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Abstract
Skin is the largest organ in our body protecting us from ultraviolet radiation and xenobiotics. UVradiation is a common cause of squamocellular carcinoma and melanoma of the skin that cause
morbidity and mortality world wide. Reactive oxygen species are constantly formed by, for
example, cellular respiration and UV-radiation, and they can readily react with virtually any
macromolecule within cell structures causing damage to DNA, proteins and lipids. Oxidative
stress (OS) is a homeostatic process that is dysregulated in cancer cells to their benefit. Nuclear
factor erythroid-2-related factor 2 (Nrf2) is the main regulator of antioxidant response and it has
been shown to be upregulated in various cancers enabling their survival and growth.
By using immunohistochemistry we studied the change and prognostic significance of OS
markers in melanoma from paraffin embedded patient samples. Nrf2 expression is increased in
melanoma, associating with deeper invasion and a worse melanoma-specific outcome. In addition,
epithelial-to-mesenchymal transition markers Slug, Twist and Zeb1 showed altered expression
levels in relation to invasion and metastasis associating also with Nrf2. With the help of target
inhibition molecules Vemurafenib and MEK-inhibitor CI-1040, In vitro study showed that BRAFand NRAS-mutations might activate Nrf2.
Furthermore, Nrf2-regulated antioxidant enzyme peroxiredoxin I showed decreased
expression in malignant melanomas and metastases compared to benign naevi. Intriguing findings
were made from the surrounding structures of melanomas e.g. loss of expression of an oxidative
lesion marker 8-hydroxy-2’-deoxyguanosine in adjacent endothelial cells associated with worse
melanoma-specific survival. Changes in the expression of adhesion molecules claudins 1-5 and 7
were studied in the progression of cutaneous squamous cell carcinomas and preneoplastic lesions.
Change in claudin composition can alter epidermal permeability and cell polarity.
Efficiency of oncological treatment modalities is frequently based on oxidative stress damage.
Nrf2-inhibition could offer the means to increase the sensitivity of cancerous tissue to oxidative
insults and hinder proliferative and survival signalling. Later research should focus on the relation
of Nrf2 with other signalling and observations made from the tumour microenvironment.

Keywords: antioxidant enzymes, claudins, melanoma, Nrf2, oxidative stress, reactive
oxygen species
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Tiivistelmä
Iho on elimistön suurin elin, ja se suojaa meitä auringon ultravioletti (UV)-säteilyltä ja muilta
ulkoisilta tekijöiltä. UV-säteily on yhteinen etiologinen tekijä ihon levyepiteelikarsinoomalle ja
melanoomalle, jotka aiheuttavat maailmanlaatuisesti paljon sairastavuutta ja kuolleisuutta. Reaktiivisia happiradikaaleja muodostuu esimerkiksi soluhengityksestä ja UV-säteilystä, ja ne voivat
reagoida minkä tahansa makromolekyylin kanssa aiheuttaen vaurioita solun perimäainekseen,
proteiineihin ja lipidirakenteisiin. Oksidatiivisen stressin (OS) säätely on tärkeä homeostaattinen prosessi, joka vinoutuu syöpäsolujen hyödyksi. Nuclear factor erythroid-2-related factor 2
(Nrf2) on antioksidanttivasteen pääsäätelytekijä, ja sen ilmentyminen on lisääntynyt useissa syövissä lisäten syöpäsolun selviytymistä ja kasvua.
Tutkimme potilasaineiston ja immunohistokemian avulla OS:n merkkiaineiden muutoksia
melanoomassa ja niiden merkitsevyyttä taudin ennusteelle. Nrf2:n ilmentyminen on lisääntynyt
melanoomassa liittyen syvempään invaasioon ja huonompaan tautispesifiseen ennusteeseen.
Lisäksi epiteliaali-mesenkymaalitransition merkkiaineiden, Slug, Twist ja Zeb1 ekspression
muutoksia havaittiin syvyyskasvun ja metastasoinnin yhteydessä assosioituen myös Nrf2 ilmentymiseen. In vitro- tutkimus osoitti spesifisten inhibiittoreiden avulla, että BRAF- ja NRASmutaatiot saattavat aktivoida Nrf2 melanoomassa.
Myös Nrf2:n säätelemän entsyymin peroksiredoksiini I:n ilmentyminen on vähentynyt melanoomassa ja metastaaseissa verrattuna hyvänlaatuisiin pigmenttiluomiin. Merkittäviä muutoksia
havaittiin myös melanoomaa ympäröivistä rakenteista, esimerkiksi OS:n vauriomarkkerin 8hydroksi-2’-deoksiguanosiinin vähentynyt ilmentyminen endoteelisoluissa liittyi huonompaan
tautispesifiseen ennusteeseen. Lisäksi tutkimme soluväliliitosproteiinien klaudiinien 1–5 sekä 7
ilmentymistä levyepiteelikarsinoomissa ja niiden esiasteissa. Klaudiinien muutokset voivat vaikuttaa ihon permeabiliteettiin ja solujen polarisaatioon.
Onkologisten hoitomuotojen teho perustuu usein happiradikaalien aiheuttamiin vaurioihin.
Nrf2-inhibitio voisi tarjota keinon lisätä syöpäkudoksen herkkyyttä näille vaurioille sekä estää
syöpäsolun selviytymissignalointia. Tulevat tutkimukset tulisivat keskittyä Nrf2 signaloinnin ja
muun solusignaloinnin välisiin suhteisiin sekä havaintoihin kasvaimen mikroympäristön muutoksista.

Asiasanat: antioksidantit, klaudiini, melanooma, Nrf2, oksidatiivinen stressi,
reaktiiviset happiradikaalit
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1

Introduction

Melanoma is a malignant skin cancer emerging from the pigment cells in the basal
layer of the epidermis. The incidence of cutaneous melanoma is increasing in
Finland and globally. Mutations in melanoma are frequent causing dysfunctional
tumour suppressor genes and gain-of-function mutations such as BRAFV600Emutation in the MAPK-signalling, leading to the activation of this pathway. The
prognosis can vary and is heavily dependent on the thickness of the melanoma
lesion. If it is surgically removed in its early stages as a thin lesion, the patient can
be cured from melanoma. For metastatic melanoma, new targeted and
immunological treatments are available, in addition to the old and relatively
inefficient dacarbazine, which have improved the survival of melanoma patients
dramatically.
While melanoma is one of the deadliest skin cancers, keratinocytic tumours
account for the majority of skin malignancies. Squamocellular carcinoma (SCC) of
the skin is a common malignant keratinocytic tumour arising from the spinocellular
keratinocyte layer of the epidermis. Surgical removal of squamocellular carcinoma
is the most important treatment. These invasive and locally aggressive tumours can
sometimes metastasize. Both melanoma and SCC share the same aetiological
background, ultraviolet radiation, which builds up DNA damage in continuous and
intermittent fashion during lifetime, and especially squamous cell carcinoma has
UV-signature transitions in the p53-gene. The diagnosis of neoplastic skin lesions
is made by pathologists with the connaissance of the histological features of
melanoma and squamous cell carcinoma with their preneoplastic counterparts.
TNM-classification is used to determine the overall disease burden.
The main source of reactive oxidative compounds is aerobic respiration within
mitochondria. Other sources, such as UV-radiation and inflammation, also produce
a substantial amount of free radicals. Reactive oxygen and nitrogen species (ROS
and RNS) are needed for homeostatic processes in cell signalling, and therefore, a
balance between radical formation and reduction is needed. This is obtained with
proper regulation and function of antioxidant enzymes. However, cancer cells show
aberrant redox-status, and it appears that they have hijacked the regulation of
oxidation and reduction to their benefit. ROS have been included in the concept of
hallmarks of cancer and they are of importance in initiation, promotion and
progression in melanoma (Wittgen & van Kempen 2007).
Epithelial-to-mesenchymal transition (EMT) is a phenomenon related to
embryogenesis, wound healing and also cancer progression. In cancer EMT,
17

epithelial cells lose their epithelial-like features such as cell-to-cell adhesions and
polarization, and they aquire mesenchymal cell features such as spindle-cell
morphology and cell mobility (Nakamura & Tokura 2011). EMT related signalling
can alter tight junction structure and the spectrum of the different claudins that
define the polarity of epithelial layers. ROS participate in EMT signalling via
MAPK activation and hypoxia-related phenotype switch, thus promoting the
invasion and metastasis in cancer.
The purpose of this study is to illuminate the role of oxidative stress in
melanoma carcinogenesis, and to find prognostic factors to assess disease burden
and patient survival. We also studied cell adhesion molecules, claudins, in a subset
of samples of squamocellular carcinoma and their preneoplastic counterparts. In
the future, modulation of oxidative stress in a tumour could be a method to enhance
the cytotoxic effect of oncological treatments.
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2

Review of the literature

2.1

Melanoma carcinogenesis

2.1.1 Epidemiology
The global incidence of melanoma is about 160 000 per year and 48 000 patients
die of melanoma annually. Incidence has been rising but fortunately the mortality
rate is declining. Melanoma incidence is the highest in Australia 56/100000, United
States 19/100000 (excluding Afro-Americans and Hispanic races) and Switzerland
15/100000, Norway 16/100000 (Eggermont et al. 2014). According to the Finnish
cancer registry, men had 693 and female had 669 new melanoma cases in 2014.
Incidence is 14.4 and 14.2 per 100000 person years in Finland. In the Northern
Ostrobothnian District there were 56 and 49 (males and females respectively) new
cutaneous melanoma cases in 2014, and here, the incidence was 8.8 and 7.6 per
100000 (males and females respectively). The prevalence of melanoma in Finland
was 7037 and 8133 (males and females) in 2014. In summary, cutaneous melanoma
incidence in Finland is rising, however it is still smaller in Northern Finland
compared to other parts of Finland.
2.1.2 Aetiology
UV-radiation has long been the well known etiological factor in
melanomagenesis. Intermittent exposure to UV-radiation during childhood has
been postulated to be the main risk factor of melanoma but multiple sun burns and
continuous exposure in adulthood also account for further risk accumulation. The
relative risk of UVR for melanoma is 2 and even higher in sun-sensitive skin type
(LeBoit et al. 2006). Melanoma in the areas of head and neck and acral melanoma
refer to chronic sun exposure. Intermittent UVR increases the risk for truncal
melanomas in males and limb melanomas in females. A good socio-economic status
increases the risk probably due to outdoor sports and admiration of tanning, all
increasing the frequency of intermittent sun burns (LeBoit et al. 2006).
Familial and genetic factors are the most important predictive factors for
melanoma risk and they account for a part of melanoma cases. Familial factors
include skin type, naevi count and atypical naevi and family history of skin cancer.
Genetically inheritable mutations, such as one in cyclin-dependent kinase Inhibitor
19

2A (CDKN2A) tumour suppressor gene, increases the susceptibility to melanoma
(LeBoit et al. 2006). No data of the prevalence of CDKN2A in Finland is available.
2.1.3 Pathogenesis
Cutaneous melanoma arises from melanocytic cells from the epidermis.
Melanocytic cells originate from the neural crest from where they have migrated
during the first three months of development. Pigmented naevi are considered to be
precursor lesions for malignant pigmented lesions in the skin. They harbour some
genetic alterations such as oncogen BRAF (Fig. 1) or Neuroblastoma RAS viral
oncogene homolog (NRAS) mutations and tumour suppressor INK4a/ARF
mutations that are subsequently compulsory for malignant melanoma. Although
naevi can give rise to melanoma, not all pigmented lesions become malignant as
naevi are usually senescent and permanently growth arrested; only a fraction of
melanomas arises from the existing naevi.

Fig. 1. A naevus compositus, (A) with haematoxylin-eosin staining and (B) Positive
immunohistochemical staining of BRAFV600E (detection with Fast Red) and haematoxylin.
This naevus harbours a BRAF-mutation.

Melanomas harbour several mutations that lead to activated oncogens and
inactivated tumour suppressors. Up to 70% of melanomas harbour CDKN2A
mutations leading to dysfunctional tumour suppressor gene products p16INK4A and
p19ARF disabling retinoblastoma (Rb1) tumour suppressor activity and downmodulation of p53 activity, respectively. Germline homozygous deletion of
CDKN2A leads to familial melanoma susceptibility. The Rb1 pathway can be
affected also by activating CDK4 or actual inactivating Rb1 mutation, all enabling
aberrant cell cycle entry. According to a study by Vincek et al., laser-capture
microdissected in situ melanoma samples showed a deletion of 13q encompassing
20

the Rb1 gene. This implies that the loss of the Rb1 tumour suppressor gene might
be one of the first driving events in melanoma development (Vincek et al. 2010).
Microphthalmia-associated transcription factor (MITF) is a lineage
transcription factor for melanocytes that serves as a survival mechanism, and thus
is revealed as a central modifier of melanoma when it is amplified. MITF can be
upregulated by the melanocortin receptor pathway, partially explaining why
tanning is carcinogenic. MITF amplifications are seen in about 10% in primary and
20% in metastatic melanomas (Eggermont et al. 2014).
P53 is the main tumour suppressor gene and is frequently inactivated in cancer.
It is the regulator of cell cycle check point G1, DNA damage repair activator and
inducer of apoptosis. The frequency of p53 deleting mutations is low in melanomas
but loss of heterozygosity is more frequent and cooperates with RAS, inducing
melanomas in a mouse model.
MAPK-pathway activation is a common aberration in melanoma. These are
gain-of-function mutations and occur in BRAF, NRAS and MEK1 and MEK2 genes.
Increased MAPK-signalling leads to the survival and proliferation of melanoma
cells. BRAF-mutations are rather frequent as they occur in about 43% of all primary
melanomas, the majority of them (90%) are BRAFV600-mutations in which
glutamate (BRAFV600E) or lysine (BRAFV600K) codon replaces valine codon in exon
15. Sun-induced damage is associated with BRAFV600K but not with BRAFV600E.
NRAS is mutated in about 18% of melanomas, and MEK1 and MEK2 mutations
occur in 8% of melanomas. In addition, the phosphatidylinositol 3’ kinase pathway
has a major role in melanoma progression, and its activation is generally restored
by a loss of the tumour suppressor PTEN (LeBoit et al. 2006).
2.1.4 Clinical features and histology
Subtypes
Malignant melanomas are traditionally classified into lentigo maligna melanoma
(LMM), acral (lentiginous) melanoma (ALM), superficially spreading melanoma
(SSM) and nodular melanoma (NM), based on their clinical and histological
characteristics. They provide little prognostic value as such, although they compass
and classify (to some extent) features of prognostic significance, for instance,
superficial and vertical growth habit. Diagnostic criteria are carefully described by
WHO classification of skin tumours and are followed as a golden standard.
21

Histological characteristics of melanoma lesion are challenging even for
experienced pathologist. Architectural criteria in epidermis and dermis are
evaluated, such as breadth, asymmetry, circumscription and scattering of the single
cells instead of nesting. Cytologic findings vary extensively, but clues to favour
neoplastic behaviour are irregularity in shape and size of the cells, prominent
nucleoli, hypercromasia and angular nuclei, dusty melanin and mitotic activity
(LeBoit et al. 2006).
LMM and its pre-neoplastic predecessor lentigo maligna (LM) are pigmented
skin lesions in chronically sun exposed skin in elderly patients. They are present
usually in the head and neck areas, upper back and forearm. LM is a variably
pigmented macule with irregular margins and diameter frequently greater than
10mm. The lesion consists of atypical nested melanocytes in the dermo-epidermal
junction, and the microenvironment shows epidermal atrophy, lymphocytic
infiltrates and solar elastosis. The cells invading the dermis in LMM are
melanocytic spindle cells, but epithelioid, small naevoid or giant cells may also be
seen. They occur in cohesive groups, strands or single cells (LeBoit et al. 2006).
SSM is a horizontally spreading lesion of large neoplastic melanocytes
invading keratinocyte layers in a pagetoid pattern. It can appear almost anywhere
on the skin but being prominent in intermittently sunburnt areas. In situ SSM
presents as a pigmented flat macule. Early lesions in this stage have a relatively
homogenous brown pigmentation with irregular borders. Lesions spread
horizontally having irregular contours and pigmentation variability with
involvement of the papillary dermis. A lymphocytic infiltrate can be seen either at
the base of the neoplasm or infiltrating the malignant cells. Uneven pigmentation
and papules or nodules occur later when the lesion acquires a vertical growth
(LeBoit et al. 2006).
ALM is often growing like SSM and therefore is called acral lentiginous
melanoma. It appears as a macular variably pigmented lesion sometimes with
notched borders. ALM often evolve rapidly into vertical growth phase presenting a
clinically noticeable nodular focus. Histologically ALM appears as lentiginous
proliferation of atypical melanocytes along the basal line of epidermis with
acanthosis, pronounced cornified layer and elongated rete ridges. In the vertical
growth phase, malignant cells are often spindle cell shaped with desmoplasia
(LeBoit et al. 2006).
NM can occur without prior horizontal spreading within a few months. It can
be present in any location favouring the trunk, head and neck, and the lower legs.
It is a fast growing papule, nodule or a plaque, and it may appear as de novo lesion.
22

NM is frequently symmetric and pigmented (black or blue colour) although some
are amelanotic. NM lesion is characterized by nests of malignant melanocytic cells
with an expansile growth habit with a thinned and often ulcerated epidermal layer.
The overall cellular appearance is monomorphous but on closer examination, the
cells show variability in shape and cellular and nuclear enlargement.
Hyperchromatism and prominent nucleoli are present (LeBoit et al. 2006).
Furthermore, some rare variants of melanoma exist, such as spindle cell melanoma
and its variant, desmoplastic melanoma, which is characterized by prominent
stromal fibrosis, and can be amelanotic (Plaza et al. 2015).
Melanoma markers
Melanoma markers are used to distinguish the sometimes challenging
morphological subtypes of melanoma from other neoplastic lesions, and to
distinguish melanoma from benign naevi. They are also needed in the diagnosis of
metastatic lesions with unknown primary tumour. Prognostic markers for
melanoma are characterized but only few are applied in clinical practice. More
recently new predictive markers are tested to find out whether they could be of use
in assessing who benefits from new immunomodulatory agents.
Markers used in recent standard clinical diagnostics are differentiation markers
S100, gp100/HMB-45 (glycoprotein 100/ human melanoma black 45), and MelanA/MART-1 (Fig. 2). A calcium-binding protein S100 is a sensitive marker (97100%) for melanoma. However, other S100 positive cells are e.g. nerve sheath cells,
myoepithelial cells and adipocytes and tumours derived from these cells, and
therefore the specificity of S100 to distinguish melanoma from these other S100
positive lesions varies between 75-87% (Ohsie et al. 2008). A more specific marker
for melanoma is HMB45 that detects the premelanosomal glycoprotein gp100; its
specificity was 96.9% in one study (Sheffield et al. 2002), but it recognizes also the
so-called PEComas, clear cell sarcomas of the tendons as well as aponeurosis and
some breast cancers and a few other malignant tumours, which are fortunately
histologically distinct from melanomas (Ohsie et al. 2008). Its sensitivity for
melanoma varies from 69-93% and it does not recognize spindle cell or
desmoplastic melanomas (sensitivity only about 17%), with decreased sensitivity
also in metastasized melanomas (56-83%) (Ohsie et al. 2008).
The protein detected by Melan-A (or MART-1, another antibody clone) is a
cytoplasmic and transmembrane protein of melanosomal differentiation. It has a
high sensitivity of 75-92% and a specificity of 95-100% (Ohsie et al. 2008). It
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shows an intense staining which does not reduce in the dermal component of
melanomas, which is the case in HMB-45 (Ohsie et al. 2008). Another melanoma
marker from melanin synthesis is tyrosinase, an enzyme hyrdoxylating tyrosine.
The sensitivity of tyrosinase for melanoma is 84-94% but it decreases in metastatic
lesions (79-93%), and its specificity is 97-100%. Similar to HMB-45, tyrosinase is
present in angiomyolipomas, clear cell sarcomas of the tendon sheath and
pigmented nerve sheath tumours. MITF is nuclear staining and a useful melanoma
marker with a sensitivity of 81-100% and specificity of 88-100%. MITF is also
seen positive in angiomyolipomas, lymphoid neoplasms, breast carcinomas and
renal cell carcinomas (Ohsie et al. 2008).

Fig. 2. Melanoma markers (A) S100, (B) HMB-45 and (C) Melan A in a malignant
melanoma, diaminobenzidine and haematoxylin staining.

From melanoma markers, HMB-45 and tyrosinase have a decreased sensitivity in
detecting metastatic melanomas (Ohsie et al. 2008). S100 is a commonly used tool
in diagnosing a metastatic lesion because of its high sensitivity (Vrotsos & Alexis
2016). However, new markers are studied for better recognition of metastatic
melanoma. SOX-10, a transcription factor in melanocyte development,
significantly improves the spotting of micrometastases and isolated tumor cells as
compared with S100, Melan-A and HMB-45 markers, and is also useful in
recognizing desmoplastic melanoma (Jennings & Kim 2011, Plaza et al. 2015).
Table 1 summarizes the sensitivity and specificity of the common melanoma
markers and their usefulness in detecting melanoma metastases.
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Table 1. Sensitivity and specificity of common melanoma markers in diagnosing a
malignant lesion.
Sensitivity (%)

Specificity (%)

”Can it detect melanoma when the lesion is

“Is it melanoma or

melanoma?”

something else?”

Marker

Primary lesion

Metastases

S100

97–100

HMB-45

69–93

↓

75–87
97

Melan A

75–92

(↓)

95–100

Tyrosinase

84–94

↓

MITF

81–100

97–100
88–100

Proliferation markers such as Ki67, cyclins and cell cycle regulators (e.g. P16, P21
and P53) are vastly studied in melanocytic lesions. They are useful in determining
whether a pigmented lesion is bening or malignant, and they also have prognostic
significance, since their expression is reflecting the proliferation of a malignant
tumour. The most widely used proliferation marker in clinical practice is Ki67, a
marker of cells in the G1–S phase of the cell cycle. It is nearly absent in benign
naevi but strongly positive in malignant melanoma, and an increasing positivity of
Ki67 correlates with recurrence rate and mortality (Ohsie et al. 2008). Cyclins are
basically rarely expressed in benign naevi but present in melanoma, and the same
goes for P53 expression (Ohsie et al. 2008).
BRAFV600E-mutation can be considered as a predictive marker because it
predicts a response to therapy with BRAF-inhibitors vemurafenib and dabrafenib.
BRAFV600E-mutation is detected with DNA sequencing and immunohistochemistry.
BRAFV600E-mutation detection in immunohistochemistry with VE1 antibody is 100%
sensitive, and the specificity is 96.8% when comparing with the analysis of the
DNA, and is therefore a practical tool. However, immunohistochemically V600Enegative cases still need to be evaluated with other methods (Thiel et al. 2015).
2.1.5 Prognostic factors
Prognostic factors of melanoma can be divided in patient-related factors such as
age, sex and tumour location. Factors such as tumour thickness and mitosis count
are tumour-related factors. TNM classification is a clinical approach evaluating
disease burden and the stage of the disease by classifying tumour thickness, sentinel
node status and metastases, thus inevitably defining the prognostic aspects of the
disease.
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Age, Sex and location
Acral (Lentiginous) melanoma and lentigo maligna melanoma appear during the
seventh decade of life whereas SSM and NM are more frequent in the sixth decade
of life. Higher age is a factor favouring a worse prognosis (LeBoit et al. 2006).
SSM type associates with younger age, with BRAFV600E-mutation and nonchronically sun-damaged skin (Eggermont et al. 2014). Melanoma with
BRAFV600E-mutation usually occurs in younger age than BRAF-wild type lesion.
LMM usually situate in the head and neck areas but extrafacial LMM appear
on the trunk in men whereas in women the majority of the lesions appear in the
lower leg. In general, women have better prognosis than men. SSM appear in the
trunk areas more frequently in men whereas limb melanomas are more freaquent
in female, the latter having also better prognosis. Even when other prognostic
factors are controlled, females have better survival. This gender-related difference
in survival may be due to early detection and readiness to seek for care (LeBoit et
al. 2006).
Intriguingly, better prognosis of melanoma in women is explained by the
difference of oxidative stress regulation between female and male. High oestrogen
levels protect cells from oxidative stress as, for example, oestrogen acts as a direct
antioxidant. Women also have higher level of antioxidant enzymes and have lower
oxidative damage to mitochondrial DNA compared to men (Nosrati & Wei 2014).
Radial and vertical growth phase and tumour thickness
Radial growth of melanocytic cells refers to a horizontal spread of melanocytes in
the dermo-epidermal junction either in situ fashion or as invasive melanoma (Fig.
3 and 4 A). Invasive growth in radially growing melanoma means, that there are
invasive migratory cells in the papillary dermis, but they are apoptotic or persistent
without expanding growth (Elder 2016). Therefore this type of growth pattern is
non-tumorigenic.
Tumorigenic, vertical growth appears as a nodule with cells invading into
dermis (Fig. 3 and 4 B–C). The intradermal nodule formed by these cells exceed in
diameter of any nest formed in the dermo-epidermal junction (Laga & Murphy
2010). Ki67 positivity and mitotic activity are apparent since the cells are able to
survive and proliferate in the dermal compartment (Elder 2016, LeBoit et al. 2006).
A mean expression rate of Ki67 in dermal cells in vertically growing melanoma is
13.9% and only 3.5% in radially growing melanoma. Corresponding mitotic rates
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are 1.4 and 0. This means that proliferation is higher in vertical growth compared
to radial growth (Laga & Murphy 2010).
Thickness of the lesion, the so called Breslow’s thickness, is the single
strongest prognostic attribute for melanoma (Table 2) and it is used in routine
diagnostics. With the help of microscope, thickness is measured in millimetres from
the stratum granulosum to the deepest invasive focus (Fig. 3). In contrast to
Breslow’s thickness, which is a continuous variable, Clark’s classification is based
on the assessment of invasion depth in relation to skin layers, and is therefore a
class variable divided into five classes. In Clark’s level I melanoma cells are
confined to the epidermis, and in level II they invade the papillary dermis. In
Clark’s level III tumour cells have filled and expanded the papillary dermis
extending to the border of papillary and reticular dermis. In level IV, malignant
cells infiltrate the collagenous reticular dermis and Clark’s level V represents the
subcutaneous infiltration of tumorous cells. Clark’s class has also been used in
routine diagnostics but has been ruled out from the TNM classification because its
assessment is subjective and is not an independent prognostic factor in multivariate
analysis. However, it should be reported in cases when mitosis count is not
available (Balch et al. 2009).

