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ABSTRACT 
 

Malignant melanoma has one of the fastest increasing incidences among the different types of cancer 

in the Western world. This raise can partly be ascribed to the change in sun habits that has taken 

place during the last decades, since the major external risk factor for melanoma is exposure to 

ultraviolet radiation. In the case of patients with early stages of melanoma, the prognosis is usually 

good and the disease may be cured by surgery alone. However, with conventional anti-cancer 

treatments, patients diagnosed with unresectable or metastatic melanoma have a very low 5-year 

survival rate ranging from less than 10 percent to about 20 percent, depending on the location and 

extent of metastatic spread. Despite the development of novel promising targeted drugs, such as the 

immunomodulating antibody ipilimumab and the B-raf inhibitor vemurafenib, that have been shown 

to significantly extend patient survival, there is still an urgent need for new and improved treatment 

strategies which can further increase the survival of patients with advanced malignant melanoma.  

The aim of this thesis was to investigate the anti-tumor effect of two different tyrosine kinase 

inhibitors (TKIs), gefitinib and canertinib, on human malignant melanoma cell lines with wild-type 

BRAF and NRAS. We investigated the effect of these two drugs on cell proliferation, survival and 

on the ErbB1-4 receptor phosphorylation, as well as the downstream signaling molecules Akt, 

Erk1/2 and Stat3. We also established a melanoma cell line resistant to gefitinib treatment and 

studied the resistance mechanisms developed by the cells. 

Our results showed that phosphorylation of ErbB1, ErbB2 and ErbB3 decreased following 

treatment with both gefitinib and canertinib and that the subsequent downstream signaling via Akt, 

Erk1/2 and Stat3 was inhibited after TKI treatment. However, it was also noted that the gefitinib-

induced inhibition of Akt, and particularly Erk1/2, was transient and only a weak inhibition of Stat3 

phosphorylation was seen. Gefitinib treatment of the RaH3 and RaH5 cells resulted in an 

accumulation of the cells in the G1 phase of the cell cycle without any signs of apoptosis. Canertinib 

caused a more pronounced inhibition of Akt, Erk1/2, and Stat3 phosphorylation than gefitinib, 

possibly explaining the canertinib-induced apoptosis in RaH3 and RaH5 cells as compared to the cell 

cycle arrest induced by gefitinib. We also demonstrated that gefitinib-resistant RaH5 cells expressed 

higher levels of Met and insulin receptor (IR) and had a more persistent Akt signaling than non-

resistant cells, despite gefitinib treatment, implicating that Met and IR may be involved in the 

development of resistance to gefitinib in melanoma cells. Canertinib was able to inhibit proliferation 
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of resistant cells, indicating the potential use of irreversible inhibitors in the treatment of gefitinib-

resistant cells. 

In conclusion, gefitinib and canertinib display promising anti-tumor effects on ErbB-expressing 

malignant melanoma and might be used in future studies in combination with conventional 

chemotherapy or other targeted therapies in the treatment of malignant melanoma patients not 

harboring BRAF or NRAS mutations. 
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Malignt melanom är den allvarligaste formen av hudcancer. Malignt melanom uppstår i hudens 

pigmentbildande celler, vanligtvis från ett födelsemärke, men kan även uppstå på andra platser i 

kroppen. Antalet fall av malignt melanom har ökat drastiskt i västvärlden de senaste 20 åren. I 

Sverige insjuknade år 2010 ca 2 800 personer i malignt melanom och ca 470 avled till följd av 

sjukdomen. Malignt melanom förekommer främst hos vuxna och den vanligast framförda 

riskfaktorn för att utveckla malignt melanom är hög exponering för ultraviolett stråning från solen 

eller solarier. I ca 5-10 % av fallen anses malignt melanom vara ärftligt betingat.  

Om sjukdomen diagnostiseras i ett tidigt stadium botas de flesta patienter (80-85 %) med operation. 

När sjukdomen har spridit sig från huden till andra organ i kroppen betraktas den vanligtvis som icke 

botbar och patienten behandlas då med cellgifter eller strålning med syftet att bromsa 

sjukdomsförloppet eller lindra sjukdomsrelaterade symptom. 5-årsöverlevnaden vid generaliserat 

malignt melanom är ca 10-20 % beroende på var i kroppen dottersvulsterna är belägna.  

Under senare år har det introducerats nya, målstyrda läkemedel som exempelvis det 

immunstimulerande läkemedlet ipilimumab och B-raf-hämmaren vemurafenib. Omkring 40-50 %  

av melanomtumörerna har en s.k. aktiverande mutation i BRAF-genen, vilket är en förutsättning för 

att vemurafenib skall ha en effekt. Det finns fortfarande stort utrymme att förbättra behandlingen av 

patienter med malignt melanom och forskning pågår för att utveckla nya effektiva läkemedel mot 

sjukdomen.   

I detta avhandlingsarbete studerade vi två olika målstyrda läkemedel, gefitinib och canertinib, med 

avseende på deras förmåga att blockera tillväxt- och överlevnadssignaler förmedlade via s.k. 

tillväxtfaktorreceptorer tillhörande ErbB-familjen (benämnda ErbB1, -2, -3 & -4). Dessutom kartlade 

några av de bakomliggande antitumorala mekanismerna i malignt melanom under experimenella 

betingelser.  

Vi utvecklade även en melanom cellinje som initialt var känslig för gefitinib, till att bli 

motståndskraftig (resistent) mot läkemedlet med syftet att belysa de resistensmekanismer som 

melanomcellerna utvecklat för att göra sig resistent mot gefitinib. 

I detta arbete visar vi att gefitinib förmår förhindra tillväxt, utan att initiera celldöd, av malignt 

melanom i odling genom att hämma aktivering av tre av de fyra receptorerna tillhörande ErbB-

familjen (ErbB1-3). Vi demonstrerar också att gefitinib hämmar några av de signalvägar (Akt, Erk1/2 

och Stat3) som anses viktiga för överlevnad och tillväxt  i malignt melanom.  
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Canertinib, till skillnad från gefitinib, initierade programmerad celldöd och inhiberade Akt-, Erk1/2- 

och Stat3-aktivitet i melanomceller. I låg dos uppvisade canertinib enbart tillväxthämmande 

egenskaper. Canertinibs antitumorala effekt på odlade celler bekräftades i en experimentell 

djurmodell. I den gefitinibresistenta melanomcellinje vi utvecklade fann vi en ökad mängd av HGF-

receptorn Met och insulin receptorn på cellytan jämfört med de icke resistenta melanomcellerna. Vi 

fann också att de resistenta cellerna hade en mer bestående aktivering av Akt, även när jämförelsen 

gjordes under behandling med gefitinib. Met- och insulinreceptorn kan delvis aktivera samma 

signalvägar i cancerceller som ErbB-receptorerna, vilket antyder att förvärvad gefitinibresistens 

möjligen kan vara förmedlad genom Met- och/eller insulinreceptorn. Vi visade också att canertinib 

har en kvarstående tillväxthämmande effekt i gefitinibresistenta melanomceller, vilket indikerar att 

canertinib besitter andra, av oss icke identifierade, antitumorala mekanismer i malignt melanom i 

odling. 

Sammanfattningsvis visar vi att hämning av ErbB-receptorsignalering i malignt melanom är möjligt 

under experimentella förhållanden. Detta kan i framtiden eventuellt bli en del av den tumörspecifika 

behandlingen av patienter med malignt melanom, särskilt i de ca 60 % av fallen där melanomcellerna 

inte är muterade i BRAF-genen. Detta behandlingskoncept behöver ytterligare belysas genom 

vetenskapliga studier.  
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1. INTRODUCTION 

 

1.1 Cancer 
Cancer is a major health problem in most Western countries in the world. In 2010, more than 55 000 

people were diagnosed with cancer in Sweden, making it the second most common cause of death in 

Swedish men and women [1, 2]. The cancer incidence in Sweden has increased during the last 

decades at an annual rate of 2.0 % for men and 1.4 % for women [1]. This increase in incidence can 

in part be explained by the introduction of screening programs, better diagnostic tools and also an 

increasing elderly population [1].  

Cancer arises from normal cells that acquire certain abilities, which enable them to become 

malignant. In 2000, Hanahan and Weinberg suggested six ”certain abilities” also known as the 

Hallmarks of cancer [3]. These essential steps are: sustaining proliferative signaling, evading growth 

suppression, resisting cell death, enabling replicative immortality, inducing angiogenesis, and 

activating invasion and metastasis [4]. In 2011, the same authors revised their six hallmarks and 

concluded that the acquisition of these abilities was enabled by two different factors, the genomic 

instability of the cancer cells that produces mutations at random sites and the inflammatory state of 

the pre-malignant and malignant cells that is driven by immune cells [4]. They also suggested two 

new hallmarks; deregulation of cellular energetics and avoiding immune destruction [4]. In this thesis, 

I will focus on the following three hallmarks: sustaining proliferative signaling, evading growth 

suppression and resisting cell death. 

All cancers are caused by multiple genetic alterations. These can be a result of some kind of 

environmental factor (90-95 %) or due to inherited gene mutations (5-10 %) [5]. Some of the 

environmental factors linked to cancer development are tobacco, infection, diet, radiation and 

environmental pollutants. Infections are involved in about 18 % of all neoplasms worldwide and 

among these, viruses are the cause of most infection-induced cancers [5]. Viruses capable of inducing 

cancers are usually referred to as oncogenic viruses. These can be either DNA viruses or RNA 

viruses [6]. DNA viruses integrate the viral DNA into the host’s DNA and the viral protein 

transforms the cell in to a cancerous state. One example of a DNA virus is the Epstein-Barr virus, 

involved in the development of Burkitt’s lymphoma. RNA viruses also integrate DNA into the host’s 

DNA, but this is done by first synthesizing a double-stranded DNA from their single-stranded RNA. 
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The genes in the viral genome that have the ability to change the host-cell’s proliferation and 

transform the cell into a more malignant cell are called viral oncogenes (v-onc). The first discovered 

viral oncogene is v-src, originating from the Rous sarcoma virus [7]. Viral oncogenes are known to 

have counterparts in normal vertebrate cells, and these homologues are referred to as c-onc genes or 

proto-oncogenes. The gene products of these proto-oncogenes are growth factors, growth-factor 

receptors and signaling proteins. Normally, they are strictly regulated in cells but genetic alterations 

in these genes can create oncogenes that have the ability to transform normal cells into cancer cells 

[8]. 

 

1.1.1 Sustaining proliferative signaling 

The first and most important characteristic of cancer cells is the ability to maintain a constant 

proliferation or cell growth. In normal cells, proliferation is strictly controlled by the production and 

release of growth signals. However, in cancer cells these growth signals are deregulated in such a way 

that proliferation is constantly switched on. Growth signals are normally initiated by the binding of 

growth factors to cell-surface bound receptors, which relay the signal via intracellular pathways that 

regulate progression through the cell cycle. The cancer cells can initiate constant growth signals by a 

variety of ways, such as producing their own growth factors which can bind and activate their own 

receptors [3]. This is known as autocrine growth stimulation. The cancer cells can also overexpress 

growth factor receptors and can thereby more easily react to the growth factors, even at low 

concentrations. Furthermore, cancer cells are known to have mutations in the signaling proteins 

downstream from the growth factor receptor, thereby generating a constant signaling without growth 

factor or receptor involvement. 

The growth factor receptors are, as of today, a group of 58 transmembrane receptors which possess 

extracellular binding properties and intracellular tyrosine kinase activity and can further be divided 

into 20 different classes of tyrosine kinase receptors (Fig. 1) [9, 10]. Some of these families include 

the epidermal growth factor receptors (ErbB), the insulin receptors (IR), platelet-derived growth 

factors (PDGFR), vascular endothelial growth factor receptors (VEGFR), fibroblast growth factor 

receptors (FGFR) and the hepatocyte growth factor receptor (HGFR, also known as Met).  
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1.1.1.1 ErbB receptor signaling 

One example of the growth factors mentioned earlier is the epidermal growth factor (EGF), which 

was identified in 1962 by Dr. Stanley Cohen with the subsequent identification of its cognate 

receptor, the epidermal growth factor receptor (EGFR), in 1975 [11, 12]. The EGFR is a member of 

the ErbB receptor family, which comprise of four receptors called ErbB1 (EGFR or HER1), ErbB2 

(HER2, neu), ErbB3 (HER3) and ErbB4 (HER4). The ErbB receptors have an extracellular ligand-

binding domain, a transmembrane domain and an intracellular tyrosine kinase domain [13, 14]. The 

extracellular domain has four subdomains, two leucine-rich ligand binding domains (L1 and L2) and 

two cysteine-rich domains (CR1 and CR2) (Fig. 2) [15]. All ErbB receptors bind ligands except 

ErbB2 due to its fixed conformation where the ligand-binding site is buried and not accessible for 

interaction [16, 17]. The ErbB3 receptor lacks tyrosine kinase activity and therefore requires the 

assistance of another receptor to phosphorylate the tyrosine domain [18]. Eleven different ligands, 

Figure 1. Human tyrosine kinase receptors. The tyrosine 
kinase receptors consist of 20 subfamilies and some of the 
families are shown in this figure. The structure of the different 
receptors is also depicted.   
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such as EGF, transforming growth factor (TGF)-α, amphiregulin (AR), beta-cellulin (BTC), heparin-

binding-EGF (HB-EGF), epiregulin (EPR), epigen, and neuregulins (NRGs) are known to activate 

the ErbB receptors by binding to the L1 or L2 domain with low affinity, which in turn induces a 

conformational change resulting in a high affinity binding of both L1 and L2 (Fig. 2) [19]. The 

change in receptor conformation exposes a dimerization arm within the CR1 domain, allowing it to 

interact with an arm in a neighboring receptor and thereby induce the formation of hetero- or 

homodimers [19, 20]. Intracellular tyrosine kinase domains are then cross-phosphorylated to form 

binding sites for intracellular signaling molecules, which activate different signaling cascades, such as 

the mitogen activated protein kinase (MAPK) pathway, the anti-apoptotic phosphatidylinositol-3 

kinase (PI3K)/Akt pathway and signal transducer and activator of transcription (Stat) pathway [14, 

20].  

 

 
 

 

 

Figure 2. The ErbB receptor family. The ErbB receptor family consists of four different receptors, ErbB1, ErbB2, 
ErbB3 and ErbB4. The ErbB2 receptor has no known ligand since it is constantly in an active conformation making it 
impossible for a ligand to bind. The ErbB3 receptor lacks intrinsic tyrosine kinase activity and therefore requires the 
formation of a heterdimer with another ErbB receptor to be activated. Upon ligand binding to L1 or L2 a 
conformational change occurs in the receptor, making the dimerization arm in the CR domain accessible for a 
neighboring CR domain. This leads to the activation of the intrinsic tyrosine kinase domains which cross-phosphorylates 
phosphorylation sites, thereby enabling the binding of adaptor proteins.    
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Cancer cells can harbor mutations in the ErbB receptors or in proteins functioning in the 

intracellular signaling pathways, thereby causing a constant activation of growth signals in the 

absence of growth factors. One such protein downstream of growth factor signaling is B-raf, which 

is mutated in about 40 % of malignant melanomas causing a constant activation of the MAPK 

pathway, leading to increased proliferation [21].  

In a similar way, mutations in the PI3 kinase can lead to hyperactivation of the PI3K pathway 

resulting in a resistance to cell death signals [22, 23]. Normally, negative feedback loops make sure 

the proliferative signals are turned off in a strictly regulated way after activation. However, in cancer 

cells these negative feedback mechanisms can be disrupted such as in the case with loss-of-function 

mutation in phosphatase and tensin homologue (PTEN), a phosphatase that normally turns off the 

PI3K pathway (Fig. 3) [24].  

 
 

 
 
 
 
 
 
 

Figure 3. The ErbB receptor signaling. After ligand binding, homo- or heterodimers 
are formed. The intracellular tyrosine kinase domains are then cross-phosphorylated and 
form binding sites for intracellular signaling molecules, which activate the MAPK 
pathway, the PI3K/Akt pathway and the Stat pathway.  
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1.1.1.1.1 MAPK pathway  

The MAPK signaling pathway is an important downstream effect of ErbB receptor activation 

involved in mediating cellular responses to extracellular stimuli (Fig. 3). Activated receptors are 

autophosphorylated on tyrosine residues to form binding sites for various cytoplasmic proteins 

containing Src homology 2 (SH2) and phosphotyrosine-binding (PTB) domains [25]. The growth-

factor-receptor-bound protein 2 (Grb2) has a central SH2 domain and two flanking SH3 domains. 

