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1 INTRODUCTION 

1.1 Malignant Melanoma: Epidemiology 

In 2018, about 31 400 new cases and around 3 600 deaths were reported to be caused 

by melanoma in Germany1. Although melanoma is not the most common cancer, it is by 

far the deadliest of skin cancers because of its very early and aggressive formation of 

metastasis. The 5-year survival rate of patients with metastatic melanoma is only 25%2. 

Melanoma arises most frequently on the skin originating from melanocytes but can be 

also found as uveal, mucosal or very rarely as meningeal melanoma3,4.  

The incidence of melanoma is rising around the globe. Its highest incidence (new cases 

per 100.000) can be found in Australia and New Zealand, together with 145.9, 

respectively, compared to North America with 54.6, Central and Eastern Europe with 5.9 

and Eastern Asia with 1.21. Both sexes are similarly affected. The differences in incidence 

can be partially explained by exposure to risk factors such as ultraviolet radiation, but 

there are multiple other factors contributing to different distribution of melanoma 

incidence which are explained in detail below.  

 

1.2 Malignant Melanoma: Etiology 

The etiopathogenesis of melanoma is heterogeneous and results from different 

environmental and internal, mostly genetic, risk factors. Important risk factors include 

family history of melanoma, multiple benign or atypical nevi, and previous history of 

melanoma5. Additional factors, such as immunosuppression, sun sensitivity and 

exposure to ultraviolet radiation increase the risk of melanoma.  

Positive family history is an independent internal risk factor for melanoma as hereditary 

melanoma accounts for around 10% of cutaneous melanoma6. Especially germline 

mutations in CDKN2A, which encodes two tumor suppressor genes p16INK4A and 
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p19ARF, are responsible for around 40% of this subgroup5,7,8. Another gene affected is 

CDK4. However, the vast majority of melanoma originates from sporadic mutations.  

These sporadic mutations are caused by ultraviolet radiation (UVR), another important 

risk factor. UVR affects the genome through direct and indirect genetic changes9,10. Direct 

damage of the DNA is mostly caused by UV-B radiation (280–320), whereas UV-A (320–

400 nm) seems to harm the DNA more indirectly by producing reactive oxygen species 

(ROS) and suppressing the immune system11. UV-C (100–280 nm) is blocked by ozone 

and therefore plays a minor role in melanomagenesis.  

Especially when DNA repair mechanisms are altered, the affected melanocyte is prone 

to additional mutations and therefore to protumorigenic changes12. Of note, not regular 

chronic sun exposure, but in particular irregular and intense exposure to sunlight in 

young ages, was significantly associated with increased risk of melanoma13–15. Equally 

important to environmental factors are host factors for sun susceptibility, such as fair skin 

and hair color, as well as red hair color. The number of freckles and nevi is an additional 

risk factors for melanoma16,17.  

 

1.3 Malignant Melanoma: Diagnostics 

Taking the aggressive spread of melanoma into account, early diagnosis and treatment 

in early stages are essential for successful eradication of melanoma. The different pillars 

of diagnostics are primarily built on the clinical diagnosis which considers the phenotype 

and thorough history taking of risk factors. Suspicious skin lesions can be evaluated by 

presentation of symmetry, irregularity of borders, pigmentation and color, diameter and 

elevation. But as melanoma arises in different phenotypes, including an atypical 

presentation as amelanotic melanoma, diagnosis can be difficult. An accurate and safe 

diagnosis of clear and unclear lesions can be made through excisional biopsy followed 

by histopathological analysis, which then results in the resection of safety margins 

depending on the histology. Staging examinations with inspection and examination of 
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the whole integument including the lymph node status is inevitable. Moreover, the 

assessment of tumor markers, such as S100B, (PET-) computed tomography (CT) scan or 

magnetic resonance imaging (MRI), mutational analysis of BRAF and the sentinel biopsy 

can complete the stage-adapted diagnostics18. Still, the evaluation of the NRAS 

mutational status is not yet a standard procedure. The importance of the mutational 

status in melanoma and its therapy will be discussed later. 

The prognosis of melanoma patients is mostly determined by tumor thickness before 

resection19,20. A prognostic classification has been developed according to the invasion 

into the skin layers (Breslow Index) and has an almost linear correlation to the statistically 

expected 10-year survival rate. 

 

1.4 Malignant Melanoma: Therapeutic Strategies 

The essential therapy concept is still the R0-resection of the tumor with a defined safety 

margin depending on the tumor thickness18,20. Solitary metastasis can be treated locally.  

Advanced stage diseases have a bad prognosis due to dissemination and distant 

metastasis. However, new systemic therapeutic approaches and targeted therapies have 

significantly improved the survival of these patients over the last 10 years and are still 

evolving.  

Especially BRAF mutated melanoma has efficient treatment options with BRAF-inhibitors 

(Vemurafenib, Dabrafenib and Encorafenib) in combination with MEK-inhibitors 

(Cobimetinib, Trametinib and Binimetinib) or immune checkpoint inhibitors 

(Ipilimumab, Nivolumab, Pembrolizumab).  

Attempts treating NRAS mutated melanoma are still sobering as NRAS is still thought to 

be an “undruggable” target due to missing effective NRAS inhibiting agents21–26. Initial 

efforts to target NRAS itself or related posttranslational modifications with farnesyl 

transferase inhibitors have been unsuccessful, accompanied by many adverse reactions 

and low response rates27,28.  
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However, current research is widening the initial focus away from the tumor cell itself. 

Great interest has been given to the tumor environment and the cell-cell-interaction 

through a secretion of cytokines and immunological effects of melanoma cells. Immune 

therapies have evolved in the field of melanoma and show effects as an effective non-

mutation-specific therapy29. It is the first-line therapy, especially in BRAF wildtype 

melanoma. IL-2 was introduced early in the treatment of metastatic melanoma, showing 

a decent effect but with severe adverse effects30. So called ‘immune checkpoint 

inhibitors’ are therefore gaining increasing interest as they promote the endogenous 

antitumor immunity. Firstly introduced, Ipililumab, a monoclonal antibody directed at 

cytotoxic T lymphocyte antigen-4 (CTLA-4), increased the survival in metastatic 

melanoma.31,32 It was then soon followed by Nivolumab and Pembrolizumab, another 

class of immune therapeutics, both targeting the programmed cell death-1/ligand (PD-

1/PD-L1). In a clinical randomized phase III trial Nivolumab presented an increased (ORR 

27% vs. 10%) and durable response rate compared to chemotherapy (median duration 

of response 32 months vs. 13 months), but without overall survival benefit33. 

Furthermore, Nivolumab combined with Ipililumab or Nivolumab alone were superior to 

Ipililumab therapy regarding PFS (Nivolumab + Ipililumab 11.5 month vs. Ipililumab 

alone 2.9 month vs. Nivolumab alone 6.9 month), OS benefit (52% vs. 26% vs. 44%) and 

greater ORR (59% vs. 21% vs. 74%)34,35.  

Similarly, Pembrolizumab showed a benefit over conventional chemotherapy and 

Ipililumab therapy in randomized clinical trials36. It is also FDA approved for advanced 

unresectable, metastatic melanoma or as an adjuvant treatment for stage III melanoma 

after complete resection. 

Whether NRAS-mutant melanoma in particular benefits from immunotherapy is still 

under investigation and needs prospective trials as recent literature is based on 

retrospective data. In a retrospective cohort of NRAS melanoma receiving 

immunotherapy (IL2, Ipilimumab or Anti-PD-1/PD-L1),  Johnson et al. showed a trend to 

better outcomes including response rates, clinical benefit and progression-free survival 
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compared to BRAF or NRAS/NRASWT37. In contrast, another retrospective study stated 

similar responses to immunotherapy independent of NRAS mutational status38.  

An ongoing phase III trial (NEMO) comparing the MEK-inhibitor Binimetinib to 

Dacarbazine therapy on NRAS-mutated patients showed promising results with an 

increased median progression-free survival of 2.8 months (95% CI 2.8–3.6) in the 

Binimetinib group compared to 1.5 months (1.5–1.7) in the Dacarbazine group (hazard 

ratio 0.62 [95% CI 0.47–0.80]; one-sided p<0.001) but not in overall survival39. Recently, 

a preclinical study has described a new combination strategy involving BET inhibitors 

with MEK inhibitors to overcome drug resistance (see 1.5.5) in NRAS-mutant melanoma 

and to improve efficiency40. In addition to MEK-inhibitors, other targets such as BCL2, 

TERT and different kinases are being tested as combination partners to treat NRAS 

mutant melanoma41–44. 

As immunotherapies and MEK-inhibitors show partial response rates, additional targets 

in combination might be helpful to fight NRAS-mutated melanoma.  

 

1.5 NRAS Mutations 

1.5.1 The Genetic Landscape of Melanoma 

Having a look at the mutational status, malignant melanoma harbors the most genetic 

mutations compared to other cancer types45. Common mutations can be detected in the 

MAPK pathway. The oncogene BRAF is the mostly affected gene (52%), followed by 

mutations in the NRAS gene (28%), in TP53 (15%), NF1 (14%) and CDKN2A (13%)46,47 

(Figure 1). 
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Figure 1 | Landscape of driver mutations in melanoma 

Frequency of driver mutations in melanoma by whole genome sequencing data n=318. Adapted 

from Akbani et al.47 

 

 

1.5.2 The MAPK-Pathway 

The MAPK-Pathway activates a cascade of kinases (RAS, RAF, MEK and ERK) and its tight 

regulation is important for cell function.  

The RAS (Rat sarcoma) family consists of small G-proteins which function as molecular 

switches controlling downstream signaling pathways and influencing cellular 

proliferation, differentiation and survival (Figure 2)48. There are three isoforms, HRAS, 

KRAS and NRAS, which are commonly mutated in one third of human cancer types. KRAS 

is found mutated most frequently (>20%), followed by NRAS (8.5%) and HRAS (3.3%)49. 

Of these isoforms NRAS is specifically affected in melanoma.  

RAS proteins can be found in a GTP-bound active state and GDP-bound inactive state. 

Regulation towards the active state is promoted by GEF (guanine-nucleotide exchange 

factor) which replaces GDP with GTP. In contrast, GAPs (GTPase activating protein) drive 

the hydrolysis of GTP into GDP, inactivating RAS.  
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Activated RAS binds and activates the kinase RAF which then leads to a change in 

conformation and dimerization. Activated RAF in turns phosphorylates the MEK-kinase. 