27

Fig. 3. A sketch of radially and vertically growing melanoma lesions. The direction of
growth is highlighted by arrows. Clark’s class and Breslow’s thickness are
demonstrated on the left and right, respectively.

Table 2. The significance of Breslow thickness and ulceration in 5 and 10 year overall
survival (OS) rates (Balch et al. 2009).
Breslow

5-year OS (%)

10-year OS (%)

No ulceration

With ulceration

No ulceration

With ulceration

<1mm

97

-

95* / 88**

85* / 87**

1-2mm

-

82

80

-

2-4mm

79

68

63

-

>4mm

71

53

-

39

* mitotic rate < 1/mm2, ** mitotic rate ≥ 1/mm2

28

Fig. 4. SSM lesions and the radial and vertical growth of melanoma, Hematoxylin-eosin
stain. A) Melanoma cells spreading radially in a pagetoid fashion. B) A SSM with
invasion to reticular dermis. C) SSM has acquired tumorous vertical growth.
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Mitotic rate
After Breslow’s thickness, mitotic rate is the second most powerful predictor of
clinically localized melanoma survival (Balch et al. 2009). Mitosis count is
reported in the number of observed mitoses per square millimetre in the dermis. A
particular hot spot method is used to describe tumoral areas with high density
mitoses count; counting begins from a microscope field with a highest density of
mitoses, and then continuing with successive fields (Thompson et al. 2011).
Significant correlation with survival is seen at a threshold of ≥ 1/mm2, which is
applied in T class in TNM classification (Balch et al. 2009). In vertical growth
phase melanomas, mitotic rate of six or greater is a risk factor of metastasis, and
the presence of any mitoses in the dermis is a prognostic factor and also predicts
sentinel node positivity (LeBoit et al. 2006).
Ulceration
Ulceration is a disruption of cellular cohesion, bleeding and crusting (Fig. 6).
Ulceration is a factor of poor prognosis in melanoma and it is more common in NM
and ALM. For any thickness level, positive ulceration status favours worse
prognosis (LeBoit et al. 2006). A recent study hypothesizes that melanoma cells
moving toward the epithelium weaken the intercellular bonds between the cells
causing ulceration (Katunaric M et al. 2014). Ulceration is also a predictive factor
in the outcome of adjuvant IFN treatment (Callender & McMasters 2011). When
combining ulceration and mitotic index into multivariate analysis, however,
ulceration loses its prognostic significance (LeBoit et al. 2006).
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Fig. 5. Ulcerated epidermis in SSM.

BRAF-mutation
BRAF-mutation is an early event in melanoma carcinogenesis and is frequently
reported in benign naevi. It is possible that BRAF mutation represents a separate
pathway in the pathogenesis of melanoma with a distinct phenotype and clinical
outcome (Eggermont et al. 2014, Ekedahl H et al. 2013). It is associated with
younger age, non-sun damaged skin areas and higher total body naevus count.
Specific histological features are epithelioid cellular morphology, heavy
pigmentation and prominent epidermal scatter of melanocytic cells. Indeed, it has
been associated with radially growing melanomas (Long et al. 2011).
It is still unclear whether BRAF or NRAS status predicts overall survival (OS)
or progression-free survival (PFS). In a Swedish patient cohort study of 237 cases,
43% of metastatic melanoma cases harboured BRAF-mutation and 30% NRASmutation, and 28% were wild type. In primary melanoma samples, BRAF or NRAS
status did not associate with recurrence-free survival. In metastatic melanoma
phase, BRAF or NRAS status did not associate significantly with distantmetastasis-free survival from the nondistant metastasis nor with the OS from the
distant-metastasis-to-death. However, when comparing only BRAFV600E-mutant
patients, the former had significantly worse OS. BRAF-inhibitor treated patients
had the best OS in metastatic phase (Ekedahl H et al. 2013). Similarly, an Australian
study concludes that BRAF-mutation is associated with poorer OS in metastatic
melanoma (Long et al. 2011).
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TNM classification
Breslow’s thickness in millimetres is the best indicator of prognosis of primary
melanoma lesion. It forms the tumour size category in TNM classification (Table
3). Ulceration status and mitotic rate is recently added to the TNM chart as
additional parameters to emphasize the biology of the tumour. N stands for the
number of metastatic lymph nodes, microscopic metastases (satellites) or in transit
metastases (visible to the naked eye). The bulk of metastasizing cells is critical and
taken into consideration in TNM classification. Patients with only micrometastases
in sentinel-lymph nodes have the same prognosis as sentinel-node negative patients
(Balch et al. 2009).
Distant metastases are classified into a, b and c classes depending on the target
organ, but have no difference in staging of the disease. However, they differ in
survival, eg. lung metastases (M1b) have a better prognosis compared to other
visceral metastases. Lactate dehydrogenasis is a serological biomarker used in
stage stratification and can be used in follow-ups to measure tumour progression.
It is an independent predictor of survival outcome among patients with stage IV
melanoma, but it is not useful in M0 situation (Table 3), since it is not specific to
the malignant process and can also be elevated due to inflammation, infection and
hemolysis (Balch et al. 2009, Karagiannis et al. 2015).
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Table 3. TNM Classification for cutaneous melanoma (Balch et al. 2009).
Classification Thickness (mm)

Ulceration/ mitoses

Stage

T
Tis

In situ

T1

≤1mm

0
a: Without ulceration and mitoses

IA

<1/mm2
b: With ulceration or mitoses ≥1/mm2
T2
T3
T4
N

1,01-2 mm
2,01-4 mm
>4 mm
Number of metastatic nodes

N0

0

N1

1

N2

2-3

IB

a: Without ulceration

IB

b: With ulceration

IIA

a: Without ulceration

IIA

b: With ulceration

IIB

a: Without ulceration

IIB

b: With ulceration

IIC

Tumor burden
a: Micrometastasis

IIIA

b: Macrometastasis

IIIB

a: Micrometastasis

IIIA/B

b: Macrometastasis

IIIB/C

c: In transit metastases/satellites

IIIB

without metastatic nodes
N3

IIIC

≥4 or matted nodes, or in transit
metastases/satellites with metastatic
nodes

M

Site

Serum LDH

M0

No distant metastases

Not applicable

IV

M1a

Distant skin, subcutaneous, or nodal

Normal

IV
IV

metastases
M1b

Lung metastases

Normal

M1c

All other visceral metastases

Normal

IV

Any distant metastasis

Elevated

IV

2.1.6 Treatment of melanoma
Surgical treatment
Surgical removal has been the only curative treatment of primary cutaneous
melanoma. The best 5-year survival rates are when Breslow’s thickness has not
reached 1 millimetre (in Stage 1A 97%) (Balch et al. 2009) The size of excision
margins has been under investigation and currently 1-2 centimetre margins are used
33

without evidence that extensive 5 centimetre margins benefit to survival. Sentinelnode biopsy is the standard-of-care staging procedure and is always performed
when Breslow’s thickness is 1 millimetre or more. Who benefits from sentinel node
biopsies when Breslow is less than 1 millimetre (Table 3 and 4) is still an ongoing
debate, and it is suggested that sentinel node biopsy should be performed when
Breslow’s thickness is greater than 0.75mm, since the risk of positive sentinel node
is 6.3%, over the 5% metastasis risk threshold. The convention now, however, is
that if the melanoma lesion presents Breslow’s thickness ≥1mm, ulceration, mitotic
rate of ≥ 1/mm2, Clark class IV-V or the patient is of young age, sentinel node
biopsy is performed (Goydos 2013, Han et al. 2013). A complete lymph node
dissection is executed when the sentinel-lymph node is positive or palpable masses
are detected. Performing sentinel-node biopsy does not have an effect on survival
even if it removes nearby metastases, but a sentinel-node status is an important
prognostic factor in primary melanoma (Eggermont et al. 2014).
Table 4. The significance of Breslow thickness in the occurrence of metastases in thin
melanomas (Han et al. 2013).
Breslow

Positive sentinel lymph node status

<0.75mm

2,5%

≥0.75mm

6.3%

Systemic therapies
The spectrum of adjuvant therapies for surgically treated primary melanomas
(Stages IIB and III) is limited to interferon-α (IFN- α). It has only a minor
improvement in relapse-free-survival and no effect on OS with the expense of toxic
side effects. Its main function supposedly is the enhancement of host immune cell
activity and immune response (Palathinkal et al. 2014). A phase 3 trial compared
adjuvant high dose IFN-α with adjuvant biochemotherapy combining cisplatin,
vinblastine, dacarbazine, interleukin-2 and IFN-α. The latter combination improved
significantly the relapse-free survival but not the OS of surgically treated
melanomas (Flaherty et al. 2014).
Only a limited number of systemic agents are approved to treat metastatic
melanoma, although new improved drug therapies are emerging, which are able to
improve progression-free survival (PFS) and OS. The alkylating agent dacarbazine
is the only FDA approved cytotoxic chemotherapeutic agent with a response rate
(RR) of only 9.8%–12.1%, although others are used off-label, such as
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temozolomide (RR 13.5%–14.5%), cisplatin, carboplatin (platinums with partial
response 53%), docetaxel (RR 13%) and paclitaxel (Eggermont et al. 2014).
Since BRAFV600E-mutation occur in about 50% of melanomas, it is an attractive
therapeutic target, and multiple kinase inhibitors are produced to target MAPKsignalling. Vemurafenib was a first selective BRAFV600E-inhibitor, and it is
approved for the first-line treatment of advanced melanoma with a V600E- and
V600K-mutation. Compared to dacarbazine, vemurafenib shows a PFS of 5,3
months versus 1,6 months with a freaquent response rate of 48%. Another BRAFinhibitor dabrafenib offers a PFS of 5,1 months versus 2,7 months with dacarbazine
and with a response rate of 51%. Dabrafenib has different toxicity profile, including
fever, compared to vemurafenib, and it does not increase photosensitivity. The
disadvantages of BRAF inhibitors are a short median length of response (about 6
months), nearly all patients relapse, and they paradoxically activate MAPKsignalling in BRAF-wild type cells, which leads to keratoacanthomas, squamous
cell carcinomas and new melanomas (Eggermont et al. 2014, Palathinkal et al.
2014).
Another group of small molecule inhibitors to block MAPK-signalling is
MEK1- and MEK2-inhibitors downstream of BRAF. Trametinib is a MEK1 and
MEK2 inhibitor, with a median PFS of 4.8 months compared to dacarbazine 1.5
months (Flaherty et al. 2012). However, the combination of two MAPK-signalling
inhibitors results in better treatment responses. In a phase 3 trial the combination
of dabrafenib and trametinib results in 11 months of PFS (dabrafenib alone 8.8
months). 1-year OS was 74% in the combination group (dabrafenib alone 68%) and
2-year OS was 51% in the combination group (dabrafenib alone 42%) (Long et al.
2015). In a phase 3 trial comparing the combination of dabrafenib and trametinib
to single vemurafenib, OS at 12 months was 72% in the combination therapy group
and 65% in single vemurafenib group. Median PFS was 11.4 months in the
combination therapy group and 7.3 months in the single vemurafenib group (Robert
et al. 2015). Updated results from this COMBI-v was published in September 2015
reporting that OS in the combination group is 25.6 months. A phase 3 trial coBRIM
tested the combination of vemurafenib and MEK-inhibitor cobimetinib versus
vemurafenib alone. The most recent update on this study was given in November
2015. The median OS for combination treatment was 23.3 months. Combination
treatment has become a standard of care and it also results in favourable toxicity
profile. Taken together, OS in metastatic melanoma treated with BRAF- and MEKcombination therapies is about two years.
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In addition to targeting mutations with special inhibitors, new
immunomodulating agents are introduced to enhance the immune reaction towards
the cancerous lesion. Ipilimumab is an antibody to inhibit the cytotoxic Tlymphocyte-associated protein 4 (CTLA-4) - mediated contact of antigen
presenting cells with T-lymphocytes. In physiological conditions, CTLA-4 inhibits
further activation of the T-lymphocyte to appropriately regulate the immune
response towards normal tissues. Anti-CTLA-4 effect leads to T-lymphocyte
activation and to anti-tumour response. For single ipilimumab, the OS is up to 10
months, and the combination with dacarbazine leads to higher OS; 11.2 months
compared to single dacarbazine 9.1 months (Palathinkal et al. 2014, Robert et al.
2011). Even more recent agents are programmed cell death-1 (PD-1) receptor
inhibitors nivolumab and pembrolizumab (Redman et al. 2016). They inhibit the
regulatory contact between the melanoma cell and T-lymphocyte to enhance the
cytotoxic effect of T-lymphocytes. Long-term follow-up with nivolumab showed
groundbreaking survival rates of 61% at 1 year and 44% at 2 years (Eggermont et
al. 2014). Excellent results from nivolumab treatment are now seen in 5-year
follow-up as 31% are still alive from a phase I study enrolling 107 patients with
advanced melanoma, reported at the American Association for Cancer Research
Annual Meeting 2016 in New Orleans (2016). Data from phase 1b clinical trial
studying pembrolizumab in advanced melanoma show that 1-year PFS was 35%
(52% in treatment naïve patients, not receiving ipilimumab), the median OS was
23 months and 1-year OS rate was 66% (73% in treatment naïve group) (Ribas et
al. 2016).
2.2

Squamocellular carcinoma

Non-melanoma skin cancers comprise the most frequent squamocellular and
basocellular carcinomas and other more infrequent cutaneous lymphomas,
Kaposi’s sarcoma, Merkel cell carcinoma and other sarcomas (less than 1% of nonmelanoma skin cancers) (Kallini et al. 2015). Keratinocytic tumours account for
approximately 90% or more of all skin malignancies, out of which 30% are
squamocellular carcinomas (LeBoit et al. 2006).
2.2.1 Epidemiology
Despite its low mortality rate, squamocellular carcinoma of the skin causes a high
morbidity burden globally. According to the data in the Finnish cancer registry, the
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incidence of non-melanoma skin cancer (excluding basal cell carcinomas) is 12.5
and 7.9 per 100000 person years in males and females respectively. In 2014 in
Finland there were 877 and 821 new non-melanoma skin cancer cases (excluding
basal cell carcinomas) in males and females, respectively. Fortunately, there were
only 30 and 17 deaths due to non-melanoma skin cancer in males and females,
respectively, in Finland during 2014 but the prevalence is more daunting, as the
year 2015 non-melanoma skin cancer rates were 6384 and 6171, in males and
females, respectively.
2.2.2 Aetiology
A lifetime ultraviolet radiation exposure causes accumulative damage to the skin,
and it is behind squamocellular and basocellular malignancies. The most important
aetiological factor for skin squamocellular carcinoma is UVB-radiation. Melanin
protects squamous cells from the carcinogenic effects of UV-light, and therefore
light skin, with little melanin, is a risk factor for skin squamocellular neoplasms.
Other risk factors are radiation therapy, skin burns, some chemicals and industrial
carcinogens, immunosuppressive conditions and human papilloma virus (Kallini et
al. 2015, LeBoit et al. 2006).
2.2.3 Pathogenesis
Skin SCC and Actinic keratosis (AK) originate from the epidermal keratinocytes.
AK is a premalignant lesion in squamous epithelium (Kallini et al. 2015) or a
proliferation of atypical keratinocytes forming an intraepidermal neoplasm
(Roewert-Huber et al. 2007). Clinically, AK can spontaneously regress, persist or
progress into SCC, and the lifetime risk of developing SCC from AK is about 10%
(Kallini et al. 2015). This highlights the importance of prevention and early
detection of skin cancer. Lifetime UVB causes mutations of p53 in squamous
epithelial cells, and AK lesions usually occur on areas of chronic sun-exposed skin
(head and neck, dorsal forearms and hands). Other factors causing AK are DNA
instability, melanin deficiency, aging, male gender and immunosuppression.
UVB (290-320 nm), rather than UVA, causes DNA mutations with UVsignature (CC:GG to TT:AA and C:G to T:A transitions at dipyrimidic sites).
Mutations in p53 are the most common genetic changes in AK, in situ SCC and
invasive SCC. The loss of heterozygosity in tumor protein p53 (TP53)-gene and at
9q22 loci in tumour-suppressive PTCH genes is related to elevated microsatellite
37

instability. Supporting the UV aetiology of SCC further, the type of mutations for
TP53 and PTCH are predominantly UV-signature transitions (Roewert-Huber et al.
2007). The overexpression of the protein p53 is associated with p53 gene
dysfunction or mutation, which is seen in 13% and 42% of AK and SCC,
respectively. Other loss of tumour suppressor function occurs in the genes p14ARF,
p15INK4b and p16INK4a. As an example of an activated oncogene, mutation in HRas occurs in SCC (LeBoit et al. 2006, Roewert-Huber et al. 2007).
2.2.4 Clinical features and histology
AK is circumscibed erythematous lesion on sun-exposed skin, often a discoloured
papule with a scaly surface and erythematous base. The histologic characteristics
are atypical keratinocytes with nuclear atypia, epidermal hyperplasia often with
hyper- and parakeratosis (Fig. 6). Atrophic variant has a loss of rete ridges and other
variants give additional features such as acantolysis and pigment (Kallini et al.
2015, LeBoit et al. 2006).
SCC lesion is a skin-coloured, pink or red scaly plaque with irregular borders
and crusting. It can be ulcerated and bleed with minimal trauma. The histologic
characteristics are large cellular size, nuclear atypia and hyperchromatism, lack of
maturation and mitotic figures (Fig. 7). The behaviour of SCC is determined by
multiple factors; depth of invasion, cellular differentiation, regional lymph node
metastasis, risk factors and location (LeBoit et al. 2006).
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Fig. 6. Actinic keratosis with mild dysplasia showing hyper- and parakeratosis,
keratinocyte hyperplasia and atypia. Lyphocytic infiltrate and elastosis are seen in the
dermis. Haematoxylin-eosin staining.

Fig. 7. Squamocellular carcinoma. A) SCC grade 1. Neoplastic cells show maturation as
they form keratin pearls. The surface is hyperkeratotic. B) SCC grade 3. Keratin
formation is absent. Many mitoses were seen. Haematoxylin-eosin staining.
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2.2.5 Prognostic factors
Histologic grading for SCC describes the differentiation grade of the neoplastic
squamous cells. Grade 1 signifies well differentiated cells, Grade 2 moderately and
Grade 3 poorly differentiated cells. Grade 4 signifies undifferentiated cells.
However, histopathologic grading is not included in the SCC TNM classification
(Table 5a and 5b), because its importance is not established for all types of nonmelanoma skin cancer (Farasat et al. 2011). Factors for high-risk recurrence or
metastasis of SCC are size greater than 2cm, Breslow’s thickness greater than 2mm,
Clark level IV or V, perineural involvement, poor differentiation, anatomic sites
and immunocompromised state (Farasat et al. 2011).
Table 5. a TNM Classification for cutaneous SCC according to Farasat et al. 2011.
Classification

Description

T
Tis

Carcinoma in situ

T1

Tumour ≤2cm in greatest dimension

T2

Tumour >2 cm but not > 5 cm

T3

Tumour > 5 cm

T4

Tumor invades deep extradermal structures

N0

No regional lymph node metastasis

N1

Regional lymph node metastasis

M0

No distant metastasis

M1

Distant metastasis

N

M

Table 5. b TNM categories defining the stage of SCC according to Farasat et al. 2011.
Stage grouping
0

N

M

N0

M0

I

T1

N0

M0

II

T2

N0

M0

T3

N0

M0

III

T4

N0

M0

Any T

N1

M0

Any T

Any N

M1

IV
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T
In situ

2.2.6 Treatment of squamocellular carcinoma
Protecting the skin from exposure to the ultraviolet radiation of the sun is the most
important strategy to prevent squamocellular carcinoma. Protection encompasses
clothing, sunscreens, avoiding midday sun and solarium.
When squamocellular carcinoma is observed and diagnosed, the aim is to
remove or to destroy the lesion completely. Pre-neoplastic actinic keratoses can be
treated using conservative methods such as cryosurgery and photodynamic therapy,
but squamocellular carcinomas need to be removed surgically with sufficient
marginals (5-10mm). Surgical treatment enables the histological examination of the
excised skin lesion and accurate assessment of excision margins (Madan et al. 2010)
Sometimes the surgical removal of squamocellular carcinoma is difficult or
mutilating, and in such cases irradiation therapy can be considered. Radiotherapy
is also used post-operatively for tumour bed and lymph node areas. For metastatic
SCC, several chemotherapeutic agents such as cisplatin and 5-fluorourasil can be
used, but are not well established (Kallini et al. 2015). Epidermal growth factor
receptor (EGFR) inhibitors are also used in SCC treatment as most head and neck
cancers express high levels of EGFR. Combining cisplatin or setuximab with
radiation therapy improves OS with stage III and IV head and neck carcinoma, but
adding setuximab to cisplatin-radiation combination therapy did not improve
outcome (Ang et al. 2014). Another EGFR-inhibitor, panitumumab was studied in
locally advanced head and neck cancer, and the main result was that adding
panitumumab to chemoradiotherapy did not improve the standard
chemoradiotherapy (Mesia et al. 2015).
2.3

Reactive oxygen species

Understanding the mechanisms and the role of oxidative stress could offer means
to fight against cancer. The hallmarks of cancer were introduced in 2000, and
reviewed again in 2011, to sum up the characteristic features of carcinogenesis
(Hanahan & Weinberg 2011). Furthermore, reactive oxygen species (ROS) play an
important role in several hallmarks of cancer (Fig. 8) (Fiaschi & Chiarugi 2012),
and it is already acknowledged that reactive oxygen species take part in the
initiation, promotion and progression of cancer.
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Fig. 8. Involvement of reactive oxygen species in the hallmarks of cancer. ROS play a
role in different signalling cascades and cellular functions, as listed outside the circle.
Figure adapted from Fiaschi & Chiarugi 2012 and Hanahan & Weinberg 2011.

