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ABSTRACT 

Heme oxygenase 1 (HO-1) is widely recognized as a protective enzyme that counteracts cell 

damage through the antioxidant, antiapoptotic and anti-inflammatory activity of its metabolic 

products. By increasing cell resistance to stressors, HO-1 induction has been related with the gain 

of resistance and progression of different types of cancers and its involvement in favoring 

immune-escape and angiogenesis has been hypothesized. In this work, HO-1 expression in 

primary melanoma cells treated with the BRAF-mutated inhibitor Vemurafenib/PLX4032 has 

been investigated as a factor limiting cell death and recognition by Natural killer cells, that are 

the first line of defence of natural immune system against melanoma growth and spreading. The 

initial part of the work was carried out in collaboration with Professor Pietra’s research group at 

the Clinical Immunology Laboratory, Ospedale Policlinico San Martino in Genoa. Different cell 

lines, isolated in house from melanoma patients, were exposed to 1–10μM PLX4032. In three 

cell lines (MeOV-1, MeTA and MeMI), PLX4032 reduced melanoma cell viability up to 45%, 

while HO-1 expression was upregulated. HO-1 silencing/inhibition further significantly reduced 

melanoma cells viability following PLX4032 treatment. Furthermore, in PLX4032-treated 

melanoma cells, the expression of B7H6 and ULBP3, ligands of NKp30 and NKG2D activating 

receptors on NK cells, was downregulated and completely restored by HO-1 silencing/inhibition. 

This is the first report implicating HO-1 in limiting PLX4032 efficacy and melanoma recognition 

by NK cells, and these data contributed to a paper published in The International Journal of 

Cancer at the beginning of 2020. 

Further, the molecular mechanisms underlying HO-1 induction in melanoma cells exposed to 

PLX4032 have been studied. After treatment with 10μM PLX4032, MeOV-1 cells showed an 

early activation of the redox sensitive transcription factor Nrf2, and a long-lasting HO-1 

induction. Notably, the upregulation of HO-1 was Nrf2-dependent, as it was prevented by Nrf2 

silencing. Moreover, among the Nrf2-dependent genes, only HO-1 was induced in MeOV-1 

exposed to PLX4032 since, under the same experimental conditions, other Nrf2-dependent genes 

such as GCLM, GCLC and NQO1 were not modulated. Moreover, a stable downregulation of 

Bach1, a negative regulator of HO-1 induction, was found. The present findings have identified 

a molecular mechanism, involving stable downregulation of Bach1 and early activation of Nrf2 

that drives the induction of HO-1 in response to PLX4032 treatment.  

In an ERASMUS Plus collaboration with Professor Giovanni Mann at King's College London, 

UK, the effects of changes in the ambient oxygen levels on MeOV-1 cell responses to PLX4032 

and HO-1 induction were investigated. PLX4032-treated MeOV-1 cells adapted long-term (5 

days) to either 5kPa (physiological normoxia) and 1kPa (hypoxia) O2 showed pERK levels, cell 



 

 

viability, HO-1, Bach1 and Nrf2-dependent gene expression similar to cells cultured under 

standard conditions (18kPa O2). Moreover, HIF-1α expression was induced by cell adaption to 

1kPa O2 but, interestingly, protein levels were already high in untreated cells cultured under 

18kPa or 5kPa O2 due to the constitutive activation of pERK pathway. Furthermore, in MeOV-1 

cells adapted to 18kPa and 5kPa O2, HIF-1α expression was almost completely abolished after 

10μM PLX4032 treatment, while HIF-1α protein expression was only partially decreased in 1kPa 

O2-adapted MeOV-1 cells. Thus, no substantial differences in MeOV-1 cell response to PLX4032 

were observed under altered O2 levels in cell culture, resulting most likely from the high basal 

expression of HIF-1α in this cell line. 

In order to evaluate the role of HO-1 in favouring melanoma angiogenesis, endothelial tube 

formation was examined in cultured bovine and human endothelial cells. Under standard culture 

conditions (18kPa O2), conditioned media (CM) derived from PLX4032-treated MeOV-1 cells 

increased the formation of tubes in bovine aortic endothelial cells (BAEC) seeded on Matrigel, 

while CM derived from HO-1 silenced MeOV-1 cells treated with PLX4032 significantly 

prevented tube formation. To verify the proangiogenic ability of CM derived from cells adapted 

to normoxia (5kPa O2) or hypoxia (1kPa O2), and the role played by HO-1 downregulation, 

additional experiments were conducted with human cerebral microvascular cells (hCMEC/D3) 

and human endothelial cells from vein (HECV) adapted to 5kPa O2. These endothelial cells were 

adapted at 5kPa O2, seeded on Matrigel with CM derived from PLX4032-treated MeOV-1 

adapted to 5kPa and 1kPa O2. Some samples were co-treated with HO-1 inhibitor SnMP-IX. 

Unfortunately, due to the COVID-19 pandemic, these experiments have been performed only 

few times in the London laboratories, and thus only preliminary results are included in the thesis. 

HO-1 inhibition in MeOV-1 cells adapted at 5kPa and 1kPa O2 completely prevented the ability 

to form tubes. In these experimental conditions, no significant modulation of VEGF-A expression 

was observed suggesting that HO-1 dependent proangiogenic effects may not be related to the 

modulation of VEGF-A. 

In conclusion, the present results highlight the specific involvement of HO-1 in limiting the 

efficacy of Vemurafenib/PLX4032 on melanomas carrying on BRAFV600 mutation, by the 

combined modulation of Nrf2 and Bach1, and in favouring immune-escape by the 

downregulation of NK cell ligands B7H6 and ULBP3. Indeed, not only HO-1 silencing but also 

the use of HO-1 enzymatic inhibitor, already in clinical use, has been shown to increase PLX4032 

efficacy and to improve NK recognition and killing. Furthermore, preliminary data highlight that 

HO-1 silencing/inhibition decreased the angiogenic potential of MeOV-1 cells in a VEGF-

independent manner, even though the molecular mechanisms have yet to be investigated. Further 



 

 

studies of heme oxygenase 1, Nrf2 and Bach1 are warranted to confirm their potential as target 

co-treatment with Vemurafenib for the treatment of BRAF mutated melanoma.
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 INTRODUCTION 

1.1 Nrf2 

The redox sensitive transcription factor Nrf2 (Nuclear factor (erythroid-derived 2)-like 2) plays 

a key role in controlling cell response to stressors. By interacting with the specific Antioxidant 

Response Element (ARE) target sequences in the promoter regions of target genes, Nrf2 is 

involved in the regulation of antioxidant, detoxifying and anti-inflammatory proteins. Indeed, 

with a core of 5’-RTGACNNNGC-3’, ARE sequence is a cis-acting DNA regulatory element 

that mediates the transcriptional activation of several genes encoding protection against 

electrophiles and reactive oxygen species (ROS) and enzymes involved in phase II metabolism 

(Motohashi et al., 2004; Rushmore et al., 1991; Yamamoto et al., 2018) Thus, Nrf2 activates a 

wide range of genes with antioxidant and detoxifying activity  (Zgheib et al., 2018).  

Moreover, several anti-inflammatory molecules and enzymes involved in the metabolism are 

regulated by Nrf2. Based in their functions, in Table 1-1 Nrf2 target genes are divided into five 

groups.  
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Table 1.1: Example of gene products regulated by Nrf2 and their biological function. 

 Function Gene Products Refs 

Group 1 Enzymes involved in synthesis and 

regeneration of glutathione  

GCLM, GCLC, γ-glutamylcysteine (GLG), peroxiredoxin 

(Prx), enzymes that produce NADPH, Glucose-6-phosphate 

dehydrogenase (G6PD) 

(Agyeman et al., 2012; Chorley et al., 2012; 

Macleod et al., 2009; Malhotra et al., 2010; 

McBean et al., 2015) 

Group 2 Enzymes characterized by detoxifying 

activity towards drugs, xenobiotic 

substances and aldehydes  

NAD(P)H quinone oxidoreductase (NQO1), glutathione S-

transferase (GST), Cystine/Glutamate Antiporter system (xCT) 

(Agyeman et al., 2012; Higgins et al., 2011; 

Macleod et al., 2009) 

Group 3 Enzymes involved in heme group 

metabolism and free iron chelation 

HO-1, Ferrochelatase (FECH), ATP-binding cassette B6 

(ABCB6)  

(Chorley et al., 2012; Menegon et al., 2016) 

Group 4 Enzymes involved in protein 

degradation  

Sequestrosome 1 (SQSTM1) (Chorley et al., 2012) 

Group 5 Enzymes involved in lipid metabolism 

and glycogen homeostasis 

Glycogen branching enzyme (GBE), Lipase H (LIPH) (Paek et al., 2012; Paladino et al., 2018) 
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 Structure of Nrf2 

Human Nrf2 consists of 605 amino acids and is divided into seven distinct regions called Nrf2-

ECH homology (Neh) domains with different functions (Canning et al., 2015; Itoh et al., 1995) 

(see Fig. 1-1).  

• Neh1 domain presents a Cap’n’Collar sequence (CNC) of 43 amino acids. The CNC 

sequence contains the basic leucine zip (bZIP) domain (Moi et al., 1994). This region is 

essential for Nrf2 activity and heterodimerization with other bZIP proteins, for example 

with nuclear protein small Maf (sMaf) (Hirotsu et al., 2012); 

• Neh2 domain is the main region for the negative control of Nrf2 operated by Kelch-like 

ECH-associated protein 1 (Keap1) as detailed later. In this region there are two highly 

conserved sequences needed for the binding to Keap1   : the first is the high-affinity 

ETGE motif and the second is the lower-affinity DLG motif (Kobayashi et al., 2002; 

McMahon et al., 2003; McMahon et al., 2006; Tong et al., 2006); 

• Neh3 domain is involved in the transcriptional activation of Nrf2 by the interaction with 

the chromodomain helicase DNA-binding protein 6 (CHD6) (Hayes et al., 2009); 

• Neh4 and Neh5 are the transactivation domains for increasing the rate of gene 

transcription (Katoh et al., 2001); they bind to the coactivators cAMP Response Element 

Binding Protein (CREB-protein and/or the receptor-associated coactivator-RAC) (Kim 

et al., 2013); 

• Neh6 domain regulates the degradation of Nrf2 in a Keap1-independent manner. This 

domain contains two conserved motifs, DSGIS and DSAPGS recognized by β-transducin 

repeat-containing protein (β-TrCP). The DSGIS motif contains the glycogen synthase 

kinase-3 (GSK-3) phosphorylation site that enhances the ability of beta-TrCP to repress 

Nrf2 (Rada et al., 2011); 

• Neh7 domain can engage in a direct protein-protein interaction between and Nrf2 and 

the DNA-binding domain of retinoid X receptor alpha (RXRα): this interaction causes 

the suppression of Nrf2 activity by preventing the recruitment of the coactivator to Neh4 

and Neh5 domains (Wang et al., 2013). 
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 Keap1-dependent Nrf2 regulation 

Under basal conditions, Nrf2 is localized in the cytosol and binds to its negative regulator Keap1 

via the Cullin 3-based ubiquitin E3 ligase complex (Cul3). Keap1 promotes the continuous 

ubiquitination and subsequent degradation of Nrf2 via the 26S proteasome, thereby maintaining 

low basal cytosolic levels (Kobayashi et al., 2006); the turnover of Nrf2 is less than 20 min under 

basal condition (McMahon et al., 2004) 

When cells are exposed to oxidative or electrophilic stimuli, cysteine residues in Keap1 are 

modified and the enzymatic activity of E3 ubiquitin ligase is inhibited. Subsequently, Nrf2 

accumulation in the nucleus (Taguchi et al., 2011) enables the binding with Mafs proteins to 

create an heterodimer, which in turn binds to the ARE-sequences and promotes transcription of 

target genes (Kobayashi et al., 2006; Osburn et al., 2008). 

Figure 1-1: Schematic representation of Nrf2 and Keap1 protein domains. (A) Nrf2 has 

seven different domains, Neh1-Neh7. Neh1 contains the basic region leucine zipper motif, 

important for DNA stability and binding and for the heterodimerization with Mafs proteins. In 

the Neh2 domain there are two binding regions, DLG and ETGE, responsible for the interaction 

with Keap1. Neh3, Neh4 and Neh5 motifs are involved in the transactivation activity of Nrf2. 

Neh6 is a serine-rich region that regulates the stability of Nrf2. Neh7 is the region for binding 

RXRα. (B) In Keap1 structure are present three major domains. The BTB domain mediates Keap1 

homodimerisation; the IVR domain contains critical cysteine residues and together they associate 

with Cul3. The Kelch/DGR domain mediates the binding with the Neh2 domain of Nrf2 (Furfaro 

et al., 2016). 
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Keap1 acts as an oxidative stress sensor through the modification of some cysteine residues 

(Holland et al., 2010). In the structure of Keap1, showed in Fig. 1-1, three main residues have 

been identified as crucial regulator of Nrf2 activity: 

• Cys151 in BTB domain 

• Cys273 and Cys288 in IVR domain  

Indeed, it has been shown that a mutation in these three cysteine residues can significantly modify 

the antioxidant responses mediated by Nrf2 (Kobayashi et al., 2009; McMahon et al., 2010; 

Takaya et al., 2012; Bryan et al., 2013). 

The schematic interaction between Nrf2 and Keap1 is depicted in Fig. 1-2. 

 

 

 

Figure 1-2: Regulation of redox signalling by the Keap1/Nrf2 pathway. (A) Under basal 

conditions, interaction of Nrf2 with its cytosolic binding protein Keap1 leads to ubiquitination 

of the transcription factor and degradation via the 26S proteasome. Following oxidation of 

cysteine residues performed by electrophilic or other stress agents, Keap-1 dissociates from Nrf2 

(orange) that can translocate into the nucleus together with newly synthesized Nrf2 (blue). (B) 

GSK-3 phosphorylates the Ser residues presents in Neh6 domain and this leads Nrf2 to the 

proteasome degradation (Adapted from Ahmed et al. 2017). 
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Nrf2 can be also regulated via autophagic degradation of Keap1. The autophagic scaffold protein 

p62/SQSTM1 (sequestrome-1 protein) can compete with Nrf2 for binding to Keap1. Indeed, 

p62/SQSTM1 contains a conserved Keap1-interacting region with a STGE binding motif very 

similar to ETGE motif. This structure enables competitive binding to the DGR domain of Keap1 

(Ichimura et al., 2013; Jain et al., 2010; Komatsu et al., 2010; Lau et al., 2010; Taguchi et al., 

2012; Tebay et al., 2016) and the formation of a p62/SQSTM1-Keap1 complex that promotes the 

autophagic degradation of Keap1, activating Nrf2. 

 Keap1-independent Nrf2 regulation 

Many studies have suggested that Nrf2 can be also regulated by protein phosphorylation of 

glycogen synthase kinase 3 (GSK-3) (Cullinan et al., 2003), which is directly involved in the 

ubiquitination and proteasomal degradation of other proteins like Snail (Zhang et al., 2004; Zhou 

et al., 2004), prolactin receptor (Taguchi et al., 2011) and β-catenin (Rada et al., 2011).  

GSK-3 works by phosphorylating a cluster of Ser/Thr residues presents in the sequences DSGIS 

and DSAPGS in the Neh6 domain of Nrf2, generating a phosphorylated destruction motif, named 

phosphodegron (Ahmed et al., 2017; Chowdhry et al., 2013; Rada et al., 2011). This 

phosphorylated motif is recognized by the SCF/ β-TrCP complex, a multi-protein E3 ubiquitin 

ligase complex, that catalyses Nrf2 ubiquitination and proteasomal degradation. 

 Nrf2 and tumors 

In a healthy cell, the activity of Nrf2 favors cell survival by affording protection from oxidative 

stress induced damage. However,  the upregulation of Nrf2 in tumor cells can favor cell growth 

as well, by protecting cancer cells against chemotherapeutic agents (Rojo de la Vega et al., 2018; 

Wang et al., 2008). It has been shown that a high and prolonged activation of Nrf2 is associated 

with progression, angiogenesis, metastatic invasion, chemoresistance and radioresistance, and 

thus considered as a poor prognostic factor (Furfaro et al., 2016; Moon et al., 2015; Na et al, 

2014) 

There are two main mutations involved the constitutive activation of Nrf2 in tumor cells, gain-

of-function mutations of Nrf2 or loss-of-function mutations of Keap1. Nrf2 gain-of-function 

mutations determine stabilization of Nrf2 and result in a continuous activation of its target genes. 

A stable Nrf2 overexpression is founded in different types of tumors such as lung (Shibata et al., 

2008), breast (Nioi et al., 2007), neck (Stacy et al., 2006) and ovarian cancers (van der Wijst et 

al., 2014). Loss-of-function mutations of Keap1, mainly located in the Kelch/DRG domain, do 

not enable the binding to Nrf2 and its subsequent proteasomal degradation (Jaramillo et al., 2013; 
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Mitsuishi et al., 2012; Shibata et al., 2010). The alteration of Keap1 is founded in malignant 

glioma (Muscarella et al., 2011) and colorectal cancers (Hanada et al., 2012). 