The ERK-kinase then effects a set of transcription factors.  

MAPK signaling is not the only pathway affected, but there are other pathways 

deregulated, such as the PI3K-AKT-signalling, WNT-signaling and EMT-associated 

signalling50–52. The role of other pathways and targets for therapies is still under 

investigation and is crucial to fully understand melanoma initiation and progression. 

 

 

 

 

Figure 2 | Mutation in the NRAS gene leads to continuous activation of downstream signaling 

pathways 

A In the normal state NRAS is a small GTPase hydrolyzing GTP into GDP. GTP-bound NRAS forms 

the active complex activating downstream effectors. GDP-bound NRAS is inactive. Additional 

factors such as GEF (guanine-nucleotide exchange factor) and GAPs (GTPase activating protein) 

regulate the activation of NRAS. GEF replaces GDP with GTP and activates NRAS. In contrast, GAP 

promotes the hydrolysis of GTP into GDP and therefore inactivates the NRAS protein. B When the 

NRAS gene is mutated (e.g. in codon 61) a continuously active NRAS protein leads to constant 

activation of the main downstream pathways MEK-ERK and PI3K-AKT and alters proliferation, cell 

cycle, metabolism invasion and motility of the cell. 
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1.5.3 NRAS Mutational Status in Melanoma 

Mutations in the NRAS gene are not equally distributed. In fact, somatic mutations in 

cutaneous melanoma can be almost exclusively found in codon 61 (93%) rather than in 

codon 12 or 13 (5%), although they all possess an oncogenic activity46,53. Interestingly, 

NRAS mutations show a more equally distributed frequency of codon 12 or 13 mutations 

(46%) compared to codon 61 mutations (54%) in mucosal melanoma54. The authors 

discuss a possible involvement of preferable UV-induced genesis of NRASQ61 mutations 

in cutaneous melanoma compared to non-UV-exposed mucosal melanoma where other 

carcinogens may play a leading role. Even though considerable research has been 

devoted unveiling the characteristics of NRAS mutant melanoma, rather less attention 

has been paid to these distributional differences in codon mutations. However, these 

differences of position and type of substitution are not fully understood yet but can be 

seen throughout different cancer types. Different factors are discussed to contribute to 

the diversity of patterns among RAS mutated cancers, such as structural differences, 

additional regulating proteins, localization, signaling intensity, cell-specific response and 

also microenvironmental differences53,55. Nevertheless, they surely have clinical 

implications as different codon mutations affect the tumor’s aggressiveness or response 

to therapy. In non-small-cell lung cancer KRAS12 mutations are associated with lower 

progression free survival compared to other RAS mutations 56. Therapy response to 

Cetuximab in colon cancer is reduced if the tumor harbors a KRAS12 mutation, whereas 

KRAS13 responds well 57. In fact, in melanoma NRASQ61 was described to induce greater 

tumor formation than NRASG12 in a melanoma mouse model, but the underlying 

mechanisms are not fully understood so far. Differences in biochemical behavior have 

been suggested with higher affinity of GTP binding, increased stability and reduced 

intrinsic GTPase activity of codon 61 mutated NRAS melanoma58. Whether a differential 

activation of downstream molecular pathways contribute to these differences, remains 

yet unclear.  
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1.5.4 Clinical Characteristics of NRAS Mutant Melanoma 

NRAS mutational status in melanoma is not only of scientific interest but is an 

independent negative prognostic factor when compared to NRAS wildtype and BRAF 

mutated melanoma59. It has a higher mitotic activity, forms thicker tumors and is 

associated with shorter melanoma-specific survival60. Furthermore, in stage four 

metastatic melanoma, NRAS mutated melanoma showed a decreased overall survival 

when compared to NRAS wildtype melanoma (median survival 8.2 month vs. 15.1 

months, p=0.004)59. In this study, the formation of brain metastasis was also seen 

increased when comparing to NRAS WT melanoma. 

Whereas BRAFV600E mutant melanoma arises mostly in intermittent-UV-exposed skin, 

NRAS mutational status is associated with chronic sun exposure and high mutational 

burden44,60. A trend has been shown that UVR leads to more NRASQ61 mutations rather 

than NRASG12/13 mutations, preferentially targeting pyrimidine dimers61.  

Taken together, NRAS mutant melanoma shows worse clinical characteristics and it 

remains of great interest to improve the treatment of this special subgroup of melanoma 

patients. 

 

1.5.5 NRAS and Resistance Mechanisms 

Treatment with BRAF-inhibitors (BRAFi) shows good initial tumor response but is limited 

as it recurs approximately one year after treatment due to resistance mechanisms. The 

importance to understand NRAS mutant melanoma is of further interest, as acquired 

resistance in BRAFi-treated melanoma shows secondary NRAS mutations to escape drug 

therapy among other mechanisms. Secondary NRAS mutations were associated with 

brain metastasis and Vemurafenib use23. Focusing on different codon mutations, 85% 

occurred in NRASQ61, but only 15% in NRASG12. Our study might help to also overcome 

secondary NRAS mutational resistance. 
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1.6 Oncogene-Induced-Senescence 

Replicative senescence is a physiological process of cells in the human body which 

hinders old damage-acquired cells to proliferate after telomer shortening with the life 

span of this cell62,63. However, a broader understanding of senescence has been reached 

as another mechanism of cell arrest has been found. Mutations in oncogenes, such as in 

RAS proteins, were discovered to also induce a prolonged and irreversible arrest in 

primary mammalian cells, so called oncogene-induced senescence (OIS) as a mechanism 

of tumor suppression64–66. Recently, Gorgoulis et al. defined four hallmarks of senescence 

which are (1) cell cycle withdrawal, (2) macromolecular damage, (3) secretory 

phenotype and (4) deregulated metabolism (Figure 3)67. These hallmarks demonstrate 

that oncogenes induce a substantial change in intrinsic mechanisms of the cell.  

The first mechanism is the cells response to repress the expression of genes involved in 

proliferation. Accordingly, the expression of an oncogene in primary cells is followed by 

alterations in the chromatin structure forming senescence-associated heterochromatin 

foci (SAHF). These changes are caused by histone modifications68. In addition to SAHF-

formation, oncogene-induced senescence promotes the formation of senescence-

associated DNA damage foci, so called DNA-SCARSs (DNA segments with chromatin 

alterations reinforcing senescence) and activates DNA-damage-repair (DDR) 

mechanisms mediated by ATM, ATR, DNA-PK and p5368–70. Upon DDR activation cell 

cycle arrest, DNA repair and replication restart are initiated. The OIS cell program is 

further mediated through cytostatic INK4A–retinoblastoma (Rb) and ARF–p53 signaling 

cascades which finally again promotes cell cycle arrest.  

Beside oncogenes, exposure to cytokines such as INF-ß or TGF-ß are also able to induce 

OIS in cells71–73. That’s why special interest has been given to secreted factors of 

senescent cells. Subsequently, a specific secretome of senescent cells has been 

described, including proinflammatory cytokines and chemokines, angiogenic factors, 

growth modulators, and matrix metalloproteinases (MMPs) (e.g. IL-6, IL-1a, IL-1ß, IL-8, 

G-CSF, IFN-y, PAI-1, etc.)74,75. Also known as senescence-associated secretory phenotype 
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(SASP) or senescence-messaging secretome (SMS), it affects the microenvironment. It 

therefore promotes inflammation through paracrine effects on fibroblasts which 

further sensitize neighboring cells to senesce or inhibit proliferative signals from the 

environment. The fact that tumor cells in later stages misuse this secretome to promote 

tumor progression shows the pleiotropic role of the secreted factors.  

These powerful mechanisms in reaction to oncogenes display potent internal tumor 

suppressing mechanisms. Therefore, cooperating genetic alterations are needed to 

override OIS in primary cells and induce tumor formation76. However, oncogenic RAS can 

transform immortalized rodent cells as they already carry additional alterations77.  

 

 

 

 

Figure 3 | Hallmarks of Oncogene-Induced Senescence 

Cells undergoing oncogene-induced senescence present the following four hallmarks: 

macromolecular damage, a secretory phenotype, deregulated metabolism and cell cycle 

withdrawal. Adapted from Gorgoulis et al.67. 



Introduction 

 18 

1.7 The Role of STAT3 

An inflammatory tumor environment is known to initiate or promote tumor formation78–

80. It is marked by the presence of inflammatory cells and mediators such as chemokines 

and cytokines. Signal Transducer and Activator of Transcription 3 (STAT3) is a transcription 

factor which contributes to an inflammatory and carcinogenic tumor environment and 

is upregulated in many cancer types, including melanoma81. Its persistent activity in 

tumors is important for the initiation, progression and maintenance of cancer through 

regulation of cell proliferation, survival, differentiation, immune responses, angiogenesis 

and stem cell maintenance82. STAT3 proteins have dual roles as transducers of cell signals 

through the cytoplasm and as nuclear transcription factors. They maintain a 

proinflammatory state by recruiting and activating immune cells and tumor cells through 

production of cytokines (e.g. IL-6, IL-1ß, IL-8, IL-21)81.  

Continuous activation of STAT3 in cancers is one of the drivers in their tumor biology but 

it has also been shown that constitutively active STAT3 (STAT3-C) itself acts as an 

oncogene and is able to mediate transformation of fibroblasts, forming tumors in mice83. 

In melanoma however, NRAS specific STAT3 signaling was not yet described, especially 

in the context of codon-dependent mutational differences.  
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1.8 Aim of the Thesis 

Current literature implies that NRASQ61 and NRASG12/13 mutations cause different 

phenotypic characteristics in human melanoma. To confirm this observation, we focused 

on the phenotypic effect of different NRAS mutations on both, primary human 

melanocytes and in melanoma-like immortalized human melanocytes. Secondly, our 

objective was to reveal the differential activation of cellular signaling pathways initiated 

by these NRAS mutations and to answer the question, how NRAS exerts its transforming 

capability. 

Here, we identify STAT3 as a pathway upregulated in NRASQ61 but not in NRASG12/13 

mutated melanocytic cells. STAT3 activation is associated with a more tumorigenic 

phenotype of primary and immortalized melanocytes and melanoma cell lines. This data 

gives insight into a deeper understanding of NRAS-associated pathways and might 

contribute to improve therapeutic approaches to successfully treat NRAS-mutated 

melanoma for which successful targeted therapy is still difficult. 
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2 MATERIAL AND METHODS 

2.1 Materials 

2.1.1 Reagents and Kits 

Product Company Catalog No. 