When the SH2 domain binds to the receptor and the SH3 domains binds to Sos (son of sevenless), it 

causes one of the inactive Ras (H-ras, N-ras or K-ras) to release GDP and instead bind GTP to 

become active (Fig. 3) [26]. The activated Ras forms a binding site for Raf-family proteins, thereby 

activating one of the Raf kinases (A-raf, B-raf or C-raf). Raf then phosphorylates MEK1/2 (mitogen-

activated protein kinase kinase/extracellular regulated kinase kinase 1 and 2) on serine residues, 

which in turn phosphorylates Erk1/2 (extracellular regulated kinase 1 and 2) on both threonine and 

tyrosine residues. When Erk is activated, it translocates to the nucleus where it regulates the activity 

of various transcription factors such as Ets, Elk, Jun and Myc, resulting in the expression of genes 

important for cell cycle progression [as reviewed in ref 27]. 

 

1.1.1.1.2 PI3K/Akt pathway 

In response to growth factors binding to the ErbB receptors, the PI3K/Akt pathway can also be 

activated (Fig. 3). The PI3K consists of two different subunits, the p85 regulatory unit and the p110 

catalytic unit. The p85 regulatory unit of PI3K interacts with the intracellular part of the receptor via 

its SH2 domain, thereby localizing PI3K to the plasma membrane [28]. The ErbB3 receptor, in 

particular, possesses several SH2 domains and is therefore a major activator of Akt signaling [29-31]. 

PI3K can also be activated by other receptors such as PDGFR, FGFR, insulin-like growth factor 

receptor (IGF-1R), VEGFR and also by intracellular proteins such as protein kinase C, SHP1, Rac, 

Rho and Src [32]. The activated PI3K phosphorylates phosphatidylinositol (3,4)-bisphosphate (PIP2) 

to produce the second messenger phosphatidylinositol (3,4,5)-trisphosphate (PIP3) (Fig. 3). PTEN is 

the negative regulator of PI3K by removing the 3’ phosphate of PIP3 and thereby inhibiting 

signaling downstream of PI3K. The pleckstrin-homology (PH) domain of Akt binds to PIP3, thereby 

recruiting Akt to the plasma membrane where Akt is first phosphorylated by phosphoinositide-

dependent kinase 1 (PDK1) at Thr308 and then additionally phosphorylated in the hydrophobic C-

terminal domain (Ser473) by mammalian target of rapamycin (mTOR) complex 2 (mTORC2) to 
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become fully activated [24, 33, 34]. When activated, Akt moves through the cytoplasm and into the 

nucleus where it phosphorylates different cellular proteins, including glycogen synthase kinase 3α 

(GSK3α), GSK3β, forkhead box O transcription factors (FoxO), murine double minute 2 (MDM2), 

Bcl2-interacting mediator of cell death (Bim) and Bcl2-associated agonist of cell death (BAD) to 

regulate various cellular functions such as cell survival and cell proliferation (Fig. 3) [35-39]. 

Furthermore, Akt promotes the G1-S phase transition by blocking the FoxO-mediated transcription 

of the cell cycle inhibitors p27KIP1 and p21CIP1 [40, 41]. The capability of the PI3K/Akt pathway to 

promote cell survival and cell cycle progression makes this pathway important for cancer progression 

and development.  

 

1.1.1.1.3 Stat pathway 

Stat proteins are also activated by growth factor stimulation of growth factor receptors and are 

involved in both signal transduction and activation of transcription. All Stat proteins share a similar 

molecular structure that consists of three different domains: an oligomerization domain, a DNA 

binding domain and a SH2 domain. There are nine known Stat proteins so far including Stat1, 

Stat1β, Stat2, Stat3, Stat3β, Stat4, Stat5a, Stat5b and Stat6 [42]. Stat1β and Stat3β are two naturally 

occurring splice variants of Stat1 and Stat3, respectively. Stat1, Stat3, Stat5a and Stat5b are known to 

play a role in cancer, where Stat3 and Stat5 stimulate cell cycle progression, angiogenesis, and 

inhibition of apoptosis, and Stat1 cause cell cycle arrest and apoptosis [43]. Stat signaling can be 

induced by growth factor receptors, cytokine receptors or in a non-receptor manner [44]. The ErbB1 

receptor can directly activate Stat via the SH2 domain and/or indirectly induce Stat phosphorylation 

through the activation of Src and Jak family members [44]. Activated Stat forms a hetero- or 

homodimer which translocates to the nucleus and binds to the DNA sequence within the promoter 

of one of its target genes or to other proteins that regulate transcription such as c-fos and c-jun (Fig. 

3) [43]. Some of the genes regulated by Stats are Bcl-2, Bcl-XL, mcl-1, p21, and cyclin D1, all important 

for survival and cell proliferation [45]. 
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1.1.2 Evading growth suppression 

The second important step in the development of cancer cells is to evade growth suppression signals. 

Normally, proliferation is strictly controlled and many of the regulatory programs rely on tumor 

suppressor genes (TSG). In cancers cells, these tumor suppressor genes are frequently mutated 

resulting in a loss-of-function of the protein and thereby less control of proliferation. Two of the 

most important TSGs are the RB (retinoblastoma) and p53 proteins and these are involved in the 

decision between proliferation, activation of senescence (a dormant state) or induction of apoptosis 

(the cells self-destruct program) [46]. The RB protein responds to extracellular and intracellular 

signals and decides if a cell should go through the cell cycle or not [47]. P53 receives inputs from 

sensors within the cell and if there is damage to the genome, p53 can stop the cell cycle until the 

damage has been repaired [48]. However, if the damage is irreparable, p53 can also induce apoptosis. 

 

1.1.2.1 Cell cycle 

Throughout a person’s life, damaged, diseased or worn out cells are constantly being replaced. This is 

done through a process called cell division. In somatic cells, the division is called mitosis and two 

identical daughter cells are produced. Dividing cells go through the cell cycle, which is a regulated 

sequence of events where the cellular contents are duplicated and divided in two identical units. The 

cell cycle is made up of two major periods; interphase, when a cell is not dividing, and the mitotic 

(M) phase when a cell is dividing [49]. In order to prevent inappropriate cell proliferation, 

mechanisms exist that control the cell cycle. The main regulatory proteins which allow the transition 

from one cell cycle phase to another are called cyclin-dependent kinases (CDKs). This is a family of 

serine/threonine protein kinases, which are activated at specific points during the cell cycle (Fig. 4) 

[49, 50]. The CDKs are periodically activated by increasing and decreasing levels of cyclins during the 

different stages of the cell cycle [49]. The CDKs involved in interphase are CDK2, CDK4 and 

CDK6, whereas CDK1 is only involved in mitosis [49]. There are ten different cyclins that belong to 

four different groups (A-, B-, D-, and E-type cyclins). Tumors frequently have mutations affecting 

the regulation of the CDK-cyclin complexes, resulting in continuous proliferation and re-entry into 

the cell cycle [51]. 
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The cell cycle begins with growth factor signaling, which induce the expression of D cyclins, 

resulting in the binding and activation of CDK4 and CDK6 during G1 phase, the phase where the 

cell’s organelles and cytosolic components are duplicated [52, 53]. The first checkpoint, called the 

restriction point, is located at the end of the cell cycle's G1 phase, just before entry into S phase. At 

this point, a decision is made whether the cell should divide, delay division or enter the resting stage 

called G0 (Fig. 4). The restriction point is controlled mainly by the CDK inhibitor p16, which inhibits 

the CDK4/6 and ensures that it can no longer interact with cyclin D1 to continue the cell cycle. 

However, some tumors have increased expression of cyclin D, which causes competitive binding of 

CDK4/6 and thereby overcoming the p16 inhibitor in the restriction checkpoint [54]. Other tumors 

have a mutation in p16, leading to progression through the cell cycle [55]. The activation of the 

CDK4/6-cyclin D complexes leads to phosphorylation of the tumor suppressor RB, which releases 

the E2F transcription factor from inhibition (Fig. 4). E2F will then initiate the expression of type-E 

cyclins that bind and activate CDK2, resulting in further phosphorylation of RB and causing the 

inactivation of RB [56]. 

 

 
 

 

Figure 4. The cell cycle. The cell cycle is divided up into four phases, G1, S, G2 and M. Cyclin-
dependent kinases (CDKs) promote progression through the cell cycle and they are positively 
regulated by cyclins and negatively regulated by CDK inhibitors (CKI). 
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The CDK2-cyclin E complex is essential for the progression from G1 to S phase [57]. DNA is 

replicated during S phase and it is verified that the two daughter cells have identical genetic material. 

Late in S phase, CDK2 is activated by cyclin A to promote transition into G2 phase during which the 

cell continues to grow and enzymes and proteins are synthesized in preparation for cell division. 

CDK1 is activated at the end of G2 by cyclin A and mitosis is initiated. When the nuclear envelope is 

broken down, type A cyclins are degraded and CDK1 forms a complex with cyclin B instead in order 

to continue through M phase, resulting in the division of the nucleus and the cytosol [58]. The 

activity of the CDKs is negatively regulated by two different families of cell cycle inhibitory proteins, 

called CDK inhibitors (CKI), that bind to CDK or the CDK-cyclin complex (Fig. 4). The first group 

is the INK4 family involving p15INK4B, p16INK4A, p18INK4C, and p19INK4D [59]. These proteins are 

structurally related (and recognize CDK4 and CDK6, but not CDK2) and cause an arrest in G1 by 

competing with cyclin D for binding with CDK4 or CDK6. The second group is the Cip/Kip family 

including p21CIP1, p27KIP1, and p57KIP2 which interact with CDK2, CDK4 and CDK6 and possibly 

CDK1 [60-64]. 

 

Each cell cycle phase has checkpoints that induce arrest of cell cycle progression to repair damages. 

When these checkpoints have been passed, the cell is irreversibly committed to the next phase. 

However, when DNA is damaged or if other critical organelles or structures are malfunctioning, cell 

cycle arrest can be induced, or the apoptotic cascade can be initiated, leading to cell death. Therefore, 

apoptosis is an important element of cell cycle checkpoints to protect the integrity of multicellular 

organisms and making sure unwanted or damaged cells are removed. 

 

 



CELL DEATH 

27 

1.1.3 Resisting cell death 

The third important step for the cancer cells is to overcome apoptosis (the cells’ self-destruct 

program). Normally, old or damaged cells are killed so that new cells can take their place. Cancer 

cells have developed strategies to evade apoptosis and one frequently used method is to lose the 

function of p53, which eliminates the important DNA damage sensor of the apoptotic machinery 

[65]. Tumors are also known to increase the expression of anti-apoptotic proteins such as Bcl-2 or 

Bcl-XL or to decrease the expression of pro-apoptotic proteins such as Bax and Bim (Fig. 5) [66]. 

This can be caused by mutation and also by increasing signaling through the Akt and MAPK 

pathways since Akt has the ability to inhibit Bax, BAD and the caspase-9/Apaf-1 complex, whereas 

the MAPK can inhibit Bim and indirectly inhibit BAD (Fig. 6) [67-71]. 

 

 

 
 

 

 

 

 

 

  

Figure 5. Pro- and antiapoptotic proteins. Proteins of the 
Bcl-2 family are either pro- or anti-apoptotic and they are 
divided into different groups depending on their BH 
domains.  
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1.1.3.1 Cell death 

There are two major types of cell death, apoptosis and necrosis. The differences between them are in 

the root cause, cell morphology and the effect on the surrounding tissue [72, 73]. Apoptosis is a 

controlled form of cell death, whereas necrosis is more of an accidental form of cell death. Necrosis 

frequently occurs in groups of cells and is often caused by hypoxia, the lack of sufficient oxygen. 

Necrosis can also be caused by chemical injury from different toxins such as arsenic, cyanide, 

insecticides and heavy metals. It can also be caused by trauma or infection.  

 

During necrosis, the cell membrane permeability is increased, which causes the cell to swell and the 

organelles to rupture, ultimately leading to the release of cytoplasmic and nuclear components into 

the surrounding tissue [72, 73]. The release of the intracellular materials into the extracellular fluid 

recruits neutrophils and macrophages to the necrotic area, causing inflammation. These migratory 

cells phagocytize the necrotic debris to prevent further damaging of surrounding cells. Therefore, 

inflammation is a major marker for necrosis.  

 

Apoptosis on the other hand, occurs in single cells and not in groups of cells. The word apoptosis is 

Greek and means the dropping off or falling off as in leaves from a tree or from a flower. Apoptosis 

is an energy consuming process, in which an organism destroys cells that are not needed, or 

potentially dangerous [72]. After the induction of apoptosis, a precise signal transduction pathway is 

followed [72]. During apoptosis, the cell detaches from the extracellular matrix and surrounding cells. 

The DNA is fragmentized, condensation or shrinkage of the cytoplasm occurs and small apoptotic 

bodies containing cellular contents are formed. These apoptotic bodies are released and phagocytized 

by surrounding cells. Since no intracellular materials are released from the cell, inflammation is not 

initiated in apoptosis. 
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1.1.3.1.1 Regulation of apoptosis 

Apoptosis can be induced by a number of factors such as ultraviolet (UV) exposure or γ-radiation, 

chemotherapeutic drugs or signaling by death receptors (DR) [74, 75]. There are two different 

pathways that trigger apoptosis; the death receptor pathway and the mitochondrial pathway (Fig. 6). 

The DR pathway is initiated by activation of death receptors, such as the Fas receptor or tumor 

necrosis factor (TNF) receptor 1, by binding the Fas ligand (FasL) or TNF, respectively [76, 77]. 

Both receptors contain a death domain (DD) and this domain binds adaptor proteins that induce a 

cascade of caspase cleavage resulting in the activation of the executioner caspase-3 (Fig. 6).  

 

The mitochondrial pathway is regulated by members of the Bcl-2 family, who are divided into pro-

apoptotic, such as Bcl-2-associated x protein (Bax), Bcl-2 antagonist/killer-1 (Bak) and Bid, and anti-

apoptotic, such as Bcl-2 and Bcl-XL (Fig. 5) [78]. The bcl-2 family members regulate the 

mitochondrial pathway by controlling the permeabilization of the outer mitochondrial membrane. In 

response to different types of stress, such as growth factor withdrawal or damage, BH3-only proteins 

activate the pro-apoptotic Bax or Bak (Fig. 4 and 5). Activated Bax and Bak form homo-oligomers 

and participate in the creation of pores in the outer mitochondrial membrane [79]. Through these 

pores, pro-apoptotic molecules such as second mitochondria-derived actor of caspase (Smac) and 

cytochrome C are released. In the cytosol, cytochrome C will first associate with apoptotic protease-

activating factor 1 (Apaf-1) and then with procaspase-9 to form a complex called an apoptosome 

[80]. The apoptosome activates the effector caspases, caspase-6 and -3 to further activate the 

apoptotic process. 

 

A crosstalk exists between the two pathways through caspase-8 activation of Bid [81]. Cleaved Bid is 

transported to the mitochondria where it exerts its pro-apoptotic activity by promoting cytochrome 

C release. The death receptor and mitochondrial pathways converge at caspase-3 activation where 

the apoptotic signaling branches out into a number of subprograms. The activated caspases cleave a 

variety of target proteins, thereby disabling important cellular processes and breaking down structural 

components of the cell. One target of such cleavage events is poly(ADP-ribose) polymerase (PARP), 

resulting in inactivation of the poly(ADP-ribosylation) which is crucial in DNA repair [82]. PARP 

cleavage is frequently used as a positive marker for apoptosis. 
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Figure 6. Induction of apoptosis can occur through two different pathways, the death 
receptor pathway or the mitochondrial pathway. The death receptor pathway is activated by 
FasL binding to its receptor Fas. This activates caspase-8 and caspase-10, which cleave caspase-3 
and thereby initiating the caspase cascade. The mitochondrial pathway is activated in response to 
different types of stress signals such as withdrawal of growth factors resulting in the formation of 
pores releasing, among others cytochome C which activate the caspase cascade. The caspase 
cascade cause cell shrinkage, membrane blebbing, DNA fragmentation and ultimately leads to a 
total dismantling of the cell.   
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1.2 Malignant Melanoma 

1.2.1 Background 

The world’s highest predicted lifetime risk of being diagnosed with malignant melanoma is 1:25, 

among Australian Caucasians [83]. In Europe, the highest incidence is reported in the Scandinavian 

countries, whereas the lowest is found in the southern part of Europe around the Mediterranean Sea. 

Currently, melanoma is the sixth most common form of cancer among Swedish men and women [1]. 