2.3.1 Sources of ROS and antioxidant defence
Oxidative stress occurs in the presence of O2 and reactive oxidative compounds in
all aerobic organisms. Sources of ROS are manifold. The most important
endogenous source is mitochondria, where electron chain transportation and
adenosine triphosphate (ATP) synthesis occurs. As a byproduct of energy synthesis,
superoxide (O2●-) leaks from the machinery at a constant rate of 2-3 nmol/min
(Valko et al. 2006). Mitochondrial enzyme superoxide dismutase (SOD) fuctions
as a reducer to O2●-, which is detoxified into hydrogen peroxide (H2O2). H2O2 is
further reduced by SOD1 (Copper, Zinc-SOD, Cu, Zn-SOD) and SOD2 (Mn-SOD)
into water and oxygen (O2) (Valko et al. 2006). When transition metals (Fe, Cu, Co,
Ni) are present, H2O2 forms hydroxyl radical (●OH) and hydroxide ion (OH-), the
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so called Fenton’s reaction. ●OH is a highly reactive molecule and reacts with any
close-by molecules (Valko et al. 2006)
Abundant sources of ROS are neutrophils, macrophages and eosinophils. They
have NADPH oxidase that produces O2●-, which is further reduced to H2O2 (Birben
et al. 2012). For instance, macrophages produce O2●- , nitric oxide (NO●),
peroxynitrite (ONOO-) and H2O2 in response to phagocytosis or stimulation with
various agents (Forman & Torres 2001). Organelles, such as peroxisomes, produce
H2O2 and other oxidants, and function in metabolic processes. Their role is the most
significant in the liver, but also other organs are exposed to their oxidative
compounds (Valko et al. 2006).
UVA (320-400 nm) and UVB (<320 nm) radiation cause the formation of
highly reactive singlet molecular O2 and DNA damage in the epidermis (Knak et
al. 2014). UVB causes damage in the superficial parts of the epidermis by direct
absorption of photons by DNA forming pyrimidine dimers. UVA penetrates more
deeply into the basal layers of epidermis causing indirect DNA damage via ●OH
and singlet oxygen, leading to DNA brakes and oxidative lesions such as 8hydroxy-2’-deoxyguanosine (8-OHdG) (Marrot & Meunier 2008).
Antioxidants are needed to remove free radicals. Antioxidants can be classified
into enzymatic and non-enzymatic antioxidants. Non-enzymatic low-molecularweight antioxidants are glutathione (GSH) and vitamins C and E, and β-carotene.
GSH is highly abundant in the cell and GSH/GSSH ratio well determines the redox
status (Birben et al. 2012). Enzymatic antioxidants are the aforementioned SOD,
catalase, glutathione peroxidase (GTPx), glutathione transferase, thioredoxin and
peroxiredoxins. These antioxidants need NADPH as a reducing equivalent (Birben
et al. 2012).
2.3.2 The physiological role of ROS
ROS have normal functions in physiological context. In addition to using ROS to
combat infectious agents, they take part in cell signalling. At low concentrations
ROS induce gene transcription, mitogenic response and differentiation. The
mechanism is supposed to be the change in the protein conformation of
phosphorserine/threonine-, phosphotyrosine- and phospholipid-phosphatases after
interaction with their sulphydryl groups on their cystein residues. This leads to the
upregulation of multiple signalling cascades such as growth factor kinase-, MAPKand PI3-kinase dependent signalling pathways. Furthermore, transcription factors
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such as c-Jun, Activator protein-1 (AP-1) and NF-κB are oxidation sensitive (Valko
et al. 2006).
It is noted that exogenously added H2O2 can mimic growth factor activity and
cause cell proliferation and the other way round, growth factors can stimulate the
endogenous production of H2O2 (Forman et al. 2010). Because O2●- is efficiently
reduced within a cell by abundant SOD enzymes, and ●OH reacts readily with any
given organic molecule (and thus lacks specificity), they are not considered as
second messengers (Forman et al. 2010). However, H2O2 is considered as a second
messenger since it has a local effect which can be adjusted by peroxide-removing
enzymes (floodgate hypothesis), and reacts specifically with oxidation prone
cysteine residues of proteins (Forman et al. 2010). Possibly due to the slow rate of
Prx, reactivation by sulfiredoxin (Srx) is a built-in mechanism that allows sufficient
time for H2O2 to accumulate and to propagate its signal (Jeong et al. 2012).
2.3.3 The role of ROS in melanoma carcinogenesis
ROS can be a pivotal player in the initiation, promotion and progression of
melanoma. The mildly hypoxic microenvironment of the skin provides the
landscape for malignant transformation of melanocytes. This constant hypoxia
produces ROS through the deregulation of mitochondrial complex III (Giannoni et
al. 2012). As discussed earlier, UVR also causes ROS production and DNA damage
(Fig. 9). In general, the production of ROS and RNS cause mutagenic insults and
cell death, but in transformed cells, however, these insults do not necessarily drive
the cell to apoptosis but may lead to the accumulation of further genomic alterations
(Wittgen & van Kempen 2007).
High metabolic rate is a hallmark of cancer. Cell proliferation requires high
levels of ATP, which is mainly produced through the aerobic metabolic pathway in
melanoma. This results in increased O2●- production in the mitochondria and
oxidative stress (Fig.9) (Wittgen & van Kempen 2007). In carcinogen-initated cells,
H2O2 and O2●- can stimulate cell growth, and the need of growth factors is smaller,
because ROS lower the activation threshold and trans-activate receptor tyrosine
kinases. This could explain the oxidant activation of MAPK, Jun, Fos and Myc
(Giannoni et al. 2012).
The antioxidant status of melanoma is different from other skin cancers. The
levels of CAT, Mn-SOD, Cu, Zn-SOD and GSH are shown to be elevated in
melanoma, whereas SCC shows equal levels of these enzymes compared to normal
skin. The ratio of GSH/GSSH is increased in melanoma compared to other skin
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cancers, thus ROS is scavenged efficiently by GSH in melanoma (Wittgen & van
Kempen 2007).
The fundamental role of melanocytes is to produce melanin to protect the
epidermal structures from UVR, and the biosynthesis of melanin in melanocytes is
triggered by UV irradiation. Melanin traps oxygen radicals upon exposure to UV
light and its biosynthesis is a potent anti-oxidant defence mechanism for
melanocytes (Wood et al. 1999). However, melanin formation can be a source of
ROS (Fig.9). Melanin formation encompasses reactive precursors, and the
formation of phaeomelanin consumes cysteine supplies that are also needed for
GSH molecule, thus GSH storages deplete and build up oxidative stress (Wittgen
& van Kempen 2007).
A large amount of iron is observed in melanoma but not in normal melanocytic
cells. Binding of Fe (II) to melanin promotes melanin oxidation, and oxidized
melanin can react with O2 to form H2O2, O2●- and other radicals. However,
metastatic melanoma presents higher levels of ferritin compared to primary
melanomas. Ferritin binds to iron, preventing radical formation via Fenton’s
reaction, and this helps melanoma cells to avoid oxidative stress induced apoptosis
(Wittgen & van Kempen 2007).
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Fig. 9. Sources of ROS in melanoma.

2.3.4 Oxidative lesions 8-OHdG and nitrotyrosine
8-OHdG is an oxidative damage lesion in DNA caused by ●OH, which reacts with
guanine. Oxidized guanine lesions are mutagenic and carcinogenic. Their
frequency is one in 105 guanidine residues in normal cells but ionizing radiation,
carcinogenic and exogenous sources of ROS increase this frequency by 35-50%
(Valko et al. 2006). 8-OHdG is repaired primarily by single nucleotide base
excision repair as 8-oxoguanine glycosylase (OGG1) and mutY glycosylase
homologue in the base excision repair pathway excise 8-oxoguanine lesions. In
cumulative oxidative stress, mechanisms are inefficient and mutations accumulate;
Ras and p53 are known to harbor this type of mutations (Ziech et al. 2011).
Nitrotyrosine is an end-product of ONOO- metabolism. It is a stable and
detectable indicator of NO•-derived oxidative stress. NO● is synthesized by
inducible nitric oxide synthase (iNOS) in inflammatory stimuli and functions as a
lipophilic second messenger in many physiological functions. NO● rarely reacts
with macromolecules but when it reacts with O2●-, ONOO- is formed, which is a
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highly reactive compound causing lipid peroxidation, DNA damage and nitration
of tyrosine residues of proteins (Karihtala & Soini 2007).
2.3.5 Role of Nrf2 in regulation of redox balance
Transcription factor nuclear factor erythroid-2-related factor 2 (Nrf2) belongs to a
small family of CNC-bZIP (cap ‘n’ collar basic leucine zipper) proteins together
with Nrf1, Nrf3, NF-E2, Bach-1 and Bach-2. Nrf2 drives ROS detoxification
through the induction of antioxidative enzymes such as glutathione S-reductase,
hemi oxygenase, peroxiredoxins, SOD and thioredoxin. In addition, Nrf2 induces
many enzymes in phase I, II and III detoxification thus participating in the
elimination of xenobiotics (e.g. pollutants and drugs) (Geismann et al. 2014).
The function of Nrf2 is suppressed by Kelch-like erythroid cell-derived protein
with CNC homology (ECH)-associated protein 1 (Keap1) in homeostatic
conditions. They interact via the low-affinity binding of a DLG and the highaffinity binding of an ETGE motif, and Nrf2 is suppressed when bound via these
motives to a homodimer of Keap1 through the DC domain of either one of the
Keap1 subunits. Interaction leads to polyubiquitination and subsequent
proteasomal degradation of Nrf2 (Geismann et al. 2014). In oxidative and
electrophilic stress conditions, Keap1 faces conformational alteration and becomes
inactivated, and newly formed Nrf2 proteins bypass Keap1 regulation and
translocate into the nucleus to exert antioxidant response (Kansanen et al. 2013).
For Nrf2 to translocate into the nucleus, some posttranslational modifications
are made. Nrf2 heterodimerizes with bZIP proteins, such as c-Jun, or with Maf
proteins, three of which (Maf-F, -G and -K) are essential for Nrf2 to bind to
ARE/EpRE motif. Nrf2 activation and Maf-interaction is controlled by
extracellular signal-regulated kinase (ERK), JNK, PI3K/Akt. Bach-1 and Bach-2
function as transcriptional repressor of Nrf2 (Geismann et al. 2014).
Associations of Nrf2 with other signalling cascades
In physiological conditions, transient activation of Nrf2 is protecting cells from
cancer formation (Jaramillo & Zhang 2013). The role of Nrf2 as an antitumorigenic
factor can be attributed to its link with the p53-p21 axis. In mild oxidative stress,
p53 can transcriptionally activate p21 with subsequent cell cycle arrest, DNA
damage repair or senescence. In turn, p21 protein can bind to Nrf2 via DLG motif
to increase Nrf2 stability (Keum & Choi 2014).
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In addition to the role of Nrf2 in oxidative stress-induced damage control in
both physiological and pathological conditions, Nrf2 seems to have an influence on
DNA damage repair via the homologous recombination repair pathway by
posttranscriptional regulation of RAD51 family proteins, shown at least in
malignant setting in an in vitro study (Jayakumar et al. 2015).
Two studies have shown some evidence also of the role of Nrf2 in hypoxia
response, studying colon cancer and glioblastoma cell lines (Ji et al. 2014, Kim et
al. 2011). In both of these studies, the results support that Nrf2 inhibition suppresses
the hypoxia inducible factor-1α (HIF-1α) accumulation in hypoxia, limiting the
expression of vascular endothelial growth factor (VEGF) and hindering
angiogenesis. A stress response molecule heme oxygenase (HO-1) is under
regulatory control of both Nrf2 and HIF-1α, but the former seems to largely
influence the basal level of HO-1. In Nrf2 knockdown cells the level of HIF-1α is
increased compared to Nrf2 efficient cells but its half life is shortened, which is
possibly due to higher prolyl hydroxylase activity. This is probably maintained by
inhibited mitochondrial function due to Nrf2 inhibition. A proposed mechanism for
mitochondrial dysfunction is the reduced activity of HO-1 in Nrf2-inhibited cells
(Kim et al. 2011).
Activation of Nrf2 in cancer
Somatic mutations can occur in KEAP1, CUL3 or Nrf2 genes. Nrf2-mutations are
gain-of-function mutations usually affecting the ETGE and DLG motifs leading to
weakened interaction of Keap1 (Jaramillo & Zhang 2013), but Nrf2 mutations
appear to be rather infrequent, 2 out of 29, in a study of non-small cell lung cancer
(Solis LM et al. 2010). No genomic amplifications or deletions of Nrf2 in cancer
have been noted thus far (Jaramillo & Zhang 2013).
Inactivating Keap1 mutations also occur. Their frequency was 1 out of 31 cases
in the study of non-small cell lung cancer (Solis LM et al. 2010), therefore
epigenetic aberrations must be more relevant than Keap1 inactivating mutations.
The silencing of Keap1 occurs by hypermethylation of the Keap1 promoter leading
to reduced Keap1 expression. Succination of Keap1 cysteine residues leads to
disruption of Nrf2 and Keap1 interaction. Furthermore, an accumulation of p62 and
p21 increases Nrf2 activity since p62 binds to Keap1 binding pocket, and p21
competes with Keap1 in DLG motif binding (Kansanen et al. 2013).
Oncogenes, such as HRAS, KRAS, BRAF and c-MYC can also activate Nrf2.
Some oncogens, such as KRAS or PI3K/Akt, are assisted by Nrf2 to induce a
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transformed phenotype, and some are Nrf2-dependently modulated to favour
malignant transformation, such as the ubiquitin/proteasome pathway and metabolic
pathways. Also tumour suppressor genes are cooperating with Nrf2; the loss of
PTEN can lead to enhanced Nrf2 activation (Geismann et al. 2014).
2.3.6 DJ-1 as a multifunctional protein
DJ-1, also known as PARK-7 from Parkinson’s disease research, is a
multifunctional oxidative stress protein with three cysteine residues, of which
Cys106 is highly conserved. Cys106 is identified as a target of oxidative
modification, and by oxidizing this cystein residue DJ-1 is capable of scavenging
ROS albeit without the capability of turnover. It is localized mainly in cell cytosol,
and to some extent in the nucleus, but oxidative stress is shown to enhance
mitochondrial localization of DJ-1. The functions of DJ-1 are, for example, a redoxregulated chaperone, a RNA binding protein, transcriptional coactivator and a
cysteine protease (Cao et al. 2015, Wilson 2011). The importance of DJ-1 in
mitochondrial cytoprotection is shown in a study which explains that UVB
irradiation of lung cancer cells leads to the binding of DJ-1 to mitochondrial
transmembrane protein Bcl-X(L), stabilizing it and finally avoiding apoptosis (Ren
H et al. 2011).
2.3.7 Role of peroxiredoxins and sulfiredoxin
There are six currently known peroxiredoxin isoforms (Prx I–VI) in mammals. The
main role of Prxs is to reduce H2O2 and alkyl hydroperoxides to corresponding
alcohol and water. The so-called typical 2-Cys peroxiredoxins I–IV have two
cysteines at their reactive site, and when peroxide is reduced, the enzyme is
oxidized and forms intermolecular disulfide bond. In addition to scavenging ROS
these enzymes also have a regulatory role in cell signalling. When the catalytic
units of Prxs are hyperoxidized and the pool of these enzymes are exhausted, the
remaining free H2O2 functions as a signalling molecule. The concept called
floodgate hypothesis refers to the role of Prxs as regulators of H2O2 signalling
(Karihtala & Soini 2007). The hyperoxidation of Prxs after ROS scavenging
facilitates proteasome-mediated protein degradation, but hyperoxidized Prxs can
be reactivated by interaction with 2-Cys specific Srx (Fig. 10).
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Fig. 10. Srx reduces hyperoxidized Prx I-IV in mammalian cell, restoring Prx function.
Figure adapted from Jeong et al. 2012.

Prx I is the most ubiquitously expressed Prx having wide sublocalization within the
cell; it is expressed in the nucleus and cytoplasm, mitochondria matrix and
peroxisomes. Highlighting its importance, Prx I has also wide tissue distribution.
Prx I gene expression is regulated by Nrf2 but also via AP-1 dependent mechanism.
Also, post-translational mechanism occurs by cyclin-dependent kinase 2, redoxdependent oligomerization, proteolysis and ligand binding (Immenschuh &
Baumgart-Vogt 2005). Prx I is considered to be a tumour suppressor. This notion is
supported by the fact that Prx I-/- mice had elevated ROS levels in erythrocytes, cMyc activation and ras-transformation. The loss of Prx I resulted in spontaneous
cancer formation (Wei et al. 2008). However, Prx I serves a selection advantage in
tumour cells by detoxifying damaging levels of ROS produced by
chemotherapeutic agents, and therefore, it possibly conveys treatment resistance to
oncologic therapies (Poschmann et al. 2015).
Prx II is another pivotal cellular enzyme in the nucleus and cytoplasm. In
contrast to Prx I, Prx II-deficient mice did not produce phenotype related
tumorigenesis in knock-out studies (Lee et al. 2011). In different cancers, PRX II
can be up or downregulated (Mishra et al. 2015), and Prx II is also associated to
chemoresistance, as in vitro studies have shown upregulated Prx II levels in
treatment resistant breast cancer, head and neck cancer and glioma cells. Inhibiting
Prx II levels by siRNA leads to a significant reduction in cell proliferation and
radioresistance in glioma and breast cancer cells (Wang et al. 2014). Prxs I and II
also function as molecular chaperones to enhance resistance to heat shock and
oxidative stress in yeast and mammals (Wei et al. 2008)
Prx III is located mainly in the mitochondria where it prefers to scavenge H2O2
(Song et al. 2011). Prx III acts as a major mediator of c-Myc in cell transformation,
tumor progression and apoptosis, and cancerous cells contain high levels of Prx III
(Mishra et al. 2015). Prx IV resides in the endoplasmic reticulum and can also be
in a secretory form, and it functions as a chaperone for oxidation sensitive folding
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of proteins in addition to its antioxidant function (Mishra et al. 2015). It supports
the RAS-RAF-MEK pathway, along with Srx, by enhancing intracellular
phosphokinase signalling (Mishra et al. 2015).
Srx is an enzyme that reduces the hyperoxidized cysteine-sulfinic acid of the
cysteine residue of peroxiredoxins I-IV. This interaction is required for restoring
the peroxidase function of Prxs. In addition, Srx is able to deglutathionylate Prxs
(at least Prx I) to restore their chaperone function. The expression of Srx is
regulated by Nrf2 and AP1. Therefore, redox signalling can be considered as the
major regulatory factor in Srx expression (Jeong et al. 2012).
In conclusion, the process of carcinogenesis is accelerated by oxidative stress
that accumulates from many different sources. The expression of oxidative lesion
8-OHdG is reported to be increased in many cancers and high 8-OHdG levels
associate with poor prognosis in oesophageal, ovarian and colorectal carcinoma
(He et al. 2014, Karihtala et al. 2009, Sheridan et al. 2009). In contrast, the
prognosis is poor in bladder carcinoma and Hodgkin lymphoma when 8-OHdG
expression is low (Bur et al. 2014, Soini et al. 2011).
Despite the abundancy of oxidative stress, cancerous environment is
characterized by a reduced state, and this is explained by the aberrant regulation of
oxidative stress response. The main redox transcription factor Nrf2 is upregulated
in many cancers and associated with poor prognosis, and simultaneously its
negative inhibitor Keap1 is frequently downregulated. In addition to the loss of
negative inhibition, the multifunctional protein DJ-1 can stabilize Nrf2 and could
be the mechanism behind the enhanced function of Nrf2. The expression of DJ-1 is
increased in many cancers and can be considered as an oncogene (Cao et al. 2015).
The expression of Prxs and Srx is vastly depicted in different cancers and many
of them have their own unique pattern of expression and dysregulation. For instance,
Prx 1, 2 and 3 and Srx is upregulated in colorectal carcinoma and Prx 2, 4 and Srx
is upregulated in lung cancer. In turn, oesophageal cancer downregulates Prx 1, 2
and Srx, and pancreatic cancer downregulates Prx 2–4 (Mishra et al. 2015). Also,
survival data are varying, for example, decreased Prx 1 expression in oesophageal
carcinoma is a poor prognostic factor, but increased Prx 1 expression is a poor
prognostic factor in pancreatic cancer and hepatocellular carcinoma (Cai et al. 2015,
Hoshino et al. 2007, Sun et al. 2014).
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2.4

Cell adhesions, EMT and tumour microenvironment

2.4.1 Cell adhesion
Epithelium forms a structure to protect the organism, our body, from the outside
world and its threats. Epithelial cells are polarized so that they form a sheet of tissue
with particular orientation. Its apical side is faced outside (or the luminal space)
and a basal side is in contact with basement membrane. To form this polarity, an
asymmetric distribution of adhesions is necessary. Cell-to-cell adhesions are
mainly composed of adherens junctions (AJs), desmosomes and tight junctions
(TJs). AJs are based on cadherins, which link F-actin cytoskeleton to the plasma
membrane. Desmosomes are also cadherin-based structures. AJs sense tension and
desmosomes provide the mechanical strength of epidermis. TJs are not cadherinbased structures, but are formed by different claudins and occluding. Unlike
occludin, claudins are necessary for tight junction formation (Sumigray & Lechler
2015).
Tight junction and claudins
Apical junctional complex is composed of TJs and AJs. TJs are the most apical
intercellular junctions in epithelial cells and include occluding, claudins and
junctional adhesion molecules (JAMs). Above this structure there is the adherens
junction composed of nectin and E-cadherin (Fig. 11) (Coradini et al. 2011).

Fig. 11. A sketch of an apical junctional complex between two epithelial cells, and the
distribution of tight junction proteins, occludin, claudins and JAMs in epidermis, figure
adapted from Coradini et al. 2011.

A pivotal role of TJs is the “gate” function. It refers to the TJs’ role of regulating
the paracellular passage of ions, water, various macromolecules and even cancer
cells (Fig. 12) (Ding et al. 2013). TJ structure is also critical for the polarized
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location of ion channels, receptors, and enzymes to the cellular membrane domains.
The “fence” formed by TJs’ restricts free floating of the mentioned structures in the
plasma membrane (Fig. 12) (Coradini et al. 2011). Epithelial barrier function is
distorted in the early process of neoplasia. This can lead to free passage of solutes
across epithelial barriers, a phenomenon called lesional leak. This enables, for
example, the free diffusion of growth factors to exposed growth factor receptors.
By this way, a leaky barrier can drive a pre-neoplastic tissue into carcinoma (Singh
et al. 2010).

Fig. 12. A sketch depicting the gate and fence function of tight junctions, figure adapted
from Coradini et al. 2011.

