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Abbreviations 

 

aCGH: array comparative genomic hybridization  

AKT: v-akt murine thymoma viral oncogene  

ANGPLT4: angiopoietin like 4  

ASR: age-standardized rate  

ATF6: activating transcription factor 6    

BiP/GRP78/HSPA5: binding-immunoglobulin protein/ glucose- regulated protein 78/ heat 

shock protein A5  

BRAF: v-raf murine sarcoma viral oncogene homolog B1  

BRAFi  BRAF inhibitor 

CCND1: cyclin D1  

CDK4: cyclin dependent kinase 4  

CDKN2A: cyclin dependent kinase inhibitor 2A  

CHOP/DDIT3: DNA damage inducible transcript 3  

COT/ MAP3K8: mitogen activated protein kinase kinase kinase 8  

DMSO: dimethyl sulfoxide  

DRAM1: DNA damage regulated autophagy modulator 1  

ECM: extracellular matrix  

EGFR: epidermal growth factor receptor  

EPHA2: EPH receptor A2  

ER: endoplasmic reticulum   

ERAD: ER associated degradation  

EXT1: exostosin glycosyltransferase 1  

FBS: fetal bovine serum  

FDR: false discovery rate  

FGF2:  fibroblast growth factor 2  

FISH: fluorescence in situ hybridization  

Grb2: growth factor receptor bound protein 2  

IGF-1R: insulin-like growth factor 1 receptor   

IL-2: interleukin-2  
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IRE1: inositol-requiring enzyme 1  

LOXL1: lysyl oxidase like 1  

MAPK: mitogen-activated protein kinase   

mTOR: mechanistic target of rapamycin  

NF1: neurofibromin 1  

NGS: next generation sequencing  

OPN/SPP1: osteopontin/ secreted phosphoprotein 1  

PBS: phosphate-buffered saline  

PERK/EIF2AK3: eukaryotic translation initiation factor 2 alpha kinase 3  

PI3K: phosphoinositide-3-kinase  

PMEL: premelanosome protein  

PTBs: phosphotyrosine binding domain- containing proteins  

PTEN: phosphatase and tensin homolog   

RAF: rapidly accelerated fibrosarcoma  

RIN: RNA integrity number   

RIPA: radioimmunoprecipitation assay  

RTKs: receptor tyrosine kinases  

SAMD12: sterile alpha motif domain containing 12  

SERPINE1: serpin family E member 1  

SH2: src homology 2  

SSM: superficial spreading melanoma  

TNF: tumor necrosis factor  

TZBs: thiazole benzensulfonamides   

UPR: unfolded protein response  

UVB: ultraviolet-B   

VCAM-1:  vascular cell adhesion molecule 1  

VEGF: vascular endothelial growth factor 

WNT5A: wnt family member 5A  

WST-1: water soluble tetrazolium (salt)-1  

XBP1: x-box binding protein 1 
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Introduction 

Cutaneous malignant melanoma is the most serious type of skin cancer, and represent a high 

public health problem in different part of the world. Unfortunately the incidence of the disease 

has increased continuously during the last decades [1]. It accounts for over 132,000 cases each 

year worldwide. The highest incidence rates were reported from Australia and New Zealand in 

2020 (ASR incidence: 26.7-1-32.0). Incidence rates within European countries show relatively 

high variation, the highest rate have been reported from North and West Europe (ASR 

incidence: 2.4-1-27.6), while the lowest incidence rates were found in the Mediterranean and 

Eastern countries (ARS incidence 5.3-10.7) (Figure 1). 

 

 
Figure 1.  Estimated age-standardized incidence rate of melanoma of the skin (World), both sexes, 

age 0-74. Data source: GLOBOCAN 2020; Graph production: IARC 2021. 

 
 

Individual risk factors for cutaneous malignant melanoma include: light skin colour, freckles, 

eye- and hair colour, large number and certain types of moles, family and/or personal history 

of skin cancer and age [1]. In addition, the relationship between ultraviolet-B (UVB) radiation, 

as well as sunburns in childhood and melanoma development is well known [2,3].  Although 

melanoma represents only 5% of cutaneous cancers, it is responsible for almost 75% of all skin 

cancer deaths [4].  
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Globally, the estimated age-standardized mortality rates from cutaneous malignant melanoma 

were the highest in New Zealand (ASR: 3.5) and in Norway (ASR: 2.4) in 2020. In Hungary, 

the age-standardized mortality rate of cutaneous melanoma was 1.3 (Figure 2).  

 

 

Figure 2.  Estimated age-standardized mortality rates (World) in 2020, melanoma of the skin, both 

sexes, ages 0-74. Data source: GLOBOCAN 2020; Graph production: IARC 2021. 
 

 

Unfortunately, patient survival with melanoma is still very poor, especially for patients with 

metastatic lesions. Tumour stage significantly determines the overall survival (OS), as the 5-

years OS is estimated to be 94-100% for stage I melanoma, while only 9-28% for stage IV 

tumour. 

During the last decade, the treatment possibilities has been highly increased for the disease, but 

the survival of patients with malignant melanoma is still poor, especially if the patients have 

advanced or metastatic tumour [5,6]. Activating mutations in the BRAF oncogene are the most 

widespread genetic alterations observed in melanoma, with up to a 45-60 % incidence, the most 

frequent mutation consist of a single amino acid substitution of valine by glutamic acid at the 

600-position (BRAFV600E). This hotspot mutation leads to a ~500-fold increase in kinase 

activity, which constitutively activates the mitogen‑activated protein kinase (MAPK) pathway. 

Currently, targeted inhibition of the mutant BRAFV600E gene is one of the most promising 

therapeutic approaches for patients with unresectable or metastatic melanoma [7]. Beside 
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BRAF inhibitors, other successful treatment possibilities include immune check point blockade 

therapies like anti-PD-1 and anti-CTLA-4 alone or in combination [7-11]. These advances in 

melanoma treatment have led to an increased median overall survival of patients with metastatic 

disease from ∼ 9 months to over 2 years and, in some cases, have resulted in long-term 

remission [12].  

Even these new therapeutic approaches have significantly improved patient survival, resistance 

to the BRAF inhibitors and the frequent side-effects of immunotherapies remain unsolved 

problems.  It is urgently needed to discover the molecular background of drug resistance and 

find new therapeutic targets to improve the success of patient’s survival. 

The aims of our study were to investigate the growth inhibitory effect of a BRAF inhibitor 

(PLX4720 a tool compound of vemurafenib) on melanoma cell line pairs (primary tumour and 

metastasis-derived melanoma cell lines originating from the same patients), develop PLX4720-

resistant cell lines and determine what kind of genomic alterations, proteins expression are 

associated with acquired BRAF inhibitor resistance. In parallel with these experiments we have 

chosen a recently synthesized and characterized drug, named HA15, which was announced by 

the authors (Cerezo et al.) as an anti-melanoma drug [13]. The authors described that HA15 

induces selective death of all melanoma cells, independently of the cells mutational status, and 

no resistance are developed against the drug in the applied melanoma cell lines [13]. During 

our experiments we noticed that HA15 treatment conditions applied by Cerezo et al. was far 

from the optimal cell culture conditions, therefore we aimed to investigate the effect of HA15 

on the viability/proliferation, gene expression on BRAFV600E-mutant melanoma cells using 

different cell culture conditions. In addition we successfully developed HA15 resistant cell lines 

that Cerezo et al failed. In addition we were able to characterize gene expression differences 

between the HA15 sensitive and resistant cell lines. 
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Background 

Genetic landscape of human malignant melanoma 

 
Melanoma malignum is an extremely complex disease and has the highest mutational burden 

among all tumours. The disease is caused by a combination of environmental (UV radiation) 

and inherited genetic factors. Both somatic and familial mutations are associated with high risk 

for the development of disease. Approximately 1% of primary melanoma cases occur within 

families. The most frequently mutated gene in inherited tumours is the CDKN2A 

tumorsuppressor gene, in addition approximately 10 genes with high penetrance are have been 

also identified. However, these mutations explain only ~22% of the familial melanoma cases 

[14]. A systematic review on the impact of genetic testing on familial melanoma was just 

recently published [15]. 

 

Figure 3. Distinct types of chronically sun damaged and non-chronically sun damaged melanomas. 

Adopted from Shain and Bastian [16] 

 

The timing and pattern of sun exposure is important for the development of cutaneous 

melanomas (Figure 3).  During the last two decades different molecular genetic methods, 

including fluorescence in situ hybridization (FISH), array comparative genomic hybridization 
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(aCGH), different next generation sequencing (NGS) approaches were performed to define 

genetic/genomic alterations underlying melanoma development and progression [16].  

Genetic alterations leading to the malignant phenotype includes somatic point mutations, 

structural alterations, chromosome rearrangements and copy number alterations. Different 

melanoma subtypes have different evolutionary routes associated with genetic different 

alterations [16] [17]. Chronically sun damaged melanomas arise most frequently from 

melanoma in situ and associated with mutations of the NRAS, NF1, KIT and BRAF (other than 

the V600E mutation) genes, while the non-chronically sun damaged lesions commonly arise 

from dysplastic or benign naevi and the characteristic mutation is BRAFV600E.  Curtin et al 

hypothesized that the high clinical heterogeneity in malignant melanoma can be explained by 

genetically distinct types of melanomas [18]. Based on their results, cutaneous melanomas with 

and without chronically sun-damaged skin and mucosal surfaces can be classified into multiple 

subtypes: (i) chronically-, (ii) intermittent-, (iii) minimal- sun exposure and (iv) protected from 

sun (Figure 4). 

 

 

Figure 4. Classification of cutaneous melanomas into four groups on the basis of the changes in 

the number of copies of genomic DNA. Edited on the basis of Curtin et al. results [18]. 

 



BACKGROUND 
 

11 

 

Large-scale sequencing approaches have led to the further classification of cutaneous 

melanoma into four major subtypes: (i) BRAF mutant melanomas (~50-60% of melanomas), 

(ii) RAS mutant melanomas (~25% of melanomas), (iii) NF1 mutant melanomas (~15% of 

melanomas), and (iv) BRAF/NRAS/NF1 triple wild-type melanomas (~10% of melanomas) 

[19]. The pathways that trigger melanoma development are the BRAF associated nevus prone 

pathway (initiated by early sun exposure and promoted by intermittent sun exposure), usually 

associated with young age and the tumour arise on non-sun-exposed skin. These lesions develop 

on the trunk, arms and legs and the subtype is SSM. Chronic sun exposure related pathway is 

mainly associated with either RAS mutations (NRAS: principally at codon Q61, KRAS or HRAS) 

without any association with the number of nevus [20]. Intermittent sun exposure is associated 

with mainly BRAF mutations, and more common in young age. NRAS mutations are present in 

older patients with the disease and the histological subtype is mainly nodular melanoma [21]. 

 A systematic survey to identify driver mutations in melanoma were published by Hodis et al., 

their results offer a comprehensive view of the landscape of driver coding mutations in human 

melanoma, these data are summarized on Figure 5. [22]. 

 

Figure 5. Landscape of driver mutations in malignant melanoma. Adapted form Hodis et al. [22] 
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Hodis et al. used whole-exome sequencing data from 121 melanoma tumour/normal tissue 

pairs, employed a statistical approach that infers positive selection at each gene locus based on 

exon/intron mutational distributions, as well as the predicted functional impact of each 

mutation. Based on the data they were able to discover not only new cancer related genes with 

functionally consequential, but the analysis allowed the identification of numerous driver 

mutations directly attributable to UV mutagenesis [22]. These included six well-known cancer 

genes (BRAF, NRAS, PTEN, TP53, p16INK4a [transcript of the CDKN2A gene locus], and 

MAP2K1) and five new candidate genes (PPP6C, RAC1, SNX31, TACC1, and STK19). 

Functional mutations with high frequency included the following genes: BRAF (63%), NRAS 

(23%), P53 (19%), PTEN (12%), p16INK4a (19%). BRAF and NRAS mutation were not present 

in the same sample. Mutations of these genes frequently associated with gene amplifications 

(TERT, MITF, KIT, CCND1 and CDK4) and/or deletions. Deletion in the CDKN2A was 38% 

and the PTEN tumorsuppressor gene was deleted in 25% of cases. These results are in a very 

good aggrement with Curtin et al. data [18].  

The identified mutations are potential therapeutic targettable mutation. Most of the commonly 

altered genes are member of the mitogen-activated protein kinase pathway, including mutations 

in BRAF, EGFR, KIT, RAS, MEK, and ERK oncogenes. 

Mitogen‑activated protein kinase pathway 

The mitogen‑activated protein kinase (MAPK) pathway (also known as the Ras/Raf/MEK/ERK 

pathway) is one of the most important signalling cascade in eukaryotic cells [23]. The pathway 

regulates molecular processes including cell proliferation, cell differentiation, apoptosis, cell 

survival, cancer cell dissemination, and resistance to different types of drug therapy. The 

activation of the pathway is triggered by binding growth factors (e.g.EGFR) to their 

transmembrane receptor tyrosine kinases (RTKs) located on the cell surface in non-malignant 

cells. This binding will lead to the dimerization and auto-phosphorylation of these receptors. 

The subsequent phosphorylation of RTKs on the C termini serve as binding sites for Src 

homology 2 (SH2) and phosphotyrosine binding (PTB) domain- containing proteins, like Grb2 

which localizes SOS (a guanine nucleotide exchange factor) to the plasma membrane, which 

catalyses the activation of RAS by exchanging GDP for GTP. The RAS proteins (N-RAS, K-

RAS, H-RAS) act as a molecular switches; recruits, binds and activate multiple effectors from 

the RAF (Rapidly Accelerated Fibrosarcoma) serine-threonine kinases (ARAF, BRAF, and 
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CRAF). RAFs phosphorylate and activate the dual specificity kinases MEKs at key serine 

residues, S218 and S222 (Rushworth et al. 2006). Activated MEKs phosphorylate and activate 

ERK1/2. ERK1/2 phosphorylate a variety of cytoplasmic translocate to the nucleus to control 

transcription of genes involved in cell proliferation [24]. Phosphorylation and activation of the 

ERK1 and ERK2 MAPKs, they will be able to translocate to the nucleus. (Figure 6). 

 

Figure 6. Shematic illustration of the cellular events during MAPK signalling. Activated 

RAS will phosphorylate RAF, leading to its activation, then RAF can phosphorylate and 

activate MEK1 and MEK2 and subsequently activate ERK1/2, resulting in the translocation 

and regulation of several transcription factors in the nucleus [23]. 

 

After this process several transcription factors will be regulated resulting in gene expression 

changes of c-MYC and MITF and other transcription factors. In addition, MAPK signalling can 

lead to the increased expression of CCND1. Besides initiation of MAPK signalling, RAS-GDP 

is also able to promote survival through the PI3K signalling pathway, by activating AKT. 
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Important mutation of the MAPK pathways components 

The BRAF oncogene mutations are the most common alterations in cutaneous melanoma, 

approximately 45-60 % of all melanomas harbour this activating mutation [25]. Mutations of 

NRAS (at the Q61 loci and a few percent at G12, G13 locus) shows the second highest 

mutational frequency in the disese (15-20%). The HRAS and KRAS mutation rate is infrequent, 

account about ~1 %. NF1 gene, encoding a large protein neurofibromin 1 is also frequently 

mutated (12-30%)  [26].  The middle of the NF1 gene contains the GAP (GTPase-activating 

protein) domain. These enzymes turns off RAS by stimulating the GTPase activity, loss- of- 

function mutation of the NF1 gene resulting in the activated RAS and MAPK pathway [27].  

The BRAFV600E alteration induces a conformational change within the activation loop of the 

BRAF protein and leads to constitutive increase in kinase activity, and RAS-independent 

activation of BRAF and downstream MEK-ERK1/2 signalling. Other codon 600 substitutions 

are also found, with lysine (V600K), aspartate (V600D), and arginine (V600R) being the most 

frequent. As a group these codon 600 lesions have been called class 1 mutations. 

Approximately 80% of all BRAF mutations in any cancer are class 1 mutations, and in 

cutaneous melanoma, this type comprise about 90% of BRAF mutations. BRAFV600E mutations 

are more commonly associated with overall low mutation burden and with younger age versus 

BRAFV600K mutations [28]. Conversely, V600K mutations are more commonly associated with 

higher mutational rate in tumour suppressor genes including PTEN, CDKN2A, and p53. Other 

codon mutations belonging to class 2 mutations are mutations in codons 464, 469, 597, and 601 

[29].These mutations cause constitutive dimerization of RAF, resulting in enhanced kinase 

activity. Recently, the increased number of sequenced melanoma samples shed light on fusions 

of dimerization domains to RAF kinase domains (usually but not always BRAF) and recognized 

as melanoma oncogenes. The mutations in codons 466, 581, and 594 (class 3 mutations) 

typically cause reduced kinase activity, a phenomenon that was initially confusing [30,31]. 

Interestingly, subsequent analysis revealed that these mutations co-occur with RAS mutations 

or other events that cause upstream activation of the pathway. Therefore, these class 3 mutations 

stabilize a dimeric RAF enzyme (BRAF protomer can dimerize with CRAF and lead to an 

activated heterodimer) in the presence of RAS GTP. Inhibition of class 3 mutations with RAF 

inhibitors will be challenging due to the co-occurrence of RAS pathway activation. Last but not 

least, the ARAF and the CRAF could be mutated, but at very low frequency (~1-3 %). These 
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findings have ramifications for differential therapeutic vulnerability by BRAF mutation type 

and even within the V600 population. On the other hand, it is important to understand not only 

the BRAFV600E mutation but the other classes of BRAF mutations since they significantly 

highlight the biology of BRAF and will likely be important in resistance to targeted therapies. 

Since the discovery the high frequency of BRAFV600E mutation in malignant melanoma, 

extensive research were performed, to develop effective targeted therapy to inhibit the 

activation of the mutant protein. 

BRAF inhibitors 

At the beginning of the development of drugs that inhibit the RAF pathway, the direct effector 

of RAS, drug discovery efforts led to CRAF kinase inhibitors. Several compounds were 

discovered, like ZM336372, L-779,450, and GW5074, but only sorafenib made it to clinical 

development [32,33]. Sorafenib was initially developed by Bayer Pharmaceuticals as BAY 43-

9006 in 2001 [34]. First studies showed efficacy in renal cell carcinoma, hepatocellular 

carcinoma, and thyroid cancer, but further studies revealed it is primarily due to inhibition of 

VEGF receptors (VEGFRs), and despite initial optimism, sorafenib failed to show efficacy in 

large phase III clinical trials for BRAF mutated melanoma [35]. Deeper analysis suggests that 

sorafenib, more selective for CRAF than BRAF and if it binds to the BRAF protein, it will bind 

to the inactive form not to the hyperactive kinase activity presented by the BRAFV600E allele that 

predominates in melanoma tumours and therefore is a very poor inhibitor of the oncoprotein. 

