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ABSTRACT 

During the last years there has been an alarming increase in incidence of cutaneous 

melanoma (CMM) which is the deadliest form of skin cancer. There has been a paradigm 

shift in treatment of disseminated stage IV disease since the introduction of novel systemic 

therapies with significant survival benefits. Recently adjuvant therapy has been introduced 

for stage III CMM. Hence new options to prevent relapses for high-risk categories in stage I-

III CMM have appeared. However, the currently used prognostic factors are not enough to 

identify all high-risk patients. Improved prognostic tools are required to define patient 

groups with an increased risk of developing metastatic disease who should be offered 

adjuvant therapies.  

The overall aim of these studies was to identify and validate prognostic markers for CMM 

using microarray, qPCR, DNA sequencing and immunohistochemistry. In papers I-II a 

tumor set of regional lymph node metastases (n=42) from two stage III CMM patient groups 

with extremely different disease specific survival after lymph node dissection was used, 

≤13months respectively ≥60 months. In papers III-IV a consecutive cohort of ulcerated 

primary stage I-II CMM tumors (n=71) was used.                                          

In paper I gene expression profiling of tumors from stage III CMM patients identified 

glycolysis and pigment related gene ontology (GO) categories among the top five GO 

categories in which overexpression was associated with short survival.  GAPDHS was 

identified as a novel candidate prognostic factor in CMM. Further validation was done on 

selected genes from these GO categories, three glycolytic genes (GAPDHS, GAPDH and 

PKM2) and one pigment-related gene (TYRP1), at the protein level. High expression of at 

least two out of four proteins was found to be of independent adverse prognostic significance.  

In paper II a prognostic biomarker panel was found to identify patients with a favorable 

prognosis in stage III CMM. By combining high expression of CD8+ and FOXP3+ immune 

cells, low expression of Ki67 and BRAF wildtype status a significant independent association 

with favorable clinical outcome was found, with the best result observed when three out of 

four factors were present. When adjusting for the previously identified panel in paper I the 

result remained significant.  

In paper III there was a significant association with longer recurrence-free survival (RFS) in 

ulcerated stage I-II CMM when at least two out of four factors were present in a panel of 

BRAF wildtype/low proportion of BRAF mutated alleles, minor ulceration, low proliferation 

and high presence of TILs, in the multivariate analysis adjusted for Breslow thickness.     

In paper IV the presence of TILs was found to be a stronger predictor for RFS in combination 

with the expression of CD8, FOXP3 and GAPDHS. When at least three of these four factors 

were present/expressed a significant association with longer RFS was found in multivariate 

analyses. GAPDHS has been discovered to be a potential prognostic factor in both paper I and IV 

but may have different functions in stage I-III CMM, a so called moonlighting protein. 

This thesis highlights the strength of using a panel of biomarkers instead of using a single 

biomarker to identify patients with high risk for relapse in stage I-III CMM.  
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1 INTRODUCTION 

The incidence of cutaneous melanoma (CMM)  has steadily increased over the last years in 

Caucasian populations [1]. There are well known risk factors for CMM with intermittent 

UV irradiation in combination with pigment-related characteristics, like fair-skinned 

individuals and excessive number of normal nevi, and documented familial history of 

CMM [2].  

 The most important established prognostic markers based on histopathology, according to 

current TNM classification by the American Joint Committee on Cancer Staging System 

(AJCC) 2017, include tumor thickness according to Breslow, presence of tumor ulceration 

and regional lymph node metastasis [3]. Sentinel node biopsy (SNB) of regional lymph 

nodes has received attention to gain further prognostic information [4]. Today SNB is 

routinely used as a diagnostic staging tool. So far there is no evident documentation of 

overall survival benefits with SNB [5,6].                

Although CMM patients with favorable prognostic markers according to AJCC 

classification are treated by surgical excision there is a subset of patients who have a worse 

clinical outcome. Hence, there is heterogeneity of prognosis regarding relapse and survival 

which is probably due to yet unknown prognostic factors [7].                                                    

 The last years there has been a development of novel therapies such as inhibitors of BRAF-

mutated protein, MEK-inhibitors, and antibodies against CTLA-4 and PD-1, as well as the 

PD-1 ligand [8-12]. Today there are more options to treat patients with metastatic CMM 

disease and a higher probability for long-term survival for a subset of patients. 

Immunotherapy and a combination of different tumor cell targeted therapies may improve 

the survival, but so far disseminated stage IV disease is not regarded as curable. It is of 

great importance to prevent progression from localized disease in stage I and II to 

regionally advanced CMM in stage III and subsequently a further progression to 

disseminated stage IV disease. Some of the novel therapies have recently been or are soon 

expected to be introduced as adjuvant therapies in stage III CMM [13-15].  

 Improved prognostic tools are required to define patient groups with an increased risk of 

developing metastatic disease who should be offered adjuvant therapies. Molecular 

characteristics of the tumor most likely play an important role in clinical outcome but are 

still insufficiently studied and more molecular studies are therefore needed. 
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2 BACKGROUND 

2.1   EPIDEMIOLOGY OF CUTANEOUS MELANOMA 

There is an alarming increase in incidence of CMM during the last years, both worldwide and 

as well in Sweden. In countries with a predominance of fair-skinned Caucasian populations 

the incidence has increased annually with 4-6 % [1,16,17]. In Sweden around 4000 

individuals were diagnosed with CMM in 2016 which is the fourth and fifth most common 

cancer reported in males and females [18].  

The steady increase in the incidence of CMM in Sweden may be related to changes in 

lifestyle behavior regarding sun exposure, with intermittent UV radiation and indoor tanning. 

Public awareness, including different prevention programs of skin screening, probably 

explain detection of a higher proportion of thin CMMs (Breslow < 1mm) [19], although there 

is an increase in incidence of thicker CMM (Breslow > 1mm) as well [20]. The mortality 

trends have been more stable in Caucasian population, with a trend of slow increase 

compared to the increase in incidence rates [17,21,22]. Besides earlier detection of CMM 

there have also been improvements in treatment options of CMM that may to some extent 

explain the different trends between incidence and mortality.   

The incidence differs in populations regarding the ethnicity, geography, age, sex and 

anatomical locations [17,23].  

The highest incidence rates are found in New Zealand followed by Australia, Switzerland, the 

Netherlands and the Scandinavian countries [24]. There is a gradient of incidence related to 

the geographical latitude in Australia/New Zealand with a higher incidence closer to the 

equator, due to higher degree of UV radiation exposure [19]. The inverse gradient is found in 

the Scandinavian countries, i.e. the highest incidence rates are found in the southern regions 

[25]. The protection offered by cutaneous melanin explains why there are variations in 

incidence rates regarding the ethnicity in regions with ethnically mixed populations, with 

lower incidence among those with darker skin.  

CMM is a cancer which affects both genders and a wide range of ages from young to elderly 

individuals. There is a correlation between higher age and increased incidence rates, with a 

peak at the seventh and eighth decades of life [26]. Although CMM is a relatively rare disease 

among younger it is one of the most common cancers among young adults [27]. 

Overall CMM is more common among male worldwide, but in Europe the female gender is 

more susceptible to CMM [24]. Among young adults < 40 years of age females are overall in 
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majority [22]. In Sweden the total number of individuals diagnosed with CMM in 2016 was 

almost equal between the genders, 2090 males respectively 1953 females [18]. 

There are also differences between the genders regarding the anatomical distribution of 

primary CMM.  Among Caucasian males it is more common with CMM on the shoulders 

and the back, while the lower limbs are more frequently reported among females [28].  

 

 

 

Figure 1. Estimated CMM incidence worldwide 2012 (GLOBOCAN 2012, www.globocan.iarc.fr). 

 

 

2.2 HISTOLOGICAL SUBTYPES OF CUTANEOUS MELANOMA 

CMM is generally divided into four subtypes based on different growth patterns and 

anatomical distribution; superficial spreading melanoma (SSM), nodular melanoma (NM), 

lentigo maligna melanoma (LMM) and acral lentiginous melanoma (ALM) [29-31]. 

SSM has a lateral growth and often arise in pre-existing nevi. This subtype accounts for about 

70 % of all CMM and occurs more often among younger individuals. The anatomical 

distribution is more often on locations associated with intermittent UV exposure, like the 

trunk and extremities. SSM has the highest frequency of BRAF mutation compared with other 

subtypes [32]. 



 

 11 

NM represents the second largest subtype of CMM and is characterized by a vertical growth, 

which is associated with rapid invasiveness. Therefore the tumor thickness is in general 

higher in NM. In comparison to SSM there is no correlation to specific anatomical 

distribution and the median age at diagnosis is higher. NRAS mutation is present more 

commonly in NM and the frequency of BRAF mutation is lower compared with SMM [32]. 

LMM is rarely seen among young individuals. The typical patient with LMM is an elderly 

individual with tumor location in chronically sun-exposed areas in the head and neck. LMM 

evolves slowly compared to other subtypes. 

ALM evolves predominately from the skin in distal acral parts of the body, like palms, soles 

and nailbeds. This subtype is most common among non-Caucasian individuals. There is a 

high proportion of KIT mutation in ALM, whereas BRAF or NRAS mutations are rarely 

present [33]. 

The clinical outcome is considered to be worse for ALM compared to the other histological 

subtypes. However, a recent retrospective study with a large cohort of ALMs has pointed out 

the same prognostic factors in multivariate analysis as other subtypes of CMM [34].  

 

2.3 STAGING OF CUTANEOUS MELANOMA 

The current TNM classification by The American Joint Committee on Cancer Staging 

System (AJCC) includes the most important established prognostic markers for local, 

regional and distant disease [35]. The last updated 8
th

 edition was recently implemented in 

January 2018 and is based on a large database platform of > 50 000 CMM patients in stage 

I-IV from different centers worldwide [3].  The staging system involves results from 

histopathological examination regarding localized (stage I-II) and regional nodal (stage III) 

disease, and includes imaging technology and serum samples to assess distant disease 

(stage IV).    

 

2.3.1 Tumor thickness                                                                                                                           

Localized CMM, stage I-II, is primarily defined by tumor thickness according to Breslow. 

Tumor thickness is categorized in four groups, T1-T4, with an increasing thickness for each 

higher T-level. The thickness is measured in mm and is rounded to the nearest 0.1 mm. The 

thickness is divided into the subsequent intervals; ≤ 1.0 mm (T1), >1.0-2.0 mm (T2), >2.0-4.0 
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(T3) and > 4.0 mm (T4). There is a subcategory of each T-level, T1a-T4a versus T1b-T4b 

depending on the absence or presence of tumor ulceration. T1 CMMs have in general a 

favorable prognosis and are regarded as low risk tumors. However, there is a threshold at 

Breslow thickness of 0.8 mm, which distinguishes patients in favorable T1-level with 

exceptionally good prognosis with thickness < 0.8mm and without presence of ulceration 

(T1a) from patients with tumor thickness 0.8-1.0 or <0.8 with ulceration (T1b). Presence of 

ulceration defines the advanced subcategories of T2b-T4b.     

There is an evident difference in prognosis between localized disease T1aN0 and T4bN0 

from 98% to 75% in 10-year CMM-specific survival, as illustrated in Figure 2.  

