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2 Introduction 

2.1 Cancer  

Cancer is a genetic disease caused by alterations in the DNA, and several mutations in proto- 

oncogenes, tumor suppressor genes and mismatch repair genes are required for a normal cell 

to transform into a cancerous cell [1]. Epigenetic changes such as promoter methylation or 

acetylation of histones can also contribute to the formation of cancer [2]. Cancer is among the 

leading causes of death in the world, and in 2012, over 8.2 million deaths were caused by 

cancer worldwide [3]. In Norway, 10 971 died of  cancer in 2014 [4]. There were 14.1 million 

new cases of cancer in 2012 in the world, which is expected to increase to 20 million new 

cases in 2025 [3]. The large increase in incidence is caused partly due to an aging population, 

as cancer usually occurs in elderly due to increased accumulation of mutations, and partly due 

to increased exposure to risk factors such as sun, alcohol, smoking, unhealthy diet and 

infectious agents. By minimizing the exposure to risk factors, the increase in incidence of 

several cancers may be reduced [5]. Cancers are usually classified based on their tissue of 

origin, and there are more than 100 different types [6]. The incidence of the different types 

varies greatly, and in the Western world four cancer types, breast, lung, prostate and 

colorectal cancer are responsible for more than 50% of all new cases.   

 A common denominator for most, if not all, cancer types are the acquirement of 

several biological capabilities, called the hallmarks of cancer, enabling the cells to avoid the 

normal regulatory mechanisms found in an organism. The hallmarks are; evading growth 

suppressors, sustaining proliferation, deregulating cellular energetics, enabling replicative 

immortality, avoiding immune destruction, resisting cell death, inducing angiogenesis, and 

activating invasion and metastasis (Figure 1). In addition, there are two enabling 

characteristics; tumor promoting inflammation and genome instability and mutation. Tumors 

are also dependent on the surrounding stroma, which can contribute to the development and 

maintenance of some of the hallmarks [7].  
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Figure 1. Hallmarks of cancer. Modified and reprinted with permission from Elsevier [7].  

 

2.1.1 Tumor microenvironment 
The importance of the microenvironment in tumor growth and metastasis is becoming 

increasingly recognized [8]. The tumor microenvironment consists of various cells such as 

fibroblasts, macrophages, epithelial cells, immune cells along with the extracellular matrix 

(ECM) and soluble factors [9]. The ECM components are to a great extent produced by 

fibroblasts, and consist of collagen, laminin, fibronectin and proteoglycans. The ECM 

provides structural support and can play an active part in biochemical signaling [10, 11]. 

Fibroblasts are also involved in wound healing, where they can differentiate into 

myofibroblasts with increased proliferation and production of ECM components [9, 10, 12].

In tumors, cancer associated fibroblasts (CAF) show an activated phenotype resembling the 

myofibroblasts involved in wound healing, and can stimulate cell growth, inflammation, 

angiogenesis and invasion [10, 13, 14]. Tumor associated macrophages (TAM) are also 

important regulators of tumor growth, and support multiple aspects of tumor progression, 

such as angiogenesis, metastasis and suppression of immune responses [15]. The tumor 
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microenvironment is important for response to treatment, and can induce resistance to both 

targeted therapy and chemotherapy. Suggested mechanisms for involvement of the 

microenvironment in treatment resistance are, among others, secretion of growth factors (e.g. 

hepatocyte growth factor (HGF) and tumor necrosis factor α (TNFα)), via direct cell-cell 

communication through gap junctions or through matrix remodeling and thus protecting the 

tumor cells from treatment [16-18]. 

2.1.2 Metastasis 
Metastasis is the process by which cancer cells move from the primary tumor and forms a 

secondary tumor at a distant site, and is responsible for more than 90% of cancer related 

deaths [6]. There are few curative treatments of metastatic disease, highlighting the 

importance of early detection of cancer. Metastasis is however a very inefficient process and 

the cancer cells have to go through several steps to be able to metastasize to another organ 

(Figure 2).  

Figure 2. The main steps of the metastatic process. After growth of a primary tumor, tumor cells 
will invade the local tissue before intravasating into the blood stream, if they survive in the circulation 
they can extravasate at distant sites and if permissive microenvironments tumor cells can initiate 
growth and form metastatic tumors. Reprinted with permission from Elsevier [19].
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To metastasize, the cancer cells must first disseminate from the primary tumor and invade the 

surrounding ECM. To facilitate the invasion, the ECM is degraded by various proteases 

secreted by cancer cells, CAFs and TAMs [20, 21]. Increased motility of the cancer cells is 

also necessary to be able to invade the surrounding ECM and intravasate into nearby blood 

vessels. This can be accomplished by epithelial to mesenchymal transition (EMT), a process 

that normally happens during embryogenesis, which causes the cells to lose their epithelial 

polarization and intercellular adhesion, as well as gaining mesenchymal traits that favor 

invasion [22]. In addition, both CAFs and TAMs have been shown to be present at the 

invasive front of tumors, supplying pro-migratory and pro-invasive factors for cancer cells to 

promote metastasis [8, 23, 24]. After intravasation, the cancer cells have to survive the 

inhospitable environment in the blood vessels. Epithelial cells are usually dependent on 

integrins to attach to ECM, and loss of this linkage may lead to anoikis. The cells also have to 

survive the damage incurred by hemodynamic shear forces and avoid detection by the innate 

immune system [19]. To overcome these obstacles, the cancer cells can form aggregates with 

platelets, which can protect the cells from both these challenges [25]. The surviving cells can 

be arrested in the circulation and then extravasate the blood vessels at distant sites. The final 

step in the metastatic process is colonization and growth in a secondary organ. This is an 

inefficient process, where many of the cells will die, and only very few will be able to grow 

and form metastases. Some cells may enter a state of dormancy, and this may explain 

metastases appearing years or decades later [19, 26, 27].  

In order to explain the development of cancer and the metastatic process different 

theories have been suggested; the somatic mutation theory, the cancer stem cell theory and 

clonal evolution [28]. The somatic mutation theory is based on the premise that cancer cells 

acquire gradual and random mutations introducing selective growth advantages to the cells 

during tumor development. This will give a high degree of diversity in the tumor [29]. The 

cancer stem cell theory is based on that cancer cells with stem cell like properties such as the 

ability for self-renewal, independent growth and asymmetric cell division exist [30]. Tumor 

heterogeneity within this model is explained by several rare precursor cells giving rise to 

different subpopulations [31]. The third model, clonal evolution, is based on the existence of a

single or multiple progenitor cells, which will give rise to either monoclonal or polyclonal 

tumors, respectively. These tumors acquire genetic and epigenetic changes in a sequential 

manner, and all the clones have potential for continued proliferation [31, 32].   

The pattern of metastasis from different cancer types is not random. This was 

recognized already in 1889 by Stephen Paget, after he studied the distribution of metastases 
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from breast cancer patients. He formulated the seed and soil theory, suggesting that the cancer 

cells (seed) would only grow in suitable microenvironment (soil) [33]. It was later confirmed 

by Fidler that different tumor types tend to develop metastases selectively in specific organs 

[34]. A possible explanation for the non-random distribution of metastases is the pre-

metastatic niche theory, which suggests that a suitable microenvironment has to evolve in the 

secondary sites before the cancer cells arrive in order for the cancer cells to be able to initiate 

growth. This can be achieved by secreted growth factors or exosomes from the primary tumor 

priming certain organs for cell growth [35, 36]. Hematopoietic and bone marrow-derived 

progenitor cells can then cluster in these organs, creating an environment that is conducive for 

cell adhesion and invasion [36]. The organ specificity could also be caused by 

chemoattractants secreted by target organs, which bind to receptors on the metastatic cells, 

and thereby mediating invasion to these target organs [37]. In addition, the circulatory 

patterns between a primary tumor and specific secondary organs also influence the metastatic 

spread [34, 38, 39]. 

2.1.3 Angiogenesis 
Angiogenesis is the formation of new blood vessels and is an important process during 

embryonic development and wound healing [40], but also in cancer development and 

metastasis [41, 42]. When a tumor grows beyond 1-2 mm, the cells can no longer receive 

nutrients and oxygen through diffusion, and are therefore dependent on angiogenesis [41].

Angiogenesis is tightly regulated by pro- and antiangiogenic factors secreted from both the 

cancer cells and the surrounding stroma [43]. To enable the tumors to grow, the balance 

between pro- and antiangiogenic factors is tipped in favor of angiogenesis, a process termed 

the angiogenic switch [40]. 

Vascular endothelial growth factor (VEGF)-A is the most important factor in 

angiogenesis, and binds to two receptors, VEGF-R1 and VEGF-R2. They both belong to the 

receptor tyrosine kinase (RTK) family. VEGF-R2 has a higher kinase activity than VEGF-R1, 

but also a lower binding affinity for VEGF-A [44]. Binding of VEGF-A to VEGF-R2 induces 

dimerization and autophosphorylation of the receptor, and activation of phosphatidylinositol 

3' kinase (PI3K), phospholipase C, gamma (PLCγ) and focal adhesion kinase (FAK), which 

again can lead to increased cell survival, proliferation and migration, and thus increased 

angiogenesis (Figure 3) [45]. VEGF-A can be induced by hypoxia through up-regulation of 

hypoxia inducible factor (HIF)-1α, and also by growth factors, lipids and endoplasmatic 
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reticulum (ER)-stress [46-50]. High levels of VEGF-A are associated with poor prognosis or 

increased risk of metastasis in various cancer types [51-55].  

Others members of the VEGF family such as VEGF-B and placental growth factor 

(PlGF) are also involved in regulation of angiogenesis [42]. VEGF-B and PlGF both bind to 

VEGF-R1. The functions of VEGF-R1 are not completely elucidated [42]. However, it is 

important during embryogenesis, where it functions as a decoy receptor for VEGF-R2 and 

prevents excessive vessel growth [56, 57]. VEGF-R1 is also involved in vascular remodeling, 

which can then induce angiogenesis [58, 59]. PlGF can also indirectly stimulate angiogenesis 

by recruiting and activating cells that up-regulate VEGF-A and other angiogenic factors [60,

61]. 

Figure 3. Signaling pathways in angiogenesis. Upon ligand binding VEGF-R1 and VEGF-R2 will 
dimerize and autophosphorylate, thus leading to activation of pathways, influencing proliferation, 
migration and survival in addition to vascular remodeling which can induce angiogenesis.
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2.1.4 Apoptosis
Apoptosis is a tightly regulated form of programmed cell death [62] and can be initiated in 

response to intracellular or extracellular signals [63-66]. It is an important process in the 

body, both maintaining natural homeostasis and eliminating unnecessary, stressed or damaged 

cells to prevent accumulation of non-functioning cells in the tissues [64, 67]. Resistance 

against apoptosis is central for the development of cancer and is related to an imbalance 

between pro- and anti-apoptotic factors [68]. Incorrect regulation of apoptosis can be caused 

by, among others, dysregulation of inhibitor of apoptosis proteins (IAPs), reduced caspase 

activity, impaired death receptor signaling, mutations in TP53 or disruption in the equilibrium 

between pro- and anti-apoptotic proteins in the Bcl-2 family [69].

Apoptosis is characterized by morphological and biochemical changes such as cell 

shrinkage, chromatin condensation, DNA fragmentation, blebbing of the plasma membrane 

and changes in composition of the plasma membrane which allows the apoptotic cells to be 

recognized and engulfed by phagocytic cells [67, 70, 71]. The two main apoptotic pathways 

are the extrinsic and intrinsic apoptotic pathways which are activated in response to different 

stimuli [62].

Intrinsic apoptotic pathway 

The intrinsic apoptotic pathway is activated in response to intracellular stress, such as DNA 

damage, ER-stress, hypoxia, lack of growth factors and hormones [63-65]. This pathway is 

initiated through mitochondrial outer membrane permeabilization (MOMP) [72], which is 

tightly regulated by the Bcl-2 family members and a shift in the balance can lead to apoptosis 

(Figure 4) [73]. In normal cells the pro-apoptotic proteins Bax and Bak are inhibited by anti-

apoptotic proteins such as Mcl-1, Bcl-2 and Bcl-XL. In response to pro-apoptotic signals, 

BH3 only proteins (Bim, Bad, Bid, Puma) are expressed or activated [73]. They will inhibit 

the anti-apoptotic proteins, and Bax and Bak will form pores in the mitochondria and increase 

the permeability. Pro-apoptotic proteins such as cytochrome c, Smac/Diablo and apoptosis 

inducing factor (AIF) will be released from the mitochondria. AIF translocates to the nucleus 

and causes chromatin condensation, or to the cytosol where it can decrease MOMP to release 

more cytochrome c and AIF [74]. Smac/Diablo indirectly promotes apoptosis by inhibiting 

IAPs [62]. Cytochrome c directly promotes apoptosis by forming a complex with Apaf-1 and 

the initiator caspase pro-caspase 9, called the apoptosome, where pro-caspase 9 will be 

cleaved and thus activated [62]. Caspase 9 will in turn activate the effector caspases, caspase 
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3 and/or caspase 7, which will cleave cellular substrates such as poly (ADP-ribose) 

polymerase (PARP), lamin, actin, plectin and DNA fragmentation factor (DFF)40/45. This

leads to the morphological and biochemical changes associated with apoptosis, such as 

chromatin condensation, DNA fragmentation, cell fragmentation blebbing and formation of 

apoptotic bodies [75].  

Figure 4. An overview over the extrinsic and intrinsic apoptotic pathways. The extrinsic apoptotic 
pathway is activated when ligands bind to death receptors, and FADD and caspase 8 is recruited. This 
will lead to cleavage of procaspase 3 which can lead to apoptosis. The intrinsic pathway is activated 
by intracellular stress, and through changes in the balance between pro- and anti-apoptotic proteins, 
Bax/Bak will form pores in the mitochondria resulting in release of proteins such as cytochrome c and 
Smac/Diablo. Smac/Diablo can inhibit proteins which can inhibit apoptosis, while cytochrome c will 
together with pro-caspase 9 and Apaf-1 form the apoptosome, resulting in active caspase 9, which also 
can cleave pro-caspase 3.    
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Extrinsic apoptotic pathway 

The extrinsic apoptotic pathway is activated when members of the tumor necrosis factor 

(TNF) receptor superfamily in the cell membrane, e.g Fas receptor, TNF receptor 1 and death 

receptor 4 (DR4/TNF related apoptosis inducing ligand (TRAIL) receptor 1) and 5 

(DR5/TRAIL receptor 2)) binds to its respective ligands (CD95, TNFα and TRAIL). These 

ligands are usually released by cytotoxic immune cells [66]. Upon ligand binding the receptor 

will trimerize, and their death domains (DD) will cluster, which recruits the adapter protein 

Fas associated death domain (FADD) (Figure 4). This in turn recruits pro-caspase 8 or 10 and 

the death inducing signaling complex (DISC) is formed. Pro-caspase 8 or 10 is activated, and 

can then activate the caspase 3 and/or caspase 7 to further initiate apoptosis [62, 64, 76]. It 

can also cleave Bid which connects the extrinsic and intrinsic pathway [77].   

2.2 Melanoma 

2.2.1 Epidemiology 
Melanoma arises from melanocytes, which are predominately present in the skin, hair follicles 

and eyes [78]. Melanocytes are melanin producing cells, and the melanin is responsible for 

protecting keratinocytes from UV induced damage [79]. In 2015, 1018 males and 983 females 

were diagnosed with melanoma in Norway [80]. The incidence of malignant melanoma is 

increasing rapidly [4], and the incidence in Norway is among the highest in the world [81].

Melanoma is most common in caucasians, and red hair and fair skin, with a tendency to 

freckle and burn easily, are known risk factors for melanoma [82]. In addition to skin color, 

the high incidence of melanoma in Norway could be explained by the fact that melanoma 

occurs more frequently in people with intermittent sun exposure and with frequent sunburns,

and more seldom in people with chronic or low sun exposure [83].  

The prognosis of malignant melanoma is strongly related to the stage at which it is 

detected. If it is detected early, it can be cured through surgery, and has a 90-95% 5-year 

survival [84, 85]. Before 2011, the overall 5-year survival for metastatic melanoma was less 

than 10% [86]. After the implementation of new drugs in 2011, the 5-year survival for 

patients with metastatic melanoma has increased, however, no updated numbers regarding the 

survival are available so far. As melanoma is usually located on the skin, and therefore 

visible, the ABCDE (asymmetry, border, color, diameter, evolving) criteria can be used to 
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help detect suspicious lesions [87]. Increased awareness can also help patients detect 

melanoma earlier, thereby giving increased chance of survival [88].

2.2.2 Staging of melanoma  
Staging of melanoma is performed using the American Joint Committee on Cancer (AJCC) 

TNM (Tumor, Node, Metastasis) system. This system gives information regarding the 

thickness of the tumor and if it is ulcerated (T), presence of local lymph node metastasis (N) 

and presence and location of distant metastasis (M). The TNM system is used to classify 

melanomas into overall stages (0-IV) to give an estimate of expected prognosis and to decide 

which treatment should be initiated. In stage 0, melanoma cells are only in the surface layer of 

epidermis. In stage I and II, the tumor are only in the skin and less than 2 mm thick and 1-4

mm thick, respectively. Classification in stage I and II depends on ulceration in tumor in 

addition to thickness. In stage III, the tumor have spread to lymph nodes , while in stage IV 

the tumor have metastasized to other organs [84]. Thickness of melanoma lesions, ulceration 

and high mitotic rate are all factors associated with poor prognosis. The poor prognosis 

associated with increased thickness of the melanoma lesions was recognized already in 1970 

[89], and is the main prognostic factor. Ulcerated tumors lack an intact dermis covering the 

tumor, and are associated with more aggressive cancer with increased risk of metastasis. The 

mitotic rate is determined by counting the number of mitoses in 1 mm2 in the area with most 

mitotic figures [86]. Presence of high mitotic rate indicates actively proliferating tumor cells 

that might metastasize earlier than tumors with low mitotic rate [90]. The most common 

metastatic sites for melanoma is  the skin, liver, lungs, bones and brain, but in principle 

melanoma can metastasize to nearly all organs [91]. Previously Clark’s level of invasion was 

included in the TNM staging, but was removed in the latest version of the TNM system in 

favor of mitotic rate [84]. Clark’s level of invasion gives information regarding how many 

layers of skin the tumor has penetrated [92]. Progression of melanoma is described as a 

multistep process, where the proliferation of melanocytes will first be increased due to genetic 

aberrations and form a benign nevus. Further mutations enable development of dysplastic 

nevi, which may be asymmetrical, have irregular borders, contain multiple colors or have 

increased diameter. The next step is the radial-growth phase, where the lesions will proliferate 

intraepidermally, while in the vertical-growth phase the lesions acquire the ability to cross the 

basement membrane, and can then metastasize to other organs (Figure 5) [93].  
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Figure 5. Stages in malignant melanoma progression. The malignant transformation of normal 
melanocytes is described as a multistep process. Molecular aberrations transform a benign nevus into a 
dysplastic nevus with aberrant growth. The next step is the radial-growth phase where tumors 
proliferate horizontally. Lesions that progress to the vertical-growth phase can cross the basement 
membrane, and the lesions can then metastasize to other organs. Biological events and some of the 
mutations associated with melanoma are indicated in the figure. Reproduced with permission from 
[93], Copyright Massachusetts Medical Society.

2.2.3 Mutations in melanoma 
The mitogen activated protein kinase (MAPK)/extracellular regulated kinase (ERK) pathway 

is an important pathway involved in regulation of cell proliferation, differentiation, migration

and apoptosis [94, 95]. Proteins in this pathway are frequently mutated in cancer, causing 

constitutively active signaling and thereby increased proliferation and reduced apoptosis. 

Normally, this pathway is initiated by activation of the RAS GTPases (v-Ha-Ras harvey rat 

sarcoma viral oncogenes homolog (HRAS), v-Ki-ras2 Kirsten rat sarcoma viral oncogene 

homolog (KRAS) and neuroblastoma rat sarcoma viral oncogenes homolog (NRAS)) by 

various extracellular signals through RTKs. This will then recruit rapidly accelerated 

fibrosarcoma (RAF) (serine/threonine-protein kinase A-Raf (ARAF), serine/threonine-protein 
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kinase B-Raf (BRAF) and Raf-1 proto-oncogene (CRAF)) to the cell membrane, resulting in a 

conformational change, dimerization and activation of RAF (Figure 6). RAF then initiates 

activation of mitogen activated protein /extracellular signal regulated kinase kinase (MEK) by 

phosphorylation which subsequently phosphorylates ERK. Activated ERK can phosphorylate 

different cytoplasmic targets such as kinases, apoptotic regulators and cytoskeletal proteins.

ERK can also migrate to the nucleus and phosphorylate transcription factors like ELK-1, 

ETS, Jun, c-Fos and c-myc [95-98], and has the potential to influence many different 

biological processes, such as apoptosis, differentiation, migration, invasion and proliferation 

[99, 100]. Negative feedback mechanisms prevent excess activation of the MAPK/ERK 

pathway [101-104]. Mutated BRAF is not dependent on dimerization or upstream signaling 

and is therefore also not affected by the negative feedback mechanisms [102]. Approximately 

50% of patients with melanoma have BRAF mutation [105, 106]. The most frequent BRAF

mutation, V600E, is present in ~80% of the cases. Other mutations that occur are V600K, 

V600D and V600R [107]. NRAS mutation is present in 15-20% of the melanoma patients 

[108, 109], and is associated with poor prognosis [110].  

Another important pathway in regulation of cell proliferation, apoptosis and migration 

is the PI3K/v-akt murine thymoma viral oncogene homolog (Akt) pathway (Figure 6) [111,

112]. PI3K is mutated in 3-5% of the melanoma patients [113, 114], while increased Akt 

activity has been observed in 43-67% of all melanomas [115, 116]. PI3K can be activated by 

RTKs and G-protein coupled receptors in response to various signals. Upon activation, PI3K 

can phosphorylate Akt, which subsequently activates or inhibits various proteins involved in 

different cellular pathways [98]. One of these proteins is mammalian target of rapamycin 

(mTOR) and its substrate S6, which is involved in regulation of protein translation and cell 

proliferation [117]. The PI3K/Akt/mTOR pathway is negatively regulated by the tumor 

suppressor phosphatase and tensin homologue (PTEN), which is mutated in 10-30% of the 

melanoma patients [118, 119].  
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Figure 6. Overview over the MAPK/ERK and PI3K/Akt/mTOR pathway. Both Ras and PI3K can 
be activated by RTKs, and then activate proteins downstream, which will influence various biological 
processes. Available targeted therapies, and the proteins they inhibit are indicated in the figure. 

Most melanomas are sporadic, however 5-12% of melanomas are familial [120, 121]. CDK4

and CDKN2A mutations are the most common mutations associated with familial melanoma, 

and encode for cyclin dependent kinase 4 (CDK4) and p16INK4A, respectively. CDK4 is 

involved in cell cycle regulation, and can be inhibited by p16INK4A. Mutations in these genes 

can therefore result in uncontrolled cell cycle progression [121, 122], and are associated with 

early onset of melanoma and increased risk of developing multiple primary melanomas [123]. 

2.2.4 Phenotype switching 
It has been suggested that melanomas can be divided into two groups with different 

phenotypes, invasive and proliferative, based on differences in gene signatures [124]. Cells 

with a proliferative phenotype have high proliferation rate and low invasive capacity. The
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proliferative phenotype is driven by Wnt/β-catenin signaling, leading to increased expression 

of the master regulator for melanocytic differention, microphthalmia-associated transcription 

factor (MITF) and its target genes. Cells with an invasive, also called mesenchymal, 

phenotype have a high invasive capacity and low proliferation rate, and down-regulate Wnt/β-

catenin signaling leading to decreased expression of MITF [124]. It is suggested, and 

confirmed in in vivo models, that melanoma cells can switch between these two phenotypes 

depending on microenvironmental conditions, such as hypoxia or inflammation, and that the 

switching between the invasive and proliferative phenotype can facilitate metastasis [125-

127]. 

2.2.5 Melanoma treatment 
Conventional therapy 

Until 2011, the treatment options for metastatic disease were scarce. Patients were treated 

with the cytotoxic drug dacarbazine (DTIC) or high dose interleukin-2 (HD IL-2). Neither of 

the drugs increased overall survival (OS), and the response rates were low [128].  

Immunotherapy  

In 2011, the immunotherapeutic agent ipilimumab, which is a monoclonal antibody targeting 

cytotoxic T lymphocyte antigen-4 (CTLA-4), became available. CTLA-4 inhibits activation 

and proliferation of T-cells, and ipilimumab therefore leads to activation of the immune 

system [129]. In a phase III study, ipilimumab increased the median OS from 6.4 to 10.1 

months [130] in metastatic melanoma patients, and the drug was approved for patients with 

metastatic melanoma. For some patients, ipilimumab treatment drastically increases the 

survival, and 5-year survival of 13-23% has been observed [131, 132]. In 2014, the protein 

programmed death 1 (PD-1) inhibitors nivolumab and pembrolizumab were approved, after 

showing significant increase in survival [133]. In a phase III study, pembrolizumab increased 

the median OS to 25.9 months. In addition to having a better efficacy than ipilimumab it also 

has lower toxicity [134]. Like CTLA-4, PD-1 is also a negative regulator of T-cells, thus 

inhibition of these molecules enables the T-cells to attack the cancer cells [135, 136].  
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Targeted therapy 

After the discovery of high frequency of mutated BRAF in various cancer types in 2002 [106] 

a search for inhibitors was initiated. Vemurafenib was the first inhibitor of mutated BRAF to 

be approved after the BRIM-3 trial showed increased survival in patients with malignant 

melanoma treated with vemurafenib compared to dacarbazine [137], and was approved in 

2011 in USA and 2012 in Europe [105]. In 2013, another BRAF inhibitor, dabrafenib, was 

approved after showing increased survival compared to dacarbazine [138]. Vemurafenib 

inhibits growth by binding to mutated BRAF monomers, and prevents further signaling 

(Figure 6). In tumors with wild-type BRAF or mutated NRAS, where BRAF dimerizes, 

BRAF inhibitors can increase proliferation. This activation is caused by binding of the BRAF 

inhibitor to the adenosine triphosphate (ATP) binding site one of the monomers, causing 

inhibition of that monomer, but also causing transactivation of the other RAF monomer. This 

leads to a high activation of MEK, which can then lead to increased growth [102]. 

BRAF inhibitors have a good initial response in patients with malignant melanoma 

[137, 138], but the clinical benefits are limited due to intrinsic and acquired resistance, and 

most patients only have effect for 5-7 months before the tumor progresses [137-139]. Reasons 

for the acquired resistance can be BRAF amplification or alternative splicing [140, 141], 

NRAS up-regulation [142], MEK mutation [141], Akt mutation [141], PI3K pathway 

activation [143] or elevated CRAF levels [144]. As 70% of the resistance is caused by 

reactivation of the MAPK pathway [145], one strategy to delay the onset of resistance is to 

combine BRAF inhibitors with MEK inhibitors and thus inhibit two of the proteins in the 

MAPK pathway. Vemurafenib and dabrafenib have been combined with the MEK inhibitors 

cobimetinib and trametinib, respectively, resulting in increased progression free survival 

(PFS) and OS. Dabrafenib and trametinib increased the PFS from 8.8 to 11.0 months, and the 

OS from 18.7 to 25.1 months, while vemurafenib and cobimetinib increased the PFS from 7.2 

to 12.3 months, and OS from 17.4 to 22.3 months compared to monotherapy [146-148]. The 

combination is therefore the preferred treatment [149]. Adverse effects occur in similar 

proportion in patients receiving BRAF monotherapy or combination of MEK and BRAF 

inhibitors, but the frequency of the different side effects can vary between the two treatment 

groups [147, 148]. Patients receiving BRAF monotherapy have more skin papilloma, 

hyperkeratosis and alopecia, while patients in the combination group have more diarrhea, 

acneiform rash, pyrexia and chills [148]. The BRAF and MEK inhibitors have to be given 

simultaneously and not sequentially to delay onset of resistance, as resistance to BRAF 

inhibitors will also give resistance to MEK inhibitors [150].  
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Activation of the PI3K pathway can cause resistance against BRAF inhibitors, by 

phosphorylation of ERK independently of the MAPK pathway [143]. One strategy to prevent 

ERK activation is therefore to target ERK directly [151, 152]. The ERK inhibitors were 

effective in cell lines with both intrinsic and acquired resistance towards BRAF/MEK 

inhibitors in addition to being effective against treatment naïve cells in vitro [151, 153, 154].

Phase I trials are now in progress investigating the tolerability of ERK inhibitors. Drugs 

targeting the PI3K/Akt/mTOR pathway have also been developed, and a phase I trial is in 

progress investigating the combination of vemurafenib with the mTOR inhibitors everolimus 

or temsirolimus. In addition, two phase I trials are in progress combining MEK and PI3K 

inhibitors. Other potential combinations include BRAF/MEK inhibitors with immunotherapy,

vemurafenib and heat shock protein (HSP)90 inhibitor (Phase I), combination of dabrafenib 

and trametinib and the pro-apoptotic drug Navitoclax, which targets Bcl-2, Bcl-XL and Bcl-w

(Phase II) and mutated BRAF inhibitors with CDK4 inhibitor (phase I/II)

(www.clinicaltrials.gov).

Intrinsic resistance to BRAF inhibitors is also a challenge and only ~50% of cases 

show an initial response [137, 138, 155]. Combining mutated BRAF and MEK inhibitors 

increased the response rate to 64-87% [139, 147]. Possible explanations for the intrinsic 

resistance can be loss of PTEN [118], overexpression of cyclin D1 [156], CDKN2A or RAC1

mutations [157, 158] or up-regulation of Bcl-2 [159]. The microenvironment can also confer 

resistance to BRAF inhibitors. The resistance can be caused by secretion of hepatocyte 

growth factor (HGF) by stromal cells. Binding of HGF to its receptor MET will directly 

activate ERK without involvement of BRAF [17, 160]. Reactivation of ERK can be caused by 

fibroblast mediated integrin β1/FAK signaling [16]. Fibroblasts can also remodel the ECM to 

create a drug tolerant microenvironment in response to BRAF inhibitors [16, 161, 162]. A

reduced response to BRAF inhibition has been observed in melanoma cells displaying the 

invasive phenotype with low expression of MITF and high AXL expression [163, 164].

Factors in the tumor microenvironment that can induce the invasive phenotype can therefore 

also contribute to resistance against BRAF inhibitors.  

Activation of the extrinsic apoptotic pathway 

Drugs can also activate apoptosis pathways directly and the extrinsic apoptotic pathway can 

be activated by agonists binding to the receptors. Ligands of Fas receptor and TNF receptor 1 

have both been investigated as anti-cancer drugs, but severe toxicity in normal cells has been 

induced [165]. TRAIL receptor agonists, on the other hand, have been suggested as promising 
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candidates for cancer treatment as they preferentially induce apoptosis in cancer cells, while 

normal cells are usually spared [166, 167]. They facilitate clustering of DR4 and DR5 by 

binding to the receptors and induce apoptosis through the extrinsic pathway [168]. The results 

in preclinical trials have been promising, while clinical trials have failed [169-176]. Possible 

reasons for the lack of clinical efficacy might be binding to decoy receptors instead of DR4 or 

DR5, low expression of DR4 and DR5 [177, 178], loss or incomplete activation of pro-

caspases 3 and 8 [177, 179, 180] or insufficient multimerization of DR4 and DR5 [181]. 

Many TRAIL receptor agonists require interactions with FcγR in order to facilitate clustering 

of DR4 and DR5 [181], and this might explain the discrepancy between the results obtained in 

preclinical experiments and in clinical trials. In patients, the TRAIL receptor agonists have to 

compete with endogenous IgG for FcγR-crosslinking, while in preclinical experiments 

immunodeficient mice are usually used [182] and  the TRAIL receptor agonist does not have 

to compete with endogenous IgG. To circumvent this problem a novel TRAIL receptor 

agonist, APG350 with a hexavalent structure, has been developed by Apogenix GmbH in an 

attempt to improve the efficacy in patients. Due to its hexavalent structure it can facilitate 

clustering of DR4/DR5 independently of crosslinking via FcγR and might therefore be more 

efficacious than previous TRAIL receptor agonists [182]. Clinical trials are planned.  

2.3 Colorectal cancer 

2.3.1 Epidemiology 
Most colorectal cancers (CRC) are adenocarcinomas and arise in the epithelial lining of the 

colon or rectum [183]. As colon and rectal cancer have several similarities they are often 

grouped together. In 2015, 2171 males and 2079 females were diagnosed with CRC in 

Norway, making it the second most common cancer in both genders in Norway after prostate 

and breast cancer [80]. The incidence of colon cancer has increased during the last decades, 

while for rectal cancer the incidence has been fairly stable [80]. The incidence of CRC 

increases with age, and CRC is predominantly a disease of the elderly [80]. North America, 

Oceania and Europe have the highest incidence [184], and CRC has been associated with a 

Western lifestyle, such as a diet with high intake of fat and red meat and low intake of fiber, 

fruit and vegetables, smoking, alcohol, lack of exercise and obesity [185-187].  

Most CRC is sporadic (75%), with no other risk factor than age, however, at least 20% 

of the CRC cases is familial [188]. Two well recognized inherited CRC syndromes are Lynch 
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syndrome or hereditary nonpolyposis colorectal cancer (HNPCC) and familial adenomatous 

polyposis (FAP). Lynch syndrome is caused by mutations in mismatch repairs genes, which 

leads to microsatellite instability [189]. These mutations give an 80% risk of developing CRC 

[190]. FAP is a result of inactivating mutations in the tumor suppressor gene adenomatous 

polyposis coli (APC), which leads to the formation of multiple adenomas in the colon. The 

life time risk of developing CRC with FAP is ~100%. Both Lynch syndrome and FAP are 

inherited in an autosomal dominant manner [189].  

2.3.2 Staging of CRC 
The TNM system is the preferred classification for staging of CRC, and gives information 

regarding the tumor growth into the intestinal wall (T), lymph node metastasis (N) and 

presence or absence of distant metastasis (M) [191]. Tumors are also classified by histological 

grade, and can be poorly, moderately or well differentiated, with poorly differentiated having 

the worst prognosis [183]. Survival is closely related to TNM stage. In stage I and II, the 

tumor is still confined within the intestinal wall, and the cancer may be cured by surgery. In 

stage III, the tumor has spread to the lymph nodes, and in 73% of the cases the tumor is 

curable by surgery and chemotherapy. In stage IV, the tumor has metastasized to distant 

organs, and is usually incurable. The 5-year survival is ~15% [80, 192, 193] 

2.3.3 Metastases 
The most frequent metastatic site for CRC is the liver, and ~50% of the patients develop liver 

metastasis. Approximately 15-25% of the patients have synchronous metastasis, which is 

metastasis present at the time of diagnosis [194-196]. Surgery is the only curative treatment, 

and with surgery the patients have a 5-year survival of 30-58%. However, only 10-20% of the 

patients are initially eligible for surgery [197, 198]. Some patients with initially unresectable 

liver metastases due to large tumors, multinodular disease or unfavorable localized tumors 

can become resectable after receiving chemotherapy [197, 198]. Liver metastases can be 

divided into three groups based on their growth pattern; pushing, replacement and 

desmoplastic growth pattern. In the pushing growth pattern, the tumor cells push the 

hepatocytes aside. A thin layer of reticulin fibers separate the tumor cells and hepatocytes. In 

the replacement growth pattern, the tumor cells replace the hepatocytes, while co-opting the 

stroma and conserving the reticulin network of the liver parenchyma. There is cell – cell 
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contact between the tumor cells and hepatocytes. In the desmoplastic growth pattern the 

metastases are separated from the surrounding liver parenchyma by a rim of desmoplastic 

stroma, infiltrated with lymphocytes. There is no contact between the cancer cells and the 

hepatocytes [199]. Other common sites for metastatic CRC are lung and peritoneum, while 

bones and brain metastases are more infrequent [200]. 