Structural characterization revealed at least two different binding mechanisms of the kinase 

inhibitors: type I and type II. Type I inhibitors bind to the activated form of kinases in the 

activation loop bearing amino acids Asp-Phe-Gly (DFG) (also known as DFG-in), while type 

II  inhibitors bind to inactive (DFG-out) forms that block activation but not the constitutively 

active kinases (Figure 7).  

After the costly failure of sorafenib and the discovery of the BRAF mutation in 2002 the drug 

finding efforts focused on type I kinase inhibitors. Numerous compounds were discovered, but 

only three of them achieved clinical efficacy in melanoma: vemurafenib, dabrafenib, and 

encorafenib. 
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Figure 7. Illustration of biochemical mechanisms that can be altered through targeted therapies. 
A.) Illustration of typical activation mechanism of protein kinases - e.g. through ligand binding to a 

receptor kinase or phosphorylation by an upstream kinase – causes the DFG loop to switch to the 

“in” conformation that enables ATP binding. B.) Paradoxical activation by RAF inhibitors which 

occurs since RAS induces formation of an asymmetric RAF dimer. C.) BRAFV600E signals as an active 

monomer which is effectively blocked by type I RAF inhibitors. 

 
 

 

The first type I inhibitor which enters to the clinical trials was vemurafenib. The development 

started at Plexxikon with a structure-guided drug identification and continued with the 

discovery of PLX4720 the tool compound of vemurafenib (Figure 8). The most important 

empirical discovery entailed elaboration of a phenyl-sulfonamide at the 3-position of the 

azaindole. Fluorine substitution of the phenyl group was key in order to impart acidity to the 

sulfonamide nitrogen: this makes key interactions with a newly revealed specificity sub-pocket. 

Finally the 5-chloro azaindole substituent was replaced by a 5-p-chloro-phenyl moiety yielding 

vemurafenib (PLX4032, RG7420, Zelboraf).  

At the same time another project led to the discovery of dabrafenib (GSK2118436, Tafinlar) 

which has a different structure to bind to the mutated BRAF protein but also utilizes the fluoro-

phenyl sulfonamide to engage the specificity sub-pocket [36]. The last in line type I inhibitor is 

encorafenib (LGX818), an important properties of this compound compared to the others is 

having differential binding affinities for each protomer of asymmetric BRAF dimers and a very 
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slow off-rate from the BRAF enzyme [29]. Currently, numerous “pan-RAF” inhibitors have 

entered the clinic include (e.g. LXH254, TAK-632, MLN2480, CEP-32496 etc) [29] which 

have broader activity on the RAF isoforms, in part through blocking dimeric RAF proteins [37]. 

However, these compounds are all relatively early in clinical development. Further studies 

require to determine their efficacy, safety and their clinical applicability.  

 

 

 

Figure 8. Chemical Structures and Structural Binding Modes of the BRAF Inhibitors. (A) 

PLX4720, (B) Dabrafenib, (C) Vemurafenib and (D) PLX7904. (E) The binding modes of the 

BRAF inhibitors in the first binding site (monomer A). PLX4720 (in green), Vemurafenib (in 

red), PLX7904 (in blue), and Dabrafenib (in cyan). (F) The binding modes of the BRAF 

inhibitors in the second binding sites (monomer B). Among studied inhibitors, only PLX4720 

(in green) and Dabrafenib (in cyan) bind to the second monomer. Note structural similarity of 

the inhibitor binding mode and DFG-in/αC-out kinase conformation in the first monomer, 

while alternative inhibitor binding modes and conformational variability in the second. 

Adapted from Amanda Tse [38] 
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Last, but not least, we have to notice one important phenomenon in connection with RAF 

inhibitors, which is the “RAF inhibitor paradox” [39]. The researchers came to a surprising 

discovery at the beginning of using RAF inhibitors using sorafenib or vemurafenib. They found 

increased incidence of cutaneous squamous cell carcinoma (cSCC) and the related malignancy 

keratoacanthoma [40]. Although, this tumour easily controlled by routine dermatological 

methods, the prevalence was worrisome. Intense scientific scrutiny led to the identification of 

a surprising etiology: RAF inhibition could lead to paradoxical activation of the MAPK 

pathway. The cSCC/keratoacanthomas arise within a few weeks, so de novo development is 

highly unlikely. Deeper research has made it obvious, these lesions had been initiated by RAS 

mutation. RAS mutations or alternative upstream activation of the RAS pathway suffer MAPK 

pathway activation in response to RAF inhibitors. Treatment of these cells with RAF inhibitors 

has relatively modest effects on growth properties, but when growth is affected, increased 

proliferation and downstream signalling of the pathway is observed. Hence the paradoxon: 

MAPK pathway blocking can lead to MAPK pathway activation. While the details of the 

mechanism under investigation, it seems that binding of RAF inhibitor to one protomer of a 

RAF dimer induces enhanced ATP binding to the neighbouring protomer. This is similar with 

the role of RAS in stimulating RAF dimer formation at the membrane. The BRAFV600 mutated 

proteins active as monomers, without dimerization, hence, the inhibitor effectively bind them 

and suppress signalling. The MAPK pathway is essential for BRAF mutant tumours this is the 

reason why these agent has huge therapeutical efficacy. There is only one exception in the 

literature where there is no paradox RAF activation. PLX8394 now is in early clinical 

development, but seems to binds to the active site of BRAF, without stimulating the 

neighbouring protomer, and actually destabilizes the dimer [41]. Finally, we have to note that, 

these first generation RAF inhibitors are ineffective in case of cells bearing the very rare, 

structurally different class 2 or class 3 mutation. 

Resistance to BRAF inhibitors 

Despite the significant response using selective BRAF mutant inhibitors most patients develop 

resistance and tumour regrowth. There are three chronologically distinct phases of resistance: 

(i) within a day, changing in cellular signalling leads to a new homeostasis; (ii) within a month, 

epigenetic, immuno-, and micro-environmental adaptation leads to tolerance; and (iii) after 

months (to years), genetic mutations result in outgrowth of resistant clones. Normally, ERK 
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activation leads to pathway attenuation through DUSP and Sprouty proteins. BRAF inhibition 

direct consequence is the ERK dependent negative feedback cannot be achieved [42], but as the 

tumour cells adapt to the presence of the inhibitor, and a new “steady state” is achieved. Within 

a few weeks some “tolerant” cells persist and can seed recurrence of the tumour due to the 

above mentioned epigenetic and microenvironmental factors induce adaptation and tolerance 

[43,44]. Finally, after months, a new tumour population develops with high intratumoral 

heterogeneity and often with distinct resistance mechanism [45]. If we look at the mechanisms 

not as a function of time but as a basis for molecular changes, then non-ERK dependent and 

ERK dependent groups can be created, this group includes one of the earliest discovered 

mechanism which play a crucial role in overcoming the toxicity of BRAFi; the upregulation of 

receptor tyrosine kinases (RTK) (Figure 9A) [46-48]. 

 

 

Figure 9. Different mechanism of acquired resistance against BRAF inhibitors (asterisk 

indicates mutated protein). Adapted from Ryan J [49]. 
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Furthermore, several studies and biopsy samples from resistant tumours shows activation of 

PI3K, mTOR, AKT pathways, due to platelet derived growth factor receptor beta (PDGFRβ) 

and insulin-like growth factor 1 receptor (IGF-1R) activation and overexpression. However, 

dual inhibition of the MAPK pathway (MEKi) and mediators of the PI3K pathway (PI3K, 

mTOR, AKT) appears to be an effective strategy at overcoming this type of resistance [50]. 

ERK dependent mechanisms includes cells which harbour ‘gate-keeper’ mutations which lead 

to conformational changes in the binding site that alters the binding affinity of a molecule to 

the target. The above mentioned BRAF inhibitor paradox is another way of resistance. In this 

case the BRAF inhibitors facilitate RAF signalling in non-mutant cells [51,52]. Emergence of 

cells harbouring additional genetic events including concomitant BRAF and NRAS mutations 

(Figure 9B) and splice versions of BRAF (Figure 9C)[46,53,54]. In case of alternative splice 

variation of the BRAF gene, the truncated BRAF isoform maintains the mutation at the 600 

position (i.e. V600E) but dimerises in the presence of a BRAF inhibitor thereby hyperactivating 

the MAPK pathway [54]. Other ERK dependent mechanism is the overexpression of the mutant 

BRAF which overcome the inhibition and can be bypass, by increasing the dose of the BRAF 

inhibitor (Figure 9D) [55]. Another way to reactivate the MAPK pathway is the downstream 

activation of MEK or ERK, which has been described by upregulation of alternative MAPK, 

such as COT, and through secondary mutations in MEK (Figure 9E and F)[47,56,57]. In spite 

of the extensive research of the resistant mechanisms, about 40% of resistant tumours does not 

shown these typical changes, and the real cause of resistance remains hidden. 

Landscape of melanoma therapies- FDA Approval Overview 

Pioneering research at the cancer biological and immunological fields during the last 

two decades has led to the discovery and expansion of novel therapeutics, including the immune 

checkpoint inhibitors and molecular targeted therapies, all of those have revolutionized the 

clinical management of patients with advanced primary and metastatic melanoma. Recent data 

from the largest clinical trials continue to support the use of these new treatment opportunities, 

both in the metastatic and in adjuvant settings. However, with increasing evidence that 

neoadjuvant therapy is also associated with high rates of recurrence-free survival, the question 

about whether patients should receive adjuvant or neoadjuvant treatment raises new questions 

about therapeutic possibilities. Finally, management after the development of resistance and 
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intervention with novel immunotherapies are newer challenges, particularly in the field of non-

cutaneous melanoma [58]. 

The first FDA approved drug for advanced and metastatic melanoma was dacarbazine in 1975 

[59]. The first trials of interferon for resectable melanoma started at 1984, when it was 

demonstrated that interleukin-2 (IL-2)-dependent T cells could be trained to recognize and 

attack malignant melanoma [60]. Rosenberg and his team was the first to use immunotherapy, 

based on autologous tumour-infiltrating lymphocytes and IL-2 in case of a patient with 

metastatic melanoma, but the treatment was approved just in 1996 after a multicenter, 

randomized, controlled phase III study [61,62]. After a long gap, in 2011, the FDA approved 

three drugs: pegylated interferon (Sylatron™), vemurafenib (Zelboraf®, PLX4032), and 

ipilimumab (Yervoy®) for melanoma treatmen [63]. At the end of 2014 (phase Ib of clinical 

trials) Mario Sznol and his team reported one- and two-year survival rates in advanced 

melanoma patients (unresectable or metastatic melanoma; success rate 94% and 88%, 

respectively) using the combination of monoclonal antibodies (nivolumab and ipilimumab), 

[64]. 

After this discovery, the FDA approved the combination therapy for these two drugs. 

Combination of small molecule inhibitors (dabrafenib (Tafinlar®) and trametinib (Mekinist®))  

were approved in 2014 and a combination of combimetinib (Cotellic®) and vemurafenib in 

2015, both for patients with unresectable or metastatic melanoma with BRAFV600E or 

BRAFV600K mutations. In 2017, the FDA approved a combination of dabrafenib and trametinib 

for those patients and nivolumab (Opdivo®) for the adjuvant treatment. Both therapies are 

dedicated to patients with involvement of lymph nodes or who have complete resection. In 

2018, the FDA approved a combination of encorafenib (Braftovi®) and binimetinib 

(Mektovi®) for unresectable or metastatic melanoma with BRAFV600E or BRAFV600K mutations. 

In 2015, the FDA announced the first in class oncolytic virus therapy for advanced melanoma 

called talimogene laherparepvec (Imlygic™, Amgen)[63]. 
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Table 1. FDA approved melanoma drugs, drugs combinations and oncolytic virus 

 

Endoplasmic reticulum stress as a novel therapeutic target in cancer  

In eukaryotic cells endoplasmic reticulum (ER) is responsible for calcium homeostasis, lipid 

biosynthesis, protein folding and quality control as the first compartment of secretory pathway. 

However, similarly to any system, errors can occur in ER, and numerous proteins fails ER 

quality control criteria due to misfolding. The improperly folded proteins addressed to the ER 

associated degradation (ERAD) system which targets them for ubiquitinylation and 
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proteosomal degradation [65-67]. Under homeostatic conditions protein folding, export and 

degradation are not saturated, the ER can cope with the protein folding demand. However, some 

certain physiological and pathological conditions can disrupt ER homeostasis and impose stress 

to the ER, leading to accumulation of unfolded or misfolded proteins in the ER. The ER to cope 

with the increased stress evolves highly specific signalling pathways collectively called 

“unfolded protein response” (UPR) to restore normal ER homeostasis [68]. 

 The role of the UPR is (i) inhibit misfolded protein accumulation by attenuating protein 

translation, (ii) support ER folding capacity by increasing the amount of chaperones, (iii) 

enhancing the unfolded protein degradation [69,70]. Figure 10 summarizes the UPR pathway. 

During ER stress BiP dissociates from the three sensors ATF6, IRE1, PERK and allow their  

 
 

Figure 10. Unfolded protein response pathway. Abbreviations: antioxid: antioxidant response;  Lipid 

synth, lipid synthesis; QC, quality control  Adapted from Avril et al [71]. 

Dimerisation or export to the Golgi apparatus. ATF6 will enter to the Golgi apparatus where 

proteases cleaved it into an active transcription factor. The active ATF6 moves to the nucleus 

and induces transcription of genes involved in protein folding (BiP, XBP1, CHOP, etc.) and 
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ERAD. At the IRE1 arm, BiP dissociation activate IRE1, which cleaves a 26 nucleotide intron 

from the XBP1 mRNA and that induces expression of genes involved protein folding, secretion, 

ERAD and lipid synthesis. PERK activation leads to phosphorylation of NRF2 and eIF2α. 

Phosphorylation of eIF2α induces global translation attenuation and prompts that of AFT4. 

ATF4 and NRF2 induce expression of genes involved in antioxidant response, protein folding, 

mino-acid metabolism, autophagy and apoptosis. [71]. 

If the homeostasis cannot be re-established due to prolonged or intense stress, the UPR also 

triggers signals that will destine cells to die via apoptosis in order to protect the organism by 

removing cells that produce malfunctioning proteins [72]. During cancer development, a 

significant amount of protein is required to support the cancer cells in proliferation, migration 

and differentiation [67]. However, the higher rate of proliferation of cancer cells results a 

microenvironment with limited oxygen, and nutrients due to inadequate vascularization. 

Therefore, cancer cells have to cope with hypoxia, pH variation and nutrient deprivation that 

leads to higher cellular stress compared to normal cells [69,73,74].  

Targeting ER stress in melanoma 

Melanoma cells using numerous survival strategies, including induction of the unfolded protein 

response, which mediates resistance to endoplasmic reticulum (ER) stress induced apoptosis. 

These mechanism can occur in many way, like activation of oncogene which suppress ER stress 

induced apoptosis and/or upregulation of ER chaperone which increase the protein folding 

capacity of the cell. Both of them helps to avoid apoptosis for melanoma cells [75]. Therefore, 

modulation of UPR could be a possible target in melanoma treatment and could be exploited in 

two ways (Figure 11).  On one hand, blocking UPR components makes it impossible for the 

cell to restore its normal state. The other option is to overload the already active UPR pathway. 

Both strategies drive the tumour cells to apoptosis [76] 
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Figure 11. Two ways exploiting UPR for purposes of drug development. One way is to 

inhibit UPR components, so the cells can not cope with the increased stress and it will lead to 

apoptosis. The second way is, to further increase the ER stress in the tumour cell, where the 

UPR is already activated. In this case the overloaded UPR unable to resolve the stress and 

drive the cell to death. Adapted from Ojha et al. [76]. 
. 

 

In melanoma both BRAF and NRAS driver mutation induce cytoprotective UPR pathway in 

order to actively inhibit ER stress induced apoptosis and promote tumour progression [77], this 

theory is also supported by a research where inhibition of BRAFV600E by vemurafenib results in 

ER stress induced apoptosis of the BRAFV600E mutant melanoma cells [78]. Further studies 

suggest the MAPK pathway involvement for the response to ER stress, and its activation in 

melanoma likely maintain prosurvival UPR signalling while supressing ER stress induced 

apoptosis [79]. Hence, in case of melanoma the most useful strategy for exploiting ER stress the 
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combination of agents that inhibit cytoprotective function of UPR arms along with those that 

actively induce ER stress [75]. 

Other important properties of melanomas the “chaperone addiction”. This phenomenon means 

cells become dependent upon continual chaperone expression for survival. Therefore, inhibiting 

chaperone proteins expression is a potential new way for the treatment of melanoma [80,81]. 

Accordingly, it is not surprising that, as a key molecule, BiP is overexpressed in many tumors, 

including melanoma, and is associated with higher tumor grades and reduced patient survival 

[82-86]. Several studies show that, inhibition of BiP/GRP78 with E. coli subtilase, green tea 

polyphenol epigallocatechingallate or Magnolia grandiflora derivative honokiol, both of them 

are potent inducers of ER stress, resulting in the apoptosis of melanoma cells [80,87,88].  

Most recently Cerezo et al. synthesized and characterized a new molecule family, thiazole 

benzensulfonamides (TZBs), which have anti-cancer properties [89]. Based on their results, 

Cerezo et al. focused on one molecule of the family, named HA15, which was identified as the 

lead compound that induces elevated endoplasmic reticulum (ER) stress specifically in cancer 

cells without any adverse effects in normal cells [89]. Cerezo et al. showed that the drug induces 

the death of all melanoma cells independently of the cell mutational status. Similar observations 

were reported for freshly isolated melanoma cells, independent of whether patients were 

sensitive or resistant to BRAF inhibitors [89]. Cerezo et al. also identified the ER protein 

BiP/GRP78/HSPA5 as being a specific target of HA15, describing the fact that interaction 

between the compound and BiP enhances ER stress and leads to cell death via the concomitant 

induction of autophagy and apoptotic mechanisms in prostate, breast, colon, pancreas, glioma, 

cervical, and melanoma cells regardless of driver mutations or BRAF inhibitor resistance [89]. 
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Objectives 

 

The major focus of our study were to investigate the effect of two drugs targeting melanoma 

cells, with different molecular mechanisms.  First we characterized the molecular background 

of a BRAF inhibitor: PLX4720 which is a vemurafenib analogue targeting the BRAFV600E 

mutated melanomas. We aimed to investigate effect of a recently synthesized anti-melanoma 

drug, named HA15, which (as was reported by Cerezo et al) displays anti-cancer activity not 

only against melanoma cells but also other liquid and solid tumours [89].  