Non-genomic alterations can also lead to an increase in the activity of Nrf2. For example, p21 

acting as positive regulator of Nrf2, interferes with Keap1-dependent ubiquitination leading to 

Nrf2 stabilization and overexpression (Chen et al., 2009). DJ-1 is another protein able to reduce 

the association of Nrf2 with Keap1 leading to its stabilization (Gan et al., 2010). Indeed, it has 

been shown in human neuroblastoma SH-SY5Y that DJ-1 expression is enhanced and favored 

the expression of detoxification enzymes such as NQO1 (Taira et al., 2004). In general, all the 

proteins that contain an ETGE motif could interfere with the binding between Keap1 and Nrf2 

and thereby lead to a decrease proteasomal degradation of Nrf2.  

A large body of literature confirms that tumor cells have high levels of Nrf2, which renders them 

less sensitive to different chemotherapy and radiotherapy agents (Furfaro et al., 2016; Jeong et 

al., 2018; Li et al., 2017). Human ovarian cell lines SKOV3, OV90 and MCF-7/DOX, resistant 

to the chemotherapeutic agent doxorubicin, have a high activity of Nrf2 in comparison to the 

chemosensitive cell lines A2780 and MCF-7 (Zhong et al., 2013). Our own studies demonstrate 

that Nrf2 activation plays a key role in the resistance of neuroblastoma cells to GSH depletion or 

to proteasome inhibition induced by therapeutic agent Bortezomib  (Furfaro et al., 2012, 2014). 

It has also been shown that in the prostate tumor cell line DU145, the transcription factor Nrf2 

and its target genes play a key role in radioresistance (Jayakumar et al., 2014). Indeed, these cells 

exhibit a higher GSH/GSSG ratio in comparison to radiosensitive cell lines. Furthermore, cell 

treatment with all-trans retinoic acid, that inhibits Nrf2 activity, increases the efficacy of 

radiotherapy (Lee et al., 2012). 

Thus, Nrf2, in different types of cancers, is recognized as a potent target to improve tumor 

therapies reducing cancer progression. 



1.2 Heme Oxygenase -1 

8 

 

1.2 Heme Oxygenase -1 

 Discovery of heme oxygenase 

The first researcher who isolated and identified the enzyme that catabolizes hemoglobin was 

Raimo Tenhunen who, in 1968 named the enzyme as “heme oxygenase” (HO) (Tenhunen et al., 

1968). He showed that HO activity was mainly localized in the microsomal fraction of liver cells 

and demonstrated that HO absolutely requires a stechiometric amount of NADPH and molecular 

oxygen to generate carbon monoxide (CO), an equivalent of biliverdin/bilirubin (Tenhunen et al., 

1969) and iron (Tenhunen et al., 1972). In a coupled reaction, biliverdin reductase converts 

biliverdin into bilirubin (Yoshida et al., 1977). 

In 1971, a study by Pimstone and co-workers showed that HO is highly expressed in tissues 

normally involved in haemoglobin degradation such as spleen, liver, bone marrow and kidney. 

In particular, Pimstone showed that, in kidney, HO could be upregulated during haemoglobinuria, 

in order to counteract the excess of haemoglobin (Pimstone et al., 1971). Moreover, studies from 

the Yoshida and Maines groups contributed to a better understanding of the degradation reaction 

performed by heme oxygenase. Yoshida compared the activity of rat heme oxygenase to human 

heme oxygenase in macrophages and discovered an homology of 80% (Yoshida et al., 1988). 

Maines described for the first time the presence of two isoforms of heme oxygenase in the 

microsomal fraction of rat liver and noted that heme oxygenase 1 (HO-1) was increased up to 

100-fold in response to exogenous agents such as cobalt or hematin, whereas heme oxygenase 2 

(HO-2) was fully refractory to these agents (Maines et al., 1986).  

 Heme Oxygenase 1 and its physiological role in cells 

There are different isoforms of heme oxygenase, an inducible form called heme oxygenase 1 

(HO-1) and a constitutive isoform called heme oxygenase 2 (HO-2) (Maines et al., 1986). HO-1 

is a 32kDa protein present at low levels in most mammalian tissues (Maines et al., 1986). A large 

variety of stress stimuli can induce its expression including heme, its substrate, heavy metals 

(Alam et al., 1989), UV irradiation, ROS (Keyse et al., 1989), nitric oxide (NO) (Foresti et al., 

1997), and inflammatory cytokines (Terry et al., 1998). HO-2 is a 36kDa protein and is mainly 

expressed in the brain, testis, spleen, neurons, and endothelial and glial cells. 

Thus, HO-1 is the first rate-limiting enzyme in the degradation of heme group into biliverdin 

(BV), carbon monoxide (CO), and free iron (Maines, 1988). The biological proprieties of HO-1 

are mainly determinates by its metabolites and they are all involved in the maintenance of cellular 
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homeostasis and plays a key role in the adaptive response to oxidative stress (Hayes et al., 2014). 

BV is converted by biliverdin reductase (BVR) into bilirubin (BR) which exerts a strong 

antioxidant (Stocker et al., 1987), antiapoptotic (Loboda et al., 2015), and anti-inflammatory 

activity (Loboda et al., 2016). It is widely known that BR can prevents the peroxidation of 

proteins and lipids by scavenging different oxygen radicals like singlet oxygen, superoxide 

anions and hydroxyl radical (Tsai et al., 2019). Furthermore, BR is able to decrease the protein 

expression of P- and E- selectin. In this way, bilirubin exerts an anti-inflammatory action by 

preventing leucocyte rolling and inhibiting the complement cascade (Loboda et al., 2016; Nitti 

et al., 2020). 

The potential harmful effects of free iron generation are generally prevented by the parallel 

induction of the heavy chain of ferritin and the activation of the membrane transporter Fe-

ATPase, so that the generation of ROS, through the Fenton reaction, can be prevented by 

increasing the efflux and chelation of free iron (Balla et al., 1992). 

Then, CO exerts antiapoptotic and anti-inflammatory effects by the regulation of different 

mechanisms. It can modulate soluble guanylyl cyclase (sGC), increasing the production of cGMP 

and modulating the mitogen-activated protein kinase pathway (MAPK) (Dennery, 2014; 

Gozzelino et al., 2010). Thus, CO production due to the upregulation of HO-1 stimulates blood 

vessel formation (Loboda et al., 2008) though the VEGF synthesis (Dulak et al., 2002) and 

favours the proliferation of endothelial cells (Jözkowicz et al., 2003) crucially involved in wound 

healing (Grochot-Przeczek et al., 2009). A schematic illustration of HO-1 enzymatic activity is 

depicted in Fig 1-3.   

 

 

Figure 1-3: Schematic illustration of HO-1 enzymatic activity and functions. Microsomal 

heme is metabolized by HO-1, using NADPH and oxygen, to generate free iron, carbon 

monoxide (CO) and bilirubin that, together, have anti-inflammatory, anti-apoptotic and 

antioxidant effects (Adapted from Nitti et al., 2017). 
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Thus, HO-1 is highly induced in oxidative stress conditions and its synthesis is regulated mainly 

at a transcriptional level (Dennery, 2014). In the promoter region of HO-1, in fact, are present 

several binding sites for different transcription factors activated in oxidative stress conditions, 

like AP-1, HIF-1, NF-kB, and Nrf2 (Alam et al., 2007). Among these, Nrf2 is considered a key 

regulator of HO-1 gene transcription (Dennery, 2014). 

 Heme oxygenase 1 and its pathological role in tumors 

It has been widely demonstrated that the upregulation of HO-1 plays an important role for cell 

protection. This implies that HO-1 protects healthy cells from neoplastic transformation by 

counteracting ROS formation and oxidative stress, but when upregulated in cancer cells can 

improve their survival (Berberat et al., 2005; Jozkowicz et al., 2007; Nitti et al., 2017). Cancer 

cells show a massive ROS production caused by their metabolism (Weinberg et al., 2009) and 

they take advantage from the overactivation of antioxidant defences, in particular those 

dependent from Nrf2 activation (Traverso et al., 2013). In addition, in the promotor region of 

HO-1 there are specific sequences for other transcription factors such as NF-kB and AP-1 

(Lavrovsky et al., 1994), so that HO-1 can be activated by different signalling pathways (Cheng 

et al., 2006; D. Ma et al., 2015). 

However, the strong association between Nrf2 and HO-1 activation and their correlation with 

tumour aggressiveness and poor clinical outcomes has been well documented (Wang et al., 2010), 

and reported in different tumours like non-small lung cancer, cervical cancer, hepatoma (Do et 

al., 2013), oesophageal squamous carcinoma (Shen et al., 2014), and multiple myeloma (Barrera 

et al., 2012). It has been demonstrated the malignant transformations with Nrf2-dependent HO-

1 activation in B-lymphocytes exposed to prostaglandin J2 (Bancos et al., 2010). High level of 

heme oxygenase 1 have been observed in different human solid tumors and linked to the 

resistance to the anti-cancer therapies and the gain of a resistant phenotype (Furfaro et al., 2012; 

Nuhn et al., 2009). It has been demonstrated that in high-risk neuroblastoma the Nrf2 activation 

and the overexpression of HO-1 played a crucial role in the resistance to the proteasome inhibitor 

therapy (Furfaro et al., 2016).  Moreover, the upregulation of HO-1 positively correlates to higher 

microvessel density, metastasis and poor prognosis in different human tumors like NSCLC, colon 

and breast cancers (Bronckaers et al., 2009). This has been well documented in vitro and in vivo 

(Bussolati et al., 2004; Grochot-Przeczek et al., 2012; Jozkowicz et al., 2007; Lin et al., 2015; 

Loboda et al., 2008; Miyake et al., 2011). Importantly, Shang and co-workers treated gastric 

tumor in mice with an enzymatic inhibitor of HO-1 called zinc protoporphyrin-IX (ZnPP-IX) 

preventing the peritoneal metastasis (Shang et al., 2015).   
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Furthermore, many studies demonstrated the role of HO-1 in the regulation of immune system 

reaction to the tumors (Chauveau et al., 2005). Seo et al. reported that the overexpression of heme 

oxygenase 1 reduced the protein expression of ICAM-1 and CXCL10 which in turns inhibited 

the recruitment of T effector cells and cell-mediated cytotoxicity in colorectal cancer cells (Seo 

et al., 2015). Moreover, it has been highlighted the involvement of HO-1 in macrophage 

polarization leading to the inhibition of  immune response (Arnold et al., 2014). Moreover, tumor 

recognition from Natural Killer (NK) cells seems to be linked to HO-1 expression. In studies 

performed in different cervical cancer cell lines, heme oxygenase 1 inhibition increases the 

expression of INF-γ and TNK-α and, consequently, restores the expression of some markers of 

NK activation (Gómez-Lomelí et al., 2014).  

However, some contrasting evidence has been reported. Many studies have highlighted that the 

overexpression of heme oxygenase 1 prevents cell proliferation in breast cancer (Hill et al., 2005) 

and angiogenesis in prostate cancer (Ferrando et al., 2011) mediates the anticancer activity drugs 

by reducing the matrix metallopeptidase 9 (MMP-9) expression in breast cancer cells (Chao et 

al., 2013). 

HO-1 can also act independently of its enzymatic function. HO-1 has been localized as an integral 

type I membrane protein in the smooth endoplasmic reticulum (sER) and mainly oriented into 

the cytoplasm (Yoshinaga et al., 1982). A study has shown that HO-1 undergoes proteolytic 

cleavage that results in the release of a soluble 27-28kDa HO-1, which lacks of the C-terminal 

part of the protein, capable of nuclear translocation, and able to promote tumor growth and 

resistance to therapy regardless of its enzymatic function (Chau, 2015; Q. Lin et al., 2007). 

Several stimuli can induce the translocation of HO-1 into the nucleus. For example Birrane and 

co-workers demonstrated that cigarette smoking induces HO-1 nuclear translocation and 

promotes VEGF secretion in prostate cancer (Birrane et al., 2013). Furthermore, HO-1 nuclear 

translocation has been shown to correlate with therapeutic resistance with imatinib in chronic 

myeloid leukaemia cells (Tibullo et al., 2013).
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1.3 Melanoma 

Melanoma is the most aggressive type of skin cancer characterized by a high ability to 

metastasize. Thus, although melanoma is the less common skin tumor, it has the higher mortality 

rate, up to 75% (Chan et al., 2017), and only with an early diagnosis, the patient can have a good 

outcome.  

 Melanocytes 

Melanocytes represent about 1-2% of the epidermal skin cells and are located in the basal layer 

of the skin (Garibyan et al., 2010). Melanocytes also are present in hair follicles, where they 

contribute to pigment the hair (Albert et al., 2002), in the uveal tract of eyes and, at lower density, 

in tissues such as meninges and the anogenital tract (Young, 2009). Melanocytes contains 

melanosomes, the organelles where the melanin is produced under the control of keratinocytes 

(Shain et al., 2016). Melanin is a brown pigment that protects the skin from UV radiation injure 

(Brenner et al., 2008) and the ability of keratinocytes to stimulate melanin production is a 

consequence of p53 stabilization due to UV-induced DNA damage. P53, in fact, stimulates the 

expression and release of melanocyte-stimulating hormone (MSH) by keratinocytes (Cui et al., 

2007). The receptor of this hormone is the melanocortin 1 receptor (MC1R) expressed on 

melanocytes and the binding with its ligand activates the signalling pathway involved in the 

production of melanin (Garibyan et al., 2010). The melanin synthesized in melanosomes is 

transported via dendrites to adjacent keratinocytes located in the upper layer of the skin for the 

accumulation.  

 Epidemiology and frequently of melanoma in the word  

Melanoma remains a potentially fatal malignancy to date (Rastrelli et al., 2014). The incidence 

of cutaneous melanoma increased since the early 1970s in predominantly fair-skinned 

populations until 1990 (MacKie et al., 2009), with a parallel enhancement also of melanoma 

related-mortality, albeit to a lower degree (Rigel, 2010). Age-cohort period analyses of melanoma 

incidence in Australia, New Zealand, Norway, Sweden, the UK, and the white population of the 

USA from 1982 to 2011 revealed that the incidence increased about 3% annually, and will further 

increase at least until 2022 in Norway, Sweden, the UK, and the USA. (Schadendorf et al., 2018; 

Whiteman et al., 2016).  
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In 2012, the estimated age-standardised mortality rates of cutaneous melanoma ranged from 0.1 

per 100000 person-year in South-East Asia to 1.5 per 100000 person-year in the EU. The highest 

mortality rates were observed in New Zealand (4.7 per 100000 person-year) and Australia (4.0 

per 100000 person-year) (International Agency for Research on Cancer, 2013).  In 2017, the 

estimated percentage of deaths due to cutaneous melanoma among all skin-cancer deaths 

(excluding basal-cell and squamous-cell carcinoma of the skin) in the USA was 72% (Siegel et 

al., 2017). The 5-year age-standardised relative survival for cutaneous melanoma diagnosed in 

2000−2007 in Europe ranged from 74.3% (Eastern Europe) to 87.7% (Northern Europe) (Crocetti 

et al., 2015). 

 Genetic Classification of Cutaneous Melanoma 

Melanoma can be classified based on specific mutations reported in specific oncogenes or tumor 

suppressors. 

BRAF Mutations 

V-Raf murine sarcoma viral oncogene homolog B1 (BRAF) is a human proto-oncogene. BRAF 

is a member of the rapidly growing fibrosarcoma (RAS) family of serine-threonine kinases that 

includes also ARAF and CRAF. They are part of the RAS/RAF/MEK/ERK mitogen activated 

protein kinase (MAPK) signal pathway (Fedorenko et al., 2011; Schreck et al., 2006). 

The structure of RAF harbours the typical C-terminal lobe (C-lobe) and N-terminal lobe (N-lobe) 

connected by a flexible hinge. There are 3 major active sites of RAF: the nucleotide (ATP or 

ADP)-binding site, the magnesium-binding site (DFG [Asp–Phe–Gly] motif), and the phospho-

acceptor site, called activation segment (AS) (Kornev et al., 2016). In the inactive status, RAF 

proteins have close and monomeric conformation and the activation segment present a helical 

conformation that induces the αC helix in the “OUT” position in the N-terminal. In the active 

status of BRAF, the activation segment is extended allowing the activation segment to move in 

“IN” position (Pan et al., 2018).  

Mutations in BRAF gene are present in 5-10% of all human malignancies with higher incidence 

in malignant melanoma (59%), thyroid papillary cancers (35,8%) and colorectal cancers (10-

20%) (Lochhead et al., 2013). Melanoma bearing BRAF mutation is usually detected in young 

patients and correlates with sun light exposure (Reddy et al., 2017).   

The discovery of the gain-of-function mutation of BRAF in melanoma represents a landmark 

event in the study of melanoma biology (Fedorenko et al., 2011). Many BRAF mutations have 

been described, but 40-70% of malignant melanoma harbour a point mutation that determines a 

substitution of the amino acid valine with the glutamic acid at codon 600 (named V600E), located 
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in the activation loop of BRAF protein (Bollag et al., 2012). This point mutation results in a 

conformational modification and leads to a constitutive activation of MAPK pathway. In this 

way, cells are continuously stimulated to proliferate (Fedorenko et al., 2011). Furthermore, other 

mutations have been identified in BRAFV600 such as valine-to-lysin mutation called BRAFV600K 

(20%) and valine-to-arginine mutation called BRAFV600R (7%). Interesting, 70-80% of melanoma 

harbour the BRAFV600E mutation, highlighting the tumorigenic role played by this protein (Reddy 

et al., 2017). 