Alamar Blue® Invitrogen DAL1100 

Ampicillin Carl Roth HP62.1 

Ammonium Persulfate (APS) Carl Roth 9592 

BSA-Powder, Albumin Fraction V Carl Roth 8076.2 

Complete Mini Protease Inhibitor 

Cocktail 
Roche Diagnostics 4693159001 

DH5α Competent Cells Thermo Fisher Scientific 18265017 

Endofree Plasmid Maxi Kit Qiagen 12362 

High Performance Chemiluminescence 

Film 
GE healthcare 28906836 

Human Cytokine Array R&D Systems Europe ARY005B 

Human Phospho-RTK Array Kit R&D Systems Europe ARY001B 

Immobilon PVDF membrane, 0.45μM Merck Millipore IPVH00010 

Luminata Forte Western HRP Substrate Merck Millipore WBLUF0500 

MicroAmp Optical 96well Plate qPCR Thermo Fisher Scientific N8010560 

PageRuler Plus Prestained Protein 

Ladder 
Life Technologies 26619 
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Paraformaldehyde Sigma Aldrich P6148-1KG 

Pierce BCA Protein Assay Kit Thermo Fisher Scientific 23225 

PhosSTOP Sigma Aldrich 4906845001 

Qiaprep Spin Miniprep Kit Qiagen 27106 

RevertAid First strand cDNA Synthesis 

Kit 
Thermo Fisher Scientific K1622 

Rnase-Free Dnase Set Qiagen 79254 

RNeasy Plus Mini Kit Qiagen 74136 

Senescence β-Galactosidase Staining Kit Cell Signaling 9860 

Skim milk powder Gerbu Biotechnik 16021000 

SYBR Green PCR Master Mix Applied Biosystems 4309155 

TEMED Carl Roth 23673 

TritonX-100 Carl Roth 30514 

Tween® 20 Applichem A13890500 

Venor Gem Classic Myco PCR Kit Minerva Biolabs 11-1100 

X-treme GENE® 9 DNA Transfection 

Reagent 
Roche Diagnostics 6365787001 
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2.1.2 Reagents for Cell Culture 

Product Company Catalog No. 

2-Mercaptoethanol  Gibco® Life Technologies 31350010 

254 Medium Gibco® Life Technologies M254500 

dbcAMP Sigma-Aldrich D0627 

DMSO  Carl Roth A994.2 

Dulbecco's Modified Eagle's Medium 

(DMEM) 
Thermo Fisher Scientific 10569010 

Fetal Calf Serum (FCS) Biochrom S0115 

G 418 Roche G418-RO 

Ham’s F10 Gibco® Life Technologies 11550043 

Human Melanocyte Growth 

Supplement 
Gibco® Life Technologies S0025 

3-Isobutyl-1-methylxanthine (IBMX) Sigma-Aldrich I5879 

Sodium Orthovanadate (Na3VO4) Sigma-Aldrich 450243 

Non-essential amino acids Sigma-Aldrich M7145 

PBS Sigma-Aldrich D8537 

Penicillin/Streptomycin Sigma-Aldrich P4333 

Polybrene Infection / Transfection 

Reagent 
Sigma Aldrich TR-1003-G 

Trypan blue solution Sigma-Aldrich 93595 

Trypsin-EDTA solution Sigma-Aldrich  T3924 
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2.1.3 Human Cell Lines 

Cell line Source Description 

NHM Isolated from foreskin Primary melanocytes 

MelSTV CNIO Madrid 
Immortalized melanocytes 

(Gupta et al. Nat. Gen. 200584) 

MeWo CMMM, Nice, France BRAFWT/ NRASWT 

pmel 
Department of Dermatology, Brigham 

and Women’s Hospital, Boston, USA 

Immortalized melanocytes 

(Garraway et al. Nature 2005)85 

 

2.1.4 Antibodies 

Product Company Catalog No. 

Akt (40D4, 1:5000 in 5% Milk) Cell Signaling CST 2920 

Anti-mouse IgG, HRP-linked  Cell Signaling CST 7076 

Anti-rabbit IgG, HRP-linked Cell Signaling CST 7074 

Axl (C44G1, 1:1000 in 5% Milk) Cell Signaling CST 4566 

mCherry (1C51, 1:10000 in 5% Milk) abcam ab125096 

p44/42 MAPK (Erk1/2, 137F5, 1:4000 in 5% Milk) Cell Signaling CST 4695 

Phospho-Akt (Ser473, 193H12, 1:2000 in 5% Milk) Cell Signaling CST 4058 

Phospho-p44/42 MAPK (T202/Y204, E10, 1:2000 in 

5% Milk) 
Cell Signaling CST 9101 

α-Actinin (H-2, 1:50000 in 5% Milk) Santa Cruz sc17829 

β-Actin (13E5, 1:10 000 in 5% BSA) Cell Signaling CST 5125 
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2.1.5 Plasmids 

Plasmid Source 

Empty vector EF1α-mCherry 

NRASWT EF1α-NRASWT-mCherry 

NRASG12V EF1α-NRASG12V-mCherry 

NRASG12D EF1α-NRASG12D-mCherry 

NRASG13D EF1α-NRASG13D-mCherry 

NRASQ61K EF1α-NRASQ61K-mCherry 

NRASQ61L EF1α-NRASQ61L-mCherry 

NRASQ61H EF1α-NRASQ61H-mCherry 

shRNA non targeting Control Dharmacon, RHS4346 

shSTAT3.1 TACCTAAGGCCATGAACTT Dharmacon, V2LHS_88502 

shSTAT3.2 ATAGTTGAAATCAAAGTCA Dharmacon, V3LHS_376016 

 

2.1.6 siRNA 

siRNA Company Catalog No. 

AllStars Negative Control siRNA Qiagen 1027280 

siSTAT3.3 Qiagen SI00048377 

siSTAT3.4 Qiagen SI00048384 
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2.1.7 Primers 

Target Forward Sequence Reverse Sequence 

18S GAGGATGAGGTGGAACGTGT TCTTCAGTCGCTCCAGGTCT 

AXL CCGTGGACCTACTCTGGCT CCTTGGCGTTATGGGCTTC 

BEX1 GCAGTAAACAGTCTCAGCATGG GGCTCCCCTTTATTAGCAACTT 

c-myc CTCCTCCTCGTCGCAGTAGA GCTGCTTAGACGCTGGATTT 

IL1B TGTGAAATGCCACCTTTTGA GGTCAAAGGTTTGGAAGCAG 

IL1R ATGAAATTGATGTTCGTCCCTGT ACCACGCAATAGTAATGTCCTG 

IL24 GACTTTAGCCAGCAGACCCTT GGTTGCAGTTGTGACACGAT 

MITF GCTCACAGCGTGTATTTTTCC TCTCTTTGGCCAGTGCTCTT 

MMP2 TACAGGATCATTGGCTACACACC GGTCACATCGCTCCAGACT 

Rb ATCTGCTGCCGTCAACTAGAA GATCTCGAATCAGGCGCTTAAA 

SerpinB2 CAGCACCGAAGACCAGATGG CCTGCAAAATCGCATCAGGATAA 

STAT3 ATGGAAGAATCCAACAACGGCAGC AGGTCAATCTTGAGGCCTTGGTGA 

STC1 GTGGCGGCTCAAAACTCAG GTGGAGCACCTCCGAATGG 

TAGLN3 ACAAGAGCCCATACCCAAGAT TCTCCGCAGCTTTTAGGAACT 

 

2.1.8 Solutions and Buffers 

Name Ingredients 

Blocking buffer (BSA) 

 

5% BSA  

1x TBS 
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Blocking buffer (milk) 

 

5% Skim milk powder 

1x TBS 

Cell freezing medium 

 

80% FCS 

20% DMSO 

Crystal violet solution  

 

0.5% Crystal violet  

20% Methanol 

dH2O 

LB Medium  

 

20g LB-Medium (Carl Roth, X964.2) 

1l H2O 

Running buffer (pH8.3) 

 

25mM Glycine  

190mM Tris 

0.1% SDS  

dH2O  

TBS 10X (pH 7.6)  

 

150mM NaCl  

50mM Tris  

dH2O 

Transfer buffer (pH 8.3)  

  

25mM Glycine  

190mM Tris 

20% SDS  

20% Methanol  

dH2O 

Washing buffer (TBST) 

 

0.02% Tween® 20 

1X TBS 
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2.2 Equipment 

Product Company 

12 Well Multiwell Plates Grenier Bio-One 

2100 Bioanalyzer Instrument Agilent 

6 Well Multiwell Plates Grenier Bio-One 

AB 7500 Real-Time PCR Machine Applied Biosytems 

CELLSTAR® Cell Culture Flasks Grenier Bio-One 

ChemiDoc™ Touch Imaging System  Bio-Rad 

Corning Cell Scrapers Sigma Aldrich 

Culture-inserts 2 well Ibidi 

FACSCanto II BD Biosciences 

Haemocytometry Neubauer 

Leica DM LS light microscope Leica 

MicroAmp Optical 96well Plate qPCR Thermo Fisher Scientific 

Microplates 24-well Falcon 

Microplates 96-well Falcon 

Nanodrop Spectophotometer ND-1000 Peqlab Biotechnologie GmbH 

Nikon Eclipse Ti Fluorescence Microscope Nikon 

Nunc™ Cell Culture Cryogenic Tubes Thermo Fisher Scientific 

Rotilabo®-syringe filters, 0,22 µm Carl Roth 

Rotilabo®-syringe filters, 0,45 µm Carl Roth 
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Tecan Infinite F200 PRO Tecan 

Veriti™ 96-Well Thermal Cycler Thermo Fisher Scientific 

 

 

2.2.1 Software Tools 

Software name Source 

7500 Software v2.0.5 Applied Biosystems 

Chipster  Chipster Open source 

FlowJo 7.2.2 FlowJo License 

GraphPad PRISM 8 GraphPad License 

iControl 1.10  TECAN 

Image J NIH  

NIS-Element  Nikon 

TScratch  CSELab 
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2.3 Methods 

2.3.1 Cell Culture 

Human primary melanocytes were isolated from healthy donor’s neonatal biopsies in 

accordance with the ethical regulation (Ethics committee II, University Medical Center 

Manheim, Germany). Therefore, the biopsy was washed with 70% Ethanol and PBS 

(+1% Pen/Strep) and digested with Dispase over night at 4°C after removing the deep 

dermis, adipose tissue and blood vessels. The separated epidermis was incubated with 

Trypsin/EDTA diluted 1:1 with PBS at 37°C for 20 minutes. After adding fetal calf serum 

(FCS), the cell suspension was gently mixed and filtered through a 70µm cell strainer. 