 

In details, during our study we aimed to  

I.   

 investigate the effect of a BRAF inhibitor (PLX4720) on melanoma cell lines 

 generate PLX4720-resistant cell lines using melanoma cell line pairs (primary tumour 

and metastasis-derived melanoma cell lines originated from the same patients), 

 determine which genetic alterations, gene and protein expressions are associated with 

the development of BRAFi resistance, 

 compare the invasive properties of the parental and resistant cell lines 

 examine the effect of drug withdrawal on cell proliferation in the resistant cell lines,  

II.   

 investigate the effect of the recently synthesized anti-melanoma drug (HA15) on the 

viability/proliferation of BRAFV600E-mutant and resistant melanoma cells using 

different cell culture conditions, 

 determine the gene expression differences of ER stress and autophagy markers under 

different cell culture conditions,  

 generate HA15 resistant cell lines, 

 compare the gene expression pattern of HA15 sensitive and resistant cell lines using 

RNA-seq analysis. 
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Materials and methods 

Cell cultures and development of BRAF inhibitor and HA15 resistant cell lines 

 

Our study included 10 melanoma cell lines, the characteristics of the cell lines are summarized 

in Table 2. All cell lines carried the BRAFV600E mutation and were wild type for NRAS. Five 

cell lines (WM983Ap1/WM983Bm1; WM278p2/WM1617m2 and A375) were obtained from the 

Coriell Institute for Medical Research (Camden, NJ, USA). All cell lines were cultured in 

RPMI-1640 medium (Lonza Group Ltd., Basel, Switzerland) supplemented with 10% foetal 

bovine serum (FBS, Gibco, CA, USA), 2 mmol/L glutamine, and 50 mg/mL gentamycin sulfate 

at 37°C. The BRAF inhibitor (PLX4720) and HA15 resistant cell lines were developed in our 

laboratory [90]. Shortly, the four BRAFi (PLX4720) sensitive cell lines (WM983A, WM983B, 

WM278 and WM1617) were seeded at low densities in T25 flasks until the cells reached 80% 

confluence. Then, the cells were switched to a medium containing 5 µM PLX4720 and cultured. 

The surviving cells were given medium containing PLX4720 every 3 days, the cells reached 

the required confluence (80%) after10 weeks, after we were able to grow the cells in the 

presence of 5 µM PLX4720 continuously. These resistant cell lines were designated as: 

WM983ARES, WM983BRES, WM278RES, and WM1617RES. 

To develop HA15 resistant melanoma cell lines we used the WM983B melanoma cell line, 

because this was the most sensitive to the drug treatment, the treatment method was similar to 

the generation of BRAFi resistant cell lines. The only difference was that we had to use 

increasing HA15 concentration (10 µM, 20 µM and 30 µM) during this experiment. The 

WM983B cell line was seeded at a low density in T25 flasks until the cells reached 80% 

confluence. The medium was then switched to medium containing 10 µM HA15, and during 

cell culture the concentration of the drug was increased up to 30 µM HA15. The surviving cells 

were treated with 30 µM HA15 every 3 days. The cells reached 80% confluence after ~8 weeks. 

The resistant cell line was designated WM983BHA15RES. Melanocytes plate at 30 × 104 cells per 

T25 flask and cultured in RPMI-1640 supplemented with 10% FBS, 200 nM 12-O-

tetradecanoylphorbol 13-acetate (TPA), 100 pM cholera toxin (CT), 10 nM endothelin 1 (ET1), 

and 10 ng/ml human stem cell factor (SCF) and place the culture in a humidified, 37°C, 5% 
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CO2 incubator. HA15 and PLX4720 were purchased from Selleck Chemicals, TX, USA, and 

MedChemExpress LLC, NJ, USA. 

Table 2. Characteristics of human melanoma cell lines 

Cell line Origina 
Growth 

Phaseb 

Histologic 

Typec 

BRAF 

mutation 

statusd 

NRAS 

mutation 

statuse 

WM983Ap1 primary VGP n.d. V600E wt 

WM983APLX4720RES primary VGP n.d. V600E wt 

WM983Bm1 metastasis 

inguinal node 
- - V600E wt 

WM983BPLX4720RES metastasis - - V600E wt 

WM278p2 primary VGP NM V600E wt 

WM278PLX4720RES primary VGP NM V600E wt 

WM1617m2 

metastasis 

axillary lymph 

node 

- - V600E wt 

WM1617PLX4720RES metastasis - - V600E wt 

WM983BHA15RES metastasis - - V600E wt 

A375 primary - - V600E wt 
atumor type of melanomas which the cell lines were derived from; bVGP: vertical growth phase; cNM: 

nodular melanoma, n.d.: no data; dV: valine, E: glutamic acid; ewt: wild-type;  p1, p2primary tumor derived 

cell line with metastatic pair from the same patient; m1, m2metastatic pair of primary derived cell line 

 

Cell proliferation assay 

To define the viability of cells, the WST-1 (2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-

disulfophenyl)-2H-tetrazolium) (Sigma-Aldrich Inc., St Louis, Missouri, USA)  cell 

proliferation reagent was applied according to the manufacturer's guidelines. Briefly, melanoma 

cells were seeded in 96-well plates (0.5 x 104 cells/well/100 µL medium) and treated either with 

increasing concentrations of PLX4720 (5-5000 nM) for 72 hours (each concentration was tested 

in triplicate); or with different concentrations (10 µM, 20 µM and 30 µM) of HA15 in triplicate; 

DMSO (0.5%) was used as a control during both study. In another experimental setup, the cells 

were starved without FBS for 14 hours before drug stimulation, than the medium was changed 
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complete medium containing the HA15 drug. In the third experimental setup, the starved cells 

were maintained without FBS during HA15 treatment (starvation condition). Then, generally 

10 µL WST-1 was added into each well, and the cells were incubated for 3 hours at 37°C. 

Absorbance was measured at 440 nm using an Epoch™ Microplate Spectrophotometer (BioTek 

Instruments, Winooski, VT, USA). The reference absorbance was set at 700 nm. Cell viability 

was calculated by dividing the absorbance of the treated cells by that of the vehicle-treated 

(DMSO (0.5%)) control cells (considered 100%). 

BRAFi and HA15 withdrawal from the resistant cell lines 

Cells (5x104 cells/500 µl) from each of the resistant cell lines were seeded in a 24-well plate (in 

triplicate) and cultured in RPMI 1640 medium supplemented with 5 µM PLX4720 or 30 µM 

HA15 until cell attachment. Then, half of the cells from each cell line were switched from the 

drug-supplemented medium to vehicle control (DMSO (0.5%), the solvent of drugs)-

supplemented medium, while the other half of the cells remained in drug-supplemented medium 

for 72 hours. WST-1 reagent was added (50 µl/well) to the cell culture, and cells were incubated 

for 120 minutes at 37°C. Absorbance was measured as previously described. The absorbance 

of the cells cultured with the solvent (DMSO (0.5%)) of the drugs was considered 100%. 

Matrigel in vitro invasion assay of the BRAFi sensitive and resistant cell lines 

The invasive potential of melanoma cell lines was determined using BD BioCoat Matrigel 

Invasion Chambers (pore size: 8 μm, 24-well; BD Biosciences, Bedford, MA, USA) as 

described by Koroknai et al. [91]. For the parental cell lines, the upper chamber of the insert was 

filled with 500 μl of cell suspension in serum-free medium (5x104 cells/well). In the lower 

chamber 10% FBS containing medium was applied to as a chemoattractant. For the resistant 

cell lines, the upper chamber of the insert was filled with 500 μl of cell suspension in a FBS 

free medium containing 5 µM PLX4720 (5x104 cells/well). The lower chamber contained 

medium with 10% FBS and 5 µM PLX4720 as a chemoattractant. After a 24-hour incubation 

at 37°C, the cells in the lower chamber were fixed with methanol and stained with 

haematoxylin-eosin. The invaded cells were counted under a light microscope in 7 different 

visual fields at 200X magnification, and the data are presented as the mean ± SD of three 

independent experiments. 
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Flow cytometry 

The effects of HA15 on WM983A cells were analysed by flow cytometry using Alexa Fluor 

488 Annexin V/Dead Cell Apoptosis Kit (Invitrogen, Camarillo, CA, USA). Cells were treated 

with DMSO (control (0.5%)) and various concentrations of HA15 (10, 50, and 100 µM) for 48 

hours. Before drug treatment, we used starvation conditions (FBS was removed from the 

medium) for 14 hours, then the cells were harvested and washed with cold PBS. After 

centrifugation, the supernatant was discarded, and the cell pellets were resuspended in 1× 

Annexin-binding buffer to a final concentration of 1 × 106 cells/mL. After adding 1 μL of Alexa 

Fluor 488 Annexin V and 1 μL of 100 μg/mL propidium iodide (PI) working solution to each 

100-μL cell suspension, cells were incubated at room temperature for 15 min. After incubation, 

400 μL of 1 × Annexin-binding buffer was added, and the stained cells were detected by flow 

cytometry measuring fluorescence emission at 530 and 575 nm. 

 

Nucleic acid extraction, quality control 

RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany) was used to isolate total RNA from the 

melanoma cell lines. The RNA was quantified using a NanoDrop ND-1000 UV-Vis 

spectrophotometer, and only samples with 260/280 nm ratio greater than 1.8 were included in 

the analysis. All sample quality was evaluated using an Agilent 2100 Bioanalyzer (Agilent 

Technologies Inc., Santa Clara, CA, USA). The RNA integrity was determined using the RNA 

Integrity Number (RIN), and only samples with value greater than 7.5 were considered in the 

hybridization to the Affymetrix Human Gene 1.0 microarrays (Affymetrix, Inc., Santa Clara, 

CA, USA). 

RNA based microarray experiments 

The labelling, hybridization and imaging setup were performed by UD-GenoMed Medical 

Genomic Technologies Ltd. (University of Debrecen, Debrecen, Hungary). The microarray 

data have been published in the Gene Expression Omnibus (GEO) repository under accession 

number GSE114443. Filtering and normalization were performed as previously described [92]. 
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DNA-based microarray experiments 

A G-spin™ Genomic DNA Extraction Kit (iNtRON Biotechnology, Korea) was used to isolate 

DNA from the melanoma cell lines. The DNA was quantified using a NanoDrop ND-1000 UV-

Vis spectrophotometer, and only samples with 260/280 nm a ratios greater than 1.8 were 

included in the analysis. The sample quality was evaluated using 1% agarose gel 

electrophoresis. The sample labelling, hybridization to Affymetrix CytoScan 750K microarrays 

(Affymetrix Inc., Santa Clara, CA, USA) and imaging setup were performed by UD-GenoMed 

Medical Genomic Technologies Ltd. using 400 ng of tumour DNA. The microarray data have 

been published in the GEO repository under accession number GSE114488. 

DNA-based microarray experiments 

DNA microarray data were analysed using Nexus Copy Number 6.1 software (BioDiscovery, 

Inc., Hawthorne, California, USA). To adjust the sensitivity of the segmentation algorithm, we 

used a significance threshold of 10-6 and specified 1000 kbp as the maximum spacing between 

adjacent probes. To eliminate small copy number alterations (CNAs), the minimum number of 

probes per segment was set to 5. To detect the DNA copy number (CN) gains and losses, the 

following log2 ratio thresholds were set: ± 0.3 for gains and losses, 0.6 for high CN-gains and -

1.0 for homozygous deletions. Significantly different CN events between the parental and 

resistant melanoma cell lines were identified using a two-sided Fisher’s exact test. A False 

Discovery Rate (FDR) adjustment was performed to correct for multiple testing using the Nexus 

Copy Number 6.1 Comparison feature. To avoid sex bias, all probes on chromosomes X and Y 

were discarded. 

RNA sequencing (RNA-Seq) 

Total RNA sample quality was determined using an Agilent BioAnalyzer with a Eukaryotic 

Total RNA Nano Kit according to the manufacturer’s protocol. Samples with an RNA integrity 

number (RIN) were accepted for library preparation. cDNA li-braries for RNA-Seq analyses 

were prepared from 1 μg total RNA using an Ultra II RNA Sample Prep kit (New England 

BioLabs Inc., USA) according to the manufactur-er’s protocol. Briefly, poly-A RNAs were 

captured by oligo-dT conjugated magnetic beads, and the mRNAs were eluted and fragmented 

at 94°C. First-strand cDNA was generated by random priming reverse transcription, and after 

the second strand syn-thesis step, double-stranded cDNA was produced. After repairing the 
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ends and A-tailing and adapter ligation steps, adapter-ligated fragments were amplified by en-

richment PCR; sequencing libraries were thus obtained. Sequencing runs were exe-cuted using 

an Illumina NextSeq500 instrument with single-end 75-cycle sequencing. Library preparations 

and sequencing were performed at the Genomic Medicine and Bioinformatics Core Facility of 

University of Debrecen.  

RNS-Seq data analysis 

The RNA-Seq raw data have been deposited into the Sequence Read Archive da-tabase: 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE164261) under accession number 

GSE164261. The raw sequencing data (fastq) were aligned to human reference genome version 

GRCh38 using the HISAT2 algorithm, and BAM files were generated. Down-stream analysis 

was performed using StrandNGS software (www.strand-ngs.com). The BAM files were 

imported into the software DESeq1 algorithm was used for normalization.  

Pathway analysis  

To gain mechanistic insight into gene lists generated from the RNA-Seq and microarray data, 

functional enrichment analysis was used to identify biological pathways more enriched in a 

gene list than would be expected by chance. The ToppFun tool ToppGene suite 

(https://toppgene.cchmc.org/) was used to detect functional enrichment of genes (which showed 

at least a 2-fold change difference between the treated and control groups) based on Gene On-

tology (GO) pathways. The tool was used with default settings and a p-value cutoff of 0.05. For 

visualization of the molecular functional gene networks, we used the ClueGo (v. 2.3.5) tool kit 

of Cytoscape (www.cytoscape.org) software (v. 3.5.1) (10) with default settings and a p-value 

cutoff of 0.05. For Gene Set Enrichment analysis (GSEA), we used Molecular Signatures 

Database (MSigDB) hallmark gene sets, which summarize and represent specific well-defined 

biological states or processes and dis-play coherent expression (www.gsea-msigdb.org). 

Quantitative real -time PCR 

The relative expression levels of the selected genes were determined by performing quantitative 

real-time PCR (qRT-PCR) using a LightCycler 480 Real-Time PCR System (Roche 

Diagnostics GmbH, Mannheim, Germany). Reverse transcription of the total RNA (600 ng) 

was performed using a High- Capacity cDNA Archive Kit (Applied Biosystems, Foster City, 

http://www.gsea-msigdb.org/
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CA, USA). To perform qRT-PCR, SYBR Premix Ex Taq (Takara Holding Inc., Kyoto, Japan) 

master mix was used. The primer sequences of the candidate genes are listed in Supplementary 

Table 1. The qRT-PCR data were analysed using the Livak method (2DDCt), and 

glyceraldehyde-3-phosphate dehydrogenase (Hs9999 9905_m1) served as the reference gene. 

Protein expression analysis using Proteome Profiler Human XL Oncology Array Kit 

Cells were cultured to approximately 80% confluence in T25 flasks and gently washed twice 

with 10 ml of ice-cold PBS. After adding 1 ml of RIPA Lysis and Extraction Buffer (Thermo 

Fisher Scientific Inc. Waltham, MA, USA) containing 20 µl of Halt™ Protease and Phosphatase 

Inhibitor Cocktail (Thermo Fisher Scientific Inc. Waltham, MA, USA) to each plate, a cell 

scraper was used to scrape the cells. Then, the cell lysates were transferred to a new microtubes, 

incubated on a rocking shaker for 30 minutes at 4°C, and centrifuged at 13,000 rpm for 30 

minutes at 4°C. The supernatant was collected (avoiding the pellet) into new microtubes. The 

protein concentration was determined with a Quick StartTM Bradford Protein Assay (Bio-Rad 

Hungary Ltd., Budapest, Hungary) following the manufacturer’s protocol. 

A Proteome Profiler Human XL Oncology Array Kit (enable to analysis of the relative 

expression of 84 cancer-related proteins) was purchased from R&D Systems (Cat. ARY026, 

USA). The experiment was performed according to the manufacturer’s protocol. Briefly, 200 

µg of cell lysate was incubated with each array overnight at 4°C on a rocking platform shaker. 

On the following day, the cell lysates were removed, and the membranes were washed 3 times 

with wash buffer. After the arrays were incubated with a detection antibody cocktail for 1 hour 

at room temperature on a rocking platform shaker, the membranes were again washed 3 times 

with wash buffer. Then, 2 ml of streptavidin-HRP mix was added to each membrane, and the 

membranes were incubated for 30 minutes and washed 3 times. The labelled protein spots were 

visualized using Chemi Reagent Mix. The density of each duplicated spot was assessed using 

the ImageJ program (1.51a, NIH, Bethesda, MD, USA) and evaluated by subtracting the 

background. The density of the positive control was considered 100%. 

Statistical analyses 

SPSS 19.0 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. The Shapiro-Wilk 

test was used to evaluate the normality of the data. Spearman’s correlation coefficient was 

calculated to correlate the array comparative genomic hybridization (aCGH) and qRT-PCR 

https://www.google.hu/search?q=Waltham+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAAxikqkQAAAA&sa=X&ved=0ahUKEwixuInmpe7YAhVBJFAKHRaWCQQQmxMIoQEoATAN
https://www.google.hu/search?q=Waltham+Massachusetts&stick=H4sIAAAAAAAAAOPgE-LSz9U3MCooMTBJU-IAsTOqjE21tLKTrfTzi9IT8zKrEksy8_NQOFYZqYkphaWJRSWpRcUAAxikqkQAAAA&sa=X&ved=0ahUKEwixuInmpe7YAhVBJFAKHRaWCQQQmxMIoQEoATAN
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data.  To identify differentially expressed genes between conditions (parental-resistant, starved-

not starved), we used the moderated t-test with the Benjamini-Hochberg FDR for multiple 

testing correction. A p-value less than 0.05 was considered statistically significant.  
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Results 

Growth inhibitory effect of PLX4720 on BRAFV600E mutant melanoma cell lines 

 

To define the growth inhibitory effect of a BRAFi (PLX4720: a vemurafenib analogue), we 

treated two pairs of BRAFV600E mutant cell lines (WM983Ap1 and WM983Bm1, WM278p2 and 

WM1617m2) with the drug at various concentrations (0, 5, 50, 500, 1000, 2000 and 5000 nM). 

A significant (p < 0.001) decrease in cell viability was observed following above 500 nM 

PLX4720 in all cells (Figure 12).  

 

Figure 12. PLX4720 inhibits proliferation of melanoma cells in a dose-dependent manner. Average 

viability of four BRAFV600E mutant cell lines in response to PLX4720 treatment after 72 hours. Cell 

survival was measured using the WST1 assay. The data are presented as the mean ± SD of three 

independent experiment. Significant differences (p ≤0.05*; p ≤0.01**;p ≤ 0.001***) were indicated by 

asterisks. 