During the last ten years, this disease has had the most rapidly increasing incidence among malignant 

tumors in Sweden, with an average increase of 4.1 % and 4.2 % per year for men and women, 

respectively [1]. The last few years, an average of about 2 800 individuals have annually been 

diagnosed with melanoma in Sweden and between 470-500 succumb to their disease each year [1, 2]. 

Melanoma most frequently occurs on areas of the skin exposed to the sun during sunbathing. 

However, the relationship between melanoma and sun exposure is complex since the incidence of 

melanoma among persons who work outdoors is lower compared to persons who work indoors. 

One possible explanation for this paradox is that chronically tanned skin somehow is less melanoma-

prone than untanned skin which has been exposed to bursts of high-intensity sun [84]. 

 

Malignant melanomas are divided up into six different subgroups. The first one is nodular melanoma 

(NM), which consists of raised nodules. NM is the most aggressive form of melanoma and it tends 

to appear in a new spot where a previous nevus did not exist [85]. NM does not have a similar 

growth pattern as the other melanomas because NM tends to grow in depth rather than in width. 

The second group is acral lentiginous melanoma (ALM) that normally occurs on the palms of the 

hands, soles of the feet and in the nail bed. ALM is not associated with UV exposure and therefore it 

is more common in non-Caucasians compared to the other forms of melanoma [86]. The third 

subgroup is mucosal melanoma (MM) and it typically occurs in the upper respiratory tract and oral 

cavity. The fourth type of melanoma is uveal melanoma (UM), which occurs in the pigment cells in 

the eye, involving the iris, ciliary body or the choroid [87]. The fifth subgroup is lentigo maligna 

melanoma (LMM), which occurs in the skin of elderly people with a history of chronic sun exposure, 

primarily on the face and forearms [88]. The sixth and last subgroup is superficially spreading 

melanoma (SSM), which occurs on sun-exposed skin, mainly on the back of males and on the legs of 

females. This is the most common form of melanoma [86]. 
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1.2.2 Risk factors 

Multiple epidemiological studies have been performed over the past decades, identifying several risk 

factors for melanoma. Some of these include a family history of melanoma, mutations in some 

specific genes, multiple nevi, skin type, pigmentation, childhood sunburns, and use of sunbeds [89-

92]. For instance, individuals with red hair, pale skin and a tendency to freckle have a significantly 

higher risk of developing malignant melanoma than those with black/dark brown hair and dark skin 

[93]. The only known environmental risk factor in melanoma is exposure to UV-radiation, and the 

dramatic increase in melanoma incidence observed during the last 50 years can partly be ascribed to 

changes in sun habits and increased use of sun beds [94]. Blistering sunburn in childhood and 

adolescence is also a risk factor for developing melanoma later in life among the white population 

[95]. Therefore, it is of importance to protect young children from the sun using UV-resistant 

clothing, sunscreen and avoid the high intensity sunlight during mid-day. 

  

1.2.3 Melanoma development 

Malignant melanomas are caused by the malignant transformation of melanocytes, which are the 

pigment-producing cells derived from the neural crest during embryogenic development. 

Melanocytes are normally located at the basal layer of the epidermis where they produce melanin to 

be transported to the surrounding keratinocytes. When the melanin is taken up by keratinocytes, it 

absorbs and scatter the high energy from the sunrays and thereby protects the skin from the harmful 

UV-radiation [96]. The Clark model is a model describing the histological changes taking place 

during the progression from normal melanocytes to malignant melanoma [96, 97]. The first stage is 

called nevus, which is a benign lesion characterized by an increased number of melanocytes 

compared to keratinocytes. The proliferation within a nevus is limited but the growth control of the 

cells is disrupted, usually caused by mutation of the NRAS or BRAF genes resulting in an abnormal 

activation of the MAPK signaling pathway [96, 98]. The second stage, called dysplastic nevus, is 

characterized by an irregular group of large melanocytes, and at this stage proteins involved in cell 

growth, DNA repair, and cell death have usually been disrupted [96]. In familial melanoma at this 

stage, genetic alternations are usually pre-existing, or will develop in CDKN2A. This is a gene 

encoding the two different tumor suppressor genes, p16INK4A and p14ARF, involved in regulation of 

the cell cycle [99]. In non-familial melanoma, a different tumor-suppressor gene, PTEN (a key 

negative regulator of the PI3K pathway), is commonly inactivated by mutation [100, 101]. CDKN2A 
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and PTEN loss both cause the cells to overcome the limited growth seen in dysplastic nevus and 

progress into a superficial spreading stage, known as the radial growth phase (RGP). A melanoma in 

RGP is still confined to the epidermis and has low invasive potential. At this stage, mutations can 

occur in KIT, ErbB4, RB or p53; genes that are responsible for regulating proliferation and survival 

[102].  

 

When the melanoma cells acquire the additional ability to penetrate the basement membrane into the 

underlying dermis and subcutaneous tissue, they are said to be in the vertical growth phase (VGP). 

The progression from RGP to VGP is a crucial step in melanoma development, caused by altered 

expression in cell adhesion molecules and amplification of anti-apoptotic proteins [96, 102]. 

Normally, cell adhesion controls cell migration, tissue organization, and organogenesis, but 

disturbances in cell adhesion also contribute to tumor invasion. Loss of E-cadherin, increased 

expression of N-cadherin, αVβ3 integrin, melanoma cellular adhesion molecule (MCAM) and matrix 

metalloproteinase 2 (MMP-2) is frequently found in vertical growth phase and metastatic melanoma 

[96, 103]. The expression of N-cadherin enables melanoma cells to interact with other N-cadherin-

expressing cells, such as dermal fibroblasts and the vascular endothelium, thereby permitting 

metastatic spread [104]. Metastatic melanoma develops when cancer cells start to migrate through the 

surrounding stroma and invade blood- and lymph vessels to form tumors at distant sites. Mutations 

of Met and Apaf1 are known to be involved in the progression of metastatic melanoma [102]. 

However, about half of the melanomas do not arise from nevi, and the progression can occur 

without going through all the stages [105].  

 

1.2.4 Genetic alteration in melanoma 

A positive family history of melanoma has been reported in approximately 10 % of melanoma 

patients [106]. The familial cases tended to be younger, have higher numbers of moles, and develop 

multiple primary melanomas [107]. Between 25-40 % of the individuals with familial melanoma have 

mutations in the CDKN2A gene, which encodes the two proteins p16INK4A and p14ARF that function 

in the RB and p53 pathways, respectively [99]. P16INK4A normally inhibits CDK4/6-mediated 

phosphorylation of RB. However, mutated p16INK4A fails to inhibit CDK4/6, thereby resulting in the 

inactivation of the RB protein (Fig. 4). P14ARF is a product of the alternative reading frame of 
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CDKN2A, which inhibits MDM2-mediated ubiquitylation and therefore cause degradation of p53 

(Fig. 3). 

 

The most important mutation discovered so far in melanoma is the BRAF gene mutation, which 

occurs in about 40-50 % of malignant melanoma [108-111]. Interestingly, the point mutations in 

BRAF cluster in a specific region and 90 % of the mutations are a single nucleotide substitution. This 

will result in a changed amino acid from valine to glutamic acid at position 600 (V600E), conferring a 

constitutive activation of the B-raf protein [106, 108]. BRAF mutations are most common in patients 

whose tumors arise on areas of the skin exposed to UV-radiation and are less common in tumors 

from mucosal and acral sites [102, 112]. NRAS activation mutations are also frequently (15-25 %) 

observed in both melanoma cell lines and primary tumors [109] [as reviewed in ref 84]. Both N-ras 

and B-raf function in the MAPK signaling pathway and mutations in those two genes are mutually 

exclusive, thus indicating that increased stimulation of this pathway is important in melanoma 

pathophysiology (Fig. 3) [110, 113]. In a study recently performed, 32 % of the patients did not have 

any mutation in either the BRAF or NRAS regions investigated [109].  

 

The loss of PTEN protein expression has been observed in 30-50 % of the melanoma cell lines and 

is usually the result of homozygous deletion [114]. PTEN normally regulates signaling of different 

growth factors by dephosphorylating PIP3 to produce PIP2 in the PI3K pathway (Fig. 3). Deletion 

of the PTEN gene eliminates the inhibition of Akt, resulting in an increased signaling through the 

PI3K/Akt pathway [100, 101]. Interestingly, PTEN loss seems to be mutually exclusive with NRAS 

mutations, whereas BRAF mutations are not [115]. Therefore, it has been suggested that a possible 

cooperation exists between BRAF activation and PTEN loss in melanoma development [113]. 

Table 1. Melanoma types and their most frequently altered genes shown in percentage (%). [102]  
 SSM LMM NM ALM MM UM 
BRAF  59-78 40-60 43-68 12-23 3-11 <1 
NRAS 3-22 15-29 12-31 8-15 5-15 <1 
KIT 0 16-28  9-36 15-39 1-76 
PTEN 5  20 0   
GNAQ  5    50 
P53 5 50 18  29 16 
CCND1 5 10-50  40-44   
ERK 67  78    
ERVH6 11  7 18 11 37 7 
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1.2.5 The ErbB receptors in malignant melanoma 

The ErbB receptors is one of the receptor families responsible for activating the PI3K/Akt and 

MAPK pathways that are frequently overstimulated in melanoma through mutations in, for example, 

PTEN or BRAF. The ErbB1 receptor is expressed in the majority of nevi, as well as primary and 

metastatic melanoma samples [116]. The gene encoding the ErbB1 receptor is frequently amplified in 

primary melanoma lesions, implicating its importance in malignant melanoma [116, 117]. ErbB2 is 

rarely expressed or amplified in this disease and the level of expression in primary and metastatic 

melanoma is not higher than that observed in nevi [118, 119]. However, ErbB2 is considered to be 

the preferred heterodimerization partner for the other ErbB receptors and to possess oncogenic 

potential [120]. ErbB3 is commonly expressed in melanoma lesions and has been associated with a 

poor clinical outcome in this disease [118, 121]. The combination of ErbB2 and ErbB3 is known to 

have the highest tumorigenic potential among the ErbB receptors. Less research has been focused 

on the ErbB4 receptor and it is only recently that studies have been performed on this receptor in 

association with melanoma. Interestingly, it has been shown that 19 % of the melanoma cell lines 

investigated had mutations in the ErbB4 gene, resulting in increased autophosphorylation and 

increased kinase activity [122]. 

 

1.2.6 Treatment of melanoma 

The majority of cutaneous melanoma lesions are diagnosed at early stages and the five-year survival 

rate after surgical removal of thin (<1.0 mm) non-ulcerated melanomas is 97 % [123]. However, 

once malignant melanoma cells obtain the ability to metastasize they can no longer be removed by 

surgery and the one-year survival rate declines to between 33-62 % [123]. Despite attempts to treat 

melanoma using a wide variety of therapies, including immuno-, radio- and chemotherapy, the 

survival rate for patients with metastatic melanoma is still very low.  

 

1.2.6.1 Chemotherapy 

The most frequently used drugs in the treatment of metastatic melanoma in Sweden are DTIC 

(Dacarbazine®) and temozolomide (Temodal®) [124]. Both are alkylating agents that attach an alkyl-

group to the DNA, causing DNA damage and thereby inducing apoptosis of cancer cells. Since 

cancer cells proliferate faster than normal cells they are more sensitive to DNA damage. Other 
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cytotoxic chemotherapies used in melanoma treatment are taxanes such as paclitaxel (Taxol®) and 

docetaxel (Taxotere®), and platinum-derived substances such as cisplatin (Platinol®) and carboplatin 

(Paraplatin®). Taxanes interfere with the normal breakdown of microtubules during cell division, 

which prevent cells from dividing. Cisplatin is an alkylating-like agent that binds to and causes 

crosslinking of DNA, ultimately triggering programmed cell death. 

Since its approval in 1976, the alkylating agent DTIC is still the most commonly used drug in 

treatment of metastatic melanoma, and when given as a single agent, the clinical response rate vary 

from 5 to 28 % in patients [125, 126]. Despite the fact that multiple approaches have been taken in 

order to improve the result of DTIC treatments of melanoma, all efforts have unfortunately failed to 

translate into any survival benefit for these patients. However, lately several clinical trials using 

targeted therapies in combination with cytotoxic chemotherapy have been initiated and show 

promising clinical results [as reviewed in ref 125]. 

 

1.2.6.2 Immunotherapy 

Interferon alpha has been used in adjuvant treatment of melanoma patients with lymph node 

metastases. However, in Sweden it is not frequently used due to the severe adverse effects observed 

and the low number of responders. 

Ipilimumab (Yervoy®) is a monoclonal antibody directed towards human CTLA-4, which is 

expressed on a subset of activated T lymphocytes and regulatory T-cells. CTLA-4 functions as an 

inhibitor of excess immune stimulation and blockade of CTLA-4 resulted in an increased tumor 

rejection in mice [127]. Ipilimumab is approved in Sweden for the treatment of melanoma patients 

with advanced disease that has progressed despite prior therapy [128]. More recently, ipilimumab in 

combination with DTIC has shown improvement in overall survival in patients with metastatic 

melanoma compared to patients treated with DTIC only [129]. 

 

1.2.6.3 Targeted therapy 

The last couple of years, a lot of research have focused on using targeted therapy towards the V600E 

mutation in BRAF, a mutation observed in 40-50 % of melanoma patients [108]. One such 

substance is PLX4032, also known as vemurafenib, which has shown some promising results in 

clinical trials with melanoma patients [130, 131]. Therefore, vemurafenib was approved for the 
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treatment of melanoma patients in Europe in the beginning of 2012 [132]. Vemurafenib induced 

complete or partial tumor response in 81 % of patients who had melanoma with the V600E 

mutation [131]. After 6 months of treatment, the overall survival was 84 % among the patients 

receiving vemurafenib treatment compared to 64 % for the patient group treated with conventional 

DTIC [130]. However, one major drawback with vemurafenib treatment is the development of 

cutaneous squamous-cell carcinoma in 15 % of the patients in a dose-escalation cohort and 31 % of 

the patients in an extension cohort [131]. The median time to the appearance of cutaneous 

squamous-cell carcinoma was 8 weeks [131]. In addition, it has recently been shown that B-raf 

inhibitors can activate the MAPK pathway in cells that lack B-raf activation and therefore it is 

important to screen for BRAF mutation prior to treatment with vemurafenib [133-135]. Even 

though vemurafenib treatment is showing some promising result, there is still a need for new drugs 

for treating patients not harboring BRAF mutations. 

 

1.3 ErbB targeted therapies 
The ErbB receptors are overexpressed or aberrantly activated in a wide range of human tumors, and 

therefore constitute attractive candidates for anti-cancer therapies. Currently, the development of 

targeted therapy in oncology is primarily focused on two different types of agents; monoclonal 

antibodies (Mabs) and tyrosine kinase inhibitors (TKIs). The treatment with these agents affects 

many signal transduction pathways that are involved in cancer development and progression as well 

as signaling in normal cells. In preclinical studies, it has been observed that ErbB-targeting TKIs and 

antibodies may cause a rapid down-regulation of PI3K, Akt, MAPK, and Stat signaling that result in 

inhibition of proliferation of tumor cells [130-132]. The first drug used as a targeted therapy was the 

ErbB2-antibody trastuzumab (Herceptin®), which was approved for the treatment of patients with 

ErbB2-overexpressing metastatic breast cancer in 1998 [17]. The drug was developed after the 

discovery that the gene encoding the ErbB2 receptor was amplified in up to 30 % of the tumor cells 

from patients with invasive breast cancer [133]. It was also found that a significant clinical correlation 

existed between ErbB2 gene amplification and overexpression, and different parameters of 

malignancy such as survival and reduced time to relapse when comparing to patients with normal 

receptor levels [134, 135]. In recent years, several pharmaceutical companies have developed small-

molecule inhibitors against ErbB tyrosine kinase activity. In contrast to antibodies, these small TKIs 

have the ability to enter the plasma membrane and inhibit receptors by binding to the intracellular 
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part of the receptor. This enables inhibition of receptors both located at the plasma membrane as 

well as intracellular receptors not expressed at the surface. 