Mutated KRAS and BRAF are present in 35-45% and 5-15% of the patients, 

respectively [201-205]. The pattern of metastasis can be influenced by the mutations 

spectrum. Patients with mutated KRAS have decreased incidence of liver metastasis, and 

increased lung, brain and bone metastases, while mutated BRAF is associated with less liver 

metastases, and increased likelihood of peritoneal and distant lymph node metastases [206].  

2.3.4 CRC treatment 
As mentioned previously, surgery is the only curative treatment for patients with CRC.

However, chemotherapy can be used both before and after resection surgery, and in patients 

ineligible for surgical resection it may reduce symptoms and prolong survival. The most 

commonly used drugs are fluorouracil (5-FU), oxaliplatin and irinotecan. Fluorouracil is a 

uracil analog, which is incorporated into the DNA during replication, thus preventing the cells 

from further cell division. It also inhibits thymidylate synthase, which catalyzes the 

conversation of deoxyuridine monophosphate (dUMP) to deoxythymidine monophosphate 

(dTMP) [207]. It is usually combined with leucovorin, which increases the cytotoxic effect of 

5-FU. Binding of 5-FU to thymidylate synthase is dependent on high levels of 5,10-

methylenetetrahydrofolate (CH2THF), and this can be facilitated by leucovorin which is 

anabolized to CH2THF [207]. Combining leucovorin with 5-FU increased the response rate 

from 11% to 23%, but did not increase overall survival in patients with metastatic CRC 

(mCRC) [208]. In addition, 5-FU/leucovorin is usually combined with oxaliplatin or 

irinotecan. Oxaliplatin prevents DNA replication and transcription by forming inter- and 

intrastrand crosslinks in the DNA [209]. Irinotecan prevents DNA from unwinding by 

inhibiting topoisomerase 1 [210]. When used as monotherapy as first line therapy in mCRC 

the response rate for 5-FU were only 10-15%, but by combining it with irinotecan or 

oxaliplatin the response rate was increased to 40-50% [211, 212].  

Targeted therapy can also be used to treat patients with CRC. Cetuximab and 

panitumumab are monoclonal antibodies that targets epidermal growth factor receptor

(EGFR). EGFR is a membrane bound receptor tyrosine kinase, and when activated it will 
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initiate several pathways involved in regulation of proliferation, invasion, migration and 

apoptosis, such as the MAPK/ERK, PI3K/Akt/mTOR, protein kinase C, STAT and Src 

pathways [213]. Cetuximab and panitumumab can be used after the patients have developed 

resistance to chemotherapy or in combination with various chemotherapeutic drugs, to 

increase the survival [205, 214-217]. EGFR inhibitors will not have any effect in patients with 

mutated KRAS, as KRAS is downstream of EGFR, and mutated KRAS will therefore induce 

pathway activity independently of EGFR signaling [203]. 

As vemurafenib worked well in patients with malignant melanoma it was also 

investigated in a phase II trial in patients with mCRC, but with disappointing results [202].

The limited response might be caused by rapid EGFR mediated re-activation of the MAPK 

pathway [218]. Clinical trials combining BRAF and EGFR inhibitors have been initiated 

[219], and results from phase I trials indicate the combination has potential [220].  

Antiangiogenic treatment 

After the importance of angiogenesis in tumor growth was recognized in 1971, antiangiogenic 

treatment was proposed as a possibility for cancer treatment [41]. It was initially assumed that 

by cutting off the blood supply with antiangiogenic treatment, the tumor would starve, thus 

improving patient survival [41], As one would target the microenvironment it would also be 

less risk of new mutations and resistance to therapy [221]. It was later discovered that 

antiangiogenic therapy is usually not efficacious alone, but can increase the efficacy of other 

drugs. The vasculature in tumors is often leaky, leading to increased interstitial pressure 

which can impede the delivery of drugs. Antiangiogenic therapy can normalize the blood 

vessels, thus improving the delivery of other drugs [222].  

The first antiangiogenic drug approved was the humanized monoclonal antibody, 

bevacizumab, which prevents angiogenesis by binding VEGF-A [223]. Bevacizumab was first 

approved for mCRC after a phase III trial showed increased survival in combination with 5-

FU, leucovorin and irinotecan (FOLFIRI) [224]. Later it has also been approved in non-small 

cell lung cancer (NSCLC), renal cell carcinoma (RCC), ovarian cancer and cervical cancer 

[225-228]. It was also approved for breast cancer, but the approval was later withdrawn due to 

disappointing results in several clinical trials [229-232]. 

Aflibercept is another antiangiogenic drug, which in addition to targeting VEGF-A

also targets VEGF-B and PlGF. It is a humanized recombinant fusion protein consisting of the 

extracellular domains from VEGF-R1 and VEGF-R2 and the constant region (Fc) of IgG 

[233]. Aflibercept was in 2012 approved for use in mCRC in combination with FOLFIRI after 
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progression or resistance to oxaliplatin containing treatment [234, 235]. It has also been 

investigated in combination with FOLFOX (5-FU, leucovorin, oxaliplatin) in first line 

metastatic treatment without survival benefit [236]. Various clinical trials have investigated 

aflibercept in combination with different drugs in NSCLC, pancreatic cancer and prostate 

cancer, but without showing increased survival [237-239]. Aflibercept has a higher binding 

affinity to VEGF-A than bevacizumab [240]. No clinical trials have been performed 

comparing the efficacy of aflibercept and bevacizumab directly, but in preclinical experiments 

aflibercept was found to have higher efficacy than bevacizumab [241]. 

In addition to targeting growth factors, antiangiogenic drugs can also target growth 

receptors. These drugs are often less specific, and may target other RTK in addition to VEGF-

R1 and VEGF-R2 [242]. One of these drugs is regorafenib, which was approved for use in 

CRC after the CORRECT trial showed increased survival in patients treated with regorafenib, 

after the patients had progressed from 5-FU, oxaliplatin, irinotecan, bevacizumab and anti- 

EGFR therapy [243]. Another drug targeting VEGF-R1 and VEGF-R2 is sunitinib, which is 

approved for treatment of pancreatic neuroendocrine tumors, gastrointestinal stromal tumor 

and RCC [244-246]. It was investigated in mCRC in combination with FOLFIRI, but did not 

result in increased survival and the combination had a poorer safety profile [247].  

Antiangiogenic therapy only has a transient effect as acquired resistance occurs. There 

are different possible explanations for the resistance. Resistance can be caused by up-

regulation of PlGF or other pro-angiogenic signaling pathways, vasculature protection by 

pericytes, recruitment of bone marrow-derived cells that can endorse restored 

neovascularization, presence of inflammatory cells, increased tolerance for hypoxia or 

increased invasiveness to escape oxygen and nutrient deprivation [42, 248-251].  

Intrinsic resistance to antiangiogenic treatment is also a problem, and can be caused by 

many of the same mechanisms as for acquired resistance [42]. In addition, tumors can also co-

opt existing blood vessels, and therefore have reduced sensitivity to antiangiogenic treatment. 

For instance, the growth patterns of liver metastasis reflect different angiogenic properties. 

The replacement growth pattern can co-opt the existing blood vessels, and therefore be less 

responsive to antiangiogenic treatment than the other growth patterns which are dependent on 

angiogenesis [199]. 
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2.4 Non-invasive imaging 

Non-invasive imaging is an important tool to help detect malignancies or investigate 

treatment response in patients with cancer [252]. Currently there are several different methods 

that can be employed; magnetic resonance imaging (MRI), positron emission tomography 

(PET), X-ray computer-assisted tomography (CT) and ultrasound imaging. In experimental in

vivo studies, it is also possible to use bioluminescence (BLI) and fluorescence imaging, when 

using cells expressing luciferin or fluorescent proteins [253]. In this thesis, only MRI and BLI 

were investigated.  

2.4.1 MRI
MRI is a useful medical imaging modality to investigate anatomical structures in soft tissues 

in the body, and to detect diseases such as cancer and to monitor treatment response. The 

advantages of MRI are that it gives no ionizing radiation and provides three-dimensional 

images with high spatial resolution with high contrast [254, 255]. A disadvantage is that the 

method is time consuming [256]. MRI takes advantage of the magnetic moment of the 

hydrogen atom, which is abundantly present in the body. The magnetic moment of hydrogen, 

its spin, is randomly distributed, but when placed in a magnetic field, such as an MRI 

machine, the spins will precess around an axis aligned either with or against the magnetic 

field. The precession frequency of the spin is called the Larmor frequency. Spins aligned with 

the magnetic field are in a lower energy state than those aligning against. The spins in the low 

energy state are in surplus, and it will therefore be a net longitudinal magnetization. When 

applying a radiofrequency pulse, at the Larmor frequency, some of the spins will absorb this 

energy and be excited. The net effect of this will be that the longitudinal magnetization will 

be flipped towards the transversal plane, where its precession can be detected, due to 

coherence of the precessing spins. Immediately after the excitation, local inhomogeneities in 

the magnetic field will make the individual spins precess with slightly different frequency, 

resulting in decay in the net transversal magnetization. This is called T2-relaxation or spin-

spin relaxation. The hydrogen atoms will also give of their extra energy to the surroundings 

and flip back to the low energy state, resulting in the recovery of the longitudinal 

magnetization. This is called T1 relaxation or spin-lattice relaxation [257]. Repetition time 

(TR) and echo time (TE) are two parameters that can be altered to change the contrasts in the 

image. TR is the time between two radio frequency pulses, and TE is the time between the 
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radio frequency pulse and the echo. T1-weighted sequences use short TR and TE, while T2-

weighted sequences use long TR and TE. Hydrogen atoms in fat or water have different 

relaxation rates making it possible to distinguish them from each other. Water has high signal 

intensity and appears as white on T2-weighted images, and has low signal intensity and 

appears as black on T1-weighted images, while fat has high signal intensity in T1-weighed 

images.  

Contrast agents

Contrast agents are frequently used during MRI acquisition to increase detection of lesions by

increasing the contrast between the lesions and normal tissue [254]. Gadolinium ethoxybenzyl 

dimeglumine (Gd-EOB-DTPA, Primovist in Europe, Eovist in USA) is a liver specific 

contrast agent that is used to reduce the relaxation time in liver in T1-weighted images,

thereby increasing the contrast between liver tissue and tumor lesions. Primovist is selectively 

taken up by hepatocytes, causing malignant liver lesions, e.g metastases, to appear 

hypointense compared to liver tissue in T1-weighted images [258]. Use of primovist can 

increase the detection rate of metastases in the liver [259, 260].   

DW-MRI 

Functional MRI, such as diffusion weighted MRI (DW-MRI) is frequently used to investigate 

the properties of tumors as it can increase the detection rate of malignant tumors and detect 

response to treatment [261-264]. DW-MRI measures the Brownian movement of water 

molecules, which can be quantified by calculating the apparent diffusion coefficient (ADC). If 

there is restricted movement, the diffusion and ADC value is lower than if there is free 

movement. This can give an indication of how dense the tissue is, and if necrosis is present 

[265]. The diffusion gradient can be applied along multiple axes. In some tissues the diffusion 

varies depending on the applied direction. These tissues are called anisotropic, while tissues 

where the diffusion is independent on the direction are called isotropic. Tumors are usually 

isotropic [266]. 

2.4.2 BLI
BLI is a non-invasive imaging method frequently use in preclinical research, and is dependent 

on the use of transfected cells expressing luciferase. Upon administration, the substrate 

luciferin is oxidized by luciferase to oxyluciferin and detectable light. The light produced is 
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correlated to the number of transfected cells present. As the oxidation of luciferin is 

dependent on the presence of ATP and O2, only viable and non-hypoxic cells are detected

[267]. The advantages with BLI is that is a high-throughput method, gives no radiation and 

will show the location of tumor throughout the body, however it has poor spatial resolution, 

low correlation with high tumor burden and it requires luciferase tagged cells. 



                                 
25

3 Aims of the study 
Metastatic disease is the principal cause of death in cancer patients and there is a need to find 

more efficient treatment protocols for large subgroups of patients. New targeted therapies 

have been introduced with promising effects, but intrinsic or acquired resistance is a 

challenge. It is therefore important to gain more mechanistic knowledge on drug responses. 

This may unravel compensatory pathways which can be targeted in combination protocols 

aiming to delay/prevent development of resistance and increase treatment efficacy.  

Vemurafenib, targeting mutated BRAF, has demonstrated initial effects in subgroups of 

melanoma patients, but resistance will develop. Finding new treatments or identifying 

compounds to be used in combination with vemurafenib are important in order to increase the 

survival of melanoma patients. The aims of this part of the study were: 

To investigate the potential of the TRAIL receptor agonist, hvTRA, alone and in 

combination with vemurafenib.  

To investigate how stromal cells influence sensitivity to vemurafenib, and elucidate 

possible combination therapies to prevent the stroma-mediated protective effect.    

The liver is the most frequent metastatic site in CRC. In vivo models simulating liver 

metastasis and allowing growth of human cancer cells in a relevant microenvironment, is an 

important tool to investigate novel treatments for metastatic CRC. The aims of this part of the 

study were: 

To establish representative models of CRC liver metastasis and to examine how non-

invasive imaging can be used to monitor responses to anti-angiogenic treatment. 
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4 Summary of papers 
Paper I: hvTRA, a novel TRAIL receptor agonist, induces apoptosis and sustained 

growth retardation in melanoma 

TRAIL receptor agonists have been suggested as promising candidates for cancer treatment as 

they preferentially induce apoptosis in cancer cells, while normal cells are unaffected. 

Unfortunately, most TRAIL receptor agonists have failed in clinical trials, even though the 

preclinical experiments have been promising. A possible explanation for the lack of clinical 

efficacy could be insufficient multimerization of the agonists upon binding to the receptors. 

The novel TRAIL receptor agonist, hvTRA, has a hexavalent structure composition giving 

increased trimerization and thereby potentially enhanced potency. hvTRA has previously 

shown efficacy in colon, breast and lung cancer in vivo. In the present study, the efficacy of 

hvTRA in melanoma was investigated as monotherapy and in combination with the 

commonly used mutated BRAF inhibitor, vemurafenib. Inhibition of BRAF has been shown 

to regulate proteins in the intrinsic apoptotic pathway. By combining the two drugs, we 

hypothesized that proteins in both the intrinsic and extrinsic apoptotic pathways would be 

shifted towards induction of apoptosis. hvTRA induced activation of the extrinsic apoptotic 

pathway, leading to reduction in cell growth, both in vitro, ex vivo and in vivo. A synergistic 

effect was observed combining the two drugs in several cell lines, and an initial cytotoxic 

effect was observed in vivo compared to hvTRA monotreatment. However, in vivo the 

increased cytotoxicity was not sustained, which could be explained by down-regulation of 

DR5 in response to vemurafenib. In vivo experiments with less frequent dosing of 

vemurafenib showed reduced down-regulation of DR5, but still it was not possible to obtain a 

cytotoxic effect beyond the initial cytotoxic response. Additional studies are necessary to 

conclude how to take advantage of the initial cytotoxic effect observed when combining the 

two drugs. Used as monotherapy, hvTRA demonstrated promising effects and induced 

significant growth delay in vivo, supporting further investigation of hvTRA in melanoma.   
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Paper II: Fibroblast-induced switching to the mesenchymal-like phenotype and 

PI3K/mTOR signaling protects melanoma cells from BRAF inhibitors

Resistance against the BRAF inhibitor vemurafenib poses a significant problem for treatment 

of melanoma patients. Identification of possible mechanisms to overcome the resistance is

therefore important to discover in order to improve the treatment outcomes for patients. In the 

present study, the influence of stromal cells, in particular fibroblasts, on resistance against 

vemurafenib was investigated.  

Melanoma cells grown in the presence of fibroblast in vitro displayed reduced 

sensitivity to vemurafenib, compared to melanoma cells cultivated without fibroblasts. The 

protective effect was dependent on cell - cell contact, and was not mediated by soluble 

factors. Gene expression analyses of the cells showed that the protective effect of fibroblast 

was mediated by a phenotype switch to the invasive, mesenchymal-like phenotype. The 

downstream target of PI3K/Akt/mTOR, pS6, has previously been shown to be a good 

indicator of responsiveness to vemurafenib, and higher level of phosphorylated S6 was 

observed in cells cultured with fibroblasts, especially in the cells in close proximity to 

fibroblast. The influence of stroma cells on response to vemurafenib was investigated in vivo

as well. Cells were injected intracardially, causing tumors to establish in different organs and 

then treated with vemurafenib. A reduction in pS6 levels was observed in response to 

vemurafenib in all organs, however in lungs, brain and spinal cord, S6 remained 

phosphorylated in a fraction of the cells. When investigated by immunohistochemistry, it was 

revealed that tumor cells displaying phosphorylated S6 tended to localize close to the stroma.  

These results can indicate that the invasive phenotype is dependent on the 

PI3K/Akt/mTOR pathway. Vemurafenib was therefore combined with the PI3K inhibitor, 

LY294002, or the mTOR inhibitor, everolimus. The fibroblast-mediated resistance to 

vemurafenib was overcome when combined with these drugs, thus showing that the 

fibroblast-protected melanoma cells relied on PI3K/mTOR signaling. To investigate if the 

combination had potential in vivo as well, tumors were established in the lungs through iv 

injection, and treated with vemurafenib and everolimus. The tumor burden was tracked using 

bioluminescent signaling, and the combination significantly inhibited tumor growth.    

The results show that stromal cells, in particular fibroblasts, are involved in resistance 

to vemurafenib by modulating the melanoma cell phenotype towards the invasive phenotype

and increased dependency on the PI3K/Akt/mTOR pathway. This knowledge could be used to 

reveal combination therapies to target both stroma-protected and non-protected melanoma 

cells to improve the clinical efficacy. 
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Paper III: Use of non-invasive imaging to monitor response to aflibercept treatment in 

murine models of colorectal cancer liver metastases

The liver is the most common metastatic site in colorectal cancer (CRC), and relevant in vivo

models are necessary to study the response to drugs. In this study, a model of liver metastases 

were established in mice and used to monitor the response to the antiangiogenic drug 

aflibercept using MRI and bioluminescence.  

Liver metastases were established in mice by splenic injection of human CRC cell lines 

HT29 and HCT116, with 100% take rate for both cell lines, but exhibiting differences with 

respect to final tumor burden, growth rate and survival. The response to aflibercept was also 

different, as aflibercept significantly increased survival of mice bearing the HCT116 

xenografts, while no effect was observed in HT29 xenografts. A significant reduction in 

tumor burden was observed in all experiments performed with HCT116, but only in one of 

two experiments with HT29. Tumor growth was monitored using MRI and BLI, and a 

significant reduction in tumor burden and bioluminescence was observed for both cell lines. 

Both methods were suitable for monitoring tumor growth. MRI allowed excellent detection 

of tumor localization and growth pattern and MRI-based volumetry exhibited a good 

correlation with tumor weight, but was time consuming to execute. BLI detected small

volume tumors with high accuracy, but the correlation between BLI measurements and tumor 

weight with high tumor burdens was poor. DW-MRI could also be used to monitor response 

to treatment, as a large increase in ADC was observed in HCT116 xenografts, but not HT29,

in response to aflibercept treatment. This corresponded well with the increased necrosis 

observed in HCT116 xenografts after aflibercept treatment. In HT29 tumors no difference in 

necrosis was observed in response to treatment. A possible explanation for the difference in 

response to aflibercept could be the different growth patterns for HCT116 and HT29 

xenografts. HCT116 displayed a pushing growth pattern, while HT29 displayed a 

replacement growth pattern.  

The results show that both MRI and BLI can be used to monitor tumor growth and 

response to aflibercept in tumors growing in the liver, and that treatment response can also be 

investigated using DW-MRI.    
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5 Methodological considerations 

5.1 In vitro cell cultures 

In vitro cell cultures are frequently used in cancer research to provide knowledge on 

molecular mechanisms causing unrestricted growth and to investigate drug response and 

resistance [268]. Cell cultures are practical to work with, as they give unlimited access to 

proteins, DNA and RNA and the conditions are reproducible. Cells can be grown both as 

monolayers and spheroids. Monolayers are easy to work with and scale up, however they 

poorly reflect the three dimensional structure present in tumors. Spheroids better recapitulate 

the real life situation [269], and have been shown to be superior to monolayers when it comes 

to testing drug sensitivity [270-273]. Both monolayers and spheroids have been used in this 

thesis to investigate the response to hvTRA and vemurafenib. Melmet 5 easily formed densely 

packed spheroids, while for Melmet 1 it was necessary to use matrigel to form spheroids, and 

they were looser. When grown as monolayers, Melmet 5 had the strongest response to 

vemurafenib, while when grown as spheroids Melmet 1 had the best response. The 

morphological difference might explain the inconsistency in response, as it might be more 

difficult for the drug to penetrate into the dense Melmet 5 spheroid. Although spheroids better 

recapitulate in vivo effects, one major limitation of both monolayers and spheroids is that they 

do not account for influence from the microenvironment, an important contributor for both 

tumor growth and drug response [8, 16]. To better simulate the microenvironment, cancer 

cells can be cultivated together with stromal cells, as exemplified in paper II. Other 

disadvantages with in vitro cultures are the possibilities of bacterial and fungus infections and 

genetic and phenotypic drift during prolonged passaging [274]. To reduce the impact, cells 

were cultivated for a limited number of passages and the cultivation media were without 

antibiotics to detect contamination at an early time point. In addition, the cell lines were 

routinely tested for mycoplasma infection. 

5.2 Patient material 

The tumor tissue used in paper I came from patients with melanoma lymph node metastasis 

and the project was approved by the Regional Ethical Committee (approval no: 2012/2309). 

Freshly operated tumor tissue was mechanically disaggregated and treated with collagenase 
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over night to obtain a single cell suspension, and then cultured as spheroids to best simulate 

the situation in patients. The patients were checked for BRAF and NRAS mutations by routine 

assay at Section for Molecular Pathology.   
5.3 Cell viability 

Three assays were used to measure cell viability. The MTS assay (3-(4,5-dimethylthiazol-2-

yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) was used to measure 

viability in monolayer cultures. The tetrazolium compound will be reduced to the coloured 

product formazan in the presence of viable cells [275], and the measured absorbance from 

formazan is proportional to the number of viable cells. When investigating the viability in the 

spheroid cultures, the CellTiterGlo assay was used. This assay causes the cells to rupture, 

thereby releasing ATP which is quantified and proportional to the number of cells. The kit 

also contains luciferin and luciferase, and in the presence of ATP the luciferin will be 

oxidized by luciferase to oxyluciferin and emitted light that can be measured. In experiments 

combining melanoma and stromal cells to investigate if the stromal cells would protect the 

melanoma cells from vemurafenib, melanoma cells expressing luciferase were used. By 

adding luciferin to the cell culture, melanoma cell viability could be assessed separately. 

5.4 Protein analyses 

Several methods exist to investigate protein content in cells, each with advantages and 

disadvantages. In paper I and II, western immunoblot was used to investigate changes in 

specific protein levels in response to treatment. The proteins are denatured, separated based 

on molecular weight through gel electrophoresis and transferred to a membrane. The 

membrane is then incubated with selected antibodies, and presence of the proteins of interest 

can be detected. Western immunoblot is a frequently used method to investigate changes in 

protein expression and semiquantitatively estimated. A disadvantage with this method is that 

it is poorly suited for measuring changes in protein levels that occur in sub-population of the 

cell culture. To investigate such changes, flow cytometry is a more suitable method as was 

observed in paper II. When investigating the level of pS6 in control or vemurafenib treated 

melanoma cells in co-culture with fibroblasts, no differences were observed when assessed by 

western immunoblots. However, by using flow cytometry it became apparent that there were 

two populations, one with high pS6 level and one with low level. Flow cytometry use lasers to 
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analyze size and granularity of the cells. In addition, expression or phosphorylation of 

proteins of interest can be detected through the use of fluorochrome labeled antibodies. It is 

possible to incubate the same cells with several antibodies labeled with different 

fluorochomes, and thereby determine a wide variety of cellular characteristics simultaneously. 

For some antibodies, e.g. pERK, a reduction in the phosphorylation level can be more 

difficult to detect using flow cytometry than western immunoblot, and the latter method can 

then be preferred. To prevent sample-to-sample variation and reduce the use of antibodies, the 

samples can be barcoded [276]. Samples exposed to different treatment are then stained with 

increasing concentrations of a dye, e.g. Pacific Orange or Pacific Blue, and then mixed 

together, to allow for simultaneous analysis. 

To investigate the distribution and localization of proteins, immunohistochemistry or 

immunofluorescence can be employed. Both methods use antibodies to detect the proteins of 

interest. With immunohistochemistry enzyme linked antibodies are used, while fluorochrome 

labeled antibodies are used with immunofluorescence. Immunofluorescence enables detection 

of several proteins simultaneously by using antibodies labeled with different fluorochromes, 

and allows investigation of co-localization of proteins. With formalin fixed tissue, 

immunohistochemistry is most frequently used, as formalin can cause autofluorescence.  

The expression, phosphorylation or cleavage of proteins can change in response to 

treatment. The time necessary for these changes to occur will vary depending on the protein 

and modification in question. The time from initiation of treatment to harvest of cells or 

tumors is therefore an important parameter to consider. In paper I and II, tumors were 

harvested two hours after the last treatment. Cleavage of caspase 3 could be observed in 

response to hvTRA, but not cleavage of PARP possibly due to too short response time before 

harvesting the tumors. The levels of different proteins vary based on changes in transcription, 

degradation or activation in response to treatment and it is therefore challenging to find the 

optimal time of harvest for all proteins.  

5.5 In vivo experiments 

In vivo models are frequently used in cancer research as they, compared to in vitro cell 

cultures, better reflect the complex tumor microenvironment that is present in patients.

Athymic nude foxn 1nu mice bred at the institutional animal facility were used in all three 

papers. These mice are immunodeficient and lack functional T-cell, but have B-cells and NK 
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cells. The impaired immune system increases the chances of tumor engraftment. Tumors can 

either be established as subcutaneous tumors, orthotopic tumors or as experimental metastasis 

models, such as lung or liver colonization models. Subcutaneous tumors are established by 

injecting cancer cells or implanting tumor fragments, and are frequently used to investigate 

tumor growth or response to various treatments as it is easy to initiate and measure tumor 

growth. This model was used in paper I to investigate the response to hvTRA and 

vemurafenib.  

The microenvironment can influence drug response [277], and orthotopic models and 

experimental metastasis models are therefore considered as more clinically relevant than 

subcutaneous tumors. However, these models are more difficult to establish and to monitor 

tumor growth compared to subcutaneous models.   

5.5.1 Experimental metastasis models 
Pulmonary metastasis can be established by intracardial (left ventricle (LV)) or intravenous 

(iv) injection. When cancer cells are injected iv, they will primarily colonize the lungs to 

generate pulmonary metastases, while when injected LV, tumors can arise in many organs, 

including the lungs. Liver lesions can be established in mice by either splenic or portal vein 

injection [278-281]. Portal vein injection might be more similar to the actual situation in 

patients, where the CRC cells often enter the liver through the portal vein, while splenic 

injection might be considered more of an unnatural route [282, 283]. In our hands, splenic 

injection was more reproducible and resulted in 100% take rate for both cell lines. A 

splenectomy was performed 7 minutes after injection of cells to avoid tumor growth in the 

spleen, which could affect the survival of the mice. These models are not suitable for 

investigating metastasis as they do not fully recapitulate the complete metastatic process. 

They are however relevant for investigating the later stages of metastasis such as colonization 

and tumor growth in a secondary organ, and also to investigate response to therapy in a 

relevant setting [284].

The three Rs (reduction, replacement, refinement) are central principles in preclinical 

in vivo research to ensure the welfare and to avoid unnecessary use of animals [285]. The 

pulmonary metastasis assay (PUMA) is a method where the number of animals is kept to a 

minimum as slices of lung tissue from one mouse are enough to investigate the response to 

different treatments. Green fluorescent protein (GFP) tagged cells are injected iv, and after 

sacrificing the mouse, the lungs are filled with agarose and divided into thin slices. The 
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agarose will ensure that the lung structure will remain intact for 2-3 weeks [286], and as the 

tumor cells express GFP it is possible to track the growth through a microscope. By growing 

the cells in intact lung tissue it is also possible to account for the influence from the 

microenvironment, which is an important factor in metastatic colonization. Pulmonary 

metastasis is an important cause of cancer related deaths. The PUMA assay represents a 

technology to enhance the biological knowledge on metastasis to the lungs and also offers 

also an attractive ex vivo assay to assess drug responses and resistance mechanisms. 

5.5.2 Anesthesia  
Two types of anesthesia were used in paper II and III; the gas anesthesia sevofluran and 

zoletil mixture (tiletamine, zolezepam, xylazine, butorphenol). Zoletil was used for left 

ventricle injection in paper II and for bioluminescence imaging in paper III. The breathing 

patterns and heart movements after sevofluran and zoletil anesthesia are different, and in our 

experience LV injection was easier to perform after zoletil injection as heart movements were 

reduced. When BLI was initiated in paper III, sevofluran anesthesia was not available with the 

imaging system. This was later installed, and was therefore used in paper II. The disadvantage 

using zoletil is that the mice will be under anesthesia for a longer period which can result in 

reduced body temperature. It is therefore important to keep the mice warm, which can be 

achieved through use of heating cabinets. When using sevofluran the mice will wake up 

shortly after they have been removed from gas anesthesia, thus avoiding a reduction in body 

temperature, and also make it possible to observe the condition of the mice when they wake 

up. Sevofluran is thereby the preferred choice when possible, and was used with splenic 

injection, MRI and BLI.  

5.5.3 Non-invasive imaging 
One disadvantage with orthotopic tumors and experimental metastasis models is the 

challenges of monitoring tumor growth, and non-invasive imaging such as MRI, BLI, PET or 

CT can be employed to visualize the tumor growth. Advantages and limitations associated 

with these methods can determine which is optimal to use depending on the experimental 

setting. In our experiments, BLI and MRI were employed. In paper II, BLI was used, as the 

locations of tumor throughout the body or response to treatment could easily be detected. In 

paper III, both methods were employed as they complement each other. MRI has high spatial 
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resolution and high contrast, but is time consuming. BLI on the other hand is fast to perform 

and tumors can be detected early, but has low spatial resolution. Tumor growth and response 

to treatment could be detected with both methods, but MRI had a higher correlation with 

actual tumor weight.   

MRI was performed using a 7T MR system. Both T1 and T2-weighted MR images 

were used to investigate the growth of tumors in the liver. To increase the contrast between 

liver and tumor in T1-weighted images primovist was used.  

As the liver is in close proximity to the diaphragm, breathing triggering was necessary 

to use to avoid breathing artifacts. For DWI-MRI, electrocardiography (ECG) triggering was 

needed to use as well to get images of good quality. Artifacts due to radiofrequency noise 

were observed in some images where ECG were employed and magnetic susceptibility

artifacts were observed in some images due to the titanium clips used to cut of blood supply 

to the spleen. Neither of these artifacts affected the tumor volume measurements.  

Both warm air and water heating were used to keep the mice warm during MRI. Air 

heating was preferred as it was more consistent and warmed the mice equally over the whole 

body.  

BLI was performed nine minutes after injection of luciferin as previous experience has 

shown that the bioluminescence signal remains relatively stable 9-20 minutes after injection 

of luciferin. The parameters time, f-stop and binning were kept constant as long as the images 

were not saturated. If saturation of the images occurred, time was first reduced, and then f-

stop was increased if necessary. 
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6 Discussion 
Even though new treatments for melanoma and CRC have emerged, an increase and widening 

of treatment options are highly relevant as the current modalities are only efficacious in 

subpopulations of the patients, and acquired resistance is frequently observed. To increase the 

knowledge of important pathways involved in oncogenesis and therapy response, various in 

vitro and in vivo models are used [287]. By the use of such models, hypotheses may be 

generated and further translation into clinical benefit may be encouraged.   

6.1 In vitro models in oncology research 

Usually, in vitro experiments are initially performed to evaluate the proposed hypothesis. 

Different methods of cultivating the cells can be employed depending on what is of interest, 

and there is a trend to make the experiments more similar to the in vivo situation. In our 

experiments, we have therefore chosen to also cultivate cells in spheroids to mimic the 3D 

structure of a tumor, and to cultivate melanoma cells in co-cultures with stromal cells to 

simulate the microenvironment in patients.  

6.2 In vivo models in oncology research 

To further investigate or validate a hypothesis, in vivo models of different complexity can be 

employed. An often-used model is injection of human cell lines or tissue in immunodeficient 

mice. Cell lines are easy to handle and maintain, and feature the possibility to manipulate the 

protein expression or facilitate tracking by transfection with GFP or luciferase. Furthermore, 

careful selection of the injection method enables tumor formation in desired organs [288]. In 

our studies, different injection methods were used to establish xenografts in different organs. 

In paper I, subcutaneous xenografts were utilized. This model is frequently used as it is easy 

to initiate and to follow tumor growth, and is a popular model for mechanistic studies and to 

determine treatment responses. However, these models do not resemble the microenvironment 

satisfactory, and will usually not metastasize to other organs [287]. In paper I, iv injection of 

Melmet 5 cells was applied and the PuMA assay were used to investigate treatment response 

in the lungs [289]. Paper II investigated the impact of stromal cells on response to treatment, 

and tumors were either established in different organs through LV injection or in lungs 
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through iv injection. These experimental metastasis models will better mimic the tumor 

microenvironment in patients than subcutaneous tumors, but are more difficult to establish 

and to monitor treatment response [290, 291]. To monitor tumor growth in our experiments, 

we used the non-invasive imaging methods MRI and BLI.  

In paper III, a liver colonization model was used. A high take rate (100%) and no 

carcinomatosis was observed for both cell lines (HT29 and HCT116) used, showing that this 

is a reliable model and thus useful to investigate response to treatment of cells growing in the 

liver. Other studies have previously reported a lower take rate with HT29 and HCT116 [280,

281, 292-294]. To avoid tumor growth in the spleen, which could affect the survival, we 

removed the spleen after injection comparable to other published procedures. Some 

experiments without splenectomy have been published, either to investigate tumor growth in 

the spleen simultaneously [281], or to investigate metastasis from the spleen to the liver [293].  