Development and characterization of BRAF inhibitor resistant melanoma cell lines 

 

To establish resistant cell line variants, cells were continuously treated with 5 µM 

PLX4720 for ~10 weeks and cultured until the surviving cells reached confluency. The 

morphology of the resistant cells differed from that of the original cells (Figure 13). Three of 

the resistant cell lines exhibited elongated, fibroblast-like shape, only WM1617RES was similar 

to the parental cell line. Through gene expression analyses, we observed upregulation of α5β1 

integrin, snail, and miR21 and downregulation of E-cadherin, desmoplakin, and laminin α1 in 

the resistant cell lines, supporting the hypothesis that BRAFi resistance is associated with the 

epithelial-to-mesenchymal transition (EMT) phenotype [93] and increases the invasive potential 

of resistant melanoma cells [94], what we also found in our experiments. 
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Figure 13. Photomicrographs of the PLX4720 sensitive and resistant melanoma cell 

lines (100X magnification). 

 

Effect of BRAFi withdrawal on the cellular growth of the resistant cell lines 

The BRAFi resistant cell lines were cultured in the presence of 5 µM PLX4720 or the same 

volume of the solvent (DMSO (0.5%)). Withdrawal of PLX4720 from the cell cultures reduced 

cell proliferation in 3 resistant cell lines (WM983ARES, WM983BRES and WM1617RES), this 

observation is consistent with the hypothesis that resistant cells can develop drug dependency 

[20]. Intermittent dosing could take advantage of this phenomenon by both reducing side effects 

of the drug and prolonging progression-free survival in patients with advanced melanoma. 
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Interestingly, WM278RES cells exhibited growth promotion after drug withdrawal when 

compared to the continuously PLX4720 treated cells (Figure 14).  

Figure 14.  Effect of PLX4720 withdrawal on the resistant melanoma cell lines. The viability 

resistant cell lines after drug withdrawal (black columns) was compared to the cells grown in the 

presence of PLX4720 (grey columns). WM983ARES, WM983BRES and WM1617RES cell lines showed 

decreased cell proliferation, while drug cessation resulted in increased cell proliferation in the 

WM278RES cell line. The data are presented as the mean ± SD of three independent experiments. 

 

Invasive characteristics of the resistant cell line 

To compare the invasive potential of the BRAFi sensitive and resistant cell lines, we 

performed a Matrigel invasion assay. The invasive properties of the sensitive cell lines were 

limited, the average number of invaded cells were between 0-1.8 (three independent 

experiments). In contrast, 3 of the four resistant cell lines (WM983ARES WM983BRES 

WM278RES) the average number of the invaded cells were between 2.5-29,3. Neither the 

WM1617 nor the resistant pair of this cell lines (WM1617RES) were invasive based on the 

Matrigel assay (Table 3). Notably, the WM1617RES cell line did not exhibit the elongated, 

fibroblast-shaped phenotype observed in the other three invasive resistant cell lines. To further 

confirm that PLX4720 resistance is associated with melanoma cell phenotype switching 

behaviour, we determined the expression of two β-catenin co-factors (LEF1 and TCF4), both 

of which are phenotype specific. The β-catenin/LEF1 complex (high β-catenin expressing cells) 

is regulated by Wnt signalling and is preferentially expressed by cells with a proliferative 

phenotype, while TCF4 (low β-catenin expressing cells) is preferentially expressed by cells 
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with an invasive phenotype [95].  We found significant correlation between well-known 

invasion/proliferation markers (TCF4 and LEF1 genes) using qRT-PCR (R=0.854; p=0.007) 

[95].  

 

Copy number alterations in the BRAFi sensitive and resistant melanoma cell lines  

Development of resistance is frequently associated with copy number alterations of different 

genes. In our study we performed array CGH analyses to define copy number changes during 

the development of BRAFi (PLX4720) resistance using Affymetrix CytoScan 750K array. We 

compared copy number alterations of the original and resistant cell lines. In overall, we found 

more CN in the resistant cell lines.  

Copy number difference between the sensitive and resistant cell lines detected in all cell lines 

resistant to PLX4720 was found on a small part on chromosome 8q (Figure 15). This sequence 

contain the EXT1 (8q24.11), SAMD12 (8q24.12) and REXO1L2P (8q21.2) genes (Figure 15A).   

The copy numbers of the EXT1 and SAMD12 genes were elevated in all resistant cell lines 

(Figure 15B). In addition, we found increased copy number by aCGH on the 7q34 region in 

the WM1617RES cell line, this sequence harbour the BRAF oncogene (Figure 16). All 8 cell 

lines contain BRAFV600E mutation, but we have to note that this mutation is not detectable by 

aCGH. The EXT1 gene (exostosin glycosyltransferase 1) encodes a glycosyltransferase 

involved in heparan sulphate biosynthesis and has already been shown to play a role in cancer 

Table 3. Single-cell invasiveness of melanoma cells by Matrigel invasion assay 

Pair no. Cell line Avg. no. of invasive cells1 ±SD2 

1 
WM983A 0.7 0.4 

WM983ARES 29.3 14.6 

2 
WM983B 1.8 2.2 

WM983BRES 2.5 2.6 

3 
WM278 0 0 

WM278RES 7.1 7.9 

4 
WM1617 0 0 

WM1617RES 0 0 

1average of three independent experiments; 2standard deviation 
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progression [96-99]. The amplification of EXT1 has been reported to be associated with the 

aggressive behaviour of bone tumours [100]. More importantly, Manandhar et al. found that 

EXT1 regulates cancer cell stemness in doxorubicin-resistant breast cancer cells and promotes 

EMT-like behaviour, validating the gene as a tumour promoter and proposing its possible 

involvement in chemoresistance [101]. Both the increased CN and elevated mRNA level of the 

gene in all of our resistant cell lines strongly support the hypothesis that this gene plays an 

important role in BRAFi resistance in melanoma. Another CNA found in a resistant cell line 

(WM1617RES) was the high-level amplification of the BRAF gene, which was associated with 

the increased mRNA level. BRAF amplification has already been shown to contribute to BRAF 

inhibitor resistance [55,102]. 

 

 

Figure 15. Copy number alterations on chromosome 8 in melanoma cell lines. (A) Copy number 

changes uniquely detected in the resistant cell lines: columns 1–4 (indicated by “c”) represent the 

pairs of parental cell lines (i.e. WM983A, WM983B, WM278 and WM1617) and the corresponding 

resistant cell lines. Red indicates CN losses and blue represents CN-gains. (B) Log2 ratio of the 

expression of the SAMD12 and(C) EXT1 genes in the parental cell lines and their PLX4720-resistant 

pairs.     
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Figure 16. Copy number changes of chromosome 7 in WM167 melanoma cell lines. (A) Sensitive 

and (B) the PLX4720 resistant WM1617RES cell line. Red arrow indicates the localization of the 

amplified BRAF gene in the resistant WM1617 cell line. No alterations was observed in the sensitive 

cell line at this position (blue arrow) (Affymetrix CytoScan 750K microarray) 

 

Gene expression patterns of BRAFi sensitive and resistant cell lines  

The gene expression patterns in the resistant cell lines were compared to the sensitive 

cells (Affymetrix Human Gene 1.0 microarrays). Using volcano plot filtering we found 1,903 

differentially expressed genes in the established resistant cell lines (Figure 17A). Unsupervised 

hierarchical clustering of the differentially expressed genes could distinguish between the 

resistant and sensitive cell lines (Figure 17B).  The number of unique genes with a > 2 fold 

change was 437, among these genes, 204 genes were upregulated and 233 downregulated in the 

resistant cell lines.  
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Figure 17. Gene expression patterns in the sensitive and resistant melanoma cell line pairs. (A) 

Volcano plot analysis of 9,652 filtered unique genes. The blue dots represent significantly (paired t-

test, p≤0.05) altered genes (1,903). (B) Unsupervised hierarchical clustering of 1,903 genes. The cell 

lines are displayed in columns, and genes are displayed in rows. The colour of each cell represents the 

median-adjusted expression value of each gene. Red indicates increased expression and green 

represents decreased expression relative to the median. 

 

Molecular functional characterization of the overexpressed genes are listed in Table 4. 

The overexpressed genes are associated with growth factors, growth factor receptors, the extra 

cellular matrix (ECM), integrins and cell adhesion molecules (Figure 18). These genes play 

important roles in 151 biological processes based on Gene Ontology (GO) classification, 

including angiogenesis, blood vessel development, cell migration and wound healing 

(Supplementary Table 2).  
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Table 4. Significantly upregulated genes in resistant cell lines grouped by molecular 

function 

 

 

The significantly altered pathways involved at least 5 genes in the selected gene subset 

including the following: genes encoding the ECM and ECM-associated proteins; genes 

involved in the ECM organization; genes encoding ECM-associated proteins, including ECM-

affiliated proteins, ECM regulators and secreted factors; genes involved in focal adhesion; 

genes encoding the core ECM, including ECM glycoproteins, collagens and proteoglycans; 

genes involved in non-integrin membrane ECM interactions; genes encoding secreted soluble 

factors; and genes involved in the TNF signalling pathway (Figure 19, see details in Table 

S1).  

ID Name P-value Bonferroni Genes included 

GO:0008083 
growth factor 

activity 
2.02E-07 0.000161 

IL34, NRG1, INHB, BDNF, FGF2, FGF5, 

PDGFC, VEGFC, TGFB1, CSF2 

DKK1, IL6 

GO:0005102 
receptor 

binding 
6.27E-07 0.000499 

IL34, NRG1, PDGFRB, INHBA, HLA-F 

ITGA5, BDNF, SLIT2, FAP, SRPX2, FBN1, 

CADM1, GRK3, FGF2, FGF5, C3, CCL5, 

PDGFC, VCAM1, VEGFC, RARB, WNT5A, 

LAMA3, ESM1, CAV1, AR, EDN1, TGFB1, 

THBS1, CSF2, DKK1, CYR61, STC2, SLIT3, 

SERPINE1, LRP1, LYN, ENG, IL6 

GO:0050840 
extracellular 

matrix binding 
1.97E-06 0.001565 

SLIT2, ADAMTS15, OLFML2B, NTN4, THBS1, 

CYR61, BCAM 

GO:0019838 
growth factor 

binding 
2.72E-06 0.002163 

CRIM1, PDGFRB, SRPX2, COL6A1, ESM1, 

TRIM16, THBS1, CYR61, OSMR, ENG 

GO:0070851 

growth factor 

receptor 

binding 

2.9E-06 0.002304 
PDGFRB, ITGA5, FGF2, FGF5, PDGFC, 

VEGFC, ESM1, CSF2, LYN, IL6 

GO:0005178 
integrin 

binding 
5.53E-06 0.004405 

NRG1, ITGA5, FAP, FBN1, VCAM1, ESM1, 

THBS1, CYR61, LYN 

GO:0050839 

cell adhesion 

molecule 

binding 

1.36E-05 0.01082 
NRG1, ITGA5, FAP, FBN1,CADM1,  

VCAM1,VCL, ESM1, THBS1, CYR61, LYN 
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Figure 18.  Molecular functional characterization of the significantly overexpressed genes (n=204) 

in the resistant cell lines compared to the sensitive cell lines based on GO classification. Bonferroni 

correction was applied with a p ≤ 0.01. Altered molecular pathways with at least 5 observations are 

displayed for the selected gene subset. 

 

Figure 19.  Pathway analysis of the significantly upregulated genes in the resistant cell lines. 

Bonferroni correction was applied with a p ≤ 0.01. Altered molecular pathways with at least 5 

observations are displayed for the selected gene subset. 
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Interestingly, the downregulated genes were not involved in any pathways or molecular 

functions, except for biological processes including developmental pigmentation, 

pigmentation, cellular lipid metabolic processes, melanocyte differentiation and lipid metabolic 

processes (Table 5). We performed qRT-PCR analysis to validate the relative gene expression 

level of five candidate genes (PMEL, LOXL1, SERPINE1, EPHA2, and WNT5A) and strong 

agreement was found between the microarray and qRT-PCR expression data, demonstrating 

high correlation among our datasets (0.786≤R≥0.976; p ≤0.05). 

 

Table 5. Significantly downregulated genes in resistant cell lines grouped by cellular processes 

 

 

ID Name 
P-value Bonferroni Genes included (at least 5) 

GO:0048066 

 

developmental 

pigmentation 

 

1.05E-08 

 

3.69E-05 

 

MYO5A, TYRP1, HPS4, RAB27A, PMEL, MREG, SLC45A2, 

LRMDA, LEF1 

GO:0043473 

 

pigmentation 

 

3.46E-07 

 

0.001221 

 

MYO5A, TYRP1, HPS4, RAB27A, RAB17, PMEL, MREG, 

SLC45A2, LRMDA, LEF1 

GO:0044255 

 

cellular lipid 

metabolic 

process 

 

6.29E-07 

 

0.002219 

 

ERBB3, MBOAT1, MYO5A, BDH2, PLPPR5, GHR, ACSL3, 

TYRP1, FASN, GK, ST8SIA6, ST3GAL6, ST3GAL5, PLA1A, 

SMPDL3A, SCD, HPGD, RAB7A, PLA2G6, ALDH1A1, 

PIP4P2, PLSCR1, GPD2, PIK3R3, APOC1, APOD, IDI1, 

ST6GALNAC2, RLBP1, ASAH1, SDC3, PC 

GO:0030318 

 

melanocyte 

differentiation 

 

6.73E-07 

 

0.002373 

 
MYO5A. TYRP1, HPS4, RAB27A, MREG, LRMDA 

GO:0006629 

 

lipid 

metabolic 

process 

 

1.17E-06 

 

0.004112 

 

ERBB3, PDE3B, MBOAT1, MYO5A, ACAT2, BDH2, 

PLPPR5, GHR, ACSL3, TYRP1, FASN, GK, ST8SIA6, 

ST3GAL6, ST3GAL5, PLA1A, SMPDL3A, SCD, HPGD, 

RAB7A, PLA2G6, ALDH1A1, PIP4P2, PLSCR1, PNLIPRP3, 

GPD2, HSD17B7, PIK3R3, APOC1, APOD, IDI1, 

ST6GALNAC2, RLBP1, ASAH1, SDC3, PC, CYB5R2 
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Protein array analysis of the BRAFi sensitive and resistant melanoma cell lines 

To determine differences in the protein expression between the parental and resistant cell lines, 

we used a Proteome Profiler Human XL Oncology Array that includes 84 cancer-related 

proteins (Figure 20).  

 

Figure 20. The Proteome Profiler Human XL Oncology Array membrane image. The image is 

shown as an example for the WM278 and WM278RES cell lines. Black squared dots indicate the 

localisation and expression of the eight proteins which expressions changed universally in every 

resistant cell lines 

 

The list of the proteins are summarized in Supplementary Table 3. Numerous differentially 

expressed proteins were observed in the resistant cell lines compared to their sensitive 

counterparts. Supplementary Figure 1 summarizes the proteins that were altered in the 

resistant cell lines.  Importantly, the increased expression of six proteins (ANGPLT4, EGFR, 

Endoglin, FGF2, Serpin E1, and VCAM-1) and decreased expression of two proteins (OPN and 

Survivin) were consistently detected in all resistant cell lines (Figure 21). 

ANGPTL4 (angiopoietin-like 4) plays a role in the development of chemoresistance and 

promotes tissue-specific metastasis to the brain in melanoma [103]. Recently, Liao and co-
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workers demonstrated that EGFR overexpression can promote ANGPTL4-induced resistance 

and cancer cell migration and invasion in head and neck carcinoma [104]. Similar to our 

findings, simultaneously increased expression of SERPINE1, VCAM-1, and PDGFRβ has also 

been observed in a high EGFR subpopulation of melanoma cells [105,106]. The overexpression 

of these genes and proteins further elucidates that the migration behaviour of resistant cells is 

mediated by a syndecan-4-dependent mechanism, a pathway that is significantly altered in our 

resistant cell lines [107]. Additionally, our study is the first to reveal the increased expression of 

the VCAM-1 protein in PLX4720 resistant cells; furthermore, we found two proteins (Survivin 

and OPN) whose expression was significantly decreased in all four resistant cell lines. 

Similarly, Ji Z et al. found that melanoma cells treated with a BRAFi exhibited a dramatic 

reductions in the levels of Survivin (a major anti-apoptotic protein) [108].  

One of the interesting findings of our study was that the expression of the OPN protein was 

decreased in all resistant cell lines. OPN has recently emerged as a potentially valuable 

biomarker for diagnosing and treating cancers [109]. This protein is involved in different 

physiological processes. It is overexpressed in several cancer types and has been clearly 

correlated with cell proliferation, migration, invasion and metastatic potential. Our findings are 

the first to suggest that decreased expression of OPN is clearly associated with acquired BRAFi 

resistance. We and others have previously described that increased levels of OPN are associated 

with malignant transformation and metastatic potential [110-112]. The unique role of OPN in 

resistance in leukaemia and breast cancer was also recently described [113].   The mRNA levels 

of the OPN isoforms are downregulated in leukaemic stem cells and these isoforms are thus 

assumed to be unique and useful molecular biomarkers associated with stem cell 

chemoresistance [114]. Other researchers have revealed that the expression of OPN can predict 

poor prognosis and cisplatin resistance in patients with advanced non-small cell lung cancer 

[114], and enhanced OPN expression has been observed in association with sorafenib resistance 

in human hepatoma cell lines [113]. Downregulation of OPN enhances the sensitivity of glioma 

U251 cells to temozolomide and cisplatin by targeting the NF-κB/Bcl‑2 pathway [115]. On the 

other hand, it has recently been suggested that OPN may serve as a target to expand the number 

of patients who respond to immune checkpoint inhibitor therapy [116]. These data clearly show 

that OPN plays many different roles in cancer. The therapeutic potential of OPN targeting is 

still under intensive investigation, and future research is needed to elucidate the role of OPN in 

malignancies. No agents have yet advanced to the clinic. Based on our data, we propose that 
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decreased expression of OPN, which was detected in all resistant melanoma cell lines, may be 

unique, early marker of BRAFi resistance.  

 

 

Figure 21. Relative e expression of proteins exclusively altered in all resistant cell lines. The graph 

summarize the relative signal intensity of the indicated proteins. Increased expression of 6- 

(ANGPTL4, EGFR, SERPINE1, VCAM-1, ENDOGLIN, FGF2) and decreased expression of two 

proteins (Survivin and OPN) were detected in all resistant cell lines. 
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Investigation the effect of HA15 (a new anti-melanoma drug) on BRAFV600E mutated 

BRAFi sensitive and resistant melanoma cell lines 

Control experiment: Effect of HA15 treatment on the viability of normal melanocytes 

We first determined the effect of HA15 on normal human melanocytes using normal cell culture 

condition i.e. cells were cultured in the presence of 10% FBS. We used different concentrations 

of the drug and determined the viability of melanocytes using the WST-1 assay, viability of 

DMSO (solvent of the drug) treated cells were considered as 100% (Figure 22). 