Claudin structure encompasses two extracellular loops where the first one is
regulating the paracellular ion selectivity (Singh et al. 2010). Therefore, claudins
are pivotal proteins in regulating TJ permeability. In addition, the carboxyl
intracellular tail encompasses motifs to link with zonula occludens proteins,
PALS1-associated tight junction protein and multi-PDZ domain protein 1. These
interactions link TJs internally to tumour suppressors, transcription factors and
proliferation (Singh et al. 2010).
In healthy epidermis, claudin 1 and 7 are expressed in all layers, claudins 3 and
4 in stratum granulosum, whereas claudin 5 is not expressed at all. Claudins are not
simply downregulated in cancer even if tight junctions might be compromised in
tumorigenesis. The varying expression of different claudins may cause
dysregulation of TJ function leading to the loss of polarized morphology and
leakiness. For instance, upregulation of claudin 2 causes increase in epithelial
permeability. Furthermore, increased claudin expression can contribute neoplastic
progression as claudins 1 and 4 are upregulated during metastasis (Coradini et al.
2011, Kirschner et al. 2010).
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Cell adhesions in melanocytes
In physiological conditions melanocytes are controlled by surrounding
keratinocytes through growth factors and adhesion molecules. Keratinocytes are
capable of regulating the genetic and phenotypic profiles of melanocytes via Ecadherin, for example. Keratinocytes have a homotypic E-cadherin binding with
melanocytes and together they form the epidermal melanin unit (Nys et al. 2011).
E-cadherin links to the cytoskeleton of the melanocyte through β-catenin
containing protein complexes, and this downregulates β-catenin-mediated
induction of the growth-regulatory and survival genes c-Myc, cyclin D1 and MITF
(Villanueva & Herlyn 2008). E-cadherin inhibits also the motility and proliferation
of melanocytes. In malignant transformation, melanocytes escape from the contact
inhibition of keratinocytes by downregulating cell adhesion molecules E-cadherin,
P-cadherin, desmoglein and connexins. There is no deletion, mutation nor
methylation of E-cadherin gene in melanoma, as repression occurs mainly via Ebox-binding EMT transcription factors SNAI1, SNAI2 (Slug), Twist1, Zeb1 and
Zeb2. Upregulation of N-cadherin, in turn, enables melanoma cells to interact with
other N-cadherin expressing cells such as fibroblasts and endothelial cells (Wels et
al. 2011).
Whereas cadherins are relatively well studied in melanoma, the role of claudin,
the tight junction protein in melanoma is still unclear. In vitro data show that
melanoma cells express claudins 1, 12, 14 and 15. Especially claudin 12 was
expressed in cell-to-cell borders of pigmented cells (Morita et al. 2008). Although
claudin 1 is known to be strongly expressed in physiological conditions (Kirschner
et al. 2010), the expression of claudin 1 is absent in benign nevi. Instead, claudin 1
is expressed in the nuclei of nevi cells, which persists in malignant samples with
additional cytoplasmic expression. Cytoplasmic claudin 1 expression is associated
with highly metastatic cells (Leotlela et al. 2007).
Integrins mediate cell adhesion to the extracellular matrix and link these
interactions to intracellular actin cytoskeleton and other intracellular proteins. So,
the changes in integrin expression enable melanoma cells to dissociate from the
primary lesion site, alter cytoskeleton and migrate. There are different subfamilies
of integrins, and the beta3 subfamily is associated with tumorigenicity of melanoma.
Integrins are dependent on intracellular kinases and other adaptor molecules, and
through these interactions, integrins activate MAPK, PI3K and NF-kB. On the
other hand, intracellular signalling molecules induce conformational changes in
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integrins and alter their affinity to extracellular matrix ligands (Kuphal et al. 2005,
Villanueva & Herlyn 2008).
Melanoma cells need proteolytic enzymes for invasion. Benign naevi express
only disintegrin and metalloproteinases (ADAMs) whereas already radially
growing melanoma express a large variety of matrix metalloproteinases such as
MMP-14, -15 and -16, to name but a few, and these MMPs have a pro-tumour effect.
In turn, the neutrophil collagenase MMP-8 has an anti-tumour effect in SCC mouse
model, but in melanoma, results show the opposite. The serum levels of MMP-8 in
melanoma patients correlated with ulceration and vascular invasion suggesting that
elevated levels can be related to haematogenous spreading of melanoma (Vihinen
et al. 2008). Other important metalloproteinases are MMP-13 expressed in the
stroma that is pivotal to melanoma invasion and vascularisation (Frank et al. 2012)
and MMP-2, which is a factor of poor prognosis in melanoma patients (Rotte et al.
2012).
2.4.2 Tumour microenvironment
Cell survival mechanisms are efficient in melanocytic cells due to their nonregenerative nature (Bedogni & Powell 2009). It is noted that melanoma cells are
extremely resistant to oxidative stress possibly due to their physiologically hypoxic
conditions of melanocytes in the dermo- epidermal junction with constant exposure
to UV radiation and ROS from melanin synthesis (Wittgen & van Kempen 2007).
Cancer microenvironment is composed of inflammatory and immune cells,
endothelial cells, cell-to-cell interactions, which are discussed earlier, extracellular
matrix and soluble factors with oxygen and nutritional gradients. In addtition to
these tumour-stroma-interactions, the microenvironment is characterized by
hypoxia, acidity, metabolic reprogramming, oxidative stress, inflammatory
cytokines and resistance to antineoplastic drugs (Lindsey & Langhans 2014)
Adjacent cell populations
The tumour microenvironment populating cells are an extrinsic source of oxidative
stress. This population consists of carcinoma-associated macrophages (CAMs),
carcinoma-associated fibroblasts (CAFs), endothelial precursor cells and pericytes
(Giannoni et al. 2012).
CAFs originate from the surrounding fibroblasts, from circulating
mesenchymal stem cells or from adjacent normal epithelial cells, or possibly even
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from the cancerous tissue (Taddei et al. 2013). The degree of stromal infiltration
with melanoma varies (Paraiso & Smalley 2013). Melanoma cells secrete growth
factors such as the transforming growth factor-β (TGF-β) to activate fibroblasts.
TGF-β initiates the ROS-dependent differentiation of fibroblasts to myofibroblasts
or CAFs, a phenomenon called mesenchymal-mesenchymal transition (MMT).
Hypoxia and CAFs have synergistic effect on melanoma invasiveness (Comito et
al. 2012).
CAFs are recruited also by CAMs via macrophage NADPH oxidase 2 and
iNOS. Subsequently, CAFs promote further CAM recruitment. CAMs produce
ROS and RNS, and they secrete proinflammatory cytokines, resulting in the
activation of NF-κB signalling, Snail stabilization and EMT induction in malignant
cells (Giannoni et al. 2012, Wu & Zhou 2009). In addition, lymphocytes, from the
adaptive immune system, are an important part of the tumour landscape. Tumour
infiltrating lymphocytes (TIL’s) in primary lesions offers a practical tool in the
assessment of melanoma metastasizing potential (Donizy et al. 2015).
Finally, endothelial progenitor cells are recruited from the bone marrow with
the help of secreted VEGF from the tumour to form new blood vessels. Pericytes
seen within a tumour are morphologically and physiologically different from their
counterparts in normal blood vessels and are called tumour associated pericytes
(Taddei et al. 2013).
Hypoxia and oxidative stress
Hypoxia is known to be an independent prognostic factor favouring worse
outcomes in many cancers and also in melanoma (Bedogni & Powell 2009).
Hypoxia in the tumour microenvironment leads to glycolytic metabolism, a
motogenic program, the activation of survival pathways to stressful conditions, and
the secretion of soluble growth factors stimulating de novo angiogenesis. Acidity
is increased in extracellular space and intracellular pH is increased. This is caused
by hypoxia and the favouring of the glycolytic pathway that leads to lactic acid
production. Also, the poor removal of carbon dioxide builds up acidity (Taddei et
al. 2013). Although cancerous cells acquire antioxidant defence mechanisms
against oxidative stress, ROS levels remain higher than that in normal cells.
Hypoxia triggers oxidative stress via ROS generation from the ubiquinone cycle of
complex III from the mitochondria, and this consequently stabilises HIF-1α
(Fiaschi & Chiarugi 2012).
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2.4.3 EMT
Epithelial-to-mesenchymal transition is a process in embryonal development where
cells need to migrate and dedifferentiate to form appropriate tissues. As an example,
in the melanocyte development, SNAI2 (Slug) is a neural crest lineage marker that
is required to initiate neural crest migration. Its expression is lost when melanocytes
have reached their final destination in the embryo (Uong & Zon 2010). EMT is
needed for tissue repair but it also participates in skin neoplasms. A hallmark of
nearly all carcinomas is the loss of epithelial morphology and the acquisition of
mesenchymal phenotype with spindle cell shape and motility (Nakamura & Tokura
2011).
EMT in the skin is induced by TGF-β, epidermal growth factor (EGF) and Wntβ-catenin signalling, leading to the upregulation of transcription factors SNAI1,
Slug and Twist. This further leads to the loss of cell-to-cell interaction by
downregulating E-cadherin and upregulating N-cadherin. The downregulation of
E-cadherin causes further changes in the organization of desmosomal proteins, tight
junction proteins. In addition, mesenchymal markers vimentin and fibronectin
become upregulated, and extracellular MMPs and actin cytoskeleton
reorganization is exploited during invasion and metastasis (Coradini et al. 2011,
Nakamura & Tokura 2011).
The expression of claudins is altered during EMT. Wnt-signalling is essential
for the differentiation of epithelial cells and imbalanced during oncogenic
transformation. Activation of Wnt-pathway during carcinogenesis leads to the
stabilization of β-catenin, and β-catenin signalling regulates claudin 1 and 2 genes
CLDN1 and CLDN2. In this way, claudin 1 is downregulated and claudin 2
upregulated during EMT (Singh et al. 2010). Also, other oncogenic signalling
affect claudin expression, and one such is constitutive activation of Ras that has a
major role in neoplastic transformation. Ras might downregulate the membranous
expression of TJ structures claudin 1, occluding and ZO-1 (Singh et al. 2010).
Claudin expression is connected also to MMPs. Claudins 1, 2, 3 and 5 promotes
the activation of pro-MMP-2 (type IV collagenase), and claudin 1 overexpression
promotes the activity of MMP-2 and MMP-9 in colon cancer cells (Singh et al.
2010). Taken together, the loss of cell-to-cell contact by dysregulation of TJ
components is a crucial part of EMT and is initiated by aberrant oncogenic
signalling, and furthermore, dysregulation of claudins affect the remodelling of the
matrix.
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Accumulating evidence points to ROS having a major impact on the EMT
process. There is a significant increase of intracellular ROS upon TGF-β
stimulation, and this leads to MAPK activation, α-SMA expression, vimentin
upregulation and E-cadherin downregulation. TGF-β stimulation causes the
increase of intracellular labile iron pool, which is supposed to be the source of ROS
in the TGF-β induced EMT (Giannoni et al. 2012). ROS is a stabilizing factor of
HIF-1α in melanocytes, and HIF-1α in turn is known to directly regulate Twist
expression (Giannoni et al. 2012, Nys et al. 2011, Widmer et al. 2013). Phenotype
switching between two distinct expression profiles from proliferative Zeb2/Slug to
more invasive Zeb1/Twist is partly driven by hypoxia (Vandamme & Berx 2014).
In addition to EMT, Mesenchymal-to-amoeboid transition (MAT) is also a
form of motility shift in different surrounding matrix (Friedl & Wolf 2010), and
melanoma cells are known to be able to easily shift between mesenchymal and
amoeboid motility. MAT in melanoma is associated with stem-cell like features in
melanoma cells (Taddei et al. 2014).
The metastatic niche
Primary tumours are far better characterized than the metastatic environment. Some
characteristic mechanisms describe the development of the metastatic
microenvironment: bone marrow derived cells to generate the pre-metastatic niche,
tumour-derived secreted microvesicles and exosomes, the evasion from immune
cell detection and the selection of specific phenotype of malignant cells suitable for
metastatic locations (Peinado et al. 2011). Peinado et al. described the exosomes
secreted by melanoma cells. These exosomes increased the metastatic behaviour of
primary tumour by educating bone marrow progenitors, increased vessel leakiness
and reprogrammed bone marrow progenitors toward pro-vasculogenic phenotype.
Exosomes were detected from blood samples and have diagnostic and prognostic
value (Peinado et al. 2012).
2.5

Modulation of oxidative stress

Antioxidants have long been a focus of anticancer studies. Their objective is to
follow the idea of inhibiting the mutagenesis caused by reactive oxygen species.
Results in this field are mutually contradictory as both cancer preventive and cancer
promoting effects of for example vitamins E, A and selenium have been observed
(Gorrini et al. 2013).
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Induction of oxidative stress in cancerous cells is a putative approach of
anticancer therapies. Production of high ROS levels is a direct or indirect effect of
many chemotherapeutic agents. In addition to the cytotoxic effect of methylation,
dacarbazine also produces harmful amounts of ROS contributing to cell lysis
(Pourahmad J et al. 2009). Taxanes are known to promote the release of cytochrome
c from the mitochondria to induce cell death, and this also generates a lot of O2•radicals from the electron transport chain. Furthermore, platinums and
anthracyclines interfere with mitochondrial functions, which results in O2•production. Generated radicals insult the integrity of nucleic acids and therefore the
combination of conventional chemotherapy and poly-ADP-ribose polymerase
(PARP)-inhibitors are assessed in multiple Phase I-III study. PARP is an enzyme
that is part of DNA maintenance in the base excision repair pathway (Gorrini et al.
2013), and combining this inhibition to ROS inducing chemotherapy is thought to
have an additive effect. Another traditional oncological treatment modality,
ionizing radiation is also based on the induction of ROS and the damage caused.
Other strategies to manipulate redox balance are emerging. Targeting aberrant
proteasome function causes oxidative stress, an example of such agent is
bortezomib, which is used in mantle cell lymphoma. Bortezomib also induces
endoplasmic reticulum (ER) stress that is another strategy to manipulate ROS
balance. Also, targeting GSH metabolism, thioredoxin metabolism, GSH
metabolism and glucose metabolism offer new drugs to induce oxidative stress
damage (Gorrini et al. 2013).
As Nrf2 induces a vast amount of antioxidants and detoxifying molecules, it is
proposed that Nrf2 inhibition could improve the chemosensitivity of cancerous
tissue (Suzuki et al. 2013). In addition, Nrf2 having also protein level regulation of
HIF-1α, inhibiting Nrf2 would provide a mechanism to hinder angiogenesis (Kim
et al. 2011). The problem, however, is how to target only malignant tissue and not
the normal structures, since Nrf2 has a pivotal role in physiological functions.
2.6

The study of novel prognostic and predictive markers

Prognostic factors can be sub-divided into three gategories; tumour-related
prognostic factors, host-related factors and environment-related prognostic factors.
A fundamental tumor-related prognostic factor is the American Joint Committee on
Cancer TNM classification. It describes the anatomic disease extent in the organ
and system level. Also, surrogate markers such as prostate specific antigen and
alpha feto protein are tumor-related prognostic factors used to measure the disease
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extent in prostate adenocarcinoma and in testicular cancers or in hepatocellular
carcinomas, respectively. Host-related factors are for example patient age, gender,
comorbidity and performance status. Environmental factors are external to the
patient, such as choice of treatment and access to care (Gospodarowicz M &
O'Sullivan B 2003).
The uses of prognostic factors are versatile. Prognostic factors can help
researchers to design future studies, to identify subgroups of patients with poor and
better outcomes for therapy interventions and strategies, to name but a few. They
can help patient care in diagnostics and therapy plan. They are useful also in
assessing the impact of screening programs, explaining variation in treatment
outcome and in many others in the population-based scale (Gospodarowicz M &
O'Sullivan B 2003).
Predictive biomarkers are used to predict a response to a given treatment and
they guide treatment selection if they are available before the treatment (Mahoney
& Atkins 2014). There are very few predictive molecular markers for melanoma to
guide the choice for treatment but since there is emerging treatment options for
melanoma, predictive markers are sought. At this moment, it is not known who
benefits from immunotherapies and who does not. Baseline serum LDH was the
strongest predictive factor for overall survival (OS) and long-term benefit
of ipilimumab treatment was unlikely with high baseline serum LDH (Kelderman
et al. 2014) In retrospective analyses, also IL-2 response has been associated with
normal serum LDH levels and with tumour containing mutations in BRAF or
NRAS (Mahoney & Atkins 2014). Markers of lymphocyte infiltrations of the
tumour microenvironment and of tumour cells are under investigations, including
for example PD-1 ligand (PD-L1) (Teixido et al. 2015).
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3

Aim of the study

Melanoma has only a limited amount of prognostic markers used in a clinical
setting. Studying melanoma microenvironment might offer new insights into
assessing patient’s prognosis and directing treatment choices based on molecular
changes in surrounding structures. Understanding oxidative stress as a pivotal
phenomenon in carcinogenesis might offer means to manipulate cancer cell
sensitivity to existing oncological treatment. The present work focused on the
characterization of oxidative stress markers and epithelial-to-mesenchymal
markers and their prognostic significance in primary and metastatic melanoma. In
addition, tight junction protein claudin was studied in squamocellular carcinoma
and precursor lesions. The specific aims were:
1.
2.

3.

4.

To characterize the expression of claudins 1, 2, 3, 4, 5 and 7 in squamocellular
carcinoma and preneoplastic lesions of the skin.
To characterize the expression of peroxiredoxins I, II, III and IV, Srx and DJ-1
in melanoma and benign lesion of the skin, and to evaluate the prognostic
significance of their expression in melanoma.
To characterize the expression of Nrf2, Keap1 and oxidative stress lesions 8OHdG and nitrotyrosine in primary melanoma. This study also investigated the
association of BRAF expression to oxidative stress markers and their
prognostic significance. Additionally, this study measured the protein
expression of Nrf2 in four melanoma cell lines and the impact of MAPKinhibition on the level of Nrf2, and the cytotoxicity of simultaneous H2O2 and
MAPK inhibitor treatment.
To characterize oxidative stress markers and epithelial-to-mesenchymal
markers Slug, Zeb1 and Twist in metastatic melanoma, and to assess their
prognostic significance in primary melanoma. Additionally, this study
analyzed the association between oxidative stress markers and epithelial-tomesenchymal markers.
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4

Materials and methods

4.1

Melanoma study cohort (II-IV)

The study included 124 patient samples collected from the paraffin block archives
stored at the Department of Pathology of Oulu University Hospital from 1999 until
2011. All samples were fixed in neutral buffered formalin and embedded in paraffin.
The series consisted of 36 nevi and 66 patient cases with primary lesion including
22 cases with metastases (Table 6) Diagnoses were made according to the current
WHO classification criteria (LeBoit et al. 2006) using melanoma markers in
addition to morphology when necessary.
Table 6. Melanoma study cohort.
Parameter

N

Patients

102

Samples
Bening nevi

23

Dysplastic nevi

13

Malignant primary lesions

66

Without metastasis
Lentigo maligna melanoma

14

Nodular melanoma

12

Superficially spreading melanoma

15

Acral melanoma

3

With studied metastasis
Nodular melanoma

15

Superficially spreading melanoma

2

Acral melanoma

5

Metastatic lesions
Lymph node

20

Dermal metastasis

2

Stage
1

27

2

6

3

11

4

22

Ulceration
Yes

26

No

40
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4.2

Squamocellular carcinoma study cohort (I)

The study material consisted of 93 patient samples (42 solar keratosis, 32
squamocellular carcinomas and as controls, 19 samples of histologically normal
skin sections from resection margins) collected from the paraffin block archives
stored at the Department of Pathology of Oulu University Hospital during 2004 and
2005. The median of patients’ age was 71.0 years (range 31-91 years). Solar keratosis samples included 21 cases of mild, 8 cases of moderate and 13 cases of severe
dysplasia. Squamocellular carcinoma specimens consisted of 18 samples of
histological grade I, 11 samples of grade II and 3 samples of grade III
squamocellular carcinomas. Diagnoses were made according to the current WHO
classification criteria (LeBoit et al. 2006). The age and gender of the patients were
collected from patient records. All samples were fixed in neutral buffered formalin
and embedded in paraffin. The study was approved by the Local Ethics Committee
of the Ostrobothnian Hospital District.
Table 7. Squamocellular carcinoma study cohort.
Parameter

Years

Patients

N
93

Median age
Range

71
31-91

Samples
Control skin

19

Solar keratosis
Mild dysplasia
Moderate dysplasia
Severe dysplasia

21
8
13

Squamocellular carcinoma

4.3

Grade I

18

Grade II

11

Grade III

3

Immunohistochemistry (I-IV)

Immunohistochemistry is a method of detecting and visualizing protein in paraffin
embedded specimen and frozen sections. It is cost effective, easily accessible in
diagnostic and study facilities allowing the visualisation of tumour and adjacent
structures.
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Primary antibodies used in this study were designed for formalin-fixed
paraffin-embedded tissue sections for immunohistochemistry and are summarized
in a table 8. Hematoxylin-eosin staining was performed to all samples. Sections of
3–4 µm thick were deparaffinised and rehydrated in graded alcohol. Sections were
first heated in a microwave oven in citrate 10–15 minutes or tris-EDTA for 10
minutes and then incubated with the primary antibody. Secondary antibody was
used according to the supplier’s instructions for the detection of primary antibody.
The colour was developed by diaminobenzidine (Dako, Denmark), or with the Fast
Red chromogen and the sections were counterstained with haematoxylin and
mounted with Pertex (Leica Microsystems, Germany).
Oxidative stress markers and EMT markers
Immunoreactivities of all used markers were assessed primarily as negative, very
weak, weak, moderate or strong intensity by two investigators (H-R.H. and K-M.H).
Negative control samples were used in all processes and were handled as previously
described but with the primary antibody replaced by serum or phosphate buffered
saline.
BRAF
BRAF was determined as negative or positive in melanocytic cells as previously
described (Thiel et al. 2015).
Claudins
The intensity and quantity of immunoreactivity was assessed as follows. Criteria
of intensity: - no immunostaining present, + weak staining, ++ moderate staining
and +++ strong staining. Criteria of staining quantity of the tumorous areas: expression in 0-5%, + expression in 6-25%, ++ expression in 26-50%, +++ expression in 51-80% and ++++ expression in 81-100% of cells. For statistical analyses,
a summary figure of quantitative analysis and intensity of the staining was pooled
into two categories, weak or no intensity (less than six pluses) and moderate-tostrong intensity (with more than six pluses).
Negative controls were handled as previously described but with the primary
antibody replaced by serum or PBS. Normal skin present in sections served as a
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positive internal control since some claudins decorated non-tumorous skin, adnexal
structures and blood vessels.
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SRXN1

II, IV

Claudin I

PRX IV

II, IV

I

PRX III

II, IV

Twist

PRX II

II, IV

IV

PRX I

II, IV

Slug

DJ-1

II, IV

Zeb

VE1

IV

1:100

VE1

BRAFV600E

III

IV

1:2,000

(E-20):sc-15246

Keap1

JAY.8

ab50887

416A7H10

SH021021F

14273-1-AP

LF-PA0009

LF-PA0030

LF-MA0144

LF-PA0095

maDJ-1/E2-29

1:750

1:50

1:100

1:300

1:200

1:750

1:1000

1:3000

1:1000

1:2000

1:1000

1:100

1:200

III, IV

AB5411
(C-20): sc-722

Nitrotyrosine

Nrf2

1:50

Dilution

III

N45.1

8-OHdG

Primary antibody

III, IV

III

molecule

Study Detected

60 min

1 hour

30 min

overnight

overnight

60 min

60 min

overnight

60 min

overnight

Red chromogen)

24 min (The Fast

16 min (DAB)

1 hour

2 hours

overnight

1 hour

incubation time

Primary antibody

kit

Laboratories, Burlingame, CA, USA)

Francisco, CA, USA

Zymed Laboratories Inc. South San

Abcam, Cambridge, UK

USA

GenWay Biotech, Inc., San Diego, CA,

Abnova, Taipei City, Taiwan

Proteintech, Manchester, UK

AbFrontier, Seoul, South Korea

AbFrontier, Seoul, South Korea

AbFrontier, Seoul, South Korea

Dako Envision kit, Denmark

Dako Envision kit, Denmark

Dako Envision kit, Denmark

Dako Envision kit, Denmark

Laboratories, Burlingame, CA, USA)

Vectorin Vectastain Elite (Vector

Invitrogen (Carlsbad, CA, USA)

Invitrogen (Carlsbad, CA, USA)

Invitrogen (Carlsbad, CA, USA)

Invitrogen (Carlsbad, CA, USA)

USA
AbFrontier, Seoul, South Korea

Vectorin Vectastain Elite (Vector

Santa Cruz Biotechnology, Inc. Texas,

Spring Bioscience, Pleasanton, CA

Spring Bioscience, Pleasanton, CA

Biocare goat-on-rodent HRP-polymer

USA

Novolink Polymer Detection kit

Invitrogen (Carlsbad, CA, USA)

Invitrogen (Carlsbad, CA, USA)

Immunostaining method

Santa Cruz Biotechnology, Inc, Texas,

USA

Santa Cruz Biotechnology, Inc, Texas,

Millipore, Darmstadt, Germany

Aging,Fukuroi, Japan

Japan Institute for the Control of

Source of antibody

Table 8. Antibodies used in the studies I-IV with dilutions and immunostaining methods.
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Claudin II