To investigate the process of metastasis, other and more relevant models exist. 

Metastasis from the spleen to the liver is not a highly relevant situation in patients, and it is 

then better to establish tumor in the cecum, by either implanting tumor tissue or injecting cells 

[281, 295-297]. This is more similar to the situation in patients, however the chance of 

metastasis formation is highly variable [296, 297]. Another possibility to investigate 

metastasis is to use genetic engineered mouse models (GEMM) with mutations in relevant 

genes for CRC [298]. In the KRASG12D APCFLOX/FLOX model tumors can metastasize to the 

liver [299]. Even though these models can be useful to investigate the impact of specific 

genes on tumor formation and metastasis, they cannot fully recapitulate the genetic 

complexity in human tumors. Mice and human tumors can respond differently to therapy, and 

these models are therefore best suited to investigate the impact of specific genes on tumor 

formation, and not response to therapy [298]. Time until tumor formation and possible 

metastasis can be also highly variable [287]. 

A disadvantage with cell lines is the lack of heterogeneity displayed, and the adaption 

to growing on plastic [288]. To avoid these issues it is possible to use patient derived 

xenografts (PDX) where tumor tissue from patients is implanted directly in mice. These

models can mimic the heterogeneity in tumors better than cell lines, and have shown to retain 

the histological and genomic profile from patients [300]. It can however be more challenging 

to establish tumors in desired organs, such as liver of lungs, with PDX models compared to 

cell lines [301]. 

 Immunodeficient mice are used in the papers included in this thesis, as they allow 

growth of human cancer cell lines in mice. The importance of the immune system for tumor 
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progression and treatment response has been increasingly recognized in recent years [302], 

and will not be accounted for when using immunodeficient animals. To circumvent this 

problem, it is possible to humanize mice by injecting human peripheral blood mononuclear 

cells or hematopoietic stem cells [303-305]. Implanted human tumor cells can then grow in 

mice expressing human immune cells. However, graft vs host disease can occur some weeks 

after injection of human cells, which can result in termination of the experiments [306].  

The correlation between in vivo results and clinical results are often poor, and lack of 

pre-clinical models mimicking the heterogeneity in tumors is considered among the most 

important reasons for the high failure rate of new therapeutic agents [288], causing 

questioning of the validity of using in vivo models. However, in vivo models are still relevant 

for use in cancer research as it can confirm the clinical relevance of candidate drugs, identify 

biomarkers of tumor response and validate diagnostic hypotheses [288]. There are currently 

different in vivo models available, with various advantages and disadvantages, and it is 

therefore important to consider which type of model to use when initiating experiments to 

make the experiments as relevant as possible.   

6.3 Melanoma treatment 

New options for treating melanoma have emerged the latest years. The drugs have 

demonstrated impressive responses in subgroups of the patients and the overall survival for 

stage IV patients has increased, but no updated numbers regarding 5-year survival after the 

implementation of new therapies are available at the moment. Currently, pembrolizumab is 

the first choice for treatment of metastatic disease in Norway. Patients, who experience 

resistance to pembrolizumab, are eligible to receive BRAF and MEK inhibitor treatment, and 

patients with wild type BRAF will receive ipilimumab if the tumor growth is not too rapid. 

Due to price negotiations, dabrafenib and trametinib, and not vemurafenib and cobimetinib, 

are currently the mutated BRAF and MEK inhibitors in clinical use in Norway.  

Both acquired and intrinsic resistance pose a large problem for melanoma patients, 

and new treatments or treatment combinations are therefore important to find in order to 

improve the survival of these patients further. In paper I, we have investigated the efficacy of 

the novel TRAIL receptor agonist, hvTRA, alone or in combination with vemurafenib, while 

we in paper II have investigated combinations of vemurafenib and PI3K/mTOR inhibitors.  
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6.3.1 Apoptosis induction as melanoma treatment 
One approach for cancer therapy is direct activation of the extrinsic apoptotic pathway. 

Several TRAIL receptor agonists have been investigated in clinical trials, however clinical 

efficiency has been disappointing. The novel TRAIL receptor agonist hvTRA have previously 

shown efficacy in breast, colon and lung cancer models in vitro and in vivo [182]. In line with 

this, we demonstrated high efficacy in melanoma both in vitro and in vivo in paper I. We saw 

cleavage of caspase 3 and PARP, and also a reduction in Bid, thus indicating activation of the 

extrinsic apoptotic pathway in response to the drug. In addition, we observed a significant 

inhibition of growth in some patient samples. hvTRA activates the extrinsic apoptotic 

pathway through the receptors DR4 and DR5. We did not detect a correlation between DR5 

expression and response in the patient samples, but expression of DR5 was necessary for 

response. DR4 expression was not investigated in these samples, which might have helped 

understand why some patient samples responded while others did not. On the other hand, the 

expression of DR4 has previously been shown to be low in melanoma [178, 307], and might 

therefore not have a large impact.  

 Several studies report that inhibition of the MAPK/ERK pathway can affect proteins 

in the intrinsic apoptotic pathway [308, 309], and that vemurafenib treatment can result in 

cleaved pro-caspase 3 and induce apoptosis [310]. Our results did not show cleavage of 

caspase 3 after vemurafenib treatment, but we observed changes in phosphorylation or 

expression of pBAD, BIM and Mcl-1, indicating priming of apoptotic induction. In addition 

to activating the intrinsic apoptotic pathway, RAF inhibition has previously shown to 

overcome resistance to TRAIL receptor agonists [311, 312], and in an attempt to increase the 

efficacy of hvTRA, we combined hvTRA with vemurafenib. The combination leads to a 

synergistic effect for most cell lines. In vivo, a strong initial decrease in tumor volume was 

observed after initiation of treatment, however this effect was not sustained, which could be 

explained by a decrease in DR5 expression in response to vemurafenib treatment. We did not 

initially observe down-regulation of DR5 with the concentrations used in vitro, but by 

increasing the concentration 10-fold a reduction in DR5 was observed. This is in 

correspondence with previous results suggesting that BRAF inhibition will decrease DR5 

expression [313]. Due to the vemurafenib induced down-regulation of DR5, the clinical value 

of the combination is questioned. Although, it has been suggested to combine TRAIL receptor 

agonist and BRAF inhibitor in melanoma patients with NRAS mutation [314]. Use of BRAF 

inhibition in these patients can increase the proliferation of melanoma cells, but will 
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presumably also increase the DR5 expression. This might then improve the efficacy of 

TRAIL receptor agonists [314], although the added risk of increased proliferation is 

undesirable. The most prominent strategies are to combine TRAIL receptor agonists with 

drugs increasing the DR5 expression [315, 316] or activating the intrinsic apoptotic pathway 

[317-319], and it would be of interest to investigate if some of these combinations could 

increase the efficacy of hvTRA. 

 Drugs activating the intrinsic apoptotic pathway have also been investigated in 

combination with BRAF inhibitors, in an attempt to increase the efficacy of the latter [320,

321]. By combining vemurafenib with navitoclax, which inhibits Bcl-2, Bcl-XL and Bcl-w, a 

synergistic effect was observed in vitro and in vivo [322], and a phase II trial is currently in 

progress investigating the possibilities of combining vemurafenib and navitoclax.   

6.3.2 Combinational treatment of MAPK/ERK and PI3K/Akt/mTOR 

pathway 
In paper II, we investigated the response to vemurafenib in melanoma cells co-cultured with 

fibroblast, and observed a fibroblast mediated protective effect. Reactivation of the 

MAPK/ERK pathway is a known resistance mechanism for BRAF inhibition [140-142], and 

to investigate if this was responsible for the protective effect of fibroblasts, vemurafenib was 

combined with MEK and ERK inhibitors. The combinations did not eliminate the protective 

effect, suggesting that reactivation of the MAPK pathway was not responsible for the 

protective effect mediated by the fibroblast. As mentioned in the introduction, the 

PI3K/Akt/mTOR pathway has a prominent role in regulation of proliferation [111, 112]. 

When vemurafenib was combined with the mTOR inhibitor everolimus or the pan-PI3K 

inhibitor LY294002, the protective effect of fibroblast was reduced in vitro. The efficacy of 

vemurafenib in combination with everolimus was also investigated in vivo in lung metastases.

As the cells expressed luciferase, it was possible to track metastatic growth using 

bioluminescence imaging in vivo. A significant reduction in luminescence, and thereby tumor 

mass was observed in vivo in response to the combination. Our results indicate that combining 

vemurafenib with drugs targeting the PI3K/Akt/mTOR pathway can be beneficial, possibly by 

abolishing the protective effects from stromal cells. Both PI3K and mTOR inhibitors have 

been investigated in clinical trials. Unfortunately, the PI3K inhibitor, BYL319, in 

combination with the MEK inhibitor, binimetinib, was highly toxic  in melanoma patients, 

and this combination will therefore presumably not be approved for clinical use [323]. Other 
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clinical trials investigating the mTOR inhibitors temsirolimus or everolimus, either alone or in 

combination with the RTK inhibitor sorafenib, or the alkylating agent temozolomide, have not 

shown efficacy in malignant melanoma [324-327]. Interestingly, a clinical trial is currently in 

progress investigating the combination of everolimus and vemurafenib, which might prove to 

be more successful than previous combinations. Results so far indicate that the combination is 

well-tolerated and have shown activity in patients with BRAF mutated tumors [328]. 

The observed reduced sensitivity to vemurafenib in co-cultures is presumably due to a 

phenotype switch in response to fibroblasts, causing the melanoma cells in close proximity to 

the fibroblasts to display an invasive phenotype and be more dependent on the 

PI3K/Akt/mTOR pathway. Others have also previously observed that tumors rich in 

fibroblasts preferentially display the invasive phenotype [329], which was associated with 

reduced sensitivity to BRAF inhibitors [163, 164]. These observations correspond well with 

our results. The stromal influence leads to phenotypic heterogeneity in the tumor, with 

presence of both the invasive and proliferative phenotype. This makes it necessary to establish 

phenotype specific treatments, as is done in paper II with the PI3K/mTOR and BRAF 

inhibitors.  

6.4 Antiangiogenic therapy in CRC 

Aflibercept is one of the most recently approved treatments for mCRC and is used in 

combination with FOLFIRI [234, 235]. However, as the price of aflibercept is higher than the 

commonly used antiangiogenic drug bevacizumab, and no studies have proved that aflibercept 

is better than bevacizumab, the latter is currently the preferred drug in Norway.  

In paper III, we investigated the efficacy of aflibercept in two CRC cell lines growing 

in the liver. Even though aflibercept had some effect in both cell lines, HCT116 had clearly 

the best response. A possible reason for this could be the different growth patterns the cell 

lines displayed. It has been suggested that liver metastases grow according to three different 

patterns; pushing, replacement and desmoplastic [199]. HCT116 and HT29 resembled the 

pushing and replacement growth pattern, respectively. The pushing phenotype is associated 

with poor prognosis [330, 331], but also with a better response to antiangiogenic treatment. 

This corresponds to our results where mice with HCT116 xenografts had shorter survival but 

also a better response to aflibercept. In the replacement growth pattern, tumors can co-opt the 

existing vessels, and are therefore not dependent on angiogenesis. This has been suggested as 
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a possible mechanism for resistance to antiangiogenic treatment in patients [330, 331]. It has 

been reported that in CRC liver metastases, a pushing growth pattern is present in ~15% of 

patients, while replacement and desmoplastic growth patterns are present in ~28 and 35% of 

the patients, respectively. A mixture of the growth patterns might also occur [331]. The 

growth patterns after patients received antiangiogenic therapy have also been investigated, 

and showed an increase in the replacement growth pattern. It is suggested that the switch to 

replacement growth pattern could explain the development of treatment resistance [330]. 

When other cancer types metastasize to the liver, the frequency of the observed growth 

pattern varies. In breast cancer liver metastasis, the most frequent growth pattern is

replacement [330, 332], and Frentzas et al. suggested that this might explain the disappointing 

results obtained with antiangiogenic therapy in metastatic breast cancer [229-232, 330]. 

Currently there are no biomarkers that can identify which patients will respond to 

antiangiogenic therapy. One of the side effects associated with antiangiogenic therapy is 

hypertension, and this has been suggested as a possible biomarker for response to therapy 

[333]. Use of MRI to detect the growth pattern of liver metastases has also been suggested as 

a possible biomarker to determine which metastatic patients might benefit from 

antiangiogenic therapy. Further validation is necessary to investigate if MRI would be a 

reliable biomarker [330].

6.4.1 Investigation of tumor growth with MRI 
MRI is frequently used to investigate the number and location of metastatic liver lesions in 

CRC patients before possible surgery, and also to investigate response to treatment [334,

335]. Early identification of good and poor responders can ensure more personalized and 

hopefully more effective treatment of the patients. Tumor growth in the liver of mice has been 

previously investigated with MRI [281, 293, 336-338], but, in our experiments imaging was 

performed more frequently than previously reported, enabling us to obtain an accurate view of 

how fast the tumors were growing. It also made it possible to visualize the response to 

treatment, and observe that even though aflibercept did not increase the survival in mice with 

HT29 xenografts, it did alter the growth pattern of the tumors resulting in many small, in 

addition to some larger lesions.    

DW-MRI is frequently used to investigate the response to treatment in patients [339], 

and this was also used in paper III. Most in vivo experiments using DW-MRI to monitor 

treatment response have utilized subcutaneous tumors [340-343] and few experiments have 
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investigated DW-MRI in liver lesions [344, 345]. A possible explanation for the lack of data 

might be that it is more difficult to establish tumors in the liver, and also more difficult to get 

high quality images because of breathing artifacts or air-tissue distortion. A possible method 

to prevent air-tissue distortion in mice with liver lesions is to incase the mice in an alginate 

mold [344]. In addition, submerging the mice in liquid has been used with subcutaneous 

tumors [346], and both methods gave improved images. Others have also obtained good 

results through the use of 3D DW sequences with free breathing [345]. Air-tissue distortion 

can become a problem when fast diffusion sequences such as echo planar imaging (EPI) are 

used [344]. We did not manage to get high-quality images with EPI, and therefore chose to 

use a spin echo sequence, which is a slower sequence, where breathing artifacts therefore can 

be a larger problem. This was, however, solved by using ECG and respiratory triggering. 

Even though this sequence is time consuming, it was still rather easy to perform and can be an 

alternative if problems with air-tissue distortion occur, or the EPI sequences are not 

successful. In our experiments, DW-MRI clearly reflected the response to aflibercept in the 

two cell lines used, and show that this can be a valuable tool to investigate responses to 

treatment in other in vivo models than subcutaneously growing tumors. 
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7 Conclusion and future perspectives 
The work presented in this thesis has focused on targeted therapy in preclinical models of 

melanoma and CRC. Novel treatments for patients with metastatic melanoma have emerged 

in recent years, leading to increased survival. However, as the available therapies only show 

efficacy in sub-populations and responding patients frequently develop therapy resistance, 

new treatment options or combinations are essential. We have investigated the novel TRAIL 

receptor agonist, hvTRA, in melanoma and proven its ability to induce apoptosis by activating 

the extrinsic apoptotic pathway. The response in melanoma cell lines and patients samples 

varied, highlighting the need for predictive biomarkers. Clinical trials investigating hvTRA 

potency in patients are planned, and may unravel the clinical potential of hvTRA and also 

identify predictive biomarkers.   

Our results indicated a strong, initial cytotoxic effect of combining hvTRA with the 

BRAF inhibitor vemurafenib, but the effect was not sustained, possibly due to down-

regulation of DR5. A better combination could be to combine hvTRA with drugs either 

increasing DR5 expression or activating the intrinsic apoptotic pathway through other 

mechanisms than vemurafenib. Another possibility is to use the combination of hvTRA and 

vemurafenib in NRAS mutated tumors, where vemurafenib would presumably increase the 

DR5 expression. 

The microenvironment is important for treatment response, and in paper II we 

demonstrated that close contact between fibroblasts and melanoma cells can reduce the 

latter’s sensitivity to vemurafenib. The protective effect of fibroblasts could be caused by the 

acquired invasive (mesenchymal-like) phenotype of melanoma cells in the presence of 

fibroblast, and increased dependence of the PI3K/Akt/mTOR pathway. Stromal influence 

leads to phenotypic heterogeneity in the tumor, and it is thus necessary with phenotype 

specific therapies. In this study, the protective effect of fibroblasts was eliminated by 

combining vemurafenib with the mTOR inhibitor everolimus or the PI3K inhibitor 

LY294002, but also other targetable proteins such as GSK-3β and AXLwere identified in the 

study. In future research, it would be of interest to investigate if inhibiting these proteins 

could eliminate the protective effect of fibroblasts, in in vitro and in vivo experiments as well. 

In addition, it would be interesting to further analyze changes in protein phosphorylation and 

expression levels in response to treatment in co-cultures to identify other possible targets. 
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Another strategy could be to screen the co-cultures with different inhibitors to see which 

would give the best effect. The most promising combinations would be further validated in 

experimental metastasis models.  

In paper III, we investigated the efficacy of the antiangiogenic drug aflibercept in a liver 

colonization model. We observed different responses to the drug, which might be caused by 

differences in the growth pattern of the models investigated. In our studies, only two cell lines 

were used, and it would be of interest to include more cell lines in these experiments to 

investigate if it is possible to discover predictive biomarkers. Our results also show the 

feasibility of using MRI to investigate tumor responses, which can give information regarding 

both the growth rate and growth pattern. In addition, DW-MRI is a valuable tool that can be 

used to investigate treatment response in liver lesions. Another functional MRI sequence, 

dynamic contrast enhanced (DCE)-MRI is frequently used for therapy monitoring in patients 

as well, and it would be of interest to employ this in later investigations in addition to DW-

MRI. New drugs are regularly developed, and it would be of interest to investigate these or 

newly approved drugs for CRC, such as regorafenib, in the established liver colonization 

model.



                                 
45

8 References
1. Vogelstein B, Kinzler KW: Cancer genes and the pathways they control. Nature medicine 2004, 

10(8):789-799. 
2. You JS, Jones PA: Cancer genetics and epigenetics: two sides of the same coin? Cancer Cell 2012, 

22(1):9-20.
3. Ferlay J, Soerjomataram I, Dikshit R, Eser S, Mathers C, Rebelo M, Parkin DM, Forman D, Bray F: 

Cancer incidence and mortality worldwide: sources, methods and major patterns in 
GLOBOCAN 2012. Int J Cancer 2015, 136(5):E359-386. 

4. CancerRegistryofNorway: Cancer in Norway 2014- Cancer incidence, mortality, survival and 
prevalence in Norway. 2015. 

5. Danaei G, Vander Hoorn S, Lopez AD, Murray CJ, Ezzati M, Comparative Risk Assessment 
collaborating g: Causes of cancer in the world: comparative risk assessment of nine behavioural 
and environmental risk factors. Lancet 2005, 366(9499):1784-1793. 

6. Hanahan D, Weinberg RA: The hallmarks of cancer. Cell 2000, 100(1):57-70.
7. Hanahan D, Weinberg RA: Hallmarks of cancer: the next generation. Cell 2011, 144(5):646-674.
8. Quail DF, Joyce JA: Microenvironmental regulation of tumor progression and metastasis. Nature 

medicine 2013, 19(11):1423-1437. 
9. Li H, Fan X, Houghton J: Tumor microenvironment: the role of the tumor stroma in cancer. J Cell 

Biochem 2007, 101(4):805-815. 
10. Kalluri R, Zeisberg M: Fibroblasts in cancer. Nat Rev Cancer 2006, 6(5):392-401. 
11. Frantz C, Stewart KM, Weaver VM: The extracellular matrix at a glance. Journal of cell science 

2010, 123(24):4195-4200. 
12. Egeblad M, Nakasone ES, Werb Z: Tumors as organs: complex tissues that interface with the entire 

organism. Developmental cell 2010, 18(6):884-901. 
13. Gaggioli C, Hooper S, Hidalgo-Carcedo C, Grosse R, Marshall JF, Harrington K, Sahai E: Fibroblast-

led collective invasion of carcinoma cells with differing roles for RhoGTPases in leading and 
following cells. Nat Cell Biol 2007, 9(12):1392-1400. 

14. Pietras K, Pahler J, Bergers G, Hanahan D: Functions of paracrine PDGF signaling in the 
proangiogenic tumor stroma revealed by pharmacological targeting. PLoS medicine 2008, 
5(1):e19. 

15. Qian BZ, Pollard JW: Macrophage diversity enhances tumor progression and metastasis. Cell 
2010, 141(1):39-51.

16. Hirata E, Girotti MR, Viros A, Hooper S, Spencer-Dene B, Matsuda M, Larkin J, Marais R, Sahai E: 
Intravital imaging reveals how BRAF inhibition generates drug-tolerant microenvironments with 
high integrin beta1/FAK signaling. Cancer Cell 2015, 27(4):574-588. 

17. Straussman R, Morikawa T, Shee K, Barzily-Rokni M, Qian ZR, Du J, Davis A, Mongare MM, Gould 
J, Frederick DT et al: Tumour micro-environment elicits innate resistance to RAF inhibitors 
through HGF secretion. Nature 2012, 487(7408):500-504. 

18. Lin Q, Balasubramanian K, Fan D, Kim SJ, Guo L, Wang H, Bar-Eli M, Aldape KD, Fidler IJ: 
Reactive astrocytes protect melanoma cells from chemotherapy by sequestering intracellular 
calcium through gap junction communication channels. Neoplasia (New York, NY) 2010, 12(9):748-
754.

19. Valastyan S, Weinberg RA: Tumor metastasis: molecular insights and evolving paradigms. Cell 
2011, 147(2):275-292. 

20. Egeblad M, Werb Z: New functions for the matrix metalloproteinases in cancer progression. Nat 
Rev Cancer 2002, 2(3):161-174. 

21. Xing F, Saidou J, Watabe K: Cancer associated fibroblasts (CAFs) in tumor microenvironment.
Frontiers in bioscience 2010, 15:166-179.

22. van Zijl F, Krupitza G, Mikulits W: Initial steps of metastasis: cell invasion and endothelial 
transmigration. Mutation research 2011, 728(1-2):23-34.

23. van Zijl F, Mair M, Csiszar A, Schneller D, Zulehner G, Huber H, Eferl R, Beug H, Dolznig H, 
Mikulits W: Hepatic tumor-stroma crosstalk guides epithelial to mesenchymal transition at the 
tumor edge. Oncogene 2009, 28(45):4022-4033. 

24. Gocheva V, Wang HW, Gadea BB, Shree T, Hunter KE, Garfall AL, Berman T, Joyce JA: IL-4
induces cathepsin protease activity in tumor-associated macrophages to promote cancer growth 
and invasion. Genes Dev 2010, 24(3):241-255.



References 

46

25. Joyce JA, Pollard JW: Microenvironmental regulation of metastasis. Nat Rev Cancer 2009, 
9(4):239-252.

26. Aguirre-Ghiso JA: Models, mechanisms and clinical evidence for cancer dormancy. Nat Rev Cancer 
2007, 7(11):834-846.

27. Massague J, Obenauf AC: Metastatic colonization by circulating tumour cells. Nature 2016, 
529(7586):298-306.

28. Talmadge JE: Clonal selection of metastasis within the life history of a tumor. Cancer Res 2007, 
67(24):11471-11475. 

29. Loeb LA, Springgate CF, Battula N: Errors in DNA replication as a basis of malignant changes.
Cancer Res 1974, 34(9):2311-2321.

30. Reya T, Morrison SJ, Clarke MF, Weissman IL: Stem cells, cancer, and cancer stem cells. Nature 
2001, 414(6859):105-111. 

31. Russnes HG, Navin N, Hicks J, Borresen-Dale AL: Insight into the heterogeneity of breast cancer 
through next-generation sequencing. J Clin Invest 2011, 121(10):3810-3818. 

32. Nowell PC: The clonal evolution of tumor cell populations. Science 1976, 194(4260):23-28.
33. Paget S: The distribution of secondary growths in cancer of the breast. 1889. Cancer Metastasis 

Rev 1889, 8(2):98-101.
34. Fidler IJ: The pathogenesis of cancer metastasis: the 'seed and soil' hypothesis revisited. Nat Rev 

Cancer 2003, 3(6):453-458. 
35. Peinado H, Aleckovic M, Lavotshkin S, Matei I, Costa-Silva B, Moreno-Bueno G, Hergueta-Redondo 

M, Williams C, Garcia-Santos G, Ghajar C et al: Melanoma exosomes educate bone marrow 
progenitor cells toward a pro-metastatic phenotype through MET. Nature medicine 2012, 
18(6):883-891. 

36. Psaila B, Lyden D: The metastatic niche: adapting the foreign soil. Nat Rev Cancer 2009, 9(4):285-
293.

37. Muller A, Homey B, Soto H, Ge N, Catron D, Buchanan ME, McClanahan T, Murphy E, Yuan W, 
Wagner SN et al: Involvement of chemokine receptors in breast cancer metastasis. Nature 2001, 
410(6824):50-56.

38. Obenauf AC, Massague J: Surviving at a distance: organ specific metastasis. Trends in cancer 2015, 
1(1):76-91.

39. Weiss L: Comments on hematogenous metastatic patterns in humans as revealed by autopsy. Clin 
Exp Metastasis 1992, 10(3):191-199.

40. Hanahan D, Folkman J: Patterns and emerging mechanisms of the angiogenic switch during 
tumorigenesis. Cell 1996, 86(3):353-364. 

41. Folkman J: Tumor angiogenesis: therapeutic implications. N Engl J Med 1971, 285(21):1182-1186. 
42. Carmeliet P, Jain RK: Molecular mechanisms and clinical applications of angiogenesis. Nature 

2011, 473(7347):298-307. 
43. Weis SM, Cheresh DA: Tumor angiogenesis: molecular pathways and therapeutic targets. Nature 

medicine 2011, 17(11):1359-1370. 
44. Terman B, Khandke L, Dougher-Vermazan M, Maglione D, Lassam NJ, Gospodarowicz D, Persico 

MG, Bohlen P, Eisinger M: VEGF receptor subtypes KDR and FLT1 show different sensitivities to 
heparin and placenta growth factor. Growth Factors 1994, 11(3):187-195.

45. Olsson AK, Dimberg A, Kreuger J, Claesson-Welsh L: VEGF receptor signalling - in control of 
vascular function. Nat Rev Mol Cell Biol 2006, 7(5):359-371.

46. Shweiki D, Itin A, Soffer D, Keshet E: Vascular endothelial growth factor induced by hypoxia may 
mediate hypoxia-initiated angiogenesis. Nature 1992, 359(6398):843-845. 

47. Maity A, Pore N, Lee J, Solomon D, O'Rourke DM: Epidermal growth factor receptor 
transcriptionally up-regulates vascular endothelial growth factor expression in human 
glioblastoma cells via a pathway involving phosphatidylinositol 3'-kinase and distinct from that 
induced by hypoxia. Cancer Res 2000, 60(20):5879-5886.

48. Sun HY, Wei SP, Xu RC, Xu PX, Zhang WC: Sphingosine-1-phosphate induces human endothelial 
VEGF and MMP-2 production via transcription factor ZNF580: novel insights into angiogenesis.
Biochemical and biophysical research communications 2010, 395(3):361-366.

49. Ghosh R, Lipson KL, Sargent KE, Mercurio AM, Hunt JS, Ron D, Urano F: Transcriptional 
regulation of VEGF-A by the unfolded protein response pathway. PLoS One 2010, 5(3):e9575. 

50. Forsythe JA, Jiang BH, Iyer NV, Agani F, Leung SW, Koos RD, Semenza GL: Activation of vascular 
endothelial growth factor gene transcription by hypoxia-inducible factor 1. Mol Cell Biol 1996, 
16(9):4604-4613.



References 

47

51. Cao D, Hou M, Guan YS, Jiang M, Yang Y, Gou HF: Expression of HIF-1alpha and VEGF in 
colorectal cancer: association with clinical outcomes and prognostic implications. BMC Cancer 
2009, 9:432. 

52. Volm M, Koomagi R, Mattern J: Prognostic value of vascular endothelial growth factor and its 
receptor Flt-1 in squamous cell lung cancer. Int J Cancer 1997, 74(1):64-68.

53. Inoue K, Ozeki Y, Suganuma T, Sugiura Y, Tanaka S: Vascular endothelial growth factor expression 
in primary esophageal squamous cell carcinoma. Association with angiogenesis and tumor 
progression. Cancer 1997, 79(2):206-213.

54. Seo Y, Baba H, Fukuda T, Takashima M, Sugimachi K: High expression of vascular endothelial 
growth factor is associated with liver metastasis and a poor prognosis for patients with ductal 
pancreatic adenocarcinoma. Cancer 2000, 88(10):2239-2245. 

55. Park do J, Yoon C, Thomas N, Ku GY, Janjigian YY, Kelsen DP, Ilson DH, Goodman KA, Tang LH, 
Strong VE et al: Prognostic significance of targetable angiogenic and growth factors in patients 
undergoing resection for gastric and gastroesophageal junction cancers. Ann Surg Oncol 2014, 
21(4):1130-1137.

56. Hiratsuka S, Minowa O, Kuno J, Noda T, Shibuya M: Flt-1 lacking the tyrosine kinase domain is 
sufficient for normal development and angiogenesis in mice. Proc Natl Acad Sci U S A 1998, 
95(16):9349-9354. 

57. Shalaby F, Rossant J, Yamaguchi TP, Gertsenstein M, Wu XF, Breitman ML, Schuh AC: Failure of 
blood-island formation and vasculogenesis in Flk-1-deficient mice. Nature 1995, 376(6535):62-66.

58. Fong GH, Rossant J, Gertsenstein M, Breitman ML: Role of the Flt-1 receptor tyrosine kinase in
regulating the assembly of vascular endothelium. Nature 1995, 376(6535):66-70.

59. Iwamoto H, Zhang Y, Seki T, Yang Y, Nakamura M, Wang J, Yang X, Torimura T, Cao Y: PlGF-
induced VEGFR1-dependent vascular remodeling determines opposing antitumor effects and 
drug resistance to Dll4-Notch inhibitors. Science advances 2015, 1(3):e1400244. 

60. Marcellini M, De Luca N, Riccioni T, Ciucci A, Orecchia A, Lacal PM, Ruffini F, Pesce M, Cianfarani 
F, Zambruno G et al: Increased melanoma growth and metastasis spreading in mice 
overexpressing placenta growth factor. The American journal of pathology 2006, 169(2):643-654.

61. Roy H, Bhardwaj S, Babu M, Jauhiainen S, Herzig KH, Bellu AR, Haisma HJ, Carmeliet P, Alitalo K, 
Yla-Herttuala S: Adenovirus-mediated gene transfer of placental growth factor to perivascular 
tissue induces angiogenesis via upregulation of the expression of endogenous vascular endothelial 
growth factor-A. Hum Gene Ther 2005, 16(12):1422-1428. 

62. Fulda S, Debatin KM: Extrinsic versus intrinsic apoptosis pathways in anticancer chemotherapy.
Oncogene 2006, 25(34):4798-4811.

63. Tabas I, Ron D: Integrating the mechanisms of apoptosis induced by endoplasmic reticulum stress.
Nat Cell Biol 2011, 13(3):184-190.

64. Elmore S: Apoptosis: a review of programmed cell death. Toxicol Pathol 2007, 35(4):495-516.
65. Roos WP, Kaina B: DNA damage-induced cell death by apoptosis. Trends Mol Med 2006, 12(9):440-

450.
66. Ashkenazi A: Directing cancer cells to self-destruct with pro-apoptotic receptor agonists. Nature 

reviews Drug discovery 2008, 7(12):1001-1012.
67. Kiraz Y, Adan A, Kartal Yandim M, Baran Y: Major apoptotic mechanisms and genes involved in 

apoptosis. Tumour Biol 2016. 
68. Bai L, Wang S: Targeting apoptosis pathways for new cancer therapeutics. Annu Rev Med 2014, 

65:139-155. 
69. Wong RS: Apoptosis in cancer: from pathogenesis to treatment. Journal of experimental & clinical 

cancer research : CR 2011, 30:87. 
70. Khosravi-Far R, Esposti MD: Death receptor signals to mitochondria. Cancer Biol Ther 2004, 

3(11):1051-1057.
71. Fadok VA, Voelker DR, Campbell PA, Cohen JJ, Bratton DL, Henson PM: Exposure of 

phosphatidylserine on the surface of apoptotic lymphocytes triggers specific recognition and 
removal by macrophages. J Immunol 1992, 148(7):2207-2216. 

72. Green DR, Kroemer G: The pathophysiology of mitochondrial cell death. Science 2004, 
305(5684):626-629.

73. Plati J, Bucur O, Khosravi-Far R: Apoptotic cell signaling in cancer progression and therapy. Integr 
Biol (Camb) 2011, 3(4):279-296. 

74. Cande C, Cohen I, Daugas E, Ravagnan L, Larochette N, Zamzami N, Kroemer G: Apoptosis-inducing 
factor (AIF): a novel caspase-independent death effector released from mitochondria. Biochimie 
2002, 84(2-3):215-222.



References 

48

75. Igney FH, Krammer PH: Death and anti-death: tumour resistance to apoptosis. Nat Rev Cancer 
2002, 2(4):277-288.

76. Johnstone RW, Frew AJ, Smyth MJ: The TRAIL apoptotic pathway in cancer onset, progression 
and therapy. Nat Rev Cancer 2008, 8(10):782-798. 

77. Li H, Zhu H, Xu CJ, Yuan J: Cleavage of BID by caspase 8 mediates the mitochondrial damage in 
the Fas pathway of apoptosis. Cell 1998, 94(4):491-501. 

78. Cichorek M, Wachulska M, Stasiewicz A, Tyminska A: Skin melanocytes: biology and development.
Postepy dermatologii i alergologii 2013, 30(1):30-41.

79. Abdel-Malek ZA, Kadekaro AL, Swope VB: Stepping up melanocytes to the challenge of UV 
exposure. Pigment Cell Melanoma Res 2010, 23(2):171-186. 

80. CancerRegistryofNorway: Cancer in Norway 2015- Cancer incidence, mortality, survival and 
prevalence in Norway. 2016. 

81. Erdmann F, Lortet-Tieulent J, Schuz J, Zeeb H, Greinert R, Breitbart EW, Bray F: International 
trends in the incidence of malignant melanoma 1953-2008--are recent generations at higher or 
lower risk? Int J Cancer 2013, 132(2):385-400. 

82. Cormier JN, Xing Y, Ding M, Lee JE, Mansfield PF, Gershenwald JE, Ross MI, Du XL: Ethnic 
differences among patients with cutaneous melanoma. Archives of internal medicine 2006, 
166(17):1907-1914. 

83. Gilchrest BA, Eller MS, Geller AC, Yaar M: The pathogenesis of melanoma induced by ultraviolet 
radiation. N Engl J Med 1999, 340(17):1341-1348.

