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Abbreviations 

AKT: v-akt murine thymoma viral oncogene homolog 

BRAF: v-raf murine sarcoma viral oncogene homolog B1 

BRAFi: BRAF inhibitor 

BRAFmut: primary melanoma tumours harbouring BRAF mutation 

BRAFWT: primary melanoma tumours without BRAF mutation which also includes tumours 

with NRAS mutation 

CCND1: cyclin D1 

CDK: cyclin dependent kinase 

CDKN2A: cyclin dependent kinase inhibitor 2A 

COT/ MAP3K8: mitogen activated protein kinase kinase kinase 8 

CSD: chronically sun-damaged 

DMSO: dimethyl sulfoxide 

ECM: extracellular matrix 

EDTA: ethylenediaminetetraacetic acid 

EGF/MAPK: Mitogen-activated protein kinase pathway 

EGFR: epidermal growth factor receptor 

ERK1-2: mitogen activated protein kinase 1-2 

FBS: fetal bovine serum 

FDA: US Food and Drug Administration 

FDR: false discovery rate 

GAPDH: glyceraldehyde 3-phosphate dehydrogenase 

GF: growth factor 

HRAS: v-Ha-ras Harvey rat sarcoma viral oncogene homolog 

IGF: Insulin-like Growth Factor pathway 

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

IL-2: interleukin-2 

KIT: v-kit Hardy-Zuckerman 4 feline sarcoma viral oncogene homolog 

LOXL1: lysyl oxidase like 1 

MAPK: mitogen-activated protein kinase 
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MEK1-2: mitogen-activated protein kinase kinase 1-2 

MEKi: MEK inhibitor 

MITF: microphthalmia-associated transcription factor5 

MM: malignant melanoma 

mTOR: mechanistic target of rapamycin 

nd: no data available 

NF1: neurofibromin 1 

NRAS: neuroblastoma RAS viral (v-ras) oncogene homolog 

NRASmt: primary melanoma tumours harbouring NRAS mutation 

OPN/SPP1: osteopontin/ secreted phosphoprotein 1 

PBS: phosphate buffered saline 

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

PI3K: phosphatidylinositol 3-kinase 

PTEN: phosphatase and tensin homolog 

qRT-PCR: quantitative reverse-transcription polymerase chain reaction 

RAF: v-raf murine sarcoma 3611 viral oncogene homolog (ARAF), vraf murine sarcoma viral 

oncogene homolog B1 (BRAF), v-raf-1 

RGP: radial growth phase 

RIN: RNA integrity number 

RIPA: Radio-Immunoprecipitation Assay 

RT: room temperature 

RTKs: receptor tyrosine kinases 

SAMD11: sterile alpha motif domain containing 11 

SD: standard deviation 

UV: ultraviolet 

UVA and UVB: ultraviolet A and B 

WHO: World Health Organization 

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

WT: wild type 
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Introduction 

Malignant melanoma of the skin is potentially the most serious type of skin cancer for both men 

and women, with an ever-increasing global occurrence [1]. Although it only accounts for 1% of 

all skin cancers, it is responsible for the great majority of skin cancer-related deaths. The 

GLOBOCAN  2020 report estimates 324,635 new melanoma cases with 57,043 deaths 

worldwide in 2020, produced reported by the International Agency for Research on Cancer [2]. 

In 2020, Australia and New Zealand had the highest incidence rates (Table 1). 

Table 1. Estimated melanoma of the skin incidence and mortality rates, standardized by all 

ages (World) in 2020 

 

  Males Females 

Populations Incidence* Mortality* Incidence* Mortality* 

Australia and New Zealand 41.6 3.7 30.5 1.9 

Western Europe 19.4 1.9 18.9 1.2 

Northern America 18.5 1.5 14.3 0.75 

Northern Europe 17.4 2.4 18.4 1.4 

Southern Europe 9.2 1.8 8.9 0.98 

Central and Eastern Europe 5.7 2.1 5.6 1.4 

Southern Africa 4.1 1.3 2.8 0.72 

Polynesia 3.9 1.2 3.6 0.29 

World 3.8 0.7 3 0.45 

South America 3.1 1 2.7 0.61 

*ASR (World) per 100 000, Source: https://gco.iarc.fr/today 

 

The rates of incidence differ between European nations. The greatest rates have been seen in 

northern and western Europe, while the lowest rates have been observed in the Mediterranean 

and eastern sections of the continent (Figure 1). 

In men, melanoma mainly occurs on the back, while in women it is most common on the legs. 

The individual risk of emerging melanoma increases with fair skin, blond or red hair, blue eyes, 

a greater number of nevi, and freckles phenotypes [3]. Additionally, emerging evidence suggests 

that excessive ultraviolet-B (UVB) radiation exposure during childhood, particularly sunburns, 

is linked to an increased risk of developing melanoma [4]. Furthermore, the accumulation of 

https://gco.iarc.fr/today
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genetic and epigenetic alteration promotes uncontrolled cell proliferation, and escape of 

melanoma cells from programmed cell death in response to DNA damage that leads to 

melanoma [5].  In addition to this, a series of gene mutations in mitogen-activated protein kinase 

(MAPK) signalling molecules, results in constitutive activation of the MAPK pathway leading 

to uncontrolled cell proliferation [6].  

 

Figure 1. Estimated skin melanoma incidence and mortality rates worldwide by age group. Data 

source: GLOBOCAN 2020, Graph production: IARC, World Health Organization 

(http://gco.iarc.fr/today). 

http://gco.iarc.fr/today
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A number of therapies for advanced stage melanoma have been approved over the last decade 

by the Food and Drug Administration (FDA). The treatment options were determined based on 

the location of the lesions, stage, and genetic profile of the tumours. The treatment options may 

include the following parameters: surgical resection, radiation, chemotherapy, photodynamic 

therapy (PDT), targeted therapy, or immunotherapy alone or in combination. However, surgical 

treatment is still the primary clinical option for melanoma patients with stages I-IIIB [7,8]. 

The most common genetic alterations in malignant melanoma include the activating mutations 

in the BRAF oncogene,  45-60% of patients  tumours carry mutations within this gene [9].  BRAF 

mutations are one of the most effective therapeutic targets for advanced stage and metastatic 

melanoma [10]. The most promising treatment strategy for metastatic and unresectable BRAF-

mutated melanomas is the use of BRAF inhibitors (vemurafenib, dabrafenib, encorafenib etc.), 

either alone or in combination with MEK inhibitors (cobimetinib, trametinib, binimetinib etc.) 

[11]. Other effective therapeutic options include immune checkpoint blockade therapies such as 

anti-PD-1, anti-PD-L1 and anti-CTLA-4, either alone or in combination [12]. With these 

breakthroughs therapeutic treatment options, patients with metastatic melanoma have 

experienced increased median overall survival from 9 months to more than 2 years, and in some 

instances, have achieved long-term remission or complete response [13,14]. 

Despite several clinical advancements, the durability of the therapy response is a major obstacle 

because the development of acquired drug resistance. A hallmark of melanoma that results from 

acquired resistance is metastatic spread in distant organs such as the lungs, brain, bones and 

liver [15,16]. Because of the resistance to the initial treatment and the aggressive metastatic 

ability of melanoma, this disease is frequently linked with a high mortality rate. This 

emphasizes the need of early detection and precise diagnosis in determining the course of the 

disease. Therefore, a molecular understanding of drug resistance is also necessary to ensure 

success in the long-term survival of patients. 

The major aim of this work was to develop the first three-dimensional, reproducible melanoma 

spheroid models using melanoma cell lines with BRAFV600E mutation that are sensitive and 

resistant to BRAF inhibitor (PLX4720 a vemurafenib analogue) and to compare the gene 

expression profiles of melanoma cell lines cultured under various conditions (2D and 3D) in 

both sensitive and resistant model systems. In addition, our study was extended by generating 

a panel of BRAF and MEK inhibitor resistant cell lines during combination treatment with 
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encorafenib (Braftovi™) plus binimetinib (Mektovi®) - (selective BRAF and MEK inhibitors, 

respectively), to discover alterations associated with the acquired resistance in melanoma. We 

compared phenotypic changes, cell proliferation, invasive potential, drug holiday effect, 

genomic (RNA-seq) and proteomic (proteome profiler) changes in the drug resistant and 

sensitive cell line models. 

Molecular background of malignant melanoma  

Among all tumour types, malignant melanoma is characterized by the highest mutational 

burden [17]. The disease is triggered by both hereditary and environmental factors (UV 

radiation). Melanoma development is primarily due to sporadic-, rather than inherited mutations 

[18]. Approximately 10% of primary melanoma cases are familial and the CDKN2A tumour 

suppressor gene is the most commonly altered gene in familial cancers [19]. Contrary to this, 

among all tumour types, cutaneous melanomas are characterized by a high level of somatic 

mutation mainly caused by exposure to ultraviolet radiation (Figure 2) [20,21]. 

 

Figure 2. A schematic illustration of classic UVR skin exposure and associated mutations. 

Chronically sun damaged (CSD) melanomas have a greater mutations (NRAS, NF1, KIT and 

BRAFnonV600E) and late age of onset. These melanomas are most common in parts of the body with the 

most sun exposure, such as the back and neck. In contrast, non-CSD melanomas occur earlier in life, 

have anatomical regions with intermediate degrees of sun exposure, are more likely to be linked with 

naevi, and may have lower mutation loads (BRAFV600E). Adopted from Shain and Bastian [22]. 
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Using high throughput molecular technologies and bioinformatics analyses, a large amount of 

melanoma tissue samples has been analysed and classified into four subgroups according to 

activating gene mutations [23], including BRAF- ( ̴ 50%); N-Ras, K-Ras, and H-Ras- ( ̴ 25%); 

NF1-mutant melanomas ( ̴ 15%), and triple-wild-type melanomas ( ̴ 10%) [23]. Additionally, 

copy number alterations including amplifications of the KIT, MITF, CCND1, and CDK4 genes, 

and deletions of the PTEN and CDKN2A tumour suppressor genes are characteristic for the 

triple-wild-type tumours [24,25]. Other genetic alterations include activating mutation of the 

promoter region of the TERT gene (30-80%) [26,27]. UV exposure induced molecular signatures 

are less likely to be found in the most commonly altered oncogenes including BRAF and NRAS, 

but UV molecular signatures are more likely to be associated with the alterations of tumour-

suppressor genes which play important role in melanoma progression, such as CDKN2A and 

TP53 [28]. In addition, numerous tumour suppressor genes, including NF1, PTEN, and ARID2, 

are commonly mutated in melanoma [23,29]. A study led by Wang et al. discovered 10 distinct 

prognostic gene signatures using a systematic bioinformatics study of the tumour 

microenvironment. These include IL15, APOBEC3G, CCL8, GBP4, CLIC2, RARRES3, 

SAMD9L, IGHV1-18, TLR2, and HLA.DQB1 [30]. 

Signalling pathways and cell cycle regulation in melanoma 

Melanoma is characterised by a high genomic heterogeneity [31]. Development of the disease 

is dependent on the abnormal proliferation of melanocytes, which is accomplished through 

constant signalling pathways that regulate the cell cycle and other events within the cells. A 

number of molecular signalling pathways and the complexity of their interactions are associated 

with disease development and cancer progression. These characteristics suggest that no single 

molecular alteration plays a crucial role in these processes, rather, multiple changes combined 

into a specific clinical and biological outcome are responsible for the development and 

progression of the tumours. Several signalling pathways, involving tumour suppressor genes 

(e.g. PTEN: phosphatase and tensin homolog), and oncogenes (e.g. BRAF, NRAS, MITF 

(microphthalmia-associated transcription factor), cKIT, cMET, CCND1 or EGFR)) have been 

identified as a key regulator in melanoma progression by somatic mutations, copy number 

variation and expression changes including the epigenetic events of the different pathway 
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members [32,33]. Several biological signalling pathways are deregulated in melanoma cell 

including MAPK/ERK, PI3K/AKT, and CDKN2A (Figure 3)  [34]. 

Figure 3. Deregulated signalling pathways in melanoma. The diagram describes some of the major 

signalling pathways that are aberrant in melanoma and regulate growth, proliferation, and survival. 

Melanoma progression is accompanied by changes in components of the MAPK/ERK, PI3K/AKT, 

CDKN2A and p53 pathways, and the most common mutations include BRAF, NRAS, or NF1 genes. 

MITF, a lineage-specific oncogene, is expressed aberrantly in subsets of melanomas. 

MAPK/ERK pathway 

Malignant cells emerge as a result of alterations in key signalling pathways [35]. Melanoma cell 

proliferation signalling is primarily mediated by MAPK pathway (Ras/Raf/MEK/ERK), which 

is over-activated in roughly 80–90% of cases (Figure 4). Additionally, this signalling pathway 

has been shown to contribute to melanoma progression such as growth, angiogenesis, invasion, 

and resistance to therapy [36]. Oncogenes responsible for the constant activation of MAPK 

pathway include BRAF - (40-60%) and NRAS - (15-30%) and KIT oncogenes (2–5%)  [32,37]. 

The majority of BRAF mutations occur at the V600E position (Val600Glu), while in the RAS 

gene, the majority of mutations are associated with  the replacement of glutamine at position 

61 (NRASQ61) for an arginine, lysine, or leucine (Q61R/K/L), although it may also affect HRAS 

and KRAS [38]. 

 



INTRODUCTION 
 

12 
 

 

Figure 4. Schematic illustration of cellular events during MAPK signalling in melanoma. The 

activation of RTKs can lead to MAPK activation by state transition of RAS from a GDP to GTP state. 

The active RAS phosphorylates and activates RAF, which subsequently phosphorylates and activates 

MEK1/2, and then ERK1/2, regulating several transcription factors in the nucleus.  

Adapted from Jasmina P et al. [39]. 

Likely, to RAF and RAS gene mutations, NF1 harbour loss of function mutation results in the 

loss of tumour suppressor activity of the gene [40,41]. Altogether, mutations in the BRAF, RAS, 

or NF1 genes activate the MAPK pathway, causing in increased proliferation of cells  [42]. 

However, it also suggests that without additional driving mutations, oncogenic BRAF or NRAS 

acts as initiator alterations but not enough to cause other events for melanomagenesis [43,44]. 

Most of the benign naevi harbour intact tumour-suppressive mechanisms to maintain a healthy 

proliferation rate. Moreover, oncogenic BRAF or NRAS expression causes oncogene-induced 

senescence (OIS) through tumour-suppressor signalling pathways such as p16INK4a and p53, 

which suppresses tumorigenesis and prevents neoplastic cell growth [45]. A cascade of 

serine/threonine protein kinases, known as the MAPK/ERK pathway, functions within the 

context of extracellular mitogenic stimuli and transcriptional programming in order to induce 

downstream signalling. The MAPK/ERK pathway is activated by receptor tyrosine kinases 

(RTKs), such as EGFR and c-Kit. In addition, KIT is frequently mutated/amplified in triple-WT 
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melanomas. Several sequential events trigger the MAPK pathway, such as the RAS phosphory-

lating RAF kinase, which subsequently phosphorylates and activates MEK1/2, which phosphor-

rylates and nuclear translocate ERK1/2, resulting in cell cycle progression and growth.  Further, 

MAPK/ERK- and PI3K/AKT pathways can potentially be stimulated by GTP-bound RAS. 

PI3K/AKT pathway 

Similarly to MAPK pathways, cell survival and proliferation are also regulated by the 

PI3K/AKT signalling pathway, which is functionally deregulated in about 55% of melanoma 

cases mainly because of AKT3 amplification or loss of PTEN (tumour suppressor) [46]. A 

number of studies have revealed loss of function mutation in the PTEN gene in several types of 

tumour including melanoma [47]. Specifically, melanoma characterized by BRAF mutants 

typically exhibit PTEN loss while melanoma characterized by BRAF wild-type frequently 

exhibits AKT3 amplification. Tyrosine kinases (RTKs) or other growth receptors activate PI3K 

signalling at the plasma membrane, which causes PIP2 (phosphatidylinositol 4,5 bisphosphate) 

to be converted into PIP3 phosphatidylinositol (3,4,5)-trisphosphate, a secondary messenger 

lipid resulting stimulation and activation AKT Ser/Thr kinases (Figure 5).  

 

Figure 5. The PI3K/Akt/mTOR pathway. Potential key activators, regulators, and effectors of the 

PI3K-AKT signalling network in melanoma. Adapted from Davies MA [46]. 
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AKT3 is the most prevalent isoform involved in melanoma progression by suppressing 

apoptosis [48]. In melanogenesis, loss of PTEN results in dephosphorylation of PIP3, preventing 

constitutive activation of PI3K signalling, which is also associated with BRAFV600E mutations 

[46]. Through suppression of TSC1–TSC2, AKT stimulates both protein synthesis and cell 

proliferation by activating mTORC1. Translation machinery involved in mTORC1 is required 

for translation initiation and elongation. 

Cell cycle 

About 70% of melanomas show abnormalities in a component of the cell cycle, such as 

CDKN2A/CDK4/RB, which control the cell cycle [23]. This is usually what happens when 

melanoma progresses. CDKN2A gene plays a central role in the regulation of the cell cycle, 

containing two distinct proteins (p16INK4A and p14ARF). The CDKN2A gene is altered frequently 

in about 60 % of sporadic and around 40 % of familial melanoma cases. The CDK (cyclin-

dependent kinase) inhibitor p16INK4a inhibits cyclin D-CDK4/6 complexes which regulate the 

G1-to-S phase transition in cooperation with E2F transcription factors (Figure 6). 

Figure 6. Cell cycle regulation by the Rb and p53 pathway. The CDK2NA gene codes for the proteins 

p16 and p14. p16 prevents cyclins from phosphorylating Rb. Phosphorylated Rb is unable to bind to 

and inhibit the E2F transcription factor. MDM2 is regulated by p14. When p14 binds to MDM2, it 

cannot bind and negatively regulate p53. Adapted from Kudchadkar R [49]. 
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Families predisposed to melanoma have also identified with germ-line gene mutations in 

CDK4. This mutation renders CDK4 insensitive to p16INK4a inhibition due to a disruption of the 

function of p16INK4A. It has also been shown that RB1 is also deficient in around 10% of NF1 

mutant melanomas. p14ARF inhibits MDM2 to stop cell proliferation; MDM2 is vital to p53 

function. TP53 is also involved in melanoma but it is less common than other cancer. 

Current and novel targeted therapies in melanoma 

Because of the increasing number of the genetic alterations in melanoma, oncogenic driver 

mutations have gained a significant amount of interest as possible treatment targets [50]. Since 

our understanding of the molecular pathways and related genetic abnormalities implicated in 

malignant melanoma has grown, effective immunotherapies and targeted therapies for 

unresectable stage III and IV melanoma are now available to restore cellular homeostasis [35]. 

However, surgery, as the primary treatment option for localized melanoma, remains a very 

successful disease management approach [7,51]. Until 2011, dacarbazine chemotherapy was the 

“gold standard” for advanced-stage melanoma. Since 2011, the FDA has approved a variety of 

therapy approaches (targeted treatments and immune checkpoint inhibitors; summarized in 

Figure 7) that have significantly improved overall survival (OS) for patients with metastatic 

melanoma. 

Approximately, 70% of melanoma patients have mutations in key signalling pathway genes. 

The oncogenic mutations may result in an aggressive melanoma phenotype and melanoma cell 

proliferation [52]. Following the discovery of BRAF mutations in numerous malignancies, 

including cutaneous melanoma, molecular targeted treatments were developed [53]. As a result 

of this breakthrough, selective BRAF inhibitors were tested as single agents in patients with 

metastatic melanoma and demonstrated exceptional clinical efficacy. Following the success of 

single-agent BRAF inhibition, BRAFi/MEKi combination were studied based on BRAF 

inhibition's clinical efficacy and the significance of downstream MAPK pathway signalling. 

Furthermore, because BRAF and MEK belong to the same signalling pathways, it appears to 

inhibit cell survival pathways with improved treatment outcomes and lower drug driven 

toxicity. 
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Figure 7. Systemic therapy of metastatic melanoma: on the road to cure. The FDA approvals since 

2011, the number of drugs available to treat metastatic melanoma has substantially increased. Several 

of these drugs were previously approved as monotherapies are currently being combined to enhance 

clinical outcomes. Adapted from J. Steininger et al. [54]. 

 

Since then, a  number of small molecules and antibodies have been approved by the US FDA 

to target these altered proteins, which are critical for cancer cell proliferation (Figure 8) [55]. 

Several targeted treatments have been shown to have high response rates, whereas 

immunotherapy has been linked to long-term responses [53]. Based on the success of targeted 

treatment and immunotherapy, combining these effective therapies was a reasonable next step 

for patients with BRAF-mutant melanoma. 
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Figure 8. Schematic representation of the MAPK pathway inhibition in melanoma. The most common 

therapeutic targets of the mitogen-activated protein kinase (MAPK) signalling pathway are BRAF and 

MEK1/2, which establish a blockage point at two separate levels, limiting oncogenic downstream 

signalling as well as cell differentiation and proliferation. ( M. Chanda and M. S. Cohen [56]. 

BRAF and MEK inhibitors 

In the last two decades, the targeting of melanoma-bearing mutations has been refined through 

the implementation of new molecular approaches. MAPK signalling is regulated by a serine-

threonine kinase known as BRAF, and 50% of melanomas that do not have persistent UV 

exposure carry a mutation in BRAF gene [32,57]. Mutations in the BRAF gene lead to increased 

proliferation and growth of cancer cells through activation of MAPK signalling pathway [58]. 

Since BRAFV600E is a common gene mutation, a significant driver mutation has allowed for a 

better understanding of melanoma cellular processes, facilitating the development of more 

effective targeted treatments [59].  

In 2011, vemurafenib (a selective BRAF inhibitor) was approved for the treatment of 

unresectable metastatic melanomas with BRAFV600E mutations by the FDA [60]. It appears that 
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vemurafenib has improved the overall response in patients with BRAFV600E/K mutations when 

compared to chemotherapy. Since then, number of preclinical and clinical studies were 

performed evaluating the effect of vemurafenib alone, in combination with immunotherapies, 

and in combination with other targeted therapies [61]. In addition to vemurafenib, other BRAF 

inhibitor with the same mechanism of action, dabrafenib and encorafenib, was approved by the 

FDA for the treatment of unresectable metastatic melanomas with BRAFV600E mutations [57].  

Using tyrosine kinases as therapeutic targets has drastically increased response rates [62]. 