RAS Mutations 

The second common genetic alteration found in melanoma, with almost 20% of the total cases, 

is the mutation of NRAS gene, at codons 12, 13, 61. NRAS mutation increases melanoma 

aggressiveness and correlates with poor outcome (Reddy et al., 2017). It has been demonstrated 

that BRAF and NRAS mutations are mutually exclusive (The Cancer Genome Atlas Network). 

Moreover, NRAS mutated melanoma is usually diagnosed in older patients or due to a chronic 

UV exposure in middle-age patients (Muñoz-Couselo et al., 2017). 

NF1 Mutation  

Neurofibromin 1 (NF1) was identified in 1990 by Wallas and co-workers (Wallace et al., 1990) 

as a GTPase-activating protein that works as RAS inhibitor. NF1 mutated determinates an 

uncontrolled activity of RAS/MEK signalling pathway (Kiuru et al., 2017). NF1 mutation is 

present in 12-18% of all melanoma and is also common in other types of tumors such as 

neurofibromas and myeloid leukemia (Kiuru et al., 2017). Similar to NRAS, NF1 mutation occurs 

in older patients or as a consequence of chronic sun light exposure.  

Triple Wild-Type Melanoma 

Triple Wild-Type (WT) melanoma is a heterogeneous group of melanoma characterized by the 

absence of BRAF, N/K/H RAS or NF1 mutations (The Cancer Genome Atlas Network, 2015). It 

has been shown that triple WT melanoma have a significant copy number of gene amplifications 

containing KIT (containing v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog), 

PDGFRA (platelet derived growth factor receptor alpha), kinase insert domain receptor (KDR, 

also known as VEGFR2), TERT (telomerase reverse transcriptase), CDK4 (cyclin dependent 

kinase 4) and CCND1 (cyclin D1).  
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 Therapeutic approaches 

Melanoma therapeutic options depend on location and stage of the tumor and on the type of 

mutation. The surgical resection is the first approach for early stage melanoma patients 

(Domingues et al., 2018) and it is usually associated with a good outcome (Roberts et al., 2002). 

For advanced stage of melanoma, surgery is insufficient, and systemic treatment is needed to 

limit tumor spreading (Roberts et al., 2002). 

Radiotherapy is used to treat locoregional melanoma, frequently associated to the surgery of 

primary melanoma in order to reduce relapses. It is also used as a palliative treatment for advance 

stage melanoma or as the main therapy if the patient refuses the surgical excision (Strojan, 2010).  

Photodynamic therapy is based on the ability to generate ROS to damage the tumor, its vascular 

system, also by increasing the activity of the immune system (Gollnick et al., 2006). Patients are 

treated with photosensitizers dyes, such as hypericin, benzoporphyrin derivatives, protoporphyrin 

IX and associated with activating irradiation to produced ROS.  

Immune therapy is based on the possibility to increase the activity of immune cells against the 

tumor. In mid 90s FDA approved the interferon α2-β (IFN-α) (Rafique et al., 2015) as the first 

immunotherapy drug. In melanoma, IFN-α is a dose-dependent immunomodulatory and it exerts 

its anti-proliferative effect by the stimulation of the major histocompatibility complex class I 

(MHC class I) expression (Domingues et al., 2018). Moreover, cytokine interleukin-2 (IL-2) is 

used as adjuvant therapy for metastatic melanoma in combination with chemotherapy, 

radiotherapy or target therapy. IL-2 acts increasing the effector T-cells and regulatory T-cells in 

order to inhibit melanoma proliferations (Torres-Collado et al., 2018). Ipilimumab is a human 

monoclonal anti-CTLA-4 antibody that first showed survival benefit for metastatic melanoma 

patients (Taube et al., 2018; Trinh et al., 2013). CTLA-1 is an inhibitory checkpoint receptor that 

determinates inactivation and, subsequently, immune tolerance of T-cell (Domingues et al., 

2018). Ipilimumab therapy is able to inhibit CTLA-4 and increase T-cell response by higher 

production of pro-inflammatory cytokines. In this way, the therapy increases the expansion and 

infiltration of T-cell population (Graziani et al., 2012). 

Targeted therapies. The identification of oncogenic driver mutations (such as BRAF, NRAS, etc) 

in tumors has determined the development of targeted therapies. This is a new approach for 

counteracting malignancies by targeting a mutated protein that is usually involved in survival, 

adaptation and proliferation. The targeted therapy includes the use of small molecule inhibitors 

and antibodies that exert their action only on the mutated proteins so that it is possible to choose 

the best therapy for the patient based on the tumor mutation profile (Domingues et al., 2018).  
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 Vemurafenib/PLX4032 

After the discovery of the BRAFV600 mutation, the interest to discover a kinase inhibitor of this 

protein with potential therapeutic benefits notably increased. By using a structure-guided 

discovery approach, a potent and selective inhibitor of active BRAF has been discovered and 

called PLX4720 (Tsai et al., 2008). 

After more studies, PLX4032 was developed as a compound with a selectivity for BRAFV600 over 

wild-type BRAF that preferentially binds to BRAF in the active conformation (Zhang et al., 

2017). Indeed, it can bound the ATP-binding site of BRAF protein and lead to its inactivation: 

the molecule creates a bridge between Glu600 and Lys507 causing inhibition of the target protein 

(Bollag et al., 2010).  

The chemical name of PLX4032 is propane-1-sulfonic acid {3-[5-(4-chlorophenyl1)-1H-

pyrrolo[2,3-b]pyridine-3-carbonil]-2,4-difluorophenyl}-amide with a molecular weight of 

489,93 Da (Zhang et al., 2017, Fig 1-4). 

PLX4032, was rapidly driven through clinical development under collaboration between Roche 

and Plexxikon laboratories and received the commercial name of Vemurafenib. Phase I trial 

established that the maximum dose tolerated was 960mg twice a day and highlighted an antitumor 

activity in 26 of 32 PLX4032-treated patients. Finally, in phase III study compared Vemurafenib 

with Dacarbazine chemotherapy in patients with metastatic or unresectable melanoma. The study 

confirmed that Vemurafenib significatively improved the outcome of the patients and after a long 

follow-up, Vemurafenib was approved as a melanoma monotherapy in more than 90 countries 

(Chapman et al., 2011; Zelboraf, 2016) .  

 

 

 

In general, PLX4032 treatment is well tolerated by patients with manageable side effects, all 

correlated to a dose and exposure treatment (Garbe et al., 2018). Unfortunately, it has been shown 

Figure 1-4 Chemical structure of PLX4032. (Zhang et al., 2017) 
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that, after an initial good response, melanoma can reoccur with higher aggressiveness leading to 

fatal progression (Stones et al., 2013; Wagle et al., 2011). 

 Resistance to the PLX4032 treatment 

The first documented case of Vemurafenib resistance was described by Wagle and co-workers 

(Wagle et al., 2011) in a 38-year-old melanoma patient. Initial PLX4032 treatment led to a total 

regression of all subcutaneous tumor nodules within 15 weeks. Unfortunately, melanoma 

reoccurred with a faster progression and the patient died after a few months. 

As resistance mechanisms to the therapy, two hypotheses were formulated: 

• MAPK pathway reactivation through secondary mutations, amplifications or other 

kinases reactivation; 

• generation of alternative signals pathways. 

Based on these hypotheses, PLX4032 resistance can be upstream or downstream of BRAF 

protein in an ERK-dependent or independent manner (Nazarian et al., 2011; Wagle et al., 2011; 

Wang et al., 2013). In ERK-dependent PLX4032 resistance, it has been hypothesized that the 

upstream activator protein of BRAF is mutated. In this way, the PLX4032-inhibited BRAF 

(BRAFi) is bypassed by ARAF and CRAF and consequently MAPK signalling pathway is 

reactivated. In ERK-independent resistance, platelet-derived growth factor receptor β (PDGFRβ) 

is overexpressed in BRAFi-resistant melanoma cells and this leads to tumor proliferation and 

growth (Johnson et al., 2015; Wang et al., 2013). It has been demonstrated that PDGFRβ 

silencing in melanoma cells is associated with anti-apoptotic effects. This evidence suggests that 

the increase of this receptor is not the only mechanism involved in the resistance (Johnson et al., 

2015). Moreover, the increased activation of insulin-like growth factor 1 receptor (IGF1R) by 

IGF-1can activate RAF-MEK-ERK or PI3K-AKT pathways and may play a role in the 

development of resistance to the therapy (Villanueva et al., 2013; Wang et al., 2013). 

 Tumor microenvironment 

The development and progression of cancer depends not only on cancer cells but also on other 

elements in the surrounding area of tumors. Indeed, in the area around the tumor mass, a unique 

involvement of stromal cells, immune cells, endothelial cells and other components, named tumor 

microenvironment (TME), crucially drives tumor progression. TME involves many types of 

resident and non-resident constituents (Buhrmann et al., 2014; Ding et al., 2012). Stromal cells 

compose the residential components of the TME. The non-residential components are 
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represented by different kind of immune system cells that are also the major factor that 

determinates the fate of malignancies modulating the development, invasion, metastasis and 

angiogenesis (Mao et al., 2013). Moreover, every TME is different in composition and 

characteristics. It depends on the type of cancer and on other intrinsic features. 

As mentioned before, the immune system cells play different roles to counteract or support the 

tumor development and progression. Of interest for cancer therapies, there are: 

Macrophages, or tumor-associated macrophage (TAMs) are among the most abundant innate 

immune system cells in the TME. A large body of evidence demonstrates that macrophages 

(Fidler, 1988) adopt a pro-tumoral phenotype in vivo both in the primary and in metastatic sites 

(Biswas et al., 2013). Indeed, macrophages promote many important features of tumor 

progression including angiogenesis, tumor cell invasion, motility and intravasation as well as at 

the metastatic site, stimulation of tumor cell extravasation and persistent growth. Each of these 

activities are delivered by identifiable sub-populations of macrophages (Qian et al., 2010). These 

data together with experimental studies showing inhibition of tumor progression and metastasis 

by inhibition of macrophages, highlighted that immune cell engagement by tumors is essential 

for the acquisition of a malignant phenotype. Consequently, this cell type might represent an 

important therapeutic target for cancer treatment (Hinshaw et al., 2019). 

T-lymphocytes are present in the TME, recognised as tumor-infiltrating lymphocytes (Kiraz et al., 

2015). The prevalent lymphocyte population present in the immune microenvironment is made 

up of CD8+ and CD4+. Those cells are both responsible for the performance of anticancer 

activity. The initial innate immune sensing of tumors results in recruitment, activation, and clonal 

expansion of tumor antigen specific CD8+ T cells, which have the potential to kill tumor cells. 

In fact, tumor-infiltrating CD8+ T cells have been detected in subsets of patients with various 

cancers such as melanoma and carcinomas of the head and neck, breast, lung, prostate, bladder, 

kidney, colon, ovary, and esophagus. Importantly, T cell-phenotype infiltration correlates with 

positive treatment outcomes in these cancers and has been proposed as a prognostic biomarker 

(Azimi et al., 2012; Corrales et al., 2017; Mahmoud et al., 2011; Pagès et al., 2010). 

Natural killer cells (NK) constitute a small subpopulation of lymphocytes belonging to innate 

immunity with cytotoxic capacity. These cells play an important role in defence against some 

pathogens and are capable to destroying many types of cancer cells without prior sensitization. 

They can be the first line of defence against cancer. It has been demonstrated that low NK-cell 

activity is correlated to an increasing cancer risk (Imai et al., 2000). Upon their activation, NK 

cells are able to kill numerous human tumors including many apparently non-immunogenic T 

cell tumors. Therefore, it appears that CTLs and NKs provide complementary anticancer 

mechanisms (Woo et al., 2015). 
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NK cells and melanoma 

It has been demonstrated from the study of McKay and co-workers that NK cell infiltration in 

melanoma positively correlates with tumor regression. Indeed, NK cells produce many cytokines 

and chemokines, including tumor necrosis factor–α (TNF-α), interleukin (IL)–10, CCL2 (MCP-

1), CCL3 (MIP1-α) that are all synergically involved in the recruitment of other cells in the 

inflammation area (Moretta et al., 2005). The activation of NK cells is highly regulated and 

depends on the balance between activating and inhibiting signals mediated by cell surface 

receptors (Vivier et al., 2011).  

Human leukocyte antigen (HLA) class I-binding receptors represent the mainly inhibitory 

receptors, including killer immunoglobulin–like receptors (KIR) and CD94/NKG2A.  

Among the activating cytotoxicity receptors there are: NKp30 (which binds to B7H6 ligand on 

tumor cell), NKp46, NKp44 (which binds to mixed-lineage leukaemia protein 5), induced after 

stimulation by cytokines, and NKG2D, expressed by peripheral NK cells. NKG2D receptor binds 

MHC I polypeptide-related chains A and B (MICA/B) and UL16-binding proteins (ULBP1-6). 

NKG2D ligands are induced on the membrane of stressed cells and thus promote many of NK 

functions in vitro (Bryceson et al., 2006; Lakshmikanth et al., 2009). 

Moreover, NK cells can also exert their activity by detecting tumors that are resistant to T-cell 

action due to loss or downregulation of MHC class I antigens. It has been demonstrated that 

melanoma treated with PLX4032 increase the expression of HLA class I and HLA-E molecules 

that inhibit the lysis by NK cells through NKG2A receptors (Frazao et al., 2017). 

 Tumor Angiogenesis 

Angiogenesis plays a fundamental role in the survival and proliferation of tumors and their 

metastases (Emmett et al., 2011). Indeed, angiogenesis is essential in order to satisfy the increased 

nutritional requirements of the tumor considering that oxygen and nutrients freely diffuse into 

tissues only up to a distance of 100-200μm from the closest capillary (Levenberg et al., 2005). 

Angiogenesis begins with the germination of new capillaries from pre-existing quiescent vessels 

in presence of pro-angiogenic factors, among which, the most important is vascular endothelial 

grown factor-A (VEGF-A) (Cho et al., 2019).  

Therefore, within the tumor microenvironment, it is necessary that the balance between pro-

angiogenic and anti-angiogenic factors favors angiogenesis to promote all the mechanisms 

involved in cell migration and formation of new capillaries associated with the tumor. This 

modification within the tumor is called the “angiogenic switch” and plays a fundamental role in 
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the acquisition of an aggressive tumor phenotype in many tumors, including melanoma (Bergers 

et al., 2003). 

The first evidence of angiogenesis in melanoma was described by Warren and Shubik (Warren 

& Shubik, 1966). Among the stages of melanoma progression, the vertical growth phase 

(Mahabeleshwar et al., 2007) is characterized by the invasion of cancer cells into the deeper 

layers of the dermis to the blood and lymphatic vessels. The vertical growth phase is characterized 

by rapid proliferation and consequently a greater consumption of nutrients. When tumor 

progression exceeds the angiogenesis capacity of the entire tumor mass, hypoxia areas can be 

formed. Hypoxia induces activation of hypoxia inducible factor-1α (HIF-1α) which in turn 

stimulates the production of VEGF-A, increasing the permeability and migration of endothelial 

cells. Furthermore, in this phase, melanoma cells have the ability to trans-differentiate into an 

endothelial-like phenotype. This ability is called “vascular mimicry” and allows melanoma cells 

to express VEGF-A receptors and generate endothelial-like responses to further enhance the 

angiogenic stimulus. The creation of new vessels is also followed by the remodelling of the 

extracellular matrix (ECM), carried out by the integrins and the metalloproteases of the matrix 

(MMP). The modification of the ECM therefore determines the invasion of the connective layer 

of the dermis and the release of angiogenic factors from the matrix (Mahabeleshwar et al., 2007; 

Maniotis et al., 1999). A schematic illustration of melanoma progression is depicted in Fig 1-5.  
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It was shown that treatment of BRAFV600E melanoma with the antidiabetic drug metformin 

accelerates tumor growth through upregulation of VEGF-A (Martin et al., 2012). Furthermore, a 

recent study has shown the involvement of VEGFR-1 upregulation in the acquisition of resistance 

in melanoma treated with PLX4032 (Atzori et al., 2020). Moreover, Comunanza and co-workers 

highlighted that the inhibition of mutated BRAF with PLX4720 (the mouse BRAF inhibitor of 

PLX4032) and VEGF leads to a suppression of tumor growth and a reduction of colonization in 

BRAF-mutant mouse model (Comunanza et al., 2017). 

 

 

 

 

 

 

Figure 1-5: Schematic representation of melanoma progression. Uncontrolled proliferation 

of melanocytes leads to formation of benign nevus and subsequently into dysplastic nevi. This is 

followed by a rapid radial growth phase, which is characterized by intraepidermal growth. The 

vertical growth phase is the last step for the melanoma developing (Mahabeleshwar et al., 2007). 
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1.4 Relevance of physiological oxygen levels  

The mechanisms of the oxygen utilization by cells and the consequences associated with their 

dysfunction have been studied and linked with the generation of reactive oxygen species (ROS). 