 

1.3.1 Gefitinib 

Gefitinib (Iressa®, ZD1839) is a small molecule ErbB1 tyrosine kinase inhibitor, which binds close 

to the ATP binding pocket, preventing receptor activation. Gefitinib-inhibited growth is associated 

with cell cycle arrest caused by the upregulation of p27 [136]. Gefitinib was the first commercially 

available ErbB1 TKI and is currently licensed for the treatment of advanced non-small-cell lung 

cancer (NSCLC) in 36 countries worldwide [137]. In December 2004, AstraZeneca announced the 

results of the phase III ISEL (Iressa Survival Evaluation in Lung Cancer) study, which compared 

gefitinib with placebo in patients with advanced NSCLC who had failed one or two prior 

chemotherapy regimens. Even though the ISEL study showed some improvement in survival with 

gefitinib as compared with placebo, it failed to reach statistical significance [138]. However, a subset 

of patients was found to benefit from ErbB1-targeting TKIs and those were associated with Asian 

ethnicity, non-smokers, adenocarcinoma histology, and of female sex [138-141]. Further analysis of 

tumor specimen from these patients revealed a common mutation, resulting in a leucine-to-arginine 

substitution at amino acid position 858 in the ErbB1 receptor [142]. The frequency of ErbB1 

mutations are as high as 30-40 % among the Asian population, whereas it is only about 10 % among 

Caucasians [143]. Specifically, deletions of 2 to 15 nucleotides in exon 19 of ErbB1 accounts for 

about 45-60 % of the mutations and the L858R point mutation accounts for another 25-35 % of 

mutations. These genetic alterations are associated with sensitivity and clinical response to gefitinib 

and erlotinib (another ErbB TKI) treatment [140, 144-148].  

After the announcement of the ISEL data, AstraZeneca voluntarily withdrew the European 

submission for gefitinib and in the USA and Canada, the use of gefitinib was limited to those 

patients already experiencing benefit from the drug. Many investigators have analyzed the 

associations between ErbB1 gene mutations and ErbB1 TKI sensitivity and these analyses indicated 

that approximately 70-80 % of mutation positive cases are ErbB1 TKI sensitive, whereas the 

response rate is only 10-20 % in wild-type tumors [149]. It has also been shown that these activating 

mutations confer hypersensitivity to TKI but not to monoclonal antibodies, because the mutation 

decreases the affinity of ErbB1 for ATP, thereby allowing competitive binding by the inhibitor [150]. 

In recent years, three important findings have been reported regarding ErbB1 gene mutations and 
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gefitinib treatment by Asian groups. First, in the IPASS trial, gefitinib treatment was compared with 

carboplatin and paclitaxel combination therapy in untreated East Asian patients with pulmonary 

adenocarcinoma who were non-smokers or former light smokers [151]. The gefitinib group had a 

longer progression-free survival (PFS) than the carboplatin-paclitaxel group. In the subgroup of 

patients who were positive for ErbB1 mutation, PFS was significantly longer among those who 

received gefitinib treatment compared to those who received carboplatin-paclitaxel therapy (9.5 

months versus 6.6 months). Additionally, two Japanese groups reported the results of a phase III 

comparative clinical trials of gefitinib treatment and combined platinum based treatment for patients 

with ErbB1 gene mutation. Both studies showed better PFS for the gefitinib group (9.2 months 

versus 6.3 months and 10.4 months versus 5.5 months) [149, 152].  

 

1.3.2 Canertinib 

In recent years, second-generation TKIs have been developed and these substances are able to 

permanently inhibit receptor activation and may also possess the ability to inhibit multiple tyrosine 

kinases. One such drug is canertinib (CI-1033) which is an irreversible inhibitor of ErbB1-4 

receptors. Canertinib exerts its inhibitory effect by forming covalent bonds at cysteine 773 of ErbB1, 

cysteine 784 of ErbB2 or cysteine 778 of ErbB4 [153, 154]. By forming these covalent bonds, the 

inhibitor forces the cell to synthesize new receptors to restore ErbB signaling and therefore 

irreversible inhibitors tend to have a more prolonged suppression of receptor activity than reversible 

inhibitors. Another positive aspect of canertinib is its ability to inhibit signaling through all ErbB 

receptors and thereby causing a stronger block of ErbB signaling than other ErbB inhibitors who 

only affect one of the ErbB receptors. Several studies have been performed on canertinib and it has 

been discovered that the drug has the ability to inhibit proliferation and even induce apoptosis in 

many different forms of cancer cells and human xenografts in mice [130, 155, 156]. Some clinical 

trials has also been performed on canertinib and the adverse effects were acceptable but the anti-

cancer effects on breast cancer and NSCLC patients were not as strong as hoped for [157, 158]. It is 

believed that canertinib will have a better over-all effect if the patients most likely to respond are 

selected for this particular treatment. Canertinib has been withdrawn from further clinical 

investigation but may still serve as a model substance for pan-ErbB tyrosine kinase inhibitors. The 

pharmaceutical concept is, however, solid and the development of pan-ErbB inhibitors still 

continues.  
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1.4 Mechanisms of resistance to cancer therapy 
Resistance to drugs is a problem limiting the effectiveness of chemotherapy in the treatment of 

cancer. Some tumors are intrinsically resistant to chemotherapy (primary resistance), whereas other 

tumors are sensitive to chemotherapy initially but develop resistance during the treatment period 

(acquired resistance). Unfortunately, many tumors develop mechanisms making them cross-resistant 

to additional drugs. Cross-resistance can be caused by increasing the efflux of the drug through the 

expression of pumps. Two membrane proteins responsible for pumping out drugs are P-

glycoprotein and the so-called multidrug resistance–associated protein (MRP) [159, 160]. The influx 

rate can also be changed by the cancer cells by decreasing the expression of the reduced folate 

carrier, thereby minimizing the drug uptake [161]. Other cancer cells develop mechanisms by 

overexpressing proteins that catabolize the drug, thereby inactivating it [162]. Antioxidants such as 

thiol glutathione can also inactivate the drugs by covalently binding the drug, facilitating the 

transport of the complex out of the cell [163, 164]. Resistance to chemotherapy can also be caused 

by altered expression or mutation of the drug target. Some chemotherapeutic drugs induce DNA 

damage, which results in DNA repair or cell death. To develop resistance against these agents, cancer 

cells may increase DNA repair or decrease the surveillance of newly synthesized DNA [165, 166]. 

During chemotherapy treatment there is a balance between the cell cycle, when DNA repair and 

survival is promoted, and the induction of apoptosis. P53 is important for the decision between cell 

cycle arrest and the induction of cell death. To prevent apoptosis, many cancers have mutated p53 or 

inactivation of positive regulators of p53 or activation of negative regulators of p53 [167, 168]. Since 

the goal of chemotherapy is to induce apoptosis in cancer cells, a frequently used resistance 

mechanism is to overexpress anti-apoptotic proteins such as Bcl-2 [169, 170] 

 

1.4.1 Treatment resistance in targeted therapy 

The resistance mechanisms observed in targeted therapy is usually a bit different from those seen in 

chemotherapy. Since the targeted drugs are aimed at a specific protein, the resistance mechanisms are 

often caused by mutations in the gene encoding that protein. They can also be caused by 

upregulation of parallel signal pathways, bypassing the effect of the drug, e.g. excess production of 

ligands, receptors or signaling proteins. These genetic alterations will give the cancer cells a growth 

advantage, leading to selection of resistant cells and ultimately cause relapse. 
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1.4.1.1 Resistance mechanisms to ErbB inhibitors 

Even though many ErbB tyrosine kinase inhibitors have shown promising results in the treatment of 

different cancer types, there is still a problem over time with development of acquired resistance to 

ErbB inhibitors. Many different resistance mechanisms have been discovered so far and some of 

them will be discussed below. 

 

1.4.1.1.1 Mutations in the ErbB receptors 

The first discovered mechanism of resistance against gefitinib was the acquisition of a secondary 

mutation in exon 20 of the ErbB1 gene, causing the substitution of a threonine to methionine at 

position 790 [171]. This substitution is believed to obstruct binding of erlotinib and gefitinib without 

interfering with ATP binding [171]. It has also been shown that the mutation leads to acquired 

resistance by increasing the binding affinity between ErbB1 and ATP [172]. This T790M mutation 

has been found in ~50 % of the cancers from patients that initially respond to treatment and later 

develop resistance to ErbB1 TKIs. [173-177]. However, it is also believed that the T790M mutation 

may be present prior to treatment with gefitinib or erlotinib in a small percentage of tumor cells [178, 

179]. During treatment with ErbB1 TKI, the cancer cells harboring this mutation have a growth 

advantage over other cancer cells and will over time constitute a larger percentage of the tumor mass. 

In fact, when the highly sensitive ErbB1 mutant and amplified NSCLC-derived cell lines, PC-9 and 

H3256, were grown continuously in gefitinib to resemble acquired resistance in patients, the tumor 

cells attained the T790M mutation [180, 181]. Therefore, it is important to screen the patients for 

known biomarkers such as the T790M mutation prior to treating with ErbB inhibitors. There are 

also other ErbB1 mutations, although not seen as frequently as the T790M mutation, that has been 

associated with resistance to erlotinib and gefitinib, such as the D761Y, L747S and T854A mutations 

[174, 182, 183]. Resistance against ErbB1 tyrosine kinase inhibitors can also be caused by increased 

expression of the ErbB3 receptor, resulting in enhanced signaling through the PI3K pathway [184]. 

 

1.4.1.1.2 Constitutive activation of the PI3K pathway 

In addition to mutations in the ErbB1 gene itself, there are other mechanisms of resistance to ErbB1 

inhibitors. Preclinical studies have shown that continuous activation of the downstream signaling 

pathways, especially PI3K signaling, is enough to confer resistance to ErbB1-TKIs [173, 181, 185, 
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186]. Constitutive activation of the PI3K pathway can be a result of a gene amplification, an 

overexpression of a downstream signaling molecule such as Akt, or inactivation of a negative 

regulator of the pathway such as PTEN loss [187, 188]. In fact, the presence of the PIK3CA 

mutation, the gene encoding the p110α subunit of PI3K, or PTEN loss predicts a lack of response 

of ErbB2 amplified breast cancer to trastuzumab [189, 190].  

 

1.4.1.1.3 Persistent activation of the MAPK pathway 

The MAPK pathway is an important downstream effect of ErbB activation and the constitutive 

activation of the pathway is also observed in gefitinib resistance [188]. The constant activation of the 

MAPK pathway can be caused by mutations in the Ras family members or in other signaling 

molecules in the MAPK pathway [191]. For example, activating mutations of KRAS occurs in 15-30 

% of NSCLC cell lines and they are found most frequently in codon 12 and 13 in exon 2 [192]. It has 

also been discovered that activating KRAS mutations are found exclusively in tumors with a wild-

type ErbB1 genotype [193]. 

 

1.4.1.1.4 Activation of the Stat pathway 

The Stat pathway is initiated by ErbB signaling and increased activation of this pathway has been 

correlated with resistance to ErbB1 TKIs. The constant activation of the Stat pathway can be a result 

of Stat mutations, which has previously been observed in breast and prostate cancer [194, 195]. 

Constitutive activation of Stat3 may inhibit apoptotic signals and enhance cell proliferation through 

an increased expression of Bcl-XL and cyclin D1 [196, 197]. 

 

1.4.1.1.5 Increased Met signaling  

The mesenchymal-epithelial transition factor (Met) is a receptor activated by binding HGF to the 

ligand binding domain [198]. This induces receptor dimerization and phosphorylation of intrinsic 

tyrosine kinase residues on positions 1230, 1234 and 1235 in the kinase domain [199]. 

Phosphorylation of these residues causes autophosphorylation of Tyr1349 and Tyr1356, serving as 

docking sites for GAB1, Grb2, phospholipase C and Src [200, 201]. These adaptor proteins are 

phosphorylated and act as docking sites for other signaling molecules, leading to the activation of 

MAPK and PI3K pathways [201]. Amplification of the Met gene occurs in about 20 % of the 
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patients that develop resistance to erlotinib or gefitinib after an initial response to treatment [175]. 

Met has the ability to activate the PI3K/Akt pathway by phosphorylating ErbB3 and thereby 

circumventing the effects of ErbB1 TKIs [175].  

In 2008, a Japanese research group reported that overexpression of HGF, a specific ligand of Met, 

was also involved in ErbB1 TKI resistance [202]. Furthermore, by analyzing intracellular signal 

transduction pathways, HGF was shown to phosphorylate Met, which lead to the subsequent 

activation of the PI3K pathway. Interestingly, the PI3K activation through HGF was achieved 

independently of ErbB1 or ErbB3 [202]. 

 

1.4.1.1.6 The insulin receptor and insulin-like growth factor receptor  

IGF-1R and IR are tyrosine kinase receptors of similar structure. Both receptors are made up of an 

α-subunit and a β-subunit that are bound to another α- or β-subunit with disulfide bonds. The α-unit 

is mainly located extracellularly and will bind the ligand, whereas the β-unit is located intracellularly 

and contains tyrosine kinase activity. Upon ligand binding to the α-subunit, an autophosphorylation 

occurs of the β-subunit, forming binding sites for adaptor proteins such as Shc and the insulin 

receptor substrate (IRS) family of proteins [203]. Grb2 binds to these adaptor proteins using the SH2 

domain and via its SH3 domain, Grb2 can also bind Sos and thereby activate the MAPK pathway 

(Fig. 3). IRS also has the ability to bind the regulatory subunit (p85) of PI3K via its SH2 domain. The 

p85 subunit recruits the p110 catalytic subunit of PI3K via its SH3 domain and activates the PI3K 

pathway [203]. Guix et al. established gefitinib-resistant clones of a gefitinib sensitive cell line, 

derived from squamous cell lung carcinoma, by continuously administrating increasing 

concentrations of gefitinib [204]. In the resistant cell line, hyperphosphorylation of IGF-1R was 

discovered and the PI3K pathway was activated through this receptor. Gene expression analysis 

revealed that the hyperactivation of the IGF-1R was a result of reduced RNA expression of the two 

IGF inhibitory proteins IGF-binding protein 3 and IGF-binding protein 4 [204]. 

Nahta and colleagues showed that ErbB2 has the ability to heterodimerize with IGF-1R, thereby 

restoring PI3K signaling in trastuzumab-resistant breast cancer cell lines [205]. Signaling through the 

IGF-1R is an important alternative cell survival pathway that activates PI3K/Akt pathway and the 

MAPK pathway in spite of ErbB1 TKIs [206].  

 



RESISTANCE MECHANISMS 

44 

1.4.2 Strategies to overcome acquired resistance to the ErbB1 TKIs  

In recent years a new class of small molecule ErbB family inhibitors has been developed and these 

are all irreversible inhibitors with the ability to covalently bind to the cysteine residue in ErbB1 at 

position 797 [180]. The irreversible binding of the next generation TKIs results in a prolonged effect 

of the inhibition compared to reversible inhibitors due to their ability to covalently bind to their 

target. Many of these irreversible inhibitors have displayed activity against cells that harbor the 

T790M ErbB1 mutation, which normally confer resistance to gefitinib or erlotinib [171, 172, 207]. It 

has also been discovered that resistance to these new drugs is less likely to occur than resistance to 

reversible inhibitors [180]. Many of the irreversible tyrosine kinase inhibitors are also designed to 

target additional receptors. One example of such an inhibitor is PD-00299804 which inhibits ErbB1, 

ErbB2 and ErbB4 with an IC50 in the nM range [208]. PD-00299804 is also effective against NSCLC 

with gefitinib-resistance mutations in ErbB1 and ErbB2.  

 

Another strategy to overcome resistance to ErbB1 inhibitors is to simultaneously prevent ErbB and 

VEGFR signaling. One drug called XL-647 has the ability to inhibit ErbB1, ErbB2, VEGFR2, 

VEGFR3 and EphB4. Even though XL-647 is a reversible inhibitor, it has been shown to be 

effective against cells harboring L858R/T790M mutations known to result in gefitinib resistance 

[209]. In a phase II study XL-647 has also shown partial response in 1 patient and stable disease in 7 

patients with NSCLC who were also resistant to erlotinib or gefitinib treatment [210].  

 

In preclinical studies, it was shown that ErbB1 TKI resistance through Met amplification or 

increased HGF expression could be successfully suppressed by inhibitors of Met and HGF [175, 

211]. However, it has also been demonstrated that Met amplification and HGF overexpression 

frequently co-exists with T790M mutation and it is currently investigated if acquired resistance can 

be prevented by using irreversible ErbB1 TKI in combination with Met inhibitors [212]. Several 

different Met inhibitors are also being tested in the combination with the reversible ErbB inhibitor 

erlotinib in NSCLC patients.   