However, the clinical response is short-lived due to acquired resistance such as CRAF 

overexpression, COT1, or activated mutations in the component of MAPK pathway like N-RAS, 

BRAF, MEK1, AKT1, or aberrant splicing of BRAF, activation of phosphatidylinositol-3-OH 

kinase (PI3K) via the loss of function of PTEN gene, and persistent activation of receptor 

tyrosine [63]. To overcome/delay resistance, combined therapy seem to be one of the superior 

options with lower drug-induced toxicity for melanoma patients [62]. 

Approaches that target downstream signalling of driver oncogenes are effective in overcoming 

resistance to BRAF inhibitors [64]. Since MEK is a downstream signalling component in the 

MAPK pathway through which ERK1/2 is stimulated; hence, MEK inhibitors are more effective 

at inhibiting NRAS-mutant melanomas than BRAF inhibitors [65]. The FDA and the European 

Medicines Agency (EMA) have approved series of MEK1/2 inhibitor (trametinib, cobimetinib, 

and binimetinib) as monotherapy or in combination with BRAF inhibitors to treat BRAF-mutant 

advanced melanoma [66]. MEK1/2 blockade results in a reduction of cell proliferation in tumour 

cells, as downstream signalling [67]. Following the first two BRAF and MEK inhibitor 

combination (dabrafenib+trametinib, vemurafenib+cobimetinib), FDA authorized a third 

BRAF and MEK inhibitor combo, encorafenib + binimetinib in 2018, for patients with 

unresectable or metastatic melanoma with BRAF V600E/K mutations [68]. The BRAF and MEK 

inhibitors combination shows higher response rates, longer progression-free survival, and 

longer survival over chemotherapy. However, a number of adverse events are associated with 

this class of drugs, including cutaneous, ocular, cardiac, gastrointestinal, and musculoskeletal 

side effect [69]. In clinical practice, the most commonly occurring and prominent adverse 

reactions associated with the drug use include fever (dabrafenib) and photosensitivity 

(vemurafenib). The following drug induced adverse reactions are less common: rash, prolonged 
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QTc, increased liver enzymes (vemurafenib), neutropenia (dabrafenib), anaemia, facial paresis 

(encorafenib) [69]. 

Immunotherapies 

Until lately, melanoma treatment consisted on four major types of therapeutic approaches: 

surgery, radiation, chemotherapy, and targeted therapy [70]. Over the past decade, the cancer-

immunotherapy (immuno-oncology) has emerged as therapeutic option for cancer patients 

including melanoma by stimulating the immune system of the body to eradicate itself the 

malignant cells [71]. Immunotherapy is based on the interaction between immune cell and 

molecules present on the surface of cancer cell. Cells of the lymphocyte family, known as 

cytotoxic T lymphocytes, recognize tumour-specific antigens, becoming activated, and 

subsequently multiply to become able to eradicate cells expressing tumour-specific antigens. 

Despite the activation and inhibition of the signalling pathways that govern the T-cell antitumor 

response, cancer cells may have an additional mechanism of escaping identification by T-cells 

if they do not express B7 molecules on their surface [72]. Moreover, there is evidence that 

tumours and immune system of the body interact in a complex manner to encourage the spread 

of cancer [73]. Metastases are the major cause of death associated with cancer [74]. With the 

understanding that immune cells interact with cancer cells, Immunotherapy is considered as a 

possible therapeutic strategy for individuals with advanced-stage  melanoma [75]. 

In order to activate T-cells, antigen-presenting cells (APCs) facilitate interaction between T-

cell receptors and peptide antigens as known as major histocompatibility complex (MHC). 

Contrary to T-cell proliferation and differentiation, T cell inhibition depends on the interaction 

of inhibitory ligands and receptors between the APC and T cells. These costimulatory signals 

are also referred to as an immunological checkpoint, which are vital to T cell proliferation and 

differentiation. By inhibiting T cell inhibitory signals, T cells are activated indefinitely, and the 

antitumor effect of T cells is continuously maintained (Figure 9).  

So far, several antibodies have been approved by the FDA for advance metastatic melanoma 

with notable improvements in overall survival, including Ipilimumab (anti-CTLA-4), 

nivolumab (anti-PD-1) and pembrolizumab (anti-PD-1) [76]. 
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Figure 9. Immunotherapy for melanoma focusing on the immune checkpoint proteins.  A. The 

activated T cell expresses the CTLA-4 cell surface receptor. CTLA-4 suppresses any immune response 

produced by T cells when linked to a specific antigen. Using antibodies to inhibit CTLA-4 inhibits the 

downregulation of T cells, which improves the effectiveness of anti-tumour drugs. B. In addition, when 

the programmed death protein-1 (PD-1) receptor binds to PD-L1, T cell activity is reduced.  The PD-

L1 ligand is bound by antibodies to PD-1 and PD-L1, therefore suppressing downregulated T cells 

and increasing their antitumor activity. Adapted from Karimkhani C et al. [77]. 

Immunocheckpoint blocking is most effective when paired with targeted therapy, either as an 

initial treatment or as part of a sequence combination regimen to optimize patient benefit. In 

support of the sequence issue, predictive biomarkers are being investigated in the treatment of 

melanoma [78]. PD-1 and CTLA-4 act through different mechanisms to attenuate T-cell 

activation. For instance, CTLA-4 suppresses CD28 by competing for shared B7 ligands, whereas 

PD-1 inhibits T-cell activation by sending inhibitory signals through interaction with PD-L1/2. 

The combination treatment may be possible due to its suppressive behaviour. By this hope, the 

combination of ipilimumab and nivolumab has been approved for advanced metastatic 
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melanoma. This combination, on the other hand, induces toxicity while increasing response 

rates [79].  

Resistance to BRAF inhibitors 

Activation of the MAPK pathway is essential for many cellular processes, such as cell growth 

and differentiation [11]. Furthermore, in normal cells, the physiological upstream negative 

feedback response inhibits sustained MAPK-pathway activation; but, in melanoma cells with 

BRAFV600 mutations, this mechanism is dysregulated, resulting in constitutive MAPK pathway 

activation [80]. Targeting BRAFV600 mutant cells by using selective BRAF inhibitor become one 

of the most successful treatment strategies to treat melanoma. Nonetheless, most patients 

develop resistance to these therapies after the first year of treatment, while a small group 

exhibits intrinsic resistance to them (Figure 10).  

Patients that acquired BRAF inhibitor resistance were shown to have reactivation of the MAPK 

pathway, higher levels of pERK, and multiple MEK1/2 mutations [81]. In light of this, a 

combination of BRAF and MEK inhibitors (BRAFi/MEKi) was selected instead of BRAFi 

alone since it provides more potent inhibition of the MAPK pathway with durable response and 

lower rates of drug-induced toxicity [82]. Unfortunately, even when combination treatment is 

used, the majority of patients develop resistance and tumour relapse. 

An enormous amount of research has been conducted over the last several years to understand 

the mechanism of resistance to BRAF inhibitors, and also MEK inhibitors, in patients with 

BRAF-mutant melanoma. To date, BRAF inhibitors have been associated with a variety of 

resistance mechanisms, but not limited to these ones [83,84]. BRAFi resistance is primarily due 

to MAPK pathway activation, or activation of alternative survival and proliferation pathways. 

There are three main types of BRAFi resistance: intrinsic, adaptive, and acquired [85].  

Intrinsic resistance to MAPK inhibitors occurs when melanoma cells have an innate ability to 

resist the therapeutic effect of the target inhibitor. About 20% of patients with BRAF-mutant 

melanoma demonstrate intrinsic resistance [86]. The molecular mechanisms linked to intrinsic 

resistance have been identified in various pre-clinical and clinical studies. These mechanisms 

include loss of PTEN and NF1, amplification of the CCND1 gene, overexpression of the COT 

gene, mutations in RAC1, and the loss of the USP28-FBW7 complex [85].  
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Figure 10. The biology of drug resistance in cancer. Drug resistance might occur during or after the 

first response to therapy. (A) Existing drug-resistant clones may be a primary source of resistance, 

allowing oncogenic signalling to continue to occur. Conversely, adaptive resistance occurs when 

clones of resistant cells multiply following an initial therapeutic response to targeted therapy. (B) 

Tumour relapses may be triggered by the selection of resistant clones that existed prior to treatment 

and can develop a variety of different resistance mechanisms to escape drug-induced suppression. 

Adapted from Cabanos HF, Hata AN [87]. 

 

The emergence of adaptive resistance occurs during the early phase of inhibitor treatment, 

particularly during the first 24 to 48 hours. This provides sufficient time for alternative 

mutations to develop in melanoma cells during the early stages of treatment. The adaptive 

resistance to BRAF inhibitors adversely affects the success of targeted therapies. A number of 

molecular mechanisms have been identified as contributing to adaptive resistance, such as the 
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upregulation of RTKs (EGFR, ERBB3, PDGFR, and FGFR), upregulation of MITF, the 

paradoxical role of SOX10, and metabolic rewiring [88]. In response to BRAF inhibition, these 

molecular changes stimulate cell proliferation and inhibit cell death. 

In patients with metastatic melanoma treated with long-term BRAFi, reactivation of the 

MAPK/ERK downstream pathway and the emergence of new mutations ultimately lead to 

acquired resistance. This mechanism may also involve the activation of the PI3K/AKT/mTOR 

pathway. A number of investigations have shown that the molecular changes involved in 

acquired resistance include RAS mutations, dimerization of RAF proteins and RAF paradox, 

BRAF gene amplification and splicing, MEK1/2 mutations, RTK hyperactivation, PI3K-AKT 

pathway aberrations, YAP/TAZ pathway activation, downregulation of DUSPs and STAG2 or 

STAG3 and RNF125 expression [85,89]. Regardless, a significant amount of research has been 

undertaken on resistance mechanisms. However, around 40% of resistant tumours fail to 

demonstrate these alterations, and the underlying mechanism of resistance remains unclear. 

Importance of 3D cell culture 

The tumour infiltrating cells and tumour types are exceedingly diverse, adding to the 

complexity of the disease [90]. As a result, developing novel therapies is a persistent, critical, 

and difficult process. In vitro drug screening is a low-cost, commonly used method for 

identifying and selecting drugs of greater therapeutic potential. Two-dimensional (2D) flat 

monolayer cell culture is currently the most commonly used method for cell-based assay 

analysis because it is easy and convenient. There is a fundamental problem with most drug tests; 

they are done in 2D in vitro cultures. These cultures do not accurately mimic tumour complexity 

or human physiology. In 2D cell culture, cells developed more contact space with the plastic 

surface than neighbouring cells, resulting in decreased cell-to-cell interaction and cell to 

extracellular matrix interaction [91]. In addition, cells grown in a 2D environment experience 

unrestricted access to nutrients, drug and gases exchanges (Figure 11) [92]. The irrelevant 2D 

environment can generate misleading results when it comes to cancer cell predicted responses 

to anticancer drugs [93]. Several anticancer drugs fail as they enter the animal testing stage due 

to an unphysiological 2D environment. 
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Figure 11. The primary disparities between 2D and 3D cell cultures. This figure emphasizes the 

biological importance of 3D cell culture in comparison to 2D cell culture. Three-dimensional (3D) 

cells behave more like tissue in terms of gaseous exchange and nutrient distribution than two-

dimensional (2D) cell culture. Adapted from Fabrizio et al. [92]. 

The primary limitation of conventional 2D cell culture systems led to the development of 3D 

cell culture systems, which promise to reduce inconsistency between cell-based assays and in 

vivo drug screening [94]. Three-dimensional (3D) culture systems are becoming more common 

due to their potential to replicate tissue-like structures more efficiently than monolayer cultures 

[94]. The use of 3D cultures especially spheroid provides a more accurate physiologically 

relevant model for in vitro cancer cell cultures and drug screening [95]. This approach helps 

cells to expand and communicate with their surroundings. It also enables consistently reliable 

results compared to cells that grow on the flat plastic surface [23]. The cells are grown under 

3D cell culture methods exhibit various tumour features such as similar morphology to in vivo 

tumours, proliferation, differentiation, cell to cell interaction, signal transduction, and drug 

response  [23,90]. Julia C et al. observed that 3D cultured cells are more insensitive to cytotoxic 

agents, and their gene transcripts are more consistent with the results in vivo tumours than in 

2D monolayers [90]. Taken together, it has the potential to minimise the gap between 

conventional 2D culture and animal research, and it is critical for future tumour biology studies. 

In comparison to 2D cell culture, spheroid culture clearly provides a better model for studying 

cellular physiology and drug screening. There are some other 3D models, such as 3D skin 
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reconstruct and organoids, but they have limitations because of their ex vivo nature [96]. The 

other possibility is to use patient-derived xenografts (PDXs) isolated from patients and 

xenotransplanted into immune-suppressed mice. PDXs can be used preclinically, such as for 

anti-tumour drug testing, or for analysis in an in vivo environment [97]. The advantage of using 

patient-derived xenografts in mice is the possibility to analyze the unchanged tumour itself as 

well as to test drugs and drug resistance in vivo and it allows to analyze the complexity of cancer 

cells within a tumour. The development of spheroid model has decreased the gap between in 

vitro and in vivo testing but not bridged. Despite being close to the in vivo setting, 3D model 

system especially spheroids has some advantages and disadvantages when compared to the 

tumour xenograft model, such as failing to mimic the full architecture of in vivo tissues, such 

as vasculature and interstitial fluid flow. Below I summarized the advantages and disadvantages 

of 3D spheroids compared to tumour xenograft models. 

Tumour Microenvironment: The microenvironment of the tumour is critical to its survival and 

development [98]. Cancer cells become invasive and spread from the originating location to 

distant regions via a complicated and multistep metastatic cascade involving interactions 

between the tumour microenvironment's cellular and structural components. Tumour 

microenvironment is inadequately developed in the spheroid culture compared to the tumour 

xenograft model, resulting in a poor comprehension of cancer cells' spreading potential. 

Maintenance of in vivo structure and viability and genetic profile: It has been demonstrated 

that the tumour xenograft model preserve 92–97% of the genetic mutations seen in the parental 

patient tumours, as well as providing a comparable structure to the tumour’s natural 

environment to some extent. However, it should be emphasized that the gene expression of the 

xenograft model might be host specific. On the other hand, in the spheroid, the structure and 

genetic composition of the spheroid are most likely different due to the unnatural artificial 

environment, weak gaseous exchange system, and absence of other cell types such as immune 

cells, which also play an important role in tumour cell stability. 

Potential of high-throughput studies: Cancer-derived xenograft models allow for the 

identification of potential drugs for individual patients as well as the understanding of how 

cancer cells develop treatment resistance [99]. Despite their great reproducibility, xenograft-

based models have numerous technical drawbacks, including a long engraftment period, high 

expenses, restricted statistical power, and a limited possibility for use in high-throughput 
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experiments [100]. On the other hand, spheroid culture is cost effective, convenient, short 

engraftment time and, high potential cell characterisation, allowing for characteristic-based 

findings. 

The reason to adopting 3D cell culture over animal studies is based on various additional factors 

such as expense, documentation related to the safety and efficacy of a treatment in a living 

organism, which is time and resource intensive.  
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Objectives 

Despite intensive research efforts, which have significantly improved melanoma patient 

survival, therapy resistance to the targeted mono- and combined therapies remains unsolved 

problems. The major focus of our study was to investigate molecular alterations associated with 

acquired resistance in malignant melanoma cell line models. 

 

Because majority of currently available data on drug resistance have been obtained from 2D in 

vitro cell cultures we aimed to: 

– develop reproducible three-dimensional melanoma spheroid models from BRAFV600E 

mutant melanoma cell lines that are sensitive and resistant to a BRAF inhibitor (BRAFi) 

– compare the gene expression signature of the sensitive and resistant melanoma cell 

lines grown under 2D and 3D cell culture conditions, 

 define genes that are differently expressed between differently cultures cells. 

 

In parallel, our aim was to explore the molecular background associated with acquired 

resistance of melanoma cells during combinatory treatment using BRAF and MEK inhibitors: 

– in order to reach our goal we established human melanoma cell lines resistant to 

encorafenib (BRAF inhibitor) plus binimetinib (MEK inhibitor), 

– evaluated the invasive properties of drug-sensitive and drug-resistant cell lines, 

– studied the effect of “drug holiday” on cell proliferation and protein expression in the 

drug sensitive and resistant cell lines, 

– investigated and compared the gene expression pattern of BRAFi/MEKi resistance 

using RNAseq analyses, 

– defined the biological functions of the differently expressed genes linked to the 

development of resistance. 
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Materials and methods 

Cell lines and culture conditions 

A total of 9 human melanoma cell lines were included into our study. These cells were 

purchased from the Coriell Institute for Medical Research (Camden, New Jersey, USA). All 

cell lines were cultured at 37°C in a humidified incubator with 5% CO2 and 95% air using 

RPMI 1640 (Lonza Group Ltd, Basel, Switzerland) supplemented with 10% of foetal bovine 

serum (FBS) (Gibco, Carlsbad, California, USA), 2 mmol/l glutamine, and 50 mg/ml 

gentamycin sulphate. Once the cells had reached 70% confluence, they were passaged with 

trypsin (IITD PAN, Wroclaw, Poland) in standard 25 cm2 flasks. The clinical and pathological 

characteristics of cell lines are presented in Table 2. The WM1366 cell line was wild-type for 

the BRAFV600E, but exhibited the NRAS mutation, while the WM3211 cell line was wild-type 

for both gene. 

Table 2. Characteristics of human melanoma cell lines 

Cell line Sex/age  Origina Growth Histologic BRAF NRAS status 

 (years)  phaseb typec mutation mutation 

        statusd statuse 

WM983Ap1 Male/54 Primary VGP NM V600E wt 

WM983Bm1  - Metastasis  - - V600E Wt 

WM278 p1 Female/62 Primary VGP NM V600E wt 

WM1617 m1 Female/62 Metastasis  - - V600E wt 

WM902B Female Primary VGP SSM V600E wt 

WM793B Male/37 Primary RGP/VGP SSM V600E wt 

WM35 Female/24 Primary RGP/VGP SSM V600E wt 

WM1366 Male/79 Primary VGP - wt 61L 

WM3211 Male/74 Primary 
RGP 

SSM wt wt 

atumor type of melanomas which the cell lines were derived from, bVGP: vertical growth phase, cNM: 

nodular melanoma, dV: valine, E: glutamic acid, ewt: wild type, pprimary tumour derived cell line with 

metastatic pair from the same patient, mmetastatic pair of primary derived cell line 
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Development of BRAFi (PLX4720) resistant cell lines under 2D and 3D cell 

culture conditions 

BRAFi (PLX4720) resistant cell lines were established using two cell lines (WM983A and 

WM983B) as described before, by continuously increasing the concentration of a vemurafenib 

analogue PLX4720 [101]. In brief, WM983A, WM983B cell lines were seeded at low densities 

in T/25 flasks until cell confluence reached about 80%. Then, the cells were switched to medium 

containing 5 µM PLX4720 and cultured. The surviving cells were treated with PLX4720 (5 

µM) every 3 days until cells reached 80% confluence (~10 weeks). The resistant cell lines were 

designated as WM983ARES and WM983BRES. 

To develop spheroids, BRAFi sensitive and resistant cells were seeded using 1.8x104 cells/well 

into Corning® Costar® Ultra-Low Attachment (6 well) plates containing RPMI-1640 

supplemented with 2 mmol/l glutamine and 50 mg/ml penicillin and streptomycin. After 72 

hours the medium was supplemented with 10%, FBS. The cells were grown for one week, then 

the visible spheroids were transferred into a cell culture flask (T/25) and leaved to attach (~ 6 

hours). After attachment, the spheroids were washed, cell debris were removed using 1xPBS. 

Spheroids were assigned as WM983ASPH, WM983BSPH, WM983ARES-SPH and WM983BRES-

SPH. 

Development of BRAFi (encorafenib) + MEKi (binimetinib) resistant cell lines 

Nine melanoma cell lines (WM983A, WM983B, WM278, WM1617, WM902B, WM793B, 

WM35, WM1366 and WM3211) were treated in combination with encorafenib (BRAFi: 

ENCO) + binimetinib (MEKi: BINI). Resistant cell lines were generated through long-term 

high-dose treatment from six cell lines using increasing concentrations of ENCO+BINI as 

described [102]. Briefly, cells were cultured in a humidified incubator (5% CO2 and 95% air at 

37°C) until they achieved 70% confluence in a T/25 culture flask. Then, the medium was 

switched to growth medium containing the combination of ENCO+BINI and allowed to grow 

for three months. The concentration of the drug combination at the beginning of treatment was 

1 nmol/l for each cell line and increased up to 200 nmol/l. Depending on the sensitivity of the 

cell line, to reach the maximum concentration of the drug combination, the time frame varied 

between three and five months. Unless otherwise indicated, the resistant cells were maintained 

in complete medium supplemented with 200 nmol/l inhibitor mixture to prevent resistance loss. 

Comparisons of the different parameters (cell viability, invasive potential, protein expression, 
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and transcriptome profile) between the sensitive and resistant cells were performed at the same 

passage number. Inhibitors (Encorafenib (LGX818), Binimetinib (MEK162), and PLX4720) 

were purchased from Selleck Chemicals LLC (Houston, TX/USA). Stock solutions were 

prepared in dimethyl sulfoxide (DMSO) and kept in aliquots at -20°C/-80°C, according to the 

manufacturer's instructions. 

Cell proliferation assay  

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

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

accordance with the manufacturer's instructions. In brief, 5 x 103 cells were seeded in triplicate 

on 96-well plates and grown in 100 µL growth medium for 24 hours. On the following day, the 

medium was replaced with fresh growth medium enriched with the combination of 1 µmol/l of 

ENCO + BINI for 72 hours. DMSO was used during the control experiment. Then, 10 µL WST-

1 reagent was directly added to each well, and cells were incubated at 37°C for three hours. 

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

Instruments, Winooski, Vermont, USA), reference absorbance was set to 650 nm. The viability 

of the cells was defined as follows: dividing the absorbance of the ENCO+BINI treated cells 

by that of the DMSO-treated control cells (the absorbance of control cells was defined as 

100%). 

Drug holiday experiment 

Drug holiday experiment was performed as we published [102]. Shortly, resistant cells (5 × 103 

cells/well/100 µL medium) were seeded into 96-well plates in triplicate containing combination 

of 200 nmol/l ENCO + BINI in each well for 24 hours. The next day, cells were divided into 

two groups: the first half of each cell line was switched to growth medium enriched with drug 

for 72 hours, while the other half was retained in growth medium containing the DMSO (0.5 

%) for 72 hours. Then, 10 µL of WST-1 reagent was directly added to each well, and the cells 

were incubated at 37°C for the following three hours. Absorbance was measured as described 

above. Percentage of viable cells was calculated from relative absorbance. 
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In-vitro invasion assay 

The invasive potential of the inhibitor (ENCO+BINI)-sensitive and -resistant melanoma cells 

was evaluated using BioCoat Matrigel Invasion Chambers (BD Biosciences, Bedford, 

Massachusetts, USA) as described before [103]. Shortly, for BRAFi/MEKi-sensitive cells, the 

upper part of the invasion chamber was filled with a serum-free cell suspension (500 µL), and 

growth medium with 10% FBS was used (as a chemoattractant) in the lower chamber. For 

BRAFi/MEKi-resistant cells, we filled the upper chamber with 500 μL of the melanoma cells 

(cells were kept in serum-free medium containing a 200 nmol/l combination of the inhibitors). 