Claudin III

Claudin IV

Claudin V

Claudin VII

I

I

I

I

I

molecule

Study Detected

ZMD.241

4C3C2

3E2C1

Z23.JM

12H12

Primary antibody

1:50

1:50

1:50

1:50

1:50

Dilution

Primary antibody

60 min

60 min

60 min

60 min

60 min

incubation time

Francisco, CA, USA

Zymed Laboratories Inc. South San

Francisco, CA, USA

Zymed Laboratories Inc. South San

Francisco, CA, USA

Zymed Laboratories Inc. South San

Francisco, CA, USA

Zymed Laboratories Inc. South San

Francisco, CA, USA

Zymed Laboratories Inc. South San

Source of antibody

Dako Envision kit, Denmark

Dako Envision kit, Denmark

Dako Envision kit, Denmark

Dako Envision kit, Denmark

Dako Envision kit, Denmark

Immunostaining method

4.4

Statistical analyses (I-IV)

In the statistical evaluation of immunoreactivity intensity groups were pooled into
two categories: 1) negative or very weak and 2) weak, moderate or strong staining.
Statistical analyses were performed by IBM SPSS Statistics 22 (IBM Corporation,
Armonk, NY, USA). The significance of associations was defined using 2-sided
chi-square test and Mann-Whitney test. The Kaplan-Meier curves with log-rank
test were applied in the survival analysis and Cox regression model with ulceration
status and Breslow’s thickness was used in multivariance analysis. McNemar’s test
was used to measure the difference in the expression of a used marker between
primary lesion and metastasis (IV).
Only malignant melanomas were included to the survival analysis and to
analysis against clinicopathological factors. Only deaths to melanoma were
considered as an endpoint in survival analysis. P-values less than 0.05 were
considered significant.
4.5

Cell culture experiments (III)

Cell lines
Cell lines used in this study included COLO-800 (ACC 193) and SK-MEL-1 (ACC
303) with BRAF-mutation, IPC-298 (ACC 251) and SK-MEL-30 (ACC 151) with
NRAS-mutation. Cell lines were ordered from Leibniz-Institut, DSMZ,
Braunschweig, Germany. The cell lines were cultured in RPMI-1640 with 10%
fetal bovine serum and 100 IU/ml penicillin and streptomycin (Pen-Strep solution
HyClone laboratories, Inc. Utah, USA SV30010.01).
COLO-800 cell line was established from a subcutaneous nodule of a 14 year
old male with melanoma, SK-MEL-1 is established from a lymph node melanoma
metastasis of a 29 year old male, SK-MEL-30 is established from a subcutaneous
metastasis of a 67 year old male with melanoma and IPC-298 is established from a
primary melanoma tumour of a 64 year old female.
Inhibitors
The following inhibitors were used: CI-1040 (PD 184352, Alexis Biochemicals,
Lausen, Switzerland) and vemurafenib (V-2800, LC Laboratories, Woburn, MA,
USA). H2O2 was used for oxidative stress modeling. Drug solutions were prepared
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from a 10 mM stock solution before use. H2O2 solution was made from 30% stock
solution (J.T. Baker Chemicals, Avantor, PA, USA) and used in gradual
concentrations 10µM, 33 µM, 100 µM and 333 µM. CI-1040 is a specific smallmolecule drug inhibiting MEK1/MEK2 by blocking ERK phosphorylation and is
known to inhibit growth of many human tumor cell lines. Inhibition of MAPK
activation by CI-1040 prevents cell cycle progression and induces a G1 block. The
dose of CI-1040 was 1 µM in western blot assay and 3.3 µM in cytotoxicity assay.
Vemurafenib is an inhibitor of ERK1/2 in the highly sensitive BRAFV600E/Kmutated cells. The dose of vemurafenib was 1 µM.
Cytotoxicity assay
The cells were trypsinated (Trypsin 0.25% Solution SH30042.01.) and plated onto
96-well plates with three parallel wells for each treatment and the experiments were
replicated at least three times.
Drug treatments were started on the following day, and the plates were developed
72h later using either MTS reagent mix (Promega; Madison, WI) supplemented
with phenazine methosulfate (Sigma-Aldrich, St. Louis, MO) or with CCK-8
reagent (Dojindo, Rockville, MD, USA) for SK-MEL-1 cell line according to
manufacturer’s guidelines. Absorbances were read on a plate reader (Anthos
Reader 2001, Athos Labtec Instruments; Salzburg, Austria) at a wavelength of 490
nm or 450nm (CCK-8). Data was displayed on Microsoft Office Excel 2007.
Western blot analysis
The cells were trypsinated and then plated onto 96-well plates and treated with the
inhibitors 24 hours later for 48 hours, after which they were lysed in RIPA buffer
(1% Igepal CA-630, 20 mM Tris HCl pH 8.0, 137 mM NaCl, 10% glycerol, 2 mM
EDTA, 1 mM sodium orthovanadate, 10 g/mL Aprotinin, 10 g/mL Leupeptin, and
10 g/mL Pepstatin). Protein concentrations were measured using the Bio-Rad
Protein Assay (Bio-Rad; Hercules, CA) and the concentrations in individual
samples were equalized before adding 3x Laemmli buffer to a final concentration
of 1x. Equal amounts of protein were run on 7.5% SDS-PAGE gels, transferred to
PVDF membranes, probed with the antibodies and developed using the ECL
chemiluminescence system (Millipore, Billerica, MA, USA) for detection on
radiographic films, which were scanned to an electronic format. Nrf2 antibody ((C20): sc-722) was used as primary antibody and Anti-rabbit HRP conjugated
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antibody was used as a secondary antibody. B-Actin was used to control total
protein levels.
Imagining instrument
Leica Histology Microscope and Camera. Microphotographs are processed with
Adobe Photoshop and illustrations with Adobe Illustrator and Microsoft Office
Power Point 2007.
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5

Results

5.1

Immunohistochemical staining patterns in the melanoma
cohort

Oxidative stress lesions 8-OHdG and nitrotyrosine
8-OHdG staining detects an adduct in the DNA that is formed by ●OH reacting with
guanine. Nitrotyrosine is an end-product of nitrosative stress that is formed in the
tyrosine residues of proteins. Study III described the immunohistochemical
expression of 8-OHdG and nitrotyrosine on 122 patient samples consisting of 23
benign nevi, 13 dysplastic nevi, 14 lentigo maligna, 15 lentigo maligna melanoma,
29 nodular melanoma, 20 superficially spreading melanoma and 8 acral melanoma
samples.
8-OHdG staining was cytoplasmic and nuclear in all sample compartments
including adjacent adnexal structures. A significant tendency for malignant samples
to be more negative compared to benign nevi was seen in the cytoplasm of
keratinocytes (p = 0.036), fibroblasts (p = 7.3486 x10-8) and endothelial structures
(p = 0.002) (Table 9). Melanocytic cells did not show statistically significant
change in 8-OHdG expression.
Study IV described the immunohistochemical expression of 8-OHdG and
nitrotyrosine observing changes in metastatic melanoma lesions compared to
primary lesions (N=22 including 20 node metastases and 2 dermal metastases). 8OHdG expression in melanoma cells decreased in 11/22 cases (McNemar p = 0.001)
(Table 9).
Nitrotyrosine staining was both cytoplasmic and nuclear being variably present
in all structures. Its expression was more frequently negative in apocrine cells (p =
0.024) and lymphocytes (p = 0.000352) in malignant samples compared to benign
nevi. Nitrotyrosine did not show a statistically significant change in expression in
melanocytic cells in malignant transformation nor metastases.
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↓

Lymphocytes

0.000352

0.024

0.002

Prognostic
significance

↓

0.001

P-value

Cytoplasmic

P-value

Expression from primary to metastatic lesion
Nuclear

and decrease of expression. Report of prognostic significance concerns malignant melanomas.

Report in change of expression is evaluated between two groups, negative to very weak expression and weak to strong expression. Arrows indicate increase

↓

Apocrine cells

Nitrotyrosine

7.348 x10-8

↓
↓

Fibroblasts

P-value

Endothelium

Cytoplasmic

0.036

P-value

Expression from benign to malignant lesion
Nuclear

↓

Keratinocytes

Melanocytic cells

8-OHdG

Oxidative stress lesions

Marker

Table 9. Expression changes in 8-OHdG and nitrotyrosine in melanoma study cohort.

Nrf2
Nrf2 is a major transcription factor that regulates the response to oxidative stress
by inducing many antioxidants and stress related enzymes. Study III described the
immunohistochemical expression of Nrf2 in the series of 122 patient samples
including primary melanomas with benign lesions. Cytoplasmic Nrf2 positivity in
pigment cells associated with malignant phenotype compared to benign nevi (p =
0.008). Nuclear Nrf2 staining in melanocytic cells varied and significant changes
were not observed between benign and malignant samples.
The expression of Nrf2 was investigated also in melanoma metastases in Study
IV. When primary melanomas and metastatic lesions were set against as groups,
nuclear expression of Nrf2 was increased in metastatic lesions (chi-square test p =
0.004) being positive in 65% of metastatic samples (Table 10). Significant trends
of expression changes in melanoma study cohort are depicted in Fig. 13.
Keap1
Keap1 is a negative inhibitor of Nrf2 and their interaction leads to the proteasomal
degradation of Nrf2. Studies III and IV described the immunohistochemical
expression of Keap1. The expression of Keap1 did not change remarkably from
nevi to malignant melanomas. Its expression in the cytoplasm of keratinocytes was
lower (p = 0.031) in malignant samples compared to benign ones (Study III). In
Study IV, cytoplasmic Keap1 expression was decreased in metastatic sites (P =
0.026) being positive in 60% of primary lesions and only 33% in metastatic sites
(Table 10).
DJ-1
DJ-1 is a multifunctional redox-sensitive protein that is able to stabilize Nrf2. Study
II described the immunohistochemical expression of DJ-1 in benign and malignant
primary lesions. Statistically significant changes in the expression of DJ-1 in
melanocytic cells was not seen but a loss of cytoplasmic expression of DJ-1 was
observed in keratinocytes (p = 0.001) and fibroblasts (p = 0.049) when comparing
benign nevi, dysplastic nevi and primary melanomas to each other (Table 10).
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Prognostic

↑

0.004

P-value

↓

Cytoplasmic

0.03

P-value

Expression from primary to metastatic lesion
Nuclear

independency in multivariate analysis

and decrease of expression. Report of prognostic significance concerns malignant melanomas. DSS= Desease specific survival, bolding indicates

Report in change of expression is evaluated between two groups, negative to very weak expression and weak to strong expression. Arrows indicate increase

DSS↑

DSS ↓

significance

DSS↓

0.049

0.001

0.031

0.008

P-value

Lymphocytes

↓

↓

↑

Cytoplasmic

Sweat gland cells

↓

Fibroblasts

P-value

Expression from benign to malignant lesion
Nuclear

Keratinocytes

DJ-1

Keratinocytes

Melanocytic cells

Keap1

Melanocytic cells

Nrf2

Oxidative stress regulators

Marker

Table 10. Expression changes in Nrf2, Keap1 and DJ-1 in melanoma study cohort.

BRAF
A mutation in BRAF gene causes a constant signalling in MAPK-pathway.
BRAFV600E-mutation causes the substitution of valine with glutamate. Study III
described the immunohistochemical expression of BRAFV600E. BRAF staining was
cytoplasmic and mostly covered the whole tumor sample when positive. BRAFpositivity correlated with Breslow (p = 0.023) and associated with vertical growth
(p = 0.002). BRAF-positivity associated with cytoplasmic nitrotyrosine expression
in both endothelium (p = 0.037) and in apocrine cells (p = 0.032). It did not
associate with Nrf2, Keap1 nor 8-OHdG expression.
Unpublished data show that BRAF status remains unaltered in metastatic
lesions (N=22, McNemar p = 1.0). When metastases are included in the analysis
with the primary melanoma lesions, BRAF-positivity associated significantly with
cytoplasmic Prx II expression in malignant melanocytic cells (p = 0.031) (in weak
to strong staining group 79% in BRAF-negative cases versus 95% in BRAFpositive cases). BRAF-positivity associated near-significantly with cytoplasmic
Prx III expression in malignant melanocytic cells (p = 0.059) (in weak to strong
staining group 92% in BRAF-negative cases versus 100% in BRAF-positive cases).
Similarly, BRAF-positivity associated near-significantly with cytoplasmic Keap1
expression in malignant melanocytic cells (p = 0.051) (in weak to strong staining
group 63% in BRAF-negative cases versus 42% in BRAF-positive cases). BRAFpositivity associated significantly with nuclear Zeb1 expression in malignant
melanocytic cells (p = 0.005) (in weak to strong staining group 17% in BRAFnegative cases versus 45% in BRAF-positive cases).
Peroxiredoxin I
Prxs are enzymes that reduce H2O2 and thus function to regulate redox balance.
Studies II and IV described the immunohistochemical expression of Prx I in benign
and dysplastic nevi, primary melanoma and subsequent metastatic lesions. Prx I
was intensely expressed in adjacent normal skin and nevi with a significant loss of
nuclear expression in melanocytic cells (p<0.0005). In addition, decrease was seen
in tumour-adjacent cells; keratinocytes (p< 0.0005), fibroblasts (p = 0.025), sweat
glands (p = 0.027) and endothelial cells (p = 0.011). Cytoplasmic Prx I expression
was reduced in adjacent structures both fibroblasts (p<0.0005) and endothelial cells
(p = 0.020).
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Subsequent loss of expression was seen in melanoma metastases. The loss was
detectable especially in the cytoplasm of melanocytic cells (McNemar’s test p =
0.012) in 10/22 cases. In adjacent lymphocytes, nuclear Prx I expression decreased
in metastastic lesion compared to corresponding primary lesion in 12/22 cases
(McNemar’s test p = 0.003) (Table 11).
Peroxiredoxins II-IV
Studies II and IV described the immunohistochemical expression of Prx II, III and
IV expression (Table 11). Comparing the primary melanomas and metastases,
lymphocytic cytoplasmic Prx II increased in 8/22 cases (McNemar’s test p = 0.039).
Prx II expression in melanocytic cells remained moderate to strong in metastatic
melanoma lesions without significant change.
Prx III expression was mainly moderate to strong staining in melanocytic cells
in primary melanomas. Also, Prx III expression remained moderate to strong in
metastatic melanoma lesions. In metastatic lesions lymphocytic cytoplasmic Prx III
decreased in 8/22 cases (McNemar’s test p = 0.008) compared to primary
melanoma lesion.
Also, Prx VI expression remained moderate to strong in metastatic melanoma
lesions and and lymphocytic cytoplasmic Prx IV decreased in 11/22 cases
(McNemar’s test p = 0.001).
Sulfiredoxin
Srx is an enzyme that is able to restore the reducing capacity of Prxs. Studies II and
IV studied the immunohistochemical expression of Srx. Also, nuclear Srx
expression decreased in 8/22 cases in metastatic site compared to corresponding
primary lesion (McNemar’s test p = 0.039) (Table 11).
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Table 11. Expression changes in Prxs and Srx in melanoma study cohort.

Slug
Slug is an EMT transcription factor that is expressed in migrating melanocytes
during embryonal development and is reactivated in melanoma. Study IV described
the immunohistochemical expression of Slug in melanoma cohort. All malignant
melanocytic cells had strong cytoplasmic expression of Slug. The expression of
nuclear Slug was non-significantly lost more often (p = 0.058) in malignant
melanocytic cells compared to benign lesions. The loss of nuclear Slug was seen
when primary and metastatic lesions were set against as groups (chi-square test p
= 0.0001) (Table 12).
Twist
Twist is another EMT marker involved in embryonic development and upregulated
in cancer invasion and metastasis. Aforementioned melanoma cohort described
also the immunohistochemical expression of Twist. The expression of cytoplasmic
Twist was significantly lower in benign (18% moderate or strong expression)
versus malignant samples (73% moderate or strong expression) (p < 0.0001). Also,
nuclear expression of Twist was non-significantly lower in benign (18% moderate
or strong expression) compared to malignant samples (40% moderate to strong
expression) (p = 0.061).
The loss of cytoplasmic Twist was seen in metastatic lesions when primary
melanomas and metastatic lesions were set against as groups (p = 0.007). In
malignant samples, nuclear Nrf2 associated positively with nuclear expression of
Twist (p = 0.005) and inversely with cytoplasmic expression of Twist (p = 0.009)
(Table 12).
Zeb1
Zeb1 is a transcription factor related to EMT. The expression of Zeb1 was rather
absent and was not significantly altered in benign compared to malignant tumors.
Gain of nuclear Zeb1 expression was seen in metastatic lesions when protein
expressions in primary melanomas and metastatic lesions were compared (p =
0.002) (Table 12). The trends of expression changes of oxidative stress and EMT
markers are summarized in Figure 13.
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Table 12. Expression changes in Slug, Twist and Zeb1 in melanoma study cohort.

Fig. 13. Change in the expression of ROS and EMT markers in melanocytic cells.
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5.2

Associations between clinical parameters and markers

Ulceration
Nuclear endothelial 8-OHdG expression (p = 0.037) and nuclear nitrotyrosine
expression in sweat glands (p = 0.001) or in lymphocytes (p = 0.044) associated
with the presence of ulceration in tumour (Study III). From adjacent structures,
weak to strong cytoplasmic expression of Srx in endothelial structures (p = 0.037)
(Study II), and from EMT markers, nuclear expression of Zeb1 in melanoma cells
associated with ulceration (p = 0.036) (Study IV).
Thickness and invasion
Multiple associations with Breslow’s thickness and Clark’s class were present.
Cytoplasmic 8-OHdG expression in melanoma cells associated with smaller
Breslow’s thickness (p = 0.007) (Fig. 14). Nuclear nitrotyrosine in sweat glands
correlated with deeper Breslow’s thickness (p = 0.014). More intensive
cytoplasmic nitrotyrosine expression in endothelium (p = 0.044) or in apocrine
cells (p = 0.026) associated with Clark III-V (Study III).
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Fig. 14. The expression of 8-OHdG in a primary melanoma lesion. Immunopositivity is
seen in superficial part of the lesion.

Weak to strong nuclear Nrf2 expression in malignant melanocytic cells correlated
positively with deeper Breslow (p<0.0005), associated with vertical growth (p =
0.011) and with nodular type of malignant melanoma (p = 0.001). None of the SSM
cases presented positive Nrf2 in the nuclei of melanoma cells. Cytoplasmic
intensity of Nrf2 in sweat glands correlated inversely with Breslow p = 0.015.
Cytoplasmic Keap1 expression in lymphocytes was more frequent in radial (Clark
I-II) than vertical (Clark III-V) growth phase (p = 0.002). BRAF-positivity
correlated with Breslow (p = 0.023) and associated with Clark III-V (p = 0.002)
(Study III).
In primary melanomas, Prx III expression in melanoma cells (p = 0.012) and
the expression of Srx I in lymphocytes (p = 0.018), fibroblasts (p = 0.007) and
endothelial cells (p = 0.003) associated with Breslow’s thickness. Endothelial and
lymphocytic cytoplasmic Srx I expression associated also with higher Clark’s level
(p = 0.050 and p = 0.045 respectively). In addition, DJ-1 expression in adjacent
keratinocytes (p = 0.042), sweat glands (p = 0.014) and lymphocytes (p = 0.017)
associated with higher Breslow’s thickness and DJ-1 expression in sweat gland
cells associated with higher Clark’s class (p = 0.05) (Study II).
Twist did not correlate significantly with Breslow but the loss of cytoplasmic
expression of Twist associated with Clark’s level III-V (p = 0.048) (Study IV).
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Metastasis
Nuclear Nrf2 expression associated with the presence of distant metastases at time
of diagnosis (M0 vs. M1a-c, 26% and 53% respectively; p = 0.040). Also stronger
nuclear Twist expression in primary tumor associated with the presence of
metastases at the time of diagnosis (p = 0.002) (Study III).
Age and gender
Oxidative stress markers were correlated with age and gender in Study II. Gender
had little effect on expression status of the studied markers. The most interesting
observation was made regarding Prx II, since Prx II expression in melanoma cells
correlated positively with age (p = 0.003).
5.3

Survival data in malignant melanoma cohort

ROS markers
The expression of Prx I in endothelial cells associated with a better melanomaspecific survival (p = 0.036) but Prx III expression in fibroblasts was favouring a
poorer melanoma-specific survival (p<0.0001). Prx IV expression in endothelial
cells (p = 0.040) and sweat glands (p<0.0001) favoured a better survival.
Cytoplasmic Srx in keratinocytes (p < 0.0001), endothelial cells (p = 0.012) and
sebaceous glands (p < 0.0001) favoured a better melanoma-specific survival. DJ-1
expression in sweat glands associated with a poorer survival (p = 0.021) whereas
DJ-1 expression in lymphocytes associated with a better survival (p = 0.015)
(Study II).
Negative to very weak expression of nuclear 8-OHdG expression in sweat
glands (p = 0.017) and endothelial structures (p = 0.008) associated with worse
melanoma-specific survival (Fig. 15). Weak to strong cytoplasmic nitrotyrosine in
apocrine cells associated with worse survival (p = 0.026) (Study III).
Patients with weak to strong nuclear Nrf2 expression in melanoma cells had a
significantly worse survival (p = 0.008) compared to negative to very weak
expression. Keap1 did not predict outcome significantly, despite a trend of better
survival in patients with weak to strong presence of cytoplasmic Keap1 in pigment
cells (log-rank p = 0.089; Breslow p = 0.023). BRAF-positivity associated
significantly with worse melanoma-specific survival (p = 0.006) (Study III).
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Fig. 15. The loss of expression of 8-OHdG in endothelial structures adjacent to
melanoma
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EMT markers
Moderate to strong nuclear expression of Twist in melanoma cells associated with
worse melanoma-specific survival (log-rank p = 0.025). When patients were
divided into either Nrf2-positive-Twist-positive group (n=14) or others (n=47), we
found an extremely poor prognosis in those having both Nrf2 and Twist expression
in the nuclei of melanoma cells (p = 0.0003). Additionally, divided into Twistpositive-Zeb1-positive group (N= 8) and others (N=53), we found extremely poor
prognosis group in those having both Twist and Zeb1 positive expression in the
nuclei of melanoma cells (p = 0.01) (Study IV).
Tumor infiltrating lymphocytes
16 primary melanoma lesions showed no tumour infiltrating lymphocytes and 50
showed non-brisk to brisk infiltration. No associations were seen between tumor
infiltrating lymphocyte status and the expression of tumor EMT markers, redoxregulating enzymes or oxidative stress markers, but in the univariate analysis the
absence of TILs associated with worse melanoma-specific survival (p = 0.02)
(Study III).
Multivariance analyses
In Cox regression analysis, negative or very weak nuclear 8-OHdG expression in
endothelial structures was more significant predictor of poor prognosis (Risk Ratio
(RR) 3.491; 95% confidence interval (CI) 1.183-10.296; p = 0.024) than ulceration
(RR 1.935; 95% CI 0.749-5.000; p = 0.17) and had somewhat same impact to
prognosis as Breslow (RR 1.130; 95% CI 1.023-1.248; p = 0.024) when these three
factors were included to the model (Study III).
When nuclear Twist expression, the presence of nodal metastases, Clark and
the presence of ulceration were implemented to multivariance analysis, only Twist
expression (HR 3.13, 95%CI 1.25-7.82; p = 0.015) and Clark (HR 3.04, 95%CI
1.44-6.43; p = 0.004) remained as independent prognostic factors (Study IV).
5.4

In vitro

Based on the clinical data, we hypothesized that oxidative stress can increase the
sensitivity of melanoma cells to oncogene ablation. We selected B-Raf (COLO-800,
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SK-MEL-1) and N-Ras mutant (SK-MEL-30, IPC-298) melanoma lines for the
study since these cell lines show dependency on the Ras-Raf-MEK-ERK pathway
and are sensitive to B-Raf or MEK inhibition in vitro.
All the studied cell lines showed similar basal level of Nrf2 expression. When
the cell lines were treated with 1µM vemurafenib or 1 µM CI-1040 for 48h, all the
cell lines downregulated the expression of Nrf2, which suggests that Nrf2
expression was oncogene dependent. The downregulation of Nrf2 was marked in
SK-MEL-1, SK-MEL-30 and IPC-298, while COLO-800 presented modest
downregulation of the protein expression.
Next, we wanted to investigate the sensitivity of tested cell lines to oncogene
ablation, oxidative stress by H2O2 treatment, and combinatory effect of both
treatments. We exposed the cell lines to 1µM vemurafenib (COLO-800, SK-MEL1) or 3.3µM CI-1040 (SK-MEL-30, IPC-298) and to varying concentrations of
H2O2 (10–333uM) or their combinations, and analyzed the cytotoxicity by 72h
MTS-assays. The results showed that all the lines were sensitive to oncogene
ablation therapy with downregulation of vital cells by 73–83%. H2O2 treatment
resulted in cytotoxicity in concentration above 100uM in all the tested cell lines
without any significant variation. Combination treatment with vemurafenib or CI1040 and of H2O2 resulted in varying results between the cell lines. SK-MEL-1,
SK-MEL-30, and IPC-298 lines showed that H2O2 treatment did not increase the
cytotoxicity of oncogene ablation. Unexpectedly, H2O2 treatment of COLO-800
inhibited the cytotoxicity of vemurafenib to the cell line when used in low
concentrations (10–100uM).
5.5