 

In the cases where loss of functional PTEN accounts for the resistance mechanism, studies have 

shown that reintroduction of functional PTEN restored sensitivity to gefitinib through Akt 

inhibition, leading to suppression of cell growth and induction of apoptosis [213]. Inhibitors of PI3K 

can be used to sensitize tumors with deleted PTEN to gefitinib treatment by decreasing the basal Akt 
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signaling and restoring the original ErbB1-induced Akt activation [30]. In general, it has been found 

that tumors with low basal level of activated Akt respond better to gefitinib treatment than those 

with high basal p-Akt levels. Thus, it can be of importance to lower the basal Akt signaling or make 

sure that the tumor has a low basal Akt signaling prior to treating with gefitinib [214].  

 

In cancers with the resistance mechanism to gefitinib located in the MAPK pathway, such as 

mutations in the KRAS gene, treatment with a combination of MAPK and PI3K inhibitors have 

been shown to effectively induce apoptosis [188]. MAPK and Akt signaling activate mammalian 

target of rapamycin (mTOR), therefore both of these pathways can be targeted using mTOR 

inhibitors. Everolimus is an mTOR inhibitor producing objective responses in patients who were 

resistant to chemotherapy and an ErbB tyrosine kinase inhibitor (erlotinib or gefitinib) [215].  

 

Normally, the heat shock protein (Hsp) 90 chaperone mediates conformational changes of several 

different proteins such as the ErbB receptors, Met and Akt [216]. Hsp90 inhibitors have been 

investigated in the treatment of NSCLC patients resistant to gefitinib and erlotinib. These inhibitors 

have shown to be effective against resistant cells with the L858R/T790M double mutation, or 

dependent on Met and IGF-1R signaling to overcome ErbB treatment.   
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2. AIMS OF THE THESIS 
 

General aim 

 

The general aim of this thesis was to investigate the effect of ErbB tyrosine kinase inhibitors on 

malignant melanoma cell growth and survival in vitro and in vivo. 

 

Specific aims: 

 

- To investigate the effect of the ErbB1 tyrosine kinase inhibitor gefitinib on malignant 

melanoma cell proliferation and survival. 

 

- To study the effect of gefitinib on ErbB receptor phosphorylation and the subsequent 

downstream signaling molecules Akt, Erk1/2 and Stat3. 

 

- To investigate the effect of the pan-ErbB tyrosine kinase inhibitor canertinib on 

malignant melanoma cell proliferation and survival. 

 

- To study the effect of canertinib on ErbB receptor phosphorylation and the subsequent 

downstream signaling molecules Akt, Erk1/2 and Stat3. 

 
- To investigate the systemic effect of canertinib on melanoma xenografts in nude mice. 

 
- To develop a gefitinib-resistant malignant melanoma cell line. 

 

- To investigate the mechanisms of acquired resistance against gefitinib in a melanoma cell 

line. 
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3. MATERIALS AND METHODS 
 

3.1 Materials 

3.1.1 Cell culture (Paper I-III) 

Human malignant melanoma cell lines, RaH3 and RaH5, derived from two different melanoma 

patients with metastatic disease were kindly provided by Dr. J. Hansson (Radiumhemmet, Karolinska 

Hospital, Stockholm, Sweden). The cells were maintained in continuous exponentially growing 

cultures in 75-cm2 cell culture flasks (Costar, Cambridge, MA, USA), containing growth medium 

consisting of RPMI 1640 (Gibco, Paisley, Scotland) supplemented with 10 % fetal calf serum (FCS; 

Gibco), 0.1 % sodium bicarbonate, 2 mM L-glutamine and penicillin (50 units/ml), and streptomycin 

(50 µg/ml). The cultures were incubated in humidified air containing 5 % CO2 at 37°C and 

subcultivated once a week with a split ratio of 1:20, using 0.25 % trypsin as a detaching agent. 

 

3.1.2 Chemicals (Paper I-III) 

The ErbB1 TKI gefitinib (ZD1839) used in paper I and paper III was a gift from AstraZeneca 

(Macclesfield, U.K.). Gefitinib was dissolved in sterile dimethyl sulfoxide (DMSO) at a 10 mM stock 

concentration and stored at -20°C. A working solution was prepared in growth medium and used 

within 30 min after preparation; the resulting concentration of DMSO was less than 0.1 % in cell 

medium. 

The pan-ErbB TKI canertinib (CI-1033) used in paper II and paper III was received from Pfizer 

Pharmaceuticals (Ann Arbor, MI, USA). Canertinib was dissolved in DMSO at a stock concentration 

of 10 mM and stored at -20°C. A working solution was prepared in growth medium and used within 

30 min after preparation. 

Recombinant Human neuregulin-1-β1 (NRG1-β1: R&D systems, Minneapolis, MN, USA) used in 

paper I was dissolved in phosphate-buffered saline (PBS: 137 mM NaCl, 2.7 mM KCl, 6.7 mM 

Na2HPO4 x 2H2O and 1.5 mM KH2PO4, pH 7.4) containing 0.1 % Bovine Serum Albumin (BSA: 

Saveen Biotech AB, Limhamn, Sweden) to make a stock of 10 µg/ml and stored at -20°C.  
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The met inhibitor SU11274 used in paper III was from Calbiochem (Darmstadt, Germany) in 

DMSO at a stock concentration of 1.7 mM and stored at 2-8°C. 

 

3.2 Methods 
The methods have been described in detail in each paper, and therefore the principle of methods will 

be discussed. 

 

3.2.1 Cell counting experiments (Paper I-III) 

Cell counting may be performed using several different methods where trypane blue staining of cells 

in a Bürker chamber is one of the most frequently used. One disadvantage with trypane blue staining 

in a Bürker chamber is that the cells are subjectively counted and at times it can be difficult to assess 

all cells in the same way. It is also a very time-consuming procedure. We decided to use a Coulter 

Counter Z2 (Beckman Coulter, Krefeld, Germany) instead, partly because our cell counting 

experiments consisted of many cell culture dishes. In the Coulter Counter Z2 the cell lysate is diluted 

in a cuvette containing isotone solution and therefore the cell concentration can be measured much 

faster. Another advantage with using the machine is that the size of the counted cells can be chosen 

so that debris and parts of dead cells can be excluded.  

The counter can be used to measure any particles suspended in an electrolyte. Particles as small as 1 

µm and as large as 120 µm in diameter can routinely be measured using this counter. In a Coulter 

counter, a tube with a small aperture on the wall is immersed into a beaker that contains particles 

suspended in a low concentration electrolyte. Two electrodes are placed in the beaker, one inside the 

aperture tube and one outside the aperture tube, and a current path is provided by the electrolyte 

when an electric field is applied. The impedance between the electrodes is then measured. As a 

particle passes through the aperture, a volume of electrolyte equivalent to the immersed volume of 

the particle is displaced. This causes a short-term change in the impedance across the aperture, which 

can be measured as a voltage pulse or a current pulse. The height of the pulse is proportional to the 

volume of the particle. If a constant particle density is assumed, then the height of the pulse is also 

proportional to the particle mass. The number of particles and volume of each particle passing 

through the apparatus can thereby be measured. If the volume of liquid passing through the aperture 

can be precisely controlled and measured, the concentration of the sample can be determined.  
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3.2.2 Determination of the protein concentration (Paper I-III) 

Protein lysates were prepared from RaH3, RaH5 and MCF7 cells as described in paper I-III. Total 

protein concentration was determined spectrophotometrically using the Bradford method in paper I 

and II [217]. The Bradford assay has become the preferred method for quantifying protein in many 

laboratories. This technique is simpler, faster, and more sensitive than the Lowry method. 

Furthermore, when compared with the Lowry method, it is subject to less interference by common 

reagents and non-protein components of biological samples. The assay is based on the observation 

that the absorbance maximum for an acidic solution of Coomassie Brilliant Blue G-250 shifts from 

465 nm to 595 nm when being bound to protein. Thus, the quantity of protein can be estimated by 

determining the amount of dye in the blue ionic form. However, the dye appears to bind most 

readily to arginyl and lysyl residues of proteins. This specificity can lead to variation in the response 

of the assay to different proteins, which is the main drawback of the method.  

In paper III, a BCA Protein Assay kit developed by Pierce was used instead of the Bradford method 

to measure the protein concentration. This method is based on bicinchoninic acid (BCA) to detect 

and measure the protein concentration. In this method Cu2+ is reduced to Cu+ by proteins in an 

alkaline solution and the Cu+ ions are detected by BCA. When BCA reacts with Cu+, the solution 

turns purple which has a strong absorbance at 562 nm. The absorbance is close to linear between 20-

2000 µg/ml as the protein concentration increases. This method can easily be used in a 96-well plate 

and then analyzed by an ELISA machine. Due to the easy handling and quickness of this method it 

was preferred to the Bradford method used in paper I and II. Since all protein concentrations are 

measured simultaneously, each sample has been exposed to the reagent solution for the same 

duration of time, making the results more reliable than those from the Bradford method. In that 

method, we measured each sample in cuvettes, thus making the exposure time to the reagent slightly 

different for each sample. 

 

3.2.3 Immunoprecipitation (Paper II) 

Immunoprecipitation is a method that precipitates an antigen out of a solution by using an antibody. 

This method can be used to increase the concentration and purity of an antigen in a protein lysate. A 

so-called co-immunoprecipitation can be used to identify interactions between different proteins and 

peptides. A protein lysate is taken and pre-cleared with rabbit serum and protein G Plus/ protein A 

agarose beads. Any antibody that does not recognize the antigen can be used for pre-clearing but 
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rabbit serum is often the best choice since it is commercially available in large amounts and binds 

with its Fc domain tightly to protein A. Since protein A has different affinities for antibodies from 

different species, protein G can be used to increase the concentration of bound antibody. After the 

pre-clearing, lysates are centrifuged to remove the rabbit serum and the agarose beads. Then the 

antibody against the protein of interest and protein G Plus/ protein A Agarose beads are added to 

the protein lysates. Time is then allowed for the antibody to bind to the antigen and to the beads. 

The lysate is centrifuged and the pellet is kept and washed with PBS, thereby discarding non-specific 

proteins from the lysate. Laemmli buffer is added and lysates are boiled for 4 min under which the 

protein is released from the antibody and the proteins are denatured. The lysate is then centrifuged 

to remove the beads and the lysate is added on to a sodium dodecyl (lauryl) sulfate (SDS) gel and 

Western blot is performed. 

Immunoprecipitation was used in paper II to determine the activation of the ErbB4 receptor 

following canertinib treatment. The antibody used in paper I to determine ErbB4 activation did not 

work satisfactory in paper II and since there were not many p-ErbB4 antibodies commercially 

available at the time, we decided to perform immunoprecipitation using an ErbB4 antibody followed 

by Western blot using a phosphotyrosine antibody. The disadvantage with using 

immunoprecipitation is that it is hard to determine the protein concentration before loading the 

sample on to the gel. However, we tried to make sure the protein concentration was identical by 

seeding the same number of cells in each dish and that an equal volume of the protein lysate was 

taken from each of the cell preparations. 

 

3.2.4 Western blot analysis (Paper I-III) 

Western blot is a method developed by Towbin et al. where proteins are first separated on a gel 

according to size and then transferred from the gel to a membrane using an electric field [218]. This 

method is used to detect and quantify a specific protein in a sample. 

 

In Western blot, proteins are separated by polyacrylamide gel electrophoresis (PAGE) and the gels 

can be prepared for a wide range of size resolution. We used the Laemmli buffer system (Tris-

Glycine) where a large-pore gel is casted on top of a small-pore gel. The polyacrylamide gels are 

formed by the co-polymerization of acrylamide and a crosslinking agent such as bis-acrylamide. Free 

radicals formed from ammonium persulfate (APS) are required to initiate the polymerization 
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reactions. To accelerate the formation of free radicals from APS tetramethylethylenediamine 

(TEMED) is added. This creates a chain reaction where polymers are elongated and randomly cross-

linked to produce a polymer network with a defined pore size. The size of the pores is determined by 

the concentration of acrylamide, the amount of cross-linker and the concentration of APS and 

TEMED. A high acrylamide percentage forms small pores and lower percentage forms larger pores. 

In paper I-III we used a 6 % gel for analyzing larger proteins, such as the ErbB receptors and a 12 % 

gel for smaller proteins, such as the signaling proteins Akt and Erk1/2. The buffer used to prepare 

the gels is Tris-HCl whereas the buffer in the tank is Tris-glycine. The two different buffers create 

two ion fronts making the protein packed in a very tight zone. Laemmli buffer containing β-

mercaptoethanol is added to the protein lysates, which are then boiled for 4 min. During boiling, the 

proteins are denatured, thereby removing the proteins’ 3D-structures, which enables the proteins to 

unfold completely. The Laemmli buffer, gels and the buffer in the tank contain the strongly anionic 

detergent SDS that binds to all proteins making them negatively charged. SDS also strengthens the 

denaturation performed by β-mercaptoethanol. When the lysates have been added to the gel, an 

electric current is applied, making the negatively charged proteins move forward in the gel towards 

the positive anode. The smaller proteins will encounter less resistance than the longer proteins, 

making them migrate faster than the longer ones. In this way, many proteins from a single lysate can 

be separated from each other on a single gel depending on their length. The proteins are then 

transferred to a membrane [nitrocellulose or polyvinylidene fluoride (PVDF)] by using an electric 

current.  

 

Nitrocellulose membranes generally have a low background signal but they are more fragile and tear 

easily. PVDF membranes usually have a higher background signal but they are easier to handle and 

rarely tear. In this thesis, PVDF membranes have been used more frequently but occasionally we 

have used nitrocellulose if the antibodies did not bind well to PVDF (as in the case of the 

phosphotyrosine antibody 4G10). After transfer, membranes are incubated with a protein solution, 

such as milk or bovine serum albumin, to block all free binding sites on the membrane, preventing 

non-specific binding of the antibody. The protein solution also contains Tween-20, which is a 

detergent that improves the antigen-antibody binding. The membranes are incubated with a primary 

antibody directed towards the protein of interest. Membranes are then washed thoroughly so that all 

non-bound antibodies are removed and thus minimizing the background. Subsequently, the 

membranes are incubated with a secondary antibody which binds to the primary antibody. The 
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secondary antibodies we used are conjugated with horseradish peroxidase (HRP). The membranes 

are washed to remove excess antibodies. Then, enhanced chemoluminescence (ECL) is used which 

produce a signal with HRP that can be detected using an ECL film.  

 

For the Western blot results presented in paper I-III, many different Western blot methods had to 

be set-up and used, all with the same basic technique concerning the separation on the gel and the 

transfer to the membrane. However, different antibodies required different blocking agents and they 

also had different primary and secondary antibody solutions. Some antibodies gave best results if 

they were incubated overnight in 4°C, while others had to be incubated for 2 h in room temperature. 

In addition, some antibodies displayed the lowest background staining if the membrane was washed 

in TBST + 5 % milk for 4 x 5 min. Others had to be washed for an hour (6 x 10 min) in TBST. 

Even though some of the antibodies came with good instructions from the manufacturers, many had 

to be optimized to give clear results. 

 

3.2.5 Enzyme-linked immunosorbent assay (Paper I) 

Enzyme-linked immunosorbent assay (ELISA), is a method used to detect an antibody or an antigen 

in a sample. This method was originally developed in 1971 for the quantification of IgG [219].  

In paper I, a sandwich ELISA was used to detect the differences in expression of phosphorylated 

ErbB4 when comparing serum-starved to NRG1-β1-stimulated and gefitinib-treated to exponentially 

growing RaH3 and RaH5 cells. We decided to use ELISA to confirm the results obtained in the 

Western blot experiment for ErbB4 activation. Since the activation of the ErbB4 receptor was not 

inhibited by gefitinib treatment or NRG1-β1 stimulation in the Western blot, we wanted to make 

sure this was accurate and therefore decided to use an additional method to investigate the same 

thing. The two methods used different antibodies and therefore supported the fact that the results of 

ErbB4 receptor activation were accurate. A 96-well plate was coated with a phospho-ErbB4 capture 

antibody and then the plate was blocked to prevent non-specific binding. The same concentration of 

protein lysate was added to each well on the plate and time was allowed for the protein to bind to the 

antibodies. Excess protein was washed away and a HRP-conjugated anti-phosphotyrosine detection 

antibody was added. The detection antibodies that did not bind to the proteins were washed away 

and K-Blue substrate solution was added to each well. Enhanced K-Blue develops a deep blue color 
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in the presence of peroxidase labeled conjugate. 1 M HCl was used to stop the reaction and the 

absorbance was measured at 450 nm. 