The culture medium in the lower chamber was supplemented with 10% FBS (as a 

chemoattractant) and a 200 nmol/l combination of ENCO+BINI. The invaded cells were fixed 

with ice-cold methanol after 24-h incubation and stained with haematoxylin-eosin. Invasive 

cells were counted under microscope (200x magnification) in seven different areas, and cell 

numbers are displayed as the mean ± SD of three independent experiments. 

Protein expression analysis  

Protein expression analyses were performed as described in detail before by Szász et al. [101] 

Shortly, ENCO+BINI sensitive and resistant cells were cultured at approx. 80% confluence and 

washed gently (2x) using ice-cold PBS. One ml of RIPA Lysis and Extraction Buffer (Thermo 

Fisher Scientific Inc., Waltham, MA, USA) containing 20 µL protease and phosphatase 

inhibitor cocktail (Thermo Fisher Scientific Inc., Waltham, MA, USA) was added to each cell 

culture, and cells were removed from the tissue culture flask by applying a cell scraper blade 

(Thermo Fisher Scientific Inc., Waltham, MA, USA). Cell lysates were transported to 

microtubes, incubated on a rocking shaker (30 min, 4 °C), and centrifuged (13,000 rpm, 30 min, 

at 4 °C). The supernatants were transferred into new Eppendorf tubes, and the protein 

concentration was determined using the Bradford Protein Assay (Bio-Rad Hungary Ltd., 

Budapest, Hungary) as described in the supplier’s instruction. The Proteome Profiler™ Human 

XL Oncology Array Kit was obtained from R&D Systems (R&D Systems, Inc., Minneapolis, 

Minnesota, USA). Preparation of all the necessary reagents and the array procedure was 

performed according to the manufacturer’s detailed protocol. The labelled proteins were 

detected and visualized using Chemi Reagent Mix (R&D Systems Inc., Minneapolis, 

Minnesota, USA). The protein expressions (labelled spots on the membrane) were exposed 

using the Azure c300 Chemiluminescent Imaging System (Dublin, CA, USA) and were 
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analysed using AzureSpot (Vesion: 2.2.167) software. The intensity of the positive control 

(reference spot) was considered 100%. 

RNA Isolation and Microarray Hybridization  

RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany) was used for total RNA isolation. 

Concentration of RNA was measured using NanoDrop ND-1000 UV-Vis spectrophotometer. 

Only samples with ratios >1.8 (measured at 260/280 nm) were included in further analysis. An 

Agilent 2100 Bioanalyzer was used to evaluate sample quality before RNA sequencing (Agilent 

Technologies Inc., Santa Clara, CA, USA).  

RNA sequencing and RNA-seq data analyses 

RNA-Seq and data analyses were performed as described previously [104]. To obtain global 

transcriptome data, high throughput mRNA sequencing analysis was performed on an Illumina 

sequencing platform. An Agilent BioAnalyzer with Eukaryotic Total RNA Nano Kit (Agilent 

Technologies, Waldbronn, Germany) was used for checking RNA integrity (RIN). RNA 

samples with integrity number >7 were accepted for the library preparation process. mRNA-

Seq libraries were prepared from total RNA using an Ultra II RNA Sample Prep kit (New 

England BioLabs Inc., Ipswich, MA, USA) according to the manufacturer’s protocol. Briefly, 

oligo-dT conjugated magnetic beads were used for mRNA enrichment, and then mRNAs were 

eluted and fragmented at 94 Celsius. Fragmented mRNAs were reverse-transcribed to single-

stranded cDNA using random primers, and then double stranded cDNAs were generated. After 

end repair, A-tailing and the adapter ligation steps of the library preparation process were 

finished by amplification of adapter ligated fragments. Sequencing was performed on an 

Illumina NextSeq 500 instrument using single-end 75-cycle sequencing. The HISAT2 

algorithm was used for alignment of raw sequencing reads to human reference genome version 

GRCh38. StrandNGS software (www.strand-ngs.com) was used for further statistical analysis. 

Aligned data were normalized using the DESeq algorithm, and then differentially expressed 

genes were determined by a moderated T-test with Bejamini-Hochberg FDR for multiple testing 

correction. A p-value of 0.05 was considered significant. Library preparations, sequencing, and 

primary data analysis were performed at Genomic Medicine and Bioinformatics Core Facility 

of the University of Debrecen, Hungary. 
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Gene Expression Analysis of Melanoma Cells Cultured Under 2D and 3D Cell 

Culture Conditions 

Analysis of gene expression microarray data was carried out as described previously [105]. After 

background correction, log2 transformation and normalization, intensity data were inserted to 

Bioconductor BRB-Array Tools 4.6.0 Richard Simon and Amy Peng Lam (National Cancer 

Institute, Bethesda, USA). After normalization, quality control, and filtering steps of the data, 

9,653 genes were used in further analyses. To reveal the differentially expressed genes between 

cells growing in 2D and 3D, paired t-tests with a random variance model were applied, 

considering a P-value 0.01 or less to be statistically significant. The microarray data were 

deposited in the Gene Expression Omnibus repository (http://www.ncbi.nlm.nih.gov/gds) 

under accession number GSE114443 and GSE148638. 

Gene Expression Analysis of ENCO+BINI sensitive and resistant cell lines 

Analysis of differentially expressed genes was carried out as described by Ahn et al. [106]. The 

following criteria were applied to determine significantly expressed genes in each sample: fold 

change ≥2 and p-value ≤0.05. The RNA-Seq data were deposited into the Gene Expression 

Omnibus (GEO) repository (http://www.ncbi.nlm.nih.gov/gds) under accession number 

GSE186108. 

Gene Ontology Functional Analysis and Gene Set Enrichment Analysis (GSEA)  

To gain mechanistic insight into the gene lists generated from the RNA-Seq data, a functional 

enrichment analysis was performed to identify the biological pathways more enriched in a gene 

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

(https://toppgene.cchmc.org/) was applied to find the functional enrichment of genes with at 

least a 2-fold change difference between the treated (resistant to BRAFi/MEKi) and control 

groups (sensitive to BRAFi/MEKi) based on GO pathways under default settings and a p-value 

cut-off of 0.05. 

To identify gene sets from the Molecular Signatures Database (MSigDB) v7.2 

(c5.all.v7.2.symbols.gmt), GSEA version 4.1.0 was used, which summarizes and represents 

specific well-defined biological states or processes and displays coherent expression values 

(www.gsea-msigdb.org). 
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Pathway Analysis 

Significant pathways associated with specific gene expression signatures were identified using 

the EnrichR web-based application (http://amp.pharm.mssm.edu/Enrichr/#). Only significantly 

altered signalling pathways (p-value ≤0.05) were included in the analyses. Benjamini-Hochberg 

adjustment (FDR <0.05) was applied as a cut-off, and pathways with ≥5 significantly 

differentially expressed genes were considered and used to define molecular pathways 

associated with the differentially expressed genes. 

Quantitative Real-Time PCR 

Quantitative real-time PCR (qRT-PCR) was used to define the relative mRNA expression of 

selected genes in five melanoma cell lines (WM983A, WM983B, WM278, WM1617, and 

WM902B and their BRAFi/MEKi resistant pairs) using a Light Cycler 480 Real-Time PCR 

System (Roche Diagnostics GmbH, Mannheim, Germany). cDNA synthesis was performed 

applying High-Capacity cDNA Reverse Transcription Kit (Life Technologies (Applied 

Biosystems, USA)) with random primers as described in the supplier’s protocol; 600 ng of total 

RNA for each reaction was used. SYBR Premix Ex Taq (Takara Holding Inc., Kyoto, Japan) 

was applied to carry out the qRT-PCR reaction. GAPDH (glyceralde-hyde-3-phosphate 

dehydrogenase: Hs9999 9905_m1) was used as a reference gene, and the Livak method (2^-

ddCT equation) was applied for the qRT-PCR data analyses. The primer sequences for the 

selected genes are summarized in Supplementary Table 1A (validation of Affymetrix data) and 

Supplementary Table 1B (validation of RNAseq data) (see Appendix). Environmental 

contamination was evaluated by including no template control (NTC) reactions. 

Statistical Analysis 

Statistical analysis was performed using SPSS (IBM SPSS 19.0, SPSS Inc., Chicago, IL, USA) 

and Graph Pad Prism 9 (Graph Pad Software Inc., San Diego, CA, USA) software. Pearson’s 

correlation coefficient was calculated to correlate the RNA-seq and qRT-PCR data. The cellular 

parameters were statistically analysed using the Mann–Whitney–Wilcoxon test. Only a p-value 

<0.05 was considered statistically significant. Data are presented as the average ± standard 

deviation (±SD) of at least three independent experiments. Error bars on the figures represent 

±SD. 
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Results 

Development and characterization of BRAF inhibitor resistant melanoma 

cell lines growing under traditional and 3D cell culture conditions 
 

Morphology of melanoma cells grown under 2D and 3D conditions 

Melanoma cell lines are effective in vitro models for obtaining an overview of the molecular 

alterations involved in cancer development and progression. Adherent cell culture is frequently 

used in these studies. Melanoma cells grow in monolayer which differs considerably from the 

conditions in vivo. Our aim was to develop 3D melanoma cell culture of BRAFi sensitive and 

resistant cells and compare the gene expression signatures of cells growing under the different 

cell culture conditions. As described under the Materials and Methods section, we successfully 

developed melanoma cells growing as spheroids from the WM983A and WM983B cell lines. 

WM983A cells are originated from a primary melanoma tumor and WM983B is originated 

from the same patient's metastatic lesion. The development of resitant melanoma speroids from 

both cell lines were also successful (WM98ARES-SPH and WM983BRES SPH).  Figure 12. shows 

the morphology of the WM983A cells growing as adherent cells (Figure 12a) and as spheroids 

(Figure12b). 

 

Figure 12. Morphology of the WM983A melanoma cells. a) cells growing under traditional 2D cell 

culture condition and b) under 3D cell culture conditions. Both images were captured at 100x 

magnification.  

 



RESULTS 
 

36 
 

Gene expression profiles of BRAFi (PLX4720) sensitive melanoma cell lines cultured 

under 2D and in 3D conditions 

Gene expression profiles of BRAFi sensitive (2D cell culture designated as WM983A and 

WM983B; 3D cell culture designated as WM98ASPH and WM983BSPH) melanoma cell lines 

were compared (data obtained by using the Affymetrix Human Gene 1.0 microarray). This 

analysis resulted in 1049 differently expressed genes between the two types of cell culture 

conditions. Among the 1049 genes 562 were overexpressed) and 487 downregulated 

(Supplementary Table 2: attached as separate file). After hierarchical clustering the gene 

expression data, the generated heat map (Figure 13a) clearly showed the expression differences 

between the adherent and spheroid cell cultures for both cell lines. 

Figure 13. Unsupervised hierarchical clustering of genes that were differentially expressed in BRAFi 

sensitive and resistant melanoma cell lines cultured under 2D and 3D conditions. (A) Hierarchical 

cluster analysis was performed on 1,049 differently expressed genes that were in BRAFi sensitive 

adherent cells (WM983A and WM983B) and spheroids (WM983ASPH and WM983BSPH).  

(B) Hierarchical cluster analysis of 297 significantly altered genes in BRAFi resistant spheroids 

(WM983ASPH-RES and WM983BSPH-RES) compared to the resistant 2D cultured cells (WM983RES and 

WM983BRES). Cell lines are displayed horizontally, and genes displayed vertically. The colour of each 

cell represents the median-adjusted expression value of each gene. Red colour indicates increased 

expression and green colour represents decreased expression. 

 

In order, to determine the functional and biological significance of the differentially expressed 

1,049 genes in the BRAFi-sensitive cells, we performed pathway enrichment analysis. This 

analysis revealed that the upregulated genes are involved in a variety of biological pathways 
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mainly in the regulation of cell cycle, G2/M checkpoints, p53 signalling pathway, DNA 

replication, Rho GTP-ase signalling, DNA repair, cellular senesce and other cancer-related 

signalling pathways (Figure 14. and Supplementary Table 3. see as attached file).  

Figure 14. 

Pathway enrichment 

analysis of the 

significantly 

upregulated genes in 

sensitive melanoma 

spheroid cells 

compared to the 

sensitive adherent 

cells. The selection 

criteria included 

altered molecular 

pathways with at least 

five observations. 

 

 

 

 

Figure 15. 

Pathway analysis of 

the significantly 

downregulated genes 

in sensitive melanoma 

spheroid cells 

compared to the 

sensitive adherent 

cells.  The selection 

criteria included 

altered molecular 

pathways with at least 

five observations. 

 

 

 

 



RESULTS 
 

38 
 

The functional role of downregulated genes were clustered into the following pathways:  

cellular responses to external stimuli and stress, regulations of lipid metabolism by peroxisome 

proliferator-activated receptor alpha signalling by TGF-beta family members, interleukin-4 and 

interleukin-13 signalling, TP53 regulated transcription of cell death, and other cancer related 

pathways (Figure 15. and Supplementary Table 4. see in the Appendix).  

The functional involvement of differently expressed genes between the sensitive adherent and 

spheroid cells was validated by using the web-accessible program: Database for Annotation, 

Visualization and Integrated Discovery (DAVID) https://david.ncifcrf.gov/. 

Gene expression profiles of PLX4720 resistant melanoma cell lines cultured under 

2D and in 3D conditions 

BRAFi resistant melanoma cell lines were developed from the PLX4720 sensitive cell lines. 

The morphology of the resistant cell lines (Figure 16.) were different from the sensitive cells 

under 2D cell culturing conditions, showing elongated, fibroblast-like shape. The resistant cell 

lines grow similarly such as the sensitive cells during the spheroid formation. 

 

Figure 16. Microscopic images of the BRAFi (PLX4721) sensitive and resistant melanoma cell 

lines. (100X magnification). 

Gene expression of the differently cultured BRAFi resistant cells was analysed using using the 

Affymetrix Human Gene 1.0 microarray. Gene expression analysis of the resistant adherent 
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melanoma cell lines (WM983ARES and WM983BRES) and their corresponding spheroids 

(WM983ARES-SPH and WM983BRES-SPH) revealed 297 significantly differentially expressed 

genes (Supplementary Table 5. see in the Appendix). Unsupervised hierarchical cluster analysis 

of the resistant cell lines shows clear differences between the gene expression of the adherent 

cells and cells growing in the spheroids (Figure 13B). Based on the analysis 72 genes were 

upregulated and 225 genes were downregulated in the resistant spheroids compared to the 

resistant adherent cells. Pathway analysis of the differentially downregulated genes revealed 

that these genes are mainly involved in cellular and mitochondrial translation, axon guidance 

pathway, ROBO receptor regulation and signalling, G2/M checkpoints, and other cancer related 

pathways (Figure 17.; downregulated genes are listed in Supplementary Table 6. see in the 

Appendix).  

 

 

 

 

 

 

 

 

Figure 17. Pathway analysis of the significantly downregulated genes (n = 225) in resistant 

melanoma spheroid cells compared to the resistant adherent cells. The selection criteria included 

altered molecular pathways with at least five observations.  

Upregulated genes in the resistant spheroids were not significantly enriched in any pathway 

according to our criteria. 

Comparison of the gene expression signature of the BRAFi sensitive and resistant 

cell lines during spheroid formation 

In order to describe similarities and differences of gene expression between the sensitive and resistant 

cell lines associated with spheroid formation, we compared the expression patterns of overexpressed 
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and downregulated genes of the WM983A and WM983B cell lines. Based on these data, we found 447 

genes which were downregulated only in the sensitive- and 185 genes only in the resistant spheroids, 

respectively. The number of upregulated genes in the BRAFi sensitive spheroids was 556, while 66 

genes were detected in the resistant spheroids. Using Venn diagram, we were able to identify 46 genes 

that were commonly altered in both types of spheroids (BRAFi sensitive and resistant) (Figure 18).  The 

list of the 46 genes are summarized in Supplementary Table 7 (see in the Appendix). Forty shared genes 

were downregulated including MMP16, IGF1R, FLOT1 and CEP19 and the 6 commonly upregulated 

genes included the followings: HIST1H2BM, DDAH1, UCP2, MBD3L5, DEFB124 and MLF2.  

 

Figure 18. Differentially expressed genes in the BRAFi sensitive and resistant spheroids. Venn 

diagrams showing the number of genes differentially expressed by the PLX4720 resistant spheroids 

(WM983ARES-SPH and WM983BRES-SPH, compared to the corresponding sensitive spheroids: 

WM983ASPH and WM983BSPH). The diagram also shows the number of commonly upregulated (6) and 

downregulated (40) genes between the sensitive and resistant spheroids. 

 

Furthermore, we discovered an inverse gene expression trend for several genes when compared 

the gene expression differences between sensitive and resistant spheroids. Ten of the 712 genes 

that were upregulated in resistant spheroids were downregulated in sensitive spheroids but 
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upregulated in resistant ones (Table 3). In contrast, the expression of three genes (SCN8A, 

RING1, and ABHD4) was downregulated in sensitive spheroids while upregulated in resistant 

ones. Surprisingly, inversely expressed genes seem to be involved in the cell cycle (CENPF, 

LOXL2, and BNIP3) and epigenetic gene regulation (HIST1H2BB). 

Table 3. Gene expression differences between sensitive and resistant spheroid formation of melanoma 

cells 

 Gene  Fold-change P-value Fold-change P-value 

 No. symbol in sensitive spheroids1  in resistant spheroid2  

1 HIST1H2BB 6.3 0.035 0.51 0.030 

2 CENPF 4.37 0.024 0.54 0.019 

2 LOXL2 4.36 0.028 0.62 0.046 

4 BNIP3 1.91 0.032 0.32 0.007 

5 DCUN1D1 1.89 0.019 0.47 0.025 

6 CMSS1 1.68 0.018 0.59 0.034 

7 SMC3 1.64 0.007 0.62 0.042 

8 ZNF639 1.62 0.023 0.58 0.030 

9 IKBIP 1.49 0.046 0.52 0.048 

10 IFT57 1.4 0.029 0.61 0.043 

11 SCN8A 0.63 0.001 2.66 0.012 

12 RING1 0.45 0.032 2.17 0.029 

13 ABHD4 0.45 0.044 1.89 0.037 

1Comparison of gene expression between sensitive spheroids and sensitive monolayer cultures. 
2Comparison of gene expression between resistant spheroids and resistant monolayer cultures. 

Red colour represents upregulated genes; green colour represents downregulated genes. 

 

Validation of microarray data 

To confirm gene expression changes, the Affymetrix microarray data were validated using 

quantitative real-time PCR (qRT-PCR) analysis. This study included eight genes (ABHD4, 

HIST1H2BB, SCN8A, CMSS1, DCUN1D1, IKBIP, SMC3 and ZNF639). The primer sequences 

of the genes are listed in Supplementary Table 1A (see Appendix). Two of the selected genes 

were upregulated in the BRAFi sensitive spheroids and six were downregulated, the expression 
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of these genes were the opposite in the resistant 3D growing cells. The QRT-PCR data are 

summarized in Table 4. 

Table 4. Relative mRNA expression of BRAFi sensitive and resistant cell lines cultured in 

2D and 3D method detected by qRT-PCR 

 

  WM983A WM983B WM983A WM983B 

 (sensitive) (sensitive) (resistant) (resistant) 

Genes 2D 3D 2D 3D 2D 3D 2D 3D 

ABHD4 0.007 0.018 0.010 0.006 0.026 0.039 0.007 0.069 

HIST1H2BB 0.196 0.167 0.184 0.211 0.112 0.013 0.038 0.025 

SCN8A 0.000 0.000 0.000 0.006 0.009 0.012 0.004 0.011 

CMSS1 0.057 0.045 0.030 0.055 0.027 0.010 0.009 0.021 

DCUN1D1 0.062 0.068 0.105 0.112 0.033 0.019 0.020 0.032 

IKBIP 0.015 0.033 0.038 0.011 0.015 0.012 0.012 0.023 

SMC3 0.053 0.045 0.023 0.089 0.011 0.011 0.005 0.018 

ZNF639 0.031 0.037 0.027 0.085 0.021 0.019 0.010 0.029 

PCR data were analysed using Livak method with GAPDH as a reference gene. 

Comparing the fold change gene expression levels that were generated using the Affymetrix 

microarray analysis with the qRT-PCR results, we found that five out of the eight genes tested 

(DCUN1D1, CMSS1, ZNF639, ABHD4, and HIST1H2BB) showed the same direction of gene 

expression changes in the sensitive- and in the resistant spheroids. In addition, we observed a 

strong correlation between the Affymetrix array and qRT-PCR expression data in case of the 

ABHD4 and SCN8A genes (R > 0.7; P-value < 0.05). 
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Molecular alterations associated with acquired resistance during combined 

treatment of BRAF and MEK inhibitors on BRAFV600E mutated melanoma 

cell lines 

The effect of BRAF and MEK inhibitor treatment on viability of melanoma cell lines 

To investigate the effect of ENCO+BINI treatment on melanoma cell viability we used nine 

cell lines: 7 were carrying the BRAFV600E mutation, one had mutated NRASQ61L (WM1366), and 

one (WM3211) was wild type for both oncogenes (Table 2). All cell cultures were treated with 

the combination of 1 µmol/l drug mixture for 72 hours. Only melanoma cells with BRAF 

mutations showed significant (p < 0.05) decrease in cell viability during the treatment (Figure 

19). 

Figure 19. Growth-inhibitory effect of the combination treatment (ENCO+BINI) on melanoma cell 

lines. Melanoma cell lines were treated with a 1 µmol/l drug mixture. After 72 hours of incubation, 

cell viability was measured using a WST-1 assay. Grey columns: BRAF mutated cells; blue columns 

wild-type for BRAF mutation. Control cells (black column) were treated with the vehicle of the drug 

mixture. The data are presented as the mean ± SD of three independent experiments. The asterisks 

indicate statistically significant differences (Mann–Whitney–Wilcoxon test; * p<0.05). 