 

 

Figure 2. Survival curves according to T subcategory for patients from the 8
th
 Edition AJCC 

Database. Patients with N0 CMM have been filtered, so that patients with T2 to T4 CMM were 

included only if they had negative SN, whereas those with T1N0 CMM were included regardless of 

whether they underwent SNB. Adapted from Gershenwald et al. CA Cancer J Clin 2017. 
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2.3.2  Ulceration 

The presence of ulceration in primary CMM is a strong adverse independent prognostic 

factor and upstages patients by both subcategories and stages in the AJCC classification 

compared to the same tumor thickness without ulceration, as mentioned previously. 

Although there is today no evidence-based definition of ulceration it is often defined as 

absence of an intact epidermis above any portion of the primary tumor with an associated 

host reaction (characterized by a fibrinous and acute inflammatory exudate) based on 

histopathological examination [36]. Not only the presence but the extent of ulceration 

seems to be of importance, although this is not included in the AJCC classification [37]. 

When the ulcerated CMM has been subdivided into excessive or minimal/moderate 

ulcerations this has provided additional prognostic information, showing that an excessive 

ulceration is associated with a more adverse clinical outcome [37].         

The molecular background of ulceration is still unclear. Ulceration is more often present in 

CMMs with a higher Breslow thickness and in NM [38]. Recent gene expression studies 

have shown overexpression of genes associated with tumor-related inflammation, for 

example interleukin-6, and pathways associated with wound healing, proliferation and 

angiogenesis [39,40]. Tumor related inflammation and suppression of adaptive immune 

system supports the clinical results with benefit from adjuvant interferon-alpha reported in 

patients with ulcerated tumors [41]. Hence ulceration may be a predictive factor for 

immunotherapy. 

         

 2.3.3  Regional metastatic CMM 

Stage III CMM is defined as metastatic disease with regional spreading to lymph node or 

presence of in-transit or satellite metastasis. The prognosis in stage III is correlated with the 

number of affected lymph nodes (N1-N3 level) and the extent of regional tumor involvement 

(subcategories a-c of the N-level). Tumor thickness and presence of ulceration of the primary 

tumor have prognostic impact in stage III CMM and in the current edition of AJCC there is  

an important change in stage III with added information of tumor thickness besides 

ulceration, i.e combination of T-level and N-level. In the recently updated 8
th

 AJCC edition 

stage III CMM has been extended from three to four subgroups, stage IIIA-D.  There is a 

very variable clinical outcome in stage III, from reported 5-year survival of 93% in stage IIIA 

to 32% in stage IIID, as illustrated in Figure 3.    

The extent of tumor involvement is based on clinically occult lymph node metastasis detected 

by sentinel node biopsy (SNB) (N1-3a) and clinically detected disease, i.e. macroscopic nodal 
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disease. Presence of in-transit or satellite metastasis without or in combination with nodal 

metastases is prognostically unfavorable (N1-3c level). SNB has been routinely used as a 

staging tool for confirmed tumors with Breslow thickness >1.0 mm and is also considered in 

T1b tumors with ulceration or other prognostic risk factors.  

 

 

Figure 3.  Melanoma-specific survival curves according to stage III subgroups from the Eighth 

Edition International Melanoma Database. Adapted from Gershenwald et al. CA Cancer J Clin 2017. 

 

Reported rates of SN metastases in T2, T3 and T4 CMMs are 12-20%, 28-33% and  28-44% 

respectively [42]. In clinically node negative CMM a positive SNB is the best predictor of 

clinical outcome [6]. There is no evident documentation of overall survival benefits with 

SNB compared with nodal observation, although the regional disease control has been 

improved [5].  Two randomized trials have compared complete lymph node dissection in 

patients with positive SNB to including ultrasound examination of the affected lymph node 

basin and found no difference in CMM specific survival [6,43]. Hence SNB is used as a 

diagnostic staging tool to gain further prognostic information. 
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2.3.4  Distant metastatic CMM 

Presence of distant metastatic disease (M-level/stage IV) is classified into four subcategories 

based on the anatomical location due to prognostic differences. Metastatic involvement to 

soft tissue (distant skin, nodes, subcutaneous tissue and muscle) defines a prognostic 

favorable subcategory (M1a) compared to other distant metastases. The following 

subcategories with metastatic disease to lung (M1b), other visceral organs excluding CNS 

(M1c) and CNS (M1d) define a significant increase in unfavorable prognosis. Elevated 

lactate dehydrogenase (LDH) in serum is a significant factor associated with adverse clinical 

outcome and has in the current 8
th

 AJCC edition been revised to be an additional 

subcategory of each four M1-levels.  

 

The clinical outcome is in general poor in stage IV CMM with a 5-year survival rate of 

approximately 10-30% [44]. However there has been a dramatic improvement with an 

increasing subset of patients with long-term survival due to more efficient systemic 

therapies developed during the last years. Subsequent survival data from larger cohorts will 

hopefully demonstrate improved survival rates. 

 

2.4 MOLECULAR PROGNOSTIC FACTORS FOR CUTANEOUS MELANOMA 

2.4.1  Proliferation markers     

Mitotic rate is regarded as an adverse prognostic factor in CMMs, with worsening prognosis 

with increasing mitotic rates [3,4]. There is a threshold for increased risk for metastasis with a 

mitotic rate ≥ 1 mitosis/mm² and most significant correlation is found in thin melanomas, T1-

tumors with Breslow thickness ≤ 1.0 mm [4]. Hence mitotic rate was included in the previous 

7
th

 AJCC edition in T1-tumors, however excluded in the revised 8
th

 edition when the 

threshold for T1b at 0.8 mm tumor thickness was introduced and resulted in non-significant 

correlation in multivariate analyses. Nevertheless mitotic rate is still considered to be an 

important determinant in CMM, especially in cases where there is no nodal metastases. There 

is an increased risk of SN metastasis in T1 tumors with high mitotic rate and therefore 

guidelines recommend to perform SNB in this T1 subcategory.           

In proliferating cells an expression of Ki67 is found in every phase of the cell cycle, except 

from G0 phase [45]. Hence it is often used as a marker for cell proliferation in tumor samples. 

The Ki67-index based on immunohistochemistry (IHC) has been correlated with clinical 
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outcome in several different tumor types, for example in breast cancer, lung cancer and 

mesothelioma [46,47].  

The Ki67-index is used as a diagnostic and staging tool in some malignancies, for example in 

neuroendocrine tumors [48,49], but not in CMM. Elevated Ki67-index has been correlated to 

poor clinical outcome in several studies on CMM [50,51].  

Although Ki67 is a positive marker for proliferation it is uncertain how many of the cells 

expressing Ki67 that will actually undergo mitosis. Other biomarkers involved in cell cycle 

regulation like Cyclin A and Cyclin D3 are correlated with tumor thickness, progression and 

adverse prognosis in CMM [52,53]. Wee1 is involved in regulating G2/M checkpoint and has 

been identified to be correlated with worse prognosis in CMM [54]. 

 

 2.4.2  Metabolism    

Several important hallmarks of cancer have been identified and one of those is 

reprogramming of metabolism, which is also of importance in CMM  [55-57]. The Warburg 

effect, predominant production of energy by a high rate of aerobic glycolysis, is a well known 

biological phenomenon in cancer cells. Upregulation of glycolysis generating an 

accumulation of lactate has been associated with worse prognosis [58].                                                         

The increased tumor metabolism in CMM can be used in clinical application by using 

fluorodeoxyglucose positron emission tomography (FDG-PET) for detection of tumor lesions 

[59]. Elevated serum levels of LDH are associated with worse clinical outcome in stage IV 

CMM and are used in the AJCC staging to classify distant metastatic disease (the M-

classification) [3]. It has also been demonstrated that an inverse correlation between LDHA 

expression and T cell activation in CMM may lead to tumor immune escape [60].                       

High expression of the glycolytic regulators PKM2 and GAPDH have been demonstrated to 

be adverse prognostic factors in different cancers and to promote the Warburg effect [61,62]. 

 

2.4.3  Pigmentation 

At the time of skin exposure to UV radiation, keratinocytes stimulate the melanocytes to 

produce melanin pigment which is distributed to the keratinocytes to protect their nuclei from 

damaging effect of radiation.  The synthesis of melanin pigments depends on expression of 

several genes, such as tyrosinase (TYR) and tyrosinase-related protein 1 (TYRP1) [63].   
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These pigment genes are regulated by melanogenesis associated transcription factor (MITF) 

which also induces transcription of other genes involved in melanocyte differentiation, 

apoptosis and proliferation, such as CDK2, HIF1α and CDKN2A [64].  They also play an 

important role in the pathogenesis of CMM [65].                                                                                                                                                      

MITF is regarded to be a CMM oncogene. However the expression of MITF is heterogeneous 

in CMM, an amplification of MITF is found in about 20% of metastatic CMM lesions [66]. A 

strong amplification of MITF is a prognostic marker associated with a reduced survival in 

CMM [66].  Sporadic mutations in MITF are rarely seen.  TYRP1 has been associated with a 

poor prognosis in stage III-IV CMM [67].   

 

2.4.4 MAPK and PI3K signaling pathways       

There are two major pathways commonly activated in CMM, the mitogen-activated protein 

kinase (MAPK) pathway and the phosphatidylinositol 3-kinase (PI3K) pathway. Both 

pathways are involved in the initiation and progression of CMM [68].                                                    

NRAS and BRAF mutations activate MAPK pathway.  About 50% of CMM patients harbor 

BRAF mutations and approximately 20 % harbor NRAS mutations [69]. 

 BRAF mutations have been detected in exons 11 and 15 [70].The most common BRAF 

mutation is V600E (around 75 %), located in exon 15.  Another common subtype of  BRAF 

V600 mutation is V600K (around  17%) while V600D, V600R and V600E2 are more rare (< 

5%) [71]. 

NRAS mutation activates both pathways of MAPK and PI3K. BRAF and NRAS mutations 

almost never occur simultaneously in the same CMM. Downstream activation results in 

increased proliferation by unregulated expression of Cyclin D1. Mutation in BRAF or NRAS 

alone is not sufficient for malignant transformation of melanocytes. Thus additional genetic 

events are required for tumor progression [72].      

 Both BRAF and NRAS mutations are early somatic events in malignant transformation as 

many benign and dysplastic nevi harbor such mutations [73].  Some studies have 

demonstrated that BRAF or NRAS mutations are adverse prognostic factors, whereas others 

could not confirm these findings [32,74,75].  However, these studies differed regarding type 

of patient cohorts and whether the study was prospective or retrospective.         

The PI3K pathway is activated by loss of the tumor suppressor PTEN activity or 

amplification and overexpression of AKT. Loss of PTEN activity by deletion or mutation is 
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observed in 25-50% of the CMM patients. In BRAF mutated CMMs approximately 50% have 

an inactivation of PTEN [76].                                                                                                             

BRAF activation regulates metabolism in CMM by decreasing oxidative phosphorylation and 

contributing to increased glycolysis [77]. This is consistent with reported higher levels of 

serum lactate in BRAF mutated patients [78]. An in vitro study has shown that overexpression 

of GAPDH rescued the BRAF mutated cells from cell death after treatment with BRAF 

inhibitor [77,79].  This supports the importance of glycolysis in BRAF activated CMMs and 

implicates it as a possible therapeutic target to overcome resistance to BRAF inhibitors.  