 

3.2.6 Flow cytometry (Paper I-II) 

Flow cytometry is a well-known method that is frequently used to measure multiple parameters on a 

single cell. A carrier liquid is used to move the cells pass a measuring point. The measurement takes 

place in a cuvette where a sensitive detector measures the light that is spread or fluoresces from each 

cell. The light source in a flow cytometer can be a laser or a mercury lamp which makes the light that 

hits the cells as they pass through the measuring point very intense and focused. As the light hits the 

cells it is scattered in all directions and it has been shown that the amount of light that is spread in 

the same direction as the light source correspond to the size of the cell. This is known as Forward 

Scatter (FSC). The cells granularity is equivalent to the amount of light that is scattered at a 90 degree 

angle of the direction of the light source, also known as Side Scatter (SSC). Different antigens located 

on the cell surface or inside the cell can be investigated by using specific antibodies with a 

fluorochrome bound to it. When light from the laser hits the fluorochrome, the energy is absorbed 

and photons of a shorter wavelength are emitted. These emitted photons are detected and measured 

by the flow cytometer.  

 

In paper I and II, we used flow cytometry to quantify the amount of DNA in each cell and 

determine how many cells were present in the respective cell cycle phase. The staining of DNA can 

be done in many different ways but we used propidium iodide (PI) that is excited at 488 nm. PI is 

not able to penetrate intact cell membrane therefore a detergent such as trypsin is used to make the 

membrane more permeable. The manufacturer of the flow cytometer (FACSCalibur: BD 

Biosciences, San Jose, CA, USA) recommends using a particular protocol from Vindeløv which uses 

three different solutions: A, B, and C [220]. The first solution (A) contains trypsin which makes the 

membrane more permeable, the second solution (B) contains a trypsin inhibitor that prevents trypsin 

from breaking down the cells, and the third solution (C) contains PI that stains DNA. In the 

protocol, it is also recommended that two reference populations, chicken and trout, of known DNA 

contents are used. The amount of fluorescence in the two different populations is used to decide a 

DNA-index of the cells in the sample. Before analyzing the samples the FACSCalibur is normalized 
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so that the known DNA-peaks appear at the right location in the FL2-A histogram. The cell samples 

are then run and the data from each cell is analyzed to determine their location in the cell cycle.  

 

In paper I we also used flow cytometry to demonstrate the presence of ErbB1-4 proteins in RaH3 

and RaH5 cells before and after treatment with gefitinib. We decided to use flow cytometry in order 

to confirm the results from the Western blot experiments by using a different method. In addition, 

this method was used to investigate if a change in the cell population occurred after treatment. If, for 

example, a group of cells observed in the side scatter vs. forward scatter was negative for ErbB 

staining, they might be the reason why the cells proliferated despite gefitinib treatment. Indirect 

immunofluorescent labeling was performed by first using an antibody directed towards the receptor 

of interest and then a secondary fluorochrome-conjugated antibody that recognizes the Fc-part of 

the primary antibody. The antibodies for ErbB1, ErbB3 and ErbB4 all recognized intracellular parts 

of the receptors. Therefore, an IntraStain and Permeabilisation kit (K2311, DakoCytomation) was 

used. First, reagent A was used to fix the cells and then reagent B was used to permeabilize the 

membrane, allowing the antibodies to enter the cells. The ErbB2 antibody recognizes the 

extracellular part of the receptor. Then a fluorescein-isothiocyanate (FITC)-conjugated Goat-anti-

Mouse F(ab’)2 (F0479, DakoCytomation) was added, the cells were fixed with paraformaldehyde and 

the samples were analyzed on a FACSCalibur (BD Biosciences). 

 

In paper II, induction of apoptosis was investigated in melanoma cells after canertinib treatment. 

This was done by using the Annexin V-PE apoptosis detection kit (BD Biosciences) for flow 

cytometry. The reason why this method was used to investigate apoptosis is because it is a well-

known method that is easy to perform. This is also a good method because it distinguishes between 

apoptotic, late apoptotic and viable cells. In addition, we also used this as a second method to 

confirm the Western blot results that canertinib had the ability to induce apoptosis in malignant 

melanoma cells. This kit is based on the fact that the membrane phospholipid phosphatidylserine 

(PS) is translocated to the outside of the cell early in apoptosis. Annexin V, a protein that has a high 

affinity for PS, is conjugated with a fluorochrome called phycoerythrin (PE), and this is used to 

detect cells that expose PS. 7-amino-actinomyocin D (7-AAD) is a substance that enters the cells 

after they have lost membrane integrity. By using both Annexin V-PE and 7-AAD cells that are 

viable (Annexin V-PE negative and 7-AAD negative), early apoptotic (Annexin V-PE positive and 7-
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AAD negative), late apoptotic or dead (Annexin V-PE positive and 7-AAD positive) can be 

distinguished from each other. 

 

3.2.7 DNA preparation (Paper I) 

DNA was isolated from RaH3, RaH5 and SK-MEL according to the Wizard® Genomic DNA 

Purification Kit (Promega Madison, WI, USA). The Wizard® Genomic DNA Purification Kit is 

based on a step by step process [221]. The first step in the purification procedure lysed the cells and 

the nuclei. The cellular proteins were then removed by a salt precipitation step, which precipitated 

the proteins and left the high molecular weight genomic DNA in solution. The genomic DNA was 

concentrated and desalted by isopropanol precipitation. The DNA pellet was then washed with 70 % 

ethanol, centrifuged and excess ethanol was removed. The DNA was air-dried and then rehydrated 

using a Rehydration Solution overnight in 4°C. The DNA concentration was measured using a 

Nanodrop. The 260/280 ratio were 1.8-2.0, which reveals a satisfactory removal of proteins.   

 

3.2.8 Polymerase chain reaction (PCR) (Paper I)  

The polymerase chain reaction (PCR) is a method used to amplify specific DNA regions, which was 

developed by Kary Mullis [222]. 

 

A basic PCR requires several components and reagents, which are a DNA template, two primers, 

DNA polymerase, deoxynucleosides triphosphates (dNTP), buffer solution, divalent cations such as 

Ca2+ and monovalent cations. DNA template containing up to 10 k base pairs (bp) can usually be 

amplified by most PCR methods. However, some methods can even amplify DNA targets as big as 

40 k bp in size. The two primers should be complementary to the 5’ or the 3’ end of the DNA region 

of interest. The Taq polymerase is the most frequently used DNA polymerase that enzymatically 

assembles the new DNA strand from the dNTPs using the single DNA strand as a template. The 

buffer solution provides a chemical environment that is optimal for the activity and stability of the 

DNA polymerase. The mixture is placed in a PCR machine and the temperature is quickly raised to 

95°C for 30 s. This breaks the hydrogen bonds between the two DNA strands creating two single 

strands, called denaturing. Then the temperature is lowered to 55°C for 30 s and this allows the 

primers to bind in to their complementary sequences, also known as annealing. Then the 
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temperature is raised to 72°C for 30 s, thereby making the DNA polymerase extend the primer with 

soluble dNTPs creating a complementary strand. In this way, two double-stranded DNA molecules 

are created from each double-stranded DNA molecule in the sample. The cycle is repeated 35 times 

and the amount of DNA was doubled with every cycle. The samples from each PCR were loaded on 

a 1.5 % agarose gel (Invitrogen, Paisley, Scotland UK) and stained with ethidium bromide for 

detection of PCR products on a UV-table.  

 

In Paper I, we performed PCR on exons 11 and 15 of the BRAF gene and exons 1 and 2 of the 

KRAS and NRAS genes in RaH3, RaH5 and SK-MEL cells to investigate for mutations in those 

regions. At the end of the PCR reaction, the samples are run on an agarose gel to control the PCR 

products.    

 

3.2.9 Single strand confirmation analysis (SSCA) (Paper I) 

Single strand confirmation analysis is a method used to detect DNA polymorphisms and point 

mutations in a DNA sample. SSCA is a method based on the fact that two DNA strands, which only 

differ at a single base, will produce two different secondary structures that will display a different 

migratory pattern in the gel.  

 

In paper I, we used SSCA to investigate the BRAF, NRAS and KRAS genes for mutations. PCR 

products from exons 11 and 15 of the BRAF gene and exons 1 and 2 of the KRAS and NRAS genes 

were marked by performing an additional PCR amplification for 8-10 cycles with the incorporation 

of radioactive labeled nucleotides and then denatured by heating before being separated in 

polyacrylamide gel. The pattern of separated bands was visualized using an x-ray film. PCR products 

with altered mobility compared to normal sample were excised and re-amplified for DNA-

sequencing. 

 

3.2.10 DNA sequencing (Paper I) 

During the 1970’s, the first attempts at sequencing DNA were made, and since its discovery the 

method developed by Sanger is the most widely used [223]. The Sanger sequencing method is based 

on the fact that dideoxynucleotides (ddNTP) lack the free 3’ hydroxyl group, which is crucial for the 
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incorporation of nucleotide in PCR reactions and thereby preventing further extension. In a PCR 

reaction containing all dNTPs and one labeled ddNTP (ddATP, ddGTP, ddCTP or ddTTP) the 

reaction will stop at random points when the ddNTP is incorporated. This will create DNA strands 

of different length but all starting at the same nucleotide. At the end of the PCR reaction, the 

mixture containing DNA strands of different lengths was then loaded into the capillary 

electrophoresis instrument MegaBACE 1030 (GE Healthcare). The fluorophore labeled ddNTPs can 

be excited by a laser to emit fluorescence of a specific wavelength that can be detected and thereby 

determining different mutations. 

 

In paper I, we used the Sanger method to sequence the PCR products from exons 11 and 15 of the 

BRAF gene and exons 1 and 2 of the KRAS and NRAS genes to confirm the results obtained from 

the SSCA and to determine the point mutations.  

 

3.2.11 Two-dimensional gel electrophoresis (Paper III) 

Two-dimensional electrophoresis is a widely used method to analyze complex protein mixtures from, 

for example, cells and tissues. In the first dimension, the proteins are separated depending on their 

isoelectric points and in the second dimension they are separated according to their molecular 

weights. The first 2-D electrophoresis was introduced by P. H. O´Farell and J. Klose in 1975. 

However, in this original setup the first dimension was prepared in carrier ampholyte containing 

polyacrylamide gels casted in a narrow tube. This technique was further developed by A. Görg and 

colleagues who casted a gel with an immobilized pH gradient on a plastic strip as a support [224]. 

 

In paper III, we used 2-D gel electrophoresis to investigate the difference in protein pattern between 

the original RaH5 cells and the gefitinib-resistant, RaH5ZDR, cells. Since appropriate sample 

preparation is very important for obtaining good results in 2-D, we optimized the preparation 

procedure and discovered that washing the cells with 1 % Tween in PBS minimized the background 

compared to washing with 25 mM Tris, 0.1 % Tween in PBS, or 0.5 % Tween in PBS. We also 

discovered that the best lysis buffer for the RaH5 cells was 200 mM DTT, 28 mM Tris/HCl, 22 mM 

Trizma base, 0.3 % SDS and 4 mM Pefabloc. The cells were sonicated to destroy the plasma 

membrane. The proteins were then precipitated using trichloracetic acid (TCA) in acetone with 20 

mM DTT in order to remove salts, detergents, nucleic acids and lipids etc. that otherwise could 
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interfere with the 2-D results. We used TCA in acetone to precipitate the proteins because this 

method is more effective than using TCA or acetone alone. The precipitate was re-suspended in 

sample buffer containing 9 M urea, 65 mM DTT, 4 % Chaps, 0.5 mL Pharmalyte 3-10 and 4 % 

bromphenolblue. To obtain the best first-dimension separation it is important that the proteins are 

completely disaggregated and fully soluble. It is also important that the solution contains urea, 

making the solution completely stable and denatured before the first dimension is started. We used 

an Ettan IPGphor in the first dimension to separate the proteins according to their isoelectric 

focusing on a 3-10 pH strip. In the second dimension, we used a Multiphor II Electrophoresis unit 

to separate the proteins according to their size on a gradient gel. The gels were silver stained using a 

method developed by Shevshenco et al. that is suitable for mass spectrometry [225].    

   

3.2.12 Preparation of spots for mass spectrometry (Paper III) 

Spots selected for protein identification were de-stained by first vortexing the gel pieces for 3 min in 

30 mM potassium ferricyanide (K3Fe(CN)6) and 100 mM sodium thiosulfate (Na2O3S2). After 

washing with water, the gel pieces were incubated with 200 mM ammonium bicarbonate 

(NH4HCO3) in 4°C for 20 min. The gel pieces were then washed again in water and dehydrated using 

100 % acetonitrile (C2H3N) for 5 min. The acetonitrile (ACN) was removed and the gel pieces were 

dried in a SpeedVac vacuum concentration system (Savant, Farmingdale, NY, USA) to remove all 

access liquid. The gel pieces were hydrated again and in-gel digestion was performed using 25 mM 

NH4HCO3 containing 10 µg/ml trypsin (Promega, Madison, WI). The gel pieces were first incubated 

in 4°C for 30 min to allow the trypsin to be absorbed into the gel and then overnight in 37°C. The 

supernatant was transferred and the peptides were extracted from the gel by adding 50 % ACN 

containing 5 % trifluoroacetic acid (TFA; C2HF3O2) for 3 h with continuous agitation. The 

supernatants from the two steps were pooled and dried by a SpeedVac. The dried peptides were 

dissolved in 0.1% TFA. The peptides were mixed with matrix containing 70 % ACN/0.3 % TFA 

containing 43 mM 2,3-dihydroxybenzoic acid (DHB; C7H6O4) and spotted on the plate. Analysis of 

the peptide masses was performed using MALDI-TOF MS (Voyager-DE PRO, Applied Biosystems, 

Foster City, CA, USA) 
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3.2.13 Mass spectrometry (Paper III) 

Mass spectrometry is a method that can be used to identify proteins. It has the ability to determine 

molecular weight of biomolecules as large as 500 kD and the amino acid sequence in a peptide or the 

sugar sequence in an oligosaccharide.  

 

The mass spectrometer determines the molecular weight of an ion in vacuum. The molecules in the 

sample are first ionized by an ion source. The technique we used in our experiment to ionize the 

sample is called Matrix Assisted Laser Desorption Ionization (MALDI). The sample is co-crystallized 

with a matrix on a metallic plate and an electric field is applied between the plate and the entrance of 

the time-of-flight (TOF) analyzer. When a pulsed laser beam is pointed at the sample plate, the 

matrix absorbs the energy and is rapidly exited. It then flies through the gas phase together with the 

sample molecules. The molecules are accelerated with different speeds by the electric field depending 

on their mass/charge ratio in the flight tube containing the gas phase. The analyzer measures the 

time elapsed for the molecule to reach the detector and since the mass/charge ratio is proportional 

to the square of the time of flight, the mass of an ion can be determined by measuring the time of 

flight.  

We used a reflector TOF which is when an electrical field is applied at the end of the flight tube to 

force the molecules to change direction. Depending on the mass and the speed of the molecule they 

penetrated to different depth in the electric field. Ions of the same mass but different velocity reach 

different depths of the field and thereby require different time to change direction. The advantage of 

using a reflector TOF is that the problem seen in the linear TOF is overcome. In linear TOF, all 

molecules are not absorbed at the same time in the same place, thereby giving them all slightly 

different velocities and producing a broader peak of poor resolution. 

 

In paper III, we used MALDI-TOF to identify the proteins separated in the 2-D gel electrophoresis. 

Prior to mass spectrometry analysis, the proteins were digested with trypsin to produce smaller 

peptides in order to identify the proteins. Trypsin generates different known masses from proteins, 

therefore the masses obtained in our analysis could be used in a bioinformatics search engine to 

identify the specific proteins in each of the selected spots on the 2-D gel.     
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3.2.14 Protein array (Paper III) 

In paper III, a protein array called Proteome Profiler Array Human Phospho-RTK Array kit was 

used from R & D Systems to investigate the difference in protein expression pattern between RaH5 

and RaH5ZDR. Capture and control antibodies have been spotted in duplicate on a nitrocellulose 

membrane. The membranes are blocked using Array buffer 1. Cell lysates are added to the 

membrane and incubation overnight is performed to allow the proteins to bind to the antibodies. 

The membranes were then washed to remove unbound proteins. Then the anti-phosphotyrosine-

HRP Detection Antibody was added and 2 h was allowed for binding to the proteins. The excess 

unbound antibody was removed by washing and chemiluminescence reagent was used to detect 

proteins on X-ray film. The film was scanned and the intensity of the different spots was analyzed 

using Multi Gauge ver. 3.0 (Fuji Photo Film, Tokyo, Japan). The results were displayed as a 

percentage of the intensity of the positive controls in order to compare the same protein between the 

different membranes. 
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4. RESULTS AND DISCUSSION 
 

4.1 Paper I 
There is an increasing demand for the development of new treatment options for patients with 

metastatic melanoma. The treatments available today are characterized by a low percentage of 

responders and severe side effects. However, lately new types of pharmaceuticals have been 

developed that act by targeting specific growth factor receptors and different intracellular signaling 

pathways. One such new drug is the ErbB1 tyrosine kinase inhibitor gefitinib which was used in 

paper I in the treatment of two malignant melanoma cell lines.  