Moreover, the concept of hypoxia as the pathological reduction of oxygen has been recognized 

as a distinctive sign of disease (Semenza, 2014). Moreover, in order to recapitulate in cell cultures 

the oxygen levels experienced by cells and tissues in an organism in vivo, it becomes of crucial 

importance to maintain the correct levels of normoxia and hypoxia in cells in culture.  

In fact, cell cultures are usually carried out in atmospheric O2 conditions that are hyperoxic 

conditions in comparison to levels encountered by tissues in vivo. Many studies have highlighted 

this gap (Pinder et al., 2009), but only in the last few years researchers have addressed this 

problem. 

A workstation for maintaining physiologically relevant O2 during in vitro cell culture 

Technological development has enabled cells to be cultured in vitro under well-defined O2 levels 

in order to reproduce a physiological oxygen setting (Keeley et al, 2019). 

Today, there are three main instruments enabling researchers to conduct cell cultures under a 

reduced oxygen environment: 

1. An airtight gassed chamber  

2. A tri-gas incubator 

3. A dedicated O2-regulated workstation 

The airtight chamber is a widely used tool because it is relatively easy to use, and it can be 

inserted inside the standard 5% CO2 incubators. Although equipped with dividers, these chambers 

can be used by a limited number of operators. 

The second option is a variant of the classic incubator, called Tri-gas incubator, where it is 

possible to regulate the oxygen tension using nitrogen gassing. For the manipulation and 

treatment, cells have to be moved outside the incubator and then maintained in Tri-gas incubator. 

These procedures subject cells to significant O2 changes in the culture media (Weinmann et al., 

2004) and cells are re-exposed to the ambient oxygen tension during treatments in a laminar flow 

hood. Although the exposure to ambient O2 is about 5 min, the media takes hours to equilibrate 

with a lower oxygen tension again (Mondragon-Teran et al., 2009).  

Lastly, a dedicated oxygen workstation is an airtight work area, where it is possible to control 

every single parameter such as O2 and CO2 levels, temperature and also humidity. In this 
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workstation, cells can be maintained and treated without being re-exposed to different ambient 

oxygen levels (Keeley et al., 2019). 

Work in low oxygen tension: cells behaviour 

In a physiological context, when cells are exposed to a lower oxygen tension some adaptive 

mechanisms are activated to ensure cell survival (Alami et al., 2014; Kumar et al., 2016). 

In vitro, these mechanisms are also activated in cells when they are brought from an 

environmental O2 level of approximately 18kPa (hyperoxia) to a physiological oxygen level of 

~5kPa (normoxia). For example, HIF-1α reaches its peak of expression after 12-16 hours and it 

takes at least 24 hours to reach a new normalization point, while HIF-2α takes much longer, about 

72 hours (Holmquist-Mengelbier et al., 2006). For these reasons, cells have to adapt to the new 

oxygen tension to achieve a new adapted status. Furthermore, the transition from ambient air to 

5kPa O2 can cause a change in the cellular phenotype, and long-term (~5 days) adaptation is 

required for human endothelial cells (Chapple et al., 2016) and other cells types such as lung 

epithelial cells (Kumar et al., 2016) and dental pulp stem cells (Alami et al., 2014). 

Work in low oxygen tension: cell media behaviour 

The amount of oxygen dissolved in fluids is measured as partial pressure (PO2) in mmHg or in 

kilo Pascals (kPa), as the concentration of a gas is directly proportional to the partial pressure 

that the gas exerts in the solution (Henry's law). Partial pressure best expresses the chemical 

potential of physiological gases which, in fact, diffuse towards low pressure gradients, not 

concentration (Henry, 1803). 

Oxygen, therefore, is available in the media based on its solubility determined by Henry's law 

(Henry, 1803). In a standard incubator at 37°C with an environmental PO2 of about 18kPa, the 

oxygen solubility is about 77%. Furthermore, the environmental PO2 will be in equilibrium with 

the PO2 of the culture medium because oxygen will diffuse from the environment to the medium 

following the Fick’s second law (Flick, 1855). Therefore, when cells are grown in an environment 

with reduced oxygen tension, for example 5kPa O2, it is easy to assume that the PO2 in the 

medium has to decrease. Based on Fick's second law is possible to determine how long the media 

takes to reach the new oxygen equilibrium. As a practical example, in a 90mm Petri dish with 

20ml of culture medium placed in an airtight chamber at a 5kPa O2, it will take approximately 2h 

to reach the new equilibrium (Keeley et al., 2019). This is because, as we stated before, if the 

environmental O2 decreases, the diffusion time increased.  

Importantly, Fick's law of oxygen diffusion and its subsequent equilibrium in solution does not 

include the influence of cells on the medium. Indeed, the consumption of oxygen by cultured 
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cells and the poor solubility of oxygen in the media generates an oxygen gradient from the 

atmospheric surface towards the pericellular zone. This oxygen gradient is proportional to the 

rate of cell oxygen consumption (Mimura et al., 2010). It has been calculated and subsequently 

experimentally verified that some cell types exhibit such a high rate of oxygen consumption so 

that cells overexpress the classic hypoxia markers when cultured under physiologically relevant 

oxygen levels in the absence of blood flow (Flick, 1855). 

Furthermore, some studies have shown that cells cultured under normoxia respond differently 

from cells maintained in hyperoxia. A study conducted on U-87 cells, a glioblastoma multiforme 

cell line, documented increase in HIF-1α, stimulated migration and increased resistance to 

therapy in cells exposed to 9kPa O2 (Albert et al., 2014). In addition, a collection of clinical 

evidence shows that the state of hypoxia in a tumor can compromise the efficacy of the treatment 

(Martin et al., 2019; Vaupel et al., 2007). This highlights how the best reproduction of the 

physiological/pathological environment determines a result closer to the real condition.
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 AIMS 

The novel oncogene-targeted therapies, especially Vemurafenib/PLX4032, developed in the last 

years have been proven to be very effective in BRAFV600 positive metastatic melanoma. 

Unfortunately, in many patients, the disease relapses in less than 12 months. Thus, it is critically 

important to identify new molecular targets to be modulated in order to improve the efficacy of 

therapies. 

HO-1 induction has been highlighted as a mechanism involved in cancer progression, playing a 

role in cancer growth, resistance to therapies, invasiveness, angiogenesis and metastatic potential, 

with different evidence in many kinds of tumor (Nitti et al., 2017). Thus, in this thesis we 

investigated the involvement of HO-1 in reducing the efficacy of PLX4032 in BRAFV600 positive 

melanoma cells. We further analysed HO-1 involvement in reducing immune recognition. 

Indeed, HO-1 has a well recognized ability to modulate immune-responses (Naito et al., 2014), 

but the role played in immune-recognition of cancer cells is still poorly investigated. Moreover, 

the involvement of HO-1 modulation in regulating the pro-angiogenic ability of melanoma cells 

is poorly understood and has been investigated.  

Finally, the role played by lowering oxygen tensions in cell cultures has been also considered. 
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 MATERIALS AND METHODS 

3.1 Cell culture and treatments 

 Melanoma cell lines and treatments 

Primary BRAFV600 melanoma cell lines (MeOV-1/BRAFV600E, MeTA/BRAFV600D, 

MeMI/BRAFV600E) derived from metastatic lesions were obtained in accordance with consent 

procedures (nOMA09.001) approved by the International Ethics Board of the National Cancer 

Institute (IRCCS Policlinico San Martino Hospital, Genoa, Italy). MeWo (RRID: CVCL_0445), 

a BRAF- wt cell line, was purchased from ECACC. 

All the cell lines were authenticated by short tandem repeat (STR) profile analysis (cell IDTM 

system, Promega, Madison, WI), used within 6 months of resuscitation of original cultures, and 

tested for mycoplasma contamination. 

Melanoma cell lines were routinely cultured in RPMI 1640 medium (Gibco) supplemented with 

10% fetal bovine serum (FBS, Euroclone, Italy), 2mM glutamine (Sigma, UK) and 1% 

penicillin/streptomycin (Sigma, UK), subcultured every 5 days at 1:5, and maintained in 5% CO2, 

humid atmosphere and different oxygen conditions.            

Cells were treated with 1-10µM PLX4032 (Selleckchem, Houston, TX) for different time point. 

Pure DMSO was used to dissolved PLX4032. Samples were co-treated for 24h with 10µM Tin 

mesoporphyrin IX (SnMP-IX, Cayman Chemical Company, Ann Arbor, MI) and 1-10µM 

PLX4032. 

 Endothelial cell lines 

Bovine aortic endothelial cells line (BAEC) were isolated from aortae obtained from a local 

abattoir (He et al., 2015). An immortalized cell line of human endothelial cell from vein (HECV) 

derived from human umbilical vein endothelial cells (HUVEC) was kindly provided from Dr 

Anna Maria Bassi. BAEC and HECV were routinely cultured in DMEM Low Glucose (Sigma, 

see Appendix 2) supplemented with 10% FBS (Euroclone, Italy), 2mM glutamine (Sigma, UK) 

and 1% penicillin/streptomycin (Sigma, UK). BAEC were defrosted and were used before 

passage 6 to prevent phenotype changes. 

Human cerebral microvascular endothelial cell line (hCMEC/D3 cell line) was kindly provided 

by Dr Richard Siow and Dr Melissa Barber (King’s College London, UK). hCMEC/D3 (D3) 
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cells were originally isolated from the temporal lobe of a female patient with intractable epilepsy 

and immortalised by transduction with lentiviral vectors carrying the SV40 T antigen and human 

telomerase reverse transcriptase (hTERT) (Vu et al., 2009). D3 cells were cultured in phenol-red 

free endothelial cell basal medium-2 (EGM-2) (Lonza) supplemented with the following factors 

as specified by the supplier: 0.025% rhEGF, 0.025% VEGF, 0.025% IGF, 0.1% rhFGF, 0.1% 

gentamycin, 0.1% ascorbic acid, 0.04% hydrocortisone and 2.5% FBS, and culture media 

sterilised by filtration. hCMEC/D3 cells were grown to confluence (~1 × 105 cells/cm2) on tissue 

culture flasks coated with rat tail collagen (0.01%) (Sigma, USA; Fig. 3-1).  

 Culturing cells under physiologic and hypoxic environments: The Sci-tive® in 

vitro workstation 

In order to obtain results closer to the physiological environment, MeOV-1, BAEC, HECV and 

hCMEC/D3 cells were cultured in an O2-regulated workstation (Sci-tive, Baker-Ruskinn 

Company, USA, Fig. 3-1) set at: 

• 5% O2 - 5% CO2-balanced N2 and 75% humidity to reproduce the normoxia,  

• and at 1% O2 - 5% CO2-balanced N2 and 75% humidity to reproduce the hypoxia. 

Furthermore, all solutions and media were equilibrated for 1-2h under defined O2 levels before 

being used. Indeed, molecular O2 has a very low solubility in water compared to CO2. Based on 

the second law of Fick (Fick, 1855) and previously study (Keeley et al., 2019), 20ml of solution 

takes 82 min to reach 5% O2 from room air.   

 

Figure 3-1: Workstation for the creation and maintenance of a physiological oxygen 

environment. Baker-Ruskin Sci-tive workstations provide accurate, stable and defined 

oxygen, carbon dioxide, temperature and humidity control to replicate the physiological 

system. 
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3.2 siRNA for Nrf2 and HO-1 

Small interfering RNA was performed by using specific pool of oligonucleotides against human 

HO-1 (On-TargetPlus SMART pool human HO-1; Dharmacon, Lafayette, CO), to silence 

MeOV-1, MeTA and MeMI cell lines, and Nrf2 (On-TargetPlus SMART pool human Nrf2; 

Dharmacon, Lafayette, CO) to silence MeOV-1 cell line. All cell lines seeded in 6-well plates, 

were transfected with 120pmol/well of siRNA for 24h by using Lipofectamine 2000 (Life 

Technologies, Carlsbad, CA) according to the manufacturer’s instruction.  

In our work, melanoma cells were seeded at a density to achieve 70-90% confluence at the 

moment of the transfection. At the day of the transfection, solution A containing diluted 

Lipofectamine and solution B containing diluted siRNA were prepared and incubated for 5 min. 

To create the silencing liposome, solution B was added into solution A and incubated for 20 min. 

The final volume was achieved by adding complete melanoma medium without antibiotics. 

Melanoma cell lines were incubated with siRNA for 6h and then the medium was changed with 

fresh medium. 

Cells were then exposed to treatments as described in Section 3.1.1. At the end of the treatment, 

mRNA or proteins were extract (see Sections 3.5.1 and 3.6.1). The level of mRNA and protein 

expression of HO-1 and Nrf2 were checked to verify the efficiency of silencing. The specificity 

was proved by using as a negative control a non-targeting (NoT) silencing pool of 

oligonucleotides (On-TargetPlus siControl nontargeting pool Dharmacon) at the same 

concentration used for the target silencing.  
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3.3 Viability Assay 

The efficacy of PLX4032 treatment in decreasing cell viability was assessed using the tetrazolium 

salt 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma, UK). 

Following the interaction with mitochondrial dehydrogenase, the yellow MTT salt is cleaved to 

form an insoluble purple formazan crystal (Fig. 3-2). MTT cleavage only occurs in metabolically 

active cells and decreases according to mitochondrial activity (Mosmann, 1983). Melanoma cells 

were seeded into 96-well plates and treated with 10µM PLX4032 in complete melanoma medium 

for 24h at 37°C and 5% CO2 under specified ambient oxygen levels.  

 

 

 

At the end of the treatments, MeOV-1 cells were incubated with 100µl of 10% MTT stock 

solution (5mg/ml) in serum free medium without phenol red for 3h. 50µl of pure DMSO were 

added to each well and the plate was gently shaken for 20 min to ensure complete lysis of the 

cells and solubilization of the crystal of formazan. Absorbance (560nm) was measured using a 

microplate reader spectrophotometer (CLARIOstar, BMG Labtech, UK and Biorad iMark 

microplate reader, software: microplate Manager 6).  

 

 

 

Figure 3-2: MTT assay reaction. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide is reduced to formazan and creates dark purple insoluble crystal inside the cells. For the 

MTT assay, it is necessary to solubilize the formazan crystal through pure DMSO. Data are 

expressed as a percentage change in absorbance units compared to untreated cells. 
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3.4 Proliferation assay  

To measure the proliferation rate of cells cultured in different oxygen tensions, MeOV-1 cells 

were seeded in 24-well plates in triplicate at a density of 50000 cells/well. Cells were counted 

over the following five days using a haemocytometer. 

A parallel analysis of protein content was also performed. Cells were lysed using 0,5M NaOH 

and stored at -20°C. Protein content was determined using the BCA assay as described in Section 

3.6.1. 
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3.5 RT-PCR 

Total RNA was extracted using TRIzol reagent (Invitrogen, U.S.A.), a guanidine-

isothiocyanate/phenol solution that allows isolation of RNA or using RNeasy® Mini Kit (Qiagen, 

Germany). 

 RNA extraction 

Total RNA extraction by TRIzol reagent 

At the end of the treatments, melanoma cells were washed with warm PBS and TRIzol solution 

was added to each sample. Samples were incubated for 5 min at room temperature to enable the 

complete association of nucleoprotein complexes. Chloroform was added to each tube, and after 

a centrifugation at 12000g for 15 min at 4°C. Three phases were formed:  

1) aqueous phase, containing RNA;  

2) intermediate phase, containing DNA and  

3) organic phase, containing proteins. 

For the isolation of the RNA, the aqueous phase was transferred into a new tube with an equal 

volume of isopropanol. Samples were incubated for 10 min at room temperature and centrifuged 

at 12000g for 10 min at 4°C in order to enable RNA precipitation. After removing the supernatant, 

the pellet was washed with 70% ethanol, dried and resuspended in DEPC water. 

Total RNA extraction by RNeasy Mini Kit 

Total RNA was also extracted using a RNeasy® Mini Kit. Cells were washed with 1ml warm 

PBS and lysed using lysis buffer with 1:100 β-mercaptoethanol (β-ME) which contains guanidine 

salt, and RNAase inhibitor. An equal volume of ethanol 70% in RNase free water was added to 

samples and the lysates were transferred into a RNeasy Mini spin column placed in a 2ml 

collection tube and centrifuged at 8000g for 15 sec at room temperature. After discarding the 

flow-through, wash buffer was added to the column and centrifuged at 8000g for 15 sec at room 

temperature. Following, the RNA was washed twice with wash buffer plus ethanol. Finally, 

RNase-free water was added directly on top of the membrane and after centrifugation at 8000g 

for 1 min at 4°C, RNA was eluted. 
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 Quantification of the extracted RNA 

RNA concentration and purity were measured by NanoDrop DN-100 spectrophotometer 

(NanoDrop Technologies, USA) immediately after the RNA elution. 2µl per sample were used 

for the measurement. The purity of the RNA was assessed by the ratio of absorbance 260/280 (an 

indicator of DNA contaminations, between 1.8-2.0) and 260/230 (an indicator of other 

contaminators, for example salts, between 1.8-2.2). 

