurate FD and find the diagnostic parameter to differentiate 
the skin tumors.

4. Conclusion

In summary, we have described an efficient approach to calculate the 2D FD 
form OCT images for classifying the basal cell carcinomas, melanomas, and 
benign melanocytic nevi in this paper. The preliminary results presented have 
indicated that the 2D FAA is more efficient for extracting the FD than the 2D 
DBCM. Particularly, the change in the fractal dimension may reflect the pathologi-
cal metabolic changes in melanomas. More research studies are needed to determine 
the accuracy, repeatability, and full capability of this methodology with more OCT 
images.
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