Immunohistochemical staining patterns in the SCC cohort

Claudins 1-5 and 7
Claudins are transmembrane proteins that form the tight junction between two cell
membranes together with occludin. Study I described the expression of claudins in
normal skin, AK and SCCs. Results are summarized in Table 13. Normal epidermis
showed significantly stronger staining for claudin 1 than AK and SCC together (p
= 0.00004) or separately (p = 0.0012 for AK and p<0.0001 for SCC). Claudin 1
was more often positive in AK than in SCC (p = 0.019). Within the dysplasia group
(mild, moderate, strong) or SCC (grade 1, 2 and 3) no statistically significant
difference was seen.
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On the other hand, there were more cases with claudin 2 positivity in AK and
SCC together than in normal skin (p = 0.040) but this was not true separately for
SCC (p = 0.14) or AK even though the latter had a strong tendency (p = 0.054).
Moderate-to-strong dysplasia in AK had more often strong immunoreactivity for
claudin 2 than mild dysplasia (p = 0.027). Such differences were not observed
between immunoreactivities between SCC of different grades.
Claudin 3 was weakly positive only in 2 cases of SCC. Normal skin and AKs
were all negative for this antibody. With claudin 5, five cases of SCC showed weak
expression. Weak expression was also found in one case of AK and one normal
skin.
Strong positivity for claudin 4 was seen in only one case in SCC. Overall
positivity was, however, seen in 21 cases of SCC. Weak positivity was seen in 22
AKs and in all cases of normal skin. Curiously, AK and SCC together had more
cases negative for claudin 4 than normal skin (p = 0.0006) even though all cases of
normal skin had weak positivity.
Two SCCs showed strong claudin 7 expression. Dysplastic skin lesions tended
to have more negative cases than SCC (p = 0.057), but this association was not
statistically significant. A significant difference in this respect was, however,
observed between SCC and normal skin (p = 0.019).
Table 13. Trends of Claudin expression between normal skin, actinic keratoses (AKs)
and squamocellular carcinomas (SCCs).
Marker

Expression from normal skin

Expression from AKs to

Expression from normal skin

to AKs

SCCs

to AKs and/or SCCs

P value

P value

Claudin 1

↓

0.0012

↓

Claudin 2

↑

0.054

Claudin 3

-

Claudin 4
Claudin 5
Claudin 7

P value
↓

0.00004

-

↑

0.040

-

-

-

-

↓

-

-

-

↑

0.019

0.057

↑

0.0006
0.019
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6

Discussion

This study investigated the role of oxidative stress markers and EMT markers in
benign and dysplastic naevi, primary skin melanomas and metastatic nodal
melanomas. The expression of claudins 1-5 and 7 were also characterized in solar
keratosis and squamocellular carcinoma. Based on many prior studies on oxidative
stress markers in different cancers, we hypothesized that there are signs of redox
disturbance in melanoma. Skin is subjected to ultraviolet radiation in the course of
life and in addition, melanocytes are stressed by oxidative insults from the melanin
synthesis and constant hypoxic environment. In addition, the main cause of actinic
keratosis and squamous cell carcinoma is exposure to UV radiation. During
carcinogenesis, epithelial cells acquire mesenchymal features that enable them to
lose cellular polarity, detach from their cell-to-cell interactions, invade the stroma
and finally metastasize. Furthermore, melanocytic cells present EMT phenomenon,
even if they are not considered as epithelial cells. The tumour microenvironment
has a major impact on the tumour cells, and present results also highlight the
importance of surrounding cells in cancer study.
6.1

Oxidative stress lesions in current material

Redox balance is a critical determinant in triggering apoptosis. Physiologically, cell
death is initiated by an oxidising environment and cell proliferation is supported by
a reducing environment. In contrast, cancer is characterized by a reduced
environment where cell death is decreased and proliferation is supported. Apoptosis
regulator Bcl-2 is increased in cancer, and it blocks cytochrome C and thus
enhances the resistance against oxidative stress induced apoptosis (Valko et al.
2006).
8-OHdG is a readily formed oxidative lesion in the DNA. It is formed by ●OH
reacting with guanine, a nucleobase of the DNA, with following electron
abstraction. It has a mutagenic potential which is based on consequent mispairing
of nucleotide bases, and mutations caused by 8-OHdG present GC→TA
transversions. It is used as a biomarker in studies evaluating DNA damage after
exposure of genotoxic agents such as tobacco smoke, asbestos fibres and heavy
metals. In addition, it can be used to measure endogenous oxidative stress in various
diseases, such as cancer (Valavanidis et al. 2009). A similar kind of marker,
nitrotyrosine, can be detected to assess nitrosative stress. It is formed by the
nitration of tyrosine residues of different proteins (Valko et al. 2006). We studied
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the immunohistochemical expression of 8-OhdG in a cohort consisting of benign
and dysplastic naevi, lentigo malignas, primary melanomas and metastatic
melanomas.
Significant findings were made regarding malignant melanomas. 8-OHdG
expression in melanoma cells associated with smaller Breslow’s thickness being
present in the superficial part of melanoma lesions. This could be simply explained
by stronger UVR exposure and consequent DNA damage in the superficial
population of the dermal malignant cells. It could also have a biological explanation.
Interestingly, a specific melanoma marker HMB45 is expressed also,
characteristically, in the superficial part of primary melanomas with gradually
weaker staining in the deeper parts of vertical growth (Ohsie et al. 2008). It is also
absent in intradermal naevus cells but present in junctional naevi (Yaziji & Gown
2003). The antigen detected by HMB45 is gp100, which is a glycoprotein taking
part in the melanosome structure formation and function (Du et al. 2003). Melanin
production, in turn, is known to cause oxidative stress (Wittgen & van Kempen
2007), and this could be a hypothetical explanation for the observation of 8-OHdG
expression gradient in melanoma, referring to the same process detected with
HMB45, the melanin synthesis. Therefore it could also refer to the maturation
degree of the malignant cells. The association of 8-OHdG and HMB45 expression
could be of interest in future studies.
The loss of 8-OHdG expression had prognostic significance of dismal outcome
when staining was observed in endothelial structures adjacent to tumour. Any
variability in endothelium staining in these studied sections could reflect
neoangiogenesis and the recruitment of carcinoma associated pericytes into tumour
(Taddei et al. 2013). In contrast, nitrotyrosine associated with more aggressive
tumour features and poor survival when present in apocrine cells, but we did not
find any significant changes in nitrotyrosine expression in pigment cells.
A significant decrease in 8-OHdG expression was observed in metastatic
lesions compared to primary melanoma sites. Metastases either have a reduced
environment with increased antioxidant capacity or this oxidative lesion is repaired
more efficiently, which depends on DNA repair enzymes and especially on the
function of human 8-oxoguanine glycosylase (hOGG1). Studies about metastatic
niche formation are emerging and it seems probable that the metastatic site needs
to be prepared before metastases can settle (Peinado et al. 2011). In addition,
disseminating cells have to overcome a hostile oxidative environment to establish
metastasis. In an in vivo study, human melanoma cells from patients were
xenografted into immunodeficient mice, and only cells capable of metabolic
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changes to withstand the increase in oxidative stress were to establish blood-bourne
metastases (Piskounova et al. 2015). Our observation of decreased expression of 8OHdG in metastatic sites suits well with the results of Piskounova et al. In order to
overcome a hostile environment, tolerance of oxidative stress by enhanced
antioxidant capacity is needed in metastatic cell populations. Surely, some cell
clones are able to accomplish this, since metastatic cells are multi-clonal from
heterogeneous population of primary melanoma cells (Ding et al. 2014, Katona et
al. 2007). In short, we could detect a decrease in the expression of the oxidative
stress lesion 8-OHdG in thicker melanoma and metastases. This observation is in
line with the acknowledged feature of reduced environment in cancer and supports
the idea that melanoma is able to escape from a highly oxidative environment.
6.2

The significance of Nrf2 in melanoma

Nrf2 is a transcription factor that induces a variety of different antioxidant enzymes
and cell survival proteins via binding to antioxidant-response-element in the DNA.
It is constantly downregulated by Keap1 that binds to Nrf2 and causes its
proteasomal degradation. Under oxidative stress, Nrf2 becomes detached from
Keap1 and is able to translocate into nucleus to induce its target genes (Kansanen
et al. 2013).
It is acknowledged that Nrf2 does not take part in the initiation of cancer, since
it carries out tumour-suppressive functions in the form of damage repair in
physiological conditions, but rather becomes exploited by neoplastic cells in the
promotion and progression of cancer (Keum & Choi 2014). However, some
evidence is pointing to the fact that Nrf2, Keap1 and Srx polymorphisms occur,
which associates with breast cancer risk, and suggests that defects in these genes
can increase the susceptibility to cancer (Hartikainen et al. 2012, Hartikainen et al.
2015). Nrf2 is upregulated in many cancers by escaping from the negative control
of Keap1. This happens via multiple mechanisms, some acquire Keap1 inactivating
mutations, some gain oncogenic enhancement for Nrf2 function and some
epigenetic aberrated regulation of Nrf2 and Keap1 (Geismann et al. 2014). This all
leads to cytoprotection of cancerous cells.
We studied the expression of Nrf2 and Keap1 in our melanoma cohort. We did
not see a systematic increase in Nrf2 expression between benign naevi, dysplastic
naevi and melanoma. This supports the idea that Nrf2 is not a factor in the early
steps of carcinogenesis but becomes exploited during the progression of the tumour.
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In malignant primary melanomas, Nrf2 associated with histological nodular
type of growth, Breslow’s thickness and higher Clark’s level clearly indicating that
Nrf2 plays a role in tumour growth, invasion and metastasis in melanoma. We could
observe a sub-population of Nrf2 expressing melanomas that had a poor melanomaspecific survival. In contrast to a study of Nrf2 in glioblastoma (Ji et al. 2013), we
did not see the independent prognostic role of Nrf2 in our material, but this could
be seen with a bigger cohort. There was no association of Nrf2 with patient related
clinicopathological parameters such as age, gender or lesion location. The same
observation is made also in a study of Nrf2 and osteosarcoma, in which
clinicopathological parameters had no relationship with Nrf2 expression (Park JY
et al. 2012).
Further increase in intensity and frequency of nuclear Nrf2 expression was
observed in metastatic melanomas. As it was described in a recent study, metastatic
environment is hostile, and especially in the haematogenous route of metastases,
melanoma cells experience oxidative stress (Piskounova et al. 2015). Therefore
efficient antioxidant function is needed in metastatic melanoma cells, and this could
be accomplished by the Nrf2 function providing the antioxidants such as Prxs and
SODs, and enzymes for GSH synthesis and recovery (Geismann et al. 2014,
Piskounova et al. 2015). All in all, these results suggest that Nrf2 has a major role
in invasive and metastatic growth of melanoma, however, it is also dependent on
some other regulatory mechanisms driving growth and invasion since it is not
independent of Breslow’s thickness in multivariate analysis.
The loss of Keap1 function is a pivotal mechanism behind Nrf2 upregulation
and consequent resistance to oxidative stress and xenobiotics. Keap1
downregulaton can happen in multiple ways including epigenetic mechanisms or
mutations. Aberrant promoter methylation of KEAP1-gene is seen in breast
carcinoma and malignant gliomas associating with survival (Barbano et al. 2013,
Muscarella et al. 2011). In a recent study, a homozygous single-nucleotide deletion
and a heterozygous single nucleotide deletion in a neighboring position were found
in KEAP1-gene in 2 out of 21 cases of primary melanoma. This resulted in
following stop codon and a truncated Keap1 protein, and in these two cases Nrf2
expression was strong in immunohistochemistry (Miura et al. 2014). In Studies III
and IV we described that Keap1 expression did not decrease significantly in
primary melanomas compared to benign naevi but did so in metastatic melanoma
lesions. This again suggests that dysregulation of the Nrf2-Keap1 axis is not an
early phenomenon in melanomagenesis. Keap1 and Nrf2 expression did not
associate, and it is logical since there are multiple ways how their interaction can
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be disturbed. The loss of Keap1 expression in melanoma associated nearlysignificantly with a worse melanoma-specific survival. The loss of Keap1
expression has prognostic significance in pancreatic carcinoma favouring worse
disease specific survival (Isohookana et al. 2015). In triple-negative breast cancer,
however, Keap1 overexpression associated with worse breast cancer-specific
survival (Karihtala et al. 2011). Biological explanation to the variability of the
results in different cancers could be explained by the many different mechanisms
causing the dysregulation of Nrf2-Keap1 axis.
Altered expression of DJ-1 in many cancers is associated with uncontrolled
proliferation, invasion, metastasis, and resistance to chemotherapy and apoptosis
(Cao et al. 2015). Increased expression of DJ-1 and its prognostic role favouring
worse outcome in different cancers has been reported (Merikallio et al. 2012, Yuen
et al. 2008, Zhu et al. 2010). DJ-1 is required for the stabilization of Nrf2 by
preventing the association of Nrf2 with Keap1 (Clements et al. 2006). Study II
reported the expression of DJ-1 in naevi and primary melanoma and it was strongly
expressed in the majority of the samples. Change in the expression of DJ-1 was not
seen in melanocytic cells, but significant changes were observed in the adjacent
structures, namely keratinocytes and fibroblasts. DJ-1 associated with higher
Breslow’s thickness and higher Clark’s class, analogically with Nrf2, when present
in adjacent structures. Based on our material, abundant DJ-1 exists in melanoma
enabling Nrf2 stabilization, but there was no association between DJ-1 and Nrf2
expression or any other marker expression.
Interventions
According to previous literature, BRAFV600-mutation associates with poorer OS in
metastatic melanoma patients compared to melanomas with NRAS or wild type
melanomas. However, it does not predict the survival of primary melanoma or its
metastatic behaviour. BRAF-mutated melanoma patients are many times treated
with BRAF-inhibitor, which can confuse the survival data (Ekedahl H et al. 2013,
Long et al. 2011). Current immunohistochemical material showed that BRAFmutation associates with aggressive growth of melanoma and worse prognosis
(Study III). This material consists of 66 cases of malignant melanoma, out of which
22 has Stage III–IV disease. Few if any patients received BRAF-inhibitor since the
cohort dates back to 1999–2011. The antibody used was VE1, which is highly
specific of BRAFV600E mutation (Thiel et al. 2015).
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Treatment options have increased since targeted therapies are introduced. BRAFinhibitors are in clinical use, and the combination of BRAF- and MEK-inhibitor
are standard of care. Activating mutations of HRAS, KRAS, BRAF and cMYC are
known to induce Nrf2 upregulation (DeNicola GM et al. 2011, Tao et al. 2014).
They also lower intracellular ROS and confer a more reduced redox state (Kong et
al. 2013).
Several chemotherapeutic agents mediate their effect via inducing ROS
damage to the cells. They either interfere with antioxidant enzymes or other
regulatory proteins or activate ROS inducing pathways (Castaldo et al. 2016).
Dacarbazine is widely used in metastatic melanomas and its effect is also mediated
by increasing oxidative stress damage (Pourahmad J et al. 2009). Approaching
from this perspective, we used H2O2 to induce oxidative stress in melanoma cell
lines. We assumed that BRAF- and NRAS-mutation in these melanoma cell lines
would upregulate Nrf2 level, which in turn would provide resistance to oxidative
insults. However, the immunohistochemical expression of BRAF-mutation did not
associate with Nrf2-overexpressing cases in our patient data set. Three melanoma
cell lines showed Nrf2 repression after oncogen inhibition but one did not. These
observations suggest again that there are multiple mechanisms behind Nrf2
overexpression (Jaramillo & Zhang 2013).
To weaken the hypothetic oncogenic Nrf2 induction and to increase oxidative
stress, we treated melanoma cells with the combination of BRAF/NRAS-inhibitor
and H2O2, but we observed that this did not increase cytotoxicity. COLO-800 cell
line showed even increased resistance to vemurafenib in oxidative environment
possibly due to induced compensatory mechanisms such as H2O2 induced
signalling. This could point out that MAPK-targeted therapies do not sensitize
melanoma cells to oxidative stress induced apoptosis, or that the oncogene
induction of Nrf2 is not after all that meaningful in Nrf2 upregulation. Our study
also suggests that it is unlikely that in oncogene-driven melanomas, a
chemotherapeutic agent would produce extra benefit to targeted therapies.
The options of oncological treatment of patients in the current melanoma
cohort were varied. Some of the patients received interferon but it was poorly
tolerated and the routine was very often interrupted. Metastatic melanoma patients
usually received dacarbazine and some were also treated with radiotherapy.
Treatment routines were not uniform and very few received adjuvant therapy
altogether. Because of these factors, it was not possible to assess the predictive
nature of oxidative stress markers. Nrf2 is noted to be a predictive marker in some
studies. High Nrf2 expression in gastric cancer patients associated with poorer
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clinical response to docetaxel-fluorouracil-cisplatin treatment compared to the
group with low Nrf2 expression (Hu XF et al. 2013), and Nrf2 expression was
associated with worse recurrence-free survival in lung squamous cell carcinoma
patients who received taxane and platinum based adjuvant treatment (Solis LM et
al. 2010). Inhibition of Nrf2 would seem worth pursuing. Some studies have
already tested Nrf2 inhibitors, but they are far from becoming clinically applicable.
Retinoids and ascorbic acid are able to inhibit Nrf2 to some extent, and many other
naturally occurring compounds are known inhibitors of Nrf2, such as brusatol, from
an evergreen shrub from the Far East. Such compounds could potentially act
synergistically with other anticancer drugs (Geismann et al. 2014).
6.3

Peroxiredoxins and Srx, the effectors of Nrf2

Prxs are needed for reducing H2O2. As such, they protect the cell integrity from
ROS damage, but they also function as regulators of H2O2 mediated cell signalling.
Different Prxs are depicted, and here we studied the typical 2-Cys peroxiredoxins
I-IV in the melanoma cohort.
Several reports show that Prx I is overexpressed in many human cancers such
as oesophageal squamous cell carcinoma, lung and pancreatic carcinoma, to name
but a few (Karihtala & Soini 2007). Prx I expression in tissue sections associates
with decreased survival rates in non-small cell lung cancer (Kim et al. 2008) and
hepatocellular carcinoma (Sun et al. 2014), and a poor response to neoadjuvant
chemotherapy in rectal cancer (Chen et al. 2010). In contrast, the expression of Prx
I decreased significantly with increasing malignancy grade in astrocytic brain
tumours, and the loss of Prx I expression favoured worse survival (Jarvela et al.
2010). Unlike Prx II that was strongly expressed in all the samples, Prx I showed a
significant change in expression levels in the melanoma cohort. We observed that
Prx I expression was strong in benign naevi but was weaker in dysplastic naevi and
diminished in primary melanomas (Study II, Fig. 1). In addition, the expression of
cytoplasmic Prx I in metastatic melanoma cells was reduced in 12 out of 22
metastases (McNemar’s test p = 0.012, unpublished data). Our observation of a
decrease in Prx I expression in malignant melanoma lesions (Study II) is similar to
that of astrocytic brain tumours and very much different from the results of other
different carcinomas. It is contradictory to observe an increase in Nrf2 expression
levels and a decrease in Prx I levels in the melanoma cohort, since Nrf2 is a
transcriptional activator for Prx I. However, if this finding becomes verified with
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quantitative methods, it must have biological significance because Prx I is involved
in many oncogenic processes such as angiogenesis and EMT (Mishra et al. 2015).
Prx III expression in melanoma cells associated positively with Breslow’s
thickness and furthermore its expression in fibroblasts associated with worse
melanoma-specific survival that was independent of Breslow’s thickness (Study II).
Prx III is located in the mitochondria of the cells and has a major biological
significance, as it can withhold apoptotic signalling in mitochondria by scavenging
H2O2 (Hampton & O'Connor 2016). Hijacking the function of Prx III by cancerous
cells would therefore offer a great advantage in withstanding increased oxidative
stress from the mitochondria and fierce metabolism. Prx III upregulation is reported
for instance in lymphoma, gastric and prostate cancer, but downregulation is
reported in central nervous system cancer, kidney and pancreatic cancer (Mishra et
al. 2015). This variability of the results of different Prxs and different cancers is
logical because Prxs have different cellular localization and tissue distribution, and
most probably also different functions and regulation.
Different Prxs and Srx had prognostic significance when their expression was
examined in the adjacent structures of melanoma lesion (Study II, Fig. 5). It is
difficult to explain these observations. These changes could reflect the paracrine
signalling in the cancer microenvironment or the free dissemination of abundant
H2O2. They could also be a result of hypoxic environment caused by the tumour.
Whether the results are reflecting the cause or a consequence of melanoma
pathogenesis is a matter of further investigation.
6.4

Epithelial-to-mesenchymal transition and microenvironment

Epithelial-to-mesenchymal transition means that epithelial cells lose their polarized
morphology and aquire mesenchymal cell features such as spindle cell shape. This
includes the change in cell-to-cell adhesions and commonly the tight E-cadherin
junction is changed into more loosely binded N-cadherin (Sumigray & Lechler
2015). In addition, the acquired independence of melanoma cells from keratinocyte
control owes to EMT transcription factors (Wels et al. 2011). EMT process is
somewhat different in melanocytic cells than epithelial cells. Epithelial cancers
show the upregulation of both Snai1 and Slug, both Zeb1 and Zeb2 and Twist,
whereas melanoma shows alternate phenotypic states of EMT markers (Li et al.
2015, Thiery et al. 2009)
EMT markers Slug, Zeb1 and Twist were studied in the melanoma cohort.
Twist is a transcription factor that is upregulated in many cancers and associates
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with tumorous growth and invasiveness (Zhu et al. 2016). We found that the
expression of nuclear Twist was more prominent in malignant melanomas than in
benign nevi, which is very logical since primary melanoma shows signs of
detachment from the epidermis and dermal invasion. Nuclear Twist was strongly
associated with a poor prognosis and was independent of Clark’s class and
ulceration but not Breslow’s depth in multivariate analysis. In addition, nuclear
Twist expression in primary melanomas was associated with the presence of distant
metastases signifying that Twist is needed for the dissemination of cancer cells.
Cytoplasmic Twist was associated here with vertical melanoma growth, but its
expression decreased in melanoma metastases in comparison with the primary
lesions. This could support the proposed role of Twist in the first invasive steps of
cancerous cells such as intravasation, which is followed by the reversal of EMT in
the metastatic location (Yang & Wu 2008).
In addition to the loss of cytoplasmic Twist expression in metastatic lesions,
there was a decrease of nuclear Slug and an increase in nuclear Zeb1 in metastases
in comparison with the primary melanomas (Study IV). Zeb1, one of the main Ecadherin repressors, was also associated with the presence of ulceration in the study,
which is logical since the loss of E-cadherin weakens the cohesion of the tumorous
tissue. Our results are in concordance with previous literature where a switch from
Zeb2/SNAI2 to Zeb1/Twist expression seems to indicate malignant progression of
the melanoma (Vandamme & Berx 2014). We could observe that nuclear Nrf2 and
nuclear Twist expression were associated in melanomas, which raises the question
whether EMT and oxidative stress response have common regulatory pathways.
The tumour microenvironment is greatly framed by inflammatory cells and
they promote tumour cell motility by remodelling the microenvironment. Tumor
necrosis factor-α secretion from the surrounding inflammatory cells and
consequent NF-κB leads to Snail stabilization and EMT induction in malignant
cells (Wu & Zhou 2009). The status of tumour infiltrating lymphocytes (TILs) in
primary lesions offers a practical tool in the assessment of melanoma metastasizing
potential. A recent study showed that the paucity of TILs in primary melanoma in
lymph node-negative patients related to worse 5-year survival (Donizy et al. 2015).
We repeat this finding in our smaller sample series but TILs did not correlate
significantly with any oxidative stress marker seen in primary melanomas. Whereas
the effect of targeted therapies remains short lived, immunotherapies might result
in long responses or even curation. This stresses the importance of understanding
the role of adjacent cells and microenvironment.
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Cell adhesion
Claudins are a family of 27 different claudins. They are pivotal proteins for the
formation and proper function of tight junctions, that is, the control of paracellular
permeability and the polarization of membranous structures in epidermal cells. UV
irradiation is the primary cause of both AK and SCC. UVR influences the
expression of claudins in the skin (Yamamoto et al. 2008). In Study I we
investigated the immunohistochemical expression of claudins in SCC cohort and
compared their expression to normal epidermis and AK. Claudin 1 expression was
observed to be decreased in SCC compared to AK. Claudin 1 is an important tight
junction protein, as Claudin 1 knockout mice die of dehydration (Lopardo et al.
2008). The loss of Claudin 1 leads to increased permeability of the tissue and thus
weakens the barrier function of the skin Claudin 1 downregulation owes to EMT
process, since it is downregulated by Snail and Slug in cancer (Martinez-Estrada et
al. 2006).
In a study of renal cell carcinoma, high expression of Claudin 2 was observed
in 20% of the cases and associated with high-grade tumours (Virman et al. 2014),
and Claudin 2 was observed to associate independently to worse survival and
predict liver metastases in a large breast cancer cohort study (Kimbung et al. 2014).
In our study we observed that Claudin 2 expression was elevated in AK and SCC
compared to normal skin. This might provide an advantage to the cancerous lesion
as the paracellular permeability increases with Claudin 2.
6.5

Future prospects

Understanding the significance of oxidative stress is yet to be deepened and fully
developed in disease pathology. Could it provide new methods for therapies in the
future, is still to be seen. The biology and microenvironment of melanocytes make
these pigmented cells very different from other cell populations and thus much
basic research is needed. Our results of the adjacent cell populations call for further
investigation on the role of stromal components, such as CAFs and inflammatory
cells in melanoma. Cell-to-cell interactions should be analyzed more carefully,
since they could spawn new therapy methods, such as drug delivery molecules
(Mitchell & Koval 2010). Melanoma cell invasion, amoeboid movement and
metastasizing should be carefully studied, not to mention the possibility of
melanoma cell and macrophage fusion behind metastasized cell masses (Clawson
et al. 2015). Furthermore, the mechanistic link between oxidative stress regulation
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and hypoxia response could be of interest in future studies, since hypoxia is known
to be a factor of poor prognosis in cancer, leading to neoangiogenesis and tumour
metastasis (Masoud & Li 2015). Understanding their link could eventually lead to
the discovery of new therapeutic targets.
Patients are more and more aware of diseases and knowledgeable about their
illness. As an ancient practice of medicine, the need of prognostication, “to know
before” still continues to be essential in cancer patient treatment. Dozens of new
prognostic factors are discovered in melanoma and cancer research, and these
markers signal what significant processes we should be exploring. Prognostic
factors are signposts where to look next.