 Reverse transcriptase reaction (RT)  

To compare mRNA expression in different samples, complementary DNA (cDNA) was reverse 

transcribed using SuperScriptTM II Reverse Transcriptase (Life Technologies, U.S.A.). Reverse 

transcriptase reaction (RT) enables the conversion of RNA into cDNA and subsequent 

amplification of the gene segment of interest via polymerase chain reaction (PCR). 

The following protocol was used: 

• 500 ng of extracted RNA; 

• 10mM deoxyribonucleotides triphosphates (dNTPs); 

• 100ng random hexameric primes, oligonucleotide sequences of 6 nitrogen bases that 

randomly bind the RNA molecules 

• Firts ST 5x, a magnesium buffer solution 

• SuperScriptTM II Reverse Transcriptase (Life Technologies, U.S.A.) 

Reaction was performed using Mastercycler nexux (Eppendorf, UK) and the following program: 

10 min at 25°C, 50 min at 42°C, 10 min at 72°C and maintaining at 4°C. cDNA was stored at -

80°C to prevent degradation and used for the polymerase chain reaction (PCR). 

 PCR  

This reaction allows the amplification of a target gene sequence by using suitable primers (see 

appendix 14) and Taq polymerase enzyme, a DNA polymerase that works at high temperature. 

PCR consists of the cyclical repetition of three phases, denaturation, annealing and elongation, 

through different temperatures. Briefly, in the denaturation phase, the DNA double helix was 

melted into separate strands (Ramesh et al., 1992). Subsequently, in the annealing phase, the 

reaction reached the appropriate temperature to allow the primers to bind the target cDNA 

sequences (64-68°C). Finally, at the temperature of 72°C, Taq polymerase enzyme generates the 

complementary sequences. These phases were repeated in cycles from 20 to 30 times per assay. 
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PCR products were separated by electrophoresis using a 2% agarose gel with ethidium bromide, 

to allow DNA to emit fluorescence after UV exposure. The expression of target genes was 

compared to the housekeeping gene 18S ribosomal RNA. For densitometric analysis, the GelDoc 

(BIO-RAD, Italy) was used. 
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3.6 Immunoblotting 

 Protein extraction and quantification 

At the end of treatments, cells were washed with PBS and lysed in SDS buffer or Ripa Buffer 

(see appendix 14 and 15) with incubation for 5 min in ice. Cells lysates were mechanically 

collected in new tubes. Each sample was sonicated in ice 4 times for 10 sec with a 10 sec pause 

between each cycle to further break cell membranes and release the proteins. 

To determine protein concentration of total cell lysates, bicinchoninic acid assay (Pierce BCA 

Protein Assay) was used. The method is based on the biuret reaction which allows, in an alkaline 

environment, the –NH2 groups of proteins to react with Cu2+ generating a purple colour with 

strong absorbance at 562 nm (Mallia et al., 1985). 

A standard curve was constructed in duplicate with bovine serum albumin (BSA). Standard curve 

and samples were incubated with BCA reagents composed of reagent A and reagent B diluted 

1:50 at 37°C for 20 min. Absorbance was measuring at 562nm using microplate readers (Tecan 

Sunrise microplates reader,  by Lab Made, software: Magellan 6 and Biorad iMark microplate 

reader, software: microplate Manager 6).  

 Samples preparation 

Samples, normalized according to protein content, were prepared to immunoblot by adding 

loading buffer containing 0.02% bromophenol blue and 1% 2-mercaptoethanol and boiled for 5 

min in order to complete protein denaturation. 

 Gel preparation and SDS-PAGE electrophoresis 

Sodium Dodecyl Sulphate – PolyAcrylamide Gel electrophoresis (SDS-PAGE) is based on two 

important features of the proteins (Laemmli, 1970): dimension and intrinsic charge of proteins.  

Due to the electric current, proteins can be separated through the gels. 

Proteins were separated by using precast gels (SDS-poliacrylamide, BioRAD) or home-made 

acrylamide gels. Acrylamide and bisAcrylamide (Acr/bis) create a molecular sieve that allows to 

separate proteins through their molecular weight. In order to separate proteins with high 

molecular weight, low-percentage acrylamide gels are needed, whereas proteins with low 

molecular weight need high-percentage acrylamide gels. 

Acr/bis gels are composed of two parts: 
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• resolving gel: to separate proteins according to the concentration of Acr/bis (usually 10-

15%) 

• stacking gel: to easy load the samples for the analysis (usually 4%). 

Gels were made in Tris-SDS buffer (appendices 3 and 4), added with ammonium pyrosulphate 

(APS) and tetramethyl ethylenediamine (TEMED, Sigma, UK): APS is an oxidizing agent that 

is used with TEMED to catalyse gel polymerization. As reference, molecular weight indicators 

were run in each gel. When possible, precast gels were used (Bio-Rad, U.S.A.). Thus, samples 

loaded into gels were subjected to electrophoresis performed for 50 min at 200 volts for precast 

gels and for 1 h and 30 min at 100 volts for home-made gels. 

 Blotting 

At the end of the electrophoresis, proteins were transferred using a semi-dry transfer system (20 

volts, 120-180 min) or wet blotting system (100 volts, 50 min) on a polyvinylidene fluoride 

membrane (PVDF, GE Healthcare, DE), previously activated with 100% methanol for 1 min and 

equilibrated in transfer buffer (see appendix 8). To minimize the background staining due to non-

specific membrane-binding of the antibodies, membranes were saturated with 5% low-fat dry 

milk in phosphate buffered saline with 0.1% TWEEN solution (Sigma , UK, PBST, see appendix 

9) or tris-buffered saline with TWEEN solution (TBST, see Appendix 10), for 1h at room 

temperature. 

Membranes were then incubated with primary antibodies targeted against proteins of interest (see 

appendix 11) overnight at 4°C. Subsequently, membranes were incubated with a species-specific 

secondary antibody conjugated with horseradish peroxidase (HPR) for 1h at room temperature, 

followed by 30min of washing with PBST or TBST. Membranes were then developed using 

enhanced chemiluminescence (ECL) like Luminata™ Classico Western HRP Substrate 

(Millipore, U.S.A., No.WBLUC0500), Luminata™ Crescendo Western HRP Substrate 

(Millipore, U.S.A. No.WBLUR0500) and ECL Plus (Pierce Thermo Fisher, UK). The expression 

of target proteins was determined relative to the expression of housekeeping protein β-actin. For 

analysis of immunoblotting data, a densitometric analysis was conducted using Image J (National 

Institute of Health) or Quantity One® (BioRad, USA). 
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3.7 Immunofluorescence 

Immunofluorescence (IF) has been used to determine the localization of Nrf2. Melanoma cells 

were seeded on 8-well chamber slides at 150000 cells per well and subsequently treated as 

described in Section 3.1.1. At the end of treatments, cells were fixed and permeabilized with cold 

100% methanol for 5 min on ice. After washing with PBS, cells were incubated with Nrf2 primary 

antibody (Santa Cruz, USA) at 4°C O/N. The next day, ALEXA fluor antibody 488 (Thermo 

Fisher, U.S.A.), the fluorophore-labelled secondary antibody, was added to the cells for 1h. After 

a PBS wash, cells were incubated with the nucleus dye To-Pro (Thermo Fisher, U.S.A.). After 

the last wash with PBS, the slide was mounted using Mowiol and the images were acquired using 

a 3-channel TCS SP2 laser-scanning confocal microscope (Leica Mycrosystem, Germany).  
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3.8 Tube formation assay 

The tube formation assay (Speyer et al., 2014) is one of the most widely used in vitro methods 

that measures the ability of endothelial cell to form tubes. In our work, the tube formation assay 

was used for determining the angiogenic ability of conditioned media (CM) from melanoma cells 

by analysing endothelial cell tube formation.  

Endothelial cells were grown to 80-90% confluence, trypsinized with trypsin-EDTA, centrifuged 

at 300g for 5 min, washed with warm sterile PBS. Endothelial cells were resuspended in 

conditioned media collected from melanoma cells and centrifuged at 600g for 5 min to remove 

floating cells. 

Endothelial cells were seeded on an extracellular matrix (ECMs, Matrigel® Matrix, Corning, 

U.S.A.), a basement membrane-like material composed by laminin, collagen IV, heparan 

sulphate proteoglycans, entactin/nidogen and growth factors. 

A schematic representation of the experimental protocol is shown in Fig. 3-3. The same protocol 

was used also for silencing HO-1. Photos were taken every 2h for a maximum of 10h to have an 

overview of the rate of tube formation. Selected photos were quantified using Wimasis Image 

Analysis Software. 
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Figure 3-3: Schematic representation of tube formation experiment. MeOV-1 cells were 

treated with 10µM PLX4032 and 10µM SnMP-IX for 24h. At the end of treatment, medium 

derived from melanoma cells was transferred to endothelial cells seeded on Matrigel. Photos of 

growing tubes were taken every 2h using Leica IM500 software (Leica Image Manager); 5x 

magnification. 



3.9 Statistical analysis 

39 

 

3.9 Statistical analysis  

All data denote the mean ± S.E.M. of measurements in n different cultures, unless stated 

otherwise. Statistical analyses were performed using Prism software package (GraphPad 

Software, CA). One-way analysis of variance (ANOVA) and Dunnett’s multiple comparison tests 

were applied when comparing more than three groups, with p< 0.05 considered significant. 
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 RESULTS 

4.1 HO-1 upregulation reduces PLX4032 efficacy and NK 

recognition  

The first part of this work was conducted in collaboration with the Laboratory of Clinical 

Immunology at Ospedale Policlinico San Martino Genova (Professor Gabriella Pietra). 

Primary tumor cell lines were isolated in-house from metastatic tissue samples by Prof. Pietra’s 

group and characterized by STR profile at the local cell Biobank (Biobank and cell factory - 

Ospedale Policlinico San Martino Genova). BRAFV600 mutation determinates constitutive 

activation of pERK pathway favouring cell growth and cancer progression. In this part of the 

work, two lines carrying a  BRAFV600E mutation (MeOV-1 and MeMI), one line carrying on 

BRAFV600D mutation (MeTA) and one BRAF wild type (wt) commercial line (MeWO) were used 

to evaluate the involvement of HO-1 in limiting the efficacy of PLX4032 (a specific inhibitor of 

BRAFV600) and in modifying the recognition and killing activity of NK cells.  
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 PLX4032 abolishes ERK phosphorylation and decreases viability of melanoma 

cells bearing BRAFV600 mutation 

Four melanoma cell lines were treated with PLX4032. To verify the specificity of PLX4032 

treatment in inhibiting BRAFV600, the protein level of ERK phosphorylation (pERK) was 

evaluated. After 24h of 1-10M PLX4032 treatment, MeOV-1, MeTA and MeMI showed a 

reduction of pERK levels. Instead, the level of p-ERK was not modified by PLX4032 treatment 

in the MeWO BRAF wt. Moreover, as expected, the expression of total ERK was not modified 

in all cell lines (Fig. 4-1).    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1: Immunoblot analysis of ERK phosphorylation. p-ERK and total ERK were 

evaluated in melanoma cell lines exposed to increasing concentrations of PLX4032 or DMSO 

alone. -actin was used as a loading control. The blots are representative of 4 independent 

experiments for each cell line.    
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Moreover, a MTT assay revealed that cell viability was progressively reduced (25% and 45% in 

MeOV-1, 16% and 43% in MeTA, 25% and 44% in MeMI, at 1μM and 10μM PLX4032, 

respectively), when compared to cells exposed to DMSO alone. No changes were observed in 

MeWO cells (Fig. 4-2). 

 

 

  HO-1 protein levels in melanoma cell lines increases after PLX4032 treatment  

Considering the role played by Nrf2/HO-1 in cancer cell resistance and progression (Furfaro et 

al., 2016), we started to analyse the modulation of HO-1 expression in our cell context. HO-1 

expression was almost undetectable in untreated MeOV-1 and MeTA cells and induced by 

PLX4032. In MeMI cells, there was a basal expression of HO-1 which was increased by 

PLX4032 (+52% and +41% at 1μM and 10μM PLX4032 in comparison to DMSO alone). 

Importantly, neither basal expression nor induction of HO-1 was observed in BRAF wild type 

MeWO cells in response to PLX4032 treatment. However, MeWO cells were able to induce HO-

1 when exposed to a standard HO-1 inducer, hemin (Fig. 4-3). 

 

 

 

 

 

 

Figure 4-2: Cell viability assessed by MTT assay after 1-10µM PLX4032 treatments. The 

graphs are representative of 4 independent experiments for each cell line. Data denote mean ± 

S.E.M, *p < 0.05.  
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 HO-1 silencing enhances the efficacy of PLX4032 and further reduces cell 

viability 

Considering the role played by HO-1 induction as key factor in limiting the efficacy of tumor 

therapies (Cheng et al., 2016; Furfaro et al., 2016; Ma et al., 2015), the effect of HO-1 silencing 

was evaluated in MeOV-1, MeTA and MeMI cells exposed to PLX4032. The MTT assay showed 

that in PLX-treated melanoma cell lines and silenced for HO-1 shows a further decreased the 

number of viable cells in comparison to cells exposed to PLX4032 alone (Fig. 4-4 section A). 

Under the same experimental conditions, HO-1 silencing efficiently prevented the upregulation 

of HO-1 induced by 10μM PLX4032 in MeOV-1 and MeTA and by 1μM PLX4032 in MeMI, as 

shown by protein (Fig. 4-4 section B) and mRNA (Fig. 4-4 section C) analysis.   

 

Figure 4-3: Immunoblot analysis of HO-1. HO-1 was analysed in melanoma cells exposed to 

increasing concentrations of PLX4032 or DMSO alone and β-tubulin used as a loading control. 

Hemin was used in MeWO cells as positive control of HO-1 induction. The blots are 

representative of 4 independent experiments for each cell line. 
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Figure 4-4: Evaluation of cell viability after HO-1 gene silencing. (A) MTT assay was used 

to evaluate cell viability after HO-1 silencing and 24h 1-10µM PLX4032 treatment. The graphs 

are representative of 4 independent experiments for each cell line. Data denote mean ±S.E.M., 

*p < 0.05; **p < 0.01.  
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 Melanoma viability is further reduced by co-treating cells with HO-1 inhibitor 

and PLX4032 

MeOV-1 and MeMI cell lines co-treated with 1-10M PLX4032 and 10M SnMP-IX and MeTA 

cell line co-treated with 10M PLX4032 and 10M SnMP-IX, a specific enzymatic inhibitor of 

HO-1 activity (Mancuso, 2017; Schwartz et al., 2011), showed a significant reduction in viability 

compared to cells treated with PLX4032 alone (Fig. 4-5). 

    

 

 

 

 

Figure 4-5: Cell viability after 1-10M PLX4032 and 10M SnMP-IX treatment. Cell 

viability was assessed using a MTT assay following co-treatment of cells with 1-10µM PLX4032 

and 10μM SnMP-IX in MeOV-1 and MeMI and with 10µM PLX4032 and 10μM SnMP-IX in 

MeTA cell line for 24h. The graphs are representative of 3 independent experiments for each cell 

line. Mean ± S.E.M., *p< 0.05; **p< 0.01. 

Figure 4-4: Evaluation of cell viability after HO-1 gene silencing - continue. (B) HO-1 protein 

levels were detected by immunoblot analysis. β-tubulin expression was used to normalize the 

results. The blots are representative of 4 independent experiments for each cell line. (C) HO-1 

mRNA expression was analysed by RT-PCR. 18S mRNA level was used as housekeeping gene. 

The bands are representative of 3 independent experiments for each cell line. Mean ± S.E.M),   

*p < 0.05; **p < 0.01. 
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 PLX4032 treatment of MeOV-1 reduces the expression of B7H6 and ULBP3, 

ligands for NK cells; their expression were restored by HO-1 silencing 

In order to define how the BRAFV600 inhibitor treatment interferes with the MeOV-1 phenotype 

and susceptibility to NK cells, the expression of B7H6 and ULBP3 in both untreated and 1-10µM 

PLX4032-treated MeOV-1 cells was investigated. The mRNA levels of B7H6 and ULBP3 in 

PLX-treated MeOV-1 of both B7H6 and ULBP3 showed a significant expression level reduction 

in MeOV-1 were significantly reduced. Importantly, in MeOV-1 silenced for HO-1 and treated 

with 1-10µM PLX4032, the expression of B7H6 and ULBP3 were completely restored 

highlighted the role of HO-1 in reducing the expression of NK activating ligands (Fig. 4-6). 
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Figure 4-6: mRNA expression of B7H6 and ULBP3 in PLX4032-treated MeOV-1 cells and 

MeOV-1 cells silenced for HO-1. RT-PCR analysis of B7H6 (panels A and C) and ULBP3 

(panels B and D) mRNA expression in MeOV-1 cells treated with 1μM (panels A and B) or 

10μM (panels C and D) PLX4032. Graphs are representative of 4-5 independent experiments. 