 

Figure 22. Viability of normal human melanocytes in response to increasing HA15 concentration 

under normal culture conditions after 48 hours of treatment. DMSO (0.5%) is the solvent for 

HA15. The viability of cells was detected using the WST-1 assay. The data are presented as the mean 

± SD of three independent experiments. Asterisks represent significant differences (* p ≤ 0.05; ** p 

≤ 0.01). 

 

Our results clearly show that the viability of melanocytes decreased significantly (p ≤ 0.05) 

even after low-dose HA15 (10 µM) treatment, and increasing the drug concentration up to 

100 µM the cell viability further decreased under normal cell culture conditions (p ≤ 0.05 and 

p ≤ 0.01). 

To simulate the cell culture conditions that were used by Cerezo et al. [13], melanocytes were 

cultured without FBS (altogether for 62 hours). After 14 hours starvation 10 µM HA15 was 

added and melanocytes were incubated for 48 hours (Figure 23. grey columns). Control cells 

were first starved for 14 hours and then cultured in the presence of 10% FBS and treated with 
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10 µM HA15 for 48 hours (Figure 23. black columns). In contrast to normal cell culture 

conditions, the viability of the starved melanocytes decreased below 60% without any drug, 

and adding 10 µM HA15 the cell viability decreased below 45% (Figure 23). 

 

Figure 23. Viability of normal human melanocytes in response to 10 µM HA15 treatment. First, 

cells were starved for 14 hours and then cultured under normal culture conditions (black columns: 

FBS+) or cultured without FBS (grey columns: FBS-) or treated with 10 µM HA15 (FBS+ HA15+ 

and FBS- HA15+) for 48 hours. Data are presented as the mean ± SD of three independent 

experiments. Asterisks represent significant differences (*p ≤ 0.05; ** p ≤ 0.01). 

Effect of HA15 treatment on the viability of melanoma cells 

To investigate the effect of HA15 on BRAFV600E mutant melanoma cell lines we used eight 

cell lines: four were sensitive for the PLX4720 BRAF inhibitor (WM983A and WM278 and 

originated from primary melanoma lesions and WM983B and WM1617 were developed from 

the metastases of the same patients, four – developed by us – were resistant for the BRAF 

inhibitor (WM983ABRAFiRES, WM983BBRAFiRES, WM278BRAFiRES, WM1617BRAFiRES). 

Similarly to Cerezo et al. published conditions, we also included the A375 melanoma cell line 

to compare our results to the published data [13]. 

During this experiment we cultured all melanoma cell lines under normal cell culture 

conditions and treated them with 10 µM HA15. The viability of the cell lines (WST-1 assay) 

was similar; however, the viability of two melanoma metastasis-originating cell lines 

(WM983B and WM1617) decreased below 70%. Interestingly, the viability of all four BRAF 

inhibitor-resistant cell lines was close to that of the control cells, at the same time the viability 

of the A375 cell line did not change at all (Figure 24). 
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Figure 24. Cell viability of melanoma cell lines) and their BRAFi-resistant counterparts 

(WM983ABRAFiRES, WM983BBRAFiRES, WM278BRAFiRES, WM1617BRAFiRES). All cell lines were treated with 

10 µM HA15 for 48 hours in complete medium. Data represent the mean viability of three independent 

experiments (± SD). Significant differences are indicated by asterisks (**p ≤ 0.01. 

 

Figure 25. Cell viability of BRAFV600E-mutant melanoma cell lines 

Cell lines were treated with 10 µM HA15 for 48 hours. Before drug treatment, the cells were starved 

for 14 hours (black columns); the medium was then replaced with complete medium containing 10 µM 

HA15, and cell viability was measured after 48 hours (grey columns) using the WST-1 assay. Data 

represent the mean viability of three independent experiments ± SD. Significant differences (*p ≤ 0.05; 

**p ≤ 0.01; ***p ≤ 0.001) are indicated by asterisk. 

In the second experimental arrangement, cell lines were starved for 14 hours before drug treatment. 

This condition resulted in a significant decrease in cell viability in all melanoma cell lines (Figure 
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25, black columns. however, if we replaced the medium with complete medium containing 10 µM 

HA15, we observed that the cells recovered completely after 48 hours (Figure 25, grey columns). 

This clearly shows that the viability of cells were significantly influenced by the starvation 

condition and the drug had no effect under this condition. Beside the viability of the melanoma 

cells. This observation was opposite to the published data. In order to strengthen our observations 

of the effect of HA15 on melanoma cells, we ordered the HA15 drug from another company and 

repeated the experiments using two BRAFi sensitive melanoma cell lines (WM983A and 

WM983B) using both compounds. The first drug was originated from Selleck Chemicals and the 

second one from MedChemExpress. Cell viability was measured after 48 hours different 

concentrations of HA15 were added to the cell cultures in complete medium. 

The viability of cells were measured as described before, data are summarized on Figure 26. We 

observed that the viability of WM983A cells did not decrease significantly after 10 µM HA15 

treatment for 48 hours but that WM983B cells were sensitive to both compounds, as we detected 

before. 

 

 

Figure 26. Viability of WM983A and WM983B cell lines after treatment with different 

concentrations of the drug.  Cells were cultured in complete medium and the viability was measured 

after 48 hours of drug treatment. HA15 was obtained from two different companies: (A) Sellect 

Chemicals (B) MedChemExpress. Data represent the mean viability of three independent experiments 

± SD and expressed as percentages of the control. Asterisks indicate significant differences (*p < 

0.05; **p < 0.01; ***p < 0.001). 

In summary, we observed the same effect for both compounds from different companies. A 

dramatic decrease in cell viability was observed only at 50 µM and 100 µM of HA15 

independently from where the HA15 compound was originated from (Figure 26 A and B). 
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Effect of long-term starvation on A375 melanoma cell line viability  

To investigate the effect of long-term starvation on cell viability (similar to the published cell 

culture conditions), A375 melanoma cells were cultures without FBS for 14 hours and then 

cultured with and without FBS for more 48 hours as well as with 10 µM HA15. Although the 

morphology of the cells was not influenced by drug treatment (Figure 27a and 27b) under 

normal culture conditions, after 62 (14 hours + 48 hours starvation; grey column) hours of 

starvation, cell viability decreased significantly (Figure 27c). In contrast, 10 µM HA15 

treatment of the starved A375 cells resulted in a tremendous decrease in cell viability, similar 

to the published data (Cerezo et al.) indicating that long-term starvation and HA15 treatment 

have synergistic effects on cell viability (Figure 27d). 

 

Figure 27. Viability of A375 cells under different cell culture conditions. Before drug treatment, 

cells were cultured without FBS for 14 hours. Then, the cells were treated with 10 µM HA15 with 

(FBS+HA15+) or without FBS (FBS-HA15+) for 48 hours, and cell viability was determined. Images 

above the columns show the morphological changes in A375 melanoma cells under different cell 

culture conditions: (a) FBS+: cells grown in complete medium; (b) FBS+HA15+ complete medium 

and 10 µM HA15; (c) FBS- cells grown without FBS; (d) FBS-HA15+-starved cells treated with 10 

µM HA15. Data are presented as the mean ± SD of three independent experiments. Significant 

differences are indicated by asterisks (**p < 0.01; ***p < 0.001). 
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Effect of HA15 treatment on apoptosis induction in the WM983A melanoma cell 

line 

Because HA15 concomitant induce apoptosis and autophagy [13], we determined the rate of the 

viable, apoptotic, dead and necrotic cells after HA15 treatment using the Annexin V-FITC 

apoptosis kit. The experimental conditions were as follows: WM983A melanoma cells were 

starved for 14 hours and then treated with various concentrations of HA15 (10 µM, 50 µM and 

100 µM) for 48 hours. DMSO (control (0.5%)) was used as a control. Flow cytometric data are 

summarized in Figure 28. Based on the flow cytometric data, it is clear that HA15 treatment 

did not influence either cell viability nor the rate of apoptosis at 10 µM compared to DMSO-

treated control cells. These data show that HA15 did not induce apoptosis at a concentration of 

10 µM HA15 and did not affect viability. At the same time, higher concentrations of the drug 

clearly decreased viability (Figure 26 and Table 6). 

 

Figure 28. Scatter plots of WM983A melanoma cells after HA15 treatment using the Annexin V 

FITC/propidium iodide assay. First, cells were starved for 14 hours, and the medium was replaced 

with complete medium containing 10 µM, 50 µM and 100 µM HA15. The cells were then incubated for 

48 hours followed by staining with Annexin V-FITC/propidium iodide. The Annexin V-FITC-

positive/PI-negative cells located in the lower right quadrant of the histogram represent early 

apoptotic cells; the Annexin V-FITC-positive/PI-positive cells in the upper right quadrant represent 

late apoptotic cells. 

Table 6. Summary of flow cytometric data of HA15 treated WM983A melanoma cells 

 % of early and late apoptotic cells % of viable cells 

DMSO  5.74%; 90.98% 

10 µM HA15  5.74 % 92.29% 

50 µM HA15  8,17 % 64,84 % 

100 µM HA15 

treatment 

6,87 % 65,02 % 
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Effect of serum withdrawal and HA15 treatment on stress marker expression in 

the A375 melanoma cell line 

We also aimed to investigate the HA15 treatment induced ER stress under different 

experimental conditions at different time points in the A375 cell line, determining the gene 

expression level of three main stress markers (CHOP, XBP1 and BIP) by qRT-PCR. First, the 

cells were starved for 14 hours and then, similar to the published data i.) further cultured without 

FBS, treated ii.) without FBS + 10 µM HA15 and iii.) with FBS + 10 µM HA15 for 24 and 48 

hours [13]. The cells were harvested, and gene expressions of the three stress markers were 

determined (Figure 29). 

 

 

Figure 29. Relative gene expression patterns of stress markers in A375 melanoma cells under 

different culture conditions. Cells were starved for 14 hours and then incubated as follows: without 

FBS (FBS-); without FBS or with 10 µM HA15 (FBS-HA15+); or with FBS and with 10 µM HA15 

(FBS+HA15+) for 24 hours (14+24=38 hours) and 48 hours (14+48=62 hours). Significant 

differences are indicated by asterisks (*p ≤ 0.05). 

 

The relative gene expression of the three stress markers were similar to the control after 14 

hours of drug withdrawal. However, after 38 hours, expression of the markers increased in the 

starved cells (without or with HA15 treatment: (FBS- and FBS-HA15+); in contrast to the cells 

grown under normal cell culture conditions (FBS+HA15+), only a slight increase was 



RESULTS 

 

56 

 

observed at the end of the experiment (FBS+HA15+: 62 hours incubation). The highest 

relative expressions were observed for the XBP1 gene in the starved cells (almost 50x fold 

change: FBS-), and expression increased significantly after 38 hours in the presence of 10 µM 

HA15 (fold change ≥120x: FBS-HA15+) and was high at the endpoint. 

Effect of serum withdrawal and HA15 treatment on gene expression of autophagy 

markers in the A375 melanoma cell line 

To follow whether HA15 induces autophagy we choose four autophagy associated markers 

(DRAM1, P62, ATG5 and ATG7 [117]) and determined the gene expression levels after HA15 

treatment under normal and starved cell culture conditions. We found that pre-starvation (FBS-

for 14 hours) did not induce significant expression changes in these genes (Figure 30). After 

38 hours of starvation, the expression level of all four genes increased (Figure 30 FBS, 38 

hours), the highest relative expression was measured for the DRAM1 gene. When incubating 

the starved cells with 10 µM HA15 (FBS- and +10 µM HA15), the expression of two genes 

(p62 and ATG5) increased significantly, at the same time notable expression changes of 

autophagy markers were not observed in cells grown in complete medium even after 48 hours 

of drug treatment. (Figure 30: last four columns). 

Figure 30. Relative gene expression patterns of autophagy markers in A375 cells. Cells were 

starved for 14 hours and then incubated without FBS (FBS-), without FBS, with 10 µM HA15 

(FBS-HA15+), with FBS or with 10 µM HA15 (FBS+HA15+) for an additional 48 hours. Gene 

expression was measured at the indicated time points. Significant differences are indicated by 

asterisks (*p ≤ 0.05). 
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Overall, expression patterns of autophagy marker genes were similar in starved cells treated 

with HA15 at the time of 38 and 62 hours. In contrast, only DRAM1 gene expression was 

elevated after HA15 treatment in cells growing in complete medium (FBS+HA15+, 62 hours). 

Development and characterization of HA15-resistant melanoma cell lines 

Because 10 µM HA15 treatment  did not influenced the viability of melanoma cells 

significantly, we selected the most HA15-sensitive cell line (WM983B) to develop this drug 

resistant cell line and treated the cells continuously with 20 µM and 30 µM HA15 under normal 

cell culture conditions. After ~10 weeks, two resistant cell lines were developed: one resistant 

to 20 µM HA15 (WM983BHA15RES20µM) and another was resistant to 30 µM HA15 

(WM983BHA15RES30µM) treatment. The viability of the resistant cells (WM983BHA15RES30µM) was 

not affected by continuous HA15 treatment (30 µM HA15), except when concentration was 

increased to 50 µM. On the contrary, the parental WM983B cell line showed a significant 

decrease in viability at both concentrations (Figure 31). 

 

Figure 31. Viability of WM983B and WM983BHA15RES30µM melanoma cell lines. 

 WM983B (black columns) and WM983BHA15RES30µM (grey columns) cell lines were treated with 

DMSO (0.5%), 30 µM and 50 µM HA15 under normal culture conditions. Cell viability was 

measured after 48 hours of drug treatment. Data are presented as the mean ± SD of three 

independent experiments. Significant differences are indicated by asterisks (*p ≤ 0.05; ** p ≤ 0.01). 

As HA15 targets the HSPA5/BiP protein (master regulator of the UPR), we determined the 

expression level of the BiP gene in the parental WM983B and in both resistant cell lines 

(WM983BHA15RES20µM and WM983BHA15RES30µM). The HA15 resistant cell lines showed 
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significantly increased BiP gene expression compared to the parental WM983B cells (Figure 

32). 

 

Figure 32. BIP gene expression of the WM983BHA15RES cell line. Two HA15-resistant cell lines were 

developed by long-term HA15 treatment. The resistant cell lines (grey columns) showed increa-sed 

BiP gene expression compared to the parental cells (black column). Data are presented as the mean ± 

SD of three independent experiments. Asterisks indicate significant differences (p ≤ 0.05). 
 

We also investigated how the resistant cells (WM983BHA15RES) respond to the lack of HA15. During 

this experiment, we replaced the drug with DMSO and found that cell viability decreased and that 

the morphology of the cells changed (Figure 33). The morphological changes of the resistant cells 

indicates that the cells developed a drug-addiction phenotype, similar to BRAF inhibitor-resistant 

cell lines (Figure 33. B and C ) [90]. 

Figure 33. The effect of HA15 withdrawal on the WM983BHA15RES-resistant cell line. A. Viability 

of the cells compared to cells grown in the presence of HA15 (black column) and after the 

withdrawal of the drug (grey column). The resistant cell lines were cultured in the presence of 30 

µM HA15 or in the presence of the same volume of the solvent (DMSO (0.5%)). After 72 hours of 

drug withdrawal, the WM983BHA15RES cells showed decreased cell proliferation. B. 

Photomicrographs of the WM983BHA15RES cell line during continuous drug treatment and C. after 72 

hours of drug withdrawal (100X magnification.). Significant differences are indicated by asterisks 

(*p ≤ 0.05). 
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Effect of starvation on gene expression in the WM983B melanoma cell line using 

RNA-Seq analysis 

In the published manuscript during the characterization of the anti-cancer effect of HA15, Cerezo 

et al. used unusual experimental conditions, e.g., cells were starved for 14 hours before drug 

treatment [13] and we noticed during our study that the drug do not kill melanoma cells under 

normal cell culture condition, therefore we aimed to determine the gene expression signature of the 

starved cells and identify the differentially expressed genes of cells growing under normal culture 

conditions. Evaluating the RNA-Seq data, we found 6531 upregulated and 4890 downregulated 

transcripts in the WM983B melanoma cells growing under starved cell culture conditions. The 

highest expression difference was observed for the RP11-134F2.8 gene (217-fold change), which 

encodes a novel DnaJ_C domain-containing protein. Another highly expressed gene was RP11-

618G20.1 (64-fold change), which encodes a long non-coding RNA associated with angiogenesis 

(http://angiogenes.unifrankfurt.de). Two starvation-related genes, SLCO4C1 (32-fold change) and 

PIK3IP1 (14-fold change), were also highly expressed in the starved WM983B cell population. We 

performed molecular functional characterization of the upregulated genes (at least 2-fold changes 

of 1807 genes), the genes were enriched in calcium ion binding, ion channel activity, and ion 

transmembrane transporter activity (Table 7 and Figure 34).  

 

Figure 34.  Upregulated genes in the WM983B melanoma cell line after 14 hours of starvation, as 

shown in a molecular functionally grouped network using the ClueGo (v. 2.3.5) tool kit of 

Cytoscape (www.cytoscape.org) software (v. 3.5.1).  
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 Table 7: Molecular functional characterisation of the upregulated genes (6531 genes) in 

the WM983B melanoma cell line after 14 hours of FBS starvation 

Pathways significantly associated with candidate genes in the WM983B melanoma cell line 

after 14 hours of FBS starvation are associated with plasma membrane structures and pathways 

Gene ID Name P-value FDR B&H FDR B&Y
Bonferro

ni

Genes 

from Input

Genes in 

Annotatio

n
1. GO:0005509 calcium ion binding 8.672E-12 1.383E-8 1.100E-7 1.383E-8 96 734

2. GO:0005216 ion channel activity 4.644E-8 3.703E-5 2.945E-4 7.407E-5 77 641

3. GO:0022857
transmembrane 

transporter activity
2.095E-7 8.968E-5 7.131E-4 3.342E-4 132 1340

4. GO:0015318

inorganic molecular 

entity 

transmembrane 

transporter activity

2.249E-7 8.968E-5 7.131E-4 3.587E-4 112 1089

5. GO:0022836
gated channel 

activity
3.733E-7 1.191E-4 9.469E-4 5.954E-4 61 491

6. GO:0015075
ion transmembrane 

transporter activity
6.439E-7 1.712E-4 1.361E-3 1.027E-3 115 1150

7. GO:0005261
cation channel 

activity
9.899E-7 2.050E-4 1.630E-3 1.579E-3 63 528

8. GO:0015267 channel activity 1.095E-6 2.050E-4 1.630E-3 1.746E-3 78 705

9. GO:0022803

passive 

transmembrane 

transporter activity

1.157E-6 2.050E-4 1.630E-3 1.845E-3 78 706

10. GO:0022839
ion gated channel 

activity
1.554E-6 2.479E-4 1.971E-3 2.479E-3 58 478

11. GO:0022832
voltage-gated 

channel activity
1.809E-6 2.623E-4 2.086E-3 2.885E-3 42 305

12. GO:0005215 transporter activity 2.259E-6 3.002E-4 2.388E-3 3.603E-3 140 1505

13. GO:0005244
voltage-gated ion 

channel activity
4.059E-6 4.980E-4 3.960E-3 6.474E-3 41 304

14. GO:0022890

inorganic cation 

transmembrane 

transporter activity

5.608E-6 6.267E-4 4.984E-3 8.944E-3 87 847

15. GO:0008324

cation 

transmembrane 

transporter activity

5.894E-6 6.267E-4 4.984E-3 9.401E-3 91 898

16. GO:0046873

metal ion 

transmembrane 

transporter activity

1.225E-5 1.221E-3 9.710E-3 1.954E-2 68 630

17. GO:0022843
voltage-gated cation 

channel activity
1.434E-5 1.346E-3 1.070E-2 2.288E-2 34 245

Table 4: Molecular functional characterisation of the upregulated genes (6531 genes) in the WM983B 

melanoma cell line after 14 hours of FBS starvation
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involved in cholesterol and steroid biosynthesis, calcium signalling pathways and activation of 

gene expression by SREBF pathways (ToppFun GO), as listed in Table 8. 