 

The decrease of cell viability was not uniform within the BRAF mutated cell lines. More than 

30% decrease was observed in five cell lines (WM35, WM902B, WM1617, WM983A and 

WM278). WM793B cells were also sensitive to the treatment, but the viability of these cells 

decreased by less than 10%. In contrast, we did not detect significant changes in cell viability 
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in the WM1366 (NRASQ61L mutant) and WM3211 (BRAF/NRAS wild-type) melanoma cell 

lines. 

Establishment of ENCO+BINI resistant melanoma cell lines 

To establish resistant cell line variants during combination treatment with BRAFi/MEKi, cells 

were treated continuously with increasing concentrations of ENCO+BINI mixture for 3-5 

months starting at 1 nmol/l and the drug concentration was increased during every passage up 

to 200 nmol/l. First, we started with a lower concentration (1 nmol/l) to allow cells to develop 

resistance, which supports the maintenance of heterogeneity, and give enough time to adapt to 

the drug. During the establishment of the resistant cell lines, we observed that the cells 

originally showed no change at the starting concentration (1 nmol/l), cells stopped dividing only 

when the drug concentration was increased. After a few days, cells began to divide, and we 

observed that the morphology of the drug-sensitive cells differed from that of the ENCO/BINI-

resistant cells. Similarly, to the PLX4720 treatment (see above) the resistant cells mainly 

displayed elongated phenotype (Figure 20.). 

 

Figure 20. Photomicrographs of the ENCO+BINI-sensitive and resistant melanoma cell lines.  

All images were captured at 100x magnification. 

 

Because morphological changes frequently associated with the changes of cell invasiveness, 

and the resistant cells often show epithelial-mesenchymal transition (EMT), we determined the 

invasive characteristics of cell lines using a Matrigel invasion assay. Based on this experiment 

we observed that the WM983AE+BRes, WM278E+BRes, and WM902BE+BRes cell lines had 
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significantly enhanced invasive properties compared to the corresponding sensitive cell lines 

(Figure 21).  

Figure 21. Invasive potential of the ENCO+BINI-resistant cell lines. Light grey columns correspond 

to the sensitive, and black columns represent the inhibitor resistant cell lines. The asterisks indicates a 

statistically significant difference (Mann–Whitney–Wilcoxon test; * p<0.05). 

 

The invasive properties of two cell lines: WM983BE+BRes and WM1617E+BRes did not change 

significantly, both were originated from melanoma patient’s metastatic lesion. We also 

observed, that the WM793BE+BRes cells behaved differentially, these cells showed significantly 

decreased invasive potential compared to the sensitive cells. 

Alterations of cancer related proteins associated with the development of acquired 

resistance during BRAFi/MEKi treatment 

Protein expression changes during the development of the combined drug resistance were 

determined using Proteome Profiler Human XL Oncology Array. This array detects the 

expression of 84 cancer related proteins that have been spotted in duplicate on nitrocellulose 

membranes. These analyses showed a number of differentially expressed proteins in the 

resistant cell lines when compared to the drug sensitive pairs. Analysing the protein 

expressions, we did not observed similar trend among the drug resistant cell lines (WM983A, 

WM983B, WM278, WM1617, and WM902B). Proteins with detectable differences (>10%) in 

at least one cell line revealed 17 differentially expressed proteins in the resistant cell lines, data 

are summarized in Figure 22. 
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Figure 22. Protein expression of BRAFi/MEKi sensitive (black columns) and resistant (blue 

columns) melanoma cell lines. Proteins with detectable differences (>10%) in at least one cell line 

are shown. Protein expressions were analysed using the Proteome Profiler Human XL Oncology 

Array. Numbers next to the columns indicate the protein expression as a percentage of the intensity of 

the reference on the array. The intensity of the reference (added only the solvent of the drug) is 

displayed as 100%. 

 

The expression of the seventeen proteins were not uniform within the cell lines. Relatively high 

expression was seen for three proteins: Galectin, Enolase and CapG in the WM983A and 

WM983B drug-sensitive cell lines, the expression of these proteins were still high in the 

corresponding BRAFi/MEKi resistant cells. The largest number (twelve proteins) of 

differentially expressed proteins were recognized in the WM983AE+BRes cells, compared to the 

sensitive ones. These proteins included Survivin, Osteopontin, Amphiregulin, EGFR, FGF and 

HO-1. Interestingly the expression of Galectin increased in four cell lines (between 34-100%) 

being the highest in the WM1617E+BRes cells.  

WM983A WM983A- WM983B WM983B- WM278 WM278- WM1617 WM1617- WM902B WM902B-

(%) Res (%) (%) Res (%) (%) Res (%) (%) Res (%) (%) Res (%)

Reference 100 100 100 100 100 100 100 100 100 100

Galectin-3 29 34 50 53 23 2 54 100 24 75

Enolase 2 46 56 53 20 12 13 49 80 16 6

CapG 62 49 39 15 0 0 12 42 13 9

Endoglin 8 5 10 23 9 6 20 27 5 10

Vimentin 5 5 4 5 2 5 15 27 27 43

Survivin 11 43 9 3 0 0 24 15 10 0

Osteopontin 1 34 0 0 45 1 9 8 1 1

Amphiregulin 3 22 1 2 0 0 0 0 0 0

Cathepsin S 12 5 16 21 35 8 0 0 0 1

Dkk-1 1 14 0 1 1 1 0 0 0 0

EGFR 0 48 0 3 5 3 0 0 1 1

Endostatin 2 19 3 3 2 3 0 0 1 4

FGF basic 0 31 0 1 3 2 0 0 0 0

HNF-3β 2 13 0 0 0 1 0 0 0 0

HO-1 3 17 2 5 2 19 0 0 3 1

CXCL8 7 6 8 6 18 5 0 0 0 0

CCL2 9 2 3 2 19 36 0 0 0 0
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Effect of drug withdrawal on the viability and protein expression on ENCO/BINI 

resistant melanoma cell lines 

Because drug-dependency is frequently observed during the development of acquired 

resistance, we cultured the resistant cell lines without the drug mixture, replacing the 

ENCO/BINI with DMSO (solvent of the drugs) and let the cells to grow for 72 hours. 

Surprisingly, the cell proliferation did not decrease significantly, and we did not observe 

significant cell death after 72 hours of the “drug holiday” in five cell lines (WM983A, 

WM983B, WM278, WM902B, and WM793B) compared to the control cell lines that were 

treated continuously with 200 nmol/l ENCO/BINI. These experiments clearly show that these 

BRAF mutated cell lines are not addictive to BRAFi/MEKi treatment (Figure 23.). 

Figure 23. Effect of drug withdrawal on the viability of ENCO/BINI resistant melanoma cell lines. 

The viability of the resistant cells after drug withdrawal (grey columns) was compared to cells that 

were treated continuously with the drugs (cells grown in the presence of 200 nmol/l ENCO+BINI: 

black columns). The data are presented as the mean ± SD of three independent experiments. The 

asterisk indicates a statistically significant difference (Mann–Whitney–Wilcoxon test; * p<0.05, ** 

p<0.001). 

Moreover, the cell proliferation of 3 cell lines (WM983BE+BRes, WM278E+BRes, WM793BE+BRes) 

increased significantly (p<0.05, p<0.001) during the “drug holiday”, which indicates that these 

cells still experienced drug pressure. In contrast, opposite effect was detected in the 
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WM1617E+BRes cell line, cells behaved differently and showed significantly reduced cell 

proliferation.  

We selected three resistant cell lines (WM983AE+BRes, WM983BE+BRes, and WM1617E+BRes) and 

cultured the cells in the absence of the drug combination for 10 days, then measured the cell 

viability and protein expression changes and compared to the control resistant cells (cells were 

continuously treated with the inhibitor mixture). 

The drug holiday results are summarized on Figure 24., which demonstrates noticeably that 3 

days drug withdrawal significantly increased the cell viability in the resistant WM983BE+BRes 

cells, and a slight increase was observed in the WM983AE+BRes cells. The viability of cells did 

not decrease in these two cell lines even after 10 days of drug withdrawal, the viability of cells 

was above the continuously (control) drug treated cells. In contrast, the WM1617E+BRes behaved 

differentially during this experiment, the viability of the cells decreased below 85% after 3 days 

drug removal and the decrease was significant after 10 days of days drug withdrawal compared 

to the control cells (Figure 24.).  

Figure 24. The effect of drug withdrawal on the viability of the resistant melanoma cell lines. 

Control cells were grown in the presence of 200 nmol/l ENCO+BINI (black columns). Three days 

drug withdrawal (cells grown in the presence DMSO for 3 days: dark grey columns), 10 days drug 

withdrawal (cells grown in the presence DMSO for 10 days: light grey columns). The data are 

displayed as the mean ± SD of three independent experiments. The asterisk indicates statistically 

significant difference (Mann–Whitney–Wilcoxon test; * p<0.05). 

Protein expression changes of the resistant cell lines was investigated after the drug holiday 

using the same Proteome Profiler (Proteome Profiler Human XL Oncology Array) as we used 

before. 
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Drug withdrawal resulted in changes of seven proteins (CapG, Enolase 2, Galectin-3, HO-

1/HMOX1, OPN, Survivin, and Vimentin) in all the resistant cell lines (Figure 25.).  

Figure 25. Protein expression changes of the BRAFi/MEKi resistant melanoma cell lines. Control 

cells were grown in the presence of 200 nmol/l inhibitor mixture (black columns). Drug withdrawal 

for 3 days (cells grown in the presence DMSO: dark grey columns), drug withdrawal for 10 days’ 

drug withdrawal (cells grown in the presence DMSO: light grey columns). Green arrows indicate 

uniform changes of 3 proteins. 
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Ten days of “drug holiday” resulted in extensive changes in protein expression. The most 

uniform alterations were detected the increase expression of three proteins: CapG, Enolase 2 

and OPN in all cell lines (green arrows on Figure 25.). Noticeable increase of galectin-3 were 

seen in the WM983AE+BRes and WM983BE+BRes cell lines. The expression of the vimentin 

protein did not changed after 10 days of drug withdrawal in any of the cell lines. Survivin 

expression was variable. It should be noted that in addition to the co-expressed proteins, several 

other proteins were also highly expressed, e.g. cathepsin S, EGFR, endoglin CXCL8, and 

CCL20 in the WM983BE+BRes cells, and the HIF-1α, endoglin, P53, snail in the WM1617E+BRes 

cells (Supplementary Figure 1. see Appendix).  

Identification of differentially expressed genes in resistant melanoma cell lines using 

RNA-Seq analysis 

We performed RNA-Seq analyses to determine gene expression patterns in five ENCO/BINI-

sensitive and the corresponding resistant melanoma cell lines. The number of differentially 

expressed genes were 1591 (fold change ≥ 2, p-value ≤ 0.05). Majority of the genes were 

upregulated (n=1024), the number of downregulated transcripts was 567 in the resistant cell 

lines (Supplementary Table 8. added in separate files). The top 10 up-and downregulated genes 

are listed in Table 5. 

Table 5. Top 10 differentially expressed genes in BRAFi/MEKi resistant melanoma cell lines  

Gene symbol Fold change P-value Gene symbol Fold change P-value

CXCL12 73.055 0.030 DMRT2 -36.360 0.004

COL5A1 45.342 0.009 MRGPRX4 -26.686 0.002

ALPK2 37.803 0.005 TRIM51 -23.160 0.003

ABCC3 22.176 0.005 CTD-2207A17.1 -23.002 0.049

CHST15 21.430 0.021 RP4-718J7.4 -21.898 0.018

RP11-326A19.5 21.394 0.033 VEPH1 -20.866 0.000

LAMA5 21.264 0.010 RP11-459E5.1 -20.773 0.011

SAMD11 20.976 0.003 GJB1 -20.765 0.028

RP11-54O7.3 20.856 0.004 ART3 -20.169 0.015

HHIPL2 20.509 0.004 FABP7 -19.772 0.022

Upregulated genes Downregulated genes
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The fold changes of the 10 most highly expressed genes were above 20-fold, being the highest 

for CXCL12, COL5A1 and ALPK2 genes. While the most downregulated genes included 

DMRT2, MRGPRX4, TRIM51 and CTD-2207A17.1 genes. 

Unsupervised hierarchical clustering of the differentially expressed genes (n=1591) 

distinguished between the BRAFi/MEKi-sensitive and resistant melanoma cell lines (Figure 

26.). The drug-sensitive and the resistant cell lines were grouped together. The gene expression 

patterns of the sensitive cell lines were similar in all cell lines, but in case of one resistant cell 

(WM1617E+BRes) we observed different pattern. Interestingly most of the genes that were 

downregulated in the inhibitor-sensitive cell lines became upregulated during acquiring the 

resistant phenotype, and the upregulated genes turned downregulated. A number of the 

upregulated genes did not change during the development of the drug resistance in the 

WM1617E+BSen cell line.  

Figure 26. Unsupervised hierarchical clustering of the differentially expressed genes in 

BRAFi/MEKi-sensitive and resistant melanoma cell lines. Cell lines are displayed horizontally, and 

genes vertically. The colour of each cell represents the median-adjusted expression value of each 

gene. Red represents increased gene expression, and green represents decreased gene expression. 
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The top 30 downregulated genes are listed in Supplementary Table 10 (see in the Appendix) 

and the top 30 upregulated are listed in Supplementary Table 11 (see in the Appendix) for each 

cell line. 

We validated the RNA-seq data by qRT-PCR in case of ten genes (upregulated genes: CXCL12, 

COL5A1, ALPK2, ABCC3, CHST15 and downregulated genes DMRT2, MRGPRX4, 

TRIM51, VEPH1 and GJB1). Seven of the ten genes examined (CXCL12, COL5A1, ABCC3, 

CHST15, DMRT2, MRGPRX4, and VEPH1) exhibited the same direction of gene expression 

in the parental and resistant cell lines.  

Gene Set Enrichment Analysis of the differentially expressed genes 

GSE analysis of the differentially expressed genes allowed us to define groups of genes that 

were significantly enriched and associated with common biological functions. Those included: 

regulation of cell proliferation, biological adhesion, regulation of cell death, response to drug, 

vasculature development, protein kinase activity, regulation of cell development, and regulation 

of chromosome organization (p ≤ 0.05). The gene sets that correlated with drug resistance are 

summarized in Table 6. 

Table 6. Gene sets correlated with the resistant phenotype 

ES – Enrichment score, a – positive correlation (light grey rows), b – negative correlation (dark grey 

rows)  

Name ES P-value

REGULATION OF CELL POPULATION PROLIFERATIONa 0.219 0.013

BIOLOGICAL ADHESIONa 0.190 0.027

APOPTOTIC PROCESSa 0.205 0.027

REGULATION OF CELL DEATHa 0.204 0.030

RESPONSE TO DRUGa 0.408 0.002

RESPONSE TO OXYGEN LEVELSa 0.367 0.008

VASCULATURE DEVELOPMENTa 0.251 0.010

PROTEIN KINASE ACTIVITYa 0.350 0.005

REGULATION OF CELL DEVELOPMENTb -0.202 0.016

REGULATION OF CHROMOSOME ORGANIZATIONb -0.343 0.035

REGENERATIONb -0.365 0.039

GLIAL CELL DIFFERENTIATIONb -0.304 0.049
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We performed Gene Ontology (GO) analysis of the differentially expressed genes and found 

numerous significantly (p-value ≤ 0.001) enriched GO terms grouped into biological processes 

(n=194), molecular functions (n = 9), and cellular components (n = 6). The biological processes 

included cell adhesion, cell migration, axon guidance, response to drug, regulation of cell 

differentiation, and drug transport. Molecular functions included DNA-binding transcription 

activator activity, MAPK cascade, MAP kinase tyrosine/serine/threonine phosphatase activity 

and the cellular component was associated intrinsic component of plasma membrane, 

extracellular matrix (Figure 27). 

Figure 27. Gene Ontology analysis of differentially expressed genes in ENCO+BINI-resistant cell 

lines. Significant differentially expressed genes with a fold change ≥ 2 and p-value ≤ 0.05 were 

analysed to determine the enriched Gene Ontology terms. A number of genes enriched are plotted for 

A) biological processes, B) molecular functions, and C) cellular components. 
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Pathway analysis of differentially expressed genes 
 

We performed pathway analysis of the differentially expressed gene in order to further 

understand the biological functions of genes during the development of drug-resistance. 

Pathway analyses were performed using the Molecular Signatures Database (MSigDB version 

7.5.1.; http://www.gsea-msigdb.org/gsea/msigdb/). The results of this analysis highlighted that 

the differentially expressed genes were associated with different molecular pathways. The 

significantly altered pathways (including at least 5 upregulated genes) were functionally 

associated with ATF-2 and AP-1 transcription factor networks, extra cellular matrix, TNF-alpha 

signalling via NF-kβ, epithelial mesenchymal transition, KRAS signalling and reactive oxygen 

species pathway and are summarized in the upper part of Table 7.  

Table 7. Involvement of differentially expressed genes in molecular pathways 

Molecular pathway P-value Genes included 

ATF-2 transcription 

factor networka 

1.71E-06 JDP2, MMP2, FOS, ATF3, SOCS3, JUN, JUNB, JUND, DUSP1, 

DUSP8 

Ensemble of genes 

encoding extracellular 

matrix and extracellular 

matrix-associated 

proteinsa 

3.14E-06 A2M, FSTL3, ADAM8, CCL26, SVEP1, FBLN1, SPON2, AGT, 

MMP2, MMP11, VEGFD, LTBP4, CXCL12, AMBP, NID2, SEMA4B, 

SEMA3C, SFRP4, SEMA4G, POSTN, MUC1, BDNF, C1QL1, 

MMP24, GPC1, NTF4, ARTN, MMP25, COL18A1, OVGP1, PCSK6, 

ANXA8L1, WNT4, NTN5, COL1A1, COL5A1, WNT6, TSKU, CSF1, 

IGFBP5, IGFBP6, SRGN, EGLN3, PLXDC1, LAMA5, HTRA3, 

EDIL3, LGALS9, MMRN2 

AP-1 transcription factor 

networka 

8.49E-06 AGT, FOS, FOSB, ATF3, HLA-A, JUN, JUNB, JUND, BCL2L11, 

DUSP1 

LPA receptor-mediated 

eventsa 

2.01E-04 MAPT, MMP2, FOS, SRC, LPAR2, SLC9A3R2, JUN, LPAR1 

Epithelial mesenchymal 

transitiona 

6.13E-04 IL32, OXTR, JUN, TAGLN, POSTN, NNMT, MAGEE1, GADD45B, 

BDNF, MMP2, TPM1, FBLN1, NID2, MYLK, FSTL3, COL1A1, 

SFRP4, CXCL12, COL5A1, BASP1, GPC1, EDIL3 

Reactive oxygen species 

pathwaya 

1.18E-02 PDLIM1, G6PD, ABCC1, GPX3, TXNRD1, JUNB, FTL 

TNF-alpha signalling via 

NF-kBa 

1.46E-02 JUN, SMAD3, GADD45B, CSF1, CEBPD, DUSP1, TNFRSF9, FOS, 

SOCS3, ZFP36, NFIL3, NINJ1, BCL3, FOSB, MAP3K8, JUNB, ATF3 

KRAS signallingb 6.06E-04 ST6GAL1, MAP3K1, CCL20, IL10RA, RGS16, LIF, EMP1, PLAT, 

ETV1, ETV4, DUSP6, ETV5, PCSK1N, TSPAN13, C3AR1 

IL-2/STAT5 signallingb 1.68E-03 CD83, S100A1, IL10RA, RGS16, LIF, EMP1, ETV4, TIAM1, MAFF, 

BCL2, CTLA4, ITGA6, ICOS, SMPDL3A 

TNF-alpha signalling via 

NF-kBb 

1.20E-02 DUSP4, NR4A1, DUSP2, CD83, NR4A3, BCL2A1, CCL20, SPHK1, 

MAFF, LIF, TNC, PHLDA2 

Coagulationb 1.69E-02 ACOX2, S100A1, MAFF, S100A13, PLAT, CTSE, DUSP6, MBL2, 

CPN1 

Oestrogen response b 2.78E-02 TIAM1, MREG, INPP5F, ELOVL2, MYB, TFF3, BCL2, HR, RAB17, 

NBL1, SLC19A2 

a - molecular pathways linked to upregulated genes; b - molecular pathways linked to downregulated genes  

http://www.gsea-msigdb.org/gsea/msigdb/
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The pathway analyses underlined that the upregulated genes were significantly associated with 

epithelial-mesenchymal transition, which promotes metastasis and is often associated with drug 

resistance. The downregulated genes listed in the lower part of Table 7 and were associated 

with KRAS signalling, TNF-alpha signalling via NF-kB, inflammatory response, IL-2/STAT5 

signalling, coagulation, and early oestrogen response. In order to identify the connection 

between the molecular pathways, we used a web-based visual analytics platform 

(NetworkAnalyst 3.0; https://www.networkanalyst.ca). Figure 28. displays that the upregulated 

genes are linked to cancer-related pathways including TNF signalling pathways, oestrogen 

signalling, breast cancer, as well as MAPK signalling pathways. 

Figure 28. Interactions between the different signalling pathways associated with the development 

of acquired resistance (NetworkAnalyst 3.0). Red dots represent upregulated pathways, and green 

dots represent downregulated pathways. 

 

https://www.networkanalyst.ca/
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In contrast, cell cycle pathway was downregulated. Both pathway linked with up-regulated 

genes and pathways linked with down-regulated genes are interconnected with signalling 

pathways related to cancer. Our data indicate that integrated pathway and network analysis of 

differentially expressed genes can help to understand the molecular mechanism underlying the 

development of acquired resistance, and might provide effective targets for the development of 

target specific successful treatment of melanoma. 
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Discussion 

Despite several advancement and options in the treatment of malignant melanoma, the disease 

is still the leading cause of skin cancer associated death Majority of cutaneous melanoma are 

characterized with the dysregulation of the MAPK pathway (also known as the 

Ras/Raf/MEK/ERK pathway) due to activating mutations in the B-RAF and RAS genes and 

other genetic or epigenetic alterations [32,57]. Approximately 40-60 % of melanomas harbour 

activating mutations (BRAFV600E and BRAFV600K) in the BRAF oncogene [23]. BRAFV600E 

mutation can achieve ~500-fold enhancement in the kinase activity to downstream mitogen‐

activated protein kinase signalling, which controls key cellular events, including proliferation, 

differentiation, migration, survival, and angiogenesis [107]. Targeted inhibition of the mutant 

protein is the most promising therapy option for melanoma patients with advanced disease [108]. 