84. Balch CM, Gershenwald JE, Soong SJ, Thompson JF, Atkins MB, Byrd DR, Buzaid AC, Cochran AJ, 
Coit DG, Ding S et al: Final version of 2009 AJCC melanoma staging and classification. J Clin 
Oncol 2009, 27(36):6199-6206. 

85. Rigel DS, Carucci JA: Malignant melanoma: prevention, early detection, and treatment in the 21st 
century. CA Cancer J Clin 2000, 50(4):215-236; quiz 237-240. 

86. Dickson PV, Gershenwald JE: Staging and prognosis of cutaneous melanoma. Surg Oncol Clin N Am 
2011, 20(1):1-17.

87. Friedman RJ, Rigel DS, Kopf AW: Early detection of malignant melanoma: the role of physician 
examination and self-examination of the skin. CA Cancer J Clin 1985, 35(3):130-151.

88. Mehnert JM, Kluger HM: Driver mutations in melanoma: lessons learned from bench-to-bedside 
studies. Curr Oncol Rep 2012, 14(5):449-457.

89. Breslow A: Thickness, cross-sectional areas and depth of invasion in the prognosis of cutaneous 
melanoma. Annals of surgery 1970, 172(5):902-908. 

90. Caldarella A, Fancelli L, Manneschi G, Chiarugi A, Nardini P, Crocetti E: How staging of thin 
melanoma is changed after the introduction of TNM 7th edition: a population-based analysis. J
Cancer Res Clin Oncol 2016, 142(1):73-76.

91. Tas F: Metastatic behavior in melanoma: timing, pattern, survival, and influencing factors.
Journal of oncology 2012, 2012:647684. 

92. Clark WH, Jr., Elder DE, Guerry Dt, Epstein MN, Greene MH, Van Horn M: A study of tumor 
progression: the precursor lesions of superficial spreading and nodular melanoma. Hum Pathol 
1984, 15(12):1147-1165.

93. Miller AJ, Mihm MC, Jr.: Melanoma. N Engl J Med 2006, 355(1):51-65.
94. Zhang W, Liu HT: MAPK signal pathways in the regulation of cell proliferation in mammalian 

cells. Cell Res 2002, 12(1):9-18. 
95. Dhillon AS, Hagan S, Rath O, Kolch W: MAP kinase signalling pathways in cancer. Oncogene 2007, 

26(22):3279-3290. 
96. Yoon S, Seger R: The extracellular signal-regulated kinase: multiple substrates regulate diverse 

cellular functions. Growth Factors 2006, 24(1):21-44. 
97. Haarberg HE, Smalley KS: Resistance to Raf inhibition in cancer. Drug Discov Today Technol 2014, 

11:27-32.
98. Spagnolo F, Ghiorzo P, Queirolo P: Overcoming resistance to BRAF inhibition in BRAF-mutated 

metastatic melanoma. Oncotarget 2014, 5(21):10206-10221. 
99. McCubrey JA, Steelman LS, Chappell WH, Abrams SL, Wong EW, Chang F, Lehmann B, Terrian 

DM, Milella M, Tafuri A et al: Roles of the Raf/MEK/ERK pathway in cell growth, malignant 
transformation and drug resistance. Biochim Biophys Acta 2007, 1773(8):1263-1284. 

100. Neuzillet C, Hammel P, Tijeras-Raballand A, Couvelard A, Raymond E: Targeting the Ras-ERK 
pathway in pancreatic adenocarcinoma. Cancer Metastasis Rev 2013, 32(1-2):147-162. 

101. Corbalan-Garcia S, Yang SS, Degenhardt KR, Bar-Sagi D: Identification of the mitogen-activated 
protein kinase phosphorylation sites on human Sos1 that regulate interaction with Grb2. Mol Cell 
Biol 1996, 16(10):5674-5682. 



References 

49

102. Lito P, Rosen N, Solit DB: Tumor adaptation and resistance to RAF inhibitors. Nature medicine 
2013, 19(11):1401-1409.

103. Amit I, Citri A, Shay T, Lu Y, Katz M, Zhang F, Tarcic G, Siwak D, Lahad J, Jacob-Hirsch J et al: A
module of negative feedback regulators defines growth factor signaling. Nature genetics 2007, 
39(4):503-512. 

104. Hanafusa H, Torii S, Yasunaga T, Nishida E: Sprouty1 and Sprouty2 provide a control mechanism 
for the Ras/MAPK signalling pathway. Nat Cell Biol 2002, 4(11):850-858.

105. Ascierto PA, Kirkwood JM, Grob JJ, Simeone E, Grimaldi AM, Maio M, Palmieri G, Testori A, 
Marincola FM, Mozzillo N: The role of BRAF V600 mutation in melanoma. J Transl Med 2012, 
10:85. 

106. Davies H, Bignell GR, Cox C, Stephens P, Edkins S, Clegg S, Teague J, Woffendin H, Garnett MJ, 
Bottomley W et al: Mutations of the BRAF gene in human cancer. Nature 2002, 417(6892):949-954.

107. Long GV, Menzies AM, Nagrial AM, Haydu LE, Hamilton AL, Mann GJ, Hughes TM, Thompson JF, 
Scolyer RA, Kefford RF: Prognostic and clinicopathologic associations of oncogenic BRAF in 
metastatic melanoma. J Clin Oncol 2011, 29(10):1239-1246. 

108. Johnson DB, Lovly CM, Flavin M, Panageas KS, Ayers GD, Zhao Z, Iams WT, Colgan M, DeNoble S, 
Terry CR et al: Impact of NRAS mutations for patients with advanced melanoma treated with 
immune therapies. Cancer Immunol Res 2015, 3(3):288-295. 

109. Hocker T, Tsao H: Ultraviolet radiation and melanoma: a systematic review and analysis of 
reported sequence variants. Hum Mutat 2007, 28(6):578-588. 

110. Jakob JA, Bassett RL, Jr., Ng CS, Curry JL, Joseph RW, Alvarado GC, Rohlfs ML, Richard J, 
Gershenwald JE, Kim KB et al: NRAS mutation status is an independent prognostic factor in 
metastatic melanoma. Cancer 2012, 118(16):4014-4023.

111. Fruman DA, Rommel C: PI3K and cancer: lessons, challenges and opportunities. Nature reviews 
Drug discovery 2014, 13(2):140-156.

112. Wu H, Goel V, Haluska FG: PTEN signaling pathways in melanoma. Oncogene 2003, 22(20):3113-
3122.

113. Hodis E, Watson IR, Kryukov GV, Arold ST, Imielinski M, Theurillat JP, Nickerson E, Auclair D, Li 
L, Place C et al: A landscape of driver mutations in melanoma. Cell 2012, 150(2):251-263. 

114. Omholt K, Krockel D, Ringborg U, Hansson J: Mutations of PIK3CA are rare in cutaneous 
melanoma. Melanoma Res 2006, 16(2):197-200. 

115. Dhawan P, Singh AB, Ellis DL, Richmond A: Constitutive activation of Akt/protein kinase B in 
melanoma leads to up-regulation of nuclear factor-kappaB and tumor progression. Cancer Res 
2002, 62(24):7335-7342.

116. Stahl JM, Sharma A, Cheung M, Zimmerman M, Cheng JQ, Bosenberg MW, Kester M, 
Sandirasegarane L, Robertson GP: Deregulated Akt3 activity promotes development of malignant 
melanoma. Cancer Res 2004, 64(19):7002-7010. 

117. Markman B, Dienstmann R, Tabernero J: Targeting the PI3K/Akt/mTOR pathway--beyond 
rapalogs. Oncotarget 2010, 1(7):530-543.

118. Paraiso KH, Xiang Y, Rebecca VW, Abel EV, Chen YA, Munko AC, Wood E, Fedorenko IV, Sondak 
VK, Anderson AR et al: PTEN loss confers BRAF inhibitor resistance to melanoma cells through 
the suppression of BIM expression. Cancer Res 2011, 71(7):2750-2760. 

119. Goel VK, Lazar AJ, Warneke CL, Redston MS, Haluska FG: Examination of mutations in BRAF, 
NRAS, and PTEN in primary cutaneous melanoma. J Invest Dermatol 2006, 126(1):154-160.

120. Florell SR, Boucher KM, Garibotti G, Astle J, Kerber R, Mineau G, Wiggins C, Noyes RD, Tsodikov 
A, Cannon-Albright LA et al: Population-based analysis of prognostic factors and survival in 
familial melanoma. J Clin Oncol 2005, 23(28):7168-7177. 

121. Puntervoll HE, Yang XR, Vetti HH, Bachmann IM, Avril MF, Benfodda M, Catricala C, Dalle S, 
Duval-Modeste AB, Ghiorzo P et al: Melanoma prone families with CDK4 germline mutation: 
phenotypic profile and associations with MC1R variants. Journal of medical genetics 2013, 
50(4):264-270. 

122. Koh J, Enders GH, Dynlacht BD, Harlow E: Tumour-derived p16 alleles encoding proteins defective 
in cell-cycle inhibition. Nature 1995, 375(6531):506-510. 

123. Goldstein AM, Chan M, Harland M, Hayward NK, Demenais F, Bishop DT, Azizi E, Bergman W, 
Bianchi-Scarra G, Bruno W et al: Features associated with germline CDKN2A mutations: a 
GenoMEL study of melanoma-prone families from three continents. Journal of medical genetics 
2007, 44(2):99-106.

124. Hoek KS, Schlegel NC, Brafford P, Sucker A, Ugurel S, Kumar R, Weber BL, Nathanson KL, Phillips 
DJ, Herlyn M et al: Metastatic potential of melanomas defined by specific gene expression profiles 
with no BRAF signature. Pigment cell research 2006, 19(4):290-302. 



References 

50

125. Hoek KS, Eichhoff OM, Schlegel NC, Dobbeling U, Kobert N, Schaerer L, Hemmi S, Dummer R: In 
vivo switching of human melanoma cells between proliferative and invasive states. Cancer Res 
2008, 68(3):650-656.

126. O'Connell MP, Marchbank K, Webster MR, Valiga AA, Kaur A, Vultur A, Li L, Herlyn M, Villanueva 
J, Liu Q et al: Hypoxia induces phenotypic plasticity and therapy resistance in melanoma via the 
tyrosine kinase receptors ROR1 and ROR2. Cancer Discov 2013, 3(12):1378-1393. 

127. de Visser KE, Eichten A, Coussens LM: Paradoxical roles of the immune system during cancer 
development. Nat Rev Cancer 2006, 6(1):24-37.

128. Finn L, Markovic SN, Joseph RW: Therapy for metastatic melanoma: the past, present, and future.
BMC medicine 2012, 10:23. 

129. Pitt JM, Vetizou M, Daillere R, Roberti MP, Yamazaki T, Routy B, Lepage P, Boneca IG, Chamaillard 
M, Kroemer G et al: Resistance Mechanisms to Immune-Checkpoint Blockade in Cancer: Tumor-
Intrinsic and -Extrinsic Factors. Immunity 2016, 44(6):1255-1269.

130. Hodi FS, O'Day SJ, McDermott DF, Weber RW, Sosman JA, Haanen JB, Gonzalez R, Robert C, 
Schadendorf D, Hassel JC et al: Improved survival with ipilimumab in patients with metastatic 
melanoma. N Engl J Med 2010, 363(8):711-723. 

131. Wolchok JD, Weber JS, Maio M, Neyns B, Harmankaya K, Chin K, Cykowski L, de Pril V, Humphrey 
R, Lebbe C: Four-year survival rates for patients with metastatic melanoma who received 
ipilimumab in phase II clinical trials. Ann Oncol 2013, 24(8):2174-2180.

132. Prieto PA, Yang JC, Sherry RM, Hughes MS, Kammula US, White DE, Levy CL, Rosenberg SA, Phan 
GQ: CTLA-4 blockade with ipilimumab: long-term follow-up of 177 patients with metastatic 
melanoma. Clin Cancer Res 2012, 18(7):2039-2047. 

133. Larkin J, Chiarion-Sileni V, Gonzalez R, Grob JJ, Cowey CL, Lao CD, Schadendorf D, Dummer R, 
Smylie M, Rutkowski P et al: Combined Nivolumab and Ipilimumab or Monotherapy in Untreated 
Melanoma. N Engl J Med 2015, 373(1):23-34.

134. Robert C, Schachter J, Long GV, Arance A, Grob JJ, Mortier L, Daud A, Carlino MS, McNeil C, 
Lotem M et al: Pembrolizumab versus Ipilimumab in Advanced Melanoma. N Engl J Med 2015, 
372(26):2521-2532. 

135. Topalian SL, Hodi FS, Brahmer JR, Gettinger SN, Smith DC, McDermott DF, Powderly JD, Carvajal 
RD, Sosman JA, Atkins MB et al: Safety, activity, and immune correlates of anti-PD-1 antibody in 
cancer. N Engl J Med 2012, 366(26):2443-2454. 

136. Ribas A, Puzanov I, Dummer R, Schadendorf D, Hamid O, Robert C, Hodi FS, Schachter J, Pavlick 
AC, Lewis KD et al: Pembrolizumab versus investigator-choice chemotherapy for ipilimumab-
refractory melanoma (KEYNOTE-002): a randomised, controlled, phase 2 trial. Lancet Oncol 
2015, 16(8):908-918.

137. Chapman PB, Hauschild A, Robert C, Haanen JB, Ascierto P, Larkin J, Dummer R, Garbe C, Testori A, 
Maio M et al: Improved survival with vemurafenib in melanoma with BRAF V600E mutation. N
Engl J Med 2011, 364(26):2507-2516.

138. Hauschild A, Grob JJ, Demidov LV, Jouary T, Gutzmer R, Millward M, Rutkowski P, Blank CU, 
Miller WH, Jr., Kaempgen E et al: Dabrafenib in BRAF-mutated metastatic melanoma: a 
multicentre, open-label, phase 3 randomised controlled trial. Lancet 2012, 380(9839):358-365.

139. Robert C, Karaszewska B, Schachter J, Rutkowski P, Mackiewicz A, Stroiakovski D, Lichinitser M, 
Dummer R, Grange F, Mortier L et al: Improved overall survival in melanoma with combined 
dabrafenib and trametinib. N Engl J Med 2014, 372(1):30-39.

140. Shi H, Moriceau G, Kong X, Lee MK, Lee H, Koya RC, Ng C, Chodon T, Scolyer RA, Dahlman KB et 
al: Melanoma whole-exome sequencing identifies (V600E)B-RAF amplification-mediated 
acquired B-RAF inhibitor resistance. Nat Commun 2012, 3:724. 

141. Rizos H, Menzies AM, Pupo GM, Carlino MS, Fung C, Hyman J, Haydu LE, Mijatov B, Becker TM, 
Boyd SC et al: BRAF inhibitor resistance mechanisms in metastatic melanoma: spectrum and 
clinical impact. Clin Cancer Res 2014, 20(7):1965-1977. 

142. Nazarian R, Shi H, Wang Q, Kong X, Koya RC, Lee H, Chen Z, Lee MK, Attar N, Sazegar H et al:
Melanomas acquire resistance to B-RAF(V600E) inhibition by RTK or N-RAS upregulation.
Nature 2010, 468(7326):973-977.

143. Jiang CC, Lai F, Thorne RF, Yang F, Liu H, Hersey P, Zhang XD: MEK-independent survival of B-
RAFV600E melanoma cells selected for resistance to apoptosis induced by the RAF inhibitor 
PLX4720. Clin Cancer Res 2010, 17(4):721-730.

144. Montagut C, Sharma SV, Shioda T, McDermott U, Ulman M, Ulkus LE, Dias-Santagata D, Stubbs H, 
Lee DY, Singh A et al: Elevated CRAF as a potential mechanism of acquired resistance to BRAF 
inhibition in melanoma. Cancer Res 2008, 68(12):4853-4861. 



References 

51

145. Fedorenko IV, Gibney GT, Sondak VK, Smalley KS: Beyond BRAF: where next for melanoma 
therapy? Br J Cancer 2014, 112(2):217-226. 

146. Ascierto PA, McArthur GA, Dreno B, Atkinson V, Liszkay G, Di Giacomo AM, Mandala M, Demidov 
L, Stroyakovskiy D, Thomas L et al: Cobimetinib combined with vemurafenib in advanced 
BRAF(V600)-mutant melanoma (coBRIM): updated efficacy results from a randomised, double-
blind, phase 3 trial. Lancet Oncol 2016, 17(9):1248-1260. 

147. Larkin J, Ascierto PA, Dreno B, Atkinson V, Liszkay G, Maio M, Mandala M, Demidov L, 
Stroyakovskiy D, Thomas L et al: Combined vemurafenib and cobimetinib in BRAF-mutated 
melanoma. N Engl J Med 2014, 371(20):1867-1876. 

148. Long GV, Stroyakovskiy D, Gogas H, Levchenko E, de Braud F, Larkin J, Garbe C, Jouary T, 
Hauschild A, Grob JJ et al: Dabrafenib and trametinib versus dabrafenib and placebo for Val600 
BRAF-mutant melanoma: a multicentre, double-blind, phase 3 randomised controlled trial.
Lancet 2015, 386(9992):444-451.

149. Welsh SJ, Rizos H, Scolyer RA, Long GV: Resistance to combination BRAF and MEK inhibition in 
metastatic melanoma: Where to next? Eur J Cancer 2016, 62:76-85.

150. Kim KB, Kefford R, Pavlick AC, Infante JR, Ribas A, Sosman JA, Fecher LA, Millward M, McArthur 
GA, Hwu P et al: Phase II study of the MEK1/MEK2 inhibitor Trametinib in patients with 
metastatic BRAF-mutant cutaneous melanoma previously treated with or without a BRAF 
inhibitor. J Clin Oncol 2012, 31(4):482-489. 

151. Morris EJ, Jha S, Restaino CR, Dayananth P, Zhu H, Cooper A, Carr D, Deng Y, Jin W, Black S et al:
Discovery of a novel ERK inhibitor with activity in models of acquired resistance to BRAF and 
MEK inhibitors. Cancer Discov 2013, 3(7):742-750. 

152. Aronov AM, Tang Q, Martinez-Botella G, Bemis GW, Cao J, Chen G, Ewing NP, Ford PJ, Germann 
UA, Green J et al: Structure-guided design of potent and selective pyrimidylpyrrole inhibitors of 
extracellular signal-regulated kinase (ERK) using conformational control. J Med Chem 2009, 
52(20):6362-6368. 

153. Hatzivassiliou G, Liu B, O'Brien C, Spoerke JM, Hoeflich KP, Haverty PM, Soriano R, Forrest WF, 
Heldens S, Chen H et al: ERK inhibition overcomes acquired resistance to MEK inhibitors. Mol 
Cancer Ther 2012, 11(5):1143-1154.

154. Wong DJ, Robert L, Atefi MS, Lassen A, Avarappatt G, Cerniglia M, Avramis E, Tsoi J, Foulad D, 
Graeber TG et al: Antitumor activity of the ERK inhibitor SCH772984 [corrected] against BRAF 
mutant, NRAS mutant and wild-type melanoma. Mol Cancer 2014, 13:194. 

155. Sosman JA, Kim KB, Schuchter L, Gonzalez R, Pavlick AC, Weber JS, McArthur GA, Hutson TE, 
Moschos SJ, Flaherty KT et al: Survival in BRAF V600-mutant advanced melanoma treated with 
vemurafenib. N Engl J Med 2012, 366(8):707-714.

156. Smalley KS, Lioni M, Dalla Palma M, Xiao M, Desai B, Egyhazi S, Hansson J, Wu H, King AJ, Van 
Belle P et al: Increased cyclin D1 expression can mediate BRAF inhibitor resistance in BRAF 
V600E-mutated melanomas. Mol Cancer Ther 2008, 7(9):2876-2883. 

157. Van Allen EM, Wagle N, Sucker A, Treacy DJ, Johannessen CM, Goetz EM, Place CS, Taylor-Weiner 
A, Whittaker S, Kryukov GV et al: The genetic landscape of clinical resistance to RAF inhibition in 
metastatic melanoma. Cancer Discov 2013, 4(1):94-109.

158. Nathanson KL, Martin AM, Wubbenhorst B, Greshock J, Letrero R, D'Andrea K, O'Day S, Infante JR, 
Falchook GS, Arkenau HT et al: Tumor genetic analyses of patients with metastatic melanoma 
treated with the BRAF inhibitor dabrafenib (GSK2118436). Clin Cancer Res 2013, 19(17):4868-
4878.

159. Haq R, Yokoyama S, Hawryluk EB, Jonsson GB, Frederick DT, McHenry K, Porter D, Tran TN, Love 
KT, Langer R et al: BCL2A1 is a lineage-specific antiapoptotic melanoma oncogene that confers 
resistance to BRAF inhibition. Proc Natl Acad Sci U S A 2013, 110(11):4321-4326.

160. Wilson TR, Fridlyand J, Yan Y, Penuel E, Burton L, Chan E, Peng J, Lin E, Wang Y, Sosman J et al:
Widespread potential for growth-factor-driven resistance to anticancer kinase inhibitors. Nature 
2012, 487(7408):505-509. 

161. Fedorenko IV, Abel EV, Koomen JM, Fang B, Wood ER, Chen YA, Fisher KJ, Iyengar S, Dahlman 
KB, Wargo JA et al: Fibronectin induction abrogates the BRAF inhibitor response of BRAF 
V600E/PTEN-null melanoma cells. Oncogene 2016, 35(10):1225-1235. 

162. Fedorenko IV, Wargo JA, Flaherty KT, Messina JL, Smalley KS: BRAF Inhibition Generates a Host-
Tumor Niche that Mediates Therapeutic Escape. J Invest Dermatol 2015, 135(12):3115-3124.

163. Muller J, Krijgsman O, Tsoi J, Robert L, Hugo W, Song C, Kong X, Possik PA, Cornelissen-Steijger 
PD, Geukes Foppen MH et al: Low MITF/AXL ratio predicts early resistance to multiple targeted 
drugs in melanoma. Nat Commun 2014, 5:5712. 



References 

52

164. Konieczkowski DJ, Johannessen CM, Abudayyeh O, Kim JW, Cooper ZA, Piris A, Frederick DT, 
Barzily-Rokni M, Straussman R, Haq R et al: A melanoma cell state distinction influences sensitivity 
to MAPK pathway inhibitors. Cancer Discov 2014, 4(7):816-827.

165. Ogasawara J, Watanabe-Fukunaga R, Adachi M, Matsuzawa A, Kasugai T, Kitamura Y, Itoh N, Suda 
T, Nagata S: Lethal effect of the anti-Fas antibody in mice. Nature 1993, 364(6440):806-809.

166. Walczak H, Miller RE, Ariail K, Gliniak B, Griffith TS, Kubin M, Chin W, Jones J, Woodward A, Le T
et al: Tumoricidal activity of tumor necrosis factor-related apoptosis-inducing ligand in vivo. Nat 
Med 1999, 5(2):157-163.

167. Ashkenazi A, Pai RC, Fong S, Leung S, Lawrence DA, Marsters SA, Blackie C, Chang L, McMurtrey 
AE, Hebert A et al: Safety and antitumor activity of recombinant soluble Apo2 ligand. J Clin Invest 
1999, 104(2):155-162. 

168. Griffith TS, Stokes B, Kucaba TA, Earel JK, Jr., VanOosten RL, Brincks EL, Norian LA: TRAIL gene 
therapy: from preclinical development to clinical application. Curr Gene Ther 2009, 9(1):9-19.

169. Subbiah V, Brown RE, Buryanek J, Trent J, Ashkenazi A, Herbst R, Kurzrock R: Targeting the 
apoptotic pathway in chondrosarcoma using recombinant human Apo2L/TRAIL (dulanermin), a 
dual proapoptotic receptor (DR4/DR5) agonist. Mol Cancer Ther 2012, 11(11):2541-2546. 

170. Soria JC, Mark Z, Zatloukal P, Szima B, Albert I, Juhasz E, Pujol JL, Kozielski J, Baker N, Smethurst 
D et al: Randomized phase II study of dulanermin in combination with paclitaxel, carboplatin, 
and bevacizumab in advanced non-small-cell lung cancer. J Clin Oncol 2011, 29(33):4442-4451. 

171. Trarbach T, Moehler M, Heinemann V, Kohne CH, Przyborek M, Schulz C, Sneller V, Gallant G, 
Kanzler S: Phase II trial of mapatumumab, a fully human agonistic monoclonal antibody that 
targets and activates the tumour necrosis factor apoptosis-inducing ligand receptor-1 (TRAIL-
R1), in patients with refractory colorectal cancer. Br J Cancer 2010, 102(3):506-512.

172. Forero-Torres A, Shah J, Wood T, Posey J, Carlisle R, Copigneaux C, Luo FR, Wojtowicz-Praga S, 
Percent I, Saleh M: Phase I trial of weekly tigatuzumab, an agonistic humanized monoclonal 
antibody targeting death receptor 5 (DR5). Cancer Biother Radiopharm 2010, 25(1):13-19.

173. Plummer R, Attard G, Pacey S, Li L, Razak A, Perrett R, Barrett M, Judson I, Kaye S, Fox NL et al:
Phase 1 and pharmacokinetic study of lexatumumab in patients with advanced cancers. Clin 
Cancer Res 2007, 13(20):6187-6194.

174. Herbst RS, Eckhardt SG, Kurzrock R, Ebbinghaus S, O'Dwyer PJ, Gordon MS, Novotny W, 
Goldwasser MA, Tohnya TM, Lum BL et al: Phase I dose-escalation study of recombinant human 
Apo2L/TRAIL, a dual proapoptotic receptor agonist, in patients with advanced cancer. J Clin 
Oncol 2010, 28(17):2839-2846. 

175. Merchant MS, Geller JI, Baird K, Chou AJ, Galli S, Charles A, Amaoko M, Rhee EH, Price A, Wexler 
LH et al: Phase I trial and pharmacokinetic study of lexatumumab in pediatric patients with solid 
tumors. J Clin Oncol 2012, 30(33):4141-4147.

176. von Pawel J, Harvey JH, Spigel DR, Dediu M, Reck M, Cebotaru CL, Humphreys RC, Gribbin MJ, 
Fox NL, Camidge DR: Phase II trial of mapatumumab, a fully human agonist monoclonal 
antibody to tumor necrosis factor-related apoptosis-inducing ligand receptor 1 (TRAIL-R1), in 
combination with paclitaxel and carboplatin in patients with advanced non-small-cell lung 
cancer. Clin Lung Cancer 2014, 15(3):188-196 e182. 

177. Kurbanov BM, Fecker LF, Geilen CC, Sterry W, Eberle J: Resistance of melanoma cells to TRAIL 
does not result from upregulation of antiapoptotic proteins by NF-kappaB but is related to 
downregulation of initiator caspases and DR4. Oncogene 2007, 26(23):3364-3377.

178. Kurbanov BM, Geilen CC, Fecker LF, Orfanos CE, Eberle J: Efficient TRAIL-R1/DR4-mediated 
apoptosis in melanoma cells by tumor necrosis factor-related apoptosis-inducing ligand (TRAIL).
J Invest Dermatol 2005, 125(5):1010-1019. 

179. Hornle M, Peters N, Thayaparasingham B, Vorsmann H, Kashkar H, Kulms D: Caspase-3 cleaves 
XIAP in a positive feedback loop to sensitize melanoma cells to TRAIL-induced apoptosis.
Oncogene 2011, 30(5):575-587. 

180. Zhang XD, Zhang XY, Gray CP, Nguyen T, Hersey P: Tumor necrosis factor-related apoptosis-
inducing ligand-induced apoptosis of human melanoma is regulated by smac/DIABLO release 
from mitochondria. Cancer Res 2001, 61(19):7339-7348. 

181. Wilson NS, Yang B, Yang A, Loeser S, Marsters S, Lawrence D, Li Y, Pitti R, Totpal K, Yee S et al:
An Fcgamma receptor-dependent mechanism drives antibody-mediated target-receptor signaling 
in cancer cells. Cancer Cell 2011, 19(1):101-113.

182. Gieffers C, Kluge M, Merz C, Sykora J, Thiemann M, Schaal R, Fischer C, Branschadel M, Abhari BA, 
Hohenberger P et al: APG350 induces superior clustering of TRAIL receptors and shows 
therapeutic antitumor efficacy independent of cross-linking via Fcgamma receptors. Mol Cancer 
Ther 2013, 12(12):2735-2747. 



References 

53

183. Fleming M, Ravula S, Tatishchev SF, Wang HL: Colorectal carcinoma: Pathologic aspects. J
Gastrointest Oncol 2012, 3(3):153-173.

184. Center MM, Jemal A, Smith RA, Ward E: Worldwide variations in colorectal cancer. CA Cancer J 
Clin 2009, 59(6):366-378.

185. Huxley RR, Ansary-Moghaddam A, Clifton P, Czernichow S, Parr CL, Woodward M: The impact of 
dietary and lifestyle risk factors on risk of colorectal cancer: a quantitative overview of the 
epidemiological evidence. Int J Cancer 2009, 125(1):171-180. 

186. Samad AK, Taylor RS, Marshall T, Chapman MA: A meta-analysis of the association of physical 
activity with reduced risk of colorectal cancer. Colorectal Dis 2005, 7(3):204-213.

187. Brenner H, Kloor M, Pox CP: Colorectal cancer. Lancet 2014, 383(9927):1490-1502. 
188. Cunningham D, Atkin W, Lenz HJ, Lynch HT, Minsky B, Nordlinger B, Starling N: Colorectal 

cancer. Lancet 2010, 375(9719):1030-1047.
189. Jasperson K, Burt RW: The Genetics of Colorectal Cancer. Surg Oncol Clin N Am 2015, 24(4):683-

703.
190. Vasen HF, Wijnen JT, Menko FH, Kleibeuker JH, Taal BG, Griffioen G, Nagengast FM, Meijers-

Heijboer EH, Bertario L, Varesco L et al: Cancer risk in families with hereditary nonpolyposis 
colorectal cancer diagnosed by mutation analysis. Gastroenterology 1996, 110(4):1020-1027.

191. Edge SB, Compton CC: The American Joint Committee on Cancer: the 7th edition of the AJCC 
cancer staging manual and the future of TNM. Ann Surg Oncol 2010, 17(6):1471-1474. 

192. Markowitz SD, Bertagnolli MM: Molecular origins of cancer: Molecular basis of colorectal cancer.
N Engl J Med 2009, 361(25):2449-2460. 

193. SEER Stat Fact Sheets: Colon and Rectum Cancer 
[https://seer.cancer.gov/statfacts/html/colorect.html] 

194. Leporrier J, Maurel J, Chiche L, Bara S, Segol P, Launoy G: A population-based study of the
incidence, management and prognosis of hepatic metastases from colorectal cancer. Br J Surg 
2006, 93(4):465-474.

195. Biasco G, Derenzini E, Grazi G, Ercolani G, Ravaioli M, Pantaleo MA, Brandi G: Treatment of 
hepatic metastases from colorectal cancer: many doubts, some certainties. Cancer Treat Rev 2006, 
32(3):214-228. 

196. Adam R, de Gramont A, Figueras J, Kokudo N, Kunstlinger F, Loyer E, Poston G, Rougier P, Rubbia-
Brandt L, Sobrero A et al: Managing synchronous liver metastases from colorectal cancer: a 
multidisciplinary international consensus. Cancer Treat Rev 2015, 41(9):729-741. 

197. Adam R, Wicherts DA, de Haas RJ, Ciacio O, Levi F, Paule B, Ducreux M, Azoulay D, Bismuth H, 
Castaing D: Patients with initially unresectable colorectal liver metastases: is there a possibility of 
cure? J Clin Oncol 2009, 27(11):1829-1835. 

198. Adam R: Chemotherapy and surgery: new perspectives on the treatment of unresectable liver 
metastases. Ann Oncol 2003, 14 Suppl 2:ii13-16.

199. Vermeulen PB, Colpaert C, Salgado R, Royers R, Hellemans H, Van Den Heuvel E, Goovaerts G, Dirix 
LY, Van Marck E: Liver metastases from colorectal adenocarcinomas grow in three patterns with 
different angiogenesis and desmoplasia. J Pathol 2001, 195(3):336-342.

200. Vatandoust S, Price TJ, Karapetis CS: Colorectal cancer: Metastases to a single organ. World J 
Gastroenterol 2015, 21(41):11767-11776. 

201. Souglakos J, Philips J, Wang R, Marwah S, Silver M, Tzardi M, Silver J, Ogino S, Hooshmand S, 
Kwak E et al: Prognostic and predictive value of common mutations for treatment response and 
survival in patients with metastatic colorectal cancer. Br J Cancer 2009, 101(3):465-472. 

202. Kopetz S, Desai J, Chan E, Hecht JR, O'Dwyer PJ, Maru D, Morris V, Janku F, Dasari A, Chung W et 
al: Phase II Pilot Study of Vemurafenib in Patients With Metastatic BRAF-Mutated Colorectal 
Cancer. J Clin Oncol 2015, 33(34):4032-4038.

203. Karapetis CS, Khambata-Ford S, Jonker DJ, O'Callaghan CJ, Tu D, Tebbutt NC, Simes RJ, Chalchal H, 
Shapiro JD, Robitaille S et al: K-ras mutations and benefit from cetuximab in advanced colorectal 
cancer. N Engl J Med 2008, 359(17):1757-1765. 

204. Amado RG, Wolf M, Peeters M, Van Cutsem E, Siena S, Freeman DJ, Juan T, Sikorski R, Suggs S, 
Radinsky R et al: Wild-type KRAS is required for panitumumab efficacy in patients with 
metastatic colorectal cancer. J Clin Oncol 2008, 26(10):1626-1634.

205. Van Cutsem E, Kohne CH, Hitre E, Zaluski J, Chang Chien CR, Makhson A, D'Haens G, Pinter T, Lim 
R, Bodoky G et al: Cetuximab and chemotherapy as initial treatment for metastatic colorectal 
cancer. N Engl J Med 2009, 360(14):1408-1417. 

206. Lipsyc M, Yaeger R: Impact of somatic mutations on patterns of metastasis in colorectal cancer. J
Gastrointest Oncol 2015, 6(6):645-649.



References 

54

207. Longley DB, Harkin DP, Johnston PG: 5-fluorouracil: mechanisms of action and clinical strategies.
Nat Rev Cancer 2003, 3(5):330-338.

208. AdvancedColorectalCancerMetaAnalysisProject: Modulation of fluorouracil by leucovorin in 
patients with advanced colorectal cancer: evidence in terms of response rate. Advanced 
Colorectal Cancer Meta-Analysis Project. J Clin Oncol 1992, 10(6):896-903.

209. Graham J, Mushin M, Kirkpatrick P: Oxaliplatin. Nature reviews Drug discovery 2004, 3(1):11-12.
210. Eder JP, Chan V, Wong J, Wong YW, Ara G, Northey D, Rizvi N, Teicher BA: Sequence effect of 

irinotecan (CPT-11) and topoisomerase II inhibitors in vivo. Cancer Chemother Pharmacol 1998, 
42(4):327-335. 