The MAPK pathway is also linked to the turnover of the transcription factor MITF by ERK-

mediated phosphorylation [80]. MITF degradation is promoted by a strong constitutive 

activation of MAPK pathway. MITF gene amplification is found in patients who relapsed 

during treatment with BRAF inhibitors, suggesting survival or growth advantages when the 

MAPK pathway is blocked, by restoration of signal activation downstream in the MAPK 

pathway [81]. Thus, MITF upregulation is a marker for acquired resistance to BRAF and 

MEK inhibitors.                                                                                                                                        

BRAF inhibition is associated with increased melanoma antigen expression and increased       

CD8+ T cell infiltration of the tumor implicating that BRAF activation may lead to 

suppression of the immune response and a worse prognosis [82].  

 

2.4.5  CDKN2A     

CDKN2A is a tumor suppressor gene commonly inactivated in CMM.  The CDKN2A gene 

encodes for two proteins, P16 (INK4A) and P14 (ARF), involved in two different essential 

pathways, the Retinoblastoma and the P53 pathway, respectively. Deletions occur frequently, 

but CDKN2A is also inactivated by mutations and transcriptionally by promoter methylation. 

Deletions are more frequent in metastatic CMM lesions than in primary tumors [83]. CMMs 

harbor less frequently P53 alterations compared to many other malignancies, probably due to 

frequent inactivation of P14 (ARF) in the P53 pathway [84]. We have previously found that 

biallelic losses of the CDKN2A gene correlate with a shorter overall survival in CMM [83]. A 

higher proliferation rate has been observed in stage IV CMMs where the proliferative subtype 

was characterized with a high frequency of biallelic CDKN2A deletions [85].  
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2.4.6  Immunological host response        

Overexpression of immune related genes in stage III-IV CMMs has been correlated with a 

favorable prognosis in several gene expression studies [85-87].                                                 

Spontaneous complete regression is a well known, but rare phenomenon in CMM, and 

supports the concept that CMM is an immunogenic tumor [88]. Partial regression of the 

primary tumor is seen more frequently and is characterized by absence of tumor cells in 

dermis and epidermis together with a combination of fibrosis, melanophages and 

lymphocytes [89]. An immunological host response against the tumor explains the 

appearance of regression. During an early phase of regression the tumor infiltrating 

lymphocytes (TILs) appear. The lymphocytes infiltrate the tumor in different patterns and the 

TILs are  categorized as brisk, non-brisk or absent [89]. Immunological host response as 

presence of CD4+ and CD8+ TILs is correlated with favorable prognosis [90-92].        

However, the prognostic value of regression and TILs needs to be further explored since there 

are discordant results  demonstrating that TILs may promote progression and metastasis [93]. 

Thus, TILs is not included in the current AJCC staging system.                                                           

The SN is normally the first site of metastasis and represents an immunological barrier 

against metastatic disease. Also tumor negative SNs have been detected with altered 

microenvironment, which may facilitate progression of CMM [94]. Thus, tumor immune 

microenvironment of the sentinel node (SN) may reflect the status of systemic immunity.                     

A recent study on patients with stage III CMM who later progressed into stage IV and were 

treated with checkpoint inhibitor anti-CTLA-4 has demonstrated better response and longer 

survival in patients with presence of TILs in their regional lymph node metastases [95].              

Regulatory T-cells (Tregs), immunosuppressive cytokines and immune checkpoints (CTLA-4 

and PD-1) are some examples of  immunosuppressive factors to control excessive immune 

activation [96]. The Forkhead box P3 (FOXP3) is used as a marker for Tregs. However, also 

different tumors including CMM express FOXP3 [97]. The prognostic value of FOXP3 

expression is still unclear [98]. 

The immune checkpoint receptor PD-1 is linked to PD-1 and PD-2 ligands (PD L1, PD-L2) 

and functions in the tumor microenvironment. Several different tumor types express PD-1 

ligand and an overexpression is observed in CMM [99]. In some malignancies the expression 

of PD-L1 is a negative prognostic marker, including lung cancer and renal carcinoma 

[100,101].  Immune checkpoint-blockade with anti CTLA-4 and anti PD-1 antibodies has 

demonstrated significant survival benefits [9-11]. No predictive biomarker is available in 
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CMM, though it seems that expression of PD-L1 may predict responses to anti PD-1 [102]. 

Today there are several studies ongoing to identify suitable prognostic and predictive 

biomarkers for immune checkpoint-blockade in CMM.  

 

2.5  MANAGEMENT OF CUTANEOUS MELANOMA 

2.5.1 Stage I-II 

For localized CMM, stage I-II, surgery with wide local excision is standard of care [103]. The 

recommended margin is determined by the T-level of primary tumor. According to 

international and Swedish guidelines for T1 tumors, i. e tumor thickness ≤ 1.0 mm, the 

recommended free lateral margin is 1 cm with an excision down to the underlying muscle 

fascia [104]. For T2-T4 tumors, i.e tumor thickness > 1.0 mm, there is a recommended 

margin of 2 cm. In head and neck locations a less margin is acceptable with respect to 

functional aspects.  SNB is recommended as diagnostic staging tool for T2-T4 tumors, and 

should be considered for T1b, as previously described. 

Follow-up is performed with clinical controls according to national guidelines. 

 

2.5.2 Stage III 

Due to the results from randomized trials demonstrating no outcome benefit with complete 

lymph node dissection after positive SNB compared to nodal observation, as previously 

described, the guidelines have recently been revised [6,43]. For SNB metastasis < 1 mm 

diameters there is support of nodal observation with ultrasound follow-up. Complete nodal 

dissection should be considered for SNB metastasis ≥ 1 mm and for clinically detected lymph 

node metastases (macroscopic). Postoperative radiotherapy may be considered in cases of 

non radical surgery, periglandular tumor involvement, large size of macroscopic metastasis 

and multiple lymph nodes affected, to decrease the risk of local recurrence [105].  

In Sweden adjuvant systemic therapy has to date not been standard of care in stage III CMM. 

Adjuvant high-dose interferon-alpha therapy may be used in high risk stage III but due to side 

effects and uncertain effectiveness it has not been widely used. The subcategory of patients 

with ulcerated primary tumors has been better benefited from adjuvant interferon-alpha 

therapy and ulceration may be a predictive marker [41].  
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Adjuvant therapy in stage III CMM with immune checkpoint inhibitor of anti-PD-1 

nivolumab has recently been introduced in the US. Data from a randomized trial has 

demonstrated superior benefit with adjuvant anti-PD-1 nivolumab compared with anti-

CTLA-4 ipilumumab with significantly improved reduced recurrence-free survival (RFS) 

[14]. An introduction of adjuvant anti-PD-1 inhibitors, nivolumab and pembrolizumab, is 

expected in Europe later during 2018.                                                                                                      

Adjuvant combination therapy of BRAF and MEK inhibitors in stage III CMM, BRAF 

mutated patients, has shown significant benefit in RFS and is expected as well to be 

introduced [15]. 

There have been different local guidelines in Sweden regarding the follow-up of patients in 

stage III CMM with clinical controls and at some places also in combination with imaging 

methods. An ongoing national multicentre study, TRIM trial, with randomization between 

follow up with clinical controls and imaging controls has been initiated to get harmonized 

guidelines. 

 

2.5.3 Stage IV 

There has been a paradigm shift in treatment of disseminated stage IV disease since the 

introduction of novel systemic therapies at 2011-2012 with significant survival benefits 

with anti-CTLA-4 ipilimumab and BRAF inhibitor vemurafenib. Prior to 2011 gold 

standard therapy has been palliative chemotherapy, usually dacarbazine or temozolomide, 

with low response rates and median progression-free survival (PFS) about 1,5 months 

[106]. No significant survival benefit.                                                                                                 

Ipilimumab is an antibody against CTLA-4 and was the first immune checkpoint inhibitor 

to be introduced.  CTLA-4 is expressed on the surface of activated T-cells and regulatory T 

(Treg) cells. It functions as an immune checkpoint that inhibits T-cell activation during an 

early phase in lymphatic tissues with inhibitory feedback mechanism [107]. Thus, blockade 

of CTLA-4 enhances T-cell-mediated antitumor immunity by removing an inhibitory sig-

nal. Treatment with ipilimumab in stage IV CMM has in pooled analysis of phase II and 

phase III studies demonstrated a plateau in the survival curve at 22% at three years. Hence 

there is a subset of patients who may achieve prolonged survival with long-term remission 

[108].  There are immune related side effects which may be of severe grade and sometimes 

life-threatening.    
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 Some years later, in 2014-2015, the anti-PD1-blocking antibodies nivolumab and 

pembrolizumab were introduced.  They represent another type of T-cell activating immune 

checkpoint inhibitors. PD-1 is linked to PD-1 ligand (PD-L1) which may be expressed on 

tumor cells and immune cell infiltrates, hence anti-PD-1-blocking antibodies function in the 

tumor microenvironment, as previously described [107]. The responses to anti-PD-1 

antibodies are impressive with higher response rates and less immune related side-effects 

compared to anti-CTLA-4 antibodies. The responses to nivolumab and prembrolizumab are 

similar with objective response rates of about 40% [109]. Today both therapies are used as 

first-line therapy in stage IV CMM, regardless of BRAF mutational status. Recently 

combination therapy of nivolumab and ipilimumab has been introduced, demonstrating 

higher objective response rate compared to monotherapy nivolumab or ipilumumab (57.6, 

43.7, and 19.0%, respectively) [11]. A subcategory of patients with low expression of PD-

L1 might benefit from combination therapy to a higher extent and therefore this 

combination is today in Sweden approved for patients with PD-L1 expression < 1% of 

tumor cells. The immune related side effects with combination therapy are substantially 

higher and of severe grade compared to monotherapy nivolumab. 

Vemurafenib is a per oral protein kinase inhibitor and was the first selective BRAF 

inhibitor to be introduced in 2011-2012 for patients with BRAF V600E mutated tumors. 

The introduction of vemurafenib demonstrated impressive responses with often rapid 

shrinking of the tumor load [106]. Later dabrafenib, another BRAF inhibitor, with similar 

response rate was introduced [110]. The objective response rate with BRAF inhibitors is 

about 50 % with median progression-free survival of about 6 months. When relapses occur 

they might develop with rapid progression due to drug resistance. When combining BRAF 

inhibitor with MEK inhibitor the responses are in general prolonged with median PFS 

about 9 months [8]. Today BRAF and MEK inhibitors in combination are standard therapy 

for BRAF mutated patients in first or second line therapy post immunotherapy. 

There is a rapid development of novel therapies with several ongoing trials in stage IV 

CMM with a focus on different combinations of immune checkpoint inhibitors and in 

combination with targeted drugs. 
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3     AIMS OF THE THESIS 

 

The overall aim of the thesis is to identify prognostic biomarkers in stage I-III CMM to better 

define patients that may be suitable for adjuvant therapy or longer follow-up. 

 

Specific aims 

Paper I:  To identify prognostic markers, based on gene expression profile, in stage III CMM 

patients.   

Paper II:  To investigate the impact on clinical outcome of immune cells (CD8+ and 

FOXP3+ T-cells), proliferation marker and BRAF mutational status in stage III CMM 

patients. 

Paper III:  To validate the prognostic impact of BRAF mutation on RFS in ulcerated stage I-

II CMM in combination with expression of proliferation marker, the extent of ulceration and 

presence of TILs. 