Pre-clinical and clinical studies show that targeting BRAF using RAF-selective inhibitors 

results in remarkable tumour shrinkage in BRAFV600E mutant melanomas. A panel of BRAF 

inhibitors (vemurafenib, dabrafenib, encorafenib, etc.) and a series of MEK inhibitors 

(cobimetinib, trametinib, binimetinib, etc.) has revolutionized the treatment of melanoma 

patients [109], and recently combination of a BRAF and MEK inhibitor (Encorafenib: 

Braftovi™ + Binimetinib: Mektovi®) was approved by the FDA for melanoma patients with  

BRAFV600E/K mutation [110,111]. The combination of the small molecule inhibitors showed not 

only a high response rate, but a favourable toxicity profile and impressive progression-free 

survival (16.9 months compared to the  9 month BRAFi monotherapy) in patients with 

BRAFV600E mutation [110,112]. Unfortunately, even the high success of the different targeted 

therapies, acquired resistance develops in a large number of melanoma patients [113,114]. 

Despite many studies have addressed to clarify the molecular background of acquired drug-

resistance and to identify new therapeutic target molecules to improve patient survival, the 

mechanism of resistance remains unclear. Antibodies targeting immune checkpoint inhibitors, 

including cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), programmed cell death 

(PD)-1, and PD-ligand 1 (PD-L1), has expanded dramatically [108,115,116]. A combination of 

BRAFi/MEKi and anti-PD-1 treatments (vemurafenib + cobimetinib + atezolizumab) was 

introduced for unresectable or metastatic melanoma with the BRAFV600 mutation to improve 

survival and prevent resistance (approved by FDA in 2020)  [108]. 
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Cell culture is a widely used in vitro tool to reveal the molecular background of new anti-cancer 

drugs [117,118]. Most of the studies is based on conventional 2D cell cultures which have several 

limitations when compared to 3D tumour tissues, including differences in cellular 

communication, cell morphology, cell and extracellular medium interactions responsible for 

differentiation, proliferation, gene and protein expression, responsiveness to stimuli, drug 

metabolism and other cellular functions [119].  It has been observed that the gene expression 

pattern of cells is altered during conventional cell culturing due to the unlimited access to 

oxygen, metabolites, nutrients, and signalling molecules [119-122]. 3D spheroid cultures are 

improved cellular models that provide more contact surface for mechanical inputs for cell 

adhesion, accurate atmosphere for cell migration, differentiation, survival, and growth, variable 

access to oxygen, nutrients, metabolites, and signalling molecules [123,124]. Spheroid cell 

culture also reflects growth kinetics, metabolic activity and resistance to radiotherapy and 

chemotherapy more similar to tumour cells in vivo [125].  Structural modifications of the 

architecture of melanoma cells significantly effect gene expression of several genes, these genes 

play a role in melanoma progression and during the metastatic processes as described by  [126].  

One aims of our study was to generate reproducible three-dimensional melanoma spheroid 

models from BRAF inhibitor sensitive and resistant melanoma cell lines. Simultaneously, we 

aimed to compare the gene expression signature of the adherent and the spheroid cell lines in 

both drug-sensitive and drug-resistant model systems. This type of studies has not been 

performed before. During our study, we successfully developed spheroids from BRAF inhibitor 

(PLX4720) sensitive and resistant primary WM983A and metastatic WM983B tumour 

originated cell lines obtained from the same patient.  

In parallel, we aimed to explore molecular alterations associated with acquired resistance during 

combinatorial treatment of BRAFV600E mutant melanoma cell lines using BRAF and MEK 

inhibitors. We established six human melanoma cell lines that became resistant during 

encorafenib (BRAF inhibitor) and binimetinib (MEK inhibitor) treatment and evaluated the 

invasive properties, studied the effect of “drug holiday” on cell proliferation and protein 

expression in the drug-sensitive and drug-resistant cell lines, investigated the gene expression 

characteristics underlying BRAFi/MEKi resistance using RNAseq analyses and defined the 

biological functions of the differently expressed genes associated with the development of 

acquired resistance. Development of 3D models for in vitro anti-cancer drug testing can give 

new insights into the behaviour and molecular alterations of cancer cells associated with 
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acquired resistance during drug treatment [127,128]. Breslin et al. have studied the applicability 

of 3D as well as monolayer cell cultures to drug sensitivity and resistance in breast cancer and 

concluded that the biological information represented by 3D and 2D cell cultures are 

considerably different [129]. Spheroids reveal higher innate resistance to anti-cancer drugs 

compared to cells cultured under standard 2D conditions. Ryabaya et al. reported that 

metformin increases anti-tumour activity of MEK inhibitor (binimetinib) in both conventional 

monolayer (2D) cultures and 3D models of human metastatic melanoma cells [130]. 

Several studies have reported differentially expressed genes associated with BRAF inhibitor 

resistance in melanoma cell lines, however, most of these studies are based on monolayer cell 

cultures [131]. The successful development of melanoma spheroids allowed us to compare gene 

expressions of the inhibitor sensitive and resistant 2D and 3D melanoma cell models. The 

expression profiles of the two BRAFi sensitive cell line models were highly different. The 

differently expressed genes in the sensitive spheroids included 562 upregulated and 487 

downregulated genes. Among the top 10 overexpressed genes, we identified 4 genes (SPC25, 

CCL2, CCNE2 and PLK1) that were previously described to have functional roles in cell 

migration and metastasis formation, in addition, these genes are all involved in cell cycle 

regulation through different pathways [132-134]. The SPC5 gene encodes a protein that may be 

involved in kinetochore-microtubule interaction and spindle checkpoint activity, the CCL2 gene 

is one of several cytokine genes clustered on the long arm of chromosome 17 and the related 

pathways include G-protein signalling Ras family GTPases in kinase cascades and ERK 

signalling. Vergani et al., using a panel of BRAFV600E mutant melanoma cell lines, patients 

plasma and tumours, have showed that CCL2 (chemokine monocyte chemoattractant protein-

1) production by melanoma cells is involved in resistance to a BRAF inhibitor PLX4032 and 

its inhibition may restore drug sensitivity [135]. The CCNE2 and PLK1genes are immune 

evasion-related genes, CCNE2 is essential for cell cycle regulation and responsible for 

promoting the G1/S phase transition as well as the progression through the G1 phase [136]. 

Recently, Su et al. observed a synergistic anti-proliferative response of combined treatment 

with the inhibition of PLK1 and NOTCH in human melanoma cells [137].  

The top 10 downregulated genes are involved in various signalling pathways, such as the CHN2 

gene in the regulation of RAC1 activity, the FOS gene in EGFR signalling, ITGA7 in integrin 

pathways and Akt signalling, and in tumour initiation and progression [138-140].  

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=SPC25
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=gene&term=CCL2
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Our BRAFi resistant spheroid cells exhibited 297 differentially expressed genes compared to 

the adherent resistant cells. Downregulated genes (n=225) are mainly involved in different 

translation pathways including axon guidance pathway, ROBO receptor signalling, G2/M 

checkpoints and other cancer related pathways. It was described by Argast et al. that genes 

involved in axon guidance are inhibited by oncogenic B-Raf/MKK/ERK signalling in 

melanoma [141]. Genes of the axon guidance signalling pathway, including plexin B1 and 

semaphorin 3D genes, as well as R-RAS were down-regulated in resistant spheroids. Several 

studies have shown that plexin B1 is associated with tumour progression and emerging as 

clinical biomarker [142,143]. In contrast, a significant loss of the ROBO receptors was published 

in melanoma by Denk et al., these receptors are best known for mediating axon guidance 

through attraction or repulsion of growth cones, and their expression is known to correlate with 

tumour angiogenesis [144]. 

When we compared the gene expression between the sensitive and resistant spheroids we 

identified a set of genes that were differentially expressed in the resistant and sensitive 

spheroids of both cell lines. A certain group of genes were down- or upregulated only in the 

sensitive and resistant spheroids, respectively. We could identify 46 genes that were altered in 

both type of spheroids. Most of the common genes (n = 40) including MMP16, IGF1R, FLOT1 

and CEP19 were downregulated and functionally involved in several types of cancers including 

melanoma [141,144,145].  Upregulated genes involved only six genes: HIST1H2BM, DDAH1, 

UCP2, MBD3L5, DEFB124 and MLF2, these genes have roles in interleukin-2 signalling 

pathway and negative regulation of cell proliferation. Published data indicate that 

approximately 80% of melanoma cell lines express elevated levels of DDAH-1 protein, 

suggesting that DDAH-1 may be a potential target for regulating nitric oxide production in 

melanoma cells [146]. UCP2 plays a critical role in molecular mechanisms involved in 

carcinogenesis by altering cell proliferation. Furthermore, UCP2 stimulates the cellular 

response to programmed cell death protein-1 blockade treatment in melanomas and contributes 

to effective anti-tumour responses [147]. MLF2 (myeloid leukaemia factor 2)  is a critical 

component of tumour initiation and metastasis formation in breast cancer  [145]. Additionally, 

suppression of S-phase histone HIST1H2BB can improve treatment outcome in melanoma cells 

[148]. Three of the commonly downregulated genes (MMP16, IGF1R, and FLOT1) in our 

resistant spheroids are  associated with the aggressive behaviour of melanoma  [149,150]. Since 

these genes were found to be commonly altered in both sensitive and resistant spheroids, our 
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findings might point out that these genes are crucial for the development of melanoma 

spheroids.  

During our analysis we discovered an inverse gene expression signature between the sensitive 

and resistant spheroids. The expression of three genes (SCN8A, RING1 and ABHD4) was 

downregulated in sensitive spheroids but elevated in the resistant cells. In contrast upregulation 

of 10 genes (HIST1H2BB, CENPF, LOXL2, BNIP3, DCUN1D1, CMSS1, SMC3, ZNF639, 

IKBIP, and IFT57) was detected in the sensitive spheroids, while downregulation of the same 

genes was detected in the resistant spheroids. The SCN8A gene (which encodes type VIII alpha 

subunit of voltage gated sodium channel) expression is considerably lower in COLORECTAL 

tumour tissue compared to the corresponding normal tissue [151] and only a limited information 

is available for melanoma, Carrithers et al. data suggest that intracellular sodium release 

mediated may regulate cellular invasion of melanoma cells [152]. Similar to the SCN8A, RING1 

gene (ring finger protein-1) was also inversely expressed between the sensitive and resistant 

spheroids. The RING1 has been identified as a differentially expressed gene that plays an 

important role in epigenetic regulation in cancer [153]. Additionally, the transcriptional activity 

of this gene is implicated in the aggressive phenotypes of melanoma [154]. We also observed 

that the ABHD4 gene was upregulated the in the BRAFi resistant and down-regulated in the 

sensitive spheroids. This gene was identified as a potential regulator of anoikis sensitivity (an 

endogenous death program) that is one of the primary events of tumour metastasis. Anoikis 

resistance is a critical feature of tumour cells that enables tumour cells to survive in foreign 

environment and to promote metastatic dissemination [155].  

The ten genes that were upregulated in the sensitive and downregulated in the resistant 

spheroids are involved in tumour initiation and progression, but no detailed study was published 

yet in case of melanoma. According to the cBioPortal Cancer Genomics database, 17 canonical 

histone H2B genes, such as HIST1H2B and HIST1H2BM, contribute to cancer progression [148], 

notwithstanding the direct function of these genes have not yet been recognized, and the direct 

role of the genes has not yet been described. According to Kruiswijk et al., CENPF may 

function as a cancer driver gene and play a role in cancer tumorigenesis [156]. LOXL2 (Lysyl 

oxidase-like 2) plays an integral role in epithelial-mesenchymal transition by stabilizing SNAI1 

transcription factor, and it serves as a tumour promoter in human melanoma cells by increasing 

invasiveness, evasion of apoptosis, and proliferation [157]. There is also evidence that LOXL2 

overexpression can occur in primary and metastatic melanoma and in other types of cancer, and 
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it assumed that might have important role in vivo in the development of drug resistance [157]. 

Overexpression of hypoxia responsive protein BNIP3 in cancerous cells is highly controversial 

as it has been reported to be associated with promoting cell death, as well as tumour suppression 

while simultaneously promoting tumour development [158,159]. The ubiquitin-like ligase, 

DCUN1D1 represents a potential cancer driver gene that causes malignant transformation of 

squamous cells [160]. The study of Sarogni et al., have shown associations between SMC3 gene 

expression and a number of cancers, including acute myeloid leukaemia and bladder cancer 

[161]. ZNF639 (zinc-finger protein amplified in squamous cancer) gene are associated with 

oesophageal squamous cell carcinomas and IFT57 (Intraflagellar Transport 57) was described 

lung cancer [162,163]. These differently expressed genes require more attention during the future 

experiments. Generally, these results underline the gene expression signature of spheroid 

formation and highlight important molecular pathways that are different between 2D and 3D 

cell culture.  

Over the past few years, melanoma research has put an emphasis on the characterization of 

acquired resistance at the molecular level. These findings indicate significant gene expression 

changes in melanoma cells that may help to explain the emergence of acquired resistance to 

BRAFi. [164]. Genetic and epigenetic factors are both involved in the development of the 

resistance [57,165]. During the last decades, a number of new drugs have been developed, 

including BRAF antagonists, anti-cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), 

programmed cell death protein 1 (PD-1) antibodies and programmed cell death ligand 1 (PD-

L1) [108,166]. The FDA has approved a new therapeutic treatment option for advanced stage 

melanoma patients with BRAFV600 mutations combining anti-PD-1/anti-PD-L1 with anti-BRAF 

and anti-MEK. This combinatorial triple therapy includes atezolizumab (PD-L1 inhibitor) along 

with cobimetinib and vemurafenib [167]. 

Treatment of BRAFV600 mutant advanced melanoma using the combination of BRAF 

(encorafenib) and MEK (binimetinib) inhibitors was introduced into the clinic in 2018 [116]. 

The combination of the dual-targeted inhibitors provides inspiring treatment options as a 

targeted therapy for patients with BRAFV600-mutated melanoma with improved overall response 

[168,169]. However, despite impressive clinical successes, many patients are diagnosed with 

tumour recurrence and experience a more aggressive melanoma tumour after the initial response 

limiting the long-term therapeutic benefits. Unfortunately, acquired resistance to most of the 

drugs or drug combinations limits the number of patients with long-lasting responses. 
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Recently, a large number of studies has focused on identifying the underlying molecular 

mechanisms leading to the development of drug resistance, however, the molecular alterations 

in this process remain unclear. There is a very urgent need to identify common, resistance 

associated molecular targets in melanoma cells which would help to discover more effective 

treatment possibilities for this aggressive cancer. The novelty of our study is that we were able 

to develop encorafenib plus binimetinib resistant melanoma cell lines after continuous 

BRAFi/MEKi treatment and compare the gene and protein expression differences between the 

drug-sensitive and drug-resistant melanoma cells. Our results highlight a number of molecular 

changes that arise during the evolution of acquired resistance. In contrast to the monotherapy 

associated BRAFi resistance development [101], we also observed that intermittent dosing of 

the drug combination (ENCO+BINI) might not be beneficial for melanoma patients with a 

BRAFV600E mutation, this observation probably has clinical relevance. 

In addition to molecular alterations, we detected morphological changes during the 

development of the resistant cells. BRAFi/MEKi resistant cells displayed elongated and 

spindle-shaped phenotype. Interestingly, one of the resistant cell lines (WM1617E+BRes) 

displayed a unique morphology different from the others and this cell line behaved differently 

during the whole study. Morphological changes during the development of drug resistance was 

also described by others [101,170]. It has been observed that, in addition to altered morphology, 

drug-resistant cells frequently exhibit greater invasive potential. Similar to published data, we 

found that the invasive potential of the resistant cells was higher than that of the sensitive cells, 

with one exception (WM793BE+BRes). In addition, using transcriptome analysis, we observed 

that numerous invasive markers, including MMP2, were substantially elevated (fold change = 

3.135, p-value = 0.009) [171,172]. 

From a clinical point of view, discontinuation of targeted therapy is one of the most successful 

approaches to prevent or delay the acquisition of drug resistance. Several preclinical and clinical 

studies have suggested that periodic drug dosage may be clinically beneficial [101,173,174]. 

However, recently published experimental and clinical investigations have failed to establish 

the clinical benefits of interrupted drug dosing, and “drug holiday” has become highly 

controversial in terms of therapeutic improvement [174,175]. In a good agreement with these 

findings, our data show that ENCO + BINI drug-resistant cells are not drug-addicted and do 

not show considerably enhanced lethality following a "drug holiday" [176]. In summary, our 

data point out that intermittent treatment unlikely to increase the effectiveness of the combined 
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BRAFi/MEKi treatment, further research is needed to better understand intermittent drug 

dosing. 

A number of molecular changes related to drug resistance have already been identified, 

including overexpression of EGFR, PDGFR, HGF, IGF, CRAF, COT, and MITF and 

downregulation of STAG2 or STAG3 genes [166,177]. We have previously published that BRAFi 

(PLX4720) resistance is associated with certain cancer-related proteins, as detected using the 

Proteome Profiler Human XL Oncology Array [101]. During the combination treatment, we 

extended our proteome profiler study to identify and compare the protein expression patterns 

associated with acquired resistance during BRAFi/MEKi treatment. Our protein expression 

analysis revealed several differentially expressed proteins in the double targeted resistant cell 

lines compared to their sensitive counterparts. These proteins clustered in a unique pattern; no 

similar expression signature was observed in the resistant cell lines.  

Galectin expression was detected in all BRAFi/MEKi sensitive cell lines, and increased 

expression was seen in four of the five resistant cell lines. The expression of this protein was 

decreased in one line, and its expression was the highest in the WM1617E+BRes cells, followed 

by the WM902BE+BRes cells. Galectin-3 has many cancer related function, including cell 

adhesion, cell activation, cell cycle, apoptosis, cell growth and differentiation [178] and the 

expression of the protein is positively correlats with the metastatic potential of human 

melanoma cells and plays an important role in cell–matrix adhesion during melanoma 

progression [179]. The protein galectin-3, which acts as an anti-apoptotic agent, is implicated in 

the development of resistance to chemotherapeutics in breast cancer and in the development of 

acquired resistance in malignant melanomas [180]. Enolase was expressed in all sensitive and 

resistant cell lines, but the direction of expression changes was not uniform. The expression of 

this protein increased in two resistant lines (WM983BE+BRes and WM1617E+BRes) and decreased 

in the other three. Furthermore, Enolase 2 (Gamma-enolase) and CapG were expressed in at 

least two cell lines and the expression of these proteins varied greatly between cell lines. 

Interestingly, Enolase 2 and CapG are used as diagnostic tumour markers in the diagnosis and 

prognosis of many cancer types, and both proteins have been associated with cell proliferation, 

invasion, migration, and metastatic capacity in several types of cancer, including melanoma 

[181,182]. The high variability of protein expression between the resistant cell lines indicates the 

necessity for more personalized (patient-specific) treatment. 
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EMT is a complex mechanism that facilitates the switch of tumor cells from the epithelial to 

the mesenchymal phenotype, and this transition allows cells to migrate from the primary site 

[183]. The vimentin protein, which controls actin organization and is a well-known marker of 

EMT, was differentially expressed in four resistant cell lines, and noticeably high expression 

were detected in two cell lines (WM1617E+BRes and WM902E+BRes) in which galectin-3 was also 

highly expressed. The enhanced expression of the vimentin protein in our resistant cell lines 

was consistent with the findings of Molnár et al. [184]. 

Several pre-clinical studies have shown that discontinuation of treatment after the development 

of resistance may lead to  tumour regression and, in many cases, can restore sensitivity to 

therapy [185]. This phenomenon is based on the concept that drug addiction in the absence of 

the drug causes a selection disadvantage in the resistant population.  Indeed, in preclinical 

melanoma models, periodic treatment with BRAF inhibitors results in a longer-lasting 

therapeutic response compared to continuous therapy [173]. Recent clinical results, however, 

tend to show that intermittent BRAF inhibitor therapy is inferior to continuous targeted therapy, 

emphasizing the difficulty of translating dose and treatment regimens from animal model to 

patients [174]. Furthermore, different clinical studies suggest different treatment strategies for 

intermittent dosing and continuous treatment. On the one hand, intermittent dosing effectively 

manages vemurafenib-induced toxicities, improving drug tolerance and achieving or 

maintaining  tumour shrinkage, while reduced dose continuous therapy is not [186]. The benefits 

of continuous versus intermittent drug dosing for patient survival are still controversial, it is not 

clear which molecular pathways are dominant in this phenomenon [175,187,188]. To explore the 

molecular changes associated with intermittent drug treatment, we first determined the viability 

of resistant cells removing the inhibitor combination, and analysed the protein expression 

alterations. We observed typical drug dependence in one cell line (WM1617E+BRes) with 

significantly decreased cell viability after 10 days of drug withdrawal. Termination of the drug 

was associated with significantly decreased cell proliferation, indicating that the cells become 

addicted to the combination of BRAF and MEK inhibitors, exposing potential therapeutic 

vulnerabilities and points out that “drug withdrawal” could potentially be beneficial for 

therapeutic gains for melanoma patients  [189]  and can lead to improved survival rates and 

tumour regression [190]. In contrast, the other two resistant cell lines (WM983AE+BRes and 

WM983BE+BRes) exhibited increased proliferation following the “drug holiday”. Drug 

withdrawal resulted in protein expression changes in all three cell lines. Proteome profiler 
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analyses revealed seven proteins (CapG, enolase 2, galectin-3, HO-1/HMOX1, OPN, survivin, 

and vimentin) with altered expression after the removal of BRAFi/MEKi, some of those are 

well-known players in drug resistance [101,180,191-193]. However, this is the first study to shed 

light on the co-expression changes of proteins related to “drug holiday” in BRAFi/MEKi 

resistant melanoma cells. 

Over the last decade, a number of studies have reported differentially expressed genes between 

drug-sensitive and drug-resistant cells after monotherapy using BRAF inhibitors [106,194]. 

Nevertheless, relatively little is known about molecular mechanisms involved in the 

development of acquired resistance to BRAFi/MEKi combinatorial treatment. Our RNA-seq 

analysis revealed almost 1600 differentially expressed genes that are probably linked to the 

development of BRAFi/MEKi resistance. Majority of the transcripts (n=1024) were 

overexpressed, the downregulated genes included 567 genes. Our pathway analysis has 

revealed significant correlations between upregulated genes and biological pathways such as 

the ATF-2 transcription factor network, the epithelial-mesenchymal transition, and the TNF-

alpha signalling pathways. Within the top 10 overexpressed genes, the COL5A1 gene (an ECM 

component) has been already reported to contribute to BRAFi resistance in melanoma cells 

during the treatment with PLX4720 BRAF inhibitor [195], and probably has a dominant role in 

the development of drug resistance. The other overexpressed genes are also associated with 

tumour progression and metastasis formation through different signalling pathways. For 

example, ALPK2 is known to influence cell cycle as well as DNA repair mechanisms and acts 

as a tumour promoter in malignant cells [196], while HHIPL2 is linked to gastric malignancies 

via hedgehog signalling [197]. Furthermore, SAMD11 expression was linked to radio-resistance 

in oesophageal cancer cells [198]. The ABCC3 (ATP Binding Cassette Subfamily C Member 3) 

was characterized as one of the significantly upregulated gene in our resistant cells compared 

to their sensitive counterparts. The ATP-binding cassette (ABC) superfamily of active 

transporters is a well-known marker and potential target for multidrug-resistant cancers and is 

upregulated in drug-resistant cell lines [199]. However, until now, these upregulated genes have 

not been linked to BRAFi/MEKi resistance, which enhances the novelty of the present study. 