Isolated melanocytes were cultured in 254 Medium (Gibco™) supplemented with 

Human Melanocyte Growth Supplement (Gibco™) and 20µg/ml G418 in the first 

passages to avoid fibroblast growth.  

Immortalized Melanocytes MelSTV84, HEK293T and melanoma cell line MeWo were 

cultured in DMEM Medium (High Glucose, GlutaMax, Gibco™) supplemented with 10% 

fetal calf serum, MEM Non-essential Amino Acid Solution (Sigma-Aldrich®), 1% ß-

Mercaptoethanol, 1% Penicillin (100 U/ml) and Streptomycin (100µg/ml). Immortalized 

melanocytes pmel (Garraway et al., 2005)85, gift from Prof. Hans R. Widlund, Department 

of Dermatology, Brigham and Women’s Hospital, Boston, USA, were cultured in Ham’s 

F10 (Gibco™) supplemented with 7% FCS, 1% Penicillin (100 U/ml) and Streptomycin 

(100µg/ml), 0.1mM IBMX, 50ng/mL TPA, 1µM Na3VO4 and 1µM dbcAMP. All cells were 

maintained at 37 °C in a humid incubator with 5% CO2. 

 

2.3.2 Lentiviral Transduction 

Lentivirus particles were produced using X-tremeGENE™ 9 DNA Transfection Reagent 

(Roche) in HEK293T cells according to the manufacturer’s instructions. Therefore, after 
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discarding the first supernatant, the virus containing supernatant was collected three 

times after 12 hours each.  

Cells were transduced with virus supernatant and 4µg/ml Polybren two times for each 

24 hours and then cultured in the corresponding maintenance medium. Cells were then 

sorted for mCherry positive cells by flow cytometry.  

For double transduction primary melanocytes were first transduced with STAT3 shRNA 

two times for each 12 hours followed by two times transduction with NRAS mutants. 

The plasmids used were different NRAS mutants and shRNA against STAT3. 

DNA encoding for NRAS wildtype and each mutated in either codon 12/13 (G12V, 

G12D, G13D) or codon 61 (Q61K, Q61L, Q61H) was cloned into a plasmid under control 

of an EF1α -Promoter. The NRAS gene was coupled with the fluorescent reporter-protein 

mCherry linked with an internal ribosome entry site (IRES).  

Two different shRNAs against STAT3 and a shRNA non targeting Control were used to 

silence STAT3. 

 

2.3.3 siRNA 

siRNA transfection of cells was performed using Lipofectamine RNAiMAX Transfection 

Reagent (Thermo Scientific) according to the manufacturer’s instructions. Therefore, 

cells were seeded in a 6-well-plate to reach 60-80% confluency at transfection day. The 

Transfection Mix was prepared for a final concentration of 25pmol siRNA per well with 

Lipofectamine RNAiMAX Transfection Reagent resolved in OptiMEM. The Mix was added 

for 48 hours. After transfection cells were seeded for functional assays.  
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2.3.4 Senescence Quantification 

Transduced primary melanocytes were stained using Senescence β-Galactosidase 

Staining Kit (Cell Signaling) according to the manufacturer’s instructions. The number of 

ß-Galactosidase positive cells was quantified and related to the total number of cells by 

manual counting using brightfield micrographs after 0, 2, 6 and 10 days. The number of 

vacuolized cells was also quantified independently using brightfield micrographs.  

For the detection of senescence-associated heterochromatin foci (SAHF) cells were fixed 

with 4% paraformaldehyde for 8 minutes. After three washes with PBS, fixed cells were 

permeabilized with 0.1% Triton-X100 for 10 minutes, washed and stained with DAPI 

(Roche, 1:2000, in TBST) for 5 minutes. Before imaging cells were washed 3 times with 

PBS. Furthermore, SAHF were quantified with ImageJ integrated cell counter and manual 

counting.  

 

2.3.5 RNA Isolation 

mRNA was isolated from cell pellets using RNeasy Mini Kit and DNAse I digestion for 15 

minutes to remove genomic DNA according to the manufacturer’s protocol. 

Measurements to determine RNA concentration were done with spectrophotometry 

using a NanoDrop ND1000 device. The RNA was then used directly or stored at -80°C. 

 

2.3.6 cDNA Synthesis 

cDNA was synthesized using cDNA Reverse Transcription Kit (Thermo Fisher Scientific™) 

according to the manufacturers’ guidelines.  

First, 500ng mRNA was mixed with 1µl OligoDT Primers, 2µl 10mM dNTP Mix, 1µl 

RevertAid M MuL-V-enzyme (200U/µl), 0.5µl RiboLock RNAse Inhibitor (40 U/µl), 4 µl 5x 

Reaction Buffer and filled up with nuclease-free dH2O to a total volume of 20µl for each 

sample. Samples were then mixed gently and eventually incubated 60min at 42°C, 
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followed by an incubation at 70°C for 5min. cDNA was directly used for quantitative real-

time PCR or stored at -20°C. 

 

2.3.7 Quantitative Real-time PCR 

Quantitative real-time PCR was performed using SYBR™ Green PCR Master Mix (Applied 

Biosystems™) and 7500 Fast Real-Time PCR System (Applied Biosystems™).  

The PCR conditions programmed were: 50°C for 2 minutes, 95°C for 10 minutes, 40 

cycles of 95 °C for 15 seconds, 60°C for 1 minute and 72°C for 7 seconds. CT Values were 

normalized to 18S as a housekeeping gene and relative expression of genes was 

quantified by calculating DDCT. Primers were designed and validated with the melting 

curve and efficiency analysis.  

 

2.3.8 Protein Isolation 

For protein isolation Lysis Buffer was prepared. Therefore, 100µl PhosStop (1 tablet in 

1ml dH20), 100µl Complete Mini Protease Inhibitor Cocktail, 10µl Triton X100 and 790µl 

TBS buffer were mixed gently and stored on ice.  

After the removal of cell medium, cells were washed with PBS. Around 70-100µl Lysis 

Buffer was directly added on the cells and incubated for 1 minute on ice. After 

incubation, cell lysates were detached from the plate using a cell scraper. The cell 

suspension was then transferred to a tube and cell debris was pelleted through 

centrifugation for 15 minutes. Lastly, the supernatant containing the protein lysate was 

transferred to another tube and directly used for Western Blot analysis or stored at -80°C. 
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2.3.9 Western Blot 

Protein concentration was measured using Pierce™ BCA Protein Assay Kit (Thermo 

Scientific™). Briefly, the samples were diluted 1:10 with dH2O and standards were 

prepared according to the manufacturer’s protocol. In 96-well-plates 25 µl of protein 

sample was then mixed with 200µl of BCA reagent and incubated at 37°C for 30 

minutes. Absorbance was measured after incubation using a Tecan Infinite 200 Pro plate 

reader and protein concentrations were calculated with reference to the standard curve. 

20-30µg protein was loaded and separated on an SDS-PAGE Gel, then wet blotted on a 

0.45 µm PVDF membrane. The membranes were blocked with either 5% skim milk or 

5% BSA for at least one hour at room temperature. Then, they were incubated in primary 

antibodies over night at 4°C followed by an HRP-linked secondary antibody for one hour 

at room temperature. The protein bands were visualized using Immobilon Forte Western 

HRP substrate and Hyperfilm ECL, according to the manufacturer’s protocol.  

 

2.3.10 Whole Genome Microarray Analysis 

Labeled RNA was hybridized to whole-genome Illumina Sentrix BeadChip® array 

HumanHT-12 v4 (Santa Clara, CA, USA) by DKFZ Genomics and Proteomics Core Facility. 

Microarray scanning was carried out using an iScan array scanner. Data extraction was 

carried out for all beads individually, and outliers were removed when the absolute 

difference to the median was greater than 2.5 times MAD (2.5 Hampel’s method). All 

remaining bead level data points were then quantile normalized. Chipster Software was 

used to assess fold change and p-value of differentially expressed genes between 

NRASG12/13 and NRASQ61 expressing cells. 
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2.3.11 Proliferation  

To measure the proliferative ability, cells were plated at a density of 500 cells in a 96-well 

plate. After 0 and 9 days, alamarBlue™ Cell Viability Reagent (Invitrogen) was added and 

after 4 hours of incubation at 37°C, fluorescence was measured with excitation 

wavelength at 530-560nm and emission wavelength at 590nm with the Tecan Infinite 

200 Pro plate reader. The fold increase of fluorescence intensity from day 9 to day 0 was 

calculated and plotted.  

 

2.3.12 Colony Formation 

200 cells were each plated in a 6 well-plate. Culture medium was changed every 2 to 3 

days. After 11 days cells were fixed and stained with 0.05% Crystal Violet (1% 

formaldehyde (37%), 1% Methanol in PBS) for 20 minutes at room temperature. Cells 

were gently washed twice with tap water and air-dried. The area of the plate covered by 

stained colonies was quantified using the ImageJ Plugin ColonyArea86. 

 

2.3.13 Migration 

To analyze the migratory potential, 35 000 cells were plated in each well of a 2-well-

culture-insert (ibidi) with MEF-Medium. After cells attached to the plate 4 hours later, the 

medium was replaced with FCS-free MEF-Medium and cells were incubated overnight 

in the cell incubator. Inserts were removed the day after, and cells were washed with 

PBS. 10% FCS-containing MEF-Medium with 1µg/ml Aphidicolin (Sigma) was added. 

Cell migration was monitored with the microscope after 0 and 8 hours. TScratch 

Software was used for quantitative analysis of the closing gap. 
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2.3.14 Proteome Profiler Array  

Protocol was followed by manual instructions from R&D Systems Europe, Ltd, Human 

Phospho-RTK Array Kit and Human Cytokine Array. Briefly, cell lysates were diluted and 

incubated overnight with either array. The array was washed to remove unbound 

proteins followed by incubation with a cocktail of biotinylated detection antibodies and 

with streptavidin-HRP antibodies. Captured signal corresponded to the amount of 

bound phosphorylated protein. 