Paper IV:  To validate the prognostic impact of the expression of CD8, FOXP3, GADPHS 

and presence of TILs on RFS in ulcerated stage I-II CMM. 
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4 MATERIALS AND METHODS 

 

4.1  Tumor samples 

4.1.1 Papers I-II 

A set of tumor samples of regional lymph node metastases was collected from patients with 

stage III CMM.  Specimens from forty-two patients were included in the analyses performed 

in papers I-II. The patients were from two distinct different prognostic groups in stage III 

CMM; long-term survival ≥60 months versus short survival ≤13 months after lymph node 

dissection, respectively. There were 19 patients and 23 patients in each prognostic group, 

long-term respectively short-term survival. One fresh frozen biopsy of lymph node metastasis 

was collected from each patient at the time when radical lymph node dissection was 

performed. The biopsies were fresh frozen in liquid nitrogen and kept in a biobank at -70 C 

until analysis. All samples were defined to be the first regional relapse of each CMM patient. 

The regional relapses were all clinically detected, i.e. macroscopic lymph node metastases. 

The proportion of tumor cells in the specimen from the biopsies used in papers I-II was 

estimated by a pathologist. For further analyses there was an inclusion criteria of at least 50% 

tumor cells and for a majority (67%) of the samples there was >70% tumor cells. 

4.1.2 Papers III-IV 

A consecutive and retrospective cohort of ulcerated primary tumors was collected from 

patients with diagnosed stage I-II CMM. The patients were identified from the Stockholm-

Gotland Regional Melanoma Registry and they had all undergone the primary excision in the 

Stockholm region during 2004-2006. In total 120 patients were identified from different 

pathology departments in the Stockholm County.  However, we only received samples from 

76 primary tumors, T1b-T4b, of the originally 120 identified tumors. All the samples were re-

evaluated by a pathologist to confirm presence of ulceration for further analyses in papers III-

IV. In total 71primary CMM tumors were included in the final cohort that consisted of 

formalin fixed and paraffin embedded specimens.  

4.2  Patient and pathological characteristics 

Data on follow-up information and patient characteristics such as gender, age, time of 

diagnosis, CMM related event, survival outcome and treatment history were collected from 

the Stockholm-Gotland Regional Melanoma Registry, patient records and pathology files. 
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4.3 Methods 

4.3.1 Microarray 

Gene expression profiling was performed in collaboration with Professor Lundeberg and his 

team at KTH (paper I). The platform was an in-house manufactured microarray consisting of 

>35 000 features representing almost 29 000 different genes. RNA was prepared and 

amplified followed by labeling and cDNA synthesis of the samples prior to hybridization to 

microarrays overnight. Then scanning and imaging of the microarrays was done and finally 

data analyses including Bayes moderated t-test to control for multiple testing.  

 

4.3.2 Real-time PCR 

 Real-time PCR was performed in paper I to validate mRNA expression of selected genes 

based on identified gene expression profile by the oligonucleotide microarray.  First-strand 

cDNA was made from total RNA followed by Real-time PCR analysis using the ABI7500 

qPCR system (Applied Biosytems, Foster City, CA, USA).  All results were normalized to 

two reference genes (HPRT1 and HMBS) and a reference sample. For each plate, a 

dissociation curve was generated, and a standard curve for both the test gene and reference 

genes was plotted to monitor PCR efficiency. The Ct method was used when analyzing 

data using the GenEx software (MultiD, Gothenburg, Sweden).  

 

4.3.3 Immunohistochemistry 

Immunohistochemistry (IHC) was performed in all studies, papers I-IV, to examine the 

protein expression of selected prognostic candidates. 

IHC was performed on 4-μm-thick, formalin-fixed, paraffin-embedded sections.  In brief, 

heat-induced antigen retrieval was performed in a decloaking chamber according to the 

manufacturer’s instructions (Biocare, Concord, CA, USA). Sections were incubated 

overnight at 4°C with anti-human GAPDH (Santa Cruz Biotechnology, CA, USA), GAPDHS 

(Abcam, UK), PKM2 (Abcam), TYRP1 (Novocastra, UK), Ki67 (Dako, Denmark), CD8 

(Dako), FOXP3 (eBioscience, AffymetrixCompany, USA). Secondary antibody incubation 

using streptavidin/peroxidase complex was done with Vectastain Universal Quick Kit (Vector 

Laboratories Inc, CA, USA), development with DAB Substrate Kit (Vector Laboratories Inc) 

and counterstaining with Mayers Hematoxylin (Histolab,Sweden). 
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4.3.4 Mutation analyses 

In paper III mutation analyses were performed to assess the BRAF status of each tumor 

sample in the cohort of ulcerated primary tumors using three different methods; Cobas, 

pyrosequencing and Sanger sequencing.                                                                                                             

Prior to DNA extraction the proportion of tumor cells was estimated and in some cases 

dissection was performed for tumor cells enrichment. 

The Cobas test is designed to detect mutations in codon 600 in the BRAF gene, and will only 

report if a mutation is present without information about the type of mutation detected.   

BRAF in codon 600 (exon 15) and 464-469 (exon 11) was also analyzed by pyrosequencing 

to detect mutations.  

For the samples where no mutations were detected by Cobas or pyrosequencing, or only by 

one of these methods, Sanger sequencing of BRAF was performed to detect mutations at 

exons 11 and 15 of the BRAF gene.  
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5 RESULTS 

5.1 Paper I 

Gene expression profiling by oligonucleotide microarray revealed that several gene ontology 

(GO) categories were highly significantly differentially expressed between the two prognosis 

groups in stage III CMM. We did not detect any single genes as significantly differentially 

expressed. Two of the top GO categories were glycolysis (GO: 0006096; p< 0.001) and 

pigment biosynthetic process (GO: 0046148; p<0.001), in which overexpression was 

associated with short survival. Further validation was performed by using IHC and qRT-

PCR. Candidate genes from the two top GO categories were selected based on the most 

differentially expressed genes between the prognostic groups and on documentation in 

literature. Three glycolytic genes, GAPDHS, GAPDH and PKM2, and two pigment-related 

genes, TYRP1 and OCA, were selected. A significant difference in GAPDHS protein 

expression between short and long survivors (p=0.021) and a trend for PKM2 (p=0.093) was 

reported in univariate analysis. The best result was also observed for GAPDHS by qRT-PCR 

(p=0.11). High expression of at least two out of four proteins (GAPDHS, GAPDH, PKM2, 

TYRP1) was found to be an independent adverse prognostic factor when adjusting for 

ulceration and number of lymph node metastases in a multivariate analysis (p=0.011).  

5.2 Paper II 

In this study we examined immune response related proteins in association with proliferation 

and BRAF mutation status and their impact on clinical outcome in stage III CMM. In our 

previous microarray study (paper I), a number of GO categories related to immune response 

showed a significantly higher expression among long survivors. The same 42 specimens were 

used as in paper I. To examine the impact of immune cells in stage III CMM we performed 

IHC using antibodies against CD8+ T-cells and FOXP3, which was used as a marker for 

Tregs. There was a higher proportion of CD8+ and FOXP3+ T-cells among long survivors 

but these differences were not statistically significant. There was, however, a significant 

correlation between CD8+ and FOXP3+ (p=0.029).                                                                                                                                        

In this study we investigated the proliferation by Ki67 expression in the two tumor sets using 

IHC and found a significant difference between the two prognostic groups with a higher 

expression among short survivors (p=0.013).  Although more short survivors (56%) carry 

BRAF mutations than long survivors (32%) no significant difference is observed (p = 0.11).                                                                                                               

By combining high expression of CD8+ and FOXP3+, low expression of Ki67 and BRAF 
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wildtype status a significant difference between the groups was found. A test of trend 

illustrating a significant association with favorable outcome when the four factors are 

increasing in presence from one to four factors (p=0.003). The best result is shown in 

univariate analysis when at least three of four factors are present resulting in an odds ratio 

(OR) of 8.1 for belonging to the group with long survival (p = 0.004). The result remains 

significant in the multivariate analysis when adjusting for ulceration and number of lymph 

node metastases (OR 19.4, 95% CI 1.9-197, p=0.012). Ki67 remained significant as well in 

multivariate but with a wider 95% CI (OR 26.1, 95% CI 2.0-344, p=0.013).                                                                                                                                                 

When adjusting for the previously identified panel in paper I the result remained significant. 

Hence the results on the same case series of samples in paper I and paper II are independent 

of each other.  

5.3 Paper III 

In this study we examined the adverse prognostic impact of ulceration in association with 

BRAF mutation, proliferation, presence of TILs and the extent of ulceration on RFS in a 

cohort of ulcerated primary CMM stage I-II.                                                                           

We wanted to validate the results from a previous study [111] on two smaller cohorts 

demonstrating that ulceration is associated with poor outcome in tumors carrying BRAF 

mutation, in a larger and consecutive ulcerated cohort with different BRAF mutation analyses.  

Cobas test and pyrosequencing were performed on all samples and in cases of wildtype 

BRAF or a discrepancy between the two methods subsequent analyses with Sanger 

sequencing was performed (n=42). Six samples with a detected BRAF mutation by 

pyrosequencing were not detected by Cobas. Four of these six samples had a BRAF mutation 

in exon 11. The other two non-detected mutations by Cobas were one V600K and one rare 

mutation complex (V600E2). In total 69% of the detected BRAF mutations were of subtype 

V600E and 20% of subtype V600K. Sanger confirmed all BRAF mutations detected by 

pyrosequencing. However, Sanger also detected one rare BRAF deletion in VK600-601E. 

BRAF mutation was detected in 49% (35/71) of the samples, excluding the identified 

deletion.  There was no correlation between BRAF mutation status and clinical outcome in 

this ulcerated cohort (p=0.71). However, when the samples were divided based on the 

proportion of BRAF mutated alleles, assessed by pyrosequencing, there was a significant 

association with RFS. There was a longer RFS among tumors with BRAF wildtype/low 

proportion of BRAF mutated alleles ≤35% (median) than among cases with a high proportion 

of BRAF mutated alleles >35% (HR 2.44, 95% CI 1.23-4.84, p=0.011).       
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There was a significantly higher presence of TILs in tumors from patients without recurrence 

(HR 0.48, 95% CI 0.23-0.98, p=0.045).  The extent of ulceration was evaluated and grouped 

as minor, moderate and major. Minor ulceration was found to segregate from moderate and 

major ulceration with fewer recurrences in a Kaplan-Meier and trend analysis (p=0.015). 

There was a significant difference when combining moderate and major ulceration in 

comparison to minor ulceration regarding risk of recurrence (HR: 1.6, 95% CI: 1.02-2.50, 

p=0.039). The proliferation rate was investigated, like in the previous study (paper II) by 

analyzing Ki67 expression using IHC and we found in this cohort a significantly higher Ki67 

expression among subjects with recurrence than no recurrence (HR 2.65, 95% CI 1.32-5.35; 

p=0.006).  The combination of BRAF wildtype/low proportion of BRAF mutated alleles, low 

expression of Ki67, minor ulceration and presence of TILs in univariate analysis was highly 

significant with the best result correlating with favorable RFS when at least two out of four 

factors were present (HR 0.28, 95% CI 0.14-0.56, p<0.001). This result was supported by a 

test of trend showing a highly significant decrease in the proportion of recurrence by 

including all the four factors in the analysis (p= 0.0003). In multivariate analysis none of the 

significant factors alone in univariate remained significant when adjusting for Breslow 

thickness, although Ki67 was border-significant (p=0.056). However, the panel of four 

factors in combination when at least two out of four factors were present, remained 

significant in the multivariate analysis (HR 0.30, 95% CI 0.15-0.60, p = 0.001).  