101

102

7

Conclusion

This study described the immunohistochemical expression of oxidative stress
markers 8-OHdG, nitrotyrosine, oxidative stress regulators Nrf2, Keap1, DJ-1,
antioxidants peroxiredoxins I–IV and Srx, EMT markers Slug, Twist and Zeb1 and
BRAFV600E and their prognostic significance in a melanoma cohort. Furthermore,
the expression of claudins 1-5 and 7 were described in squamocellular carcinoma.
This study can conclude:
1.

2.

3.

4.

The expression of oxidative stress lesion marker 8-OHdG is lost in thick
melanomas and its expression decreases further in metastatic lesions. Observed
in the adjacent structures, a loss of 8-OHdG expression in endothelial
structures had a poor melanoma-specific survival and a similar impact on
prognosis as Breslow’s thickness.
The major oxidative stress regulator Nrf2 associates with bulky growth,
invasion of melanoma and distant metastases. It has a prognostic significance
in melanoma favouring poor survival. The expression of the inhibitory
regulator of Nrf2, Keap1 decreases in malignant metastatic melanoma that is
in line with the observations of increased Nrf2 expression.
Significant alterations in the expression of Prxs are seen in adjacent structures
of melanomas. Only Prx I showed a significant trend of decreasing expression
in melanoma metastases. Other Prxs were highly expressed in melanoma.
The decrease of Claudin 1 and an increase of Claudin 2 is observed in SCC and
AK compared to normal skin. This can lead to a leaky epidermis.

103

104

List of references
Ang KK, Zhang Q, Rosenthal DI, Nguyen-Tan PF, Sherman EJ, Weber RS, Galvin JM,
Bonner JA, Harris J, El-Naggar AK, Gillison ML, Jordan RC, Konski AA, Thorstad
WL, Trotti A, Beitler JJ, Garden AS, Spanos WJ, Yom SS & Axelrod RS (2014)
Randomized phase III trial of concurrent accelerated radiation plus cisplatin with or
without cetuximab for stage III to IV head and neck carcinoma: RTOG 0522. J Clin
Oncol 32(27): 2940–2950.
Balch CM, Gershenwald JE, Soong SJ, Thompson JF, Atkins MB, Byrd DR, Buzaid AC,
Cochran AJ, Coit DG, Ding S, Eggermont AM, Flaherty KT, Gimotty PA, Kirkwood
JM, McMasters KM, Mihm MC,Jr, Morton DL, Ross MI, Sober AJ & Sondak VK
(2009) Final version of 2009 AJCC melanoma staging and classification. J Clin Oncol
27(36): 6199–6206.
Barbano R, Muscarella LA, Pasculli B, Valori VM, Fontana A, Coco M, la Torre A, Balsamo
T, Poeta ML, Marangi GF, Maiello E, Castelvetere M, Pellegrini F, Murgo R, Fazio
VM & Parrella P (2013) Aberrant Keap1 methylation in breast cancer and association
with clinicopathological features. Epigenetics 8(1): 105–112.
Bedogni B & Powell MB (2009) Hypoxia, melanocytes and melanoma –survival and tumor
development in the permissive microenvironment of the skin. Pigment Cell &
Melanoma Research 22(2): 166–174.
Birben E, Sahiner UM, Sackesen C, Erzurum S & Kalayci O (2012) Oxidative stress and
antioxidant defense. World Allergy Organ J 5(1): 9–19.
Bur H, Haapasaari KM, Turpeenniemi-Hujanen T, Kuittinen O, Auvinen P, Marin K,
Koivunen P, Sormunen R, Soini Y & Karihtala P (2014) Oxidative stress markers and
mitochondrial antioxidant enzyme expression are increased in aggressive Hodgkin
lymphomas. Histopathology 65(3): 319–327.
Cai CY, Zhai LL, Wu Y & Tang ZG (2015) Expression and clinical value of peroxiredoxin1 in patients with pancreatic cancer. Eur J Surg Oncol 41(2): 228–235.
Callender GG & McMasters KM (2011) What does ulceration of a melanoma mean for
prognosis? Adv Surg 45: 225–236.
Cao J, Lou S, Ying M & Yang B (2015) DJ-1 as a human oncogene and potential therapeutic
target. Biochem Pharmacol 93(3): 241–250.
Castaldo SA, Freitas JR, Conchinha NV & Madureira PA (2016) The Tumorigenic Roles of
the Cellular REDOX Regulatory Systems. Oxid Med Cell Longev 2016: 8413032.
Chen MF, Lee KD, Yeh CH, Chen WC, Huang WS, Chin CC, Lin PY & Wang JY (2010)
Role of peroxiredoxin I in rectal cancer and related to p53 status. Int J Radiat Oncol
Biol Phys 78(3): 868–878.
Clawson GA, Matters GL, Xin P, Imamura-Kawasawa Y, Du Z, Thiboutot DM, Helm KF,
Neves RI & Abraham T (2015) Macrophage-tumor cell fusions from peripheral blood
of melanoma patients. PLoS One 10(8): e0134320.
Clements CM, McNally RS, Conti BJ, Mak TW & Ting JP (2006) DJ-1, a cancer- and
Parkinson's disease-associated protein, stabilizes the antioxidant transcriptional master
regulator Nrf2. Proc Natl Acad Sci U S A 103(41): 15091–15096.
105

Comito G, Giannoni E, Di Gennaro P, Segura CP, Gerlini G & Chiarugi P (2012) Stromal
fibroblasts synergize with hypoxic oxidative stress to enhance melanoma
aggressiveness. Cancer Lett 324(1): 31–41.
Coradini D, Casarsa C & Oriana S (2011) Epithelial cell polarity and tumorigenesis: new
perspectives for cancer detection and treatment. Acta Pharmacol Sin 32(5): 552–564.
DeNicola GM, Karreth FA, Humpton TJ, Gopinathan A, Wei C, Frese K, Mangal D, Yu KH,
Yeo CJ, Calhoun ES, Scrimieri F, Winter JM, Hruban RH, Iacobuzio-Donahue C, Kern
SE, Blair IA & Tuveson DA (2011) Oncogene-induced Nrf2 transcription promotes
ROS detoxification and tumorigenesis. Nature 475(7354): 106–109.
Ding L, Lu Z, Lu Q & Chen YH (2013) The claudin family of proteins in human malignancy:
a clinical perspective. Cancer Manag Res 5: 367–375.
Ding L, Kim M, Kanchi KL, Dees ND, Lu C, Griffith M, Fenstermacher D, Sung H, Miller
CA, Goetz B, Wendl MC, Griffith O, Cornelius LA, Linette GP, McMichael JF, Sondak
VK, Fields RC, Ley TJ, Mule JJ, Wilson RK & Weber JS (2014) Clonal architectures
and driver mutations in metastatic melanomas. PLoS ONE [Electronic Resource] 9(11):
e111153.
Donizy P, Kaczorowski M, Halon A, Leskiewicz M, Kozyra C & Matkowski R (2015)
Paucity of tumor-infiltrating lymphocytes is an unfavorable prognosticator and predicts
lymph node metastases in cutaneous melanoma patients. Anticancer Res 35(1): 351–
358.
Du J, Miller AJ, Widlund HR, Horstmann MA, Ramaswamy S & Fisher DE (2003)
MLANA/MART1 and SILV/PMEL17/GP100 are transcriptionally regulated by MITF
in melanocytes and melanoma. Am J Pathol 163(1): 333–343.
Eggermont AM, Spatz A & Robert C (2014) Cutaneous melanoma. The Lancet 383(9919):
816–827.
Ekedahl H, Cirenajwis H, Harbst K, Carneiro A, Nielsen K, Olsson H, Lundgren L, Ingvar
C & Jonsson G (2013) The clinical significance of BRAF and NRAS mutations in a
clinic-based metastatic melanoma cohort. Br J Dermatol 169(5): 1049–1055.
Elder DE (2016) Melanoma progression. Pathology 48(2): 147–154.
Farasat S, Yu SS, Neel VA, Nehal KS, Lardaro T, Mihm MC, Byrd DR, Balch CM, Califano
JA, Chuang AY, Sharfman WH, Shah JP, Nghiem P, Otley CC, Tufaro AP, Johnson
TM, Sober AJ & Liegeois NJ (2011) A new American Joint Committee on Cancer
staging system for cutaneous squamous cell carcinoma: creation and rationale for
inclusion of tumor (T) characteristics. J Am Acad Dermatol 64(6): 1051–1059.
Fiaschi T & Chiarugi P (2012) Oxidative stress, tumor microenvironment, and metabolic
reprogramming: a diabolic liaison. Int J Cell Biol 2012: 762825.
Flaherty KT, Robert C, Hersey P, Nathan P, Garbe C, Milhem M, Demidov LV, Hassel JC,
Rutkowski P, Mohr P, Dummer R, Trefzer U, Larkin JM, Utikal J, Dreno B, Nyakas M,
Middleton MR, Becker JC, Casey M, Sherman LJ, Wu FS, Ouellet D, Martin AM, Patel
K, Schadendorf D & METRIC Study Group (2012) Improved survival with MEK
inhibition in BRAF-mutated melanoma. N Engl J Med 367(2): 107–114.

106

Flaherty LE, Othus M, Atkins MB, Tuthill RJ, Thompson JA, Vetto JT, Haluska FG, Pappo
AS, Sosman JA, Redman BG, Moon J, Ribas A, Kirkwood JM & Sondak VK (2014)
Southwest Oncology Group S0008: a phase III trial of high-dose interferon Alfa-2b
versus cisplatin, vinblastine, and dacarbazine, plus interleukin-2 and interferon in
patients with high-risk melanoma –an intergroup study of cancer and leukemia Group
B, Children's Oncology Group, Eastern Cooperative Oncology Group, and Southwest
Oncology Group. J Clin Oncol 32(33): 3771–3778.
Forman HJ, Maiorino M & Ursini F (2010) Signaling functions of reactive oxygen species.
Biochemistry 49(5): 835–842.
Forman HJ & Torres M (2001) Redox signaling in macrophages. Mol Aspects Med 22(4–
5): 189–216.
Frank A, David V, Aurelie TR, Florent G, William H & Philippe B (2012) Regulation of
MMPs during melanoma progression: from genetic to epigenetic. Anticancer Agents
Med Chem 12(7): 773–782.
Friedl P & Wolf K (2010) Plasticity of cell migration: a multiscale tuning model. J Cell Biol
188(1): 11–19.
Geismann C, Arlt A, Sebens S & Schafer H (2014) Cytoprotection "gone astray": Nrf2 and
its role in cancer. Onco Targets Ther 7: 1497–1518.
Giannoni E, Parri M & Chiarugi P (2012) EMT and oxidative stress: a bidirectional interplay
affecting tumor malignancy. Antioxid Redox Signal 16(11): 1248–1263.
Gorrini C, Harris IS & Mak TW (2013) Modulation of oxidative stress as an anticancer
strategy. Nat Rev Drug Discov 12(12): 931–947.
Gospodarowicz M & O'Sullivan B (2003) Prognostic factors in cancer. Semin Surg Oncol
21(1): 13–18.
Goydos JS (2013) Who should be offered a sentinel node biopsy for melanoma less than 1
mm in thickness? J Clin Oncol 31(35): 4385–4386.
Hampton MB & O'Connor KM (2016) Peroxiredoxins and the Regulation of Cell Death.
Mol Cells 39(1): 72–76.
Han D, Zager JS, Shyr Y, Chen H, Berry LD, Iyengar S, Djulbegovic M, Weber JL, Marzban
SS, Sondak VK, Messina JL, Vetto JT, White RL, Pockaj B, Mozzillo N, Charney KJ,
Avisar E, Krouse R, Kashani-Sabet M & Leong SP (2013) Clinicopathologic predictors
of sentinel lymph node metastasis in thin melanoma. J Clin Oncol 31(35): 4387–4393.
Hanahan D & Weinberg RA (2011) Hallmarks of cancer: the next generation. Cell 144(5):
646–674.
Hartikainen JM, Tengstrom M, Kosma VM, Kinnula VL, Mannermaa A & Soini Y (2012)
Genetic polymorphisms and protein expression of NRF2 and Sulfiredoxin predict
survival outcomes in breast cancer. Cancer Res 72(21): 5537–5546.
Hartikainen JM, Tengstrom M, Winqvist R, Jukkola-Vuorinen A, Pylkas K, Kosma VM,
Soini Y & Mannermaa A (2015) KEAP1 Genetic Polymorphisms Associate with Breast
Cancer Risk and Survival Outcomes. Clin Cancer Res 21(7): 1591–1601.
He H, Zhao Y, Wang N, Zhang L & Wang C (2014) 8-Hydroxy-2′-deoxyguanosine
expression predicts outcome of esophageal cancer. Ann Diagn Pathol 18(6): 326–328.

107

Hoshino I, Matsubara H, Akutsu Y, Nishimori T, Yoneyama Y, Murakami K, Sakata H,
Matsushita K & Ochiai T (2007) Tumor suppressor Prdx1 is a prognostic factor in
esophageal squamous cell carcinoma patients. Oncol Rep 18(4): 867–871.
Hu XF, Yao J, Gao SG, Wang XS, Peng XQ, Yang YT & Feng XS (2013) Nrf2
overexpression predicts prognosis and 5-FU resistance in gastric cancer. Asian Pac J
Cancer Prev 14(9): 5231–5235.
Immenschuh S & Baumgart-Vogt E (2005) Peroxiredoxins, oxidative stress, and cell
proliferation. Antioxid Redox Signal 7(5–6): 768–777.
Isohookana J, Haapasaari KM, Soini Y & Karihtala P (2015) Keap1 expression has
independent prognostic value in pancreatic adenocarcinomas. Diagn Pathol 10(1): 28.
Jaramillo MC & Zhang DD (2013) The emerging role of the Nrf2-Keap1 signaling pathway
in cancer. Genes Dev 27(20): 2179–2191.
Jarvela S, Rantala I, Rodriguez A, Kallio H, Parkkila S, Kinnula VL, Soini Y & Haapasalo
H (2010) Specific expression profile and prognostic significance of peroxiredoxins in
grade II-IV astrocytic brain tumors. BMC Cancer 10: 104–2407–10–104.
Jayakumar S, Pal D & Sandur SK (2015) Nrf2 facilitates repair of radiation induced DNA
damage through homologous recombination repair pathway in a ROS independent
manner in cancer cells. Mutat Res 779: 33–45.
Jennings C & Kim J (2011) Identification of nodal metastases in melanoma using sox-10.
Am J Dermatopathol 33(5): 474–482.
Jeong W, Bae SH, Toledano MB & Rhee SG (2012) Role of sulfiredoxin as a regulator of
peroxiredoxin function and regulation of its expression. Free Radical Biology and
Medicine 53(3): 447–456.
Ji X, Wang H, Zhu J, Tang Y, Zhou Y, Zhu L, Gao C, Li W, You W, Yu B & Xia Q (2013)
Correlation of Nrf2 and HIF-1alpha in glioblastoma and their relationships to
clinicopathologic features and survival. Neurol Res 35(10): 1044–1050.
Ji X, Wang H, Zhu J, Zhu L, Pan H, Li W, Zhou Y, Cong Z, Yan F & Chen S (2014)
Knockdown of Nrf2 suppresses glioblastoma angiogenesis by inhibiting hypoxiainduced activation of HIF-1alpha. Int J Cancer 135(3): 574–584.
Kallini JR, Hamed N & Khachemoune A (2015) Squamous cell carcinoma of the skin:
epidemiology, classification, management, and novel trends. Int J Dermatol 54(2): 130–
140.
Kansanen E, Kuosmanen SM, Leinonen H & Levonen AL (2013) The Keap1-Nrf2 pathway:
Mechanisms of activation and dysregulation in cancer. Redox Biol 1: 45–49.
Karagiannis P, Fittall M & Karagiannis SN (2015) Evaluating biomarkers in melanoma.
Front Oncol 4: 383.
Karihtala P, Kauppila S, Soini Y & Arja-Jukkola-Vuorinen (2011) Oxidative stress and
counteracting mechanisms in hormone receptor positive, triple-negative and basal-like
breast carcinomas. BMC Cancer 11: 262-2407-11-262.
Karihtala P & Soini Y (2007) Reactive oxygen species and antioxidant mechanisms in
human tissues and their relation to malignancies. APMIS 115(2): 81–103.

108

Karihtala P, Soini Y, Vaskivuo L, Bloigu R & Puistola U (2009) DNA adduct 8hydroxydeoxyguanosine, a novel putative marker of prognostic significance in ovarian
carcinoma. Int J Gynecol Cancer 19(6): 1047–1051.
Katona TM, Jones TD, Wang M, Eble JN, Billings SD & Cheng L (2007) Genetically
heterogeneous and clonally unrelated metastases may arise in patients with cutaneous
melanoma. Am J Surg Pathol 31(7): 1029–1037.
Katunaric M, Jurisic D, Petkovic M, Grahovac M, Grahovac B & Zamolo G (2014) EGFR
and cyclin D1 in nodular melanoma: correlation with pathohistological parameters and
overall survival. Melanoma Res 24(6): 584–591.
Kelderman S, Heemskerk B, van Tinteren H, van den Brom RR, Hospers GA, van den
Eertwegh AJ, Kapiteijn EW, de Groot JW, Soetekouw P, Jansen RL, Fiets E, Furness
AJ, Renn A, Krzystanek M, Szallasi Z, Lorigan P, Gore ME, Schumacher TN, Haanen
JB, Larkin JM & Blank CU (2014) Lactate dehydrogenase as a selection criterion for
ipilimumab treatment in metastatic melanoma. Cancer Immunol Immunother 63(5):
449–458.
Keum YS & Choi BY (2014) Molecular and chemical regulation of the Keap1-Nrf2
signaling pathway. Molecules 19(7): 10074–10089.
Kim JH, Bogner PN, Baek SH, Ramnath N, Liang P, Kim HR, Andrews C & Park YM (2008)
Up-regulation of peroxiredoxin 1 in lung cancer and its implication as a prognostic and
therapeutic target. Clin Cancer Res 14(8): 2326–2333.
Kim TH, Hur EG, Kang SJ, Kim JA, Thapa D, Lee YM, Ku SK, Jung Y & Kwak MK (2011)
NRF2 blockade suppresses colon tumor angiogenesis by inhibiting hypoxia-induced
activation of HIF-1alpha. Cancer Res 71(6): 2260–2275.
Kimbung S, Kovacs A, Bendahl PO, Malmstrom P, Ferno M, Hatschek T & Hedenfalk I
(2014) Claudin-2 is an independent negative prognostic factor in breast cancer and
specifically predicts early liver recurrences. Mol Oncol 8(1): 119–128.
Kirschner N, Bohner C, Rachow S & Brandner JM (2010) Tight junctions: is there a role in
dermatology? Arch Dermatol Res 302(7): 483–493.
Knak A, Regensburger J, Maisch T & Baumler W (2014) Exposure of vitamins to UVB and
UVA radiation generates singlet oxygen. Photochem Photobiol Sci 13(5): 820–829.
Kong B, Qia C, Erkan M, Kleeff J & Michalski CW (2013) Overview on how oncogenic
Kras promotes pancreatic carcinogenesis by inducing low intracellular ROS levels.
Front Physiol 4: 246.
Kuphal S, Bauer R & Bosserhoff AK (2005) Integrin signaling in malignant melanoma.
Cancer Metastasis Rev 24(2): 195–222.
Laga AC & Murphy GF (2010) Cellular heterogeneity in vertical growth phase melanoma.
Arch Pathol Lab Med 134(12): 1750–1757.
LeBoit PE, Burg G, Wheedon D & Sarasin A (eds) (2006) Pathology and genetics of skin
tumours. WHO classification skin tumours. Lyon, IARC.
Lee KW, Lee DJ, Lee JY, Kang DH, Kwon J & Kang SW (2011) Peroxiredoxin II restrains
DNA damage-induced death in cancer cells by positively regulating JNK-dependent
DNA repair. J Biol Chem 286(10): 8394–8404.