 

2.3.15 Statistical Analyses 

The statistical analyses of experiments were performed using the students t-test with a 

two-tailed distribution. Experiments were performed at least in 3 biological replicates. 

Differences were considered as significant with a value of p < 0.05 (marked with *), p < 

0.01 (marked with **), p < 0.001 (marked with ***) and p < 0.0001 (marked with ****). 
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3 RESULTS 

3.1 NRASG12/13 mutants induce a stronger OIS-associated phenotype than 

NRASQ61 mutants in normal human melanocytes 

The first step of tumor initiation in melanomagenesis is the activation of oncogenes in 

primary melanocytes. Oncogenes have different effects depending on the cellular setting 

they arise in. In primary cells, they are not able to transform cells, but they give rise to 

oncogene-induced senescence (OIS). So, we first investigated the effect of NRAS 

mutations on the induction of OIS in normal human melanocytes (NHM).  

We thereby selected NRAS domains either mutated in codon 61 (NRASQ61K, NRASQ61L, 

NRASQ61H) or codon 12/13 (NRASG12V, NRASG12D, NRASG13D). For lentiviral 

transduction of NHM we designed plasmids carrying the mutation of interest. The NRAS 

gene was cloned under the control of the EIF1α -promoter. Wildtype NRAS (NRASWT) 

and an empty vector (vector) served as controls. As an optical reporter of successful 

transduction, a gene coding for fluorescent mCherry was cloned into the lentiviral 

plasmid right behind the NRAS gene after an IRES gene site (Figure 4). 
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Figure 4 | Lentiviral transduction of NHM with NRAS mutation bearing plasmids  

Schematic view of lentiviral transduction of normal human melanocytes (NHM) with plasmids 

carrying either an empty vector, NRASWT, NRASG12V, NRASG12D, NRASG13D, NRASQ61K, 

NRASQ61L or NRAS61H under control of an EF1α-Promoter. An additional IRES site was added for 

the expression of red fluorescent mCherry-protein. NHMs with successful transduction show red 

fluorescence.  

 

As previously described, the expression of mutated NRAS in primary human melanocytes 

led to a senescent phenotype with higher senescence-associated-ß-Galactosidase 

activity87 (SA-ß-Gal) and a flattened cell morphology with vacuolization of the cell body 

(Figure 5A). Control conditions of non-transduced samples (NI) or samples transduced 

with an empty vector or NRASWT showed no senescence. Moreover, the senescent 

phenotype was also confirmed by observation of punctuated nuclei foci, the 

senescence-associated-heterochromatin foci (SAHF) (Figure 5B). We then analyzed the 

number of senescent cells after transduction with the lentiviral plasmids after 0, 2 ,6 and 

10 days. In fact, quantification of senescent cells by SA-ß-Gal-expression showed a 

higher percentage of senescent cells in NRASG12V, NRASG12D or NRASG13D mutated 

melanocytes with up to 69%. In contrast, melanocytes expressing NRASQ61K, 

NRASQ61L and NRASQ61H, showed only up to 46% senescent cells respectively (Figure 

5C). The same could be observed by quantification of vacuolized cells, revealing more 

vacuolization in the NRASG12/13 mutated group with up to 90% compared to 

NRASQ61 with only up to 51% (Figure 5D).  

This data confirms the different capability of NRAS mutations to induce senescence in 

primary human melanocytes indicating a higher susceptibility to OIS of NHM carrying 

mutations in codon 12 or 13 rather than mutations in codon 61. 
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Figure 5 | NRASG12/13 mutants induce a greater OIS-associated phenotype than NRASQ61 

mutants in NHM 

A Normal human melanocytes (NHM) expressing mutated NRAS in either codon G12/13 or Q61 

show an oncogene-induced senescence phenotype with vacuoles and a flattened morphology. 

Cells were stained with ß-Galactosidase after 9 days. Scale bar: 100μm B Expression of mutated 

NRAS induces an accumulation of senescence-associated heterochromatin foci (SAHF) with 

enlarged punctuated nuclei. Scale bar: 20μm C Quantification of senescence-associated ß-

Galactosidase positive cells in percent after 0, 2, 6 and 10 days. D Quantification of vacuolized cells 

in percent after 0, 2, 6 and 10 days. *p<0.05 **p<0.01 
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3.2 NRASQ61K expression induces a distinct secretory phenotype, tyrosine kinase 

activation and gene expression compared to NRASG12V in NHM 

That OIS can be reinforced in an autocrine and paracrine way by a senesecence-

associated secretory phenotype (SASP) has been already shown in melanoma (see 1.6)88. 

To identify the secretome of NRAS mutated NHM and potential differences in the 

secretion of factors when comparing NRASQ61K and NRASG12V expressing NHM, we 

analyzed the supernatant of these cells by ELISA. In accordance with current literature, 

secretion of well described SASP-associated cytokines was increased in NRASQ61K and 

NRASG12V when compared to NRASWT and the empty vector (Supplementary Figure 

1). Additionally, our analysis revealed a differential upregulation of a cytokine panel in 

NRASQ61K expressing cells compared to NRASG12V expressing cells. NRASQ61K 

mutants showed an increased secretion of CXCL11, CCL1, IL-1ß, PAI-1 and CCL3/CCL4 

whereas NRASG12V mutants showed a shift towards IL-12 p70 and CCL2 (Figure 6A). 

However, IL-6 and IL-8, other known components of the SASP, were upregulated in both, 

NRASQ61K and NRASG12V, compared to the wildtype control and empty vector but 

showed no significant difference, stating a similar upregulation in both conditions. 

We additionally analyzed the effect of NRAS mutations on the activation of different 

receptor tyrosine kinases. Phosphorylation status of relevant tyrosine kinases was 

obtained using a receptor tyrosine kinase ELISA assay. These showed a panel of kinases 

especially activated in NRASQ61K mutants compared to NRASG12V (Figure 6B). Among 

them were INSR, IGF1R, AXL, VEGFR, EphA6 and EphB3.  

We also investigated the regulation of genes involved in OIS. We found a reduced 

expression of Rb in NRASQ61 mutants compared to controls and NRASG12/13 (Figure 

6C). Moreover, ATM, a relevant gene of cell DNA damage repair (DDR) mechanisms, was 

also significantly reduced in NRASQ61 expressing cells when compared to NRAS12/13 

and controls.  

Microphthalmia-associated transcription factor (MITF) is a gene responsible for 

pigmentation and melanocyte development and is also expressed in melanoma85,89,90. 
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High doses of MITF promote proliferation, differentiation and survival. However, low 

doses of MITF are associated with invasion, senescence evasion and resistance 

mechanism to targeted therapy91,92. Furthermore, low expression of MITF is associated 

with higher expression of the tyrosine kinase AXL93. This so called ‘inversely correlated 

low MITF/AXL ratio’ could also be found in our NHM expressing mutant NRAS. Mutations 

in the NRAS gene led to repression of the MITF gene when expressed in NHM (Figure 

6D). A higher repression could be observed when NRASQ61 was expressed compared to 

NRASG12/13 – 30% vs. 15% respectively. This finding was inversely correlated with the 

expression of the kinase AXL in a dose-dependent manner.  

As the results indicate, NRASG12/13 and NRASQ61 mutations are each associated with 

a panel of specific cytokines expression and kinases activation. Additionally, lower levels 

of senescence associated genes Rb and ATM and a low MITF/AXL ratio could be 

confirmed in NRASQ61 mutants compared to NRASG12/13. 

 

 

Figure 6 | NRASQ61 expression induces a distinct secretory phenotype, tyrosine kinase 

activation and gene expression compared to NRASG12V in NHM 

A Secretion of OIS-associated cytokines measured by ELISA visualized as fold change from 

NRASQ61K (blue) to NRASG12V (green). B Tyrosine kinase activity visualized as fold change from 
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NRASQ61K to NRASG12V. C Senescence associated mRNA expression of Rb and ATM is decreased 

in NRASQ61 expressing NHM compared to NRASG12/13 expressing cells. Values were normalized 

to Ctrl and shown as fold change. D mRNA expression of MITF and AXL is inversely correlated in 

NRASG12/13 transduced cells compared with NRASQ61 transduced cells. Values were normalized 

to Ctrl and shown as fold change. *** p<0,001, **** p<0,0001  

 

3.3 The STAT3 Pathway is differentially activated by NRASQ61 and NRASG12/13 in 

NHM. 

Activated RAS can affect many different downstream signaling pathways in cancer which 

are well described48. To understand which underlying signaling pathways are crucially 

involved in the occurrence or circumvention of mutant NRAS-induced-senescence, we 

first analyzed the known deregulated pathways ERK/MAPK- and PI3K/AKT-signaling and 

their phosphorylation status. 

Interestingly, there were no significant differences in activation of these pathways 

between NRAS mutations (Figure 7A).  In control conditions, non-infected (nI), empty 

vector (vector) and NRASWT, ERK showed a weak basal phosphorylation. As expected, 

this phosphorylation increased similarly among all NRAS mutants whereas total ERK 

expression was unchanged in all conditions. No distinct activation favoring one mutant 

was found. The same could be observed for the PI3K/AKT-pathway. AKT 

phosphorylation as well as total AKT expression were not significantly changed in all 

conditions. We used α-Actinin, a housekeeping gene, as a loading control and equal 

mCherry expression allowed us to verify comparable NRAS transgenes expression. 

To reveal other genes and pathways involved, we performed a whole genome gene 

expression analysis of the different NRAS mutants (Supplementary Figure 2). As 

expected, there was only a small group of in total 43 genes which were differentially 

regulated between codon 12/13 and codon 61 mutations clustering them into two 

groups (Supplementary Table 1). We found upregulated genes in the codon 61 

mutation group compared to codon 12/13, such as Transgelin3, BEX1, STC1 and 
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SerpinB2. Also, several STAT3-inducing interleukins, such as IL-24 and IL-1ß, were 

upregulated in the codon 61 mutation group94,95. Higher mRNA expression of these 

genes could be confirmed by real time quantitative PCR (Figure 7B). The top four genes 

Transgelin3, BEX1, STC1 and SerpinB2 showed at least an increase of 100% when 

comparing NHM NRAS codon 61 mutants (61) to NHM NRAS codon 12 mutants (12), 

whereas no expression was detected in the NRASWT and empty vector control (Ctrl). We 

saw similar results in the expression levels of the interleukins IL-24 and IL1-ß. An increase 

of these interleukins was observed in NRASQ61 compared to NRAS12/13, doubling for 

IL-24 and even quadrupling for IL-1ß.  