5.4 Paper IV 

 In this study we examined the adverse prognostic impact of ulceration in association with 

presence of TILs and the expression of CD8, FOXP3 and GAPDHS in a cohort of ulcerated 

primary CMM stage I-II.  The same 71 specimens were used as in paper III.                              

The presence of TILs is known from the previous results in paper III.  The expression of CD8 

and FOXP3 in immune cells was investigated, like in the previous paper II by using IHC. The 

expression of the glyolytic protein GAPDHS in tumor cells was investigated by using IHC as 

in paper I. The expression of CD8, FOXP3 and GAPDHS as single factors were not 

associated with a difference in recurrence in univariate analyses. However, when combining 

the presence of TILs with positive expression of either CD8 or GAPDHS there was a more 

significant correlation with fewer recurrences (p=0.030 respectively p=0.018) compared to 

TILs as a single factor (p=0.045).  A similar test of trend as in the previous studies (papers II-

III) was performed and demonstrated a significantly improved RFS by including TILs, CD8, 

FOXP3 and GAPDHS (p=0.024). When combining presence of TILs with the expression of 

CD8, FOXP3 and GAPDHS the best result was found when at least three out of four factors 
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are present/expressed, both in univariate and multivariate adjusting for Breslow thickness  

(HR 0.26, 95% CI 0.11-0.62, p=0.002 respectively HR 0.27, 95% CI 0.12-0.63, p=0.003). 

The result with GAPDHS as being prognostically favorable in combination with the other 

factors in this cohort of stage I-II ulcerated CMM opposed the previous results from paper I 

where GAPDHS was identified to be an unfavorable prognostic factor in stage III CMM.                       
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6 DISCUSSION 

 

6.1 Paper 1  

We did not detect any single genes as significantly differentially expressed but glycolysis and 

pigment related GO categories were significant, illustrating the documented heterogeneity in 

CMM. Our observations on the stage III CMM points at the importance to focus on the 

activity of multiple pathways and biological functions (GO groups) rather than single genes 

or proteins. These results are in agreement with other gene expression studies and the 

statement of metabolism being an important hallmark of cancer [55,85-87]. Pigment related 

proteins have been associated with worse prognosis and are involved in proliferation and 

apoptosis through MITF [64,66,67].   However, GAPDHS is an interesting protein as a 

potential prognostic marker. So far there is little reported in the literature on GAPDHS in 

relation to cancer and further studies need to be performed.  The study design with two 

patient groups of extremely different clinical outcome in stage III CMM is an appealing 

strategy to identify candidate prognostic factors which needs to be further validated in other 

patient cohorts. 

 

6.2 Paper II 

The gene expression results in paper I demonstrated a significant overexpression of immune 

related GO categories in the group of patients with long survival. In paper II we have shown 

that presence of CD8+ and FOXP3+ T-cells are prognostically favorable in combination with 

other factors. Surprisingly we did not find that high expression of FOXP3 was associated 

with an unfavorable prognosis as Tregs are in general associated with an unfavorable clinical 

outcome [112].  There are opposing/conflicting data regarding the prognostic impact of the 

expression of FOXP3 in several malignancies. In recent years several studies have 

demonstrated that FOXP3 can sometimes be a favorable prognostic marker and there is an 

indication that FOXP3 may be a favorable prognostic factor due to its association with CD8 

T-cells [98,112], which is supported by our result in paper II.  

The proliferative marker Ki67 remained significant in the multivariate analysis as a single 

factor, thus superior to the other prognostic factors in this study.  The results in paper II 

support the assumption that Ki67 is a strong negative prognostic marker in CMM, which may 

be important to take into consideration when risk for relapse is assessed in stage III CMM.           
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BRAF mutation has also been suggested to be an adverse prognostic factor but this is still 

controversial. We found the BRAF mutations status to be of prognostic impact in combination 

with other factors, but not as a single factor.  

We have had access to limited case series of samples, which could be considered as a 

limitation, but the results may still indicate the prognostic relevance of CD8+ TILs in 

combination with Tregs, proliferation rate and BRAF status and support the statement that 

several factors in combination are better to predict the prognosis. These results are in 

concordance with the results in paper I supporting the role of heterogeneity in metastatic 

CMM.  The results on the same case series of samples in paper I and paper II are independent 

of each other. Hence the prognostic information may increase by combining the different 

prognostic factors of glycolytic-pigment related proteins in paper I and the panel of immune 

cells, proliferation rate and BRAF status in paper II in stage III CMM. 

 

6.3 Paper III 

BRAF mutation has been suggested to be an adverse prognostic factor but this is still 

controversial. The primary aim of this study was to validate previous results from our 

research group showing that ulcerated primary tumors are associated with a worse outcome in 

combination with presence of BRAF mutation [111]. We did not confirm this result regarding 

BRAF mutation versus wildtype status, but we could demonstrate that having a high 

proportion of BRAF mutated alleles in the tumors is of prognostic relevance in univariate 

analysis and contributes to be a significant prognisticator in combination with the expression 

of Ki67, presence of TILs and minor extent of ulceration in multivariate analysis. These 

results are concordant with the results in paper II which demonstrated the BRAF mutation 

status to be of prognostic impact in combination with other factors, but not as a single factor.  

To our knowledge the impact of the proportion of BRAF mutational alleles on clinical 

outcome in primary CMM is a novel finding. It needs to be validated in further studies. We 

have compared different methods to detect BRAF mutations and our result supports the 

relevance of using pyrosequencing to gain knowledge about the proportion of BRAF mutated 

alleles in primary tumors at diagnosis. In addition, we have confirmed previous findings from 

other publications that the extent of ulceration [37] and presence of TILs [113] are of 

prognostic relevance in ulcerated CMM. In this study the expression of Ki67 was border- 
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significant in multivariate analysis implicating that Ki67 is a superior prognostic factor 

compared with the other factors in the evaluated panel, in accordance with paper II.   

 

6.4 Paper IV 

High expression of GAPDHS was in paper I identified to be an adverse prognostic factor in 

stage III CMM. Surprisingly we found GAPDHS to have favorable prognostic impact in the 

cohort of ulcerated stage I-II CMM in presence of TILs. Our differing result may be related to 

the published data on the related glycolytic protein GAPDH presenting it as a multifunctional 

protein, a so called moonlighting protein [114,115]. The glycolytic protein GAPDH has been 

shown to be an immunomodulator which may also be the case for GAPDHS. The specific 

immune microenvironment in ulcerated primary tumors with inflammatory cells supports the 

role of GAPDHS as an immunomodulator in this feature.  However, a limitation is that we 

have not used a control group of non-ulcerated primary tumors. We cannot exclude that the 

known reprogramming of tumor metabolism during transition to a more malignant phenotype 

in CMM might explain the difference between primary tumors and more advanced stages of 

disease, i.e stage I-II versus stage III-IV. The combination of using cytomorphological 

evaluation of TILs with IHC of CD8/FOXP3 expression is an interesting concept to improve 

the prognostic prediction at diagnosis of ulcerated stage I-II CMM. 
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7 CONCLUSIONS 

 

 The common findings in all four papers of the thesis, on stage I-III CMM, support 

using a panel of biomarkers instead of single biomarkers to identify patients with high 

risk for relapse. The known heterogeniety in CMM is demonstrated in the gene 

expression profiling in paper I by showing highly significantly differentially 

expressed GO but no detection of any significant single genes. 

 

 The identified panel of different prognostic factors of glycolytic-pigment related 

proteins in paper I and the panel of immune cells, proliferation rate and BRAF status 

in paper II are independent from each other in stage III CMM. 

 

 GAPDHS has been discovered to be a potential prognostic factor in stage I-III CMM 

that may have different functions, a so called moonlighting protein. 

 

 Ki67 is supported to be used as an adverse prognostic factor in stage I-III CMM and 

becomes stronger when used in combination with other prognostic factors. 

 

 The proportion of BRAF mutated alleles is an identified potential adverse prognostic 

factor in ulcerated stage I-II CMM and is overall an interesting concept of prognostic 

prediction.  The BRAF status is of prognostic relevance also in stage III CMM 

together with other candidates. 

 

 Minor extent of ulceration (minor versus moderate-major) and presence of TILs have 

been validated as favorable prognostic factors in ulcerated stage I-II CMM. 
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8 FUTURE PERSPECTIVES 

 

It is of great importance to identify patients with high risk of relapse in ulcerated stage I-II 

CMM as well as in stage III CMM. Both presence of ulceration in primary tumors and the 

detection of regional lymph node metastases define in general an increased risk for relapse. 

With identification of patients with a higher probability of a good versus a poor clinical 

outcome at diagnosis it would be possible to improve the follow-up or adjuvant therapy. The 

rapid development of new and effective treatments during the last years has resulted in an 

introduction of adjuvant therapy in stage III CMM and we will most likely see more of 

different adjuvant therapies in the future.  In the different panels of prognostic factors used in 

the thesis, papers II-IV, there are both immune related factors and presence of BRAF 

mutation. Hence it would be interesting to investigate the different panels in relation to a 

predictive context with immunotherapy or targeted BRAF blocking therapy.  

However, the next step would firstly be to validate our results in papers I-II in a prospective 

and consecutive cohort of stage III CMM patients, including the intermediary prognostic 

group and validate the results in papers III-IV in a control cohort of non-ulcerated tumors.
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9 POPULÄRVETENSKAPLIG SAMMANFATTNING 

Malignt melanom är den dödligaste formen av hudcancer, men vid en tidig upptäckt utan 

tecken på spridning är prognosen i allmänhet god. De senaste åren har det skett stora framsteg 

i behandlingen av spritt malignt melanom genom nya immunterapier och målsökande 

behandlingar. Numera finns det tack vare dessa behandlingar en möjlighet till 

långtidsöverlevnad även vid spridd sjukdom. Dessa behandlingar har nyligen även 

introducerats som tilläggsbehandling för vissa högriskgrupper för att förhindra återfall efter 

kirurgi, sk adjuvant behandling. Därmed finns det fler möjligheter till att kunna motverka 

spridning, men samtidigt ett större behov av att kunna identifiera och selektera rätt patienter 

till adjuvant behandling eller en anpassad uppföljning pga prognosen. Därför finns ett behov 

av ytterligare prognostiska faktorer då vissa högrisk patienter inte identifieras när man tar 

hänsyn till de för närvarande använda prognostiska faktorerna. 

Syftet med avhandlingen är att finna prognostiska biomarkörer i tumörmaterial hos 

melanompatienter utan tecken på fjärrspridning (stadie I-III melanom) för att bättre kunna 

identifiera patienter som tillhör en särskild riskkategori. 

I delarbete I och II undersöktes olika prognostiska faktorer hos patienter som blivit radikalt 

opererade för spridning till regionala lymfkörtlar, sk stadie III melanom.  Körtelmetastaser 

från två olika grupper studerades, 19 patienter med lång överlevnad ≥ 60 månader respektive 

23 patienter med kort överlevnad ≤ 13 månader efter körtelutrymning.                                                         

I delarbete I har en panel bestående av tre metaboliska proteiner (GAPDHS, GAPDH och 

PKM2) och ett pigmentrelaterat protein (TYRP1) visat att ett starkt uttryck av minst två av 

dessa fyra proteiner korrelerar till korttidsöverlevnad.  GAPDHS är ett relativt okänt protein 

och har i avhandlingen identifierats som en ny prognostisk markör.                                                                                                                                                                  

I delarbete II har en panel bestående av immuninfiltrerande T-celler med uttryck av CD8 och 

FOXP3, lågt uttryck av proliferationsmarkören Ki67 samt frånvaro av BRAF mutation visat 

en korrelation till långtidsöverlevnad när minst tre av fyra faktorer förekommer.  