211. Giacchetti S, Perpoint B, Zidani R, Le Bail N, Faggiuolo R, Focan C, Chollet P, Llory JF, Letourneau 
Y, Coudert B et al: Phase III multicenter randomized trial of oxaliplatin added to 
chronomodulated fluorouracil-leucovorin as first-line treatment of metastatic colorectal cancer. J
Clin Oncol 2000, 18(1):136-147. 

212. Douillard JY, Cunningham D, Roth AD, Navarro M, James RD, Karasek P, Jandik P, Iveson T, 
Carmichael J, Alakl M et al: Irinotecan combined with fluorouracil compared with fluorouracil 
alone as first-line treatment for metastatic colorectal cancer: a multicentre randomised trial.
Lancet 2000, 355(9209):1041-1047.

213. El Zouhairi M, Charabaty A, Pishvaian MJ: Molecularly targeted therapy for metastatic colon 
cancer: proven treatments and promising new agents. Gastrointestinal cancer research : GCR 2011, 
4(1):15-21.

214. Douillard JY, Siena S, Cassidy J, Tabernero J, Burkes R, Barugel M, Humblet Y, Bodoky G, 
Cunningham D, Jassem J et al: Randomized, phase III trial of panitumumab with infusional 
fluorouracil, leucovorin, and oxaliplatin (FOLFOX4) versus FOLFOX4 alone as first-line
treatment in patients with previously untreated metastatic colorectal cancer: the PRIME study. J
Clin Oncol 2010, 28(31):4697-4705.

215. Peeters M, Price TJ, Cervantes A, Sobrero AF, Ducreux M, Hotko Y, Andre T, Chan E, Lordick F, Punt 
CJ et al: Randomized phase III study of panitumumab with fluorouracil, leucovorin, and 
irinotecan (FOLFIRI) compared with FOLFIRI alone as second-line treatment in patients with 
metastatic colorectal cancer. J Clin Oncol 2010, 28(31):4706-4713.

216. Van Cutsem E, Peeters M, Siena S, Humblet Y, Hendlisz A, Neyns B, Canon JL, Van Laethem JL, 
Maurel J, Richardson G et al: Open-label phase III trial of panitumumab plus best supportive care 
compared with best supportive care alone in patients with chemotherapy-refractory metastatic
colorectal cancer. J Clin Oncol 2007, 25(13):1658-1664. 

217. Jonker DJ, O'Callaghan CJ, Karapetis CS, Zalcberg JR, Tu D, Au HJ, Berry SR, Krahn M, Price T, 
Simes RJ et al: Cetuximab for the treatment of colorectal cancer. N Engl J Med 2007, 357(20):2040-
2048.

218. Corcoran RB, Ebi H, Turke AB, Coffee EM, Nishino M, Cogdill AP, Brown RD, Della Pelle P, Dias-
Santagata D, Hung KE et al: EGFR-mediated re-activation of MAPK signaling contributes to 
insensitivity of BRAF mutant colorectal cancers to RAF inhibition with vemurafenib. Cancer 
Discov 2012, 2(3):227-235. 

219. Nagaraja AK, Bass AJ: Hitting the Target in BRAF-Mutant Colorectal Cancer. J Clin Oncol 2015, 
33(34):3990-3992. 

220. Yaeger R, Cercek A, O'Reilly EM, Reidy DL, Kemeny N, Wolinsky T, Capanu M, Gollub MJ, Rosen 
N, Berger MF et al: Pilot trial of combined BRAF and EGFR inhibition in BRAF-mutant 
metastatic colorectal cancer patients. Clin Cancer Res 2015, 21(6):1313-1320. 

221. Folkman J, Hahnfeldt P, Hlatky L: Cancer: looking outside the genome. Nat Rev Mol Cell Biol 2000, 
1(1):76-79.

222. Jain RK: Normalization of tumor vasculature: an emerging concept in antiangiogenic therapy.
Science 2005, 307(5706):58-62.

223. Ferrara N, Hillan KJ, Gerber HP, Novotny W: Discovery and development of bevacizumab, an anti-
VEGF antibody for treating cancer. Nature reviews Drug discovery 2004, 3(5):391-400. 

224. Hurwitz H, Fehrenbacher L, Novotny W, Cartwright T, Hainsworth J, Heim W, Berlin J, Baron A, 
Griffing S, Holmgren E et al: Bevacizumab plus irinotecan, fluorouracil, and leucovorin for 
metastatic colorectal cancer. N Engl J Med 2004, 350(23):2335-2342. 

225. Sandler A, Gray R, Perry MC, Brahmer J, Schiller JH, Dowlati A, Lilenbaum R, Johnson DH: 
Paclitaxel-carboplatin alone or with bevacizumab for non-small-cell lung cancer. N Engl J Med 
2006, 355(24):2542-2550. 

226. Escudier B, Bellmunt J, Negrier S, Bajetta E, Melichar B, Bracarda S, Ravaud A, Golding S, Jethwa S, 
Sneller V: Phase III trial of bevacizumab plus interferon alfa-2a in patients with metastatic renal 
cell carcinoma (AVOREN): final analysis of overall survival. J Clin Oncol 2010, 28(13):2144-2150. 



References 

55

227. Pujade-Lauraine E, Hilpert F, Weber B, Reuss A, Poveda A, Kristensen G, Sorio R, Vergote I, 
Witteveen P, Bamias A et al: Bevacizumab combined with chemotherapy for platinum-resistant 
recurrent ovarian cancer: The AURELIA open-label randomized phase III trial. J Clin Oncol 
2014, 32(13):1302-1308.

228. Tewari KS, Sill MW, Long HJ, 3rd, Penson RT, Huang H, Ramondetta LM, Landrum LM, Oaknin A, 
Reid TJ, Leitao MM et al: Improved survival with bevacizumab in advanced cervical cancer. N
Engl J Med 2014, 370(8):734-743.

229. Miller K, Wang M, Gralow J, Dickler M, Cobleigh M, Perez EA, Shenkier T, Cella D, Davidson NE: 
Paclitaxel plus bevacizumab versus paclitaxel alone for metastatic breast cancer. N Engl J Med 
2007, 357(26):2666-2676. 

230. Miles DW, Chan A, Dirix LY, Cortes J, Pivot X, Tomczak P, Delozier T, Sohn JH, Provencher L, 
Puglisi F et al: Phase III study of bevacizumab plus docetaxel compared with placebo plus 
docetaxel for the first-line treatment of human epidermal growth factor receptor 2-negative 
metastatic breast cancer. J Clin Oncol 2010, 28(20):3239-3247. 

231. Robert NJ, Dieras V, Glaspy J, Brufsky AM, Bondarenko I, Lipatov ON, Perez EA, Yardley DA, Chan 
SY, Zhou X et al: RIBBON-1: randomized, double-blind, placebo-controlled, phase III trial of 
chemotherapy with or without bevacizumab for first-line treatment of human epidermal growth 
factor receptor 2-negative, locally recurrent or metastatic breast cancer. J Clin Oncol 2011, 
29(10):1252-1260. 

232. Brufsky AM, Hurvitz S, Perez E, Swamy R, Valero V, O'Neill V, Rugo HS: RIBBON-2: a 
randomized, double-blind, placebo-controlled, phase III trial evaluating the efficacy and safety of 
bevacizumab in combination with chemotherapy for second-line treatment of human epidermal 
growth factor receptor 2-negative metastatic breast cancer. J Clin Oncol 2011, 29(32):4286-4293. 

233. Holash J, Davis S, Papadopoulos N, Croll SD, Ho L, Russell M, Boland P, Leidich R, Hylton D, 
Burova E et al: VEGF-Trap: a VEGF blocker with potent antitumor effects. Proc Natl Acad Sci U 
S A 2002, 99(17):11393-11398. 

234. Van Cutsem E, Tabernero J, Lakomy R, Prenen H, Prausova J, Macarulla T, Ruff P, van Hazel GA, 
Moiseyenko V, Ferry D et al: Addition of aflibercept to fluorouracil, leucovorin, and irinotecan 
improves survival in a phase III randomized trial in patients with metastatic colorectal cancer 
previously treated with an oxaliplatin-based regimen. J Clin Oncol 2012, 30(28):3499-3506. 

235. Ruff P, Ferry DR, Lakomy R, Prausova J, Van Hazel GA, Hoff PM, Cunningham D, Arnold D, 
Schmoll HJ, Moiseyenko VM et al: Time course of safety and efficacy of aflibercept in combination 
with FOLFIRI in patients with metastatic colorectal cancer who progressed on previous 
oxaliplatin-based therapy. Eur J Cancer 2014, 51(1):18-26.

236. Folprecht G, Pericay C, Saunders MP, Thomas A, Lopez RL, Roh JK, Chistyakov V, Hohler T, Kim JS, 
Hofheinz RD et al: Oxaliplatin and 5-FU/folinic acid (modified FOLFOX6) with or without 
aflibercept in first line treatment of patients with metastatic colorectal cancer - the AFFIRM 
study. Ann Oncol 2016. 

237. Ramlau R, Gorbunova V, Ciuleanu TE, Novello S, Ozguroglu M, Goksel T, Baldotto C, Bennouna J, 
Shepherd FA, Le-Guennec S et al: Aflibercept and Docetaxel versus Docetaxel alone after platinum 
failure in patients with advanced or metastatic non-small-cell lung cancer: a randomized, 
controlled phase III trial. J Clin Oncol 2012, 30(29):3640-3647.

238. Rougier P, Riess H, Manges R, Karasek P, Humblet Y, Barone C, Santoro A, Assadourian S, Hatteville 
L, Philip PA: Randomised, placebo-controlled, double-blind, parallel-group phase III study 
evaluating aflibercept in patients receiving first-line treatment with gemcitabine for metastatic 
pancreatic cancer. Eur J Cancer 2013, 49(12):2633-2642. 

239. Tannock IF, Fizazi K, Ivanov S, Karlsson CT, Flechon A, Skoneczna I, Orlandi F, Gravis G, Matveev 
V, Bavbek S et al: Aflibercept versus placebo in combination with docetaxel and prednisone for 
treatment of men with metastatic castration-resistant prostate cancer (VENICE): a phase 3, 
double-blind randomised trial. Lancet Oncol 2013, 14(8):760-768.

240. Papadopoulos N, Martin J, Ruan Q, Rafique A, Rosconi MP, Shi E, Pyles EA, Yancopoulos GD, Stahl 
N, Wiegand SJ: Binding and neutralization of vascular endothelial growth factor (VEGF) and 
related ligands by VEGF Trap, ranibizumab and bevacizumab. Angiogenesis 2012, 15(2):171-185.

241. Chiron M, Bagley RG, Pollard J, Mankoo PK, Henry C, Vincent L, Geslin C, Baltes N, Bergstrom DA: 
Differential antitumor activity of aflibercept and bevacizumab in patient-derived xenograft 
models of colorectal cancer. Mol Cancer Ther 2014, 13(6):1636-1644. 

242. Wilhelm SM, Dumas J, Adnane L, Lynch M, Carter CA, Schutz G, Thierauch KH, Zopf D: 
Regorafenib (BAY 73-4506): a new oral multikinase inhibitor of angiogenic, stromal and 
oncogenic receptor tyrosine kinases with potent preclinical antitumor activity. Int J Cancer 2011, 
129(1):245-255.



References 

56

243. Grothey A, Van Cutsem E, Sobrero A, Siena S, Falcone A, Ychou M, Humblet Y, Bouche O, Mineur 
L, Barone C et al: Regorafenib monotherapy for previously treated metastatic colorectal cancer 
(CORRECT): an international, multicentre, randomised, placebo-controlled, phase 3 trial. Lancet 
2013, 381(9863):303-312. 

244. Raymond E, Dahan L, Raoul JL, Bang YJ, Borbath I, Lombard-Bohas C, Valle J, Metrakos P, Smith D, 
Vinik A et al: Sunitinib malate for the treatment of pancreatic neuroendocrine tumors. N Engl J 
Med 2011, 364(6):501-513. 

245. Demetri GD, van Oosterom AT, Garrett CR, Blackstein ME, Shah MH, Verweij J, McArthur G, Judson 
IR, Heinrich MC, Morgan JA et al: Efficacy and safety of sunitinib in patients with advanced 
gastrointestinal stromal tumour after failure of imatinib: a randomised controlled trial. Lancet 
2006, 368(9544):1329-1338.

246. Motzer RJ, Hutson TE, Tomczak P, Michaelson MD, Bukowski RM, Rixe O, Oudard S, Negrier S, 
Szczylik C, Kim ST et al: Sunitinib versus interferon alfa in metastatic renal-cell carcinoma. N
Engl J Med 2007, 356(2):115-124.

247. Carrato A, Swieboda-Sadlej A, Staszewska-Skurczynska M, Lim R, Roman L, Shparyk Y, Bondarenko 
I, Jonker DJ, Sun Y, De la Cruz JA et al: Fluorouracil, leucovorin, and irinotecan plus either 
sunitinib or placebo in metastatic colorectal cancer: a randomized, phase III trial. J Clin Oncol 
2013, 31(10):1341-1347.

248. Bergers G, Hanahan D: Modes of resistance to anti-angiogenic therapy. Nat Rev Cancer 2008, 
8(8):592-603.

249. Shojaei F, Wu X, Malik AK, Zhong C, Baldwin ME, Schanz S, Fuh G, Gerber HP, Ferrara N: Tumor 
refractoriness to anti-VEGF treatment is mediated by CD11b+Gr1+ myeloid cells. Nat Biotechnol 
2007, 25(8):911-920.

250. Kopetz S, Hoff PM, Morris JS, Wolff RA, Eng C, Glover KY, Adinin R, Overman MJ, Valero V, Wen
S et al: Phase II trial of infusional fluorouracil, irinotecan, and bevacizumab for metastatic 
colorectal cancer: efficacy and circulating angiogenic biomarkers associated with therapeutic 
resistance. J Clin Oncol 2009, 28(3):453-459.

251. Willett CG, Duda DG, di Tomaso E, Boucher Y, Ancukiewicz M, Sahani DV, Lahdenranta J, Chung 
DC, Fischman AJ, Lauwers GY et al: Efficacy, safety, and biomarkers of neoadjuvant 
bevacizumab, radiation therapy, and fluorouracil in rectal cancer: a multidisciplinary phase II 
study. J Clin Oncol 2009, 27(18):3020-3026. 

252. Fass L: Imaging and cancer: a review. Mol Oncol 2008, 2(2):115-152. 
253. Condeelis J, Weissleder R: In vivo imaging in cancer. Cold Spring Harbor perspectives in biology 

2010, 2(12):a003848. 
254. Zhou Z, Lu ZR: Gadolinium-based contrast agents for magnetic resonance cancer imaging. Wiley 

interdisciplinary reviews Nanomedicine and nanobiotechnology 2013, 5(1):1-18.
255. Ricotta R, Vanzulli A, Moroni M, Colnago B, Oriani M, Nichelatti M, Sarnataro C, Venturini F, Di 

Bella S, Maiolani M et al: Magnetic resonance imaging as an early indicator of clinical outcome in 
patients with metastatic colorectal carcinoma treated with cetuximab or panitumumab. Clin 
Colorectal Cancer 2013, 12(1):45-53.

256. Lyons SK: Advances in imaging mouse tumour models in vivo. J Pathol 2005, 205(2):194-205.
257. Westbrook CR, CK; Talbot J.: MRI in practise, 4th edn: Wiley-Blackwell; 2011. 
258. Van Beers BE, Pastor CM, Hussain HK: Primovist, Eovist: what to expect? Journal of hepatology 

2012, 57(2):421-429.
259. Lowenthal D, Zeile M, Lim WY, Wybranski C, Fischbach F, Wieners G, Pech M, Kropf S, Ricke J, 

Dudeck O: Detection and characterisation of focal liver lesions in colorectal carcinoma patients: 
comparison of diffusion-weighted and Gd-EOB-DTPA enhanced MR imaging. Eur Radiol 2011, 
21(4):832-840. 

260. Zech CJ, Herrmann KA, Reiser MF, Schoenberg SO: MR imaging in patients with suspected liver 
metastases: value of liver-specific contrast agent Gd-EOB-DTPA. Magnetic resonance in medical 
sciences : MRMS : an official journal of Japan Society of Magnetic Resonance in Medicine 2007, 
6(1):43-52.

261. Koh DM, Collins DJ, Wallace T, Chau I, Riddell AM: Combining diffusion-weighted MRI with Gd-
EOB-DTPA-enhanced MRI improves the detection of colorectal liver metastases. Br J Radiol 
2011, 85(1015):980-989.

262. Parikh T, Drew SJ, Lee VS, Wong S, Hecht EM, Babb JS, Taouli B: Focal liver lesion detection and 
characterization with diffusion-weighted MR imaging: comparison with standard breath-hold 
T2-weighted imaging. Radiology 2008, 246(3):812-822. 

263. Sun YS, Zhang XP, Tang L, Ji JF, Gu J, Cai Y, Zhang XY: Locally advanced rectal carcinoma 
treated with preoperative chemotherapy and radiation therapy: preliminary analysis of diffusion-



References 

57

weighted MR imaging for early detection of tumor histopathologic downstaging. Radiology 2010, 
254(1):170-178.

264. Marugami N, Tanaka T, Kitano S, Hirohashi S, Nishiofuku H, Takahashi A, Sakaguchi H, Matsuoka 
M, Otsuji T, Takahama J et al: Early detection of therapeutic response to hepatic arterial infusion 
chemotherapy of liver metastases from colorectal cancer using diffusion-weighted MR imaging.
Cardiovascular and interventional radiology 2009, 32(4):638-646.

265. Yankeelov TE, Arlinghaus LR, Li X, Gore JC: The role of magnetic resonance imaging biomarkers 
in clinical trials of treatment response in cancer. Semin Oncol 2011, 38(1):16-25.

266. Koh DM, Collins DJ: Diffusion-weighted MRI in the body: applications and challenges in 
oncology. AJR Am J Roentgenol 2007, 188(6):1622-1635. 

267. O'Neill K, Lyons SK, Gallagher WM, Curran KM, Byrne AT: Bioluminescent imaging: a critical tool 
in pre-clinical oncology research. J Pathol 2010, 220(3):317-327.

268. Katt ME, Placone AL, Wong AD, Xu ZS, Searson PC: In Vitro Tumor Models: Advantages, 
Disadvantages, Variables, and Selecting the Right Platform. Frontiers in bioengineering and 
biotechnology 2016, 4:12. 

269. Baker BM, Chen CS: Deconstructing the third dimension: how 3D culture microenvironments 
alter cellular cues. Journal of cell science 2012, 125(Pt 13):3015-3024. 

270. Chitcholtan K, Sykes PH, Evans JJ: The resistance of intracellular mediators to doxorubicin and 
cisplatin are distinct in 3D and 2D endometrial cancer. J Transl Med 2012, 10:38. 

271. Mehta G, Hsiao AY, Ingram M, Luker GD, Takayama S: Opportunities and challenges for use of 
tumor spheroids as models to test drug delivery and efficacy. J Control Release 2012, 164(2):192-
204.

272. Zietarska M, Maugard CM, Filali-Mouhim A, Alam-Fahmy M, Tonin PN, Provencher DM, Mes-
Masson AM: Molecular description of a 3D in vitro model for the study of epithelial ovarian 
cancer (EOC). Mol Carcinog 2007, 46(10):872-885. 

273. Edmondson R, Broglie JJ, Adcock AF, Yang L: Three-dimensional cell culture systems and their 
applications in drug discovery and cell-based biosensors. Assay and drug development technologies 
2014, 12(4):207-218.

274. Masters JR: Human cancer cell lines: fact and fantasy. Nat Rev Mol Cell Biol 2000, 1(3):233-236.
275. Cory AH, Owen TC, Barltrop JA, Cory JG: Use of an aqueous soluble tetrazolium/formazan assay 

for cell growth assays in culture. Cancer communications 1991, 3(7):207-212.
276. Krutzik PO, Clutter MR, Trejo A, Nolan GP: Fluorescent cell barcoding for multiplex flow 

cytometry. Current protocols in cytometry / editorial board, J Paul Robinson, managing editor  [et al] 
2011, Chapter 6:Unit 6 31. 

277. Fidler IJ, Wilmanns C, Staroselsky A, Radinsky R, Dong Z, Fan D: Modulation of tumor cell 
response to chemotherapy by the organ environment. Cancer Metastasis Rev 1994, 13(2):209-222. 

278. Sarraf-Yazdi S, Mi J, Dewhirst MW, Clary BM: Use of in vivo bioluminescence imaging to predict 
hepatic tumor burden in mice. J Surg Res 2004, 120(2):249-255.

279. Thalheimer A, Korb D, Bonicke L, Wiegering A, Muhling B, Schneider M, Koch S, Riedel SS, Germer 
CT, Beilhack A et al: Noninvasive visualization of tumor growth in a human colorectal liver 
metastases xenograft model using bioluminescence in vivo imaging. The Journal of surgical 
research 2013, 185(1):143-151. 

280. Ishizu K, Sunose N, Yamazaki K, Tsuruo T, Sadahiro S, Makuuchi H, Yamori T: Development and 
characterization of a model of liver metastasis using human colon cancer HCT-116 cells.
Biological & pharmaceutical bulletin 2007, 30(9):1779-1783. 

281. Lee WY, Hong HK, Ham SK, Kim CI, Cho YB: Comparison of colorectal cancer in differentially 
established liver metastasis models. Anticancer Res 2014, 34(7):3321-3328. 

282. Thalheimer A, Otto C, Bueter M, Illert B, Gattenlohner S, Gasser M, Fein M, Germer CT, Waaga-
Gasser AM: Tumor cell dissemination in a human colon cancer animal model: orthotopic 
implantation or intraportal injection? European surgical research Europaische chirurgische 
Forschung Recherches chirurgicales europeennes 2009, 42(3):195-200. 

283. Limani P, Borgeaud N, Linecker M, Tschuor C, Kachaylo E, Schlegel A, Jang JH, Ungethum U, 
Montani M, Graf R et al: Selective portal vein injection for the design of syngeneic models of liver 
malignancy. American journal of physiology Gastrointestinal and liver physiology 2016, 310(9):G682-
688.

284. Francia G, Cruz-Munoz W, Man S, Xu P, Kerbel RS: Mouse models of advanced spontaneous 
metastasis for experimental therapeutics. Nat Rev Cancer 2011, 11(2):135-141. 

285. Fenwick N, Griffin G, Gauthier C: The welfare of animals used in science: how the "Three Rs" 
ethic guides improvements. The Canadian veterinary journal = La revue veterinaire canadienne 
2009, 50(5):523-530.



References 

58

286. Mendoza A, Hong SH, Osborne T, Khan MA, Campbell K, Briggs J, Eleswarapu A, Buquo L, Ren L, 
Hewitt SM et al: Modeling metastasis biology and therapy in real time in the mouse lung. J Clin 
Invest 2010, 120(8):2979-2988. 

287. Ruggeri BA, Camp F, Miknyoczki S: Animal models of disease: pre-clinical animal models of 
cancer and their applications and utility in drug discovery. Biochem Pharmacol 2014, 87(1):150-
161.

288. Gould SE, Junttila MR, de Sauvage FJ: Translational value of mouse models in oncology drug 
development. Nature medicine 2015, 21(5):431-439. 

289. Nygaard V, Prasmickaite L, Vasiliauskaite K, Clancy T, Hovig E: Melanoma brain colonization 
involves the emergence of a brain-adaptive phenotype. Oncoscience 2014, 1(1):82-94.

290. de Jong M, Maina T: Of mice and humans: are they the same?--Implications in cancer 
translational research. Journal of nuclear medicine : official publication, Society of Nuclear Medicine 
2010, 51(4):501-504.

291. O'Farrell AC, Shnyder SD, Marston G, Coletta PL, Gill JH: Non-invasive molecular imaging for 
preclinical cancer therapeutic development. British journal of pharmacology 2013, 169(4):719-735. 

292. Yamamoto H, Noura S, Okami J, Uemura M, Takemasa I, Ikeda M, Ishii H, Sekimoto M, Matsuura N, 
Monden M et al: Overexpression of MT1-MMP is insufficient to increase experimental liver 
metastasis of human colon cancer cells. International journal of molecular medicine 2008, 22(6):757-
761.

293. Lavilla-Alonso S, Abo-Ramadan U, Halavaara J, Escutenaire S, Tatlisumak T, Saksela K, Kanerva A, 
Hemminki A, Pesonen S: Optimized mouse model for the imaging of tumor metastasis upon 
experimental therapy. PLoS One 2011, 6(11):e26810. 

294. Bouvet M, Tsuji K, Yang M, Jiang P, Moossa AR, Hoffman RM: In vivo color-coded imaging of the 
interaction of colon cancer cells and splenocytes in the formation of liver metastases. Cancer Res 
2006, 66(23):11293-11297. 

295. Pocard M, Muleris M, Hamelin R, Salmon RJ, Dutrillaux B, Poupon MF: Growth dependency of 
human colon cancer xenograft on organ environment is related with their original clinical stage.
Anticancer Res 1998, 18(4A):2743-2747. 

296. Flatmark K, Maelandsmo GM, Martinsen M, Rasmussen H, Fodstad O: Twelve colorectal cancer cell 
lines exhibit highly variable growth and metastatic capacities in an orthotopic model in nude 
mice. Eur J Cancer 2004, 40(10):1593-1598. 

297. Guilbaud N, Kraus-Berthier L, Meyer-Losic F, Malivet V, Chacun C, Jan M, Tillequin F, Michel S, 
Koch M, Pfeiffer B et al: Marked antitumor activity of a new potent acronycine derivative in 
orthotopic models of human solid tumors. Clin Cancer Res 2001, 7(8):2573-2580.

298. Richmond A, Su Y: Mouse xenograft models vs GEM models for human cancer therapeutics.
Disease models & mechanisms 2008, 1(2-3):78-82.

299. Hung KE, Maricevich MA, Richard LG, Chen WY, Richardson MP, Kunin A, Bronson RT, Mahmood 
U, Kucherlapati R: Development of a mouse model for sporadic and metastatic colon tumors and 
its use in assessing drug treatment. Proc Natl Acad Sci U S A 2010, 107(4):1565-1570. 

300. DeRose YS, Wang G, Lin YC, Bernard PS, Buys SS, Ebbert MT, Factor R, Matsen C, Milash BA, 
Nelson E et al: Tumor grafts derived from women with breast cancer authentically reflect tumor 
pathology, growth, metastasis and disease outcomes. Nature medicine 2011, 17(11):1514-1520.

301. Siolas D, Hannon GJ: Patient-derived tumor xenografts: transforming clinical samples into mouse 
models. Cancer Res 2013, 73(17):5315-5319. 

302. Markman JL, Shiao SL: Impact of the immune system and immunotherapy in colorectal cancer. J
Gastrointest Oncol 2015, 6(2):208-223.

303. Mosier DE, Gulizia RJ, Baird SM, Wilson DB: Transfer of a functional human immune system to 
mice with severe combined immunodeficiency. Nature 1988, 335(6187):256-259.

304. Lapidot T, Pflumio F, Doedens M, Murdoch B, Williams DE, Dick JE: Cytokine stimulation of 
multilineage hematopoiesis from immature human cells engrafted in SCID mice. Science 1992, 
255(5048):1137-1141. 

305. Brehm MA, Shultz LD, Greiner DL: Humanized mouse models to study human diseases. Current 
opinion in endocrinology, diabetes, and obesity 2010, 17(2):120-125.

306. Spranger S, Frankenberger B, Schendel DJ: NOD/scid IL-2Rg(null) mice: a preclinical model system 
to evaluate human dendritic cell-based vaccine strategies in vivo. J Transl Med 2012, 10:30. 

307. Engesaeter B, Engebraaten O, Florenes VA, Maelandsmo GM: Dacarbazine and the agonistic 
TRAIL receptor-2 antibody lexatumumab induce synergistic anticancer effects in melanoma.
PLoS One 2012, 7(9):e45492. 

308. Sheridan C, Brumatti G, Martin SJ: Oncogenic B-RafV600E inhibits apoptosis and promotes ERK-
dependent inactivation of Bad and Bim. J Biol Chem 2008, 283(32):22128-22135. 



References 

59

309. Wang YF, Jiang CC, Kiejda KA, Gillespie S, Zhang XD, Hersey P: Apoptosis induction in human 
melanoma cells by inhibition of MEK is caspase-independent and mediated by the Bcl-2 family 
members PUMA, Bim, and Mcl-1. Clin Cancer Res 2007, 13(16):4934-4942. 

310. Beck D, Niessner H, Smalley KS, Flaherty K, Paraiso KH, Busch C, Sinnberg T, Vasseur S, Iovanna 
JL, Driessen S et al: Vemurafenib potently induces endoplasmic reticulum stress-mediated 
apoptosis in BRAFV600E melanoma cells. Sci Signal 2013, 6(260):ra7. 

311. Berger A, Quast SA, Plotz M, Kuhn NF, Trefzer U, Eberle J: RAF inhibition overcomes resistance to 
TRAIL-induced apoptosis in melanoma cells. J Invest Dermatol 2014, 134(2):430-440.

312. Zhang XD, Borrow JM, Zhang XY, Nguyen T, Hersey P: Activation of ERK1/2 protects melanoma 
cells from TRAIL-induced apoptosis by inhibiting Smac/DIABLO release from mitochondria.
Oncogene 2003, 22(19):2869-2881.

313. Oh YT, Deng J, Yue P, Owonikoko TK, Khuri FR, Sun SY: Inhibition of B-Raf/MEK/ERK signaling 
suppresses DR5 expression and impairs response of cancer cells to DR5-mediated apoptosis and T 
cell-induced killing. Oncogene 2016, 35(4):459-467. 

314. Oh YT, Deng J, Yue P, Sun SY: Paradoxical activation of MEK/ERK signaling induced by B-Raf 
inhibition enhances DR5 expression and DR5 activation-induced apoptosis in Ras-mutant cancer 
cells. Sci Rep 2016, 6:26803. 

315. Jiang CC, Chen LH, Gillespie S, Kiejda KA, Mhaidat N, Wang YF, Thorne R, Zhang XD, Hersey P: 
Tunicamycin sensitizes human melanoma cells to tumor necrosis factor-related apoptosis-
inducing ligand-induced apoptosis by up-regulation of TRAIL-R2 via the unfolded protein 
response. Cancer Res 2007, 67(12):5880-5888.

316. Berger A, Quast SA, Plotz M, Hein M, Kunz M, Langer P, Eberle J: Sensitization of melanoma cells 
for death ligand-induced apoptosis by an indirubin derivative--Enhancement of both extrinsic 
and intrinsic apoptosis pathways. Biochem Pharmacol 2011, 81(1):71-81.

317. Quast S-A, Berger A, Buttstädt N, Friebel K, Schönherr R, Eberle J: General Sensitization of 
Melanoma Cells for TRAIL-Induced Apoptosis by the Potassium Channel Inhibitor TRAM-34
Depends on Release of SMAC. PLoS ONE 2012, 7(6):e39290. 

318. Slipicevic A, Oy GF, Rosnes AK, Stakkestad O, Emilsen E, Engesaeter B, Maelandsmo GM, Florenes 
VA: Low-dose anisomycin sensitizes melanoma cells to TRAIL induced apoptosis. Cancer Biol 
Ther 2013, 14(2):146-154.

319. Quast SA, Berger A, Plotz M, Eberle J: Sensitization of melanoma cells for TRAIL-induced 
apoptosis by activation of mitochondrial pathways via Bax. European journal of cell biology 2014, 
93(1-2):42-48.

320. Wroblewski D, Mijatov B, Mohana-Kumaran N, Lai F, Gallagher SJ, Haass NK, Zhang XD, Hersey P: 
The BH3-mimetic ABT-737 sensitizes human melanoma cells to apoptosis induced by selective 
BRAF inhibitors but does not reverse acquired resistance. Carcinogenesis 2013, 34(2):237-247.

321. Corcoran RB, Rothenberg SM, Hata AN, Faber AC, Piris A, Nazarian RM, Brown RD, Godfrey JT, 
Winokur D, Walsh J et al: TORC1 suppression predicts responsiveness to RAF and MEK 
inhibition in BRAF-mutant melanoma. Science translational medicine 2013, 5(196):196ra198. 

322. Frederick DT, Salas Fragomeni RA, Schalck A, Ferreiro-Neira I, Hoff T, Cooper ZA, Haq R, Panka DJ, 
Kwong LN, Davies MA et al: Clinical profiling of BCL-2 family members in the setting of BRAF 
inhibition offers a rationale for targeting de novo resistance using BH3 mimetics. PLoS One 2014, 
9(7):e101286. 

323. Juric D, Soria J, Sharma S, Banerji U, Azaro A, Desai J, Ringeisen F, Kaag A, Radhakrishnan R, 
Hourcade-Potelleret F et al: A phase 1b dose-escalation study of BYL719 plus binimetinib 
(MEK162) in patients with selected advanced solid tumors. J Clin Oncol 32:5s, 2014 (suppl; abstr 
9051) 2014. 

324. Margolin K, Longmate J, Baratta T, Synold T, Christensen S, Weber J, Gajewski T, Quirt I, Doroshow 
JH: CCI-779 in metastatic melanoma: a phase II trial of the California Cancer Consortium.
Cancer 2005, 104(5):1045-1048. 

325. Davies MA, Fox PS, Papadopoulos NE, Bedikian AY, Hwu WJ, Lazar AJ, Prieto VG, Culotta KS, 
Madden TL, Xu Q et al: Phase I study of the combination of sorafenib and temsirolimus in patients 
with metastatic melanoma. Clin Cancer Res 2012, 18(4):1120-1128. 

326. Margolin KA, Moon J, Flaherty LE, Lao CD, Akerley WL, 3rd, Othus M, Sosman JA, Kirkwood JM, 
Sondak VK: Randomized phase II trial of sorafenib with temsirolimus or tipifarnib in untreated 
metastatic melanoma (S0438). Clin Cancer Res 2012, 18(4):1129-1137. 

327. Dronca RS, Allred JB, Perez DG, Nevala WK, Lieser EA, Thompson M, Maples WJ, Creagan ET, 
Pockaj BA, Kaur JS et al: Phase II study of temozolomide (TMZ) and everolimus (RAD001) 
therapy for metastatic melanoma: a North Central Cancer Treatment Group study, N0675.
American journal of clinical oncology 2014, 37(4):369-376. 



References 

60

328. Sen S, Khawaja M, Khatua S, Karp D, Janku F, Hong D, Munoz J, Tsimberidou AM, Zaky W, Hwu P
et al: Co-targeting BRAF with mTOR inhibition in solid tumors harboring BRAF mutations: A 
phase I study. J Clin Oncol 34, 2016 (suppl; abstr 2517) 2016. 

329. Tirosh I, Izar B, Prakadan SM, Wadsworth MH, 2nd, Treacy D, Trombetta JJ, Rotem A, Rodman C, 
Lian C, Murphy G et al: Dissecting the multicellular ecosystem of metastatic melanoma by single-
cell RNA-seq. Science 2016, 352(6282):189-196.