As the screen of genes showed several genes associated with the STAT3 pathway, we 

investigated the regulation of STAT3 in the different NRAS mutants. The western blot 

analysis revealed in fact a higher phosphorylation of STAT3, especially in NRASQ61 cells 

compared to NRASG12/13 cells, up to 20 times higher respectively (Figure 7C). The 

controls (nI, vector and NRASWT) showed no activation of STAT3. The total expression of 

STAT3 was equal along all conditions.  

As we have already seen an upregulation of the AXL gene in NHM expressing NRASQ61, 

we confirmed the upregulation of STAT3-inducer tyrosine kinase AXL also on protein 

level by Western Blot analysis.  

To verify the involvement of STAT3 in the phenotypical differences of mutant NRAS–

induced OIS, we next performed loss-of-function experiments. Therefore, we double 

transduced NHM with the NRAS mutations and subsequently with two shRNAs against 

STAT3 (shSTAT3.1 and shSTAT3.2) (Figure 7D). The silencing led to a significant decrease 

of STAT3 mRNA expression in all conditions (Figure 7E). In fact, STAT3 silencing efficiency 

reached an average of 40% mRNA reduction with both shRNAs.  

We again quantified OIS by counting vacuolized cells and detected an increase of at least 

double of senescent cells after STAT3 silencing in NRASQ61 expressing NHM compared 

to the corresponding non-targeting shRNA control sample (shSCR) (Figure 7F). In 

contrast, no significant changes in OIS levels could be observed in NRASG12/13 
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expressing NHM after STAT3 silencing. 

Taken together, we showed that a specific activation of STAT3 signaling by NRASQ61 

leads to lower occurrence of OIS compared to NRASG12/13 in NHM, which can be 

impaired by STAT3 silencing. These findings strongly point to a crucial involvement of 

STAT3 signaling in NRASQ61-mediated oncogene activation. 
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Figure 7 | The STAT3 Pathway is differentially activated by NRASQ61 and NRASG12/13 in NHM. 

A Western Blot Analysis of mCherry expression as a reporter protein for NHM expressing no, 

wildtype NRAS or NRAS either mutated in codon 12/13 or codon 61 on day 4 after lentiviral 

transfection. Protein Analysis of phosphorylation of major signaling pathways PI3K/AKT, 

MAPK/ERK shows no significant differences in activation. B BEX1, SerpinB2, STC1, TAGLN3, IL-24 

and IL-1ß mRNA levels in NHM expressing either NRASWT, NRASG12/13 or NRASQ61. Values were 

normalized to Ctrl and shown as fold change relative to 18S. C Western Blot Analysis of STAT3 

activation shows higher phosphorylation status in NRASQ61- compared to NRASG12/13-

expressing NHM. D Representative pictures of double transduced NHM expressing both shSTAT3 

(green) and mutated NRASG13D (red) by light and fluorescence microscopy. Scale bar: 100μm E 

mRNA expression levels of STAT3 in NHM after double infection with shSTAT3 and NRAS mutants. 

Values were normalized to nI shSCR and shown as fold change. F Quantification of vacuolized cells 

in percent. * p<0.05 ** p<0.01 *** p<0.001  

 

 

3.4 NRASQ61H increases proliferation, migration and colony formation of 

immortalized melanocytes MelSTV greater than NRASG12V and associates 

with STAT3 activation 

We demonstrated that the introduction of oncogenes in primary cells alone is insufficient 

to form tumors due to OIS as an anti-tumor response mechanism (see 1.6). TERT 

mutations have been identified as early alterations, e.g. in intermediate skin lesions and 

melanoma in situ, favoring the escape from replicative senescence and survival of cells 

to progress to melanoma with additional mutations96. Imitating this evolution of 

melanoma, we used immortalized melanocytes MelSTV to further study transforming 

effects of our NRAS mutants. These are melanocytes which were modified by Gupta et 

al. with a SV40ER (Simian Virus 40 early region) and hTERT (telomerase holoenzyme) 

region84.  

MelSTV cells have been stably transduced with NRASWT, NRASG12V or NRASQ61H and 

were each FACS-sorted to maintain a pure cell population expressing the transgene. 
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With this stable NRAS mutated cell lines we performed functional assays to monitor 

differences in proliferative, migratory and colony forming capacities. 

First, we investigated proliferation in cell viability assays (Figure 8A). After nine days a 

significant increase of viable cells was observed in the NRASQ61H (72%) expressing 

tumor cells compared to NRASG12V (39%) and wildtype controls (54%), seen by 

measurement of increased fluorescence activity. Proliferation rates of NRASG12V 

expressing cells were slightly, but not significantly decreased compared to NRASWT.  

Additionally, we compared the ability of MelSTV harboring the NRAS mutations to 

survive and form colonies on a single cell level (Figure 8B). Colony formation assays 

showed a higher colony forming capacity for NRASQ61H mutants with more than twice 

as much colonies covering the plate when compared to NRASG12V or NRASWT mutants. 

NRASG12V showed a tendency to form more colonies than NRASWT, although it was 

not statistically significant.  

Besides local growth of a tumor cell, metastatic spread is an important hallmark in 

cancer97. To examine metastatic ability of the different NRAS mutants, scratch-like 

experiments were performed (Figure 8C). Migration, measured by gap closure after 8 

hours, was not altered when comparing NRASWT and NRASG12V expressing MelSTV. 

However, NRASQ61H was able to accelerate gap closure notably almost twice as much, 

suggesting a higher migration rate of NRASQ61H transduced cells (64% vs. 33%). 

These results indicate that NRASQ61H induces a much more aggressive phenotype 

compared to NRASG12V when expressed in immortalized melanocytes which is 

consistent with our previous findings in normal human melanocytes. 

To evaluate the role of STAT3 in NRASQ61H signaling, the phosphorylation status of 

STAT3 was determined in MelSTV. In line with the findings in normal human 

melanocytes, STAT3 was highly activated in NRASQ61H mutants compared to 

NRASG12V mutants and wildtype controls (Supplementary Figure 3).  

To proof STAT3 as the mediator of the NRASQ61H-induced oncogenic phenotype of 
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affected cells, functional assays were repeated after silencing experiments with small 

interfering RNA against STAT3 (siSTAT3.1 and siSTAT3.2) or a control siRNA (siSCR). After 

48 hours STAT3 levels were significantly reduced on protein and mRNA level (Figure 8D). 

The silencing efficiency at the mRNA level reached around 90% with both siRNAs in all 

three NRAS conditions. Accordingly, STAT3 silencing with either siRNA led to a strong 

reduction of the total STAT3 protein expression and reduced the amount of 

phosphorylated STAT3 (62% and 42%) (Figure 8E). However, STAT3 silencing 

significantly reduced STAT3 phosphorylation to a similar basal level in all three NRAS 

conditions. 

Reduced activation of STAT3 impaired the formation of colonies in MelSTV in a STAT3 

dose dependent manner in all conditions (Figure 8F). In NRAS mutants transfected with 

siSTAT3, less colonies could be noted when compared to non-silenced controls, more in 

siSTAT3.1 than in siSTAT3.2 showing a dosage dependency on STAT3 expression in all 

NRAS mutants. Additionally, gap closure in migration assays was slowed down when 

transiently knocking down STAT3 (Figure 8G). However, both colony formation and 

migration were reduced in a similar manner between NRASQ61H and NRASG12V 

phenotypes. 

Taken together, our data supports findings that NRASQ61H increases proliferation, 

migration and colony formation of immortalized melanocytes MelSTV greater than 

NRASG12V. Additionally, we identify STAT3 as a key actor of NRAS-driven migration and 

colony formation in MelSTV, independent of their NRAS mutational status. 
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Figure 8 | NRASQ61H increases proliferation, migration and colony formation of immortalized 

melanocytes MelSTV greater than NRASG12V and associates with STAT3 activation  

A Proliferation of MelSTV is increased when expressing NRASQ61H more than NRASG12V and 

NRASWT. Proliferation rate was measured by fluorescence intensity using Alamar Blue Assay after 

9 days. B Colony formation is increased after 11 days when expressing NRASQ61H more than 

NRASG12V and NRASWT. C After 8 hours MelSTV expressing NRASQ61H migrate faster than 

NRASG12V and NRASWT. D mRNA expression of STAT3 after siSTAT3 transfection after 48 hours. 

Values were normalized to NRASWT siSCR and shown as fold change. E Westernblot analysis of 

phospho-STAT3 and STAT3 levels after siSTAT3 transfection after 48 hours. F Colony formation of 

MelSTV is decreased after siSTAT3 transfection. G Migration of MelSTV is decreased after siSTAT3 

transfection. * p<0.05  ** p<0.01  *** p<0.001 **** p<0.0001 
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3.5 Upregulation of MMP2, IL-1ß and IL1R is STAT3 mediated 

Based on these findings we focused on studying STAT3 target genes which mediate the 

phenotypic differences between NRASQ61H and NRASG12V in MelSTV.  

Both target genes MMP2 and c-myc were upregulated only in NRASQ61H expressing 

cells compared to NRASG12V and NRASWT, concordant with STAT3 activation (Figure 

9A). Also, STAT3 regulated interleukin IL-1ß was upregulated in NRASQ61H compared 

to NRASG12V and NRASWT81 (Figure 9B). In NRASG12V mutants IL-1ß expression was 

even decreased when compared to NRASWT which, however, was not statistically 

significant.  

STAT3 silencing was able to reverse the upregulation of MMP2, IL1R and IL-1ß in all 

conditions (Figure 9C-E).  

In contrary, the analysis of c-myc, another target gene of STAT3, showed an increase of 

its expression after STAT3 silencing (Supplementary Figure 4). 