I delarbete III och IV har en kohort bestående av primärtumörer med ulceration från 71 

patienter motsvarande stadie I-II melanom analyserats.                                                                                                                                                            

I delarbete III var en panel med avsaknad av BRAF mutation/låg andel av BRAF mutation, 

mindre grad av ulceration, låg tumörproliferation och förekomst av tumörinfiltrerande T-

celler (TILs) korrelerat till färre återfall vid förekomst av minst två av fyra faktorer.                                                                                                                                                                                  

Vid undersökning i delarbete IV av TILs förekomst vid samtidigt uttryck av CD8, FOXP3 

och GAPDHS+ tumörer förstärktes den prognostiskt gynnsamma bilden vid närvaro av minst 

tre av fyra faktorer. GAPDHS visade sig ha en motsatt prognostisk betydelse jämfört med 

resultaten i delarbete I på stadie III patienter, vilket ger stöd åt att proteinet kan ha flera 

funktioner.  

Samtliga delarbeten visar ett ökat mervärde av att använda flera prognostiska markörer i 

kombination, jämfört med att använda en prognostisk markör enskilt, vid stadie I-III 

melanom. 

 



 

38 

10 ACKNOWLEDGEMENTS 

 

Suzanne, my main supervisor, great thanks for all support and help during all these years.            

I am grateful for that you have introduced me to this world of research. Your kindness, 

wisdom and encouragement have been invaluable. 

Johan, my co-supervisor, thank you for sharing your knowledge of melanoma and for giving 

rapid and excellent feedback. 

Marianne, for all help with the lab work and for being a loyal companion throughout the 

years. 

Lena, for your efficient cooperation with pathological evaluations. 

Johanna, for valuable help with performing the BRAF mutation analyses and evaluating the 

results. 

Hemming, for statistics expertise. 

Veronica, Rainer and the KTH team of Joakim, for valuable cooperation and being co-

authors. 

Diana, your great support and concerns during all these years have been much appreciated. 

Göran and Lorand, for helpfully starting up the ulceration project with pathological 

evaluations. 

Karin, for administrative help and good discussions. 

Hildur, for being a kind and friendly colleague both in the research group and at the clinic.  

Hanna, Fernanda, Eva M-B, Bruce, Ishani, Ali and all former members of the research 

group, for sharing moments and interesting discussions. 

Signe, my closest supervisor at the clinic as the former head of unit (HHH-sektionen) and 

head of Radiumhemmet, now as head of a new department (HHLH) at Tema Cancer. Many 

thanks for your support during all these years since I became a specialist doctor. You have 

been generous in encouragement and in giving me time to complete this work. 

Roger, Thomas and Annelie, my other former heads of Radiumhemmet, for all support and 

for letting me develop in my profession with responsible duties. 

Ada, the new head of the Melanoma unit, thank you for a good start in the new organization. 

Giusepppe and Rolf K, for interesting discussions in the field of tumor immunology and for 

good advices in the projects, besides being nice colleagues as well. 

Maria, Helena, Eva D-M, Lena W and Ilse, my kind colleagues at the Melanoma unit.  



 

 39 

Georgios and Katerina, for fun afterworks and for having introduced me to the beautiful 

Greek island of Lemnos twice. 

My dear colleagues at HHH-sektionen, Radiumhemmet, thank you all for being a great 

team! 

My mother Berit and sister Karolina with her family. You have been the best supporters 

and stayed by my side during all these years with periods of intense work. 

Last but not least my deepest gratitude to my late father Anders, who sadly cannot share 

this moment of completing my thesis. You are still present in my mind though.  The 

encouragement and empathy that you showed me during the first years of this doctoral 

project have been invaluable to fulfill the thesis. In hard times you are still giving me the 

energy I need. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

40 

11 REFERENCES  

 

1. Erdmann F, Lortet-Tieulent J, Schuz J, Zeeb H, Greinert R, Breitbart EW, et al. International trends 

in the incidence of malignant melanoma 1953-2008-are recent generations at higher or lower risk? Int 

J Cancer 2012. 

2. Lo JA, Fisher DE. The melanoma revolution: from UV carcinogenesis to a new era in therapeutics. 

Science 2014; 346 (6212):945-949. 

3. Gershenwald JE, Scolyer RA, Hess KR, Sondak VK, Long GV, Ross MI, et al. Melanoma staging: 

Evidence-based changes in the American Joint Committee on Cancer eighth edition cancer staging 

manual. CA Cancer J Clin 2017; 67 (6):472-492. 

4. Balch CM, Gershenwald JE, Soong SJ, Thompson JF. Update on the melanoma staging system: the 

importance of sentinel node staging and primary tumor mitotic rate. J Surg Oncol 2011; 104 (4):379-

385. 

5. Morton DL, Thompson JF, Cochran AJ, Mozzillo N, Nieweg OE, Roses DF, et al. Final trial report 

of sentinel-node biopsy versus nodal observation in melanoma. N Engl J Med 2014; 370 (7):599-609. 

6. Faries MB, Thompson JF, Cochran AJ, Andtbacka RH, Mozzillo N, Zager JS, et al. Completion 

Dissection or Observation for Sentinel-Node Metastasis in Melanoma. N Engl J Med 2017; 376 

(23):2211-2222. 

7. Pilko G, Besic N, Zgajnar J, Hocevar M. Prognostic heterogeneity after the excision of lymph node 

metastases in patients with cutaneous melanoma. Surg Oncol 2011; 20 (1):26-34. 

8. Flaherty KT, Infante JR, Daud A, Gonzalez R, Kefford RF, Sosman J, et al. Combined BRAF and 

MEK Inhibition in Melanoma with BRAF V600 Mutations. N Engl J Med 2012. 

9. Hodi FS, O'Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, et al. Improved survival 

with ipilimumab in patients with metastatic melanoma. N Engl J Med 2010; 363 (8):711-723. 

10. Robert C, Schachter J, Long GV, Arance A, Grob JJ, Mortier L, et al. Pembrolizumab versus 

Ipilimumab in Advanced Melanoma. N Engl J Med 2015. 

11. Postow MA, Chesney J, Pavlick AC, Robert C, Grossmann K, McDermott D, et al. Nivolumab 

and ipilimumab versus ipilimumab in untreated melanoma. N Engl J Med 2015; 372 (21):2006-2017. 

12. Mahoney KM, Freeman GJ, McDermott DF. The Next Immune-Checkpoint Inhibitors: PD-1/PD-

L1 Blockade in Melanoma. Clinical therapeutics 2015; 37 (4):764-782. 

13. Eggermont AM, Chiarion-Sileni V, Grob JJ. Correction to Lancet Oncol 2015; 16: 522-30. 

Adjuvant ipilimumab versus placebo after complete resection of high-risk stage III melanoma 

(EORTC 18071): a randomised, double-blind, phase 3 trial. The Lancet Oncology 2015; 16 (6):e262. 

14. Weber J, Mandala M, Del Vecchio M, Gogas HJ, Arance AM, Cowey CL, et al. Adjuvant 

Nivolumab versus Ipilimumab in Resected Stage III or IV Melanoma. N Engl J Med 2017; 377 

(19):1824-1835. 

15. Long GV, Hauschild A, Santinami M, Atkinson V, Mandala M, Chiarion-Sileni V, et al. Adjuvant 

Dabrafenib plus Trametinib in Stage III BRAF-Mutated Melanoma. N Engl J Med 2017; 377 

(19):1813-1823. 

16. Nikolaou V, Stratigos AJ. Emerging trends in the epidemiology of melanoma. The British journal 

of dermatology 2014; 170 (1):11-19. 

17. Whiteman DC, Green AC, Olsen CM. The Growing Burden of Invasive Melanoma: Projections 

of Incidence Rates and Numbers of New Cases in Six Susceptible Populations through 2031. J Invest 

Dermatol 2016; 136 (6):1161-1171. 



 

 41 

18. Cancer incidence in Sweden 2016. Swedish National Board of Helath and Welfare 

(Socialstyrelsen). 2017.  http://www.socialstyrelsen.se/publikationer2017/2017-12-31. 

19. Baade P, Meng X, Youlden D, Aitken J, Youl P. Time trends and latitudinal differences in 

melanoma thickness distribution in Australia, 1990-2006. Int J Cancer 2012; 130 (1):170-178. 

20. Hollestein LM, van den Akker SA, Nijsten T, Karim-Kos HE, Coebergh JW, de Vries E. Trends 

of cutaneous melanoma in The Netherlands: increasing incidence rates among all Breslow thickness 

categories and rising mortality rates since 1989. Ann Oncol 2012; 23 (2):524-530. 

21. de Vries E, Bray FI, Coebergh JW, Parkin DM. Changing epidemiology of malignant cutaneous 

melanoma in Europe 1953-1997: rising trends in incidence and mortality but recent stabilizations in 

western Europe and decreases in Scandinavia. Int J Cancer 2003; 107 (1):119-126. 

22. Garbe C, Leiter U. Melanoma epidemiology and trends. Clin Dermatol 2009; 27 (1):3-9. 

23. Olsen CM, Neale RE, Green AC, Webb PM, The QS, The Epigene S, et al. Independent validation 

of six melanoma risk prediction models. J Invest Dermatol 2015; 135 (5):1377-1384. 

24. Ferlay J SI, Ervik M, Dikshit R, Eser S, Mathers C, Rebelo M, Parkin DM, Forman D, Bray, F. 

GLOBOCAN 2012 v1.0, Cancer Incidence and Mortality Worldwide: IARC CancerBase No. 11 

[Internet]. Lyon, France: International Agency for Research on Cancer; 2013. Available from: 

http://globocan.iarc.fr. 

25. Nordic Cancer Incidence Maps. Available from: https://astra.cancer.fi/cancermaps/Nordic_14/. 

26. Stang A, Pukkala E, Sankila R, Soderman B, Hakulinen T. Time trend analysis of the skin 

melanoma incidence of Finland from 1953 through 2003 including 16,414 cases. Int J Cancer 2006; 

119 (2):380-384. 

27. Ballantine KR, Watson H, Macfarlane S, Winstanley M, Corbett RP, Spearing R, et al. Small 

Numbers, Big Challenges: Adolescent and Young Adult Cancer Incidence and Survival in New 

Zealand. J Adolesc Young Adult Oncol 2017; 6 (2):277-285. 

28. Cho E, Rosner BA, Colditz GA. Risk factors for melanoma by body site. Cancer Epidemiol 

Biomarkers Prev 2005; 14 (5):1241-1244. 

29. Clark WH, Jr., From L, Bernardino EA, Mihm MC. The histogenesis and biologic behavior of 

primary human malignant melanomas of the skin. Cancer research 1969; 29 (3):705-727. 

30. Arrington JH, 3rd, Reed RJ, Ichinose H, Krementz ET. Plantar lentiginous melanoma: a distinctive 

variant of human cutaneous malignant melanoma. The American journal of surgical pathology 1977; 

1 (2):131-143. 

31. Markovic SN, Erickson LA, Rao RD, Weenig RH, Pockaj BA, Bardia A, et al. Malignant 

melanoma in the 21st century, part 1: epidemiology, risk factors, screening, prevention, and diagnosis. 

Mayo Clin Proc 2007; 82 (3):364-380. 