Mean ± S.E.M., *p < 0.05; (A) n=5; (B) n=5; (C) n=5; (D) n=4. 
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 PLX4032/SnMP-IX co-treatment restores the expression of B7H6 and ULBP3  

The inhibition of the enzymatic activity of HO-1 increased cell susceptibility to NK cells by 

restoring the expression of ligands for NKp30 and NKG2D activating NK receptors. Indeed, the 

combination of 1-10µM PLX4032 and 10µM SnMP-IX restored the expression of B7H6 and 

ULBP3 in the MeOV-1 melanoma cell line (Fig. 4-7).  

 

 

Results shown in section 4.1 are part of a paper published in 2020 which also includes the analysis 

of the NK phenotype and killing activity in response to BRAFV600 melanoma cells exposed to 

PLX4032 and also treated with SnMP-IX or silenced for HO-1 (Furfaro et al., 2020). 

Figure 4-7: mRNA expression of B7H6 and ULBP3 on MeOV-1 co-treated with PLX4032 

and SnMP-IX. B7H6 and ULBP3 mRNA expression was assessed by RT-PCR in MeOV-1 cells 

co-treated with 10μM SnMP-IX and 1μM (A) or 10μM PLX4032 (B) for 24h. 18S mRNA was 

used as housekeeping gene. The bands show a representative experiment. Graphs are 

representative of 4 independent experiments for each cell lines. Mean ± S.E.M., *p < 0.05.  
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4.2 HO-1 induction in PLX4032-treated cells is dependent on Nrf2 

activation and Bach1 downregulation. 

From the previous results, we identified an important role for HO-1 induction in reducing efficacy 

of PLX4032 treatment and limiting NK cell recognition in different BRAF mutated melanoma 

primary cells. Here, we have further investigated the underlying molecular pathway involved in 

HO-1 induction following PLX4032 exposure in BRAFV600E MeOV-1 cells.   

 24h PLX4032 treatment does not modulate other Nrf2-dependent genes 

In order to define whether Nrf2 is involved in HO-1 upregulation, other Nrf2-dependent genes 

were evaluated on MeOV-1 cells exposed to 10M PLX4032 for 24h. As shown in Fig. 4-8 

section A, mRNA expression of GCLM, GCLC and NQO1 genes was not modified in the 

experimental condition tested. Moreover, immunofluorescence analysis of Nrf2 established that 

Nrf2 was mainly localized in the cytosol in comparison to the nucleus after 24h PLX4032 

treatment (Fig. 4-8, section B). 
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Figure 4-8: Nrf2-dependent gene analysis and Nrf2 subcellular localisation in MeOV-1 

exposed to PLX4032. (A) GCLM, GCLC and NQO1 mRNA expression was assessed by RT-

PCR in MeOV-1 cells treated with 10μM PLX4032 for 24h. 18S mRNA was used as the 

housekeeping gene. The bands are representative of 4 independent experiments. Mean ± S.E.M. 

(B) Immunofluorescence for Nrf2 of MeOV-1 cells treated with 10μM PLX4032 for 24 h. To-

Pro3 was used for staining nuclei. Images are representative of 2 independent experiments. Photo 

were taken using a 3-channel TCS SP2 laser-scanning confocal microscope (Leica Mycrosystem, 

Germany). Scale bar 20µm.  
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 Short time PLX4032 treatments highlight a Nrf2 translocation into the nucleus  

Since Nrf2 is involved in early cell responses to oxidative stress, Nrf2 localization was also 

monitored after short-time (from 30 min to 3h) PLX4032 treatment. In this experimental 

condition, immunofluorescence clearly showed Nrf2 translocation into the nucleus (Fig. 4-9). 
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Figure 4-9: Nrf2 subcellular localization after short-time PLX4032 treatment. 

Immunofluorescence assay for Nrf2 of MeOV-1 cells treated with 10μM PLX4032 for 30 min, 

1-, 2- and 3h. Positive control was performed by treating cells with 100μM diethylmaleate 

(DEM), a Nrf2 inducer. To-Pro3 was used for staining nuclei. The images are representative of 

2 independent experiments. Photos were taken using a 3-channel TCS SP2 laser-scanning 

confocal microscope (Leica Mycrosystem, Germany). Scale bar 10µm.  
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 HO-1 is up-regulated after 3 and 6 hours of PLX4032 treatment  

Considering the short-term activation of Nrf2 in response to PLX4032 exposure, mRNA 

expression levels of Nrf2-dependent genes were then analysed at shorter experimental time 

points. As shown in Fig. 4-10, 10µM PLX4032 treatment induced HO-1 expression starting from 

6h, albeit non-significantly but with a clear trend. Interestingly, in the same experimental 

condition PLX4032 treatment did not change NQO1, GCLC and GCLM expression levels. 

Interestingly, the Nrf2 inducer DEM was able to increase only the expression of HO-1, whist 

NQO1, GCLC and GCLM were not affected. 
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Figure 4-10: Upregulation of Nrf2-dependent genes. HO-1, GCLC, NQO1 and GCLM mRNA 

expression was assessed by RT-PCR in MeOV-1 cells treated with 10μM PLX4032 for 3h and 

6h. Diethylmaleate (100μM DEM), a Nrf2 inducer, was used as a positive control. 18S mRNA 

was used as a housekeeping gene. The bands are representative of 3 independent experiments. 

Mean ± S.E.M., §p<0.0001. 
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 Bach1 expression is downregulated after PLX4032 treatment 

Considering that Bach1 is the negative competitor of Nrf2 binding to the ARE sequence and is 

specifically related to the induction of HO-1 (Dhakshinamoorthy et al., 2005), the expression 

level of Bach1 after PLX4032 treatment was evaluated. Fig. 4-11 shows that Bach1 protein levels 

decreased significantly after 24h PLX4032 treatment (***p<0.005) but a trend of reduction could 

be observed also at shorter time points. 

  

 

 

 

  

Figure 4-11: Immunoblot of Bach1 after treatment with 10µM PLX4032. (A-B) Protein 

levels of Bach1 were evaluated by immunoblotting whole cell lysates from MeOV-1 cells treated 

with 10μM PLX4032 for 3-6h. β-actin was used to normalize the results. The blots are 

representative of 2 independent experiments. (C) Protein levels of Bach1 were evaluated by 

immunoblotting whole cell lysates from MeOV-1 cells treated with 10μM PLX4032 for 24h. β-

actin was used to normalize the results. The blots are representative of 3 independent 

experiments. Mean ± S.E.M., ***p<0.005. 
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 Nrf2 silencing decreases HO-1 expression in MeOV-1 treated with PLX4032 

Finally, to prove an involvement of Nrf2 in HO-1 induction following PLX4032 exposure, Nrf2 

silencing was performed. As shown in Fig. 4-12, Nrf2 silencing prevented the overexpression 

(both mRNA and protein) of HO-1 due to 10μM PLX4032 treatment in MeOV-1 cells. 

 

 

 

 

 

Figure 4-12: Expression levels and immunoblot of HO-1 after Nrf2 silencing. Nrf2 silencing 

was performed for 24h before 10µM PLX4032 or 100μM Diethylmaleate (DEM) treatments. 

mRNA level of Nrf2 was evaluated to confirm the efficacy of gene silencing. HO-1 mRNA and 

protein expression were assessed by immunoblotting and by RT-PCR, and DEM was used as a 

positive control. 18S mRNA was used as housekeeping gene. Blots are representative of 2 

independent experiments. Mean ± S.E.M., *p<0.05. ***p<0.005. 
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4.3 Lowering oxygen tension does not modify MeOV-1 cell response 

to PLX4032 

As reviewed in Section 1.4, the oxygen tension in cell cultures is an important parameter to be 

taken into consideration especially when oxygen-sensitive molecular pathways are evaluated, 

including cellular antioxidant responses. In order to analyse whether reduction of oxygen tension 

in cell cultures can modify melanoma response to PLX4032, MeOV-1 cells were cultured under 

normoxia (5kPa O2). Moreover, in order to evaluate the role played by hypoxia in the activation 

of HO-1, some experiments were conducted in cells cultured under 1kPa O2. This part of the 

work was carried out in Prof. Mann’s laboratory at King’s College London where a Physiological 

Oxygen Facility with hoods with adjustable oxygen tension are available. Moreover, in order to 

evaluate the involvement of HO-1 in melanoma angiogenetic ability, medium collected from all 

the experimental conditions were used for tube formation assays on endothelial cells.  
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 MeOV-1 cells adapted to 1kPa O2 appear more elongated in comparison to 

MeOV-1 cells cultured under 18kPa O2 and 5kPa O2 

MeOV-1 cells cultured for 5 days under 18kPa O2 or 5kPa O2 look very similar. However, after 

5 days adaptation to 1kPa O2, cells appear elongated and less dense in comparison to MeOV-1 

cells cultured under 18kPa and 5kPa oxygen levels (Fig. 4-13) 

 

 

 

  

Figure 4-13: Melanoma cells morphology after 5 days of adaptation to different O2 levels. 

MeOV-1 cell were maintained in different oxygen conditions as indicated. Photos were taken 

using LumaView software; scale bar 200µm, 20x magnification. 
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 MeOV-1 growth rate under physiological normoxia and hypoxia is lower than 

under standard hyperoxic culture conditions 

The MeOV-1 cell line has never been cultured under different oxygen tensions. For this reason, 

MeOV-1 proliferation was measured to evaluate the impact of oxygen on cell growth. Fig. 4-14 

shows that MeOV-1 cells adapted for 5 days to 5kPa and 1kPa O2 exhibited a similar trend in 

growth rate. Whereas, MeOV-1 cell line adapted for 5 days under standard hyperoxic culture 

conditions (18kPa O2) showed a higher growth rate in comparison to melanoma cells adapted to 

either 5kPa or 1kPa O2 levels. These results were confirmed by measuring cell protein content. 

 

 

 

Figure 4-14: MeOV-1 proliferation and protein content after 5 days of adaptation to 

different O2 levels. (A) Proliferation rates is determined by cell counting in cells cultured under 

different oxygen tensions. (B) Total protein content was analysed in the same cultures in which 

cell proliferation was determined by cell counting. The graphs are representative of 2 independent 

experiments, with data denoting mean ± S.E.M. 
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 Different oxygen tensions do not affects the ability of PLX4032 treatment to 

inhibit ERK phosphorylation  

The efficacy of PLX4032 treatment was examined in MeOV-1 cells adapted to the different 

oxygen tensions. MeOV-1 exposure to PLX4032 for 24h abolished ERK phosphorylation in cells 

adapted to 5kPa O2 or 1kPa O2 (Fig. 4-15). 

  

Figure 4-15: Immunoblot analysis of ERK phosphorylation. p-ERK and total ERK were 

evaluated in MeOV-1 cells cultured at 18kPa or adapted to 5kPa and 1kPa O2 and then treated 

with 10µM PLX4032 (or DMSO) for 24h. -actin was used as a loading control. The blots are 

representative of 3 independent experiments. Mean ± S.E.M., *p<0.05, §§p<0.0001.  
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 HO-1 is upregulated by PLX4032 in cells cultured in all oxygen tensions 

HO-1 protein and mRNA levels were evaluated after 24h PLX4032 treatment (10µM). Even 

though with a less extent compare to cells cultured at 18kPa O2, HO-1 protein was induced by 

PLX4032 in cells cultured at 5kPa and 1kPa O2. 

Consistently, PLX4032-dependent mRNA HO-1 induction were observed in all experimental 

conditions tested (Fig. 4-16). 

 

 

 

   

 

 

 

 

 

Figure 4-16: Analysis of the effects of adaptation to different ambient oxygen levels on HO-

1 protein and mRNA expression. (A) HO-1 protein level was examined in MeOV-1 cells 

cultured under 18kPa or adapted to 5kPa and 1kPa O2 and then treated with 10µM PLX4032 (or 

DMSO) for 24h. -actin was used as a loading control. The blots are representative of 3-4 

independent experiments. Mean ± S.E.M., **p<0.01, ***p<0.005. (B) In the same experimental 

condition, HO-1 mRNA expression was assessed by RT-PCR in MeOV-1 cells. 18S mRNA level 

was used as housekeeping gene. The bands are representative of 4 independent experiments. 

Mean ± S.E.M., *p<0.05, ****p<0.001. 
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  GCLC, GCLM and NQO1 genes are not affected by PLX4032 treatment in 

MeOV-1 cells regardless different oxygen tensions  

In Sections 4.2.1 and 4.2.3, we showed no changes in the expression of Nrf2-dependent genes 

GCLC, GCLM and NQO1 after 24h or even short-time PLX4032 treatment. Fig. 4-17 shows that 

also in MeOV-1 cells adapted to different oxygen tensions, changes in Nrf2-dependent genes 

were not observed after 10µM PLX4032 exposure at any oxygen tension considered. 

  

 

Figure 4-17: Evaluation of mRNA of Nrf2 downstream genes. GCLC, GCLM and NQO1 

mRNA expression was assessed by RT-PCR in adapted MeOV-1 cells after 24h PLX4032 

treatment (10µM). 18S mRNA level was used as housekeeping gene. The bands are 

representative of 4 independent experiments. Mean ± S.E.M, **p<0.01. 
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 Bach1 expression is downregulated after 24h PLX4032 treatment regardless of 

oxygen tension    

In section 4.2.4 we showed the reduction of Bach1 expression at different time points in MeOV-

1 cells exposed to PLX4032. Fig. 4-18 shows that similar result was obtained also in cells adapted 

to 5kPa and 1kPa O2 and exposed to PLX4032. 

  

 

 

Figure 4-18: Immunoblotting of Bach1 after 24h treatment of 10µM PLX4032. Bach1 

protein levels were evaluated in MeOV-1 cells cultured at 18kPa or adapted to 5kPa and 1kPa 

O2 and then treated with 10µM PLX4032 (or DMSO) for 24h. -actin was used as a loading 

control. The blots are representative of 3 independent experiments. Mean ± S.E.M.,*p<0.05, 

***p<0.005. 
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  Different oxygen tensions do not affect the efficacy of PLX4032 treatment and 

HO-1 inhibition further improves it  

Figure 4-19 shows that 10µM PLX4032 treatment was able to significantly reduce cell viability 

by about 45% in MeOV-1 cells adapted at 18kPa O2, by about 36% in MeOV-1 cells adapted at 

5kPa O2 and by about 35% in MeOV-1 cells adapted at 1kPa O2 in comparison to cells treated 

with the DMSO alone. Moreover, HO-1 inhibition obtained by using SnMP-IX significantly 

further reduced cell viability of MeOV-1 treated with PLX4032 in all oxygen tensions.  

  

Figure 4-19: Melanoma cell viability after PLX4032 treatment and cotreatment with 

SnMP-IX. MeOV-1 were seeded in 6-well plates and cultured under 18kPa O2 or adapted to 

5kPa and 1kPa O2 for 5 days. Cells were then treated with 10µM PLX4032 and 10µM SnMP-IX 

for 24h. Graphs are representative of 5 independent experiments. Mean ± S.E.M. **p<0.01, 

§§p<0.0001. 
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 HIF-1α levels are abolished after PLX4032 treatment in MeOV-1 cells adapted 

to 18kPa and 5kPa O2 but still present in cells adapted at 1kPa O2 

Since experiments were conducted to examine the effects of lowering O2 tension, it seemed 

important to check the expression of HIF-1α, a critical transcription factor in the induction of cell 

responses to hypoxia (Ratcliffe et al., 1998). It is important to note that HIF-1α expression can 

be already upregulated in melanoma cells under basal conditions due to the BRAFV600 mutation, 

as observed for other BRAFV600 mutated melanoma cells (Kumar et al., 2007). 

 In agreement, we found that HIF-1α is expressed in untreated cells and that basal expression 

trended to increase in cells adapted to 1kPa O2.  Moreover, exposure of cells to PLX4032 for 24h 

resulted in a reduction in HIF-1α protein expression in cells cultured under 18kPa or 5kPa O2. In 

contrast, the reduction in HIF-1α expression was significant lower in cells cultured under 1kPa 

O2. Furthermore, inhibition of HO-1 with SnMP-IX did not modify PLX4032 mediated effects 

on HIF-1α protein levels. 

 

Figure 4-20: HIF-1α protein levels in MeOV-1 cells adapted for 5 days to different O2 level 

and treated with PLX4032 and SnMP-IX. HIF-1α protein level was evaluated by immunoblot 

analysis in MeOV-1 cells cultured at 18kPa or adapted to 5kPa and 1kPa O2 and then treated with 

10µM PLX4032 (or DMSO) and 10µM SnMP for 24h. β-actin was used as a loading control. 

The blots are representative of 3 different MeOV-1 cultures. Mean ± S.E.M. *p<0.05, 

***p<0.005, §p<0.0005. 
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 Conditioned medium from MeOV-1 cells treated with PLX4032 increases 

endothelial tube formation  

To evaluate the angiogenic potential mediated by upregulation of HO-1, a tube formation assay 

was performed using conditioned medium from MeOV-1 cells. Fig. 4-21 shows that BAEC cells 

seeded with conditioned medium (CM) derived from melanoma cells treated with 10µM 

PLX4032 increased endothelial tube formation compared to cells seeded with CM derived from 

DMSO-treated MeOV-1 cells. Interestingly, silencing of HO-1 activity significantly reduced the 

pro-angiogenic stimulus highlighting a possible role for HO-1 in mediating pro-angiogenic 

activity of melanoma cells exposed to PLX4032. 