330. Frentzas S, Simoneau E, Bridgeman VL, Vermeulen PB, Foo S, Kostaras E, Nathan MR, Wotherspoon 
A, Gao Z-h, Shi Y et al: Vessel co-option mediates resistance to anti-angiogenic therapy in liver 
metastases. Nature medicine 2016, 22(11):1294-1302.

331. Van den Eynden GG, Bird NC, Majeed AW, Van Laere S, Dirix LY, Vermeulen PB: The histological 
growth pattern of colorectal cancer liver metastases has prognostic value. Clin Exp Metastasis 
2012, 29(6):541-549.

332. Stessels F, Van den Eynden G, Van der Auwera I, Salgado R, Van den Heuvel E, Harris AL, Jackson 
DG, Colpaert CG, van Marck EA, Dirix LY et al: Breast adenocarcinoma liver metastases, in 
contrast to colorectal cancer liver metastases, display a non-angiogenic growth pattern that 
preserves the stroma and lacks hypoxia. Br J Cancer 2004, 90(7):1429-1436. 

333. Österlund P, Soveri LM, Isoniemi H, Poussa T, Alanko T, Bono P: Hypertension and overall survival 
in metastatic colorectal cancer patients treated with bevacizumab-containing chemotherapy.
British Journal of Cancer 2011, 104(4):599-604. 

334. Namasivayam S, Martin DR, Saini S: Imaging of liver metastases: MRI. Cancer imaging : the official 
publication of the International Cancer Imaging Society 2007, 7:2-9.

335. Luersen GF, Wei W, Tamm EP, Bhosale PR, Szklaruk J: Evaluation of Magnetic Resonance (MR) 
Biomarkers for Assessment of Response With Response Evaluation Criteria in Solid Tumors: 
Comparison of the Measurements of Neuroendocrine Tumor Liver Metastases (NETLM) With 
Various MR Sequences and at Multiple Phases of Contrast Administration. Journal of computer 
assisted tomography 2016, 40(5):717-722.

336. Partecke IL, Kaeding A, Sendler M, Albers N, Kuhn JP, Speerforck S, Roese S, Seubert F, Diedrich S, 
Kuehn S et al: In vivo imaging of pancreatic tumours and liver metastases using 7 Tesla MRI in a 
murine orthotopic pancreatic cancer model and a liver metastases model. BMC Cancer 2011, 
11:40. 

337. Cai SR, Garbow JR, Culverhouse R, Church RD, Zhang W, Shannon WD, McLeod HL: A mouse 
model for developing treatment for secondary liver tumors. Int J Oncol 2005, 27(1):113-120.

338. Kalber TL, Waterton JC, Griffiths JR, Ryan AJ, Robinson SP: Longitudinal in vivo susceptibility 
contrast MRI measurements of LS174T colorectal liver metastasis in nude mice. Journal of 
magnetic resonance imaging : JMRI 2008, 28(6):1451-1458.

339. Bonekamp S, Corona-Villalobos CP, Kamel IR: Oncologic applications of diffusion-weighted MRI 
in the body. Journal of magnetic resonance imaging : JMRI 2012, 35(2):257-279. 

340. Li X, Jiang H, Niu J, Zheng Y: Correlation of ADC value with pathologic indexes in colorectal 
tumor homografts in Balb/c mouse. Chinese journal of cancer research = Chung-kuo yen cheng yen 
chiu 2014, 26(4):444-450.

341. Cebulla J, Huuse EM, Pettersen K, van der Veen A, Kim E, Andersen S, Prestvik WS, Bofin AM, 
Pathak AP, Bjorkoy G et al: MRI reveals the in vivo cellular and vascular response to BEZ235 in 
ovarian cancer xenografts with different PI3-kinase pathway activity. Br J Cancer 2015, 
112(3):504-513.

342. Beloueche-Babari M, Jamin Y, Arunan V, Walker-Samuel S, Revill M, Smith PD, Halliday J, Waterton 
JC, Barjat H, Workman P et al: Acute tumour response to the MEK1/2 inhibitor selumetinib 
(AZD6244, ARRY-142886) evaluated by non-invasive diffusion-weighted MRI. British Journal of 
Cancer 2013, 109(6):1562-1569. 

343. Papaevangelou E, Almeida GS, Jamin Y, Robinson SP, deSouza NM: Diffusion-weighted MRI for 
imaging cell death after cytotoxic or apoptosis-inducing therapy. Br J Cancer 2015, 112(9):1471-
1479.

344. Chen F, De Keyzer F, Wang H, Vandecaveye V, Landuyt W, Bosmans H, Hermans R, Marchal G, Ni 
Y: Diffusion weighted imaging in small rodents using clinical MRI scanners. Methods 2007, 
43(1):12-20.

345. Ribot EJ, Trotier AJ, Castets CR, Dallaudiere B, Thiaudiere E, Franconi JM, Miraux S: Free-breathing 
3D diffusion MRI for high-resolution hepatic metastasis characterization in small animals. Clin 
Exp Metastasis 2016, 33(2):167-178.

346. Zhang XY, Sun YS, Tang L, Xue WC, Zhang XP: Correlation of diffusion-weighted imaging data 
with apoptotic and proliferation indexes in CT26 colorectal tumor homografts in balb/c mouse.
Journal of magnetic resonance imaging : JMRI 2011, 33(5):1171-1176.



                                 
61

9 Publications 





I 





OPEN

ARTICLE

hvTRA, a novel TRAIL receptor agonist, induces apoptosis
and sustained growth retardation in melanoma
Karianne G Fleten1, Vivi Ann Flørenes2, Lina Prasmickaite1, Oliver Hill3, Jaromir Sykora3, Gunhild M Mælandsmo1,4

and Birgit Engesæter1

In recent years, new treatment options for malignant melanoma patients have enhanced the overall survival for selected patients.
Despite new hope, most melanoma patients still relapse with drug-resistant tumors or experience intrinsic resistance to the therapy.
Therefore, novel treatment modalities beneficial for subgroups of patients are needed. TRAIL receptor agonists have been
suggested as promising candidates for use in cancer treatment as they preferentially induce apoptosis in cancer cells.
Unfortunately, the first generation of TRAIL receptor agonists showed poor clinical efficacy. hvTRA is a second-generation TRAIL
receptor agonist with improved composition giving increased potency, and in the present study, we showed hvTRA-induced
activation of apoptosis leading to an efficient and sustained reduction in melanoma cell growth in cell lines and xenograft models.
Furthermore, the potential of hvTRA in a clinical setting was demonstrated by showing efficacy on tumor cells harvested from
melanoma patients with lymph node metastasis in an ex vivo drug sensitivity assay. Inhibition of mutated BRAF has been shown to
regulate proteins in the intrinsic apoptotic pathway, making the cells more susceptible for apoptosis induction. In an attempt to
increase the efficacy of hvTRA, combination treatment with the mutated BRAF inhibitor vemurafenib was investigated. A synergistic
effect by the combination was observed for several cell lines in vitro, and an initial cytotoxic effect was observed in vivo.
Unfortunately, the initial increased reduction in tumor growth compared with hvTRA mono treatment was not sustained, and this
was related to downregulation of the DR5 level by vemurafenib. Altogether, the presented data imply that hvTRA efficiently induce
apoptosis and growth delay in melanoma models and patient material, and the potential of this TRAIL receptor agonist should be
further evaluated for treatment of subgroups of melanoma patients.
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INTRODUCTION
Malignant melanoma is a highly metastatic disease with poor
survival rate. Despite recent advancements leading to novel
treatment options, such as the mutated BRAF inhibitor, vemur-
afenib and the immune activator, ipilimumab, there is still no
curative treatment for the majority of patients with advanced
disease.1,2 New therapeutic options are therefore of great
importance in order to improve clinical outcomes. TRAIL receptor
agonists (TRAs) have been suggested as promising anticancer
candidates as they preferentially induce apoptosis in tumor cells,
while normal cells are generally unaffected.3,4 TRAs induce apoptosis
by binding to Death Receptor 4 (DR4/TRAIL receptor-1) or Death
Receptor 5 (DR5/TRAIL receptor-2), leading to receptor clustering
and activation of the extrinsic apoptotic pathway.5 In contrast to
the promising results obtained in preclinical models, all clinical
trials trying to establish TRAs as drugs for human use have
failed so far.6–13 The reasons for the observed clinical failures of
the first-generation TRAs are related to short in vivo exposure of
the drug due to its fast elimination,11 insufficient multimerization
efficacy in vivo,14 low expression of the TRAIL-receptors DR4 or
DR5,15,16 loss or incomplete activation of pro-caspases 3 and
815,17,18 and upregulation of the anti-apoptotic protein Bcl-xL.19

Despite the negative clinical outcomes, there are still activities

ongoing to develop TRAs for clinical use due to the potential
benefits for patients. One second-generation development is
represented by the recently described synthetic fusion protein
APG350 (hvTRA).20 It consists of two trivalent single-chain TRAIL
receptor-binding domains, which are covalently linked to each
other by a silenced IgG1-Fc domain, resulting in a hexavalent
TRAIL receptor agonist (hvTRA). Due to its unique molecular
layout, hvTRA facilitates close-proximity multimerization of DR4/
DR5 and thereby induces efficient activation of intratumoral
apoptosis that is independent of Fcγ receptor-driven secondary
crosslinking events in vivo. Consequently, hvTRA has been proven
to be more efficient than other TRAs in preclinical models of
various cancer types.20

Combining therapies, through cooperative inhibition or stimu-
lation of multiple targets, offer a promising approach for effective
treatment, and different drugs have been combined with TRAs in
attempts to increase the efficacy of the drugs.21–25 Approximately
50% of all melanoma patients harbor mutated BRAF causing
constitutive active MAPK/ERK pathway. Inhibition of the MAPK/
ERK pathway can influence survival by affecting proteins in the
intrinsic apoptotic pathway such as Bim, BMF and Bad,26–29 and
reduce the stability of the anti-apoptotic protein Mcl-1,27 thus
priming the cells for apoptosis induction.30,31
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MAPK/ERK pathway inhibition together with TRAs is a
potentially beneficial combination that stimulates both the
extrinsic and intrinsic apoptotic pathways. However, conflicting
in vitro results for the combination have been reported.21,32

The aims of this study were to investigate the efficacy of hvTRA
alone and in combination with the mutated BRAF inhibitor
vemurafenib in melanoma cell lines, xenograft model and patient
materials. Our results show that hvTRA effectively reduce the
viability of melanoma cells both in vitro and in vivo and strongly
encourage further evaluation of hvTRA alone. However,
vemurafenib-induced downregulation of DR5 seems to represent
a limiting factor for therapeutic success of combining hvTRA and
vemurafenib.

RESULTS
hvTRA reduce melanoma cell viability, lung tissue colonization and
tumor growth
The potential of hvTRA to reduce cell viability was examined in
seven melanoma cell lines. As shown in Figure 1a, all cell lines
demonstrated a dose-dependent reduction in viability after
treatment with hvTRA for 72 h. The strongest response was
observed in Patient-3-pre, Patient-3-post and WM1366, whereas
A375 and Melmet 5 showed the least responsiveness. Cleavage of
pro-caspases 3 and 8, Bid and PARP indicate that hvTRA induce
apoptosis through the extrinsic apoptotic pathway
(Supplementary Figure 1).
As melanomas often metastasize to the lungs, colonization of

lung tissue slices in the ex vivo PUMA assay33 was used to further
explore the efficacy of hvTRA. hvTRA significantly reduced the
growth of Melmet 5-GFP-Luc cells measured by decreased GFP
fluorescent intensity compared with the intensity in untreated
lung slices on days 9 and 14 (Figure 1b). The efficacy of hvTRA was
also evaluated in vivo, where Melmet 5 xenografts were treated
with two different concentrations of hvTRA (0.3 or 3 mg/kg) for
5 days. Similar to the in vitro experiments, a dose-dependent
reduction in tumor volume was observed (Figure 1c). In summary,
the results suggest that hvTRA inhibits melanoma cell viability in
various models in vitro, ex vivo and in vivo.

hvTRA and vemurafenib induce synergistic effects in vitro
Previous studies have shown increased efficacy of TRAs when
combined with inhibitors of mutated BRAF.21,34 In this study, the
combination hvTRA and the clinically used BRAF inhibitor,
vemurafenib, was examined. The effect of vemurafenib alone
was established in selected cell lines. A strong dose-dependent
response was observed in A375, Melmet 5 and Patient-3-pre,
whereas in LOX, Melmet 1, Patient-3-post and the wild-type BRAF
cell line WM1366 the response was modest (Supplementary
Figure 2). Subsequently, we exposed the cells to hvTRA (0.3 and
1 μg/ml) in combination with 0.3 (data not shown) and 1 μM
vemurafenib (Figure 2a). Potential synergy was evaluated by
calculating the combination index (CI) using the Calcusyn software
(Supplementary Table 1). The combination had a synergistic effect
in A375, Melmet 5, LOX, Patient-3-pre and Patient-3-post cells,
whereas an antagonistic effect was observed in Melmet 1.
Compared with monolayer cultures, spheroids are supposed to

better reflect the in vivo conditions with respect to drug
efficacy.35,36 When Melmet 1 spheroids were treated with hvTRA
and vemurafenib alone and in combination, we found, in contrast
to the monolayer cultures, that the drug combination was more
effective than hvTRA (P= 0.091) and vemurafenib (P= 0.045) alone
(Figure 2b). Likewise, Melmet 5 spheroids were significantly more
responsive to the combined treatment than to hvTRA (Po0.001)
and vemurafenib (P= 0.028) alone.

Combining hvTRA and vemurafenib gives an increased initial
antitumor effect in vivo
Altogether, our in vitro results suggest that combining hvTRA with
vemurafenib could be effective at least in a subset of melanomas.
To evaluate the efficacy in vivo, the growth of Melmet 5 xenografts
were followed while treating the mice with hvTRA (3 mg/kg),
vemurafenib (50 mg/kg) or the combination as indicated in
Figure 3. Both mono treatments inhibited the growth of Melmet
5 xenografts. Xenografts treated with vemurafenib remained
stable during the treatment period, while, notably, a regression in
size was observed in xenografts treated with hvTRA after day 10.
Xenografts treated with both hvTRA and vemurafenib experienced
a strong initial decrease in tumor size, not observed for any of the
mono treatments, and the tumor volumes were significantly
reduced compared with the tumors exposed to any of the mono
treatments or controls from days 2 to 11 (insert Figure 3;
Po0.005). The tumor volume in the vemurafenib and combina-
tion groups increased after seponation, while interestingly, the
tumors treated with hvTRA did not start growing again until
8 days after seponation (day 25).

Regulation of DR5 expression by hvTRA and vemurafenib
Both DR4 and DR5 are expressed in Melmet 5 xenografts
(Figure 4), but DR4 may not be functional as response to a DR4
agonist in vitro is lacking (data not shown). DR4 expression in the
xenografts seems not to be affected by any of the treatment
regimens, whereas DR5 levels were upregulated after 1 and 4 days
of hvTRA treatment and strongly downregulated in xenografts
treated with vemurafenib or the combination (Figures 4a and b).
Downregulation of DR5 by vemurafenib was also observed in vitro,
but only using higher concentrations than utilized in the
combination experiments (data not shown). The transcription
factor CHOP and phosphorylation of the transcription factor c-jun
positively regulates the transcription of the DR5 gene.37 Our data
showed increased phosphorylation of c-jun in tumors receiving
only hvTRA both on days 1 and 4, corresponding to the observed
upregulated DR5 level in the same samples (Figures 4a and b).
However, p-c-jun was dephosphorylated in response to vemur-
afenib treatment. Expression of CHOP was exclusively observed in
samples treated with hvTRA, both alone and in combination on
day 1. The level of CHOP and phosphorylation of c-jun can be
influenced by MAPK/ERK pathway signaling,37 and the presented
data correspond to the activity of the signaling pathway. Reduced
levels of pERK1/2 were observed in response to vemurafenib,
indicating reduced MAPK/ERK activity.38 Interestingly, hvTRA
increased pERK1/2 levels on day 4 and also slightly counteracted
the downregulation of pERK1/2 induced by the BRAF inhibitor on
days 1 and 4 (Figures 4a and b).

Regulation of apoptosis-related proteins by hvTRA and
vemurafenib
As demonstrated for monolayer cultures, hvTRA initiated the
extrinsic caspase cascade also in melanoma spheroids (Figure 5a)
and xenografts (Figure 5b). This was shown by cleavage of pro-
caspase 8 and Bid. Notably, no differences in the protein levels
were observed between spheroids treated only with hvTRA and
the combination. However, xenografts harvested after hvTRA
treatment for 4 days demonstrated more cleavage of pro-caspase
8 and Bid compared with xenografts treated with both hvTRA and
vemurafenib (Figure 5b), suggesting reduced intratumoral apop-
tosis in the latter group. Cleavage of PARP was only observed
clearly in spheroids (Figure 5a), while in xenografts the level of
cleaved PARP in hvTRA-treated samples was similar to control
(Figure 5b). The two xenografts treated with combination therapy
showed conflicting results as one xenograft showed higher degree
of PARP and pro-caspase 3 cleavage compared with xenografts
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Figure 1. hvTRA reduced cell viability in melanoma cells and initiate the extrinsic apoptotic pathway. (a) Seven melanoma cell lines were
exposed to increasing concentrations of hvTRA. Cell viability was measured after 72 h by the MTS assay. The experiments were repeated
three times and error bars represent± S.E.M. (b) Left panel: representative pictures of the pulmonary metastasis assay (PuMA) showing
growth of Melmet 5-GFP cells ex vivo in lung tissue exposed to hvTRA (0.25 μg/ml) at day 0, 9 and 14. Right panel: quantification of
fluorescence from the Melmet 5-GFP cells in the lung tissue section using ImageJ. The fluorescent intensity of the control samples was set
to 100% for each time point, and the intensity of hvTRA-treated samples were related to the control from the same day. Four biological
replicates were performed with three to four technical replicates. (c) Melmet 5 xenografts grown subcutaneously in nude mice were
treated with 0.3 or 3 mg/kg hvTRA (i.v. injection) as indicated in the treatment schedule depicted in the figure by . The tumors were
measured twice a week using a caliper, and are presented as relative tumor volume related to the volume of the tumor at the initiation of
the treatment. Three mice (six tumors) were included in the control group, and two mice (four tumors) were included in both groups
treated with hvTRA. Error bars represent± S.E.M. *Po0.05.
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treated with hvTRA only, while the other showed comparable
levels. Cleavage of caspase 3 (Figures 5a and b) was not observed
in spheroids or xenografts treated with vemurafenib, indicating
that apoptosis is not executed in response to vemurafenib. The
level of cleaved caspase 3 in the xenografts was also investigated
by IHC (Figure 5c). The staining intensity of cleaved caspase 3 was
highest following hvTRA alone, replicating the results observed by
western immunoblotting, suggesting that vemurafenib inhibits
the efficacy of hvTRA.
In an attempt to unravel the molecular effects of the various

treatments in more detail, proteins in the intrinsic apoptotic
pathway were studied. As shown in Figures 5d and e, depho-
sphorylation of pro-apoptosis Badser112 protein, an indication of
activation of the intrinsic apoptotic pathway, was seen following
exposure to vemurafenib in both spheroids and xenografts, while
Bad was downregulated in response to hvTRA in xenografts. The
pro-apoptotic protein Bim-EL was downregulated in hvTRA-
treated and upregulated in vemurafenib-treated xenografts.
Following combined treatment, the Bim-EL protein level was
further increased compared with vemurafenib alone in vivo
(Figure 5e), while in vitro Bim-EL level was reduced after
combination therapy compared with vemurafenib alone. The
anti-apoptotic protein Mcl-1 was downregulated in Melmet 5
spheroids after the combined treatment, while in Melmet 1
spheroids and Melmet 5 xenografts the Mcl-1 level was decreased

both after treatment with vemurafenib alone and in combination.
hvTRA increased the Mcl-1 levels in vivo.

Reduced vemurafenib dosing does not give a synergistic long-
term effect
Our previous in vivo study revealed that hvTRA significantly
reduces tumor growth, and combining hvTRA with vemurafenib
gave no additional long-term effect. The initial cytotoxic effect
observed in the combination group in Figure 3 suggests a
potential advantage of the combination. The transient response
may however be explained by vemurafenib-induced repression of
the DR5 expression (Figure 4). It was therefore of interest to adjust
the vemurafenib treatment regime in an attempt to maximize the
cytotoxic response and minimize the effect on the TRAIL receptor.
Reducing the vemurafenib dose to one-fourth (50 mg/kg once a
day every second day) resulted in no tumor growth delay in the
vemurafenib-treated group (Figure 6a). Xenografts receiving
combination treatment showed initial decrease in tumor size,
but not as pronounced as with the higher vemurafenib dose. After
the initial decrease, the tumor size remained stable. There was a
significant difference in tumor volume between xenografts
treated with hvTRA and the combination from day 4 to day 10
(Po0.05). In the vemurafenib and the combination-treated
xenografts, the DR5 level was slightly lower compared with the

Figure 2. In vitro response to hvTRA, vemurafenib and the combination. (a) Seven melanoma cell lines were exposed to the combination of
vemurafenib (1 μM) and hvTRA at selected concentrations (purple bars). The data representing hvTRA mono treatments (green bars) are the
same results as shown in Figure 1a. Cell viability was measured after 72 h by MTS assay. The experiments were repeated three times.
(b) Melmet 1 and Melmet 5 were grown as spheroids and treated with hvTRA (0.5 μg/ml), vemurafenib (0.3 μM) or the combination. Cell
viability was measured using CellTiter-Glo Luminescent assay and measured 96 h after start of treatment. At least four biological replicated
were performed, with four technical replicates. The error bars represent± S.E.M. *Po0.05.
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control (Figure 6b). p-c-jun followed the same trend as DR5 with
the highest level in hvTRA-treated samples, and a weak reduction
in vemurafenib-treated samples compared with the control. When
the frequency of vemurafenib dosing was reduced, the cleavage
of Bid and pro-caspases 3 and 8 was similar between hvTRA alone
and the combination (Supplementary Figure 3A), which could
indicate that hvTRA was able to bind to DR5 and activate the
extrinsic apoptotic pathway. However, the concentration of
vemurafenib has been too low to give an additional inhibition
of tumor growth compared to hvTRA mono treatment.
A slight reduction in DR5 expression was still observed in

response to the reduced dosing frequency of vemurafenib
(Figure 6b). Therefore, another in vivo experiment was initiated
with the intention that DR5 expression would be completely
restored between each time vemurafenib was given. Vemurafenib

(50 mg/kg) was given twice a day every 8th days, while hvTRA
dosing was kept as before (Figure 6c). hvTRA showed similar effect
as previously with regression in tumor size after day 10. As
observed in the preceding experiments, there was an initial
decrease in tumor volume in response to the combination. The
subsequent vemurafenib treatment on day 8 induced a slight
decrease in tumor volume, while later administrations on days 16
and 24 gave no additional effect. The size of the tumors treated
with hvTRA or the combination were reduced to a similar level.
DR5 levels were investigated 8 days after the last treatment. No
regulation of DR5 were observed in response to vemurafenib,
indicating that 8 days are enough for the DR5 levels to return to
normal (Figure 6d). In conclusion, our results indicate that
combining hvTRA and vemurafenib did not enhance the effect
of hvTRA, while hvTRA as mono treatment induced a stable and
sustained growth delay in all experiments performed.

hvTRA can reduce cell viability in patient biopsies
To investigate the clinical relevance of hvTRA alone or in
combination with vemurafenib, biopsies from lymph node
metastases from 11 melanoma patients were collected, cultured
as spheroids in vitro and treated with hvTRA (5 μg/ml), vemur-
afenib (5 μM) or the combination (Figure 7). The high concentra-
tions were chosen to ensure detection of response if there was
any. hvTRA reduced cell survival in six out of eleven patient
biopsies (27–74% reduction), and increased the viability in two.
DR5 levels were investigated by IHC, and the results showed that
DR5 expression was required, but did not guarantee a response
(Figure 7). Vemurafenib reduced the viability in seven of the
eleven investigated patient biopsies, four with and three without
the V600E/K mutation. Five patient biopsies exposed to combina-
tion therapy showed a tendency to decreased cell viability
compared with the mono treatments, although it was only
significant for patient number 317. In the remaining biopsies, cell
survival after combination treatment was similar or higher than
either mono treatments (Figure 7). These results suggest that
hvTRA alone or in combination could be beneficial for a subgroup
of patients; however, biomarkers are desirable to be able to
predict which patients will respond.

DISCUSSION
It is well accepted that TRAIL induces apoptosis more efficiently in
cancer cells than normal cells,3,4 and as a consequence different
TRAs have been developed. hvTRA is a novel TRA, which has
previously shown efficacy in different cancer cell lines in vitro and

Figure 3. The antitumor effect of hvTRA, vemurafenib and the
combination in vivo. Melmet 5 xenografts were treated with hvTRA
( ) (3 mg/kg, i.v. injection) or vemurafenib ( ) 50 mg/kg, orally
twice a day) or the combination of hvTRA and vemurafenib ( ).
The treatment schedule is indicated in the figure by and . The
tumors were measured twice or thrice a week using a caliper, and
are presented as relative tumor volume related to the volume of the
tumor at the initiation of the treatment. Eight tumors are included in
each group. Error bars represent ± S.E.M.

Figure 4. Evaluation of apoptotic proteins in response to hvTRA, vemurafenib or the combination measured by western immunoblot. Western
immunoblot detection of DR5, DR4, CHOP, p-c-jun and pERK to investigate the Melmet 5 xenografts response to hvTRA and vemurafenib after
(a) 1 day or (b) 4 days of treatment with vemurafenib (50 mg/kg twice a day), hvTRA (3 mg/kg) or the combination. CHOP is indicated by an
arrow. H3 was used as loading control. Tumors were harvested 2 h after the last treatment. Each lane in a and b represents one
individual tumor.

Response to hvTRA in melanoma
KG Fleten et al

5

Official journal of the Cell Death Differentiation Association Cell Death Discovery (2016) 16081



in vivo,20 but has not been studied in malignant melanoma
previously. In the present study, we have investigated the
efficacy of hvTRA in melanoma models of different complexity.
We confirmed hvTRA-induced growth inhibition and apoptosis
induction in vitro, and demonstrated reduced lung tissue
colonization in the ex vivo pulmonary metastasis assay. The cell
line Melmet 5 showed a modest response to hvTRA in vitro, but
when grown as xenografts, hvTRA showed a strong and sustained
growth inhibitory effect. The Melmet 5 xenografts regressed in
size in all four in vivo experiments performed, demonstrating
consistent efficacy and reproducible effect of hvTRA. An increase
in DR5 protein level was observed in response to hvTRA treatment
and may contribute to strengthen the already existing initial
growth inhibitory effect. Furthermore, hvTRA showed efficacy in a
substantial fraction of melanoma biopsies grown as spheroids
ex vivo, implying potency of hvTRA, at least in subgroups of
melanoma patients.
Different strategies have been applied to increase the efficacy

of TRAs. Increasing DR5 expression39,40 or manipulating the
apoptosis mechanisms30,41 leading to activation of both the
extrinsic and intrinsic apoptotic pathways are two strategies. In
vitro studies evaluating the combination of MAPK/ERK inhibitors

and TRAs have been published with conflicting conclusions.
Berger et al.21 show that BRAF inhibition can overcome resistance
to TRAIL-induced apoptosis, while Oh et al.32 demonstrated that
BRAF inhibition downregulates DR5 in vitro, and thereby inhibited
TRAs. Our data indicate that hvTRA induces apoptosis through the
extrinsic apoptotic pathway, but inhibit apoptosis activation
through the intrinsic pathway by increasing the anti-apoptotic
and reducing the pro-apoptotic proteins involved in the regula-
tion of this pathway. However, when hvTRA is combined with
vemurafenib the effect on the intrinsic regulating proteins was
counteracted and thereby, the cells should be more primed for
apoptosis induction. A strong, initial reduction in tumor volume
show that the combination is potent, but the effect is not
sustained, which can be related to a vemurafenib-induced
reduction in DR5 expression. The limited effect of hvTRA in
combination with vemurafenib is also demonstrated by reduced
cleavage of pro-caspases 3 and 8 and Bid. c-jun and CHOP are
transcription factors involved in regulation of DR5,37 and
regulated by the MAPK/ERK pathway. An increase in p-c-jun was
observed in response to hvTRA, while a decrease was observed in
all samples treated with vemurafenib, corresponding well with the
observed increase and decrease in DR5 levels. We also observed a

Figure 5. Evaluation of proteins in the extrinsic and intrinsic apoptotic pathways in response to hvTRA and vemurafenib treatment. Western
immunoblot of proteins in the (a) extrinsic and (d) intrinsic apoptotic pathways in Melmet 1 and Melmet 5 spheroids in response to hvTRA
(0.5 μg/ml), vemurafenib (0.3 μM) or the combination after 24 h of treatment. Two biological parallels of the spheroid experiments were
performed. The results presented in (a and d) are from the same cell lysate. H3 was used as loading control. (b) Western immunoblot of
proteins in the extrinsic and (e) intrinsic apoptotic pathway in Melmet 5 xenografts treated with hvTRA (3 mg/kg), vemurafenib (50 mg/kg
twice a day) or the combination. Each lane in b and e represents one individual tumor. The same cell lysate is used in b and e. H3 was used as
loading control. (c) Immunohistochemical detection of cleaved caspase 3 in Melmet 5 xenografts treated with hvTRA (3 mg/kg), vemurafenib
(50 mg/kg twice a day) or the combination. Tumors were harvested on days 4, 2 h after the last treatment.
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downregulation of DR5 in vitro, but at vemurafenib concentrations
higher than what was applied in the combination experiments.
Based on our observation and previously published data

showing transient reduction in DR5 expression after MAPK/ERK
inhibition,32 additional in vivo experiments with altered adminis-
tration of vemurafenib were performed. Although DR5 expression
was less effected with reduced vemurafenib dosing, a prolonged
cytotoxic effect of the combination was not observed. The
combination did induce an initial reduction in tumor volume
exceeding the effect of hvTRA alone, but it was not sustained and
addition of vemurafenib did not increase the growth-inhibiting
effects of hvTRA in long-term experiments, suggesting that

continuous dosing of vemurafenib and TRAs is not a desirable
combination.
Vemurafenib usually has a very good initial effect in mutated

BRAF patients, but the majority develops resistance within
months. There is therefore a need to identify means to avoid or
delay acquired resistance, and also alternative treatment options
for patients having developed resistance and not eligible to
receive immune therapy. Our results open for further investigation
of TRA given on first day of vemurafenib treatment. This might, as
demonstrated in the present work, enhance the growth-inhibiting
effect, which could alter the surviving tumor cell population and
possibly affect the progression-free survival of the patients.

Figure 6. Growth reducing capacity of hvTRA, vemurafenib and the combination with reduced concentrations of vemurafenib. Melmet 5
xenografts were treated with hvTRA ( ) (3 mg/kg), vemurafenib ( ) ((a) 50 mg/kg every second day) or (c) 50 mg/kg twice a day every 8th
days) or the combination of hvTRA and vemurafenib ( ). The treatment schedule is indicated in the figure by and . The tumors were
measured twice or thrice a week using a caliper, and are presented as relative tumor volume related to the tumor volume at the initiation of
the treatment. Eight tumors are included in each group in a, and five tumors in each group in c. Error bars represent± S.E.M. (b) Western
immunoblot detection of DR5, DR4, p-c-jun and pERK in response to hvTRA and vemurafenib treatment (50 mg/kg every second day). Tumors
were harvested on day 4, 2 h after the last treatment. H3 was used as loading control. (d) Western immunoblot detection of DR5 in response
to hvTRA and vemurafenib treatment (50 mg/kg twice a day every 8th days). Tumors were harvested 8 days after the last treatment. α-tubulin
was used as loading control. Each lane in b and d represents one individual tumor.
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Furthermore, hvTRA should be considered as a mono treatment
for subgroups of melanoma patients. It has previously been shown
that cells with mutated BRAF express higher DR5 levels, and
respond better to DR5 targeting therapy than cells with wild-type
BRAF.37 This implies that TRAIL receptor agonists could be a
valuable option for patients with mutated BRAF, and should be
evaluated in patients with acquired resistance against vemurafe-
nib as they may presumably have high DR5 levels. In our ex vivo
experiments utilizing patient tissue, DR5 expression was neces-
sary, but did not guarantee response to hvTRA, implying that
additional predictive biomarkers would be valuable to identify
responders. We did not observe an association between mutated
BRAF and DR5 levels, but the number of patients was low and a
more thorough investigation on the correlation between mutation
status and receptor expression is needed before any conclusion
can be made. Furthermore, our patients were only tested for the
most common mutations of BRAF, V600E/K, and not the more rare
mutations V600D/R also responsive to vemurafenib.42 Thus, it is
possible that some of the samples annotated as wild type may
have mutations explaining the response to vemurafenib.
Despite the new drugs approved for metastatic melanoma in

recent years, new treatment modalities are needed as the
available options only show efficacy in a subgroup of patients
and development of resistance is a significant problem. The data
presented herein show that hvTRA can induce cell death in vitro
and efficiently inhibit tumor growth in vivo. Synergistic or additive
effects were observed when hvTRA was combined with vemur-
afenib in vitro, while reduced DR5 expression hampered the effect
in vivo. This is valuable new information on the efficacy of hvTRA
in melanoma and, to our knowledge, the first study where a TRA
has been combined with a MAPK/ERK inhibitor in vivo. Additional
studies are warranted to conclude if it is possible to take
advantage of the cytotoxic effect of combining hvTRA and
vemurafenib before vemurafenib-mediated downregulation of

DR5. Furthermore, hvTRA as mono therapy should be evaluated
more thoroughly to identify predictive biomarkers for selecting
subgroups of patients for whom hvTRA will show efficacy.

MATERIALS AND METHODS
Cell lines and culture conditions
The malignant melanoma cell lines Melmet 5 and LOX were established
from lymph node metastases, while Melmet 1 was established from a
subcutaneous metastasis, surgically removed at the Norwegian Radium
Hospital (Oslo University Hospital, Norway) as described previously.43,44

The cell lines Patient-3-pre and Patient-3-post were a kind gift from
Professor Peter Hersey (Royal North Shore Hospital, Sydney, Australia), and
established as described previously.45 WM1366 was kindly provided by
Professor Meenhard Herlyn (the Wistar institute, Philadelphia, PA, USA),
whereas the A375 cell line was obtained from the American Type Culture
Collection (Rockville, MD, USA). Green fluorescent protein (GFP) and
luciferase (Luc) expressing Melmet 5 cells were generated by transducing
the cells with lentivirus carrying a human ferritin promoter-driven GFP-Luc
construct (described previously46) and kindly provided by Dr. Glen Merlino
(NIH, MD, USA). The cells were grown in RPMI-1640 medium (Sigma-
Aldrich, St. Louis, MO, USA), supplemented with 10% fetal bovine serum
(Sigma-Aldrich) and 1% GlutaMax (Life Technologies, Carlsbad, CA, USA) at
37 °C with 5% CO2.