The downregulated genes were associated with KRAS and IL-2/STAT5 signalling. Previously 

it was reported that some of the downregulated genes play a significant role in cell migration 

and tumour metastasis initiation and progression and all have been involved in tumorigenesis 

through different pathways; for example, DMRT and FABP7 play important role in epithelial-
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mesenchymal transition [200,201], while VEPH1 suppresses vascularization by inhibiting AKT 

activation [202]. Hao Feng et al. found that downregulation of VEPH1 regulates the progression 

of melanoma cells with involvement in the TGF-β signalling pathway [200,201,203]. This 

signalling pathway is considered to act as a double-edged sword in cancer and TGF-β signalling 

may be a key factor in the development of resistance to chemotherapy, targeted therapy and 

immunotherapy [204]. 

In agreement with published data, we found novel long noncoding RNA transcripts (lncRNA),  

including RP11-326A19.5, RP11-459E5.1, and RP4-718J7, which support that lncRNA 

expression is associated with cancer in humans [205]. Through various molecular mechanisms, 

lncRNAs regulate a variety of biological processes in cancers and may serve as biomarkers of 

response to treatment. The RP11-326A19.5 transcript was upregulated along with RP11-

459E5.1 and RP4-718J7.4 transcripts in the sensitive cells which were downregulated in the 

resistant cell lines. Furthermore, it was reported previously that, several lncRNAs (RP11-

326A19.5 and RP11-459E5.1) have been linked to tumorigenesis and drug response [206,207]. 

In addition, RP4-718J7.4 is associated with inflammation [208] and antibiotic resistance [209]. 

However, these transcripts are not well documented in BRAFi resistance at the field of 

melanoma. The present study is the first to suggest that several long non-coding gene transcripts 

might play a role in the development of BRAFi/MEKi resistance. 

Even a large amount of data is published, it is hard to describe how to prevent drug resistance 

at this moment. Many different studies are going on to explore the most effective possible 

treatment combinations. We believe that the sequence of immunotherapy and combination of 

BRAF/MEK inhibitors would be the most effective option. One of the future directions is to 

explore the underlying mechanisms of acquired drug resistance and strategies for the different 

drug combinations. Probably the most beneficial approach will be to discover key molecules 

and molecular pathways that are differentially expressed between sensitive and resistant cells 

to prevent drug resistance and develop targeted drugs against the functionally relevant 

molecules. 

Another prospective way to prevent drug resistance might be to combine chemotherapy with 

BRAF inhibitors, which is currently under preclinical development [210]. However, we believe 

that to expand this approach - by incorporating the other treatment strategies (synthetic lethal 

drug combinations, sequential drug treatment, alternate dosing, and intermittent dosing) would 

be more beneficial. The preclinical investigation demonstrates that these treatment strategies 
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provide promising results. It is likely that the BRAF+MEK inhibitor and chemotherapy 

combination should be utilized in an alternate manner, or chemotherapy drugs should be used 

during the "drug holiday" of BRAF+MEK inhibitor treatment. This proposed treatment strategy 

is based on the idea that chemotherapeutic drugs cause DNA damage, which is frequently 

impaired by DNA-damage repair (DDR) mechanisms, rendering chemotherapy treatments 

ineffective. The BRAF+MEK inhibitor combination, on the other hand, limits activation of the 

DNA-damage response, resulting in synergistic impact of the chemotherapeutic drugs. 

Furthermore, this approach may offer significant promise in terms of lowering drug-induced 

adverse effects and prolonging progression-free survival. Both drugs have been studied and are 

well tolerated by patients.  

There are already several proposed treatment methods which can lead to long-lasting responses, 

such as synthetic lethal drug combinations, sequential drug treatment, alternating dosing, 

multiple low doses, treating reversible resistance, and bystander effect. Among these, certain 

strategies have progressed to the clinical stage and are showing encouraging success. Once 

patients progressed following BRAF+MEK inhibitor treatment, a second-line treatment option 

is used, that is immunotherapy with an immune checkpoint inhibitor [211]. Probably a triple 

combination of BRAF, MEK, and ERK inhibitors at extremely low concentrations might be 

effective in preventing resistance. Low concentrations will restrict drug-induced toxicity, avoid 

parallel pathway activation, and diminish drug-induced mutation. Several current randomized 

clinical trials are being conducted to evaluate the most effective treatment sequence and drug 

dosage of immuno-oncology agents and targeted therapy for molecular target-defined 

subgroups of patients with BRAF-mutant melanoma [212]. The SECOMBIT study (Sequential 

Combo Immuno and Target Therapy) was intended to establish the greatest sequential method 

with ipilimumab plus nivolumab and encorafenib plus binimetinib. Another potential strategy 

is to use small interfering RNA to inhibit the expression of particular genes responsible for drug 

resistance (siRNA) [213]. However, the therapeutic implementation of this method is 

complicated by challenges in delivering siRNA into the cytoplasm of tumour cells without the 

use of viral vectors, which might induce immunological activation, mutation, or inflammation 

[214]. One potential technique to prevent resistance is alternating dosing. Biochemical 

investigations have shown that resistance to BRAF inhibitors in melanoma is associated with a 

significant increase in sensitivity to histone deacetylase (HDAC) inhibitors. A pilot trial in 



DISCUSSION 
 

69 
 

patients with BRAF inhibitor–resistant melanoma indicated that short therapy with HDAC 

inhibitors eradicated the drug-resistant cell population [215].  

In summary, our data provide the first insight into differently expressed genes that might be 

involved in spheroid formation in BRAFi sensitive and resistant melanoma cells. Generally, the 

results underline the molecular background of spheroid formation and highlight important 

molecular pathways that are different between traditional monolayer/adherent and 3D cell 

culture. The current data on the development of acquired resistance using combination of BRAF 

and MEK inhibitors, offer the first understanding into differentially expressed genes and 

provide protein expression patterns associated with a BRAFi/MEKi-resistant phenotype in 

melanoma cells. Our findings contribute to a better understanding of the complex mechanisms 

leading to acquired resistance during combined treatment of BRAF-mutant melanoma. 

However, further studies are needed to identify the key molecules and signalling pathways 

responsible for therapeutic escape during BRAFi/MEKi treatment and to prevent the initiation 

of acquired drug resistance in melanoma. 
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Summary 

Despite intensive research efforts, which have significantly improved melanoma patient 

survival, therapy resistance to the targeted mono- and combined therapies remains unsolved 

problems. The major focus of our study was to investigate molecular alterations associated with 

acquired resistance in malignant melanoma cell line models. It has been observed that the gene 

expression pattern of cells is altered during conventional cell culturing due to the unlimited 

access to oxygen, metabolites, nutrients, and signalling molecules. One aims of our study was 

to generate reproducible three-dimensional melanoma spheroid models from BRAF inhibitor 

sensitive and resistant melanoma cell lines and compare the gene expression signatures of the 

differently cultured melanoma cells.  Using Affymetrix Human Gene arrays, we determined the 

gene expression pattern of melanoma cell lines. We found a large number of differentially 

expressed genes between drug-sensitive cells grown under different cell cultures. Pathway 

analysis showed that the differently expressed genes were mainly associated with cell cycle, 

p53, and other cancer-related pathways. Drug-resistant cells grown under 2D and 3D cell 

culture conditions exhibited 297 differentially expressed genes (72 up- and 225 downregulated) 

and were linked to various pathways including cellular translation, axon guidance, and IGF1R 

signalling. In addition, 13 genes, including DCUN1D1, CMSS1, ZNF639, ABHD4, and 

HIST1H2BB, exhibited inverse expression between sensitive- and resistant spheroid, with 

functional role in anoikis resistance and cell cycle regulation. 

In parallel, we explored molecular alterations associated with acquired resistance during 

combinatorial treatment of BRAFV600E mutant melanoma cell lines using BRAF and MEK 

inhibitors. After establishing six melanoma cell lines that became resistant during encorafenib 

(BRAFi) and binimetinib (MEKi) treatment we evaluated the invasive properties, studied the 

effect of “drug holiday” on cell proliferation and protein expression in the drug-sensitive and 

resistant cell lines, investigated the gene expression characteristics underlying BRAFi/MEKi 

resistance using RNAseq analyses and defined the biological functions of the differently 

expressed genes associated with the development of acquired resistance. We found that resistant 

cells changed their phenotype and had a higher invasive potential than sensitive cells. We 

observed that resistant cells did not develop drug dependency, which is in agreement with a 

recently published clinical study that suggests intermittent dosing might not be as beneficial as 

regular treatment. Using the Proteome Profiler Oncology Array, we identified cancer-related 

proteins that were differently expressed across sensitive and resistant cell lines, with no similar 
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pattern among the cell lines. Furthermore, transcriptome analysis revealed that the 1591 

differentially expressed genes (1024 up- and 567 down-regulated genes) are functionally linked 

to a variety of biological functions, including epithelial-mesenchymal transition, and KRAS 

signalling, that may lead to resistance.  

In summary, our data provide the first insight into differently expressed genes that might be 

involved in spheroid formation in BRAFi sensitive and resistant melanoma cells. The current 

data on the development of acquired resistance using combination of BRAF and MEK 

inhibitors, offer the first understanding into differentially expressed genes and provide protein 

expression patterns associated with a BRAFi/MEKi-resistant phenotype in melanoma cells. Our 

findings contribute to a better understanding of the complex mechanisms leading to acquired 

resistance during combined treatment of BRAF-mutant melanoma. However, further studies are 

needed to identify the key molecules and signalling pathways responsible for therapeutic escape 

during BRAFi/MEKi treatment and to prevent the initiation of acquired drug resistance in 

melanoma. 
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Main findings and results 

This study aimed to investigate the effect of BRAFi (PLX4720) and BRAFi/MEKi 

(ENCO/BINI) on human melanoma cell lines. 

I. Development and characterization of BRAF inhibitor resistant melanoma cell 

lines growing under traditional and 3D cell culture conditions 

Generation of PLX4720 resistant cell lines and spheroid culture 

 We successfully developed reproducible three-dimensional melanoma spheroid models 

from BRAFV600E mutant melanoma cell lines that are sensitive and resistant to BRAFi. 

Gene expression patterns of BRAFi-sensitive cells cultured in 2D and 3D conditions 

 We found a total of 1049 significantly differentially expressed genes (562 upregulated 

and 487 downregulated) between 2D and 3D cultured BRAFi sensitive cells.  

 These differentially expressed genes were involved in a variety of biological pathways, 

mainly in the regulation of cell cycle, G2/M checkpoints, p53 signalling pathway, 

cellular responses to external stimuli and stress, interleukin-4 and interleukin-13 

signalling and other cancer-related signalling pathways. 

Gene expression patterns of BRAFi-resistant cells cultured in 2D and 3D conditions 

 We found the drug-resistant cells grown under 2D and 3D cell culture conditions 

exhibited 297 differentially expressed genes (72 upregulated and 225 downregulated). 

 These differentially expressed genes were mainly involved in cellular and mitochondrial 

translation, axon guidance pathway, ROBO receptor regulation and signalling. 

Gene expression patterns of BRAFi sensitive-and resistant spheroid 

 We found that only 1% of genes expressing upregulations and 5.6% of genes expressing 

downregulations were commonly expressed between drug-sensitive and drug-resistant 

cells cultured in 3D environment.  

 Furthermore, 13 genes (HIST1H2BB, CENPF, LOXL2, BNIP3, DCUN1D1, CMSS1, 

SMC3, ZNF639, IKBIP, IFT57, SCN8A, RING1, and ABHD4) with functional relevance 

in anoikis resistance and cell cycle regulation exhibited inverse expression between 

sensitive and resistant spheroid. 
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II. Molecular alterations associated with acquired resistance during combined 

treatment of BRAF and MEK inhibitors on BRAFV600E mutated melanoma cell 

lines 

Characterisation of BRAFi/MEKi (ENCO/BINI) resistance cells 

 We successfully developed the ENCO/BINI resistant melanoma cell lines. 

 Drug-resistant melanoma cells had a higher invasive potential and acquired a spindle-

like structure. 

The effect of ENCO/BINI inhibitor treatment on viability of melanoma cell lines 

 ENCO/BINI combination significantly inhibit the cell viability in only BRAF-mutant 

cell lines, but not in wild type cell lines. 

 We also observed that the resistant cells behaved differently after the withdrawal of the 

inhibitors; five out of six were not drug addicted at all and did not exhibit significantly 

increased lethality. Additionally, one resistant cell line (WM1617E+BRes) showed 

significantly decreased viability, indicating drug addiction. 

Gene expression patterns of ENCO/BINI sensitive and resistant cell lines 

 We found 1591 significantly differentially expressed genes (1024 upregulated and 567 

downregulated) with functional in role cancer related pathways including ATF-2 and 

AP-1 transcription factor networks, extra cellular matrix, TNF-alpha signalling via NF-

kβ, epithelial mesenchymal transition, KRAS signalling. 

Protein array analysis of the ENCO/BINI sensitive and resistant melanoma cell lines 

 We found several differentially expressed proteins, with no similar pattern among the 

cell lines. Furthermore, high expression of Galectin was observed in four resistant cell 

lines (WM983A, WM983B, WM1617, and WM902B) and decreased in counterpart 

drug-sensitive cells. 

 Following drug withdrawal, Enolase 2, CapG, and OPN showed a consistent increase 

in expression following the 10 days of drug holiday. 
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Main key points of the study: 

 
Inhibitor 

treatment  

 Sensitive Spheroid Resistant Spheroid 

BRAFi 

(PLX4720) Comparison 

Only 1% of upregulated- and 5.7% of down-regulated genes 

were commonly altered. 

Sensitive and resistant spheroid following different molecular 

mechanism to form spheroid. 

ABHD4, RING1 and 

SCN8A (Downregulated) 

ABHD4, RING1 and SCN8A 

(Upregulated) 

Pathways 

analysis 

Differently expressed genes were linked to cell cycle 

regulation. 

 Sensitive cells Resistant cell 

BRAFi+MEKi 

(ENCO+BINI) 

Comparison Less invasive More invasive 

Effect of drug 

withdrawal 

No drug addiction observed in resistant cell. 

Consistent increase in protein expression of CapG, Enolase 2 

and OPN following drug withdrawal in resistant cell 

Gene 

expression 

analysis 

Top 5 downregulated genes 

(DMRT2, MRGPRX4, 

TRIM51, VEPH1 and 

GJB1). 

Top 5 upregulated genes 

(CXCL12  COL5A1, 

ALPK2, ABCC3, and 

CHST15). 

Pathways 

analysis 

Differently expressed gens were linked to EMT, TNF and 

KRAS signalling. 

All of the changes indicated in the table were detected in the resistant group as compared to the sensitive group. 

BRAFi - BRAF inhibitor, MEKi - MEK inhibitor, ENCO - Encorafenib, and BINI - Binimetinib. 
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Supplementary Table 2:  

List of genes which are differentially expressed in cell lines derived from sensitive 

melanoma spheroid comparing to sensitive monolayer cultures (N=1049). Genes are sorted 

by fold change (upregulated if fold change >1; downregulated if fold change < 1) 

Supplementary Table 3:  

Significantly upregulated genes in sensitive melanoma spheroid compared to sensitive 

monolayer grouped by molecular pathways 

Supplementary Table 8:  

List of differentially expressed genes between BRAFi/MEKi sensitive and resistant 

melanoma cell lines 
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Supplementary Table 1A.  

Primer sequences for the validation of Affymetrix gene expression data using  RT-qPCR 

 

  

Gene  Primer sequence (5’-3’)1 Amplicon size  

    (bp)2 

GAPDH* F: AGCCACATCGCTCAGACAC 66 

 R: GCCCAATACGACCAAATCC  

HIST1H2BB F: ATGCCTGAACCCTCTAAGTCT 98 

 R: CTGCGCTTACGCTTCTTACCA  

DCUN1D1 F: AGGATCATTGGACAGGAAGAAGT 102 

 R: TGCCAGGTCATCACAGAACTG  

CMSS1 F: TAGCAGCAGACGCTTGGTG 83 

 R: TGTGAGTCAAATCATTGGCCTT  

SMC3 F: AACATAATGTGATTGTGGGCAGA 244 

 R: TCCTTTTTGGCACCAATAACTCT  

ZNF639 F: AAGACTCTACACCCTTCTCGTT 163 

 R: ACGTCTCGGTATCAGAATCATCA  

IKBIP F: GCTCATCTAAAGCGTCTACAGG 102 

 R: AAGCGTCGTCAGACTGTTGTT  

SCN8A F: CCTTTCACCCCTGAGTCACTG 131 

 R: AGGTCGCTGTTTGGCTTGG  

ABHD4 F: TCCCCTCCGACCAACTAACC 109 

  R: AGCTACTCGAAGAACAGCCAA   
1F: forward, R: reverse; 2bp: base pair and *House keeping gene. 
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Supplementary Table 1B.  

Primer sequences for the validation of RNA seq data using  RT-qPCR 

Gene  Primer sequence (5’-3’)1 
Amplicon 

size (bp)2 

CXCL12 F: ATTCTCAACACTCCAAACTGTGC 88 

  R: ACTTTAGCTTCGGGTCAATGC   

COL5A1 F: GCCCGGATGTCGCTTACAG 80 

  R: AAATGCAGACGCAGGGTACAG   

ALPK2 F: TGCTGTCTATCAAATCTCGGCT 75 

  R: GAGCACTCAACCTCAACGGA   

ABCC3 F: TGGGGTGAAGTTTCGTACTGG 77 

  R: CACGTTTGACTGAGTTGGTGATA   

CHST15 F: TCGTGTGGACAGTAAGCAGAT 155 

  R: TGTAAGAAGCCATTACCAAGGTC   

DMRT2 F: TTTAGAAGGCTATCGCCCCAT 132 

  R: TCCAGCATAATGTTCTCCAACTC   

MRGPRX4 F: GTCCCAGTCTTCGGTACAAAAC 119 

  R: CCTGTCAGTCCGACAAGGG   

TRIM51 F: GGCCCTGTTTGTACCTCAACT 81 

  R: TTCTCTGCCGCGTTGTCTTC   

VEPH1 F: TTGAAGACAGCCTTACAGAAGC 86 

  R: TGCCTGGTCATTGTTATTGGTTT   

GJB1 F: GCGTGAACCGGCATTCTACT 167 

  R: TTGGTCATAGCAAACGCTGTT   

GAPDH* F: AGCCACATCGCTCAGACAC 66 

  R: GCCCAATACGACCAAATCC   

1F: forward, R: reverse; 2bp: base pair and *House keeping gene. 
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Supplementary Table 4 

Significantly Downregulated genes in sensitive melanoma spheroid compared to sensitive monolayer grouped by molecular pathways 

 

Pathway identifier Pathway name P-Value FDR Value Genes included (at least 5) 

R-HSA-3371453 Regulation of HSF1-mediated heat 
shock response 

0.006094953 0.617858 HSPH1, RPS19BP1, HSPA1L, HSBP1, MRPL18, ATM 

R-HSA-9024446 NR1H2 and NR1H3-mediated signaling 0.007506727 0.617858 RXRB, SCD, APOC1, APOD, APOE 

R-HSA-3371556 Cellular response to heat stress 0.008494393 0.617858 HSPH1, RPS19BP1, HSPA1L, HSBP1, MRPL18, ATM 

R-HSA-1989781 PPARA activates gene expression 0.023110549 0.617858 RXRB, HMGCS1, ACOX1, ACSL1, HMGCR, NR1D1, MED7, 
MED13L 

R-HSA-400206 Regulation of lipid metabolism by 
Peroxisome proliferator-activated 
receptor alpha (PPARalpha) 

0.025026582 0.617858 RXRB, HMGCS1, ACOX1, ACSL1, HMGCR, NR1D1, MED7, 
MED13L 

R-HSA-191273 Cholesterol biosynthesis 0.025949409 0.617858 IDI1, HMGCS1, DHCR24, MSMO1, HMGCR, ACAT2 

R-HSA-2262752 Cellular responses to stress 0.030486666 0.617858 DCTN6, DYNC1H1, CEBPB, HSPA1L, RING1, RPS19BP1, 
ANAPC16, HSBP1, EPAS1, MRPL18, UBE2D3, FOS, PHC3, 
HSPH1, RHEB, RPS6KA2, ATP6V1B2, ATM, TPP1, PSMF1, 
RPS27A, ATP6V0D1, ATP6V1D 

R-HSA-9006936 Signaling by TGF-beta family members 0.039820988 0.617858 PPP1R15A, SMAD2, BMPR2, UBE2D3, RPS27A, BMPR1B, JUNB, 
BMPR1A 

R-HSA-8953897 Cellular responses to external stimuli 0.043376647 0.617858 DCTN6, DYNC1H1, CEBPB, HSPA1L, RING1, RPS19BP1, 
ANAPC16, HSBP1, EPAS1, MRPL18, UBE2D3, FOS, PHC3, 
HSPH1, RHEB, RPS6KA2, ATP6V1B2, ATM, TPP1, PSMF1, 
RPS27A, ATP6V0D1, ATP6V1D 

R-HSA-6785807 Interleukin-4 and Interleukin-13 
signaling 

0.044013241 0.617858 IRF4, PIM1, BCL2, HMOX1, FOS, PTGS2, JUNB 

R-HSA-5633008 TP53 Regulates Transcription of Cell 
Death Genes 

0.049116436 0.617858 PPP1R13B, TP53INP1, ATM, NDRG1, ZNF420 
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Supplementary Table 5 

List of genes which are differentially expressed in cell lines derived from resistant melanoma spheroid 

comparing to resistant monolayer cultures (N=297). Genes are sorted by fold change (upregulated if 

fold change >1; downregulated if fold change < 1) 