 

The aim of this study was to investigate the effect of the ErbB1 tyrosine kinase inhibitor gefitinib on 

cell growth and survival of two malignant melanoma cell lines (RaH3 and RaH5). Gefitinib has 

previously been shown to inhibit growth and induce apoptosis in several different cancer cell lines 

and solid tumors [136, 213, 226, 227]. In our experiments, gefitinib inhibited proliferation of RaH3 

and RaH5 cells in a dose-dependent manner. However, the growth inhibition was not complete since 

the cells continued to slowly proliferate despite treatment (Fig. 7). The gefitinib-induced growth 

inhibition was accompanied by the upregulation of the cyclin dependent kinase inhibitor p27 and 

subsequently resulted in G1 cell cycle arrest. Analogous results using gefitinib have been shown for 

other cancer cell types [136]. 

 

The question arose if the continued proliferation seen, despite gefitinib treatment, might be caused 

by selection of an ErbB-negative population of melanoma cells. Therefore, the ErbB receptor 

expression was investigated by flow cytometry following gefitinib treatment and compared to 

untreated cells. However, no selection of any cell population devoid of ErbB receptors could be 

detected explaining the low but continuous proliferation noted during gefitinib treatment. 

 

Malignant melanoma lesions are known to frequently express ErbB1 and to harbor mutations in its 

gene [116, 117]. The presence of ErbB2 has been demonstrated in a low percentage of melanoma 

specimen, whereas ErbB3 expression occurs frequently in melanoma and has been correlated with 

increased tumor cell proliferation and poor prognosis for patients with primary melanoma [118, 121]. 
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Figure 7. Effects of gefitinib and canertinib on exponentially 
growing malignant melanoma cells. RaH3 (A) and RaH5 (B) cells 
were treated with increasing concentrations (0-10 µM) of gefitinib (■) or 
canertinib (♦) for 72 h then the number of cells were counted as 
described in the materials and methods section. 

When paper I was published, the full-length ErbB4 receptor had not previously been demonstrated 

in malignant melanoma, although ErbB4 fragments had been observed in melanoma [228]. However, 

an interesting report was published a couple of months later in the same year, describing mutations 

in the ErbB4 gene in 19 % of patients with melanoma [122]. This mutation resulted in an increased 

kinase activity of the receptor, thereby implying that the ErbB receptors may in fact be important in 

melanoma. In our experiments, we were able to demonstrate the expression and phosphorylation of 

all four ErbB receptors (Fig. 8). However, when investigating the ErbB4 receptor, the presence of 

two bands of different length was revealed in Western blot-analysis. In previous studies, shorter 

ErbB4 bands have been demonstrated, which might represent a less glycosylated form or a cleavage 

product of the full-length ErbB4 [228, 229]. We confirmed what others had previously shown in 

other cancer cells; that gefitinib has the ability to inhibit ErbB1, ErbB2 and ErbB3 receptor 

phosphorylation (Fig. 8) [184, 213, 230]. Interestingly, in our study, ErbB4 phosphorylation was 

unaffected by gefitinib treatment. The ErbB3 and ErbB4 ligand NRG1-β1 was unable to induce 

ErbB4 phosphorylation and all the other receptors were clearly activated, suggesting that the ErbB4 

receptor is non-functioning in RaH3 and RaH5 cells (Paper I, Fig. 5).  
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To further elucidate the mechanisms involved in gefitinib-induced growth inhibition, the ErbB 

downstream signaling was studied. Since the ErbB3 receptor is the major activator of the PI3K 

pathway, the inability to block this receptor has been particularly associated with the resistance to 

tyrosine kinase inhibitors [30, 213]. In the PI3K pathway, Akt displayed a decrease in activation 

within 30 min of gefitinib treatment (Fig. 9). However, after 6 h, Akt phosphorylation was partially 

restored. In the MAPK pathway, Erk1/2 activation was similarly inhibited within 30 min and Erk1/2 

phosphorylation also appeared to be restored within 6 h of gefitinib treatment (Fig. 8). Earlier studies 

have implied that sensitivity to gefitinib is dependent on its ability to prevent Akt and Erk1/2 

signaling [131, 184, 230, 231]. However, there are contradictory results concerning this since it has 

also been shown that gefitinib may inhibit Akt and Erk1/2 without inducing apoptosis or any anti-

proliferative effects [232]. Therefore, it is still unclear if the inability of gefitinib to induce apoptosis 

in our experimental system is caused by inadequate inhibition of Akt and Erk1/2 or by other 

mechanisms. 

 

Since the Stat3 signaling pathway can be activated by the ErbB1 receptor, we also investigated the 

effect of gefitinib on Stat3 activation. Unlike Akt and Erk1/2, Stat3 phosphorylation was not 

affected after 30 min of treatment. However, within 6 h of treatment, a partial reduction in Stat3 

phosphorylation was observed. It has previously been demonstrated that Stat3 signaling is important 

in regulating cell growth and survival [233]. Other studies have demonstrated that malignant 

melanoma cells undergo apoptosis when there is inhibition of Stat3 signaling and the number of 

apoptotic cells could be correlated to the degree of Stat3 inhibition [234]. In our experimental 

system, the gefitinib inhibition of Stat3 might not have been sufficient to induce apoptosis.  

 

Mutations in the BRAF or NRAS genes are frequently observed in melanoma, resulting in constant 

activation of the MAPK pathway, which usually cause resistance to ErbB TKI. Therefore, RaH3 and 

RaH5 cells were analyzed for the presence of mutations in these two genes but were found to be 

negative.  

 

The results from paper I suggest that targeting the ErbB receptors with specific tyrosine kinase 

inhibitors, such as gefitinib, might be a new treatment strategy for malignant melanomas that do not 

express mutated B-raf. However, further studies are required to fully investigate the applicability of 

these types of drugs in the treatment of malignant melanoma.  
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Figure 8. Effect of gefitinib and canertinib on ErbB receptor tyrosine kinase phosphorylation in 
exponentially growing malignant melanoma cells. RaH3 and RaH5 cells were incubated in the presence 
or absence of gefitinib (5 µM) or canertinib (1 µM) for 30 min or 6 h. Western blots were performed using 
specific antibodies against phosphorylated and total ErbB1-4 receptors.  

 
 

4.2 Paper II 
During the last couple of years, the melanoma research field has focused a lot on the new inhibitors 

of mutant B-raf, since many (40-50 %) of melanoma patients display mutations in this gene, resulting 

in constant activation of the MAPK pathway [108]. There have been many initially positive clinical 

studies with B-raf inhibitors, such as vemurafenib, compared to conventional dacarbazine treatment. 

However, most patients ultimately develop resistance to treatment with subsequent progressive 

disease [235]. An additional problem is the fact that this type of therapy mainly focus on the patients 

harboring mutations in the BRAF gene, thereby leaving out more than 50 % of the patients. In our 

experiments, we focused on malignant melanoma cells not mutated in the BRAF gene. 

 

In paper I, we showed that the ErbB1 tyrosine kinase inhibitor gefitinib inhibited proliferation of 

RaH3 and RaH5 malignant melanoma cells. However, this drug was not able to induce apoptosis, 

probably due to its inability to sufficiently prevent downstream signaling from the ErbB receptors. In 

order to investigate if a broader and more permanent ErbB tyrosine kinase inhibition could display a 

more potent anti-tumor effect, the irreversible pan-ErbB tyrosine kinase inhibitor canertinib was 

utilized. The aim of this study was to examine the effect of the pan-ErbB tyrosine kinase inhibitor 

canertinib on malignant melanoma cell growth and survival as well as Akt, Erk1/2 and Stat3 

signaling.  
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Figure 9. Effect of gefitinib and canertinib on intracellular signaling molecules in exponentially 
growing malignant melanoma cells. RaH3 and RaH5 cells were incubated in the presence or absence of 
gefitinib (5 µM) or canertinib (1 µM) for 30 min or 6 h. Western blots were performed using specific 
antibodies against phosphorylated and total Akt, Erk1/2 and Stat3 proteins. 

 
 

 

 

 

Canertinib has been shown to induce apoptosis in several different cancer cell lines and xenograft 

tumor models, but its effect on melanoma cells had not previously been investigated [130, 155, 156, 

236]. We showed that treatment of RaH3 and RaH5 cells with canertinib significantly inhibited 

growth in a dose-dependent manner, with an IC50 of approximately 0.8 µM in both cell lines, and at 

the highest concentration (10 µM) cell death was observed (Fig. 7). We also investigated the effect on 

cell cycle distribution after treatment with a low-dose (1 µM) and a high-dose (10 µM) of canertinib. 

Low-dose treatment of RaH3 and RaH5 cells resulted in a G1 phase accumulation, a canertinib-

induced effect that has previously also been reported in colon cancer cell lines (Paper II, table 1, Fig. 

2) [155]. However, high-dose treatment resulted in a decrease in the number of cells in all cell cycle 

phases and after 12 h of canertinib treatment, a sub-fraction of G1-cells appeared (Paper II, Fig. 3). 

This fraction is regarded to represent apoptotic cells [237]. Western blot analysis of apoptotic PARP 

fragment and flow cytometry on Annexin V staining confirmed that canertinib induced apoptosis 

(Paper II, Fig. 4). Our results are in line with those obtained by others who have shown that 

canertinib inhibits cell proliferation and induces apoptosis in a dose-dependent manner in different 

cancer types [130, 155, 156]. 

 

In Western blot experiments, canertinib clearly inhibited ErbB1 and ErbB3 phosphorylation in 

RaH3 and RaH5 cells (Fig. 8). Also, ErbB2 phosphorylation was inhibited but to a lesser extent. 

Similar results have been obtained by others, showing that canertinib inhibits ErbB1-4 
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phosphorylation in several different cancer cells [155, 156, 238-240]. In our experiments, it is 

particularly interesting that canertinib potently inhibited ErbB3 activation since the expression of the 

ErbB3 receptor in malignant melanoma has been correlated with poor survival rates [121]. ErbB4 

receptor phosphorylation was unaffected by canertinib. This was not completely unexpected since 

our previous investigation revealed that the ErbB4 activation might be defective in these cells [241].  

 

Further analysis of the effect of canertinib on melanoma cells revealed that Akt and Erk1/2 

activation was strongly inhibited within 30 min of treatment (Fig. 9). The inhibition of 

phosphorylated Akt was sustained for at least 6 h, whereas Erk1/2 phosphorylation partially 

reappeared within the same time period. However, Stat3 phosphorylation was not affected after 30 

min of canertinib treatment but was markedly reduced within 6 h. These results are in line with those 

reported earlier on esophageal, colon and breast cancer cell lines and colon cancer xenografts [130, 

155, 236, 239]. The more effective inhibition of Akt, Erk1/2 and Stat3 signaling by canertinib, as 

compared to gefitinib, might be one explanation why canertinib induces apoptosis of RaH3 and 

RaH5 cells whereas gefitinib only displayed cytostatic effects.  

 

In vivo experiments with canertinib treated melanoma xenografts in nude mice showed a reduction 

in tumor size following treatment, as compared to non-treated controls, thereby indicating a possible 

treatment option for melanomas with ErbB tyrosine kinase inhibitors. 

 

In conclusion, we were able to show that the irreversible pan-ErbB tyrosine kinase inhibitor, 

canertinib, induced apoptosis and prevented ErbB signaling in wild-type BRAF malignant melanoma 

cells. We also showed that canertinib had the ability to suppress growth of melanoma xenografts in 

nude mice. This study indicates thereby the possible use of irreversible ErbB inhibitors in the 

treatment of patients with generalized or inoperable malignant melanoma expressing wild-type 

BRAF. 

 

4.3 Paper III 
In paper I, we showed that the ErbB1 tyrosine kinase inhibitor gefitinib conferred anti-proliferative 

effects on melanoma cells, but development of resistance against TKIs has been an emerging 

problem limiting the treatment efficacy in several studies. Therefore, we decided in paper III to 
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develop malignant melanoma cells resistant to gefitinib by continuously culturing the cells in the 

presence of increasing concentrations of gefitinib. The aim of this study was to first develop 

melanoma cells resistant to gefitinib and then elucidate any resistance mechanisms employed by the 

cells to overcome the treatment effect of gefitinib. 

 

In paper III, we confirmed that gefitinib had a dose-dependent effect on the original RaH5 cells and 

at a concentration of 20 µM, the cell number decreased to 24 % of non-treated cells (Paper III, Fig. 

1A). The resistant cells (RaH5ZDR) showed a steady cell count up to a concentration of 1 µM. At a 

concentration of 10 µM gefitinib, the number of cells began to decrease and at 20 µM gefitinib, the 

cell count was down to 70 % of the non-treated resistant cells (Paper III, Fig. 1A). There was a 

significant difference in the effect of gefitinib on wild-type RaH5 as compared to RaH5ZDR when 

using a concentration as low as 0.1 µM (P < 0.001). 

 

We also showed a distinct difference in the proliferative rate between the original and the resistant 

cells. The wild-type cells were substantially growth inhibited by treatment, whereas resistant cells 

proliferated faster than the non-treated original RaH5 cells despite treatment (Paper III, Fig. 1B). 

There was also a significant difference in the initial effect of canertinib treatment between the 

original and the resistant cells (Paper III, Fig. 1C). The number of wild-type RaH5 and RaH5ZDR 

cells decreased to 39 % and 86 %, respectively, at a concentration of 1 µM. At 5 µM, the number of 

cells was reduced to 15 % and 30 % as compared to non-treated cells. The final concentration of 20 

µM canertinib reduced the number of both wild-type and resistant cells to ~1 % of the 

corresponding non-treated cells. There appeared to be a weak cross-resistance in the gefitinib-

resistant cells against the pan-ErbB tyrosine kinase inhibitor canertinib at concentrations of 1 µM. 

However, this cross-resistance had disappeared at higher concentrations, implying the possible use of 

canertinib on gefitinib-resistant cells.  

 

By employing a protein array of 42 different receptor tyrosine kinases, we could show that both 

RaH5 and RaH5ZDR cells expressed phosphorylated ErbB2, ErbB3, Met, VEGFR, IR-1 and IGF-

1R receptors (Paper III, Fig. 2). There were also differences in expression levels between the two cell 

lines, where the ErbB2 and ErbB3 expressions were lower in the resistant cells compared to the 

wild-type cells (Paper III, Fig. 2). ErbB2 and ErbB3 receptor phosphorylation was essentially equally 

well suppressed by gefitinib in both cell lines as demonstrated by protein array and Western blot 
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analysis. These findings imply that gefitinib resistance in our experimental melanoma model is not 

mediated through ErbB2 or ErbB3. The most frequently occurring cause of gefitinib resistance is the 

T790M mutation in ErbB1 that prevents the drug from binding to the receptor [172]. The antibodies 

used in our Western blot experiments only recognize the Tyr1173 phosphorylation site on ErbB1 

and Tyr1248 on ErbB2, whereas the protein array used employs a general phosphotyrosine antibody, 

thereby recognizing all phosphorylated tyrosine sites. This might explain the slight differences in 

expression levels observed between the protein array and the Western blot (Table 2). Canertinib had 

similar suppressive effect on ErbB2 and ErbB3 receptor phosphorylation as gefitinib in both cell 

lines, as determined by Western blot experiments.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Furthermore, we show that the expression levels of phosphorylated Met and IR are higher in 

RaH5ZDR cells than in wild type RaH5 cells, as demonstrated by protein array assay experiments. 