Chemicals and drugs
The mutated RAF inhibitor vemurafenib (S1267) was purchased from
Selleck (Selleck Chemicals, Houston, TX, USA), while the TRA hvTRA was a
kind gift from Dr. Oliver Hill, Apogenix, Heidelberg, Germany. The hvTRA
Fc-fusion protein was produced as described recently.20 For in vitro
experiments vemurafenib was dissolved in DMSO, and then further diluted
with RMPI-1640 medium. For in vivo experiments vemurafenib was
dissolved in DMSO to a concentration of 50 mg/ml, and then further
diluted in 0.5% methylcellulose. hvTRA was diluted in PBS for in vivo
experiments and in RPMI-1640 for in vitro experiments.

Figure 7. Sensitivity to hvTRA, vemurafenib and the combination in patient biopsies. Eleven biopsies from lymph node metastases from
melanoma patients were made into single-cell suspensions, and seeded in 96-well round-bottom plates and exposed to hvTRA (5 μg/ml),
vemurafenib (5 μM) or the combination. Cell viability was measured after 120 h using CellTiter-Glo Luminescent assay. Three technical
replicates were performed, and the error bars represent± S.D. The luminescent signal from untreated control cells from each patient sample
were set to 1, indicated by the dotted line. For DR5 expression 0; not expressed, 1; 0–10% of the cells express DR5, 2; 10–50% of the cells
express DR5, 3; 450% of the cells express DR5. Patient biopsies 294 and 328 have mutated NRAS. *Po0.05.
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Cell viability
Cell viability after 2D culturing was measured using CellTiter 96 Aqueous
One Solution (MTS; Promega, Madison, WI, USA). The cells were seeded in
96-well plates (Thermo Fisher Scientific, Rockford, IL, USA). The next day
vemurafenib and hvTRA at concentrations indicated in the figure legends
were added. The cells were incubated for 72 h before addition of CellTiter
96 Aqueous One Solution. After ~ 2 h incubation at 37 °C the absorbance
was measured at 490 nm using a microplate reader (Victor2 1420 Multilabel
Counter, Perkin Elmer, Waltham, MA, USA).
Cell viability after 3D culturing was measured using CellTiter-Glo

Luminescent Cell Viability Assay (Promega). Briefly, the cells were cultured
in ultra-low attachment round-bottom 96-well plates (3000 cells/well;
Sigma-Aldrich); Melmet 1 was seeded in RPMI-1640 medium containing
2% Matrigel (BD Bioscience, San Jose, CA, USA), while Melmet 5 were
cultured without Matrigel. After 4 days of cultivation, hvTRA and/or
vemurafenib were added at concentrations indicated in the figure legends.
Following 96 h treatment viability was assessed using CellTiter-Glo
Luminescent Cell Viability Assay as described by the manufacturer.
Luminescence was measured using a microplate reader (Victor2 1420
Multilabel Counter, Perkin Elmer). Cell viability is reported as percentage
viable cells in treated as compared to untreated control samples. Both 2D
and 3D experiments were performed in quadruplicates, and repeated at
least three times.

Calcusyn analysis
The Chou and Talalay CI was used to determine possible synergism.
Synergistic effect is defined as CI values o1, antagonistic effect as CI
values41 and additive effect as CI = 1.47 The CI values are calculated using
Calcusyn software (BioSoft, Ferguson, MO, USA).

Pulmonary metastasis assay
The pulmonary metastasis assay (PUMA) was performed as described
earlier.33 GFP-Luc labeled Melmet 5 cells (5 × 105) were injected
intravenously (i.v). Fifteen minutes thereafter the mice were placed under
sevofluran anesthesia (5%) and given a lethal injection of pentobarbital
intraperitoneally. Trachea and lungs were exposed, and a 24 G Neoflon was
inserted in the trachea under sterile conditions. The cell culture media
M199 2X (Sigma-Aldrich), supplemented with 2 μg/ml crystalline bovine
insulin, 0.2 μg/ml hydrocortison, 1 μg/ml retinyl acetat and 200 U/ml
penicillin/streptomycin was mixed 1 : 1 with low melting agarose (1.2%;
Thermo Fisher Scientific), and slowly injected into the lungs. When lungs
were completely dilated, the trachea was closed off with a 5.0 suture
(Polysorb, Covidien, Dublin, Ireland). The lungs were cut out and placed in
cold PBS with 100 U/ml penicillin/streptomycin. After 20 min, they were
divided into 1 mm-thick slices using a Manual digital tissue chopper (Leica
Biosystems, Nussloch, Germany), and placed on a gel foam (Pfizer, New
York, NY, USA), which had been soaked in culture media M199 (1 × ;
Thermo Fisher Scientific), supplemented with 1 μg/ml crystalline bovine
insulin, 0.1 μg/ml hydrocortison, 0.5 μg/ml retinyl acetat and 100 U/ml
penicillin/streptomycin, for 2 h. The slices were then exposed to either just
media (control) or 0.25 μg/ml hvTRA. The slices were cultured at 37 °C, 5%
CO2 for 2 weeks. The medium was changed every second day, and the
lung slices were then turned over. The fluorescent microscope Olympus
IX81 (Olympus, Tokyo, Japan) was used for imaging, and ImageJ (National
Institute of Health, MD, USA) was used to quantify the intensity of the
colonies. The settings on the microscope were changed each day pictures
were taken and the intensity of treated samples can therefore only be
compared with pictures of controls taken at the same day. A threshold
value was set, and only cells with intensity over the threshold were chosen
by the program ImageJ for further calculation. Intensity is reported as
intensity in treated slices relative to untreated slices. The experiments were
repeated four times, each with four technical replicates.

In vivo studies
All procedures and experiments involving animals were approved by the
National Animal Research Authority, and conducted according to the
regulations of European Laboratory Animals Science Association. Female
athymic nude foxn1 nu mice were bred at the local Department of
Comparative Medicine, OUS, and kept in a specific pathogen-free
environment. Food and water were supplied ad libitum.
In all, 2.5 × 106 Melmet 5 cells were injected subcutaneously on the flank.

When the tumors reached ~ 85 mm3, the mice were divided into three or

four groups. If mice had two tumors the mean volume was used for
statistical analysis. hvTRA (0.3 or 3 mg/kg) was given i.v., while vemurafenib
was given orally (50 mg/kg). For treatment regimen see Figures 3 and 6.
Controls were given 10% DMSO in 0.5% methylcellulose orally and PBS i.v.
for as long as the other mice received treatment. Tumor volume was
measured twice or three times a week, and calculated using the formula:
width2 × length× 0.5. Two tumors from each group were harvested on day
1, 4 or 10, 2 h after the last treatment. Half of each tumor was snap-frozen
in N2 for western immunoblot analysis while the other half was fixed in
10% formalin for immunohistochemical analyses. At the end of the
experiments the mice were euthanized by dislocation of the neck.

Western immunoblot analysis
Fresh frozen tumors from mice were crushed to powder using mortar and
pistil. Both tumors and cells harvested from in vitro experiments were lysed
in buffer (20 mM Tris-HCl pH 7.5, 137 mM NaCl, 100 mM NaF, 10% glycerol
and 1% NP-40 supplemented with cOmplete Mini and PhosSTOP (both
from Roche, Basel, Switzerland) for 1 h on ice with vortexing every 15 min
before sonication. Samples were centrifuged and the supernatant
transferred to new tubes and stored at − 70 °C. 10–50 μg protein were
separated using NuPAGE novex Bis-Tris 4–12% gel (Life Technologies) and
thereafter transferred to a nitrocellulose membrane using the iBlot Dry
blotting system (Thermo Fisher Scientific). Membranes were blocked in
either 5% dry milk or 5% BSA in TBST (0.5% Tween 20) for 1 h and
incubated overnight at 4 °C with primary antibodies. Antibodies used were:
DR5 (#3696), pERK (#9102), pBadser112 (#4366), Bad (#9292), Bid (#2002),
Bim (#2933), caspase 3 (#9664), cl. caspase 3 (#9662), PARP (#9542), Mcl-1
(#4572), CHOP (#5554), p-c-jun (#3270), Histone 3 (H3) (#4499), (all from
Cell Signaling Technology, Danvers, MA, USA), caspase 8 (ALX-804-242;
Enzo Life Sciences, Farmingdale, NY, USA) α-tubulin (#CP06; Merck
Millipore, Billerica, MA, USA) and DR4 (ab#8414; Abcam, Cambridge, UK).
Following primary hybridization, membranes were washed 3× 10 min in
TBST before applying appropriate HRP-conjugated secondary antibody for
1 h at room temperature. Membranes were then washed for 3 × 10 min.
The signals were developed with SuperSignal West Dura Extended
Duration Substrate (Thermo Fisher Scientific) and visualized in G:BOX
(Syngene, Cambridge, UK).

Immunohistochemistry
Formalin-fixed tumors were dehydrated and embedded in paraffin.
Subsequently, 3-μm tumor sections were prepared and placed on a
microscope slide. Prior to incubation with primary antibody, paraffin
sections were dewaxed in xylene and rehydrated in ethanol/water. For
antigen retrieval, the tumor sections were treated at 99 °C for 25 min in
citrate buffer (Target Retrieval Solution, pH 6.0, DAKO, Glostrup, Denmark).
The following primary antibody was used: rabbit anti-cleaved caspase 3
(BD Biosciences). The tumor sections were incubated with the primary
rabbit antibody diluted 1 : 100 in blocking buffer (PBS+20 mg/ml BSA
+1 mg/ml human IgG) for 60 min at room temperature. After a PBS
washing step, specific binding of the primary antibody was visualized
using an anti-rabbit biotinylated secondary antibody (Southern Biotech,
Birmingham, AL, USA) and streptavidin alkaline phosphatase (BioGenex,
Fremont, CA, USA). The FAST-Red substrate system (DAKO) was used as the
substrate for the alkaline phosphatase, which produced a red precipitate at
antibody-binding sites. Sections were then counterstained with Mayer’s
hematoxylin and mounted with glycerin-gelatin. A rabbit isotype control
antibody was used for control staining.

Ex vivo patient samples
All patients included in the study got relevant information and have signed
a written consent. The study was approved by the Regional Ethical
Committee (approval no: 2012/2309). Freshly operated tumor tissue from
lymph node metastases was mechanically disaggregated and treated with
collagenase (700 U/ml; Worthington Biochemical Corporation, Lakewood,
NJ, USA) overnight at 37 °C in 5% CO2. The cell suspension was filtered
through a 100 μm nylon cell strainer (BD-Falcon, Franklin Lakes, NJ, USA) to
remove debris and large cell clumps. If required, red blood cells were
removed by treating the cell suspension with ACK lysis buffer according to
the manufacturer’s instruction (Lonza, Walkersville, MD, USA). The cells
were washed in cold PBS and resuspended in RPMI-1640 medium
supplemented with 5% FCS, 2 mM L-glutamine, and 50 U/ml each of
penicillin/streptavidin (the latters from Lonza, Ververiers, Belgium).
Approximately 20 000 live cells, assessed by trypan blue exclusion, was
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seeded in round-bottom 96-well ultra-low adhesion plates in the presence/
absence of hvTRA and vemurafenib alone and in combination. Effect on
viability was examined using the CellTiter-Glo Luminescent Cell Viability
Assay as previously described after 5 days. RT-PCR were used to decide the
BRAF mutation status of the patient material. The test only detects the
mutations V600E and V600K, and does not differentiate between these two
mutations.

Statistical analysis
One-Way ANOVA Tukey HSD tests were used for statistical analyses, which
were performed using IBM SPSS Statistics 21 (IBM, Anmork, NY, USA).
Differences were considered statistically significant if P-values were below
0.05, and are indicated by * in the figures.
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Supplementary Figure 1. Evaluation of proteins in the extrinsic apoptotic pathway and
Death receptors in response to hvTRA. Western immunoblot showing pro-caspase 8, 
Bid, pro-caspase 3, cleaved caspase 3, PARP, DR5 and DR4 expression in response to
hvTRA (0.1 μg/ml) for 24 h. H3 was used as loading control.  



Supplementary Figure 2. Response to vemurafenib in melanoma cell lines. Melanoma 
cell lines were exposed to increasing concentrations of vemurafenib. Cell viability was 
measured after 72 h by MTS assay. The experiments were repeated thrice and error
bars represent ±SEM.



Supplementary Table 1. The combination index (CI) value calculated using Calcusyn
software after hvTRA and vemurafenib treatment in selected melanoma cell lines.
Synergistic effect is defined as CI values <1, antagonistic effect as CI values >1, and
additive effect as CI=1 Synergistic values is in bold, and antagonistic values is in italic.     



Supplementary Figure 3. Western immunoblot detection of proteins in the extrinsic and
intrinsic apoptotic pathways in response to hvTRA and reduced concentration of
vemurafenib treatment in Melmet 5 xenografts. Western immunoblot showing expression
of proteins in the extrinsic (A) and intrinsic (B) apoptotic pathways in Melmet 5
xenografts in response to hvTRA (3mg/kg), vemurafenib (50 mg/kg every other day) or
the combination. Tumors were harvested at day 4, 2 h after the last treatment. H3 was
used as loading control. Each lane in (A) and (B) represents one individual tumor.           
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ABSTRACT

sensitivity to the BRAF inhibitor (BRAFi) vemurafenib only if the two cell types are in 

de-differentiated mesenchymal-like phenotype. Upon treatment with BRAFi, such 
melanoma cells maintain high levels of phospho ribosomal protein S6 (pS6), i.e. active 
mTOR signaling, which is suppressed in the BRAFi sensitive cells without stromal 
contacts. Inhibitors of PI3K/mTOR in combination with BRAFi eradicate pS6high cell 
subpopulations and potentiate anti-cancer effects in melanoma protected by the 

lung metastases in vivo

which can support PI3K/mTOR signaling. The lost sensitivity to BRAFi in such cells 
can be overcome by co-targeting PI3K/mTOR. This knowledge could be explored for 
designing BRAFi combination therapies aiming to eliminate both stroma-protected 
and non-protected counterparts of metastases.

INTRODUCTION

The role of stromal cells in facilitating metastasis 
and drug-resistance is becoming increasingly recognized 

   ariety of stromal cells broblasts  endothelial 
cells and myeloid cells) can reduce cancer cells’ sensitivity 
to chemotherapy [3–7], and particularly targeted therapy 
[3]. This effect has been linked to stroma-secreted soluble 
factors [3, 4, 8], cell-cell junctions [9, 10] or deposition of 
extracellular matrix (ECM) [11, 12] that can activate pro-
survival mechanisms in the cancer cells. Besides, stromal 
cells can promote epithelial-mesenchymal transition 
(EMT), a phenomenon when epithelial cancer cells 
acquire a motile mesenchymal phenotype [13]. It appears 
that cancer cells with mesenchymal features often show 
higher resistance to therapies [14, 15]. Thus, phenotype 

plasticity has been suggested as an important mechanism 
of drug-resistance and a potential target for therapy [16].

Malignant melanoma is one of the most aggressive, 
drug-resistant cancer types with a median survival of 
stage IV patients of 8-18 months [17]. Until recently, 
effective therapies against metastatic melanoma were 
lacking. owever, signi cant progress has been achieved 
with inhibitors targeting frequently mutated BRAF [18]. 
Mutant BRAF constitutively activates the downstream 
kinases, MEK and ERK, within the mitogen-activated 
protein kinase (MAPK) pathway, leading to uncontrolled 
cell proliferation. BRAF inhibitors (BRAFi), like 
vemurafenib, suppress MAPK and often induce tumor 
regression. However, there is variability in the magnitude 
of the initial response, and resistance usually develops 
within one year [19]. A number of acquired resistance 
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mechanisms have been disclosed, including re-activation 
of MAPK [20–22] and activation of alternative signaling 
pathways, such as the phosphatidylinositol 3-kinase 
(PI3K) cascade [20, 23]. It has also been observed that 
melanomas with a mesenchymal gene signature, i.e. 
reduced expression of melanocytic genes and enhanced 
expression of mesenchymal genes, are more resistant 
to BRAFi [24–26]. Furthermore, it has been shown that 
BRAFi resistance could be promoted by growth factors 
secreted by stromal cells [3, 8].

Revealing factors affecting sensitivity to BRAFi 
is important in the search of biomarkers of response, 
or combination therapies involving BRAFi. It has been 
shown that BRAFi-induced suppression of a mammalian 
target of rapamycin complex 1 (mTORC1) is associated 
with a good BRAFi response, while a maintained 
mTORC1 activity predicts BRAFi resistance [27]. 
Typically, mTORC1 is activated via the PI3K/AKT 
pathway [28], but MAPK-dependent activation has 
also been observed [29, 30]. Since mTORC1 converges 
both signaling cascades, mTORC1 activity-re ecting 
substrates could be good indicators of BRAFi response/
resistance [27, 30]. One such substrate is phospho 
ribosomal protein S6 (pS6) that has been proposed as 
a biomarker for assessing the effectiveness of BRAF-
targeted therapies [27, 31].

Here we show that stromal cells, such as lung 
broblasts, reduce melanoma sensitivity to BRAFi and 

lead to emergence of non-responding cell subpopulations 
with high levels of pS6. Stroma-mediated protection was 
dependent on close proximity between the two cell types, 
which resulted in phenotype switching and signaling re-
wiring in melanoma. These ndings place stromal cells 
as important contributors to BRAFi resistance and reveal 
candidates for targeting stroma-protected parts of the tumor.

RESULTS

Melanoma cells in mono-cultures show good 
response to BRAFi

In this study we applied four BRAF-mutated 
melanoma cell lines derived from lymph node or brain 
metastases and stably labeled with GFP-luciferase (further 
referred as Luc+). Cell sensitivity to the BRAF inhibitor 
vemurafenib was scored by measuring bioluminescence 
generated by viable luciferase-expressing cells. The 
method was described previously [6] and further 
validated in our cell system (Supplementary Figure S1). 
All tested cell lines showed good response to BRAFi, 
where half-maximal effective concentrations (EC50) 
were below 1 M (Figure 1A). At the molecular level, 
we observed a decrease in phosphorylation of ERK and 
S6 (Figure 1B), markers of the MAPK and mTORC1 
activity, respectively. Altogether, this indicates that the 
four melanoma cell lines, when grown as mono-cultures, 
are highly sensitive to BRAFi.

Stromal cells protect melanoma cells from 
BRAFi via proximity-dependent interactions

To evaluate stromal in uence on melanoma 
response to BRAFi, the Luc+ melanoma cells were 
grown together with Luc- lung broblasts I-38 as co-
cultures, where the cells are in close proximity to each 
other. The response to BRAFi was evaluated by measuring 
bioluminescence produced exclusively by Luc+ tumor 
cells. All four melanoma cell lines showed improved cell 
survival/growth and signi cantly increased EC50 when 
treated in the co-culture conditions compared to the mono-
culture (Figure 2A, 2B) (no effect on the broblasts was 
observed). In concordance, the level of the proliferation 
marker Ki-67 stayed high in the treated co-cultures, 
while it was signi cantly reduced by BRAFi in the 
mono-cultures (Figure 2C). Altogether, this indicates that 

broblasts reduce melanoma sensitivity to BRAFi. Since 
broblasts deposit bronectin, which can diminish BRAFi 

ef cacy [11, 12], we also evaluated melanoma sensitivity 
to BRAFi on the bronectin-coated (5 g/cm2) surface. 
Although we observed increased cell survival/growth upon 
treatment on bronectin, the protective effect was lower 
than what was seen in the co-cultures (data not shown). 
This suggests that adhesion to bronectin can contribute, 
but is not the sole mechanism of the broblast-mediated 
protection from BRAFi.

To examine the in uence of other types of stromal 
cells, we co-cultured Melmet 5 with endothelial cells 
HUVEC or monocytes THP-1. Endothelial cells, like 

broblasts, adhered to melanoma cells and elicited 
protection from BRAFi (Figure 3A, left). No adhesion was 
observed between melanoma cells and monocytes, and the 
monocytes did not confer any protective in uence (Figure 
3A, right).

To validate the importance of the tumor-stromal 
cell proximity/adhesion for the protection, we generated 
cultures where the cell proximity was disabled by a semi-
permeable membrane. Melanoma cells were grown on 
semi-permeable inserts, whereas broblasts were grown 
on the bottom of a trans-well chamber. This prevents cell-
cell adhesion, but allows communication through soluble 
factors. In contrast to the co-cultures, we did not observe 

broblast-induced protection from BRAFi in Melmet 5 or 
HM8 grown on the inserts (Figure 3B).

Protective stroma alters the molecular phenotype 
of the melanoma cells

To investigate changes in the molecular pro le of 
melanoma, GFP+ Melmet 5 cells from mono-cultures and 
co-cultures with GFP- broblasts, with/without BRAFi 
treatment, were separated by uorescence-activated cell 
sorting (FACS) and analyzed for global gene expression. 
Principle component analysis (PCA) on normalized data 
projects variance between the four sample groups. It 
shows much greater expression differences induced by 
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BRAFi in the mono-cultures than the co-cultures (Figure 
4A): 742 versus 34 modulated genes, respectively. This 
indicates a dampened transcriptional response to BRAFi 
in the melanoma cells in the co-cultures.

Also in the absence of the drug, a clear gene 
expression variance (608 differentially expressed genes) 
was observed between the melanoma cells from the co-
cultures versus the mono-cultures (Figure 4A). This 
indicates a signi cantly altered transcriptional pro le 
of melanoma cells due to contact with broblasts. The 
transcriptional signatures of the untreated Melmet 5 cells 

isolated from the co-cultures versus the mono-cultures are 
compared in Figure 4B. A cluster of the down-regulated 
genes harbors a number of melanocyte differentiation 
genes controlled by the master regulator of the lineage, 
microphthalmia-associated transcription factor MITF. In 
the up-regulated gene cluster we found genes characteristic 
for the mesenchymal/invasive phenotype de ned 
previously by others [32, 33]. q-PCR was performed to 
validate the broblast-induced transcriptional changes 
in selected differentiation genes (MITF, TYR and 
MLANA), and the mesenchymal signature genes (AXL, 

Figure 1: Melanoma cells grown as mono-cultures show good response to BRAFi. A. Four different melanoma cell lines 
grown as mono-cultures were treated with different doses of BRAFi for 72 h before the effect on melanoma cells was scored by measuring 
bioluminescence. The signal intensity in the treated cells was related to the intensity in the non-treated controls and presented in % (average 

 SEM, n  3). B. estern blot analysis of the levels of the indicated proteins ( -tubulin, as a loading control) in non-treated or treated 
(with 1 M BRAFi for 24 h) melanoma cells.
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THBS1, DKK3) in Melmet 5 (Figure 4C) and HM8 
(Supplementary Figure S2A). No signi cant changes 
in the expression of all these genes were observed in 
melanoma cells separated from the broblasts by semi-
permeable inserts (Supplementary Figure S2B and S2C).

To reveal alterations in the proteome, the FACS-
isolated melanoma cells were analyzed by reverse-
phase protein array (RPPA). Like the transcriptome, 
the proteome was signi cantly altered in the untreated 
melanoma cells from the co-cultures compared to the 

mono-cultures. Figure 4D shows the proteins that were 
most up-regulated in Melmet 5 cells from the co-cultures, 
con rming an enrichment for Axl and other mesenchymal 
proteins, such as PDGFRB, bronectin and vimentin. The 
same proteins were found to be enriched also in HM8 cells 
from the co-cultures (data not shown). To note, the purity 
of the melanoma fractions was carefully validated (see 
Materials and Methods) to exclude a possibility that the 
observed mesenchymal signature is due to contamination 
with broblasts. In summary, gene/protein pro ling 

Figure : Melanoma cells co-cultured with lung ro lasts are more resistant to BRAFi. A. Four different melanoma 
cell lines were grown as mono-cultures or co-cultures with lung broblasts I-38 with/without BRAFi treatment for 72 h. The effect on 
melanoma cells was scored by measuring bioluminescence and is presented as % relative to the respective non-treated controls (average 

 SEM, n  3)  , p  0.05 at all doses (unpaired t-test). B. BRAFi EC50 values for each cell line treated in the mono-culture or co-culture 
conditions. C. The level of Ki-67 (detected by ow cytometry) in melanoma cells grown as mono-cultures or co-cultures and treated with 
1 M BRAFi for 72 h. The levels in the non-treated controls are shown for comparison.
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revealed that in the presence of adjacent broblasts, the 
melanoma cells undergo phenotype switching to the de-
differentiated mesenchymal state.

Protective stroma ena les BRAFi-treated 
melanoma to maintain high levels of pS6 and cell 
cycle progression

As reported previously, low levels of MITF and 
high levels of AXL may predict melanoma resistance 
to BRAFi [24, 26], and the resistance may involve  
(re)activation of MAPK [20, 22] or PI3K/mTOR signaling 
[23, 27]. To assess MAPK activity, the melanoma cells 
from the mono-cultures and the co-cultures were analyzed 
for pERK by ow cytometry. e detected BRAFi-induced 
suppression of pERK in both culture conditions (Figure 
5A). The same was seen by immuno uorescence, where 
after BRAFi we observed green melanoma cells with 
low signal of pERK in red (Figure 5B). In the treated co-

cultures, though, some single melanoma cells retained 
ERK phosphorylation (seen as yellow, Figure 5B). In 
conclusion, generally, we observed pERK suppression 
by BRAFi in both the mono-cultures and the co-cultures. 
However, more sensitive methods are needed to quantify 
whether there is a difference in the suppression magnitude.

To compare levels of PI3K/AKT/mTOR-associated 
proteins in the mono-cultures and the co-cultures, 
phosphorylated AKT, GSK-3 , S6 and mTOR were 
analyzed in FACS-separated melanoma cells by estern 
blotting and/or Simple estern immunoassay. e 
observed only minor alterations in pAKT levels. However, 
the phosphorylation of an AKT substrate, GSK-3 , and 
particularly an mTOR substrate, S6, as well as mTOR 
itself was signi cantly reduced by BRAFi in the mono-
cultures but not in the co-cultures with broblasts (Figure 
6A, 6B and Supplementary Figure S3A-C). To note, 
S6 phosphorylation at positions S235/236 (that can be 
regulated by MAPK in addition to mTOR) and S240/244 

Figure : Melanoma cell sensitivity to BRAFi in the presence of endothelial cells  monocytes or ro lasts separated y 
a semi-permea le mem rane. A. Melanoma cells were grown either as mono-cultures or co-cultures with endothelial cells HUVEC 
or monocytes THP-1. B. Melanoma cells were grown on semi-permeable inserts, where the broblasts or the respective melanoma cells 
( No broblasts  Controls) were grown in the bottom chamber. Cells were treated with different doses of BRAFi for 72 h before the drug 
effect was scored by bioluminescence (A) or the MTS (B) method. The effect on melanoma cells is presented as % relative to the respective 
non-treated controls (average  SEM, n  3)  , p  0.05 at doses  1 M (unpaired t-test).
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Figure : Fi ro lasts induce glo al gene expression changes in melanoma cells. Melmet 5 melanoma cells, grown either 
as mono-cultures or co-cultures with broblasts were treated with 1 M BRAFi for 24 h (controls were not treated), isolated by FACS 
and analyzed for gene expression (A-C) or protein levels (D). A. A PCA plot showing the variance between four groups (3 sets): non-
treated mono-cultures (Mono) and co-cultures (Co), and BRAFi-treated mono-cultures (Mono+BRAFi) and co-cultures (Co+BRAFi). B. A 
heatmap showing gene expression levels in melanoma cells from co- versus mono-cultures (n 3). The scale bar indicates signal intensity, 
where green and red colors indicate low and high expression, respectively. Gene names labeled in green denote differentiation signature 
genes, while genes in red denote invasive/mesenchymal signature genes reported previously [32, 33]. C. Relative gene expression of 
differentiation and mesenchymal signature genes, detected by q-PCR (average  SEM, n 3)  , p  0.05. The expression level in the co-
cultures was normalized to the level in the mono-cultures set to 1. Insert: MITF and AXL expression changes were con rmed by estern 
blotting (histone 3 (H3) as a loading control). D. A heatmap from the RPPA analysis that shows signi cantly enriched (at least by 20%) 
proteins in the melanoma cells from the co-cultures versus the mono-cultures (n 3). Proteins are ranked based on fold-enrichment, with 
the most enriched at the top.
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(regulated predominantly by mTOR [34]) showed the 
same pattern of changes (Supplementary Figure S4). 
Taken together, this indicates a lack of mTOR suppression 
by BRAFi in the co-cultures. To note, when melanoma-

broblast contact was prevented by semi-permeable 
inserts, or when melanoma cells were co-cultured together 
with monocytes, the level of pS6 was signi cantly reduced 
by BRAFi (Figure 6C). This supports the importance of 
tumor-stroma proximity for sustaining mTOR activity in 
BRAFi-treated melanoma.

To explore pS6 levels in single melanoma cells, we 
employed ow cytometry. The data con rms a BRAFi-

induced decrease in pS6 in mono-cultures, which was 
shown for different drug doses, cell densities or treatment 
durations (Supplementary Figure S5A-C). In contrast, in 
the co-cultures with broblasts, the level of pS6 remained 
signi cantly higher (Figure 7A) and stayed so for the 
whole treatment duration for up to 3 days (Supplementary 
Figure S5C). Importantly, in the treated co-cultures we 
discriminated two melanoma cell subpopulations: those 
with a reduced pS6 level, and those with high levels, like 
in controls (Figure 7A). These two subpopulations had 
a clearly different cell cycle pro le: pS6low cells were 
arrested in G1, while pS6high cells mimicked the untreated 

Figure : The level of pER  in BRAFi treated melanoma cells from mono-cultures or co-cultures with ro lasts.
Melanoma cells were grown as mono-cultures or co-cultures with broblasts and treated with 1 M BRAFi for 24 h (controls were not 
treated) before analysis for pERK by ow cytometry (A) or immuno uorescence (B). A. pERK median level in treated melanoma cells 
relative to the level in the respective non-treated controls (set to 100) is shown. Data indicates average  SEM, n 3  , p  0.05 (unpaired 
t-test). Lower panel: representative histograms indicating pERK levels in single melanoma cells. B. The cultures were immunostained for 
pERK (red) and GFP (green)  cell nuclei were stained with DAPI. Only overlay pictures are shown (enlarged region indicated). Scale bar, 
50 m.
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controls with cell cycle distribution in G1/S/G2 (Figure 
7B). This indicates that the pS6 level discriminates 
BRAFi-responders that stop progression through a cell 
cycle, from non-responders that continue cycling.

To verify the stromal role in maintenance of pS6 
after BRAFi, we analyzed asymmetric co-cultures, 
where melanoma culture regions and broblast culture 
regions were allowed to invade each other, forming 
an interaction front as illustrated in Figure 8. In the 
interaction front, the green melanoma cells displayed 

an elongated mesenchymal morphology which was not 
observed in the melanoma cells at the distant site (Figure 
8, GFP). The level of pS6 in the melanoma cells in the 
interaction front versus the distant sites was compared. In 
the absence of BRAFi, all melanoma cells, regardless of 
their localization, had high levels of red-stained pS6 (seen 
as orange cells in the overlay picture). In the presence of 
BRAFi, the melanoma cells in the interaction front stayed 
strongly positive for pS6. In contrast, a large fraction of 
the melanoma cells in the distant site lost the red pS6 

Figure 6: The level of PI3K/AKT/mTOR signaling-associated proteins in BRAFi-treated melanoma cells with/without 
stromal cells present. A, B. Melanoma cells were grown as mono-cultures or co-cultures with broblasts, treated with 1 M BRAFi 
for 24 h (controls were not treated), isolated by FACS and analyzed for the indicated proteins by estern blotting ( -tubulin as a loading 
control) (A) or automated Simple estern (B). (B) p-mTOR level (after normalization to the loading control, GAPDH) in the treated cells 
relative to the respective non-treated controls (set to 100). Average  SEM (n 3 for Melmet 5  n 1 for HM8)  , p  0.05 by unpaired t-test. 
C. estern blot analysis of pS6 in melanoma cells grown/treated on semi-permeable inserts with/without broblasts in the bottom chamber 
or as co-cultures in the presence of monocytes THP-1.
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signal and appeared green in the overlay picture. Such 
heterogeneous behavior was observed in both models, 
HM8 (Figure 8) and Melmet 5 (data not shown). This 
con rms that broblasts make adjacent melanoma cells 
acquire mesenchymal features and sustain pS6 levels upon 
treatment with BRAFi.

Exploring pS6 in melanoma cells from distinct 
sites in vivo

The observation that broblasts foster melanoma 
cell subpopulations with sustained pS6 levels, motivated 

in vivo studies where we compared the in uence of stroma 
from different sites. Melmet 5 cells establish tumors in 
multiple organs when injected into mice through the 
left ventricle (L.V.), or grown subcutaneously after 
subcutaneous (s.c.) injection, thereby generating distinct 
interactions with site-speci c stroma. The metastatic 
cells from different sites of non-treated and BRAFi-
treated animals were isolated and analyzed for pS6 by 

ow cytometry. e observed cellular heterogeneity with 
respect to the pS6 level, where only a fraction of the 
melanoma cells were strongly positive for pS6 (pS6high) 
(Figure 9). After BRAFi treatment, the percentage of 

Figure 7: Flow cytometric analysis of pS6 levels and cell cycle in melanoma cells from mono-cultures and co-cultures 
with ro lasts. Melanoma cells were grown as mono-cultures or co-cultures with broblasts, treated with 1 M BRAFi for 24 h 
(controls were not treated) before the total cell suspension was analyzed for pS6 levels (A) and cell cycle (B). A. Representative histograms 
indicating pS6 levels in single melanoma cells  dotted lines designate the histogram peak position in the non-treated cells. B. DNA content 
(i.e. cell cycle distribution) in non-treated and BRAFi treated melanoma cells from the co-cultures, where the latter were divided into 
subpopulations with low (pS6low) and high (pS6high) levels of pS6.
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pS6high cells (Figure 9B) and the mean level of pS6 
(Supplementary Figure S6A) was reduced in all sites. 
Some inter-site variations were observed, where the lung, 
spinal cord and brain metastases generally harbored a 
larger fraction of pS6high melanoma cells than e.g. bone 
metastases or s.c. tumors (Figure 9A, 9B), but this 
difference has not been further explored. e chose lung 
metastases and subcutaneous tumors for further analysis 
by immuno uorescence and con rmed BRAFi-induced 
reduction in pS6 (Figure 9C). Interestingly, in the treated 
lung metastases, the remaining pS6high melanoma cells 
tend to localize at the tumor border next to the stroma 
(Figure 9C). In the treated s.c. tumors, the distribution 
of pS6high tumor cells was more random, with less 
pronounced localization at the tumor-stroma interface 
(Figure 9C). Collectively, the in vivo data indicates that 
pS6high melanoma cells remain after BRAFi treatment in 
different metastatic sites, and e.g. in the lung they tend to 
localize close to the stroma.