 

 

 

Figure 4-21: Tube formation is increased in BAEC seeded with medium from PLX4032-

treated MeOV-1 cells. MeOV-1 cells were silenced for HO-1 and treated as indicated. Tube 

number was quantified using WIMASIS Image Analysis Software. Images were obtained using 

Leica IM500 Software; scale bar 200µm. Data denote mean ± S.E.M., n = 4 independent MeOV-

1 cultures, *p<0.05. 
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 CM from MeOV-1 treated with HO-1 inhibitor and exposed to PLX4032 reveals 

a decreased ability to form endothelial tubes 

Based on the results obtained with HO-1 silencing, the effect of pharmacological inhibition of 

HO-1 has also been tested. Fig. 4-22 shows, from one preliminary experiment, that when BAEC 

cells were seeded with CM derived from MeOV-1 treated with HO-1 inhibitor and PLX4032, 

tube formation was reduced. 

 

Considering the strong effect observed in endothelial cells treated with CM derived from MeOV-

1 exposed to SnMP-IX, further experiments will be designed to exclude toxicity of SnMP-IX in 

endothelial cells. 

 

 

 

 

 

 

 

 

 

Figure 4-22: Tube formation test using BAEC. BAEC were seeded on Matrigel with CM 

derived from MeOV-1 cells treated as indicated. Data derived from n = 1 experiment. Tube 

number was quantified using WIMASIS Image Analysis Software. Images were obtained using 

LumaView software; scale bar 200µm. 
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 CM from MeOV-1 adapted to 5kPa and 1kPa O2 and co-treated with 

PLX4032/SnMP-IX reduces tube formation in HECV and hCMEC/D3 adapted 

to 5kPa O2 

Experiments showed in sections 4.3.9 and 4.3.10 were conducted using MeOV-1 and BAEC cells 

cultured in standard conditions (18kPa O2). 

Then, the experimental setting was modified in order to mimic the oxygen tensions measured in 

vivo (Keeley et al., 2019). We used MeOV-1 adapted to normoxia (5kPa O2) or hypoxia (1kPa 

O2) and endothelial cells (HECV and hCMEC/D3) adapted to normoxia. HECV are an 

immortalized cell line derived from HUVEC (Romano et al., 2009). Moreover, since is widely 

known that the brain is one of the organs where melanoma frequently can metastasize, the 

hCMEC/D3 cell line derived from the cerebral microvasculature (Weksler et al., 2013) was also 

used. Fig 4-23 shows that CM derived from melanoma cells adapted to 5kPa or 1kPa O2 

recapitulated in both endothelial cell lines the pro-angiogenetic effects observed using cells 

cultured in standard 18kPa O2 conditions. In particular, enzymatic inhibition of HO-1 in MeOV-

1 cells always prevented tube formation. 

The data shown are still preliminary, deriving from two experiments for cells adapted to 5kPa O2 

and from one experiment for cells adapted to 1kPa O2.  
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Figure 4-23: HECV and hCMEC/D3 tube formation induced by conditioned medium from 

MeOV-1 adapted to 5kPa and 1kPa O2. HECV and hCMEC D3 were adapted for 5 days at 

5kPa O2. Cells were seeded on Matrigel with CM from MeOV-1 cells adapted to 5kPa or 1kPa 

O2 and treated with PLX4032 and SnMP-IX, as indicated. n = 2 for 5kPa O2, n = 1 for 1kPa O2. 

Images were obtained using LumaView software; scale bar 200µm. 
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 VEGF mRNA expression is not modified by PLX4032 treatment in MeOV-1 

cells cultured under different oxygen tensions 

Analysis of VEGF showed the increased expression of mRNA basal level in MeOV-1 cells 

adapted to 1kPa O2. Moreover, cells treated with PLX4032 and SnMP-IX under different oxygen 

tensions revealed no significant changes in all experimental conditions tested. 

 

 

 

 

 

Figure 4-24: mRNA expression of VEGF in PLX4032-treated MeOV-1 cells in different 

oxygen tensions. VEGF mRNA expression was assessed by RT-PCR in adapted MeOV-1 cells 

after 24h treatment with 10µM PLX4032 and/or 10µM SnMP-IX. 18S mRNA was used as a 

housekeeping gene. Data denote mean ± S.E.M. *p<0.05, n = 4 independent MeOV-1 cultures. 
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 DISCUSSION 

In the present study, upregulation of heme oxygenase 1 (HO-1) in primary BRAFV600 melanoma 

cells was shown for the first time to limit the efficacy of Vemurafenib/PLX4032 and to reduce 

cell recognition by Natural Killer (NK) cells. Moreover, Nrf2 activation and Bach1 inhibition 

have been shown to be involved in HO-1 upregulation which limits PLX4032 efficacy in cells 

cultured at under standard (18kPa) and lower (5kPa and 1kPa) oxygen levels. Finally, preliminary 

data implicate HO-1 downregulation/inhibition in MeOV-1 cells with the reduction of pro-

angiogenic activity of conditioned media from melanoma cells treated with PLX4032.  

Even with significant improvements achieved with new targeted therapeutic approaches, 

melanoma still has a highly unfavourable prognosis. Indeed, 50% of patients who present the 

somatic mutation of BRAF at the codon 600 (BRAFV600), responsible for the continuous 

activation of the MAPK pathway, can be treated with specific inhibitors of BRAF kinase 

pathway. Indeed, Vemurafenib/PLX4032 has been proved very effective against BRAFV600 

mutated melanomas, significantly improving the patient survival rate. Unfortunately, in most 

cases, drug resistance is associated with tumor relapse development (McArthur et al., 2014). 

Thus, research focused on new potential candidates to improve the efficacy of targeted therapies 

is pivotal. 

The present study postulated a role for HO-1 as a possible limiting factor of PLX4032 efficacy. 

HO-1 is a powerful stress sensor in cells and is efficiently upregulated increasing cell resistance 

through the activity of its metabolites, such as CO and bilirubin which display antioxidant, 

antiapoptotic and immune-regulatory properties (Loboda et al., 2015). The role of HO-1 

upregulation in cancer progression has already been highlighted in different types of tumors 

(Furfaro et al., 2016; Nitti et al., 2017). However, studies on the role of HO-1 in melanoma are 

rarely reported, and its function in melanoma development and progression is poorly 

characterized. 

In this study, three primary BRAFV600 mutated melanoma cell lines (MeOV-1, MeTA and MeMI) 

isolated in house from patients have been used, thanks to the collaboration with Prof. Pietra from 

the Laboratory of Clinical Immunology, Ospedale Policlinico San Martino, Genoa. Cells were 

fully characterized at the local Biobank. Cells have been treated with 1-10μM PLX4032, a range 

of doses comparable with the ones used in clinic. In all cell lines, HO-1 expression increased 

after exposure to PLX4032, both in terms of mRNA and protein, limiting the efficacy of 

PLX4032 in reducing melanoma viability. Indeed, HO-1 silencing, which efficiently prevents 

HO-1 upregulation, further reduced cell viability in PLX4032-treated cells, as also shown in 
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combination with the lowest dose of the drug (1μM) in MeOV-1 and MeMI cells. Similar results 

were also obtained with the highest dose of PLX4032 (10μM) in MeOV-1, MeTA and MeMI 

cells. Thus, the ability of HO-1 to limit PLX4032 efficacy is not cell specific, as it is shared by 

different BRAFV600 mutated melanoma lines. Importantly, other cell lines carrying the BRAFV600 

mutation were analysed and showed basal expression of HO-1 but no induction after PLX4032 

exposure (data not shown). The potential role of basal HO-1 expression in these cell lines was 

not investigated further. Interestingly, the BRAF wild type line (MeWO) which is insensitive to 

PLX4032 exposure, exhibits neither basal expression nor induction of HO-1, even though is able 

to upregulate HO-1 when exposed to a classical HO-1 inducer (Hemin).  

Although there is no reports of expression of HO-1 in MeWO cells, the present findings suggest 

that the molecular mechanism underlying HO-1 induction in MeOV-1 cells in response to 

PLX4032 is directly linked to pERK inhibition, which is not achieved in wild type BRAF cells 

exposed to PLX4032. Consistent with our results, it has been recently reported that BRAF-ERK 

pathway activation is associated with HO-1 induction, leading to cyclin activation and promoting 

melanoma proliferation (Liu et al., 2019). In the same work, HO-1 has been reported to be 

increased in melanoma samples compared with surrounding normal tissues by 

immunohistological analysis (Liu et al., 2019). Furthermore, other studies have reported stronger 

HO-1 immunoreactivity in malignant nodules compared to benign nevi (Arena et al., 2015). 

However, studies conducted on melanoma cell lines generally report a very low (if none) basal 

expression of HO-1 which is then upregulated by stressors (Keyse et al., 1989; Was et al., 2006). 

However, other evidence suggests that upregulation of HO-1 may not be related to BRAF 

mutation. Indeed, suppression of HO-1 has been shown to favor arsenic-induced apoptosis in 

both BRAF mutated and wild type melanoma cell lines (Ivanov et al., 2011). However, it is 

important to note that melanoma is a high heterogeneous tumor type, and that basal expression, 

as well as the induction of HO-1, can be influenced by the activation of many signalling 

pathways. The role of HO-1 in different types of melanoma and different stages of melanoma 

progression remain to be investigated. 

In MeOV-1, MeTA and MeMI, we also tested the ability of SnMP-IX, a specific pharmacological 

HO-1 inhibitor, to improve PLX4032 efficacy and found that it improves PLX4032 effects, 

similar to the effects of HO-1 silencing. SnMP-IX has been already used in the clinic to treat 

hyperbilirubinemic disease (Valaes et al., 1994) and has been proposed to increase the efficacy 

of chemotherapy in neuroblastoma (Barbagallo et al., 2019) and melanoma (Barbagallo et al., 

2015) and act as check point inhibitor in breast cancer (Muliaditan et al., 2018). Our observations 

clearly show the efficacy of the combined treatment even at the lowest dose of PLX4032 used. 
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This opens to the possibility to combine PLX4032 treatment with HO-1 inhibitors, enabling the 

dose of PLX4032 to be reduced and thereby minimize side effects. 

We subsequently analyzed whether BRAF inhibition may interfere with melanoma recognition 

by NK cells and the involvement of HO-1. NK cells play a pivotal role in the control of tumor 

growth and metastases and an impaired cytotoxic activity of NK cells has been correlated with 

melanoma relapse and progression, as shown by the reduced NK infiltration in metastatic nodules 

from BRAFi resistant patients (López-Cobo et al., 2018). Thus, one of the current therapeutic 

challenges is to overcome tumor immune escape and restore NK cell recognition ability. To 

address this challenge, a detailed knowledge of the molecular mechanisms involved in NK killing 

activity toward tumor cells remains fundamental. Among activating cytotoxicity receptors on NK 

cells are NKp30, which binds to B7H6 ligand on tumor cell and NKG2D receptor that binds 

UL16-binding proteins (ULBP1-6). 

We evaluated the expression of B7H6 and ULBP3 ligands on melanoma cells. Indeed, even if 

the pattern of NK cell ligands expression is highly tumor cell-specific and dependent on the 

oncogenic route activated in the different melanoma cells (Frazao et al., 2017), B7H6 and ULBP3 

are the preferential molecular targets for NK cell-mediated recognition and killing of MeOV-1 

cells, as shown by our collaborator Prof. Pietra (Pietra et al., 2009, 2012). Analysis of MeOV-1 

cells treated with PLX4032 revealed that B7H6 and ULBP3 mRNA expression was significantly 

downregulated in cells treated with 1μM or 10μM PLX4032, and that HO-1 silencing or HO-1 

inhibition restored their expression.  

These data shown are part of a study conducted in collaboration with Prof. Pietra’s laboratory of 

Clinical Immunology and were published jointly in 2020 (Furfaro et al., 2020). In addition to the 

results in this thesis, evidence that NK cells degranulation and killing is reduced towards 

melanoma cells treated with PLX4032 has been reported as well as the demonstration that HO-1 

inhibition or silencing is able to restore NK cells recognition and killing (Furfaro et al., 2020). 

To our knowledge, this is the first evidence establishing the involvement of HO-1 in regulation 

of NK ligand expression. Other research groups have recently shown a decrease in the activity of 

NK cells towards melanoma cells treated with BRAFis, without reference to HO-1 involvement. 

Indeed, these studies have shown that increasing the expression of ligands for NK receptors 

through treatment with histone deacetylase inhibitors restores the recognition and killing of 

melanoma cells by NK (López-Cobo et al., 2018; Wu et al., 2012). Evidence of HO-1 

involvement in immune recognition has been provided in other contexts. Indeed, it has been 

demonstrated that HO-1 is involved in the regulation of programmed death-1 ligand 1 (PD-L1) 

expression in renal cancer cells and its induction contributes to immune-escape (Balan et al., 

2015). Moreover, it has been recently proposed that HO-1 inhibition obtained by SnMP-IX 
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improves the immunological response to chemotherapy (Muliaditan et al., 2018). Furthermore, 

Schillingmann and collaborators showed that HO-1 inhibition using SnMP-IX improves T-cells 

specific function in the treatment of patients with Wilms disease (Schillingmann et al., 2019) and 

Yong and co-workers demonstrated that HO-1 inhibition in acute myeloid leukaemia (AML) 

increases immune cell responses (Yong et al., 2020). CO and bilirubin, two metabolites of HO-1 

activity, may be possible candidates to explain the immune-regulatory effects. Indeed, even 

though no evidence has been reported so far in cancer cells, CO plays a pivotal role in reducing 

immune cell functions (Ryter et al., 2016) and bilirubin is a well-recognised immune modulator 

(Haga et al., 1996; Sundararaghavan et al., 2018).  

 

Subsequently, in this work we investigated the molecular pathways that determine the up-

regulation of HO-1 in the MeOV-1 cell line. The major transcription factor, even if not the only 

one, involved in the induction of HO-1, is Nrf2 and HO-1 induction observed in MeOV-1 cells 

exposed to PLX4032 was shown to be dependent from Nrf2 activation. Indeed, Nrf2 silencing 

prevented PLX4032 induced HO-1 up-regulation. Interestingly, only HO-1 is induced whilst up-

regulation of other Nrf2-dependent genes such as GCLC, GCLM and NQO1 was not observed. 

However, the involvement of other transcription factors in HO-1 induction due to PLX4032 

cannot be ruled out. Notably, Nrf2 shows a quick response to PLX4032, moving into the nucleus 

in the first 2 hours of treatment, whilst HO-1 is still induced 24 hours after PLX4032 treatment. 

Thus, we cannot exclude that other pathways may synergize with Nrf2 to sustain HO-1 induction. 

In this context, it is conceivable that AKT/PI3K plays a role. Indeed, PI3K/AKT and MAPK/ERK 

pathways crosstalk has been crucially highlighted as a mechanism involved in cancer resistance 

to therapy, since the inhibition of one pathway can activate the other as a compensatory 

mechanism (Cao et al., 2019). Moreover, it has been recently shown that AKT activation can 

drive melanoma progression and resistance to PLX4032 of BRAF mutated melanoma (Luebker 

et al., 2019; Ma et al., 2020). In addition, the AKT/PI3K pathway has been demonstrated to be 

involved in HO-1 induction in the context of modulation of inflammatory responses (Shi et al., 

2019) and in cancer cell responses (Dal-Cim et al., 2012). However, this aspect has not been 

investigated in the present study. 

Moreover, the oxidative state of melanoma cells treated with PLX4032 merits consideration. It 

has been demonstrated that PLX4032, even following short-term treatment, promotes 

mitochondrial respiration favoring reactive oxygen species (ROS) production (Hall et al., 2013; 

Lim et al., 2014; Menon et al., 2015). Moreover, PLX4032-resistant melanoma cells show a high 

rate of mitochondrial activity and oxidative stress (Corazao-Rozas et al., 2013). Thus, it is 

possible that Nrf2 acts as sensor of oxidative stress through the degradation of its inhibitor Keap1, 
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promoting the transcription of HO-1. However, since oxidative stress was not examined in 

PLX4032 treated cells, we cannot exclude the possible involvement of non-canonical pathways 

of Nrf2 activation such as GSK3β. Indeed, upregulation of the Wnt/GSK3β pathway has been 

associated with resistance to BRAF inhibitor therapy (Shi et al., 2019) and correlated with 

melanoma progression (Da Forno et al., 2008). Further, GSK3β is involved in Keap-1 

independent activation of Nrf2 (Chowdhry et al., 2013), and this pathway deserves more 

investigation in order to complete the analysis of molecular mechanisms involved in HO-1 

induction in PLX4032 treated cells. 

However, our results strongly highlight the role played by Bach1 in the induction of HO-1. 