Table 8: The significantly altered pathways in the WM983B melanoma cell line after 14 

hours of FBS starvation 

ID Name Source P-value FDR B&H FDR B&Y Bonferroni
Genes from 

Input

Genes in 

Annotation

7. M5889

Ensemble of genes encoding 

extracellular matrix and 

extracellular matrix-

associated proteins

MSigDB C2 BIOCARTA 

(v7.1)
9.965E-8 1.390E-5 1.168E-4 2.501E-4 107 1026

24. 1270001
Metabolism of lipids and 

lipoproteins

BioSystems: 

REACTOME
8.309E-6 5.959E-4 5.008E-3 2.086E-2 83 816

21. 1269903
Transmembrane transport of 

small molecules

BioSystems: 

REACTOME
1.236E-6 9.697E-5 8.151E-4 3.103E-3 75 680

23. M5884

Ensemble of genes encoding 

core extracellular matrix 

including ECM 

glycoproteins, collagens and 

proteoglycans

MSigDB C2 BIOCARTA 

(v7.1)
4.049E-6 2.989E-4 2.513E-3 1.016E-2 38 275

25. 83053
Neuroactive ligand-receptor 

interaction
BioSystems: KEGG 1.289E-5 8.988E-4 7.555E-3 3.236E-2 37 278

27. M13380
Neuroactive ligand-receptor 

interaction

MSigDB C2 BIOCARTA 

(v7.1)
1.905E-5 1.258E-3 1.057E-2 4.781E-2 36 272

14. 83050 Calcium signaling pathway BioSystems: KEGG 3.587E-7 3.547E-5 2.981E-4 9.002E-4 31 182

18. M2890 Calcium signaling pathway
MSigDB C2 BIOCARTA 

(v7.1)
6.165E-7 5.336E-5 4.485E-4 1.547E-3 30 177

1. 1270037 Cholesterol biosynthesis
BioSystems: 

REACTOME
6.809E-13 1.709E-9 1.436E-8 1.709E-9 15 24

2. 142269
Superpathway of cholesterol 

biosynthesis
BioSystems: BIOCYC 1.603E-12 2.012E-9 1.691E-8 4.024E-9 15 25

19. 1270038

Regulation of cholesterol 

biosynthesis by SREBP 

(SREBF)

BioSystems: 

REACTOME
9.761E-7 8.166E-5 6.864E-4 2.450E-3 15 55

9. 1270039
Activation of gene 

expression by SREBF (SREBP)

BioSystems: 

REACTOME
1.435E-7 1.801E-5 1.514E-4 3.602E-4 14 42

3. SMP00023 Steroid Biosynthesis SMPDB 2.925E-11 2.447E-8 2.057E-7 7.341E-8 13 21

4. PW:0000454 Cholesterol biosynthetic Pathway Ontology 1.257E-9 4.732E-7 3.978E-6 3.155E-6 11 18

6. 82937 Steroid biosynthesis BioSystems: KEGG 9.853E-8 1.390E-5 1.168E-4 2.473E-4 10 20

10. M5872 Steroid biosynthesis
MSigDB C2 BIOCARTA 

(v7.1)
2.342E-7 2.473E-5 2.079E-4 5.878E-4 9 17

5. P00014 Cholesterol biosynthesis PantherDB 3.398E-8 5.331E-6 4.481E-5 8.529E-5 8 11

11. 142266
Cholesterol biosynthesis II 

(via 24,25-dihydrolanosterol)
BioSystems: BIOCYC 2.365E-7 2.473E-5 2.079E-4 5.935E-4 8 13

12. 142267 Cholesterol biosynthesis I BioSystems: BIOCYC 2.365E-7 2.473E-5 2.079E-4 5.935E-4 8 13

13. 142268
Cholesterol biosynthesis III 

(via desmosterol)
BioSystems: BIOCYC 2.365E-7 2.473E-5 2.079E-4 5.935E-4 8 13

8. PW:0000248 Steroid biosynthetic Pathway Ontology 1.256E-7 1.659E-5 1.394E-4 3.152E-4 7 9

15.
MAP00100 Sterol 

biosynthesis

MAP00100 Sterol 

biosynthesis
GenMAPP 3.957E-7 3.547E-5 2.981E-4 9.931E-4 7 10

16. 413387
C5 isoprenoid biosynthesis, 

mevalonate pathway
BioSystems: KEGG 3.957E-7 3.547E-5 2.981E-4 9.931E-4 7 10

17. 142207 Mevalonate pathway BioSystems: BIOCYC 3.957E-7 3.547E-5 2.981E-4 9.931E-4 7 10

20. 413390

Cholesterol biosynthesis, 

squalene 2,3-epoxide => 

cholesterol

BioSystems: KEGG 1.029E-6 8.328E-5 7.000E-4 2.582E-3 7 11

22. 545288

Superpathway of 

geranylgeranyldiphosphate 

biosynthesis I (via 

mevalonate)

BioSystems: BIOCYC 2.334E-6 1.775E-4 1.492E-3 5.858E-3 7 12

26. M13465
Terpenoid backbone 

biosynthesis

MSigDB C2 BIOCARTA 

(v7.1)
1.603E-5 1.087E-3 9.139E-3 4.023E-2 7 15

Table 5: The significantly altered pathways in the WM983B melanoma cell line after 14 hours of FBS starvation using ToppFun Gene Ontology
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Identification of differentially expressed genes in HA15-resistant melanoma cell 

lines using RNA-Seq analysis 

We are the first to successfully establish HA15 drug resistant melanoma cell lines 

(WM983BHA15RES), which was not particularly difficult because the cell lines were not very 

sensitive to 10 µM HA15 treatment under normal cell culture conditions. However, when the 

drug concentration was increased to 20 M and 30 µM the viability of cells decreased, but after 

a few weeks, the cells were able to cope with the increased amount of HA15 and became a 

stable resistant cell line. To define gene expression alterations associated with the HA15-

resistant phenotype, we performed RNA-Seq analysis on the newly developed resistant 

melanoma cell line and compared the gene expression signature to that of the original WM983 

cell line. Gene Ontology analysis revealed that 2,964 of the upregulated genes in the resistant 

cells are mainly involved in DNA binding, transcription factor activity, and ion 

channel/transporter activities (Table 9).Table 9: Groups of the upregulated genes by molecular 

function in the WM983BHA15RES melanoma cell line using ToppFun Gene Ontology 

ID Name P-value FDR B&H FDR B&Y Bonferroni
Genes from 

Input

Genes in 

Annotation

1. GO:0000981

DNA-binding transcription 

factor activity, RNA 

polymerase II-specific

2.425E-7 2.581E-4 2.119E-3 5.002E-4 245 1615

2. GO:0004713
protein tyrosine kinase 

activity
2.502E-7 2.581E-4 2.119E-3 5.161E-4 54 237

3. GO:0046873
metal ion transmembrane 

transporter activity
4.297E-7 2.909E-4 2.388E-3 8.864E-4 112 630

4. GO:0005261 cation channel activity 5.640E-7 2.909E-4 2.388E-3 1.164E-3 97 528

5. GO:0022890

inorganic cation 

transmembrane transporter 

activity

2.034E-6 8.394E-4 6.891E-3 4.197E-3 139 847

6. GO:0005216 ion channel activity 3.080E-6 1.059E-3 8.695E-3 6.355E-3 110 641

7. GO:0022836 gated channel activity 5.259E-6 1.550E-3 1.272E-2 1.085E-2 88 491

8. GO:0008324
cation transmembrane 

transporter activity
7.606E-6 1.961E-3 1.610E-2 1.569E-2 143 898

9. GO:0022839 ion gated channel activity 1.031E-5 2.322E-3 1.906E-2 2.127E-2 85 478

10. GO:0015318

inorganic molecular entity 

transmembrane transporter 

activity

1.231E-5 2.322E-3 1.906E-2 2.540E-2 167 1089

11. GO:0015267 channel activity 1.265E-5 2.322E-3 1.906E-2 2.609E-2 116 705

12. GO:0022803
passive transmembrane 

transporter activity
1.351E-5 2.322E-3 1.906E-2 2.786E-2 116 706

13. GO:0005244
voltage-gated ion channel 

activity
1.718E-5 2.726E-3 2.238E-2 3.543E-2 59 304

14. GO:0022832
voltage-gated channel 

activity
1.901E-5 2.802E-3 2.300E-2 3.922E-2 59 305

Table 6: Groups of the upregulated genes by molecular functions in the WM983BHA15RES melanoma cell line using ToppFun Gene 

Ontology
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The 2,802 downregulated genes are related to the extracellular matrix, integrin, collagen, 

microtubule, DNA replication origin binding and DNA helicase activity and are involved in the 

cell cycle, mitotic prometaphase, resolution of sister chromatid cohesion and DNA strand 

elongation pathways (Table 10). 

Table 10: Groups of the downregulated genes by molecular functions in the 

WM983BHA15RES melanoma cell line using ToppFun Gene Ontology. 

 

We summarized the top 50 overexpressed genes in the HA15 resistant WM983BHA15RES 

melanoma cell line in Supplementary Table 4. The highest expression was detected for the 

 protein-coding gene PAPPA2 (Pappalysin 2), and several highly expressed genes on the list 

are specifically linked to drug resistance, such as ABCC9 and IL13RA2. 

Using gene set enrichment analysis (GSEA) depicting the hallmark gene set, we found that 

INTERFERON_ALPHA_RESPONSE, HYPOXIA, GLYCOLYSIS, 

KRAS_SIGNALING_UP, TNFA_SIGNALING_VIA_NFKB, and P53_PATHWAY gene sets 

correlated positively with the HA15-resistant phenotype (Supplementary Figure 2). 

 

ID Name P-value FDR B&H FDR B&Y Bonferroni
Genes from 

Input

Genes in 

Annotation

1. GO:0005201
extracellular matrix structural 

constituent
5.652E-9 1.195E-5 9.843E-5 1.195E-5 47 178

2. GO:0050840 extracellular matrix binding 8.101E-8 8.566E-5 7.054E-4 1.713E-4 23 63

3. GO:0008301 DNA binding, bending 5.514E-7 2.796E-4 2.303E-3 1.166E-3 52 236

4. GO:0005178 integrin binding 6.930E-7 2.796E-4 2.303E-3 1.466E-3 37 146

5. GO:0005518 collagen binding 7.053E-7 2.796E-4 2.303E-3 1.492E-3 25 80

6. GO:0003688
DNA replication origin 

binding
7.933E-7 2.796E-4 2.303E-3 1.678E-3 13 26

7. GO:0008092 cytoskeletal protein binding 3.162E-6 9.553E-4 7.866E-3 6.687E-3 163 1061

8. GO:0042802 identical protein binding 4.334E-6 1.146E-3 9.435E-3 9.166E-3 279 1997

9. GO:0005539 glycosaminoglycan binding 1.020E-5 2.398E-3 1.974E-2 2.158E-2 50 246

10. GO:0008017 microtubule binding 1.234E-5 2.516E-3 2.072E-2 2.609E-2 56 288

11. GO:0003678 DNA helicase activity 1.309E-5 2.516E-3 2.072E-2 2.768E-2 24 87

12. GO:0008094
DNA-dependent ATPase 

activity
2.021E-5 3.562E-3 2.933E-2 4.274E-2 30 124

Table 7: Groups of the downregulated genes by molecular functions in the WM983BHA15RES melanoma cell line using ToppFun 

Gene Ontology.
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Discussion 

Cutaneous melanoma is an aggressive, therapy-resistant skin cancer that develops from 

melanocytes originating from a highly migratory embryonic cell population [23]  In addition, it 

has been observed as having one of the highest metastatic potentials among human cancers 

[118].  

The discovery of mutations of the BRAF in different types of human malignancies has given 

fast improvement to the development of targeted therapies [35]. The highest frequency of BRAF 

mutations (especially BRAFV600E) is found in malignant melanoma, this mutation constitutes a 

therapeutic target for patients with advanced and metastatic tumours [35].  Since the discovery 

of the BRAFV600E mutation the number of new drugs has expanded dramatically, including 

effective inhibitors of the MAPK pathway and antibodies targeting immune checkpoint 

inhibitor molecules, including cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), 

programmed cell death (PD)-1, and PD-ligand1 (PD-L1) [119]. These improvements have 

greatly increased the prognosis of patients with advanced melanoma; unfortunately, resistance 

to most of the drugs limits the number of patients with long-lasting responses. A large number 

of investigations have focused on identifying the molecular background of resistance, but 

regrettably, the leading mechanisms of resistance remain unclear [120]. Identification of a 

common vulnerability target in melanoma cells is an urgent need and will help to discover more 

effective treatments of melanoma [13], therefore, to test all promising treatment options is 

crucial.  

Targeted inhibition of the mutant BRAF (BRAFmt) protein is one of the most promising 

therapeutic approaches for patients with unresectable or metastatic melanoma since 2011 [121]. 

Despite the 6-8 month median progression-free survival, unfortunately most patients develop 

resistance and the tumor re-growth [122]. Even though the mechanism of resistance has been 

extensively studied, the molecular mechanism of acquired resistance remains unclear. Acquired 

resistance has been found to be driven by hyperactivated signal transduction pathways, such as 

reactivated IGF1R/PI3K/AKT  and MAPK pathways and pathways involving mutation of 

PTEN  and NRAS, amplification of BRAFV600E and aberrant splicing of BRAFV600E [46][54,55].  

The novelty of our study is that we developed BRAFi-resistant primary and BRAFi-resistant 

metastatic melanoma cell lines originated from the same patients and analysed the alterations 
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that arose during the development of drug resistance. Using a Proteome Profiler Human XL 

Oncology Array, we detected distinct protein signatures associated with acquired BRAFi 

resistance. During our aCGH experiment, we detected new BRAFi resistance-associated CNAs 

that were characteristic of all resistant cell lines. We also observed that in addition to developing 

drug resistance, melanoma cells developed BRAFi dependence. During the establishment of 

the resistant cells, we observed that the morphology of the cells was different from that of the 

parental cells. Three of the four resistant cell lines were more invasive than the original, 

sensitive cell lines. Melanoma and other types of tumour cells are known to display the EMT 

phenotype, which is adopted by cancer cells and is associated with increased invasiveness, 

increased production of ECM components and metastasis formation [93,94]. We demonstrated 

that all sensitive (parental) cell lines and one non-invasive resistant cell line (WM1617RES) had 

increased LEF1 and decreased TCF4 expression, while the three PLX4720-resistant cell lines 

displayed opposite gene expression patterns for both genes. From a clinical perspective, drug 

dependency is an extremely important feature to consider during treatment. Das Thakur et al. 

observed that the cessation of drug administration leads to a regression of established drug-

resistant tumours [123]. Additionally, several clinical observations suggest that intermittent 

BRAFi treatment might be associated with prolonged survival in BRAFV600E mutant melanoma 

patients [124,125]. In our study, withdrawal of PLX4720 resulted in decreased cell proliferation 

in resistant cell lines, except for the WM278RES cell line. On the one hand, this finding is 

consistent with the hypothesis that resistant cells can develop drug dependency, which has high 

clinical relevance [126]. In a recent research it was tested whether intermittent combination 

therapy using BRAF and MEK inhibitors (dabrafenib+ trametinib) significantly improved 

progression free survival (PFS) compared to standard continuous dosing of these agents. 

Unfortunately it was found that - contrary to the initial hypothesis-, continuous dosing yielded 

a statistically significant increase in PFS compared to intermittent dosing (9.0 months vs 5.5 

months ;p = 0.064, pre-specified two-sided α = 0.2) [127]. This means that more research is 

needed to clarify the use of the different dosing methods.  

Using aCGH we found new genomic alterations altered in all resistant cell lines on 

chromosomes 8q24.11-q24.12 (EXT1 and SAMD12) and 8q21.2 (REXO1L2P gene), and all 

three genes exhibited elevated CNs.  
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Transcriptome analysis of the resistant cell lines revealed well-known markers of drug 

resistance, including PDGFRβ, EGFR and WNT5A [46,128], consistent with the data reported 

by Shaffer et al. [106]. Based on our gene expression results, most genes upregulated in the 

resistant cell lines were involved in cell motility and angiogenesis and were enriched in the 

ECM, Syndecan-4 and TNF signalling pathways. In contrast, the downregulated genes were 

not related to any pathways; however, these genes (e.g. MLANA, PMEL and TYRP1) were 

responsible for pigmentation and melanocyte differentiation other specific features of the 

resistant cell lines [106,129]. 

To identify specific protein expression patterns in cancer-related proteins associated with 

acquired BRAFi resistance, we used a Proteome Profiler Human XL Oncology Array to enable 

analysis of the relative expression of 84 cancer-related proteins in all the cell lines. We found 

several differentially expressed proteins between the resistant and sensitive cell lines; however, 

more importantly, we observed that eight proteins (ANGPTL4, EGFR, ENDOGLIN, FGF2, 

SERPINE1, VCAM-1, Survivin and OPN) were differentially expressed in all resistant cell 

lines compared to the parental/sensitive lines. The increased expression of several genes, 

including EGFR, ANGPTL4 and ENDOGLIN (CD105), has been reported to be associated with 

hyperactivation of the TGF-β signalling pathway in resistant cell lines [104,126,130]. 

Beside the encouraging results which were obtained by different BRAF (vemurafenib, 

dabrafenib, encorafenib etc.) and MEK/ERK inhibitors other drugs were also developed in 

order to avoid the development of drug resistance.  Therefore it is very important to test all 

promising treatment options in melanoma cells.  Cerezo et al. developed and tested a family of 

molecules (thiazolidinedione) and described the one of the compound, named HA15, which has 

high anti-cancer effect. They described that target of HA15 is the chaperone 

BiP/GRP78/HSPA5 and described that the interaction increases ER stress, leading to melanoma 

cell death by concomitant induction of autophagic and apoptotic mechanisms [13](Cerezo and 

manag cikk). 