UPREGULATED GENES 

No. Gene symbol Description Fold 

change 

1 ACTG2 actin gamma 2, smooth muscle 8.799 

2 PKP2 plakophilin 2 3.961 

3 RPS9 ribosomal protein S9 3.367 

4 LCP1 lymphocyte cytosolic protein 1 3.041 

5 REXO1L1P REXO1 like 1, pseudogene 2.798 

6 NLGN4Y neuroligin 4 Y-linked 2.794 

7 RASGRP3 RAS guanyl releasing protein 3 2.764 

8 TSHZ2 teashirt zinc finger homeobox 2 2.753 

9 NAP1L3 nucleosome assembly protein 1 like 3 2.741 

10 APBB3 amyloid beta precursor protein binding family B member 3 2.666 

11 SCN8A sodium voltage-gated channel alpha subunit 8 2.664 

12 DEFB124 defensin beta 124 2.625 

13 AGAP9 ArfGAP with GTPase domain, ankyrin repeat and PH 

domain 9 

2.574 

14 TGIF1 TGFB induced factor homeobox 1 2.499 

15 HLA-F major histocompatibility complex, class I, F 2.469 

16 LENG8 leukocyte receptor cluster member 8 2.459 

17 LOC388022 
 

2.448 

18 ZNF257 zinc finger protein 257 2.442 

19 MOG myelin oligodendrocyte glycoprotein 2.428 

20 PIGF phosphatidylinositol glycan anchor biosynthesis class F 2.423 

21 ELP5 elongator acetyltransferase complex subunit 5 2.302 

22 ADHFE1 alcohol dehydrogenase iron containing 1 2.276 

23 SLAMF8 SLAM family member 8 2.254 

24 PCDHB2 protocadherin beta 2 2.250 

25 TBX18 T-box transcription factor 18 2.219 

26 PSMB6 proteasome 20S subunit beta 6 2.191 

27 SRGN serglycin 2.190 

28 RING1 ring finger protein 1 2.170 

29 CCNL2 
 

2.121 

30 SLCO2B1 solute carrier organic anion transporter family member 2B1 2.120 

31 GSTM4 glutathione S-transferase mu 4 2.101 

32 CCNL2 cyclin L2 2.090 

33 THY1 Thy-1 cell surface antigen 2.084 

34 DCUN1D3 defective in cullin neddylation 1 domain containing 3 2.084 

35 PLCB4 phospholipase C beta 4 2.068 

36 MBD3L5 methyl-CpG binding domain protein 3 like 5 2.067 

37 TMEM47 transmembrane protein 47 2.048 
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No. Gene symbol Description Fold 

change 

38 PDCD1LG2 programmed cell death 1 ligand 2 2.041 

39 DDAH1 dimethylarginine dimethylaminohydrolase 1 2.040 

40 UCP2 uncoupling protein 2 2.036 

41 LINC00173 long intergenic non-protein coding RNA 173 2.020 

42 NOX4 NADPH oxidase 4 2.001 

43 TMEM255B transmembrane protein 255B 1.999 

44 SLC25A27 solute carrier family 25 member 27 1.993 

45 LHFP 
 

1.974 

46 MLF2 myeloid leukemia factor 2 1.968 

47 MANBAL mannosidase beta like 1.948 

48 HIST1H2BM 
 

1.942 

49 ABHD4 abhydrolase domain containing 4 1.899 

50 STRADB STE20 related adaptor beta 1.892 

51 ARRDC1-

AS1 

ARRDC1 antisense RNA 1 1.888 

52 LCE2C late cornified envelope 2C 1.882 

53 GINS1 GINS complex subunit 1 1.870 

54 SPIN4 spindlin family member 4 1.847 

55 LRRFIP1 LRR binding FLII interacting protein 1 1.846 

56 NDUFS3 NADH:ubiquinone oxidoreductase core subunit S3 1.845 

57 SPIN1 spindlin 1 1.843 

58 VAMP7 vesicle associated membrane protein 7 1.821 

59 DPY19L2P1 DPY19L2 pseudogene 1 1.814 

60 ATP6V0A1 ATPase H+ transporting V0 subunit a1 1.801 

61 WSB1 WD repeat and SOCS box containing 1 1.768 

62 AHSA2 
 

1.745 

63 XCL1 X-C motif chemokine ligand 1 1.727 

64 PRKAB2 protein kinase AMP-activated non-catalytic subunit beta 2 1.724 

65 LOC642533 
 

1.697 

66 CD22 CD22 molecule 1.684 

67 CYB5R2 cytochrome b5 reductase 2 1.656 

68 MRAP2 melanocortin 2 receptor accessory protein 2 1.654 

69 CALCOCO1 calcium binding and coiled-coil domain 1 1.653 

70 POTEF POTE ankyrin domain family member F 1.649 

71 ELOVL1 ELOVL fatty acid elongase 1 1.582 

72 TXLNGY taxilin gamma pseudogene, Y-linked 1.580 
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DOWNREGULATED GENES 
 

Gene symbol Description Fold 

change 

1 VTRNA1-1 vault RNA 1-1 0.059 

2 RNU4-1 RNA, U4 small nuclear 1 0.068 

3 RNU4-2 RNA, U4 small nuclear 2 0.080 

4 SNORA38B small nucleolar RNA, H/ACA box 38B 0.146 

5 SCARNA6 small Cajal body-specific RNA 6 0.147 

6 RAC1 Rac family small GTPase 1 0.150 

7 SNORA20 small nucleolar RNA, H/ACA box 20 0.151 

8 GLUD1 glutamate dehydrogenase 1 0.189 

9 BGN biglycan 0.202 

10 BCHE butyrylcholinesterase 0.204 

11 SNORA7B small nucleolar RNA, H/ACA box 7B 0.206 

12 C7orf69 chromosome 7 open reading frame 69 0.229 

14 RPPH1 ribonuclease P RNA component H1 0.252 

15 SCARNA5 small Cajal body-specific RNA 5 0.256 

16 RNU5B-1 RNA, U5B small nuclear 1 0.259 

17 SNORD15B small nucleolar RNA, C/D box 15B 0.273 

18 RNU5E-1 RNA, U5E small nuclear 1 0.299 

20 RPL13 ribosomal protein L13 0.300 

21 SNORA49 small nucleolar RNA, H/ACA box 49 0.305 

22 RNU4ATAC RNA, U4atac small nuclear (U12-dependent splicing) 0.306 

23 SNORA23 small nucleolar RNA, H/ACA box 23 0.308 

24 RPS12 ribosomal protein S12 0.308 

25 USMG5 
 

0.309 

26 TMEM203 transmembrane protein 203 0.309 

27 SCARNA10 small Cajal body-specific RNA 10 0.318 

28 BNIP3 BCL2 interacting protein 3 0.322 

29 PTGS2 prostaglandin-endoperoxide synthase 2 0.326 

30 RPL24 ribosomal protein L24 0.331 

31 SNORA80E small nucleolar RNA, H/ACA box 80E 0.331 

32 RAP1B RAP1B, member of RAS oncogene family 0.333 

33 SNORA60 small nucleolar RNA, H/ACA box 60 0.337 

34 KLHDC10 kelch domain containing 10 0.345 

35 ATL3 atlastin GTPase 3 0.347 

36 RPL23P8 ribosomal protein L23 pseudogene 8 0.347 

37 SFTA2 surfactant associated 2 0.349 

38 SCG2 secretogranin II 0.349 

39 RPS27 ribosomal protein S27 0.357 

40 AEBP1 AE binding protein 1 0.357 

41 SNORA22 small nucleolar RNA, H/ACA box 22 0.366 

42 RPL39L ribosomal protein L39 like 0.366 

43 RNU11 RNA, U11 small nuclear 0.368 
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Gene symbol Description Fold 

change 

44 ACAA1 acetyl-CoA acyltransferase 1 0.369 

45 SNORA2A small nucleolar RNA, H/ACA box 2A 0.370 

46 SNORD105 small nucleolar RNA, C/D box 105 0.375 

47 RPS7 ribosomal protein S7 0.382 

48 EVI2A ecotropic viral integration site 2A 0.387 

49 TBCA tubulin folding cofactor A 0.387 

50 SNORD46 small nucleolar RNA, C/D box 46 0.389 

51 RAB23 RAB23, member RAS oncogene family 0.390 

52 ZBTB38 zinc finger and BTB domain containing 38 0.395 

53 FAM175A 
 

0.396 

54 COX7B cytochrome c oxidase subunit 7B 0.400 

55 ARHGAP24 Rho GTPase activating protein 24 0.403 

56 TXN thioredoxin 0.406 

57 KRCC1 lysine rich coiled-coil 1 0.406 

58 HERC4 HECT and RLD domain containing E3 ubiquitin 

protein ligase 4 

0.410 

59 ZNF518A zinc finger protein 518A 0.412 

60 IGF1R insulin like growth factor 1 receptor 0.416 

61 SNORD94 small nucleolar RNA, C/D box 94 0.417 

62 BBS12 Bardet-Biedl syndrome 12 0.419 

63 STAG1 stromal antigen 1 0.424 

64 FANCF FA complementation group F 0.429 

65 RPS27A ribosomal protein S27a 0.430 

66 RPS24 ribosomal protein S24 0.430 

67 SNRPE small nuclear ribonucleoprotein polypeptide E 0.430 

68 SKIL SKI like proto-oncogene 0.432 

69 DNAH14 dynein axonemal heavy chain 14 0.436 

70 DDIT4 DNA damage inducible transcript 4 0.439 

71 LSM14B LSM family member 14B 0.445 

72 RPL10A ribosomal protein L10a 0.445 

73 TNS3 tensin 3 0.445 

74 RPS6 ribosomal protein S6 0.447 

75 ASCC1 activating signal cointegrator 1 complex subunit 1 0.447 

76 SCARNA7 small Cajal body-specific RNA 7 0.448 

77 MMP16 matrix metallopeptidase 16 0.448 

78 NME7 NME/NM23 family member 7 0.449 

79 PUS7 pseudouridine synthase 7 0.450 

80 CHCHD1 coiled-coil-helix-coiled-coil-helix domain containing 1 0.450 

81 POP5 POP5 homolog, ribonuclease P/MRP subunit 0.451 

82 IFIT2 interferon induced protein with tetratricopeptide repeats 

2 

0.451 

83 NPM1 nucleophosmin 1 0.451 

84 SLC29A4 solute carrier family 29 member 4 0.453 
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Gene symbol Description Fold 

change 

85 RPL23AP32 ribosomal protein L23a pseudogene 32 0.456 

86 ADSS 
 

0.457 

87 C5 complement C5 0.457 

88 MRTO4 MRT4 homolog, ribosome maturation factor 0.458 

89 LBH LBH regulator of WNT signaling pathway 0.469 

90 SLIT3 slit guidance ligand 3 0.469 

91 THAP2 THAP domain containing 2 0.471 

92 STK19 serine/threonine kinase 19 0.473 

93 OCR1 
 

0.474 

94 DCUN1D1 defective in cullin neddylation 1 domain containing 1 0.475 

95 GIMAP2 GTPase, IMAP family member 2 0.475 

96 DHRS7 dehydrogenase/reductase 7 0.476 

97 WDR78 WD repeat domain 78 0.477 

98 PPP3CB protein phosphatase 3 catalytic subunit beta 0.480 

99 BLVRA biliverdin reductase A 0.482 

100 ADCK2 aarF domain containing kinase 2 0.482 

101 RRP15 ribosomal RNA processing 15 homolog 0.484 

102 RPS4Y1 ribosomal protein S4 Y-linked 1 0.485 

103 EHHADH enoyl-CoA hydratase and 3-hydroxyacyl CoA 

dehydrogenase 

0.485 

104 ZNF770 zinc finger protein 770 0.488 

105 MRPS33 mitochondrial ribosomal protein S33 0.488 

106 MRPL36 mitochondrial ribosomal protein L36 0.489 

107 THNSL1 threonine synthase like 1 0.490 

108 GDF15 growth differentiation factor 15 0.490 

109 PFDN6 prefoldin subunit 6 0.491 

110 CEP19 centrosomal protein 19 0.492 

111 IARS2 isoleucyl-tRNA synthetase 2, mitochondrial 0.493 

112 MERTK MER proto-oncogene, tyrosine kinase 0.494 

113 SLMO2 
 

0.495 

114 CENPBD1P1 CENPB DNA-binding domains containing 1 

pseudogene 1 

0.496 

115 OARD1 O-acyl-ADP-ribose deacylase 1 0.496 

116 PINK1-AS PINK1 antisense RNA 0.496 

117 ZNF271 
 

0.497 

118 PSMB7 proteasome 20S subunit beta 7 0.497 

119 FAM35A 
 

0.499 

120 IFT81 intraflagellar transport 81 0.505 

121 JPX JPX transcript, XIST activator 0.505 

122 VTRNA1-3 vault RNA 1-3 0.507 

123 LOC100132167 
 

0.509 

124 MRPL24 mitochondrial ribosomal protein L24 0.509 

125 MRPL1 mitochondrial ribosomal protein L1 0.511 
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Gene symbol Description Fold 

change 

126 HIST1H2BB 
 

0.516 

127 IKBIP IKBKB interacting protein 0.521 

128 ZNF654 zinc finger protein 654 0.524 

129 CCDC58 coiled-coil domain containing 58 0.525 

130 MRPS23 mitochondrial ribosomal protein S23 0.525 

131 P4HA1 prolyl 4-hydroxylase subunit alpha 1 0.526 

132 CSPG4 chondroitin sulfate proteoglycan 4 0.526 

133 TOR1AIP2 torsin 1A interacting protein 2 0.526 

134 BEND6 BEN domain containing 6 0.530 

135 MRPS36 mitochondrial ribosomal protein S36 0.534 

136 MOCOS molybdenum cofactor sulfurase 0.535 

137 LTBP1 latent transforming growth factor beta binding protein 1 0.535 

138 CD82 CD82 molecule 0.536 

139 KDM4C lysine demethylase 4C 0.538 

140 THAP5 THAP domain containing 5 0.538 

141 MRPS22 mitochondrial ribosomal protein S22 0.539 

142 VEGFA vascular endothelial growth factor A 0.539 

143 IL1RAP interleukin 1 receptor accessory protein 0.542 

144 HOXB7 homeobox B7 0.542 

145 ST6GALNAC3 ST6 N-acetylgalactosaminide alpha-2,6-

sialyltransferase 3 

0.543 

146 GRB10 growth factor receptor bound protein 10 0.543 

147 EIF3E eukaryotic translation initiation factor 3 subunit E 0.546 

148 CLSTN1 calsyntenin 1 0.546 

149 HRSP12 
 

0.548 

150 EVI5 ecotropic viral integration site 5 0.549 

151 EVI2B ecotropic viral integration site 2B 0.549 

152 CENPF centromere protein F 0.549 

153 YEATS2 YEATS domain containing 2 0.549 

154 PFDN5 prefoldin subunit 5 0.551 

155 S100A6 S100 calcium binding protein A6 0.551 

156 NHP2 NHP2 ribonucleoprotein 0.551 

157 CHMP1B charged multivesicular body protein 1B 0.553 

158 RNF130 ring finger protein 130 0.555 

159 HLTF helicase like transcription factor 0.555 

160 PPAPDC2 
 

0.556 

161 PREX1 phosphatidylinositol-3,4,5-trisphosphate dependent Rac 

exchange factor 1 

0.556 

162 SERTAD4 SERTA domain containing 4 0.557 

163 GCLM glutamate-cysteine ligase modifier subunit 0.557 

164 HIST1H1C 
 

0.559 

165 TMED9 transmembrane p24 trafficking protein 9 0.561 

166 FLOT1 flotillin 1 0.562 
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Gene symbol Description Fold 

change 

167 FAM129A 
 

0.564 

168 LPCAT1 lysophosphatidylcholine acyltransferase 1 0.566 

169 ZDHHC21 zinc finger DHHC-type palmitoyltransferase 21 0.566 

170 PRSS23 serine protease 23 0.567 

171 KIAA1586 KIAA1586 0.569 

172 EDF1 endothelial differentiation related factor 1 0.569 

173 IGSF3 immunoglobulin superfamily member 3 0.569 

174 GPD2 glycerol-3-phosphate dehydrogenase 2 0.569 

176 PIGN phosphatidylinositol glycan anchor biosynthesis class N 0.571 

177 REEP3 receptor accessory protein 3 0.572 

178 MIPEP mitochondrial intermediate peptidase 0.574 

179 DNAJC11 DnaJ heat shock protein family (Hsp40) member C11 0.574 

180 RRP36 ribosomal RNA processing 36 0.574 

181 ERMP1 endoplasmic reticulum metallopeptidase 1 0.574 

182 GFM1 G elongation factor mitochondrial 1 0.575 

183 C8orf48 chromosome 8 open reading frame 48 0.576 

184 DPH5 diphthamide biosynthesis 5 0.577 

185 NIP7 nucleolar pre-rRNA processing protein NIP7 0.580 

186 SNORD104 small nucleolar RNA, C/D box 104 0.581 

187 RPL39 ribosomal protein L39 0.587 

188 MRPL15 mitochondrial ribosomal protein L15 0.588 

189 MRPS18A mitochondrial ribosomal protein S18A 0.588 

190 ZNF639 zinc finger protein 639 0.589 

191 ROR1 receptor tyrosine kinase like orphan receptor 1 0.589 

192 HNRNPF heterogeneous nuclear ribonucleoprotein F 0.592 

193 DMXL1 Dmx like 1 0.592 

194 TMEM67 transmembrane protein 67 0.594 

195 C18orf32 chromosome 18 open reading frame 32 0.596 

196 TUBD1 tubulin delta 1 0.596 

197 NDUFS4 NADH:ubiquinone oxidoreductase subunit S4 0.596 

198 GPAM glycerol-3-phosphate acyltransferase, mitochondrial 0.596 

199 ATP5A1 
 

0.597 

200 CMSS1 cms1 ribosomal small subunit homolog 0.597 

201 NSUN3 NOP2/Sun RNA methyltransferase 3 0.599 

202 MRPS10 mitochondrial ribosomal protein S10 0.600 

203 MDC1 mediator of DNA damage checkpoint 1 0.600 

204 PCDHA5 protocadherin alpha 5 0.601 

205 EIF2A eukaryotic translation initiation factor 2A 0.601 

206 PRKXP1 PRKX pseudogene 1 0.601 

207 ARPC1A actin related protein 2/3 complex subunit 1A 0.602 

208 ZNF322 zinc finger protein 322 0.607 

209 IGFBP3 insulin like growth factor binding protein 3 0.609 
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Gene symbol Description Fold 

change 

210 POLR1E RNA polymerase I subunit E 0.611 

211 ALCAM activated leukocyte cell adhesion molecule 0.611 

212 CARF calcium responsive transcription factor 0.612 

213 PPA1 inorganic pyrophosphatase 1 0.613 

214 HEATR1 HEAT repeat containing 1 0.614 

215 IFT57 intraflagellar transport 57 0.615 

216 CTSL cathepsin L 0.617 

217 AHNAK AHNAK nucleoprotein 0.618 

218 LOXL2 lysyl oxidase like 2 0.620 

219 SMC3 structural maintenance of chromosomes 3 0.621 

221 ZNF605 zinc finger protein 605 0.623 

222 ATR ATR serine/threonine kinase 0.624 

223 TRMT10C tRNA methyltransferase 10C, mitochondrial RNase P 

subunit 

0.629 

224 DNAAF2 dynein axonemal assembly factor 2 0.629 

225 UTP14A UTP14A small subunit processome component 0.630 
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Supplementary Table 6. 