32. Edlundh-Rose E, Egyhazi S, Omholt K, Mansson-Brahme E, Platz A, Hansson J, et al. NRAS and 

BRAF mutations in melanoma tumours in relation to clinical characteristics: a study based on 

mutation screening by pyrosequencing. Melanoma Res 2006; 16 (6):471-478. 

33. Curtin JA, Busam K, Pinkel D, Bastian BC. Somatic activation of KIT in distinct subtypes of 

melanoma. Journal of clinical oncology : official journal of the American Society of Clinical 

Oncology 2006; 24 (26):4340-4346. 

34. Teramoto Y, Keim U, Gesierich A, Schuler G, Fiedler E, Tuting T, et al. Acral lentiginous 

melanoma: a skin cancer with unfavourable prognostic features. A study of the German central 
malignant melanoma registry (CMMR) in 2050 patients. The British journal of dermatology 2018; 

178 (2):443-451. 

http://www.socialstyrelsen.se/publikationer2017/2017-12-31
http://globocan.iarc.fr/
https://astra.cancer.fi/cancermaps/Nordic_14/


 

42 

35. Amin MB, Greene FL, Edge SB, Compton CC, Gershenwald JE, Brookland RK, et al. The Eighth 

Edition AJCC Cancer Staging Manual: Continuing to build a bridge from a population-based to a 

more "personalized" approach to cancer staging. CA Cancer J Clin 2017; 67 (2):93-99. 

36. Spatz A, Cook MG, Elder DE, Piepkorn M, Ruiter DJ, Barnhill RL. Interobserver reproducibility 

of ulceration assessment in primary cutaneous melanomas. European journal of cancer 2003; 39 

(13):1861-1865. 

37. In 't Hout FE, Haydu LE, Murali R, Bonenkamp JJ, Thompson JF, Scolyer RA. Prognostic 

importance of the extent of ulceration in patients with clinically localized cutaneous melanoma. 

Annals of surgery 2012; 255 (6):1165-1170. 

38. Warycha MA, Christos PJ, Mazumdar M, Darvishian F, Shapiro RL, Berman RS, et al. Changes 

in the presentation of nodular and superficial spreading melanomas over 35 years. Cancer 2008; 113 

(12):3341-3348. 

39. Rakosy Z, Ecsedi S, Toth R, Vizkeleti L, Hernandez-Vargas H, Lazar V, et al. Integrative 

genomics identifies gene signature associated with melanoma ulceration. PLoS One 2013; 8 

(1):e54958. 

40. Jewell R, Elliott F, Laye J, Nsengimana J, Davies J, Walker C, et al. The clinicopathological and 

gene expression patterns associated with ulceration of primary melanoma. Pigment cell & melanoma 

research 2015; 28 (1):94-104. 

41. Eggermont AM, Suciu S, Testori A, Kruit WH, Marsden J, Punt CJ, et al. Ulceration and stage are 

predictive of interferon efficacy in melanoma: results of the phase III adjuvant trials EORTC 18952 

and EORTC 18991. European journal of cancer 2012; 48 (2):218-225. 

42. Wrightson WR, Wong SL, Edwards MJ, Chao C, Reintgen DS, Ross MI, et al. Complications 

associated with sentinel lymph node biopsy for melanoma. Ann Surg Oncol 2003; 10 (6):676-680. 

43. Leiter U, Stadler R, Mauch C, Hohenberger W, Brockmeyer N, Berking C, et al. Complete lymph 

node dissection versus no dissection in patients with sentinel lymph node biopsy positive melanoma 

(DeCOG-SLT): a multicentre, randomised, phase 3 trial. The Lancet Oncology 2016; 17 (6):757-767. 

44. Balch CM, Gershenwald JE, Soong SJ, Thompson JF, Atkins MB, Byrd DR, et al. Final version of 

2009 AJCC melanoma staging and classification. Journal of clinical oncology : official journal of the 

American Society of Clinical Oncology 2009; 27 (36):6199-6206. 

45. Gerdes J, Lemke H, Baisch H, Wacker HH, Schwab U, Stein H. Cell cycle analysis of a cell 

proliferation-associated human nuclear antigen defined by the monoclonal antibody Ki-67. Journal of 

immunology 1984; 133 (4):1710-1715. 

46. Yerushalmi R, Woods R, Ravdin PM, Hayes MM, Gelmon KA. Ki67 in breast cancer: prognostic 

and predictive potential. The Lancet Oncology 2010; 11 (2):174-183. 

47. Ghanim B, Klikovits T, Hoda MA, Lang G, Szirtes I, Setinek U, et al. Ki67 index is an 

independent prognostic factor in epithelioid but not in non-epithelioid malignant pleural 

mesothelioma: a multicenter study. British journal of cancer 2015; 112 (5):783-792. 

48. Yamaguchi T, Fujimori T, Tomita S, Ichikawa K, Mitomi H, Ohno K, et al. Clinical validation of 

the gastrointestinal NET grading system: Ki67 index criteria of the WHO 2010 classification is 

appropriate to predict metastasis or recurrence. Diagnostic pathology 2013; 8:65. 

49. McCall CM, Shi C, Cornish TC, Klimstra DS, Tang LH, Basturk O, et al. Grading of well-

differentiated pancreatic neuroendocrine tumors is improved by the inclusion of both Ki67 

proliferative index and mitotic rate. The American journal of surgical pathology 2013; 37 (11):1671-

1677. 

50. Straume O, Sviland L, Akslen LA. Loss of nuclear p16 protein expression correlates with 

increased tumor cell proliferation (Ki-67) and poor prognosis in patients with vertical growth phase 

melanoma. Clinical cancer research : an official journal of the American Association for Cancer 

Research 2000; 6 (5):1845-1853. 



 

 43 

51. Ladstein RG, Bachmann IM, Straume O, Akslen LA. Ki-67 expression is superior to mitotic count 

and novel proliferation markers PHH3, MCM4 and mitosin as a prognostic factor in thick cutaneous 

melanoma. BMC cancer 2010; 10:140. 

52. Florenes VA, Faye RS, Maelandsmo GM, Nesland JM, Holm R. Levels of cyclin D1 and D3 in 

malignant melanoma: deregulated cyclin D3 expression is associated with poor clinical outcome in 

superficial melanoma. Clinical cancer research : an official journal of the American Association for 

Cancer Research 2000; 6 (9):3614-3620. 

53. Florenes VA, Maelandsmo GM, Faye R, Nesland JM, Holm R. Cyclin A expression in superficial 

spreading malignant melanomas correlates with clinical outcome. The Journal of pathology 2001; 195 

(5):530-536. 

54. Magnussen GI, Holm R, Emilsen E, Rosnes AK, Slipicevic A, Florenes VA. High expression of 

Wee1 is associated with poor disease-free survival in malignant melanoma: potential for targeted 

therapy. PLoS One 2012; 7 (6):e38254. 

55. Hanahan D, Weinberg RA. Hallmarks of cancer: the next generation. Cell 2011; 144 (5):646-674. 

56. Scott DA, Richardson AD, Filipp FV, Knutzen CA, Chiang GG, Ronai ZA, et al. Comparative 

metabolic flux profiling of melanoma cell lines: beyond the Warburg effect. The Journal of biological 

chemistry 2011; 286 (49):42626-42634. 

57. Ho J, de Moura MB, Lin Y, Vincent G, Thorne S, Duncan LM, et al. Importance of glycolysis and 

oxidative phosphorylation in advanced melanoma. Molecular cancer 2012; 11:76. 

58. Kennedy KM, Dewhirst MW. Tumor metabolism of lactate: the influence and therapeutic 

potential for MCT and CD147 regulation. Future Oncol 2010; 6 (1):127-148. 

59. Gatenby RA, Gillies RJ. Glycolysis in cancer: a potential target for therapy. Int J Biochem Cell 

Biol 2007; 39 (7-8):1358-1366. 

60. Brand A, Singer K, Koehl GE, Kolitzus M, Schoenhammer G, Thiel A, et al. LDHA-Associated 

Lactic Acid Production Blunts Tumor Immunosurveillance by T and NK Cells. Cell Metab 2016; 24 

(5):657-671. 

61. Peng XC, Gong FM, Zhao YW, Zhou LX, Xie YW, Liao HL, et al. Comparative proteomic 

approach identifies PKM2 and cofilin-1 as potential diagnostic, prognostic and therapeutic targets for 

pulmonary adenocarcinoma. PLoS One 2011; 6 (11):e27309. 

62. Revillion F, Pawlowski V, Hornez L, Peyrat JP. Glyceraldehyde-3-phosphate dehydrogenase gene 

expression in human breast cancer. European journal of cancer 2000; 36 (8):1038-1042. 

63. Busca R, Ballotti R. Cyclic AMP a key messenger in the regulation of skin pigmentation. Pigment 

cell research / sponsored by the European Society for Pigment Cell Research and the International 

Pigment Cell Society 2000; 13 (2):60-69. 

64. Cheli Y, Ohanna M, Ballotti R, Bertolotto C. Fifteen-year quest for microphthalmia-associated 

transcription factor target genes. Pigment cell & melanoma research 2010; 23 (1):27-40. 

65. Uong A, Zon LI. Melanocytes in development and cancer. J Cell Physiol 2010; 222 (1):38-41. 

66. Ugurel S, Houben R, Schrama D, Voigt H, Zapatka M, Schadendorf D, et al. Microphthalmia-

associated transcription factor gene amplification in metastatic melanoma is a prognostic marker for 

patient survival, but not a predictive marker for chemosensitivity and chemotherapy response. Clinical 

cancer research : an official journal of the American Association for Cancer Research 2007; 13 

(21):6344-6350. 

67. El Hajj P, Journe F, Wiedig M, Laios I, Sales F, Galibert MD, et al. Tyrosinase-related protein 1 

mRNA expression in lymph node metastases predicts overall survival in high-risk melanoma patients. 

British journal of cancer 2013; 108 (8):1641-1647. 



 

44 

68. Haluska FG, Tsao H, Wu H, Haluska FS, Lazar A, Goel V. Genetic alterations in signaling 

pathways in melanoma. Clinical cancer research : an official journal of the American Association for 

Cancer Research 2006; 12 (7 Pt 2):2301s-2307s. 

69. Curtin JA, Fridlyand J, Kageshita T, Patel HN, Busam KJ, Kutzner H, et al. Distinct sets of 

genetic alterations in melanoma. N Engl J Med 2005; 353 (20):2135-2147. 

70. Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, et al. Mutations of the BRAF gene 

in human cancer. Nature 2002; 417 (6892):949-954. 

71. Greaves WO, Verma S, Patel KP, Davies MA, Barkoh BA, Galbincea JM, et al. Frequency and 

spectrum of BRAF mutations in a retrospective, single-institution study of 1112 cases of melanoma. J 

Mol Diagn 2013; 15 (2):220-226. 

72. Ko JM, Velez NF, Tsao H. Pathways to melanoma. Seminars in cutaneous medicine and surgery 

2010; 29 (4):210-217. 

73. Omholt K, Platz A, Kanter L, Ringborg U, Hansson J. NRAS and BRAF mutations arise early 

during melanoma pathogenesis and are preserved throughout tumor progression. Clinical cancer 

research : an official journal of the American Association for Cancer Research 2003; 9 (17):6483-

6488. 

74. Long GV, Menzies AM, Nagrial AM, Haydu LE, Hamilton AL, Mann GJ, et al. Prognostic and 

clinicopathologic associations of oncogenic BRAF in metastatic melanoma. Journal of clinical 

oncology : official journal of the American Society of Clinical Oncology 2011; 29 (10):1239-1246. 