HA15 was effective in melanoma cells regardless of whether the cells were sensitive or resistant 

to BRAF inhibitors, whereas no toxicity was observed in normal cells. HA15-induced cancer 

cell death is mediated by concomitant induction of autophagy and apoptosis, both of which are 

the consequence of a rapid initiation of ER stress [13]. Although the anti-cancerous effects of 

HA15 was well detailed by Cerezo et al., we noticed that the drug treatment conditions for the 
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melanoma cell lines were not optimal [13]. To investigate the effect and to define the molecular 

target of HA15, during each experiment, Cerezo et al kept the cells under starvation conditions 

(cell culture without serum) for 14 hours before drug stimulation [13]. Because this is not truly 

a physiological condition, our aim was to investigate the effect of HA15 under normal 

(complete medium) and starvation culture conditions at different drug concentrations. In 

addition, we determined the expression of stress (CHOP, XBP1 and BIP) and autophagy 

(DRAM1, P62, ATG5 and ATG7) marker genes; furthermore, we successfully developed an 

HA15-resistant melanoma cell line. We found that under normal culture conditions, 10 µM 

HA15 had only a moderate effect on two of the 10 cell lines, including the A375 melanoma cell 

line used by Cerezo et al. [13]. Eight of our cell lines (including 4 BRAF inhibitor-resistant 

lines) were not sensitive to 10 µM HA15 treatment at all. In contrast, if cells were cultured 

without FBS, their viability decreased significantly after 14 hours of starvation. Under this 

condition, the cell lines responded differently to HA15: some detached from the surface, and 

others had rounded shapes; whereas the morphology of other cell lines was unaffected. In fact, 

we observed the cancer cell killing effect on melanoma cells referred by Cerezo et al. only if 

we used starvation conditions during the whole experiment [13]. Serum starvation is widely 

used for mammalian cell synchronization because serum deprivation arrests cells in G0/G1 

phase [131-134], but after ~ 24 hours (depending on cell lines), the morphology of cells starts to 

change, as described above. It is well known that starvation results in deleterious effects on cell 

viability and massive DNA fragmentation [133,135-138] as a hallmark of apoptosis [139,140]. As 

FBS is essential for cellular growth and normal metabolism [141], a lack of serum stops cells 

from proliferating, and their viability decreases due to mitochondrial dysfunction and 

cytochrome C release, resulting in apoptosis [142-144]. How this circumstance affects cell 

viability, proliferation, and morphology can vary due to the methods used for FBS deprivation 

and for measuring cell viability [145]. 

Autophagy is another mechanism that has evolved to provide amino acids and fatty acids during 

starvation to maintain cell homeostasis; it is compatible with survival and helps cells to cope 

with stress. Therefore, serum starvation is an easy way to induce autophagy. Many publications 

have reported that 12 hours of starvation is sufficient to increase the number of autophagic 

vacuoles in cells [146-150]. FBS deprivation causes cell stress in many ways and is the most 

commonly used method of inducing cell stress [151,152]. For example, it has been reported that 
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HA15 treatment induces ER stress and leads to cancer cell death via concomitant autophagic 

and apoptotic mechanisms [13]. Nevertheless, the effectiveness of HA15 was determined after 

14 hours of serum starvation, which would obviously alter the behavior of cells and induce 

autophagy and apoptotic mechanisms; hence, it is not an ideal experimental background to 

prove that these mechanisms are induced solely by HA15. To determine the effect of 14 hours 

of starvation on gene expression, we performed RNA-Seq experiments and compared the gene 

expression patterns in WM983B cells growing in normal growth medium and after 14 hours of 

FBS starvation. The highest difference in expression was detected for the RP11-134F2.8 gene 

(217-fold change). This gene encodes a novel DnaJ_C domain-containing protein of the ER 

that is involved in unfolded protein binding and is an important paralogue of DNAJB11 and a 

co-chaperone for BiP, which is a master regulator of ER function. BiP is required for proper 

folding, trafficking and protein degradation and stimulates BiP ATPase activity [153-155]. 

Another highly expressed gene was RP11-618G20.1 (64-fold change), which encodes a long 

non-coding RNA associated with angiogenesis (http://angiogenes.unifrankfurt.de) and has 

potential clinical implications in ovarian cancer [156]. Two starvation-related genes, SLCO4C1 

(32-fold change) and PIK3IP1 (14-fold change), were also highly expressed in the starved 

WM983B cell population. Overexpression of the SLCO4C1 gene has recently been described 

in endometrial cancer tissue, and it was shown that downregulation of this gene can promote 

apoptosis in endometrial cancer cell lines [157]. Furthermore, overexpression PIK3IP1 

suppresses the activity of the PI3K/AKT/mTOR pathway as a critical regulator of autophagy 

[158,159]. 

Recent data support the existence of crosstalk between lipid metabolism and autophagy, as lipid 

metabolism is possibly involved in the formation of membrane structures related to autophagy 

(e.g., phagophores and autophagosomes) during stress [160]. SREBP is an ER-associated 

integral membrane protein complex that transcriptionally controls expression of the genes 

coding for a number of enzymes involved in cholesterol biosynthesis [161]. Similarly, it is well 

documented that Ca2+ ions have a clear and complex role in autophagy regulation [162,163] 

Finally, the active nuclear form of SREBP1 has been found to amplify ER stress and autophagy 

via regulation of PERK [164]. 

Cerezo et al. published that the duration of starvation can be interpreted in different ways, 

whereby 14 or 62 hours of starvation may have been imposed if the condition applies to the 
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entire duration of the experiment [13]. If we use cell line models in cancer biology, we must 

simulate in vivo conditions as "close as possible" to the "biological reality" to obtain useful and 

reliable information. In contrast to the published data under normal cell culture conditions, we 

were not able to detect the reported selective, harmful cell killing effect of HA15 at 10 µM. 

Interestingly, cell viability decreased significantly after starvation, but if the drug was added to 

the complete medium, the cells recovered after 62 hours of treatment. In summary, we found 

that at a small dose, HA15 had no significant effect on cell viability but that the viability of 

cells decreased significantly at high doses, even under normal culture conditions without 

starvation. 

Finally, yet importantly, contrary to the original publication, we were able to generate HA15-

resistant cells, which Cerezo et al. did not [13]. The failure to develop an HA15-resistant cell 

line was interpreted as “it is not surprising since HA15 affects a global cellular mechanism (like 

ER stress), rather than one specific protein, as the BRAF inhibitors do” [13]. Interestingly, the 

HA15-resistant cell line shows characteristics similar to those of BRAFi-resistant cell lines [90]. 

First, after withdrawal of the drug, the cells responded with decreased proliferation, probably 

because they developed not only resistance to HA15 but also drug addiction. Second, one of 

the resistance mechanisms to BRAF inhibitors is overexpression of the target BRAF gene [90]. 

Similar to our previous results, we observed increased expression of the HA15 target gene BiP 

in a dose-dependent manner in HA15-resistant cell lines. It was recently published that the 

resistance of cell lines to ER stress inducers is associated with elevation of GRP78/BiP at the 

mRNA and protein levels in all resistant cells, suggesting that overexpression of the BiP gene 

might be responsible for HA15 resistance [165]. 

Moreover, our RNA-Seq data highlight many genes that might contribute to the resistant 

phenotype. The highest expression was detected for the PAPPA2 gene (more than 900-fold 

change) in the HA15-resistant cell line. While the role of this gene in drug resistance is not yet 

known, it is likely to exert its effects along the insulin-like growth factor (IGF) axis. 

Nevertheless, several of the other genes identified can be specifically linked to drug resistance. 

For example, the ABCC9 gene is a member of the ABC transporter MRP subfamily and is 

involved in multi-drug resistance, including IL13RA2 in resistance to sunitinib [166] and ZEB1 

in resistance to histone deacetylase inhibitors [167]. The overexpressed genes in the HA15-
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resistant cell line are involved in ion channel/transporter activities, and these genes appear to 

be new actors in chemotherapeutic resistance [168,169]. 

In summary, we developed BRAFi (PLX4720)-resistant BRAFV600E mutant, matched primary 

and metastatic melanoma model systems to characterize the molecular background of BRAFi 

resistance. We found new genomic alterations and characterized the protein expression patterns 

associated with the resistant phenotype. 

Furthermore, in contrast to the published data, we conclude that the new drug HA15 is not 

effective at 10 µM concentration as it was published, it has only a moderate effect on melanoma 

cell lines, independent of whether the cells are BRAFi resistant under normal culture conditions. 

We showed that the drug-induced anti-melanoma effect is due in part to the starvation applied 

during the experiments and not exclusively linked to the effect of the drug. Furthermore, we 

were unable to confirm the selectivity of the HA15; i.e., it similarly influences the viability of 

normal melanocytes and different melanoma cell lines. In contrast with the published data, 

melanoma cells are able to develop resistance against the “anti-melanoma” HA15 drug. Finally, 

we hope our findings can assist in obtaining a more thorough understanding of the complex 

mechanisms of BRAFi resistance, and helps clarify that HA15 may have a place in future 

therapy for melanoma. 
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Summary 

To clarify the molecular background of BRAF inhibitor (BRAFi) resistance, we generated four 

drug-resistant melanoma cell lines from paired primary/metastatic cell lines using a 

vemurafenib analogue PLX4720. No such a comparison was reported before. 

By array CGH we detected new copy number alterations in all resistant cell lines (EXT1 and 

SAMD12 genes and REXO1L2P). Recently it was suggested that that EXT1 could be a 

promising novel target to overcome cancer cell stemness in anthracycline-based therapeutic 

resistance. In addition, we observed that beside the development of drug resistance, one 

melanoma cell line was able to develop BRAFi dependence. This is in a very good agreement 

with a recent report that some BRAF or MEK inhibitor-resistant melanoma patients may regain 

sensitivity to these drugs after a 'drug holiday'. This might create a promising therapeutic 

opportunity for selected patients. Using Proteome Profiler Oncology Array we detected the 

expression of 84 cancer-related proteins in BRAFi sensitive and resistant melanoma cell lines. 

We could identify distinct protein signatures associated with acquired BRAFi resistance. 

Increased expression of six proteins (ANGPLT4, EGFR, Endoglin, FGF2, Serpin E1, and 

VCAM-1) and decreased expression of two (OPN and Survivin) were consistently observed in 

all resistant cell lines. Downregulation of the OPN in association with acquired drug resistance 

was first observed by us. 

In parallel, we have investigated the effect a recently synthesized drug (HA15) that triggers 

endoplasmic reticulum (ER) stress and causes deleterious effects on melanoma cell viability 

due to autophagy and apoptosis, regardless of driver mutations or drug resistance. In contrast 

to the published data, we did not detect significant melanoma cell death under normal culture 

conditions using HA15 treatment. Indeed, only cells that were cultured under long-term 

starvation conditions were sensitive to the drug. Quantitative measurements of ER stress and 

autophagy markers showed that the compound HA15 does not trigger stress alone but 

synergistically enhances ER stress under starvation conditions. Importantly, we observed that 

the viability of normal melanocytes decreased significantly with treatment, even at low HA15 

concentrations.  Finally yet importantly, we were able to generate HA15-resistant cell lines, 

which failed by Cerezo et al. Taken together, HA15 only influences the viability of cells that 

are starved for several hours before and during treatment. In summary, further studies are 

needed to prove that HA15 is an effective anti-cancer agent. 
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Összefoglalás 

Vizsgálataink célja melanomák BRAF inhibitorral (BRAFi, PLX4720: vemurafenib analóg) 

szemben létrejött rezisztencia hátterében álló molekuláris mechanizmusok részletes felderítése volt. 

Kísérleteink során BRAF inhibitor rezisztens primer és metasztázis eredetű melanoma sejvonalakat 

hoztunk létre és vizsgáltuk a sejtvonalak közötti molekuláris eltéréseket. ArrayCGH elemzéseink 

során új, a rezisztenciával összefüggésbe hozható kópiaszám eltéréseket találtunk az EXT1, 

SAMD12 és a REXO1L2P géneknél. Irodalmi adatok alapján az EXT1 gén ígéretes új célpont lehet 

egyes daganatok antraciklin terápiával szemben kialakuló rezisztencia leküzdésében. Megfigyeltük, 

hogy rezisztencia kialakulását követően egy sejtvonalnál BRAF-inhibitor “függőség” jött létre, ami 

teljes összhangban van mások megfigyelésével. Ezek szerint egyes BRAF- vagy MEK-inhibitorral 

szemben rezisztens melanomás betegek képesek ismét érzékennyé válni a gyógyszeres kezelésre, 

ami ígéretes terápiás lehetőséget jelenthet a kiválasztott betegek számára. Proteome Profiler 

Oncology Array vizsgálataink során megfigyeltük, hogy 84 daganat specifikus fehérje közül hat 

fehérje (ANGPLT4, EGFR, Endoglin, FGF2, Serpin E1, és VCAM-1) az összes rezisztens 

sejtvonalban növekedett expresszióval jellemezhető, ugyanakkor az OPN és a Survivin fehérjék 

expressziója csökken.  Ezeknek a fehérjéknek a megváltozott expressziója egyértelműen arra utal, 

hogy a rezisztencia kialakulása több jelátviteli útvonalat érint, melyek megismerése további 

vizsgálatokat sürget a sikeres, több targetet célzó terápiák kidolgozásához. 

Párhuzamosan a BRAF inhibitorral szemben kialakult rezisztencia molekuláris hátterének feltárása 

mellett, vizsgáltuk egy nemrégiben szintetizált gyógyszer (HA15) hatását BRAFV600E mutáns 

melanoma sejteken. Az eredeti közlemény szerint a HA15 ER stresszt indukálva olyan hatásokat 

vált ki, melyek autofágián és apoptózison keresztül, jelentősen csökkentik a melanoma sejtek 

életképességét, ami független a melanoma sejtek mutációs státuszától és a rezisztencia 

kialakulásától. A publikált adatokkal ellentétben az in vivo állapotot közelítő sejttenyésztési 

körülmények között nem mutattunk ki szignifikáns melanoma sejtpusztulást HA15 kezelés során, 

csak azok a sejtek voltak érzékenyek a HA15-re, melyek előzőleg tápanyag megvonásban 

részesültek. Stressz és autofágia markerek kvantitatív analízise szerint a HA15 önmagában nem vált 

ki ER stresszt, de azt szinergikusan fokozza a tápanyag megvonással kezelt sejtekben. Ellentétben 

a közölt adatokkal HA15 rezisztens melanoma sejtvonalak is létrehozhatók. Összefoglalva, további 

vizsgálatokra van szükség annak bizonyítására, hogy a HA15 hatékony a melanoma ellenes 

gyógyszernek tekinthető.  
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Main findings and results 

The major focus of our study were to investigate the effect of two drugs targeting melanoma cells, with 

different molecular mechanisms.   

Characterization of the molecular background of a BRAF inhibitor, PLX4720 (vemurafenib 

analogue) targeting the BRAFV600E mutated melanomas: 

 We successfully developed BRAFi-resistant primary and metastatic melanoma cell lines originated 

from the same patients. Withdrawal of PLX4720 from the cell cultures reduced cell proliferation 

in the resistant cell lines. 

 We found new copy number gains altered in all resistant cell lines on chromosomes 8q24.11-q24.12 

(EXT1 and SAMD12) and 8q21.2 (REXO1L2P gene). High-level amplification of the BRAF gene 

was detected in in one resistant cell line, which already been shown to contribute to BRAFi 

resistance. 

Analyses of the invasion properties of BRAFi sensitive melanoma cells 

 The invasive properties of the BRAFi sensitive cell lines were limited. In contrast, 3 of the four 

resistant cell lines (WM983ARES WM983BRES WM278RES) the average number of the invasive cells 

were significantly higher. 

Gene expression patterns of BRAFi sensitive and resistant cell lines  

 We found that the number of unique genes with a > 2 fold change was 437, among these, 204 genes 

were upregulated and 233 downregulated in the resistant cell lines. 

 The overexpressed genes are associated with growth factors, growth factor receptors, extra cellular 

matrix (ECM), integrins and cell adhesion molecules. 

 The significantly altered pathways included e.g. genes encoding ECM-associated proteins; 

involved in non-integrin membrane ECM interactions; genes involved in the TNF signalling 

pathway. 

 Downregulated genes were not involved in any pathways or molecular functions, except for 

biological processes including developmental pigmentation, cellular lipid metabolic processes, 

melanocyte differentiation and lipid metabolic processes. 

Protein array analysis of the BRAFi sensitive and resistant melanoma cell lines 

 Importantly we found the increased expression of six proteins (ANGPLT4, EGFR, Endoglin, 

FGF2, Serpin E1, and VCAM-1) and decreased expression of two proteins (OPN and Survivin) 

were consistently detected in all resistant cell lines. 

Investigation the effect of HA15 on BRAFV600E mutated BRAFi sensitive and resistant melanoma 

cell lines  

 
Is HA15 a selective anti-melanoma drug? 

In contrast to the published data, we did not detected significant melanoma cell death under 

normal cell culture conditions using HA15 treatment. The drug-induced anti-melanoma effect 

is due in part to the starvation and not exclusively linked to the effect of the drug. 



SUMMARY 

 

74 

 

 Long-term starvation and HA15 treatment have synergistic effects on cell viability. We could not 

confirm the selectivity of the HA15; i.e., it similarly influences the viability of normal melanocytes 

and different melanoma cell lines 

Effect of serum withdrawal and HA15 treatment on stress marker expression in melanoma cell 

line 

 By quantitative measurements of ER stress and autophagy markers we found that HA15 does not 

trigger stress alone but synergistically enhances ER stress under starvation conditions.  

 We observed increased expression of the HA15 target gene BiP in a dose-dependent manner in 

HA15-resistant cell lines, suggesting that overexpression of the BiP gene might be involved to the 

development of HA15 resistance. 

 After withdrawal of the drug, cells responded with decreased proliferation, probably because they 

developed not only resistance to HA15 but also drug addiction. 

Are melanoma cells resistant for HA15 treatment? 

 We were able to generate HA15-resistant cell line and found that the HA15-resistant cells show 

similar features to BRAFi-resistant cell lines. 