Indeed, it is known that Bach1 is a negative modulator for genes containing ARE sequence and 

therefore is a competitor for Nrf2 (Dhakshinamoorthy et al., 2005). In particular, Bach1 represses 

the expression of HO-1 by forming heterodimers with Mafs (Ogawa et al., 2001). Indeed, these 

Bach1/Mafs complex is specific for the ARE sequences contained in HO-1 promoter and makes 

AREs inaccessible for the activation by Nrf2 (Raghunath et al., 2018). In this way, Bach1 could 

play a specific role as a negative regulator of HO-1 more than of other Nrf2-dependent genes. 

We demonstrated that Bach1 expression after short (3-6h) and long-term (24h) PLX4032 

treatments is decreased. We observed similar results in other contexts, providing evidence that 

HO-1, but not GCLC or GCLM, was induced in response to oxidative stress in neuroblastoma 

cells (Piras et al., 2017). In addition, it has been shown that the BRAFV600 mutation upregulates 

sMaf and recruiting a set of other repressors among which Bach1 and favours transcriptional 

repression of genes involved in promoter methylation (Fang et al., 2016). 

 

In the last part of this study, the effect of the oxygen tension on MeOV-1 cells treated with 

PLX4032 was examined. It is well known that oxygen tension under standard culture conditions 

is higher than physiological oxygen levels encountered in vivo (Keeley et al., 2019) and this can 

lead to different cellular responses. In addition, in cancer the complexity of the microenvironment 

highlights the importance of oxygen tension. Indeed, in tumor growth hypoxia is a driver of tumor 

progression inducing cell modification in order to survive and proliferate (Ke et al., 2006). For 

these reasons, we used Baker-Ruskin Sci-tive workstations in order to adapt BRAFV600E MeOV-

1 cells to 5kPa and 1kPa O2 and to determine whether the effects of PLX4032 treatments were 

affected by alterations in ambient oxygen levels. 

Although MeOV-1 cells exhibited a slower growth rate and a modest change of morphology 

under lower oxygen levels, the efficacy of PLX4032 was not modified. In fact, ERK 

phosphorylation was abolished by PLX4032 treatment in cells adapted at 5kPa or 1kPa O2 as 

well as in cells cultured at 18kPa O2. This result is in agreement with a publication showing that 
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PLX4032 maintains its efficacy in inhibiting ERK pathway on BRAF mutated melanoma cells 

exposed to hypoxia conditions (Pucciarelli et al., 2015).  

Moreover, HO-1 was significantly upregulated by PLX4032 at 1kPa O2, comparable to 18kPa, 

with a similar trend observed at 5kPa O2. However, mRNA expression of HO-1 was always 

significantly increased by PLX4032 treatment under all experimental conditions. Other Nrf2-

dependent genes were not modified and Bach1 was always downregulated by PLX4032 both at 

5kPa or 1kPa O2. In agreement with our results, a study of Chapple and co-workers reported that 

mRNA/protein levels of Bach1 were upregulated in HUVEC adapted to 5kPa O2 independently 

on HIF-1α stabilization. In the same experimental condition, Bach1 silencing only restored Nrf2-

regulated upregulation of HO-1 (Chapple et al., 2016). 

In addition, HO-1 enzymatic inhibition further reduces cell viability in combination with 

PLX4032 in cells adapted to different oxygen tensions. Thus, our data obtained with cells adapted 

to 5kPa and 1kPa O2 essentially recapitulate what observed in standard cultured conditions. In 

addition, from the analysis of HIF-1α we established that MeOV-1 cells have a high basal 

expression of HIF-1α. It has been demonstrated that BRAFV600E mutation per se increases the 

expression of HIF-1α (Kumar et al., 2007) leading cell resistance to hypoxic conditions. In 

agreement, we demonstrated a trend of increased expression of HIF-1α in hypoxia most likely 

due to protein stabilization as already demonstrated by others (Chang et al., 2005; Ke et al., 2006). 

Furthermore, Kuphal and co-workers demonstrate that an environment with high ROS levels and 

inhibition of NF-kB, a pathway already involved in melanoma chemoresistance (Lehraiki et al., 

2015), is associated with increased HIF-1α stabilization (Kuphal et al., 2010). The increased 

stabilisation of HIF-1α may be a reason why PLX4032 is less effective in reducing HIF-1α 

expression in cells adapted to 1kPa O2 in comparison to cells adapted to 5kPa or 18kPa O2. In 

agreement with our results, a study by Widmer and co-workers shows that invasive melanoma 

did not increase its invasive potential after hypoxia (Widmer et al., 2013). However, this aspect 

deserves further investigation.  

 

Finally, the proangiogenic activity of PLX4032-treated cells was investigated. Our data 

demonstrate that conditioned media from PLX4032-treated MeOV-1 cells are able to increase 

endothelial tube formation, and interestingly both genetic ablation and enzymatic inhibition of 

HO-1 reduces this effect. Similar results were obtained using different endothelial cell lines in 

both standard (18kPa O2) and lowered oxygen conditions (5kPa and 1kPa O2). Unfortunately, 

only preliminary data with endothelial cells adapted to normoxia and melanoma cells treated in 

normoxia or hypoxia could be obtained. However, the involvement of HO-1 

dowregulation/inhibition in preventing the pro-angiogenetic activity of MeOV-1 conditioned 
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media merits further investigation. Moreover, even though we believed that PLX4032 inevitably 

dowregulated the expression of VEGF (Beazley-Long et al., 2015), more recent evidence 

suggests that VEGF expression is not modified by PLX4032 treatment (Osrodek et al., 2019). 

Moreover, in the latter study, in agreement with our results, the induction of VEGF was 

demonstrated in cells cultured at lower oxygen tension. Indeed, our data show no modification 

in the expression level of VEGF in cells exposed to PLX4032 under any of the experimental 

conditions tested, but an increased expression of VEGF in cells exposed to 1kPa oxygen. 

Importantly, similar results concerning VEGF expression and HO-1 expression have been 

already published. In 2006, Was and co-workers evaluated the role of HO-1 overexpression in 

melanoma cells. They demonstrated that conditioned medium (CM) derived from HO-1 

overexpressing melanoma cells increased the angiogenic potential of HUVEC 5-fold compared 

to unconditioned medium. Interestingly, in wild type melanoma cells and HO-1 overexpressing 

melanoma cells, VEGF levels were very similar. Furthermore, the treatment of CM with anti-

VEGF antibodies did not modify the ability to form tubes of HUVEC cells, suggesting that VEGF 

could have a secondary role in the angiogenic potential of HO-1 overexpressing melanoma cells. 

However, the treatment of CM with anti-VEGF antibodies prevented endothelial cell 

proliferation induced by CM from wild type melanoma cultured under hypoxic conditions (Was 

et al., 2006), emphasizing the importance of VEGF in mediating angiogenesis induced by 

hypoxia. Thus, the role of HO-1 in proangiogenic activity of melanoma cells merits further 

investigation in order to identify and characterize new targets to potentially modulate and/or 

prevent melanoma metastases. 
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 CONCLUSIONS AND FUTURE RESEARCH 

PERSPECTIVES  

This study has provided the first evidence that in primary melanoma cell lines harbouring the 

BRAFV600 mutation, upregulation of heme oxygenase 1 (HO-1) induced by 

Vemurafenib/PLX4032 treatment reduces cell recognition of NK cells through the 

downregulation of specific activation ligands. Moreover, the present work demonstrates that 

modulation of Nrf2 and Bach1 induced by PLX4032 is involved in the upregulation of HO-1, 

leading to the reduction of chemotherapic drug efficacy in cells cultured under normoxia or 

hypoxia.  Finally, preliminary data on the role played by HO-1 silencing or inhibition in the 

reduction of the angiogenic potential of MeOV-1 cells has been provided, further highlighting 

the potential importance of HO-1 as a target to reduce melanoma progression. 

 

However, the role played by HO-1 in the different types of melanoma remains to be investigated. 

As discussed, other melanomas can express HO-1 in untreated conditions and the functional 

meaning of this requires further investigation as well as consideration different types of 

melanomas. Thus, studies of possible correlations between tumor stage and HO-1 expression 

could highlight HO-1 as a possible tumor progression marker useful for clinical prognosis. 

 

Furthermore, it is crucial to dissect the role of Nrf2 and Bach1 in HO-1 induction due to PLX4032 

and their possible correlation with the modulation of NK ligand expression. Thus, a more detailed 

study of the molecular pathways involved in HO-1 induction needs to be conducted in a wider 

range of melanoma cell lines, wild type and BRAF mutated, in order to identify new targets to 

improve immune-recognition of melanoma cells. There may be other signalling pathways that 

can be modulated in BRAF mutated melanoma cells exposed to targeted therapies, and these need 

to be further investigated as they may be involved in HO-1 induction or cooperate with it in 

increasing cell resistance and in favouring immune-escape.  

 

The experimental approach we used to study melanoma in normoxia or hypoxia can be further 

applied for an in depth analysis of the role of lowering oxygen tension in other cell lines, using 

both BRAF mutated and wild type BRAF cell lines. Similarly, the data obtained on the potential 

role of HO-1 induction in favouring angiogenesis need to be confirmed even though some results 

are already published by other authors. Further studies, using other mutated cell lines, are 

warrented to avoid cell-specific results. In summary, based on the present study, further research 
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is required to clarify the molecular pathway(s) linking HO-1 overexpression to the proangiogenic 

stimulus in conditioned MeOV-1 media, taking also into account other angiogenic factors closely 

related to HO-1 upregulation, such as CO and bilirubin and their potential role in modulating 

endothelial cells in a tumor microenvironment. Furthermore, such studies should be investigated 

not only under standard culture conditions (18kPa O2) also under normoxia (5kPa O2) and 

hypoxia (1kPa O2) since different pathways may be affected under the different oxygen tensions.  
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 APPENDIXES 

Appendix 1: Composition of RPMI 1640 medium for MeOV-1 cell line 

Amino Acids Concentration (mg/L) 

Glycine 10.0 

L-Arginine 200.0 

L-Asparagine 50.0 

L-Aspartic acid 20.0  

L-Cystine 2HCl 65.0 

L-Glutamic Acid  20.0 

L-Histidine 15.0 

L-Hydroxyproline 20.0 

L-Isoleucine 50.0 

L-Leucine 50.0 

L-Lysine hydrochloride 40.0 

L-Methionine 15.0 

L-Phenylalanine 15.0 

L-Proline 20.0 

L-Serine 30.0 

L-Threonine 20.0 

L-Tryptophan 5.0 

L-Tyrosine disodium salt 29.0 

L-Valine 20.0 

  

Vitamins Concentration (mg/L) 

Biotin 0.2 

Choline chloride 3.0 

D-Calcium pantothenate 0.25 

Folic Acid 1.0 

Niacinamide 1.0 

Para-Aminobenzoic Acid 1.0 

Pyridoxine hydrochloride 1.0 

Riboflavin 0.2 

Thiamine hydrochloride 1.0 

Vitamin B12 0.005 
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Appendix 2: Composition of DMEM medium for endothelium cell lines 

Inorganoc Salts Concentration (mg/L) 

CaCl2 265 

Fe(NO3)3 • 9H2O 0.1 

MgSO4 97.67 

KCl  400 

NaHCO3 3700 

NaCl 6400 

NaH 2PO4 109 

Amino Acids  

L-arginine • HCl 840 

L-cystine • 2HCl 626 

L-Glutamine --- 

Glycine 30 

L-Histinine • HCl • H2O 420 

L-isoleucine 105 

L-leucine 105 

L-lysine • HCl 146 

L-methionine 30 

L-Phenylalanine 66 

L-serine 42 

L-Threonine 95 

L-Tryptophan 16 

i-Inositol 35 

Inorganic Salts  

Calcium nitrate (Ca(NO3)2 4H2O) 100 

Magnesium Sulfate (MgSO4-7H2O) 100 

Potassium Chloride (KCl) 400 

Sodium Bicarbonate (NaHCO3) 2000 

Sodium Chloride (NaCl) 6000 

Sodium Phosphate dibasic (Na2HPO4-7H2O) 1512 

Other Components Molecular Weight 

D-Glucose (Dextrose) 2000 

Glutathione (reduced) 1 

Phenol Red 5 
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L-Tyrosine • 2Na • 2H2O 120.37 

L-valine 94 

Vitamins  

Choline Chloride 4 

Folic Acid 4 

Myo-inositol 7.2 

Niacinamide 4 

D-pantothenic Acid • ½ Ca 4 

Pyridoxine • HCl 4.04 

Riboflavin 0.4 

Thiamine • HCl 4 

Other  

D-glucose 1000 

Hepes --- 

ADD  

L-glutamine 584 

 

 

Appendix 3: Composition of 4x tris-SDS pH 8.8 

Component Concentration  

Tris base 1.5 M pH 8.8 

SDS  0.4%  

 

 

Appendix 4: Composition of 4x tris-SDS pH 6.8 

Component Concentration  

Trizma base 0.5 M pH 6.8 

SDS 0.4 %  

 

Appendix 5: Staking gel for SDS-PAGE 

Component Concentration 

4x Tris-SDS pH 6.8 Tris-base 125 mM 

SDS 0.1% 

30% Acrylamide 4% 

Ammonium persulfate (APS) 0.05% 

Tetramethylethylenediamide (TEMED) 0.08% 
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Appendix 6: Resolving gel for SDS-PAGE 

Component Concentration 

4x Tris-SDS pH 8.8 Tris-base 375 mM 

SDS 0.1% 

30% Acrylamide 10% or 8% 

Ammonium persulfate (APS) 0.04% 

Tetramethylethylenediamide (TEMED) 0.08% 

 

 

Appendix 7: SDS-PAGE electrophoresis Buffer (Cambridge Reagents) 

Component Concentration 

Tris base 25 mM 

Glycine 192 mM 

SDS 1% 

 

 

Appendix 8: Transfer buffer 

Component Concentration 

Tris Base 25 mM 

Glycine 192 mM 

Methanol 20% 

 

 

Appendix 9: Phosphatase Buffered Saline (PBS) with 0.1% Tween (1 litre)  

Component Concentration 

10x PBS tablets (OXOID, BR0014C) 1x 

TWEEN® (Sigma, P5927-500) 0.1% 

 

 

Appendix 10: Tris Buffered Saline (TBS) with 0.1% Tween (1 litre) 

Component Concentration 

Tris-base 20 mM 

NaCl 137 mM 

HCl (1M) -- 

TWEEN® (Sigma, P5927-500)  0.1% 

Adjust pH to 7.5  
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Appendix 11: List of primary antibodies for immunoblotting and IF 

Antibody Manufacturer Product ID Dilution Host species Molecular Weight 

(kDa) 

HO-1 BD Ab610713 1:500 mouse 32 

HO-1 Origene  1:2000 rabbit 32 

HIF-1a AbCAM Ab179483 1:1000 rabbit 95-105 

ERK tot Cell signalling 91025 1:1000 rabbit 42-44 

Phospho-

ERK 

Cell signalling  1:1000 rabbit 42-44 

Bach1 Bethyl Lab A303-057A 1:4000 rabbit  

b-actin Sigma A1978 1:10000 mouse 42 

Actin Sigma  1:10000 mouse 42 

Nrf2 Santa cruz Sc-365949 C-

20 

1:100 (IF) rabbit --- 

 

 

Appendix 12: List of secondary antibodies for immunoblotting and IF 

Antibody Manufacturer Product ID Dilution 

Anti-Rabbit Amersham NA934V 1:10000 

Anti-Mouse Amersham NA9310V 1:10000 

ALEXAfluor antibody 488  Thermo Fisher  1:500 

 

 

Appendix 13: Primers for PCR for MeOV-1 

Primer 

name 

Amplicon Forward 5 → 3 Reverse 5 → 3 

HMOX1 284 bp gtc caa cat cca gct ctt tga gg gac aaa gtt cat ggc cct ggg a 

B7H6 143 bp gac ctg gag cca ttg tgt ct aag ctg gac tgt tcc ctg tg 

ULBP3 209 bp gcc tcg cga ttc ttc cgt ctg ctc ttc tag gtg acc c 

Nrf2 500 bp cct gag tta cag tgt ctt aa act gag tgt tct ggt gat g 

GCLC 206 bp atg gag gtg caa tta aca gac act gca ttg cca cct ttg ca 

GCLM 408 bp cca gat gtc ttg gaa tgc tgc agt caa atc tgg tgg 

NQO1 516 bp cac tga tcg tac tgg ctc a gca gaa tgc cac tct gaa t 

VEGFA 221 bp ggg cag aat cat cac gaa gt tgg tga tgt tgg act cct ca  

18S 296 bp ggg gcc cga agc gtt tac t ggt cgg aac tac gac ggt atc 
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Appendix 15: Ripa Buffer 

Component Concentration 

Deoxycholic acid (Serva, DE) 2% 

NaCl  150mM 

Tris HCl 50mM 

Sodium Dodecyl Sulphate 0.1% 

Igepal NP40 (Sigma, UK) 1% 

 

 

Appendix 17: Ripa Buffer + Inhibitors 

Component Concentration 

Complete™, Mini, EDTA-free Protease Inhibitor 

Cocktail (Roche, DE) 

1x 

Phosphatase Inhibitor Cocktail 3 (Sigma, UK) 1% 

PMSF (Sigma, UK) 1mM 

 

 

 

 