In summary, this data implies that the aggressive phenotype of NRASQ61H mediated 

melanomagenesis is regulated by STAT3 and its target genes MMP2, IL-1ß and IL1R.  
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Figure 9 | Upregulation of MMP2, IL-1ß and IL1R is STAT3 mediated 

A mRNA expression levels of STAT3 target genes MMP2 and c-myc correlate with the functional 

activity of NRASQ61H expressing MelSTV. Data was normalized to NRASWT and shown as fold 

change. B mRNA expression of IL-1ß is increased in NRASQ61H expressing cells compared to 

NRASG12V and NRASWT. Data was normalized to NRASWT and shown as fold change. C mRNA 

expression of MMP2 is decreased after siSTAT3 transfection after 48 hours. Data was normalized 

to NRASWT siSCR and shown as fold change. D mRNA expression of IL1R is decreased after 

siSTAT3 transfection after 48 hours. Data was normalized to NRASWT siSCR and shown as fold 

change. E mRNA expression of IL1B is decreased after siSTAT3 transfection after 48 hours. Data 

was normalized to NRASWT siSCR and shown as fold change. ns=not significant * p<0.1 ** p<0.01 

*** p<0.001 
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3.6 NRASQ61H shows increased tumorigenesis in melanoma cell lines 

We could confirm these findings of more tumorigenic NRASQ61H over NRASG12V in a 

melanoma cell line MeWo and in immortalized melanocytes pmel.  

Colony formation was higher with NRASQ61H than with NRASG12V or NRASWT in these 

two cell lines which was correlated with an increased STAT3 phosphorylation as 

observed by western blot (Figure 10A-B). 

These results indicate that NRASQ61H induces a stronger tumorigenic phenotype in 

immortalized melanocytes and melanoma cell lines when compared with NRASG12. This 

effect correlates with an increased STAT3 phosphorylation status. 

 

 

 

Figure 10 | NRASQ61H shows increased tumorigenesis in melanoma cell lines  

A Expression of NRASQ61H in wildtype NRAS melanoma cell line MeWo increases ability to form 

colonies more than NRASG12V and NRASWT and correlates with higher STAT3 activation 

confirmed by Western Blot. B Expression of NRASQ61H in immortalized melanocytes pmel 

increases ability to form colonies more than NRASG12V and NRASWT and correlates with higher 

STAT3 activation. n>3 * p<0,05, ** p<0,005, **** p<0,0001.  
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4 DISCUSSION 

4.1 NRASQ61 shows a more tumorigenic phenotype than NRASG12/13 

In this study, we have demonstrated a more aggressive phenotype of NRASQ61 

mutations when compared to NRASG12/13 in the melanocytic lineage. To our 

knowledge, there are only few studies investigating differences between NRAS mutants 

in melanoma. Other studies have already pointed at relevant differences, not only 

between RAS isoforms NRAS, KRAS and HRAS, but also in codon mutational status with 

important clinical implications, e.g. different therapy responses to Cetuximab therapy in 

colorectal cancer or prognostic relevance in non-small-cell lung cancer (see 1.5.3)56,98,99. 

Concordant studies conclude that RAS mutations are seen as early events occurring in 

premalignant lesions in the skin and are able to initiate cancer53. Therefore, we first 

compared the effect of NRAS mutants on oncogene-induced senescence in primary 

melanocytes to determine early effects. We found that NRASQ61 mutant melanocytes 

show less oncogene-induced senescence than melanocytes expressing NRASG12/13 

(Figure 5C, D). To our knowledge, there has been no studies up to date which compare 

the induction of oncogene-induced senescence through different NRAS codon mutants 

in primary human melanocytes. Not only has NRAS expression in melanoma different 

properties regarding its codon mutational status, but it also affects natural cell 

mechanisms to prevent cancer initiation. Melanoma, which derives from a nevus, is 

harboring mutations in BRAF and NRAS. Especially noteworthy is that benign lesions are 

more likely to have BRAF mutations, whereas intermediate lesions carry NRAS mutations 

in the first place4,96. In contrast to a high mutation burden of BRAF in common acquired 

nevi, NRAS mutations are found most frequently in congenital nevi (80%)100. When 

characterizing the NRAS mutations in detail, there are mutations exclusively in codon 61. 

The absence of lesions carrying codon 12/13 NRAS mutations may support our findings 

that NRASQ61 is able to bypass senescence and form malignant tumors with additional 

transforming events, but not NRASG12/13. In contrast, another study comparing the 
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mutational status of melanoma and their precursor nevi concludes that there is no 

significant difference in the frequency of NRAS mutations between nevi and melanoma, 

emphasizing the fact that NRAS mutational status itself is not a prognostic factor for 

melanoma formation101. However, more investigation is needed to understand the 

selection of NRASQ61 mutants in benign primary lesions and their transformative 

development to malignant melanoma. 

Around 30% of melanomas arise from preexisting nevi102. These melanomas share a 

concordant mutational status with their associated nevi, supporting the theory of a 

melanoma progressing within a nevus through transforming events103,104. After an initial 

oncogenic gene alteration, further transforming events are needed to develop 

malignant melanoma. These are mostly secondary or tertiary genetic alterations 

affecting TERT or CDKN2A96,105.  

To investigate further effects of the different NRAS codon mutants, we therefore used 

immortalized melanocytes modified in the TERT promoter84. When expressed in MelSTV, 

we found that NRASQ61H increases proliferation, migration and colony formation 

compared to NRASG12V (Figure 8A-C). These observations confirm NRASQ61H’s nature 

to be more oncogenic and are in line with data that showed higher nevus and melanoma 

formation in NRASQ61R than in NRASG12D expressing p16INK4a-deficient mice58.  

Taken together, our data from normal human melanocytes and immortalized 

melanocytes shows clearly that NRASQ61 is not only bypassing oncogene-induced 

senescence, but also transforms already proliferating melanocytes to tumor cells with 

higher tumorigenic capacities than NRASG12/13.  

 

4.2 STAT3 as a driver in NRAS-mediated melanomagenesis 

As our results showed distinct phenotypical differences between NRAS mutations, we 

analyzed the underlying molecular mechanisms and identified STAT3 as a driver, 

especially in NRASQ61-mediated melanomagenesis. Therefore, we give insight into cells 
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differential activation of pathways in NRAS mutant melanoma explaining different 

oncogenic potential and tumor behavior between NRAS mutants in the melanocytic 

lineage. 

Analysis of commonly deregulated downstream signaling pathways PI3K-AKT and MEK-

ERK showed equal phosphorylation levels (Figure 7A). Thus, activity variations of RAS 

might not be sufficient to explain such phenotypical differences seen in melanocytes and 

suggest a mutation-specific activation of additional pathways downstream of NRAS. 

Consistent with our results, the phosphorylation status of ERK and AKT showed variant 

expression levels in a transgenic mouse melanoma model with either NRASQ61R or 

NRASG12D mutational status without clear correlation58. On the basis of a biochemical 

analysis, a higher activation of the NRASQ61R protein compared to NRASG12D could be 

found with differences in nucleotide binding, hydrolysis and stability. Similar 

phosphorylation levels of known downstream signaling pathways ERK and AKT may 

argue that this mechanism is the only explanation for the phenotypical differences NRAS 

codon mutations present. 

However, in a phosphoproteomic approach Posch et al. detected higher activation of 

MAPK-signaling in NRASQ61L expressing melanocytes, whereas the NRASG12V-

expressing counterparts showed higher PI3K/AKT-signaling 106. These conflicting data 

may be explained by different transduction kinetics. 

With regard to another study focusing on PREX2, a guanine-nucleotide exchange factor, 

other factors modulating RAS activity may contribute to the differential effect on the 

phenotype. In their study, PREX2 mutations in the context of NRAS mutational status 

were shown to enhance the proliferation rate of melanoma cells through activation of 

GEF Rac1107.  

Epigenetic changes were shown to cooperate with NRAS mutations in order to 

contribute to myeloid transformation in hematopoietic cells108. Whether epigenetic 

changes are initiated or favored by NRAS mutations in melanoma needs further 
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investigation, as an older study showed at least no correlation between NRAS or BRAF 

mutations and the occurrence of DNA-methylation109.  

Our data reveals that NRASQ61 exerts its higher transforming potential through STAT3 

activation, both in normal human melanocytes and in immortalized melanocytes. This 

functional phenotype can be reversed when STAT3 is silenced. 

In fact, in colon cancer it has already been shown that mutant NRASG12D can suppress 

stress-induced apoptosis with more oncogenic potential through specific activation of 

STAT3110.  This data supports our findings as NRAS mutations both activate STAT3, 

NRASQ61 more than NRASG12/13. 

In which ways STAT3 exerts its higher tumorigenic potential will be discussed in the 

following sections in normal human melanocytes and in immortalized melanocytes. 

 

4.2.1 STAT3 in normal human melanocytes 

In normal human melanocytes, we showed that NRASQ61 is able to override senescence 

through activation of STAT3 whereas NRASG12/13 lacks STAT3 activation and is more 

susceptible to OIS.  

In skin carcinogenesis, continuous STAT3 activation in keratinocytes is correlated with 

enhanced proliferation, attenuated senescence and high frequency spontaneous 

immortalization111. Broadly speaking, STAT3 plays a crucial role for the initiation, 

progression and maintenance of cancer throughout different malignancies (see 1.7). 

With higher STAT3 activation through NRASQ61, a downregulation of senescence-

associated genes Rb and ATM was observed (Figure 6C) which verifies the deregulation 

of OIS-pathways. Also, a low MITF/AXL ratio could be detected in these cells (Figure 6D) 

confirming a more invasive and less senescent phenotype91,92.  

We could further identify the secretome of NRAS mutated senescent cells and found 

differences in the secreted factors between NRASQ61K and NRASG12V (Figure 6A). 
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Furthermore, we could find a specific subset of receptor tyrosine kinases activated 

specifically under NRASQ61K expression (Figure 6B). 

A link to effects of SASP from senescent melanoma cells to STAT3 activation was shown 

by previous studies that depicted a tumor promoting phenotype through the activation 

of STAT3 upon melanoma treatment with the secretome of senescent cells in vitro88. AXL 

and IL-1ß were among upregulated genes, which is in line with our findings. In this 

manner, increased production of cytokines could account for the observed lower 

NRASQ61-induced OIS level when compared to NRASG12/13 via a paracrine and 

autocrine mechanism in vitro.  