However, this could only be confirmed in the case of Met by immunoblotting (Table 2, Paper III, 

Fig. 3). Amplification of Met has previously been reported as an acquired gefitinib resistance 

mechanism in NSCLC patients; 20 % of those developing resistance displayed Met amplification 

[175, 183]. Met amplification has been shown to mediate gefitinib resistance by activating the PI3K 

signaling through the ErbB3 receptor [175]. It is unlikely that the acquired gefitinib resistance in the 

melanoma cells studied is caused by Met amplification since ErbB3 was readily inhibited by gefitinib 

 
  RaH5 RaH5ZDR 

 
treatment for 6 h control ZD1839 CI-1033 control ZD1839 CI-1033 

Pr
ot

ei
n 

ar
ra

y p-ErbB2 ++ 0 NA + 0 NA 
p-ErbB3 +++ 0/+ NA + 0 NA 
p-Met ++ + NA +++ ++ NA 
p-VEGFR1 + 0/+ NA + 0/+ NA 
p-IR + 0/+ NA ++ ++ NA 
p-IGF-1R + 0/+ NA 0/+ 0/+ NA 

W
es

te
rn

 b
lo

t 

p-ErbB2 ++ + 0 ++ + 0 
p-ErbB3 ++ + 0 ++ + 0 
p-Met 0/+ 0 0 + + 0 
p-IGF-1Rβ/p-IRβ +++ ++ ++ ++ + + 
p-Akt + 0 0 + + 0 
p-Erk1/2 ++ ++ ++ + + + 
p-Stat3 + +/↓ +/↓↓ + +/↓ +/↓ 

Table 2. A summay of the effect of gefitinib and canertinib treatment on protein activation in 
RaH5 and gefitinib-resistant RaH5 (RaH5ZDR) cells. 
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in our experimental setting [175]. Alternatively, the Met receptor does not use the ErbB3 receptor to 

activate PI3K signaling, it rather utilizes some other receptor. However, it has also been shown that 

the Met ligand, HGF, may be overexpressed and thus restore PI3K signaling through Met activation 

independently of ErbB1 or ErbB3 [202]. This implies that overexpression of HGF might be one 

factor responsible for the resistance mechanism against gefitinib in our cells. However, this remains 

to be elucidated. 

 

Taken together, the results from the protein array and the Western blot analysis using a specific 

antibody against p-IGF-1Rβ/p-IRβ did show diverging expression patterns (Table 2, Paper III, Fig. 2 

and 3). The protein array clearly showed that IR is more heavily phosphorylated in the resistant cell 

line than in the original one. In contradiction, Western blot experiments show a higher expression of 

phosphorylated IGF-1Rβ and IRβ in original RaH5 cells than in the RaH5ZDR cells. However, the 

protein array has the ability to detect all phosphorylated tyrosine sites on the IR as the membrane is 

coated with an antibody towards IR. Then, an anti-phosphotyrosine antibody is used to detect all 

phosphorylated tyrosine sites. In the protein array, the activated IR is also distinguished from the 

IGF-1βR since the receptor proteins in the cell lysate are bound to the membrane at different 

locations.  

 

In our Western blot analysis, only one antibody was used, which does not distinguish between the 

active forms of IRβ or IGF-1Rβ and recognizes only the phosphorylation of Tyr1131 in IGF-1Rβ 

and Tyr1146 in the IRβ (Paper III, Fig. 3). There are also other phosphorylation sites known to be 

activated in the IGF-1Rβ and IRβ that might account for the contradictory results shown in figure 2 

in paper III. The antibody used in the Western blot analysis is also known to cross-react with other 

activated tyrosine kinase receptors, such as PDGF, FGF and ErbB receptors, and c-Met. The ErbB2 

and ErbB3 receptors are known to be strongly expressed and activated in the RaH5 cells, which may 

possibly blur our results. This p-IGF-1Rβ/p-IRβ antibody was chosen because the Tyr1146 

phosphorylation site in the IR is the first site to be autophosphorylated following receptor activation 

[242]. In order to fully activate IR, phosphorylation of the other two phosphorylation sites Tyr1150 

and Tyr1151 is required. These differences in antibodies are probably the reason why similar results 

could not be obtained using the two different methods. Interestingly, in a previous study it was 

found that gefitinib-resistant squamous cell lung carcinoma had hyperphosphorylated IGF-1R, which 

lead to activation of the PI3K pathway [204]. This was shown to be caused by reduced RNA 
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expression of the inhibitory proteins IGF-binding protein 3 and IGF-binding protein 4. In another 

study, it was shown that ErbB2 heterodimerization with IGF-1R could restore PI3K signaling in 

trastuzumab-resistant breast cancer cell lines [205]. Signaling through the IGF-1Rβ and IRβ is an 

important alternative to the ErbB receptors to promote cell survival by activating PI3K/Akt pathway 

and the MAPK pathway in spite of ErbB1 TKIs [206]. 

 

To investigate the role of Met in the gefitinib resistance, we treated RaH5 and RaH5ZDR cells with 

the Met inhibitor SU11274 (1 µM) in combination with increasing concentrations of gefitinib (0-10 

µM) for 72 h. However, even though treatment with the Met inhibitor only had limited anti-

proliferative effects on both the original and resistant cells, the combination with gefitinib did not 

seem to enhance the anti-proliferative effect of gefitinib (Paper III, Fig. 4). This is in contradiction 

with what others have observed, where the combination of gefitinib and SU11274 potently inhibited 

proliferation of breast cancer cells and even induced apoptosis in gefitinib-resistant NSCLC cells 

[243, 244]. In the first study, the anti-proliferative effect was only evident after eight days of 

treatment. We were forced to limit the treatment time to three days due to the fast growth of our 

resistant melanoma cells. In the second study, the concentrations of SU11274 used were higher (up 

to 16 µM) than what we used (1 µM). In our experiments, RaH5ZDR cells grew with such a fast rate 

that it was impossible to conduct experiments over longer periods of time. 

 

When investigating some of the downstream signaling molecules from the ErbB receptor, Met 

receptor and insulin receptor it was shown that the resistant cells had a lower basal expression of 

phosphorylated Akt than the original cells (Paper III, Fig. 5). This is in contradiction to what has 

previously been shown; that a lower basal Akt activation is usually correlated with higher sensitivity 

to gefitinib treatment [214]. There were no major differences in the expression of the total Akt 

protein. However, there was a clear difference in the effect of gefitinib between RaH5 and 

RaH5ZDR cells, where p-Akt expression was inhibited already within 30 min and lasted for at least 6 

h in the wild-type cells. The p-Akt expression in the resistant cell was not affected at all. Continuous 

Akt signaling has been shown to be important for maintaining gefitinib resistance and different 

mechanisms have been observed to sustain Akt signaling [143]. Constant Akt signaling can be 

achieved by overexpression of Akt or other proteins in the PI3K pathway or loss of function 

mutations in negative regulators of the pathway, such as in the PTEN gene. Canertinib had similar 

effects on both cell lines by complete inhibition of p-Akt, implying that even though canertinib has 
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the same targets as gefitinib, it is still able to prevent downstream signaling from ErbB through the 

PI3K pathway. This may be due to the irreversible inhibition of ErbB receptors and/or additional 

targets specific for canertinib, since this substance has been shown to be promiscuous with affinity 

for other signaling kinases (Fig. 11) [245]. 

 

There was also a difference in serum-stimulated Erk1/2 phosphorylation, with a higher expression in 

the original RaH5 cells than in the resistant cells (Paper III, Fig. 5). Gefitinib treatment strongly 

inhibited Erk1/2 activation in RaH5 cells and weakly inhibited Erk1/2 activation in RaH5ZDR cells 

within 30 min. However, the effect had completely disappeared in both cell lines within 6 h of 

treatment. Persistent activation of the MAPK pathway has also been associated with resistance to 

gefitinib treatment. The difference in effect on the MAPK pathway might be an additional factor 

mediating the resistance mechanism in our gefitinib-resistant cells (Fig. 10) [188]. Persistent 

activation of the MAPK pathway can be a result of many different alternations. One example are 

mutations located in KRAS, which has been associated with resistance to gefitinib treatment [191]. 

Canertinib had similar effect as gefitinib on Erk1/2 activation but possibly stronger than gefitinib in 

the wild-type cells (Fig. 11). 

 

When comparing the serum-stimulated expression of p-Stat3 after 6 h between RaH5 and 

RaH5ZDR, there appeared to be a higher expression in the original cells than in the resistant cells. 

Activation of Stat3 was also investigated in the two different cell lines following gefitinib and 

canertinib treatment. Neither gefitinib nor canertinib were able to inhibit Stat3 activation within 30 

min. However, within 6 h of treatment, gefitinib inhibited activation of Stat3 in the original cells and 

perhaps vaguely in resistant cells, whereas canertinib treatment could clearly inhibit Stat3 activation 

in both cell lines. However, when analyzing the Stat3 activation after 24 h of gefitinib or canertinib 

treatment, a clear difference between the two cell lines could be observed. Stat3 phosphorylation was 

still inhibited by gefitinib and strongly inhibited by canertinib in the original cells, whereas Stat3 

activation was restored in the resistant cells despite treatment with either inhibitor. Maintained Stat 

signaling has been correlated with resistance against TKI inhibitors and Stat3 was found to be 

mutated in some breast and prostate cancers [194, 195]. Interestingly, cells with a mutated form of 

Stat3 had an increased expression of cyclin D1 and Bcl-XL, leading to faster growing cells [196, 197]. 

The more sustained Stat3 signaling in the resistant cells might be responsible for their faster growing 

phenotype as compared to the original RaH5 cells (Fig. 10 and 11).  
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Figure 10. A summary of the receptors and signaling pathways following gefitinib treatment in RaH5 and 
RaH5ZDR cells. 
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Figure 11. A summary of the receptors and signaling pathways following canertinib treatment in RaH5 and 
RaH5ZDR cells. 
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In an attempt to search for regulatory differences in protein expressions, protein lysates from RaH5 

and RaH5ZDR cells were separated by a two-dimensional gel electrophoresis. The intensity of the 

protein spots was analyzed and a total of 16 spots showed a significant difference in the expression 

levels when comparing the two cell lines (Paper III, Fig. 6). Spots numbered 1, 2, 3, 4, 6, 7 and 8 (all 

had lower expression in resistant cells as compared to normal cells) were excised from the gel for 

protein identification using MALDI-TOF. Only three of the selected spots could be positively 

identified, number 1 and 4 as galectin-1 and number 8 as heat shock protein beta-1 (also known as 

Hsp27). 

 

Galectins are expressed in a variety of different tissues and by binding different glycoproteins they 

can regulate apoptosis, induce transformation through interaction with oncogenic Ras and modulate 

cell adhesion and cell migration [246]. Therefore, it is not surprising that the expression of galectins 

is often altered in tumor cells, compared to their normal progenitors [247]. In melanoma, the 

galectin-1 expression was found to be higher in more aggressive lesions. A high expression of 

galectin-1 promotes cell migration and metastases [248, 249]. This contrasts to our results, but it has 

also been reported that galectin-1 has an inhibitory role on the cell cycle and induce cell cycle arrest 

by inducing p27 (Fig. 10 and 11) [246, 250]. Therefore, it is possible that it is more important for the 

cells to remove the inhibitory effect on the cell cycle than maintaining a high metastatic potential in 

order to overcome gefitinib treatment. If the galectin-1 expression in these resistant melanoma cells 

was compared to that in normal melanocytes or melanoma of early stages, then it is possible that the 

resistant cells would have much higher levels. However, this is only a speculation as the proper 

experiments for investigating it has not been performed. 

 

The other identified protein, Hsp27, is a chaperone involved in protein folding, cell migration, cell 

survival, growth, differentiation and tumor progression [251]. Synthesis of Hsp27 can be induced by 

heat shock, stress or differentiation [252]. However, it has also been shown that Hsp27 expression 

can be regulated by Stat3. For example, a knock-down of Stat3 would result in a decreased Hsp27 

expression [253]. Therefore, the lower expression of Hsp27 in the resistant cells compared to the 

original cells is possibly a result of a lowered Stat3 activation. However, increased Hsp27 expression 

instead of a lowered expression is something that would be more expected in cancer cells because of 

its ability to inhibit apoptosis through, for example, caspase-3 inactivation [254]. Therefore, further 
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analysis and investigations are required to fully understand and confirm the role of Hsp27 expression 

in RaH5ZDR cells. 

 

In conclusion, we developed melanoma cells resistant to gefitinib that presented an increased 

expression of Met and IR as compared to the original precursor melanoma cells. We also showed 

that one possible resistance mechanism could be that Akt signaling was maintained in the resistant 

cells despite ErbB1 and ErbB2 kinase inhibition, whereas it was inhibited by gefitinib in the original 

RaH5 cells (Fig. 10). We also demonstrated that both RaH5 and RaH5ZDR cells were growth 

inhibited using an irreversible pan-ErbB tyrosine kinase inhibitor; canertinib. Therefore, it appears 

that gefitinib-resistant malignant melanoma expressing wild-type BRAF and NRAS might be suitable 

for treatment with an irreversible pan-ErbB tyrosine kinase inhibitor. 
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5. CONCLUSIONS 
 

5.1 Paper I 
We report that the tyrosine kinase inhibitor gefitinib, directed towards ErbB1, displays a potent 

inhibitory effect on malignant melanoma cell growth. This effect appears to be mediated through 

inhibition of ErbB1, ErbB2 and ErbB3 signaling with subsequent inhibition of the downstream 

signaling molecules Akt, Erk1/2 and Stat3. The anti-proliferative effect of gefitinib coincides with 

the upregulation of the cyclin-dependent kinase inhibitor p27KIP1, followed by cell cycle arrest in 

G0/G1 phase. We conclude that blockade of ErbB signaling might be an interesting complementary 

treatment strategy for patients with malignant melanoma tumors expressing wild-type BRAF or 

NRAS.  

 

5.2 Paper II 
This study clearly shows that the pan-ErbB tyrosine kinase inhibitor canertinib induces apoptosis in 

malignant melanoma RaH3 and RaH5 cells. We also show that treatment with low-dose of canertinib 

(1 µM) resulted in accumulation of melanoma cells in the G1 cell cycle phase, where higher 

concentrations (≥7 µM) induced a non-cell cycle specific apoptosis. In addition, canertinib clearly 

inhibited phosphorylation of the ErbB1, ErbB2, and ErbB3 receptors in RaH3 and RaH5 cells, 

leaving ErbB4 phosphorylation unaffected. The downstream signaling molecules Akt, Erk1/2, and 

Stat3 were also potently inactivated by canertinib. Furthermore, we also showed that canertinib had 

the ability to inhibit proliferation of human xenografts in nude mice. In summary, canertinib inhibits 

proliferation and induces apoptosis in a dose-dependent manner in human malignant melanoma cells 

in vitro and in vivo. Further in vitro and in vivo studies are required to establish if canertinib will prove to 

be effective in the treatment of malignant melanoma, either as a single agent or in combination with 

conventional cancer therapy.  
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5.3 Paper III 
In paper III, we developed a malignant melanoma cell line resistant to gefitinib through a continuous 

increase of the drug concentration in culture. We performed a protein array phosphorylation analysis 

and showed that the resistant cells expressed higher levels of activated Met and IR than the non-

resistant cells. However, we were unable to confirm the importance of Met expression in the 

resistant cells since treating the cells with gefitinib in the combination with a Met inhibitor did not 

have a stronger anti-proliferative effect during 72 h than using gefitinib alone. The ErbB2-3 receptor 

activation in the resistant cells was similarly inhibited by gefitinib as in the original cells. However, 

when investigating the downstream signaling pathways from the ErbB receptors, it was 

demonstrated that Akt activation was markedly more inhibited in the original RaH5 cells than in the 

resistant cells. This indicates the importance of Akt signaling to overcome gefitinib treatment in 

resistant melanoma cells. We also report that even though the cells were resistant to gefitinib, they 

were still sensitive to the irreversible pan-ErbB TKI canertinib. 
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6. FUTURE PERSPECTIVES 
 

In paper II, we treated melanoma xenografts in nude mice with canertinib and these tumor 

specimens are currently kept in the freezer for future investigations. It would be interesting to cut 

sections of the tumors and immune histochemically compare the protein expression between the 

treated and non-treated tumors to confirm the in vitro results in an in vivo setting.  

 

It would be interesting to systemically treat RaH5ZDR melanoma cell line with canertinib to evaluate 

if the in vitro results obtained in paper III can be repeated in an in vivo setting consisting of xenografts 

in nude mice.  

 

It would also be of interest to use specific inhibitors against the possible resistance mechanisms 

discovered in paper III, such as Akt or IR. It would also be of interest to investigate different 

combinations of tyrosine kinase inhibitors against Met, Akt/PI3K signaling, Stat3 and MAPK 

signaling together with gefitinib or canertinib to determine which mechanisms are really essential to 

maintain gefitinib resistance. 

 

In paper III, we only investigate seven of the 2-D spots that displayed significant difference in 

expression between original and resistant RaH5 cells. The additional spots that also had a significant 

difference in expression between original and resistant cells would also be of interest to investigate to 

possibly find other proteins important for the resistance mechanism observed in the gefitinib-

resistant cells.  
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