Inhi itors of mTOR or PI3K reduces the 
protective in uence of the ro lasts in vitro

Based on the pS6 data, we hypothesized that 
mTORC1, or it activating pathways, might contribute to 

broblast-mediated protection from BRAFi. To test this 
hypothesis we employed an mTOR inhibitor, everolimus 
(mTORi) in combination with the BRAFi and compared 
the response in the mono-cultures versus the co-cultures 
with broblasts. e showed that mTORi+BRAFi 
treatment of the co-cultures eradicates a subpopulation 
of pS6high melanoma cells (Figure 10A, insert). 
Consequently, the melanoma cell survival in the co-
cultures was signi cantly reduced after mTORi+BRAFi 
compared to BRAFi alone. Thus, the survival bene t 
that we saw in the co-cultures treated with BRAFi alone 
was eliminated (Melmet 5) or signi cantly diminished 
(HM8) after co-administration of mTORi (Figure 
10A). A similar potentiation of the drug effect in the 

Figure : Immuno uorescence analysis of pS6 in asymmetric co-cultures. HM8 melanoma cells and broblasts were rst 
cultured within adjacent compartments and subsequently allowed to interact (illustrated by arrows), forming asymmetric co-cultures before 
treatment with 1 M BRAFi for 24 h (controls were not treated). The cultures were immunostained for pS6 (red) and GFP (green)  cell 
nuclei were stained with DAPI. The staining patterns for the areas representing the distant site (labeled as 1 ) and interaction front  
(labeled as 2 ) are shown. Scale bar, 200 m.



Oncotarget20007www.impactjournals.com/oncotarget

co-cultures was observed when BRAFi was combined 
with a pan-PI3K inhibitor, LY294002 (PI3Ki) (Figure 
10B). It should be noted that mTORi/PI3Ki also affected 

broblasts, reducing their number by 25% (data not 
shown). To compensate for this effect, the number of 

broblasts was increased by 25% in the co-cultures 
where mTORi/PI3Ki was applied. Thereby, we can 

exclude the possibility that the potentiated effects in 
the co-cultures might be due to fewer broblasts. It is 
interesting to note that the effect of the single agents, 
mTORi or PI3Ki, was stronger in the co-cultures than 
the mono-cultures of Melmet 5, suggesting that the co-
cultured cells might be more dependent on PI3K-mTOR 
signaling.

Figure 9: Analysis of pS6 in melanoma cells from distinct sites in vivo. Melmet 5 melanoma cells were allowed to grow in 
distinct organs in mice with/without treatment with BRAFi. The metastatic organs and s.c. tumors were collected and analyzed by ow 
cytometry (A, B) or immuno uorescence (C). A. Representative dot-plots showing pS6 levels in Melmet 5 cells from non-treated (blue) and 
treated (black) animal organs. The pS6high melanoma cell subpopulations are indicated in red boxes. B. The bars indicate average percentage 
of pS6high cells  SEM (n 3/4), except for the brain samples, where average  St.Dev. (n 2) is shown. C. Immuno uorescence for pS6 
(red) and GFP (green) in s.c. tumors (upper panels) and lung metastases (lower panels  S, stromal region  T, tumor region) derived from 
non-treated and BRAFi treated animals. The pictures show an overlay of pS6 and GFP. Scale bar, 200 m.
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Re-activation of MAPK was suggested by others 
to be involved in broblast-mediated BRAFi resistance 
[11], and MAPK can also activate mTORC1 [29]. 
Therefore, we also tested BRAFi in combination with 
other inhibitors of the MAPK pathway. In our models, 
an ERK inhibitor, SCH772984 (ERKi), in combination 
with BRAFi did not eliminate a subpopulation of pS6high 
melanoma cell, neither potentiated the treatment effect 
in the co-cultures (Figure 11A). Likewise, no therapeutic 
bene t in the co-cultures was observed when BRAFi 
was combined with a MEK inhibitor (MEKi), MEK162 
(Figure 11B). Thus, the co-cultures demonstrated 
signi cantly higher cell survival/growth than the mono-
cultures after treatment with MEKi or ERKi alone or 
together with BRAFi.

Collectively, these results indicate that inhibition 
of PI3K-mTOR, but not other targets within the MAPK-
pathway, reduces the protective effect of the stroma and 
helps to eliminate melanoma cells that become refractory 
to BRAFi.

Inhi ition of mTOR enhanced the antitumor-
effect in BRAFi-treated lung metastases in vivo

Aiming to explore the mTORi+BRAFi combination 
in vivo, we performed a pilot study and showed that by co-
treatment with mTORi, we further reduced pS6 levels/pS6high

subpopulations compared to BRAFi alone (Supplementary 
Figure S6B). e concluded that the tested dose of mTORi 
acts on its molecular target, S6, in vivo. In further in vivo 
studies, we compared treatment ef cacies on early-stage 
metastatic lesions established in mouse lung. Melmet 5 
cells were delivered to the lung through tail vein injection 
and were allowed to grow for 6 days before initiating the 
treatment with a vehicle (control), BRAFi, mTORi or the 
combination mTORi+ BRAFi. The tumor burden was scored 
by live imaging in vivo tracking bioluminescence. At 6 days 
post-injection, the metastatic lesions started to be detectable, 
but were still small (as judged from the bioluminescence, 
Figure 12B), and presumably rich in tumor-stroma contacts. 
Exposure of such lesions to the mTORi+BRAFi combination 

Figure 1 : mTOR or PI3K inhi itor reduces the protective in uence of ro lasts in the co-cultures. Melanoma cells 
were grown as mono-cultures or co-cultures with broblasts and treated with 0.5 M BRAFi (A, B), 5 nM mTORi (A), 10 M PI3Ki (B) 
or the combination as indicated (A, B). The level of pS6 in the co-cultures was analyzed after 24 h by ow cytometry (histogram inserts). 
Melanoma cell survival/growth was scored after 72 h by measuring bioluminescence and relating the signal in the treated cells to the signal 
in the non-treated controls (set to 100)  average  SEM (n 3). , p 0.05 (unpaired t-test).
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for 12 days inhibited metastatic growth. In contrast, 
metastases treated with the single agents, BRAFi or mTORi 
continued growing like the controls (Figure 12A, 12B and 
Supplementary Figure S7). Although the metastatic growth 
was resumed after the combined treatment was stopped, the 
temporal suppression of the tumor development supports the 
idea that active mTORC1 contributes to cell proliferation in 
a part of a BRAFi-treated tumor. Thus, co-suppression of 
mTOR and BRAF activity might be bene cial in early-stage 
metastases with abundant stromal contacts.

DISCUSSION

Adaptive and less frequently observed innate 
resistance to MAPK pathway inhibitors (MAPKi) is a well-
known problem in the clinical management of malignant 
melanoma. In the present study, we have revealed a 
mechanism of stroma-promoted resistance. Stromal cells, 
such as lung broblast, reduced melanoma sensitivity to 
BRAF inhibition through proximity-dependent interactions. 
The protective in uence of the stroma might have signi cant 
implications for MAPK targeted therapies, since it can lead 
to emergence of non-responding cancer cell subpopulations 
in an otherwise well-responding tumor.

Consistent with previous reports [27, 31], we 
identi ed one of the mTORC1 substrates, pS6, as a 
marker discriminating BRAFi responders from non-
responders, and demonstrated its association with the 
protective in uence of the stroma. Eradication of pS6high

melanoma cells by co-targeting mTOR, potentiated an 
anti-cancer effect in the BRAFi-treated melanoma models 
with abundant stromal contacts. Thus, BRAFi-treated 
cancer cells with sustained pS6 levels might represent 
subpopulations that got a survival advantage from adjacent 
stroma. It is tempting to propose that the therapeutic 
bene t that we see in vivo after co-inhibition of BRAF 
and mTOR is due to co-targeting stroma-independent and 
stroma-dependent counterparts of metastases. The fact that 
we observe such a bene t in early-stage metastatic lesions, 
where stromal contacts are abundant, supports but does 
not prove this scenario. Although we primarily focused on 
suppressing mTOR to overcome stromal protection, our 
in vitro data indicates an equally good effect with PI3K 
inhibitors. Given that in some cases mTOR inhibition can 
lead to undesirable activation of AKT [23], targeting the 
upstream kinases, like PI3K, is an attractive alternative. 
Multiple clinical trials are now initiated to evaluate the 
bene t of co-inhibition of MAPK and mTOR or PI3K 
(https://clinicaltrials.gov/ct2/show/NCT01596140) [35]. 

Figure 11: ERK or MEK inhi itor does not eliminate the protective in uence of ro lasts in the co-cultures. Melanoma 
cells were grown as mono-cultures or co-cultures with broblasts and treated with 0.5 M BRAFi (A, B), 10 nM ERKi (A), 0.5 M 
MEKi (B) or the combination as indicated (A, B). The level of pS6 in the co-cultures was analyzed after 24 h treatment by ow cytometry 
(histogram inserts). Melanoma cell survival/growth was scored after 72 h by measuring bioluminescence and relating the signal in the 
treated cells to the signal in the non-treated controls (set to 100). Data indicates average  SEM (n 5 in A), or  St. Dev. (from three 
parallels in a single experiment in B). , p 0.05 (unpaired t-test).
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Figure 12: Treatment effect on lung metastases in vivo. Melmet 5 cells were injected into mice i.v. and were allowed to grow for 
6 days before initiation of the treatment with a vehicle (control), 50 mg/kg BRAFi, 5 mg/kg mTORi or a combination of both drugs every 
weekday until day 17, when the treatment was stopped. Tumor burden was scored at days 6 (start), 17 ( nish) and 38 (post-treatment) by 
live imaging in vivo, measuring bioluminescence (p/s/cm2/sr) in the IVIS Spectrum instrument. A. The bioluminescence signal at days 17 
and 38 was normalized to the signal at day 6 (for the non-normalized data, see Supplementary Figure S7). The number of animals per group 
is indicated in the legend. , p 0.05 (unpaired t-test). B. Representative IVIS pictures showing the animals at the start and the end of the 
treatment.

Their rationale, though, does not lean speci cally on 
stroma-facilitated resistance to MAPKi.

The protective effect of stroma could be explained 
by stroma-induced phenotype transition in the adjacent 
melanoma cells. e showed that in the presence of 

broblasts, melanoma cells acquired a de-differentiated 
mesenchymal-like phenotype. Such a phenotype has been 
linked to BRAFi resistance in several previous studies, 
where it was described as a cell-autonomous mechanism 
of resistance [24, 26, 36]. e show that this phenotype 
can be induced by extrinsic signals from the stroma. This 
phenotype displayed reduced sensitivity not only to BRAFi, 
but also MEKi, ERKi or combinations of these, as was also 
shown by others, but not in a tumor-stroma context [24, 26]. 
The fact that resistance was observed even though pERK 
was suppressed, raised doubts about MAPK dependence 
in this phenotype [24, 26]. In contrast, the sensitivity to 
PI3K/mTOR inhibition was preserved or even enhanced, 
suggesting that the stroma-induced phenotype might prefer 
PI3K/mTOR signaling. By switching to the mesenchymal 
phenotype, melanoma cells gained additional tools  to 
signal via PI3K, e.g. up-regulated receptor-tyrosine kinases 
(RTKs) like Axl and PDGFRB or ECM bronectin [26, 37]. 
Re-wiring of signaling towards the PI3K pathway was also 
reported for epithelial cancer cells that undergo EMT and 
acquire alternative RTKs [38]. In line with our observations, 
several recent studies showed that stroma-promoted 
BRAFi resistance involves the PI3K pathway [37, 39]. In 

contrast, Hirata et al. [11] demonstrated stroma-dependent 
re-activation of ERK as a resistance mechanism, which we 
could not con rm, since no therapeutic bene t after co-
administration of MEKi or ERKi was seen in our co-cultures. 
Collectively, this favors BRAFi combinations with RTK/
PI3K/mTOR inhibitors rather than MEK/ERK inhibitors 
in situations where a mesenchymal phenotype is promoted, 
e.g. tumors with abundant stroma. However, more profound 
analysis on MAPK is needed to clarify whether/how this 
pathway is implicated in the stroma-induced phenotype.

The majority of previous studies linked stroma-
induced BRAFi resistance to stroma-derived growth 
factors [3, 8, 37], which could act on distant cancer cells. 
This contradicts our and Hirata et al.’s [11] observations 
on the importance of close proximity between the tumor 
and the stromal cells. Based on our data, we propose that 
a tumor-stroma interaction front might be a site where 
BRAFi resistant melanoma cells reside, which remains 
to be validated in clinical material. Adjacent stromal 
cells could deposit ECM to which melanoma cells 
could attach and gain a survival advantage, as shown 
by others [11, 12]. Direct cell-cell communication via 
e.g. gap junctions could be another mechanism for how 
adjacent cancer cells might gain drug-resistance [9, 
10]. Although we observed stroma-induced enrichment 
for the ECM component bronectin and a gap junction 
constituent Connexin-43, we have not yet explored their 
signi cance.
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In conclusion, we have shown that under the 
in uence of adjacent broblasts, melanoma cells acquire 
a mesenchymal-like phenotype with enhanced resistance 
to MAPKi. This resistance could be overcome by co-
inhibiting PI3K/mTOR signaling. Understanding the link 
between stroma-induced mesenchymal transition and 
alterations in signaling should uncover nodes for targeting 
stroma-protected cancer cells. Thereby, BRAFi combination 
therapies could be designed to target both stroma-dependent 
and independent counterparts of metastases.

MATERIALS AND METHODS

Cell lines and drugs

Malignant melanoma cell lines: Melmet 5 (derived 
from lymph node metastases), HM8 and HM19 (both 
derived from brain metastases), were established from 
melanoma patients at the Oslo University Hospital, 
The Norwegian Radium hospital (Oslo, Norway) as 
described previously [40] (REK No: S-01252  2.2007.997  
2011/2183). Patient-3-pre cell line (derived from lymph 
node metastases [41]) was generously provided by Prof. 
Peter Hersey (University of Sydney, Sydney, Australia). 
All melanoma cells were transduced with lentivirus, 
carrying a human ferritin promoter-driven GFP-Luc 
construct described previously [42] (kindly provided by 
Dr. Glenn Merlino, NIH, MD). Human lung broblasts 

I-38 were obtained from the ATCC (Rockville, MD). 
Human primary umbilical vein endothelial cells (HUVEC) 
and human monocyte cell line THP-1 were provided by 
Prof. Guttorm Haraldsen (Oslo University Hospital, 
Norway  REK S-05152) and Prof. Rigmor Solberg 
(University of Oslo, Norway), respectively.

All melanoma cell lines were cultured in RPMI 
1640 medium, supplemented with 10% fetal calf serum 
(FCS) and 2 mM L-Alanyl L-Glutamine (all from Sigma-
Aldrich, St. Louis, MO). The culture medium for THP-1 was 
additionally supplemented with 0.05 mM 2-mercaptoethanol 
(Sigma-Aldrich). I-38 broblasts were cultured in EMEM 
medium (ATCC, Manassas, VA) supplemented with 10% 
FCS. HUVECs were cultured in MCDB131 medium (Gibco, 
Paisley, UK) supplemented with 7.5% FCS, 2 mM L-Alanyl 
L-Glutamine, 20 mM Hepes, 100 units/ml penicillin and 100 
g/ml streptomycin, 1 g/ml hydrocortisone (all from Sigma-
Aldrich), 10 ng/ml EGF (R&D Systems, Minneapolis, 
MN) and 1 ng/ml bFGF (PeproTech, Rocky Hill, NJ). All 
cells cultures were maintained at 37 C in a humidi ed 
atmosphere containing 5% CO2 and were routinely tested 
for mycoplasma and cell ID.

Drugs

BRAFi vemurafenib and ERKi SCH772984 
were from Selleck Chemicals (Houston, TX), mTORi 
everolimus was from Novartis (Basel, Switzerland) 
and Sigma Aldrich, MEKi MEK162 was from 

MedChemExpress (Monmouth Junction, NJ), PI3Ki 
LY294002 was from Cell Signaling Technology 
(Danvers, MA). All drugs were dissolved in DMSO. For 
animal studies, the drugs were further diluted in 0.5% 
metylcellulose (Sigma-Aldrich).

Co-cultures and cultures in trans-well inserts

Co-cultures were prepared by seeding GFP-Luc-
labeled melanoma cells together with non-labeled stromal 
cells ( I-38, THP-1 or HUVEC) in the respective 
medium, at a ratio 1:4, and a total cell density up to 7 x 103

cells/well in 96-well plates or 75 x 104 cells/T25 asks. 
The same cell density was used for the mono-cultures.

To prepare asymmetric co-cultures, the melanoma 
cells and the broblast (20 x 103 each) were seeded in 
separated compartments within culture-inserts from Ibidi 
(Martinsried, Germany) placed on glass cover slips. After 
removing the inserts, the cells were cultured for 4 days 
allowing them to ll the gap and interact, before BRAFi was 
applied for 24 hours treatment (no BRAFi for controls).

To prepare cultures in trans-well inserts, 8 x 103 or 
20 x 104 melanoma cells were seeded out into 0.4 m-pore 
membrane inserts in 24- or 6-well plates (Costar, Corning, 
NY), respectively. In the bottom wells, either broblasts 
or respective melanoma cells (for controls) were seeded, 
keeping the insert:bottom cell ratio at 1:2.

For gene expression and protein analysis, the co-
cultures were pre-incubated for 48 hours followed by 24 
hours treatment with 1 M BRAFi. Melanoma cells were 
separated from the broblasts by FACS, gating on the GFP 
signal and collecting only clearly GFP positive melanoma 
cells as shown in Supplementary Figure S8A. The mono-
cultures were handled identically. The purity of the FACS-
separated melanoma fractions (i.e. no contamination with 

broblasts) is guaranteed since the gating was stringent  
no broblast-speci c (female) transcripts were found in 
the melanoma (male) fractions  no descent in male-speci c 
transcripts and luciferase (tag on melanoma) mRNA was 
detected.

Cell survival assays

Cell survival was evaluated either by measuring 
luciferase-generated bioluminescence or using the MTS 
assay. For the bioluminescence method, cells were 
grown/treated in white 96-well plates (Costar), and 
before measurement the culture medium was replaced 
with a fresh medium containing 0.1 mg/mL D-luciferin 
(Biosynth AG, Staad, Switzerland)  after 10 min 
bioluminescence was measured by a plate reader (Victor2 
1420 Multilabel Counter, Perkin Elmer, altham, MA). 
For the MTS method, cells were grown in clear 96-well 
plates (Falcon, Durham, NC) or 24-well inserts (Costar). 
Before measurement, 20 l of CellTiter 96®AQueous One 
solution (Promega, Madison, I) was applied per each 
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100 l medium, followed by 1 h at 37 C incubation, and 
absorbance was measured at 490 nm by the plate reader.

Flow cytometry

Collected cells (from cultures or disintegrated tumor 
tissue) were xed for 15 min in 1.6% paraformaldehyde 
(PFA) at room temperature (RT) and permeabilized 
with 100% ice cold methanol. Up to four samples 
were given a uorescent barcode  by adding paci c 
orange (PO) dye (Life Technologies, Carlsbad, CA) at 
different concentrations ranging from 0 to 2 ng/ l (see 
Supplementary Figure S8B). For the analysis of the in vivo 
samples, we also included a spike  control (Melmet 5 
from in vitro), which received no PO (see Supplementary 
Figure S8C). After incubation at RT for 30 min, followed 
by washing, the barcoded samples were combined for 
simultaneous staining with antibodies against pS6-Alexa 
647 (Cell Signaling Technology, #4851 dilutions 1:80 for 
in vitro and 1:50 for in vivo samples), pERK-PE (Cell 
Signaling Technology, #5315  dilution 1:5) or Ki-67-PE 
(BD Biosciences, #556027  dilution 1:5) for 30 min at 
RT. For cell cycle analysis, pS6-Alexa 647 stained cells 
were additionally stained with 1.5 g/ml Hoechst 33258 
(Life Technologies, #H3569) for 30 min at 37oC. The 
samples were analyzed on an LSR II ow cytometer (BD 
Bioscience, San Jose, CA). BD FACS DivaTM software 
was used to control the ow cytometer and Flow Jo 
software (FlowJo, Ashland, OR) was used to analyze the 
data.

Protein analysis

Protein lysates were prepared by re-suspending the 
cells in lysis buffer (150 mM NaCl, 50 mM Tris pH 7.5, 
0.1% Nonidet P40) containing protease- and phosphatase 
inhibitors (Roche Applied Science, Mannheim, Germany) 
followed by ultrasonication. For estern blotting, total 
cellular proteins (20 g) were separated on NuPAGE® 
Novex 4-12% Bis-Tris Gel (Life Technologies). After 
transfer to a polyvinylidene di uoride membrane (Merck 
Millipore, Billerica, MA), it was blocked either with 10% 
BSA or 5% dry milk solution and incubated with primary 
antibodies at 4°C overnight, followed by incubation with 
secondary antibodies at RT for 1 h. After application of 
Super Signal est Dura kit solution (Thermo Scienti c, 
Rockford, IL), the membrane was developed in a 
Syngene instrument (Syngene, Cambridge, UK) using the 
GeneSnap software.

The Simple estern immunoassay was performed 
on a PeggySue™ (ProteinSimple, San Jose, CA) applying 
0.4 g total protein lysate and using the Size Separation 
Master Kit with Split Buffer (12-230 kDa) according to 
the manufacturer’s instructions. The Compass software 
(ProteinSimple, version 2.7.1) was used to program the 
PeggySue-machine and for quanti cation of the results.

The following antibodies from Cell Signaling 
Technology were used: anti-pS6 (#4858  1:2000)  anti-S6 
(#2217  1:1000)  anti-pERK (#4370, 1:2000), anti-ERK 
(#4695, 1:1000)  anti-pAKT (#9271, 1:1000)  anti-p-
mTOR (#5536, 1:50)  anti-pGSK-3  (#9339, 1:50)  anti-
MITF (#12590, 1:2000), anti-H3 (#4499, 1:2000) and 
anti-GAPDH (# 5174, 1:200). Mouse anti-AXL (used 
at 1:4000) was kindly provided by Prof. James Lorens 
(University of Bergen, Norway). Mouse anti- -tubulin 
(Merck Millipore #CP06) was used at a dilution 1:5000.

The RPPA analysis on FACS-separated melanoma 
cells was performed at MD Anderson RPPA core facility 
(Houston, TX). In brief, denatured cell protein lysates 
were arrayed at serial dilutions on nitrocellulose-coated 
slides. Each slide was probed with a validated primary 
antibody (speci ed at the core facility’s home page  
availbale upon request) followed by a biotin-conjugated 
secondary antibody  the signal was detected by a DAB 
colorimetric reaction. The slides were scaned and analyzed 
using a MicroVigene software (VigeneTech, Carliste, MA) 
to determine spot intensities. Each dilution curve was 

tted with a logistic model ( Supercurve Fitting ). The 
data were log2-transformed and converted into standard 
scores by subtracting the mean of the whole screen and 
dividing by the standard deviation of the whole screen (for 
a given antibody).

Immuno uorescent staining (IF)

Cells seeded on coverslips were xed for 15 min 
in 1.6% PFA at RT and permeabilized either with 100% 
ice cold methanol or 0.05% Saponin solution. Cells were 
stained with primary antibodies (rabbit anti-pERK, #4370, 
1:200 or rabbit anti-pS6, #2215, 1:200  both Cell Signaling 
Technology) in combination with goat anti-GFP (ab5450, 
1:2000, Abcam (Cambridge, UK)) overnight at 4°C, 
followed by 1 hour staining with secondary antibodies 
(donkey anti-rabbit DL549 and donkey anti-goat Alexa 
488) at RT and counterstained with DAPI (all from Life 
Technologies). Fluorescence images were taken using 
Zeiss LSM confocal microscope (Zeiss, Oberkochen, 
Germany) or inverse microscope Olympus IX8 (Olympus, 
Norway) and analyzed with ZEN 2009 Light Edition or 
Cell^P softwares, respectively.

Sections of paraf n embedded tumor tissue were 
deparaf nized with xylene and ethanol and boiled in 
antigen unmasking solution (1:100, Vector laboratories 
Inc, Burlingame, CA) for 15 min in a microwave. The 
slides were stained as above, except that anti-GFP was 
diluted 1:1000.

RNA isolation and q-PCR

Total RNA was isolated from the FACS-separated 
cell pellets using TRIzol® reagent (Life Technologies). 1 

g RNA was reverse transcribed using cDNA Synthesis 
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Kit (Quanta Biosciences, Geithersburg, MD). q-PCR 
reaction was run in duplicates using 25 ng cDNA, mixed 
with 300 nM of each primer, 200 nM FAM-labeled probe 
(from the Universal Probe Library collection, Roche 
Applied Science) and 1x PerfeCTa q-PCR SuperMix 
(Quanta BioSciences) adjusted up to total volume of 25 

L/well in 96-well plates (Bio-Rad, Hercules, CA). The 
PCR was performed using Bio-Rad CFX Connect™ Real 
Time PCR machine (Bio-Rad). Data was analyzed using 
Bio-Rad CFX Manager software.

Illumina microarray and data analysis

RNA was ampli ed from 500 ng total RNA using 
the Illumina® TotalPrepTM-96RNA ampli cation kit (Life 
Technologies) according to the manufacturer’s protocol. 
For each sample, 750 ng labeled cRNA was hybridized to 
Illumina Human HT-12v4 Expression BeadChip (Illumina, 
San Diego, CA). Hybridization was performed by the 
Norwegian Radium Hospital Microarray Core Facility 
according to Illumina protocols. The scanning was done 
with the iScan system. The data were annotated using 
the HumanHT-12 V4 0 R2 15002873 B.bgx le from 
Illumina. Sample data were quantile normalized and 
log2-transformed in Illumina GenomeStudio® software. 
Preprocessed data was imported into J-Express v2012 
(www.molmine.com) where a multi-group ANOVA 
analysis was performed, followed by the application of 
principal component analysis (PCA) on the top ranked 
ANOVA- ltered genes to visualize differences between 
groups. Signi cance of Microarray (SAM) analysis was 
applied to identify differently expressed genes. Genes 
were considered signi cant if fold change FC  1.5 and a 
fold discovery rate FDR  1%. The microarray data have 
been deposited in NCBI’s Gene Expression Omnibus and 
are accessible through GEO Series accession number 
GSE67637 (http://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi acc GSE67637).

Animal studies

To analyze pS6 levels, GFP-Luc-labeled Melmet 5 
cells were injected into athymic nude foxn1nu mice into 
the left ventricle (L.V) or subcutaneously (s.c.) (15 x 104 
or 1 x 106 cells/animal, respectively). After approximately 
one month, the animals were randomized before initiation 
of the treatment by oral gavage with BRAFi vemurafenib 
(50 mg/kg) or vehicle (DMSO/metylcellulose) twice/day, 
5 times in total. here indicated, mTORi everolimus (5 
mg/mL) was applied in addition once/day. Animals were 
sacri ced 2 hours after the last treatment. Brain, lung, 
femur, spinal cord and subcutaneous tumors were collected 
and either disintegrated mechanically for analysis by ow 
cytometry, or formalin- xed and paraf n-embedded for 
IF. For testing the treatment ef cacy on early metastatic 
lesions, 75 x 104 GFP-Luc-labeled Melmet 5 cells were 

injected intravenously (i.v.) leading primarily to lung 
metastases. After 6 days, the animals were randomized 
and treated with either 50 mg/kg BRAFi vemurafenib, 
5 mg/kg mTORi everolimus, a combination of both 
drugs or vehicle every weekday for two weeks. Tumor 
growth was followed by reading bioluminescence (after 
intraperitoneally injection of 4mg D-Luciferin in 200 L 
PBS) using an in vivo imaging system IVIS Spectrum 
(Perkin Elmer, altham, MA).

Statistical analysis

Two-tailed Student’s unpaired t-test was used 
in all statistical analysis. Differences were considered 
statistically signi cant if p-values were equal/below 0.05.
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SUPPLEMENTARY FIGURES

Supplementary Figure S1: Validation of the bioluminescence method for tracking Luc+ melanoma cells. A. Linear 
relationship between cell number and bioluminescence signal intensity (BSI). B. Cultures consisting of only Luc+ Melmet 5 cells or a 
mixture of Luc+ and Luc- Melmet 5 melanoma cells (ratio 1:1), treated with 5 M BRAFi for 72 h before BSI was measured. Data indicates 
average  St.Dev. from three parallels in a single experiment. C. Luc+ Melmet 5 melanoma cells cultured at different (2-fold) cell densities 
while treated with BRAFi. Cell survival was scored by measuring BSI and normalized to the non-treated controls. Data indicates average  
St.Dev. from three parallels in a single experiment. D. Comparison of Melmet 5 melanoma cell survival after treatment with different doses 
of BRAFi, evaluated by measuring BSI and by the standard MTS method. Data indicates average  SEM (n 3).

Fibroblast-induced switching to the mesenchymal-like 
phenotype and PI3K/mTOR signaling protects melanoma cells 
from BRAF inhibitors
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Supplementary Figure S2: Expression of differentiation and mesenchymal signature genes in melanoma cells with/
without broblasts present. A. HM8 melanoma cells were grown as mono-cultures or co-cultures with broblasts, treated with 1 M 
BRAFi for 24 h (controls were not treated), isolated by FACS and analyzed for the expression of the indicated genes by q-PCR. B, C. 
Melmet 5 (B) and HM8 (C) melanoma cells were grown on semi-permeable inserts, where broblasts or the respective melanoma cells 
( No broblasts  Controls) were grown in the bottom chamber, treated as above and analyzed for gene expression. The expression levels 
in the presence of broblasts were normalized to the level in the absence of broblasts (which was set to 1). The bars indicate average  St. 
Dev. (n 2 in A) and St. Dev. (two parallels in a single experiment in B, C).
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Supplementary Figure S3: The levels of pGSK-3  and p-mTOR as detected by Simple Western immunoassay A. 
Relative levels of pGSK-3  in Melmet 5 (n 3) and HM8 (n 1) melanoma cells FACS-isolated from mono-cultures or co-cultures with 

broblasts with/without treatment with 1 M BRAFi for 24 h. The level of pGSK-3  was normalized to the loading control GAPDH (n 3 
for Melmet 5 and n 1 for HM8). , p 0.05 (unpaired t-test). B, C. Representative peaks for pGSK-3  (B) and p-mTOR (C) from automated 
Simple estern. The protein levels were calculated by integration of the area below peaks (shown in green) detected by chemiluminescence.
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Supplementary Figure S4: The level of S6 phosphorylated at S235/236 site versus S240/244 sites as detected by RPPA. 
Melanoma cells were grown as mono-cultures or co-cultures with broblasts, treated with 1 M BRAFi for 24 h (controls were not treated), 
isolated by FACS and analyzed by RPPA. The values for the indicated pS6 in the treated samples relative to the respective non-treated 
controls (set to 100) are shown as average  SEM (n 3). , p 0.05 (unpaired t-test).
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Supplementary Figure S5: Flow cytometric analysis of pS6 levels in melanoma cells under various experimental 
conditions. A, B. Melmet 5 melanoma cells were grown as mono-cultures and treated with two different doses of BRAFi A., or with 1 

M BRAFi when the cells were at different densities (2-fold difference) (B). After 24 h treatment, the samples were analyzed for pS6 by 
ow cytometry (left) and the data were con rmed by estern blotting (right). C. Melmet 5 melanoma cells were grown as mono-cultures 

or co-cultures with the broblasts and treated with 1 M BRAFi for different durations (controls were not treated) before analysis for 
pS6 levels by ow cytometry. Histograms from a single experiment are shown  dotted lines designate the histogram peak position in the 
non-treated cells.
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Supplementary Figure S6: Analysis of pS6 in melanoma cells from distinct sites in vivo with/without treatment. A. 
The samples were prepared and analyzed as described in Figure 9A, i.e. Melmet 5 cells were allowed to grow in distinct organs in mice 
treated with 50 mg/kg BRAFi ( ve times in total  controls received only vehicle) before the tumors were collected and analyzed for pS6 
by ow cytometry. The symbols indicate the mean level of pS6 (shown as relative units (RU)) in single melanoma cells in each sample.
The quanti cation was performed following the strategy illustrated in Supplementary Figure S8C. B. The mouse bearing lung metastases 
was treated with BRAFi as in (A) and additionally, treated with 5 mg/kg mTORi (three times in total). The metastatic lung was analyzed 
for pS6 as above. The mean level of pS6 (left) and percentage of pS6high melanoma cells (right) after the BRAFi+mTORi combination is 
shown in red  the data for No treatment  and BRAFi  (taken from (A)) are included for comparison. Left, the data for each sample  right, 
average  SEM (n 3-4)
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Supplementary Figure S7: Treatment effect on lung metastases in vivo: the non-normalized data for each animal. 
The samples were prepared as in Figure 12, i.e. Melmet 5 cells were injected into mice i.v. and were allowed to grow for 6 days before 
initiation of the treatment with 50 mg/kg BRAFi, 5 mg/kg mTORi, a combination of both drugs or a vehicle (control) every weekday until 
day 17, when the treatment was stopped. Tumor burden was scored at days 6 (start), 17 ( nish) and 38 (post-treatment) by live imaging in 
vivo measuring bioluminescence (p/s/cm2/sr). The non-normalized bioluminescence signal intensities in each animal (color-coded for each 
treatment group) are presented.
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Supplementary Figure S8: A strategy for FACS of GFP+ melanoma cells and ow cytometric analysis of phospho 
proteins in melanoma cells from in vitro and in vivo. A. A co-culture sample analyzed for GFP, where two clearly separated peaks 
– indicating GFP- stromal cells ( broblasts) and GFP+ melanoma cells – are visible. For FACS separation, a stringent gate was set to collect 
only clearly GFP-positive melanoma cells (indicated in green). B. Four samples: two from GFP+ melanoma mono-cultures (non-treated 
and treated) and two from co-cultures with GFP- stroma cells (non-treated and treated) were barcoded with increasing concentrations of 
the dye paci c orange (PO). The barcoded cells were then mixed together and stained with antibodies (Alexa 647-labeled pS6 antibody 
is shown as example). Based on GFP signal, melanoma cells were distinguished from the stromal cells (B1) and further analyzed for pS6 
levels (B2), which eventually were presented as histograms (B3). C. Three samples: spike control  (i.e. Melmet 5 from in vitro), non-
treated metastatic organ and treated metastatic organ were barcoded with PO, mixed and stained with Alexa 647-labeled pS6 antibody. The 
analysis was performed as in (B), i.e. rst distinguishing GFP+ melanoma cells from the stroma and then calculating Alexa 647 signal mean 
in each sample (marked by crosses). The signal value in the spike  was set to 100, and the values in the in vivo samples were calculated 
accordingly and plotted on the Y axis. The percentage of pS6high cells from dot-plots (marked by red boxes) was quanti ed.
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