Another STAT3 activating mechanism may be mediated through upstream kinase 

activities. Phosphoproteomic approaches of melanoma found a higher intensity of RTKs 

activation in NRAS mutant melanoma compared to BRAF mutant melanoma112. They 

found AXL, EGFR, a spectrum of ephrins and c-MET activated. Yet, they did not compare 

the differential activation among NRAS mutants themselves. They only had two out of 

six codon 13 NRAS mutations which might favor the activation of NRASQ61 in their 

analysis. Another study demonstrated an upregulated protein kinase CK2α in NRASQ61L 

compared to NRASG12V106. Other studies linked phosphorylation of STAT3 to the 

activation of CK2α as an upstream event in human glioma cells113. Specifically, the 

kinases AXL, IGF1R and VEGFR are known STAT3 activators114,115. We found STAT3 

activated and a concordant AXL upregulation, suggesting the AXL/STAT3 axis as a 

potential regulator of OIS-bypass in NRASQ61-induced oncogene activation. However, 

further studies are needed to fully understand the detailed activation mechanisms and 

to understand which kinase especially activates STAT3. 

We demonstrated the differential upregulation of several genes Bex1, SerpinB2, STC1 

and TAGLN3. The role of these genes needs to be further evaluated in NRASQ61-induced 

melanoma transformation. 
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However, putting our results in context with the current literature, NRASQ61 in particular 

seems to activate STAT3 through kinases activation, secretion of a subset of cytokines 

and expression of specific genes (Figure 11).  

 

 

 

 

Figure 11 | NRASQ61-induced transformation 

Mutations in the NRAS gene at locus 61 induce oncogene-induced senescence. Specific pathways, 

especially STAT3, are activated upon NRASQ61 expression and leads to circumvention of 

senescence through downregulation of relevant genes like ATM and Rb. Further, a specific set of 

cytokines is secreted, the senescence-associated secretory phenotype (SASP), which itself 

activates autocrine and paracrine effects to promote a tumorigenic environment. Receptor 

tyrosine kinases (RTKs) are activated and mediate tumor transformation. 
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4.2.2 STAT3 in immortalized melanocytes 

STAT3’s activation through the mutant NRAS gene has been confirmed in our 

experiments with immortalized melanocytes MelSTV, pmel and melanoma cell line 

MeWo.  

Downstream effectors of STAT3 were analyzed. Here we could show a STAT3 mediated 

upregulation of MMP2, IL-1ß and IL1R1 in NRASQ61 mutant MelSTV (Figure 12).  

Melanoma with continuous STAT3 activation is shown to have an increased 

development of brain metastasis through upregulation of matrix-metalloproteinase 2 

(MMP2) which is known to be important for invasion and metastasis of melanoma116.  

Regarding clinical implications, high MMP2 expression was shown to be an independent 

prognostic factor with tumor progression and worse survival rates in primary and 

metastatic melanoma117. A more migratory phenotype associated with higher STAT3 

mediated MMP2 expression could be observed in our findings as well, underlining 

potential invasive capabilities of NRASQ61H expressing cells. 

Interleukin-1ß (IL-1ß) is a cytokine with pleiotropic effects on angiogenesis, 

inflammation, tissue remodeling immune responses which we found upregulated in 

NRASQ61H expressing MelSTV. IL-1ß is especially secreted continuously in late stage 

melanoma and promotes tumor development and progression118,119. Analogue increase 

of STAT3 regulated IL1R1 in NRASQ61 expressing MelSTV may suggest IL1R signaling as 

another player in NRASQ61 tumor transformation.   

The role of c-myc, another target gene of STAT3, remains elusive. It is upregulated in 

NRASQ61 expressing MelSTV in concordance with STAT3 activation, but even increases 

when STAT3 is silenced (Supplementary Figure 4). STAT3 is described as an upstream 

regulator of c-myc120. Besides STAT3, small RhoGTPases (through PDGF and Src) and 

gamma-Catenin (WNT-signaling) are activators of c-myc 121,122. In BRAFV600E- as well as 

in NRASQ61R-induced senescence melanoma cell lines c-myc overexpression overcomes 

senescence, while c-myc depletion induces senescence in BRAFV600E and NRASQ61R 
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melanoma cells123. C-myc has oncogenic properties as it regulates cell differentiation and 

proliferation, but also induces apoptosis124,125. As c-myc is part of several pathways, it 

might not only be difficult to reduce its role to STAT3-mediated tumor transformation 

but may be also regulated differentially when STAT3 is silenced and is dependent on the 

state of tumor progression. 

However, although gene silencing reduced both, STAT3 expression and 

phosphorylation, the reduced tumorigenic effect on its phenotype in MelSTV did not 

differ in NRASG12V and NRASQ61H mutant conditions. This indicates specific STAT3 

phosphorylation (Tyr705) as an important determinant for these cells tumorigenicity but 

may be not the only factor for NRASQ61-mediated tumor transformation.  

 

 

 

Figure 12 | NRASQ61 activates the STAT3 pathway 

NRASQ61 mutations in the melanocytic lineage activates the STAT3 pathway and leads to 

transcription of protumorigenic genes such as MMP2, IL1-R and IL1-B. 
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4.2.3 STAT3 inhibition as a new therapeutic option in NRAS mutant melanoma 

Based on our study, for NRASQ61 mutated melanoma, in particular, the combination of 

MEKi with inhibitors of STAT3 may be a promising therapy approach. There are already 

upstream kinase inhibitors which are shown to disrupt STAT3 signaling. But the low 

specificity and off-target effects may be limiting regarding clinical use and adverse 

effects126. A new approach is to directly target STAT3. There are several preclinical 

compounds targeting STAT3 which show antitumorigenic effects in vitro and in vivo 126. 

Due to the lack of potency and its adverse effects, clinical use of STAT3 inhibitors is still 

limited127. Next generation sequencing improved screening a big library of antisense 

oligonucleotides (ASO) for target genes. AZD9150, an ASO specifically targeting STAT3, 

showed promising preclinical antitumor effects in vitro and in vivo. This antitumor effect 

could be translated in a phase I dose-escalation study in patients with highly treatment-

refractory lymphoma and non–small cell lung cancer with tolerable adverse effects and 

efficient anti-STAT3 activity and reduction of tumor size128. There are several clinical 

phase II studies following in different solid tumors like NHL (PRISM study, NCT03527147), 

NSCLC, pancreatic and colorectal cancer (NCT02983578, NCT03421353). Further 

development of these therapeutic molecules might be a future hope for clinical use also 

in NRAS mutated melanoma.  
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5 CONCLUSION 

 

In summary, we showed the different phenotypical effects of NRASG12/13 and 

NRASQ61 in the melanocytic lineage from primary to melanoma cells. In primary 

melanocytes NRASG12/13 is more potent to induce oncogene-induced senescence, 

whereas NRASQ61 circumvents senescence mechanisms through secretion of a set of 

specific cytokines and kinases activation. In immortalized melanocytes and melanoma 

cell lines, NRASQ61 shows a more tumorigenic phenotype with increased proliferation, 

colony formation and migration. Our study gives novel insights into molecular and 

cellular mechanisms that are activated in response to oncogenic activation of NRASQ61 

compared to NRASG12/13. We therefore contribute to deeper knowledge of differences 

in the molecular signaling pathways of NRAS codon mutations. Furthermore, we give 

answers to the question how NRASQ61 activates a different signaling cascade from 

NRASG12/13 through activation of STAT3, as a critical mediator to initiate more 

oncogenic properties. 
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7 SUPPLEMENTARY FIGURES AND TABLES 

7.1 Supplementary Figures 

 

 

Supplementary Figure 1 | Upregulated cytokines in NRAS mutants 

Upregulated cytokines of NRASG12V and NRASQ61K expressing NHM compared to NRAS 

wildtype and empty vector.  

 

 

Supplementary Figure 2 | Gene expression profiling shows 43 differentially deregulated genes 

in NHM 

Microarray Analysis and clustering of cell lines expressing either NRASG12/13 or NRASQ61 shows 

43 regulated genes. 
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Supplementary Figure 3 | NRASQ61H activates STAT3 

Western Blot Analysis of phosphorylated STAT3 shows higher activation of STAT3-signaling in 

NRASQ61H expressing MelSTV. 

 

 

 

 
 

Supplementary Figure 4 | Knockdown of STAT3 upregulates c-myc in MelSTV 

mRNA expression of c-myc is increased after 48 hours transfection with siSTAT3. Data normalized 

to NRASWT siSCR and shown as fold change. ns=not significant *p<0.05 *p<0.01 **p<0.001 

***p<0.0001  
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7.2 Supplementary Tables 

7.2.1 Supplementary Table 1 

 

Name Gene adjusted P-value Fold Change 

TAGLN3 transgelin 3 0.000121 1,1050 

SERPINB2 
serpin peptidase inhibitor, clade B 

(ovalbumin), member 2 
0.000752 1,0867 

BEX1 brain expressed, X-linked 1 0.001452 1,0350 

STC1 stanniocalcin 1 0.000333 1,0050 

ANGPTL4 angiopoietin-like 4 1.8e-05 0,9983 

IL1B interleukin 1, beta 1.8e-05 0,9700 

RAC2 

ras-related C3 botulinum toxin 

substrate 2 (rho family, small GTP 

binding protein Rac2) 

3.8e-05 0,9700 

VGF VGF nerve growth factor inducible 0.044913 0,9250 

IL24 interleukin 24 3.8e-05 0,8700 

CXCL8 chemokine (C-X-C motif) ligand 8 0.008998 0,8400 

TMEM158 
transmembrane protein 158 

(gene/pseudogene) 
0.000129 0,8367 

ERRFI1 ERBB receptor feedback inhibitor 1 7.7e-05 0,8333 
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AXL AXL receptor tyrosine kinase 0.003171 0,7867 

NRP1 neuropilin 1 0.001997 0,7583 

GPAT3 
glycerol-3-phosphate 

acyltransferase 3 
0.002515 0,7533 

MMP1 matrix metallopeptidase 1 0.002234 0,7067 

IL13RA2 interleukin 13 receptor, alpha 2 0.002515 0,6783 

SLC20A1 
solute carrier family 20 (phosphate 

transporter), member 1 
0.001298 0,6767 

FAM19A3 

family with sequence similarity 19 

(chemokine (C-C motif)-like), 

member A3 

0.002515 0,6700 

DDIT4 DNA-damage-inducible transcript 4 0.002067 0,6417 

CLCF1 cardiotrophin-like cytokine factor 1 0.001375 0,6133 

OCIAD2 OCIA domain containing 2 0.00285 0,5883 

TAGLN3 transgelin 3 0.005352 0,5850 

ERCC1 
excision repair cross-

complementation group 1 
0.00285 0,5817 

TFPI2 tissue factor pathway inhibitor 2 0.008609 0,5817 

CYB5R2 cytochrome b5 reductase 2 0.005849 0,5667 
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