109

Leotlela PD, Wade MS, Duray PH, Rhode MJ, Brown HF, Rosenthal DT, Dissanayake SK,
Earley R, Indig FE, Nickoloff BJ, Taub DD, Kallioniemi OP, Meltzer P, Morin PJ &
Weeraratna AT (2007) Claudin-1 overexpression in melanoma is regulated by PKC and
contributes to melanoma cell motility. Oncogene 26(26): 3846–3856.
Li FZ, Dhillon AS, Anderson RL, McArthur G & Ferrao PT (2015) Phenotype switching in
melanoma: implications for progression and therapy. Front Oncol 5: 31.
Lindsey S & Langhans SA (2014) Crosstalk of Oncogenic Signaling Pathways during
Epithelial-Mesenchymal Transition. Front Oncol 4: 358.
Long GV, Menzies AM, Nagrial AM, Haydu LE, Hamilton AL, Mann GJ, Hughes TM,
Thompson JF, Scolyer RA & Kefford RF (2011) Prognostic and clinicopathologic
associations of oncogenic BRAF in metastatic melanoma. J Clin Oncol 29(10): 1239–
1246.
Long GV, Stroyakovskiy D, Gogas H, Levchenko E, de Braud F, Larkin J, Garbe C, Jouary
T, Hauschild A, Grob JJ, Chiarion-Sileni V, Lebbe C, Mandala M, Millward M, Arance
A, Bondarenko I, Haanen JB, Hansson J, Utikal J, Ferraresi V, Kovalenko N, Mohr P,
Probachai V, Schadendorf D, Nathan P, Robert C, Ribas A, DeMarini DJ, Irani JG,
Swann S, Legos JJ, Jin F, Mookerjee B & Flaherty K (2015) Dabrafenib and trametinib
versus dabrafenib and placebo for Val600 BRAF-mutant melanoma: a multicentre,
double-blind, phase 3 randomised controlled trial. Lancet 386(9992): 444–451.
Lopardo T, Lo Iacono N, Marinari B, Giustizieri ML, Cyr DG, Merlo G, Crosti F, Costanzo
A & Guerrini L (2008) Claudin-1 is a p63 target gene with a crucial role in epithelial
development. PLoS One 3(7): e2715.
Madan V, Lear JT & Szeimies R (2010) Non-melanoma skin cancer. The Lancet 375(9715):
673–685.
Mahoney KM & Atkins MB (2014) Prognostic and predictive markers for the new
immunotherapies. Oncology (Williston Park) 28 Suppl 3: 39–48.
Marrot L & Meunier J (2008) Skin DNA photodamage and its biological consequences. J
Am Acad Dermatol 58(5, Supplement 2): S139–S148.
Martinez-Estrada OM, Culleres A, Soriano FX, Peinado H, Bolos V, Martinez FO, Reina M,
Cano A, Fabre M & Vilaro S (2006) The transcription factors Slug and Snail act as
repressors of Claudin-1 expression in epithelial cells. Biochem J 394(Pt 2): 449–457.
Masoud GN & Li W (2015) HIF-1alpha pathway: role, regulation and intervention for cancer
therapy. Acta Pharm Sin B 5(5): 378–389.
Merikallio H, Paakko P, Kinnula VL, Harju T & Soini Y (2012) Nuclear factor erythroidderived 2-like 2 (Nrf2) and DJ1 are prognostic factors in lung cancer. Hum Pathol 43(4):
577–584.
Mesia R, Henke M, Fortin A, Minn H, Yunes Ancona AC, Cmelak A, Markowitz AB, Hotte
SJ, Singh S, Chan AT, Merlano MC, Skladowski K, Zhang A, Oliner KS, VanderWalde
A & Giralt J (2015) Chemoradiotherapy with or without panitumumab in patients with
unresected, locally advanced squamous-cell carcinoma of the head and neck
(CONCERT-1): a randomised, controlled, open-label phase 2 trial. Lancet Oncol 16(2):
208–220.

110

Mishra M, Jiang H, Wu L, Chawsheen HA & Wei Q (2015) The sulfiredoxin-peroxiredoxin
(Srx-Prx) axis in cell signal transduction and cancer development. Cancer Lett 366(2):
150–159.
Mitchell LA & Koval M (2010) Specificity of interaction between clostridium perfringens
enterotoxin and claudin-family tight junction proteins. Toxins (Basel) 2(7): 1595–1611.
Miura S, Shibazaki M, Kasai S, Yasuhira S, Watanabe A, Inoue T, Kageshita Y, Tsunoda K,
Takahashi K, Akasaka T, Masuda T & Maesawa C (2014) A Somatic Mutation of the
KEAP1 Gene in Malignant Melanoma Is Involved in Aberrant NRF2 Activation and an
Increase in Intrinsic Drug Resistance. J Invest Dermatol 134(2): 553–556.
Morita K, Morita NI, Nemoto K, Nakamura Y, Miyachi Y & Muto M (2008) Expression of
claudin in melanoma cells. J Dermatol 35(1): 36–38.
Muscarella LA, Barbano R, D'Angelo V, Copetti M, Coco M, Balsamo T, la Torre A,
Notarangelo A, Troiano M, Parisi S, Icolaro N, Catapano D, Valori VM, Pellegrini F,
Merla G, Carella M, Fazio VM & Parrella P (2011) Regulation of KEAP1 expression
by promoter methylation in malignant gliomas and association with patient's outcome.
Epigenetics 6(3): 317–325.
Nakamura M & Tokura Y (2011) Epithelial-mesenchymal transition in the skin. J Dermatol
Sci 61(1): 7-13.
Nosrati A & Wei ML (2014) Sex disparities in melanoma outcomes: The role of biology.
Arch Biochem Biophys 563: 42–50.
Nys K, Maes H, Dudek AM & Agostinis P (2011) Uncovering the role of hypoxia inducible
factor-1alpha in skin carcinogenesis. Biochim Biophys Acta 1816(1): 1–12.
Ohsie SJ, Sarantopoulos GP, Cochran AJ & Binder SW (2008) Immunohistochemical
characteristics of melanoma. J Cutan Pathol 35(5): 433–444.
Palathinkal DM, Sharma TR, Koon HB & Bordeaux JS (2014) Current systemic therapies
for melanoma. Dermatol Surg 40(9): 948–963.
Paraiso KHT & Smalley KSM (2013) Fibroblast-mediated drug resistance in cancer.
Biochem Pharmacol 85(8): 1033–1041.
Park JY, Kim YW & Park YK (2012) Nrf2 expression is associated with poor outcome in
osteosarcoma. Pathology 44(7): 617–621.
Peinado H, Aleckovic M, Lavotshkin S, Matei I, Costa-Silva B, Moreno-Bueno G, HerguetaRedondo M, Williams C, Garcia-Santos G, Ghajar C, Nitadori-Hoshino A, Hoffman C,
Badal K, Garcia BA, Callahan MK, Yuan J, Martins VR, Skog J, Kaplan RN, Brady
MS, Wolchok JD, Chapman PB, Kang Y, Bromberg J & Lyden D (2012) Melanoma
exosomes educate bone marrow progenitor cells toward a pro-metastatic phenotype
through MET. Nat Med 18(6): 883–891.
Peinado H, Lavotshkin S & Lyden D (2011) The secreted factors responsible for premetastatic niche formation: Old sayings and new thoughts. Semin Cancer Biol 21(2):
139–146.
Piskounova E, Agathocleous M, Murphy MM, Hu Z, Huddlestun SE, Zhao Z, Leitch AM,
Johnson TM, DeBerardinis RJ & Morrison SJ (2015) Oxidative stress inhibits distant
metastasis by human melanoma cells. Nature 527(7577): 186–191.

111

Plaza JA, Bonneau P, Prieto V, Sangueza M, Mackinnon A, Suster D, Bacchi C, Estrozi B,
Kazakov D, Kacerovska D, Falconieri G & Suster S (2015) Desmoplastic Melanoma:
An Updated Immunohistochemical Analysis of 40 cases with a Proposal for an
Additional Panel of Stains for Diagnosis. J Cutan Pathol 43(4):313–23.
Poschmann G, Grzendowski M, Stefanski A, Bruns E, Meyer HE & Stuhler K (2015) Redox
proteomics reveal stress responsive proteins linking peroxiredoxin-1 status in glioma to
chemosensitivity and oxidative stress. Biochim Biophys Acta 1854(6): 624–631.
Pourahmad J, Amirmostofian M, Kobarfard F & Shahraki J (2009) Biological reactive
intermediates that mediate dacarbazine cytotoxicity. Cancer Chemother Pharmacol
65(1): 89–96.
Redman JM, Gibney GT & Atkins MB (2016) Advances in immunotherapy for melanoma.
BMC Med 14(1): 20–016–0571–0.
Ren H, Fu K, Wang D, Mu C & Wang G (2011) Oxidized DJ-1 interacts with the
mitochondrial protein BCL-XL. J Biol Chem 286(40): 35308–35317.
Ribas A, Hamid O, Daud A, Hodi FS, Wolchok JD, Kefford R, Joshua AM, Patnaik A, Hwu
WJ, Weber JS, Gangadhar TC, Hersey P, Dronca R, Joseph RW, Zarour H,
Chmielowski B, Lawrence DP, Algazi A, Rizvi NA, Hoffner B, Mateus C, Gergich K,
Lindia JA, Giannotti M, Li XN, Ebbinghaus S, Kang SP & Robert C (2016) Association
of Pembrolizumab With Tumor Response and Survival Among Patients With Advanced
Melanoma. JAMA 315(15): 1600–1609.
Robert C, Karaszewska B, Schachter J, Rutkowski P, Mackiewicz A, Stroiakovski D,
Lichinitser M, Dummer R, Grange F, Mortier L, Chiarion-Sileni V, Drucis K, Krajsova
I, Hauschild A, Lorigan P, Wolter P, Long GV, Flaherty K, Nathan P, Ribas A, Martin
AM, Sun P, Crist W, Legos J, Rubin SD, Little SM & Schadendorf D (2015) Improved
overall survival in melanoma with combined dabrafenib and trametinib. N Engl J Med
372(1): 30–39.
Robert C, Thomas L, Bondarenko I, O'Day S, Weber J, Garbe C, Lebbe C, Baurain JF,
Testori A, Grob JJ, Davidson N, Richards J, Maio M, Hauschild A, Miller WH,Jr,
Gascon P, Lotem M, Harmankaya K, Ibrahim R, Francis S, Chen TT, Humphrey R,
Hoos A & Wolchok JD (2011) Ipilimumab plus dacarbazine for previously untreated
metastatic melanoma. N Engl J Med 364(26): 2517–2526.
Roewert-Huber J, Stockfleth E & Kerl H (2007) Pathology and pathobiology of actinic (solar)
keratosis - an update. Br J Dermatol 157 Suppl 2: 18–20.
Rotte A, Martinka M & Li G (2012) MMP2 expression is a prognostic marker for primary
melanoma patients. Cell Oncol (Dordr) 35(3): 207–216.
Sheffield MV, Yee H, Dorvault CC, Weilbaecher KN, Eltoum IA, Siegal GP, Fisher DE &
Chhieng DC (2002) Comparison of five antibodies as markers in the diagnosis of
melanoma in cytologic preparations. Am J Clin Pathol 118(6): 930–936.
Sheridan J, Wang LM, Tosetto M, Sheahan K, Hyland J, Fennelly D, O'Donoghue D,
Mulcahy H & O'Sullivan J (2009) Nuclear oxidative damage correlates with poor
survival in colorectal cancer. Br J Cancer 100(2): 381–388.
Singh AB, Sharma A & Dhawan P (2010) Claudin family of proteins and cancer: an
overview. J Oncol 2010: 541957.
112

Soini Y, Haapasaari KM, Vaarala MH, Turpeenniemi-Hujanen T, Karja V & Karihtala P
(2011) 8-Hydroxydeguanosine and Nitrotyrosine are Prognostic Factors in Urinary
Bladder Carcinoma. Int J Clin Exp Pathol 4(3): 267–275.
Solis LM, Behrens C, Dong W, Suraokar M, Ozburn NC, Moran CA, Corvalan AH, Biswal
S, Swisher SG, Bekele BN, Minna JD, Stewart DJ & Wistuba II (2010) Nrf2 and Keap1
abnormalities in non-small cell lung carcinoma and association with clinicopathologic
features. Clin Cancer Res 16(14): 3743–3753.
Song IS, Kim HK, Jeong SH, Lee SR, Kim N, Rhee BD, Ko KS & Han J (2011)
Mitochondrial peroxiredoxin III is a potential target for cancer therapy. Int J Mol Sci
12(10): 7163-7185.
Sumigray KD & Lechler T (2015) Chapter Twelve –Cell Adhesion in Epidermal
Development and Barrier Formation. Curr Top Dev Biol 112: 383-414.
Sun QK, Zhu JY, Wang W, Lv Y, Zhou HC, Yu JH, Xu GL, Ma JL, Zhong W & Jia WD
(2014) Diagnostic and prognostic significance of peroxiredoxin 1 expression in human
hepatocellular carcinoma. Med Oncol 31(1): 786–013–0786–2. Epub 2013 Dec 3.
Suzuki T, Motohashi H & Yamamoto M (2013) Toward clinical application of the Keap1–
Nrf2 pathway. Trends Pharmacol Sci 34(6): 340–346.
Taddei ML, Giannoni E, Comito G & Chiarugi P (2013) Microenvironment and tumor cell
plasticity: an easy way out. Cancer Lett 341(1): 80–96.
Taddei ML, Giannoni E, Morandi A, Ippolito L, Ramazzotti M, Callari M, Gandellini P &
Chiarugi P (2014) Mesenchymal to amoeboid transition is associated with stem-like
features of melanoma cells. Cell Commun Signal 12: 24-811X-12-24.
Tao S, Wang S, Moghaddam SJ, Ooi A, Chapman E, Wong PK & Zhang DD (2014)
Oncogenic KRAS confers chemoresistance by upregulating NRF2. Cancer Res 74(24):
7430–7441.
Teixido C, Gonzalez-Cao M, Karachaliou N & Rosell R (2015) Predictive factors for
immunotherapy in melanoma. Ann Transl Med 3(15): 208-5839.2015.05.07.
Thiel A, Moza M, Kytola S, Orpana A, Jahkola T, Hernberg M, Virolainen S & Ristimaki
A (2015) Prospective immunohistochemical analysis of BRAF V600E mutation in
melanoma. Hum Pathol 46(2): 169–175.
Thiery JP, Acloque H, Huang RY & Nieto MA (2009) Epithelial-mesenchymal transitions
in development and disease. Cell 139(5): 871–890.
Thompson JF, Soong S, Balch CM, Gershenwald JE, Ding S, Coit DG, Flaherty KT,
Gimotty PA, Johnson T, Johnson MM, Leong SP, Ross MI, Byrd DR, Cascinelli N,
Cochran AJ, Eggermont AM, McMasters KM, Mihm MCJ, Morton DL & Sondak VK
(2011) Prognostic significance of mitotic rate in localized primary cutaneous melanoma:
an analysis of patients in the multi-institutional American Joint Committee on Cancer
melanoma staging database. Journal of Clinical Oncology 29(16): 2199–2205.
Uong A & Zon LI (2010) Melanocytes in development and cancer. J Cell Physiol 222(1):
38-41.

113

Valavanidis A, Vlachogianni T & Fiotakis C (2009) 8-hydroxy-2' -deoxyguanosine (8OHdG): A critical biomarker of oxidative stress and carcinogenesis. Journal of
Environmental Science & Health Part C Environmental Carcinogenesis &
Ecotoxicology Reviews 27(2): 120–139.
Valko M, Rhodes CJ, Moncol J, Izakovic M & Mazur M (2006) Free radicals, metals and
antioxidants in oxidative stress-induced cancer. Chem Biol Interact 160(1): 1–40.
Vandamme N & Berx G (2014) Melanoma cells revive an embryonic transcriptional network
to dictate phenotypic heterogeneity. Front Oncol 4: 352.
Vihinen P, Koskivuo I, Syrjanen K, Tervahartiala T, Sorsa T & Pyrhonen S (2008) Serum
matrix metalloproteinase-8 is associated with ulceration and vascular invasion of
malignant melanoma. Melanoma Res 18(4): 268–273.
Villanueva J & Herlyn M (2008) Melanoma and the tumor microenvironment. Curr Oncol
Rep 10(5): 439–446.
Vincek V, Xu S & Fan YS (2010) Comparative genome hybridization analysis of lasercapture microdissected in situ melanoma. J Cutan Pathol 37(1): 3–7.
Virman J, Soini Y, Kujala P, Luukkaala T, Salminen T, Sunela K & Kellokumpu-Lehtinen
PL (2014) Claudins as prognostic factors for renal cell cancer. Anticancer Res 34(8):
4181–4187.
Vrotsos E & Alexis J (2016) Can SOX-10 or KBA.62 Replace S100 Protein in
Immunohistochemical Evaluation of Sentinel Lymph Nodes for Metastatic Melanoma?
Appl Immunohistochem Mol Morphol 24(1): 26–29.
Wang T, Diaz AJ & Yen Y (2014) The role of peroxiredoxin II in chemoresistance of breast
cancer cells. Breast Cancer (Dove Med Press) 6: 73–80.
Wei Q, Jiang H, Matthews CP & Colburn NH (2008) Sulfiredoxin is an AP-1 target gene
that is required for transformation and shows elevated expression in human skin
malignancies. Proc Natl Acad Sci U S A 105(50): 19738–19743.
Wels C, Joshi S, Koefinger P, Bergler H & Schaider H (2011) Transcriptional activation of
ZEB1 by Slug leads to cooperative regulation of the epithelial-mesenchymal transitionlike phenotype in melanoma. J Invest Dermatol 131(9): 1877–1885.
Widmer DS, Hoek KS, Cheng PF, Eichhoff OM, Biedermann T, Raaijmakers MI, Hemmi
S, Dummer R & Levesque MP (2013) Hypoxia contributes to melanoma heterogeneity
by triggering HIF1alpha-dependent phenotype switching. J Invest Dermatol 133(10):
2436–2443.
Wilson MA (2011) The role of cysteine oxidation in DJ-1 function and dysfunction.
Antioxid Redox Signal 15(1): 111–122.
Wittgen HG & van Kempen LC (2007) Reactive oxygen species in melanoma and its
therapeutic implications. Melanoma Res 17(6): 400-409.
Wood JM, Jimbow K, Boissy RE, Slominski A, Plonka PM, Slawinski J, Wortsman J &
Tosk J (1999) What's the use of generating melanin? Exp Dermatol 8(2): 153–164.
Wu Y & Zhou BP (2009) Inflammation: a driving force speeds cancer metastasis. Cell Cycle
8(20): 3267–3273.

114

Yamamoto T, Kurasawa M, Hattori T, Maeda T, Nakano H & Sasaki H (2008) Relationship
between expression of tight junction-related molecules and perturbed epidermal barrier
function in UVB-irradiated hairless mice. Arch Dermatol Res 300(2): 61–68.
Yang MH & Wu KJ (2008) TWIST activation by hypoxia inducible factor-1 (HIF-1):
implications in metastasis and development. Cell Cycle 7(14): 2090–2096.
Yaziji H & Gown AM (2003) Immunohistochemical markers of melanocytic tumors. Int J
Surg Pathol 11(1): 11–15.
Yuen HF, Chan YP, Law S, Srivastava G, El-Tanani M, Mak TW & Chan KW (2008) DJ-1
could predict worse prognosis in esophageal squamous cell carcinoma. Cancer
Epidemiol Biomarkers Prev 17(12): 3593–3602.
Zhu QQ, Ma C, Wang Q, Song Y & Lv T (2016) The role of TWIST1 in epithelialmesenchymal transition and cancers. Tumour Biol 37(1): 185–197.
Zhu XL, Wang ZF, Lei WB, Zhuang HW, Jiang HY & Wen WP (2010) DJ-1: a novel
independent prognostic marker for survival in glottic squamous cell carcinoma. Cancer
Sci 101(5): 1320–1325.
Ziech D, Franco R, Pappa A & Panayiotidis MI (2011) Reactive oxygen species (ROS)-induced genetic and epigenetic alterations in human carcinogenesis. Mutat Res 711(1–
2): 167–173.

115

116

Original publications
I

Hintsala HR, Siponen M, Haapasaari KM, Karihtala P & Soini Y (2013) Claudins 1, 2,
3, 4, 5 and 7 in solar keratosis and squamocellular carcinoma of the skin Int J Clin Exp
Pathol 15(6): 2855–63.
II Hintsala HR, Soini Y, Haapasaari KM & Karihtala P (2015) Dysregulation of redoxstate-regulating enzymes in melanocytic skin tumours and the surrounding
microenvironment. Histopathology 67(3):348–57.
III Hintsala HR, Jokinen E, Haapasaari KM, Moza M, Ristimäki A, Soini Y, Koivunen J
& Karihtala P (2016) Nrf2/Keap1 pathway and expression of oxidative stress lesions 8hydroxy-2'-deoxyguanosine and nitrotyrosine in melanoma. Anticancer Res 36: 1497–
1506.
IV Hintsala HR, Haapasaari KM, Soini Y& Karihtala P (2016) An immunohistochemical
study of NFE2L2, KEAP1 and 8-hydroxy-2'-deoxyguanosine and the EMT markers
SNAI2, ZEB1 and TWIST1 in metastatic melanoma. Histol Histopathol May 12:11778
[Epub ahead of print].

Reprinted with permission from e-Century Publishing Corporation (I), John Wiley
& Sons Ltd (II), The International Institute of Anticancer Research (III) and
Histology and Histopathology (IV).
Original publications are not included in the electronic version of the dissertation.

117

118

ACTA UNIVERSITATIS OULUENSIS
SERIES D MEDICA

1359. Lantto, Iikka (2016) Acute Achilles tendon rupture : epidemiology and treatment
1360. Räsänen, Päivi (2016) Kotona asuvien ikääntyvien itsestä huolenpito : hoitotieteen
keskitason teorian ydinrakenteen testaaminen
1361. Hannila, Ilkka (2016) T2 relaxation of articular cartilage : normal variation,
repeatability and detection of patellar cartilage lesions
1362. Pihlaja, Juha (2016) Treatment outcome of zirconia single crowns and fixed dental
prostheses
1363. Moilanen, Jani (2016) The use of antipsychotic medication and its association with
outcomes and brain morphometry in schizophrenia : the Northern Finland Birth
Cohort 1966 Study
1364. Heikkilä, Vesa-Pekka (2016) New techniques and methods for decreasing healthy
tissue dose in prostate cancer radiotherapy, with special reference to rectal
doses
1365. Aro, Jani (2016) Novel load-inducible factors in cardiac hypertrophy
1366. Myllymäki, Mikko (2016) Hypoxia-inducible factor prolyl 4-hydroxylase-2 in
Tibetan high-altitude adaptation, extramedullary erythropoiesis and skeletal
muscle ischemia
1367. Rubino, Antonino S. (2016) Efficacy of the Perceval sutureless aortic valve
bioprosthesis in the treatment of aortic valve stenosis
1368. Krökki, Olga (2016) Multiple sclerosis in Northern Finland : Epidemiological
characteristics and comorbidities
1369. Mosorin, Matti-Aleksi (2016) Prognostic impact of preoperative and
postoperative critical conditions on the outcome of coronary artery bypass
surgery
1370. Pelkonen, Sari (2016) Frozen embryo transfer : Early pregnancy, perinatal
outcomes, and health of singleton children
1371. Pohjanen, Vesa-Matti (2016) Toll-like receptor 4 and interleukin 6 gene
polymorphisms in Helicobacter pylori related diseases
1372. Hekkala, Anne (2016) Ketoacidosis at diagnosis of type 1 diabetes in children
under 15 years of age
1373. Kujanpää, Tero (2016) Generalized anxiety disorder and health care utilization

Book orders:
Granum: Virtual book store
http://granum.uta.fi/granum/

D 1374

OULU 2016

UNIVERSITY OF OUL U P.O. Box 8000 FI-90014 UNIVERSITY OF OULU FINLA ND

U N I V E R S I TAT I S

O U L U E N S I S

ACTA

A C TA

D 1374

ACTA

U N I V E R S I T AT I S O U L U E N S I S

Hanna-Riikka Hintsala

University Lecturer Santeri Palviainen

Postdoctoral research fellow Sanna Taskila

Professor Olli Vuolteenaho

Hanna-Riikka Hintsala

Professor Esa Hohtola

OXIDATIVE STRESS AND
CELL ADHESION IN SKIN
CANCER

University Lecturer Veli-Matti Ulvinen

Director Sinikka Eskelinen

Professor Jari Juga

University Lecturer Anu Soikkeli

Professor Olli Vuolteenaho

Publications Editor Kirsti Nurkkala
ISBN 978-952-62-1268-5 (Paperback)
ISBN 978-952-62-1269-2 (PDF)
ISSN 0355-3221 (Print)
ISSN 1796-2234 (Online)

UNIVERSITY OF OULU GRADUATE SCHOOL;
UNIVERSITY OF OULU,
FACULTY OF MEDICINE;
MEDICAL RESEARCH CENTER OULU;
UNIVERSITY OF EASTERN FINLAND;
KUOPIO UNIVERSITY HOSPITAL

D

MEDICA