75. Jakob JA, Bassett RL, Jr., Ng CS, Curry JL, Joseph RW, Alvarado GC, et al. NRAS mutation 

status is an independent prognostic factor in metastatic melanoma. Cancer 2012; 118 (16):4014-4023. 

76. Tsao H, Goel V, Wu H, Yang G, Haluska FG. Genetic interaction between NRAS and BRAF 

mutations and PTEN/MMAC1 inactivation in melanoma. J Invest Dermatol 2004; 122 (2):337-341. 

77. Haq R, Shoag J, Andreu-Perez P, Yokoyama S, Edelman H, Rowe GC, et al. Oncogenic BRAF 

regulates oxidative metabolism via PGC1alpha and MITF. Cancer cell 2013; 23 (3):302-315. 

78. Board RE, Ellison G, Orr MC, Kemsley KR, McWalter G, Blockley LY, et al. Detection of BRAF 

mutations in the tumour and serum of patients enrolled in the AZD6244 (ARRY-142886) advanced 

melanoma phase II study. British journal of cancer 2009; 101 (10):1724-1730. 

79. Hall A, Meyle KD, Lange MK, Klima M, Sanderhoff M, Dahl C, et al. Dysfunctional oxidative 

phosphorylation makes malignant melanoma cells addicted to glycolysis driven by the (V600E)BRAF 

oncogene. Oncotarget 2013; 4 (4):584-599. 

80. Wellbrock C, Arozarena I. Microphthalmia-associated transcription factor in melanoma 

development and MAP-kinase pathway targeted therapy. Pigment cell & melanoma research 2015. 

81. Van Allen EM, Wagle N, Sucker A, Treacy DJ, Johannessen CM, Goetz EM, et al. The genetic 

landscape of clinical resistance to RAF inhibition in metastatic melanoma. Cancer discovery 2014; 4 

(1):94-109. 

82. Frederick DT, Piris A, Cogdill AP, Cooper ZA, Lezcano C, Ferrone CR, et al. BRAF inhibition is 

associated with enhanced melanoma antigen expression and a more favorable tumor 

microenvironment in patients with metastatic melanoma. Clinical cancer research : an official journal 

of the American Association for Cancer Research 2013; 19 (5):1225-1231. 

83. Grafstrom E, Egyhazi S, Ringborg U, Hansson J, Platz A. Biallelic deletions in INK4 in cutaneous 

melanoma are common and associated with decreased survival. Clinical cancer research : an official 

journal of the American Association for Cancer Research 2005; 11 (8):2991-2997. 

84. Hodis E, Watson IR, Kryukov GV, Arold ST, Imielinski M, Theurillat JP, et al. A landscape of 

driver mutations in melanoma. Cell 2012; 150 (2):251-263. 



 

 45 

85. Jonsson G, Busch C, Knappskog S, Geisler J, Miletic H, Ringner M, et al. Gene expression 

profiling-based identification of molecular subtypes in stage IV melanomas with different clinical 

outcome. Clinical cancer research : an official journal of the American Association for Cancer 

Research 2010; 16 (13):3356-3367. 

86. Mandruzzato S, Callegaro A, Turcatel G, Francescato S, Montesco MC, Chiarion-Sileni V, et al. 

A gene expression signature associated with survival in metastatic melanoma. J Transl Med 2006; 

4:50. 

87. John T, Black MA, Toro TT, Leader D, Gedye CA, Davis ID, et al. Predicting clinical outcome 

through molecular profiling in stage III melanoma. Clinical cancer research : an official journal of the 

American Association for Cancer Research 2008; 14 (16):5173-5180. 

88. Speeckaert R, van Geel N, Vermaelen KV, Lambert J, Van Gele M, Speeckaert MM, et al. 

Immune reactions in benign and malignant melanocytic lesions: lessons for immunotherapy. Pigment 

cell & melanoma research 2011; 24 (2):334-344. 

89. Wisco OJ, Sober AJ. Prognostic factors for melanoma. Dermatologic clinics 2012; 30 (3):469-485. 

90. Clemente CG, Mihm MC, Jr., Bufalino R, Zurrida S, Collini P, Cascinelli N. Prognostic value of 

tumor infiltrating lymphocytes in the vertical growth phase of primary cutaneous melanoma. Cancer 

1996; 77 (7):1303-1310. 

91. Thomas NE, Busam KJ, From L, Kricker A, Armstrong BK, Anton-Culver H, et al. Tumor-

infiltrating lymphocyte grade in primary melanomas is independently associated with melanoma-

specific survival in the population-based genes, environment and melanoma study. Journal of clinical 

oncology : official journal of the American Society of Clinical Oncology 2013; 31 (33):4252-4259. 

92. Kluger HM, Zito CR, Barr ML, Baine MK, Chiang VL, Sznol M, et al. Characterization of PD-L1 

Expression and Associated T-cell Infiltrates in Metastatic Melanoma Samples from Variable 

Anatomic Sites. Clinical cancer research : an official journal of the American Association for Cancer 

Research 2015. 

93. Ronan SG, Eng AM, Briele HA, Shioura NN, Das Gupta TK. Thin malignant melanomas with 

regression and metastases. Archives of dermatology 1987; 123 (10):1326-1330. 

94. Takeuchi H, Kitajima M, Kitagawa Y. Sentinel lymph node as a target of molecular diagnosis of 

lymphatic micrometastasis and local immunoresponse to malignant cells. Cancer science 2008; 99 

(3):441-450. 

95. Diem S, Hasan Ali O, Ackermann CJ, Bomze D, Koelzer VH, Jochum W, et al. Tumor infiltrating 

lymphocytes in lymph node metastases of stage III melanoma correspond to response and survival in 

nine patients treated with ipilimumab at the time of stage IV disease. Cancer immunology, 

immunotherapy : CII 2018; 67 (1):39-45. 

96. Pardoll DM. The blockade of immune checkpoints in cancer immunotherapy. Nature reviews 

Cancer 2012; 12 (4):252-264. 

97. Tan B, Anaka M, Deb S, Freyer C, Ebert LM, Chueh AC, et al. FOXP3 over-expression inhibits 

melanoma tumorigenesis via effects on proliferation and apoptosis. Oncotarget 2014; 5 (1):264-276. 

98. deLeeuw RJ, Kost SE, Kakal JA, Nelson BH. The prognostic value of FoxP3+ tumor-infiltrating 

lymphocytes in cancer: a critical review of the literature. Clinical cancer research : an official journal 

of the American Association for Cancer Research 2012; 18 (11):3022-3029. 

99. Taube JM, Anders RA, Young GD, Xu H, Sharma R, McMiller TL, et al. Colocalization of 

inflammatory response with B7-h1 expression in human melanocytic lesions supports an adaptive 

resistance mechanism of immune escape. Science translational medicine 2012; 4 (127):127ra137. 

100. Mu CY, Huang JA, Chen Y, Chen C, Zhang XG. High expression of PD-L1 in lung cancer may 

contribute to poor prognosis and tumor cells immune escape through suppressing tumor infiltrating 

dendritic cells maturation. Medical oncology 2011; 28 (3):682-688. 



 

46 

101. Thompson RH, Gillett MD, Cheville JC, Lohse CM, Dong H, Webster WS, et al. Costimulatory 

B7-H1 in renal cell carcinoma patients: Indicator of tumor aggressiveness and potential therapeutic 

target. Proceedings of the National Academy of Sciences of the United States of America 2004; 101 

(49):17174-17179. 

102. Mahoney KM, Atkins MB. Prognostic and predictive markers for the new immunotherapies. 

Oncology 2014; 28 Suppl 3:39-48. 

103. Ethun CG, Delman KA. The importance of surgical margins in melanoma. J Surg Oncol 2016; 

113 (3):339-345. 

104. Nationellt vårdprogram Malignt melanom (Swedish national guidelines for malignant 

melanoma). 2017. Available from:  

https://www.cancercentrum.se/globalassets/cancerdiagnoser/hud/vardprogram/NatVP_malignt_melan

om_ver.2.1_170621. 

105. Mendenhall WM, Shaw C, Amdur RJ, Kirwan J, Morris CG, Werning JW. Surgery and adjuvant 

radiotherapy for cutaneous melanoma considered high-risk for local-regional recurrence. Am J 

Otolaryngol 2013; 34 (4):320-322. 

106. Chapman PB, Hauschild A, Robert C, Haanen JB, Ascierto P, Larkin J, et al. Improved survival 

with vemurafenib in melanoma with BRAF V600E mutation. N Engl J Med 2011; 364 (26):2507-

2516. 

107. Callahan MK, Postow MA, Wolchok JD. Targeting T Cell Co-receptors for Cancer Therapy. 

Immunity 2016; 44 (5):1069-1078. 

108. Schadendorf D, Hodi FS, Robert C, Weber JS, Margolin K, Hamid O, et al. Pooled Analysis of 

Long-Term Survival Data From Phase II and Phase III Trials of Ipilimumab in Unresectable or 

Metastatic Melanoma. Journal of clinical oncology : official journal of the American Society of 

Clinical Oncology 2015; 33 (17):1889-1894. 

109. Schachter J, Ribas A, Long GV, Arance A, Grob JJ, Mortier L, et al. Pembrolizumab versus 

ipilimumab for advanced melanoma: final overall survival results of a multicentre, randomised, open-

label phase 3 study (KEYNOTE-006). Lancet 2017; 390 (10105):1853-1862. 

110. Hauschild A, Grob JJ, Demidov LV, Jouary T, Gutzmer R, Millward M, et al. Dabrafenib in 

BRAF-mutated metastatic melanoma: a multicentre, open-label, phase 3 randomised controlled trial. 

Lancet 2012; 380 (9839):358-365. 

111. Jovanovic B, Krockel D, Linden D, Nilsson B, Egyhazi S, Hansson J. Lack of cytoplasmic ERK 

activation is an independent adverse prognostic factor in primary cutaneous melanoma. J Invest 

Dermatol 2008; 128 (11):2696-2704. 

112. Zhuo C, Xu Y, Ying M, Li Q, Huang L, Li D, et al. FOXP3+ Tregs: heterogeneous phenotypes 

and conflicting impacts on survival outcomes in patients with colorectal cancer. Immunologic 

research 2015; 61 (3):338-347. 

113. de Moll EH, Fu Y, Qian Y, Perkins SH, Wieder S, Gnjatic S, et al. Immune biomarkers are more 

accurate in prediction of survival in ulcerated than in non-ulcerated primary melanomas. Cancer 

immunology, immunotherapy : CII 2015; 64 (9):1193-1203. 

114. Nakano T, Goto S, Takaoka Y, Tseng HP, Fujimura T, Kawamoto S, et al. A novel moonlight 

function of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for immunomodulation. Biofactors 

2017. 

115. Raj M, Langley M, McArthur SJ, Jean F. Moonlighting glycolytic enzyme glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) is required for efficient hepatitis C virus and dengue virus 

infections in human Huh-7.5.1 cells. J Gen Virol 2017; 98 (5):977-991. 

https://www.cancercentrum.se/globalassets/cancerdiagnoser/hud/vardprogram/NatVP_malignt_melanom_ver.2.1_170621
https://www.cancercentrum.se/globalassets/cancerdiagnoser/hud/vardprogram/NatVP_malignt_melanom_ver.2.1_170621


 

 47 

 