Significantly downregulated genes in resistant melanoma spheroid compare to resistant monolayer grouped by molecular pathways 

Pathway 

identifier 

Pathway name P-Value FDR 

Value 

Genes included (at least 5) 

R-HSA-72766 Translation 2.30E-13 2.00E-10 GFM1, MRPS36, MRPS33, MRPS10, MRPL36, MRPL15, RPS4Y1, RPL10A, 

MRPL1, RPL13, IARS2, RPS27A, CHCHD1, RPL39, RPS12, EIF2A, 

RPL39L, RPS7, MRPS22, MRPS23, RPS6, MRPS18A, MRPL24, RPS27, 

PPA1, RPL24, EIF3E, RPS24 

R-HSA-72706 GTP hydrolysis and joining of the 60S 

ribosomal subunit 

1.02E-09 2.96E-07 RPL39L, RPS7, RPS6, RPS4Y1, RPL10A, RPS27, RPL24, RPL13, EIF3E, 

RPS27A, RPL39, RPS24, EIF2A, RPS12 

R-HSA-156827 L13a-mediated translational silencing of 

Ceruloplasmin expression 

1.02E-09 2.96E-07 RPL39L, RPS7, RPS6, RPS4Y1, RPL10A, RPS27, RPL24, RPL13, EIF3E, 

RPS27A, RPL39, RPS24, EIF2A, RPS12 

R-HSA-72689 Formation of a pool of free 40S subunits 1.56E-09 3.38E-07 RPL39L, RPS7, RPS6, RPS4Y1, RPL10A, RPS27, RPL24, RPL13, EIF3E, 

RPS27A, RPL39, RPS24, RPS12 

R-HSA-72613 Eukaryotic Translation Initiation 3.13E-09 4.53E-07 RPL39L, RPS7, RPS6, RPS4Y1, RPL10A, RPS27, RPL24, RPL13, EIF3E, 

RPS27A, RPL39, RPS24, EIF2A, RPS12 

R-HSA-72737 Cap-dependent Translation Initiation 3.13E-09 4.53E-07 RPL39L, RPS7, RPS6, RPS4Y1, RPL10A, RPS27, RPL24, RPL13, EIF3E, 

RPS27A, RPL39, RPS24, EIF2A, RPS12 

R-HSA-156902 Peptide chain elongation 4.31E-09 5.34E-07 RPL39L, RPS27, RPS7, RPS6, RPL24, RPL13, RPS4Y1, RPL10A, RPS27A, 

RPL39, RPS24, RPS12 

R-HSA-975956 Nonsense Mediated Decay (NMD) 

independent of the Exon Junction 

Complex (EJC) 

7.12E-09 7.68E-07 RPL39L, RPS27, RPS7, RPS6, RPL24, RPL13, RPS4Y1, RPL10A, RPS27A, 

RPL39, RPS24, RPS12 

R-HSA-156842 Eukaryotic Translation Elongation 8.04E-09 7.72E-07 RPL39L, RPS27, RPS7, RPS6, RPL24, RPL13, RPS4Y1, RPL10A, RPS27A, 

RPL39, RPS24, RPS12 

R-HSA-8868773 rRNA processing in the nucleus and 

cytosol 

1.15E-08 9.98E-07 RPL39L, RPS7, NIP7, RPS6, HEATR1, RPS4Y1, RPL10A, RPS27, NHP2, 

RRP36, RPL24, RPL13, RPS27A, UTP14A, RPL39, RPS24, RPS12 

R-HSA-72764 Eukaryotic Translation Termination 1.29E-08 1.02E-06 RPL39L, RPS27, RPS7, RPS6, RPL24, RPL13, RPS4Y1, RPL10A, RPS27A, 

RPL39, RPS24, RPS12 

R-HSA-6791226 Major pathway of rRNA processing in the 

nucleolus and cytosol 

1.62E-08 1.17E-06 RPL39L, RPS7, NIP7, RPS6, HEATR1, RPS4Y1, RPL10A, RPS27, RRP36, 

RPL24, RPL13, RPS27A, UTP14A, RPL39, RPS24, RPS12 
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Pathway 

identifier 

Pathway name P-Value FDR 

Value 

Genes included (at least 5) 

R-HSA-5389840 Mitochondrial translation elongation 2.54E-08 1.67E-06 GFM1, MRPL1, MRPS36, MRPS22, MRPS33, MRPS23, MRPS10, 

MRPS18A, MRPL36, MRPL15, CHCHD1, MRPL24 

R-HSA-2408557 Selenocysteine synthesis 2.83E-08 1.71E-06 RPL39L, RPS27, RPS7, RPS6, RPL24, RPL13, RPS4Y1, RPL10A, RPS27A, 

RPL39, RPS24, RPS12 

R-HSA-192823 Viral mRNA Translation 3.15E-08 1.71E-06 RPL39L, RPS27, RPS7, RPS6, RPL24, RPL13, RPS4Y1, RPL10A, RPS27A, 

RPL39, RPS24, RPS12 

R-HSA-72312 rRNA processing 3.16E-08 1.71E-06 RPL39L, TRMT10C, RPS7, NIP7, RPS6, HEATR1, RPS4Y1, RPL10A, 

RPS27, NHP2, RRP36, RPL24, RPL13, RPS27A, UTP14A, RPL39, RPS24 

R-HSA-1799339 SRP-dependent cotranslational protein 

targeting to membrane 

5.31E-08 2.71E-06 RPL39L, RPS27, RPS7, RPS6, RPL24, RPL13, RPS4Y1, RPL10A, RPS27A, 

RPL39, RPS24, RPS12 

R-HSA-5368287 Mitochondrial translation 6.46E-08 3.10E-06 GFM1, MRPL1, MRPS36, MRPS22, MRPS33, MRPS23, MRPS10, 

MRPS18A, MRPL36, MRPL15, CHCHD1, MRPL24 

R-HSA-72695 Formation of the ternary complex, and 

subsequently, the 43S complex 

7.59E-08 3.41E-06 RPS27, RPS7, RPS6, EIF3E, RPS4Y1, RPS27A, RPS24, EIF2A, RPS12 

R-HSA-927802 Nonsense-Mediated Decay (NMD) 8.73E-08 3.58E-06 RPL39L, RPS27, RPS7, RPS6, RPL24, RPL13, RPS4Y1, RPL10A, RPS27A, 

RPL39, RPS24, RPS12 

R-HSA-975957 Nonsense Mediated Decay (NMD) 

enhanced by the Exon Junction Complex  

8.73E-08 3.58E-06 RPL39L, RPS27, RPS7, RPS6, RPL24, RPL13, RPS4Y1, RPL10A, RPS27A, 

RPL39, RPS24, RPS12 

R-HSA-5419276 Mitochondrial translation termination 2.05E-07 7.99E-06 MRPL1, MRPS36, MRPS22, MRPS33, MRPS23, MRPS10, MRPS18A, 

MRPL36, MRPL15, CHCHD1, MRPL24 

R-HSA-5368286 Mitochondrial translation initiation 2.55E-07 9.45E-06 MRPL1, MRPS36, MRPS22, MRPS33, MRPS23, MRPS10, MRPS18A, 

MRPL36, MRPL15, CHCHD1, MRPL24 

R-HSA-72649 Translation initiation complex formation 2.66E-07 9.59E-06 RPS27, RPS7, RPS6, EIF3E, RPS4Y1, RPS27A, RPS24, EIF2A, RPS12 

R-HSA-72702 Ribosomal scanning and start codon 

recognition 

3.55E-07 1.21E-05 RPS27, RPS7, RPS6, EIF3E, RPS4Y1, RPS27A, RPS24, EIF2A, RPS12 

R-HSA-376176 Signaling by ROBO receptors 3.93E-07 1.30E-05 RPL39L, RPS7, RPS6, RPS4Y1, RPL10A, PSMB7, PPP3CB, RPS27, RPL24, 

RPL13, SLIT3, RAC1, RPS27A, RPL39, RPS24, RPS12 

R-HSA-72662 Activation of the mRNA upon binding of 

the cap-binding complex and eIFs, and 

subsequent binding to 43S 

4.68E-07 1.50E-05 RPS27, RPS7, RPS6, EIF3E, RPS4Y1, RPS27A, RPS24, EIF2A, RPS12 
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Pathway 

identifier 

Pathway name P-Value FDR 

Value 

Genes included (at least 5) 

R-HSA-9010553 Regulation of expression of SLITs and 

ROBOs 

1.65E-06 5.11E-05 RPL39L, RPS7, RPS6, RPS4Y1, RPL10A, PSMB7, RPS27, RPL24, RPL13, 

RPS27A, RPL39, RPS24, RPS12 

R-HSA-168273 Influenza Viral RNA Transcription and 

Replication 

4.83E-06 1.45E-04 RPL39L, RPS27, RPS7, RPS6, RPL24, RPL13, RPS4Y1, RPL10A, RPS27A, 

RPL39, RPS24, RPS12 

R-HSA-2408522 Selenoamino acid metabolism 7.04E-06 2.04E-04 RPL39L, RPS27, RPS7, RPS6, RPL24, RPL13, RPS4Y1, RPL10A, RPS27A, 

RPL39, RPS24, RPS12 

R-HSA-168255 Influenza Life Cycle 1.07E-05 3.00E-04 RPL39L, RPS27, RPS7, RPS6, RPL24, RPL13, RPS4Y1, RPL10A, RPS27A, 

RPL39, RPS24, RPS12 

R-HSA-168254 Influenza Infection 2.00E-05 5.39E-04 RPL39L, RPS27, RPS7, RPS6, RPL24, RPL13, RPS4Y1, RPL10A, RPS27A, 

RPL39, RPS24, RPS12 

R-HSA-8953854 Metabolism of RNA 4.77E-04 0.012393 POP5, NIP7, HEATR1, RPS4Y1, RPL10A, RNU11, PSMB7, RPPH1, RRP36, 

RPL13, RPS27A, RPL39, RNU4ATAC, UTP14A, RPS12, RPL39L, 

TRMT10C, RPS7, RPS6, PUS7, RPS27, HNRNPF, NHP2, RPL24, SNRPE, 

RPS24 

R-HSA-6790901 rRNA modification in the nucleus and 

cytosol 

0.001998693 0.047969 RPS7, RPS6, HEATR1, NHP2, RRP36, UTP14A 

R-HSA-422475 Axon guidance 0.002322366 0.055737 RPL39L, RPS7, RPS6, ARPC1A, RPS4Y1, RPL10A, PSMB7, PPP3CB, 

RPS27, ALCAM, GRB10, RPL24, RPL13, SLIT3, RAC1, RPS27A, RPL39, 

RPS24, RPS12 

R-HSA-5663205 Infectious disease 0.004661982 0.107226 RPL39L, NPM1, RPS7, RPS6, RPS4Y1, RPL10A, PSMB7, RPS27, RPL24, 

RPL13, RAC1, RPS27A, RPL39, RPS24, ATR, RPS12 

R-HSA-5693607 Processing of DNA double-strand break 

ends 

0.006266444 0.131595 MDC1, FAM175A, RPS27A, HIST1H2BB, ATR 

R-HSA-392499 Metabolism of proteins 0.007341968 0.146839 MDC1, GFM1, PIGN, MRPS10, MRPL36, RPL10A, SMC3, PRSS23, MRPL1, 

CHCHD1, RPL39, RPS12, EIF2A, TMED9, RPS7, MRPS22, IGFBP3, 

MRPS23, RPS6, MRPS18A, PPA1, RPL24, ST6GALNAC3, HIST1H2BB, 

SCG2, PFDN5, PFDN6, MRPS36, MRPS33, DCUN1D1, MRPL15, TXN, 

RPS4Y1, LTBP1, PSMB7, RAB23, HLTF, RPL13, DPH5, IARS2, RPS27A, 

RPL39L, BCHE, NPM1, TBCA, MRPL24, STAG1, RPS27, FAM175A, 

EIF3E, RPS24 

R-HSA-69481 G2/M Checkpoints 0.022827267 0.328794 MDC1, PSMB7, FAM175A, RPS27A, HIST1H2BB, ATR 
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Pathway 

identifier 

Pathway name P-Value FDR 

Value 

Genes included (at least 5) 

R-HSA-5693567 HDR through Homologous 

Recombination (HRR)  

0.026095622 0.34649 MDC1, FAM175A, RPS27A, HIST1H2BB, ATR 

R-HSA-5693538 Homology Directed Repair 0.031766266 0.381195 MDC1, FAM175A, RPS27A, HIST1H2BB, ATR 
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Supplementary Table 7  

List of common altered gene (N=46) between BRAFi sensitive spheroid and resistant spheroid. 

 

No. Gene 

symbol 

Description 

 

Fold-change 

(in sensitive 

spheroids1) 

Fold-change 

(in resistant 

spheroid2) 

1 DEFB124 defensin beta 124 1.45 2.63 

2 MBD3L5 methyl-CpG binding domain protein 3 like 5 1.90 2.07 

3 DDAH1 dimethylarginine dimethylaminohydrolase 1 3.82 2.04 

4 UCP2 uncoupling protein 2 2.86 2.04 

5 MLF2 myeloid leukemia factor 2 1.32 1.97 

6 HIST1H2

BM 

 
12.91 1.94 

8 SNORA2

0 

small nucleolar RNA, H/ACA box 20 0.31 0.15 

9 FAM21C 
 

0.53 0.25 

10 RPPH1 ribonuclease P RNA component H1 0.53 0.25 

11 SNORD1

5B 

small nucleolar RNA, C/D box 15B 0.33 0.27 

12 USMG5 
 

0.39 0.30 

13 SNORA4

9 

small nucleolar RNA, H/ACA box 49 0.66 0.31 

14 SCARNA

10 

small Cajal body-specific RNA 10 0.59 0.32 

15 PTGS2 prostaglandin-endoperoxide synthase 2 0.22 0.33 

16 RPL24 ribosomal protein L24 0.58 0.33 

17 KLHDC1

0 

kelch domain containing 10 0.39 0.35 

18 SNORD1

05 

small nucleolar RNA, C/D box 105 0.64 0.38 

19 EVI2A ecotropic viral integration site 2A 0.72 0.39 

20 SNORD4

6 

small nucleolar RNA, C/D box 46 0.33 0.39 

21 IGF1R insulin like growth factor 1 receptor 0.64 0.42 

22 BBS12 Bardet-Biedl syndrome 12 0.66 0.42 

23 RPS27A ribosomal protein S27a 0.53 0.43 

24 LSM14B LSM family member 14B 0.35 0.45 

25 MMP16 matrix metallopeptidase 16 0.79 0.45 

26 WDR78 WD repeat domain 78 0.24 0.48 

27 PFDN6 prefoldin subunit 6 0.51 0.49 

28 CENPBD

1P1 

CENPB DNA-binding domains containing 1 

pseudogene 1 

0.31 0.50 

29 OARD1 O-acyl-ADP-ribose deacylase 1 0.40 0.50 

30 FAM35A 
 

0.63 0.50 

31 P4HA1 prolyl 4-hydroxylase subunit alpha 1 0.91 0.53 

32 CSPG4 chondroitin sulfate proteoglycan 4 0.76 0.53 

33 MRPS22 mitochondrial ribosomal protein S22 0.63 0.54 

34 ST6GAL

NAC3 

ST6 N-acetylgalactosaminide alpha-2,6-

sialyltransferase 3 

0.59 0.54 
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No. Gene 

symbol 

Description 

 

Fold-change 

(in sensitive 

spheroids1) 

Fold-change 

(in resistant 

spheroid2) 
35 PFDN5 prefoldin subunit 5 0.49 0.55 

36 S100A6 S100 calcium binding protein A6 0.81 0.55 

37 CHMP1B charged multivesicular body protein 1B 0.21 0.55 

38 FLOT1 flotillin 1 0.53 0.56 

39 SNORD1

04 

small nucleolar RNA, C/D box 104 0.30 0.58 

40 DMXL1 Dmx like 1 0.51 0.59 

41 MRPS10 mitochondrial ribosomal protein S10 0.77 0.60 

42 PRKXP1 PRKX pseudogene 1 0.42 0.60 

43 ARPC1A actin related protein 2/3 complex subunit 1A 0.83 0.60 

44 ZNF322 zinc finger protein 322 0.50 0.61 

45 CARF calcium responsive transcription factor 0.56 0.61 

46 CEP19 dynein axonemal assembly factor 2 0.73 0.63 

1Comparison of gene expression between sensitive spheroids and sensitive monolayer cultures. 
2Comparison of gene expression between resistant spheroids and resistant monolayer cultures.  



APPENDIX/SUPPLEMENTARY MATERIAL 

 

 

113 
 

Supplementary Figure 1.   
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Supplementary table 10.  

List of downregulated genes expressed in BRAFi/MEKi resistant cell lines. The top 30 genes are displayed for each cell line. 

WM983AE+BRes WM983BE+BRes WM278E+BRes WM1617E+BRes WM902BE+BRes 

Gene Symbol Fold change Gene Symbol Fold change Gene Symbol Fold change Gene Symbol Fold change Gene Symbol Fold change 

PDLIM4 -43,57 CTD-2207A17.1 -23,90 IL1RL1 -18,62 RP11-334J6.7 -20,71 MMP8 -55,22 

LPL -34,14 ITCH -19,65 NGEF -17,41 RP11-265N6.1 -19,48 PCDH1 -28,57 

CD74 -30,95 RP11-334J6.7 -18,64 MMP1 -14,54 RP11-63M22.2 -17,43 NPPC -24,13 

TF -28,59 ART3 -12,82 DSCAM -14,49 RP5-956O18.3 -14,68 ADGRG6 -23,48 

SORCS1 -27,90 DMRT2 -12,75 LA16c-390E6.5 -14,34 MAGEA10 -12,34 TGFA -23,16 

ENPP2 -27,83 CTC-250I14.6 -10,94 MRGPRX4 -13,06 AC005301.9 -12,04 FXYD3 -22,50 

ADAMTS4 -25,30 TRIM51 -10,74 IL37 -12,84 CACNA2D1 -11,11 SOX10 -22,12 

EFS -23,60 GJA5 -10,43 RP11-59D5__B.2 -12,20 LINC00112 -11,04 GLDC -21,95 

MTND6P22 -22,95 RP11-78A19.3 -9,72 ANO1 -11,26 RP11-294J22.6 -10,60 GJB1 -20,66 

EXTL1 -22,20 C15orf54 -9,72 EGR3 -10,27 SAGE1 -10,27 ERBB3 -20,59 

CD200 -21,90 TYRP1 -9,69 ESM1 -9,98 RORB -10,23 RHOJ -19,90 

NTM -21,90 AP000479.1 -9,12 TRHDE-AS1 -9,85 RP11-229P13.23 -9,64 COL9A3 -18,96 

QPRT -21,85 ALDH1A1 -9,10 ITIH5 -9,30 RP3-468K18.7 -9,49 KCNQ5 -18,58 

BAALC -21,26 LINC01198 -9,06 IRX4 -9,10 CDK14 -9,47 EGR3 -17,18 

PPARGC1A -20,47 ITGB8 -9,05 RP3-430N8.11 -8,85 AC006011.4 -8,96 GRIK2 -16,98 

TYRP1 -20,20 GALC -9,02 TRHDE -8,39 BCL11A -8,35 KIAA1549L -16,47 

SIGLEC15 -19,81 MGAM2 -8,76 SLC24A3 -7,95 TEX15 -8,20 HILS1 -16,17 

SERPINB2 -19,74 NPPC -8,74 STC1 -7,68 CT45A10 -8,13 DCT -15,58 

RP11-459E5.1 -18,97 LAYN -8,63 BTBD11 -7,57 RP11-557C18.3 -7,94 S100B -15,55 

MGAM -18,13 ICOS -8,57 GFPT2 -7,02 RP11-334E6.10 -7,91 CTD-2207A17.1 -15,08 

NOV -17,98 CTB-31O20.6 -8,57 AC100802.3 -6,81 COL4A5 -7,58 RNF43 -15,05 

DNAJC15 -17,78 COL14A1 -8,49 MRGPRX3 -6,79 EEF1G -7,40 FAM78B -14,92 

PLCB1 -17,18 RP11-143A12.3 -8,45 HTR7 -6,67 LACTB2-AS1 -7,31 NGFR -14,91 
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WM983AE+BRes WM983BE+BRes WM278E+BRes WM1617E+BRes WM902BE+BRes 

Gene Symbol Fold change Gene Symbol Fold change Gene Symbol Fold change Gene Symbol Fold change Gene Symbol Fold change 

RNF128 -17,13 FSTL5 -8,36 RP11-264B14.2 -6,65 LINC01050 -7,27 NFATC2 -14,90 

ACAN -17,07 SHISA9 -8,08 KCNN4 -6,56 CLVS1 -7,08 FREM1 -14,82 

CACNA1E -16,92 RP11-732A19.2 -8,01 LCN2 -6,51 RP11-629N8.5 -7,02 LINC00473 -14,66 

C15orf54 -16,90 RP11-120K24.5 -7,85 IGF2BP2-AS1 -6,50 SLC47A1 -6,99 SLC5A4 -14,58 

COL22A1 -16,88 SLC18A1 -7,72 SOX8 -6,48 NOX4 -6,91 PMEL -14,40 

SLITRK2 -16,87 TENM3 -7,68 COL4A6 -6,32 EPHA5 -6,86 SLC6A15 -14,08 

ABCB4 -16,75 GJB1 -7,58 AJAP1 -6,26 PNLIPRP3 -6,72 MLANA -14,05 
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Supplementary table 11.  

List of upregulated genes expressed in BRAFi/MEKi resistant cell lines. The top 30 genes are displayed for each cell line 
WM983AE+BRes WM983BE+BRes WM278E+BRes WM1617E+BRes WM902BE+BRes 

Gene Symbol Fold change Gene Symbol Fold change Gene Symbol Fold change Gene Symbol Fold change Gene Symbol Fold change 

ALDH3A1 193,05 POSTN 39,73 CRYAB 23,88 REG3G 5,98 CXCL12 65,46 

UCHL1 129,53 COL5A1 26,04 RP11-334J6.7 23,28 LHFPL5 5,37 CXCL14 59,9 

SPINT2 81,32 TMEM178B 24,15 PAPPA-AS1 21,97 ZNF681 5,05 GLDN 37,06 

CXCL5 77,05 FPR3 24,05 CXCL12 21,95 MOXD1 4,77 SOST 35,79 

AKR1C3 69,68 CXCL12 22,94 LRRTM4 21,2 SLC2A4 4,57 VCAM1 34,83 

WNT7B 65,54 PTGIR 21,5 PRUNE2 21,12 DLX3 4,49 C1S 34,03 

MGST1 62,7 ADM 20,43 IL34 20,56 KYNU 4,49 CARD16 33,87 

EREG 61,08 SUCNR1 19,75 NXF3 18,92 DUOX2 4,33 FAM65C 33,69 

AKR1B10 59,47 LYPD6B 19,54 MPPED2 16,53 RP5-894A10.6 3,99 SLCO2B1 32,31 

CPLX2 58,83 C7orf69 19,32 SV2B 15,76 LRP2 3,95 FENDRR 30,96 

AKR1B10P1 57,43 SPNS3 18,61 IL32 15,45 MT1G 3,87 OLR1 30,86 

AKR1B15 54,76 FENDRR 18,42 CACNA1C 14,9 RP11-680G24.6 3,8 F2RL2 30,85 

CLDN2 52,8 RP11-134F2.8 17,96 CPXM2 14,72 DUOXA1 3,71 LBP 27,3 

CA12 51,93 IL3RA 17,84 FAM65C 13,62 AL078471.5 3,71 PLXDC2 27,1 

CYP24A1 51,58 WDR86 17,56 RP11-626G11.3 12,68 RP1-305B16.3 3,7 TNFRSF11B 26,96 

PPP1R14A 48,56 EPHB2 17,38 GABBR1 11,99 TAS2R5 3,69 PAMR1 26,01 

RSPO3 48,14 CPA4 16,92 UBD 11,91 RP11-317M11.1 3,59 PTGER3 25,41 

MALL 46,6 GPR78 15,86 XAF1 11,59 RPL10P8 3,59 XAF1 24,37 

IGFBP4 44,53 SARDH 15,73 MATN2 11,31 LRRTM1 3,47 IFI44L 23,81 

EDN1 42,64 RP11-301G19.1 15,72 RP11-805J14.5 10,27 BAGE2 3,37 PLEKHA6 23,53 

AKR1C2 41,25 FLNC 15,67 CXCR4 10,27 CST7 3,34 SLA 23 

CTB-

102L5.4 

40,99 PLEKHA6 15,5 RP11-567I13.1 10,04 ZNF257 3,26 WFDC1 22,46 
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BIRC3 40,5 CPZ 15,5 PALM 9,97 AP000439.1 3,21 TRIM22 21,83 

WM983AE+BRes WM983BE+BRes WM278E+BRes WM1617E+BRes WM902BE+BRes 

Gene Symbol Fold change Gene Symbol Fold change Gene Symbol Fold change Gene Symbol Fold change Gene Symbol Fold change 

ALDH2 39,59 BMP5 15,21 SLCO2B1 9,91 CD207 3,19 WISP1 21,81 

TNS4 38,99 COL1A1 14,87 CHRNA6 9,62 IGFBP5 3,15 DCLK1 21,78 

ADD2 37,66 ZNF467 14,86 CHI3L2 9,6 MMP13 3,11 COL5A1 21,59 

GCNT3 36,95 VCAM1 14,61 IDO1 9,55 LINC01060 3,1 TMEM119 21,26 

C19orf33 36,48 SOX9 14,27 SEC14L5 9,45 IGFN1 3,07 CLIC2 21,12 

SFN 36,01 SAMD11 13,85 FRG2DP 9,21 TPTE 3,05 FOXF1 21,03 

BIRC2 34,26 CACNA1G 13,7 CRTAC1 9,2 MRPS33 3,05 SCUBE1 20,48 

 