 We found very high expression for the PAPPA2 gene (more than 900-fold change) in the HA15-

resistant cell line by RNA-Seq. While the role of this gene in drug resistance is not yet known, it is 

likely to exert its effects along the insulin-like growth fa234ctor (IGF) axis. 
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Appendix 

Supplementary Table 1 

 

Primer sequences used in RT-qPCR experiments used during the BRAF resitence experiments 

Gene Primer sequence (5’-3’)1 Amplicon size (bp)2 

LOXL2 F: CTATGACCTGCTGAACCTCAAT 100 

 R: ATTCTTCTGGATGTCTCCTTCAC  

PMEL F: GTCAGCACCCAGCTTATCAT 118 

 R: CAAGGACCACAGCCATCAA  

TCF4 F: CCATGGAGGTACAGACAAAGAA 127 

 R: GCTGGTTTGGAGGAAGGATAG  

SERPINE1 F: GCTTTTGTGTGCCTGGTAGAAA 69 

 R: TGGCAGGCAGTACAAGAGTGA  

EPHA2 F: GGAGGGATCTGGCAACTTGG 103 

 R: CTTCCTCCTGCGGTGGATAA  

LEF1 F: CCGAAGAGGAAGGCGATTTAG 111 

 R: CCTGAGAGGTTTGTGCTTGT  

WNT5A F: CACCAGAGCAGACAACCTAT 99 

 R: CCAGCATCACATCACAACAC  

BRAF F: TCAGCTCCCAATGTGCATATAA 88 

 R: ATCCTCCATCACCACGAAATC  

OPN F: AGTTTCGCAGACCTGACATCCAGT 161 

 R: TTCATAACTGTCCTTCCCACGGCT  

GAPDH F: AGCCACATCGCTCAGACAC 66 

 R: GCCCAATACGACCAAATCC  

EXT1 F: GACCAGTTGTCACCTCAGTATG 113 

 R: GGCCAAGTGCCGGAATATAA  

SAMD12 F: CTATCTAAACCGGTGGCTCTATG 117 

 R: CCCAGTTATGTCATGCTGTTTG  

 

Primer sequences used in RT-qPCR experiments.during the ER stress experiments 

Gene Primer sequence (5’-3’)1 Amplicon size (bp)2 

XBP1_spliced F: TGCTGAGTCCGCAGCAGGTG 169 
 R: GCTGGCAGGCTCTGGGGAAG  

CHOP F:GCACCTCCCAGAGCCCTCACTCTCC 422 

 R:GTCTACTCCAAGCCTTCCCCCTGCG  

BiP F: CGAGGAGGAGGACAAGAAGG 304 
 R: CACCTTGAACGGCAAGAACT  

Atg5 F: AAAGATGTGCTTCGAGATGTGT 144 
 R: CACTTTGTCAGTTACCAACGTCA  

Atg7 F: CAGTTTGCCCCTTTTAGTAGTGC 82 

 R: CCAGCCGATACTCGTTCAGC  

p62 F: GCACCCCAATGTGATCTGC 92 

 R: CGCTACACAAGTCGTAGTCTGG  

DRAM1 F: CGTCAGCCGCCTTCATTATCT 245 
 R: TCCAAGCACTAAAGACACCAAG  

GAPDH F: AGCCACATCGCTCAGACAC 66 
 R: GCCCAATACGACCAAATCC  

1F: forward, R: reverse; 2bp: base pair 
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Supplementary Table 2  Significantly upregulated genes in resistant cell lines grouped by biological 

processes. The first twenty cellular processes from 151 are presented in the table. 

 

ID Name P-value Bonferroni Genes included 

GO:0048514 
blood vessel 

morphogenesis 
1.61E-17 7.48E-14 

ARHGAP24, DDAH1, MYLK, PDGFRB, RRAS, ITGA5, 

PRDM1, SLIT2, FAP, HEG1, SRPX2, FGF2, C3, CCL5, 

MMP9, VEGFC, HSPG2, TCF4, WNT5A, ESM1, 

CCDC80, CAV1, EDN1, THBS1, CYR61, CCBE1, LOXL2, 

EPHA2, ANGPTL4, SERPINE1, LRP1, PRKCA, ENG, 

IL6, EPAS1 

GO:0072358 

cardiovascular 

system 

development 

1.96E-16 9.11E-13 

NRG1, ARHGAP24, DDAH1, MYLK, PDGFRB, RRAS, 

ITGA5, PRDM1, SLIT2, FAP, HEG1, SRPX2, FBN1, 

BASP1, FGF2, C3, CCL5, MMP9, BICC1, VCAM1, 

VEGFC, HSPG2, TCF4, RARB, WNT5A, ESM1, 

CCDC80, CAV1, EDN1, TGFB1, THBS1, DKK1, CYR61, 

MICAL2, CCBE1, LOX, LOXL2,EPHA2,ANKRD1, 

ANGPTL4, SERPINE1, LRP1, PRKCA, ENG, IL6, EPAS1 

GO:0072359 
circulatory system 

development 
1.96E-16 9.11E-13 

NRG1, ARHGAP24, DDAH1, MYLK, PDGFRB, RRAS, 

ITGA5, PRDM1, SLIT2, FAP, HEG1, SRPX2, FBN1, 

BASP1, FGF2, C3, CCL5, MMP9, BICC1, VCAM1, 

VEGFC, HSPG2, TCF4, RARB, WNT5A, ESM1, 

CCDC80, CAV1, EDN1, TGFB1, THBS1, DKK1, CYR61, 

MICAL2, CCBE1, LOX, LOXL2,EPHA2,ANKRD1, 

ANGPTL4, SERPINE1, LRP1, PRKCA, ENG, IL6, EPAS1 

GO:0001525 angiogenesis 3.38E-16 1.57E-12 

ARHGAP24, DDAH1, PDGFRB, RRAS, ITGA5, SLIT2, 

FAP, SRPX2, FGF2, C3, CCL5, MMP9, VEGFC, HSPG2, 

TCF4, WNT5A, ESM1, CCDC80, CAV1, EDN1, THBS1, 

CYR61, CCBE1, LOXL2, EPHA2, ANGPTL4, SERPINE1, 

PRKCA, ENG, IL6, EPAS1 

GO:0001568 
blood vessel 

development 
4.24E-16 1.97E-12 

ARHGAP24, DDAH1, MYLK, PDGFRB, RRAS, ITGA5, 

PRDM1, SLIT2, FAP, HEG1, SRPX2, FGF2, C3, CCL5, 

MMP9, VEGFC, HSPG2, TCF4, WNT5A, ESM1, 

CCDC80, CAV1, EDN1, THBS1, CYR61, CCBE1, LOX, 

LOXL2, EPHA2, ANGPTL4, SERPINE1, LRP1, PRKCA, 

ENG, IL6, EPAS1 

GO:0001944 
vasculature 

development 
1.43E-15 6.66E-12 

ARHGAP24, DDAH1, MYLK, PDGFRB, RRAS, ITGA5, 

PRDM1, SLIT2, FAP, HEG1, SRPX2, FGF2, C3, CCL5, 

MMP9, VEGFC, HSPG2, TCF4, WNT5A, ESM1, 

CCDC80, CAV1, EDN1, THBS1, CYR61, CCBE1, LOX, 

LOXL2, EPHA2, ANGPTL4, SERPINE1, LRP1, PRKCA, 

ENG, IL6, EPAS1 

GO:0051094 

positive regulation 

of developmental 

process 

1.72E-13 8.01E-10 

IL34, BCL9L, NRG1, MYADM, DDAH1, PDGFRB, 

INHBA, PDLIM7, IRF1, RRAS, ITGA5, ADA, PLXNB2, 

BDNF, PRDM1, SLIT2, SRPX2, BASP1, FGF2, C3, 

CCL5, MMP9, VEGFC, TCF4, RARB, WNT5A, 

TMEM119, RUNX2, LPAR1, AR, EDN1, TGFB1, 

TRIM16, THBS1, CSF2, DKK1, CYR61, CCBE1, LOXL2, 

ANKRD1, ANGPTL4, SERPINE1, PRKCA, LYN, ENG, 

IL6, TPBG 

GO:0042060 wound healing 5.65E-13 2.63E-09 

NRG1, ARHGAP24, MYLK, PDGFRB, DGKA, IRF1, 

ITGA5, SLC7A11, FAP, FGF2, C3, PDGFC, VCL, RAC2, 

PROCR, WNT5A, CAV1, PAPSS2, EDN1, TFPI, TGFB1, 

THBS1, CYR61, LOX, SERPINE1, SERPINB2, PRKCA, 

LYN, ENG, IL6 

GO:2000026 

regulation of 

multicellular 

organismal 

development 

9.47E-13 4.4E-09 

IL34, BCL9L, NRG1, MYADM, DDAH1, FSTL3, 

PDGFRB, INHBA, IRF1, RRAS, ITGA5, NREP, ADA, 

PLXNB2, BDNF, PRDM1 SLIT2, SRPX2, BASP1, 

NFKBIA, FGF2, C3, CCL5, MMP9, VEGFC, TCF4, 

RARB, WNT5A, LAMA3, TMEM119, CAV1, RUNX2, 

LPAR1, AR, EDN1, TGFB1, TRIM16, NTN4, THBS1, 

DKK1, CYR61, CCBE1, SRGN, LOXL2, EPHA2, 
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ID Name P-value Bonferroni Genes included 

ANKRD1, ANGPTL4, SLIT3, SERPINE1, LRP1, PRKCA, 

SNAP25, LYN, ENG, IL6, TPBG 

GO:0045766 
positive regulation 

of angiogenesis 
1.02E-12 4.74E-09 

DDAH1, RRAS, ITGA5, SRPX2, FGF2, C3, CCL5, 

MMP9, VEGFC, WNT5A, THBS1, CCBE1, ANGPTL4, 

SERPINE1, PRKCA, ENG 

GO:0051240 

positive regulation 

of multicellular 

organismal process 

1.04E-12 4.85E-09 

IL34, BCL9L, NRG1, DDAH1, PDGFRB, INHBA, 

PDLIM7, IRF1, BCL3, RRAS, ITGA5, ADA, PLXNB2, 

BDNF, PRDM1, SLIT2, HEG1, SRPX2, CADM1, BASP1, 

FGF2, C3, CCL5, MMP9, VEGFC, TCF4, RARB, 

WNT5A, TMEM119, CAV1, RUNX2, LPAR1, AR, EDN1, 

TGFB1, TRIM16, THBS1, CSF2, DKK1, CYR61, CCBE1, 

LOXL2, ANKRD1, ANGPTL4, SERPINE1, PRKCA, LYN, 

ENG, IL6, LRRFIP1, TPBG 

GO:0030334 
regulation of cell 

migration 
3.57E-12 1.66E-08 

NRG1, MYADM, MYLK, PDGFRB, RRAS, ITGA5, ADA, 

PLXNB2, SLIT2, SRPX2, FGF2, CCL5, MMP9, PDGFC, 

VCL, RAC2, VEGFC, ABCC1, WNT5A, LAMA3, LPAR1, 

EDN1, TGFB1, THBS1, CYR61, CCBE1, EPHA2, 

SERPINE1, LRP1, PRKCA, LYN, ENG, IL6 

GO:1904018 

positive regulation 

of vasculature 

development 

6E-12 2.79E-08 

DDAH1, RRAS, ITGA5, SRPX2, FGF2, C3, CCL5, 

MMP9, VEGFC, WNT5A, THBS1, CCBE1, ANGPTL4, 

SERPINE1, PRKCA, ENG 

GO:0016477 cell migration 6.24E-12 2.9E-08 

NRG1, MYADM, ARHGAP24, MYLK, PDGFRB, RRAS, 

ITGA5, ADA, PLXNB2, SLC7A11, SLIT2, FAP, SRPX2, 

FGF2, CCL5, MMP9, PDGFC, FMNL1, VCAM1, VCL, 

TNS3, RAC2, VEGFC, ABCC1, PROCR, WNT5A, APBB2, 

LAMA3, CAV1, LPAR1, EDN1, TGFB1, THBS1, CYR61, 

CCBE1, LOXL2, EPHA2, SLIT3, SERPINE1, LRP1, 

PRKCA, LYN, ENG, IL6 

GO:0040012 
regulation of 

locomotion 
1.08E-11 5.02E-08 

NRG1, MYADM, MYLK, PDGFRB, RRAS, ITGA5, ADA, 

PLXNB2, SLIT2, SRPX2, PTX3, FGF2, CCL5, MMP9, 

PDGFC, VCL, RAC2, VEGFC, ABCC1, WNT5A, LAMA3, 

CAV1, LPAR1, EDN1, TGFB1, THBS1, CYR61, CCBE1, 

EPHA2, SERPINE1, LRP1, PRKCA, LYN, ENG, IL6 

GO:0045765 
regulation of 

angiogenesis 
1.27E-11 5.92E-08 

DDAH1, RRAS, ITGA5, SRPX2, FGF2, C3, CCL5, 

MMP9, VEGFC, TCF4, WNT5A, THBS1, CCBE1, 

EPHA2, ANGPTL4, SERPINE1, PRKCA, ENG, IL6 

GO:2000145 
regulation of cell 

motility 
2.12E-11 9.83E-08 

NRG1, MYADM, MYLK, PDGFRB, RRAS, ITGA5, ADA, 

PLXNB2, SLIT2, SRPX2, FGF2, CCL5, MMP9, PDGFC, 

VCL, RAC2, VEGFC, ABCC1, WNT5A, LAMA3, LPAR1, 

EDN1, TGFB1, THBS1, CYR61, CCBE1, EPHA2, 

SERPINE1, LRP1, PRKCA, LYN, ENG, IL6 

GO:0030198 
extracellular matrix 

organization 
3.73E-11 1.73E-07 

MATN3, BCL3, ITGA5, FAP, FBN1, FGF2, MMP9, 

VCAM1, HSPG2, COL6A1, COL6A2, OLFML2B, APBB2, 

LAMA3, CCDC80, TGFB1, THBS1, CYR61, LOX, 

LOXL2, SERPINE1, ENG 

GO:0051674 localization of cell 3.76E-11 1.75E-07 

NRG1, MYADM, ARHGAP24, MYLK, PDGFRB, RRAS, 

ITGA5, ADA, PLXNB2, SLC7A11, SLIT2, FAP, SRPX2, 

FGF2, CCL5, MMP9, PDGFC, FMNL1, VCAM1, VCL, 

TNS3, RAC2, VEGFC, ABCC1, PROCR, WNT5A, APBB2, 

LAMA3, CCDC80, CAV1, LPAR1, EDN1, TGFB1, 

THBS1, CYR61, CCBE1, LOXL2, EPHA2, SLIT3, 

SERPINE1, LRP1, PRKCA, LYN, ENG, IL6 

GO:0048870 cell motility 3.76E-11 1.75E-07 

NRG1, MYADM, ARHGAP24, MYLK, PDGFRB, RRAS, 

ITGA5, ADA, PLXNB2, SLC7A11, SLIT2, FAP, SRPX2, 

FGF2, CCL5, MMP9, PDGFC, FMNL1, VCAM1, VCL, 

TNS3, RAC2, VEGFC, ABCC1, PROCR, WNT5A, APBB2, 

LAMA3, CCDC80, CAV1, LPAR1, EDN1, TGFB1, 

THBS1, CYR61, CCBE1, LOXL2, EPHA2, SLIT3, 

SERPINE1, LRP1, PRKCA, LYN, ENG, IL6 
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Supplemetary Figure 1 Relative protein expression changes in the parental and PLX4720 resistant cell lines 

(WM983A-WM983ARES, WM983B-WM983BRES, WM278-WM278RES, WM1617-WM1617RES) obtaine by 

Proteome Profiler Human XL Oncology Array  
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Supplementary Table 3:  

List of proteins with membrane coordinates of the Proteome Profiler Human XL 

Oncology Array 
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Supplementary Table 4:  

Top 50 overexpressed gene in the WM983BHA15RES melanoma cell line 

  Gene ID 
Fold Changes  

([WM983B-HA15RES] vs [WM983B]) 
Gene Symbol 

1.        ENSG00000116183 946.29 PAPPA2 

2.        ENSG00000069431 397.36 ABCC9 

3.        ENSG00000125398 344.64 SOX9 

4.        ENSG00000123496 328.15 IL13RA2 

5.        ENSG00000163395 320.50 IGFN1 

6.        ENSG00000128591 305.40 FLNC 

7.        ENSG00000153976 305.34 HS3ST3A1 

8.        ENSG00000148516 304.59 ZEB1 

9.        ENSG00000183873 290.84 SCN5A 

10.     ENSG00000121904 258.94 CSMD2 

11.     ENSG00000128805 222.57 ARHGAP22 

12.     ENSG00000224407 214.40 RP5-956O18.3 

13.     ENSG00000164484 209.80 TMEM200A 

14.     ENSG00000254741 196.14 RP11-661A12.7 

15.     ENSG00000124496 192.52 TRERF1 

16.     ENSG00000139970 191.95 RTN1 

17.     ENSG00000160013 191.81 PTGIR 

18.     ENSG00000259948 180.34 RP11-326A19.5 

19.     ENSG00000283149 178.91 RP11-134F2.8 

20.     ENSG00000076356 176.66 PLXNA2 

21.     ENSG00000155093 173.21 PTPRN2 

22.     ENSG00000111885 170.14 MAN1A1 

23.     ENSG00000176788 167.50 BASP1 

24.     ENSG00000258964 166.23 RP11-618G20.1 

25.     ENSG00000221866 160.97 PLXNA4 

26.     ENSG00000106366 156.16 SERPINE1 

27.     ENSG00000273275 155.57 RP11-474G23.2 

28.     ENSG00000196139 147.58 AKR1C3 

29.     ENSG00000167971 146.16 CASKIN1 

30.     ENSG00000256292 145.54 RP11-955H22.1 

31.     ENSG00000077420 145.41 APBB1IP 

32.     ENSG00000243742 140.31 RPLP0P2 

33.     ENSG00000166446 139.95 CDYL2 

34.     ENSG00000133216 138.53 EPHB2 

35.     ENSG00000232044 135.27 LINC01105 

36.     ENSG00000227051 131.58 C14orf132 

37.     ENSG00000163285 131.01 GABRG1 

38.     ENSG00000155269 129.44 GPR78 

39.     ENSG00000187720 126.51 THSD4 

40.     ENSG00000224982 119.93 TMEM233 

41.     ENSG00000198768 119.14 APCDD1L 

42.     ENSG00000109625 118.63 CPZ 
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  Gene ID 
Fold Changes  

([WM983B-HA15RES] vs [WM983B]) 
Gene Symbol 

43.     ENSG00000145107 117.14 TM4SF19 

44.     ENSG00000022267 114.91 FHL1 

45.     ENSG00000204161 111.66 C10orf128 

46.     ENSG00000101188 110.13 NTSR1 

47.     ENSG00000183671 106.81 GPR1 

48.     ENSG00000089199 106.81 CHGB 

49.     ENSG00000273812 105.84 WI2-87327B8.2 

50.     ENSG00000245112 103.24 SMARCA5-AS1 
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Supplementary Figure 2: Gene set enrichment analysis (GSEA) of the WM983BHA15RES 

melanoma cell line using the hallmark gene set. 

 

 

 


